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SUMMARY

Force and position sensors have been widely used in robots
to realize compliance and precise control. Traditional force/
position control methods were studied and developed by the
inverse dynamics for decades. Generally speaking, the
controller contains two parts: One is the error-driven part
that guarantees system stability; another is the identification
model of inverse dynamics that can compensate for system
influence. In practical control engineering, a system inverse
dynamics or its identification model is not easy to obtain,
even when using nonlinear estimation methods. Moreover,
the complicated control algorithm cannot be implemented in
on-board microprocessors because of the limited speed and
memory. Thus, a simplified control method using a forward
system model is introduced in this paper. Since the direct
dynamics of the system can be more easily obtained than the
inverse dynamics, this, in turn, simplifies the control
structure and increases control speed. Therefore, the
proposed control policy has awider practical application.
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1. INTRODUCTION

Robot compliant control has been developed for decades
and itis still our main aim. Thisis because the requirements
of human beings keep increasing, and the tasks the robot
undertakes become more complex. Thus, how to improve
robot control performance is aways the research aim of our
work.

Currently, the booming devel opment of scientific technol-
ogy offers us two power tools to improve control
performance. Thefirst is the development of hardware, such
as new sensors, more powerful microprocessors, and high
performance servo systems. The other is the devel opment of
contral techniques and theories, such as adaptive control
and intelligent control.

In recent years, theoretical research on force/position
control has been well studied. Based on the application of
the relationship between position/applied force or between
velocity/applied force, the control method can be classified
as stiffness control, damping control, impedance control,
explicit control and hybrid position/force control.*® In
hybrid control, some modified control methods have been
well studied. Pandian and Kawamura® and Cheah et al.®
introduced a PD based learning force control law in the
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continuous and discrete domains, respectively. Jeon and
Tomizuka® present a learning hybrid force/position control
policy, which can online update its inverse dynamics model.
In order to identify inverse system models, a Kalman Filter
identification control method is introduced in reference [7].

Some intelligent control methods have also been applied
to robotic control. Thefirst is an adaptive fuzzy control; one
advantage of this controller is in its non-model based
control policy; the second is an adaptive control policy by
on-line adjusting its components.

Another main applied intelligent control method is neural
networks (NN) control.?*™ In reference [8], a direct NN
control method is proposed (an indirect NN control method
may be more suitable in actual engineering applications);
the neura network is an ordinary feedforward network. A
CMAC neural network control method is given in reference
[2], where the function of the network is an identification of
a nonlinear inverse system. Similar cases are in references
[9] and [10], where the neural network learns an inverse
model of the system.

Some other control methods, such as model based
control** variable structure control*? have also been widely
studied. The system stability analysis is also presented in
references [5], [6] and [13]-{15]. Most of these control
methods, except fuzzy control, are based on an inverse
model dynamics. The hybrid control output is a motor
driven torque. Thistorqueistheinput signal of the leg so as
to reach the desired position/force. From a theoretical view,
it works quite well, but it is very hard to realize it in
practical control engineering. One reason is that the inverse
model of the leg is too complicated to be obtained, even by
using nonlinear identification methods. Another reason is
that a walking robot control is a fast speed control system,
and the complicated algorithm cannot be realized on-line
owing to the memory and speed limitation of the on-board
microprocessor of the mini-walking robot. Therefore, a new
and simplified method is introduced in this paper. The
proposed hybrid force control for a walking robot is based
on ordinary forward system dynamics, which is relatively
easy to obtain. Due to the simple control structure, more
versatile control methods can be applied.

The contents of the paper are arranged as follows. In
section 2, current difficulties are presented. In section 3, a
force control method is studied. In section 4, motor control
policy is analyzed. In section 5, an overall force control
system structure is produced. In section 6, simulation results
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Fig. 1. Hybrid force/position control system.

are given to illustrate the validity of the proposed method-
ology.

2. EXISTING DIFFICULTIES

Asillustrated in Figure 1, the dynamic model of arobot leg
in the free space can be derived using the Lagrange's
method and it is expressed as'®

M(0)§+C(6, 0)6+G(O)=T 1)

where M e R™" is a positive-definite symmetrical inertia
matrix of the i-th leg; C(6, #) € R™" the Coriolis and
centrifugal terms; G e R"*' the gravitational term; 7e R™'
the vector of actuator torque; 6, 6, 6 € R™' are vectors of
joint position, velocity and acceleration, respectively; n is
the number of joints for each leg.

The dynamic model of a robot leg in the constraint
coordinate can be expressed as’

M(0)6+C(6, 6)6+G(0)=7—J"F, )

where JT e R"*' isthe transpose of the Jacobian matrix for
the i-th leg; F; e R"*' is the foot contact force of the i-th
leg.

The compliant control contains force and position
control. To an internal joint controller, the given control
input is the desired rotation angle, while the controller
output is driven torque. The control law is given by®

T=W,(0)+f,(D+K,e()+K, é()+q,(e,e) (3)

where, W,()=M(0)+C(6, )6+G(0) is the inverse
dynamics. Suppose that identification model of inverse
dynamics Wj(t) can be represented by W,(t), then the
controller can be written as

=W, (1) +f1(1)+K,e(D) + K, é(1) +q,(e, &) (%)

Please note that W, (r)=M(8)d+C(6, )6+G(6) can com-
pensate for the system model influence. Also, fy(t) is the
feedforward item; K,K,>0 the PD controller gain;
e=F,—F the force error; q, (e €) the disturbance. The
function of PD controller is to guarantee that system
converges to zero at the right time.

Substitution of equations (4) into (1) yields

W, (1) =W (1) +f,()+ K e() +K, e()+q,(e,¢)  (5)

where Wd(t) is_the identification model of W(t),
by assuming | W,(t) —W,() [ <€ [ge.0)] < n and
e, 7 are smal positive constant. By neglecting the
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influence of forward item fy(t), the condition
lim | Wy(t) = Wy () + K, e()+K,e(D)+q,(e.6) | =0 can be

guaranteed, which implies that the system can converge
to its desired force or position.

From atheoretical point, the above control method should
produce a desired control result. In most mini-robot control
systems, due to the weight and dimension limitations, a
powerful industrial PC is often not required and only
microprocessors, such as BASIC STAMP /Il and PIC
motion controllers, can be mounted on its body. For such
systems, precise inverse nonlinear dynamics is impossible
to obtain, nor is its identification model. Furthermore, even
when the model can be obtained, this complicated control
algorithm based on inverse dynamics cannot be imple-
mented through an on-board microprocessor because of its
speed and memory limitations. Thus, a new simplified
hybrid force control design method is proposed and
introduced in the following sections.

3. FORCE CONTROL

Firstly, asingle-joint leg in X-Y coordinateis given in Figure
2, where @ is the joint angle, L the length of the leg, and M
the mass of aweight. In order to highlight the environment’s
influence, a basic system made with a linear actuator in
contact with the ground is illustrated in Figure 3, where F,
is the actuator force, D the damping coefficient, x the
actuator position, F the reaction force produced by the wall
and K, the sensor elastic coefficient.

The sensor reaction force is

F(1)=— K (x(1) —x(=0)) (6)
If x(r=0)=0, x(r)=x, and F(r)=F, we have
F=—K,x @)
0@ y; >y

)  ground
7777777777777

v

X

Fig. 2. A single-joint leg.
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Fig. 3. Basic environmental model.

and

d*x dx
M—+D—=F —F 8
dr? da = ¢ ®)

Theforce control structure can be obtained and its control
diagram is given in Figure 4.

Many advanced control methods can be used in force
control, such as fuzzy, adaptive and neural network control.
For simplicity, PID or Pl control is introduced. Select a
controller as follows:

T.s+1

G (8=
(5) aT.s+1

9)

The open-loop transfer function for the control object is
given by

F(s) _ K, 10

G.(s)= =
(= 5) = M+ Ds+K,

The closed-loop transfer function can then be obtained
K,(T.s+1)
a.T.Ms*+(a,T.D+M)s*+(a,T.K,+T.K,+D)s+2K,

(11)

in which the selection of controller parameters of T, and a.
must satisfy the system’s stability condition.

H(s)=

4. MOTION CONTROL

By adjusting the input voltage or current of the motor, a
desired angle or position of the leg can be obtained. Without
losing its generdlity, assume the force actuator is a DC
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motor (same for a hydraulic motor), as is shown in Figures
5and 6.

The electric equation of motor is given as follows:
di
— +Ri+E=U, 12
o TRA+E=U, (12)

L,
where L, is the inductance, R, the resistance, i the current,
U, the voltage supplied, and E the armature voltage.
Suppose that the motor driven payload torque M, # O, the
motor dynamics can be simplified according to Newton's
law as

d*0 de
M? + E =KMUa_KfML (13)
where 6 is the motor angle, T, Ty and K; are the relative
€lectronic parameters.

The motor contral system can then be generated by virtue
of Figure 7. The payload torque M, imposed on the motor
can be viewed as a disturbance, which is a nonlinear
function given as

T(é9 99 0):ML (14)
The PID or PI control is commonly used for motor
control. The transfer function of the controller is given by

T,s+1
a,T,s+1

G,(s)= (15)

Without losing generality, by assuming motor payload
M, =0, the internal motor closed-loop system can be
obtained.

K,(T,s+1)
auTuTMs3+(auTu+TM)s2+(KMTu+ s+K,

H(s) = (16)

The characteristic equation a,T,T,s’+(aT,+T,)s*+
(KyT,+1)s+K,;=0 must satisfy the Hurwitz stability
criteria. On the other hand, in order to eliminate the
influence of the external payload, M,, the feedback error
proportional gain in the PID controller should be selected as
large as possible within the stahility range.

5. OVERALL FORCE CONTROL SYSTEM DESIGN
With the force control and motor control models discussed
earlier, the whole control system can be established as
shown in Figure 8. It is noted that the main difference
between Figures 1 and 8 liesin the abject’s internal contral.
In Figure 1, the controlled object is the inverse model of leg,
while the controller output is the torque. In Figure 8, the

Force |
Controller|

v

Fig. 4. Force control structure diagram.
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controlled object is a motor direct model, while the
controller output is a motor driven voltage or current, and
the payload torque is only viewed as a disturbance item.
The sub-system (dash frame) in Figure 8 is the force
control object which has been discussed in section 3. Its

n.
\Mi w
1 f
u
Fig. 5. Mechanism of a motor system.
La Ra
o Y 1
M,J.f
U,
0]

Fig. 6. Electricity diagram of a motor system.

Motor
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transfer function is given in equation (16). By properly
selecting the internal motor PID control parameters a, and
T,, the transient system performance is dominated by a pair
of main poles,

K 1
H,(s)= . = (17)
(s+a—ib)(s+a+ib) Ms"+Ds+K,
where
1 2a a’*+b?
a, b>0, M= —, D= —, Kez
K K K

Accordingly, the closed-loop transfer function of the
overal control system can be obtained by

N.(s)
H(s) =
D, (s)
B K(T.s+1)
" a,T.Ms*+(a,T.D+M)s*+(a, T.K,+T.K,+D)s+2K,

(18)

Again, the selection of poles D (s) = 0 must satisfy the

Hurwitz stability criteria. Furthermore, the control systemin

Figure 8 can be changed to a position control system by
assuming G,(s)=1, K,=1 and F,=0.

6. SSMULATION RESULTS
6.1 Motor control
Consider the motor control system as shown in Figure 7.

"| Kinematics

Fig. 8. Overall Force/Position control system diagram.
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Tire offset: 0

Fig. 9. Given motor angle.

Assume the motor transfer function is G,,(s) = 56+05)
and the three parameters of PID control are K, =2, K,=0.1,
and K, = 1. The given trgjectory is a squared wave as shown
in Figure 9, and the payload is M, =0.018+0.500+ 6 (see
Figure 10). Figures 11-13 illustrate the simulation results of
motor rotation angle, angle error and controller output.

Time offset: /0

Fig. 10. Payload of the motor.

Time offset: -0

Fig. 12. Motor angle error for the motion control system.

6.2 Force control
For the force contral system shown in Figure 8, the interna
motor controller is assumed the same as the above motor
controller; the external force controller is a Pl controller,
where Kp=2 and K,;=0.1. The given force signal is still a
sguare wave as shown in Figure 14. The simulation output
of forceisgivenin Figure 15.

The force controller and motor controller outputs are
displayed in Figures 16 and 17, respectively. From the

-13
0

Tune offset: 0

Fig. 13. Motor controller output.

0 10
Time offset: 0

Fig. 11. Motor output angle for the motion control system.
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Fig. 14. Given force trgjectory.
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Fig. 15. Force output.

output of force control, a given motor command angle is
generated as depicted in Figure 18, while Figure 19 is its
tracking output. Figures 20 and 21 are the angle and force
errors.

In view of the simulation results, the system control
outputs are satisfied. Compared to the traditional robot force
contral, the proposed controller design method is quite
simple. Furthermore, system stability can also easily be
analyzed and guaranteed.

Time offset. 0

Fig. 16. Force controller output.

=13

Time offset: 0

Fig. 17. Motor controller output.
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Fig. 18. Motor input angle for the force control system.

7. CONCLUSION

As a traditional force/position control method is based on
the inverse model of system dynamics, which is compli-
cated and difficult to obtain, a ssmple control policy based
on ordinary forward dynamics is presented in this paper. In
this method, the external force control generates an angle
command signal which can directly drive the internal motor
control. The internal control object is a motor and its direct

Time:offsat; O

Fig. 19. Motor output angle for the force control system.

o
Time offsat; ‘0

Fig. 20. Motor angle error for the force control system.
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Time offset: 0

Fig. 21. Force error

dynamicsis relatively easier to obtain than the leg's inverse
dynamics. The control structure can aso be simplified.
Simulation results also illustrate the effectiveness of the
adopted control policy.
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