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Abstract

Electric motors are used globally, especially in industrial applications, and achieving high energy efficiency is a major
problem. Variable transmissions are effective in reducing the energy consumption of motors, but practical variable
transmissions are bulky and heavy, making them unsuitable for robots. To overcome this problem, two motor-driven
mechanisms have been proposed. The two motors are operated independently and assigned to the high-speed drive
and high-torque drive, and one motor always becomes dead weight. Therefore, we propose a coupled-driven switch-
able transmission system that can switch the high-speed and high-torque drives by combining the rotation directions
and utilizing the output of both motors. The developed device uses two 22-W motors and can switch the reduction
ratio from 1/15 to 1/375. The maximum torque, maximum rotation speed, and weight are 10 Nm, 500 rpm, and 905

g, respectively. The experimental results show that the relative speeds of two motors are significant for the coupled

drive; nevertheless, this device can be controlled by conventional voltage control without precise speed control.
Keywords Coupled drive, Variable transmission, High-speed, High-torque

Introduction

Several types of robots are actuated by electric motors.
In the last decade, the robotics market has expanded rap-
idly, and the number of shipments of industrial robots
has doubled during the five years from 2013 to 2017 [1].
Moreover, in recent years, robots have been used not
only in human-isolated environments for safety pur-
poses, such as industrial robots, but also in areas with
direct human contact, such as medical and care robots.
Reducing energy consumption is currently a major chal-
lenge. While the final energy consumption in Japan has
stabilized since 2005, it is increasing globally due to the
development of emerging economies [2]. Considering
electricity consumption, electric motors in the industrial
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field consume approximately 30-40% of the total elec-
tricity globally and account for approximately 70% of
the total energy consumption in the industrial field [3].
Furthermore, it is certain that automobiles and other
vehicles will eventually become powered by electricity.
Considering these factors, increasing the efficiency of
motors is an important issue.

There are two methods to increase the efficiency of
motors: one is by improving the motor itself [4, 5], and
the other is by improving the usage. The latter can be
classified into electrical and mechanical methods, which
involve control [6] and design of the transmission path
of the mechanism, respectively. In terms of mechanical
methods, a variable transmission gear is effective, but
currently, such transmissions with practically applicable
dimensions for robot joints have not been realized.

Variable transmission mechanisms can be classified
into gear-switching transmissions and continuously
variable transmissions (CVTs). Gear-switching trans-
missions use a clutch mechanism for switching gears,
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and the reduction ratio cannot be changed while main-
taining the output torque. Therefore, if a robot hand or
arm is equipped with such a transmission mechanism,
it will drop the object it is holding when the gear ratio
is changed. By contrast, CVTs can continuously change
gear ratios without losing output torque. However,
practical CVTs are complicated, bulky, and not suitable
for robots [7-9].

Thus, force-sensitive CVTs for robots have been
studied extensively. For linear motion, linear mecha-
nisms have been proposed [10-12]; however, they
are specialized to linear motion and are not versatile.
Moreover, for rotational joints, novel mechanisms have
been proposed, such as a bendable linkage mechanism,
twisted wire mechanism, and drum CVT mechanism,
etc. [13-16]. However, these mechanisms need time to
deform their transmission, cannot change the transmis-
sion ratio instantaneously; moreover, and have limited
motion ranges.

Therefore, in this study, we propose a coupled-
driven switchable transmission mechanism that uses
two motors and can change the transmission ratio by
combining the rotation directions of the two motors.
The motors cooperate to drive two power transmission
routes of a high-torque (low-speed) path and a high-
speed (low-torque) path independently, and their rota-
tions join again to drive the output shaft. The proposed
mechanism essentially needs a non-back-drivable
mechanical element so that the high torque of the high-
torque path cannot back-drive the high-speed path at
the joined point when the motors drive the high-torque
pass. However, due to the high reduction ratio and low
transmission efficiency of the non-back-drivable mech-
anism, it is not suitable for the high-speed path. Spe-
cifically, we have previously demonstrated that the gear
ratios can be changed from 1/60 to 1/300 [17] and from
1/75 to 1/375 [18], with a small ratio of 5. Therefore, we
developed a novel two-way clutch (TWC) that is a non-
back-drivable mechanical element but has no reduction
ratio [19]. The coupled-driven switchable transmission
mechanism that uses the developed TWC can switch
its reduction ratio from 1/15 to 1/375 using two 22-W
motors, and the weight is only 905 g.

The remainder of this paper is organized as follows:
In Sect. Methods/experimental, we show the basic
principle of the coupled-driven mechanism to explain
why the TWC is required. In Sect. Results, we explain
the design of the proposed coupled-driven switch-
able transmission mechanism. In Sect. Discussion,
the experimental setup and methods are explained.
In Sect. Comparison with a common geared motor,
the experimental results and the performance of the
proposed mechanism are presented. In Sect. 6, we
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discuss the problems of the mechanism highlighted in
the experimental results and show how to solve them.
In Sect. Concluding remarks, we provide concluding
remarks.

Methods/experimental

Two-way-clutch for two-motor driven high-speed

and high-torque switchable mechanism

Variable transmissions can use motors at high energy
efficiency, but there are presently no small variable trans-
mission in practical use. Therefore, methods have been
proposed in which two motors are independently used,
one for high-speed drive and the other for high-torque
drive. Their motor arrangements can be classified into
two types: a parallel-arranged method [20, 21] and a
serial-arranged method [22—24]. The schematics of these
are shown in Fig. 1a, b, where M;, My, and R indicate
motor 1 for the high-speed drive, motor 2 for the high-
torque drive, and a reduction gearbox for the high-torque
drive, respectively. In the figure, the fixed parts are indi-
cated with shaded lines and cannot rotate, while the parts
connected to each other are indicated by a connecting
link and rotate as one unit. Bearings are indicated to
emphasize that they support parts rotation freely. How-
ever, for the sake of simplicity, their inclusion may be
omitted when spatial constraints are a limiting factor.

In Fig. la, two motors are arranged in parallel. M;
drives the output shaft directly, and thus, it has a high-
speed motion with low torque. M, drives the output shaft
via gearbox R; thus, it has a high-torque motion with low
speed. However, if the shafts of M; and R are connected
directly, M; cannot rotate its shaft due to the resistance of
R, and as a result, this device cannot drive at high speed.
Therefore, this method requires a mechanism between
the output shaft and gearbox R that transmits torque only
from the shaft of R to the output shaft. An electromag-
netic clutch can be used for this purpose, but it makes the
mechanism bulky and the control complicated. A one-
way clutch or a ratchet mechanism may be employed, but
such mechanisms can be driven in only one rotational
direction in a high-speed drive, as shown in Fig. 2a. In
this case, the mechanism shown in Fig. 2b is required so
that if the input shaft is rotated the torque is transmit-
ted to the output shaft; but if the output shaft is rotated,
the shaft rotates freely and cannot transmit torque to the
input shaft. Such behavior is analogous to that of a diode
in electronic circuits. Thus, a torque-diode is an intuitive
name for this mechanism. However, “torque-diode” is a
registered trademark of NTN Corporation [25]. There-
fore, in this paper, we refer to such a mechanism as a
TWC (free type).

In Fig. 1b, two motors are arranged in series. M is
supported by a bearing, and drives the output shaft.
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Fig. 1 Classification of two-motor driven mechanism, where a-d are parallel arrangement, serial arrangement, coupled-driven when two motors
are driven in the opposite direction each other, and the coupled-driven when two motors are driven in the same direction each other, respectively
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Fig. 2 The shaft rotation pattern, where a-c are one-way clutch, two-way clutch (free type), and two-way clutch (lock type), respectively

M, drives a pedestal via R, and the pedestal holds the
entire body of My. If M1 and the output shaft are con-
nected directly, M; is back-driven and cannot generate
a high torque when M drives the entire body of M; by
rotating the pedestal with a high torque. In this case,
a non-back-drivable mechanism is needed between M;
and the output shaft, and the pedestal is connected by
a connection link. However, a conventional non-back-
drivable mechanism has a high reduction ratio, screw-
nut, worm gear, Shoji-Lock [26], etc., and is not suitable
for high-speed driving. Therefore, the mechanical ele-
ment shown in Fig. 2c is required, in which if an input
torque is applied from the input shaft, the torque is
transmitted to the output shaft, but if an input torque
is applied from the output shaft, the shaft is locked up

and cannot transmit torque to the input shaft. We call
this mechanism a TWC (lock type).

As described above, the two-motor mechanism can
switch high-speed and high-torque drives by using a TWC.
However, these mechanisms use only one motor at high-
speed or high-torque drive, and the other motor becomes
a deadweight. Therefore, we proposed a coupled-driven
switchable transmission mechanism, as shown in Fig. 1c, d.
M; and M; are fixed to the housing of the coupled-driven
mechanism, which has two output shafts on the left and
right sides. When two motors are actuated in opposite
directions, the left-side output shaft of the coupled-driven
mechanism rotates as shown in Fig. 1c, and when two
motors are actuated in the same direction, the right-side
output shaft of the coupled-driven mechanism rotates as
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shown in Fig. 1d. The left-side output shaft is equipped
with a TWC (lock type), and the right-side output shaft is
equipped with a reduction gear. Therefore, this device can
switch the high-speed and the high-torque drives by using
both motors’ output torques. Usually, a coupled driven
mechanism uses its two outputs for different works [23,
27]. However, in the proposed mechanism, two outputs are
used to rotate one output; thus, they are easily interfered
with each other. Therefore, it also needs a TWC (lock type).
There are some TWCs that are commercially available.
However, they are extremely inaccessibl and cannot rotate
at high speeds because they use roller parts that generate
friction inside them. Therefore, we developed a novel TWC
(lock type) for this purpose [19].

Construction and design of the coupled-driven switchable
transmission mechanism

Two-input & two-output coupled-driven mechanism

The actual construction of the coupled-driven mechanism
is shown in Fig. 3, where D1, D2, Gp1, Gp2, G711, Gs1, Gsa,
and R; are the differential gearbox 1, the differential gear-
box 2, a gear fixed to the housing of Dy, a gear fixed to the
housing of Dy, a gear meshed to Gp; and Gpy to rotate the
input shaft of Ry, a gear attached to the output shaft of D,
a gear attached to the output shaft of Dy, and the reduction
gearbox for high-torque drive, respectively. Figure 4 shows
the construction of a differential gearbox, where w;, w,, and
wy, are the rotation speeds of the input and output shafts
and the housing, respectively. If the housing is fixed and
the input shaft is rotated, the output shaft is rotated in the
opposite direction, as shown in Fig. 4a. If the output shaft is
fixed and the input shaft is rotated, the housing is rotated at
half the speed of the input shaft, as shown in Fig. 4b. These
relationships are expressed by the following equation:

o = (i + ) /2 (1)

(a) High speed Output
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Fig. 4 The rotation pattern of a differential gearbox, where a
and b are the case in which the housing is fixed and that in which
the output shaft is fixed, respectively

Figure 3a shows the case where M; and M; are driven
at the opposite speeds of w and —w, respectively. In this
case, D1 and Dy try to rotate G1 by Gp1 and Gpg in oppo-
site directions but cannot rotate. As a result, Gg; and Ggy
turn to rotate shaft 1 at a high speed of w. Fig. 3b shows
the case where M and M are driven at speeds of w. In
this case, Gs; and Ggsp cannot rotate, and Gp; and Gpy
rotate at a speed of w/2. As a result, G rotates the input
shaft of Ry to rotate shaft 2 at a low speed of w/2R;. Note
that the reduction ratio R; includes both reduction ratios
between Gpiang2 and Gt and that of Ry.

Method to combine two inputs to one output

In the example of a coupled-driven mechanism shown in
Fig. 1, the motor’s bodies rotate, which is not desirable
because the motors are equipped with electric cables.
Therefore, in the coupled-driven switchable transmis-
sion mechanism, the two outputs shown in Fig. 3 need
to be combined again. In such cases, a differential gear-
box is generally used. Fig. 5a shows the basic construc-
tion, where D3 is an additional differential gearbox . A
TWC is required for the high-speed drive shaft so that
when the output torque is increased, the torque does not
back-drive the high-speed drive shaft. This construction
is robust; furthermore, as shown in Fig. 5b, we propose a

(b) High Torque Outpu‘z)

M,

o
o Gp,

Fig. 3 Construction of the coupled driven mechanism, where a and b are high-speed output drive and high-torque output drive, respectively
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Fig. 5 Method of combining two different outputs

from the coupled-driven mechanism, where a and b are

the basic construction and a construction in which TWC is used
as a pseudo-differential mechanism, respectively
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Fig. 6 The behavior of TWC to use as a pseudo-differential
mechanism, where a—c are in the cases of the input shaft is rotated,
the housing is rotated, both the input shaft and the housing are
rotated, respectively

method in which a TWC itself is used as a pseudo-differ-
ential mechanism.

The motions of TWC used as a pseudo-differential
mechanism are shown in Fig. 6. If the housing of the
TWC is fixed and the input shaft is rotated, the output
shaft rotates at the same speed as that shown in Fig. 6a.
However, if the input shaft is fixed and the housing is
rotated as shown in Fig. 6b, its relative rotation relation-
ship between the shafts and housing is the same as that
in Fig. 6a, and only the housing rotates without rotating
the shafts. Therefore, to rotate the output shaft at the

Ge G, @,

GD2

Torque Drive Path
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same speed as that of the housing, the input shaft needs
to be rotated at the same speed as shown in Fig. 6¢c. This
is the difference from an usual differential mechanism
illustrated in Fig. 4. Therefore, to drive the output shaft at
high torque, it is necessary to rotate the high-speed drive
shaft as well as the high-torque drive shaft at the same
speed. This requires a slight speed difference between M;
and My illustrated in Fig. 3b.

Total construction of the proposed mechanism

The total construction of the mechanism is shown in
Fig. 7. If Mj and M rotate at the same speed in oppo-
site directions as illustrated in Fig. 7a , the housing of the
TWC is stopped and the output shaft of the TWC rotates
at the same speed as that of M; and M,. This motion is
the high-speed drive. In this case, the reduction ratio of
the high-speed drive Rys is

Rys = Ry, (2)

where R is the reduction ratio of the final gear Ro.

Moreover, if M1 and M, rotate at the same speed in the
same direction as shown in Fig. 3b, the TWC is driven as
in Fig. 6b, and the output shaft cannot be rotated. Thus,
a small difference between the speeds of M; and M, is
required to rotate the input shaft of the TWC at the same
rotation speed as that of the TWC housing. The motion
of the high-torque drive is shown in Fig. 7b, where w1, wo,
wp1, WD, WS1, WS2, WTWC, WO, GT2, and G¢ are the rota-
tion speeds of M1, My, Gp1, Gpa, Gs1, Gs2, TWC, and the
output shaft of Ry, a gear attached to the output shaft of
R; and a gear attached to the housing of TWC, respec-
tively. Here, the reduction ratio Ry accounts for the total
reduction ratio of the high-torque path that is enclosed
with a dotted line in Fig. 7b, including the reduction
ratio caused by Gp1, Gp2, GT1, G12, and Gc. The relations
among them are calculated as follows:

b) G., %1
Total Reduction
Ratio of High

GD2

N
Ge  Gg, @,

Fig. 7 Construction of the coupled driven switchable transmission mechanism, where a and b are high-speed drive motion and high-torque drive

motion, respectively
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wp1 = (w1 + ws1)/2 (3)
wpy = (w3 + ws2)/2 (4)
—Ws1 =ws2 = WTWC (5)
wp1 =wpy = Riwrwce (6)

From these equations, the speed ratio of w; and w, is
obtained.

2R —1
w1

2R +1

wy = (7)
Moreover, w1, wy, and wp can be calculated as follows,
where Ry1, Ryo, and Ry are the reduction ratios at the
high-torque drive of M; and My, and the average reduc-
tion ratio at the high-torque drive, respectively.

w1/wo =R (2R1 + 1) = Ry (8)
w2/wo =R2(2R1 — 1) = Ry 9)

Ryt = (Rp71 + RET2)/2 = 2R1R0 (10)

This result is equivalent to the reduction ratio obtained
by the product of the reduction ratios of the differential
gearboxes, Ry, and Ry. This driving method back-drives
the high-speed drive path slightly and decreases the
energy efficiency slightly. However, removing a differen-
tial gear can prevent the energy loss caused by the differ-
ential gear, and make the mechanism simple and small.
Moreover, if R; is large, the back-drive speed of the high-
speed path is small, and its effect is limited.

The high-torque drive can be actuated reliably by con-
trolling the speeds of two motors using rotary encod-
ers. In contrast, if a load torque is applied to the output
of this device, the output shaft of the TWC and TWC
housing are locked. Then, if the high-speed path cannot
generate a high enough torque that releases the lock of
TWGC, it is forced to back-drive at the same speed as the
rotation speed of the housing of TWC. As a result, if an
appropriate load torque is applied to the output shaft,
a high-torque drive can be expected without accurate
speed control.

Actual design and selection of the motors and gears

The target specifications were set to an output torque of
10 Nm at the high-torque drive, a rotation speed of 500
rpm at the high-speed drive, and a switching transmis-
sion ratio of 25, referring to our previous prototype with
a transmission ratio of only 5. We assumed that the maxi-
mum rotation speed of a motor was 8000 rpm. Therefore,
to achieve 500 rpm at high-speed drive, the reduction
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ratio of Ry is 1/16. We selected Maxon GP42C203115,
whose reduction ratio, number of stages, maximum
allowable torque, and weight are 1/15 (6/91), 2, 11.3 Nm,
and 360 g, respectively, which approximates the desired
reduction ratio. To achieve a switching transmission ratio
of 25, we calculated the total reduction ratio of the high-
speed path Ri= 12.5 from the following equation:

Ry /Rpgs = 2Ry (11)

If Ry is 12.5, the actual gearbox R; shown in Fig. 7 is not
required independently, and it can be achieved simply
by the combinations of gears of Dy,,42-GT1 and Gra-Gc.
The reduction ratio of the high-torque drive becomes
1/15-1/25 = 1/375.

To select motors, the transmission efficiency should be
estimated. We assumed the efficiency of one gear stage as
no. The efficiencies of a differential gearbox vary based on
the motion, as shown in Fig. 4a and b. The efficiencies are

NDa =13 (12)

145}

Db = 5

(13)

where 1p, and npy are the efficiencies of the differential
gearbox in the motion shown in Fig. 4a and b, respec-
tively [28]. Ry uses two sets of gear meshing, R, is a two-
stage planetary gear, and the efficiency of the one-stage
planetary gear is equal to npj. Therefore, the efficiencies
of Ry and Rj are obtained as

NR1 = 77(% (14)

2 2
_[1+mg
77R2— 2 ’

where nr1 and ng are the efficiencies of R; and Ry.

At the high-speed drive, the output shaft of D; provides
torque to the input shaft of TWC via Gg; and Ggjy, but the
output shaft of Dy provides torque to the input shaft of
the TWC directly. Thus, we assumed the efficiency of Gg;
and Gg; as their average ngs

(15)

1+no
2

nGs = (16)

From these, the efficiencies of the high-speed drive nys
and high-torque drive ny7 can be calculated as follows:

2
1+n3\ (1+mno
NHS = NDallGSNR2 = n%( 5 0> ( 5 (17)
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3
1+ 772
NHT = NppNRINR2 = 773( 0 (18)

2

By assuming no = 0.9, we can assume nys = 0.63 and nyr
= 0.60.

To achieve maximum torque at the high-torque drive
THTmax = 10 Nm, the rated torque of the motor Ty
should satisfy the following equation:

TH Tmax
> T

= 22[mNm]
2nRur

(19)
To achieve maximum speed at the high-speed drive
MHSmax = 500 rpm, the rated rotation speed of the motor
ny should satisfy the following equation:

HN > Rusnpsmax = 7500[rpm] (20)

Based on the above criteria, we selected Maxon DC-
MAX26GBKL24V with a rotary encoder, whose nominal
voltage, nominal torque, nominal speed, nominal current
and weight are 24 V, 26.6 Nm, 8100 rpm, 1.08 A, 120 g,
respectively.

Figure 8 shows the actual arrangement of the
mechanical elements of the coupled-driven switchable
transmission mechanism. The actual photo is shown
in Fig. 9. The specifications are also shown in the fig-
ure. Details of all gears and their stiffness are shown in
Appendix A

Two-Way Clutch Gg, ,
Fig. 8 Three-directinal view and perspective bird's-eye view of the 3D-CAD model

M, Timing Belt
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22W Motor x 2

HS : 1/15
HT * 1/375

(Measured MAX 16.5 Nm) L

Fig.9 Developed coupled-driven high-speed and high-torque
switchable transmission with its specifications

Experimental method

The motors are driven by Maxon’s motor drivers (ESCON
module 24/2). The motor driver can drive a motor in two
ways: one is voltage control, where the driver outputs a
voltage equivalent to a specified rotation speed based on
pre-measured data without using the rotary encoder. The
other is precise speed control using the rotary encoder.
Owing to its versatility, experiments were primarily con-
ducted using voltage control and partially using speed
control. For safety, the current limit was set to 1.08 A,
which is the maximum continuous current, and the
acceleration limit is set to 30000 rpm/s. The following
experiments were conducted.
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Experiment to confirm the switching of the high-speed
drive and the high-torque drive

Exp. 1-1 High-speed drive by the voltage control In the
high-speed drive, two motors are driven at the same
speed. The motor drivers supply a voltage equivalent to
4000 rpm to the two motors. After 5 s of forward rota-
tion, 5 s of inverse rotation is conducted.

Exp. 1-2 The high-torque drive by the speed control In
the high-torque drive, a speed difference is required
between the two motors. First, we confirmed that the
device can be driven using the high-torque drive by accu-
rately controlling the motor speed. M; is driven at 4000
rpm and My is driven at 12/13 of that speed. This ratio is
obtained from eq. 7.

Exp. 1-3 The high-torque drive by the voltage control In
a simple device such as an in-vehicle winch directly con-
nected to the battery via a relay switch without using a
motor driver, the speed difference between the two
motors should be generated naturally without compli-
cated control. In the developed device, if two motors
are driven at the same speed, the housing of TWC will
rotate freely. However, when a load is applied to the out-
put, the TWC may lock, which could potentially generate
a speed difference between the two motors naturally. We
attached an arm of 180-mm length to the output shaft
and attached a weight of 0.6 kg that applies a torque of
approximately 1.1 Nm to the shaft, as shown in Fig. 10.
Then, we moved the arm upward for 5 s, then downward.
The experiment was conducted using different voltages at
equivalent to 1000 rpm and 4000 rpm.

Exp. 1-4 Torque switching experiment We conducted
a torque-switching experiment assuming that the robot
hand grasps an object, where the finger switches the drive
modes from the high-speed drive to the high-torque
drive after the finger touches the object. An arm of 170-
mm length is attached to the output shaft and pushed
against a force sensor (Tec Gihan, USL06-H5-200N-A)
to measure the contacting force, as shown in Fig. 11. The
screw of the slitted part is tightened so that the arm does
not slip against the output shaft. The applied voltage is
changed from that used at equivalent to 1000 rpm to
that at 4000 rpm. Moreover, we confirmed the maximum

180mm

D

Output Shaft S|

Fig. 10 Experimental setup for the high-torque drive by the voltage
control
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170mm Sgrew

Output Shaft -

| O

Friction force

Force sensor

Fig. 11 Experimental setup for the torque measurement
experiments

output torque of this device when the nominal current of
1.08 A is applied to the motors at the high-torque drive.

Experiment to measure the transmission efficiency

Exp. 2-1 Static torque transmission efficiency The exper-
imental setup is the same as that in Exps. 1-4 (Fig. 11),
and we changed the supplying voltages and calculated the
input torque of the motors from their currents. The static
torque efficiency ns, can be calculated by the following
equation, where Ty, Tin1, Tina, Tin, and R are the out-
put torque of the device, torque of My, that of My, total
torque, and reduction ratio of the device, respectively.
R denotes Rys for the high-speed drive and Ryt for the
high-torque drive.

_ | Tout| _ l | Tout|
(Tl +1Ti2DR R |Tinl

ns (21)

Exp. 2-2 Dynamic power transmission efficiency The
experimental setup to measure the dynamic power
transmission efficiency is the same as that for Exp. 1-4
(Fig. 11). The screw of the slitted part is tightened softly
such that the output shaft can make a slip. When the out-
put shaft is rotated, the torque is transmitted by the fric-
tion between the output shaft and slitted parts. Since the
transmitted torque cannot be set arbitrarily, we change
the tightening torque of the screw to collect experimental
data. In this experiment, two motors are driven by speed
control so that the speed of M; approximates 1000 rpm
and 4000 rpm.

The input power Pj,, output power Py, and dynamic
power efficiency np can be calculated by the following
equation, where n,11, npr2, and 1, are the rotation speed
of M1, My, and the output shaft, respectively.

Poys | ToutMout|

Py, | Tarinan + Tarznarl

np = (22)
In the case of the high-speed drive, two motors are
driven at the same speed but in opposite directions, thus
npr1 = —npp, and the relation of the motor speed and
output shaft speed becomes |npr1| = |[Rangy:|. Thus, the
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dynamic power efficiency in the high-speed drive npys
can be calculated by the following equation.

Tout _ LTout
(Tar — Tm2)Ry Rps Tin

NDHS = (23)
In the case of the high-torque drive, we need to consider
that the two motors are driven at different speeds and
their reduction ratios are different.

"DHT = Tou
TaviRuT1 + TpaRur2
_ Tout/RHT _ L Tout
" TawiRur1/Rut + TaoRura/Rur— Rur T,
(24)
where T7, is the equivalent input torque including the

difference in reduction ratios of the two motors. In the
experimental results, we show plots of these values.

Rotary Encoder

]70171111 (Measure the output shaft angle)

- 100g (High speed
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= Persmsznrcsingy 1 g
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Experiment to confirm the applicability of feedback control
If the device is used in applications such as a robot arm,
feedback control is needed, and the use of TWC may
cause problems in feedback control due to its backlash.
Thus, we conducted basic feedback experiments. Fig. 12
shows the experimental setup. The arm lifts a weight
from 6 values of 0° to 60° where 6§ = 0 is 30° lower than
the horizontal line. Weights of 100 g and 500 g were
used for the high-speed drive and the high-torque drive,
respectively. The rotation angle of the output shaft was
used for the feedback value, and motors were controlled
by the voltage control. In the high-torque drive, the
applied voltage of the slower motor is 12/13 of that of the
faster motor. We conducted P control (Exp. 3-1) and PID
control (Exp. 3-2) experiments.

Results

Results of experiment 1

Res. 1-1 Experimental results of the high-speed drive by
the voltage control The experimental result is shown in
Fig. 13a We confirmed that M; and M rotate at approxi-
mately 4000 rpm and the output shaft rotates at approxi-
mately 250 rpm, and its reduction ratio is 1/16. The actual
reduction ratio is slightly smaller than the ideal reduction
ratio of 1/15. We assumed that this is due to a small dif-
ference in the characteristics of two motors, where the
high-torque drive path is slightly moving. Moreover,
after this experiment, we applied a rated voltage of 24 V
to both motors and confirmed that both motors rotate at
approximately 7950 rpm. Therefore, the rotational speed

b) Exp. 1-2
4000( )' Ip — 7120
— B (T T ToT T
E R , 10 g
a2 L. .
= 000 L M, ;rw-————'-—_ E
s 0 ! , £
2 —0 1 &
22000} s Lo
e e AR
0 2 4 6 8 10
time [s]
(d) Exp. 1-4
1007 - O LN
Z  80F——1000rpm | .
8 el 4000rpm | _
2 60F ' ]
& : 1
5 40- ] ]
& I ; _
g 20- ; __
. L |
0 ;
time [s]

Fig. 13 Experimental result of the high-speed drive and the high-torque drive, where a—c are results of exp. 1-1, 1-2, 1-3,and 1-4, respectively
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of the output shaft was slightly smaller than 500 rpmap-
proximately close as designed.

Res. 1-2 Experimental result of the high-torque drive
by the speed control The experimental result is shown in
Fig. 13b. When motors are controlled by rotary encoders,
the high-torque drive is driven as expected.

Res. 1-3 Experimental result of high-torque drive by the
voltage control When the motors are driven at the same
voltage as that at equivalent to 1000 rpm, the two motors
were synchronized and the speed difference between
them was generated naturally. Thus, the high-torque
drive worked as expected, as shown in Fig. 13c. Moreo-
ver, when the motors were driven at the same voltage as
that at equivalent to 4000 rpm, the output shaft could not
be driven and the housing of TWC rotated similar to that
in the condition shown in Fig. 5b. This phenomenon can
be prevented following the condition discussed in Sect. 4.

Res. 1-4 Experimental result of torque switching The
experimental results are shown in Fig. 13d. In both exper-
iments where the applied voltages are equivalent to those
at 1000 rpm and 4000 rpm, the output torques could be
switched. When the applied voltage was small, the out-
put force was momentarily reduced due to the backlash
of the TWC, which is not desirable. However, when the
applied voltage was large, such a force reduction did not
appear, and it could change the reduction ratio faster
compared to when the applied voltage was small. Moreo-
ver, when we applied a nominal current of 1.08 A to the
motors, the measured torque was 16.5 Nm. It exceeded
the maximum allowable torque of the gear box, and the
target specification of 10 Nm was achieved.

Results of experiment 2

Res. 2-1 Experimental result of static torque transmis-
sion efficiency The measured input torques and output
torques are shown in Fig. 14. A first-order approxima-
tion of the experimental values is shown by the solid line
in the figure. Since the output torque should be 0 when

(a) High-Speed Drive (R=15)
T T T T T T T T T T

(o))
S
(=]

-—— 7,,~11.3:T,~37.6

wui=10.3-T;,

I
S
(=]

[\

S

(=]
T

| T R 1
0 10 20 30
Input Torque 7;,[mNm]

Ll
40 50 60

(=]

Output Torque 7, [mNm]
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the input torque is 0, the graph was approximated such
that it intersects the origin, as shown by the dashed line.
Although both lines are close, the x-intercept of the solid
line is slightly positive and the slope of the solid line is
slightly larger than that of the dashed line. This means
that the efficiency increases with increasing input torque.
We assumed that this was caused by a constant friction
force that is not affected by the applied input torque.
Since the transmission efficiency is the slope of the
dashed line divided by the gear ratio, the average efficien-
cies of the high-speed drive and high-torque drive are
0.69 and 0.89, respectively. In this experiment there are
no dynamic losses, thus, both efficiencies are larger than
the theoretical values of nys=0.63 and ny7=0.6.

Res. 2-2 Experimental result of the dynamic power
transmission efficiency Experimental results of the rela-
tionship between the input torque and the output torque
are shown in Fig. 15a, b. The x-intercepts of all graphs
are far from the origin, and thus, we calculated the effi-
ciencies as shown in Fig. 15¢, d. When the input torque
becomes small, the efficiency decreases significantly. In
the range of the graph, the efficiencies do not converge to
their maximum values. The estimation of the maximum
efficiency will be discussed in Sect. Discussion.

Experimental results of feedback control

Res. 3-1 Experimental result of P control First, we con-
ducted P control experiments. Experiments were con-
ducted using different P gains Kp of 2 and 4. The values
were selected experimentally. Figure. 16 shows the exper-
imental results. In the high-speed drive, the experimental
result shows an overshoot when Kp = 4. It shows discon-
tinuous motions due to the backlash of the TWC. By con-
trast, in the high-torque drive, overshoot did not occur
even when we used larger Kp than this experiment, and
discontinuous motions could not be generated. Moreo-
ver, in both experiments, a position deviation remained.

]

= (b) High-Torque Drive (R=375)

Z E T T T T T T T T T T ]
E20000F—— T,,=390-T",~2225 <
150008 - - 7, =334, E
S5 10000F E
ﬁ C ]
~ 5000F 3
= C ]
= E_ ]
‘5’ v L | L | M
S 0 10 20 30 40 50 60

Input Torque 7";,[mNm]

Fig. 14 Experimental result of the static torque transmission efficiency, where a and b are output torque by the high-speed drive, and output

torque by the high-torque drive, respectively
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(b) High-Torque Drive (R=375)
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Fig. 15 Experimental result of the dynamic power transmission efficiency, where a—d are output torque by the high-speed drive, power efficiency
by the high-speed drive, output torque by the high-torque drive, and power efficiency by the high-torque drive, respectively
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Fig. 16 Experimental result of P control where a and b are experiment by the high-speed drive, and by the high-torque drive, respectively

Res. 3-2 Experimental result of PID control To remove
position deviations, we experimented with PID control.
Since the backlash effect did not occur in the high-torque
drive, we conducted a PID control experiment only for
the high-speed drive. The gains were experimentally
obtained by trial and error. The experimental result is

shown in Fig. 17. The output approached to the target
angle, but a discontinuous vibration remained because of
the backlash of the TWC. The reduction of this vibration
will be discussed in Sect. Discussion.
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PID Control (H1gh Speed Drlve)
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Fig. 17 Experimental result of PID control

Discussion

High-torque drive by the voltage control

The proposed device worked almost exactly as expected.
However, when the two motors were driven at the same
voltage without speed control at the high-torque drive,
they naturally synchronized and could be driven when
the applied voltage was equivalent to that at 1000 rpm.
However, the motors could not be driven when the
applied voltage was equivalent to that at 4000 rpm. We
assumed that the applied load to the output shaft was
small compared to the input torques. Thus, we addi-
tionally experimented with the same voltage equivalent
to 3000 rpm applied to the motors, and confirmed that
the two motors were naturally synchronized to drive
the high-torque drive. The experimental result is shown
in Fig. 18a. The motor currents are also shown. In this
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Fig. 19 Images of the actual speed reduction where a—c are
conditions of no load, large load, and small load, respectively

experiment, the current of M; becomes negative, which
means M, forces to rotate M to generate counterelectro-
motive force, which is an undesirable situation for using
two motors effectively.

This phenomenon can be considered, as shown in
Fig. 19. The command values of the voltages for the two
motors are the same. If the load of the output shaft is
zero, the housing of the TWC rotates freely because the
two motors rotate at the same speed as that shown in
Fig. 19a. If the load is applied to the output shaft suffi-
ciently, the motors are forced to synchronize at the speed
ratio of 13:12. If the applied load is high, as shown in
Fig. 19b, both actual rotation speeds are slower than the
commanded value and both motors work. However, if the
load is small, the rotation speed of M; exceeds the com-
manded value, as shown in Fig. 19¢, resulting in the cur-
rent of M1 flowing backward. To avoid this phenomenon,
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Fig. 18 Experimental result of the voltage control of the high-torque drive
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the commanding value should be different. Ideally, the
speed ratio of the two motors is 13:12, and in the PID
control experiment, the device works correctly by apply-
ing the voltages at a ratio of 13:12. Therefore, we con-
ducted additional experiments where the voltages ratios
were changed to 13:12, 13:11 and 13:10, as shown in
Fig. 18b—d. When the ratio of the voltages was 13:12, the
current of M; became positive, but remained lower than
that of My. When the ratio was 13:11 the currents of both
motors were approximately equal. When the ratio was
13:10, the current of My became negative. These results
show that it is not always advisable to apply the voltages
to the motors based on theoretical ratios. Whether this
phenomenon is due to machining accuracy or the prin-
ciple of this mechanism needs to be investigated in the
future.

If the load torque is not sufficient, automatic synchro-
nization of two motors by applying the same voltage
cannot be realized, but synchronization is seen if volt-
ages with the adequate ratio are applied. Although this
device is not suitable for use in direct connection with a
battery, the experimental result shows that it has a pos-
sibility of switching the high-speed drive and high-torque
drive only by controlling the voltage, such as through an
inverter, without complicated speed control system.

Assumption of the maximum dynamic power transmission
efficiency

The dynamic torque transmission efficiency differs signif-
icantly depending on the input torque because it can be
assumed that there are two types of losses: one is a loss
¢ that depends only on the rotation speed and the other
is a loss u, that depends not only on the rotation speed
but also on the input torque. By using these, the following
equation is obtained.

Tour = (1— Mr)Tl'/nRHT — M 1> wr >0, e > 0)
(25)
The approximation curves in Fig. 15c, d are obtained
using this equation, and the parameters are shown in
Table 1. Based on this equation, the efficiency converges
to 1 — u, if the input torque is unlimited, and its val-
ues at the high-speed drive and high-torque drive are

Table 1 Assumed parameters for the power transmission

efficiency

Drive mode rpm Iy e

High-speed 1000 0.202 8.65
4000 0.179 21.94

High-torque 1000 0.392 2.77
4000 0.340 449
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approximately 0.8~0.82 and 0.6~0.65, respectively. The
estimated value of the high-speed drive becomes larger
than the theoretical value, and that of the high-torque
drive becomes close to the theoretical value. In prac-
tice, there is an upper limit to the input torque, so the
efficiency of the high-speed drive is expected to reach
approximately 0.72, which is the static torque transmis-
sion efficiency.

Modified PID control for this mechanism

When the device is controlled by PID in the high-speed
drive, vibrations remain due to the backlash of TWC.
Therefore, we introduced a control method where the
integrated value of current control is reset to 0 when the
deviation P is less than 0.3 degrees, that is, 10 pulses in
the encoder, and the rotation speed D is 0. The experi-
mental result is shown in Fig. 17. It can stop stably and
the deviation error becomes smaller than 0.03 deg. This
result shows that PID control is available even in the
high-speed drive that has a backlash by allowing a small
deviation (Fig. 20).

Comparison with a common geared motor

The developed device uses two 22-W DC motors, can
switch two reduction ratios at a different ratio of 25, and
can achieve a maximum output torque of 10 Nm and
maximum rotation speed of 500 rpm. We consider the
case where this value is achieved by a geared motor with-
out a variable transmission. The maximum motor rota-
tion speed does not differ significantly due to its wattage.
To withstand the same output torque, the gear head used
is the same as that for our final gear with a reduction ratio
and weight of 1/15 and 360 g, respectively. Assuming that
the efficiency of the gear head is 85%, to achieve an out-
put torque of 10 Nm, the required motor torque is higher
than 784 mNm. This value is 14.7 times larger compared
to the summed value of 53.2 mNm of the two motors
used in the developed device (26.6 mNmx2). Thus, the
wattage of the desired motor is 22 Wx2 x 14.7 = 647 W.

— . Improved PID Control (High-Speed Drive)
. : . : .

20 80
= T ERROR<0.03deg 1
L 60
0
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& 40__ P: Proportion I: Integral D: Differential ‘
<
©20¢  IF(ABS(P)<10 &&D=0)I=0;
2 i 4
& ) | . | .

Time [s]

Fig. 20 Experimental result when improved PID control is applied
to the high-speed drive
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Table 2 Specifications of the used gear
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Palameters Coupled Drive TWC Di,2

Symbol Gs1,2 Gp1,2 Gr1 Gr2 Gc Planetary Internal Bevel
gear gear gear

Module m 0.5

Pressure angle a 20

Number of teeth V4 40 24 60 14 70 23 60

Facewidth b [mm] 3 3 3 5 5 3 3 2.5

Quter cone distance Ra [mm] 7.1

Rotational speed (Initial assumption) n [rpm] 7500 3750 1500 1500 300 0 0 7500

Maximum load T[mNm] 36.5 40.6 183 183 823 788 205 40.6

Call Fe IN] 3.65 677 677 523 523 137 137 137

circumference force

Material POM POM S45C S45C S45C S45C C3604 C3604

Allowable material stress at the root Olim IN/mm] 39.2 392 137 137 137 137 26.2 26.2

Tooth form factor Ye 2.28 32 2.25 268 207 293

Load distribution Ye 0.591 0.625 0.625 0.508 0.508 0.61

factor

Helix angle factor Yg 1 1 1 1 1 1

Life factor Ki 1 1 1 1 1 1

Dimension factor Krx 1 1 1 1 1 1

Dynamic load factor Ky 1.5 1.5 1.5 1.2 1.2 1.7

Overload factor Ko 1 1 1 1 1 1

Tooth form factor y 0.7 0415

Speed correction Ky, 1.12 136

factor

Temperature factor Kr 1 1

Lubrication factor K 0.75 0.75

Material factor K 0.75 1

Service factor Cs 0.8 0.8 Assumed 3 hrs/day

Safety factor Sk 1.2

Cutter diameter Y 1

effect factor

Longitudinal load Kp 1.8

distribution factor

Reliability factor Kgr 14

Allowable circumference force Fyiim [N] 27 26 85 95 135 112 28 30

If the weight and size of the motor is proportional to its
wattage, the weight of the required motor becomes 120
gx2 x 14.7 = 3528 g, and the total weight including the
gear head becomes 3888 g. As a result, this device suc-
ceeded in reducing the size and weight significantly.
Moreover, at the high-torque drive, the developed device
has a high reduction ratio with a low current, and thus,
the energy consumption can also be reduced. It should
be noted, of course, that this device cannot produce both
high-speed and high-torque at the same time.

Concluding remarks

In this paper, we showed that a two motor-driven high-
speed and high-torque switching mechanism essentially
requires a TWC to achieve a high variable transmis-
sion ratio. Additionally, we proposed a coupled driven
switchable transmission mechanism that uses a novel
TWC to achieve a high variable reduction ratio. Experi-
mental results show the proposed device works as
expected. Moreover, its usability and controllability are
also discussed. However, the experiments in this paper
were conducted independently for high-speed and high-
torque drive, respectively, and how to switch the gear
ratio during position control is an interesting topic for
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taking advantage of the characteristics of the device. In
the future, we will conduct such experiments. Moreover,
we will develop a different type of TWC (free type) to
develop a parallel arranged motor type two motor-driven
mechanism as another method of two motor-driven
mechanisms.

Appendix A Specifications of the used gears
The stiffness of the gears can be calculated based on the
gear technical referencebook [29]. We selected all gears
for the allowable circumference force Fyj;, to exceed the
call circumference force F; as listed in Table 2

Fyim of a metal-spur gear can be obtained by the fol-
lowing equation.

mb KiKpx 1

Filim = Olim o e =,
tlim lim YFYeYﬁ KyvKo Sp

(A1)
where oy, m, b, Y, Ye, Yp, Ki, Kpx, Ky, Ko and Sf are
module, facewidth, tooth form factor, load distribution
factor, helix angle factor, life factor, dimension factor,
dynamic load factor, overload factor and safety factor,
respectively.

Fyim of a plastic-spur gear can be obtained by the fol-
lowing equation.

K/ KKKy 1

Fyim = myboy;, Cs Sp ’

(A2)
where y, Ky, Kr, K;, Ky and Cs are tooth form factor,
speed correction factor, temperature factor, lubrication
factor, material factor and service factor, respectively.

Fyim of a bevel gear used inside differential gear box
D12 can be obtained by the following equation.

Ra —0.5b mb I(LI(FX 1
R, YrY.YgYc KpKyKo Kz’
(A3)
where R, Y¢, Kp and Ky are, outer cone distance, cutter
diameter effect factor, longitudinal load distribution fac-
tor and reliability factor, respectively.

Fijim = 0850y,
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