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Abstract: The quadruped robot has a strong motion performance and broad application prospects
in practical applications. However, during the movement of the quadruped robot, it is easy to be
affected by external disturbance and environmental changes, which makes it unable to achieve the
ideal effect movement. Therefore, it is very important for the quadruped robot to adjust actively
according to its own state detection. This paper proposes an active state adjustment control method
based on its own state, which can realize disturbance recovery and active environment adaptation.
Firstly, the controller is designed according to the physical model of the quadruped robot, and the foot
forces are optimized using the quadratic program (QP) method. Then, the disturbance compensation
method based on dynamic analysis is studied and combined with the controller itself. At the same
time, according to the law of biological movement, the movement process of the quadruped robot is
actively adjusted according to the different movement environment, so that it can adapt to various
complex environments. Finally, it is verified in a simulation environment and quadruped robot
prototype. The results show that the quadruped robot has a strong active disturbance recovery ability
and active environment adaptability.

Keywords: balance control; active state adjustment; disturbance recovery; active environment adaptation

1. Introduction

In recent years, the research on the quadruped robot has been gradually oriented
to practical scene applications [1–3]. In practical applications, the main problems faced
by quadruped robots are unknown external disturbances and environmental changes.
Therefore, at present, the research of the quadruped robot focuses on how to improve the
motion performance, disturbance recovery ability and active environment adaptation of
the quadruped robot [4]. Among them, the most representative achievements are a series
of robots developed by Boston Dynamics, such as BigDog [5], LittleDog [6], WildCat and
SpotMini. They are absolutely technologically advanced in motion flexibility, load capacity,
stability, etc. In addition, IIT developed the high-performance hydraulic quadruped robot
“HyQ” series [7]. MIT developed the flexible and high-speed “Cheetah” series robot [8–10].
ETH developed the robot “StarlETH” with the leg flexibility control [1,11], and the complex
terrain adaptive robot “ANYmal” with an autonomous learning ability [12]. In order to
have wider application scenarios for quadruped robots [13], such as transport supplies
and rescue tasks in complex environments [14], it is very important to study the active
disturbance recovery ability and active complex environment adaptation ability of the
quadruped robot.

When the quadruped robot body is disturbed by the external disturbance [15], the
motion state of the quadruped robot will change in a short time, which makes the robot
obtain the unexpected velocity and acceleration, so that the robot will enter the unstable
state or even fall down [16]. In order to maintain stability after an external disturbance, the
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quadruped robot needs to identify and estimate the external shock, and carry out targeted
whole body balance control. In the process of dealing with the disturbance, the real-time
attitude of the robot can be calculated based on the information of the sensor [17]. Then,
based on the dynamics model, the expected lateral acceleration of the inverse dynamics
controller can be calculated by the lateral displacement and lateral velocity of the quadruped
robot to restore the balance [18]. This method takes few factors into consideration and
cannot stabilize the robot quickly. Another method is to design a nonlinear observer to
estimate the external force exerted on the robot [19], and to realize the stable walking of
the quadruped robot by compensating the external force disturbance through the sliding
mode controller [20]. The external force obtained by this method is not accurate, and it is
adjusted passively, which cannot ensure the accurate control adjustment of the robot. It can
be observed that in order to realize the autonomous disturbance resistance of the robot, it is
necessary to accurately respond to the external disturbance and comprehensively consider
all kinds of instability conditions.

In addition, the stability of the quadruped robot motion will be greatly affected by the
change of environment. If we want to make the quadruped robot have a better motion effect,
we need to make a real-time adjustment according to the environment of the robot [21,22]. In
previous research, most quadruped robots respond to environmental changes by enhancing
the robustness of their own controllers [10], such as the model predictive control and
whole-body control [23]. The model design of this method is complicated, and has not
been adjusted for different environments. Some robots use a gait planning method to
move in different types of complex environments [24–26], which requires visual assistance
and real-time calculation and greatly reduces the efficiency of motion [27]. Inspired by
this, on the premise of ensuring the motion effect and efficiency, properly simplifying the
model and making active adjustments for different complex environments will have a
better applicability.

To enhance the active disturbance recovery ability and active complex environment
adaptability of the quadruped robot, it is very important for the quadruped robot to adjust
actively according to its own state detection. This paper designs a controller based on the
real model of the quadruped robot, which mainly includes the virtual model control and
GRF optimization solution based on the QP method [28,29]. Then, based on the dynamic
analysis of the robot, an active disturbance compensation method, which can be combined
with the controller, is proposed. At the same time, according to the biological movement
law, the control method of the quadruped robot is actively adjusted for different complex
environments [30]. The method has good universality, reliability and accuracy. The main
contributions of this paper are as follows:

(1) According to the stance phase and swing phase of the quadruped robot and based
on the dynamic analysis of the robot, the posture compensation, velocity compensation
and air swing leg compensation are carried out, respectively, for the robot body.

(2) Based on the biological motion law, the control method of the quadruped robot’s
motion process is adjusted according to different motion environments. An active envi-
ronment adaption control method is proposed to achieve the balance control of the robot
by actively adapting the body posture and adjusting the swing leg trajectory without
additional perceptual or visual information.

The rest of this paper is organized as follows. Section 2 introduces the modeling and
control framework of quadruped robot. Section 3 introduces disturbance compensation
control methods for different aspects. Section 4 introduces the active environment adaptive
control method of the quadruped robot in different environments. The simulation and
experimental results are discussed in Section 5. The conclusions of this study and the
direction of future works are discussed in Section 6.
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2. Locomotion Control Based on GRF Optimization

The quadruped robot is a kind of multi-DOF and comprehensive system; its control
system is very complex. During various environmental movements of the robot, the
trajectory generator generates the state instructions of the target, and the state estimator
computes the current state variables in real time, which are jointly input into the controller.
The controller is divided into the control stance phase robot under the trunk and the body
of the supporting leg controller and controls the motion of the swinging leg controller. The
controller calculates the foot force corresponding to the four legs and calculates it into the
joint torque, which is converted into the current command and sent to the driver, so as to
realize the direct force control of the robot with a high dynamic motion. The robot’s control
framework is shown in Figure 1:

Figure 1. Block diagram of active state adjustment control framework.

For the overall movement of the robot, most of the mass of the robot is concentrated
on the trunk of the robot, and the leg rod is composed of a lightweight carbon rod with a
negligible mass. Therefore, for the simplicity of the model, in this paper, the robot model is
a single rigid body model. In addition, GRF is the only external force acting on the foot;
thus, the control model can be expressed as follows:

[
I3 · · · I3

(Toe1 − pcom)× · · · (Toe4 − pcom)×

] Fgr f ,1
· · ·

Fgr f ,4

 =

[
m(p̈com + g)

Igω̇b

]
(1)

where m and Ig are the robot mass and inertia, g is the gravity, Toei is the foot position of
each leg of the robot, pcom is the position of the center of mass of the robot, and ω̇b is the
angular velocity of trunk rotation.

A virtual model controller is added to the six degrees of freedom of the trunk at the
center of mass: [

Fc,d
τc,d

]
=

[
Kp

p(pd
com − pcom) + Kp

d(ṗ
d
com − ṗcom)

Kθ
p(θ

d
com − θcom) + Kθ

d(θ̇
d
com − θ̇com)

]
(2)

where Fc,d and τc,d are the virtual force and torque acting on the center of mass, pd
com and

pcom are the desired and actual position of the center of mass, and θd
com and θcom are the

desired and actual angular of the center of mass.
Next, the calculated virtual force at the center of mass is transformed into a quadratic

optimization problem by the QP solver and distributed to each foot, and the real-time
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update is realized in the control period. The force distribution problem can be written in
the following form:

f∗ = min (Af − bd)
TS(Af − bd) + fTWf

s.t. Cf ≤ d (3)

where f is the reaction force of the foot on the ground, A is the foot position, C is the
friction coefficient matrix, bd is the virtual force acting on the center of mass of the trunk
calculated according to Equation (2), and S and W are the weight matrices used to adjust
the optimization results of the virtual force and torque. In order to avoid the relative sliding
between the foot and the ground, a friction cone is added to limit Cf ≤ d to keep the
optimized force within the maximum and minimum amplitude.

After the foot force Fgr f ,i is obtained, the joint torque τi can be obtained according to
the mapping relationship between the joint torque τi and foot force Fgr f ,i:

τi = JTFgr f ,i (4)

where τi is the torque to be provided by each joint, and J is the Jacobian matrix of the
robot leg.

3. Disturbance Compensation Control

The quadruped robot should take the initiative to detect its own state in real time
during the movement, and adjust its own state in time after being subjected to an unknown
disturbance. The motion process of the actual robot can be divided into two stages: stance
phase and swing phase. The stance leg is the leg that touches the ground to provide support
for the body, and the swing leg is the leg that swings forward to provide forward speed
for the body. Different compensation control strategies are required for different stages.
The compensator for the stance phase includes the posture compensation according to the
actual posture of the trunk and the velocity compensation according to the trunk velocity.
The compensation of the stance leg is to increase or reduce the torque applied to the joints,
while the compensation of the swing leg is to compensate for the position of the foot end
landing point.

3.1. Trunk Posture Compensation

Because the overall mass and inertia of the robot are large, too much inclination will
easily cause the robot to roll over. Therefore, we need to set a stability threshold, and when
the expected value is significantly different from the actual value, −π/36 ≤ θd

p − θa
p ≤ π/36,

we need to compensate the robot attitude. As shown in the Figure 2a, when there is a
horizontal tilt of the trunk, the compensation amount is calculated according to the current
horizontal tilt angle of the body, so that the joint exerts the reverse torque to recover the
level of the trunk.

τpos = −kpos
p (θd

p − θa
p)− kpos

d (ωd
p − ωa

p) (5)

where τpos is the torque required for posture compensation, kpos
p and kpos

d are the control
coefficient of the body tilt angle and angular velocity stabilization, θd

p and θa
p are the desired

and actual roll angler of the trunk, and ωd
p and ωa

p are the desired and actual roll angular
velocity of the trunk.

3.2. Trunk Velocity Compensation

When the tilt angle of the trunk does not obviously change and if there is a unexpected
velocity of the trunk, it will also cause the center of gravity of the robot to move sideways,
which will cause the robot to roll over. Therefore, the velocity compensation is introduced
into the external pendulum joint to gradually reduce the velocity of the robot, and finally
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the unexpected motion trend completely disappears, as shown in the Figure 2b. The torque
generated by the velocity compensation can be calculated by the following formula:

τvel = −kv
pvy − kv

dv̇y (6)

where τvel is the torque required for the velocity compensation, kv
p and kv

d are the control
coefficient of trunk velocity stabilization, vy and v̇y are the velocity and acceleration of
the trunk.

Figure 2. Compensation control diagram: (a) trunk posture compensation; (b)trunk velocity compen-
sation; (c) air swing leg compensation.

3.3. Air Swing Leg Compensation

When there is an unexpected velocity of the robot trunk, if the original step remains
unchanged, the overall center of mass will shift out of the stable range, so that the robot can
not maintain the normal motion state. The stable motion of the quadruped robot requires
the center of mass to be located in the supporting range formed by the GRF (ground
reaction force), so the robot needs to adjust the position of the foot point for stable support
with the change of the center of mass position. The swing leg compensation provides a
motion range for supporting the leg torque offset by increasing or decreasing the distance
of the landing foot. The swing leg compensation requires one to determine the lateral
compensation of θ1 and θ2 for the foot position according to the actual trunk inclination
and lateral velocity, as shown in Figure 2c. The calculation method is as follows:

∆toey = λ1Llegsinθa
p + λ2

∫
v̇y (7)

where ∆toey is the foot end position compensation for the increase or decrease in the swing
leg, λ1 and λ2 are the compensation coefficient of the foot end position compensation of
the swing leg, and Lleg is the length of the swing leg.

4. Active Environment Adaptation Control

In the process of the quadruped robot movement, it is very important to adapt to
the unknown changes of the external terrain in the unstructured environment. In real life,
legged animals adjust the stiffness of their leg muscles according to the actions they perform
and the terrain, adapting to various sports environments. Therefore, the quadruped robot
needs to actively adjust its own state in real time according to the actual situation, to
complete various movements.

According to the law of biological movement, the actual animal will adjust its own
state according to its own state and the sensation that the foot end touches the ground.
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An attitude sensor is installed on the trunk of the quadruped robot to feel its own state,
encoders at the joints are used to sense the spatial position of the four legs, and force sensors
are installed on the sole to interact with the contact surface.

The quadruped robot uses the force sensors on the plantar to judge the ground status
of each leg. The method of judgment is to determine whether the contact force exceeds the
threshold. If it exceeds the threshold, it is the contact state; if it is less than the threshold,
it proves that it is still in the air swing state. In addition, the angle of the ground can be
judged by the values of each direction of the six-dimensional force sensors according to the
geometric relationship.

4.1. Grassland and Rockland Road

When quadrupeds walk on grass, stones, or surfaces with a very low slope, they adjust
the range of motion of their legs according to the bump of the surface. However, in this
case, their trunk remains horizontal. This is because the swing of the trunk will consume
more energy, and will also cause the overall shake. Therefore, when the robot moves on a
slope less than 5°, the trunk should be kept horizontal to make the robot more stable. At
this time, it is also necessary to adjust the stiffness and damping of the whole leg of the
robot, as well as the speed of the foot end.

When the foot end contacts the raised road surface, because the foot end still has speed
when contacting, the impact may cause the foot end to rebound. Therefore, when the force
sensor has judged the touchdown but the foot velocity is not zero, it is necessary to reduce
the stiffness of the contact leg and increase the damping of the contact leg according to the
velocity in the vertical direction.

kt
p = (1 −

˙toea
z

˙toemax
z

)ksw
p kt

d = (1 +
˙toea

z
˙toemax

z
)ksw

d (8)

where kt
p and kt

d are the stiffness and damping of the contact leg at this time, ksw
p and ksw

d
are the stiffness and damping of the swinging leg, ṫoea

z is the velocity of the foot relative to
the center of mass of the quadruped robot in the z-direction, and ṫoemax

z is the maximum
velocity of the foot relative to the center of mass of the quadruped robot in the z-direction.

When the foot end touches the concave road surface, it may cause an instability of
the robot because the foot end speed has been zero but still does not touch the ground.
Therefore, when the foot tip speed is zero but the force sensor has not yet judged the
touchdown, it is necessary to give the foot tip a speed in the z-direction to ensure stable
contact between the foot end and the contact surface. At this time, the controller of the
robot will immediately switch the state when the foot end detects a touchdown. After the
switch is completed, the stiffness and damping of the leg will be changed to make it stable
and not bounce:

˙toez
a
= k f ˙toez

max (9)

where k f is the control coefficient of the actual velocity. To ensure the stable contact between
the robot and any passive environment, the feet are made of elastic materials. The size of
k f is related to the material of the foot.

4.2. Slight Slope Road

When quadrupeds are moving on a slope with a certain angle, in order to better
balance their bodies, they will ensure that their trunks are parallel to the slope where they
are, so as to achieve a normal gait. The robot keeps the leg length and stride unchanged,
and can know the slope according to the posture sensor on the trunk. In the environment of
the small slope θs (5–10°), in order to enable the robot to pass smoothly, the leg lifting height
should be increased appropriately to avoid touching the ground in advance. Assume that
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the change height of the foot relative to the robot’s center of mass position in the vertical
direction is hp in the plane motion and the change height is hs in the slope motion.

hs = hp +
θs

ks
(10)

where ks is the control coefficient of the slope. The coefficient is related to the motion space
of the robot leg. The robot selects ks = 5.

At the same time, as the robot moves on a slope, the effective friction force provided by
the ground becomes smaller. It needs to provide a greater force perpendicular to the slope
to increase the forward friction and avoid sliding between the foot end and the slope. At
this time, in order to make the robot’s feet fully contact the slope, it is necessary to increase
the stiffness ks

p and damping ks
d of the legs at this time.

ks
p = (1 +

2θs

π
)ksw

p ks
d = (1 +

2θs

π
)ksw

d (11)

4.3. More than 10° Slope Road

When a quadruped moves on a slope with a large angle (greater than 10°), it will
reduce the height of its trunk to reduce the risk of falling due to its high center of mass.
Therefore, the actual robot needs to reduce the height of the center of mass according to the
slope of the inclined plane to achieve a more stable state during the movement process.

Hs = (1 − θs

4π
)Hp (12)

where Hp and Hs are the height of the center of mass in the plane motion and the height of
the center of mass in the inclined plane motion.

5. Simulation and Experiment Results

This section will conduct the simulation and experimental verification of the distur-
bance compensation method and passive environment adaptation that are proposed above.
The robot parameters used in the simulation and experiment are completely consistent,
and the specific parameters are shown in Table 1.

Table 1. Parameters of model in simulation and experiment.

Items Value Unit

Degrees of freedom 4 × 3 /
Total mass 40 kg

Trunk length 0.83 m
Trunk width 0.33 m
Thigh length 0.2 m
Calf length 0.55 m

Friction coefficient 0.7 /

5.1. Disturbance Compensation Simulation and Experiment
5.1.1. Disturbance Recovery Simulation

The simulation environment is realized by C++ and CoppeliaSim. In the simulation of
the disturbance test, a ball with uniform mass is used to apply 50 N·s impulses to the body
of the robot to observe the reaction state of the quadruped robot.

When the quadruped robot is disturbed, it can adjust quickly according to the distur-
bance compensation control. The maximum velocity of the robot during the disturbance is
1.25 m/s. When viewed from the front of the robot, the motion state of the robot in this
process is shown in the Figure 3:



Biomimetics 2023, 8, 112 8 of 15

Figure 3. Snapshots of the disturbance recovery simulation.

As shown in Figure 3, when the disturbance makes contact with the body, the distur-
bance begins to push the robot sideways. At this time, in order to maintain the balance of
the robot, the trunk velocity compensation and air swing leg compensation have started to
compensate to the controller. After that, the trunk starts to tilt significantly, and both the
stance leg and swing leg have produced significant trunk posture compensation. At the
end of the disturbance, the robot body velocity has reached the maximum. At this time,
the robot is still moving rapidly to the right, but the velocity has been gradually reduced
under the action of the compensator. With the effect of compensation, the velocity of the
robot body gradually decreases to zero. In order to offset the velocity, the robot body tilts
to the left, but at this time, the swing leg compensator has no part of the air swing leg
compensation, but due to the existence of the inclination of the body, it begins to produce
some compensations of landing points in the opposite direction. Eventually, the robot
returns to its normal trot gait, the body is horizontal, and the compensator is no longer
functional.

As can be observed from Figure 4a, the velocity of the robot body gradually increases
after the disturbance begins and reaches the maximum at the end of the disturbance.
Then, under the action of the disturbance compensation and recovery method, it gradually
decreases to the state before the disturbance.

Figure 4. (a) Robot body velocity; (b) robot body roll and pitch angles. The red line represents the
roll angle and the blue line represents the pitch angle.

It can be observed from Figure 4b that after the disturbance began, the roll angle grad-
ually increased along a clockwise direction. After the disturbance, the roll angle gradually
decreases to the state before the disturbance because of the compensation moment. Due to
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the velocity, the roll angle increases further along the counterclockwise direction. Until the
unexpected velocity reaches zero, the roll angle stops increasing and returns to zero in the
subsequent stabilization. The pitch angle oscillates until it stabilizes.

In conclusion, in the case of large impulses (50 N·s), the robot can achieve disturbance
recovery with the combined action of the stand leg and the swing leg compensator.

5.1.2. Disturbance Recovery Experiment

Figure 5 shows the sequential snapshots of the quadruped robot in the stable motion
state, which starts to adjust autonomously after receiving a lateral disturbance and finally
stabilizes in the initial state.

Figure 5. Snapshots of the disturbance recovery experiment.

As shown in Figure 6a, owing to the IMU errors, only small velocity errors exist in
x- and z-directions. The external disturbance in the y-direction lasted about 0.5 s, and the
maximum velocity in the y-direction reached 2 m/s. Then, the robot uses its own controller
and compensation control to reach a basically stable state after 0.5 s, and there is no need to
continue moving in the y-direction at this time. After about 0.4 s, a complete stability was
achieved. As shown in Figure 6b, when the external disturbance lasts for about 0.5 s, the
robot body roll angle reaches the maximum of 10° and the robot body pitch angle reaches
the maximum of 2°. The robot body and roll angle body is recovered to the horizontal state
faster by using the posture compensation.

Figure 6. Disturbance recovery experiment data. (a) Robot body velocity. The red, blue, and green
lines present the robot body velocity of x-, y-, and z-directions; (b) robot body angle. The red, blue,
and green lines present the robot body roll, pitch, and yaw angles.

As shown in Figure 7a, owing to the robot body velocity of y-direction and pitch angle
in the whole process change little, the x-direction adjustment range of the foot end is small,
up to 6 cm. As shown in Figure 7b, when the robot body begins to be impacted, the robot
firstly tries to use its own controller to stabilize it, instead of stepping immediately to adjust.
When the robot body roll range reached the maximum and the robot body velocity of the
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y-direction was still gradually increasing, the robot immediately uses its own controller
and the air swing leg compensation controller proposed in 3.3 to calculate a new swing
trajectory in real time to realize the leg movement, and the maximum step distance reached
22 cm. Then, in order to make the robot enter the stable state faster, the four legs of the
robot will move to the forward direction of velocity before the trunk to offset the robot
body velocity of the y-direction. Finally, the robot enters a stable state of standing still. The
angle, velocity, and position in all directions are zero.

Figure 7. Disturbance recovery experiment data. (a) The x-direction position of the foot end of the
four legs; (b) the y-direction position of the foot end of the four legs.

As shown in Figure 8a, when the robot moves in place, the GRF in the y-direction is
almost zero. After the lateral disturbance, the maximum GRF in the y-direction is 75 N. As
shown in Figure 8b, the robot moves with a trot gait, so the GRF in the z-direction of the
two touching legs in a normal motion is about 200 N. If one of the legs touches the ground
first after the disturbance, the GRF in the z-direction will reach 400 N.

Figure 8. Disturbance recovery experiment data. (a) GRF in the y-direction; (b) GRF in the z-direction.

5.2. Active Environment Adaptation Experiment
5.2.1. Grassland and Rockland Experiment

Figure 9 shows the sequential snapshots of the quadruped robot stably walking on
grassland and rock terrain. The quadruped robot first passed over grassland with irregular
steel pipes and then passed the rock terrain. The motion is uniform and continuous
throughout the process.

Figure 9. Snapshots of the walking on the grassland and rock terrain experiment.
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As shown in Figure 10a, the robot body roll and pitch angles fluctuate all the time
due to slight fluctuations in the grassland and rock terrain. However, under the action of
the active environment adaptive controller, the roll and pitch angles are always within the
range of plus or minus 1°, around zero. As shown in Figure 10b, the GRF in the z-direction
of the two contact legs in normal motion is less than 200 N. GRF remained stable and did
not produce significant fluctuations on grass or stone surfaces, proving that the stiffness
and damping regulation played a good control effect.

Figure 10. Grassland and rockland experiment data. (a) Robot body angle. The red, blue, and green
lines present the robot body roll, pitch and yaw angles; (b) GRF in the z-direction.

5.2.2. Slight Slope Experiment

Figure 11 shows the sequential snapshots of the slight up-slope with a trot gait. As
shown in Figure 12a, it took 7 s for the quadruped robot to walk from the flat to the slope,
and its velocity fluctuates greatly during this transition process. Then, the robot stably
walked on the slope of about 6° for about 18 s. Finally, it took 6 s to walk from the slope to
the flat. As shown in Figure 12b, when the quadruped robot stepped on the slope, the actual
height of the foot end from the ground increased by 2 cm from the original 7 cm to 9 cm. As
shown in Figure 12c, due to the small friction coefficient and the change of the direction of
friction on the slope, the GRF in the z-direction increased by about 20 N during the process
from the flat to the slope in order for the robot to pass through the slope smoothly. The foot
position and the first GRF changed significantly when going on slope, and then the whole
process immediately remained stable without obvious fluctuations, which proved that the
control method of the leg lifting height and the adjustment of stiffness damping played a
good role.

Figure 11. Snapshots of the slight slope experiment.
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Figure 12. Slight slope experiment data. (a) Robot body angle. The red, blue, and green lines present
the robot body roll, pitch, and yaw angles; (b) the z-direction position of the foot end of the four legs;
(c) GRF in the z direction.

5.2.3. The 12° Slope Experiment

Figure 13 shows the sequential snapshots of the up-12° slope with a trot gait. As shown
in Figure 14a, it took 6 s for the quadruped robot to walk from the flat to the slope, and its
velocity fluctuates greatly during this transition process. After that, the robot walked on the
slope with the maximum slope of 11°. As the slope was rough, it did not maintain a stable
slope on the whole. The robot walked on the slope for about 21 s. Finally, it took 5 s to walk
from the slope to the flat. As shown in Figure 14b, when the quadruped robot stepped
on the slope, the actual height of the foot end from the ground increased by 2.5 cm from
the original 7 cm to 9.5 cm. The whole process changed slightly with the change of slope,
which proves that the control method of increasing the leg lifting height has been effectively
verified. At the same time, due to the large slope at that time, the robot added the center
of mass height adjustment control. The robot’s center of mass height (the height of the
z-direction position of the foot end) is reduced by about 1 cm. As shown in Figure 14c, due
to the larger slope angle, the GRF in the z-direction increased by about 30 N during the
process from the flat to the slope.

Figure 13. Snapshots of the 12° slope experiment.
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Figure 14. The 12° slope experiment data. (a) Robot body angle. The red, blue, and green lines
present the robot body roll, pitch, and yaw angles; (b) the z-direction position of the foot end of the
four legs; (c) GRF in the z-direction.

5.3. Experimental Results Discussion

In the experiment section, the disturbance compensation control method was verified
by the robot disturbance recovery experiment. Then, the robot was used to walk in different
environments (such as grass, gravel, slope, etc.) to verify the active environment adaptation
control method. After the completion of the experiment, the robot body velocity, angle, foot
end position, and foot force were analyzed. Since the data were obtained by the position
encoders, IMU after Kalman filtering, and force sensors, all the data have a small range
of fluctuations. However, the overall data are in line with the experimental expectations,
which proves the effectiveness of the disturbance compensation control method and the
active environment adaptation control method. The quadruped robot can actively adjust
according to its own state detection and has achieved good experimental results.

6. Conclusions

This paper proposed a method for the quadruped robot to make an active adjustment
according to its own state. Firstly, according to the physical model of the quadruped robot,
the controller framework based on the whole body control and QP optimization of the foot
end force is completed. The active state adjustment is divided into a disturbance recovery
and active environment adaptation. On this basis, the quadruped robot is vulnerable to
external forces and environmental changes. This paper presents a method to quickly recover
the stability of the quadruped robot after being impacted by an external force based on
dynamic compensation. At the same time, the control method of quadruped robots’ motion
process is adjusted according to biological motion rules and different motion environments.
An active environment adaption control method is proposed to achieve the balance control
of the robot by adapting the body posture and adjusting the swing leg trajectory without
additional perceptual or visual information. The controller itself adjusts the foot force and
swing trajectory in real time according to the environment. Although it cannot achieve a
very precise adjustment control, it still has good adaptive adjustment ability and traffic
capacity in various environments. The simulation environment and real robot experiment
results show that the quadruped robot has a strong active disturbance recovery ability and
active adaptability to various complex environments. In future work, we plan to further
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study the high dynamic motion of the quadruped robot, such as the ability to bound and
jump, in order to improve the motion performance of the quadruped robot.

Author Contributions: Conceptualization, S.G. and F.M.; methodology, S.G.; software, F.M. and
B.L.; validation, B.L. and Z.Z.; formal analysis, F.M.; investigation, S.G.; resources, B.L. and Z.Z.;
data curation, F.M., N.S., and M.W.; writing—original draft preparation, S.G.; writing—review and
editing, S.G.; visualization, N.S. and M.W.; supervision, F.M.; project administration, F.M.; funding
acquisition, F.M.. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research Program of China 2018AAA0100103.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yang, C.; Yuan, K.; Zhu, Q.; Yu, W.; Li, Z. Multi-expert learning of adaptive legged locomotion. Sci. Robot. 2020, 5, eabb2174.

[CrossRef] [PubMed]
2. Meng, F.; Huang, Q.; Yu, Z.; Chen, X.; Fan, X.; Zhang, W.; Ming, A. Explosive Electric Actuator and Control for Legged Robots.

Engineering 2022, 12, 39–47. [CrossRef]
3. Hutter, M.; Gehring, C.; Jud, D.; Lauber, A.; Bellicoso, C.D.; Tsounis, V.; Hwangbo, J.; Bodie, K.; Fankhauser, P.; Bloesch, M.; et al.

Anymal-a highly mobile and dynamic quadrupedal robot. In Proceedings of the 2016 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS), Daejeon, Republic of Korea, 9–14 October 2016; pp. 38–44.

4. Semini, C.; Barasuol, V.; Goldsmith, J.; Frigerio, M.; Focchi, M.; Gao, Y.; Caldwell, D.G. Design of the hydraulically actuated,
torque-controlled quadruped robot HyQ2Max. IEEE/Asme Trans. Mechatronics 2016, 22, 635–646. [CrossRef]

5. Raibert, M.; Blankespoor, K.; Nelson, G.; Playter, R. Bigdog, the rough-terrain quadruped robot. IFAC Proc. Vol. 2008,
41, 10822–10825. [CrossRef]

6. Kalakrishnan, M.; Buchli, J.; Pastor, P.; Mistry, M.; Schaal, S. Fast, robust quadruped locomotion over challenging terrain. In
Proceedings of the 2010 IEEE International Conference on Robotics and Automation (ICRA), Anchorage, AK, USA, 3–7 May 2010;
pp. 2665–2670.

7. Semini, C.; Barasuol, V.; Boaventura, T.; Frigerio, M.; Focchi, M.; Caldwell, D.G.; Buchli, J. Towards versatile legged robots
through active impedance control. Int. J. Robot. Res. 2015, 34, 1003–1020. [CrossRef]

8. Park, H.W.; Wensing, P.M.; Kim, S. High-speed bounding with the MIT Cheetah 2: Control design and experiments. Int. J. Robot.
Res. 2017, 36, 167–192. [CrossRef]

9. Hyun, D.J.; Seok, S.; Lee, J.; Kim, S. High speed trot-running: Implementation of a hierarchical controller using proprioceptive
impedance control on the MIT Cheetah. Int. J. Robot. Res. 2014, 33, 1417–1445. [CrossRef]

10. Bledt, G.; Powell, M.J.; Katz, B.; Di Carlo, J.; Wensing, P.M.; Kim, S. MIT Cheetah 3: Design and control of a robust, dynamic
quadruped robot. In Proceedings of the 2018 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS),
Madrid, Spain, 1–5 October 2018; pp. 2245–2252.

11. Gehring, C.; Coros, S.; Hutter, M.; Bloesch, M.; Hoepflinger, M.A.; Siegwart, R. Control of dynamic gaits for a quadrupedal robot.
In Proceedings of the 2013 IEEE International Conference on Robotics and Automation (ICRA), Karlsruhe, Germany, 6–10 May
2013; pp. 3287–3292.

12. Hwangbo, J.; Lee, J.; Dosovitskiy, A.; Bellicoso, D.; Tsounis, V.; Koltun, V.; Hutter, M. Learning agile and dynamic motor skills for
legged robots. Sci. Robot. 2019, 4, eaau5872. [CrossRef]

13. Wang, L.; Meng, L.; Kang, R.; Liu, B.; Gu, S.; Zhang, Z.; Meng, F.; Ming, A. Design and Dynamic Locomotion Control of
Quadruped Robot with Perception-Less Terrain Adaptation. Cyborg Bionic Syst. 2022, 2022, 9816495. [CrossRef]

14. Kang, R.; Meng, F.; Chen, X.; Yu, Z.; Fan, X.; Ming, A.; Huang, Q. Structural design and crawling pattern generator of a planar
quadruped robot for high-payload locomotion. Sensors 2020, 20, 6543. [CrossRef]

15. Dini, N.; Majd, V.J. An MPC-based two-dimensional push recovery of a quadruped robot in trotting gait using its reduced virtual
model. Mech. Mach. Theory 2020, 146, 103737. [CrossRef]

16. Khorram, M.; Moosavian, S.A.A. Push recovery of a quadruped robot on challenging terrains. Robotica 2017, 35, 1670–1689.
[CrossRef]

17. Edrisi, F.; Majd, V.J.; Attar, M.; Dini, N. Modifying the attitude of quadruped robot body against disturbances via data fusion. In
Proceedings of the 2016 4th International Conference on Robotics and Mechatronics (ICROM), Tehran, Iran, 26–28 October 2016;
pp. 55–60.

18. Morlando, V.; Teimoorzadeh, A.; Ruggiero, F. Whole-body control with disturbance rejection through a momentum-based
observer for quadruped robots. Mech. Mach. Theory 2021, 164, 104412. [CrossRef]

http://doi.org/10.1126/scirobotics.abb2174
http://www.ncbi.nlm.nih.gov/pubmed/33298515
http://dx.doi.org/10.1016/j.eng.2021.10.016
http://dx.doi.org/10.1109/TMECH.2016.2616284
http://dx.doi.org/10.3182/20080706-5-KR-1001.01833
http://dx.doi.org/10.1177/0278364915578839
http://dx.doi.org/10.1177/0278364917694244
http://dx.doi.org/10.1177/0278364914532150
http://dx.doi.org/10.1126/scirobotics.aau5872
http://dx.doi.org/10.34133/2022/9816495
http://dx.doi.org/10.3390/s20226543
http://dx.doi.org/10.1016/j.mechmachtheory.2019.103737
http://dx.doi.org/10.1017/S0263574716000394
http://dx.doi.org/10.1016/j.mechmachtheory.2021.104412


Biomimetics 2023, 8, 112 15 of 15

19. Dini, N.; Majd, V.J.; Edrisi, F.; Attar, M. Estimation of external forces acting on the legs of a quadruped robot using two nonlinear
disturbance observers. In Proceedings of the 2016 4th International Conference on Robotics and Mechatronics (ICROM), Tehran,
Iran, 26–28 October 2016; pp. 72–77.

20. Dini, N.; Majd, V.J. Sliding-Mode tracking control of a walking quadruped robot with a push recovery algorithm using a nonlinear
disturbance observer as a virtual force sensor. Iran. J. Sci. Technol. Trans. Electr. Eng. 2020, 44, 1033–1057. [CrossRef]

21. Boaventura, T.; Medrano-Cerda, G.A.; Semini, C.; Buchli, J.; Caldwell, D.G. Stability and performance of the compliance controller
of the quadruped robot HyQ. In Proceedings of the 2013 IEEE/RSJ International Conference on Intelligent Robots and Systems,
Tokyo, Japan, 3–7 November 2013; pp. 1458–1464.

22. Dong, C.; Yu, Z.; Chen, X.; Chen, H.; Huang, Y.; Huang, Q. Adaptability Control Towards Complex Ground Based on Fuzzy
Logic for Humanoid Robots. IEEE Trans. Fuzzy Syst. 2022, 30, 1574–1584. [CrossRef]

23. Fahmi, S.; Mastalli, C.; Focchi, M.; Semini, C. Passive whole-body control for quadruped robots: Experimental validation over
challenging terrain. IEEE Robot. Autom. Lett. 2019, 4, 2553–2560. [CrossRef]

24. Rebula, J.R.; Neuhaus, P.D.; Bonnlander, B.V.; Johnson, M.J.; Pratt, J.E. A Controller for the LittleDog Quadruped Walking on
Rough Terrain. In Proceedings of the 2007 IEEE International Conference on Robotics and Automation (ICRA), Rome, Italy, 10–14
April 2007; pp. 1467–1473.

25. Focchi, M.; Del Prete, A.; Havoutis, I.; Featherstone, R.; Caldwell, D.G.; Semini, C. High-slope terrain locomotion for torque-
controlled quadruped robots. Auton. Robot. 2017, 41, 259–272. [CrossRef]

26. Han, L.; Chen, X.; Yu, Z.; Gao, Z.; Huang, G.; Zhang, J.; Hashimoto, K.; Huang, Q. A heuristic gait template planning and
dynamic motion control for biped robots. Robotica 2023, 41, 789–805. [CrossRef]

27. Fankhauser, P.; Bjelonic, M.; Dario Bellicoso, C.; Miki, T.; Hutter, M. Robust Rough-Terrain Locomotion with a Quadrupedal
Robot. In Proceedings of the 2018 IEEE International Conference on Robotics and Automation (ICRA), Brisbane, QLD, Australia,
21–25 May 2018; pp. 5761–5768.

28. Bellicoso, C.D.; Jenelten, F.; Gehring, C.; Hutter, M. Dynamic Locomotion Through Online Nonlinear Motion Optimization for
Quadrupedal Robots. IEEE Robot. Autom. Lett. 2018, 3, 2261–2268. [CrossRef]

29. Ding, Y.; Pandala, A.; Li, C.; Shin, Y.H.; Park, H.W. Representation-free model predictive control for dynamic motions in
quadrupeds. IEEE Trans. Robot. 2021, 37, 1154–1171. [CrossRef]

30. Kimura, H.; Fukuoka, Y.; Cohen, A.H. Adaptive dynamic walking of a quadruped robot on natural ground based on biological
concepts. Int. J. Robot. Res. 2007, 26, 475–490. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1007/s40998-019-00283-7
http://dx.doi.org/10.1109/TFUZZ.2022.3167458
http://dx.doi.org/10.1109/LRA.2019.2908502
http://dx.doi.org/10.1007/s10514-016-9573-1
http://dx.doi.org/10.1017/S026357472200162X
http://dx.doi.org/10.1109/LRA.2018.2794620
http://dx.doi.org/10.1109/TRO.2020.3046415
http://dx.doi.org/10.1177/0278364907078089

	Introduction
	Locomotion Control Based on GRF Optimization
	Disturbance Compensation Control
	Trunk Posture Compensation
	Trunk Velocity Compensation
	Air Swing Leg Compensation

	Active Environment Adaptation Control
	Grassland and Rockland Road
	Slight Slope Road
	More than 10° Slope Road

	Simulation and Experiment Results
	Disturbance Compensation Simulation and Experiment
	Disturbance Recovery Simulation
	Disturbance Recovery Experiment

	Active Environment Adaptation Experiment
	Grassland and Rockland Experiment
	Slight Slope Experiment
	The 12° Slope Experiment

	Experimental Results Discussion

	Conclusions
	References

