ISSN:1598-6446 eISSN:2005-4092
http://www.springer.com/12555

International Journal of Control, Automation, and Systems 22(4) (2024) 1371-1384
http://dx.doi.org/10.1007/s12555-021-1105-x

Cascade Antidisturbance Control of Hydraulically Driven Bipedal Robots
for High Dynamic Locomotion by Using Model Prediction and Task Hier-
archical Optimization

Jie Huang, Huajie Hong, Nan Wang, Hongxu Ma, Honglei An, and Lin Lang*

Abstract: The development of hydraulically driven heavy legs that can withstand external interference for realizing
the high-velocity dynamic walking of bipedal robots with eight degrees-of-freedom is challenging. Therefore, in
this study, a cascade antidisturbance algorithm was proposed for highly dynamic trajectory tracking based on model
prediction and task hierarchical optimization. First, in the upper layer, the time-sharing control framework of under-
actuated robots based on the single rigid body model ignoring the legs was designed. Linear model predictive control
(MPC) was designed to calculate the contact force spin to control the posture and height of floating base in the stand
phase. The desired foot location principle was used to control the forward and lateral velocity in the swing phase.
Next, in the lower layer, task hierarchical optimization control (THOC) was designed to track the contact force spin
predicted by MPC. The relaxation variable of the force spin was designed in the optimized variable and subsequently
used to compensate for the contact force between single rigid body and whole-body dynamic models. Thus, the tie
relationship was developed between the upper MPC and lower THOC. The control robustness of the proposed model
under high-velocity locomotion and disturbance was verified by performing simulation experiments investigating
high-velocity walking and external impact, and the fast walking velocity was increased from 2.15 m/s of nonlinear
MPC to 2.5 m/s with accurate velocity tracking.

Keywords: Bipedal robot, cascade anti-disturbance control, high dynamic antidisturbance locomotion, model pre-
dictive control, task hierarchical optimization control.

1. INTRODUCTION control (WBC) framework [3]. Because WBC was used

extensively in the 2015 DRAPA Challenge Finals and

Bipedal robots can mimic the motion of humans and
move freely in various complex environments. Anthropo-
morphic bipedal robots have been developed for use in en-
tertainment, education, medical care, military, industrial
manufacturing, harsh and dangerous environment opera-
tions, rescue, and other fields. Therefore, bipedal robots
have attracted considerable research attention.

1.1. Related work

In 2001, Pratt et al. from Massachusetts Institute of
Technology proposed the virtual model control (VMC) for
the locomotion of a bipedal robot [1]. In 2003, Kajita et
al. applied the decomposition momentum control, which
is a whole-body control that considers the whole-body
dynamics model, to the bipedal robot [2]. Subsequently,
Sentis and Khatib developed a torque-based multi-level
hierarchical control framework, namely the whole-body

achieved excellent performance, many teams have subse-
quently used WBC based on optimized solutions [4-6].
According to the task-level solution classification, WBC
can be categorized into 1) WBC based on null-space pro-
jection [3,7,8]; 2) WBC based on weight stratification
[9-11]; and 3) WBC based on sequence optimization [12].
A critical feature is that the whole-body model is consid-
ered in the controller design process; and has been widely
applied on quadruped robots [13-15] and spider excava-
tors [16]. Because the core is a single-step PD feedback
control, this framework cannot satisfactorily resist distur-
bance and high velocity.

Studies on legged robots has focused on the model pre-
dictive control (MPC) framework, which has achieved ex-
cellent results in quadruped robots. In the framework, var-
ious models, such as inverted pendulum model [17,18],
single rigid body model [19,20] and overall model [21,22],
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have been used in the application of legged robots. The
model complexity directly affects the solution method and
velocity, and the solution methods are developed into lin-
ear, nonlinear, robust [23-25] and learning MPC [26,27].
Because most of the current control objects are nonlin-
ear time-varying systems, robust and learning MPCs can
improve the robustness and tracking accuracy. However,
the computational efficiency of the optimization algorithm
limits the real-time application of these methods. Linear
MPC (LMPC) using the simplified model provides inade-
quate dynamic characteristics.

In the bipedal robot considered in this study, the weight
ratio of the legs to whole body is large because of the
series leg mechanisms and electrohydraulic actuators.
Therefore, the internal disturbance generated during fast
walking can disturb robot balance. Furthermore, the ex-
ternal impact force acting on the floating base of the robot
considerably affects locomotion stability. Therefore, this
study focused on the control algorithm for resisting inter-
nal and external disturbances to achieve trajectory track-
ing and high-velocity locomotion.

1.2. Contributions

In this study, a cascade control framework, in which the
leg dynamics are considered and linear model predictive
control is combined with task hierarchical optimization
control (THOC), was proposed to satisfy the antidistur-
bance control requirements of the bipedal robots for high-
velocity locomotion and implement real-time control on
the physical object. The details of the study are as follows:

a) In the upper layer, through the time-sharing control
framework of under-actuated robot, a linear MPC
controller based on a single rigid body model ignor-
ing legs was designed to calculate the force spin, to
control the posture and height of base link in the stand
phase. At the same time, the foot location principle
was used to control the forward and lateral velocity in
the swing phase.

b) In the lower layer, the THOC was designed to track
the force spin predicted by MPC. The relaxation vari-
able of the force spin was designed in the optimized
variable and used to compensate for contact force
value between single rigid body model and complete
dynamic model. Thus, the tie relationship was estab-
lished between the upper MPC and the lower THOC.

MPC is used in the cascade control framework to im-
prove the ability to resist disturbances. Furthermore, task
sequence optimization control is used to integrate MPC
during the stand period and desired foot location control
during the swing period into one frame, to compensate for
the dynamic disturbance from legs. Under task priority hi-
erarchical optimization, accurately controlling the posture
and height of floating base can better coordinate the robot
balance, and the antidisturbance ability and locomotion

velocity of the robot can be improved. Simulation experi-
ments have verified the framework robustness under high-
velocity locomotion and external impact. When the maxi-
mum velocity of the robot under nonlinear MPC (NMPC)
reached 2.15 m/s, and the control framework increased the
maximum walking velocity to 2.5 m/s.

The remainder of this paper is organized as follows: A
bipedal robot system is introduced and the control prob-
lem is formulated in Section 2. The system model of robot
is established in Section 3. The control framework was
presented in Section 4. The cascade control using MPC
and THOC are presented in Section 5. The validation of
proposed model using simulation experiments is presented
in Section 6. Finally, the conclusions and future work are
summarized in Section 7.

2. PROBLEM FRAMEWORK

2.1. Introduction of bipedal robot

A hydraulically driven bipedal robot, developed by the
legged robot laboratory, is used as a platform for conduct-
ing research (Fig. 1). The robot is approximately 0.4 m
long and 0.45 m wide, with a maximum standing height
of 0.9 meters and an overall weight of 45 kilograms, of
which the weight of two legs is 14 kilograms. The three-
dimensional (3D) locomotion of the robot is realized using
only four active joints on a single leg. Electrohydraulic
actuators are selected for joints because of their load-
carrying ability.

A notable feature of this robot is the configuration of
the linear contact strip feet without an active drive. This
configuration has the following characteristics:

First, the configuration reduces the weight and iner-
tia at the ends of legs. Because of the large volume and

57
Hip yaw joint -_— -
~

Base coordinate O,

= Six virtual
joints

N
Hip roll joi - 2
1p ro _}o\mt \—U_ by

N = B
~ fin A o -
Hip pitch joint T uu = Floating base
\\ib’ o o },h. '7, = Hip
S o Am
Knee pitch / 7/ % /7

joint
[Tzt
]

\
\ |
3 NS |/
- ¥

Fig. 1. The hydraulically driven bipedal robot.

7
57

\ w\ e

Inertial
. 2 X
coordinate O,



Cascade Antidisturbance Control of Hydraulically Driven Bipedal Robots for High Dynamic Locomotion by Using ... 1373

Fig. 2. The force and moment diagram.

weight of the electrohydraulic actuator, the use of the
dual-degree-of-freedom active-driving flat foot configura-
tion considerably increases the weight of the ankle mech-
anism. When the robot leg is in the rapid swing period, the
high-inertia dynamics of ankle can severely hinder robot
locomotion.

Second, the model satisfies the demand for yaw control.
The most extreme method to reduce the ankle weight is the
point foot form. Although this method is the best choice
in planar bipedal robots, it exhibits several shortcomings
in three-dimensional (3D) bipedal robots. When contact-
ing the ground during walking, the single point foot is
supported by the ground reaction force so that only lin-
ear forces are generated in the three directions of xyz, ex-
cluding the moments. Even if the robot has a yaw joint, a
yaw moment is not observed on the ground. Therefore, ef-
fectively and stably realizing the yaw control of the robot
is critical. Therefore, a strip foot outside the flat foot and
point foot were considered. In the strip foot, the front and
back two point feet are used to form a yaw moment ro-
tating along the ground plane when the feet are in contact
with the ground, and the robot realizes the yaw control
during the stand phase. The force and moment diagram is
shown in Fig. 2.

A small weight torque motor was used to drive the strip
foot to achieve foot pitch control. The purpose of the study
is to drive the strip foot to maintain a small angle and
land smoothly during the swing phase and ensure the strip
foot is in a passive state during the stand phase. The robot
can pitch around the ankle joint and roll around the con-
tact line, which is formed by the front and back points of
striped foot with the ground and results in a motion similar
to that of the point foot.

2.2. Problem

To satisfy large load capacity demands, direct-push
electrohydraulic actuators are used in the robot. These ac-
tuators are directly connected to the corresponding joint.
Therefore, the hip pitch joint and knee pitch joint actua-
tors can only be installed at the corresponding joint of the
leg.

First, the weight of actuator itself is large and typically

concentrated on the legs. Moreover, the calf is typically
made of steel to satisfy the strength requirements. Thus,
the leg becomes heavy. According to the 3D design and
physical weighing tests, the overall weight ratio of the legs
to the robot is approximately 31%.

The internal high dynamic disturbance, which forms
during fast walking, can disturb the balance of the robot.
Furthermore, factors, such as external impacts acting on
the robot base link and external disturbances, considerably
affect the stable locomotion of the bipedal robot. There-
fore, improving the antidisturbance control is a critical
topic of research in the robotics field for the high-dynamic
locomotion of the bipedal robots with large inertia legs.

3. SYSTEM MODEL

In order to analyze the antidisturbance motion control
of the robot, the first task is to establish its motion sys-
tem model, which consists of the kinematic model and the
dynamic model.

3.1. Kinematic model

As shown in Fig. 1, inertial coordinate system O; and
base coordinate system Op are established in the system.
The robot pose qp in the inertial coordinate system can be
expressed as posture /gy . and position qp,, of the base
coordinate system in the inertial coordinate system

@ =a, '@, (1)

Combining n; robot poses with n, active drive joints,
the generalized variable describing the motion of the
bipedal robot is constructed as follows:

a=[a @] =@ ‘@, @ €ER ()
The generalized velocity is expressed as follows:

u=_['w, v, q,]" eRO". 3)
The conversion relationship between generalized veloc-

ity and generalized variable differential is expressed as
follows:

R, O 0
u = 0 Iz 0 -q, )
0 0 L xn,
where
Ccos (Qb,yaw) Ccos (qb,pitch) —sin (qb,yaw) 0
R, = | Sin(gpyaw) €08 (gp pitch) €08 (qbyaw) O

—sin (qb,pitch) 0 1

According to the posture transformation matrix of any
point Q on the robot in the inertial system, the Jacobian
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matrix of point Q in the inertial coordinate system can be
obtained as follows:

Bola) = |1y

_ [ I3.3
—"Riz(q) - [Ppso(4a)] - "Ris" (q)

053 'Ris(q)-2Ir,, (44)

L.s  "Ris(q)-2Jp, (qa) ®)

where 'R;3(g) is the posture transformation matrix of the
robot base link under the inertial system, and #ppp(q,) is
the position of the point Q relative to the origin of base
system under the base system, ?Jg, (¢.) and®Jp, (q,) are
the angular and linear velocity Jacobian matrix of point Q
under the base system, respectively.

According to the various mapping objects, the base task
Jacobian, swing-leg task Jacobian and contact Jacobian
are obtained as follows:

I 3x3 U3x3 U3xn,
J pry ’ 6
IB_task {03% Ly 03”“] ’ (6)

I _ [ L33
IF _task —[RIB (Q) ° [BPBF (qa)] «® IRIBT (q)

033 "Riz(q) @®Jrr,, (qa) }

7
| EP% IRIB(C]).BJFPW (9a) @

[ I3y3
71R13(q) o [BPBC(CI(I)} x .IRIBT(q)

033 'Ryp(q) @8Je,, (4a) }
L.s  'Rig(q)e®dep, (qq) |

Iy. =
)

3.2. Dynamic model

Due to the floating base system, the whole-body dy-
namics model of the bipedal robot was established using
the Lagrangian method as follows:

Mi+h=S8"t+'J.ft., )

where M is the inertia matrix of the floating base system,
his the centrifugal force, coriolis force and gravity term.
Furthermore S is the selection matrix of active joint, and
T is the moment vector of active joints. Here, !J, is the
contact Jacobian matrix, and f. is the foot contact force
spin exerted by the ground on the feet, f, = [ryaw, S fs
£l

The model is then split into two parts, the floating base
and leg, corresponding to nonactive and active parts

M, ei+h,="J," of.,
M,ei+h,=1+'J.," of.. (10)
The equation indicates that the floating base part relies

on the contact force spin from the ground to achieve move-
ment, whereas the movement of leg part is the result of the

active joint torque and contact force spin. The nonactive
model contains a coupling term between the floating base
and leg. After removing the term, the single rigid body
dynamic model of floating base is obtained as follows:

d .
E (I.I(l)b) = Z (T,‘+ [Ich(CI)} x .fi) 5

i (11)
m.ll)b—ﬁ-mg':Zﬁ,

where 1 is the inertia moment of floating base in the iner-
tial system, m is the mass of floating base, f; and 7; are the
foot contact forces and moments from the ground. Here,
Tpp.(g) is the foot position relative to the origin of base
system under the inertial system during the stand phase,
and the direction is from the origin of base system to

the foot, ‘R;z(q) @ [Ppsc(qa)] L*'Ris"(q) = ['pse(q)] <
g=1[0 0 g] "is the gravity acceleration vector.

4. CONTROL FRAMEWORK

Fig. 3 shows the proposed control framework for the
high dynamic locomotion of bipedal robot. The operator
provides the robot forward and lateral velocity vp ., vpy
and yaw rate @, . through the manual remote control, and
subsequently through the velocity integration to obtain the
desired state x; of the floating base. The state machine
determines the contact event according to the estimated
value of contact force, to obtain the controller and leg
modes. Then values are introduced into the model predic-
tive controller, the swing leg trajectory planner and task
hierarchical optimization controller. The desired state x,;
and the estimated value x of actual state are introduced
into MPC to calculate the contact force spin of the stand
leg. Simultaneously, the desired foot locations and trajec-
tory planning of swing leg are calculated. These values
are output to THOC in real time, to generate joint con-
trol torque to drive the robot to locomotion. The state esti-
mation is obtained by the fusion of IMU acceleration and
stand leg kinematics. However, this model is not the focus
of this paper, and is not repeated here.
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Fig. 3. The control framework.



Cascade Antidisturbance Control of Hydraulically Driven Bipedal Robots for High Dynamic Locomotion by Using ... 1375

The cascade control framework is composed of two lay-
ers: the upper layer is MPC based on a single rigid body
model of floating base, and the lower layer is THOC based
on the whole-body dynamics model.

a) In the upper layer, the under-actuated time-sharing
control principle was used to divide a gait cycle into
two parts: the stand and the swing phases. Corre-
sponding to the bipedal robot studied, when one leg
was in the stand phase, the MPC based on the sin-
gle rigid body model was used to control the posture
and height of the model, and the other leg was in the
swing phase, and the foot locations is used to control
the forward and lateral velocities of the robot. The
desired force spin of the stand leg and the desired tra-
jectory of swing leg were calculated and sent to the
lower controller.

b) In the lower layer, tasks include whole-body dynam-
ics constraints, nonslip feet constraints, pose control
task, and torque minimum task. Based on the task
hierarchical optimization controller, the active joint
torque was optimally calculated. The framework en-
sured that the six DOFs of the robot are controllable
in the time-sharing control, with the alternate move-
ment of the left and right legs, the 3D locomotion and
antidisturbance control were realized for the high-
velocity dynamic of the bipedal robot with large in-
ertia legs.

The single rigid body model is derived from the whole
body dynamics ignoring the dynamic part of legs. There-
fore, the contact force spin planned by MPC is not equal
to that required by THOC and f. rpoc is generally greater
than f. ypc. Therefore, a contact force relaxation vari-
able A f. was designed to compensate for the difference
between f. ypc and f. ryoc, and the relationship was
f. rnoc = f: mpc+ O f.. Thus, the relationship between
MPC and THOC was developed. Because MPC provides
a stable expected median for the contact force spin, based
on minimizing the relaxation variable A f., f. ryoc ap-
proaches and tracks f. ypc under the whole-body dynam-
ics constraints, thus, the cascade controller with MPC and
THOC was constructed.

5. CASCADE CONTROLLER VIA MPC AND
THOC

5.1.  MPC based on single rigid body model

According to (11), the discrete state equation of the sin-
gle rigid body model for the floating base is as follows:

x(k+1) = Ag-x(k) + B -u(k), (12)
where A T is the discrete time step

T
X(k) = [lqb,h Iqb,pa Ia)b7 Ivba g] )

~ T
u(k) =f. ypc = [fc,L, fcﬁR:| ,
(1343 03x3 AT -Ror 0343 03,3

03,3 13,3 03,3 AT 13,3 033

Ar=1033 03x3 1343 033 033 |,
033 033 033 Lz AT Kk
10353 0353 0343 033 1

(051 035 0351 03,3
031 03x3 030 0343
Bk — k [Ipuf.L(@] « k ['Pup.lf(q)}

T i T T
051 l33/m 03 13.3/m
L 0 01x3 0 01><3

)

"

fc,L: [Tyaw,L7 fx,La f;'.La f:z‘L
fc,R: [Tyaw,R7 fx,Rv fV7R7 fz,R]T
05 (qb.yaw) / €08 (qb, pirch)
—sin (qb,yaw)
€os (qb.yaw) tan (qb,pitch>

$in (qpyaw) / €08 (Gb.pircn) O
cos (Qb,yaw) 0
sin (Qb.yaw) tan (qb,pitch) 1

)

Rwr -

To track the desired trajectory, a cost function was de-
signed to reflect the performance of control system. The
cost function contains the following two items: the first
item is to minimize the tracking error of state trajectory,
the second item is to minimize the control sequence, and
the optimized variable is the contact force spin u =f. ;.
Next, dynamic and physical constraints are added, and the
optimization problem of trajectory tracking is constructed
as follows:

N,
min Y [[x(k+i | £) = Xpep(k+i | 1)
o=

N1
Ly e+ 1) (13a)
S.t.
x(k+i|t)=Ax, -x(k+i—1]¢)
+Bi-u(k+i—111), (13b)
¢, <Culk+i—1)<g, (13¢)
Du(k+i—1)=0,i=1, ..., N,, (13d)

where (13b) is the dynamic constraint, and (13c) is the in-
equality constraint, which includes the friction cone con-
straint (see (14)). Equation (13d) is the equality constraint,
which integrates the gait sequence into the optimization
solution by selecting the foot contact force torque (see
(15) for details). Based on (11), the MPC optimization
problem (13a) is transformed into a linear quadratic pro-
gramming problem (QP) standard form, and the contact
force spin £ . is calculated by optimizing the solution
during the control period.
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Here N, is the prediction step, N, is the control step, i is
the step i, k is the moment &, Q and R are weight matrices
of state and control, respectively.

For the bipedal robot under consideration, only four ac-
tive joints were present in a single leg. Therefore, cor-
responding to the two degrees of freedom x and y, the
gain values in the weight matrix Q were set to zero in the
MPC controller, which relinquishes the control of these
two DOFs during the stand phase.

a) Friction cone constraint

During the contact between the foot and ground, the
ground only exerts a ground reaction force on the foot and
cannot form a pulling force. Therefore, contact force f,
in the vertical direction should be greater than or equal to
zero. Considering that the ground is uneven, the compo-
nent of the contact force in the normal direction of ground
is greater than or equal to zero. In addition, limited by the
maximum drive capacity of joint driver, the contact force
has a maximum value.

foon >0,

fz sz.,maxa (14&)

where fi is the normal vector of the contact position be-

tween foot and ground, ?c is contact force relaxation and
/- s the foot force in the vertical direction.

To prevent an uncontrollable state caused by foot slip-
ping, the contact force in the forward and lateral directions
is limited to the range of the friction cone as follows:

_“fz S fx S “fza

—uf:< A SuUf (14b)

where u refers to the friction coefficient, f, refers to the
foot force in the horizontal direction, and f, refers to the
foot force in the lateral direction.

The contact yaw moment forms a lateral force at the
front and rear contact points, which is superimposed on
the lateral contact force, as shown in Fig. 2 (blue arrow).
Therefore, this value should be limited to the friction cone
range

- IJ'fZ S (Tyuw/Ltoe +fy) S ,ufm

—uf, < (_TyaW/Lheel +fy) <uf, (14c)

where L;,, and Ly, are the distances from the projection
point of ankle joint on the ground to the two front and back
contact points, respectively, and 7,,,, refers to the moment
in the yaw direction.

b) Gait constraint

When the leg is in the swing phase, the equation con-
straint is used to force the contact force spin of the leg to
zero; when the leg is in the stand phase, the contact force
spin is not constrained at this stage, and is calculated by

other constraints. After unifying the left and right legs into
a frame, an 8 x 8 dimension matrix was obtained. When
the left leg is supported and right leg is swinging, the equa-
tion constraint is expressed as follows:

}u(lﬁ—i—l): {0““}

15
0451 (152)

0454
144
——_————

D;
When the right leg is supported and left leg is swinging,
the equation constraint changes to the following:

}u(lﬁ—i—l): {0““}

15b
0451 (15b)

i I
0454

D;

The solution process of MPC based on single rigid body
model (13).

1) Prediction model
The N, step state prediction matrix form of dynamic
model (12) is obtained by iterative calculation

X(1) =¥x(k|t) +O,U(¢), (16a)
[x(k+1]1)] Agy
X(k +2 | l) Agr1,Axy
X(t) = . ) ‘Pt = : )
x(k+N, [1)] 5" A
u(k | 1)
u(k+1]1)
U(t) = . )
lu(k+Ne [ 1),
Bk,t ON,,XNM 0N,,><Nl,
Apy1:Brs By, Oy, N,
@[ = . : .
Hij}i\.t]il Ai,tBk,t Hf;ﬁl_};l Ai,tBkH,t
Oy, <N,

0N U

k-+N,—1
Hi:k+N,. Ai‘tBk+er-,t

2) Horizon optimization

Based on the aforementioned prediction model, the
MPC optimization problem (13a) was transformed into
the linear QP.

minU(t)"HU(¢) + GTU(¢),

16b
ir (16b)

where

H=0/Q0,+R, G=20]Q¥x(k|t)—X,/(t)).
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X,./(t) is the desired trajectory of N, steps, which is ob-
tained by integral accumulation iteration according to de-
sired state and velocity at the current moment. The con-
straint matrix is expanded on the single step constraint
dimension to obtain the dimension corresponding to the
prediction model.

The dimension of one-step constraint is extended N,
times to obtain the dimension of constraint matrix cor-
responding to the prediction model. Inequality constraint
(14) is transformed into A ¢ U(r) < b, and equality con-
straint (15) corresponds to A, @ U(t) = b,,. Thus, the stan-
dard linear quadratic programming form is constructed

minU(t)"HU(¢) + G'U(r),

16
mir (16¢)

s.t.
AeU(r) <b,
Ao U(t) =b,,.

3) Feedback compensation

Given the real-time state x(k | 7) at time k, the quadprog
function was used to solve the standard linear quadratic
programming in the control period, and the control se-
quence U*(¢) was obtained. The first quantity of this se-
quence was considered as actual control quantity.

f.re =u(k) = [1, 0, ..} -U(0). (16d)

5.2. Foot location planning for the swing leg

First, the desired foot location is calculated, and to lift
the legs at a certain height and smooth transition, the
swing leg trajectory is planned online. The foot location
of swing leg in the inertial system is expressed as follows:

tS ce
Pt.des = Pcom + RIBBpBJu'p + laTn[
|
+k (lvb - IVb,des) + E Iqb,pz/g .lvb X I(Dbz.,des;

a7

where the first term p,, is the real-time position of
the floating base in the inertial system, the second term
R;5%p5 _nip is the position from the base system to the hip
under the inertial system, and the third and fourth terms
are the Raibert heuristic. Here ‘v, = ['vy, ‘v, 0] " de-
notes the robot actual velocities in the inertial system, and
correspondingly, Vi ges = ["Vix.dess "Viydes: 0] " denotes the
desired velocities. The fifth item is the foot compensation
item during yaw, where /qy, ,, is the height of the robot and
! @y ges is the desired yaw velocity. By using this equation,
the foot location in the x and y directions was obtained un-
der the inertial system. Based on the standing plane, the
foot location in the z direction was descended 10 mm to
ensure that the foot touches the ground slightly in advance.

Considering the smooth trajectory, the swing leg trajec-
tory adopts a third-order Bezier curve, the form of which

is presented in (18). According to a fixed time period,
the curve trajectory is determined by four control points,
namely starting point py, middle control point p;, the mid-
dle control point p, and the foot location point p; = Pr des-
All of these four points should be in the reachable space.

Xq f= (1 —m)3p0 +3m(1 —m)2p1
+3m*(1—m)py+m’pq, (18)

where m € [0 1] is the normalized amount of time. The
planned swing leg trajectory X, _r is differentiated to ob-
tain the desired velocity x; s and acceleration X; . To
provide stable support for the robot and avoid sliding and
impact, swinging the leg fast lifting and slowly touch-
ing the ground are critical. Therefore, two middle control
points are set as follows:

p1=[po1+ (a1 — Po1)/2, o2+ (Paz—Po2)/2,
T
po3+H|,

p2=[par, pazs pos+H|",

H is leg lift height.

5.3. Task hierarchical optimization controller based

on the whole-body dynamics model
Task hierarchical optimization controller was used to sat-
isfy the whole-body dynamics constraint task, the other
tasks are then sorted by priority, and finally the optimiza-
tion solution is executed in a specific order, such that the
solution of low-priority task should satisfy high-priority
tasks. In the optimization solution of each task, at the outer
loop level, the corresponding space (operation/joint space)
controller is designed, and at the inner loop level, the tra-
jectory tracking optimization controller is designed under
the constraints of equations and inequalities. Using gen-
eralized acceleration and contact force compensation as
optimization variables X = [g, A f.]”, the controller is de-
scribed in detail as follows:

1) Task priority and outer loop controller
a) First priority task (Dynamic constraints): The whole-
body dynamics model of the robot is expressed as follows:

M{+h=S"t+'J." (£ pet A L), (19)

To correspond to the optimized variables, the following
nonactive part model is considered

Mbq + hb - IJch (ﬁ;mpc"" A fc) . (20)

Constructed as a function with optimized variables, we
have the following expression

[Mb _IJch} |:Aqf :| = IJchT ' fc_mpc - hba (21)
R , ¢ N
A] bl
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where subscripts A; and b; are used to in the design of
cost function in the algorithm.

b) The second priority task (Foot contact nonslip con-
straint):

Jeg+'J.qg=%.=0, (22)
(3 0] | &1 =~"lg. (23)
\‘,—/ C W—/

A, b,

¢) The third priority task (The posture and height of
floating base): The desired values of posture and height
are consistent with the desired values in MPC. The outer
loop controller is expressed as follows:

Kemd_b = Xa_p +Kp_p(Xap —Xp) +Kg p(Xa_p —Xp).
(24)

Constructed as a function with optimized variables, we
have the following expression

[IJIB_task 0] |:Aqf :| = Xcmd_b - IJIB_task . q, (25)
~—— ¢ N
Aj 3

where X, 5, X4 5 and X, are the desired position, velocity
and acceleration trajectory of the attitude and height for
the floating base, respectively, X..q 5 1S the control value
calculated by the feedback control, x;, and X;, are the real
state, k,, 5 and k; , are the diagonal gain matrix for con-
troller. Here 'J 1B_task 18 the derivative of the Jacobian ma-
trix IJIB_zask-

d) The fourth priority task (The pose of swing leg): The
outer loop controller is

Xema_r = Xa s+ Ky (Xa 5 —Xp) + kg s (Xa_p —Xp).
(26)

Constructed as a function with optimized variables

[IJIFJask 0] I:Aqf :| - jZc‘mzz'J‘ - [J[Fftask : qa (27)
——— ¢
Ay by

where x; ¢, X; r and X,y are the desired position, veloc-
ity and acceleration trajectory for the pose of swing leg,
respectively, X.nq_s is the control value calculated by the
feedback control, x; and X, are the real state, k, ; and
k; ; are the diagonal gain matrix for the controller. Fur-
thermore /J 1F_task 18 the derivative of the Jacobian matrix
IJIF _task-

e) The fifth priority task (Minimum joint torque): Ac-
cording to the active part of the whole-body dynamics, we
have the following expression

Maq+ha = T+1JcaT(fc_mpc+ A f‘) (28)

Expect the joint torque T to approach 0 and construct a
function with optimized variables as follows:

i
[Ma _IJwT} |:A fc‘:| = IJcaT d fcfmpc —h,. (29)
As bs

f) The sixth priority task (Minimum contact force com-
pensation): Expect the contact force compensation A f, to
approach 0 and construct a function with optimized vari-
ables as follows:

[01]{‘1}:0, (30)
\As,Afc \bj

where I is the inertia matrix of the floating base.

2) Task hierarchical optimization
Based on the forementioned task priorities, the hierar-
chical optimization algorithm is designed as follows:

minA;X; —b;, (31a)
G.fc
S.t.
AX =AX;, Vj<i, (31b)
Tomin < T < Trmax, (31¢)
U-J.<o. (31d)

The algorithm performs optimization calculations se-
quentially from the a) to f) tasks in the order of prior-
ity, which should satisfy the equality and inequality con-
straints of (31b)-(31d). The physical meaning of equality
constraint (31b) is that the A ;X; of i-th priority task should
be equal to the A;X;* of previous (i — 1)-th, respectively.
The purpose of equation constraint is to ensure the so-
lution of the i-th priority task does not affect the control
goal corresponding to the solution of previous (i — 1) high-
priority tasks, and achieve strict priority stratification. In-
equality constraints (31c) and (31d) are joint torque con-
straints and friction cone constraints, respectively.

The detailed calculation process of the hierarchical op-
timization algorithm (31) is as follows:

1) Define a) to f) tasks vector (21)-(29)
A=[AL Ay AL AL AL A,
b = [b,, by, b, by, b, byl
2) Define inequality constraints vector (31c)-(31d)
C=[Ctup» Ceiow, Ci]",
D = [d;_up, de_jow. di]”.
3) Initial equality constraints (31b)
Acg = [l:beg = [];
Num Tasks = length(A);
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4) for k = 1: Num Tasks

A, =A(k),b; =b(k);;

H= A;.Ai, f= —A;obi;

x = quadprog(H, f, C, D, A4, b.y)
Iteratively add equality constraints (31b)
Ay =[Avy A]T; bey = [bey, A 0X];

eq» eq»
end
5) The hierarchical optimization solution (31a)

X=1[gof]" =x.

After the optimization problem is solved and the op-
timized solution is obtained, the dynamic decomposition
model is used to calculate the active joint torque as fol-
lows:

T= Maq - IJcaT L4 (fc_mpc+ A fc) +ha~ (32)

6. SIMULATION EXPERIMENT VERIFICATION
OF HIGH DYNAMIC ANTI-INTERFERENCE
PERFORMANCE

To verify the proposed dynamic antidisturbance perfor-
mance of the cascade control framework, the multibody
dynamics virtual prototype analysis software RecurDyn
and the mathematical calculation software MATLAB were
used to develop a bipedal robot multibody dynamics sim-
ulation platform.

The control parameters were set as follows: the control
frequency of MPC was 100 Hz, and the weight was set to
Q =diag([3¢% 3¢5, 17,0, 0, 1€%, 13, 1€%, 1e4, 0, 0, 1€°,
0)), R=0.1 xdiag([1, 1, 1, 1, 1, 1, 1, 1]), The predicted
horizon is N, = 3, and control horizon is N, = 1. Setting a
smaller number of horizon is used to reduce the matrix di-
mension and improve the calculation velocity. In the state
machine, the longest swing period was set to 0.25 s, the
step height of swing leg was 0.15 m. In the friction cone
constraint, the maximum foot force was 600 N in the z-
axis and the friction coefficient was 0.6. The robot model
parameters are presented in Table 1.

The control frequency of THOC is 500 Hz. Regarding
the floating base task, the posture PD gains are K, ,,s =
20 - diag([3, 3, 1]), Ky pos = 2 ®diag([3, 3, 1]), which
correspond to the roll, pitch, and yaw angle. The height
PD gains are K, , = 300, Ky poqy = 30. The PD gains
for swing leg task are K, in, = 5 -diag([1, 1, 1, 7)),
Ky swing = 0.5-diag([1, 1, 1, 7]). Because the objective
of designing the algorithm is to improve the high dy-
namic locomotion velocity and antidisturbance ability of
the robot, two cases of simulation experiments were per-
formed. Namely, A) high-velocity forward experiment un-
der walking gait and B) stable locomotion experiment un-
der external interference.

Case A) (High-velocity forward experiment under
walking gait): A polynomial fitting method was used to

Table 1. Parameters.

Parameter Symbol Value Units
Floating 31.18 K
base quality " ) £
Floa I 0.2843 kg-m?
oating —
base inertia Al 04142 kg-m
- 0.4432 kg-m?
Hip Lwh (0,012,007 m
position
Hip L 0.15
link length 2 ' m
Thigh L 04
link length 3 ' m
Calf link
L 0.355
length 4 m

Fig. 4. High dynamic locomotion process diagram.

draw up a smooth forward velocity desired trajectory, in
which the transition time from zero to the maximum ve-
locity was 15 s and the maximum desired velocity was 2.5
m/s. The desired forward position was obtained using the
integral of velocity. The height of the floating base was set
to 0.75 m, and other desired states were set to zeros. High-
velocity motion simulation experiments were performed
on flat ground, and the high dynamic locomotion process
diagram is shown in Fig. 4. The contact force and mo-
ment curves in the z-axial direction are illustrated in Fig.
5. The Euler angle and position tracking curves of float-
ing base are illustrated in Figs. 6 and 7, and the velocity
tracking curves in x and y axis are shown in Fig. 8. Figs.
5-8 present detailed views between 15 and 16 s.

Figs. 7 and 8 present a comparison of height and ve-
locity tracking effects between VMC based on decou-
pling idea [1], linear MPC (LMPC) based on linearized
single rigid body model [28], nonlinear model predictive
control (NMPC (SLQ-MPC)) based on nonlinear single
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Fig. 5. Contact force and moment curves in the z-axial.

rigid body model [29] and the proposed algorithm (MPC-
THOC).

Performance evaluation: The contact force of the z-axis
in Fig. 5 reveals that from 10 to 15 s, when the veloc-
ity is increased from 1.8 to 2.5 m/s, the contact force in-
creases in the stand phase, and the change trend reveals
that the controller provides a force spin compatible with

o
-
T

roll(rad)

pitch(rad)
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o
o o
d
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o

0 5 10 15 20
Time(s)

(a)

pitch(rad)

yaw(rad)
o
T
)

011
15 15.2 15.4 15.6 15.8 16
Time(s)
(b)

Fig. 6. Euler angle tracking curves of floating base.

the forward speed to control the posture and height of
robot. As the Euler angle trajectory in Fig. 6, because of
the forward motion, the roll angle is uniformly controlled
within the range of +-0.05 rad. The pitch and yaw angle re-
vealed a constant increase in the velocity stage from 0-2.5
m/s. When the speed stabilized at 2.5 m/s, the two angles
fluctuated steadily periodically with a finite amplitude be-
tween —0.08 to 0.05 rad and —0.11 to 0.1 rad with gait
switching.

Figs. 7 and 8 reveal that compared with the 1.4 m/s of
VMC,1.9 m/s of LMPC, and 2.15 m/s of NMPC, the robot
maximum forward velocity reached 2.5 m/s under the cas-
cade control framework (MPC-THOC), and the forward
position and velocity trajectory were tracked accurately
on the desired trajectory. The task hierarchical optimiza-
tion controller and whole-body dynamic model helped in
the stability control of pose and improved the dynamic ve-
locity and antidisturbance robustness of the robot. In terms
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Fig. 7. The position tracking curves of floating base.

of lateral position and velocity, because of the robot mov-
ing under high dynamics, the lateral velocity control ex-
hibited a certain offset, and the lateral displacement was
slowly offset by a distance of 0.25 m from the 10 to the 20
s, which can be considered as the certain offset is accept-
able in such highly dynamic. The height of the robot was
always controlled at the desired value of 0.75 m, which
indicated that the cascade control has a higher dynamic
compensation accuracy based on the whole-body model,
whereas LMPC and NMPC only controlled up to 0.73-
0.735 m.

Both LMPC and NMPC are based on the single rigid
body model. For a robot, the model accuracy is low for the
robot with a leg to robot overall weight ratio of 31%. The
height control accuracy, stability, and maximum forward
velocity were not as high as MPC-THOC based on more
accurate dynamics model with legs.

The maximum forward speed only reached 2.5 m/s in
the walking gait because of the limitation of the stride fre-
quency and leg length. Because of the increased clearance
period, the speed of the robot can be higher under the run-
ning gait. This phenomenon will be studied in the future.

Case B) (Stable locomotion experiment under exter-

w
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Fig. 8. The velocity tracking curves in x and y axis.

nal interference): To verify the controller stability in re-
sponse to external interference, in this experiment, the im-
pact forces were applied to the floating base for a certain
time from the backward, lateral, and vertical downward
directions during the locomotion process of the robot. Af-
ter multiple tests, the maximum impulse that satisfies the
dynamic balance is as follows: the impact force was 60
N along the positive direction of x-axis in the interval of
3.5-4 s, and the impulse is 30 N.s; the impact force of 115
N was applied along the positive direction of y-axis in the
interval of 6.5-7 s, the impulse was 57.5 Ns; in the interval
of 8.5-9 s, the impulse force was 150 N along the negative
direction of z-axis, and the impulse was 75 Ns. Therefore,
the corresponding Euler angle tracking curves of floating
base are shown in Fig. 9, the velocity and height tracking
curves are illustrated in Fig. 10.

In terms of attitude control performance: a) When re-
ceiving a backward impact in the 3.5-4 s interval, as the
impulse accumulated, the first effect is that the pitch angle
gradually increased in this interval and reached the max-
imum peak value —0.096 rad at the fourth second. Be-
cause the rotational moment formed by the impulse on the
stand leg, the yaw angle was deflected considerably, with
the positive and negative peak values reaching 0.173 rad
and —0.16 rad, respectively, and the maximum peak value
of roll angle was —0.145 rad. b) In the lateral impact in
the 6.5-7-s interval, the most affected was the roll angle,
which reached the maximum peak value of 0.17 rad at the
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seventh second. Subsequently, the above-mentioned pos-
tures are quickly controlled within the steady-state fluc-
tuation range of smaller amplitude through the action of
cascade controller and the stand leg control that lasts for 1
.

In terms of velocity and height control performance, in
the backward impact, the forward velocity increased from
1 to 1.6 m/s. During the lateral impact, the lateral velocity
increased from O to 0.7 m/s. When the robot deviated from
desired velocity, the controller recalculated the foot loca-
tion point and re-establishes a new balance point through
multiple steps. The height decreased slightly after the im-
pact, and then swiftly returned to the 0.75 m position.

Lateral and forward impulses render anti-interference
challenging. Because the length of the sole was small, and
the single sole was simplified into two points in the simu-
lation, the friction force and torque formed on the ground
were small, which limited the impulse range that the robot

could bear. After exceeding the impulse amplitude studied
in this study, the supporting leg slipped and the robot fell.
Increasing the contact area between the sole and ground
can be effectively increase anti-interference ability.

The cascaded control framework exhibits the antidis-
turbance performance of MPC and improves the stabil-
ity of floating base posture and height control through
task hierarchical optimization controller and considerably
improves the forward velocity of walking gait dynamic
motion of the robot to 2.5 m/s. In the simulation experi-
ment, the physical 3D model of bipedal robot was used,
which rendered the physical value to be close to the real
object. Therefore, model prediction and task hierarchi-
cal optimization on the cascade antidisturbance control
framework for robot dynamic locomotion can be used as
a guideline for realizing dynamic control in physical ob-
jects.

7. CONCLUSION

THOC was combined with MPC under hierarchical op-
timization based on the whole-body model to accurately
control the posture and height of floating base and better
coordinate the stability of robot. Furthermore, the antidis-
turbance ability and locomotion velocity was improved. A
novel cascade antidisturbance control framework that con-
sidered the dynamics of the legs was proposed to realize
high dynamic locomotion of hydraulically driven bipedal
robots. Two simulation experiments of high-velocity for-
ward locomotion under walking gait and stable locomo-
tion under external interference were performed. The an-
tidisturbance performance of MPC was maintained. The
maximum dynamic forward velocity increased consider-
ably to 2.5 m/s, whereas that of NMPC was only 2.15 m/s.

In the future, the physical experiments of bipedal robot
should be conducted to realize autonomous power and an-
tidisturbance control. Furthermore, research on reinforce-
ment learning and optimization methods is critical for
achieving limited margin compensation and updating the
dynamic model.
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