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Abstract: Adding damping such as viscoelastic element in series elastic actuators (SEA) can improve
the force control bandwidth of the system and suppression of high frequency oscillations induced by
the environment. Thanks to such advantages, series viscoelastic actuators (SVA) have recently gained
increasing research interests from the community of robotic device design. Due to the inconvenience
of mounting torque sensors, employing the viscoelastic elements to directly estimate the output
torque is of great significance regarding the real-world applications of SVA. However, the nonlinearity
and time-varying properties of viscoelastic materials would degrade the torque estimation accuracy.
In such a case, it is paramount to simultaneously estimate the output torque state and viscoelastic
model coefficients in order to enhance the torque estimation accuracy. To this end, this paper first
completed the design of a rubber-based SVA device and used the Zenner linear viscoelastic model to
model the viscoelastic element of the rubber. Subsequently, this paper proposed a dual extended
Kalman filter- (DEFK) based torque estimation method to estimate the output torque and viscoelastic
model coefficients simultaneously. The noisy observations of two Kalman filters were provided by
motor current-based estimated torque. Moreover, the dynamic friction of harmonic drive of the
designed SVA was modeled and compensated to enhance the reliability of current-based torque
estimation. Finally, a number of experiments were carried out on SVA, and the experimental results
confirmed the DEFK effectiveness of improving torque estimation accuracy compared to only-used
rubber and only-used motor current torque estimation methods. Thus, the proposed method could
be considered as an effective alternative approach of torque estimation for SVA.

Keywords: SVA; output torque estimation; dual extended Kalman filter; rubber model; harmonic
drive friction compensation

1. Introduction

Thanks to its relative low output impedance and convenience of torque measurement,
series elastic actuators (SEA) are commonly used in the field of robot joint force control
in recent years [1-3]. The metal springs used in SEA exhibit linear relationships between
output force and position, which greatly increases torque control accuracy owing to the
ability of turning the force control problem into a position control problem [4]. Nevertheless,
the remaining small inertias caused by the elastic element and the end effector of SEA can
result in undesired vibrational effects in the case where SEA works with high operation
frequencies under dynamic robot-environment interaction circumstances [5]. Therefore,
there exists strong necessity to address the issue of vibration suppression with respect to
SEA [6-9].

Adding damping characteristics in SEA, which makes a new form of actuator called
series viscoelastic actuator (SVA), is one of the efficient approaches to decrease high-
frequency oscillations arising from impacts [10,11]. Due to this advantage of SVA, it has
aroused increasing research interests in recent years. For example, Kim et al. proved that
adding damping to SEA can effectively reduce the relative degree of torque dynamics

Actuators 2021, 10, 258. https:/ /doi.org/10.3390/act10100258

https:/ /www.mdpi.com/journal/actuators


https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0002-3198-1265
https://doi.org/10.3390/act10100258
https://doi.org/10.3390/act10100258
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/act10100258
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act10100258?type=check_update&version=1

Actuators 2021, 10, 258

20f19

order by one, thereby improving the anti-interference ability of the actuator under hard
impacts [12]. Nonetheless, the device developed by Kim would be not simple, or compact
enough to be embedded in robot joints.

Rubber could be a vital alternative to solve the issue of compact design of SEA
since this material not only has the elastic and damping properties, but also is tiny in its
size [13]. Besides, implementation of rubber to compose SVA can notably improve the force
control bandwidth and suppress the undesired vibrational effects [14]. In virtue of these
advantages of rubber, it has been applied to design SVA in recent years [15]. However,
nonlinearity and time-varying properties of the rubber impose great challenges on torque
estimation of SVA [16].

In order to improve the torque estimation accuracy of SVA, it is necessary to model
the nonlinearity and time-varying properties of rubber material. Commonly used models
of viscoelastic materials include Maxwell model, Kelvin-Voigt model, Zenner model and
Burgers model, etc. These models are composed by a series or parallel of spring and
dashpot elements to describe various behaviors of viscoelastic materials. Kelvin—Voigt
model can describe the force creep, but not the stress relaxation, of the viscoelastic materials,
while Maxwell model focuses on stress relaxation but not force creep. Zenner model and
Burgers model include the above two characteristics [17], but Burgers model has higher-
order derivatives on force and deflection, resulting in weak resistance to amplified noise
in real-world implementations [14]. Taking into account the integrity of various rubber
characteristics and the stability for applications, Zenner model can be used as a logical
model to estimate the output torque of the rubber element in the SVA. However, the
intrinsic properties of rubber material are strongly affected by environment factors such
as temperature, which means the parameters of the model are time variant. How to
capture the time-variant effect of rubber becomes the key point for improving torque
estimation accuracy.

Motor current could also be used to estimate motor torque, however, the torque pro-
vided by the motor alone is too small to fulfill the application requirement. The harmonic
drive is often adopted to play the role in amplifying the motor’s output torque [18,19]. As a
consequence, it is essential to model the nonlinearities of harmonic drive in order to obtain
more accurate torque estimation of SVAs. The mechanism of friction in the harmonic drive
is extensively investigated in recent years [20-22]. Marilier et al. showed the relationship
between the friction torque of the harmonic drive and the motor speed [23]. Gandhi et al.
revealed that the friction torque of harmonic drive was not only nonlinearly related to
motor speed, but also periodically related to motor position [24]. Donghui represented that
the friction torque had Stribeck effect at low speed [25]. It is notable that the performance
of the current-based torque estimation method for SVA composed by harmonic reducer
could be unpromising in the case where the acceleration of motor changes drastically, even
though the nonlinearities are well modeled and compensated.

In many applications, it is convenient and desirable to estimate the output torque
from viscoelastic element because commercial torque sensors are fragile to impact and
expensive. The contribution of this paper is to compensate nonlinearity of harmonic driver
and time-variant properties of rubber by a dual extended Kalman filter to improve output
torque estimation accuracy of SVA in real time. The idea of DEKF [26,27] is derived from a
phenomenon that rubber-based torque estimation is reliable in a short period but inaccurate
after working for a long period of time, while current-based torque estimation is more
accurate when motor works at steady state but incorrect when motor works at dynamic
situation. The rubber is modeled by Zenner linear viscoelastic model while the friction of
harmonic drive is modeled based on harmonic drive output shaft position and velocity-
related functions. One extended Kalman filter works as a state estimator to compensate the
nonlinear error of harmonic drive for non-constant acceleration conditions of the motor,
and the other one works as a parameter estimator to correct the parameters of the rubber
in real time to ensure the accuracy of torque estimation from rubber-based method. Two
EKFs take the rubber-based estimated torque and the parameters of the rubber model as
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SVA system states, respectively. Observation values for the two filters are provided only by
current-based torque estimation. A quantitative confidence function 1, which is referred
from [28], with an interval range of [0, 1] is defined to judge the accuracy of the current-
based estimated torque. When 1 tends to 0 which means current-based estimated torque
is unreliable, the update status of two filters are mainly determined by the rubber-based
torque estimation model. When ¢ tends to 1, the update status are determined by fusion of
rubber-based and current-based values. The experimental results reveal that the torque
after DEKF compensation has a more accurate torque output capability (0.027 Nm root
mean square error and 1.48%/FS nonlinear error), compared to only using rubber (0.029
Nm root mean square error and 2.38%/FS nonlinear error) and current (0.178 Nm root
mean square error and 18.6%/FS nonlinear error).

2. Materials and Methods
2.1. SVA’s Mechanical Structure

The self-designed SVA is composed by mainly three parts, a BLDC motor (MAXON,
EC45), a harmonic drive (Leaderdrive, LHS-I-14) and a rubber element (as shown in
Figure 1). The motor and harmonic drive are connected together to form a torque generator
which is deployed on the left side of SVA. Rubber material (natural rubber with shore
hardness of 50 A, provided by Northwest Rubber & Plastics Research & Design Institute,
Xi’an, China) is utilized as the viscoelastic part deployed on the right side with the form of
a cylinder. The size of the cylinder is 30 mm in diameter and 10 mm in thickness and the
shore hardness of rubber is 50 A. The lower surface of the rubber adheres to the output
shaft of SVA, and the upper surface adheres to the transmission gear surface at the output
end of the harmonic drive. The upper surface of rubber is defined as the input and the
lower surface is defined as the output. Two quadrature photoelectric encoders are placed
on both upper and lower sides of the rubber. The rotation angle is collected by the single-
chip microcomputer, and the difference between the two angular positions is taken as the
rubber deformation.

Figure 1. Mechanical structure of our self-designed SVA. The 3D mechanical model of SVA is shown
on the left of this figure: (1) motor, (2) harmonic drive, (3) encoder, (4) rubber.

2.2. Dynamic Model of SVA

The simplified schematic diagram of the dynamic model of the SVA device is shown in
Figure 2. Due to its good manufacturing process and smaller electrical time constant than
the mechanical time constant, the motor can be simplified as a torque source with certain
inertia. Although the harmonic drive has a certain degree of flexibility, it is supposed as a
rigid body which only contains damping and inertial characteristics because the rubber
has higher order of magnitude compliant than harmonic drive. The rubber model adopts
the Zenner model. The damping of rubber is caused by the internal friction of rubber
molecules belonging to internal damping [29] and it does not cause system torque loss.
Therefore, the output torque of the harmonic drive is approximately equal to the load
torque. Thus, the dynamic model of SVA can be formulated as follows:

NTyw—Ty= (NJo+ 1)+ D(¢, 9)¢ 1



Actuators 2021, 10, 258

40f19

where T, and T; are the motor torque and load torque respectively, ] is the inertia of the
motor rotor, damping D includes the damping of the harmonic drive and other rotating
pairs of the system which is usually a nonlinear function of ¢. J; includes the inertia of
harmonic drive. N is the reduction ratio. ¢, ¢, ¢ are angular acceleration, angular velocity
and angular position, respectively.

D
Jo I]]—Jl l@ —

1 2 3

Figure 2. The simplified schematic diagram of the dynamic model of the SVA: (1) motor, (2) harmonic drive, (3) rubber. T},

and T; are the motor torque and load torque respectively, ]y includes the inertia of the motor rotor and harmonic drive,

damping D includes the damping of the harmonic drive and other rotating pairs of the system which is usually a nonlinear

function of ¢. J; includes the inertia of harmonic drive. N is the reduction ratio. E1, E;, 7 are the rubber model parameters.

¢, ¢, ¢ are angular acceleration, angular velocity and angular position, respectively.

The motor output torque T}, is proportional to the g-axis torque current I; which is
calculated through Clarke and Park transform by the three-phase current collected from
the motor drive board. The proportional coefficient is the motor torque constant C. The
first item on the right side of Equation (1) is the torque loss caused by the inertias of the
motor and the harmonic drive for acceleration. The second term on the right is the torque
loss caused by damping, which originates from the harmonic drive and other motion pairs.
The influence of the damping term is mainly manifested as the system friction torque
Ty. It can be indicated from Equation (1) that the torque estimation accuracy depends on
the measurement error of the inertia ]y, J1, angular velocity acceleration ¢, and damping
coefficient. The inertias of motor and harmonic drive are difficult to measure accurately.
The angular accelerations which are obtained by second-order differential of angular values
are unable to be used because the measurement noises from encoder will be amplified by
two orders. As a consequence, the estimation error of the inertia term (NJg + J1)¢ is usually
too large to be accepted. The reliable way to acquire output torque of SVA by motor current
is to perform the calculation when angular acceleration equals to zero. In such a situation,
the dynamic model of SVA can be simplified as Equation (2) in which the inertial term is
out of consideration.

T, = NCIy — D(§, 9)¢ @

2.3. Model of the Rubber Element

An alternative way to directly acquire the output torque T; of SVA is to utilize the rub-
ber element. The rubber-based torque estimation is based on the constitutive equations [30].
Parameters of the constitutive equation are derived from different geometric structures
with the help of tools such as calculus to show the macroscopic mechanical properties of
the rubber.

The left picture of Figure 3 shows a model figure of the designed rubber viscoelastic
element which has a simple geometric shape, a cylinder with a radius of R and a height
of H. The rubber used in SVA is shown in the right of Figure 3. Input torque T produces
torsional deformation J on the rubber cylinder part. A micro ring with a radius of r and
a width of dr is taken on the torsion end surface. It can be assumed that the stress ¢ and
the shear strain & of each point on the micro ring are identical because of the occurrence
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of concentric torsion. During the deforming process, the shear strain & can be obtained
at point B according to the geometric relationship of the rubber cylinder. Since the micro
ring width dr is very small, the area S can be approximated to be 27trdr. Assuming that the
shear stress at each point of the micro-ring is ¢ and the arm length is the radius r, micro
torque and shear strain can be calculated as follows:

S = 2mrdr
T = ¢Sr = 2nrlodr (3)
— AB _ 1
E=Ac~H

where AC, J, v, 0 are arc length, thickness of rubber, torsional deformation, radius, and
stress, respectively. The rubber material satisfies the Zenner model, and its constitutive
equation is shown as follows:

ﬂ+a— b+ B

= ——“p¢ 4
E, E, ne+ Epe 4)

where 7, 0, € are damping coefficient, stress, strain of Zenner model, respectively, and E;
and E, are elastic coefficient of Zenner model. Substituting Equation (3) into Equation (4),
constitutive equation of the Zenner model can be transformed as follows:

. 3
SIS W 27; dr )

T4+ 7=

Figure 3. Rubber and the model figure of rubber torsion deformation.

Output torque T of rubber is obtained by integrating micro torque T on the radius r.
If we integrate both sides of Equation (5) at the same time, the relationship between the
torsion end face torque T and the torsion angle J can be obtained as follows:

TszRTdr
R - R E{+E ) R

Eiz Jo Tdr + f04 Tdr = (—132 215 + Ep0) 3% [y ridr (6)
) EiE

ET+T = B8 (25216 + Ex6)

where Zenner constitutive model parameters Eq, E; and 7 are related to the material
properties; it is relatively difficult to measure them directly. By the means of simplification,
Equation (6) can be rewritten into Equation (7) to reduce the number of Zenner model
parameters. These synthesis parameters are represented as relaxation coefficient 2, damping
coefficient b and stiffness coefficient ¢ in Equation (7), and can be identified through system
identification method: . .

al + T = bé + cé (7)

In order to facilitate parameter identification and ensure that the results are suitable
to various conditions, the variation range of input signals should be large enough. The
sinusoidal signal is often used as a test signal because of its continuous and regularly
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varying amplitude. A sine signal, as shown in Equation (8), is taken as the excitation signal
for system identification. When a sinusoidal excitation signal with frequency of 1 Hz and
amplitude of 0.4 Nm is input to the rubber cylinder part, the deformation range can reach
to +0.40 rad and the deformation rate can reach to -2.41 rad/s. This basically covers most
of the expected operating conditions of our SVA.

x = 0.40sin(27tt) ®)

The sampling period Ts of output torque is set to 0.01 s, and Equation (7) can then be
discretized as follows:

_a b+-cT. b
Tk = a5 T +bri+§: 01— atTs 02
— a _ Clg —
(a1 = 7, by = T35 ba = —771) ©)

Ty = a1Tj—1 + b16—1 + b2dy_»

where T and ¢ are output torque and rubber deformation. Supposing the parameter vector
0 = [a1, by, bo] and the output vector Y = [T, T, ..., Tn]7, the least squares estimation of

the parameter vector can be obtained as § = (oT9) 71g0TY. We took the experimental data
with sampling length N = 1000 to perform the parameter identification and got [a1, b1, b2] =
[0.9873, 1.415, —1.34], accompanying with 0.028 Nm standard deviation error and 0.033
Nm residual error of estimation (the detailed results can be found in Section 3, Figure 10).
Combining with Equation (9), the parameters [4, b, c] of our rubber-based torque estimation
model in Equation (7) can be obtained as [0.7764, 1.055, 5.832]. It is important to note that
values of parameters depend on the rubber utilized.

2.4. Harmonic Drive Friction Compensation

Nonlinear friction of transmission part composed by harmonic drive is the main factor
that affects the current-based torque estimation. As current-based torque estimation is the
only observation in our SVA system, it is essential to compensate the friction caused by
harmonic drive to improve the observation accuracy.

Harmonic drive friction is specifically generated between the wave generator and the
flexible wheel, between the flexible wheel and the fixed rigid wheel, and between the shaft
and the bearing. Establishing the friction model of the harmonic drive is the key to realize
friction compensation. The most widely used one is the Stribeck exponential model, which
describes the friction force as a function of speed, with a fitting accuracy of 90% for general
friction force [31]. However, the transmission mode of the harmonic drive is complex and
its friction characteristics are difficult to be described only as a function of speed.

The friction torque of harmonic drive has to be recorded if we want to build a detailed
friction model. It is inconvenient to install a torque sensor to measure the friction torque
directly in harmonic drive. As a result, an indirect measurement method based on motor
current is adopted in our case. It can be indicated from Equation (2) that the motor current
I; only responds to overcome the friction torque when the motor runs at a constant speed
and with no load. Thus, the friction of harmonic drive can be obtained as follows:

Tf = NCI, (10)

In this way, I; was calculated through Clarke and Park transform by the three phase
current collected on the motor drive board, and it can be used to indirectly estimate the
friction torque under no-load steady working conditions.

In order to obtain the relationships between harmonic drive motion and friction, SVA
is controlled to work at various velocities without load. The three-dimensional curves
of friction torque, motor speed, and running time are depicted in Figure 4. Each curve
represents the friction torque behavior at a specific speed. As the speed increases, the
average amplitude of the friction torque shows an increasing trend, indicating that the
friction includes a speed-related part. It can also be noted that the fluctuation trend of
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friction changes is approximately sinusoidal at the same speed. In order to verify that
this experimental phenomenon is mainly caused from the harmonic drive, rather than the
cogging torque, we also measured the output torque of the motor without harmonic drive
at the same speed shown in Figure 4. Experimental results shown in Figure 5 explained
that the magnitude of the cogging torque is far less than that via using the harmonic drive.
Considering that the angular position also changes periodically with time at a constant
angular velocity, we assume that the dynamic friction torque is also related to angular
position. Thus, the dynamic friction Tf of the harmonic drive is modeled as follows:

Tr = f(¢) + Asing (11)

where the left term on the right side of Equation (11) represents the velocity-related part
and the right term denotes the position-related part.

— 2.49rad/s
—2.36rad/s
= 2.23rad/s

2.09rad/s
—1.96rad/s
—1.83rad/s
—1.70rad/s
——1.57rad/s
—1.44rad/s

1.31rad/s

1.18rad/s
—1.05rad/s

0.92rad/s
——0.79rad/s

-
N

-

o
o

70

Friction torque/Nm

g
o

Figure 4. Torque-speed-time relationship of friction in harmonic drive.
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=] —1.70rad/s
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0.7- —1.44rad/ls |
0' | | | L |
0 10 20 30 40 50 60
Timel/s

Figure 5. Output torque of motor without harmonic drive.

Currents and angular position data at speed of 1.31, 1.57, 1.83 and 2.09 rad/s are
used to identify both terms in Equation (11). The velocity-related term is considered as an
offset for Equation (11) and it can be calculated by averaging the friction value recorded
in a sufficient long period. We input stepped angular velocity commands which ranged
from 0.1~2.6 rad/s with step length of 0.1 rad/s and duration of 100 s. The curve of
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velocity related friction torque was estimated (shown in Figure 6) to be compared with
the Stribeck friction model (shown in Figure 7). It can be indicated from Figure 6 that the
velocity-related friction fits Stribeck friction model well. Thus, Stribeck friction model,
presented as follows, is adopted to model the velocity-related term.

.5
(9
F(9) = Te 4 (Tus + To)e %) 40 (12)

14 * Estimated friction torque
—Fitting friction torque

12

:

‘G—J’ 1

=]

4

=]

§0° *

k3]

=

-

0.6

0 0.5 1 15 2 25
Angular velocity(rad/s)

Figure 6. Friction torque with respect to harmonic angular velocity. In the low speed area
(w <0.3rad/s), the friction torque will decrease with the increase of speed and accompany with
serious nonlinearity. It is due to the fact that the maximum static friction torque is usually greater
than the sliding friction torque. After reaching a certain speed (w > 0.3 rad/s), viscous friction plays
a dominant role, and the friction torque increases approximately linearly with the angular velocity.

Friction torque .
q gy Viscous friction @

Static friction 7'

ms

Coulomb friction 7,

Speed @

Figure 7. Stribeck friction model.

The parameters of the Stribeck friction model have clear physical meanings. T, is the
Coulomb friction torque, Ty;s is the maximum static friction torque, o is the viscous friction
factor, when ¢ is large enough, o is equivalent to the tangent slope, ¢, is the Stribeck
velocity, ¢, is the abscissa of the intersection of the tangent line passing intercept T},;s and
the horizontal line passing through T, and ¢ is an empirical parameter.

In this paper, the value of ¢ is set to 1 according to the Tustin empirical model [32].
Although the model is a nonlinear function which is not convenient to system identification,
most of the parameters can be determined directly through their physical meanings. T can
be obtained as 0.430 Nm from the intersection point of the horizontal line passing ¢, and
the vertical axis in Figure 6. T);s which is 0.496 Nm in our case, can be obtained from the
intercept in the first quadrant of the image in Figure 6. 0 (0.36 Nm-s/rad) can be obtained
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from the slope of the image when ¢ > ¢,. The value of ¢, (0.25 rad/s) can be obtained
from least squares estimation. When the angular velocity is reversed, T¢, Tis, gbs take the
opposite number, and ¢ remains unchanged.

The position-related friction torque value is obtained by subtracting the velocity-
related term from Equation (11). The amplitude A of Equation (11) is obtained by fitting
the results with sinusoidal function. In order to verify the relationship between amplitude
A and angular velocity, each experiment is repeated three times under the conditions of
four angular velocities mentioned above. The fitting results of the velocity-related term
are shown in Table 1. The result of a single factor analysis of variance between A and
¢ is p = 0.79 > 0.05, which indicates that there is no significant correlation between the
two parameters.

Table 1. Fitting parameters of dynamic friction model.

p (rad/s) A Nm) (@)
rad/s

¢ 1 2 3 fo
1.31 0.101 0.100 0.102 0.776
1.57 0.103 0.098 0.098 0.870
1.83 0.098 0.101 0.101 0.963
2.09 0.097 0.103 0.097 1.056

Considering the direction of angular velocity and combining Equations (11) and (12),

we can obtain the friction torque model of the SVA system as follows:
7. — { 0430+0.066 exp(—4¢) +0.36¢ +0.1sinp ¢ >0 (13)
F= 1 —0.430 — 0.066 exp(—4¢) 4+ 0.36¢ — 0.1sing ¢ < 0

Substituting Equation (13) into Equation (2), the output torque T; of SVA based on the
motor current can be shown as follows:

T — { NCI; — 0.430 — 0.066 exp(—4¢) — 0.36¢ —0.1sing ¢ >0 (14)

NCI, + 0.430 + 0.066 exp(—4¢) — 0.369 + 0.1sing ¢ < 0

Since the current-based torque estimation is only reliable at steady motor working
condition, a quantitative confidence function ¢ is defined in Equation (15) in order to judge
the accuracy of the current estimation torque in a certain state. It represents the confidence
in the accuracy of the current-based estimated torque state. The range of value of v is
[0, 1]. The closer to 0, the lower the accuracy and vice versa. It is calculated from the

angular velocity ¢, angular acceleration {, current rate of change I ¢ the constant Stribeck
velocity ¢, and the scale factor 4. When the angular velocity ¢ is far away from the
Stribeck velocity ¢,, which characterizes the friction nonlinear region, its confidence is

higher. When the angular acceleration ¢ and the current change rate I q are larger, angular
velocity is more unstable and the product of the two is larger. As a result, the value of the
calculation 1 is lower. v is a scaling factor that facilitates unification of units and orders
of magnitude. This state quantitative processing method is conducive to the design of
subsequent data processing algorithms:

¢ = max(0, min( —=,
v x abs(@l,)

2.5. Torque Estimation Based on Dual Extended Kalman Filter

The rubber-based output torque estimation is influenced by two factors: nonlinearity
and time variant of viscoelastic material properties. Nonlinearity affects torque estimation
in a short time-scale while time-variant property affects the estimation results in a long time-
scale. These two issues are attributed to the state estimation problem of the torque T and
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the parameter estimation problem of a, b and ¢ in rubber model presented in Equation (7).
To realize updating system state and parameters simultaneously, the state equations and
observation equations of the state estimator EKF1 and the parameter estimator EKF2 need
to be established, respectively. The traditional discrete Kalman filter a priori estimation
equations and the measurement parameter update equations are given as follows:

Predict:

X -1 = FeXp—1 + Brlp_1 + wi

Pek—1 = BPe1FF + Qk

Update: (16)
1

Ki = Pex—1H] (HpPer—1HF + Ry)

Xk = X1+ K(Zg — Hi Xje—1)

P = (Inxn — KHy) P g1

where X, U, F, B and w represent system state, system input, system matrix, input matrix
and the external disturbance, respectively. P, Q and R are the covariance matrix of states,
interfering noises and observed noise, respectively. K, H and Z respectively represent
Kalman gain coefficient, observations matrix and observations equation.

For the state estimator EKF1, the state vector X' is set to be torque T directly in our

case. The input vector U is set as [5,5} . Thus, state prediction equation for EKF1 can

be obtained using a rubber model represented by combining Equation (7) with the first
function in Equation (16) as follows:

Xli,k—l = FkX]t(,l + BpUy_q + w{( (17)
(Fe = w1 Be = (55 —wr))
where the superscript t of the variable represents the Kalman equation with torque as
the state variable. T; is the sampling time. a, b and c are the updated rubber parameters
obtained from EKF2. w and k represent the external disturbance and the present step.
The observation equation of EFK1 needs to be specially designed and processed
because the feedback results are obtained from current-based torque estimation which
is only reliable when motor works at steady state. The predicted state vector cannot be
updated at the time when motor works at dynamic state or current-based torque estimation
model is invalid. There are two ways to stop updating the state vector in the non-ideal
state inspired by the fourth function in Equation (16). One is to set the motor current
observations variance R to be co and the Kalman filter gain K} consequently becomes
to 0, which means that there is no update in system state. Another way is to design the
observation equation combining with a loss function [28] 6 as follows:

Zi = H{X}, | +0' i
0' = HIXL, 1 = ¥(Tour — Xfi_q) (18)
Zh =0'+of

where Z!, v and ¢ respectively represent real observations value, observed noise and
quantitative confidence function defined in Equation (15). The loss function is selected
in our case because changing R! parameter greatly during the operation process is not
conducive to the stability of the updating algorithm.

As the loss function 6" plays an important role in the observation equation, the
predicted state vector will make the loss function to change toward the direction of 0 and
finally converges to the real value if the actual observations value Z! is considered to be 0
at any time. When SVA is running in a non-steady state, ¢ is close to 0. No matter what the
estimated current Ty, is, Z,t{ always equals to 0 and there is no updating for X;{ When the
SVA is running in an ideal state, i is close to 1 and 6 can represent the deviation between
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the estimated current T, and the predicted Xj. If there is a deviation between X,i and T.,r,
X,t{ will update towards Ty, and the 6! will become to 0.
Thus, the observation matrix of the state estimator EKF1 can be obtained:

_ xt)?
X:Xi

For the parameter estimator EKF2, the rubber mechanics model parameters 4, b, c are

assumed to be constant in a short period of time. In EKF2, the state vector is X? = [a, b, c] T,
and the state prediction equation is shown as follows:
P _ xP p
XP =X/ |+ w, (20)

where the superscript p of the variable represents the Kalman equation with the rubber
parameter as the state variable.

The observations equation of EKF2 is similar with the form of EKF1 because the
observations results are also obtained by current-based torque estimation. It is designed
as a loss function 6 of the current-based estimated torque T, and the predicted torque
predicted from the state vector Xj:

67 = Y[Teur — (—Ta+ 3b+ bc)]” (1)

where ¢ and T are, respectively, quantitative confidence function and torque obtained from
EKF1. Equation (21) can be discretized as follows:

T — T 1 Ok — O 2
epzlp{nw[ k T" 1ok T" 1,5k]x}f} (22)
S S

In such case, the observations equation Z]f of EKF2 can be acquired as follows:

P _ P yP
Z, = H; Xk,k—l + o )
Te—Te 1 O—Ok_
0F = HYXY, ;= 9{ T — [~ =t s 5t} (23)
Z]f =0F 4 oF

where T, k and ¢ are the output torque of EFK1, the present step and the deformation
variables, respectively. The design principle of the observations equation is the same as
EKF1. It is considered that the actual value of the observations value is 0, and the state
vector will be driven to the direction that makes the value of the loss function 6 tend to 0.
In such a way, the parameters a, b, and c will be iteratively updated until they converge to
a true value. When these parameters change again due to temperature rising after long
time use, the filter will continue to correct them to the changed true value. The square item
in Equation (23) is represented by ey as follows:

T = Te1 Ok — 01 p

ex = Teur — [— T ’ T. ,5k]Xk (24)
Then the observations matrix of EKF2 can be obtained by combining with

Equations (23) and (24):

2

e P R

H,f:h = 2y [~ AL T T 5
T T

—xP
X=X}

(25)

The basic process of DEKF is as follows (as shown in Figure 8): Firstly, a priori
parameter X,f w1 of [a,b, C]l{,k—l is predicted by the parameter estimator EKF2 in one step.
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These predicted parameters are used in the one-step prediction of the state estimator EKF1
to obtain a priori state X;i,k,l- Then, the update stage of EKF1 works to obtain the posterior
state X} or the estimated torque T}. In return, X; is utilized in the update phase of EKF2,
and the posterior parameter X,f of EKF2 can be obtained. In such a way, one iteration of
the proposed DEKEF calculation is executed and both the state T and the parameter [a, b, c]
of SVA are estimated.

r——— 7 T T T T T e e e e T e T T |
|
EKF1 State estimator |
update status X P
| date st L P |
. K= B HHE, 1|
we oy pr X[ = X[, +K{O=-hX[, ) | ]
5 7| predictionyg “1>7i |
u=|" ; . . P =(I-KH)P _
' |:§k—J | X =X +BU L +o, i = HOL |
'D£k1=FklﬂrlﬂT1+Qr X,
M B =FobLE : |
|
1 it
|
| 4 [a,b,c]; ., KoL ]
Noise
m—— ——— U
| X=X +of X Bl ;,’ o [
| =m0 ! I l
: Parameter]| Xr,.P K[ =P H(H[P! H+R)7|
prediction X=X+ KPQO=-R(XE,)) |
| Pkp =([_KIQZ]HI€])P]»'F1(—] !
| ,
| P ; pallfgriittzrs XL :
| EKF?2 arameter estimator S [
e ]

Figure 8. Workflow chart of proposed DEKF.

3. Experimental Setup and Results
3.1. Torque Measurement Experiment Using Rubber Alone

A torque estimation platform shown in Figure 9 has been built to verify the accuracy
of the rubber torque estimation model in Equation (7). The test torque was generated
by a BLDC motor (EC 45, Maxon, Sachseln, Switzerland) and applied to the rubber after
amplifying 80 times by a harmonic drive (LCD-32, Leaderdrive, Suzhou, China). The
deformation of the rubber can be obtained by calculating the angle differences of the
two photoelectric encoders (0.04° resolution) mounted at both sides of the rubber part.
The real torque is measured by a torque sensor (M2100A, Sunrise Instruments, Shanghai,
China) with 10 Nm measurement range and 0.01 Nm resolution. The torque generated
by the motor acted on the rubber to make the rubber move periodically within a range
of £0.37 rad. The torque produced by the motor was amplified by the harmonic reducer
and transformed to rubber to make the deformation. The deformation of the rubber was
obtained by the difference between the angles of the photoelectric encoder fixed at both
ends of the rubber fixer. The actual output torque was measured by the torque sensor fixed
on the right side of the device. We compare the actual torque measured by torque sensor
and the torque calculated by Equation (7). The experimental results and torque error were
shown in Figures 9 and 10, respectively. It can be seen from the experimental results that
the estimated torque curve can accurately reflect the hysteresis characteristics of the rubber
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element, and the estimated torque follows the actual torque well with calculated root mean
square error of 0.03 Nm as shown in Figure 11.

Figure 9. Rubber testing device: (1) motor, (2) harmonic drive, (3) photoelectric encoder, (4) rubber,
(5) torque sensor. The left end of the rubber is connected to a motor, and the right end is fixed and
connected to a torque sensor. Two encoders respectively record the angle changes at the left and right
ends of the rubber. The difference between the two is used as the deformation of the rubber.

3 T T T

== Actual torque
—estimated torque

Torque/Nm

e 03 02 -0.1 0 0.1 02 03 04
Deformation/rad
Figure 10. Rubber element torque deformation variable fitting curve. The estimated torque is in good
agreement with the actual torque, which can accurately reflect the hysteresis characteristics of the
rubber element.

021 &

o
o
T

|

Torgque error/Nm
o
T
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Time/s

Figure 11. Torque-estimated error. The root mean square error of torque-estimated error is 0.03 Nm.
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3.2. Torque Measurement Experiment Using Motor Current Alone

In order to verify the accuracy of the current-based torque estimation model as de-
scribed by Equation (2), we applied a square wave reference command (£1.31 rad/s
amplitude and 5 s width) to the SVA working under velocity control mode with PID
feedback control. A random disturbance torque was exerted on the output shaft of SVA
by hand to simulate the dynamic interaction with environment. Torque sensor fixed on
the output shaft of SVA was used to measure the actual output torque. Comparing with
the real torque value measured by the torque sensor, it can be seen from Figure 12 that the
current-based estimation torque followed the real load torque well (2.23% /FS nonlinear
error) in the angular velocity steady phase but the estimated torque had large oscillations
(39.86%/FS nonlinear error) in angular velocity dynamic changing phase due to some
factors such as remaining inertia and nonlinear friction when the angular acceleration
changes drastically.

1 5 i | l I 1
= Current estimation torque
—Real torque

¥
e e e e .
|

T T TR R T TR TR TR TR TR

E
=
g
g I
= :IIJ
(.
!
| P
'| Angular velocity steady phase ' ||
] B, | ] N ] |
T \ Angular velocity dynamic changing phase |:|I
! ' i ‘ !
1 'I 1 1 i 1 [ ] 1
15 20 25 30 35 40 45 50

Time/s

Figure 12. Comparison curve of current-based estimation torque and real torques. When the motor
commutates or the angular acceleration is large, the output torque measured by the motor current
has a large deviation from the real torque.

3.3. Torque Estimation Experiment Using DEFK

In order to verify the effectiveness of the proposed DEKF fusion algorithm, a short-
period torque estimation experiment and a rubber model parameter changing simulation
experiment were designed and performed on the SVA device. The control command and
disturbance load to SVA were the same as in the current-based torque estimation method
in Section 3.2. Initial parameter setting of the rubber model are divided into correct and
incorrect group as shown in Table 2. The correct one is the parameter identification result
of the rubber torque model in Section 2.3 and the incorrect one is an arbitrary value. Table
3 shows the current torque model parameters identified in Section 2.4. Table 4 shows the
filter parameters in the DEKF model, including P!, Q', R of the state estimator EKF1 and
PP, QF, RP of the parameter estimator EKF2.

Table 2. Initial parameter setting of rubber model.

Parameter Relax_a t.10n Damping Coefficient Stlff'll?SS
Initial State Coefficient b (Nm-s/rad) Coefficient
a(s) ¢ (Nm/rad)
Correct state 0.7764 1.055 5.832

Error state 10 0.1 0.1
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Table 3. Initial parameter setting of current model.

Sine Coulomb Friction Static Friction Viscous Friction .
. Stribeck Speed
Amplitude Torque Torque Factor o (radls) Scale Factor
A (Nm) Te (Nm) Tins (Nm) o (Nms/rad) s
0.1 0.304 0.496 0.36 0.25 0.02
Table 4. DEKF initial parameter setting.
Pt Qt Rt pP? Q7 R?
0.01 0.1 0.01 0.01 0.01 0.01

Firstly, the rubber model parameters were set to the previously identified result of
[0.776, 1.055, 5.832] to verify the effect of the state estimator EKF1. These parameters are
assumed to be correct in this experiment and the effect of EKF2 can be ignored since the
experiment period is short. The experimental results of measured SVA output torque and
estimated ones are depicted in Figure 13. In the whole process, the torque estimation error
was small compared with using only current-based torque estimation method, and the root
mean square error did not exceed 0.03 Nm. Although the motor speed changed frequently,
the torque can be effectively estimated under these complex operating conditions. The
experimental results indicate that the torque estimator EKF1 is effective.

1 5 T T T T T T i
= DEKF estimation results under correct rubber parameters

=—Real torque -

1

Torque/Nm

PR L 1 I 1
o 5 10 15 20 25 30 35 40 45 50
Time/s

Figure 13. DEKF estimation results under correct rubber parameters.

Secondly, in order to verify the effect of the parameter estimator EKF2, the rubber
model parameters [a, b, c] were set to the incorrect value of [10, 0.1, 0.1] which are deviated
greatly from the identification result and used to simulate the time-variant property of
rubber material under long periods of working conditions. The parameter estimation result
using the DEKF is shown in Figure 14. It can be seen that the estimated torque deviated
greatly from the real value due to the incorrect setting of the rubber element parameters
from the real parameters at the beginning stage. The rubber element parameters were
gradually estimated to be close to the correct value via the effect of EKF2. The output
torque estimation error also decreases, eventually reduced to the same level compared

with Figure 13.
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| | | |
= DEKF estimation results under the condition of incorrect rubber parameters
—Real torque

Ml

1.5

!
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1
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Figure 14. DEKF estimation results under the condition of incorrect rubber parameters.

The real-time output rubber model parameter’s estimated value by the parameter
estimator EKF2 during the processing was shown in Figure 15. Even if initial parameters’
value of [10, 0.1, 0.1] with large deviation from the true one was given arbitrarily, EKF2 can
calibrate it to be close to the true value of [0.7764, 1.055, 5.832]. These experimental results
verified the effectiveness of the parameter estimator EKF2.
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Figure 15. The real-time output rubber model-estimated parameter.
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The above tests respectively verify the effectiveness of EKF1 for torque estimation
and EKF2 for rubber parameter estimation, which indicates that the DEKF algorithm can
overcome the shortcomings of current-based torque model which is unable to estimate the
torque under complex operating conditions effectively.

3.4. Comparison of Three Torque Estimation Methods

Table 5 shows RMSE, coefficient of determination (R?) and nonlinear error of the
three torque estimation methods comparing with real torque. The calculation equation of
nonlinear error is shown as follows:

en = (emax/afs) * 100% (26)

where ¢, €0y, ag represent the nonlinear error, maximum torque error between real torque
and estimated torque, and the range of output torque, respectively. The overall effect of our
proposed DEKF (0.027 RMSE and 1.48%/FS nonlinear error) was better than rubber torque
estimation method (0.029 RMSE and 2.38%/FS nonlinear error) and current-based torque
estimation method (0.178 RMSE and 18.6%/FS nonlinear error). Compared with DEKF and
rubber-based torque estimation method, the RMSE of the current-based torque estimation
were the largest due to the interference of harmonic drive nonlinear friction when motor
worked at dynamic states such as commutation or suffering from impacts. Comparing
with rubber-based torque estimation method, output torque estimated by DEKF method
had smaller nonlinear error due to the fact that DEKF can constantly correct and update
the rubber parameters close to the correct value.

Table 5. The estimation accuracy of the three torque estimation methods.

Torque Estimation Methods RMSE (Nm) R? Nonlinear Error (%/FS)
Rubber estimation 0.029 0.9911 2.38
Current estimation 0.178 0.2759 18.6
DEKEF estimation 0.027 0.9935 1.48

4. Conclusions

In order to improve the accuracy of SVA torque estimation, this paper proposed a dual
extended Kalman filter-(DEKF) based torque estimation method, and respectively modeled
the rubber-based torque estimation model and the dynamic friction of harmonic drive. The
experimental results showed that the estimated torque by DEFK torque estimation method
can effectively suppress the torque error of SVA system for non-constant acceleration
conditions. By comparing the results of only using rubber-based torque estimation method
and only using current-based torque estimation method with DEKF method, it was found
that DEKF torque estimation method can effectively reduce the error of estimated torque,
which proved the feasibility of this method. In the near future, we will intend to realize
the impedance control of SVA and take it as the robot joint. In such a case, the torques
measured by DEFK could be used as relatively accurate robot joint feedback torques.
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