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A Novel Direct-Drive Rotary—Linear Machine and
Ripple Reduction by Harmonic Current
Injection Approach

Yue Ma ", Shuangxia Niu

Abstract—This article presents a direct-drive multistage rotary—
linear machine (RLM) with a dual permanent magnetic (PM) struc-
ture. The RLM has prominent direct-drive characteristics, such
as high torque/force density, and a deeply integrated mechanical
structure, as well as a significant degree of decoupling between the
two dimensions of motion. A harmonic current injection method
is proposed to reduce torque and force ripples, which are mainly
caused by machining tolerances and manufacturing processes.
The basic structure, winding design, and design deduction of the
proposed RLM are introduced first. Then, the electromagnetic
performance of the proposed dual-PM RLM is evaluated by fi-
nite element analysis and compared with the data of an existing
RLM and the model with mechanical tolerance. Furthermore, the
harmonic current injection (HI) method is designed. HI is adopted
in motor control to effectively reduce the torque and force ripples
of the machine and enhance the controllability of the RLM motor.
Finally, the feasibility of the design scheme and HI is confirmed by
testing the prototype.

Index Terms—Current control, electromagnetic analysis,
harmonic analysis, permanent magnet motors, PI control, torque
measurement.

I. INTRODUCTION

WO-DEGREES-OF-FREEDOM (2-DoF) direct-drive

machines can realize linear, rotary, and spiral motions
without an intermediate transmission mechanism. Therefore,
they can be widely used in various automation applications, such
as numerical control machine tools, robots, automotive trans-
mission devices, and other equipment, to upgrade performance.
Nowadays, the 2-DoF function is usually achieved with two or
more rotating motors and ball screw transmission devices. This
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structure has a complex control system, low reliability, and a
high maintenance cost. Using one rotary—linear machine (RLM)
instead of two or more rotating motors and transmission devices
can significantly simplify the structure of the mechanical system,
save space, and reduce weight, thus improving the accuracy and
dynamic performance of the whole system, especially in robotic
applications [1].

The RLM can exist in many forms. Some RLMs are partially
helical in structure. The stator slots of the reluctance motor
in [2] are helical-shaped. The stator excitation current has a
combination of low-frequency and high-frequency components
that excite force and torque, respectively. However, the high-
frequency currents tend to introduce significant eddy current
losses. In [3], [4], [5], and [6], the stator with three-phase helical
windings excites a helical magnetic field, and the mover is driven
by both axial force and circumferential torque at a fixed helical
angle. The motor in [7] has an inner-layer helical permanent
magnetic (PM) translator. When the outer stator generates a
rotating magnetic field, the piecewise helical PM mover in the
middle layer will move helically based on the magnetic fields
of the inner and outer layers. However, a motor with a helical
structure is challenging to produce, and it is difficult to decouple
the torque and axial force of such motors.

A linear—rotary induction motor with two sets of windings was
proposed in [8]. Two sets of orthogonal slots with separate three-
phase windings are used to generate two magnetic fields, which
provide rotary and linear movements [8], [9]. The mover in this
motor can also adopt PM form and work in a synchronous motor
state. However, such stator and winding designs are challenging
for the actual application. Furthermore, although the motor in
[8] achieves the decoupling of the two motion directions, the
electromagnetic fields in the two directions will interfere with
each other in the same space [10].

To address the problem of interference, the two-section stator
structure is proposed in [11], [12], [13], [14], [15], and [16].
One section of the stator generates a rotating magnetic field, and
the other provides a linear magnetic field. A 2-DoF induction
motor whose stator is divided into two parts along the diameter
isshownin[11]and [12]. Although the radial and axial magnetic
field interference is weakened by applying such a structure,
the originally closed phase-to-phase magnetic flux linkage is
broken. Fluctuations of torque and force are increased as a result.
At the same time, the two parts of the stator have different
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magnitudes of attraction to the mover. Therefore, the pressure
on the bearings is increased, which leads to an increase in
friction. In [13], the core of the mover is a hollow cylinder. It
has a surface-mounted Halbach PM array on the inner and outer
surfaces. Both stator sections, distributed on the outer and inner
sides of the mover, are used to promote the rotary and linear
motions of the mover, respectively. The motor combines the
characteristics of a brushless rotary motor and a voice coil linear
motor. In order to improve the linear motion performance, in [17]
and [18], the stator, which provides the axially varying magnetic
field, is placed in the outer layer, and the outer layer of the mover
adopts a multipole pair PM structure. With a sandwich-like
structure, the machining and assembly processes of motors are
strict. Different from the internal and external distribution of
the two-section stator, the motors in [14], [15], and [16] are
composed of two cylindrical stator sections arranged axially
along the permanent magnet synchronous motor (PMSM). For
this kind of motor, it is relatively simple to manufacture, and the
magnetic fields in the two directions would hardly affect each
other.

An induction motor arranged with four separate linear motor
stators circumferentially is presented in [19]. By adjusting the
phase sequence of the supply voltage between adjacent stators,
the motor generates axial force and torque. Based on this design,
the induction motor can also use four stators such as an ordinary
rotary motor [20]. In addition, multiple independent stators can
also be arranged axially and combined with the reluctance motor
principle to design an RLM [21], [22], [23].

Based on the research of multiple separate stator sections, an
RLM with multiple stator salient poles is proposed in [24], [25],
and [26]. The stator core consists of regularly staggered salient
poles fixed to an external yoke, and each salient pole has its
own coil. Such windings are quite complicated. A similar stator
structure was applied to the motor in [27] and [28]. Meanwhile,
based on the principle of the surface-mounted PMSM, the PM
distribution of the mover is arranged according to the position
of the convex pole of the stator. Motor motion control is based
on the magnetic field curvature factor calculated in the axial and
circumferential directions [29], [30], [31]. It will increase the
complexity of the control algorithm.

The machine with a combination of two motors along the axial
direction has been widely used in the industry. This topology has
advantages such as robustness and controllability, [ 1], [32], [33].
However, the linear motion stroke of the motors in this structure
is short. It is only suitable for short-distance operations, such as
gear transmission [33].

The RLM proposed in this article is an outer stator with
an inner mover, and the two sections of the stator, which are
arranged in the axial direction such as in [14], [15], and [16],
are used to generate varying circumferential and axial magnetic
fields. The overall machining is less difficult with this structure.
The magnetic fields in both directions of the motor almost have
no interference with each other. Compared to the motors in [24],
[25], and [26], the control of the motor proposed in this study
is easier. Most of the existing RLMs have low torque and force
densities. Obvious torque and force ripples are insurmountable
problems. This research focuses on the flux-modulation Vernier
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structure with dual-PM to improve torque and force densities.
The flux-modulation structure has satisfied torque and the simple
armature winding, which has been demonstrated in [34] and
[35]. Better performances are achieved by dual-PM motors with
lower magnetic resistance in the zone of relatively low current
compared with traditional PMSM [36], [37], [38]. The novel
dual-PM direct-drive RLM is proposed based on the magnetic
field modulation principle. It has better controllability and higher
output torque and force densities compared to other RLMs. The
application of the modular linear stator avoids the force ripple
introduced by the break of the magnetic flux linkage. The critical
point of the RLM design is that the middle segment of the mover
can coordinate with the stator to produce two-dimensional (2-D)
motion. This allows the novel RLM to have a longer stroke
compared to the motor in [33]. The application of the three-stage
mover in this research enables torque and force at each position
to be maximized. Due to the complicated process requirements
of the Halbach PM array, the permanent magnet width of the
proposed RLM is slightly smaller than the slot width, which
reduces leakage and thus increases the air gap magnetic density.
However, the novel RLM has a small magnetoresistance. Torque
and force waveforms are sensitive to mechanical processing.
This results in the measured torque and force ripples of the
prototype being significantly larger than the simulation results.
Therefore, whether the ripple problem can be solved is the key to
determining the direct-drive performance of the proposed RLM.

Current optimization and harmonic information are the re-
search focus points for ripple reduction in this article. Aiming
at a steady rotation speed, in [39], [40], and [41], the method
of performance compensation with the harmonic current has
been adopted. This method also effectively compensates for the
cogging torque and reduces the large torque fluctuations inherent
in electromagnetic design [42], [43]. In this study, a harmonic
injection (HI) method is proposed to solve the ripple problem.

The organizational structure of this article is as follows.
Section II first introduces the RLM’s basic structure, detail size,
and design deduction. Section III presents the finite element
analysis (FEA) results of RLM. It includes the distribution of
magnetic fields, back electromotive force (back EMF), torque,
and force. Here, the proposed RLM was compared directly with
an existing PM RLM in other research. After that, the effect
of mechanical tolerances on motor performance is analyzed by
simulation. In Section IV, a method to reduce ripple is proposed.
The effectiveness and robustness of HI are proven by theoretical
explanations and simulation data. In Section V, the prototype is
tested. This part mainly focuses on the output torque and axial
force of the motor, respectively. The proposed ripple reduction
approach was further tested for validity. Section VI presents the
conclusion of this article.

II. MACHINE STRUCTURE

A. Fundamental Configuration

The whole structure of the dual-PM synchronous RLM adopts
an internal mover and external stator. Fig. 1 depicts a 2-D illus-
tration of the proposed RLM. The rotary motor in Fig. 1(a) and
the linear motor in Fig. 1(b) are the foundations for the design
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Fig. 1. 2-Dillustration of the proposed RLM. (a) 2-D cross-sectional view of
mover section I and stator section I coordination. (b) 2-D cross-sectional view of
mover section III and stator section II coordination. (c) Partial planar expansion
of mover section II.

of the proposed RLM. By combining the structural elements of
the rotor in Fig. 1(a) and the mover in Fig. 1(b), the structure
in Fig. 1(c) is created. The mover with the basic structure in
Fig. 1(c) is able to complete rotational motion under the effect
of the stator in Fig. 1(a), and it can also be coordinated with
the stator in Fig. 1(b) to complete linear motion. According
to differences in basic structure, the mover and the stator of
the proposed RLM can be regarded as three sections and two
sections, respectively. In Fig. 2, the motor’s 3-D construction is
displayed. As shown in Fig. 2(a), the mover is designed with
three sections along the axial direction. Different shapes of slots
are milled at different positions in one iron cylinder to form
three types of tooth and slot structures. The two-section stator is
shown in Fig. 2(b). Magnetic isolation is provided by the space
between the two stator sections.

In Fig. 1(a), the stator Section I cooperates with the mover
Section I. Due to the limited space, the concentrated winding
with a smaller end length is selected. The armature winding
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Fig. 2. Fundamental configuration of the proposed RLM. (a) Mover of RLM.
(b) Stator of RLM.

adopts a 12-slot double-layer structure. At the beginning of the
design, the torque values of the motor with different pole-pair
numbers of each part were compared. When the proportion of
magnetic modulation is too large, the width of the PM and the
tooth is narrow, and there will be an apparent magnetic leakage
phenomenon. Finally, the mover, stator, and winding pole-pair
numbers are 38, 36, and 2. The PMs for mover Section I and
stator Section I have the same polarity, which is north-pole (N-
pole).

The 3-D model of mover Section I is seen in Fig. 2(a). With
bar-shaped teeth and slots machined along the axial direction,
mover Section I is inserted with bar PMs in the slots. This section
is only for rotary movement. The PM in each slot is spliced
with four pieces of N-pole PMs in the same dimension. Stator
Section I with PMs, as seen in Fig. 2(b), is applied for rotary
movement. Every stator salient pole has a split-tooth structure
forming bar-shaped teeth and slots along the axial direction.
Each bar-shaped PM inserted in the slot comprises two N-pole
PMs with the same dimension.

The traditional linear motor can be regarded as an expansion
of a circular motor [44]. In [17], the stator salient poles at both
ends of the linear motor are no longer physically connected,
so the magnetic flux is cut off. The force ripple is enlarged.
In the proposed RLM, three stator modules were adopted in
stator Section II [see Fig. 1(b)]. With a certain distance between
adjacent modules, the magnetic isolation effect is created. Each
modular iron core can be separated into two parts along a dotted
line for simple wiring. In this way, the armature winding of
each phase is wound into a ring coil and sandwiched between
two parts. Because there is no end-winding, the proportion of
copper loss is reduced, and the efficiency of energy conversion
is increased. Each stator salient pole adopts three split teeth and
two PMs. The south-pole (S-pole) PMs are adopted in stator
Section IT and mover Section III. In Fig. 1(b), the pole-pair pitch
is 4 mm.
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TABLE I
GENERAL DIMENSION PARAMETERS FOR PMS AND SLOTS
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TABLE II
DIMENSIONAL INFORMATION OF THE PROPOSED RLM

Symbol  Length aﬁ;e et Width  Height vflld"tth
A 22.0 mm 14mm 0.7mm 2.1 mm
B 30° 17.2 mm 1.5mm 0.7mm 2.4 mm
C 1.8 mm [.6mm 0.7mm 2.0 mm
D 1.9 mm 1l4mm 0.7mm 2.25mm
E 32.0 mm 1.6mm 1.0mm 2.05mm
F 30° 181lmm 19mm 0.6mm 2.8 mm

As seen in Fig. 2(a), mover Section III has annular teeth and
annular PMs in the slots. This section is just dedicated to linear
movement. The annular PM in each slot comprises 12 pieces
of S-pole arc-shaped PMs with the same dimension. The shape
of the iron core for stator Section II in Fig. 2(b) is similar to a
hollow ring. A ring-shaped armature winding is installed inside
the iron core. Each iron core module holds two stator salient
poles whose surfaces have a structure of divided teeth and slots.
Every slot is filled by an arc-shaped S-pole annular PM made
up of 12 identically sized pieces.

In Figs. 1(c) and 2(a), mover Section I is composed of square
teeth and square PMs, which have two different polarities in
the slots, and this section is designed for both rotary and linear
movement. Both teeth and PMs are small. The relative positions
of PMs, teeth, and slots can be visualized in Fig. 1(c). In the
circumferential direction of the motor, the slots adjacent to the
teeth are inserted with N-pole PMs, and in the axial direction
of the motor, the slots adjacent to the teeth are inserted with
S-pole PMs. In order to ensure the performance linkage with
mover Sections I and III, the 38 pole pairs in the circumferential
direction and the 4 mm pole pair pitch in the axial direction
are required. Mover Section II is the major point of the motor
design. It will be described in detail later.

As shown in Figs. 1 and 2, the N-pole PM indicates that the
flux direction of the PM is outward in the radial direction, and
the S-pole PM has the opposite flux direction to the N-pole PM.
To reduce the flux leakage of the PM, the slot width is larger
than the PM width. The PM is located in the middle of the slot.
This structure is easier to manufacture than the Halbach PM,
and it improves the air gap magnetic density just slightly less
than the Halbach PM structure. The results of each PM size and
corresponding slot width after dimension optimization with a
multiobjective genetic algorithm are given in Table I. Compared
with only rotor PMs or only stator PMs excitation, the structure
of the dual-PM modulation can significantly improve the density
of torque and force of the motor [36], [38].

The standard stroke of the prototype is 120 mm. The outer
diameter of the motor stator is 60 mm, the outer diameter of the
mover is 35.8 mm, and the air gap height is 0.2 mm. The effective
shaft lengths of the two sections of the stator are 64 mm and 74
mm, respectively. Calculating the length of the end-winding,
the total length of the stator is 150 mm. The above dimensional
information is summarized in Table II. In the whole stroke of the
RLM, stator Section I will interact with mover Sections I and II
to generate rotation torque. Axial force will be produced by the

Items Value
Stroke 120 mm
Outer diameter of the stator 60 mm
Air gap height 0.2 mm
Outer diameter of the mover 35.8 mm
Inner diameter of the stator 36.2 mm
Effective axis length of SFRM 64 mm
Effective axis length of SFLM 74 mm
Total length of the stator 150 mm
Turns of stator section I 41
Turns of stator section IT 87
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Fig. 3. Deduction of PM polarities for the RLM.

interaction of the mover parts II and III with the stator Section II.
The rotary and linear movements are controlled separately by
two sets of armature windings. Sections I and II of the stator
have 41 and 87 winding turns, respectively. With the proposed
RLM, 2-DoF can be freely combined or completely decoupled.

B. Mover Design and PM Polarities

The whole motor design is focused on mover Section II.
This section should ensure that it not only cooperates with the
stator Section I to produce torque and rotary movement but also
cooperates with the stator Section II to produce force and linear
movement. At the same time, to maintain higher torque and force
production, the mover Section II is designed with a tooth-PM
structure.

At the beginning of the design, it was determined that the
proposed RLM would adopt the dual-PM structure in Fig. 1(a)
and (b) as the basis for the entire stator and mover Sections I
and III. The mover Section II and PM polarity for each part
of the RLM are derived in Fig. 3. The overall approach is to
overlap the valid structures of mover Sections I and III. After
retaining the common part, one of the different structures in
the overlapping section is selectively retained. The validity of
the new structure in both directions of movement is evaluated
again. Finally, the invalid or doubtful parts are replaced by the
new structure, and then the validity of the final structure for both
directions of motion is analyzed.

As a dual-PM flux-modulation Vernier motor, the RLM has to
follow both the principle of a PMSM and the characteristics of
the reluctance motor [45]. Therefore, for the structure selection



15276

of the mover, the relationship between reluctance and magnetic
flux density with position should be considered. Additionally,
mean torque and mean force are related to the fundamental
harmonic values of reluctance and magnetic flux density. Thus,
the new structure in the same direction of motion is required
to have almost the same fundamental phase angles of magnetic
flux density and relative magnetic permeability as the original
effective structure, respectively. This is the precondition for
being selected as the basic structure of mover Section II.

When PMs in mover Sections I and III are homopolar, the
inference process is shown on the left half of Fig. 3. Here,
the N-pole PM is utilized as an illustration. The S-pole PM
has the same impact as the N-pole PM. For tooth and PM
overlapping, one part is invalid, whichever element is retained.
By replacing the invalid part, six structures from Al to A6 are
produced. When PMs in mover Sections I and III are antipolar,
the inference process is shown in the right half of Fig. 3. After
the overlap procedure, there are generally three cases, as shown
in Fig. 3. The first two structures can only effectively create
motion in one direction since they have two worthless sections.
The last one has two PMs of different polarities overlapping
in the upper right corner. This part is temporarily regarded as
a doubt part. After replacing the doubtful part with different
elements, the four structures B1-B4 are created.

Taking the analysis of B3 validity as an example, it is shown
in Fig. 4. The basic unit in B3 is divided into four effective
structures along two mutually vertical directions of motion, as
shown in Fig. 4(a). The magnetic field of these four structures
is analyzed in 2-D. By analyzing the magnetic flux density
and relative permeability for four positions, which are R1-R1’,
R2-R2’, L1-L1°, and L2-L2’, the results in Fig. 4(b) can be
obtained. The fundamental components of magnetic flux density
B and relative permeability p; are shown in Fig. 4(b). It
can be shown that regardless of the direction of rotation or
linear motion, the phase angle of the fundamental harmonic
of magnetic flux density is the same for the two structures in
the same direction. Furthermore, the fundamental harmonic of
relative permeability has the same phase angle. According to the
previous study, it can be concluded that the rotating magnetic
field generated by the stator in Fig. 1(a) can drive the mover,
which is composed of R1-R1” and R2-R2’, to rotate. Similarly,
the stator in Fig. 1(b) provides an axial magnetic field that can
lead the mover composed of L1-L1* and L2-L.2° to move linearly.

However, in Al to A6, for the five structures except A4, the
fundamental harmonic phase angles of magnetic flux density
are almost opposite for the two effective structures in each
direction of motion. Although the fundamental harmonic phase
angle of magnetic flux density is almost the same in A4, the
phase angle of the relative permeability fundamental harmonic
is totally opposite. Therefore, when coupled to the same stator
structure, the two effective sections will simultaneously produce
two torques or forces that are directed in opposing directions.

Considering that the motion effect of the whole motor is
relatively balanced in the two motion directions, the structure
of B3 is adopted in mover Section II. The 3-D form is shown
in Fig. 2(a). The polarity direction of the PMs in the other four
sections is determined after the structure of mover Section II is
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(b) Magnetic flux density and relative permeability analysis.

settled. The whole proposed RLM is confirmed as the model in
Fig. 2.

III. ELECTROMAGNETIC PERFORMANCE ANALYSIS
A. Magnetic Field Distribution

The distribution of magnetic flux and magnetic field intensity
with rated current excitation at rated speed is shown in Figs. 5
and 6. The rotation and linear structures are symmetrical. When
the magnetic field distribution is shown in the figure, one-half
shows the flux distribution, and the other half shows the magnetic
field intensity distribution. Fig. 5(a) corresponds to the magnetic
field distribution in the cross section of the mover with N-pole
PM and tooth structure for rotary movement. The magnetic field
distribution in the cross section of the mover with S-pole PM and
slot is shown in Fig. 5(b). The two-pole magnetic fields excited
by the armature winding are visible in one half of the figure.
The overall magnetic field intensity in Fig. 5(a) is higher than
in Fig. 5(b). Higher flux density leads to higher torque, but in
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(b)

Fig. 5. Magnetic field distribution of rotary movement structures. (a) Mover
with tooth-PM structure. (b) Mover with slot-PM structure.

order to ensure rotational and linear motions, both structures in
Fig. 5 are necessary for mover Section II at the same time.

Fig. 6(a) and (b) shows the structure of the motor for linear
movement. From the flux distribution of both figures, it can be
seen that when the stator of the linear motion is modular, the
stator yoke is only connected with the two stator salient poles
related to the same phase winding. This structure increases the
reluctance between the different stator phases. The flux excited
by each phase winding will form a closed loop in a module.
It is rarely affected by flux from other modules. In this way, a
flux loop will hardly form between the stator modules of other
phases. This structure can effectively reduce force fluctuation.
The structure of the mover in Fig. 6(a) is S-pole PM and teeth,
and it is a slot and N-pole PM structure shown in Fig. 6(b). The
magnetic field intensity in split teeth is higher than in normal
structures. Furthermore, the overall magnetic field intensity of
the linear part is lower than that of the rotating part. It means that
the rated state of the linear part is farther away from the state of
magnetic saturation. Therefore, when the load current is higher
than the rated value, the performance of the linear part will be
slightly better than that of the rotary part.

B. Torque and Force FEA

The following four states of the motor are mainly studied.
When the mover Section Iis within the effective electromagnetic
range of the stator Section I, the mover’s rotating motion is
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Fig. 6. Magnetic field distribution of linear movement structures. (a) Mover
with tooth-PM structure. (b) Mover with slot-PM structure.

named rotary movement state I. When the mover Section II is
within the effective electromagnetic range of stator Section I, the
mover’s rotary motion state is named rotary movement state II.
When mover Section III is within the effective electromagnetic
range of stator Section II, the mover’s linear movement is named
linear movement state I. When the mover Section II is within
the effective electromagnetic range of the stator Section II, the
mover’s linear movement is named linear movement state II.

FEA is applied to study the performance of the RLM. The
proposed RLM-rated load current of the two rotary movement
states is 4 A, and the rated speed is 120 r/min. When the RLM
is in rotary movement state I, the no-load back EMF is shown
in Fig. 7(a). The fundamental wave amplitude is 10.73 V. The
torque of an electrical period at a stable speed is shown in
Fig. 7(b). The average rated torque is 4.80 N-m, and the peak-
to-peak (pk2pk) value is 0.20 N-m. When the RLM is in a rotary
movement state I1, the no-load back EMF and torque information
of a steady-state electrical cycle are shown in Fig. 7(c) and (d).
The fundamental wave amplitude of no-load back EMF is 6.75
V, and the mean torque and pk2pk values are 3.20 N-m and
0.17 N-m, respectively. In Fig. 7(b) and (d), it is evident that the
sixth harmonic component of the torque ripple is prominent. The
average torque of rotary movement state II was about 66.67%
of the average torque of rotary movement state I.
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The rated load current of the two linear movement states of
RLMis4 A, and the rated speed is 1 m/s. The no-load back EMFs
in two linear motion states are shown in Fig. 8(a) and (c). The
fundamental amplitudes were 47.49 V and 29.03 V, respectively.
As shown in Fig. 8(b) and (d), the average force values at the
rated current are 283.58 and 162.49 N. The ripple pk2pk values
are 15.23 and 14.02 N. The average force of linear movement
state IT is about 57.30% of the value of linear movement state I.

C. Machine Comparative Study

An RLM with a Halbach PM array structure is introduced
in [46]. To increase the force and torque, as shown in Fig. 9,
the ironless stator in [46] is converted to an iron core stator,
referring to [20]. It is used as a comparison motor. The torque
and force at the same current load are compared with the data in
Figs. 7(d) and 8(d). The stator’s outer diameter is 100 mm. After
adjusting the air gap height to 0.2 mm as well, the stator inner
diameter is 38.4 mm and the mover outer diameter is 38 mm.
These dimensions are similar to the proposed RLM. However,
the effective axial length of the stator of the comparison motor
is 75 mm.

The mean torque of the comparison motor was 1.09 N-m while
maintaining the same current load as the proposed RLM. Since
the effective axial length of the proposed RLM is 150 mm, which
is twice as long as the comparison motor, the torque value of the
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comparison motor was expanded to twice the original value.
The expanded value is 2.18 N-m, which is then compared with
the proposed LRM’s rated minimum mean torque of 3.20 N-m
at the same axial length, as shown in Fig. 10(a). Similarly, the
mean force of the comparison motor is 32.76 N. After doubling
the value, it is 65.52 N. Fig. 10(b) shows a comparison with the
rated minimum mean force of 162.49 N for the proposed LRM.
It is apparent that while having approximately the same volume,
the proposed RLM has a significantly larger force and torque
than the comparison RLM. Additionally, the force and torque
fluctuations of the former are significantly smaller than those of
the latter.

The mover of the comparison motor is nearly completely
covered by PMs, whose thickness is 3 mm. However, only about
half of the mover’s surface is covered by PMs in the proposed
RLM, and the thickness of the PM is no more than 1 mm. Even if
PMs are also placed in the proposed stator slots, the total volume
of PMs used in the proposed RLM is less than half of the PMs
used in the comparison motor. This ratio will decrease as the
stroke increases. Compared to the Halbach magnetic array, PM
insertion in the proposed RLM is not as difficult as the process
of the Halbach PM array, but it is quite time consuming. In
practice, the slot is slightly deeper at the PM inset point in order
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to locate the PM inset. In a Halbach PM array, PMs oriented
in different directions will repel each other. However, in the
proposed RLM, each slot with only one polarity PM is more
stable.

D. Simulation With Tolerance

Above is the simulation analysis for the perfect model. There
must be tolerances in the actual machining. Because the standard
value of the air gap between the stator and mover is only 0.2 mm,
the performance of the motor is easily affected by the difference
in machining size. For example, the PMs inserted in the slot have
a small volume, especially the square PMs in the middle section.
Tiny tolerance values may produce more significant magnetic
energy differences. The machining size of both stator and mover
cores is set with tolerances as well. These factors will cause
torque and force fluctuations to increase. In order to confirm
this idea, the simulation analysis of the model with tolerances is
presented as follows.

In the mechanical drawing of the core parts, the machining
tolerance of the mover outer radius and stator inner radius is
40.03 mm, and the runout is 0.04 mm. Now, the previous
tolerance information is randomly applied to the modeling of
the combination in Fig. 1(a), and then the simulation of the new
model is performed. The new torque waveform is compared
with the torque waveform of the standard model in Fig. 11.
These two waveforms are obviously different, and the pk2pk
value increases from 0.20 to 0.41 N-m. Frequency spectrum
analysis of the two waveforms is performed using the fast Fourier
transform (FFT), and the results are shown in Fig. 12. After
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adding the tolerance, the mean torque value and the fluctuation
amplitude at the 228th frequency decrease slightly, while the
fluctuation amplitude at the 36th and 38th frequencies increase
significantly. This proves that the mechanical tolerances af-
fect the torque fluctuations. However, the machining of each
component in the prototype inevitably has tolerances. This can
significantly increase the actual fluctuation values. The problem
can be considered solved from the control aspect.

IV. RIPPLE REDUCTION

A. Harmonic Injection

In order to reduce the large torque ripple and force ripple of
the prototype with mechanical tolerance, the HI algorithm is
used to diminish the fluctuation. The advantage of this method
is that the torque/force fluctuation due to all factors, including
cogging torque/force and friction torque/force, can be reduced
together.

Take the rotary state as an example. The spectrum analysis of
the measured torque information by FFT in the position domain
is obtained in the following form:

T =Tye + Z Tycos (kb + i) )
k=1

where T' is the electromagnetic torque. T}, is the average
torque with an ordinary sinusoidal load current. k represents
the harmonic order, and it is an integer greater than or equal
to 1. T} is the amplitude of the kth harmonic torque. @y
is the phase angle of the kth harmonic torque. 6,, is the
mechanical angle of rotation of the rotor. If the harmonic
component Tycos(kbf,, + i) intends to be eliminated,
Trcos(kO,, + pr + 180°) should be used to superpose with the
former. When the rotor rotates at a constant speed, according to
the principle of equal electromagnetic power, there is

wnI =P, = [Ecosp = I Ey=1,E, +1,Ey+ I.E,

2
where w,, is the rotor’s mechanical angular velocity. P, is
electromagnetic power. I is the armature current. E' is the
air-gap EMF. ¢ is the angle between the air-gap EMF and the
armature current. )y is the excitation EMFE. Then the armature
current and excitation EMF are written in the three-phase form.
1,, I, and I. are the three-phase sinusoidal armature currents,
which are the load current generating the mean torque. E,, Ej,
and F, are the three-phase excitation EMF. The three-phase
excitation EMF is written as a superposition of fundamental
and harmonic waves as follows:

E, =Y Ejcos (kb + ©ur)
k=1

Ey = > Egcos (kby, + @ur — 120°) 3)
k=1

E. =

M=

Eycos (kO + pur + 120°)
1

=~
Il

where E is the amplitude of excitation EMF harmonics. ¢,
is the harmonic phase angle of excitation EMF. The component
associated with the mean torque value generated by the load



15280

current is the dominant of the excitation EMF as follows:

Eal — Epn cos (pnem + Spupn)
Ebl = Epn Ccos (pnem + Pupn — 1200) (4)
Ecl - Epn Ccos (pnam + Pupn + 1200)

that is the dominant of the excitation EMF when k is
equal to p,. Here, p, is the rotor pole-pair number. If
Ticos(kb,, + o + 180°) wants to be obtained, the following
will be built as:

wnLTkCOS (k97n + Pk + 1800) = ak,Eal + Ibk’Ebl + IckEcl

Q)
where Ik, Iy, and I, are the injected harmonic currents that
are required to eliminate the kth harmonic torque, here

Tok = Lk €08 (nig 0 + ©ir)
Iy, = Iy cos (nikom + Vi — 1200) . (6)
1.1 = I, cos (mkﬂm + Qi + 1200)

I 1s the desired phase current amplitude. n;, is the harmonic

order of the desired phase current, and ;j, is the desired phase
current angle. When the amplitude of the injected harmonic
current is small, the torque harmonics generated by the harmonic
current interacting with other harmonics of the excitation EMF
except for the fundamental part can be ignored. Substituting the
harmonic current and the fundamental excitation EMF into (5),
can obtain

Wi Ticos (kO + pr, + 180°)
= Lk Epncos (nik0m + @ir) €08 (Pnbm + Pupn)
+ Lk Epncos (nigbm + @i — 120°)
X €08 (P bBm + upn — 120°)
+ Lk Epncos (nigbm + wix + 120°)
X €08 (Ppbm + @upn + 120°) . @)

Due to
1
cosacosl = 3 [cos (o + ) + cos (a — B)] ®)
(7) can be rewritten as

Wi Tkcos (KO, + pr + 180°)

1

- 5 mkEpn [COS (nlkam + Pik + pnem + Qoupn)

+ cos nikem + ik — 120° +pn9m + Pupn — 1200)
+ cos n1k9m + Pik + 1200 + pnam + @upn + 1200)

— Qupn +120°)

(

(

+ ¢0s (Nir0m + Pik — Pnbm — Pupn)

+ cos (nikOm + @i — 120° — ppbp,
(

+ cos (Nikbm + ©ir + 120° — b0y — @upn — 120°)]
3
- §ImkEpnCOS (nik9m + Pik — p*na’m - (Pupn) . (9)

And then, the following can be obtained:

Ty.cos (kO,, + v + 180°)
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= 27pcos (i — Pn) Om + (@ik — Pupn)] - (10)
W,
Therefore
3ImkE n °
T, = Tp7 k = ni — pn, Pr = @ik — Pupn — 180

(1)
where T}, k, and ¢y, can be obtained by FFT analysis. Also, due

to
_ Sl'm Epn
{Ta"g T 2wm

3Lk Epn
7, = Yyt

12)

Here, 1,,, is the sinusoidal load current amplitude for the average
torque generation. When 1, is not equal to 0, the following can
be calculated out as:
T,
I mk = 1 m ’
avg

ik =k + Dn, Vit = @k + Pupn + 180°.

(13)
In this situation, T}y, is also not equal to 0, and this method
can calculate [, more accurately because the excitation EMF
during motor load operation cannot be measured directly, and the
load current will distort the excitation EMF due to the magnetic
saturation phenomenon of magnetic materials. It is also not nec-
essary to measure the excitation EMF. So, when the load current
is not 0, the harmonic component of torque Tycos(kb,,, + i)
needs to be eliminated, and harmonic currents need to be injected
into the three-phase current, as follows:

I, = Im%gcos (k4 pn) Om + (©r + Qupn + 180°)]

Lok = I 7 c08 [(k+pn) G+ 9k +@upn +180°) —120%)
Ick - m%’:gCOS [(k+pn) 9m+(‘Pk+§0upn+1800)+1200]

(14)

On the other hand, when I,,, is equal to 0, F,,; is the fun-

damental component of the no-load excitation EMF that can be
measured directly. Thus

%, T,
I, = Lmik
3E,n

s)

The linear movement of the motor can also be used in the same
way to reduce force ripple. Because the amplitude of the har-
monic current used to reduce the fluctuation is relatively small,
the effect on the magnetic saturation and introduced fluctuations
of the motor is almost negligible. This method reduces the ripple
of torque and force while keeping the mean value unchanged. It
makes the motor more controllable and improves the accuracy
of the direct-drive motor.

B. Robustness Boundary

The method discussed above is to completely eliminate the
harmonics of the corresponding frequencies, but in actual ap-
plication, certain errors will exist due to reasons such as non-
linearity of materials, insufficient measurement accuracy, and
signal delay. Therefore, the proposed method necessitates strong
robustness. For the amplitude and phase angle involved in HI,
the accuracy of amplitude measurement and calculation can be
easily guaranteed. However, phase angle values are prone to
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TABLE IIT
TORQUE FFT RESULTS AND CURRENT DATA OF HI FOR MODEL WITH
MECHANICAL TOLERANCE
Case k Ty (Nm) @i(°) Ln(A)  ny ()
Model with 36 0.097 234.76 0.084 74 144.76
mechanical 38 0.054 268.95 0.047 76 178.95
tolerance 228 0.052 39.76 0.045 266  309.76

errors, especially in the case of high-frequency harmonics, due
to aspects such as transmission delays and a lack of measurement
accuracy. In the following, the phase angle range in which
fluctuations can be reduced is investigated based on the accurate
amplitude of harmonic currents.

Wi Ticos (kb + 1)
+ wi Txcos (kb + or + Ap + 180°)

2k0,, + 201 + Ap + 180° COS—A(p — 180°
2 2

A+ 180°
goizéK)COS(

= 2w, Ticos

A
= 2w, Ti.cos kb, + @1 + 780 + 90°> .

(16)
Here, Ay represents the error of phase angle. When the ampli-
tude of (16) is less or equal to the amplitude of the original

harmonic, it means that the harmonic amplitude is reduced.
Therefore, when

A 180°

P%ﬂmgwg%ﬂ (17)

Ap 1
— +90°| < = 18
cos— + <3 (18)

1 Ap 1
— Z <sin—=X < = 19
sin 5 =3 (19)

it can be concluded that

—60° < Ay < 60°. (20)

According to (13), the phase angle error range of the input
current should also be as shown in (20). Thus, as long as the
error of phase angle is within the range of +60°, it will still
have the effect of reducing the corresponding frequency torque
harmonics. This range of effective phase angle is large, and it is
difficult to make the error of phase angle larger than this effective
range under correct operation.

C. Simulation Verification

The data for the 36th, 38th, and 228th torque harmonics in
Fig. 12(b) and the current data used to eliminate these harmonics
are given in Table III. Here, the fundamental phase angle .y,
is 90° and I,,, is equal to 4 A. The mean torque in Fig. 12(b)
is 4.627 N-m. Then, the harmonic current data is substituted
into (14) to obtain the new three-phase currents, which are then
fed into the simulation model with mechanical tolerances. The
A-phase current waveform is shown in Fig. 13. This waveform is
slightly different from the regular sinusoidal current waveform
due to HI. Under the effect of harmonic current, the torque
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(b) FFT result.

waveform is shown in Fig. 14(a). It can be seen that the ripple
is significantly reduced compared to Fig. 11. In this case, the
value of torque pk2pk is only 0.06 N-m. The frequency analysis
of the torque ripple by removing the mean torque is provided
in Fig. 14(b). In the simulation result, the 36th, 38th, and 228th
torque harmonics are almost completely eliminated.

If there is a certain error in the phase angle of the harmonic
current, for example, when the ;36 is changed to 234.76° at
this time with the other data in Table III unchanged, that means
the deviation angle of the ;36 reaches the 90°. According to
the calculation of the robustness boundary, this has exceeded the
boundary of the effective phase angle. Here, the prediction is that
it will cause an increase in the amplitude of the 36th harmonic,
but the 38th and 288th frequencies will still be eliminated. In
this case, the simulation with the mechanical tolerance model
is carried out to obtain Fig. 15(a), and a frequency spectrum
analysis of Fig. 15(a) is presented in (b). The value of the
torque fluctuation pk2pk is 0.24 N-m, which is between 0.41
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Fig. 16. Prototype and test platform. (a) Prototype. (b) Test bed.

and 0.06 N-m. From Fig. 15(b), it is clear that the 36th harmonic
amplitude has increased by 0.03 N-m, while the 38th and 228th
torque harmonics are still almost completely eliminated. It is the
same as the predicted result.

V. PERFORMANCE TEST

A. Control Strategy of Test

The prototype of the proposed RLM is shown in Fig. 16(a). It
can be seen that there are three different structures in the mover.
The two sections of the stator are wrapped in an aluminum shell,
and the ends of the two sets of windings are drawn from two
positions, respectively. The test platform is shown in Fig. 16(b).
For the torque of the mover, the ZH07-20 N-m torque sensor
was used for testing. The high-speed load motor is linked to the
prototype with a rigid coupling after increasing torque through
the harmonic gear. The rotary encoder is used to measure the
mover’s rotary position. Because the base of the mover is fixed
on the test platform, the axial motion is represented by the stator.
The force and position of the linear motion are measured with a
DYLF-102 pressure sensor and a linear encoder, respectively. It
is necessary to use a high-speed motor with a ball screw device
as the load during the test.

The control strategy for the torque test is shown in Fig. 17.
Here, the prototype uses the current loop control of field-oriented
control (FOC) with ¢4 = 0. The speed loop control of the FOC
is used on the load motor side. The mover’s speed is consistent
with the speed of the harmonic gear by rigid coupling. When
testing, the armature winding phase current amplitude of the
prototype stator Section I is set as i41_rf. The torque direction
of the harmonic gear is opposite to the torque direction of the
mover after the stator Section I is powered ON. When the load
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Control system for the prototype test.
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Fig. 18.  PI controller with antiwindup.

motor keeps rotating at a constant speed with the stated rotation
direction and speed, the load torque is the sum of the RLM output
and friction torques. By deducting the average frictional torque
at 0 A from the value recorded by the torque sensor, the RLM
torque waveform is produced. The force test method is similar
to the torque test. It will not be repeated.

B. PI Controller Design

For torque testing, a PI controller is adopted in the current
loop. Although differential D is able to reduce the overshoot, in
the actual discrete control system, differential is easy to amplify
the noise and cause high-frequency vibration oscillation. PI is
more convenient for parameter tuning compared to PID. The
design of the PI controller with antiwindup, which is applied in
the research, is shown in Fig. 18. In the current loop, there are
two PI controllers whose inputs are I, and I, respectively [47].

During the actual test, the motor brake is locked, and I; is
assigned a step input of 4 A. In this way, the rated current
input can be guaranteed while minimizing the motor motion
and suppressing the influence of back EMF on the parametric
tuning process. First, K, is gradually increased until there is no
overshoot. Then Kj; is adjusted until a steady state error of £5%
can be entered within ten sampling periods. Here, the current
sampling period is 0.1 ms.
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Since the motor is rotating at a lower speed during the torque
test and the test current range is from 0 A to two times the rated
current value, which is 8 A, therefore, the parameters calibrated
at 4 A can be used for testing at other currents as well, and the
hysteresis and overshoot of the current are inconspicuous. If the
stability of the controller is desired to be improved, algorithms
such as adaptive fuzzy control can be applied [48].

C. Rated Torque and Force Test

Measured data and simulation data are compared in Fig. 19
under the rated state. The torque data are for a mechanical period,
and the force data are for two pole-pair pitches after the current
is stabilized. The rated load current is 4 A. The average torques
of the two rotating movement states are 4.42 and 2.91 N-m. The
average forces of the two linear movement states are 263.73 and
149.49 N. The measured torque and force average values are
lower than the simulated values. In Fig. 19, the measured torque
and force fluctuations are much larger than the FEA values.
The pk2pk values of torque and force are 0.85 N-m, 0.61 N-m,
26.12 N, and 30.79 N. The ripple factor is defined as [49]

ripple factor = % x 100% o)
ripple factor = fm—fin x 100%

where Tiax, Finaxs Tmin, and Fiyip are the maximum and minimum
values in the torque and force waveforms. In the data of FEA, the
ripple factors corresponding to the four states of RLM are 2.08 %,
2.66%, 2.69%, and 4.31%. In the test, the ripple factors of RLM
are 9.62%, 10.48%, 4.95%, and 10.30%. The ripple factors of
the measurement are higher than the FEA ripple factor. The FEA
and test results are given in Table IV. The measured performance
of RLM is inferior to the simulation results as predicted.

D. Experimental Verification of HI

The rated load current I,,, is 4 A for four states. The pole-pair
numbers p,, and p;,, of the RLM are 38 and 2, respectively, in
rotary and linear directions. Fig. 19 displays the measurement
results for the four states at the rated current. FFT is used to
analyze the ripples of rotary movement state I [see Fig. 19(a)]
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TABLE IV
TORQUE AND FORCE DATA OF RLM
Torque Ripple
Case Current (Force) Pk2pk factor
Rotary movement state I o
(FEA) 4A 480Nm  0.20Nm  2.13%
Rotary movement state IT o
(FEA) 4A 320Nm  0.17Nm  2.58%
Linear movement state I o
(FEA) 4A 283.58N  15.23N  2.04%
Linear movement state IT o
(FEA) 4A 162.49N  14.02N  4.32%
Rotary m‘th:s‘gem state | 4A 442Nm  085Nm  9.62%
Rotary m"(::;nt)em state I 4A 29INm  0.61Nm  10.48%
Linear m(}\t/:sr:])ent state 1 4A 26373N 2612N  4.95%
Linear movement state I1 4A 149.49N 30.79N 10.30%
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Fig. 20.  FFT results of torque and force test data. (a) Rotary movement state
1. (b) Linear movement state 1.

TABLE V
TORQUE AND FORCE DATA FFT RESULTS AND CURRENT DATA OF HI

Case k  TMNmVFMN) @) LA 1y @p)
38 0.150 27259 0136 76 182.59

Rotary 36 0.095 7178 0.086 74 34178
movement 228 0.090 33313 0.082 266 243.13
state I 76 0.075 103.14 0068 114 13.14
72 0.053 1071 0048 110 280.71

2 7.20 5249 0109 4 32249

Linear 6 2.87 166.05 0044 8  76.05
movement 12 247 2.23 0.037 14 27223
state I 3 0.71 25496 0011 5 16496

4 0.60 157170009 6 67.17

and linear movement state I [see Fig. 19(c)] in the measured
data. The results obtained by removing the average component
of them are shown in Fig. 20 and Table V. The information on the
five harmonic components with the highest amplitude in Fig. 20
is also summarized in Table V. These components are mainly
concentrated in the low-frequency band region. The fluctuation
at the 36th, 38th, and 228th frequencies is the most prominent in
Fig. 20(a). These three frequency fluctuations are also evident
in the simulation data with dimension tolerance. Table V also
lists the magnitudes and phase angles of the required harmonic
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Fig. 23. FEA results and results of test with HI comparison. (a) Rotary
movement state I. (b) Linear movement state 1.

TABLE VI
TORQUE AND FORCE DATA WITH RIPPLE REDUCTION BY HI

Torque Ripple  Ripple
Case Current (Force) Pk2pk factor  reduetion
Rotary movement . )
state I (with HI) 4A 442Nm  0.19Nm  2.19%  77.23%
Linear movement 4A 263.73N 890N - 65250

state I (with HI)

current to reduce the torque and force ripples. The fundamental
phase angle ¢, of no-load excitation EMF is 90° after zero
position calibration.

The harmonic current results calculated by HI are applied to
the prototype control system. The whole control system after
adding HI is shown in Fig. 21. HI is placed before the current
loop. The PI controller used here is the same as in the original test
and does not have torque and force ripple suppression features.
For the rated state test, add the harmonic current into the control
circuit according to Table V. The current waveform for /; and
1, is in Fig. 22. Here, I; is not equal to zero all the time. Both
14 and I, fluctuate around their own rated values. The torque
and force waveforms with ripple reduction are shown in Fig. 23.
Torque and force ripples decrease significantly, and both ripples
are smaller than the ripples in original simulation. Table VI lists
the average value and ripple information. The pk2pk values are
0.19 N-m and 8.99 N. The ripple reduction proportions of the
two states were 77.66% and 65.57%, respectively. The average
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Fig.24.  FFTresults of torque and force test data with HI. (a) Rotary movement
state I. (b) Linear movement state 1.

torque and force have barely changed. FFT analyzed the torque
and force waveforms in Fig. 23. The results are in Fig. 24. The
marked data are reduced significantly, but the values in Fig. 24(a)
are still higher than the simulation results in Fig. 14(b).

This is because there are far more elements with mechan-
ical tolerances in reality than in the simulation. The different
harmonics from these tolerances are all superimposed together.
Here, only a few harmonic frequencies with higher amplitudes
are treated with HI. At the same time, the measurement of
torque and position cannot actually be fully synchronized. The
harmonic current input will also have a small delay time. In ad-
dition, the magnetic saturation degree of the nonlinear material
will change when the motor is operated at the rated current in
both simulation and experiment. It will distort the waveform
of the excited EMF. If ¢, is preset at 90°, there will be
some deviation. However, Fig. 23 can prove that this method
is effective in reducing torque and force ripples even under the
influence such as magnetic saturation and other factors.

The above study shows that fluctuations of torque and force
introduced by both motor design and mechanical tolerances can
be reduced by HI. It reduces the pressure on machining precision
management. Therefore, for different motors machined with
the same design, it is possible to adjust their performance to
a similar state. If the torque and force ripples can be reduced
by the control algorithm, it is extremely helpful to improve the
control accuracy of direct-drive motors. HI is used as a feed-
forward of the current loop to improve the effect, whether the
requirement is position, speed, or torque in the control. Because
the torque and force harmonics are mainly concentrated in the
low-frequency band, HI always has no unique requirements for
the hardware. It is sufficient to keep the same closed-loop control
as ordinary motors. The existing control equipment can fully
meet the requirements of HI. By applying this method, although
it introduces some harmonic currents, the amplitude of these
harmonic currents is quite low. Therefore, the increase in torque
and force fluctuations and iron loss is almost negligible. It is
important to admit that before applying HI, a test platform needs
to be built and tested for multiple currents at multiple operating
speeds to obtain information on torque or force in multiple states.
However, these measurements will be simplified with methods
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such as the prediction of motor performance through artificial
intelligence and the analysis of the correlation between harmonic
information and mechanical tolerances.

VI. CONCLUSION

In automation equipment, a direct-drive motor with multi-
ple DoFs can replace the combination of several motors and
transmission mechanisms. It will improve the robustness and
stability and decrease the maintenance cost of the equipment. In
this article, a novel dual-PM flux modulation direct-drive RLM
is proposed.

The structure of the RLM with two cylindrical stator stages
arranged axially is learned from previous studies, making the
magnetic fields in both directions relatively independent in the
novel RLM. The dual-PM flux modulation structure is also
used to improve the torque and force densities of the motor. At
least 47.8% and 148.0% increases in torque and force densities,
respectively, compared to other PM RLMs. It is the first time
that the three-section structure of the mover has been adopted,
which can improve the torque or force in specific motion areas
under the same current load. The improvement ratio is more
than 50%. The linear stator has a modular form, resulting in
lower motor force fluctuations. Based on the above, the proposed
RLM adopts a tooth-slot structure with dual-PM, which reduces
the volume of permanent magnets by 50% compared to the
surface-mounted PM. The research analyzes the influence of
mechanical tolerances on the performance of the motor. It is
found that the tolerances will increase the fluctuation mainly at
certain frequencies, which is reflected in both simulation and
measured data. In order to improve the performance of the
direct drive within the current loop of the prototype, HI was
designed to reduce torque and force ripples. The effectiveness
of HI is demonstrated in both simulation and testing. In the
simulation, the pk2pk of torque ripple is reduced by 85.4%.
The ripple factors in both states are reduced by 77.23% and
65.25% in the experiment, respectively, with almost constant
mean torque and mean force. The robustness of HI has also
been confirmed through simulation, and there are no additional
hardware requirements for HI applications.
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