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Abstract

The postural balance system is one of the most fun-
damental functions for humanoid robot control. In
this paper, we propose a new feedback balance control
system for the human body. This system can manip-
ulate large perturbations. It finds the optimal motion
for maintaining balance in the 3D space without re-
cieving any feed-forward input beforehand. Two dif-
ferent strategies are adopted for the optimization: the
quadratic programming method and the PD control.
Simulation results are compared with real human mo-
tion; many common features such as rotating arms
are observed.

1 Introduction

The dynamic postural control system is one of the
most fundamental functions for humanoid robot con-
trol. This system has been analyzed and modeled by
many researchers in the past. Vukobratovic first pro-
posed the zero moment point (ZMP)[1]. In dynamic
balance control, it is very important to control the
trajectory of ZMP. There are two ways to achieve
this control: feed-forward and feedback. Many feed-
forward systems are used off-line to convert an unsta-
ble input motion to a stable one [3, 4]. These systems
can manipulate large perturbations to realize global
stability. However, they cannot be used for on-line
systems because the whole trajectory of the motion
must be known in advance. On the other hand, many
researchers have investigated feedback postural con-
trol systems [2, 5, 6]. They realized the real-time
control systems, but were able to manipulate only
small perturbations. Despite how effective they may
be to recover balance, because these systems gener-
ate motion to make it as similar as possible to the
target motion, they cannot generate optimal motion.

In this paper, we propose a new feedback balance
control system for the human body model. Our sys-
tem finds the optimal motion to maintain balance
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Figure 1: The overview of the algorithm

in the 3D space without giving any feed-forward in-
put beforehand. Two different strategies are adopted
for the optimization: the quadratic programming
method and the PD control. The use of this system
enables the model to maintain its balance against
large perturbations. Comparison of simulation re-
sults with real human motion reveals many common
features such as rotating arms.

2 Algorithm

2.1 Overview

In this paper, the human body is represented as a
multi-body model. The overview of this algorithm
is shown in Figure 1. In the first stage, the state
of the human body model such as the angles, the
angular velocity, and the angular acceleration of the
joints, is obtained. In the second stage, the coeffi-
cients for obtaining the external force, the moment
around the center of mass, and ZMP are calculated.
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Figure 2: The human body model

They depend on the state parameters obtained in
the previous stage, and they are used for the opti-
mization in the next stage. In the third stage, the
optimal torque for keeping the balance of the model
is calculated. There are two strategies for the calcu-
lation: the PD control and the optimization based
on the quadratic programming method. The supe-
rior one is chosen in each turn. In the fourth stage,
the optimal torque is applied to the model, and in
the last stage, the state is integrated by the time
step. When a turn is finished, the first stage of the
next turn starts about a new state.

As shown above, the optimization is done at each
time step: the the balance control calculation is done
locally, and no global optimization is applied. This
is the important feature of our algorithm, because
this enables real-time control of the system.

2.2 Body Model

The human body model is depicted in Figure 2. It
consists of fifteen linked rigid body parts, and has
fourteen joints and thirty-four degrees-of-freedom
(DOFs). Two types of joints are used in this model:
a pin joint which has one DOF and a ball joint which
has three DOFs.

As we describe in this paper, there is a constraint
that both feet always touch the ground and that the
model cannot take a step. Because of this closed-
loop topology, DOFs in the legs are reduced from
fourteen to eight. The optimization must be done
about this reduced DOF, not about the DOF of the
original joints. Figure 3 shows DOF considering the
closed-loop constraint. Now, two variables of θ and
ϕ are defined. The former is a vector whose elements
represent the angles of the joints, and the latter is a
vector whose elements represent the values of DOF
considering the closed-loop constraint.
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Figure 3: The closed-loop structure at the legs

2.3 Zero Moment Point (ZMP)

ZMP is the key concept for dynamic balance control.
ZMP is the point at which the moment acts from the
ground is zero. Thus, all the ground reaction force
can be replaced with the equivalent force acting on
ZMP. In dynamic balance control, it is important
that ZMP is within the foot support area.

Let p = t(xZMP, yZMP, zZMP) be the position of ZMP,
and the following equation is obtained:

n + (s− p)×m(s̈− g) = 0,

where m is the mass of the body, s is the position
of the center of mass, n is the moment around the
center of mass, and g = t(0, gy, 0) is the vector of the
gravity acceleration. If p = t(xZMP, 0, zZMP), then
the above equation is solved as follows:

xZMP =
nz + sxm(s̈y − gy)− syms̈x

m(s̈y − gy)
(1)

zZMP =
−nx − syms̈z + szm(s̈y − gy)

m(s̈y − gy)
. (2)

2.4 Determining the Coefficients

The system is not allowed to control the amount of
joint angle and angular velocities directly. Only the
amount of angular acceleration can be controlled.
Therefore, expressions must be written as that about
the acceleration. In this section, several physical val-
ues are represented as the expressions about ϕ̈, ele-
ments of which represent the acceleration of respec-
tive DOFs.

The angular acceleration of each joint, the accelera-
tion of the center of mass, and the moment around
the center of mass are represented as the linear func-
tion about ϕ̈:

θ̈ = Jϕ̈ + k (3)
s̈ = Csϕ̈ + ds (4)
n = Cnϕ̈ + dn, (5)
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because θ and s are functions about ϕ, and the an-
gular momentum of the body is a function about ϕ
and ϕ̇. On the other hand, these values are calcu-
lated as the functions of ϕ, ϕ̇, and ϕ̈ by using the
inverse dynamics about the human model:

θ̈ = θ̈(ϕ, ϕ̇, ϕ̈)
s̈ = s̈(ϕ, ϕ̇, ϕ̈)
n = n(ϕ, ϕ̇, ϕ̈).

Therefore, the coefficients in (3), (4), and (5) are de-
termined by using these two sets of equations. Sub-
stituting (3), (4), and (5) to (1) and (2), ZMP is also
represented as the functions about ϕ̈:

xZMP =
tαxϕ̈ + βx

tαcϕ̈ + βc
(6)

zZMP =
tαzϕ̈ + βz

tαcϕ̈ + βc
. (7)

2.5 Optimization

There are two strategies of optimization in this al-
gorithm: using the quadratic programming method
and using the PD control. The former controls the
acceleration of the center of mass and it works well
against large perturbations. However, because it also
generates a big motion against a small perturbation,
it cannot keep the model upright. On the other hand,
the latter strategy controls the acceleration of each
joint by the PD control; it performs the minor postu-
ral adjustment against small perturbations although
it cannot treat larger perturbations.

Considering these features, the choice of the strate-
gies is as follows. When the projection of the center
of mass is near the center of the foot support area,
the PD control is chosen; otherwise, the quadratic
programming method is chosen. In this algorithm,
the situation in which the projection is near the cen-
ter of the foot support area is considered to indicate
that the model is under a stable state. The concept
of this choice is shown in Figure 4.

2.6 Quadratic Programming Method

The quadratic programming strategy is used when
the perturbations are large; the aim of this strategy
is to return the center of mass to the initial position.
In this strategy, the motion is generated that the ac-
celeration of the center of mass keeps a proper value,
and it is not important that the posture of the model
becomes similar to the initial posture.

The quadratic programming problem consists of an
objective function and constraints. The objective
function includes two functions: One function is for
minimizing the square sum of the angular acceler-
ation of joints; the other is for maximizing the y-
element of the acceleration of the center of mass. It
is written as

tθ̈Cθθ̈ − s̈y,

while Cθ is a weight matrix. The former is for gen-
erating the low-cost motion. The reason why the
angular acceleration is chosen instead of the torque
is that the torque acting at leg joints is not deter-
mined uniquely because of the closed-loop problem,
while the acceleration is determined uniquely. The
latter is required to enable the model to continue to
stand upright. The model will sit down without it
because the posture of sitting down is more stable
than that of standing upright.

The constraints are set about the following things:

1. The range of the angles, the angular velocity,
and the angular acceleration of joints;

2. The boundary in which ZMP can exist;

3. The acceleration of the center of mass;

4. The symmetry of the closed-loop of legs.

The first constraint is written as

(θmin, θ̇min, θ̈min) ≤
(θ, θ̇, θ̈) ≤ (θmax, θ̇max, θ̈max).

However, all constraints must be expressed as equa-
tions or inequations about the acceleration. In this
algorithm, these constraints are realized as follows.
If the angle or the angular velocity of a joint is out of
the range, the angular acceleration is generated only
in the direction to slow the motion. Now, ξmin i and
ξmax i are defined as

ξmin i =
{

0 ((θi, θ̇i) < (θmin i, θ̇min i))
θ̈min i (othrewise)

ξmax i =
{

0 ((θi, θ̇i) > (θmax i, θ̇max i))
θ̈max i (othrewise)



then the constraints are represented as

ξmin i < θ̈i < ξmax i (1, 2, . . . , Njoints).

The second constraint is as follows:

(xmin, zmin) ≤ (xZMP, zZMP) ≤ (xmin, zmax).

The third constraint has to do with the acceleration
of the center of mass. The x-element and the z-
element of the acceleration of the center of mass are
determined by its position and velocity.

s̈x = −kpxsx − kdxṡx

s̈z = −kpzsz − kdz ṡz,

where k∗ (> 0) are constants.

The last constraint is about the symmetry of the
closed-loop structure at the legs. Because the opti-
mization is performed locally in this algorithm, it is
difficult to realize global stability. In this algorithm,
the model is controlled to keep the symmetry of its
legs as much as possible in order to realize global
stability. This is written as follows:

θ̈rknee
<
> θ̈lknee (θrknee

>
< θlknee)

θ̈xrankle
<
> θ̈xlankle (θxrankle

>
< θxlankle),

where the subscripts “rknee” and “lknee” stand for
the right and the left knees, and “xrankle” and
“xlankle” stand for the x-elements of the right and
the left ankles.

Because the variable is ϕ̈ in the quadratic program-
ming problem, the objective function and all the con-
straints must be written as the formulae about ϕ̈.
Therefore, they must be converted to the formulae
about ϕ̈, using the equations (3), (4), (6), and (7).

2.7 PD control

The strategy of PD control is adopted for small per-
turbations and for the final posture adjustment. The
aim of this is to return the posture of the model to
the initial one; then the motion to make the posture
similar to the initial one is generated. The accel-
erations of joints are determined depending on the
difference of the current position and velocity from
the target ones:

θ̈ = Kp(θ − θ0) + Kd(θ̇ − θ̇0),

while θ0 and θ̇0 are the target angle and angular
velocity, and Kp(< 0) and Kd(< 0) are constants.
These constants are determined to maximize |Kp|
and |Kd| while keeping the ratio of these and making
ZMP within the support area.

3 Experiments

Four patterns of perturbation are added to the
model:

• the force of 500N for 0.1 second from the back-
ward direction,

• the force of 300N for 0.1 from the forward direc-
tion,

• the force of a sinusoidal wave (100 sin(2πt) [N])
from the forward direction,

• the force of 200N for 0.1 from the right direction.

The analysis is performed every 0.01 second, and all
perturbations act on near the center of mass. The
balance control starts after 0.2 second since pertur-
bations begin to occur. The results of the experi-
ments are shown in Figures 5, 7, 9, and 10.

In the first experiment, the model keeps its balance
by rotating its arms. The meaning of it is as fol-
lows. When the force acts, the angular momentum
that makes the model fall down forward is gener-
ated. In order to reduce this effect, the model must
generate the angular momentum of the same direc-
tion. Therefore, the motion of rotating its arms is
generated because it is very effective for mainatining
balance.

In the second experiment, the model also rotates its
arms to keep its balance, but the direction of rota-
tion is opposite from that of the previous case. In this
case, the arms are swung harder than in the previous
case, because the waist cannot be bent backward as
much as forward. For comparison, pictures of apply-
ing the force to a real human are shown in Figures 6
and 8.

In the third experiment, the force of a sinusoidal
wave always acts on the model. Its frequency is 1Hz.
In this case, the PD control is usually chosen. When
the model cannot keep its balance by the PD con-
trol, the quadratic programming method is chosen
and the arms are quickly moved for adjusting the
angular momentum acting on the model.

In the last experiment, the model also keeps its bal-
ance by rotating its arms. However, in this case, the
model can keep its balance against the smaller force.
It is because the ditance between the feet is narrow
and because there are a fewer DOFs in the side di-
rection than in the forward or backward directions.

4 Conclusion and Future Work

In this paper, we proposed and implemented a new
algorithm for the postural adjustment of the human



Figure 5: The force is applied to the model from the backward direction.

Figure 6: The force is applied to a real human from the backward direction.

body model. It is a feedback system and finds the
optimal motion to keep its balance against large per-
turbations without any prior knowledge. It switches
two methods to generate motions: the quadratic pro-
gramming method and the PD control. The former is
for large perturbations and the latter is for small per-
turbations or final posture adjustment. The choice of
them depends on the position of the center of mass.
In the experiments, motions which are similar to real
human motions appeared, for example rotating the
arms. We have empirical knowledge that these mo-
tions are effective for keeping our balance, and this
fact is experimentally confirmed by the proposed op-
timization calculation.

In the proposed algorithm, the feet must touch the
ground and cannot move. In the future, the algo-
rithm will allow the stepping motion to aid in main-
taining balance. Moreover, it will be able to deal
with various situations, such as perturbation during
the gait.
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Figure 7: The force is applied to the model from the forward direction.

Figure 8: The force is applied to a real human from the forward direction.

Figure 9: The sinusoidal force is applied to the model.

Figure 10: The force is applied to the side direction.
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