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SUMMARY

In our recent work, we have proposed a novel force
control actuator system called series damper actuator (SDA).
We have since built an SDA system based on magneto-
rheological fluid (MR) damper. In this paper, the dynamics
property of SDA system based on the MR fluid damper
(SMRDA) is investigated. The effect of the extra dynamics
introduced by the MR fluid damper is revealed by comparing
the SMRDA with the SDA system based on a linear
Newtonian viscous damper (SNVDA). To linearize the
constitutive property of the MR fluid damper, a modified
Bingham model is proposed. A force feedback control loop
is implemented after the linearization. An experimental
SMRDA is built to illustrate the performance of the SDA
system.

KEYWORDS: Series damper actuator; Series elastic actuator;
Magneto-rheological fluid damper; Bingham model; Impedance;
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1. INTRODUCTION

Force/torque control is necessary when robots need to
interact with unknown environment. This is especially true
for robotics system such as assembly manipulators, legged
robots, haptic devices, and so on. To implement force (from
here, “force” generally means “force/torque”) control, a
common method is to use the strain gauge setup to obtain
the force signal.>-* The performance of this method is poor
due to its low signal-to-noise ratio. Furthermore, because of
its high structural stiffness, it is not suitable for biomimetic
legged robots or haptic devices, which require their joints to
be both compliant and precisely force-controlled.

Currently, the best solution for this problem is called series
elastic actuator (SEA)*> proposed by MIT Leg Laboratory.
The key feature of this method is the introduction of a series
elastic component (SEC) between the motor and the load,
which consequently increase the compliance of the actuator
interface. The output force, fio,q is indirectly controlled by
controlling the deformation (measured by a sensor) of the
elastic component, given the elastic property. Figure 1 shows
a schematic diagram of the SEA.

The primary advantages of the SEA are good force fidelity,
low output impedance, tolerance to shock loading, and
robustness to changing loads. However, the introduction of
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an elastic component in the system increases the order of
the system and consequently, reduces the bandwidth of the
system.® Furthermore, the selection of the elastic property
for the SEC is mainly governed by the trade-offs among the
force bandwidth, force range, and impact tolerance. Due to
the fact that the elastic property is usually a constant (since
it is difficult to achieve variable elastic property design), it
is very hard to achieve good force fidelity at both low- and
high-end range.

To overcome some of the shortcomings in the SEA, Zinn
et al.” proposed a force control actuation approach called
distributed macro-mini actuation. This approach employs a
pair of actuators that are connected in parallel. One of them
is used to realize the low-frequency torque generation and
the other one is for the high frequency. The resulting system
can increase the force bandwidth, and yet be able to reduce
impact loads. However, the system is more complex and
costlier due to the requirement of additional actuators.

In our recent work, we have proposed a novel force
control actuator system called series damper actuator (SDA)
(US Patent pending).!® Having a similar structure as the
SEA, the proposed SDA system, as shown in Fig. 2, uses
damper to replace spring as the series component in the
actuator system. SDA can achieve both good force fidelity
and high compliance, which is desirable for applications like
legged robotics, haptic devices, etc. The SDA system can
also potentially be applied to achieve a wide range of force
output if the damping constant of the series damper can be
varied.! To realize the concept of SDA system, we have built
an SDA system based on a magneto-rheological (MR) fluid
damper.

Although our proposed SDA system originated from the
concept of SEA, the experimental setup of our proposed
SDA system has a similar structure as Furusho’s force
control actuator.'®!'""15 In Furusho’s system, an MR fluid
damper was also located in series between the motor and
the load. By controlling the input current to the damper, the
output torque of the actuator could be achieved. In spite of
the structural similarity of our experimental system to the
Furusho’s system, a different approach for force control has
been adopted in our work. In the latter, it is assumed that
the output force is not dependent on the input/output relative
velocity of the damper. The drive unit (motor) mainly acts as
a velocity source to one end of the MR damper. The output
force of their actuator system is controlled mainly by varying
the current supply to the MR fluid damper, which will in turn
alter the Coulomb friction behavior for the damper. The MR
fluid damper is thus behaving more like a force clutch.
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Fig. 2. Schematic diagram of SDA.

For our SDA system, the target damper is desirable to
be of viscous type whose damping force is dependent on
the damper’s input/output relative velocity. If we know the
constitutive property of the damper, the output force can be
indirectly controlled by controlling the damper’s input/output
relative velocity. That is, the damper is acting like a force
sensor. The MR damper in our actuator system is mainly
used to emulate a viscous damper. In fact, the system can use
a broad range of dampers, such as linear or nonlinear viscous
damper, MR fluid damper, ER fluid damper, or other types
of dampers, as long as their force output can be made to be a
function of the input/output relative velocity (either by virtue
of their designs or by software control).

In this paper, the dynamics property of the SDA system
based on an MR fluid damper (SMRDA) is investigated. It
is also compared with the SDA based on a linear Newtonian
viscous damper (SNVDA). This paper is arranged as follows.
The working principle of an SDA system is first introduced
in Section 2. In Section 3, the properties of SMRDA and
SNVDA are analyzed and compared through modeling.
Section 4 presents the control algorithm for SMRDA.
Finally, the experimental setup and results are described in
Section 5, and Sections 6 and 7 provide discussion and
conclusions.

2. SERIES DAMPER ACTUATOR

SDA system incorporates a series damper between the driver
and the load. A schematic diagram of the SDA with a
feedback loop is shown in Fig. 2. A typical SDA system
consists of a control module, a driver, typically a motor with
or without gear transmission; and a damper, typically viscous
type. The output of the system is the force. This output
variable is indirectly controlled by controlling the relative
velocity of the damper given its damping coefficient. For a
linear viscous damper, the output force can be known from
the following equation:

F = bv, (D

where b is the damping coefficient and v is the relative
velocity between the input and output ports of the damper.

https://doi.org/10.1017/50263574706002876 Published online by Cambridge University Press

Series damper actuator system

Compared with the SEA system, the SDA system uses a
series damping component instead of an elastic component
and consequently, results in a system with system order being
one less than that of SEA.” Hence, SDA will have a larger
bandwidth than the SEA system. Another advantage of the
SDA system is that the damping coefficient of the damper can
easily be made variable by adopting an appropriate damper
design, e.g., variable orifice viscous damper or MR fluid
damper. This allows the damping coefficient to be adjusted
according to the environment conditions. For example, at
high force and low force ranges, the damping coefficient
can be increased and decreased, respectively, to allow an
appropriate relative velocity in the damper. This endows
the system with higher force fidelity at both high and low
force ranges. Furthermore, the SDA has inherent impact
absorption property due to the energy dissipation property
of the series damper. This characteristic is very important
for walking robots, haptic devices, or robot manipulators to
protect themselves from damage when they are subjected to
external impact. The main disadvantage of using damper also
comes from its energy dissipation property. Such a property
limits the efficiency of the SDA system.’

For an ideal linear Newtonian viscous damper, the damping
coefficient in Eq. (1) is a constant and the output force can
be known from the velocity information of the damper if the
damping constant is known in advance. However, if there is
some error with the knowledge of damping coefficient, this
error would directly reduce the output force fidelity because
this error cannot be included in the velocity information. In
this case, force sensor can be used here to measure the output
force directly, rather than calculating the output force using
velocity information based on Eq. (1). In most force control
applications, the accuracy of the force control is usually
not very crucial. The bandwidth property is usually more
important. Hence, force control using velocity sensing is
typically sufficient for most applications.

3. PROPERTY ANALYSIS FOR SDA

In this section, an investigation on the bandwidth (fixed end)
and the output impedance of the SDA is carried out. An MR
damper is adopted to be the series damper so that variable
damping coefficient can be achieved. However, the MR fluid
damper has more complex dynamics compared with the idea
viscous damper as described by Eq. (1). To understand the
effect of the extra dynamics of MR fluid damper, two different
SDA models are studied and compared. One is the SNVDA
model, in which the damping coefficient of the series damper
is assumed to be constant and the output force is proportional
to the damper’s relative velocity. The other is the SMRDA
model, which incorporates the extra dynamics introduced by
the MR fluid damper. A comparison between SNVDA and
SMRDA will be presented.

3.1. System models

3.1.1. Model of SNVDA. This section provides the model
for the SNVDA system. The model and frequency domain
block diagram for the SNVDA plant is shown in Fig. 3(a) and
(b), respectively. To understand the force control properties
of the SDA system, we investigate the SDA plants with a
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Fig. 3. (a) The SNVDA model; (b) the block diagram of SNVDA
plant; and (c) the block diagram of the SNVDA system with a unit
feedback and a proportional controller.

unity feedback and assume that a proportional control law
is used for the feedback controller, as shown in Fig. 3(c).
The adoption of such a simple control law is to enable the
properties of this force control actuator system to be clearly
illustrated. From the model, we can obtain the closed loop
transfer function of the SNVDA system as follows:

KprFd(S) — KmeS VL(S)
IS + Ko(Kp + 1)

Fi(s) = ; @)

where Ky is the damping coefficient of the series damper;
Vi (s) is the motor output velocity; Vi (s) is the load velocity;
K, is the proportional gain; F (s) is the load force; Fy(s) is
the desired output force; Fy,(s) is the force developed by the
motor.

a)
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3.1.2. Model of SMRDA. Numerous mathematical models
for the MR fluid damper have been proposed.'* In this paper,
a simple Bingham viscoplastic model is employed for the
SMRDA system model (Fig. 4(a)). In this model, the behavior
of the MR fluid damper can be expressed as follows!?:

F = K,Vq + Frsign (Vy), 3)

where F is the output force of the MR fluid damper; F; is
the magnetic field-dependent torque/force; K, is the damping
coefficient when no input current / is applied; and Vj is the
damper velocity.

This is a static model and valid only for applications that
do not require fast response. Since fast response is desirable
for the SDA system, the dynamics of the MR fluid damper
has to be considered in the model. The dynamics of the MR
fluid damper is mainly due to the response of the magnetic
field dependent force F, with respect to the input current /.
It is assumed to be a first-order dynamics as given by the
following transfer function':

Fl) _ o

Gr = T s
(S) 1 S + w;

“

where K; and w, are constants, representing the gain and
bandwidth of the dynamics, respectively. The block diagram
of this MR fluid damper model is shown in Fig. 4(b).
SMRDA plant comprises of two components, viz. an
electrical motor and an MR fluid damper. The model of
SMRDA plant is illustrated graphically in Fig. 5, where F,
is the force developed by the motor, J,, is the rotor inertia,
Vm is motor rotor velocity, Vi is the load velocity, and F is
the load force (output force). The dynamics of the motor is

I L
G, (%) P sign(v)
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_
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{b)

Fig. 4. Bingham viscoplastic model of MR fluid damper. (a) Force F vs. damper velocity V4 diagram. (b) Damper model block diagram.
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Fig. 5. (a) Schematic diagram of SMRDA structure. (b) SMRDA model block diagram.
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Fig. 6. The block diagram of the SMRDA system with proportional
controller and unity feedback.

mainly due to the rotor inertia Jy, as shown in Fig. 5(a). The
block diagram of SMRDA plant is shown in Fig. 5(b).

To achieve force control in the SDA system, the damper
is desired to possess linear constitutive property, that is, the
force being proportional to the damper velocity V4. Under
static condition where F; is proportional to /, the linearity
property can be achieved by using the following linearization
algorithm for I:

I =K'V, )

Let us assume K’ = 1. If the linearization algorithm is used
and taking into account the dynamic behavior between F;
and / (given by Eq. (4)), Eq. (3) becomes

F = K,7Vd + K’GT(S)Vd = (K,] + G.)Va = GgVy, (6)

where Gy represents the MR fluid damper model after
linearization and G4 = K, + G-.

The resulting SDA plant is controlled by a proportional
control law with unity feedback as shown in Fig. 6. The
resulting transfer function of the SMRDA system is as
follows:

Kp(G. + K,) -
Jus +(Gy + K)(Kp+ 1) ¢

Ins(G: + K;) v
Jus + (G + K)(Kp+ 1)

F =

N

where F 4 is the desired output force. Substituting Eq. (4) into
the transfer function of SMRDA, Eq. (7) yields

K,K,s + Kow (K. + K,) F
Jus? + (Inwr + Ky + Ko K)s + (Kp + DK, + Ko,

K,]Jms2 + Jnw (K + Kj)s v
Jus? + (Inwr + K, + Ko K)s + (Kp + D(K; + Ko, -

®)

F =

3.2. Simulation and analysis

In this section, SMRDA was compared with SNVDA model
in terms of the system bandwidth (fixed end) and the output
impedance. The parameter values used for the simulations
are listed in Table I. To make these two systems comparable,
we assumed that K,, + K; = Ky. In the simulations, K,

https://doi.org/10.1017/50263574706002876 Published online by Cambridge University Press

Series damper actuator system

Table I. The parameter values used in the simulations.

Parameters Values Units
Jm 0.02 kg m?
K, 18.5 -

K4 0.385 Nm s
K, 0-0.385 Nm s
K, 0-0.385 Nm s
w: 10-Inf. rad/s

K, and w, are varied to show their effects on the system
properties.

3.2.1. Bandwidth of SNVDA. According to Eq. (2), the
transfer function of SNVDA, when output end is fixed, can
be written as

Kl ©)
Fi  Jms+ Ka(Kp +1)

That is, SNVDA can be described by a first-order model.
Note that the introduction of the Newtonian viscous damper
does not increase the order of the actuator system. Rewriting
Eq. (9) gives

FL , W1

— =K ; (10)
Fd N +w1
where
K/ — KP
Ky+1
and
K4(K 1
w = M_ an
Jm

For a first-order system described by Eq. (10), w; is the
bandwidth of this actuator system. The Bode magnitude plot
of Eq. (10) is shown in Fig. 7.

3.2.2. Output impedance of the SNVDA system. The
output impedance, sometimes also called the mechanical

Bode Diagram

FfFK @B

) (radis)

Fig. 7. Bode magnitude response of the SNVDA actuator system.
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Fig. 8. The output impedance of the SNVDA system.

impedance, is defined as

Fe

2 = 2O (12)
VL(s)

where Vi represents the velocity at the load end, Fe(s)

(Fe(s) = —FL(s)) represents the external force exerted on

the output end of the actuator due to the load movement.
Low output impedance is a desirable property for the SDA
system. From Eq. (2), the output impedance of the SNVDA
system is
K d J, mS
Ims + Ka(Kp + 1)

Normalizing the equation with the damping constant Ky, we
have

Z(s) = (13)

_ F. _ IS S
C ViKy  Jns+ KaKp+ 1D s+or

Z'(s) (14)

The output impedance of SNVDA system is plotted against
the frequency in Fig. 8. It is observed that the output
impedance at low frequency is low (which is desirable).
When the frequency is higher than the SNVDA system’s
bandwidth o, the output impedance approaches the damping
constant K.

3.2.3. Bandwidth of SMRDA system. According to Eq. (8),
the transfer function of SMRDA can be expressed as
Ao K,K,s + Koo (K, + K.)
Fo Jus? 4 (Unor + Ky + K K,)s + (K + K)(Kp + Do,
(15)

Note that the dynamics of the MR fluid damper increases
the order of the actuator system. Higher order usually means
lower bandwidth and narrower stability margin. K, and K,
are the gains of Newtonian viscous component and field-
dependent component in the MR fluid damper dynamics,
respectively, as described in Eqgs. (3) and (4). To know their
effects on the property of the SDA system, the values of
K, and K, are varied in the simulation. Different values
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of K, and K, represent different proportions of the extra
dynamics (field-dependent component) caused by MR fluid
in the whole dynamics of damper. Two extreme conditions
are analyzed. The first is achieved by setting K, = Ky
and K; = 0. This corresponds to the case where the extra
dynamics of the MR fluid damper becomes negligible.
The other is achieved by setting K, = 0 and K; = Kg.
This corresponds to the case where the extra dynamics is
significant.

Case A: K,, =Kg and K; = 0:

Under this condition, Eq. (15) can be further simplified as
follows:

F K,K,

= . (16)
Fo Jus + K,(Ky + 1)

In this case, the transfer function is identical to that of
SNVDA (Eq. (9)). So the bandwidth of SMRDA is given
by Eq. (11). This is because the MR fluid damper behaves
like a Newtonian viscous damper when there is no magnetic
field-dependent component in Eq. (3).

Case B: K;, =0 and K; = Kg:

In this case, Eq. (15) can be modified as follows:

Fy KpKra)r

Lo . (17)
Fd JmS + Jma)rs + Kr(Kp + 1)6()-[

The system transfer function is rewritten as follows:

., @)
Fy 52+ 28wys + w5
where
K/ — KP
K,+1’
K. (K, + Do,
a)2 = —7
V Jm
and
£ = 1 Jmw:
2V K(Kp+ 1)

In this case, the model is a typical second-order system.
Here, w; and & are the undamped natural frequency and
the damping ratio, respectively of this system. The system
bandwidth is dependent on both parameters.®

Now, let us consider the effect of w, on the system
bandwidth. When w, — 0, the system bandwidth tends to
zero. If w, — oo, Eq. (17) can be rewritten as

R KK,
Fi (Jn/®)s? + Jms + Ko (Kp + 1)
KK,

T Ims + K (Kp+ 1)

2 For this second-order Bandwidth =

(1)2\/21@4 —EI 4128241

system,
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Fig. 9. Bode magnitude plot of the SMRDA system with different
value of w;, when K;, = 0 and K; = Kg.

This transfer function equals to that of SNVDA. When w,
approaches infinity, the current input response dynamics of
the MR fluid damper (Eq. (4)), behaves like a zero-order
system with constant gain K.

The Bode plot of the SMRDA system for different w,
is shown in Fig. 9. It is observed that the bandwidth of
the SMRDA system increases with the increase of w, in
the low-end range. As w, is large, the bandwidth of the
SMRDA system approaches that of the SNVDA system
as defined in Eq. (11). If w, is large enough, the high-
order dynamics introduced by the MR fluid damper can be
neglected. However, the typical value of w, for the MR fluid
damper is usually in the low-end range. Hence, the extra
dynamics introduced by the MR fluid damper is usually not
negligible, and will inevitably reduce the bandwidth of the
overall system.

The two cases discussed earlier are the extreme cases.
Figure 10 shows the simulation results of the SMRDA

B JEK (d8)

1) (redi)

Fig. 10. Bode magnitude plot of SMRDA system with different
value of K, when w, =20 rad/s and K; + K,, = Ky.
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systems with different proportions of Newtonian viscous
component K, and field-dependent component K., when
K: + K,, = K4 and w,; = 20 rad/s (20 rad/s is a typical value
for the MR fluid damper used). It is shown that the transfer
function, and therefore, the bandwidth of the SMRDA system
is always between the first-order system described by Eq. (16)
and the second-order system described by Eq. (17). If the
ratio of K; over K, increases, the system model approaches
the second-order system and the bandwidth reduces. On the
contrary, if the ratio of K; over K, decreases, the system
model approaches the first-order system and the bandwidth
increases.

3.2.4. Output Impedance of the SMRDA system. From
Eq. (8), the output impedance of the SMRDA system is

Kn.lms2 + Jnw (K + K,))s
Jns? + (Unw; + K, + KpK,)s + (K + DK + Ko,
(18)

Z(s) =

To compare with the SNVDA system, the output impe-
dance equation is normalized with the damping coefficient
(K: + K,) as follows:

Fe
VL(K: + K;)
— (K, /(K: 4+ K))Jus® + I, s
Jns? + (I + K, + K Ky)s + (K, + DK + K)o,
19

Z/(s) =

As in the previous section, two extreme cases are considered
here: K, = K4, K; =0; and K, =0, K; = Kj.

Case A: K, = K4, K, =0:

In this case, Eq. (19) can be written as

Jms

Z/(s) = .
Jms + K (Kp + 1)

The resulting function is similar to that of the SNVDA system
(Eq. (13)) because the SMRDA system behaves like the
SNVDA system when K, = Kg4, K; = 0.

Case B: K. =0,K, = Kg:

In this case, the output impedance Eq. (19) can be written
as

Jnw.s

Z'(s) = 5 .
Jns* + Jnwrs + K (Kp + Doy

To consider the effect of w, on Z'(s), the output impedance
was plotted against w, as shown in Fig. 11. Similar to
the SNVDA system, the output impedance of the SMRDA
system is also low when the frequency is low. The output
impedance magnitude reaches its peak value around the
system high cutoff frequency whose value is dependent on
the value of w,. However, being different from the SNVDA
system, the output impedance reduces continuously and
maintains low value when the frequency approaches infinity.
That is, the system has low output impedance in both the
low- and high-frequency range.

Figure 12 shows the output impedance for different values
of K, and K; when w, = 20 rad/s, which is a typical value
for the MR fluid damper. It is observed that the final value of
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Fig. 11. Output impedance of the SMRDA system with different
value of w;, when K;, = 0 and K; = Kj.
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Fig. 12. Output impedance of the SMRDA system with different
values of K, and K; when w, = 20 rad/s.

the output impedance described in Eq. (18) approaches K,
rather than Ky as in the case of the SNVDA system when the
frequency approaches infinity.

The analyses showed that the introduction of the MR
fluid damper into the SDA system increases the order of
the system. The low-bandwidth @, of the MR fluid damper
response to the input current would compromise on the
overall bandwidth of the SDA system. Therefore, to achieve
large bandwidth for the SMRDA system, a large value for w,
is desirable.

It was also shown that the dynamics of the MR fluid damper
causes the output impedance of SDA system to be low at

705

both low- and high-frequency range. The output impedance
reaches the maximum value around the system high cutoff
frequency. When the frequency approaches infinity, the out-
put impedance of the SMRDA system approaches the value
of K,, the Newtonian viscous component of the MR fluid
damper. To reduce the output impedance at high frequency,
a small K, is desirable. However, a small K,,, which usually
means a large ratio of K; to K,;, makes the SMRDA system
more susceptible to the dynamics of the MR fluid damper
especially when the value of w; is low.

4. CONTROLLER DESIGN

In this section, the control algorithm for the SDA system
based on the MR fluid damper is described. Due to the
typical nonlinearity property of the MR fluid damper,
the MR fluid damper would first be linearized using
appropriate inverse models. After linearization, a closed loop
controller is designed to achieve the force control for the
system.

To linearize the MR fluid damper, an intuitive way is to
employ inverse dynamics model as shown in Fig. 13. In the
following sections, two dynamic models for the MR fluid
damper will be presented and compared.

4.1. Dynamic models for MR fluid damper
In this section, we will consider two different models for the
MR fluid damper. One of them is the Bingham viscoplastic
model presented in Section 3.1.2. The Bingham model can
be represented by the following equations:

F = fosign(Va) + coVa, (20)
fo= fat fol, 2y
co=ca+cpl, (22)

where f;, fy, Ca, Cp are model parameters; f and c( are model
internal variables; F', V4, and I are the output force, the damper
velocity, and the damper input current, respectively.

To achieve a better result, we propose a revised Bingham
model as follows:

F = fosign (Vo)(1 — exp(—aabs(Va))) + coVa + B, (23)
Jo=fa+ /P, (24)
co = Cy + P, (25)
P=y(I—-P), (26)

where f, fv, Ca, Cb, &, B, Y are model parameters; f, co, P are
model internal variables; F and V4 are the output force and
the damper velocity, respectively.

In this new model, the extra first-order dynamics
(represented by G.(s) in Section 3.1.2) in the MR fluid

Desired
Damper _ _ Damping Input Actusl
Velacity Desired Linear | Foroe Inverse | Cuent Bamping
val 1 Ferery > Model » MRD Force
o {Fe¥)} ’—r (=HF V) ampar —Ry
Vd

Fig. 13. Inverse dynamics control for MR fluid damper linearization.
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Table II. Values of model parameters.

Units Model 1 Model 2
fa Nm 0.1409 0.2803
fo Nm/A 2.5680 3.5394
Ca Nm s 0.0163 —0.0120
Cp Nm s/A 0.0057 0.0011
o S - 0.6641
B Nm - —0.0612
y rad/s - 16.4154

damper is modeled by Eq. (26). Another point to note is that
the original Bingham model does not consider the hysteresis
effect of the MR fluid damper. Therefore, significant error
may result if this model is used. This error will also result in
errors in the parameters identification (using the least square
method). In the new model, the term (1 — exp(—aabc(Vy))) in
Eq. (23) helps to reduce the model error due to the hysteresis
effect, and hence, results in a more accurate result during
parameters identification.

Let us denote Model 1 and Model 2 for the origin Bingham
model described by Egs. (20)—(22) and the proposed
modified model described by Eqgs. (23)—(26), respectively.
Using the nonlinear least square method, the values of
the parameters in Egs. (20)—(22) and (23)—(26) can be
determined for the MR fluid damper. Table I shows a
set of the parameters’ values identified for our MR fluid
damper used in the experimentation based on Model 1 and
Model 2.

In Eq. (26), y is the bandwidth of the MR fluid damper
response to the input current. It is the same as w,, which was
used to denote the bandwidth of the MR fluid damper’s extra
dynamics G, (s) in Eq. (4). Identification results show a low
value of y, which will, according to the analysis of Section 3,
compromise the overall bandwidth of SDA system. In fact,
the low-bandwidth performance of the SDA system, which
adopted MR fluid damper, has been reported in our previous
works. 116

4.2. Models validation for MR fluid damper

To validate the models, the predicted forces of Model 1
and Model 2, given the damper velocity and current, are
compared with the measured MR fluid damper force. In this
experiment, the MR damper was subjected to predetermined
profiles for the relative velocity and the current, the actual
output force (torque) was then measured. After that, the
predicted forces were calculated using the same profiles for
the relative velocity and the current, and compared with the
actual output force as shown in Fig. 14. It can be seen that
Model 2 gives a better damper response prediction. The
response delay caused by the extra dynamics of MR fluid
damper has been effectively compensated.

4.3. Linearization of MR fluid damper constitutive property
Based on Model 1 and Model 2, the MR fluid damper’s
constitutive property can be linearized using the approach
depicted in Fig. 13. In this linearization algorithm, the desired
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Fig. 14. Comparison between the experimental output force and
predicted output force based on the two models.

linear property is defined as
Fesired = Kdesired X Vi, (27

where Feireq 1S the desired damping force, Kgesireq 1S the
desired damping constant, and V is the damper velocity. The
inversed modified Bingham model, based on Egs. (23)—(26)
can be written as

P
4
Fesired — faSign(Vd)(l - e—ot\VdI) —caVa — ,3

P = -
fosign (V)(1 — e=eIVal) 4 ¢, Vg

(29)

With the linearization algorithm, the MR fluid damper
output for the sinusoidal and the step inputs (for both models)
are shown in Figs. 15 and 16, respectively. It is observed that
the force output for Model 2 has a better phase matching and

Desired Force
------- Qutput of Model 1
3r — — Qutput of Model 2 |7

Torque (Nm)

1
0 0.5 1 15 2 25 3
Time (s)

Fig. 15. Force outputs of MR fluid damper after linearization
(open loop), for Models 1 and 2, where desired force is sinusoidal
(for K4 = 0.17 Nm s).
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— — Output of Mode] 2

3r 4

Torgue (Mm)

Tirme ()

Fig. 16. Force outputs of MR fluid damper after linearization (open
loop), for Models 1 and 2, where desired force is a square signal
(for K4 = 0.17 Nm s).

4 T T T T T

Desired Line
— - — Model 1

3r — —Model 2 7

Toraue (Nm)

Velocity fadis)

Fig. 17. Linearity properties comparison for MR fluid damper
after linearization (open loop) using Models 1 and 2 (for K4 =
0.17 Nm s).

faster step response while the force output for Model 1 has a
certain phase lag and a slower step response.

Due to the larger model identification error, Model 1 has
a more inferior performance than Model 2. It can be seen
from Fig. 17 that the MR fluid damper after linearization has
a better linearity property for Model 2 than that for Model 1.
The result based on Model 1 has also significant hysteresis
behavior.

Figure 18 shows the Bode plots (corresponds to G4 in
Fig. 13) of the MR fluid damper after the linearization based
on Model 1 and Model 2, respectively. For Model 1, the
damper, rather than working as a constant gain, shows a
high-order dynamics character, which is caused by the extra
dynamics of MR fluid and its linearization process. In Model
2, this extra dynamics is considered as a first-order model
and compensated by the inverse model. Therefore, it gives a
better frequency response, that is, a larger bandwidth and a
small phase shifting as shown in Fig. 18.

Due to the better description of the MR fluid damper’s
actual dynamics, the proposed modified Bingham model
gives a better performance after the linearization algorithm.
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Fig. 18. Bode plots (G4) of MR fluid damper after linearization,
based on Models 1 and 2.

4.4. Overall control scheme for SMRDA
Theoretically, if the damping constant is known, the output
force of the damper can be controlled by controlling the
damper velocity. However, the output force fidelity is directly
affected by the uncertainty in the actual damping constant.
Although the MR fluid damper after the linearization has a
good linear behavior, there are still deviations as shown in
Fig. 17. To obtain a better performance for the SDA system, a
force feedback control loop is implemented based on a force
Sensor.

When we analyze the SDA system in Section 3, we assume
a simple proportional controller so that some fundamental
properties of the system can be clearly illustrated. To achieve
a better force control performance, a PID control scheme
is used to control the SDA as shown in Fig. 19. The PID
controller can be represented by following equation:

Fn = Kpe + Ky [e + Kpé, (30)

where Fy, represents the input signal for the motor and e is
the error signal (difference between the reference signal (Fy)
and the feedback signal (F))).

In Fig. 19, G4 represents the dynamics of the MR fluid
damper after the linearization. The transfer function of G4 can
be obtained from two different methods, viz. the theoretical
method as shown in Section 3.1.2 and the experimental
method obtained from Bode plot as shown in Fig. 18.

5. EXPERIMENTAL SETUP AND RESULTS

An experimental setup of the SMRDA and its schematic
diagram are shown in Figs. 20 and 21, respectively. In this
experimental system, two angular encoders are used to obtain
the series damper’s input angular velocity and output angular
velocity, respectively. The relative angular velocity in the
series damper, Vy, is then calculated from the difference
between the two angular velocities.
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Fig. 19. Overall control scheme for SMRDA.
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Fig. 20. Photograph of the experimental SMRDA.
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Fig. 21. Schematic diagram of the experimental system.

The series damper component is a commercial magneto-
rheological fluid damper (Lord MRB-2107-3). A damping
coefficient controller is used to control the input current
(through a current amplifier) for the MR fluid damper
according to the damper’s linearization law. A force sensor
is mounted at the output of the actuator to measure the actual
system output force.

The main controller is implemented on a microcomputer
system. It obtains the feedback signals from the force sensor
and the two encoders, and computes the motor drive signal
and MR fluid damper current according to the given control
scheme so that the desired force can be achieved at the
actuator output.
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Fig. 22. Force tracking following a sinusoidal reference when the

damping constant K4 = 0.17 Nm s.
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Fig. 23. Force tracking following a step reference when the damping
constant K4 = 0.17 Nm s.

The results of the fixed-end experiment are shown in
Figs. 22-26. Figures 22 and 23 illustrate the system responses
to sinusoidal and step references, respectively (for K, =
0.17 Nm s). The results show that the experimental SDA
system can achieve good force fidelity. Comparing with the
open loop outputs of the MR fluid damper after linearization
(Figs. 15 and 16), the force tracking error is greatly reduced
with the force feedback control loop.

As explained in Section 2, being able to achieve variable
damping coefficient is an advantage of the SDA system.
To illustrate this advantage using the experimental setup,
the system responses for sinusoidal and square inputs,
respectively, are obtained (see Figs. 24 and 25) when the
desired damping constant Ky of the series damper has been
doubled to Ky = 0.34 Nm s, while the amplitudes of the inputs
were increased four times. Comparing Figs. 23 and 25, we
can observe no significant deterioration in force tracking even
when the latter amplitude was increased four times.

Figure 26 shows the force tracking result for a sinusoidal
reference, which goes across zero. It shows that there is some
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Fig. 24. Force tracking following a sinusoidal reference when the
damping constant K4 = 0.34 Nm s.
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Fig. 25. Force tracking following a step reference when the damping
constant K4 = 0.34 Nm s.
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Fig. 26. Force tracking for small amplitude sinusoidal reference,
which goes across zero.

unexpected output force tracking error when the damper
velocity is ready to cross zero. Such error is not observed
when the output is always above or below zero as shown in
Fig. 22. This range is around +0.2 Nm. It is less than 10% of
the maximum output range which is 3 Nm. This error may
be due to the hysteresis or Coulomb friction effect of the MR
fluid damper. Such effects are not modeled and compensated
in the proposed algorithm. Using some hysteresis type model,
such as Bouc-Wen model,'* and better lubrication to reduce
such frictional effect, this problem can be minimized.
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6. DISCUSSION

The main difference between the SDA-based force control
implementation and the existing MR fluid damper-based
force control implementation'®-!! is that the latter assumes
that the output force is not dependent on the input/output
relative velocity of the damper. The drive unit is mainly used
to supply a velocity source to one end of the MR fluid damper.
The output force is only controlled by the current supplied
to the MR fluid damper.

For the SDA system, the series damper is assumed to
have known output force versus damper’s velocity (relative
velocity between the input and output ends) relationship. So,
no matter whether the relationship is linear or not, as long as
it is invertible, the output force can be achieved by directly
controlling the damper’s velocity. Therefore, the SDA system
can use a broad range of dampers, such as linear or nonlinear
viscous damper, MR fluid damper, ER fluid damper, or other
types of dampers, as long as their force output can be made
to be an invertible function of the damper’s velocity (either
by virtue of their design or by software approach).

It is known from the analysis in Section 3 that the SDA
system has shock absorption behavior, which depends on
the effective damping constant of the series damper. If the
effective damping constant is high, the ability to absorb the
impact may be limited. However, in the experimental setup,
the MR fluid damper used has an inherent “fuse” torque that
limits the torque transmission through it. This provides better
impact resistance than the theoretical behavior.

In the experimental setup, we have adopted the digital
encoder to indirectly measure the damper input and output
velocities. From the two values, the relative velocity in
the damper can be computed. Other types of velocity
measurement devices can also be adopted for the setup,
for example, tachometers, potentiometers, etc. If it is not
necessary to measure both the input and output velocities
of the damper, we can also have just one velocity sensor to
directly measure the relative velocity of the damper. Force
sensor may also be incorporated if high force fidelity is
desirable. However, this will increase the cost of the overall
system.

7. CONCLUSION AND FUTURE WORK

In this paper, the series damper actuator, a novel force/torque
control actuator, based on the magneto-rheological fluid
damper is introduced. The dynamics of the MR fluid damper
is modeled and included into the model of the SDA plant.
The force control performance comparison in terms of the
bandwidth and output impedance is investigated for the
SMRDA and the SNVDA.

A revised Bingham model is proposed to linearize
constitutive property of the MR fluid damper. This model
has considered the response delay of the MR fluid damper
and resulted in a better performance. The overall force
control scheme also achieved larger bandwidth. The fixed-
end experiment results illustrated that the SDA system could
achieve very good output force fidelity. By varying the
effective damping constant of the series MR fluid damper, the
SDA system is demonstrated to be versatile and applicable
for both low- and high-force output.
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The performance of inverse dynamics control is usually
limited by system hardware limits. The future work would
be focused on developing other control algorithm so that
a better performance can be achieved. Currently, we are
also developing new viscous damper (non-MR-fluid type),
which is the desired type of damper for our proposed SDA
system. With the new damper, it is believed that the system
performance of the SDA system will be further improved.
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