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Abstract—High frequency reciprocating rig (HFRR) that
utilises direct drive voice coil motor (VCM) is designed to perform
pin-on-flat tribotest such as assessing the lubricity of fuel. In
this paper, we propose direct amplitude control to maintain
the amplitude of high frequency reciprocating motion of VCM
on HFRR subjects to frictional load. First, the mathematical
model of HFRR is developed, which takes the effect of frictional
load into consideration. Subsequently, direct amplitude control
is proposed, which takes the error of amplitude rather than
position error as performance index. It consists of an amplitude
regulator and an offset compensator. Analysis and simulations of
the proposed control method are presented as well. Finally, the
proposed control method is deployed to a digital signal processor
on an HFRR prototype experimental platform. The experiment
results indicate a significant improvement of the performance
of VCM based HFRR in terms of amplitude accuracy in high
frequency band compared with that given by traditional PI
control. The results also suggest the instability of PR control
in this case.

Index Terms—TFriction, motion control, voice coil motor(VCM)

I. INTRODUCTION

RICTION and wear in manufacturing and transportation

lead to considerable losses. It is estimated that 25% of the
energy input in industry is spent on overcoming friction forces.
On a large scale, the losses connected with friction and wear
in machines are estimated in 3% to 5% of the gross national
product [1]. Thus, the industrial significance of tribological
study of phenomena of friction and wear has long been
recognised by researchers [2]. As the interactions between
surfaces are influenced by not only the materials couple but
also the characteristics of the whole tribosystem. Therefore,
tribological properties that follow the systems aspect of fric-
tion and wear call for tribotest in the process of tribological
study [3]. A number of friction and wear test apparatuses have
been developed for different tribological applications, and can
be classified according to their interface geometries, such as
pin-on-disk, pin-on-flat, pin-on-cylinder, etc.

In this paper, we focus on a test apparatus applied in
pin-on-flat tribotest called high frequency reciprocating rig
(HFRR). On HFRR, a flat moves relative to a stationary pin
in reciprocating motion [2]. It is usually driven by voice
coil motor (VCM) at high frequency with a small amplitude.
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VCM is a direct drive DC motor with its structure similar to
that of a loudspeaker. It can offer unlimited high resolution
due to the absence of commutation and transmission device,
which is attractive to the applications that requires accurate
positioning and fast response [4]. It has been widely used in
precision positioning and vibration isolation applications [5]
[6]. However, according to HFRR standard [7], the relative
errors of the results obtained by commercial VCM based
HFRR can be more than 30%. One reason of such large error
is that during the time of operation, the coefficient of friction
keeps on changing, which contributes to the non-linearity
and time-dependent characteristics of the system. In addition,
the sinusoidal position trajectory required by standard ISO-
12156-1:2016 will lead to periodic zero-crossing of velocity.
Therefore, the friction exerts on motor shaft can change
abruptly at those points due to the transitions between kinetic
friction and static friction (slip-stick effect), which makes the
position control problem challenging. As a result, friction as
a typical hard nonlinear disturbance leads to the difficulty in
VCM position control [8] [9]. Consequently, there is a need
to improve the performance of HFRR in the application of
pin-on-flat tribotest, which relies on the control of VCM on
HFRR.

As a widely used model-free approach, PID control has
been adapted to VCM position control. [10] suggests that
the gains of PID controller applied to VCM position control
can be tuned online by fuzzy logic technique. [11] modifies
conventional PID to state feedback style position velocity
controller with disturbance observer. Both [12] and [13] in-
vestigate the application of nonlinear PID technique on VCM.
All controllers aforementioned target to control the real-time
position to track a given sinusoidal reference. However, the
control objective of a VCM based HFRR is to maintain a
constant magnitude of the position signal at high frequency
oscillation, rather than to drive the position signal to track the
reference in real time. This is required in the assessment stan-
dard ISO-12156-1:2016 [7].Based on author’s best knowledge,
there is no controller design published to directly regulate the
magnitude of the position signal of VCM.

This paper proposes direct amplitude control of the position
of VCM based HFRR. The structure of this paper is organised
as follows. Section II presents the development of the mathe-
matical model of VCM based HFRR, which can be separated
into VCM model and frictional load model. In section III,
we propose a novel controller called direct amplitude control,
it takes the amplitude rather than position as performance
index to achieve amplitude regulation of VCM. Simulations
and experiments to verify the proposed control method are
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Fig. 1: Schematic and operation principle of HFRR: 1) Voice
Coil Motor, 2) Normal Force Adjustment, 3) Normal Force
Sensor, 4) Friction Sensor, 5) Test Ball, 6) Test Plate, 7)
Incremental Encoder, 8) Motor Shaft

shown in section IV. The comparisons among the proposed
control method, PR control and conventional PI control are
presented as well. Section V concludes this paper.

II. MATHEMATICAL MODEL OF HFRR
A. Operation of HFRR

HFRR has been widely used to conduct pin-on-flat tribotest,
where a flat component is driven by the testing rig to achieve
high frequency reciprocating motion with respect to a pin
or ball component. Fig. 1.(a) shows the schematic of the
HFRR. The operation of HFRR is shown inFig. 1.(b).When
conducting the experiment, the test plate oscillates at a fixed
frequency with a fixed stroke. In the meantime, the normal
force is exerted to push the test ball against the test plate.
Usually, the test ball is loaded against the test plate with a fixed
force during experiment. The contact interface is immersed in
a fluid. The friction between the test ball and test plate directly
exerts on the coil of VCM through motor shaft. After the
operation of the test, the test ball together with the ball holder
should be removed from the rig. The diameter of the wear scar
on the contacting surface of test ball can be measured through
microscope.

A typical application is the assessment of the lubricity of
diesel fuel. Diesel fuel acts as a lubricant in all diesel fuel
injection equipment. [7] presents a standard method to assess
the lubricity of diesel fuel. The idea is to realise the relative
motion between a steel ball and a steel plate that contact with
each other. The steel plate immerses in the diesel fuel. By
examining the diameter of wear scar on the steel ball after
the experiment, the lubricities of different diesel fuels can be
assessed.

Fig. 2 shows the structure of the voice coil motor on HFRR,
which mainly consists of permanent magnet and voice coil.
The load is connected to the voice coil through motor shaft.
As the friction exerts on the coil of VCM through motor shaft,
the model of HFRR is obtained by combining VCM model and
frictional load model.

B. Model of VCM

As VCM is a DC motor, the attributes of a VCM are similar
to that of a generalised DC motor with permanent magnet. Fig.
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Fig. 2: Schematic of VCM on HFRR: the test plate is directly
connected to the voice coil of VCM through shaft.

Fig. 3: Electric circuit model of VCM

3 depicts the equivalent circuit for VCM. The impedance of
voice coil is represented in the form of a resistor and inductor
in series. In addition, the back electromotive force due to
electromagnetic induction on moving coil is demonstrated as
a voltage source. According to the Kirchhoff’s Circuit Law,
(1) holds. u, is the voltage between the terminals of VCM.
1 is the current flows into the coil. R and L are resistance
and inductance of the equivalent circuit. e is counter-Electro-
Motive Force (counter EMF).

Uy = e+ iR+ Li (1)

When operating VCM, the desired amplitude of oscillation
of the voice coil is usually less than 1mm, which is small
compared with the length of the air gap. The length of that
applied in our research is 110mm. Therefore, the magnetic
field flux density is treated as a constant lumped parameter,
as the distributed attribute of it can be ignored in the case of
such small amplitude of oscillation. In addition, the effective
length of the coil that generating Lorentz force is the same
as the total length of the voice coil, since the full length of
voice coil subjects to the magnetic field in air gap during its
oscillation. The counter EMF can be derived as:

e = Blv 2)

B is the magnetic field flux density in the air gap. [ is the total
length of the coil. v is the velocity of the moving coil. It can
be found that considering all the variables in the equation of
counter EMF, only the velocity of the coil can be changed in
the operation of the motor. Therefore, we define the product
of B and [ as motor constant.

K, =Bl 3)

Fig. 4 presents the mechanical characteristics of VCM. Pre-
vious study [15] indicates that there are two types of VCM,
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Fig. 5: Basic friction configuration with enlarged contacting
surfaces [17]

namely MFK type and MF type. MFK type VCM deploys
a spring to support the moving coil. In this paper, we only
consider MFK type linear VCM. In Fig. 4, k represents spring
factor. C' is damping factor. M is the total mass of the moving
part of VCM. In addition, x is the displacement of VCM shaft.
According to Newtons Laws of Motion, we can obtain the
following equation:

Mz + Cx + kx = Fy 4)
where F|, is the Ampere’s force given by:
F, = Kyi &)

Rearrange (1) to (5) above, we can derive the mathematical
model of VCM:

v
k C K.

V=—q7 T — Ut (6)

; Ke y_ R ;1.

1= =70 Lz—i—L Uq

C. Model of Frictional Load

Friction is a common phenomenon which can be defined
as the resistance to motion when two surfaces slide against
each other [16]. Fig. 5 shows the lumped forces that exist in a
tribological system. v is the velocity of relative motion of the
upper body with respect to the lower body. F is the friction
force in the reverse direction of motion. The enlarged contact-
ing surfaces in Fig. 5 show their geometries at the microscopic
level. There is a large number of asperity junctions that exist
on two contacting surfaces, which contribute to the origin of
friction [17].

Previous research reveals that two friction regimes can be
defined in the sliding process of a tribological system, namely,
the pre-sliding regime and the gross sliding regime [18] [19].
By taking both pre-sliding regime and gross sliding regime

Fig. 6: LuGre model [16]

into account, LuGre model is raised, which is depicted in
Fig. 6. LuGre model takes the average behaviour of the bristles
that represent the deformations of asperity junctions as a state
variable [20]. It is capable of capturing several effects such
as stick-slip oscillations and zero-slip displacement [21]. In
Fig. 6, z denotes the average deflection of bristles, which is
modelled as:

[l

7
where v is velocity, o is asperity stiffness, S(v) is a function
of sliding velocity that accounts for the Stribeck effect [22]:

S (v) = F, + (Fy — F.)e” 5] ®)

where F,. and F; stand for the Coulomb friction force and
Static friction force respectively, vs is Stribeck velocity, and
0,5 18 the shape factor that determines the shape of Stribeck
curve. According to the configuration of LuGre Model, the
component of friction force due to bristle effect is given by:

2:U—00

yous

Fyristie = 00z + o1 (9)

where o and o represent the asperity stiffness and damping
coefficient of frictional interface respectively. To consider the
effect of viscous friction, a term proportional to the sliding
velocity is added [23] and the lumped friction force is obtained
as:

Fy = Fyristie + 020 (10)
Finally, the detailed LuGre model is summarised as:
Ff = 0'02+0'12+0'2’U
z:v—aos'@)z (11)

)”vs

S (v) = F. + (F, — F.)e” %!

D. Model of HFRR

As it can be seen from figure 1, there is no gearbox installed
between the load and the motor shaft. The VCM in operation
subjects to the frictions that arise from two tribosystems, which
are the contacting surfaces between the test ball and the test
plate and the linear guide that supports the test plate. It is
noted that the friction arises from the linear guide is in the
same direction as that between the test ball and the test plate.
Therefore, they are treated as a lumped friction exerts on
VCM in modelling. The model of HFRR can be obtained by



combining model of VCM and that of frictional load together.
Finally, the model of HFRR is:

T=v

y— k. C K, ;1
V=—37"T— 37Vt 3 T Fy (12)
o _Ks o, _ R ;1.

L=—F V=7 1+ T Ug

where the expression of frictional load Fy can be found in
(11). In general, the developed model of HFRR suggests a
4t order nonlinear system. x is the output of the system,
which is the position signal of motor shaft. u, is the input of
the system, which is the voltage applied to VCM.

III. CONTROL DESIGN AND ANALYSIS
A. PI Control

The position control of motor is usually regarded as a
reference tracking problem, of which the aim is to minimise
the error between the measured position signal and reference
signal. The most popular controller is PI controller, which is
shown in (13):
ki

where k,, and k; are proportional gain and integral gain.

B. PR Control

A conventional PI controller in stationary reference frame
can lead to steady state amplitude and phase error when
tracking a sinusoidal reference [24]. According to internal
model principle, a compensator with a sinusoidal transfer
function can be applied to the system in this situation [25]. It
has been proved that the steady state error can be zero once the
closed system is asymptotically stable. The transfer function
of the controller is shown in (14). It consists of a proportional
term and a resonant term.

Gpr(s) = b

o4 S
p+82+w8

(14)
wo is the angular frequency of the sinusoidal reference. k, and
k; are proportional gain and resonant gain.

C. Direct Amplitude Control

Recall the operation of HFRR, which requests maintain a
constant amplitude of vibration at the desired frquency and
small midpoint offset during experiments. The phase of the
position signal is of no concern in application. Therefore, the
proposed control method is designed to achieve the following
aims:

1) Maintain constant amplitude of vibration

2) Maintain constant frequency of vibration

3) Suppress DC component (offset of midpoint)

The basic idea is to adjust the amplitude of the position signal
by varying the amplitude of sinusoidal voltage signal applied
between the terminals of VCM. In addition, a varying DC
voltage is applied to fight against the drift of midpoint of
the position signal. According to the results of the open loop
response test of HFRR, the fundamental frequency of output
signal is the same as that of the input signal. As a result, the

Uc

Amplitude Regulator

Fig. 7: Direct amplitude controller

controller can adjust the frequency, amplitude and offset of
the output signal separately.

Fig. 7 shows the structure of such controller. The controller
takes the desired amplitude, desired frequency and feedback
position signal as inputs, it outputs the voltage signal applied
to the motor. There are two modules in the controller, namely,
amplitude regulator module, and offset compensator module.
Different from traditional PI control that directly takes the
error of position in real time as input, the amplitude regulator
module of the proposed controller applies short time Fourier
transform (STFT) to the feedback position signal to obtain the
amplitude of it at first. Then, it is the error of amplitude rather
than error of position being sent to a built-in PI controller.
In addition, different from traditional PI control that directly
applies its output to the plant under control, the built-in PI
controller in amplitude regulator module uses its output to
modulate the amplitude of a sinusoidal signal applies to the
plant under control. The controller output u,. in time domain
can be expressed as:

t
uC:<kp'ea+ki'/ea'dt>'sref
0

t
—kpp - Tae — Kip - / Zge-dt  (15)
0

where

Spef = sin(2mw - fr - 1)
€a=0r —Q

a=| (ST wt-na(m)ersmar)) 1O

oo

xM:(ﬁjw@—ﬂxumﬁ

fr is the desired frequency of output position signal. e, is
the error of amplitude. a, is the desired amplitude of position
signal = based on STFT. x4 is the windowed DC component
in output position signal. &, and k; are proportional gain and
integral gain of amplitude regulator module. k,, and k,; are
proportional gain and integral gain of offset regulator module.
In implementation, a is obtained by taking the modulus of the
short time Fourier transform of the output signal.

t
a(t) =| Z,L wts (t—7)x (1) e*j'zﬂf”dﬂ 17

Fr
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(b) Modified block diagram of HFRR including friction

Fig. 8: Modification on the model of HFRR including friction:
the friction can be transferred to act on HFRR via the same
channel as control input (shown as D(s) in (b)).

where, the time-shifted Hamming window w?* (t) is:
1

wT® (t) = 0.54 — 0.46¢0s (27 f,t) ,0 < t < 7 (18)
D. Convergence Analysis

The denominator of the transfer function of HFRR without
friction is:

P(s)=LM-s*+ (LC+ RM) - s*+
(K?+ RC + Lk) - s+ Rk

Therefore, the characteristic equation of HFRR transfer func-
tion without friction is:

19)

P(s)=0 (20)

Substitute the values listed in the Table. I into (20), we can

obtain:
0.0021s% + 2.8893s% + 594.36565 4+ 10584 = 0 21)

The poles of the HFRR transfer function are:

P~ —19.65964 < 0
po ~ —225.87700 < 0
Py~ —1157.17522 < 0

Remark II1.1: HFRR as a system without friction is open loop
stable.
The proposed controller in s domain can be expressed as:

k; Wy kb
C(s) = |(kp+ ;) * ot -Eq(s) — (kpp + ?) - Xae(s)
(22)
where * indicate convolution and w, = 27 f,.. Hence:
kiw, kb
C(s) = Zro? - Eq(s) — (kpp + ?) - Xae(s) (23)

Assumption 1: the friction as a disturbance is differentiable
and bounded. Then it satisfies matching condition, where the

disturbance can be transferred to act on the system via the
same channel as control input [26].

Fig. 8.(a) shows the block diagram of HFRR considering
friction. Once the matching condition is fulfilled, the friction
as disturbance can be transferred to an equivalent input distur-
bance D(s) as shown in. Fig. 8.(b). Therefore, the output of
the closed loop system in frequency domain can be expressed
as:

X (s) =G (s) - Lffwz - Eq(s) = (kpy + %) - Xge(s)
+G(s) D(s)

(24)
where the plant model G (s) and equivalent input distur-
bance D (s) are given as:

G(s) =pg
D(s) = -t

(25)
- Fy (s)

The output of the closed loop system can be decomposed
into sinusoidal component X,.(s) and generalised output
disturbance Xy;4(s) as:

X(S) = Xac(S) + Xdis(s) (26)
where
{Xac (6) = Gls): g2ty - Buls) @7)
Xais (5) = G(s) - [D(s) — (kpp + Ei2) - Xge(s)]

Assumption 2: perfect knowledge of a(t) and z4.(t) can
be obtained. Then, e,(t) can be approximated as error of
amplitude in real time. In addition, x4.(¢) is nonzero for only
DC component in output signal.

As the disturbance is assumed to be bounded and z4.(t) = 0
for sinusoidal component of the output signal, the amplitude
of the component of the output signal at the desired angular
frequency w, = 27 f, at steady state can be expressed as:

|X(]WT)| = |Xa0(jwr) + XdiS(jwr)‘

= Glen) - 2 Balior) + i) - D)
= Gisr) - (25 Bl + D) )
= (G Gen)| - i (@ — X o)) + A

(28)
where A represents the equivalent uncertainty of the control
input of HFRR due to friction. Rearrange the last line of
(28),we have:

o |G (Gwr) |- ki A

(29)

Remark II1.2: At steady state, arbitrarily small error of am-
plitude at the desired frequency can be achieved by choosing
k; > 1. And we have:

lim |X(jw,)| = ar (30)

i —> 00



Parameter Symbol(unit) Value
Coil resistance R(©2) 5.4
Coil inductance L(H) 3.86 x 1073
Mass of moving components M(Kg) 0.512
Motor constant Ks(N/A) 24
Spring stiffness k(N/m) 1960
Damping coefficient C(n.s.m™1) 2
Asperity stiffness oo (N/m) 10°
Damping coefficient o1 (Ns/m) 10%
Viscous coefficient o2 (Ns/m) 0.4
Coulomb friction Fe (N) 46.49
Stiction force Fs (N) 55.3
Stribeck velocity vs (m/s) 0.001
Shape factor oys (=) 2

TABLE I: Values of parameters used in simulation

Parameter Value

DC Bus Voltage 42V
DSP Clock Frequency 2 x 108Hz
PWM frequency 4 x 10*Hz
Encoder Resolution 5% 10" "m

TABLE II: Parameters of experimental platform

Considering the DC component of the output signal at steady
state, we have:

X(JO) = Xac(jo) + Xdis(jo)

= G(j0) | D(O) = (ko + 52) - X (70)
Remark I11.3: At steady state, the DC component of the output
signal X (j0) — 0.

As a result, the system is open loop stable. By assuming
the fulfilment of matching condition and perfect knowledge of
amplitude and DC offset, it can be proved that arbitrarily small
error of amplitude of the closed loop system at the desired
frequency can be achieved at steady state. In addition, the
DC offset of the position signal of the closed loop system
approaches zero at steady state.

IV. SIMULATIONS AND EXPERIMENTS

A. Simulations

In simulation, the desired amplitude of vibration at S0Hz
is set as 200um. Table. I gives the values of the parameters
applied in simulation. Fig. 9 shows the simulated amplitudes of
position signals using different controllers. It is assumed that
the shaft of VCM is at standstill initially. It can be found that
the amplitude of position signal using the proposed controller
converges to the desired value. There is steady state error of
amplitude exists for PI controller, which is in agreement with
[24]. In addition, when applying PR controller to HFRR, the
closed loop system become unstable.

By ignoring the effect of frictional load, the transfer function
of the closed loop system under no load condition using PR
control can be obtained. Fig. 10 shows the root locus plot of
the closed loop system using proportional control. The gain

Simulated Amplitude of Position(50Hz)
T T : — : i T

250 T
+ p -
— + Desired Amplitude
4 =
g 200 e FETEIAT : N +  Proposed Controller
B 150 - g & o9 % P! Controller
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Fig. 9: Simulated amplitudes of position signals using different
controllers
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Fig. 10: Root locus plot of the closed loop system using
proportional control

varies from O to 5 x 10*. The corresponding loop transfer
function is given by:
K,K;
L =01
(8= B+ K, K,

By applying Routh’s stability criterion, the closed loop system
is stable when K, < 33639.48796. Let K, = 10, the loop
transfer function of the closed loop system using proportional
resonant control can be expressed as:

Ks K, s*+K;-s+K, wi
P(s) $2 + wi

Fig. 11 shows the root locus plot of the closed loop system
using proportional resonant control with K, = 10, wg =
1007. The gain varies from 0 to 5 x 10%. By applying Routh’s
stability criterion, it is found that there is no positive resonant
gain that lead to stable system. Fig. 12 shows the magnified
view of Fig. 11, which clearly shows the conjugate pole pairs
on the right hand side of imaginary axis [27].

(32)

L,.(s) = (33)

B. Experiment Setup

The setup of the experimental platform applied in research
is shown in Fig. 13. A digital signal processor is used to
implement the controller, which reads in the position, normal
force and friction signals from the sensors on HFRR. A full
bridge inverter is used to alternate the voltage applied to the
terminals of VCM. The inverter is controlled by digital signal
processor through pulse width modulation technique. A PC is
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used to achieve signals monitoring in real time. In Fig. 13,
an incremental encoder in position sensing module is used
to measure the position of the shaft of VCM, of which the
resolution is 0.5um. In addition, A load cell connected with
an isolated voltage transducer form the normal force sensing
module, which is used to measure the normal force exerted
on the specimen during experiment. The conditioned normal
force signal passing through isolated voltage transducer is
feed into digital signal processor. Similarly, a piezoelectric
sensor together with charge amplifier compose the friction
sensing module, of which the output is feed into digital signal
processor through AD. The digital signal processor applied
to experimental platform is equipped with a 32-bit floating
point CPU, which provides 200 MHz of signal processing
performance. The parameters of digital controller, full bridge
inverter and incremental encoder on experimental platform are
presented inTable. IL.In addition, the parameters of VCM on
experimental platform are listed in Table. I.

To conduct the experiments, the test ball and the test plate
with lubricant covered on top should be mounted on HFRR

DC Power Supply

—_'—‘ |
) A®
Ol sia_enie @e) Inverter T i DSP
HFRR ! .
<— \g/i’
—

Normal Force Sensing T

Friction Sensing

= -

Position Sensing
- '\MQ _>

Fig. 13: Configurations of experimental platform

Frequency(Hz)  Amplitude(pm)
30Hz 100pum
30Hz 150um
30Hz 200pm
30Hz 250um
40Hz 100pum
40Hz 150um
40Hz 200pum
40Hz 250um
50Hz 100pum
50Hz 150pm
50Hz 200pum
50Hz 250um
60Hz 100pum
60Hz 150pm
60Hz 200pm
60Hz 250um

TABLE III: Experimental conditions

properly in the first place. Secondly, the auxiliary power
supplies should be turned on to allow the adjustment of normal
force exerts on the specimen and the initialisation of both
programs running in DSP and host PC. Thirdly, the main
power supply should be turned on to enable the operation of
the inverter by DSP. Finally, the oscillation of VCM on HFRR
is activated. To simplify the experiments, we keep the types
of specimen and values of normal force constant in each test.
The settings of remaining experimental conditions applied in
experiments are shown in Table. III.

Remark IV.1: The position counter register of the digital
signal processor on the experimental platform will always be
set to a predefined initial value on index events during each
cyclic period of oscillation to mitigate potential drift problem
[28] [29].

In Table III, there are 16 sets of experimental conditions.
The frequency varies from 30Hz to 60Hz. The amplitude varies
from 100um to 250um. The specimens in all experiments
are chosen as aluminium plate with petroleum ether (A1&PE)
covered on top of them. To make sure the initial conditions



Specimen  Normal Force(N)
Al&PE 6N

Frequency(Hz)
30Hz

Amplitude(pm)
100pm

TABLE IV: Experimental Conditions for Controllers Tuning

such as surface roughness are same in each experiment,
both aluminium plate and petroleum ether between contacting
surfaces should be replaced at the end of each test. To assess
the performance of the proposed control method, comparisons
among conventional PI control, PR control and the proposed
control method have been done. The parameters for each
controller are tuned under the condition shown in Table. IV,
and then keep constant in remaining tests.

C. Discussion on Discretisation Procedure

To implement the aforementioned controller using digital
signal processor, it is required that the continuous time con-
troller should be discretised. The output from a discrete time
controller is piece-wise constant over the sampling interval in
this case:

u=unT), nT <t<(n+1)T 34)

Where T' is sampling period.

For a continuous system with frequency function G(iw),
when the input of the continuous system is constant over the
sampling interval, the corresponding frequency function for
the sampled system is given by G7(e’T). The relationship
between them can be described by:

Gl) = Gr (T <o [ lglar 69)

where ¢(7) is the impulse response of G(s). As a rule of
thumb, the difference between two frequency functions can be
regarded as small when the frequency is less than one tenth
of the sampling frequency: [30]

(36)

In experiments, the frequency of PWM by digital signal
processor has been set as 40kHz. In addition, the control
algorithm has been set to be executed 1x 10* times per second.
Therefore, the dominated sampling time is 7 = 1 x 107%s
for the discrete time controller. The desired frequency of the
output position of HFRR in our research is less than 70H z.

H :
ence o

10xT

The frequency of interest for HFRR is less than one tenth
of the sampling frequency of the discrete time controller.
As a result, the difference between the continuous system in
analysis and sampled system in experiment can be considered
as small.

w <2t x 70 <

(37

D. Experiment Results

Fig. 14 shows the amplitudes of position signals using
PR controller at different frequencies. The desired amplitude
is set as 200um. It can be found that the amplitudes of
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Fig. 14: Amplitudes of experimental position signals at differ-
ent frequencies using PR control
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Fig. 15: Amplitude of experimental position signals at different
frequencies using PI control

position signals corresponding to each frequency always keep
increasing, which indicates an unstable system.

Fig. 15 and Fig. 16 are the amplitudes of position signals
acquired in experiments using PI and the proposed controllers.
The desired values of amplitude are all set as 200um. It can
be found that the performance of the conventional PI control
in terms of amplitude degrades significantly as frequency
increases. However, the proposed control method shows the
ability of amplitude keeping at different frequencies. Fig. 17
and Fig. 18 are the position signals acquired in experiments
using PI and the proposed controllers. The desired values
of amplitude are all set as 200um. Fig. 19 shows the fric-
tion signals acquired from experiments. There are harmonic
components appear, which is in agreement with the results
in [31]. In addition, the normal force is changed to 10N when
obtaining Fig.20. It can be found that the convergence of
amplitude error can still be guaranteed.

It can be found that the magnitude of relative error increases
at higher frequency using conventional PI control. The relative
errors of amplitudes given by the proposed control method
all converge to zero at different frequencies. The rate of
convergence depends on the frequency of vibration. Fig. 21
are the outputs of PI controller and the proposed controller
at 30Hz with the desired amplitude of 200um. The control
efforts are similar.

Fig. 22 and Fig. 23 show the relative errors of amplitude
for both conventional PI controller and the proposed con-
troller at steady states. The proposed control outperforms the
conventional PI control significantly in terms of amplitude
keeping. The relative errors of amplitude using the proposed
controller are less than 0.5% in all 16 experiments. The
conventional PI controller presents higher relative error as
either amplitude or frequency increasing. At 60Hz, the relative
error of amplitude can be as large as 80%. On the contrary,
the relative error of amplitude using the proposed controller
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Fig. 17: Experimental position signals at different frequencies
using PI control

decreases as either amplitude or frequency increasing. This
implies that the proposed control algorithm is attractive for
application of vibration control in high frequency band. In
both situations, the relative offsets are always less than 1%,
which is of little difference.

Fig. 24 and Fig. 25 show the total harmonic distortions
(THD) of position signals at steady states under different
conditions. THD applied in the analysis is determined from
the fundamental frequency of vibration and the first three
harmonics of position signal acquired from corresponding
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Fig. 18: Experimental position signals at different frequencies
using the proposed control method

Fig. 20: Amplitude of experimental position signals at different
frequencies using the proposed control method with 10N
normal force

test. This is used to assess the frequency keeping ability of
control algorithm. At 30Hz, THD of position signal using
conventional PI control is less than that using the proposed
controller. However, at higher frequencies, the performance of
proposed control in terms of harmonics suppression is better
than that of conventional control. This observation agrees with
the conclusion that the proposed control algorithm is attractive
for application of vibration control in high frequency band in
tribotests.

Remark IV.2: In addition, as VCM is also applied to the
design of electrodynamic shaker in vibration test systems, the
proposed control method can be applied to the regulation of
the amplitude of acceleration of the shaker in vibration tests,
where the encoder is replaced by accelerometer [32] [33].

V. CONCLUSION

Direct amplitude control is proposed to deal with the
amplitude keeping problem of high frequency reciprocating
rig subjects to frictional load. The proposed control scheme
consists of an amplitude regulator and an offset compensator.
It takes the error of the amplitude of the position signal
as performance index. The analysis shows that the error
of amplitude of position signal of the closed loop system
converges to zero by applying the proposed control. A digital
signal processor based experimental platform is built to verify
the proposed control method. Both PI control and PR control
are introduced to experiments for the purpose of comparison.
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Fig. 22: Relative errors of amplitude using PI control under
different conditions

Although PR control has been widely applied in the appli-
cation of tracking sinusoidal reference signal, it leads to an
unstable system due to the large phase delay of voice coil
motor based high frequency reciprocating rig at high frequency
band. It is found that the proposed direct amplitude control
outperforms PI control in terms of amplitude keeping and
harmonics suppression in high frequency reciprocating motion.
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