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Abstract— A low-cost but accurate and backdrivable motor
control system running on a DC motor and a harmonic drive
gear is proposed. It compensates internal friction of the gear
and the counter-electromotive torque by combining a model-
based feed-forward method and a disturbance observer using a
cheap torque sensor. A complementary use of those techniques
lowers requirements to their performances i.e. precision, band-
width, etc., while it is equipped with a flexible property against
the external torque. A 2-DOF servo controller is also built upon
the system in order to simultaneously achieve smooth responses
and robust convergences to the reference.

I. INTRODUCTION

The recent expansion of robot applications has highlighted

the importance of technologies that encourage physical in-

teractions between robots and the external world. Dexterous

manipulation and assembly of various objects and tools, soft

but accurate handling of materials including humans, and

cooperative task executions with human workers are some of

the representative examples. Different from the conventional

industrial manipulators, which are stiffly controlled as precise

positioning machines, the robots for those applications need

to be equipped with an ability to safety contact with objects

and environments.

When pursuing compactness to be installed on bod-

ies with low-inertia, sufficient payload, response, position-

ing accuracy and the above safe contact simultaneously,

it is hard to adopt direct-drive motors[1][2][3], elastic

actuators[4][5], and pneumatic actuators[6][7]. Although hy-

draulic actuators[8][9] could be an option, they are still

expensive and less available. Geared electromagnetic motors

at high reduction ratio are the most realistic candidates. An

obvious drawback of them is that the contact friction at gear

teeth is large and the viscous friction due to the counter-

electromotive torque is substantially magnified. Hence, tech-

niques to compensate these friction and to make the geared

motors backdrivable is crucial. Some methods to achieve

this[10][11][12][13] have been proposed. However, they are

based on a highly accurate torque control, so that they require

expensive torque sensors.

The challenge is to realize a backdrivable motor control at

low cost, which is important to disseminate the technology.

This paper proposes practical methods for this purpose.
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The ideas are model-based feed-forward friction compen-

sation, feed-back friction compensation by external torque

measurement, and the combination of these compensation

methods. The first idea is a method of superposing friction

compensation torque based on the kinetic friction property

of gears. This idea requires no torque sensor but the friction

property of gears identified in advance. The second is a

method that a disturbance observer estimates the friction

torque from the external torque. Although accurate torque

control requires a precise torque sensor, friction estimation

does not a much precise one. The third is application of

the second idea to kinetic friction compensated drive system

by the first idea. It is assumed that the complementary use

of them lowers requirement of band width of the torque

sensor. The comparative experiments of these methods were

performed with a 2-DOF position controller by evaluation of

responsivity to position reference and external force.

II. FRICTION COMPENSATION BY FEED-FORWARD

CONTROLLER

A. Identification of the Kinetic Frictional Characteristics

Viscous friction and kinetic friction can easily be iden-

tified as a function of velocity. It is assumed that we can

compensate most friction in the reducer by superposition of

the friction torque identified experimentally on control input

torque. This section describes the way to identify the kinetic

friction in the reducer.

Fig. 1 shows the block diagram of the model consisted

of a motor and a reducer. First, the circuit equation of the

motor is as follows:

eM = Ri+Keθ̇M + L
di

dt
, (1)

where, θM is angle of rotation of motor, eM is applied

voltage to the motor, and i is an electric current in motor

coil. In addition, Ke is a back electromotive force constant

of the motor, R is a resistance of the motor coil, and L is

inductance of motor coil. Second, the dynamic equation at

motor side is as follows:

Jθ̈M = τM − τf +
τe
γ
, (2)

where, J is total inertia, γ is reduction ratio of the gear, τM
is the motor torque, τf is the friction torque, and τe is the

external torque. In case of DC brush motor, the motor torque

τM is given by

τM = Kti, (3)
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Fig. 1. Block Diagram of Geared Motor
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Fig. 2. Block Diagram of a Motor with Feed-forward Kinetic Friction
Compensator

where, Kt is the torque constant of the motor. If it is assumed

that the electrical time constant L/R is small enough, and if

no load and steady state are assumed, the equations (1), (2),

and (3) become

eM =
R

Kt

τf +Keθ̇M . (4)

If it is assumed the friction torque τf is caused by dry friction

and viscous friction, applied voltage to the motor eM is

given as a function of rotating speed θ̇M , in which a counter

electromotive voltage is included. We model the kinetic

friction in the reducer by obtaining the relation between the

voltage eM and rotating speed θ̇M experimentally.

B. Feed-forward Compensation of the Kinetic Friction

Torque

Feed-forward compensation of the kinetic friction torque

is tried as Fig. 2 shows by using the kinetic friction model

obtained by the experiment. The compensator calculates

voltage êf required for kinetic friction compensation by

using rotating speed calculated from the incremental encoder.

Superposition of this friction estimate voltage êf on control

voltage ec enables the friction torque and the counter elec-

tromotive voltage to vanish.

III. RESIDUAL FRICTION COMPENSATION BY A

DISTURBANCE OBSERVER

A. Design of Disturbance Observer

The frictional force acting upon an object at zero velocity

is called as static friction. It is difficult to model this

friction as some function unlike the kinetic friction. Then,

we make up a disturbance observer with a torque sensor,

and compensate static friction.
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Fig. 3. Block Diagram of a Motor with Feed-forward Kinetic Friction
Compensator and Disturbance Observer

Suppose kinetic friction compensator compensates friction

torque and counter electromotive force completely, the sys-

tem behaves as a geared motor compensated viscosity, that

is, the motor operates according to the theoretical model

Jθ̈M =
Kt

R
eu +

τe
γ
, (5)

where, eu is input voltage. However, there are actually

nonlinear friction and modeling error, and motor doesn’t

follow the theory. The kinetic equation in consideration of

these disturbance at the motor side is as follows:

Jθ̈M =
Kt

R
(eu −∆ef ) +

τe
γ
, (6)

where

∆ef = ef − êf (7)

is voltage-converted value of disturbance of nonlinear friction

and modeling error. Then, we attempt to idealize the response

of the motor by using a disturbance observer as is shown in

Fig. 3, where h(τ) is a characteristics of output voltage of

the torque sensor, ĥ−1(e) is its inverse function, and Jn is

a nominal inertia.

Disturbance observers are usually applied for estimation

and compensation of all the disturbances including friction

and external load. It is just the friction the author proposes

a method of compensating of those disturbances. First,

the disturbance observer calculates output torque of geared

motor from estimation of loaded torque τ̂e and angular

acceleration θ̈M . It converts this torque to voltage, and takes

difference between this voltage and input voltage eu. That

is, we obtain estimated voltage-converted value of residual

frictional torque:

∆êf = eu −

R

Kt

(

Jnθ̈M −

τe
γ

)

. (8)

Second, ∆êf is stabilized through a secondary low-pass

filter, and fed back to control voltage. Then, kinetic equation

is given by

Jnθ̈M =
Kt

R
(eu −∆ef +∆êf ) +

τe
γ
. (9)

Thus, the response similar to the ideal model of the equation

(5) can be realized.
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(a) Configuration of Torsion-bar-type Torque Sensor
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(b) Ray of Photo-interrupter is Blocked off by Douser When an
External Torque is Applied.

Fig. 4. Principle of Torque Measurement Using a Photo-interrupter

B. A Low-cost Torque Measurement System

In many conventional systems, ideal response is realized

by a method based on acceleration control with disturbance

observer. Compensating friction completely only for torque

fed-back by a disturbance observer with friction torque

estimator, however, requires a torque sensor with a wide-

band width, that is, an expensive one. The preceding chapter

discussed feed-forward compensation of friction referring

to velocity of motor. Using feed-back and feed-forward

compensation simultaneously is thought to enable a low-cost

torque sensor which has narrower band width to compara-

tively accurately measure external load torque for friction

compensation. However, this method requires a motor en-

coder which has enough resolution, as the band width of

disturbance observer can be higher than that of torque sensor.

In this work, the author adopts an optical method of using

photo-interrupters proposed by Tsetserukou et al.[14] for

torque measurement. A photo-interrupter consists of a light

source (a LED) and a light reception (a photo-transistor). It

detects an obstacle between those devices by change of light
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Fig. 5. Detection Range of Photo-interrupter

Fig. 6. Experiment Device with a DC Motor and a Harmonic Drive Gear

quantity passing through, and outputs a voltage according to

it. As Fig. 4(a) shows the configuration of the developed

torque sensor. This torque sensor has a torsion bar, and

applied torque to the output side causes the torsion bar to

twist. This torsion arises a relative displacement between the

photo-interrupter and the douser (Fig. 4(b)). As a result, light

quantity which the light receiving element receives changes,

and an object-detection mechanism of photo-interrupter can

be applied to torque measurement.

A torque sensor by a photo-interrupter is small, light, and

cheap, but has the characteristic of nonlinear output and

high sensitivity of temperature. Fig. 5 shows the relation

between displacement of a douser and the output voltage

of a photo-interrupter (RPI-243). In order to facilitate the

calibration of the torque sensor, use of an output region as

linear as possible is desirable. The developed torque sensor

has another photo-interrupter for temperature compensation.

The douser paired with this photo-interrupter is fixed and

does not move by load torque, that is, the output of the

photo-interrupter relies only on the temperature. We can

measure applied torque which dose not rely on temperature

by subtracting the output of photo-interrupter for measuring

torque from that for temperature compensation.

The torque sensor must be calibrated based on the relation

between output voltage and applied torque so that feed-

back friction torque estimator can accurately estimate and

compensate friction torque.
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Fig. 7. Characteristics between Applied Voltage and Angular Velocity to
Model Kinetic Friction

Fig. 8. Characteristics of Torque-Voltage of the Torque Sensor

IV. EXPERIMENTS

Fig. 6 shows the drive unit for use in following exper-

iments. This unit consists mainly of a DC brush motor

(Maxon RE-max 29) with an incremental encoder (MR

Encoder ML512), a harmonic drive gear (SHG-14-80-2UH-

SP) and a optical torque sensor. The motor shaft is coupled

to the input shaft of the gear with a disc coupling.

A. Identification of Kinetic Friction Characteristics of Har-

monic Drive Gear

Suppose the influence of dry and viscosity is dominant

about the friction torque τf in a harmonic drive gear, applied

voltage to the motor eM has an outline of the graph similar

to the sum of a sign function and a linear function of angular

velocity θ̇M . This voltage includes not only friction torque

but also counter electromotive torque. The characteristics of

kinetic friction torque is identified as the sum of those, that

is, a viscous torque, based on the equation (4).

In this experiment, the arm was removed from the unit

so the motor could rotate without limitation in an arbitrary

direction. The angular velocity θ̇M was measured when the

voltage eM was applied to the motor. The voltage eM was

adjusted by PWM control which had a frequency of 40[kHz],
and then the relation between the voltage eM and the duty

ratio d was given by

eM = emax

M d, (10)

where emax

M was the max voltage which could be applied to

the motor, that is, a power supply voltage.

First, the voltage eM was increased by the duty ratio to

64%. The rate of increase was 1.0% while the motor was
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��

Fig. 9. Process of Output Signal of the Torque Sensor

Fig. 10. Experiment Device for Calibration of the Torque Sensor

in stall state, and when the motor started rotation the rate

was changed to 0.2%. When the motor reached maximum

velocity, the ratio was changed to decrease. The rate of

decrease was set the same as that of increase. Every increase

or decrease, the velocity θ̇M was recorded every 2[ms] a

thousand times in total. The same experiment condition was

applied to the rotation in a counter direction.

Fig. 7 shows the result of the experiment. There appears

to be temperature drift by the temperature properties of the

ON-resistance of MOSFETs used as switching devices. It is

learnt the voltage eM is represented by the sum of a sign

function and a linear function of velocity θ̇M .

B. Calibration of the Optical Torque Sensor

Fig. 9 shows the processing method of output signal of

the torque sensor. First, current-voltage conversion circuits

convert the output signals of photo-interrupters into voltage

signals because they are weak current. This part is assembled

in the torque sensor in case the output signals are affected

by electromagnetic noises. In order to compensate the effect

of dispersion, two photo-interrupters are used for torque

sensing, and these outputs eτ1 and eτ2 are averaged by an

adder circuit. Another photo-interrupter is for temperature

compensation, and its output is shown by eT . The instru-

mentation amplifier (LT1167) subtracts this output from the

above averaged output, and remove the effect of temperature

change. Then we obtain more accurate estimation of load
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torque as a voltage eτest .
The characteristic between applied torque and output

voltage of the optical torque sensor was measured by using

the experiment device shown in Fig. 10. The input arm is

connected to the torque sensor and the output arm with a

shaft permitted only the rotation around the axis. A force

gauge is fixed and connected to the output arm with a

connection rod. The force was applied to the tip of the torque

input arm in both directions of rotation. The result of this

experiment is shown in Fig. 8, and the property of linearity

and almost no hysteresis was confirmed. The red point group

shows the characteristic h(τ) of this torque sensor. It has

a small hysteresis of approximately 1 × 10−3[N ·m]. The

hysteresis is assumed to be mainly caused by viscoelasticity

and deformation of the torsion bar. A small drift of approxi-

mately 1×10−3[N ·m] caused by temperature change of the

circuit is also confirmed. These hysteresis and drift should

be compensated by a proper model, but in this report it is

supposed there is a proportional relation between applied

torque to the arm and output voltage of the torque sensor.

Then the least squares approximation was applied to the data

h(τ), and we obtained the calibration curve

τest = h−1(emeas) = 6.53emeas(+0.20). (11)

C. Joint Control Experiment

The ideal motor is assumed friction to be completely

compensated. The transfer function from input voltage eu
to output rotation angle θ is as follows:

P (s) =
Kt

JRs2
. (12)

A 2-DOF controller is designed, composed of a PID con-

troller, which is given by

CFB(s) = KP +
KI

s
+KDs (13)

and a feed-forward controller for improvement of the re-

sponse to the target value, which is given by

CFF (s) =
1

(2ζ + α)ωn

s2 + 2ζωns+ ω2

n

s2 +
2αζ + 1

2ζ + α
ωns+

α

2ζ + α
ω2

n

αω′

n
3
(s+ αωn)

(s+ αω′

n)
(

s2 + 2ζω′

ns+ ω′

n
2
) , (14)

then


























(2ζ + α)ωn =
Kt

JR
KD

(2αζ + 1)ω2

n =
Kt

JR
KP

αω3

n =
Kt

JR
KI

, (15)

where KP , KI and KD are feed-back gains of the PID con-

troller, ωn and αωn are natural frequencies of the response
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Fig. 11. Block Diagram of a 2-DOF Servo Control System

to external forces, and ζ is a damping coefficient. ω′

n and

αω′

n are natural frequencies of the response to target value,

and higher values result in quick response. These controller

and the motor composes the servo system as is shown in Fig.

11.

The experiment of position control was performed against

the motor friction was almost compensated by the system in

Fig. 3. Here, the resistance of the motor coil R = 2.36[Ω],
the torque constant of the motor Kt = 2.58×10−2[N ·m/A],
the nominal value of total inertia Jn = 1.27×10−5[kg ·m2],
reduction ratio γ = 80, and a cutoff angular frequency of a

LPF in disturbance observer ωL1 = ωL2 = 600[rad/s]. A

control period was 500[µs], and feed-back gains of the PID

controller were set small so that the motor was compliant

to external forces. We chose ωn = 4.50[rad/s], ω′

n =
50.0[rad/s], ζ = 1.20, α = 0.60. In this experiment,

following four conditions were compared:

(a) No compensation

(b) Compensation by feed-forward kinetic friction con-

troller

(c) Compensation by disturbance observer with external

torque estimator

(d) Compensation by feed-forward kinetic friction con-

troller and disturbance observer with external torque

estimator

and under each condition following four operation were

given:

(1) Set the reference angle of the arm to 5 [deg].
(2) Apply a torque to the arm softly.

(3) Remove the torque.

(4) Apply a torque to the arm momentarily.

The result is shown in Fig. 12. Angle of the arm are

indicated by red lines, target angles are indicated by black

lines, and measured torque by the optical torque sensor

are indicated by blue lines. Noises derived from the fre-

quency of PWM switching and commercial power source

are superposed on measured torque, and there appears to

be hysteresis and drift. It is compared among the responses

of output angle to the target angle and the external torque.

Under the condition (a), friction torque is too large to be

realized quick response to the target angle and the external

torque. This result indicates the feed-back gains set to the

PID controller was small enough. Under the condition (b),

a little improvement is confirmed from the condition (a),

but residual friction causes stall of the motor and windup

of the feed-back controller. Under the condition (c), a great

improvement of the response is confirmed from the condition

(a) and (b). Almost all residual friction is compensated, and

the arm converges at the target position. Under the condition
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(a) No Compensation
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(b) Compensation by Feed-forward Kinetic Friction Controller
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(c) Compensation by Disturbance Observer with External Torque Estimator
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(d) Compensation by Feed-forward Kinetic Friction Controller and Distur-
bance Observer with External Torque Estimator

Fig. 12. Response in the Time-domain of the Experiments

(d), almost no change is confirmed.

V. CONCLUSION

This paper proposed three methods for realizing a low-

cost backdrivable joint control. They were model-based feed-

forward friction compensation, feed-back friction compensa-

tion by external torque measurement, and the combination of

these compensation methods. In addition, position control ex-

periments under an external torque was executed to evaluate

the effectiveness of each method, and it was confirmed that

backdrivable joint control was achieved only by the feed-

back friction compensation with a low-cost optical torque

sensor.
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