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Abstract

Since earthquakes are a frequent occurrence in Japan, seismic control devices have long been widely used for civil
structures. Seismic control devices are particularly effective for reducing the wind-induced or earthquake-induced
response of high-rise buildings. Viscous dampers that are typical seismic control devices have temperature dependency
and repeated load dependency for the viscous damping force. Therefore, the conventional devices are problematic in
that the damping performance is reduced in long-period ground motions.

We propose a new eddy-current type damper (eRDT) to improve this issue. This device is converted from linear
motion the ball screw to rotational motion of the pole ring by an amplifying mechanism. Permanent magnets are
arranged on an outer surface of the pole ring and the braking ring made of steel, which faces the permanent magnets of
the pole ring while maintaining a certain gap. When an earthquake occurs, a strong magnetic field is created and an
eddy current is induced in the braking ring. As a result, the Lorentz force is generated and the reaction force acts in the
inverse direction of the pole ring rotation. Therefore this device can absorb vibration energy of the building structure. In
this paper, we describe the basic structure of the eRDT, and report the findings elicited from fundamental tests.
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1. Introduction

We have developed viscous-fluid type dampers using a ball screw (RDT) [1-3]. The RDT is a compact
damper that generates a large viscous damping force because it has an amplification mechanism using a ball
screw. However, the viscous damping force depends on both temperature and repeated load [4,5]. Therefore,
when we design buildings, it was necessary to consider the reduction in the forces due to these effects. On
the other hand, in the automotive field, a permanent magnetic retarder (PMR) [6] is known as auxiliary
brakes for large-sized commercial vehicles. The PMR has low temperature dependency of eddy current
brakes and requires no maintenance for decades. In previous papers, research on eddy-current dampers and
implementation examples can be seen, but there are no development examples of 1,000 kN class dampers for
civil structures [7-12]. Against this background, we have developed 1,000 kN class eddy-current type
damper (eRDT) using a ball screw for buildings that applies the PMR technology to the RDT [13-16]. This
paper describes the outline of the eRDT, the generating principle of the eddy-current damping of the eRDT.
Also, we propose that the design formula of a total damping force of the eRDT considering both temperature
and repeated load dependency based on results of the dynamic testing using a full-scale damper specimen.

2. Permanent magnetic retarder (PMR)

Fig.1 depicts a schematic representation of a permanent magnetic retarder (PMR). The PMR are used for
auxiliary brakes such as trucks, buses and other medium- and large-sized commercial vehicles. The part
consists of a rotor that is connected to the propeller shaft of a vehicle and that rotates and a stator having
permanent magnets in it that is secured to the non-rotating section of the vehicle.

Fig.2 illustrates the main part forming the magnetic circuit of the PMR. When the rotor rotates in the
magnetic field formed by the permanent magnets, eddy currents are generated on the rotor. The interaction
between the currents and magnetic field generates Lorentz force in the direction opposite to the rotation
direction. This force works as braking force that suppress the rotation of the propeller shaft. On and off of
braking is switched by making the permanent magnets reciprocate in the circumferential direction using air
cylinders. When the braking is on, the magnetic flux of the permanent magnets reaches the rotor through the
pole pieces that are a ferromagnetic material, which generates braking force while the rotor is not in contact
with the stator. When braking is off, a pole piece and the adjacent magnets from a closed circuit to prevent
the magnetic flux from reaching the rotor. In this way, the magnets are moved by half of the arrangement
interval of the pole pieces arranged in the circumferential direction to switch on and off of the braking.
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Fig. 1 — Schematic representation of a permanent magnetic retarder (PMR)
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Fig. 2 — Magnetic circuit of the PMR
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3. Outline of an eddy-current type damper (eRDT)

Fig.3 depicts a schematic representation of an eddy-current type damper (eRDT). When applying the PMR
technology to the RDT, we considered that the operating temperature, rotation speed, and durability were
different from that for the vehicles, and the damper for buildings did not necessarily require the brakes to be
turned on-off like a pole piece. In particular, we thought that permanent magnets were not likely to be
affected by the performance decrement due to repeated load, which is a great advantage as a damper. The
technology of the PMR was incorporated into the braking section. The shear resistive force due to the
viscous-fluid, which is the damping force generation mechanism of the RDT [1-3] was replaced with the
shear resistive force of the eddy-current. A ball screw was used for the amplification mechanism.

Permanent magnet Braking section

/\‘\1 Ball nut

Ball screw

Braking ring  Pole ring

Fig. 3 — Schematic representation of an eddy-current type damper (eRDT)

The eRDT consists of a ball screw shaft, a ball nut, permanent magnets, a pole ring, and a braking ring.
Neodymium magnets (Nd-Fe-B) were used as permanent magnets. A plurality of the permanent magnets
were attached along the outer peripheral surface of the pole ring. The poles of the permanent magnet are
magnetized in the radial direction. Adjacent magnetic poles are located on different poles. The material of
the pole ring is a ferromagnetic material. The pole ring has a role of a yoke that makes it difficult for the
magnetic flux from the permanent magnet to leak outside. The pole ring is structured to rotate in accordance
with the rotation of the ball nut. Since an eddy current is generated on the inner peripheral surface of the
braking ring, it is made of a material having magnetism and conductivity. The inner peripheral surface of the
braking ring and the permanent magnet face each other with a gap.

4. Generating principle of an eddy-current force of the eRDT

Fig. 4 depicts the generating mechanism of an eddy-current force of the eRDT. When the ball screw shaft
moves in the axial direction occurred to shaking such as earthquakes, the ball nut and the pole ring rotate, so
that permanent magnets attached to the pole ring rotates. Therefore, the relative velocity is generated
between the braking ring and the pole ring, and a fluctuating magnetic field is generated on the surface of the
braking ring. Eddy currents are generated on the braking ring surface by the action of the fluctuating
magnetic field, and a Lorentz force is generated by an interaction between the eddy current and the magnetic
force. The resistive force is generated in a direction opposite to the ratation of the pole ring. This force
become the main damping force of the eRDT.
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Fig. 4 — Generating mechanism of an eddy current force the eRDT
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5. Specimen Outline

Table 1 lists the specifications of the eRDT specimen, Fig. 5 shows explanation of item and notion of the
eRDT. The specimen was designed to the maximum total forces of 1,000 kN at maximum velocity of 15cm/s
for seismic control of buildings. The length is 1,100 mm, the outer diameter is 365 mm, the stroke is = 100
mm, and the weight is 530 kg. The braking section was designed so that the maximum braking torques
would be 2.3 kN-m when the rotation speed of the ball nut was 450 rpm.

Table 1 — Specifications of specimen

Item Notion Unit value

Length L mm 1,100

Stroke S mm +100
Weight w mm 530
Amplification Diameter of ball screw Dg mm 100
section Lead of ball screw Ly, mm 20
Braking Diameter of braking ring Dgr mm 365
section Diameter of pole ring Dpg mm 295
Amplification factor Srr mm 46
Inertance my ton 150

Polering  Permanent magnet  Brakingring  Ball screw Stroke St

] efer df Ball screw Dy

Diametef of Pole ring Dpp

Diameter of Braking ring Dy,

Length L

Fig. 5 — Explanation of Item and Notion of the eRDT

6. Experimental Setup

Fig. 6 and 7 shows the schematics and photographs of the experimental setup, respectively. The specimen
was installed via a clevis joint on a portal frame equipped with a 3,000 kN dynamic actuator (Maximum
forces + 3,000 kN, Maximum velocity + 30 cm/s, Stroke £ 100 mm).

The measured points were the load of the actuator, displacement of the actuator, the relative displacement
of the damper, the displacement of the clevis joint, the temperatures around the permanent magnets, and an
ambient temperature.

The input waveform for confirming the basic performance of the eRDT was 5 cycle of sine wave with
taper. The input frequency was 0.1-1.0 Hz, the input amplitude was + 2-60 mm, and the maximum velocity
was 0.13-18.8 cm/s. In addition, 1cycle of ramp wave was input to confirm the friction resistive force of the
eRDT at low velocity (Amplitude + 80 mm, Velocity £ 0.1 cm/s).
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Fig. 6 —Experimental Setup

Fig. 7 — Photograph of experimental setup

7. Experimental Results

7.1 Hysteresis loops

Fig. 8 and 9 depicts the hysteresis loops of ramp wave and sin wave for frequency of 0.1 Hz, 0.2 Hz, 0.3 Hz,
0.5 Hz, respectively. The test starting temperature was 20 ‘C. As shown in Fig. 8, a rectangular hysteresis
characteristic can be seen at low velocity range. Since the resistive force generated by the eddy current has
almost no effect at the low velocity range, this hysteresis characteristic is considered to be caused by
mechanical friction. Also, it can be seen that as the amplitude increases, the history loops show a history
characteristic as if an ellipse were added to a rectangle. This hysteresis characteristic is considered to be the
effect of the resistive force due to eddy currents. Furthermore, it can be seen that as the frequency increases,
the hysteresis characteristic tilts to the right. This is considered to be the effect of the inertial forces.

100

l ]

Force (kN)
°

-100

-100 -75 -50 50 75 100

—25 o 25
Displacement (mm)

Fig. 8 — Hysteresis loops of ramp wave

7.2 Velocity and Frequency dependency of the total damping force

Fig. 10 (a) depicts the total damping force-velocity relationship of the first cycle in the axial direction of the
ball screw. As shown in Fig. 10 (a), it can be seen that the total damping force shows a large increase at the
low velocity, and shows a non-linear characteristic as the velocity increases. There is almost no change in the
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Fig. 9 — Hysteresis loops of sin wave

total damping force-velocity relationship due to the difference in frequency, and it can be said that there is no
frequency dependency of the total damping force. Fig. 10 (b) depicts the eddy current force-velocity
relationship of the first cycle in the axial direction of the ball screw. The conversion from the total damping
force F to the eddy current force O, was calculated by Eq. (1).

Qe = <§>_Qi_Qf
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Where, the convention efficiency of a ball screw A = 1.40, the frictional forces Oy = 20 kN, inertia

mass for calculating inertial forces Q; = 150ton. As shown in Fig. 10 (b), the ratio of the eddy current force to
the total damping force is about 70%.
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Fig. 10 — Velocity and frequency dependency

Fig. 11 depicts torques due to the eddy current force-rotational speed relationship of the first cycle.
The conversion from the eddy current force (kN) to the torque (kN-m) was calculated by Eq. (2). The
conversion from the velocity (cm/s) of the axial direction to the rotational speed (rpm) was calculated by Eq.
(3). As shown in Fig. 11, it was confirmed that the setting of the eddy current force was as designed.
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Fig. 11 — Torque-rotational speed relationship

7.3 Temperature dependency of the eddy current force

Fig. 12 and 13 depicts the eddy current force-velocity relationship of the first cycle in the range of from -
5 to 50 °C, and the measurement point of the temperatures around the permanent magnets, respectively. In
confirming the temperature dependency of the eddy current force, it was difficult to testing under a wide
range of ambient temperature. Therefore, the test starting temperature at measurement point (2) was regarded
as the ambient temperature and evaluated. The temperature difference between measurement point ) and
measurement point (D was within == 1 °C. The data were grouped into a range of =2.5 °C for each of -5, 0,
10, 15, 25, 30, 40, 45, and 50 °C. The reference temperature for design was 20 C.

As shown in Fig. 12, there is almost no temperature dependency at the high temperature side with respect
to the design temperature of 20 °C, but the temperature dependency can be confirmed at the low temperature
side. The scatter of the eddy current force was -5.7% to 26.3% compared to that at the design temperature of
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20 ° C. Since the change in magnetic flux density due to the temperature of a general neo-simultaneous
magnet is -0.12 % per “C, the low-temperature side scattering is considered to be a mechanical factor other
than permanent magnets, such as an increase in resistance force due to the temperature dependency of grease
used in ball screws and bearings. The problem of the decrease in damping force caused by the temperature
rise due to the repeated load is a problem on the high temperature side, and Fig. 12 shows that the eRDT can
improve these problems.
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Fig. 12 — Temperature dependency of eddy current force Fig. 13 — Measurement points of temperatures

7.4 Repeated load dependency of the total damping force

Fig. 14 depicts temperature rise-cumulative energy of the total damping force relationship. As shown in Fig.
14, It was found that the temperature rise and the cumulative energy have approximately linear relationship,
and this relationship is expressed by Eq. (4).
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Fig. 14 — Temperature rise-energy relationship  Fig. 15 — Force ratio-temperature rise relationship
AT = 0.0745-3LE 4

Where AT is the temperature rise of at measurement point 2), 2'E is the cumulative energy of the total
damping force. Fig. 15 depicts the force reduction ratio of each cycle against the force of 1st cycle-
temperature rise (Force ratio y) relationship at measurement point ). y is expressed by Eq. (5).

¥ = 0.0000336-AT? — 0.00335AT + 1.0084 (5
Where v is the force reduction ratio of each cycle against the force of 1st cycle. As shown in Fig. 15,y

was approximately 0.93 at 50 © C., and it was confirmed that the eRDT had high performance with respect to
the repeated load dependency.
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As described above, the temperature rise due to the cumulative energy can be estimated by the Eq. (4),
and the force reduction ratio of each cycle against the force of 1st cycle due to the temperature rise can be
evaluated by Eq. (5). Here, the design limit temperature of the permanent magnets is approximately 120 °C.

8. Design formula for total damping force of the eRDT

8.1 Composition of total damping force

Fig. 16 and 17 illustrates the composition of total damping force of the eRDT, and the analysis model of the
eRDT, respectively. K, in Fig. 16 indicates the axial rigidity of the damper. The total damping force of the
eRDT is expressed as the combined force when the eddy current force Q., inertia force Q; and frictional
force Oy generated in the braking section work on the convention efficiency of the ball screw [2].

Total damping force F' ’_> Xy ’H Xg

Eddy current force O, r A% Q_/
Ao b 0
' - 1=
Displacement x
Y
. L. Damper rigidity Braking section
Inertial force Q; Frictional force Oy 1 1 ‘4

Fig. 16 — Composition of total damping force Fig. 17 — Analytical model of the eRDT

Thus, the total damping force F of the eRDT is derived from the following equation:
F=2(Q + Qi+ ) (6)

Where A is the convention efficiency of a ball screw, is the following equation:

1
A=

1
Up (m + tane) (7)
1-—77 lgtand  HsBasB

Where up and tan8 are the friction coefficient of the ball screw and lead angle of the ball screw, usp is
the friction coefficient of the thrust bearing, and ass is the amplification factor at the center diameter of the
thrust bearing (=2mrsg / Lq). La is the lead of the ball screw. The eddy current force Q. generated in the axial
direction of the ball screw is expressed by Eq. (8).

_ 2mrpR _ rTe 8
Qe_< Ld >rQe_aPR(TPR> ()

Q. is expressed by multiplying the amplification factor apg (= 2mrpr/ La) at the outer radius of the pole
ring by the circumferential eddy current force ,Q. generated on the inner surface of the pole ring. Q. is equal
to the torque force , 7 divided by the pole ring outer radius as shown in Eq. (9).

. . (2mTpp .
rXd = Xq ( L ) = XqpR (9)
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The rotational velocity +¥a of the pole ling is expressed values obtained by multiplying the axial
velocity X4 of the ball screw by apz. The relationship between Eq. (8) and (9) shows that the eddy current
force is a force that depends on the rotation speed. Therefore, the eddy current force can be represented as a
dash-pot model that generates damping forces depending on the velocity as shown in Fig. 6.

The inertial force Q; generated in the axial direction of the ball screw is expressed by Eq. (10).

Q; =](i—:)2 Xq =mgXq (10)

Where J and %4 are the moment of inertia of the ball-nut and pole-ring about the ball screw axis, the
linear relative acceleration. Q; is expressed by multiplying an apparent mass mgy by %, . my is expressed by
multiplying the moment of inertia by ampilification factor (27/La)*.

8.2 Evaluation of design formula of the eddy current force

In this section, we propose the design formula of the eddy current force considering both the temperature
dependency and repeated load dependency obtained in the sections 7.3 and 7.4. First, the data of relationship
between the eddy current force and velocity at temperatures from -5 to 50 © C was by tri-linear model as
shown in Fig. 18 (a). Next, the evaluation formula of the eddy current force considering the temperature
dependency was created from each coefficient of the tri-linear model at each temperature. This evaluation
formula is expressed by Eq. (11). Fig. 18 (b) shows design curves from —5 to 50 ° C obtained from Eq. (11).
Drawing of the design curves shown Fig. 18 (b) in was performed up to the velocity confirmed in the
experiment at each temperature. The scatter between the experimental values shown in Fig. 13 and the
design curves was -13.2% to + 14.3%.

Here, the total damping force F' considering the temperature dependency is obtained by substituting 4
= 1.4, Q. equals Eq. (11), Or=20 kN, and Q; equals Eq. (10) into Eq. (6).
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(a)Tri-linear model (b) Design curves of from -5 to 50 °C

Fig. 18 — Analytical model of the velocity-the eddy current force relationship

Qe = (1~ %Xy (g < %q1)
Qe = Co(Xg — X41) + Qeq (Xg1 < Xg < Xg2) (11)
Qe = C3(%kg — %Xg2) + Qp2 (Xq2 < %4)

10
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Where
Q. :Eddy current force (kN)
Xq : Velocity (cm/s)
€1 : 1st damping coefficient €, =0013T%-1.11T + 103
C; :2nd damping coefficient  C, = 29.18
Cs :3rd damping coefficient C;=144p
Xa1 : Istyield velocity (cm/s)  %4;=206.78/(C, —C,)

Xaz2 : 2nd yield velocity (cm/s) x4, =129

Qe1 : 1styield force (kN) Qe1 = C1 " Xg1
Qez : 2nd yield force (kN) Qop = C3+ %4y + 54528
B : Temperature factor B =0.000155T%— 0.0127T + 1.193

T : Ambient temperature (‘C)

Also, the total damping force F' considering the repeated dependency in addition to the temperature
dependency can be obtained by multiplying Eq. (6) by y shown in Eq. (5), and is the following equation:

F=y-2(Q.+Q;+ Q) (12)

Fig. 9 shows comparisons between experimental values and design curves in sine wave. As shown in
Fig. 9, the two values are almost identical, it was confirmed that validity of the evaluation formula of the
total damping force of the eRDT.

9. Conclusions

This paper proposed a new eddy-current type damper (eRDT) using a ball screw for the seismic control of
buildings that applies the PMR technology to the RDT. Dynamic testing was conducted using a full-scale
damper specimen. The experimental results using sinusoidal excitation showed that the temperature
dependency on the high-temperature side was very small, and the reduction in damping force due to repeated
load was small. It was showed that the evaluation formula of the eddy current force Q. considering both the
temperature dependency and repeated load dependency can be modeling in tri-liear model considering the
velocity dependency. It was confirmed that the total damping force could be evaluated by replacing this Q.
with the viscous damping force O, of the conventional RDT design formula.

The authors would like to futher investigate the performance reduction due to large amplitudes and
long-term repeated loading and the eddy current forces by low temperature testing at high velocity range, and
to improve the accuracy of the evaluation formula proposed in this paper.
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