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Abstract— Joint position control is a dominant paradigm
in industrial robots. While it has been successful in various
industrial tasks, joint position control is severely limited in
performing advanced robotic tasks, especially in unstructured
dynamic environments. This paper presents the concept of torque-
to-position transformer designed to allow the implementation
of joint torque control techniques on joint position-controlled

robots. Robot torque control is essentially accomplished by
converting desired joint torques into instantaneous increments
of joint position inputs. For each joint, the transformer is based
on the knowledge of the joint position servo controller and the
closed-loop frequency response of that joint. This transformer
can be implemented as a software unit and applied to any
conventional position-controlled robot so that torque command to
the robot becomes available. This approach has been experimen-
tally implemented on the Honda ASIMO robot arm. The paper
presents the results of this implementation which demonstrate
the effectiveness of this approach.

I. INTRODUCTION

Robots are multi-body systems whose dynamics is nonlin-

ear and highly coupled. Robotic control is most frequently

accomplished with a position control system. This position

control is realized at the joint level, where each joint is treated

independently and coupled dynamic effects between joints are

ignored [1].

Fig. 1. Industrial robots in factory

A typical position controller at each joint is implemented

using PD control with high gains. Since this position controller

Fig. 2. Honda ASIMO Humanoid robot

cannot account for the dynamics of the system, the dynamic

coupling effects are treated as a disturbance. This approach

has been well suited in factory automation (Figure 1); thus,

industrial robots use embedded position controllers. However,

this approach limits the performance that can be achieved by

the system in the case of high speed precise trajectory tracking

and compliant motion of the whole body. One approach for

addressing this problem is to provide a torque controlled

robot. The input torques for this system can be designed to

accomplish the robot desired task as well as to compensate for

nonlinear dynamic coupling of the system [7]. This provides

the robot with higher performance in position tracking as

well as in compliant motion. Therefore, the capability of

commanding torques to the joints are critical from industrial

robots to humanoid robots (Figure 2) for the implementation

of advanced performance and complex behaviors. Although

torque controlled robots are preferred to achieve high perfor-

mance control, there are few robots developed with torque

control capability [2].

Since providing direct torque control for robots tends to

be difficult, methods to provide advantages of the torque

controlled to position controlled robots robot have been in-

vestigated. For example, Yasui and Oto [8] consider a robot

having a disturbance detector which detects a disturbance
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torque, where the disturbance torque is used to correct a

position input. Kato and Tsuchida [3] considers a method for

”floating” a robot by compensating for static external forces

(e.g., gravity). Improved control of a position controlled robot

is also considered in [6]. It would be an advance in the art

to provide improved control of position controlled robots to

more closely approach the desirable performance provided by

closed loop control of both position and torque. In particular,

it would be an advance to provide dynamic (i.e., time varying)

torque control of a position-controlled robot.

II. TORQUE-POSITION TRANSFORMER
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Fig. 3. A block diagram of a position controlled robot. The physical joint
including joint motor is represented as G and the corresponding actual servo
is denoted as D. The terms, τs, θ, and θdesired are the input joint torque,
joint angle, and desired joint angle, respectively.

Figure 3 shows a block diagram of a feedback servo loop

for control of a position controlled robot. In this description,

position controlled robot refers to a robot having closed loop

position control, but incapable of having true closed loop

torque control (e.g., if the robot has no force/torque sensors

to provide torque/force feedback signals). Here a joint of the

robot is regarded as a motor-gear-link system. The input joint

torque command, τs, to output joint position, θ, relationship

is denoted by G. A servo controller, D, is placed before the

joint, which is typically designed to compensate for the linear

dynamics of the joint as well as to address any nonlinear

effects that may be associated with the joint. As shown on

Figure 3, a negative feedback loop is closed around the series

combination of D and G and acts to drive the position error,

θdesired − θ to zero.

The full dynamics of the joint (i.e., G) is given by:

Ieff θ̈ + beff θ̇ + n(θ, θ̇) = τs, (1)

where Ieff is the effective moment of inertia seen at the joint

output and beff is the effective linear friction coefficient at the

joint output. These effective values combine the properties of

both the motor and the link and gear ratio and are calculated

by using the mechanical properties of the system. The term,

n(θ, θ̇), captures the nonlinear effects that may be present in

the joint dynamics, including friction.

The relationship between the commanded input position,

θdesired, and resulting position, θ, in the feedback controller of

Figure 3 can be represented by a closed loop transfer function

T (s) = θ(s)/θdesired(s). In cases where nonlinear effects at

the joint are negligible, it is sufficient, in terms of model

accuracy, to represent D and G as linear transfer functions

D(s) and G(s). The input joint torque command τs(s) is then

given by

τs(s) = D(s)(θdesired(s) − θ(s))

= D(s)θdesired(s)(1 − T (s)).
(2)

From Equation (2), we can determine the position input,

θdesired, corresponding to a desired dynamic torque τdes(s)
as follows:

θdesired(s) =
τdes(s)

D(s)
+ θ(s)

=
τdes(s)

D(s)(1 − T (s))
.

(3)

Equation (3) provides one of the key results, since it shows

how a dynamic position input, θdesired(s), corresponds to

a desired dynamic torque, τdes(s), for a position controlled

robot.

In cases where nonlinear effects are too large to be ne-

glected, the effective torque at the joint, τeff , differs from the

torque, τs, at the output of the controller, D. This torque, τeff ,

is precisely the torque that we are interested in controlling. In

that case, T (s) cannot be computed analytically because of the

nonlinear nature of the joint. However, it can be experimentally

identified from frequency analysis of the response of the closed

loop system.

The torque, τeff , can be viewed as the torque associated

with the linear portion of the dynamic system described in

Equation (1).

τs = τeff + n(θ, θ̇). (4)

Then, the transfer function from τeff to θ of an ideal system

can be represented by

G∗(s) =
1

Ieffs2 + beffs
. (5)

Given the identified closed loop transfer function T (s) and

the ideal system model G∗(s), the effective controller, as

illustrated in Figure 4, can be computed as:

D∗(s) =
T (s)

G∗(s) − T (s)G∗(s)
(6)

where D∗(s) provides the relationship between the torque,

τeff and the position error, θdesired − θ:

τeff = D∗(s)(θdesired − θ) (7)

In order to produce a desired torque, τdes, on the joint, the

position input, θdesired, is set to:

θdesired =
τdes

D∗(s)
+ θ

=
τdes

D∗(s)(1 − T (s))
.

(8)

The transfer function, D∗(s), provides control of the effective

torque of the joint that is controlled by a position based servo-

loop.

In more general terms, the preceding approaches can be

regarded as including the following steps:
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Fig. 4. A block diagram of an effective servo loop. The effective servo and
ideal joint are denoted as D∗ and G∗, respectively. The term, τeff is the
effective torque at the joint, which can differ from the input joint torque, τs

in Figure 3.

1) determining a closed loop position transfer function,

T (s), of a selected joint of the robot relating a com-

manded input joint position, θdesired(s), to an actual

joint position, θ(s), via θ(s) = T (s)θdesired(s);
2) selecting a dynamic open loop joint torque to position

transfer function, H(s), relating to the selected joint;

3) determining a corresponding effective servo transfer

function, E(s) of the selected joint according to E(s) =
T (s)/(H(s) − T (s)H(s));

4) providing a desired dynamic torque τdes(s) of the se-

lected joint; and

5) determining θdesired(s) of the selected joint correspond-

ing to τdes(s) via θdesired(s) = τdes(s)/(E(s)(1 −

T (s)).

In this framework, the approach of Figure 3 (and Equation

(8)) corresponds to selecting H(s) to be the physical joint

transfer function, G(s), and the corresponding servo E(s) =
D(s). Similarly, the approach of Figure 4 (and Equation (8))

corresponds to selecting H(s) to be the idealized joint transfer

function, G∗(s), given by Equation (5), and the corresponding

servo E(s) = D∗(s). Thus there are various ways H(s) can

relate to the selected joint (Figure 5).

Σ
θθdesired

-+

τeff
Σ

τdes

+
+ H(s)E(s)1/E(s)

Servo Joint Model

Fig. 5. A block diagram of the implementation of the transformer for the
position-controlled robot. The joint model, H , and servo, E, can be either G
and D, or G∗ and D∗. The term 1/E(s) denotes the inverse transfer function
of E(s).

Torque to position conversion is based on inversion of a

dynamical model of each joint and position controller in the

position controlled robot, as described above in connection

with Figures 3-5. The transformer is for each individual joint

and it requires to be developed and implemented for each joint

due to the different characterstics of the joints. Such inversion

can transform a torque input to a corresponding position input

that will tend to result in an actual torque at the robot that

is a good approximation of the initial torque input. Torque to

position conversion can be provided by any combination of

hardware and/or software, although software implementation

is often preferred for flexibility and ease of modification.

III. EXPERIMENTAL VALIDATION

The torque-to-position transformer has been implemented

on an Honda ASIMO arm (Figure 6). The ASIMO arm was

the position-controlled robot. Given the experimental setup,

the transformer was implemented using D(s) in Equation (3).

The information about D(s) was provided by Honda. The

transformer with D(s) is supposed to produce the desired

torque at the joint motor; thus, the desired and motor torque

(obtained from current measurement) values were compared

for evaluation.

SH1, SH2

Joints

SH3

Joint

EL1

Joint

JR3

Force

Sensor

Fig. 6. Experimental setup of ASIMO arm. There are three joints on the
shoulder and one elbow joint. JR3 force sensor was used to measure contact
force at the end-effector.

The joint controller at the ASIMO arm uses two feedback

loops: one for position and one for velocity (Figure 7). Dealing

with this type of cascaded feedback loops, the transformer

from position to torque can be developed by having two con-

secutive transformers. The first transformer, corresponding the

inner velocity feedback loop, relates the desired velocity (vd)

to the command torque (τs) and the next one, corresponding

the outer position loop, relates the desired position (θd) to

the desired velocity (vd). These two consecutive transformers

provide the transformer from the desired position (θd) to the

command torque (τs).

More specifically in the ASIMO arm, Dp was a proportional

gain, kp, and Dv was also a proportional gain, kv . Therefore,

the overall controller can be expressed as

τs = kv[kp(qdesired − q) − q̇] (9)

where τ is the commanding torque to the motor, q is the

joint angle, kp is the proportional position gain, and kv is the

velocity gain. The transformer of this joint position controller

can be obtained by using two consecutive transformers as

qdesired = k−1

p (k−1

v τs + q̇) + q (10)
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Fig. 7. A block diagram of the joint position controller on the ASIMO
arm. There are two feedback loops for the velocity and position. The joint
is denoted as G and the corresponding velocity servo and position servo are
denoted as Dv and Dp. The terms, τs, vd, and θd are the joint torque input
command, desired velocity, and desired angle, respectively.
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Fig. 8. The plots from gravity compensation experiments. The joint torques
were computed to compensate for the gravity and commanded to the robot
through the transformer. The plots compare the measured joint motor torque
with the desired torque (command torque) at four joints.

In Equation (10), τs was computed as a sum of the desired

effective torque (τeff ) and an estimate of the nonlinear term

(n̂(θ, θ̇)). The nonlinear term was estimated as static and

viscous friction based on the velocity of the corresponding

joint.

τs = τeff + n̂(θ, θ̇) (11)

Using this transformer, the motor torque can be exactly

controlled as desired. However, as most industrial robot con-

trollers, the ASIMO joint controller runs at the faster servo rate

than its interface to the desired joint angles. That is, the desired

joint angle cannot be commanded to the joint controller at the

same rate as the servo rate. Therefore, the exact cancellation

cannot be provided. The ratio between the interface and

servo rate was 1:5 for the ASIMO arm. In addition, the

measurement of joint angle is accessible at the rate of the

interface. This limitation causes an additional complication

in the computation of velocity term in the transformer in

Equation (10) since the joint angle measurement is available at

a slower rate. In our experiments, the velocity was estimated

with the available data and then filtered with a low pass filter.

Fig. 9. Trajectory tracking of the end-effector (Figure 11). The measured
and desired torques are also compared at two shoulder and elbow joints.

As shown in the following experimental data, the measured

joint motor torque differ from the commanding torque mainly

due to this limitation.

Gravity compensation was implemented through the torque-

to-position transformer. This is one specific example that

the conventional position controlled robot cannot achieve.

Commanding gravity torque makes the robot compliant to any

external force. Figure 8 show the desired torque and measured

torque during gravity compensation. The robot was moved

quite randomly in many directions by hands. The plot demon-

strates close match between the desired and measured torques

during the experiments. The desired torque was computed to

compensate for the gravity torque using the dynamic model

of the ASIMO arm. This desired torque was the input to

the transformer. We recall here that the measured torque was

computed by the current at each joint motor and their torque-

to-current constant.

More control tasks were implemented to demonstrate the

possibility and performance of the transformer: joint angle

tracking, trajectory tracking in Cartesian space, and compliant

motion. The operational space framework [4] was used in the

computation of the control torques for the these demonstra-

tions.

In Figure 9, the Cartesian space motion tracking is shown
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Fig. 10. The experimental results of compliant motion. The x direction was
chosen as a compliant axis (Figure 11). The human operator interacted at
the end-effector, which can be observed from the measurement of the forces
(using JR3 force sensor). The x direction motion was compliant to the external
force from the human but the motion in the other directions were controlled
to maintain its starting position.

along with the torque measurement data. The axes with

respect to the robot is referred to the definition in Figure 11.

This demonstrates the application of a torque control based

algorithm into a position controlled robot, in this case, the

operational space control framework. Due to the nature of the

control framework, the Cartesian space control do not require

inverse kinematics and the stiffness of the end-effector can be

controlled consistently at any configuration of the robot [4].

The position controlled robots can take advantage of these

torque control based algorithms through the implementation

of the transformer.

Fig. 11. The Cartesian coordinates of the end-effector. The x direction was
chosen to be compliant in the compliant motion experiments.

Fig. 12. Measured torque compared with desired torque in the experiment
of compliant motion (Figure 10).

The last experiments were conducted for compliant behavior

at the end-effector. The two axes (y and z directions) were

controlled to maintain its position while the motion in the x

direction was controlled to be compliant to the external force.

That is, the force control was implemented in this direction

such that it always tries to maintain zero contact force. The

Cartesian coordinates with respect to the robot are illustrated in

Figure 11. The detailed experimental data are plotted in Figure

10. The force measurement in all direction indicates how much

force was exerted from the person to move the end-effector of

the robot. The motion data shows the compliant motion in the

x direction and controlled motion in the other directions. The

desired and measured torque at the joints are also plotted to

show the performance of the transformer when executing the

compliant motion (Figure 12).
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IV. CONCLUSION

In this paper we have presented the concept of torque-to-

position transformer to allow torque-control based algorithms

to be applied to robots with conventional joint position con-

trollers. With this simple software unit, position-controlled

robots are augmented with ability to receive torque command

input, which allows the implementation of dynamic control,

compliant motion and force control, and other torque-based

control strategies.

The transformer concept was experimentally validated on

the ASIMO arm. Several tasks involving torque inputs were

successfully demonstrated. These include gravity compensa-

tion, task-oriented dynamic control of the end effector motions,

compliant motion and force control of the end effector, and

haptic teleoperation. These results, which are also illustrated in

accompanying video, show the effectiveness of the torque-to-

position transformer to provide advanced control capabilities

to position-controlled robots and its potential application to

various industrial robots.
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