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ABSTRACT

Series elastic actuators (SEA) are desirable for
human-centered robotics. However, conventional
series elastic actuators face a performance
limitation due to the compromise on the elastic
element stiffness selection. This paper presents a
novel two different stiffness series elastic actuator
(DSSEA) and an optimal controller for it to address
the performance limitation. In particular, two both
stiffness and length are different springs were
chosen as the elastic element of the DSSEA. The
low stiffness spring single used to deal with the low
force operation and the two spring combined used
to handle the large force operation. To address the
challenge of the smooth transition between those
two operation cases, a segmental model-based
feedback controller with feedforward compensation
is proposed, and a smooth switching controller is
designed to handle the transition interval. The
experimental results from DSSEA prototype
demonstrate that the proposed controller can
achieve excellent force tracking performance at
both low, high, and wide-bound force range
operation.

INTRODUCTION

In recent years, the human-centered robot has
a booming of developing to support people to
achieve different physical tasks, such as: such as
assistive and rehabilitation robots, service robots
(Boccanfuso et al. 2017, Kui etal. 2015). In these
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applications, the robot requires direct interaction
with human beings. As a result, human-centered
robotics systems must consider the human's safety
and comfort (Tadele et al. 2014). This motivates the
research of compliant actuators (CA) which have
the ability of safety interact with the user and can
provide compliant force. Series elastic actuator
(SEA) as one of the well-known CA was first
proposed in the work of (Pratt et al. 1995). In SEA,
an elastic element which is placed between the
motor-gearbox and the load make compliance
action force to be possible.

Many different SEA has been designed for a
human-centered robot. In (Orekhov et al. 2015), a
SEA is developed based on a linear spring coupled
to a roller screw. In (Baldoni et al. 2018), a rotary
SEA is designed based on a Bowden cable is
connected to linear spring. The performance of SEA
largely depends on the stiffness coefficient of the
elastic element (Roozing et al. 2017). Low stiffness
elastic element produces high fidelity of force
control, low output impedance, and reduces friction,
but also limits the force range. High stiffness elastic
element increases operation peak force but reduces
force control fidelity and output impedance. The
compromise between the range of operation force
and performance of the actuator has to be reached
due to the selection of the spring stiffness. To
overcome this trade-off, most current SEA are
designed with variable stiffness springs, leading to
a complex control system and bulky physical design
(Wolf et al. 2016).

We get the idea of designing a novel two
different stiffness series elastic actuator (DSSEA)
form the soft tissues of human and other animals. In
a long period of natural evolution, human and other
animals can adapt to various complex environments,
and the soft tissues have significantly shock-proof.
In the human body, soft tissues are the organization
that strengthens stiffness. When the load increase,
the corresponding stiffness will also increase. The
maximal stiffness to minimal stiffness of soft tissues
is about 5 times (Li et al. 2004). This stiffness
characteristic of human soft tissue makes joint
movement excellent flexibility and adaptability.
According to this insight, DSSEA is designed to
overcome the performance limit of the traditional



SEA. One of the novelties is used soft and stiff
springs parallel as the elastic element of the actuator.
The low stiffness spring single used to deal with the
low force operation to ensure high force fidelity and
the two spring combined used to handle the large
force operation to achieve large peak force.

Apart from the mechanical improvement of
SEAs, the control strategy is also gaining attention
in recent years. In (Paine et al. 2014, Yin et al. 2018),
pure PID controller is used to producing the desired
force. In (Roozing et al. 2016), PID plus disturbance
observer is presented to improve the dynamical
performance of SEAs. In (Vallery et al. 2008), a
type of cascaded control is designed to generate
desired force and low impedance. In (Kong et al.
2009, Yin et al. 2018), optimal feedback plus
feedforward controller is proposed. However, all
this control strategy is not very suitable for the
DSSEA, as the different stiffness spring worked in
different force ranges. One challenge of the control
system is to make a smooth transition between low
and high force ranges. To address the challenge of
the smooth transition between those two operation
cases, a segmental model-based feedback controller
with feedforward compensation is proposed, and a
smooth switching controller is designed to handle
the transition interval.

The rest of this paper is organized as follows.
First, two dynamical models are established for low
force range and high force range. Second,
segmental model-based feedback with feedforward
compensation controller and a smooth switching
control are proposed.  Third, introduces the
experimental results demonstrating its force control
performance. In the end, a brief discussion and
conclusion are given.

DSSEA DESIGN

In this section, we describe the hardware and
the model of the NSSEA.

Hardware of NSSEA

The basic idea in NSSEA is utilized two linear
spring as the elastic element to overcome the major
limitations in the existing conventional SEA design.
Fig. 1 shows the CAD model of the NSSEA. It
consists of a servomotor with a rotary encoder, a
pair of synchromesh gear with appropriate gear
ratio to transmit the motion to the ball screw, a ball
screw converts the shaft rotary motion to the nut
linear motion, two linear springs attached to the ball
screw nut and transmit the force to the output limb
which is used to transmit the operation force to the
load, and a linear encoder (2000 counts/in.)
measures the compression of the spring. The
actuator force is easily obtained by measuring the
spring deflection and be used as the feedback for the
force control which is detailed in the next section.
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Fig. 2 shows the NSSEA prototype built based
on the above design. The NSSEA is designed to be
able to provide up to 150N output force. A Maxon
DC brushless motor (RE40) is used due to its
lightweight and high power density. Lightweight
motor prevents over-burdening the actuator
structure with excess mass. The ball screw has a
pitch of 3mm/rev and a length of 183mm. The low
stiffness linear spring have spring constant of
7.55N/mm and the alone working stroke of 10mm.
It can provide an output force of 75.5N and used to
operate in the range of about 50% of the full force.
The large stiffness linear spring have spring
constant of 60.63N/mm. The two linear spring
parallel working stroke is 1.1mm. The total mass of
the novel actuator is 1.41kg.

Synchromesh Motor Rotary
Gea Encoder

Ball Scréw  Stiff
Nut  Spring Spring Encoder Screw Output Limb

Figure 1. CAD model of the NSSEA.

Soft  Linear all Force

Figure 2. The prototype of the NSSEA.

Table 1. Parameter of the NSSEA.

Symbol Quantity Value
Mm Motor equivalent mass 11Kg
bm Motor & ball screw damping 2200Ns/m
Fmax Max output force 150N
k1 Low stiffness spring constant ~ 7.55x10% N/m

ka Larger stiffness spring constant  60.63x10° N/m

Il Low stiffness spring alone stroke 1x102m
I2 Both spring parallel stroke 1.1x10°m
L Ball screw length 183m

I Ball screw Pitch 3x10°m
M Actuator total weight 1.41kg
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Model of NSSEA
In this section, a basic model of novel SEA will
be proposed, which contain the essential elements
of the actuator. To analyze the NSSEA performance
at the output end, the actuator is modeled consists
of only transmission devices. It converts the rotary
elements to equivalent translational elements and
satisfying Eq. (1).
T 27p )

where Fn is the motor equal input force, T,
represents the motor input torque, I refer to the pitch
of the ball screw, p=91% implies the transmission
efficiency.

The model for equivalent translational
motion is shown in Fig.3. In those models, F
implies the force output which is measured by the
deflection of the spring, mn represents the
equivalent mass of motor as derived in Eq. (2), bm
is the viscous damping for motor and ball screw,
xi refers to the relative position of the load, xm
represents the relative position of the ball screw
nut, ki is the spring constant of low stiff spring, ko
is the spring constant of larger stiff spring. The
physical parameters of the novel SEA are listed in
Table. 1. When the NSSEA working in the low
force range (0~75N), the NSSEA behave like a
normal SEA with the low stiffness spring is single
action as shown in Fig. 3(a). However, when the
NSSEA working in the high force range
(75~150N), it also behaves like a normal SEA and
the force control is based on the parallel of the
two linear spring as shown in Fig. 3.(b).

) 1 Xi
Fn F
_—> mm
ga]_l bm kz
(@) Model of low force range.
Xm k1 XI
Fm FI
_> mm
aa:|_| bm kz

(b) Model of high force range
Figure 3. Translation motion model of NSSEA.

m, = Jl(zTﬂj , (2)

where J; refers to the moment of inertia of the
motor, mm represents the mass of ball screw nut.
Model of low force range

When the NSSEA working in the low force
range, the equivalent translational elements can be
seen as two degrees of freedom system. Referring
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to Fig. 3(a), the constitutive equations of motion
according to Newton’s second law are defined by
the force in the spring and motion of the equivalent
motor mass.

{le - mmxm _bmxm -
Fy =k (%, —%)

where Fn1 is the motor input force in low force
range, Fi refers to the output force in low force

range. Assuming the load end is fixed, x=0, we can
get:

F,=0
, ©)

. k k b .
Fo=—+F,-—F-——F,. (4)
mm mm mm
However, Eq. (3) does not consider the effects
of frictional force. Thus, a complete model with
frictional compensation of low force range should
be:
-k k b, -
F,=—tF,——2F,——F,+Af (%,), (5)
11 m ml m 11 m 11 ( m)

m m m

where Af (X ) refers to frictional compensation
item, can be written as:

AF (%) =590 (%, ). 6)
where x can be estimated with a basic experiment.
The experimental results of the open-loop slope
response for the NSSEA prototype are shown in Fig.
4. When the input force greater than 40N, the output
force increase with the rise of the input force. At the
peak force 72N, the output force is 30N. Form the
experimental results, it can be estimated that x is
about 42N.

Force (N)

L i |
8 10 12

Tinie(s)

Figure 4. Open-loop slope response for the
NSSEA prototype.
Model of high force range
Referring to Fig.3 (b), the constitutive
equations for high force range can be written as:

I:mz_mm)‘(.m_bm)‘(m_|:I2 =0 (7)
R = (k +K, ) (X, —AX— %) + kA’
where Ax=10mm refers to the maximum

displacement of low stiffness spring alone working.
Fm2 is the motor input force in high force range, Fi
refers to the output force in high force range.
Assuming the load end is fixed, =0, we can get:



b

_ ki +k, F _k1+k2 |:|2__m|i|2,

F.=
12 m m2 m m

(8)

However, Eq. (8) does not consider the effects
of frictional force. Thus, a complete model with
frictional compensation of high force range should
be:

I.:.IZ = klr: k2 Fm2 - klr_: k2 FIZ _:1_m|:'|2+Af (Xm) ©)
CONTROLLER DESIGN
Segmental model-based feedback  with

feedforward compensation controller and a smooth
switching controller are proposed for the NSSEA.
As the actuator has piecewise linear spring constant
at different force ranges, it needs to switch the
controller between the different control designs for
the two operation force ranges. During the switch,
the smooth switching control is designed to make a
smooth transition between low force range and high
force range. The torque control loop is used as a
motor controller which can overcome some
undesirable effects of the motor and the gearbox.
The torque control of the motor is very mature, and
thus the details are omitted here. This paper mainly

introduces the design of outer-loop feedback control.

Fig.5 shows the controller structure for the NSSEA.

|
Force } PD1 !
‘ Smooth } Torque
} Controller ! g Contioller
|
! I
} PD2 | !
*************** Motor
Motor

Torque

Load

Figure 5. Controller structure of the NSSEA.

Low force control
Model-Based feedback control for low
operation force range is designed. The force error is

defined ase, = Fy, (t)— F,(t), and the derivative
force error is given by & =F,, (t)-F, (). F,
refers to the desired force. Define the state matrix
E, =[e,€&] ., then the state equation can be
written as:

El = |:§1 =AE -BF, +

) , (10)
B Mg vk 2 M Ay )
1 kl kl
where
0 1 0
A=l kb Bk (1)
mm mm mm
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The proportional derivative (PD) controller should
be designed. The control law can be written as:

U, (t) =K,& + K8, (12)
where Kp1. Kqz are the appropriate gain parameters.

Simplified the Eqg. (10), we have the following
linear model:

E = {ﬂ =AE -BF, (13)

1

Let

F..=cu.(t), (14)
where ¢ represents torque constant of motor, From
Eq. (10)~(14) the linear model can be written as:

0 1
B=| ko ok b ck E,- (19)
T pl T P

mm mm mm mm

Therefore, the characteristic equation of
the closed-loop system is:

kl

s? +(l+c—k1 Kdljs+—+c—k1 K,,=0- (16)
mm mm mm mm

We apply the Linear Quadratic Regulator
(LQR) design theory to optimize gain parameters.
The performance index of optimal control is
introduced, an input u; is designed to that:

J = JO (E/QE, + pu,)dt, 17)
where Q1 is a symmetric positive-definite matrix
and refers to the weighting matrix for Ei, p1 is a
positive constant. According to the LQR optimal
control theory (Kwakernaak et al. 1972), if the J:
minimize, the feedback control law should be:

u (t) = o B/ RE (1), (18)
where Py is a unique positive definite matrix and
satisfies the famous Riccati differential equations:

A'R+PRA-p'RBBP+Q =0.(19)
Note that the friction team is not considered in
the above control law. Thus, the feedforward team

459N (%) should be used to compensate for the
friction. An optimal control law is given by:
u,(t) = p B RE,()+sgn(%,).  (20)

From Eq. (1), Eqg. (13), Eq. (20), we can get the
desired torque of motor control:

o= 51— (o 'B] RE,(0) + sgn(x, ) (21
27mp
According to the parameter of Table.1 we
can get:
0 1 0

Al:{—0.69 —0.2}’ Bl{o.eg] 2

The selection of the Q;=diag{700,1}, pi=1.
Solving Eq. (19), Eg. (20) we can get:
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o _[2289 369
171369 121]

u, (t) =25.5e, +8.4¢ +42sgn(X,). (24)
The characteristic equation of the closed-loop
system Eq. (18) can be written as:
s? +174.3s+1215=0. (25)
Based on Routh criterion, this system is stable.
From Eq. (21), the desired torque for motor control
is given by:
T, =12.8e +4.2¢ +21sgn(X,) .
High force control
When NSSEA work in the high force range, the

designed controller is similar to low operation force
control. The force error is defined as

e, = F,,(t)—F,(t), and the derivative force error

(23)

(26)

is given by, = F, (t)— F,(t) F,,, refers to the
desired force. Define the state matrix
E, =[e,,&,]' , then the state equation can be
written as:

. e
Ez = |:2:| = AzEz - Bszz +
% ,(27)
m . . m
B F_ +F,+ ——IAf (X
2|:k1+k2 " " k1+k2 “ kl+k2 ( m)j|
where
0 1
A=l _ktk, b | B=|krk, [ (%D
mm mm mm
The control law can be written as:
u, (t) = szez + K26, (29)

where Kp2, Kg2 are the appropriate gain parameters.
Simplified the Eqg. (27), we have the following
linear model:

E, [

FmZ = CUZ (t) ) (31)
From Eq. (28)~(31), the linear model can be written
as:

]
.e‘z} = AzEz - Bszz’ (30)

2

E, =
0 1 .
k +k, c(k+k,) b c(k+k,) E,
- - sz T Kqz
mm mm mm mm
(32)

Therefore, the characteristic equation of the
closed-loop system is:
pl

b | ok k) Kdl]s+
(33)

s’ +[—
We apply the LQR design theory to optimize

1

2, c(k,tk,)

m

k. +k K =0
mm m mm
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gain parameters. The performance index of optimal
control is introduced, an input u; is designed to that:

J, = J-:(EzTQZEZ +p,u,2)dt,  (34)

where Qz is a symmetric positive-definite matrix
and refers to the weighting matrix for E2, and p2 is a
positive constant. According to the LQR optimal
control theory, if J> minimize, the feedback control
law should be:

u,(t) = p,"B; R,E, (1), (35)
where P; is a unique positive definite matrix and
satisfies the famous Riccati differential equations:

AP, +P,A —p,'P,B,B;P,+Q,=0. (36)
We use feedforward team psgn(% ) to

compensate for the friction, an optimal control law
is given by:

u,(t) = p,'B; PE, () +usgn(x,,) . (37)
Form Eq. (1), Eq. (31), Eq. (37), we can get the
desired torque of motor control:

I, :
Tz = 2_(02182T P,E, (t)+ usgn(x,,)) - (38)
7P

According to the parameter of Table.1 we
0 1

can get:
0
A= {—6.4 —2} 8= {6.4}' %9

The selection of the Q»=diag{700,1}, p.=1.
Solving Eq. (36), Eg. (37) we can get:

{62 3.3}
P2 = 1

33 04
u,(t) =21.4e, +3.3¢, +42sgn(x,,). (41)

The characteristic equation of the closed-loop
system Eq. (32) can be written as:

s +617.95+10204=0. (42)

Based on Routh criterion, this system is stable.

From Eq. (38), the desired torque for motor control
is given by:

T,, =12.8e, +4.2¢, + 21sgn(X,) .

Smooth switching control

Whether the NSSEA working form low force
range to high force range or form high force range
to low force range, the controller parameters should
change accordingly. In the theory, switching control
should be switched seamlessly at the switch point,
and executed at the NSSEA. The NSSEA controller
is naturally switched to the high force control when
the desired force is greater than the maximum value
of the low force range, and it is switched to low
force control when the desired force is less than the
minimum value of the high force range. However,
due to the control error, the output force maybe
shakes at the switch point. For example, when the

(40)

(43)



desired force is increasing and close to the
maximum value of the low force range, the output
force maybe belongs to the high force range; or the
desired force is decreasing and close to the
minimum value of the high force range, the output
force maybe belongs to the low force range. The all
above case both will cause the mismatch of control
law and the output force shaking. Fortunately, the
two situations occur at the close the transition point.
Therefore, smooth switching control is proposed in
this paper. Near the transition point, a smoothing
function is used to smooth the gain parameters. The
controller parameters will not an abrupt change. The
smoothing function is:

fs(Fd’FLO’ FHO) =

KL (Fd < FLO)
K+ (K, - KL)(1+sin((ﬂ-l)ﬂ)] (Fo<F,<F.)
2 FHU "o 2
KH (Fd 2 FHU)
(44)

where Fo and Fuo refer to the start-stop point of
smooth operation. The selection of the start-stop
point is FLo=60N, Fro=100N. K., Ky is the PD
parameters of low force control and high force
control.

EXPERIMENT

In this section, the designed control is applied
to a prototype of the NSSEA. The experimental
setup is shown in Fig.6. We press one end of the
actuator with a pressure bar and fix the actuator on
the experiment platform. The load end is fixed. To
verify the effectiveness of the proposed control, a
sinusoidal reference signal is used as the desired
force, and the actuator is controlled to follow this
force reference trajectory. In the controller, applied
the STM32F407 as control chip. The sampling
frequency of our experiment is 200Hz. We will
evaluate the control performance at low force case,
high force case and switching control case and all
the data processed using Matlab 2016a.

FgUe 6. Experiment set-up.
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Low force tracking control

Let us first consider the low force tracking
control problem of the NSSEA. The low force is
generated by the soft spring and the low force range
is 0-75N. Eq. (26) is used as the control law. Fig.7
and Fig. 8 shows the tracking control results. Fig.
7(a) shows the trajectory tracking the performance
of the NSSEA when 2 Hz sinusoidal reference used
as the desired force. Fig. 7(b) shows the tracking
error at a frequency of 2 Hz. It is clear from the
figure that the maximum tracking error is very small
that is 1.7N. To quantify the corresponding fidelity,
a measured was defined based on the variance-
accounted-for factor:

_var(y-R)

fidelity =| 1 100%, (45)
var(y)

where y is the vector of the sampled measurement
and R refers to the vector of the sampled sine.
According to the definition, the force fidelity is 99.7%
at the frequency of 2 Hz. Fig. 8(a) shows the
trajectory tracking performance of the NSSEA
when 4 Hz sinusoidal reference input is applied. Fig.
8 (b) shows the tracking error at a frequency of 4 Hz.
The results show that the maximum tracking error
about 3.7N. The value of the force fidelity is 98.6%
at the frequency of 4 Hz. It is clear from the
experimental results that the proposed control
provides high-performance trajectory tracking
control.

Time(s)

(a) Sinusoidal trajectory tracking with a frequency of 2 Hz
2

15 |

1

05

Force error (N)

L L L L L
1 12 14 16 18

Time(s)

L L L L
02 04 0.6 08 2

(b) Force error at the frequency of 2 Hz

Figure 7. Tracking control performance of low
force range for 2 Hz.
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Time (s)

(a) Sinusoidal traiectorv trackina with a freauencv of 4 Hz

I I I I I I I I
o 02 04 06 08 1 12 14 16 T8
Time (5)

(b) Force error at the frequency of 4 Hz

Figure 8. Tracking control performance of low
force range for 4 Hz.

High force tracking control

The high force is generated by the parallel
connection of soft and stiff spring and the high force
range is 75-150N. Eq. (43) is used as the control law
at high force case. Fig. 9 and Fig. 10 shows the
tracking control results. In particularly, Fig. 9(a)
shows the trajectory tracking the performance of the
NSSEA when 2 Hz sinusoidal reference used as the
desired force. Fig. 9(b) shows the tracking error at a
frequency of 2 Hz. The result shows that the
maximum tracking error is 4N. The force fidelity is
96.7%. Fig. 10(a) shows the trajectory tracking
performance of the NSSEA when 4 Hz sinusoidal
reference input is applied. Fig. 10(b) shows the
tracking error at a frequency of 4 Hz. It is clear from
the figure that the maximum tracking error about
8.5N. The value of the force fidelity is 93.3% at the
frequency of 4 Hz.

160 |

1o |

120 |

Force (N)

100 |

Time (s)

(a) Sinusoidal trajectory tracking with a frequency of 2 Hz

Force error (N)

Time (s)

(b) Force error at the frequency of 2 Hz

Figure 9. Tracking control performance of High
force range for 4 Hz.

160 |-

140 |

120 |

Force (N)

8

. . . . . . . . .
0 02 0.4 0.6 08 1 12 14 16 18 2
Time (5)

(a),Sinusoidal trajectory tracking with a frequency of 4 Hz

51

Force error (N)

0 0.5 1 15 2
Time (s)

(b) Force error at the frequency of 4 Hz

Figure 10. Tracking control performance of High
force range for 4 Hz.

150 [

100 |

Force (N)

Time (5)

(a) Sinusoidal trajectory tracking with a frequency of 2 Hz

Force error (N)

Time (s)

(b) Force error at the frequency of 2 Hz

Figure 11. Tracking control performance of wide-
bound force range for 2 Hz.

Wide-bound force tracking control

In practical application, the NSSEA works in
both low and high force ranges. In this case, the
smooth switching control is used at the closing of
the transition point. It is important to estimate the
start-stop point of smooth operation. Within the set
of switching ranges, the parameters of the proposed
controller are smoothed according to Eq. (44). Fig.
11 and Fig. 12 shows the force tracking control
results. Fig. 11(a) shows the trajectory tracking the
performance of the NSSEA when 2 Hz sinusoidal
reference used as the desired force, and the
rectangle mark is the transition point. Fig. 11(b)
shows the tracking error at a frequency of 2 Hz. The
result shows that the maximum tracking error about
17N. The force fidelity is 93.5%. Fig. 12(a) shows
the trajectory tracking performance of the NSSEA
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when 4 Hz sinusoidal reference input is applied. Fig.
12(b) shows the tracking error at a frequency of 4
Hz. It is clear from the figure that the maximum
tracking error about 20N. The value of the force
fidelity is 91.6% at the frequency of 4 Hz.

Actual

Time (s)

(a) Sinusoidal trajectory tracking with a frequency of 4 Hz

Time (s)

(b) Force error at the frequency of 4 Hz

Figure 12. Tracking control performance of wide-
bound force range for 4 Hz.

DISCUSSION

Using the proposed controller, the novel SEA
can track the sinusoidal trajectory with a frequency
of 4 Hz. When NSSEA work in the low force range,
the maximum tracking error is very small, about
1.7N at the frequency of 2 Hz and 3.7N at the
frequency of 4 Hz, and the value of force fidelity is
99.7% and 98.6% individually. By contrast, for the
high force range, the maximum tracking error is
larger about 4N at the frequency of 2 Hz and 8.5N
at the frequency of 4 Hz, and the value of force
fidelity is 96.7% and 93.3% individually. This is
due to the course accuracy of spring compression
measurement which is 0.1mm, the corresponding
force accuracy is 6.8N. Improving the accuracy of
spring compression measurement is an effective
way to reduce the tracking error. When NSSEA
work at wide-bound force case, the maximum
tracking error appears at the near transition point,
about 17N at the frequency of 2 Hz and 20N at the
frequency of 4 Hz, and the value of force fidelity is
93.5% and 91.6% individually. It can be seen that
although the controller switches between low and
high forces ranges, the system is still stable with the
cost of slightly larger tracking error at the near
transition point. This is because a compromise
smoothing control parameter is adopted to avoid
output force oscillation near the transition point.
Considering the wide-bound force range, the result
is acceptable.
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CONCLUSION

In this paper, a novel two different series
elastic actuator is proposed for overcoming the
limitation due to the compromise on the elastic
element stiffness selection and designed a
segmental model-based feedback controller and
smooth switching controller for the actuator. The
novelty of the NSSEA design is used soft and stiff
springs parallel as the elastic element of the actuator.
The low stiffness linear spring worked at low force
range and the parallel connection of two linear
spring is operated at the high force range. The
experimental results based on the NSSEA prototype
have demonstrated that the proposed controller can
achieve excellent force tracking performance at
both low, high, and wide-bound force range. In the
next stage, we will continue to research the
performance of the NSSEA and test to apply it to
human-centered robotics.
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NOMENCLATURE

mn  Equivalent mass of the motor

bm Damping of motor and ball screw

Fmax Max output force

ki Low stiffness spring constant

ko  Larger stiffness spring constant

1 Alone working stroke of soft

I, Both spring parallel working

L  Length of the ball screw

I Pitch of the ball screw

M  Total weight of the actuator

Fm Motor equal input force

Fm1 Motor equal input force in the low force range
Fm2 Motor equal input force in the high force range
Fi1  Output force in the low force range

Fi2 Output force in the large force range

Tr  Motor input torque

xm Ball screw nut relative position

J: Motor inertia moment

u Frictional force parameter

Ax Displacement of the spring contraction

Fa1 Desired output force in the low force range
Fqa Desired output force in the large force range
e1  Force error in the low force range

e, Force error in the large force range

E; Force error state matrix in the low force range
E> Force error state matrix in the high force range
Kp1 Proportional parameter in the low force range
Kg1 Derivative parameter in the low force range
Kp2 Proportional parameter in the high force range
Kg2 Derivative parameter in the large force range
Tm1 Torque Control command low force range
Tm2 Torque Control command high force range

¢ Motor torque constant
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