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Abstract —In some servo applications, restricted by the
measurement noise and the stiffness of the mechanical system, the
bandwidth of the disturbance observer cannot be high enough to
realize a good robust control to parameters uncertainties, it is
essential to identify the mechanical parameters. In the existing
mechanical parameter identification methods, the viscous and
Coulomb friction torque coefficients are usually identified using
two different constant speeds, and the moment of inertia can be
identified with various methods. However, no one method can
identify these three parameters at the same time using only one
speed. The contribution of this paper is to propose a method that
can identify the three mechanical parameters simultaneously
using only one speed. A low pass filter is used to suppress the
measurement noise in the speed feedback, thus parameters are
identified with high precision. A unidirectional sine-wave speed is
used to decouple the viscous friction torque and the Coulomb
friction torque, two speeds with different amplitudes and the
detection of the speed amplitude are no more required. Adaptive
extended state observer (ESO) is designed based on Lyapunov’s
stability theory, can be easily changed to the normal ESO used in
active disturbance rejection control. The proposed method is easy
to understand and implement. The effectiveness of the method is
verified by both the simulation and experimental results. *

Index Terms - Active disturbance rejection control, adaptive
extended state observer, Coulomb friction torque, inertia
identification, viscous friction torque coefficient.

I. INTRODUCTION

UE to its advantageous features including high efficiency,
high-power density, large torque-to-inertia ratio, low noise,
and free maintenance [1], permanent magnet synchronous
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motor (PMSM) has been widely used in servo applications.
Nevertheless, the mechanical dynamics of electrical drives are
nonlinear and usually time-varying. Traditional
one-degree-of-freedom (1DOF) proportional-integral  (PI)
controller cannot be used to obtain both good speed-reference
tracking and excellent load-torque rejection. The alternative is
to employ two-degree-of-freedom (2DOF) robust control
methods [2], in which disturbance/uncertainty estimation and
attenuation (DUEA) techniques are widely used [3]. Among
many DUEA techniques, disturbance observer (DOB) and
extended state observer (ESO) are most extensively
investigated and applied. DOB was initiatively put forward by
Ohnishi and his colleagues in 1980s to estimate the external
disturbance of servo systems [4]. ESO is generally regarded as
an essential part of the so-called active disturbance rejection
control (ADRC), which was first proposed by Han [5].

Both DOB and ESO estimate the disturbance torque
according to the equation of motion, in which the control gain,
the ratio between torque constant and inertia, plays a significant
role [6]. In general, due to changes in load, the inertia may vary
over a wide range from its nominal value to multiples of the
nominal inertia, especially in direct drive systems, which results
in larger overshoot and longer settling time [7]-[8]. Though
mismatched inertia is sometimes beneficial for the disturbance
rejection property, it has adverse effects on the tracking
performance of continuously varying reference [9]. Except for
the moment of inertia, other mechanical parameters (such as the
coefficients of viscous friction torque and the Coulomb friction
torque) are also essential to improve the position and speed
control performance in the servo drive system. If the viscous
and Coulomb friction torque coefficients are mismatched, the
friction torque will be part of the total disturbance torque.
Though the Coulomb friction torque is small, it changes very
quickly when the motor changes direction, while the viscous
friction torque varies as rapidly as the speed. To reject such fast
time-varying disturbances, the bandwidth of the observer must
be increased. However, the bandwidth of the observer is
restricted by the measurement noise and the stiffness of the
mechanical system.

Another approach to overcome parameter uncertainties is to
identify them. Over the past three decades, many methods of
identifying mechanical parameters have been developed.
Normally, the viscous and Coulomb friction torque coefficients
can be easily calculated from two different constant speeds
[10]-[12], [13], [14] or three different constant speeds [15],
depends on whether the constant load torque is zero. After that,
the inertia can be calculated by using a constant accelerator
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method [10]-[12], an offline curve fitting method [16], or the
speed frequency response method [14]-[15]. In [17], the
influence of viscous friction coefficient on inertia identification
is eliminated by using the torque and acceleration information
when the sinusoidal speed is zero. These types of direct
calculation methods are fast, nevertheless, it is either noisy due
to the use of velocity derivatives or time-consuming due to the
detection of speed amplitude.

Another type of method adopts the adaptive state observer
based on the equation of motion. Since the load torque is
unknown, one kind of method is to eliminate it during the
identification process. A simple way to eliminate constant load
is differentiating motion equations, such as the recursive least
square method [18] and the Landau model reference adaptive
identification (MRAI) method [19]. However, since the viscous
friction coefficient is ignored, the identified inertia is pulsating
[20]. In order to eliminate the effect of load torque and viscous
friction torque at the same time, a method integrating the
product of estimated load torque and the accelerator based on
the orthogonal principle was proposed by I. Awaya [21]. This
method has been widely studied due to its good identification
results [7], [9], [21]-[25]. However, to get a stable identification
result, the bandwidth of DOB must be low enough to suppress
the noise amplified by the speed differential, whereas it
deteriorates the system dynamic performance. Andoh [22] takes
FFT to smooth the waveform of motor position so that the
method can be used with infinitesimal motions, but it greatly
increases the consumption of computing resources. In [23], Y.
Chen proposed a variable-period identification method, which
no longer requires the low pass filter (LPF) to distinguish the
speed, but the computation of varying period is quite
complicated. In [24], the viscous friction coefficient was also
identified with the integral method. In the above identification
methods based on the orthogonal principle, the Coulomb
friction torque is not considered. S. Kim [25] used the integral
method to identify not only the moment of inertia but also the
viscous and Coulomb friction torque, simultaneously. Since the
method is based on the principle that the sinusoidal speed is in
phase with the friction torque and out of phase with the inertia
torque, it requires a knowledge of the magnitude of the speed
response, while the detection of the magnitude complicates the
calculation. Meanwhile, to decouple the Coulomb friction
torque and the viscous friction torque, sinusoidal speeds with
different amplitudes are required.

The other kind of method is to use MRAI to identify the load
torque and the inertia simultaneously. In [26], an adaptation
mechanism for identifying the moment of inertia and the load
torque is given based on Popov’s hyperstability theory.
Nevertheless, it has not been experimentally verified, and both
the viscous friction torque and the Coulomb friction torque are
ignored. Moreover, four parameters in the two Pl controllers
need to be adjusted for the identification, which complicates the
parameter setting process. In [27], K. Liu identified the inertia
and the viscous friction coefficient simultaneously, and
simplified the parameter setting process by using two integral
controllers. However, the identified viscous friction coefficient
converges to the wrong value and the identified moment of

inertia is pulsating. Meanwhile, the Coulomb friction torque
and the LPF for speed feedback are not considered.

In this paper, a method is proposed to identify the three
mechanical parameters (the moment of inertia, the viscous and
the Coulomb friction torque coefficients) simultaneously using
only one speed. A low pass filter is used to suppress the
measurement noise in the speed feedback, thus parameters are
identified with high precision. A unidirectional sine-wave speed
is used to decouple the viscous friction torque and the Coulomb
friction torque, two speeds with different amplitudes and the
detection of the speed amplitude are no more required. Adaptive
extended state observer (ESO) is designed based on Lyapunov’s
stability theory, can be easily changed to the normal ESO used
for active disturbance rejection control system. The proposed
method is easy to understand and implement. The remaining
paper is organized as follows. In Section Il, a discussion on
modeling the mechanical dynamics is presented, and then the
design of conventional ADRC controller is introduced. In
Section |11, the adaptive ESO and the speed control system are
designed for the identification of mechanical parameters.
Simulation and experimental results are presented and analyzed
in Section IV. Finally, conclusions are drawn in Section V.

Il. ADRC CONTROLLER DESIGN

The motion equation of the PMSM system can be given as
. —BQ+T, —T —T,sign()

Q= 3 M)

where Q is the angular velocity, B and T, are the viscous and
Coulomb friction torque coefficients respectively, J is the
moment of inertia, T_ is the load torque, and T. is the
electromagnetic torque.

A. Feedback Control Law

The feedback control law is designed to obtain the proper
control quantity, i.e., the torque reference, so that the speed
reference tracking error can attenuate as desired. As a result, the
motion equation should be modified as a function of the torque
reference Te"

—BQ+T, —T,sign(Q) [T, T, +T,]
J

Q:

B 1_« T, . To ex
3 Q+ 3 T, 3 sign(Q) 3 2)
=-aQ+bT, —csign(Q) —d,,
where Tq ex=Te —Te+Ty is the external disturbance torque which
includes the electromagnetic torque tracking error and the load
torque, a=B/J is the state coefficient, b=1/J is the control gain,
c=T¢/J is another state coefficient, and dex=Tq ex/J is the total
disturbance angular accelerator. Generally, due to the fast
dynamics of the current control loop, the electromagnetic
torque tracking error can be neglected, i.e., Te'~Te.
Defining the reference of mechanical angular velocity as Q",

then the tracking error of mechanical angular velocity can be
expressed as e,=Q"—Q and we have

& =Q -Q=0"-bT, +aQ+csign(@) +d,,  (3)
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Combined (3) with linear feedback control law
€ = _kpses 4)
where kps is the proportional gain, and we have

- QO + Ky (7 - Q) +aQ+csign(€2) + d, -
¢ b
In (5), the state coefficient a and c, the control gain b and the
disturbance dex are generally unknown and usually substituted
by their estimated value. Considering the viscous friction torque
and the Coulomb friction torque are small, the estimated valued
of a and ¢ are commonly set to zero for simplification, i.e., d@ =
¢ = 0, When a, b and c in (2) are substituted by their estimated

value 0, b and 0, it can yield
Q=-aQ+bT, —csign(Q) —dg,
—bT, —d., —aQ— (b—b)T, —csign() (6)
=bT, —d,,
where the total disturbance dy, consisting of both external load

disturbance and internal disturbance caused by parameter
uncertainties, can be expressed by

dyo = dgy —aQ+ (b—b)T, —csign(€) @)
Similarly, when dy, is substituted by its estimated value d,,,
the control quantity of the system can be obtained as
. QT k(T -Q)+d
T = 2 ®)
b
Considering that the actual system cannot provide infinite
control output, saturation limit is usually applied as follows.

. Te*max sgn(Te*), Te* > Te*max
esat — . . . 9
T, ‘Te ‘ < Temax

B. Conventional ESO

It should be noted that there is always measurement noise &
in the measured speed, hence the actual measured speed is
y=Q+6n. In order to estimate the total disturbance, ESO is
constructed for the system expressed by (6) and can be written
in the form of

Q=bT —d, —kO (10)

d, =k,Q

where O is the estimated angular velocity, Q is the

observational error, ki and k are the gains of the observer.
Combining (1) and (10), the estimated speed and the

observational error can be given as

A k,s+k S
QB)=Q6)+———"—2-6(s)+————d (s 11
(8)=0(s) s? +ks+k, () s? +k;s+k, w(8) (A1)
A= A 59 (12)
S sPaks+k, © 0 sP+ks+k,

Choosing the characteristic polynomial of the observer to be
$%+2 weS+@y?=0, then the gain of observer can be obtained as

k =

{ 1 2((2)0 (13)
I(2 = (00

where @, is the undamped natural frequency of the observer.

From (11), we know that the estimated speed is equal to the
instant speed if the total disturbance is constant instead of time
varying. Moreover, the measurement noise is also suppressed in
the estimated speed. As a result, ESO is also used as an
instantaneous speed observer, i.e., the estimated speed is used
instead of the measured one as the speed feedback. However,
according to (7), the total disturbance may be fast time varying
due to the mismatched parameters, e.g., the disturbance torque
caused by the Coulomb friction coefficient changes very
quickly when speed changes direction.

The larger the deviations between the parameters and their
actual values are, the bigger the total disturbance becomes, and
subsequently the worse the system dynamic performance is
getting. The increase of @, is beneficial for improving the
dynamics of the observer and thus reduce the effect of the total
disturbance on speed, but it is restricted by the measurement
noise and the stiffness of the system. Consequently, in order to
improve the system dynamic performance, it is essential to
estimate parameters a, b and c.

I1l. PROPOSED ADAPTIVE ESO FOR MECHANICAL
PARAMETERS IDENTIFICATION

A. Decoupling of the Two Friction Torques

It should be noted that the viscous friction torque and the

Coulomb friction torque are coupled, as in (14) below

T, = JQ+(B|Q +T,)sign(Q) + T, (14)

When the speed is bidirectional, the Coulomb friction torque is
also bidirectional, just like the viscous friction torque. When the
speed is unidirectional and constant, the Coulomb friction
torque and the viscous friction torque are also unidirectional
and constant, similar with the constant load torque. The two
torques are coupled because they are of the same frequency. As
a result, in these two situations, the identification of the two
friction coefficients is impossible by only one speed.

To solve the problem, unidirectional time-varying speed is
adopted for parameter identification. With this speed, the
Coulomb friction torque is equal to the constant load torque,
while the viscous friction torque changes over time. Since they
are of different frequencies, they can be separated. Meanwhile,
(1) is simplified by transforming the Coulomb friction torque to
a constant load torque

Q:%:—mmn—d
where Ty is the effective load torque due to the Coulomb
friction torque, and d=T.¢/J can be seen as constant when the
speed is unidirectional with an assumption that the Coulomb
friction is constant.

(15)

B. Design of the Adaptive ESO
The ESO constructed for the system expressed by (15) can be
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written as
Q=0-0
Q=-aQ+bT, ~d—kO (16)
d=k0
where d is the estimated value of d.
Subtracting 1) from (16) yields
Q=0-0=-kO-d-aQ+bT, (17)
d =k,0 (18)

where @, b and d are the estimating errors of a, b and d, and can
be expressed as

(19)

According to the techniques used in backstepping control
theory [28]-[29], the Lyapunov positive definite function V can
be selected as

V, o SN, CINE R
27" "ok Tkt Tk

where the coefficient ks and ky are positive real number.
The derivative of V1 can be expressed as

(20)

V= k@ + 2 (d-k,00)+ 2 (B+kTR) @)
a b

Obviously, the first term on the right side of (21) is negative,
hence stability of the observer can be guaranteed by making the
two other terms on the right hand to be zero

a-kQ0=0
b+kT.0=0

Suppose the coefficients a and b remain constant during the
identification process, that is

(22)

d=a+a=4a=k,QQ
P . (23)
b=b+b=b=-kTQ

then the adaptive law for a, b and d can be obtained as
mn:@jgﬁm+am)
&0=-hjnﬁm+6w) (24)

d(t) =k, [ Qdt+d (0)

where @(0), b(0) and d(0) are the initial values of the
estimated parameters @, b and d. @(0) and d(0) are usually set
to zero.

Consequently, the estimated inertia, the viscous friction
torque coefficient, and the total disturbance torque can be
calculated as

- 1 1
J“)_Ba)_—gjtﬁmn+&m

Lo A s <
Bay:&0=3a{@jggm+amﬂ (25)
fay:@”:ja{kjﬁm+dmﬂ

L b(t) 2

As shown in (25), Te, O and Q are used for the identification.
A rapid change of them leads to a rapid change of the identified
parameters. For more stable results, it is better to use a
sinusoidal speed reference.

C. Suppression of the Measurement Noise in Speed Feedback

It can be known from (12) that the measurement noise is
passed to the observational error through a high pass filter
(HPF). Due to the integral operation, the estimated moment of
inertia and the estimated disturbance torque are hardly affected
by the measurement noise, while the estimated viscous friction
torque coefficient is seriously affected. Smaller k, and k;, are
beneficial for suppressing the noise, whereas lead to longer
identification time. Therefore, low bandwidth is adopted for the
observer, and LPF is used for the speed feedback.

Assuming a first order LPF with a time constant of zis used,
then the relationship between the filtered speed Qs and the
actual speed Q can be expressed as

Q=1 +Q, (26)
Substituting (26) into (1) yields
(J+Br)Q; =—BQ; -3« + T, -T,, (27)

Suppose a offset sinusoidal speed with an angular frequency
of w is adopted, and it can be expressed by Q=Qx+Qs, Where
Qs and Q, are the AC and DC component of the speed,
respectively, then (27) becomes

JIQfs =—(B- JTQ)Z)Qfs + 1T

=B Qi +T, _(I-Lc + Blgfo)
where J;=J+Br is the effective inertia and Bi=B-Jze? is the
effective viscous friction coefficient.

It should be noted that the identified inertia is slightly
deviates from its actual value since Bz is usually much smaller
than J. However, the identified viscous friction torque
coefficient may differ greatly from its actual value as the
deviation —Jze? is proportional to «?. If B is not identified, the
disturbance will be the sum of the load torque and the effective
viscous friction torque, which varies with the speed. Since the
disturbance is time-varying, a pulsating steady-state
observational error will be generated, leading to a pulsating
identified inertia.

To reduce the time varying disturbance torque, the same LPF
is used for both the feedback speed and the torque in the
proposed method. Assuming the filtered torque is T, there is

JOf =-BQ +Ty — Ty

=—BQ + Ty — (T +BQy)
Since there is no time-varying disturbance torque in the

(28)

(29)
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system expressed by (29), accurate J and B can be identified.

D. Control System for Parameter Identification

The block diagram of the speed control system for parameter
identification is shown in Fig. 1, where the CL represents the
current loop. In the parameter identification process, the two
dotted lines are not connected, which means that the estimated
disturbance is not feedforward for the disturbance
compensation, and the control gain is calculated by the initial
inertia instead of the identified one. In this case, the speed
control performance is not affected by the identification. Using
only a proportional gain to control the tracking error, it is easy

Te IC Tes t CL

1
o] "

Identification ]

3 B

< . . o .
¢ Identification Identification [« -#!

yorQ

g -f T éQ,g

(;iJraiQ,i

(d)
Fig. 2. Block diagram of the four modules. (a) Inertia Identification. (b) The
viscous friction torque coefficient Identification. (¢) The Coulomb friction
torque coefficient Identification. (d) ESO.

to stabilize the system despite the steady-state tracking error. To
reduce the tracking error, a larger proportional gain or initial
inertia can be used.

After the mechanical parameters are identified, the control
gain is updated by the identified inertia. Meanwhile, by
disabling the identification modules and enabling the
disturbance feedforward, the control system will be transformed
into a normal ESO used in ADRC system. The identification
modules can be disabled by simply setting ka and k to zero. Fig.
2 shows the block diagram of the identification modules and
ESO.

IVV.  SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the proposed algorithm,
MATLAB/Simulink simulation and experiment results are
presented and analyzed in this section. The specification of the
servo motor is shown in Table I.

As shown in Fig. 3, the control strategy is based on space
vector pulse width modulation (SVPWM) control with iq"=0.
Decoupled PI regulators are employed in the current-loop to
control ig and iq respectively, and adaptive ADRC controller is
employed in the speed-loop. The DC bus voltage uqc is 150V.
The saturation limit of g-axis reference current is 9 A. The
bandwidths of d-axis and g-axis current-loops are 2000 rad/s.
The feedback control gain kps is set to 100, the natural frequency
of ESO is set to 50 rad/s, i.e., ky and k> are 100 and 2500, and the
gains ki and kp, are set to 2 and 100000 respectively.

The block diagram of the test bench is shown in Fig. 4. A
Chroma programmable DC power supply is used to provide
150V DC Bus voltage. The PMSM is driven by a self-made
inverter, consisting of Mitsubishi intelligent power module
(IPM), current and voltage hall sensors, filtering and protection

TABLE |
SPECIFICATION OF THE PMSM

Symbol Quantity
Rated power Py 0.75 (kW)
Rated voltage Uy 220 (V)
Rated speed ny 3000 (rpm)
Rated torque Ty 2.4 (N m)
Stator resistance R 1.1(Q)
D axis inductance Lg 8.0 (mH)
Q axis inductance L, 8.0 (mH)

Number of pole-pairs p, 4
Torque constant K¢ 0.553 (N m/A)

Motor inertia J 1.62x10* (kg m?)
Viscous friction coefficient B 5x10 (N m s/rad)
Coulomb friction T¢ 0.1 (Nm)

3 i U, et
Speeﬂ —>{ Decoupled (> o g
—>(_Controller Current {uz |\ ) Inverter
_>i* -0 Controller > >
L 3

Mechanical i
p—>  Parameters [«
Identification

dYq

a,b, Cle—1
Y

PMSM

I d/dt Encoder

Fig. 3. The block diagram of the control system.
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Supply

< I |+

AR
AN il

| Drive Circuit
f \ A
Oscilloscope 14bit DA { PWML-6 | 16bit AD |
dSPACE DS1103 QEP |,
Host PC <€ Processor Interface |
Fig. 4. The block diagram of the test bench.
‘ " V .\ |
PMSM
= b Inverter
ncoder 1
Interface ‘(( -——=
i il U0 s Y i
/] I
LeCroy
dSPACE Chroma Osciuoscope
DS1103 DC Power Supply Wave Runner 6050

Fig. 5. Picture of the test bench.

circuit, etc. The dSPACE DS1103-based field-oriented control
box is employed for driving the PMSM, as shown in Fig. 5.

To repeat the identification process, all identified parameters
are reset to their initial values every 5 seconds in the
experiments. The parameters of the controller in the experiment
are the same as those in the simulation. The friction torque in an
actual system can be measured without knowing the exact
inertia, because only constant speed is needed for the
measurement. The measurement results are shown in Fig. 6. To
specify the Coulomb friction torque and the viscous friction
coefficient from the measured friction torque values, the trend
lines of the torque over speeds ranging from 50 to 2000 r/min
are shown in Fig. 7.

Based on the trend lines, the Coulomb friction torque
coefficient is estimated to be 0.1 N m. The slope of the trend
line from 50 to 300 r/min is 1.9x10° N m s/rad, and the one
from 50 to 2000 r/min is 5.0<10* N m s/rad. Therefore, the
viscous friction coefficient can be estimated in the range from
5.0<10* N m s/rad to 1.9>10 N m s/rad.

A. Effect of the LPF in Speed Feedback

In the simulation, the amplitude and the frequency of the
sinusoidal speed reference are 500 r/min and 5Hz, respectively.
The load torque T, the Coulomb friction torque coefficient T,

0.3 H H
5 0.2 -
Z
o 0.1
&
S 0
'_
§ 0.1
202 -0
7300 200 -100 0 100 200 300

 [rad/s]
Fig. 6. Measurement of the friction torque on the servo motor.

0.25

T T4=0.001¢ §0:1// 1 1
z 0.20 ,,,,,, ,,,,,,,,,,
= :
§ 0.15 . v
T B =— T¢=0.00030+0.1
S
g 005
i

0.00

0 50 100 150 200 250
w [rad/s]

Fig. 7. Trend lines of the friction torque for a speed from 50 to 2000 r/min.

and the viscous friction coefficient B are all set to zero, and the
initial estimated inertia is set to 5x10° kg m?2. When different
kinds of speeds are used as the speed feedback, the
observational error, the identified moment of inertia, the
identified disturbance torque, and the identified viscous friction
coefficient are shown in Fig. 8.

For the cases of identification with an ideal speed without,
the corresponding simulation results are shown in Fig. 8(a). The
results show that the identified moment of inertia, the identified
disturbance torque, and the identified viscous friction torque
coefficient converges to their actual values quickly, verifying
the effectiveness of the identification method.

When using the measured speed without LPF, all the
identified parameters will pulsate due to the measurement noise,
as shown in Fig. 8(b).

When a first order LPF with a time constant of =2 ms is used
for filtering the measured speed, bigger pulsation is found in
both the identified inertia and the identified disturbance torque
before the viscous friction torque coefficient identification is
enabled. However, by enabling the viscous friction coefficient
identification at 3 seconds, as shown in Fig. 8(c), pulsations are
eliminated. The estimated viscous friction coefficient in Fig. 8(c)
converges to a negative value —3.2x10* N m s/rad. According
to the theory, the estimated viscous friction torque coefficient is
equal to —Jza?, which is —=3.16x10* N m s/rad when 7=2 ms.
The simulation results are identical to the theoretical ones,
which verifies the interpretation by (28).

B. Accurate ldentification of the Viscous Friction Torque
Coefficient

In order to identify the real viscous friction torque coefficient,
the same LPF is used for the electromagnetic torque Te.
According to the theoretical analysis, before the LPF for T is
enabled, the identified viscous friction torque coefficient
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Fig. 8. Identification of the inertia with different speed feedback. (a) Ideal
speed without measurement noise. (b) Measured speed without LPF. (c)
Measured speed with LPF 7=2 ms.

converges to B-Jza?. In Fig. 9(a) and Fig. 9(b), B=0 N m s/rad,
the identified viscous friction torque coefficient is —1.6>10*
N m s/rad when =1 ms and —3.2>x10* N i s/rad when 7=2 ms.
In Fig. 9(c), =1 ms and B=3x10* N m s/rad, the identified
viscous friction torque coefficient is 1.4x<10* N m s/rad.
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Fig. 9. Accurate identification of the \Eis)cous friction torque coefficient under
different conditions. (a) z=2 ms, B=0 N m s/rad. (b) z=1 ms, B=0 N m s/rad. (c)
=1 ms, B=3X10* N m s/rad.
Simulation results validate the method.

The strategy that using the same LPF for the speed feedback
and the electromagnetic torque are verified by the above results.
As a result, the strategy will be used in all the following
simulations and experiments.
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C.Mechanical Parameters
Coulomb Friction Torque.

Identification Considering the

In the simulations, the Coulomb friction torque coefficient T
and the viscous friction torque coefficient B are set to be 0.1
N m and 0.5%<10°® N m s/rad, respectively. The LPF with a time
constant of 1 ms is adopted in both the simulations and
experiments. The Coulomb friction torque is equivalent to the
load torque when the motor is running in a single direction. To
identify The Coulomb friction torque coefficient, the load
torque should be zero, which is realistic in many applications.

Firstly, no offset is set in the sinusoidal speed reference, the
corresponding simulation and experimental results are shown in
Fig. 10. The simulation results show that all the identified
parameters are pulsating even if the viscous friction torque
coefficient identification is enabled. The identified moment of
inertia converges to an error value 2.3x10* kg m?, and the
identified viscous friction torque coefficient converges to
6.2x10 N m s/rad, which is much larger than its actual value.

In the experiments, the identification is repeated every 5
seconds. The identification time ranges from 0.5s to 4.5s, after
that, all the identified parameters will be reset to their initial
values. It can be seen from Fig. 10(b) that the identified moment
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of inertia also converges to the an error value 2.3x<10* kg m?.
However, due to the effect of vibration lubrication, the effective
Coulomb friction torque is less than 0.1 N i, thus the identified
viscous friction torque coefficient is not so high.

Fig. 11 shows the results when the motor is running in one
direction with an offset of 800 r/min. From the simulation
results, it can be seen that all the identified parameters converge
to their actual values without pulsation after the viscous friction
torque coefficient is identified. In the experiments, the
identified parameters also converge to their actual values.
Nevertheless, due to the nonlinear variation of the friction
torque as shown in Fig. 7, the observational error cannot be
eliminated after the viscous friction torque coefficient is
identified. As a result, there are still small pulsations in the
steady-state identified parameters. Because the initial inertia is
small, the speed tracking error is large, and the offset in the
speed response is only about 400 r/min, as a result, the
identified viscous friction torque coefficient converges to a
bigger value, which is close to the top limit 1.9x<10-* N m s/rad.
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When the initial inertia is changed to be 810 kg m?, which
is nearly 5 times of its actual value, the identification results are
shown in Fig. 12. It shows that the dynamics of the
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Fig. 13. Effect of the speed frequency. (a) 5Hz. (b) 10Hz.

identification has been highly improved, and due to the larger
offset in the speed response, the identified viscous friction
torque coefficient is reduced to 9.3x<10 N m s/rad.

Keeps the initial inertia at 810 kg m?. Reduce the gains ka
and ky to one-fifth of their original value, i.e., ka=0.4 and
k»=20000. The results when the speed at frequencies of 5Hz and
10Hz are shown in Fig. 13(a) and Fig. 13(b), respectively.
Comparing Fig. 13(a) with Fig. 12 shows that the oscillation in
the parameter identification response is reduced due to the
smaller gains, but the response is slightly slower. However, the
response can be improved by increasing the frequency of the
speed reference, as shown in Fig. 13(b).

Keeping the initial inertia and the gains k. and ks, and
increasing the speed offset to 1200 r/min, the identification
results when the amplitude of the speed reference is 500 r/min
and 250 r/min are shown in Fig. 14(a) and Fig. 14(b),
respectively. It can be seen that smaller amplitude is good for
reducing the pulsations before the identification of viscous
friction torque coefficient, but it deteriorates the dynamics of
the identification due to the smaller electromagnetic torque.
Because of the larger offset, the identified viscous friction
coefficient is becoming smaller, and the identified Coulomb
friction torque coefficient is becoming larger.
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V. CONCLUSION

The contribution of this paper is to propose a method that can
identify the three mechanical parameters simultaneously using
only one speed. The effectiveness of the method is verified by
both the simulation and experimental results.

A low pass filter is used to suppress the measurement noise in
the speed feedback, thus parameters are identified with high
precision. Due to the LPF wused for suppressing the
measurement noise in speed feedback, additional time-varying
disturbance torque will be generated, resulting in a pulsating
identification result. The same LPF should be used for both the
speed feedback and the electromagnetic torque to eliminate the
disturbance torque.

A unidirectional sine-wave speed is used to decouple the
viscous friction torque and the Coulomb friction torque, two
speeds with different amplitudes and the detection of the speed
amplitude are no more required.

Adaptive ESO is designed based on Lyapunov’s stability
theory, can be easily changed to the normal ESO used for active
disturbance rejection control system.

Because of the nonlinearity of the friction torque, the viscous
friction coefficient is not constant over the entire speed range.
The model for the servo motor mechanical system should be
modified in the future. Fractional-order model may be more
realistic.
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