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Abstract—In controlling ball-screw driven stages of machine
tools, industrial robots, and welfare robots, they are modelled as
two-inertia systems to consider their transmission characteristics
such as low rigidity and nonlinearity. To obtain precise position
at the load side, the number of devices with load-side encoders
is increasing. The precise joint torque control method and the
load-side torque control method for a two-inertia system with
backlash are proposed. The proposed methods utilize load-side
encoder information effectively. Simulation and experimental
results demonstrate the advantages of proposed methods quan-
titatively.

Index Terms—Backlash, Two-inertia system, Joint torque,
Load-side encoder, Disturbance observer

[. INTRODUCTION

Precise joint torque control is highly required these days
because it makes many things possible such as assembling by
industrial robots, working safely in human living environments
by welfare robots. These tasks are difficult to be accomplished
by position control. Joint torque control can also improve
backdrivability, which is an essential characteristic in wearable
robots [1], [2].

The purpose of this research is to develop a precise joint
torque control method for a two-inertia system. The precise
joint torque control method is proposed considering plants’
resonant characteristics and nonlinearities of transmission
mechanisms.

A two-inertia system is widely studied because it is a
general model and it represents resonant characteristics, which
degrade control performance severely [3], [4], [5]. A two-
inertia system consists of the drive side, the low stiffness
transmission mechanism, and the load side. Transmission
mechanisms such as gears and ball screws are not only low
stiff but also they have nonlinearities such as backlash [6].
These undesirable elements deteriorate precision at the load
side.

As the cost of encoders are lowering and the resolution is
improving in the industry, the number of devices with load-
side encoder is increasing aiming at higher precision at the
load side. However, it is hard to say that research on control
methods using load-side information is sufficiently conducted.
More cost reduction in high resolution encoders will produce
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Fig. 1. Outlook of a two-inertia system motor bench.
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Fig. 2. Structure of a two-inertia system motor bench.

higher demands on novel control methods using load-side
information effectively.

Our group has proposed a joint torque control method using
load-side information [7]. Our research shows the advantages
of the proposed joint torque control method by simulations and
experiments. However, as for nonlinear compensation, which
is one of the advantages of the proposed method, an analysis
is limited to simulation-based one.

In this paper, effectiveness of nonlinear compensation is ex-
perimentally verified by using a setup which can be modelled
as a two-inertia system with backlash. Moreover, based on the
experimental results, a novel nonlinear compensation method
is proposed and verified by experiments.

Also, a novel load-side torque control method is proposed



dr — Ty, o 1 wr,
+ : Jrs+Dy,
AwY —
LR H
S +
Dead zone
/1: TM_" 1 WM
Kt +V Jns+D e )

Fig. 3. Block diagram of a two-inertia system motor bench.

by applying a load-side disturbance observer to the proposed
joint torque control method. The load-side torque control
method is robust against the load-side disturbance.

This paper is organized as follows. An experimental setup is
introduced and modelled in Section II. In Section III, proposed
methods are explained in detail. In Section IV and V, perfor-
mance of the proposed methods are quantitatively analyzed
in simulations and experiments. Based on the experimental
results, a novel nonlinear compensation model is proposed and
analyzed experimentally in Section VI. Finally conclusions are
given in Section VIL

II. EXPERIMENTAL SETUP

A. Hardware

A motor bench with 20 bit high resolution encoders is used
as a two-inertia system setup. Outlook and a schematic of
the setup are shown in Fig.1 and 2, respectively. To imitate
a device with a low resonance mode, a low stiff joint can
be inserted between two motors. Moreover, by replacing a
flexible coupling with a gear coupling, backlash can be added
and removed. Equipped high bandwidth torque sensor makes
it possible to compare measured torque and estimated torque.

B. Modelling

A block diagram of a two-inertia model of the setup is
shown in Fig. 3. Let inertia moment, viscosity, torsional rigid-
ity, torque, and angular velocity be J, D, K, T, w, respectively.
Subscripts M and L indicate Motor side and Load side. Also,
Joint torque, torsional angular velocity, motor current, and
torque constant are indicated as T, Aw, i, K.

Generally, plants include various nonlinearities such as
backlash [6]. In this paper, backlash is modelled as dead zone
as shown in Fig. 3.

Frequency characteristics of the setup from the motor
current to the drive-side angle and the load-side angle are
shown in Fig.4 and 5. These figures show that the setup
can be modelled as a two-inertia system whose antiresonance
frequency is 57 Hz and resonance frequency is 71 Hz. A fitted
model is indicated in blue solid line while FRF measurement
result is in red dashed line. Parameters identified by fitting are
shown in Tab. 1.
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Fig. 4. Frequency responses from the drive-side input current to the drive
side angle.
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Fig. 5. Frequency responses from the drive-side input current to the load side
angle.

C. Backlash identification

For backlash identification, drive-side velocity control is
implemented. As shown in (1), backlash can be calculated
by integrating the torsional angular velocity between ¢;, when
the load separates from the drive side and ¢35, when the load
contacts the drive side again [8], [9]. Let dead zone width be

+e.
ta
/ (wp —wr)
ty

In the experiments, dead zone width is calculated by not
integrating the torsional angular velocity but using the angles
at t1, to obtained by the encoders on drive and load sides.
Fig. 6 shows a part of the identification experiments. Averaging
the results leads to € = 6.0 mrad.

2e = (D

III. PROPOSED METHODS
A. Outline

Based on a trend expanding the use of load-side encoders
in the industry, a joint torque control method is proposed
for a two-inertia system with a load-side encoder. Utilizing
both drive and load side information makes torsional angular
velocity control possible, and this can make precise joint
torque control possible. Moreover, torsional angular velocity
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Fig. 7. Block diagram of the proposed methods.

TABLE I
PARAMETERS OF THE TWO-INERTIA SYSTEM MOTOR BENCH.
Motor-side moment of inertia Jys 1.05e-3 | kgm?
Motor-side viscosity friction coefficient Dz 1.00e-2 | Nms/rad
Torsional rigidity coefficient K 99.0 Nm/rad
Load-side moment of inertia Jr, 1.05e-3 | kgm?
Load-side viscosity friction coefficient Dy, 1.00e-2 | Nms/rad

Velocity [rad/s]
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Fig. 6. Identification of backlash.

control enables us to design feed forward (FF) controller
considering nonlinear elements at transmission mechanisms
such as backlash and nonlinear springs etc., which are often
ignored in conventional joint torque control methods. The
proposed method does not need a torque sensor, which has
the disadvantages such as lowering rigidity and high cost etc.

Fig.7 shows a block diagram of proposed methods: a
joint torque control method and a load-side torque control
method. When a load-side disturbance observer (LDOB) is
implemented by feed backing estimated load-side disturbance
dy, as shown in Fig. 7, the joint torque control method becomes
the load-side torque control method, which is robust against
the load-side disturbance. The symbols in the block diagram
indicate the following: Cp: a P controller of the drive-side
angular velocity, Cpy: a PI controller of the joint torque, Ty:
the joint torque estimated by a reaction force observer (RFOB),

dy: the load-side torque estimated by a LDOB, Q: low pass
filter (LPF) of DOB, Qrrop: LPF of RFOB, Qpp: the 1st
order LPF to make an angular velocity FF controller proper,
Tp: time constant of pseudo differential. Subscripts ,, denote
nominal values and superscripts * mean reference values.

B. Joint torque control

The proposed joint torque control method can be divided
into three parts. The first part is a drive-side velocity control
part, the second part is a joint torque FF control part which
generates torsional angular velocity reference value from joint
torque reference value, and the third part is a joint torque FB
control part using the joint torque estimated by RFOB.

The proposed method controls the joint torque by con-
trolling the torsional angular velocity. For torsional angular
velocity control, collocated drive-side angular velocity is con-
trolled and then combined with the load-side angular velocity
obtained by a load-side encoder. Here, from Fig. 7 the torsional
angular velocity Aw is obtained as (2).

Aw:wM—wL

2

Therefore, the reference value of the drive-side angular veloc-
ity can be generated as (3) by using the reference value of the
torsional angular velocity and the load-side angular velocity.

3)

The drive-side angular velocity is controlled by DOB and a P
controller. A drive-side angular velocity FF controller is also
applied to achieve a high control bandwidth. A higher control
bandwidth of the inner loop control improves a response of
an outer loop. The drive-side angular velocity FF controller
is implemented as (Jasn s + D) On the assumption that the
reaction joint torque is decoupled by DOB. Then the first order
LPF Qpr is applied to make (Jyr,s + Dpsy) proper.

The joint torque FF control part generates the reference
value of the drive-side angular velocity from the reference
value of the joint torque. Considering an inverse model of
the transfer function from Aw to Ty shown in Fig.3, the

wy = Aw* +wy,
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Fig. 8. Step responses of the joint torque with and without load-side servo.
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Fig. 9. Comparison between with and without backlash compensation.

reference value of the drive-side angular velocity is generated
by using the reciprocal of the torsional rigidity, the inverse
model of nonlinear elements, and the derivative. The derivative
is implemented as pseudo differential with time constant 7.
In this paper, backlash is modelled as dead zone. Therefore,
the inverse model of dead zone is applied for nonlinear
compensation.

The joint torque FB control part controls the estimated joint
torque with a PI controller. The PI controller is designed by
the pole placement to the plant, T; = %Aw. The PI control
enables us to control joint torque without state steady error.

C. Load-side torque control

When the load-side disturbance is large, a load-side torque
control method should be implemented. Applying LDOB,
which estimates the load-side disturbance dy by using load-
side encoder information, to the proposed joint torque control
method makes load-side torque control possible. Here, load-
side torque TTris a torque which directly drives a load. It
consists of the joint torque and the load-side disturbance.
The load-side torque control method is implemented by feed
backing dy, as shown in Fig.7.

IV. SIMULATIONS

A. Joint torque control

The model used in simulations is the identified two-inertia
system model whose parameters are shown in Tab. 1. For
simplicity, the plant model has neither nonlinear elements nor
modelling errors unless it is clearly stated.
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Fig. 10. Comparison between with and without LDOB.

The drive-side angular velocity P controller and DOB are
designed such that their control bandwidth become as high as
possible considering the stable margin. The cut-off frequency
of RFOB are set as 50 Hz. The PI controller for the joint
torque is designed by pole placement.

Step responses of the joint torque are shown in Fig.8. In
the experiments explained in the next section, the load-side
motor is controlled and fixed by a PID position controller to
prevent the motor from rotating too fast. Black dotted line
indicates a step reference with low pass filter whose cut off
frequency is 50 Hz, while blue solid line is a joint torque
response without load-side servo, red dashed line is one with
servo. With servo control, the response has larger vibration
because it works as a load-side disturbance. Please note that
all simulation and experimental results below are the results
with load-side servo.

B. Backlash compensation

Dead zone width used in simulations is +6.0 mrad which
is identified experimentally in Section II-C. Initial position is
in the middle of dead zone. Since backlash has an effect at
the reversal points, sinusoidal responses are shown in Fig. 9(a)
and (b). Without backlash compensation, the response sticks
to 0 Nm at the reversal points, and then after the dead zone
width it shows large vibration by collision between the motor
side and the load side. The simulation result clearly shows
that the proposed backlash compensation method improves the
response.

C. Load-side torque control

Fig. 10(a) and 10(b) show the comparison of both the joint
torque and the load-side torque responses between the joint
torque control method and the load-side torque control method.
Step disturbance is input at 0.30 s at the load side. In joint
torque control indicated in red dashed line, joint torque is
controlled even with the load-side step disturbance. Therefore,
load-side torque cannot be controlled. On the other hand, load-
side torque control indicated in blue solid line can control
the load-side torque robustly by considering the load-side
disturbance.

V. EXPERIMENTS

The conditions in the experiments are the same as those in
the simulations. Controllers are discretized by Tustin conver-
sion whose sampling frequency is 2 kHz.
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Fig. 11. Step response of the joint torque.
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Fig. 12. Joint torque response with backlash.

A. Joint torque control

Experimental results of the joint torque step responses are
shown in Fig. 11. Black dotted line indicates step reference,
while blue solid line indicates estimated value, red dashed
line indicates measured torque. Experimental results are well
similar to the simulation result shown in Fig. 8 with servo.

B. Backlash compensation

Fig. 12(a) and (b) show the responses of joint torque with
backlash. The deterioration by backlash is clearly seen. Also,
the results show that the estimation of the joint torque is highly
precise.

The responses with backlash compensation based on the
inverse dead zone model is shown in Fig.13(a) and (b).
Fig. 14(a) shows the current in this response. In this ex-
periment, cut off frequency of pseudo differential in joint
torque FF controller is lowered to 10 Hz to avoid exceeding
maximum motor torque. Fig. 13(a) shows that it can suppress
the maximum amplitude of the response after the reversal
points compared to Fig.12(a), but it also produces a spike
at the compensation timing. This is caused by differential
of the inverse dead zone model in FF controller. Therefore,
the compensation model needs to be improved such that the
differential of the model becomes gentle and smooth. A novel
compensation model is proposed based on this result in Section
VL

C. Load-side torque control

In the setup, since load-side torque cannot be measured, a
joint torque response is shown and compared to the simulation
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Fig. 13. Experimental comparison between with and without backlash
compensation.
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Fig. 14. Comparison of the current responses in backlash compensation.

result. Fig. 15(a) and (b) show the comparison of the joint
torque responses between the joint torque control method and
the load-side torque control method. Step disturbance is input
at 0.25 s at the load side. These results coincide with the result
shown in Fig. 10(a). Since they show well similar results, it
can be inferred that the load-side torque is properly controlled.
The vibration in Fig. 15(b) is caused by the load-side servo
control, which works as the load-side disturbance.

VI. BACKLASH COMPENSATION BASED ON SIGMOID
FUNCTION MODEL

A. Sigmoid function

Aiming at a better response and smaller maximum motor
torque, a novel backlash compensation model is proposed
using sigmoid function expressed as (4). Here, K, is a total
gain and a is a gain determining the similarity to the inverse
dead zone model as shown in Fig. 16(a).

1 1
C(r) = Kig <1+e‘” - 2) 4)

As shown in Fig. 16(b), tangential lines at the points —x; and
x1 at which the slopes of sigmoid function are 1 are drown.
Then by defining a new model as (5), it becomes a smoothed
inverse dead zone model.

) r+a1+((—z1) (v <-—x1)
¢ (z) =9 <) (—1 <2 <) (5)
x—x1+C(x1) (x> m)

Since pseudo differential of this smoothed model becomes FF
output, smaller maximum motor torque is required. The design
parameters are two, K;, and a. After a is tuned, Kg;, can
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Fig. 16. Backlash compensation models.

be tuned by comparing the intercepts of tangential lines and
the identified dead zone width.

The comparison of the joint torque response between with
and without backlash compensation based on the proposed
model is shown in Fig.17 and Fig.18. Here, K, and a
are tuned as 0.050 and 5000, respectively. Cut off frequency
of pseudo differential in the joint torque FF controller is
10 Hz. Clear improvement can be seen and there is no
spike. A current response is shown in Fig. 14(b). The new
compensation method decreases the required maximum motor
torque drastically.

VII. CONCLUSION

Considering the industrial trend that the number of the
devices with load-side encoder is increasing, the joint torque
control method and the load-side torque control method using
a load-side encoder are proposed and their effectiveness are
verified by simulations and experiments. Based on the ex-
perimental results that the inverse dead zone based backlash
compensation method produced a spike at the compensation
timing and large peak current is required, a novel backlash
compensation model are proposed and it shows better perfor-
mance.

Backlash compensation method using load-side encoder
information more effectively will be studied in the near future.
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