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Novel Force Estimation Method for Magnetic Lead
Screw-Based RotLin Actuator

Lang Bu

Abstract—This article proposes a method to precisely estimate
the load force of magnetic lead screw (MLS)-based series elastic ac-
tuators (SEAs) in real time. The elastic transmissions of MLS-based
SEAs generally comprise permanent magnets (PMs). Owing to the
magnetic pole distortion and the characteristic nonlinear force of
PMs, conventional force estimation methods are less accurate for
MLS-based actuators than for SEAs with mechanical springs. In
the proposed method, to precisely estimate force of MLSs, the non-
linear force characteristic of an MLS is modeled with a sinusoidal
force model, and the magnetic force hysteresis phenomenon is
predicted based on Bouc—Wen-type hysteresis equations. Moreover,
a method called the relative displacement normalization method is
proposed to detect the magnetic pole distortion and to compensate
for the related force estimation error. In addition, the proposed
method is applied to a rotary-linear (RotLin) actuator, which is
a novel MLS-based linear SEA. The force estimation accuracy is
experimentally evaluated by comparison with existing methods.
The results demonstrate that the root-mean-square error of the
proposed method is less than that of the existing polynomial model
by up to 81.2%. Finally, a force controller and a static force control
system is designed with the proposed model to prove its feasibility.

Index Terms—Force estimation, magnetic lead screw (MLS),
nonlinear distortion, rotary-linear (RotLin) actuator, series elastic
actuator (SEA).

1. INTRODUCTION

ERIES elastic actuators (SEAs) have been widely applied
S in human-robot interaction owing to its inherent compli-
ance and force sensibility [1], [2]. However, the mechanical
springs and transmissions in linear SEAs cause problems such as
backlash, friction, and nonbackdrivability. Magnetic lead screws
(MLSs) have recently drawn much attention because of their
ability to convert small torques into large forces without direct
contact between the rotor and translator. The structure of an
ideal MLS is shown in Fig. 1. Compared with mechanical SEAs,
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Fig. 1.  Section view of an ideal MLS.

it has the advantages of low friction, inherent backdrivability,
inherent overload protection, no backlash, and low maintenance.
Moreover, compared with conventional permanent magnet (PM)
actuators, it has a higher force density. Additionally, as a radial-
gap actuator, it does not require gap control, which is necessary
in axial gap actuators (e.g., the spiral motor proposed in [3]
and [4]). Previous studies have focused on improving the thrust
force, constructing an ideal helix magnetic field, simplifying
the manufacture, or reducing the cost of MLSs. However, the
real-time force estimation of MLSs has rarely been considered.

Novel MLSs and actuators have been designed for different
applications in recent years. A high-temperature superconductor
electromagnetic screw (HTS-EMS) [5] and a Halbach magne-
tized magnetic screw [6] were designed for an artificial heart.
Furthermore, a 500 kN MLS was designed for wave energy con-
version, and a 17 kN demonstrator was built for verification [7].
To reduce cost, a moving-magnet-type interior permanent MLS
(MM-IPMLS) was proposed [8] with a screw made of a soft mag-
netic material that is easy to extend and discrete arc-shaped PMs
that are easy to manufacture. Moreover, a magnetically geared
lead screw with no magnets on the translator was proposed [9]
to reduce cost in a long-stroke application. Additionally, a new
MLS structure [10] that can well approximate helical magnetic
poles with discrete PMs was proposed. A compact direct-drive
linear actuator integrating a rotary machine and a magnetic
screw was also designed [11], where the magnetic circuits
were decoupled. In addition, some studies have focused on the
theoretical analysis of MLSs. Wang et al. [12] proposed a unified
framework to predict the thrust force of tubular linear actuators
based on field solutions. Analytical and numerical analyses were
performed to predict the performance of MLSs [13]. The effects
of pole count and stack length on the gear ratio and force
characteristics were studied [14]. In terms of optimization of
the system cost and weight of the linear actuator, the superiority
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of a trans-rotary magnetic gear (TROMAG) integrated rotary
machine over a conventional direct-drive linear PM machine
in high-force low-speed reciprocating motion applications was
proven [15].

Although the force characteristics of MLSs have been widely
analyzed, estimating the force in real time remains challenging.
A previously proposed disturbance observer (DOB) [16], [17]
provides the possibility of estimating the force from the rotor-
side disturbance; however, the needs of the rotor-side friction
model and the low-pass filter decrease the accuracy and slow
down the speed of the observation. In addition, the widely used
finite-element analysis (FEA) method (e.g., in [5]-[15]) is un-
suitable for real-time force estimation. The previously reported
force analysis [12], [13] provides a way to predict the thrust force
of ideal MLSs, but it is difficult to use for real-time force estima-
tion because of the massive calculation and the lack of consid-
eration of field distortion. Although a real-time force estimation
method was proposed and evaluated using MM-IPMLS [8],
this method requires a premeasured force curve and polyno-
mial approximation to determine parameters, which weakens
its practicability. Moreover, the method neglects the distortion
of magnetxsxtsic poles.

The real-time force estimation is essential in force control,
where SEAs show their superiority: the force of a conven-
tional SEA can be easily estimated from the deformation of
the mechanical spring. However, for MLS-based actuators, the
conventional force estimation method is inaccurate owing to the
characteristic nonlinear force and magnetic pole distortion of
PMs. The present article, as an extension research of [1], pro-
poses a novel real-time force estimation method, and evaluated
the method with the designed MLS-based rotary-linear (RotLin)
actuator and control system. The proposed method is distinct
from existing methods in the following aspects.

1) A sinusoidal force model with easily determined parame-
ters is introduced to estimate the nonlinear magnetic force
of MLSs.

2) Bouc—Wen-type equations are used to predict the magnetic
force hysteresis phenomenon of MLSs.

3) A method to detect the magnetic field distortion of
MLSs and an estimation error compensation method
based on relative displacement normalization (RDN) are
proposed.

It is worth mentioning that although the original purpose of
the proposed method is to enhance the force estimation accuracy
of the RotLin actuator, the method is applicable to other MLS-
based actuators. In particular, it can significantly improve the
force estimation accuracy of MLSs with distinct magnetic-field
distortion. It provides an alternative way to improve the force
characteristics of MLSs, in addition to increasing the number of
discrete PM blocks, as reported previously [18], which makes
manufacturing difficult.

The rest of this article is organized as follows. Section II
introduces the structure, modeling, and force analysis of the
RotLin actuator. Section III discusses the components of the
proposed force estimation method in detail. Section IV presents
the experimental results. Section V discusses the universality of
the method. Finally, Section VI concludes this article.
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Fig. 2. Section view of the RotLin actuator.

(a) (b)

Fig. 3. MLS of the RotLin actuator. (a) Rotor and (b) translator.

II. MLS-BASED DIRECT-DRIVE ROTLIN ACTUATOR

In contrast to other MLS-based actuators that connect a motor
with MLS in series, the RotLin actuator is a compact direct-
drive linear actuator that combines the stator of a PM brushless
dc motor (BLDCM) with an MLS in the radial direction. The
structure, principle, modeling, and force characteristics of the
RotLin actuator are discussed in this section.

A. Structure of the RotLin Actuator

As shown in Fig. 2, the RotLin actuator consists of three main
parts: the stator, rotor, and translator. The stator with 12 slots
adopting concentrating winded coils has a structure similar to
the stator of a BLDCM. The PMs on the rotor and the translator
are helical and radially magnetized. The rotor frame shown in
Fig. 3(a) is made of Bakelite. This nonferromagnetic material
ensures that the rotor is lightweight and compact while freeing
the actuator from the cogging torque between the rotor frame and
the translator. The PMs embedded in the rotor have four poles in
the axial direction and eight poles in the tangential direction. The
surface PMs on the translator are composed of discrete helical
PMs with a 60° arc, as shown in Fig. 3(b).

The previously built prototype of the RotLin actuator in [19]
is shown in Fig. 4. The mover, which is a combination of the
rotor and stator connected by ball bearings, is supported by linear
guides. The translator is fixed to a base plate with shaft holders.
The mover and rotor are equipped with a linear encoder and
rotary encoder, respectively. A force sensor is installed at the
load side for evaluation. The measured dimensional parameters
of the RotLin prototype are presented in Fig. 5 and Table 1.
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Fig. 5. Dimensional parameters of the RotLin actuator.

TABLE 1
DIMENSIONAL PARAMETERS OF THE ROTLIN ACTUATOR

Description Symbol Value
Outer radius of the stator [mm] Rs 47.25
Outer radius of the rotor [mm] R, 26.25
Outer radius of the translator [mm] Ry 17.45
Radial length of the PMs [mm)] Im 2.5
Radial length of the translator [mm] It 7.5
Radial length of the air gaps [mm] lg 0.8
Radial length of the stator [mm] ls 65
Pitch length [mm] lp 5.1429
Axial pole number of the rotor Pa 4
Tangential pole number of the rotor Dt 8

B. SEA Model of the RotLin Actuator

An MLS-based actuator is essentially an atypical SEA in
which the mechanical elastic transmissions are replaced by a
magnetic spring. In applications involving low thrust force, the
magnetic spring force was approximately linearized as follows:

Fs = Ksl'd (l)

where K is the spring constant of the linearized force model. x4
is the relative displacement between the rotor and the translator
and was expressed as follows:

Tg=h0—x 2)

where = and 6 represent the mover displacement and rotor angle,
respectively. h is the transfer ratio from rotary to linear motion
and was expressed as follows:

h=1,/2r. 3)

Taking J as the inertia of the rotor and M as the mass of the
mover, the kinematic equations were derived as follows:

JO=T—T, 4)
Mi =F, — F )
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Fig. 6. Conventional SEA model of the RotLin actuator.

where T and T represent the electromagnetic torque and feed-
back spring torque on the rotor, respectively. F; represents the
load force. According to energy conservation, the relationship
between the spring force and spring torque was derived as
follows:

Ts = hF. (6)

The conventional SEA model of the RotLin actuator was
built [20] based on (1)—(6), as shown in Fig. 6.

C. Magnetic Force Analysis

To predict the force performance of MLSs, an analytical and
numerical method was adopted previously [12], [13]. It was
concluded that for an ideal MLS with infinite-permeability back
irons and an axially symmetric and periodic field distribution,
the axial force acting on one pole of the rotor magnets is as
follows:

F=4n], Y  Kysin(m,z,) (7
n=1,2,...

where z, represents the axial displacement between the poles on
the rotor and the translator. .J. is the equivalent current density
of the rotor magnets, which was obtained from follows:

J, = M

Mo Lo
where Bi,.,, is the remanence of the PMs and u, and p are
the relative recoil permeability of the magnets and permeability
of the space, respectively. K,, and m,, are constant parameters
related to the nth component of the flux density. Details of the
calculation are provided in the original paper.

For the RotLin actuator with p, axial poles on the rotor, when
the pole distortion is neglected, the pole displacement x,, is equal
to x4, and the thrust force of the RotLin actuator was derived as
follows:

®)

F=dmpeJe Y Kpsin(mpza). )

n=1,2,...

The analytical thrust force of the RotLin actuator with respect to
the relative displacement is shown in Fig. 7 in comparison with
the linearized model based on (1) and the measurement result
from the force sensor.

The results demonstrate that the estimation error of the linear
model starts to become significant when the force is greater
than 100 N, indicating that the widely used linear model of
SEAs is applicable to MLSs only under low force. The analytical



7300

—©— Measured s
| |= = Linearized model .
Analytical model

Force (N)

0 0.5 1 15
Relative Displacement (mm)

Fig.7. Measured, linearized, and analytical thrust force of the RotLin actuator.

model can better predict the thrust force over the entire range.
However, a gap still exists between the analytical and measured
values. This could be a result of the effect of saturation, which
is neglected in the model, as reported by Wang et al. [13].

III. PROPOSED REAL-TIME FORCE ESTIMATION METHOD

This section introduces the proposed real-time force estima-
tion method for an MLS-based actuator. The three components
of this method, namely, the sinusoidal force model, hysteresis
model, and error compensation method based on RDN, are
discussed in detail. In addition, a load force observer (LFOB) is
designed for experimental evaluation.

A. Sinusoidal Force Model

The analytical model expressed by (9) is a summation equa-
tion with n components, and the calculation of K, is massive.
However, the components with n > 1 are very small; for ex-
ample, for the RotLin actuator, the ratio between K, and K is
1.58%, and the ratio between K3 and K is 0.08%. Considering
that the components withn > 1 are neglected, (9) was simplified
as follows:

Fy = 4mpa J Ky sin (myxg) . (10)

In (10), the product of the coefficients before the sine function
and m; are constants, which implies that the magnetic force re-
lated to the relative displacement is almost sinusoidal. Therefore,
a sinusoidal force model was assumed as follows:

Fy = asin (bxy)

(11
where a and b are constant parameters need to be determined.
Taking Fjstq as the stall force of MLS, the corresponding
relative displacement is one quarter of the pitch length, that is
Fotau = asin (bl,/4) (12)
bl, /4 =m/2. (13)

Solution of (12) and (13) yields a = Fiq and b = 27/, and
the sinusoidal model expressed by & follows:

FS = Fstall sin (l‘d/h) (14)

In this sinusoidal model, & is a dimensional parameter that can be
easily determined. The only parameter that needs to be identified
is the stall force, which can be determined from an overload test.
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B. Hysteresis Model Based on Bouc—Wen-Type Equations

Magnetic hysteresis occurs when the pole distance between
the rotor and translator of an MLS varies. Consequently, the
force of MLSs is not only related to the relative displacement
at any moment, but also to that in the past. Therefore, a static
model cannot precisely describe the force characteristics of
MLSs. Previously [21], a Bouc—Wen-type hysteresis model was
applied to model the torsion-torque hysteresis of elastic-joint
robots. Although the principles of magnetic force hysteresis
and mechanical torsion-torque hysteresis are different, their
performances are similar. Therefore, it is possible to model
the magnetic hysteresis of the MLS-based RotLin actuator with
modified Bouc—Wen-type equations.

The torsion-torque hysteresis based on the Bouc—Wen-type
hysteresis model of the ith joint follows:

where k;, with j = {1, 3}, represents the linear and cubic stiff-
ness coefficients; w; € [0, 1] is the weighting factor between the
purely elastic (w; = 1) and purely plastic (w; = 0) hysteresis
behaviors; and A; represents the joint torsion of the ith joint. x;
is an internal state that captures the hysteresis behavior follows:

&y = ¢iA; — | A |

Mg = GA ™ (16)

where ¢;, 1; > 0,1; > 0, and £ > 1 are parameters that adjust
the shape of the hysteresis curve. Details are discussed else-
where [22].

Equation (15) was modified to estimate hysteresis forces
of MLS-based actuators. For an actuator with one MLS, the
summation in (15) is not needed. Moreover, Ag , representing the
torsion of the th joint, was replaced with relative displacement
of an MLS: 4. The product of k; ; and Af , which represents the
linear torsion-torque of one joint, was replaced with magnetic
spring force of an MLS, expressed with the proposed sinusoidal
force model: Fiiqy sin(xzq/h). From these modification, the
hysteresis model for MLS-based actuators was developed as
follows:

Fy(zq) = Fstau|wsin (zqg/h) + (1 — w)sin (xs/h)] (A7)
where x4 is an internal state similar to (16) as follows:
&y = Gia — V|ial o, @ = Edalz,". (18)

Fsiq11 and h control the scale of hysteresis loop in the vertical and
horizontal directions, respectively. The modeled hysteresis loops
related to parameters w, Fy4;; and h are shown in Fig. 8(a)—(c),
respectively.

The identification results of the hysteresis model of the RotLin
actuator are shown in Fig. 9. The overall hysteresis loop is shown
in Fig. 9(a). The gray arrow lines in sequence of AB, BC and
CD indicate the directions of force variation. The details around
the zero point are shown in Fig. 9(b), where an overlapping part
exists between Curves A—B and C-D in the region indicated with
a blue arrow. The identified parameters are shown in Table II.
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C. Magnetic Pole Distortion Detection and RDN Method

According to the analysis in (7), the thrust force of an MLS
is related to the pole distance. For an ideal MLS with helix
poles, the pole distance is equal to the relative displacement, that
is, , = x4. However, to simplify the manufacturing process,
most MLS designs adopt discrete PMs. The discrete poles and
the deviation of the polarization of the PM blocks lead to
magnetic pole distortion. Consequently, =, # x4, resulting in a
force estimation error. If 24 is normalized to x,, the estimation
errors related to magnetic pole distortion can be compensated.
Assuming a variable z4(6), the following equation can be
formulated:

z40(0) = xa(0) — 2,(0)

The normalized relative displacement x4, satisfies the following
relationship:

19)

xdn(ﬁ) = md(e) — l’do(e). (20)
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TABLE II
PARAMETERS RELATED TO THE EVALUATION EXPERIMENT
Description Symbol Value
Nominal torque constant Kin 0.0387 N-m/A
Nominal mass of the mover My, 2.55 kg
Nominal inertia of the rotor Jn 7.68x 107 kg-m2
Cutoff frequency of DOB Jgp 1000 rd/s
Cutoff frequency of LFOB ar 200 rd/s
Cutoff frequency of speed calculator Gv 1000 rd/s
Spring constant of linear model K 220x10° N/m
Position controller Ky 100
Speed controller Ky 0.5
Nominal transfer ratio hn 8.19%x 10* m/rad
Stall force Fstall 192 N
Weight factor of hysteresis model w 0.96
Stiff coefficient of load Ke 2250 N/m
Damping coefficient of load De 0.1 N-s/m
1) 1
Internal state parameters of P 3000
the hysteresis model 13 1000
n 1
Parameters of the modified n 0.8
Coulomb friction model 72 200
Y3 0.05
0 6 x4(0)=0
| xp(8) =0 g
 xy(8) =0 7 x40(60)
1 II
U
! P~
‘.‘ I,’ x,(6) =0
\| 4,
0 F 2
0
(@) (b)

Fig. 10. Diagram of x4 = 0 and x,, = of an MLS with discrete PMs in
(a) 0-F coordinate and (b) 8-z coordinate.

To identify the x40(0), the concept of zero-force line was intro-
duced. From (7), when x,, = 0, force of an MLS equals zero.
Therefore, the zero-force line, representing by x;,, = 0, shows the
position where force between shaft and rotor in the z direction
equals zero. x, = 0 is a straight line in the 6-F" coordinate, as
shown in Fig. 10(a). Differently, x, is related to the structure
of an MLS, and x4 = 0 is a straight line in #-z coordinate, as
shownin Fig. 10(b). The lines represented by ©4 = Oand z), = 0
are consistent only when the MLS is ideal, as shown in Fig. 11,
where the pole distortions of discrete PMs are illustrated through
the varying shades of color. By detecting the difference between
xzq = 0and x, = 0 in z direction, z4(f) can be identified.

To identify x40, a simple identification experiment that does
not require a force sensor is designed. First, the actuator is
controlled to move forward and backward at the same constant
speed, and the relative displacements are recorded as xqs(6)
and x4 (0), respectively. To simplify the equations, a linearized
model is used to describe the small spring force, and the dynamic
equations of the mover using normalized relative displacements
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were as follows:
Ks(a;‘df(e) —zq0(0)) — Frp=0
K(xq(0) — xq0(0)) — Fp =0

where Fyy and Iy are the frictions during the forward and
backward movements, respectively. As the speeds in the two
directions have the same constant value, the friction values are
related as follows:

21
(22)

Fpp = —Fp. (23)

With (21)—(23), the variable to normalize the relative displace-
ment was determined
sao(0) = xdf(e)';'xdb(e).
The identification experiment of x40 was conducted under
different speeds of 20, 10, and 5 mm/s, and the results are shown
in Fig. 12. The results show that the identified x4y values under
different speeds are almost identical, proving that the zero-force
line related to the rotor position is independent of speed. In
addition, the identified x4y reflects the characteristics of pole
distortion. For instance, the periodic pattern of x4y with a peri-
odicity equal to the rotor rotation turns is related to the magnetic
pole distortion on the rotor, whereas the overall variation of
x40 1s related to the magnetic pole distortion on the translator.
This experiment can detect pole distortion due to imperfectly
polarized PMs, manufacturing errors, and/or nonstandard MLS
structure design.
By replacing x4 in the sinusoidal hysteresis model expressed
by (17) and (18) with x4, expressed by (20), the proposed force

24
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Fig. 13. LFOB with the modified Coulomb friction model.

model was derived as

Fs(xq) = Fstouwsin (zgn/h) + (1 —w) sin (zs/h)]  (25)
where z is an internal state following
jjs = ¢xdn - ¢|xdn| |xs|n71 Ts — gs"tdn |xs|77 . (26)

D. Design of Load Force Observer

The direct measurement of the spring force associated with
an MLS is difficult, owing to no contact between the mover
and stator. Therefore, the comparison of the estimated spring
force and the measurement is difficult. To evaluate the accuracy
of the proposed method, an LFOB with a structure similar to
a DOB, proposed by Ohnishi et al. [23] was designed (see
Fig. 13). The primary difference between the designed LFOB
and a conventional LFOB is the methods applied for obtaining
the spring force and friction. The designed LFOB estimated
the spring force through proposed method. The load force was
estimated by subtracting the friction from the observed load-side
disturbance as follows:

Fl = (Fs,est + gLMn@) g — gL My — Ff_est (27)
gr +s
where @ is the estimated speed of mover expressed as follows:
o=, (28)
o+ 8

gr, and g, are the cutoff frequency of the low-pass filter of the
LFOB and speed calculator, respectively. M,, is the nominal
mass of the mover, and F; .4 is the spring force estimated
from the proposed force model. Fy_.; is the mover-side friction
estimated from the modified Coulomb friction model

Fy(2) = v tanh(12@) + 73 sign(a) (29)

where ~; and 73 represent viscous friction and Coulomb fric-

tion, respectively. 7, is a coefficient that adjusts the pre-slide
performance of the friction model when the speed is near zero.

IV. EXPERIMENTAL EVALUATION

The proposed force estimation method was experimentally
evaluated. The experiment platform was built based on an in-
verter unit MWINV-5R022 and a control board PE-F28335 A,
procured from Myway Plus corporation. The control board
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Fig. 14.  Experiment setup configuration diagram.

equips a microcontroller TMS320F28335PGFA with a clock
frequency of 150 MHz. The carrier frequency of the control
signal was set to 10 000 Hz. The control system was programmed
with the software Code Composer Studio ver.5.0 software, in C
codes. The PE-View 9 Software was used for processes such as
compiling, downloading execution/stopping. Rotary encoders
T2011-10 A and linear encoders RGH24X30D00 A from Ren-
ishaw corporation are used for angle and displacement mea-
surement, respectively. Piezoelectric sensor and charge amplifier
type 5015, used for load force measurement, were from Kistler
corporation. Fig. 14 shows the experimental setup.

The parameters related to the control system and the mod-
els are listed in Table II. In our previous research, a rotor
position control based proportional controllers and DOB was
included [1]. The rotor position system was applied for the
experimental evaluation. The experiments were divided into
static and dynamic evaluations. In the static evaluation, the
sinusoidal and hysteresis models were evaluated. In the dynamic
evaluation, the proposed force estimation method was evaluated
and compared with existing methods. Finally, a force controller
was designed and combined with the position control system.

A. Static Evaluation of Sinusoidal and Hysteresis Model

The static evaluation results of the proposed sinusoidal force
model expressed by (14) are shown in Fig. 15. The results show
that the sinusoidal model is consistent with the measured force
and the maximum error is approximately 2 N.

To evaluate the accuracy and robustness of the hysteresis
model against the variation of the magnetic field and force, ex-
periments were conducted in different positions under different
force scales (see Figs. 16—18). In addition, errors of estimation
with and without hysteresis model are compared. The results
show that even in situations different from the identification
experiment, the model can still estimate the force hysteresis and
improve the accuracy of force estimation.

B. Dynamic Evaluation of the Proposed Method

The proposed force estimation method was experimentally
evaluated in the dynamic states. In the experiments, plastic foam
based elastic loads were applied, where the mover interacts
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TABLE III
RMSES [N] (RATE RATIO) OF DIFFERENT METHODS

Experiment Polynomial Linear Proposed
1 4.68 N (100%) 4.77 N (101.9%) 0.88 N (18.8%)
2 4.65 N (100%) 4.48 N (96.4%) 0.99 N (21.3%)
3 4.14 N (100%)  7.23 N (174.5%) 1.62 N (39.1%)

with the load along a sinusoidal movement. The results were
compared with two existing force estimation methods: a conven-
tional linear model and a polynomial model. Figs. 19-21 show
the three experiments conducted under maximum load forces at
approximately 45, 85, and 165 N, respectively, Furthermore, the
estimation results and absolute errors of the three methods were
compared. The root-mean-square errors (rmses) of the three
methods in the three experiments are listed in Table III.

The results show that the accuracy of linear model and poly-
nomial model are almost identical when the load force is less
than 100 N. The polynomial method shows superiority over the
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linear model under a load force greater than 100 N. However,
both methods suffer from errors with a periodic pattern. This
pattern associated with pole distortions of PMs is consistent
with the pattern of zero-force line detection results shown in
Fig. 12. The proposed method shows the best accuracy thanks
to the hysteresis model and the RDN method.

C. Force Control System Design and Evaluation

To verity the feasibility of the proposed model in force control
and its generality in terms of combining with conventional
systems, a static force controller and a force control system were
designed and evaluated experimentally. In the static state, the
load side forces follows:

Fyaisin[(h —x — zq90) /h] — F; — Fy = 0. (30)

From (30), a force controller for generating rotor position
reference from load force reference is designed as

Ff 4 F 1
14 f_est x
Fs[all * h (x i de)

Ores = sin™ (31
where x40 and F . are determined from the proposed zero-
force line identification method and the modified friction model,
respectively. A force control system combining the force con-
troller and a conventional position control with proportional
controllers and DOB is designed, as shown in Fig. 22.

To derive the transfer function of the designed system, the
nonlinear force model was linearized. Around an arbitrary point,
xq = xjy and Iy = I, the coefficient K| of a linearized force
model was derived from (14) as follows:

Fs - F; Fstall
K] = L = a/h). 32
e h cos(zg/h) (32)
The Laplace transform of (32) yields
Fi(s) = Kjz4(s). (33)
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(a) Overall and (b) details around zero point.

Considering environment impedance as K, + D.s, the load
force is obtained as follows:

Fy=(K.+ D.s)x (34)

where K, and D, represent the stiffness and damping coef-
ficients of the environment, respectively; the transfer function
from the force reference to the load force is derived as follows:
Fi(s) _ Num(s)

Frf(s)  Den(s)

(35)

The numerator Num and denominator Den are provided in
the appendix. The stability of the designed system was verified
using Routh—Hurwitz criterion. By taking nominal values of the
system into (35), the components in the first column of Routh—
Hurwitz criterion table, as functions of variables K| and K.,
were derived. The results demonstrate that with any positive
value of K, and K, the Routh—Hurwitz criterion is satisfied.
The locus of poles along the variation of K, and K; are shown
in Figs. 23 and 24, respectively, indicating all the poles have
negative real parts.

The results of the force control evaluation experiments are
shown in Fig. 25. The load was a soft object composed of
plastic foam, and the reference forces were set to 50 and 100 N
in Fig. 25(a) and (b), respectively. The corresponding absolute
errors are shown in Fig. 25(c) and (d), respectively. The results
demonstrate that the system was stable and error was small,
indicating the feasibility of the proposed force control system.

(a) Overall and (b) details around zero point.
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Fig.25.  Experimental results of force control: (a) 50 N force control, (b) I00 N

force control, (c) error of 50 N force control, and (d) error of 100 N force control.

V. DISCUSSION

Although the proposed force estimation method was designed
for the RotLin actuator, it is a universal method for MLS-based
linear actuators. The model includes a sinusoidal model, a hys-
teresis model, and RDN to overcome three common problems
in the force estimation of MLSs: the inherent nonlinear force
characteristic, magnetic hysteresis, and magnetic pole distortion.
The three components of the force model do not necessarily work
together, which means that each model can also work with or be
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replaced by other models. For instance, the polynomial model
proposed in [8] can be improved by adopting RDN. Alterna-
tively, for actuators in which magnetic hysteresis is insignificant,
it is acceptable to remove the hysteresis model to simplify the
system. Moreover, because the proposed RDN method does
not include any specific magnetic field model, it is a universal
method that is applicable to MLSs with different designs. This
shows the ability of the proposed method to improve the force
estimation accuracy of MLSs, especially for those with relatively
large PM blocks and nonideal helical distributed poles.

VI. CONCLUSION

In this article, a novel method for estimating the thrust force
of MLSs was proposed. Each component of the method was
introduced in detail: the static force model based on the sinu-
soidal model to estimate the static nonlinear force of an MLS; a
hysteresis model based on Bouc—Wen-type hysteresis equations
to predict the magnetic force hysteresis; and a compensation
method based RDN to compensate for the estimation error
owing to the pole distortion of PMs. An LFOB was designed
for evaluation experiments. Moreover, a static force controller
was designed and combined with a conventional position control
system.

The accuracy of the proposed static sinusoidal model and
hysteresis model was evaluated with static experiments. The
dynamic experiments demonstrate that the proposed method
reduces the rmse of force estimation by up to 81.2%, in com-
parison with the existing polynomial model. Static force control
experiments verified the feasibility and generality of combining
with existing control system.

This article focused on the improvement of the force esti-
mation accuracy of MLSs and MLS-based actuators through a
preliminary control system design. We expect to extend this re-
search in the future, toward system improvement, the analysis of
robustness, and disturbances response. In addition, the proposed
method is expected to be applied to MLS-based actuators other
than the RotLin actuator.

APPENDIX
Num = gpgo K KpKi Ky, + (Degpgo Kp K K,
+ 9K K, K, K, + g, K. K, K, K,)s
+ (DegpKp KKy + Dego K, K K,
+ K K,K,;K,)s* + (D.K,K;K,)s (36)
Den = gpgo K K, Ki Ky + (9. 0* K K[ + gpgo K K Ky
+9p9u K| Ki Ky +Dogp gy Ky K Ky +9p K. K Ky K,
+ 9o K KpKiKy)s + (9pgo T Ke + Degoh* K
+9p90J K[+ K K[+ Degpgo Ko Ky + 9, K K K,
+ 9o K Ki Ky + Degp Kp Ky Ky + Dego K K K,
+ K K K Ky + gpgo K, K Ky M)s® + (Degpgu]
+gpJK. + goJK. + DK} + gpJK; + g, JK;

(1]

[2]

[3]

[4]

(51

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
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+ D9, KK, + D KK K, + g,h* K M

+909o Kt Ko M +gp Kp Ky Ky M+ 9, K K K, M) s?
+ (Degpd + Degod + JK. + JK| + gpgoJ M

+ 2K M + g, K KM + K, K K,M)s* + (D.J
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