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Abstract  This paper proposes a scheme for control-
ling the output torque of a harmonic drive actuator
equipped with a torque sensor. The control scheme
consists of the internal model control (IMC) and an
adaptive feedforward cancellation (AFC) based on a
disturbance observer (DOB). The relationship between
the IMC and the DOB is presented in this paper, and the
IMC is adopted as a feedback compensator for its ease
in design and implementation. The DOB, on the other
hand, is suitable for estimating an unknown disturbance,
and its output is applied to the AFC resonator that gen-
erates an adaptive dither to compensate for the torque
ripples induced by harmonic drives. Compared with the
conventional AFC, the salient features of the proposed
DOB-based AFC include the independence of design-
ing the AFC’s adaptation gain from the plant and the
feedback compensator, fast convergence of the distur-
bance-cancellation error, and no influence of aperiodic
reference changes upon the adaptive dither. The effec-
tiveness of the proposed scheme is demonstrated through
experimental results, in which its performance is shown
to be superior to that of the conventional AFC.
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1 Introduction

Gear transmissions are usually incorporated in machines
that need to provide high torque within a limited space.
Among gear transmissions, harmonic drives have the
advantages of high gear reduction ratio, compact size,
and high torque-to-weight ratio with virtually no back-
lash. These excellent features make harmonic drives
ideal for precise motion mechanisms such as lightweight
service robot manipulators [1], force-feedback haptic
devices [2] and steer-by-wire systems in the vehicle steer-
ing technology [3]. A typical harmonic drive is shown in
Fig. 1 [3], which consists of a wave generator, a flexible
spline, and a circular spline. The rigid wave generator has
an elliptical shape and is enclosed by a flexible race ball
bearing. The flexible spline, or “flexspline” for short, is a
thin-walled hollow cup, the external gear teeth of which
are located at the open end while the closed end of the
flexspline is usually connected to an output shaft. The
circular spline is arigid internal gear with two teeth more
than the number of teeth on the flexspline. When assem-
bled, the open end of the flexspline becomes elliptic due
to the shape of the wave generator, and the flexspline
teeth at the major axis of the ellipse engage with the
teeth of the circular spline. In the most common config-
uration, the circular spline is fixed, and a motor drives
the wave generator while a load is connected to the
flexspline.

In a harmonic drive system, transmission flexibility
would cause output oscillations, and frictional forces
would deteriorate its output accuracy. To control the
output torque of a harmonic drive actuator, Kazerooni
[4] employed a sensitivity loop-shaping technique to
design a linear controller for the system. Moghaddam
and Goldenberg [5] designed a torque controller in an
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Fig. 1 Constitution of a
harmonic drive

Ho-framework, and Taghirad and Belanger [6] built
an Hy-based torque controller together with a model-
based friction compensator. Instead of establishing a
friction model that is difficult to be obtained in practice,
many researchers [3,7-10] utilized disturbance observ-
ers (DOB) [11,12] to estimate unknown torque distur-
bances. Distinct from high-gain feedback control, the
DOB-based compensation estimates the unknown per-
turbation and generates just the minimum control to
regulate plant’s dynamics to nominal dynamics. Since
the plant’s nominal dynamics may not necessarily yield
satisfactory performances, the DOB usually accompa-
nies a feedback compensator, such as a PID controller,
to shape the nominal dynamics and meet performance
requirements. Therefore, in building a DOB-based con-
trol system, a feedback compensator as well as a DOB
needs to be designed and implemented. Regarding
feedback properties, this paper shows the equivalence
between the DOB and the so-called Internal Model
Control (IMC) [13] that was originally developed for
chemical engineering applications. However, the advan-
tage of the IMC scheme is its simple design procedure
because the controller parameters are expressed directly
in the plant’s nominal model and the desired closed-loop
dynamics, largely avoiding trial and error. Compared
with the DOB-based control configuration, the IMC
scheme reduces the efforts required in both the con-
troller design and the practical implementation. There-
fore, the IMC is applied to a harmonic drive system as a
feedback compensator.

Due to mechanical imperfections such as misalign-
ments of the gear assembly and dimensional inaccura-
cies of the gear itself, the output torque of the gear
contains ripples that vary with different drives, assem-
blies, and operating conditions. However, a special
characteristic of harmonic drives is that the dominat-
ing component of ripples is repeated every half turn of
the input shaft [14]; that is, the torque ripple is periodic
in nature, and its fundamental component corresponds
to twice the rotational frequency of the input shaft.
To compensate for the kinematic error of a harmonic
drive, Nye et al. [15] devised an open-loop method by
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approximating the kinematic error with a simple sinusoi-
dal term and superimposing it on the desired trajectory.
Gandhi and Ghorbel [16] proposed a PD-type control-
ler to compensate for the kinematic error of a harmonic
drive in a closed-loop fashion. To reduce speed ripples
caused by a harmonic drive, Hirabayashi et al. [17] pro-
posed a method of adaptive speed control, in which the
controller senses speed ripples through a high-resolu-
tion encoder and modifies the speed command to the
driving motor. Godler et al. [18] applied the repeti-
tive control for reducing speed ripples in a harmonic
drive system. While the previous studies [15-18] aimed
at reducing position or speed ripples, this paper focuses
on minimizing torque ripples transmitted to the load.
Adaptive feedforward cancellation (AFC) is an effec-
tive method for eliminating a periodic input disturbance,
in which the disturbance is simply cancelled by add-
ing the negative of its value at the input of the plant
[19]. Since the value of the disturbance is generally un-
known, it is adaptively determined by estimating the
amplitudes of sine and cosine functions at disturbance
frequencies using the output-error signal. The phase
difference between the input disturbance and the out-
put error, however, deteriorates the convergence prop-
erty of the AFC system. Since this phase difference is
equal to the phase of the plant at the disturbance fre-
quency, Messner and Bodson [20] and Sacks et al. [21]
introduced a phase advance to the basic AFC algorithm
in order to compensate for the phase lag due to the
plant. To improve the robustness and convergence rate
further, Weerasooriya et al. [22] and Zhang et al. [23]
used the zero phase error tracking (ZPET) technol-
ogy [24] to obtain the inverse of the plant’s discrete-
time model, and fed the output error signal through the
plant’s inverse model and subsequently to the previous
AFCresonator [20,21]. Concerning practical implemen-
tations, Lee [25] applied the AFC to the track-following
servo for pre-embossed rigid magnet disks while Byl
et al. [26] presented the experimental performance of a
diamond turning machine with the AFC. The previous
AFC schemes [19-23,25,26] extract the periodic distur-
bance information from the tracking-error signal. Since
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the tracking error is directly related to the reference sig-
nal, the aperiodic components of the reference would
influence the estimation of the periodic disturbance in
an adverse way. This paper presents a DOB-based AFC
scheme and its application to alleviating torque ripples
in a harmonic drive actuator. In the proposed scheme, a
DOB is employed in estimating unknown disturbance-
cancellation error, and an AFC process suppresses the
disturbance components at specific frequencies using
the estimated signal of disturbance-cancellation error,
rather than using the tracking-error signal in the pre-
vious studies. The proposed AFC scheme is then inde-
pendent of the reference command, and also yields fast
convergence of the feedforward cancellation error. Fur-
thermore, the adaptation gain in the proposed AFC
process is constrained only by the DOB’s dynamics. In
other words, with the aid of a DOB, the determination of
the AFC’s adaptation gain becomes independent of the
nominal plant and the feedback compensator. Experi-
ments were conducted on a harmonic dive actuator to
show the feasibility and applicability of the proposed
scheme.

2 Torque feedback control of a harmonic drive actuator
2.1 Harmonic drive actuator

In the experimental system, the plant to be controlled is
a harmonic drive actuator that is a hollow-shaft actu-
ator with an integrated torque sensor, SD-25B from
Sensodrive GmbH. Figure 2 shows the schematic dia-
gram of the harmonic drive actuator, which is composed
of five major subsystems, namely the torque sensor, har-
monic drive gear, eight-pole surface permanent-magnet
ac servomotor, power converter and microprocessor.
The torque sensor with a Wheatstone bridge of strain
gauges is incorporated into the actuator. An instrumen-
tation amplifier is utilized to amplify the differential
output voltage of the Wheatstone bridge, yielding a sig-
nal indicating the output torque of the harmonic drive
actuator. The harmonic drive gear with a gear ratio of
N = 50 is driven by the ac servomotor equipped with
an incremental encoder of 1,500 ppr resolution. Without
the brush wear or commutation limit associated with dc
servomotors, the ac servomotor is sine-commutated by
a fully digital controller. The heart of the digital cur-
rent controller is the microprocessor that operates the
surface permanent-magnet motor with its rotor flux and
stator current in quadrature for maximum torque per
ampere, i.e. minimum ohmic losses. The developed
torque 7, of the machine is given by 7. = K;ig, where
the torque constant K; = 30 (Nm/A) referred to the

load side and i, is the quadrature axis current in the
d—q synchronously rotating reference frame. In this
case, without considering field weakening, the direct
axis current iy in the d—g synchronously rotating
reference frame should be zero because it does not
contribute to torque production. Here, i; also repre-
sents the peak of the phase current. The overall
configuration for controlling the output torque of the
harmonic drive actuator has a cascade control struc-
ture, which consists of an outer loop which generates
the motor torque command to achieve the desired out-
put torque of the harmonic drive actuator, and an inner
loop which controls the switching of the inverter so
as to have the motor produce the commanded
motor torque. That is to say, the control signal u(f)
generated by an outer-loop controller is the reference
input to the inner loop and represents the desired
motor torque referred to the load side. The quadrature
axis current command ij; (t) to the harmonic drive actu-
ator is thus given by ij;(t) = u(t)/K;. In the inner loop,
the microprocessor obtains data on the phase currents
and desired quadrature axis current through 12-bit A/D
converters. It also receives position information from
the encoder and generates unit vectors for coordinate
transformations. Subsequently, the microprocessor cal-
culates current control laws and produces a sequence of
gating signals that are pulse-width modulated (PWM)
signals to drive the voltage source inverter whose out-
putis a chopped ac waveform. The cycle time of the cur-
rent control loops is 0.125 ms, and the PWM switching
frequency is correspondingly 8.0 kHz. The rated output
power of the actuator is 160 W, and its maximum con-
tinuous stall torque is 35 Nm while its maximum output
torque reaches 98 Nm.

2.2 Experimental system for the harmonic drive
actuator

The experimental system is shown in Fig. 3, in which
a floating-point TMS320C6711 digital signal processor
(DSP) from Texas Instruments, Inc., is the core of the
outer-loop controller, and a Field Programmable Gate
Array (FPGA) of model XCV50PQ240-C6 from Xilinx,
Inc., processes signals from the shaft encoder to yield a
resolution of 6,000 ppr and provides an interface to a 10-
bit A/D converter that transforms the analog torque sig-
nal into an equivalent digital signal. In real-time control,
the DSP obtains the torque and position information
from the FPGA, calculates the control algorithms, and
sends the control effort to a regulated current converter
through a 12-bit D/A converter and some analog signal
processing circuits. In the experimental system, a sam-
pling period of 0.1024 ms was chosen, and a personal
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Fig. 2 Configuration of the
harmonic drive actuator
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Fig. 3 Experimental system. a Photo of the harmonic drive system. b Schematic representation of the hardware configuration

computer was used to develop the control program writ-
ten in C language, to compile it, to download the result-
ing code into DSP for execution and to acquire experi-

mental data.

In our experimental system, the input to the plant
is the motor-torque command to the regulated current
converter, and the information on the plant’s output is
obtained from the torque sensor that measures the out-
put torque of the harmonic drive gear to a load. The
identification process is done with the load constrained
to the fixed frame. Although there are nonlinearities
such as various types of friction and structural damping
in the plant, the popular swept-sine approach is used
to acquire the frequency response of the plant because
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of its accuracy even in the presence of extreme noise
or nonlinearity, and a linear model is then obtained
for the purpose of control. To achieve this, a Siglab
2042 Dynamic Signal Analyzer (DSA) from Spectral
Dynamics, Inc., automatically steps a sine wave over a
specified frequency range and measures the frequency
response. Subsequently, a Matlab function invfregs(-)
performs the least-squares fit to the frequency response
data, and yields a nominal transfer function of the plant.
Let P(s) denote the transfer function of the plant, y(s)
the Laplace transform of the harmonic drive’s output
torque y(¢), and u(s) the Laplace transform of the com-
manded motor torque u(f) referred to the load side. In
this constrained-motion condition, the transfer function
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Fig. 4 Measured frequency response and its curve-fitting result

based on the measured frequency response shown in
Fig. 4is
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of which the dc gain is approximately unity as the envi-
ronment reacts a torque that is equal to the applied one.
Moreover, the two pole pairs of the transfer function can
be described by w,,; = 204.58 (rad/s), &1 = 0.068, w,p =
1076.29 (rad/s), and ¢ = 0.45, showing that the struc-
tural damping of the harmonic drive actuator is low.

2.3 IMC and its equivalence to DOB

Consider a harmonic drive actuator described by
y=P(s) (u+d 2

in which d(f) represents all perturbations referred to
the input. As shown in Fig. 5a, the IMC structure uses
an internal model P(s) in parallel with the plant P(s).
Whenever there is an output difference between the
real plant and its model, there is a nonzero feedback to
the so-called IMC controller Q(s)P~1(s), the feedback
controller in the feedforward path of the IMC structure.
With the reference r, the output of the IMC system can
be derived as

y(s) = Q®)r(s) + (1 — O(s)) P(s)d(s) 3)

From (3), it is found that, when Q(s) = 1, we have y(s) =
r(s); that is, the output signal y attains the reference
command r instantaneously even in the presence of

external perturbations. However, this perfect perfor-
mance cannot be accomplished in practice since this
usually requires control efforts larger than those the
actuator can deliver and the IMC controller Q(s)P~1(s)
is hardly ever proper and cannot be implemented when
Q(s) = 1. Hence, the filter Q(s) is chosen so that
O(s)P~1(s) is proper, and then its implementation does
notinvolve direct differentiation of the measured output
signal with respect to time. When there are no perturba-
tions (d = 0), we have y(s) = Q(s)r(s), meaning that the
nominal closed-loop transfer function of the IMC sys-
tem is directly assigned to Q(s). The design of the IMC
is hence straightforward, and closed-loop characteristics
are related straight to controller parameters [13].

To improve the closed-loop performance of a har-
monic drive system, earlier studies [3,7-10] used feed-
back controllers together with DOBs. Let’s manipulate
the block diagram of the IMC structure in Fig. 5a by
moving Q(s)P~L(s) out of the feedforward path inside
the feedback loop as shown in Fig. 5b while leaving
the input-output relationship unaffected. Subsequently,
rearranging the feedback path in Fig. 5b, we obtain an
equivalent block diagram shown in Fig. 5c, where the
DOB structure arises. Therefore, the IMC structure is
equivalent to the DOB structure together with a feedfor-
ward compensator Q(s)P~L(s). It is concluded that the
IMC structure possesses the same feedback property as
the DOB structure while the IMC approach does not
require a feedforward compensator or a nominal con-
troller that is necessary in a DOB-based control system.
Therefore, the IMC method is adopted in designing a
torque controller for the harmonic drive actuator.

2.4 Shaping dynamic responses with the IMC

For our fourth-order harmonic drive actuator, Q(s) in
the IMC structure is denoted as Qin (s) and is chosen as
4

a)C
Qim(s) n wc)4 4)
in which w is a design parameter to specify desired
closed-loop poles. Now, the output response of the
closed-loop system can be made fast or slow simply
by tuning . large or small, respectively. The digital
implementation of the IMC involves the discretization
of two fourth-order continuous-time models, QjmP !
and P. In our implementations, the conversion of contin-
uous-time models to discrete-time models is done using
the bilinear approximation method with a sampling pe-
riod of 0.1024 ms. Furthermore, each of the fourth-order
discrete-time models is decomposed into two cascaded
second-order discrete-time models to reduce the sensi-
tivity to quantization errors in digital implementation
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Fig. 5 Alternative
representations of the
internal model control (IMC)
structure and its relation to
the disturbance observer
(DOB) structure
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since a cascade structure results in a smaller range of
coefficient values. In order to examine system responses
to a stepwise reference command, the load is fixed to
the frame such that the actuator is under constrained
motion. Figure 6 shows the open-loop and closed-loop
responses of the harmonic drive actuator, in which the
closed-loop controller has the IMC structure with w, =
200 (rad/s). It is seen that the plant itself has low struc-
tural damping, and its output torque cannot be con-
trolled well in the open-loop method. Compared with
the open-loop control, the IMC improves the output
precision, leads to well-damped output responses, and
reduces the settling time.

3 Alleviation of torque ripples using DOB-based AFC

Harmonic drive gears typically contain kinematic
inaccuracies due to manufacturing and assembly errors,
leading to output-torque ripples that are periodic with
respect to the angular displacement of the input shaft.
These torque ripples can be observed in the load motions
and even sensed by hand when back-driving the
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Fig. 6 Dynamical responses of the harmonic drive actuator under
constrained motion

harmonic drive [27]. The main component of these
torque ripples occurs twice per wave-generator revo-
lution, for the gear teeth in harmonic drives are mesh-
ing in two zones. To measure the transmitted torque,
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Hashimoto and Paul [28] firstly proposed the idea of
built-in torque sensing, in which Rosette strain gauges
are directly mounted on the diaphragm part of the flexs-
pline, an elastic element of a harmonic drive. This
method provides an economical way and a compact
design of torque sensing for harmonic drives. Some sub-
sequent researches [4-8,27,29-31] continued improving
the performance of built-in torque sensing. However,
since the flexspline has an elliptical shape, strain gauges
directly mounted on the flexspline are subject to
unwanted strain that is caused by the elliptical shape
[29]. This non-ideal behavior of the sensor practically
induces a relatively high signal fluctuation, whose prin-
cipal frequency is unfortunately also twice the motor
speed. This makes it impossible to discern the true rip-
ples caused by gearing meshing vibration from the fluc-
tuation signal caused by non-ideal measurement [27].
Taghirad et al. [27,29] proposed an active compensation
of the fluctuation signal by using a Kalman filter with
a harmonic oscillator to predict and filter it from the
torque measurement. However, since there are actual
torque ripples with the same principal frequency as that
of the fluctuation signal, this approach also filters the
real torque ripples out of the measured torque signal. In
our experimental system, the torque signal is obtained

from an additional torque sensor with a spring constant
higher than that of the flexspline in order to measure
the real torque transmitted to the load without reducing
the stiffness of the system much. To the best of authors’
knowledge, this paper is the first research on compensat-
ing for actual torque ripples induced by harmonic drives
in the torque control.

3.1 Conventional AFC

Here, the description of the conventional AFC scheme
is according to Refs. [21] and [25]. Assume that the
unknown disturbance d(f) consists of N sinusoids of
known frequencies of the form

N

dit) = z {a; cos(wjt) + b; sin(w;t)} 5)

i=1

in which g; and b; are unknown, and the subscript i
typically refers to the ith harmonic of the fundamen-
tal frequency. The AFC design is to construct a control
input that exactly cancels the unknown disturbance in
(2). Figure 7a shows the conventional AFC structure
together with the IMC, in which uy is the disturbance
cancellation input by the AFC, ug, denotes the feedback

Fig. 7 The conventional (a) T !
AFC scheme. a Schematic E coswt  AFC
representation including the ; ;
IMC. b Equivalent block i g,—jdt ;
diagram of the conventional E E
AFC system with the IMC i ;
s afo f—¢— |
E sin w;t
d - +
- ‘g—r Y
g 0ls)P™'(5) - P(s) -
u
— Ump N
o P(s) — 3
(b) s
gl
Uyf
_ d
| 0ul5P() . RSN pan B
r _ 1- Qim(s) Up u
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control by the IMC, the control input u = ug, — u,¢, and
a; and Bi denotes the estimates of a; and b;, respectively.
The AFC receives the tracking-error signal (y — r), and
adjusts a; and b; according to the following adaptation
laws:

a; = gi/ (y — 1) cos(w;t)dt (6)

bi=g / (v — 1) sin(win)dr ™

in which parameter g; is a constant adaptation gain.
Subsequently, the AFC determines the feedforward
control as

N
Uaf = Z {21,- cos(w;t) + l;,- sin(wit)} (8)
i=1

in order to reject the input disturbance d(¢). Based on
a Laplace transform analysis of the AFC structure [19],
there is an equivalent linear time-invariant (LTT) repre-
sentation as follows:
N s

C(s) = iS5 9

(S) ;gl S2 + 0)12 ( )
which is the transfer function from (y — r) to u,s. With

this model of the AFC resonator, a block diagram of
the AFC system is shown in Fig. 7b, in which the IMC

Fig. 8 The proposed (a)
DOB-based AFC scheme.

a Schematic representation

including the IMC.

b Equivalent block diagram

of the proposed AFC loop

structure is equivalently represented by the classic unit-
feedback structure with a compensator Oim()P~1(s)/
(1 — Qim(s)). The LTI analysis can then be applied for
analyzing its stability. Particularly, an upper bound on
the adaptation gain g; can be determined using a Nyquist
plot or a root locus. From Fig. 7b, it is seen that the
range of the adaptation gain for a stable AFC system
depends on the plant and the compensator as well. There
are three drawbacks of the conventional AFC struc-
ture. Firstly, the adaptation gain needs to be redesigned
whenever there is a change in the plant or the feedback
compensator. Secondly, since the upper bound on the
adaptation gain is constrained by both the plant and
the compensator, it would yield a small adaptation gain
and thus slow convergence. Thirdly, due to the use of
the tracking error as the input to the AFC resonator,
aperiodic variations in the reference command would
affect the adaptive dither and bring forth unsatisfactory
transient responses.

3.2 DOB-based AFC

The previous AFC schemes [19-23,25,26] update the
disturbance-cancellation control according to output
errors, extracting disturbance information from output
errors indirectly. As shown in Fig. 8a, the proposed
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DOB-based AFC scheme consists of a DOB and an
AFC resonator. The DOB evaluates the difference
between the unknown disturbance and the cancellation
control, and the AFC block adapts the disturbance-
cancellation control ugq, according to the DOB’s esti-
mate of disturbance-cancellation error, rather than the
output tracking error. In a DOB, the filter Qg (s) is cho-
sen so that Qgo(s)P~1(s) is proper, and then its imple-
mentation does not involve direct differentiation of the
measured output signal with respect to time. The DOB’s
output £(¢) can be derived as

§() = Qdo(s) (—uga(s) +d(s)) (10)

Utilizing the DOB’s output, the proposed AFC adjusts
a; and b; according to the following adaptation laws:

a; = g,-/f;‘(t) cos(w;t)dt (11)
bi = g / £(0) sin(wit)dr (12)

Subsequently, the adaptive feedforward control is
determined as

N
Udy = Z {21,- cos(w;t) + l;,- sin(a),-t)} (13)

i=1

According to (10), the DOB’s output is decoupled from
the IMC feedback loop, and the stability of the AFC
loop is thus independent of the feedback compensa-
tor. Figure 8b shows an equivalent block diagram of
the proposed AFC loop, and its stability depends solely
on the AFC resonator and the filter Qg,(s) that rep-
resents the DOB’s dynamics. Therefore, the proposed
AFCstructure simplifies the stability analysis when com-
pared with the conventional AFC structure, and the
adaptation gains can be identical for various applica-
tions by keeping the DOB’s dynamics unchanged. The
improvements of the proposed AFC scheme over the
conventional one are: (1) the redesign of the adapta-
tion gain is not required when there is a change in the
nominal model or the feedback compensator; (2) the
proposed AFC directly uses the estimated disturbance-
cancellation error to adjust the disturbance-cancellation
control, yielding fast convergence of the cancellation
error; and (3) the disturbance-cancellation process is
not influenced by aperiodic variations in the reference
command.

3.3 Torque-ripple compensation with the AFCs

The conventional AFC and the proposed AFC are
applied to compensating for the major torque ripple
whose frequency is twice the angular frequency of the

input shaft. Since the torque ripples induced by
harmonic drives are periodic functions of position in-
stead of time, the time in the AFC’s formulation is
implemented with the angular position, and the sine
and cosine functions in the AFC block are modified to
sin(26,,) and cos(26,,), respectively, in which 6, denotes
the angular position of the motor shaft that is fixed to
the wave generator. To verify the effectiveness of the
proposed scheme, consider the harmonic drive actua-
tor in free motions under two kinds of operating condi-
tions: quasi-constant angular-speed motion and variable
angular-speed motion.

In quasi-constant angular-speed motion, the servo-
motor is forced to have an initial speed of approximately
11.4 (rps) at the beginning of a torque-control task,
and the output torque of the harmonic drive actuator
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Fig. 9 Tracking responses of the IMC under quasi-constant speed

motion with various closed-loop bandwidths. a With w. = 200
(rad/s). b With w. = 600 (rad/s)
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is then required to counteract the effect of the gravita-
tional force exerted on the load, that is, the torque ref-
erence r = —35.4 sin (6,,/N) (Nm) in our setup. When
the output torque perfectly follows the reference, the
load will move at a constant velocity as if it was in
the outer space and without external forces. Figure 9
shows the tracking performance of the IMC without
AFC, in which various values of the closed-loop band-
width are examined by tuning the parameter w. in the
IMC structure. It can be seen that the high-gain feed-
back control by increasing the closed-loop bandwidth is
not an effective approach to compensating for torque
ripples since the effects of sensor noise on the con-
trol become significant and torque ripples are not mini-
mized well. Figure 10 shows the tracking responses of the
conventional AFC with go = 3.5 and g = 6.5, in which
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Fig. 10 Trackingresponses of the conventional AFC under quasi-

constant speed motion with different adaptation gains. a With
g2 =3.5.b With go = 6.5
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Fig. 11 Tracking responses of the proposed AFC under quasi-
constant speed motion

the AFC control with go = 3.5 takes approximately
three motor revolutions to become effective in canceling
the main disturbance. The large adaptation gain g» = 6.5
reduces the required transient interval to about one
motor revolution, but the output response diverges grad-
ually. Figure 11 shows the dynamic response of the pro-
posed AFC with go = 100, in which Qq,(s) is designed
as a fourth-order low-pass Butterworth filter with a cut-
off frequency of 180 Hz. It is seen that the proposed
AFC becomes effective soon after half a motor revolu-
tion, showing that the proposed scheme improves the
convergence speed and robustness of the conventional
AFC.

A torque-controlled actuator does not necessarily
operate at a constant speed. To evaluate the perfor-
mance of the proposed control scheme in variable angu-
lar-speed motion, we apply the following reference:

_ | -35.45sin(6,,/N)—1.2 (Nm) for |0,,| <10m (rad),
~ | 354 sin (0,,/N)+1.2 (Nm) for |6,,| > 107 (rad)

(14)

which, when followed precisely, accelerates the load dur-
ing the first five revolutions of the motor shaft, and
decelerates the load afterwards. Figure 12 shows the
tracking performance of the proposed AFC. From the
output response of the IMC without AFC, it is seen that
the magnitude of torque ripples varies with the angu-
lar speed of the input shaft. From Fig. 12a, it is obvious
that the tracking performance of the pure IMC has been
improved by the proposed AFC even when the ampli-
tude of torque ripples is time-varying. However, itis seen
from Figs. 11 and 12a that there exist leftover torque rip-
ples which mainly contain the fourth-harmonic compo-
nent. Since the sinusoidal permanent-magnet ac machine
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Fig. 12 Performance of the proposed AFC under variable speed
motion. a Dynamic responses. b Tracking errors and their spectra

has four pole pairs, this remaining component is likely
to be ascribed to the current offsets or different pole
flux levels of the four pole pairs, possibly combined with
rotor eccentricity. Figure 12b shows the spectra of the
tracking error, demonstrating that the torque ripples of
twice the frequency of the motor shaft is alleviated while
keeping other frequency components almost unaltered.

4 Conclusions

Regarding feedback properties, this paper demonstrates
that the IMC structure is equivalent to the DOB
structure. However, for command tracking, the IMC
structure possesses the advantage of ease in design and
implementation over the DOB-based control configura-

tion. The IMC is thus employed in shaping the dynam-
ics of a harmonic drive actuator. On the other hand,
the DOB directly reveals the information on input dis-
turbances, and is applied to improve the conventional
AFC scheme. The proposed DOB-based AFC brings
about three benefits. Firstly, the stability of the pro-
posed AFC system is independent of the plant and the
feedback compensator, and thus the adaptation gain
needs no redesign after readjusting the plant or retun-
ing the feedback compensator. Secondly, with the aid
of the DOB, the proposed scheme yields a convergence
rate faster than that of the conventional AFC scheme
which indirectly extracts the disturbance information
from the tracking error. Thirdly, aperiodic changes in
the reference command do not induce undesirable tran-
sient responses of the AFC resonator. The experimental
results show that the proposed scheme comprising the
IMC and the DOB-based AFC not only improves the
dynamics of a harmonic drive actuator, but also adap-
tively and effectively alleviates the major component of
torque ripples induced by the harmonic drive.
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