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Abstract: Legged robots imitating animals have become versatile and applicable in more application
scenarios recent years. Most of their functions rely on powerful athletic abilities, which require
the robots to have remarkable actuator capacities and controllable dynamic performance. In most
experimental demonstrations, continuous hopping at a desired height is a basic required motion for
legged robots to verify their athletic ability. However, recent legged robots have limited ability in
balance of high torque output and actuator transparency and appropriate structure size at the same
time. Therefore, in our research, we developed a parallel robot leg using a brushless direct current
motor combined with a harmonic driver, without extra force or torque sensor feedback, which uses
virtual model control (VMC) to realize active compliance on the leg, and a whole-leg control system
with dynamics modeling and parameter optimization for continuous vertical hopping at a desired
height. In our experiments, the robot was able to maintain stability during vertical hopping while
following a variable reference height in various ground situations.

Keywords: legged robot; hopping control; virtual model control

1. Introduction

The most prominent advantage of a legged robot is its outstanding ability of highly
dynamic locomotion strategies such as running and jumping, imitating real legged animals
in field situations [1]. In general, two main elements, actuator output ability and motion
controllability, place great demands on the systematic design and control methods of
bio-inspired legged robots. To examine these requirements on robot design, continuous
height-controlled hopping serves as a fair criterion for practical research because it is a
type of simplified movement pattern.

The capacity for explosiveness can be embodied in robot’s maximum jumping height,
which is heavily dependent on the actuator output. Most previous bipedal robot such as
ASIMO [2] and ATRIAS [3], in order to support heavy trunk and realize accurate position
control, using motors with relatively high-ratio reducers, have limited ability in robot
jumping and running research because of the non-transparency in reducers. In other
words, the reason for the weakness in dynamic motion is that the large reducer ratio brings
increased friction and other nonlinear elements to the actuator. On the other side, most
low-ratio or even direct-driven actuators can accurately control their output with high
transparency, but they have limited output torque which can only be used in small-sized
robot. To overcome this conflict, MIT Cheetah series robot [4-7] used a high-torque-density
brushless direct current (BLDC) motor with a large gap radius as its actuator [8,9]. This
type of actuator is typically a large-torque, low-speed motor that usually cooperates with a
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low-ratio gearbox to achieve high back-drivability. Nevertheless, this actuator is relatively
large in size and heavy when used on robot systems with more degrees of freedom (DoFs),
such as humanoid robots. Thus, the balance of output ability, transparency, and structure
size for a legged robot is still a crucial problem to be solved.

In terms of hopping height control, Raibert firstly realized controllable hopping of
legged robot in 1986 [10]. Later, based on the measurement of real legged animal motion,
the spring loaded inverted pendulum (SLIP) model [11] was constructed and became
the universal model to describe dynamic motion such as hopping, running, and other
manipulations [12]. However, because of the nonlinear characteristics of SLIP model, it is
difficult to resolve its dynamics analytically for every step. To address this problem, some
approximation methods were proposed, such as the research of Geyer, who assumed a
small angular sweep and spring compression [13]. Without SLIP, several other intuitive
approaches to hopping height control are available. The simplest approach is to maintain
a constant value, such as the actuator input voltage [14] and trunk velocity [15], and
further use basic model to realize adaptive hopping control [16]. This type of control
is not connected closely to dynamic model, although applicable and universal for most
legged robots, lacking control accuracy and maneuverability for a specific robot system.
For whole-body jumping control, there are other methods such as ZMP to realize hopping
on legged robot [17-19]. Besides, virtual model control (VMC) is an efficient method in
robot leg or arm control, which has also been validated in walking and jumping motion
control [20-22]. Nevertheless, with different control target and robot structure, it should be
combined with specific superior control strategy.

To balance the requirements of both load supporting ability and dynamic locomotion
function, an integrated legged robot system including hardware design and control strategy
is plainly needed. In previous work [23], we proposed a parallel-elastic legged robot for
loaded jumping. In this paper, focusing on controllable vertical hopping, we describe
the development of the parallel legged robot with a high-performance actuator, and use
current-torque control on the actuator to implement VMC on the leg; this approach does not
require an extra torque sensor but can provide active compliance in jumping and landing.
Next, an ideal dynamic model was constructed and the fitting relationship between the
virtual model setting and the actual hopping height was generalized. Finally, the control
parameter was optimized in simulation and hopping height control was realized based on
the proposed model. The main contributions of this paper are:

(1) To balance requirements of high output, transparency and applicable size of legged
robot for vertical hopping motion, a design of integral legged robot system was
developed. The actuator used BLDC-harmonic actuator and the main structure is
parallel mechanism, which are relatively more suitable for legged robot to perform
greater height hopping.

(2) To realize controllable height hopping, a novel height control strategy combined
with VMC, using dynamics model construction and function parameter fitting, was
proposed, which is appropriate for our mechanical design and can also meet the
requirement without extra sensor measurement and online calculation.

The remainder of this paper is organized as follows. Section 2 introduces the design
concept and the details of the robot. Section 3 establishes the dynamic model of the robot
system. Section 4 describes the methods for VMC and hopping height control. Section 5
presents the simulation and experimental results. Finally, Section 6 draws conclusions
about the consequences of our research and discusses future planning.

2. Robotic System Design

This section depicts the design thought of the actuation, mechanism and control
hardware system. The robot prototype is shown in Figure 1a. As in the figure, the robot
was limited in vertical slide guides to realize vertical hopping, and a laser range finder was
fixed on the top of the guides to measure the height of robot trunk.
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Figure 1. (a) Robot prototype; and (b) structural profile of actuation module.

The two main requirements in actuator design are high output torque density and
high transmission transparency. As introduced in Section 1, the actuator design schemes
involving hydraulic and direct-drive motors both have weaknesses. Therefore, scheme of
BLDC motor and reducer with appropriate ratio is an optimal approach. In the reducer
selection, in contrast to both planetary and cycloidal gear reducers, the harmonic reducer
has a lower weight while providing the same ratio. In terms of the actuator feedback system,
two main methods are used to realize high-performance torque control on legged robots:
torque sensor feedback and motor current feedback control. However, torque feedback
such as SEA (series elastic actuator), which is used in many legged robot [24,25], requires
an extra elastic feedback unit that has a non-negligible mass and causes unavoidable
vibration. Thus, we used motor current feedback as proprioceptive control in our design.
In terms of our development target, the main aim of our actuation design is to realize
output torque control directly with motor current feedback. Through numerical simulation,
we found that a 5.5 kg robot jumping to 1.5 m height with a constant vertical acceleration
needs maximum torque about 95 Nm and maximum rotational speed about 100 rpm
(joint speed). According to such requirements, we selected a self-developed BLDC motor
and a harmonic reducer with a ratio of 1:31 as our actuator. The actuator structure is
shown in Figure 1b. Based on this design, the maximum output torque of the actuator can
reach 124 Nm theoretically, maximal rotational speed over 4000 rpm, and power density
808.82 W /kg, which is sufficient output for robot’s high jumping. Compared with MIT
Cheetah’s large-radius actuator, our design has smaller radius and higher torque-radius
ratio of the whole module (details in Table 1), which is more compact for multi-joint robot
system [8,9]. To validate linearity and transparency of the actuator, a simple test facility
was set as shown in Figure 2a. According to the input current-output torque relation in
Figure 2b, we can conclude that the actuator has a certain transparency in action, while it is
still different from the ideal condition.

Table 1. Performance parameters comparison of actuator between MIT Cheetah and our design.

Total Diameter . . Max. Output Max. Torque—
(mm) Reduction Ratio Torque (Nm) Radius Ratio
MIT Cheetah 125 1:5.8 174 2.8

This paper 70 1:31 124 3.5
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Figure 2. (a) Output torque test setup; and (b) relation between output torque and input current in
actuator. The blue and red lines are theoretically calculated data and fitting result of actual measured
value, respectively. We can consider that the actuator is sufficiently linear but still has certain friction
in reducer part. Because of the limitation of the experimental facility, this test only recorded the
results in a limited range (from —20 to 20 A), while the relation outside the range is considered as
the same.

As for structural design, compared with the serial mechanism leg, the parallel leg
offers several advantages. First, the knee joint actuator rotates relative to the trunk in the
parallel case rather than relative to the thigh, which causes extra inertia for the hip joint.
Second, on our robot, as identical thigh and shank lengths were selected for the maximum
vertical movement range [23], we found that parallel mechanism has similar torque and
speed requirements for the two active joints during the vertical jumping simulation. Thus,
we could use two same actuators in active joints. The details of the structure comparison
and jumping simulation results are shown in Figures 3 and 4. More comparative analyses
of parallel and serial structure of legged robot are presented in another paper [26]. Previous
research has shown that the ideal mass ratio of the leg involves a large trunk mass and a
lower leg mass [27]. Based on this notion, we used carbon fiber tubes as the leg links and
aluminum parts as the joint connections. In our design, the total robot leg mass is 5.2 kg
and the motor module weighs 3.04 kg, so the percentage of the total mass taken up by the
actuator is approximately 58%. As shown in Figure 5a, the basic robot leg structure is a
parallelogram with two DoFs. Compared with serial structure, this configuration contains
two parallel joints rotating relative to the trunk base frame. Specifically, we can use two
identical actuators on the leg, because of the identical torque and speed requirements as
mentioned above.

The control system consists of an industrial personal computer (IPC), the Elmo motor
driver and absolute encoder. CAN bus was used as the communication mode between IPC
and motor drivers, and control period is 2 ms. Generally, the control system in this paper
did not use posture or torque sensors and only used the encoder and current detection.
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Figure 3. Comparison of serial and parallel legged structure: (a) serial structure; and (b) parallel
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Figure 4. Maximum requirements of (a) torque and (b) motor speed in vertical jumping to different
target heights (5.5 kg robot), with serial and parallel structures respectively: (a) the value of serial
hip is always at 0, while the other three curves (serial knee, parallel hip, and parallel knee) are
overlapped; and (b) the value of serial knee is much higher than the other three overlapped curves
(serial hip, parallel hip, and parallel knee). Thus, the requirements of actuator with parallel structure
are more balanced than those of serial.
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Figure 5. Virtual model control diagram: (a) basic structural model of parallel robot leg; and (b)
corresponding virtual model.
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3. Dynamic Model Analysis
3.1. Actuator Modeling

Inspired by modeling works in [28], based on the complex model, we constructed a
simplified one. The ideal output torque of the BLDC motor can be expressed as: T, = Cjiy,
where i, is the motor winding current and C; is the motor torque coefficient. Therefore, the
motor output torque T}, can be estimated by current directly. In reducer part of actuation
model, inertia of two parts (circular spline and flex spline) in reducer are combined, and
elasticity in it is neglected; the complete model is finally simplified as:

1 . .. .
T, = N(Cllm — Jabm — byiOm — S) (1)

where T, is the actuator output torque, N is the reduction ratio, J, is the sum inertia of the
actuator, 8y, is the rotation angles of actuator, b, is the viscous coefficient, and S is the static
friction term. Obviously, the actuator output torque is related to variables including input
current, angular acceleration, angular velocity, and static friction in the current state. In the
following section, the actuator model is integrated with the complete structural model for
dynamic analysis.

3.2. Leg Structural Modeling

In our design, the basic robot leg mechanism is a parallel four-bar linkage mechanism
articulated on the robot’s trunk, with two DoFs gathered on one joint. Compared with the
considerable mass and internal damping of actuation module, the mass of link is relatively
small to be regarded as linear to the joint space, which simplified the calculation at the
same time. Therefore, in the ideal model shown in Figure 5a, the total leg mass is lumped
at point A, and the massless sticks L1—L; form the parallel mechanism (L; = Ly = L3 =
0.35m, L4 = 0.285 m). Given the two joint angles 6; and 65, the forward kinematics of the
toe position can be derived. Then, the Jacobian matrix J for the leg mechanism can also
be solved. Because the linkage mass is calculated on joint space, the foot produced force
(e.g., the ground reaction force (GRF)) can be controlled via the joint output torque and
expressed directly.

3.3. Integrated Dynamic Modeling

In integrated dynamic model, we limited the planar robot movement in one- dimen-
sional constraint. Based on the model shown in Figure 5a, we introduced the actuator
model into the robot structure. In stance phase, the foot mass point is fixed on the floor, so
the GRF can act on the CoM (center of mass) directly. Additionally, the horizontal ground
force fy is ignored in the following analysis (i.e., set fx = 0). Therefore, the force-torque

equation can be rewritten as:
0| _ ;-1 ™
e @

where f, is vertical ground force, J is Jacobian matrix, and t,; is T, in (1), which can be
represented in vector form as:

Ty = Ciy + 10+ BO + f (3)

where Cj, I, and B are the corresponding coefficients in (1) and f ¢ is the static frictional
term relative to the force condition. Therefore, we set up a new variable, to represent the
sum of two terms in (3):

Ts = Cip + fg 4)

where the variable Tg describes the actuator’s output torque in a static situation. We
consider this linear variable to motor current as an integral part in the following analysis,
and, as shown in Section 5, it can be calibrated experimentally.

Next, the robot movement is analyzed based on the global coordinates (x,z) in
Figure 5a. To describe the integrated model, we set a generalized coordinates of robot as:
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g = [01,62]T. In the stance phase, the entire robot is assumed to be fixed on the floor. We
then use a dynamic equation with the following general expression:

d (oJL oL oA 9]
il50) 55 = % ®
f where L is the Lagrange function, A is Rayleigh’s dissipation function, and I1 is the virtual
power of the system. In detail, the Lagrange function is expressed as:

L=T-U-= %Mzz+%119%+%129§—1\/1gz (6)
where M is the total mass of the robot, ; is the actuation module inertia (including equiva-
lent link inertia), and z is the vertical position of the CoM. Rayleigh’s dissipation function
isA= 1319% + %Bzég and the virtual power of the system is I = 01751 + ba7s0.

Because in our experiment the robot only moves in the vertical direction, several
constraints are given as:

P+ | O =0 1i+| 1] =0 )
where P is the position of robot foot calculated by forward kinematics. Hence, the gen-
eralized coordinate g can be simplified as a unidimensional coordinate. Specifically, in
our robot model, while assuming that L; = Ly, we can transform the constraint equations
as follows: 0; + 6, =  and 6; = —6,, with force constraints Ts; = —Tgy. Therefore, the
relationship between the Cartesian coordinate z and joint angle 6; can be deduced. Then,
Equations (6) and (7) are substituted into (5), and we can ignore the joint inertia I; because
I; « M numerically. Then, the complete dynamic equation is simplified as:

ME + Begz + Mg = fu ®)

Bi+B, _ B
4L1%c0s20; 4L *—z2
direction, which is transformed from the motor torque Ts.

Accordingly, in the stance phase, the entire dynamic model is a nonlinear second-order
system with configuration-related parameters. When compared with the ideal spring-mass
model, this robot system has variable equivalent inertia and a variable damper coefficient,
which are determined by the robot’s posture.

On the other side, in the flight phase, the robot has no contact with the floor. Because
the leg was controlled with an extra damping effect in the air, the flight process was a
relatively static situation with no leg movement. The flight process is considered only to be
affected by gravity and friction on guide rail, which represents a linear process in modeling,
while the guide rail friction is regarded as a positive constant f; in this research. In vertical
movement, the friction and gravity effects can be combined as a sum of force. Therefore,
we set a new acceleration g’ to substitute for ¢ in the takeoff and upward flight phases, as
shown in (9).

where Be; = and f; is the ideal output force on the toe in the vertical

M
g/ _ g]\;}_ fg (9)

In the following modeling calculations, we use g’ to represent the combined effects
of the vertical friction and gravity. The actual value g’ was calculated in the experiment
introduced in Section 5.

According to the modeling above, the foot’s mass is neglected in the dynamic analysis.
However, at the critical moment of touchdown and takeoff, the dynamic situation is related
to the foot mass. We found that the impact between foot and floor occurred in a very short
time period, thus the impact process can be considered as a completely inelastic collision.
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At takeoff moment, the kinetic energy changes over a very short period. As the result for
one hopping period, the energy conservative relationship can be expressed as:

1

where 2] is the instantaneous velocity immediately before takeoff, m is the foot mass, and
hsmt is the summit height during the jump.

4. Control Strategy
4.1. Virtual Model Controller

VMC is a direct but efficient control method that gives the robot some desired dynamic
performances similar to a realistic physical system. In whole leg control, VMC provides an
intuitive approach that uses the joint torque to imitate virtual component effects such as
springs and dampers, and there are many instances in bipedal walking. In our controller,
the robot leg is controlled as an ideal mass—spring—damper model, while, in experimental
performance, the leg moved under the combined effect of the ideal input and the actual
physical configuration.

Figure 5a shows the simplified leg model with one mass point and a massless link
mechanism based on Cartesian coordinates, while Figure 5b shows the corresponding
virtual model with a spring—damper system based on a polar system. The normal effect of
the linear spring system is used to control the leg length I, while the tangential effect of the
torsional spring system is used to maintain the leg angle 6 at a target value. In the model
in Figure 5b, according to the definition of VMC, the virtual force can be written as:

{ fspr = kvl(lori - l) - Cvll" (11)
Tspr = kvt(eori - 9) — Cptb

where k;; is the virtual linear spring stiffness and ¢, is the virtual damping coefficient; ky;
and cy; are the corresponding terms for the virtual torsional spring; I and I,,; are the actual
and desired leg lengths (distance from point A to E in Figure 5a), respectively; and 0 and
0,,i are the actual and desired leg angles (angle 6 in Figure 5b), respectively.

After that, the desired virtual force and torque are transformed into the corresponding
foot produced force in Cartesian coordinates as fyx and f,, which can be used to calculate the
joint torque required to generate this foot force. Ultimately, because the internal modeling
effect in dynamic motion is far less than the torque output, we consider to directly control
Ts in the VMC closed loop, and regard the rest of the robot system as a whole dynamics
model for height control, in which the specific parameters can be estimated through
simulation and experiment. Therefore, we assigned the calculated target torque to Tg as
the input. The control law can then be written as:

Ts = Jpfop = Ip' (Ko - Ap — Co - ) (12)

where Jp is the Jacobian matrix between the joint torque and the foot force in polar
coordinates; p = [1,0]T; and fspr» Ko and Cy are the corresponding vectors or matrices
in (11). In general, we can control the desired dynamic characteristics of the robot leg by
varying the given virtual model parameters and implement the virtual force by producing
the desired motor torque.

4.2. State Machine Design and Height Measurement

Each hopping motion period can be divided into three sections with different move-
ment situations. In experiments, we used only the encoder and the current sensor to
measure the leg’s posture parameters and estimate the robot’s state. Figure 6 shows a
schematic of the hopping control architecture in three states of one hopping period. In
the figure, contact detection was implemented via the toe’s position variation, which is
deduced from the joint angle. When the leg length is compressed to a specified value, the
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robot can be considered to have reached the stance phase. The bottom position detection is
according to toe’s vertical velocity (which has the same absolute value with CoM velocity).
When the absolute value of toe velocity is less than a threshold (e.g., 0.01 m/s) for a certain
time, the robot could be considered as reaching the bottom position.

Touch-down Fall- down
—
/ phase v vMmC
V<0
Stance Motor V=0, Botf?m Jumplng
phase encoder position trigger
V>0 l
Contact \
detection Take-off ) ‘!’arget-
phase height VMC

Flight ? Fall- down
—
phase vMmC

Figure 6. State estimation diagram in three different states in one hopping period.

For height measurement in each jump, we used time difference in the flight phase to
deduce the actually reached summit height. In the experiments, we measured AT between
adjacent takeoff and touchdown moments, and then used Equation (13), deduced from
basic distance calculation formula, to compute the summit height.

(13)

1, (AT Ahr\?
Zg. —_—

hsmt =5 5 g’AT

where A7 is the height difference between the takeoff and touchdown moments, which
can be calculated through input virtual coefficient.

4.3. Height Control Strategy

An ideal spring-mass model can realize continuous hopping directly without energy
consumption. However, as mentioned above, our robot leg with its internal damping does
not have this capacity without extra energy input. In this case, we used different desired
parameters in VMC at different moments to make the robot hop to a targeted summit
height. As shown in Figure 6, our controller includes two VMC modes: fall-down VMC
and target-height VMC.

In the flight and touchdown phase, we used the VMC law with a constant virtual
stiffness, damping, and initial leg length to maintain the stability and compliance of the
robot. The initial kinetic energy and gravitational potential energy were transformed into
damping energy consumption during this touchdown process. However, this process in
experimental situation is not linear as it is in simulation-based calculations. Some tiny
chattering will occur during this impact process that may even cause vibration in the
velocity in the following movement. Therefore, we left out the analysis of the detailed
touchdown procedure at this stage and only measured the height at the bottom position /13
as the prior value for subsequent control.

After the bottom position, the robot enters the takeoff phase. In this phase, we changed
VMC into target-height module. Specifically, we proposed a height mapping function
based on the modeling in Section 3 and parameter calibration in following simulation and
experiment. The prospective hopping height of the next jump can be expressed as:

flsmt - f(hB/ kvl) (14)

where fi5; is the estimated hopping height in the next period, a nonlinear function of the
bottom height /g in the previous period and the desired virtual stiffness k,; for the next
takeoff motion. If the reduction ratio is small enough to enable linear representation of
the system, the differential equation for the dynamics may be solved and f could thus be
expressed analytically. However, because of the complexity of the model in (8), it is difficult
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to obtain an analytical solution for this mapping relation. To avoid this difficulty, we used
simulations with approximate parameters to calculate numerical solutions and fitted this
binary function in a mathematic model. The results of the simulation and fitting processes
are shown in Section 5. After using mathematical model to fit function f as in (15) and
deducing its analytical solution in (16), we can use the given values bottom height Iip and
target summit height /1; as arguments to calculate the required stiffness k,; in the controller.

hrsmt = f(hp, ko) = po + prkor + pahp + paky”® + ... + € (15)

ko = S(hg, hp) (16)

where po—ps are fitting coefficients, € is a high-order infinitesimal, S is the solution of
function f, and h; is the desired hopping height in the next period. Thus, we get the control
law of desired summit height according to (14).

5. Simulation and Experiment
5.1. Simulation and Results

The main goal of the simulations was to find a numerical fitting solution for function
f, while we were not clear about its specific analytical form before experiment. Firstly, we
performed preliminary experiments to calibrate the basic system parameters, e.g., static
friction in the actuator and constant friction f; on the guide rail. In the calibration, we
used simple facility to fitted approximate linear relation of the motor current and output
torque, as in Figure 2b, to solve for the friction f¢ in (4). We could then control 75 directly,
as introduced previously. In the next calibration, according to the illustration in Section 3.3,
we designed a free falling experiment to estimate the friction f; of the guide rail. In the
results, the equivalent acceleration on the rail is approximately 11 m/s?.

In simulation, we constructed a mathematical dynamic model as described in Section 3
and used Matlab to implement the numerical calculations. Each simulated period only
consists of the takeoff phase from the bottom position until the takeoff moment, and the
final objective is to find the function f introduced in Section 4.3. One round of simulation
framework is shown in Figure 7, and the specific simulation parameters are according to
actual robot prototype. Based on this framework, ranges of virtual stiffness k,; and initial
bottom height hp values were input to the model for circulation and the corresponding
summit hopping heights were obtained. After many simulations (about 5000), series of
input and output values were collected, and we used the fitting method to get approxima-
tion function f. We found that the fitting relation for k,;, hp, and hgy, (function value of f)
can be approximately expressed as a quadratic polynomial, as follows:

hmi(i) = Po + p1ki + pahp(y + paki® + pakilipg) + pshp)” + € (17)

where hsmt(i)/ k;, and hB(i) are Mgy, ky, and hp in ith simulation, respectively. Then, we
could use the optimization function in (18) to find the appropriate parameter value py
to ps.

min Y (f(hp), ki) — (po + piki + p2hpy + pski® + pakihp) + pshpy®))? = Y €7 (18)

Finally, po-ps were optimized as 0.426, 0.00156, —5.341, 2.2 x 108 (negligible in actual
control calculation), —0.00356, and 10.68, respectively. From the fitting function, R-square
is 0.9997, which basically satisfied our needs.
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Figure 7. Framework for simulation and fitting relation between takeoff stiffness, bottom height, and
final jumping height.

5.2. Single Landing-Jumping Experiment

The fundamental purpose of this section is to verify the experimental effects of the
actuator mechanism and the VMC method and to gather actual data during hopping to
rectify the control function. According to VMC as (12), the leg performed as a virtual
polar-coordinate spring-damper system. An external force acting on the foot end can cause
it to be displaced; after the force is removed, the leg recovers to its initial posture. The leg
generally realized good active compliance on its toe and this played an important role in
impact mitigation.

In the landing—jumping experiment, the robot fell to the floor and then rebounded
with higher stiffness. As noted above, the leg in the flight phase is controlled using constant
stiffness and damping. In this experiment, the stiffness k; is 1000 N/m, the damping c,; is
30 N, and the original length is 0.5 m. In the takeoff phase, k,; is 1700 N/m, c,; is 0, and
the original length is 0.6 m. In the experiment, the robot jumped to approximately 0.64 m
(from ground to toe).

Figure 8 shows the measured data recorded during the experiments. Except for
the ground-contact moment, the leg length curve shows ideal continuous and smooth
characteristics, thus proving the effectiveness of the VMC method. Circular marks in the
figure indicate the sudden changes in the curves. Obviously, current can be used to detect
the external impact more quickly. However, the subsequent current curve is not continuous
because a little chattering occurs during impact. In the other two graphs, the velocity
fluctuates dramatically during the touchdown process but remains relatively smooth
during takeoff and flight, while the acceleration is noisier throughout the movement.

5.3. Constant Height Hopping

The aim of the constant-height hopping experiment was to prove the feasibility of
the height control method proposed in Section 4.3 and its adaptability to different ground
levels.
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Figure 8. Data recorded during single landing—jumping motion. From top to bottom: leg length;
motor current of Joint 1; toe velocity in vertical direction; and toe acceleration in vertical direction. In
the graph, black circles represent the moment of change in leg length and motor current. Obviously,
the motor current can be used to detect the touchdown information earlier than the leg length.

First, the robot leg was controlled using VMC and height control strategy for constant
height hopping. Subsequently, we set the robot leg hopping continuously on a stool (stool
height: 0.48 m) at a constant height of 0.5 m (relative to the stool). Next, the stool was
removed between the toe and the ground. The leg then fell to the ground and maintained
its height at 0.5 m relative to the ground. The entire process is shown in photographs in
Figure 9, where we see that the leg can maintain a constant height relative to its stance
phase, even when the floor height changes. Data records of this process are presented in
Figures 10 and 11.

Figure 9. Photographs of robot leg during continuous constant height hopping. Initially, the leg is hopping on a stool; at

1.68 s, the stool was removed and the leg then fell to the ground.
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Figure 10. Summit hopping height during continuous constant height hopping. The black dashed
line is the set target summit height; orange short solid lines represent actual calculated heights based
on the measured hang times. At the initial moment, the measured value is zero because the leg’s
summit height cannot be calculated before the first touchdown.

In Figure 10, one short solid line represents the calculated summit height (based on
internal sensor data and the identified g" according to (13), which is also similar to external
sensor results but with lower accuracy) of the previous period. Because the calculated
value can only be updated after each touchdown, the value at the current time represents
the previous period’s summit height. The black arrow labeled “Horizon changed” indicates
the moment of stool removal. After this moment, the leg has an unusual height because
the flight time was accidentally prolonged. However, the specific value of this height is
meaningless because the stool’s height is unknown. In the next period, the robot returned
to its target height of 0.5 m. Figure 11 shows that, after the stool was removed, the leg
length and the motor current changed dramatically, and the motor produced more power
to maintain the virtual model for impact mitigation. The leg then recovered rapidly to its
normal situation and still realized height control in subsequent periods, which verified
its impact resistance and its adaptability to variable horizon heights. From the motor
current curve shown in Figure 11, we found that the current in the touchdown phase
fluctuated slightly after the horizon changed. After analysis, we believe that this resulted
from the difference in physical stiffness between the stool and the floor. Consequently, the
stability and adaptability of the constant height control approach on variable-level terrain
was verified.

o
2

T
Horizon
changed

0.6

0.4r

Leg length [m]

Motor current [A]

Time [s]

Figure 11. Data recorded during constant height hopping: (top) leg length; and (bottom) motor
current of Joint 1.
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5.4. Variable Height Hopping

In two-dimensional forward movement of the spring-mass model, the desired hop-
ping height should be a real-time variable that adapts to different situations. Therefore,
after constant height control, we focused on continuous variable-height control. During
long-term continuous hopping, we changed the target summit height randomly every few
hopping periods. Figure 12 shows the different moments when the leg was in each summit
position. As shown in Figure 13, depending on the desired value, the actual summit height
was adjusted rapidly by the controller, almost within two periods. Both calculated values
and physical measurements from the video demonstrated that the real hopping height
always remained very close to the desired value. Generally, this experiment verified the
feasibility of the height control strategy during continuous variable-height hopping in a
limited range.

Figure 12. Photographs of robot leg hopping to different summit heights. Distance values in the images are measured from

ground to toe.
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Figure 13. Summit hopping height during continuous hopping to different heights.

5.5. Discussion

The experiment results show that the robot leg realized active compliance and con-
trollable height hopping, thus proving ideal robot system performance and its good effect
in combination with the height control strategy. First, because the system design used
a harmonic driver as the motor reducer in the actuator, the system achieved successful
dynamic motion control and impact mitigation during hopping. The results illustrate
the mechanical and control feasibility of the low-ratio harmonic reducer during extreme
hopping movements. As shown in Figure 8, the leg can touch down in a mitigating way
at high initial velocity by relying on the good performance of the actuator and current
control via the VMC method. Incidentally, the effect of the leg structure absorbing much
of the impact between the actuator and the ground is also beneficial. Although we found
in the experiments that the back-drivability of our actuator was not better than that of
other direct or quasi-direct drive actuators because of the intrinsic damping between the
gears, we could still use model construction to describe these parameters and subsequently
implement accurate control.
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For hopping height control, we designed a control method based on VMC state switch-
ing and control parameter optimization. Because of the difficulty of parameter identification
and the computing complexity of accurate modeling during real-time control, we proposed
a method that can bypass specific prototype modeling while using fewer identification
parameters to achieve the control target. Generally, this approach does not require further
feedback sensor data or specific modeling parameter identification. The method uses only
takeoff and touchdown detection to estimate the hopping height and controls this value to
meet a desired plan, even with variable ground horizon heights. Therefore, it is very useful
for practical applications and can be extended in multi-dimensional situations to perform
hopping height control or forward running control. Furthermore, we can introduce an
online least squares method to this system to rectify its control parameters in real time.

6. Conclusions

This paper introduces a novel parallel legged robot and a corresponding hopping
height control approach. The main contributions of this design are as follows. A BLDC
motor and harmonic driver are used as an actuator and combined with the VMC method
to realize highly dynamic movement during large-height jumping and landing, which
proved the feasibility of the harmonic driver in such a severe working environment and
raised the possibility of using this actuator design on other legged robots, e.g., humanoid
robots. Additionally, a hopping height control method was designed based on dynamic
modeling and parameter optimization that controlled the robot’s hopping in desired height
and adapted to different horizon situations.

In the future, we intend to expand this method into planar and spatial motion control,
e.g., forward hopping and running. Furthermore, this design and corresponding control
method can also be used in bipedal and quadruped robots for dynamic locomotions.
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