Biped Walking Control Using Offline and Online Optimization
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Abstract: The paper is aimed at an energetically efficient control wetior biped walking. The walking cycle is composed
of successive single-support phases and passive impactsarainetric trajectory optimization method is implementieat
finds symmetric, periodic, low torque walking gaits for ar@a 5-link biped robot offline. The robot’s configuration feh
regulated by RHC (receding horizon control) with the samentpation criterion online. Only the geometric evolutiohthe
robot’s configuration is controlled, but not the temporadlation. The effectiveness of the proposed method is eteduiasing
simulated walking control. The results show lower torqued more robustness from the proposed controller compared to
hand-tuned PD servo based walking controller.
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1 INTRODUCTION improvement of computation speed of current controllers,
RHC is now applicable to articulated robot control [17]. The
use of RHC for biped walking control is motivated by its
bility to handle constrained nonlinear systems. It ischié
o the problem of biped walking control, which is subject
to joint limitations, the requirements of ground-foot cactt
Bv far. th ¢ h to bined walki _and disturbances. By introducing artificial_ con_straint_shsu
y far, the most common approach 1o bIped walking Con- ¢ ,,se on the body’s posture and the swing limb trajectory,

trol is through tracking pre-computed reference trajeetor RHC was used to generate walking gaits without reference
The most popular technique used to generate reference trq.r— . . . L
. . ajectories [18]. In [19], RHC using a simplified model was
jectories is based on the concept of ZMP (Zero Moment ) [18]. In [19] 9 P

Point) 111, Emphases are placed on enlarging the tab.I_used to generate the reference ZMP trajectory online. How-
~ol ) [ .]' nphases P ging Stableyer, RHC using a simplified model cannot generate walking
ity margin during gait planning [3, 4]. Another most pop-

. : . aits with the same efficiency as those generated by gait op-
ular technique is based on LIPM (Linear Inverted Pendulumg ts Wl S Iclency as thase g y gar op

Model) [5]. Because of the simplification of the whole dy- timization using a full dynamic model and with an infinite

. . . time horizon.
namics as a linear system, modern control techniques can be

used [6]. However, these techniques make use of a simpli-

fied dynamic model and do not take internal motions into Long-term stability and efficiency of walking gaits can be
account, the resultant walking control is not energetyazH achieved by offline optimization with an infinite time hori-
ficientin general. zon, while short-term stability and efficiency of gait catr
Walking control with optimal gaits is desirable for longer can be achieved by online optimization with a finite time
operation time and more human-like motions. The most fre-horizon. In this paper, we propose an implementation of gait
quently used approach for gait optimization is based on-paraoptimization with an infinite time horizon using a nonlinear
metric optimization, in which the joint coordinates and/or parametric optimization method. The finite set of unknowns
the control variables are taken as optimization variablesconsists of the duration of the single-support phase, thé jo
[2,7] or they are approximated using an appropriate func-coordinate values and the control values at uniformly dis-
tion approximation (e.g., polynomial approximation [8};11 tributed time intervals during the motion. In order to make
Fourier extensions [12]). The coefficients of these funwtio these optimal gaits stable walking cycles, we take advantag
are then treated as optimization variables. Then, the gait o of receding horizon control using a full dynamic model.
timization problem can be solved by general nonlinear pro-

gramming methods, such as sequential quadratic programeys 4 ricle is organized as following: in Section 2, theabb

ming (SQP) [13]. ) model for our simulation study is proposed. In Section 3,
With the context of tracking, many feedback control meth- 5 42 metric optimization method for gait optimizationtwit
ods have been explored, such as PID controllers, computegy jyinite time horizon is proposed, which provides desired
torque and sliding model control [14]. Unfortunately, for & 4o metric evolutions of the robot's configuration for speci
underactuated system, even high feedback gains sometim ed walking speeds. Gait control with receding horizon con-

.trol using a full dynamic model is then proposed, which reg-

The control of biped walking remains a difficult problem due
to high dimensionality, nonlinearity, the intermittenintact
between the feet and the ground, and constraints on kinema
ics and dynamics, such as joint limitations, the foot claaea
requirement, and the foot-ground contact conditions [1].

cannot stabilize the system around a reference trajeatory i
the presence of external perturbations or modeling errors. 5405 the geometric evolution of the robot's configuration
RHC (receding horizon control), also known as model pre-, 4 makes an optimal gait a stable walking cycle. In Section
dictive colntrol, was first prqposed for linear systems_, and4, simulation and comparison with a hand-tuned PD servo
then applied to general nonlinear systems [15, 16]. With the; g ler results are presented, which demonstrate the va
This work is supported by National Nature Science Foundakiey lidity, ropustness, and performancg of the pr_OPOSG(_j method
Project under Grant 60935001. Conclusions and future work are discussed in Section 5.




Lagrange. The result is a standard second order system
M(q)g+h(q,g)=u 0<t<T (1)

whereM(q) € R®*5 is the inertia matrixh(q,q) € R®

is the vector of centrifugal, Coriolis, and gravity forces,
u = (u1,...,us)T is the actuated torque vector, affidis

the duration of single-support phase. The second order sys-
tem of (1) can be written in state space form by defining

X =

q
M~ (q)( —h(q,q) +u)
= f(x)+g9x)u 0<t<T 2

wherex = (q, ¢™)7.
Fig. 1: Simplified structure of the planar 5-link biped robot

used for our study. 2.2 Impact Model

The impact between the swing leg and the ground is modeled
as a contact between two rigid bodies. The assumptions are

Tab. 1: Physical parameters of the simulated robot - . . :
1. The revolute joints connecting each two links will be

assumed to be ideal, that is, perfect elastic and no me-

calf | thigh | torso

mass Fg] 6.90 1 5.68 1 50.00 chanical tolerance [20].
- .
'nelma [t]:]g'm] g'ég g'ég (1)'28 2. The impact is instantaneous. The impulsive forces due
ength m] : : : to the impact may result in an instantaneous change in
lem [m] 0.24 ] 0.19 | 0.29 L . . .
the velocities, but there is no instantaneous change in
the positions.
3. Centripetal torques are assumed to be smaller than the
2 Robot Model and Model Assumptions impulsive external forces and are neglected.
As shown in Fig. 1, a planar 5-link biped robot is used in 4 _The contact of the swing Ieg end with th(_a ground results
our current study. The robot has a torso and two identi-  inno rebound and no slipping of the swing leg, and the
cal legs with knees. Although we do not model the feet, stance leg lifting from the ground without interaction.

the ankle joint of stance leg can apply torques. A planar . : )
biped robot is used currently, but the proposed method car-1rhe impact model results in a smooth map [14]:

be easily extended to a 3-D biped robot. Kinematic and dy- xt = A(x), 3)
namic parameters of the simulated robot are according to a
real hydraulic humanoid robot and listed in Table 1. The hy-wherex~ = lim,_, ;- x(7) is the value of the state 'just

draulic humanoid robot allows us to control its joint torque prior impact’ at time7~ andxt = lim,_ ;+ x(7) is the
directly. As in [14], we do not consider the double-supportvalue of the state ’just after impact’ at timieé". Function
phase, either. Therefore, all walking cycles consist of suc A(:) is

cessive phases of single support and passive impacts, while B R 0 q

the robot progresses from left to right. A7) = {o R} {Aq(q—)q—} ’ (4)
The walking cycle has two mathematical models: ordinary
differential equations, describing the dynamics during th
single-support phase, and an impact model, describing th'?he robot’s coordinates which makes the swing leg become
instantaneous change in the velocities during impact. Th‘?he stance leg

biped model is then hybrid in nature, consisting of a contin- '

uous dynamics and a discrete impact effect [14]. 2.3 Hybrid Dynamic Model

The overall biped robot dynamics can be expressed by a
hybrid dynamic system consisting of ordinary differential
In the single-support phase, a biped robot is modeled as aquations and a discrete map:

rotational joint open-chain manipulator with five links. &h

dynamic model of the robot during this phase has five de- x =f(x)+g(x)u x ¢S (5)
grees of freedom. Ley = (qi,...,q5)7 be the general- xt =A(x") x~ €8 (6)

ized coordinates describing the configuration of the robot

depicted in Fig. 1. Since only symmetric gaits are consid-whereS = {x|p4(x) = 0,p4(x) < 0} (see Fig. 1 for the
ered, the same dynamic model is used no matter which leg iglefinition of p3). As shown in Fig. 2, the robot mechanics
the stance leg, and the coordinates are relabeled aftectmpa system evolves according to the ordinary differential equa
The dynamics equations can be derived using the method afons (5) until the state in sef when impact occurs. The

whereA(q) is ab x 5 matrix of smooth function ofy andR
is a constant matrix such th&lg accounts for relabeling of

2.1 Single Support Model
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Fig. 2: A hybrid dynamic system for biped walking

impact with the ground results a rapid change in the velocityo
components of the state. The impact model also relabels the
state components. The ultimate result of the impact model
(6) is a new initial state from which the robot model evolves

until the next occurrence of impact.
3 Walking Control with Optimal Gaits

3.1 Gait Optimization with An Infinite Time Horizon
The cost functional of one walking cycle is defined as

T

J(x(),u() = / SL(x(t) uB)dt  (7)

o+

wheree € (0,1) is a discount factor and is Lagrangian,
which will be defined later. For symmetric and periodic
walking gaits, the following equations should hold

x(T*) = x(0%) (8)
x(t+T) x(t) (9)
ult+7T) = u®) (10)

Vti>0 and t#kT k=1,...,00.

Thus the cost functional of an infinite time horizon
T 2T~
Ji o= / €' L(x,u)dt + / e L(x,u)dt +...
o+ T+

= Q1+ +ET 40T
1 r

_ t

= == A+ €' L(x(t), u(t))dt. (11)

Gait optimization is to find the duration of single-support

phase,T, the state trajectory(t), and the corresponding
control trajectoryu(t), for 0 < ¢ < T such that the cost

functional J; is minimized, subject to equations of motion,
joint limitations, and periodic conditions.

time interval as follows:

a(y) —a( —1)
(T/N)

Therefore, the discrete approximations to the first-order
and the second-order derivatives qf at time interval
j=0,...,N —1 are given by midpoint discretization [21]
as

q(j —0.5) = =0,...,N. (12

(j—0.5)+q(j +0.5)
2

. 4(j+0.5)—d(j—0.5)
a@) = ) .

The cost functionall;, now becomes a cost function in form
f

a(j) =

(13)

and

(14)

N—-1
= S AT, () (T/N), (1)
j=0

wherex(j)
timej(T/N).

In order to generate an efficient gait of a specified walking
speed/[ is chosen as

(a()T, q()™)" andu(y) is the value ofx at

5
L(x,u) = w, »_uf +wy(v(x) —va)” +w, f1(x)°, (16)
=1

wherew,, w,, andw, are weighted factorsy; and v(x)
are respectively the desired walking speed and the hogront
velocity of the hip,fJ*(x) is the horizontal component force
of the ground reaction forces (as depicted in Fig. 1), which
can be calculated by the inverse dynamics of the robot. The
last term on the right-hand side of (16) is for reducjffgto
satisfy the limitations of the friction between the stanoetf
and the ground.
In summary, gait optimization for a specified walking speed
is to find

q(.%(r})yTh(Q(')au(')vT) 17

subject to
ai) = M7(a0)( - h(aG).al) +ul))
Vj € [0,N) (18)
T > 0 (19)
qN) = ar (20)
x(0) = A(x(N)) (21)
x(j) € X Vj=]0,N] (22)
uj) € U ¥j=[0,N) 23)
ps(N/2) > 0.05, (24)

This problem can be cast as a nonlinear optimization probWith IV, €, ay andvg are specified.t' is the set of feasible

lem by discretizing the time intervdD, T") into N small

state and/ is the set of feasible contralt andi/ are given

time intervals and writing discrete approximations for the y

derivatives that appear in the robot model. By treating the

state and the control variables at discrete-time interaals

optimization parameters, the continuous-time optimal-con

X
U

{X € R10|X'min <x< Xma:c}
{u S R5|umin <u< uma:c}-

(25)
(26)

trol problem can be transformed to a nonlinear program-The foot clearance constraint of (24) is to keep the swing

ming problem. Lettingy(j) denote the value of at time
J(T/N),j = 0,1,..., N, we define the discrete approxi-
mations to the first-order derivatives at the midpoint ofreac

foot high enough from touching the ground. We solve this
optimization problem by an optimization software package,
SNOPT [13].



3.2 Gait Control with Receding Horizon Control Tab. 2: Parameters used by gait optimization
Receding horizon control (RHC) is used to stabilize the tobo

and regulate the geometric evolution of the robot's configu- | @ 1026 qs [ [0.32,0.25,0.09, —0.32, —0.25]"
ration. The cost functional of RHC is in the form of wr | 1077 | Xmin (~0.8,~0.8,~0.8, 0.8, 0.0,
—5.0, —5.0, —5.0, —5.0, —5.0]7
. we | 1077 | Xmaz [0.8,0.0,0.8,0.8,0.8,
J2 = (X(T2)) +/ e"L(x(r),a(r))dr,  (27) 5.0,5.0,5.0, 5.0, 5.0]7
0 e | e ' | tmin —10.0, 500, 500, 500, 500] 7
whereq(-) is the endpoint cost functiof,and are the state N | 50 | umaes [0.0, 500, 500. 500, 5001

and the control vectors on axis, T.. is the time horizon of
RHC, andL is the same as (16). L&t (¢') denote the state
of an optimal gait, which is the closest state to currenestat

x(t) according to the distancép;:, ,(x) — pzip(xo))Q ®rip

is the horizontal position of the hip). Then the endpointcos
function¢(-) is chosen as

O(x(Te)) = Ax(T2)" S; Ax(T.) (28)
where o , 0 . 05 1

Ax(T,) = x(T.) — x°(t' + T,), (29) Time (s)
x°(t' + T.) is the state of the optimal gait at tinte+ 7., Fig. 3: The optimal gait at 0.5 m/s walking speed. a) The
andsS; is a diagonal weighted matrix. stick diagram. The configuration of the robot is drawn at

RHC needs to find the control trajectory(r), for 0 < 7 < every 50 ms. b) The actuated torques versus time.
T. such that/; is minimized, subject to equations of motion
and joint limitations. As in Section 3.1, this problem isals
cast as a nonlinear optimization problem by discretizirgy th
time interval[0, T,] into » small time intervals. Leg(j)
andu(j) denote the values af andu on 7 axis at time
j(T./h),7 = 0,1,..., h. Then the discrete approximations

In the following simulations, pitch angt,;..,, and pitch ve-
locity 6p:cr, Of the left thigh are calculated by

to the first-order and the second-order derivatives arengive , { Q1+ q2 if the left leg is the stance leg
by midpoint discretization as (13) and (14), wherées now PR T g1+ g+ g3 + g4 otherwise
replaced withg. The cost functional is now a cost function ) (33)
andfp;ien, = g—it%-tch- The horizontal position of the center
i h—1 TR e of pressure (CoP) with respect to the ankle joint of stance
J2 = ¢(x(h) + Y T L(%(j), (5))(Te/h), (30)  leg, zonp, is calculated byt.o, = —ui1/f!, wheref? is the
j=0 vertical component force of the ground reaction forces (as

. depicted in Fig. 1).
wherex(5) = (g7 (4),a(j)T)”. Ateach time step of simu- b nFig.- 1)

lation, find 4.1 Response to a Perturbation With a Perfect Model
7m17n J2(X(t>aQ(')vﬁ('>) (31) X
a(),a() The proposed controller was evaluated under a perturbation
subject to which was a horizontal force (4000 Newtons) applied for
%(0) = x(t) (32) 0.01 seconds &2.21 seconds or 40 Newton-seconds impulse

at the hip. The state of the robot was initialized on the opti-
and (18), (22), and (23) wheseandu are respectively re- mal gait. A perfect model was used, that is, the same physi-
placed withx anda, N with A, T' with 7. and withh and  cal parameters were used by gait optimization, RHC, and the
T, are specified. Only the first step of the resultant controlsimulated robot. The stick diagram and the phase portrait of
sequenceii(0), is applied as the actuated torques. the left thigh's pitch motion are shown in Fig. 4. Conver-
gence to the optimal gait is obtained after the perturbation
Since the proposed method regulates the internal state of th
We use the proposed gait optimization method to generateobot instead of tracking the trajectories of the optimat,ga
the optimal gait at walking speed; = 0.5 m/s. The pa- the foot placement (as shown in Fig. 4(a)) and the walk-
rameters used by gait optimization are listed in Table 2. Theing speed (as shown in Fig. 5) are changed under pertur-
stick diagram of one walking cycle and the actuated torquedations. The walking speed is close to the desired walking
versus time of the optimal gait are shown in Fig. 3. This speed (0.5 m/s) after the convergence. Also, as a result of
optimal gait was used by the following simulations. limiting the actuated ankle torque by RHE,,, keeps in-
For RHC, T. is chosen asl0 ms, h as 1, Sy as  side the region|—0.1,0.1]. This means the stance foot will
diag(1,1,1,1,1,1073,1073,1073,1073,1073). u;ne, and  rest on the ground and the robot will walk stably if the stance
u,in are the same as listed in Table 2, except for the rangdoot can cover this region. After the convergence to the op-
of actuated ankle torque;, which is[—50, 50]. The use of  timal gait,z.,, tends to zero because of zero actuated ankle
ankle torque provides additional robustness of gait cdntro torque of the optimal gait.

4 Simulation Results
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Fig. 4: Response to 40 Newton-seconds perturbation with &ig. 6: Response to 40 Newton-seconds perturbation with
perfect model. a) The stick diagram. The configuration of modeling errors. a) The stick diagram. The configuration of
the robot is drawn at every 50 ms. b) Phase portrait of thethe robot is drawn at every 50 ms. b) Phase portrait of the
left thigh's pitch motion. It traverses clockwise. left thigh’s pitch motion. It traverses clockwise.
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Fig. 7: Response to 40 Newton-seconds perturbation with
Fig. 5: Response to 40 Newton-seconds perturbation with anodeling errors. The red lines show the time when the per-
perfect model. The red lines show the time when the perturturbation happens. a) The horizontal position of the hip ver

bation happens. a) The horizontal position of the hip versusus time. b) The horizontal velocity of the hip versus time.

time. b) The horizontal velocity of the hip versus time. c) c¢) The horizontal position of CoP with respect to the ankle

The horizontal position of CoP with respect to the ankletjoin joint of the stance leg versus time.

of the stance leg versus time.

4.4 Comparison with a PD Servo Controller

We compared the proposed controller with a PD servo con-
troller, in which each joint has a stiff PD controller to tkac

In practice, the robot's parameters are not perfectly knownthe optimal gait. We use 1000 as the proportional gains and
We assume that we have some errors on the mass and '[H.@ as the derivative gains for all jOintS. The PD servo con-
inertia of the torso. The proposed controller was evaluatedroller falls down after a impulsive perturbation of lagean
under the same perturbation (40 Newton-seconds impulse 27 Newton-seconds or with a mass/inertia error of the torso
the hip) as before but with imprecise model data, that is, thdarger then+20%. In contrast, the proposed controller is
physical parameters listed in Table 1 were used by gait opti2ble to handle an impulsive perturbation of up to 40 Newton-
mization and RHC, whil&0% more mass and inertia by the Seconds and a mass/inertia error of the torso up30%.
simulated robot. The state of the robot was also initializede measured the sum of the squared torql€s;"u7,

on the optimal gait. As shown in Figs. 6 and 7, convergence?Ver 6 seconds starting in a state on the optimal gait. For
to the optimal gait is obtained. The walking speed is closewalking in the presence of an impulsive perturbation of

to the desired walking speed (0.5 m/s) after the convergence
Because of the existence of modeling errars,, does not
tend to zero even after the convergence.

4.2 Response to a Perturbation With Modeling Errors

n

(m)

4.3 Starting Step Control

The robustness of the proposed controller was further os
demonstrated by starting step control. The robot was ini-
tialized with a zero state or in a static up right posture. As ol — ol
shown in Fig. 8, it starts to walk and then walks with the ®)

optimal gait after applying the proposed controller withou )

any changes. It is not necessary to have a special control fdfig- 8: Starting step control by the proposed method. a)
gait initialization as usual [4,8]. This result shows the ro The stick diagram. The configuration of the robot is drawn
bustness of the proposed controller in that it can converge t &t every 50 ms. b) Phase portrait of the left thigh's pitch
the optimal gait starting from the origin of the state space. Motion. Ittraverses clockwise.
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Newton-seconds, the cost for the proposed controller was [9] G. Bessonnet, P. Seguin, and P. Sardain, A parametrie opt
9343.23, the corresponding cost for the PD servo controller
was 19360.6. For walking with &20% mass/inertia error

of the torso, the cost for the former was 7638.78, compared 1]
to 8313.02 for the later.

5 Conclusions and Future work

In this paper, we proposed an efficient control method for
planar biped walking. The combination of offline gait op- [12]
timization and online optimization of RHC balances the re-
guirements of efficiency, control robustness, and reagtim

computation.

It shows that RHC’s robustness and ability

(11]

to handle constraints results in a large stable region ¢é sta [13]
space around these optimal gaits. Since the proposed tontro
method regulates the internal state of the robot instead of

tracking the optimal gaits, it may change foot placement and!

walking speed under perturbations, which results in more ro
bust gait control. On a workstation with Intel(R) Xeon(TM)

3.20GHz dual-core CPU and 2G memory, it takes about 10[15

ms to solve the optimization problem in RHC without fur-
ther code optimization. Therefore, the proposed contrile
applicable to real-time applications.

In our future work, double-support phases will be addressed

which may help to reduce impulsive forces and increase ro-

14]

(16]

bustness and efficiency of gait control. If the endpoint cost [17]

function of RHC returns the future cost, then RHC becomes

trajectory optimization with an infinite horizon. We are ex-

ploring methods to approximate the future cost.

more, we would like to extend our method to a full 3D hu- [18] C. Azevedo, P. Poignet, and B. Espiau, Moving horizon-co

Further-

manoid robot model and implement this algorithm on real
robots.
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