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Adaptive Identification of Nonlinear Friction and
Load Torque for PMSM Drives via a
Parallel-Observer-Based Network
With Model Compensation

Chengbo Yang
Shiqi Zheng

Abstract—Acquiring the accurate knowledge of nonlinear
friction and load torque is of great interest for optimizing the con-
trol behavior of permanent-magnet synchronous motor drives. In
this work, a friction-and-load adaptive identification scheme based
on a parallel-observer-based network with model compensation
(POBN-MC) is presented. The developed network possesses a par-
allel structure consisting of the designed two novel observers, which
involve a gain-adaptation super-twisting load torque observer and
a variable-learning-rate Adaline inertia observer. A nonempirical
friction model is proposed to capture friction, forming the model
compensation part that is exploited for correcting the torque in-
put of the network. With a two-step mechanism derived from
the POBN-MC, the proposed scheme attains the online adaptive
identification of the friction and load torque in a manner that
integrates both accuracy and simplicity. In the first step, an explicit
mapping relationship between the nonlinear friction torque and
the rotor speed is determined with the speed response triggered by
the natural deceleration. The second step accomplishes the online
observation with regard to friction-and-load information matching
the real-time operating conditions. Sufficient theoretical analyses,
as well as the validations of numerous simulations and experiments,
are presented to support the suggested scheme.

Index Terms—Adaline, adaptive identification, load toque,
nonlinear friction toque, permanent-magnet synchronous motor
(PMSM), super-twisting observer.
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1. INTRODUCTION

OWADAYS, owing to the attractive virtues of high power

density, superior torque-to-inertia ratio, and low acoustic
noise, permanent-magnet synchronous motors (PMSMs) have
drawn increasing attention in both industrial and domestic ap-
plications, such as robotic arms, machine tools, electric vehicles,
and washing machines [1], [2], [3]. The knowledge of friction
torque and load torque plays a crucial role in optimizing the
speed control behavior of PMSM drives, especially for high-
precision tracking and low-speed stability. A growing number
of emerging speed control techniques, e.g., finite control set
model predictive control [4], high-order sliding-mode control
[5], and fuzzy sliding-mode control [6], are inseparable from
precise friction and load information. Numerous techniques
regarding the identification of friction-and-load torque have been
put forward.

The existing approaches seeking to acquire the friction and
load torque are able to fall into two categories, i.e., lumped-type
and separate-type identification. In the lumped-type identifica-
tion, the friction and load torque are modeled as a lumped param-
eter, and then this parameter is determined in real time by means
of a certain observer, such as sliding-mode observer (SMO)
[61, [7], [8], [9], disturbance observer (DOB) [10], [11], and
extended state observer (ESO) [12], [13]. It should be pointed
out, however, that the friction torque is speed-dependent and
exhibits a highly nonlinear behavior, especially in the low-speed
range. Moreover, when the motor operates at a bidirectional
speed, abrupt friction torque changes will be induced. Hence,
to cope with such a nonlinear and fast time-varying friction
torque, a considerable observer gain has to be chosen in practical
applications to guarantee the quality of the lumped identifi-
cation. Unfortunately, the observer gain cannot be arbitrarily
increased due to the inherent properties of the mechanical system
or the observer. For instance, the gain of SMO is restricted
owing to chattering suppression [14], while the gains of DOB
and ESO are both limited by measurement noise and mechanical
resonance [15]. Overall, identifying the friction-and-load torque
in a lumped manner is bound to aggravate the burden of the
observer, which may sacrifice the estimation accuracy and even
result in identification failure and system instability.
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As opposed to the lumped-type technique, the separate-type
identification seems to be more potent and promising for obtain-
ing the accurate knowledge of friction and load torque, as it dis-
tinguishes the friction torque and load torque. The separate-type
identification can be sorted into two groups: simplified-friction-
model-based technique (Type I) and accurate-friction-model-
based technique (Type II). In Type I, the simplified friction
model comprises the Coulomb and viscous friction torque or
only considers the viscous friction torque. Several techniques
have been reported to enable gaining the friction-and-load torque
by using Type I, which mainly include multiparameter step-
wise estimation [7], [16], [17] and multiparameter simultaneous
estimation [15], [18], [19]. One important aspect, which de-
serves mentioning, is the fact that the simplified friction model
is accurately able to describe the real friction behavior only under
the premise that the drive system operates at high speeds [20],
[21]. (The friction torque varies linearly with the rotor speed
on this premise.) For non-high-speed operations (especially for
low-speed operations), it is quite challenging to utilize Type I
to gain high estimation accuracy on account of the nonlinearity
of friction torque [22]. Overall, pursuing identification accuracy
means that Type I has limited applicable working conditions.
Fortunately, Type II is effectively capable of avoiding such an
issue, as it establishes the accurate nonlinear friction model
valid for the entire speed domain. In essence, Type II is able
to be implemented based on a simple framework where the
accurate friction model is incorporated into the torque signal
channel of aload torque identification technique via feedforward
compensation. Several schemes, such as [23], [24], [25], and
[26], have made it possible to implement Type II. As far as
the implementation framework is concerned, there are some ad-
vanced approaches available in the current literature. Therefore,
itis necessary to present a brief review with regard to the existing
exact friction models and load torque estimation methods to
illustrate the technical issues of potential Type II.

In the extant literature, representative accurate nonlinear fric-
tion models primarily include the Stribeck model, LuGre model,
Dahl model, generalized Maxwell-slip model, etc. Generally,
extensive experimental tests are required to determine multiple
unknown model parameters when exploiting these models to
acquire the friction torque, which is directly responsible for
causing their cumbersome and time-consuming implementation.
Recently, Szczepanski et al. [27] contributed a promising solu-
tion for ameliorating the above-mentioned issue by developing
a conventional artificial bee colony algorithm-based friction
modeling technique, which can estimate the parameters of the
Stribeck model accurately without the need for a tedious test
procedure. Nevertheless, in practical applications, how to assure
the search efficiency and solution quality of this technique
needs to be further explored due to the potentially inappropriate
parameter configurations and the inherent defects of the con-
ventional artificial bee colony algorithm [28], [29]. Moreover,
this approach has not accounted for the asymmetry of friction,
which may lead to poor accuracy of the calculated friction torque
in practice, as the friction torque is usually asymmetric over
the whole speed domain [30]. In addition, and perhaps more
importantly, the currently available nonlinear friction models,
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including the model involved in [27], are empirical models.
When these models are unable to precisely characterize the
actual plant model, the determined friction torque will deviate
from the actual value even if the high-precision model parameter
identification results are obtained. This is an inherent defect of
the empirical friction models.

Previously reported load torque identification schemes can
be mainly sorted into the following categories, i.e., the SMO
[31], [32], full/reduced-order observer [33], extended Kalman
filter (EKF) [34], model reference adaptive system (MRAS)
[35], and algebraic estimation [36]. Among them, the SMO is
receiving increasing attention on account of its inherently high
robustness against noise, excellent insensitivity to parameter
variations, and simple structure. Nevertheless, the first-order
SMO (FO-SMO) suffers from chattering. The extended SMOs
[32], [37], and the continuous functions (such as saturation
function [31] and sigmoid function [38]) are able to be employed
to diminish the chattering during the load torque identification
without the need for a low-pass filter, which avoids the amplitude
attenuation and the phase lag. Nonetheless, these approaches
impose a compromise between the observation performance and
chattering rejection, which sacrifices the inherent advantages of
SMOs. The emergence of the second-order SMO (SO-SMO)
makes it possible to maintain the advantages of the traditional
SMO and, meanwhile, to lessen the chattering during the load
torque identification. Moreover, the SO-SMO drives the load
torque estimation error from exponential convergence to finite-
time convergence, which contributes to enhancing observation
performance and accuracy.

The current SO-SMOs identifying the load torque mainly
include the super-twisting load torque SMO (ST-LT-SMO) [39],
[40], terminal load torque SMO [16], and fast terminal load
torque SMO [41]. Of note, compared with the other two ob-
servers, the ST-LT-SMO has fewer to-be-designed parameters,
which makes it a more competitive candidate for observing
the load torque. It should be pointed out that although these
SO-SMOs are more attractive than the FO-SMO, an inherent
challenge needs to be cause for concern. Namely, similar to the
FO-SMO, in order to prevent the overestimation of gains, bound
knowledge concerning the derivative of load torque is necessary
for designing the SO-SMOs but is unknown in real-world ap-
plications. Furthermore, the previously reported SO-SMOs for
identifying the load torque ignore the inertia mismatch, which
will impair estimation accuracy under variable-speed operating
conditions.

In conclusion, Type II is more promising and effective for
the accurate identification of nonlinear friction and load torque.
However, the currently available and potential techniques in this
category suffer from the following major challenges.

1) The cumbersome and time-consuming implementation
of the existing nonlinear friction models undermines the
simplicity of gaining friction torque and is directly re-
sponsible for causing the fact that the Type II integrating
both accuracy and simplicity remains lacking. In this
regard, a novel friction modeling technique proposed by
Szczepanski et al. [27] has made a significant contribution
to counteract this defect, but neglecting the asymmetry of
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friction poses a challenge to its accuracy for calculating the
friction torque. Furthermore, it should be mentioned that
the extant nonlinear friction models, including the model
utilized in [27], are empirical models, which undoubtedly
exacerbates the accuracy uncertainty of acquiring friction
torque and results in the loss of generality.

2) The ST-LT-SMO is deemed to be a highly competitive
candidate for estimating the load torque, but the previously
reported ST-LT-SMOs carry several disadvantages (note
that other SO-SMOs estimating the load torque also need
to address the following issues).

a) A priori knowledge regarding the boundary of the load
torque derivative, which is difficult to obtain in ad-
vance, is required to prevent overestimating the gains.

b) Inertia information is necessary for the load torque
identification, and yet inertia mismatch is neglected.

c¢) Itisdifficult to select suitable parameters matching the
diverse PMSM-drive systems and their operating con-
ditions to gain satisfactory identification performance.

In this article, an adaptive identification scheme using

a parallel-observer-based network with model compensation
(POBN-MC), which has not yet been reported in previous
works, is proposed to tackle the aforementioned challenges. The
dominating contributions are listed as follows.

1) A nonempirical equivalent friction model is put forward.
It is devised using the analytical expression regarding
the natural speed response induced by switching OFF the
drive power. By defining the equivalent friction factor,
the developed model exploits the natural speed response
data to establish the friction model without the need
for knowledge of the empirical components of friction
(such as the viscous and Coulomb friction torque terms).
Unlike the conventional nonlinear friction models relying
on numerous experimental tests, the presented model is
accurately able to determine the nonlinear friction torque
with the aid of two natural speed response tests only.
Moreover, different from the recently reported method in
[27], our proposed friction model is directly capable of
coping with the asymmetry of friction. More importantly,
the developed model is a nonempirical model, which
avoids additional accuracy uncertainty and improves the
generality.

2) A gain-adaptation ST-LT-SMO is proposed, where all
gains are able to change adaptively in accordance with
the real-time sliding-mode surface. These ingenious time-
varying gain designs force the observation error to con-
verge to zero in finite time for any initial conditions.
Compared with the existing ST-LT-SMOs (such as [39]
and [40]), it has one and only one to-be-designed pa-
rameter, and meanwhile, it can automatically tune all
gains to accommodate different PMSM-drive systems and
their various operating conditions. Moreover, it no longer
requires prior knowledge concerning the boundary regard-
ing the derivative of the load torque, thereby preventing
the overestimation of the gain values.

3) By resorting to the Adaline technique [42], a novel online
inertia observer is developed to provide a calibrated inertia
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for the presented ST-LT-SMO. The convergence of the
inertia observation error is reliably guaranteed with a
variable learning rate. To the best of the authors’ knowl-
edge, this is the first time to utilize Adaline to directly
attain the inertia identification. In comparison with the
common online inertia estimation methods (see [43], [44],
[45], [46], and their references), it not only has a more
competitive computational burden but also covers several
advantages at the same time, including unrestricted op-
erating conditions, strict error convergence assurance, no
neglects for the friction and load torque, and no matrix
operations.

4) Based on the above-developed techniques, a POBN-MC is
proposed. With the POBN-MC, an adaptive identification
scheme that integrates both accuracy and simplicity is pre-
sented. It utilizes a two-step mechanism derived from the
POBN-MC to attain the online and accurate observation
of nonlinear friction and load torque. As a novel Type
II, the suggested scheme addresses the aforementioned
challenges faced by this class of techniques. Additionally,
the whole scheme only requires adjusting two parame-
ters, and their tuning guidelines are offered. The superior
performance of our proposed scheme is confirmed with
aiding from numerous simulations and experiments.

The rest of this article is organized as follows. In Section I, the
PMSMs mathematical model is formulated. Section III elabo-
rates on the proposed identification scheme by means of detailed
derivations and analyses. Then, the simulation and experimental
investigations concerning the suggested scheme are conducted
in Section IV. Finally, Section V concludes this article.

II. PMSM MODELING

In the dg-axis reference frame, the dynamic model of a PMSM
is generally able to be outlined as follows:

Ug = iqRm — iqLgPpwm + Laig 1)
Uy = igRm + PowmLaia + Lyiq + YmPowm ()
Joy =T, — Tr(wm) — TL 3
T. = 1.5Pyig[tbs + (La — Ly)id] (4)

where ig,%q,Ud, Uq, Pn, R, La, Lg, Y, J,wm, Te, and T7,
stand for the dg-axis currents, dg-axis voltages, pole pair, stator
resistance, dg-axis inductances, rotor flux linkage, total inertia,
rotor speed, electromagnetic torque, and load torque, respec-
tively. Additionally, T (w,,, ) denotes the friction torque, which
is a function of the rotor speed w,,. The specific expression
of Tr(wyy,) relies on the friction model utilized in the actual
PMSM modeling. For instance, when applying the simplified
friction model consisting of the Coulomb and viscous friction
torque, its expression is given by

Tr(wWm) = Bmwm + Crsign(ws,) 5)

where B,,, and C),, represent the viscous and Coulomb friction
coefficients, respectively. If employing the Stribeck model, then
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Fig. 1. Schematic diagram of the PMSM-drive system under the FOC.

T (wm) can be formulated as follows [21]:

Tr(wm) = [Fa — Cpa)sign(w,y, e~ (@m/wa)
+ Bnwm + Crysign(wn,) 6)

where w, and F, stand for the Stribeck speed and static friction
torque, respectively.

As one of the mainstream control strategies, the field-oriented
control (FOC) with ¢}; = 0 is commonly applied to the PMSM-
driven system in real-world applications. Fig. 1 depicts the
overall block diagram of this scheme. For a PMSM system,
the accurate knowledge of the load torque 77, and the friction
torque 7' (w,, ) is unknown but crucial for optimizing the control
behavior. In this article, we focus on a friction-and-load adaptive
identification scheme under the FOC framework to serve to gain
accurate Tr(w,y,) and T}, catering to the widespread demands
mentioned in Section L.

III. PROPOSED ADAPTIVE IDENTIFICATION SCHEME
A. Nonempirical Equivalent Friction Model

For the sake of achieving the friction feedforward under
the framework of Type II, the friction model is supposed to
be determined first. In this article, a nonempirical equivalent
friction model is proposed for the first time. The detailed de-
scription/design is given in the following text. In practice, the
friction model is established during the system commissioning
so as to ensure that the friction torque can be properly com-
pensated during the period in which the drive system is put into
mission operation. It should be pointed out that during the system
commissioning, there is generally no external disturbance (i.e.,
the load torque can be deemed as zero) and the inertia is constant
[15], [22] (notice that during the mission, the load torque is
usually present and variable, and the inertia may also vary). As
a consequence, during friction modeling, (3) can be rewritten as
follows:

o = L2 TP om), ™
J

When the PMSM-drive system is accelerated to the allowable
maximum speed in an arbitrary manner, the system will naturally
decelerate to zero if the drive power is switched OFF. During this
period, owing to the absence of the electromagnetic torque 7,
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Fig.2. Schematic representation of the natural speed responses under forward
and reverse rotations.

(7) becomes

Tr(Wma)
J

where w,,q stands for the speed response due to the natural
deceleration.

Here, we introduce two equivalent friction factors and utilize
the products with regard to the two and the rotor speed to describe
the asymmetry of friction over the whole speed domain, i.e.

®)

wmd:*

fewwm, ifwy >0
Tr (wm) =40, if wy, =0 9
fecwwm, if wy, <0

where f.,, and f..,, are the equivalent friction factors under the
forward and reverse rotations of the drive motor, respectively.
Using (9), (8) is able to be rewritten as follows:

_ f{:wwm,d, lf Wind > 0
G =40, if Wyng = 0 (10)
_ fccmWnLd7 if Wind < 0.

Defining the allowable maximum speed as Sy,ax, One can
derive the analytic expression of (10) as follows:

Smaxe” S fow dt1 if wyg >0
wmg =40, fung=0 (11
— S e L Atz if g < 0

where t1 and ¢5 denote the natural deceleration time variables of
the motor’s two rotation directions, respectively. Note that if the
moment that the motor starts to decelerate naturally is treated
as the zero time point, then ¢ € [0,%cy] and t2 € [0, teew)s
where t.,, and t.., represent the time it takes for the motor
to naturally decelerate from S« and zero and from — S« to
zero, respectively. Fig. 2 presents the schematic representation of
the natural speed responses under forward and reverse rotations
of the drive motor.

The mathematical relationship between the natural speed
response and the deceleration time is precisely described by (11).
Then, in order to acquire the equivalent friction factors f.,, and
fecw, this article applies the simple and easy-to-implement curve
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fitting. To be specific, (11) is fitted as follows:

Smaxe S fowat, Smax€P) . if wyg > 0
Wmd = 4 0, if wpg =0
Smaxe” S fogwdty Smax€?(2) | if wyg < 0

(12)

where fcw and fccw are the estimated values of f., and
fecws respectively; p(t1) = pot] +pr_1ty '+ + pity + po
and q(t2) = quth 4+ g 1th 1 4 - + quty + o, which repre-
sent the fitted polynomials. Note that p, and ¢, (z =r,r —
1,...,0;y =h,h—1,...,0) stand for the fitting coefficients,
and 7 and h are the orders of the polynomials p(¢1) and ¢(t2),
respectively. It should be pointed out that, in practical appli-
cations, the values of r and h may be different due to the
asymmetry of friction. In order to select their appropriate values,
an automatic-order-determination technique will be developed
later (see Section III-D).
Based on (12), one can obtain

{f?f“ = p(tr) = ooty (r = Dpp ity
s = (k) = hants ™' + (h— Danats >+ + @
(13)

The above equation indicates that the two equivalent friction
factors can be determined using the inertia information and the
fitting results corresponding to the natural speed response data of
the motor’s two directions. Once the equivalent friction factors
are gained, the friction torque matching each speed over the
whole speed domain is able to be calculated/identified online,
ie.,

R fcwwma if W > 0
Tr(wm) = {0, if Wy, =0 (14)
Jecwwm, if wy, <0

where T (wm) stands for the identified/calculated value of
TF (wm ) .

To summarize, the developed friction model is composed of
(12), (13), and (14). The detailed implementation process with
respect to this model will be introduced later. In addition, it can
be noticed from the design process that the proposed model is
a nonempirical model based on the natural speed response data,
which is capable of obtaining the friction torque matching each
speed without the need for detailed knowledge of the empirical
components of friction.

Remark 1: According to (13), one can know that the determi-
nation of the two equivalent friction factors requires knowledge
of inertia. In real-world applications, the total inertia .J is usually
partially known. During friction modeling, suppose that .Jy
stands for the known part of the total inertia (e.g., the motor
inertia) and A.J represents the unknown part of total inertia (e.g.,
the load inertia). Then, we have J = Jy + AJ. Thereupon, (13)
can be rewritten as follows:

fccw = JOQ(tQ) + AJq(tQ)
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which reveals that the estimated values of the two equivalent
factors vary linearly with the unknown part of the total inertia.
This means that the accurate inertia information has to be
provided in order to guarantee friction modeling accuracy. In
this article, a parallel-observer-based network will be developed
later, which aims to avoid the inertia mismatch during load
torque identification. Here, it should be pointed out that it
actually has an additional role, i.e., it is capable of offering
the accurate inertia correction during friction modeling. More
details will be described in Section III-D.

B. Gain-Adaptation ST-LT-SMO

When the friction torque is counteracted, the mechanical
model (3) is able to be simplified to
W = j(T7 —Tr) (16)
where j = 1/J, and T represents the electromagnetic torque
removing friction, i.e., T¢ = T, — Tr(wpm).
Regarding both w,, and T, as state variables, (16) can be
extended to

Ty =d a7

{wm =] (T TL)
where d stands for the time derivative of the load torque 77,
According to (17) and by means of the standard super-twisting
algorithm [47], a conventional ST-LT-SMO can be designed as
follows:

Ty, = 61 lewm | sign(ewm)]

(j.)m == ][Tg -
T, = dosign(ewm)

where @,, and TL are the identified values of w,, and TL,
respectively; egm = Wy — wWi; 01 and do are the gains of the
standard ST-LT-SMO.

As described in [47], introducing the additional linear term is
able to improve the identification behavior of the standard super-
twisting algorithm. Consequently, an enhanced ST-LT-SMO can
be described as follows:

d_Jm = ][T: - TL - k1|€wm‘1/2
T, = kssign(ewm ) + k4€wm

(18)

sign(ewm) — kaCwm)]

19)
where k1, ko, k3, and k4 are the observer gains. It should be
noted that the gain designs for both conventional and enhanced
ST-LT-SMOs require knowledge regarding the boundary of the
load torque derivative. Nevertheless, the boundary is not readily
known. Furthermore, it is difficult to find appropriate gains to
match the different drive systems and operating conditions. In
this article, based on the observer (19), we propose a gain-
adaptation ST-LT-SMO, which is given by

= j[T¢ ~Tp — i 1z
4 k(ew )ewm]

%k (ewm)SIgn(ewm) + k (ewm)ewm

k(ewm)|ewm| ’ “sign(eum)

(20)
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where k(e ) is the designed time-variable gain function, which
satisfies

{k(ewm) = ‘a(ewm” 201

a(ewm) = e—\e% sign(ewm )

where 7 stands for the integral scale factor (n > 0). Note
that in (21), the initial value of k(e,,) is set as a tiny arbi-
trary positive number (e.g., 0.001) so that k(ey,,) > 0 always
holds. From (20), it can be noticed that the gains ki, ko, k3,
and k4 in the observer (19) are devised as k1 = 0.25k(ewum ),
q(ta) = 0.25k(ewm), k3 = 0.5k%(ewm), and kg = k?(ewm ),
respectively.

By subtracting (17) from (20), the error equation of the gain-
adaptation ST-LT-SMO (20) can be obtained as follows:

éwm = ][ —eérr — %k(ewm)|€wm|1/25ign(ewm)
_ik(ewm)ewm]
éTL - %kz(ewm)Sign(ewm) + kz (ewm,)ewm, —d

(22)

where ey, = TL — T7,. It should be pointed out that in practice,
the time derivative of 77, i.e., d, is clearly bounded. Here, d
is defined by |d| < v1 4 va|ewm| [47], where 41 and 7, are
the positive constants. Let e; = e, and es = —erpr, we can
rewrite (22) as follows:

{él :j |:€2 — ik(€1)|61|1/2sig1’1(61) — ik(61)€1:| (23)

€y = _%kz(el)sign(el) — k‘2(61)€1 +d.
Then, we can derive the following result.
Theorem 1: For any initial conditions e;(0) and e2(0), the

errors e; and es will converge to zero in finite time if the designed
time-variable gain function k(e;) satisfies

2 1
k(e1) > MAX (N/i’?vl, \ 572 Ve J@?) (24)

where

{61 = —b /3ay + 2/ =it cos(arccos(pr /(—pu) /%) /3)
Oz = ~bs/3az + 2/ i3 cos(arccos(pa/ (—112)"/?)/3)
(25)

with the following notations and definitions:

a; = 439
b1 = —3264’}/1 - 512’)/2
c1 = —37888vF + 30727172

a9 = 5
by = —8v1 — 1572
co = —8073 + 247172

dy = 3276872y, and § dy = 1287;73
_ b dy bicy __ M dy | bso
P1 = 7373 ~ 2a1 + 6a> P2="3743 2a, + 6a3
b2 c b
—a _ o — ¢ 05
H1 = 347 9a? H2 3as 9a3"

Proof: Let us consider a new Lyapunov function, which is
given by

V =¢"P¢/k (e1) (26)
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where

ler]/?sign(e;)

£ = el , and P
€2
1 $k2(61) :1)’*153)]{2(61) —%k(el)
= 5 T6k2(61) TﬁkZ(el) 71]{7(61)
—ik(el) —ik‘((ﬁ) 2

Therefore, we can derive the following:
V=¢'Qe+267 Q¢
——  N——
Va Vi
where Q = P/k*(ey). It is observed that (27) can be separated
into two components for further analysis, as described in the
following text.

Component I: The first component V, can be expressed in
detail as follows:

27

. 1 ne —%3]{73(61) —%k*?’(el) %k74(61)
Vo =5&0 (k) | =gk (er) =Tk (er) 7% (en) | &
%k74(61) %k74(61) —8]675(61)
M
1. T
= §k(€1)5 M¢. (28)
According to (21), we can derive that
ker) = alen)signla(e))] < dle) < —=  (29)
is satisfied. As a result, (28) can be rewritten as
. 1. 1
Vo = Sh(e)e™Me < Salen)§™ Mg < 5" M. (30)

Notice that the matrix M is negative definite due to the fact
that k(e ) > 0 holds. Therefore, we have

v, < 1
— Q¢ le1]

T e <. 31

Component 2: For the second component Vi, we can obtain

Vy = 267Q¢ = —lea| /2"
%kz(el) 0 —ik(el)
*k 3(61) 0 %]4}2(61) —%]4}(81) f
—Zk(el) —%k(el) 1
X1
k2 (eq) 0 0
_gT *k‘_3(€1) 0 %’gk2(61) 7%]@(61) 5
—ikj(el) 1
X3

+ [-1k3(en)d —Lk 3 (er)d 2k (er)d | ¢

X7

= — e | V27X € — €7Xq6 + X Te. (32)
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Defining ¢” = [Je;|"/? e

ship |d| < 1 + 72]e1], we have
—lea| VPETX € — €TXoE < —ler| 29T X16 — 6T Ko
xTe <le| 2T A1 + 6T Ao

le2|] and using the relation-

(33)
where
[1k 3 (e)m 0 k=4 (e)m ]
Ay = 0 1k73(e)v2 0
LB (e)m 0 0
_ik’g(e)% 0 0 ]
Ay = 0 $h73(e)ye ki (e)re
0 k(e)y2 0o
Combining (32) and (33) yields
—Jex| PETX € — €7 XK€ +xTE
< —lea| V2T {Xy — Ar} o — 6T {Xo — Ao} g. (34)

Of note, Vj, < 0 if the matrices X; — A; and Xy — Ay are
the positive definite. Obviously, this case is true provided that
the time-variable gain function k(e ) fulfills (24).

Consider the following facts:

homin {QVIENS <V = €7QE < hmax {Q}IIE];  39)
and
Amin X1 = A} []l5 < 67 {X1 — Ay} o
< Amax {X1— A1} [|9]f3 (36)

where Apin{-} and Ayax{-} denote the minimum and maxi-
mum eigenvalues of a matrix, respectively; || - ||3 represents the
Euclidean norm.

Then, using (35), (36), and the fact that

V1/2
Il QY

it follows that (34) can be rewritten as follows:
Xi—A}o— 0" {Xo — Ao} o
< —lea 0T (X~ Ai}

lea]? < el < 37)

Vi < —les| 207

< = lea ™ humin (X1 = A} ll0;

=~ lea| ™ hmin X0 — A1} €113

o Q i (Ko A

- V170 {Q)

_ (@) o (51— A} a8)

max {Q}

which results in
V=¢"Qe+267Q¢
—— N——

Va Vi
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T
| Time-Variable |
| Gain Function ™
@, -
N
]
Fig. 3.  Schematic block diagram of the proposed ST-LT-SMO.
L /2
. A X
< % S mln {Q} mln{ 1 }V1/2. (39)
IIla.X {Q}

Considering (39) and the comparison lemma, it is easily
concluded that e; and es can converge to zero in finite time.
This ends the proof. Fig. 3 depicts the principle block diagram
of the proposed gain-adaptation ST-LT-SMO.

Remark 2: 1t is noteworthy that for finite-time convergence,
the time-varying gain function & (e;) must satisfy the condition
(24). This implies that k(eq) shall increase in accordance with
(21) until (24) holds. After that, the finite-time convergence is
guaranteed according to (39).

C. Adaline-Based Inertia Online Observer

For load torque identification, inertia knowledge is necessary.
In order to prevent our proposed gain-adaptation ST-LT-SMO
(20) from the inertia mismatch, a novel online inertia observer
is developed using the Adaline technique. The detailed design
with regard to this inertia observer is described as follows.

The discrete-time version for (16) is able to be expressed as
follows:

win(n+1) = wm(n) +Tejn+1) [TE(n+1) = Tp(n + 1)]

(40)

where n stands for the discrete sampling moment and 77 is the
speed-loop sampling period.

According to (40), an Adaline-based inertia observer with a

variable learning rate is proposed, which is given by

Omn+1) = 1  -wp(n)
Adaline’s output ~ Wight1 Tnput1

+i(n+1) T.[TS(n+1) —Tr(n +1)]
N——

R WighAt 2 Input 2
j(n+1) =j(n) + B(n)ei(n)I(n)

The training formula of the Weight 2

(41)

_ B
pn) = [TCT,,,EX—IO“CTL(n)]z

where j is the estimated value of j and satisfies j = 1/ J
(J is the identified value of J); e;(n) = wm(n) — Om(n);
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Varlable-Learnmg -Rate-Based
Training Formula
Fig. 4. Schematic block diagram of the developed Adaline-based inertia
observer.
I(n) =T.T¢(n) — T.Tr(n); 8 stands for the designed time-

varying learning rate; (3 satisfies 0 < Sy < 2; Tinax represents

the maximum torque of the PMSM-drive system, which is

usually three times the rated torque Ty, i.e., Tynax = 31N .
Theorem 2: 1f an online inertia observer is devised as (41),

then j will converge to its actual value j asymptotically.
Proof: Defining e;(n) = j — j(n), we can derive

ei(n) =wm(n) — Om(n)
= wn(n) = {wm(n = 1) + Tj(n) [T () ~ Ty (w)}

= T.j(n) [T¢(n) — T (n)] = T.j(n) [TE(n) — Tr(n)]
=I(n)e;(n). (42)

Then, choosing a Lyapunov function as V;(n) = ¢} (n), we
have

AVj(n) = Vi(n +1) = Vj(n)

=e(n+1)— e?(n)

= [i = i) ~ Bmesm1m)] - 2

= [ej(n) — B(n)ei(n)I(n)]* — €3 (n)
= — 25(n)e§(n)[2(n) + /32(n)6?(n)l4(n).

Substituting  3(n) = Bo/[TeTmax — ToTL(n)]* into (43)
yields that AVj(n) = e5(n)I*(n)B(n)[—2 + B(n)I*(n)] <0
for e; (n) # 0. Hence, one can draw the conclusion that the
inertia estimation error e;(n) converges to zero asymptotically.
This finishes the proof. From the proof process, it can be easily
seen that, in essence, the ingenious variable-learning-rate design
is to guarantee the reliable convergence of the inertia observa-
tion error. Fig. 4 displays the principle block diagram of the
developed Adaline-based inertia observer.

Remark 3: A qualitative comparison concerning the pre-
sented inertia observer and the common online inertia-
identification methods is given in Fig. 5. From there, one can
readily find that only our proposed Adaline-based inertia ob-
server possesses all the mentioned virtues. In Section IV, the
actual identification performance comparison and the quanti-
tative comparison regarding the execution time in the STM32

(43)
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- Extended Kalman filter (see [43]) - The pr;ﬁ‘;ﬁfﬁ"(ﬁg;}ai'based

- Recursive least squares (see [43]) |:| Exteggggrf/leigi[lﬁ-]mode

Model reference adaptive
system (see [43]5)

-Orlhogonal rinciple-
based met od [45]
-leed -order empirical frequency-domain optimal
parameter estimation [46]
i I VirflltZS

Strict error  No neglects for the  No matrix No more than two  Unrestricted
convergence  friction and load  operations to-be-tuned parameters operating
assurance torque conditions

Qualitative Comparison

Fig. 5. Qualitative comparison concerning the presented inertia observer and
the common online inertia-identification methods.

microprocessor will be conducted to further highlight the supe-
riority of the developed inertia observer.

Remark4: Inthe proofs of Theorems 1 and 2, itis noticed that
the identification errors e¢; and ey, can converge to zero over
time without relying on the initial conditions .J(0) and 77, (0).
This implies that .J(0) and 77 (0) can be initialized with arbitrary
values.

D. Adaptive Friction-and-Load Identification Scheme Using a
Two-Step Mechanism

Figs. 3 and 4 have clearly demonstrated the principle of the
proposed ST-LT-SMO and the developed inertia observer. Based
on these two observers, this article presents a parallel-observer-
based network, as shown in Fig. 6(a). From there, it can be
observed that the ST-LT-SMO (20) and the inertia observer (41)
operate in parallel and offer real-time updates to each other. The
observed value of the proposed ST-LT-SMO is fed into the de-
veloped inertia observer as an input variable, and meanwhile, the
latter provides online inertia correction for the former. Fig. 6(b)
gives the detailed parameter estimation process of this network.
By incorporating the designed nonempirical equivalent friction
model into the proposed parallel-observer-based network, this
article presents a POBN-MC, as displayed in Fig. 7. From
there, it can be noticed that the nonempirical equivalent friction
model-based model compensation part is concatenated with
the parallel-observer-based network in a feedforward manner
(it aims to counteract the friction torque in the torque signal
channel).

Then, an adaptive identification scheme using the POBN-MC
is presented to acquire the nonlinear friction torque and load
torque accurately. The suggested scheme utilizes a two-step
identification mechanism derived from our developed POBN-
MC to serve the estimation purpose. Fig. 8 exhibits the detailed
principle of the proposed friction-and-load identification scheme
(a detailed description of Fig. 8 will be given later). Notice that
the first step is employed in the system commissioning process
(at this time, the load torque can be deemed as zero and the
inertia is constant, as mentioned in Section III-A), while the
second step is applied during the mission (at this time, the load
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Parallel-Observer-Based Network

Proposed Gain-Adaptation ST-LT-SMO:

1/2

sign(e,, ) —

S 1., . ;
T, = Ekz(ew )sign(e_ )+ kz(sw e,

i

|

I . ST

" w =4 =T —=k(e )le

! W =TT = ke e,
|

|

|

MUX jT lTL
Proposed Variable-Learning-Rate Adaline Inertia Observer:|

[az (n+1) = w, () + j(o+ DT [T (n +1) =T, (n +1)|

m m

jn+1)=jn

)+ B(n)e,(n)I(n)

Load torque
observation: Eq. (20

Inertia esumacionj

oo oo | ! L“""l torque Inertia estimation:
Eq. (41) | |observation: Eq. (20 Eq. (41)

7
L

7777777777777 Estimates of n'" speed-loop
~_ _ _ _ __ _control pe period

~ Estimates of 1% speed-loop
- _ _ _ _ controlperiod /|

LT v ]

nT,(n>2)

Fig. 6. Proposed parallel-observer-based network. (a) Schematic diagram.
(b) Detailed parameter identification process of the parallel-observer-based
network.

wm & »

——— <I ______ . A N
/ \ | |
| 5 ! | Variable-Learning-Rate |

T (w ©
: r@,) : : Adaline Inertia Observer (41) :
| [ | _ |
) o 8 2 B .
| Non-Empirical Equivalent| | : X X |
| e et Wikl | | Gain-Adaptation |
! _ ; I ST-LT-SMO (20) !
| 4 el | |
[ > el /
L
\ N } Lo IR [ S S S
—————————— Parallel Observer-Based Network

“Model Compensation

Fig. 7. Schematic diagram of the designed POBN-MC.

torque is usually present and variable, and the inertia may also
vary).

As presented in Fig. 8, the first step aims to obtain an explicit
mapping relationship between the nonlinear friction torque and
the rotor speed. In order to reach this purpose, the detailed
implementation process is described as follows. First, according
to (13), the values of fcw /J and fccw /J are acquired using the
fitting results concerning the natural speed responses. Then, the
relationship between these two values and the natural speed
response wy,q is determined by building a lookup table, i.e.,
we have

f% = L1(wma), when wy,q > 0

; 44
fCC’lU ( )
T

= Lo(wimd), when wy,q < 0
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|
Establish the mapping relationship between
T, (w,) and w, by the devised non-empirical
equivalent friction model and #S1

|

|
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Accomplish the online adaptive
identification of T; and T} (w, ) by #S2
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Variable-Learning-Rate
Adaline Inertia Observer (41)

Gain-Adaptation
ST-LT-SMO (20)

Parallel Observer-Based Network

Final output of the
proposed scheme

e |

Fig. 8. Schematic diagram of the proposed scheme.

where L (-) and Lo(+) are the mapping relationships between
fcw /J and w,,q and between fcw /J and Winds respectlvely
Actually, (44) implies that the values of fcw /J and fccw sl
corresponding to the actual rotor speed are fcw JJ = Li(wm)
and fww /J = La(w,y,), respectively. Then, the #S1 part, as
shown in Fig. 8, is performed to acquire the inertia. With (44) and
the gained inertia information, the mapping relationship between
the friction torque and the speed can be expressed as follows:

R jmel(wm), if wy, >0
Tr(wn)={ 0, if Wy = 0 45)
Jwm Lo (wm), if wy, <0

which ends the first step. The second step is intended to achieve
the real-time identification of friction-and-load torque matching
the real-time operating conditions, thereby accomplishing the
target task of the proposed scheme. In this step, the nonlinear
friction torque is calculated according to (45), and the load
torque is obtained via the parallel-observer-based network, as
shown in Fig. 8. Additionally, it is noticed that in the two
steps, the parameter configurations with respect to the parallel-
observer-based network can remain constant, i.e., achieving the
two steps can utilize the same network.

Remark 5: Noticeably, in the first step of our scheme, the
values of the orders r and h in (12) require to be determined in
order to acquire the mapping relationship. Generally, the fitting
error progressively decreases with increasing the polynomial
order. It is worth noting that when the order increases to a
certain value, the fitting error will be kept almost constant as
the order increases [48], [49]. In Section IV, our experimental
results also reveal this phenomenon. Actually, this phenomenon
implies that the order at this time is high enough to yield a
high-precision fitting result [48], [49]. If the order is further
increased under this condition, the higher computational cost
and even the overfitting will be incurred. In view of the above
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Output final k valuc as the
expected value of the order

Initialization

Set the order to k, and fit the
acquired natural speed
response data according to (12)

v

Calculate the root-mean-square
error (RMSE) between the fitted
and actual data, and record the
corresponding RMSE value as
Ignise( k)

Y

A

Fig. 9.

Working schematic diagram of the proposed automatic-order-
determination technique.

analysis, this article develops an automatic-order-determination
technique, which uses the ratio between two root-mean-square
error (RMSE) values as the judgment criterion to select an ap-
propriate polynomial order. Fig. 9 shows the working schematic
diagram of this proposed technique. With this method, r and h
can be automatically assigned to desired values.

Remark 6: 1t should be noted that, in our proposed scheme,
the acquired mapping relationship may differ from the actual one
due to the existence of unconsidered factors (e.g., the speed mea-
surement error). When such a case indeed occurs, the identified
load torque is actually the sum of the load torque and the friction
torque error, which has a corrective effect on the mapping
relationship error. This does not imply, however, that separate
identification is not necessary. In contrast, the separate-type
identification can always significantly ease the identification
burden, resulting in a more accurate aggregated estimate of the
load and friction torque. Subsequent experimental results will
confirm the above analysis.

Remark 7: Indeed, with the exception of the friction and
load torque, the drive system suffers from unmodeled dynamics,
which mainly comprise the deadtime effects, flux harmonics,
cogging torque, and phase current measurement errors [50].
These unmodeled dynamics will result in a disturbance called
the pulsating torque [51]. The pulsating torque usually exists in
the form of different-order harmonics, and the frequency of the
harmonics depends on the motor speed. Generally, the pulsating
torque can be deemed to be a part of the load torque [51], [52]. In
this article, the load torque is also essentially composed of two
parts: one is the external load disturbance, and the other is the
pulsating torque. This will be confirmed by experimental tests
in Section IV.

In Fig. 10, the flowchart of the suggested scheme is given
in detail. In the engineering practice, we can arbitrarily set the
initial conditions .J(0) and 77, (0) in the first step (Remark 4 in-
dicates that .J(0) and 77, (0) are able to be initialized by arbitrary
values). For the second step, it is recommended to exploit the
final estimation results of the first step as the initial conditions to
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The First Step (The Second Step

Start procedure Start procedure

[Test and acquire the speed response due
to the natural deceleration

Gain the mapping relationships L, (w, )
and L, (w )

IAcquire 7 and w, from PMSM system
1

Calculate T[T =T, — [, (or f,w,)]

Acquire 7 and w, from PMSM system [Estimate 77, via the ST-LT-SMO (20)

aleulate T'[1° =T —Jw, L,(w,),i = 1,2] [dentify J via the inertia observer (41) ‘

[Estimate 77, via the ST-LT-SMO (20) _ IGoto #1 and repeat;

[dentify J via the inertia observer (41) End procedure

TIITL

| L)t )

(Goto #3 and repeat until convergence;

Utilize the identified J to acquire j,,, and
£, over the whole speed domain

End procedure

Real-Time Observation

[

Fig. 10.  Flowchart of the proposed scheme.

facilitate practical applications. Additionally, it should be noted
that the to-be-adjusted parameters of the proposed scheme only
include n and . The tuning guidelines are able to be concisely
summarized as follows.

1) B cannot be selected too small to seek a tradeoff between
the parameter oscillations and the convergence rate.

2) A large 7 is conducive to reaching the condition (24)
quickly and improving the convergence rate, and yet 7
is not supposed to be chosen so large as to aggravate the
parameter oscillations.

The above-mentioned tuning guidelines are obtained from the

tests of our scheme, which will be presented in Section IV.

IV. SIMULATION AND EXPERIMENTAL INVESTIGATIONS
A. Simulation Investigation

1) Performance Tests for the Proposed Parallel-Observer-
Based Network: As can be seen from Fig. 8, in the developed
adaptive identification scheme, the two steps are both dependent
on the use of the designed parallel-observer-based network. It is,
therefore, necessary to evaluate the identification performance
of this network. In the simulation, for ease, the friction model is
modeled as (5), i.e., the Coulomb plus viscous friction model.
Accordingly, the input T of the parallel-observer-based net-
work is directly calculated using the established friction model.
As shown in Table I, this article conducts the performance
evaluation tests under four cases. The corresponding simulation
results are displayed in Fig. 11. From there, it can be observed
that whether both the load torque and inertia are variable or
constant, or either of them is variable, the network is capable of
tracking these two parameters accurately and quickly. Addition-
ally, itis noticed from Fig. 11 that the time-variable gain function
k(e,m ) can be automatically and quickly adjusted in accordance
with the actual operating conditions. Consequently, the gain
overestimation is eliminated, and the appropriate observer gains
matching the working conditions are gained. This preliminar-
ily confirms the effectiveness of the developed gain-adaptation
mechanism.
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TABLE I
SIMULATION SETUP AND CASES

Content Description

R,=087Q, L, =L =3124mH, P, =4,
B, = 0.0001 Nm.s/rad , €, =0.2 N.m,

T =200 ps, =01 g, =0.06,
7,(0) = 0 N.m, J(0) = 0.001 Kg.m”.

Simulation setup and
initialization

Simulation cases Case 1 Case 2 Case 3 Case 4
. Ref. T, Fixed Variable Fixed Variable
Given
1t
PATAMELErs | pef. J | Fixed Fixed Variable | Variable
= 600 : -
5
E<)
£ 300
g
Speed command given | £
in the simulation © 0
%-300 .
0 1 2 3

timels]

Note: “Ref.” denotes “Referenced”.

11 11
~ 7
S
= 3l
IR 5
-1 oL
3r—-05 u
= 2
5 1 ---.Actual \/
o ——Estimated 1o Actual
& 0 -
—Estimated|
-1
~' 3
Sb b Actual Actual
5 2i Pl 1-15/_[_'—‘%@ —Estimated —Estimated|
S o 0. - 02
% 2
=0
0 | 3 3
time]s]
(@)
11 —%3
sty
o 0.025 0.03
) 0. 02 \\/_\v/
i ---Actual
_j —Estimated, ----Actual
—— Estimated|
0.1 [l ———
Actual Actual
——Estimated| —Estimated|
2 3 1 2 3
timel[s] timels]
(©) (d)

Fig. 11.  Simulation results regarding the parallel-observer-based network. (a)
Case 1. (b) Case 2. (¢) Case 3. (d) Case 4.

If T, rather than T is utilized directly as the input of the
network (i.e., the model compensation part is disabled), then
it is easy to know that the identified value of the load torque
obtained from the parallel-observer-based network is essen-
tially the lumped-identification result of the friction and load
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Fig. 12. Comparison of the separate and lumped identification. (a) Cy,, = 0.1.
(b) C,, =0.2.(c) Cy, = 0.3.(d) C,p, = 0.4. (¢) RSME comparison.

torque. Fig. 12 exhibits some lumped-identification results under
such a condition, and meanwhile, the corresponding separate-
identification results are also given for comparison. Note that
in the simulation, the estimated friction torque in the separation
identification is directly calculated using the established fric-
tion model. Additionally, other simulation settings, except for
the load condition, are consistent with Case 1. It can be seen
from Fig. 12 that when performing the lumped identification
for the friction and load torque, the estimated values are in
poor agreement with the real value. By contrast, under different
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TABLE IT
PARAMETER CONFIGURATIONS OF DIFFERENT NOISE LEVELS
Block: Band-Limited White Noise
Noise Level Noise power .
(Speed noise/Torque noise) Sample time Seed
Level 1 0/0 0.0001 23341
Level 2 0.0001/0.5x10° 0.0001 23341
Level 3 0.0003/1x1075 0.0001 23341

friction conditions, all the separate-identification results are of
great match with the real value. The RMSE comparations in
Fig. 12(e) also show the same phenomenon. Meanwhile, we can
notice that the identification error becomes more pronounced
with increasing the friction coefficient under the lumped identi-
fication. These experimental phenomena reveal that the lumped
identification is difficult to gain high-precision estimation re-
sults (which coincides with the related analysis in Section I),
indicating the need for the separate identification of the friction
and load torque.

2) Antinoise Robustness Evaluation: As described in Sec-
tion III, the proposed scheme is inseparable from the real-time
rotor speed w,, and electromagnetic torque 7, from the drive
system, just as the other friction-and-load torque identification
schemes (e.g., [9] and [15]). It should be pointed out that T, and
wy, are unavoidably contaminated with the measurement noise
in real-world applications. Here, to simulate this situation, this
article utilizes the Simulink block “Band-Limited White Noise”
to generate the measurement noise, as in the other literature (e.g.,
[53] and [54]). Then, the generated noise signal is superimposed
on w,, and T,. In order to fully evaluate the robustness against
noise, this article selects two existing friction-and-load identifi-
cation schemes that belong to Type Il (i.e., [24] and [26]) to com-
pare with our scheme under three different noise levels. Table II
presents the detailed parameter configurations of the Simulink
blocks corresponding to the three noise levels. It is noted that
in the tests, the friction torque is directly calculated using the
established friction model, and other simulation settings, except
for the load condition, are congruent with Case 1. Additionally,
during the evaluation tests, the compared two techniques directly
use the real inertia value for the estimation due to the lack of
online inertia correction, while our scheme utilizes the real-time
inertia-identification values. The comparison results are given in
Fig. 13. From there, it can be observed that the estimation results
from all three schemes are quite accurate in the absence of noise.
However, in the presence of noise, the identification results from
the schemes reported in [24] and [26] begin to fluctuate, and this
phenomenon becomes increasingly evident as the noise level
increases. Fortunately, Fig. 13 demonstrates that the presented
scheme can still obtain stable and precise results (the gained
results show only slight ripples) even when the drive system is
severely contaminated by noise (e.g., at Level 3). Therefore, it
can be concluded that our proposed scheme possesses superior
noise immunity.

Remark 8: 1t is noted that for the sake of obtaining the real
friction and load torque, the methods presented in [24] and
[26] need to be slightly modified. To be specific, the actual
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Fig. 13.  Comparison of identification results under different noise levels. (a)
At Level 1. (b) At Level 2. (c) At Level 3.

speed rather than the speed command is utilized to calculate the
friction torque, and meanwhile, the involved friction model is
incorporated into the torque signal channel of the corresponding
load torque estimation technique in the feedforward manner,
just as our proposed scheme. In the subsequent experiments, the
same processing manner is adopted as needed when performing
comparisons with some existing methods that belong to type II.

3) Additional Tests for the Proposed Inertia Observer: In
Section III-C, a qualitative comparison concerning the pre-
sented inertia observer and the common online inertia estimation
techniques has been offered. Here, some tests are performed
to further evaluate the performance of the developed inertia
observer. Specifically, under the three noise levels, as shown
in Table II, the six common online inertia estimation tech-
niques, as mentioned in Fig. 5, are used for comparison with
the presented inertia observer. First, it should be pointed out
that some inertia-identification techniques are implemented with
the aid of the estimated information concerning the load and
friction torque, just as the methods reported in [45] and [46].
Therefore, in order to ensure a fair comparison, the auxiliary
estimation techniques that provide the necessary information for
these inertia-identification algorithms should be considered in
comparative tests. Table III gives the detailed parameter settings
of the contrastive inertia-identification schemes during the tests
(note that the parameters shown in Table III also contain the
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TABLE III
PARAMETER SETTINGS OF INERTIA-IDENTIFICATION SCHEMES

Inertia-identification scheme | Detailed parameter configuration
P(0) = diag{l, 1,10},R = 0.05,

Q(0) = diag {10",107,0.1}

EKF (see [41])

RLS (see [41]) 11=0.96, P(0) = diag {10& 105}

K, =400,K, =2

MRAS (see [41])

ESMO [42] K, = 0.005, K = —1000, f = 0.3
OPBM [43] X =300
FOEFDOPE [44] 1=-0.06

OPBM proposed in [45]
FOEFDOPE proposed in [46]
— ESMO proposed in [44]

—— The proposed Adaline-based inertia observer

---= Referenced value

— MRAS presented in [43]
— RLS presented in [43]
— EKEF presented in [43]
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Fig. 14. Comparisons of seven inertia-identification techniques. (a) At Level

1. (b) At Level 2. (c) At Level 3.

parameters of the corresponding auxiliary estimation tech-
niques). Additionally, other simulation settings are in-line with
Case 2.

The comparison results are shown in Fig. 14. From Fig. 14(a),
it can be observed that in the absence of noise, there is an
obvious offset between the actual value and the identification
values obtained from the MRAS, recursive least square (RLS),
and EKF. One key reason for this phenomenon is that these
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identification algorithms neglect the effects of friction and load
torque on the inertia identification. Actually, since the exist-
ing inertia-identification algorithms are all devised based on
a certain mechanical model [like (3)], ignoring the friction
and load torque during the algorithm design will inevitably
sacrifice the inertia-identification accuracy. In contrast, the other
four schemes, including the proposed inertia observer, have
accounted for the influence of friction and load torque so that
they can yield more accurate results at Level 1, as shown in
Fig. 14(a). In the presence of noise, it can be noticed from
Fig. 14(b) and (c) that both the MRAS and RLS display a quite
significant error due to poor robustness against noise. More seri-
ously, Fig. 14(c) manifests that when the drive system is severely
contaminated by noise at Level 3, the MRAS estimation result
will fail to converge. Fortunately, compared with the MRAS
and RLS, the other inertia-identification techniques obviously
exhibit better noise-resistance capability, as shown in Fig. 14(b)
and (c). Collectively, the comparison results fully indicate that
the identification performance of our inertia observer is able
to be comparable with the mainstream inertia-identification
algorithms that possess excellent performance [such as the fixed-
order empirical frequency-domain optimal parameter estimation
(FOEFDOPE), orthogonal principle-based method (OPBM),
and extended sliding-mode observer (ESMO)].

To more fully assess the performance and the application
potential, the actual execution times of the proposed inertia
observer and the six inertia-identification algorithms in the
STM32F407 microprocessor are tested comparatively. Here, for
a fair comparison, the execution time of the complete imple-
mentation is tested (i.e., the auxiliary estimation techniques that
provide the necessary information for these inertia-identification
algorithms are also considered). In addition, under the con-
dition that only the inertia-identification part is considered,
a comparison is also conducted accordingly. Fig. 15 exhibits
the corresponding test results. From there, it can be observed
that in the case of only considering the inertia-identification
implementation, our method is the most competitive in terms
of execution time (only around 1.58 ps). It is worth noticing
that the execution time of our method is even slightly lower than
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the MRAS and the OPBM (these two techniques are known for
their low computational burden). Moreover, Fig. 15 indicates
that in the case of considering the complete implementation, the
proposed inertia observer has a mitigated computational cost
compared with the FOEFDOPE and the ESMO. (Note that these
two schemes are more competitive among the mentioned six
common inertia-identification algorithms due to the fact that
they possess no less than four virtues described in Fig. 5 and
are not restricted by operating conditions.) That is to say, the
presented inertia observer is able to have a competitive compu-
tational burden while maintaining more advantages. Overall, the
superiority of the developed inertia observer is fully highlighted
by the results from Figs. 5, 14, and 15.

4) Influence of n and By on Estimation Performance: As
mentioned previously, the proposed adaptive identification
scheme possesses two to-be-adjusted parameters (i.e., 77 and ).
The parameters 7 and 3y belong to the ST-LT-SMO (20) and
the inertia observer (41), respectively. Here, this article offers a
detailed discussion with regard to the impacts of the parameter
configuration on the identification performance of these two
observers. Note that in related tests, the speed command is
aligned with that in Case 1.

First of all, the developed inertia observer is individually
tested with different 5y values. The corresponding results are
shown in Fig. 16. Note that during the test, the load torque is
configured as 77, = O N - m. From Fig. 16, we can draw the con-
clusion that with 3, increases, the presented inertia observer’s
convergence rate will become faster, and yet the parameter
oscillations may be exacerbated. Second of all, a separate test
concerning the proposed ST-LT-SMO is performed to evaluate
the effect of the value of 7. Note that, in the test, the inertia .J
is set as its true value. Fig. 17 exhibits the impacts of different
1 values on the load torque identification results. Notably, it
can be seen from (21) that the larger the 7 is, the faster the
adaptive function k(e,,,) grows, which is more beneficial for
fulfilling the condition (24). Nevertheless, Fig. 17 indicates that
a large n will aggravate the parameter oscillations. Additionally,
Fig. 17 demonstrates that the value of 7 has an effect on the
convergence rate, i.e., the convergence rate will be accelerated
as 7 increases. The above conclusions provide some simple
guidelines for tuning 7 and [, in practical applications.
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B. Experimental Investigation

1) Test System Configuration and Parameter Settings: The
suggested scheme is validated on a built test system, which is
shown in Fig. 18. The established experimental system mainly
comprises the following parts:

1) a self-developed servo driver embedded with an
STM32F407 microprocessor (168 MHz CPU/210
DMIPS);

2) a host computer used for code programming and data
observation;

3) a parameter identification platform, including a 0.78-
kW prototype PMSM, a high-precision torque sensor, a
7.5-kW induction motor, and a high-speed data acquisition
system (which is the Sirius Dewesoft with 16 channels).
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Parameters Values/Units
Rated torque 5 N.m

Rated current 5A

Pole pair 4

g-axis inductance 3.124 mH
d-axis inductance 3.124 mH
Stator resistance 0.867 2
Rotor inertia (PMSM) 1.333x 10" Kg.m’
Total inertia 0.0199 Kg.m’
Allowable maximum speed of the system 1500 rpm
The inverter’s switching frequency 10 kHz
Encoder resolution (incremental) 2500 p/r

int main(void)

Disable CPU interrupt and reset all interrupt flags;
STM32 HAL library initialization;
System clock configuration;
GPIO initialization;
Servo parameters initialization;
Encoder initialization;
ADC initialization;
DAC initialization;
Serial communication interface configuration;
Timer initialization;
PWM initialization;
Enable global interrupt;

void interrupt_handler(void){
Enable PWM interrupt routine;
Acquire encoder feedback position;
Calculate the rotor speed;
Speed control adjustment;
Measure phase currents;
Clark and Park transformations;
Execute the proposed adaptive identification scheme;
Current control adjustment;
Inverse Park transformation;
SVPWM update;
}

}

Fig. 19. Complete implementation flowchart of C codes concerning employ-
ing the proposed scheme.

The detailed specification regarding the experimental system
is listed in Table IV. It is noted that the load torque is generated
by the induction motor, driven by an industrial voltage-source
inverter (VSI) set for torque control. The prototype PMSM
employs the FOC with ; = 0, as depicted inFig. 1. Additionally,
in the built test system, all the sensors are connected to the
high-speed data acquisition system so that the signals (such as
the actual load torque generated by the induction motor) can be
accurately measured.

Furthermore, it should be mentioned that the experimental
system utilizes the AR embedded workbench (v8.3) software
as a code composing tool. Under this programming environ-
ment, the C codes are compiled and then downloaded to the
STM32-based control board through the J-link emulator. Fig. 19
displays the complete implementation flowchart of C codes
concerning employing the proposed friction-and-load identifi-
cation scheme. In order to transfer and receive the data between
the STM32-based control board and the host computer, the
optoelectronic isolation USB converter (USB to RS232/485) and
the software named servo tuning platform (STP) are used as a
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Fig. 20.  Speed responses caused by the natural deceleration. (a) and (b) are

the test results under forward and reverse rotation, respectively. (c) Mapping
relationships between fcq,/J and wy,. (d) Mapping relationships between
feew/J and wyy,.

real-time transfer device and a hardware management software,
respectively. With the aid of the transfer device, the real-time
data of the observed variables (such as the rotor speed and
the identified load torque) can be transmitted to the STP for
immediate display. At the same time, the parameters, such as
control flags and controller gains, are able to be configured
using the STP and then updated to the control board through
the transfer device.

Additionally, it is noted that, in the subsequent experiments,
the POBN-MC is designed with ) = 0.3 and 5y = 0.005 in order
to achieve relatively good identification performance.

2) Natural Speed Response Test and Equivalent Friction
Factor Determination: Here, the speed responses due to the
natural deceleration in the PMSMs two rotation directions are
first acquired so as to achieve the first step of our proposed
scheme. Fig. 20 exhibits the corresponding test results and the
curve fitting results regarding the natural speed responses. With
the fitting results and using (13), we can derive the function
relationships between fcw /J and t; and between fccw /J and to,
as shown in Fig. 20(a) and (b). Then, the mapping relationships
between fcw /J and w,, and between fccw /J and w,, can be
obtained, as displayed in Fig. 20(c) and (d).

Next, in order to determine the two equivalent friction factors,
inertiainformation needs to be provided. As shownin Fig. 8, with
aiding from the #S1 part, the inertia can be acquired in the first
step of the suggested scheme. Fig. 21 displays the related iden-
tification results obtained in the first step. It should be stressed
that, as described in Section III-D, the first step is utilized
during the system commissioning. Therefore, no load torque
is generated during the experiments corresponding to Fig. 21.
Additionally, in Fig. 21, the experiments are conducted under
both the unidirectional and bidirectional speed conditions in
order to enable the test results to be more compelling. We can see
from Fig. 21 that the identified inertia is around 0.02012 kg - m?
for all tests, which is rather close to its actual value given
in Table IV (only about 1.11% error). Meanwhile, it can be
noticed that the estimated load torque Ty converges to near zero,
which is in a good accord with the actual situation. It should be
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noted that this experimental phenomenon implies that the model
compensation part is accurately able to counteract the nonlinear
friction torque (i.e., the precise friction modeling is achieved).
Additionally, it is observed that the designed time-variable gain
function k(e..,) can be adjusted quickly, which ensures that
the four observer gains have appropriate values matching the
real-time operating condition.

According to the results from Figs. 20 and 21, the mapping
relationships between fcw and w,,, and between fccw and w,,
are able to be easily obtained, which are shown in Fig. 22. From
there, it is not difficult to find that the two equivalent friction
factors are inconsistent, which means that the friction torque
over the whole speed domain is asymmetric. In addition, it can
be noticed that the two friction factors are the nonlinear functions
of the speed w,,,. Namely, the friction torque varies nonlinearly
with the rotor speed. With the above experiments, the first step
of our suggested scheme has been fully implemented.

Remark 9: 1In the first step of our developed scheme, the
orders of the polynomials p(¢1) and ¢(t2) require to be assigned.
Using the automatic-order-determination technique developed
in Fig. 9, the values of the orders r and h in (12) are determined as
r = band h = 4, respectively. Here, taking the value of the order
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r as an example, we conduct some tests to assess the plausibility
of » = 5. The test results are shown in Fig. 23, where the fitting
errors under the different-order polynomials are evaluated. From
there, we can observe that the RMSE decreases with increasing
the order, which means that the fitting result is increasingly
accurate. Moreover, it can be found that the decrease of the
RMSE is already less apparent when the order exceeds four.
Meanwhile, we can notice that when the order is chosen as five,
the judgment criterion in Fig. 9 has been satisfied. According to
these experimental phenomena, it can be known that the value
of r determined by the proposed automatic-order-determination
technique is appropriate, which confirms the validity of the
developed technique. At the same time, the relevant analysis
in Remark 5 is confirmed by the above phenomena.

3) Performance Evaluation Concerning the Load Torque
Tracking Capability for the Second Step of the Proposed Scheme:
Here, several real-time experiments are carried out to evaluate
the load torque tracking performance with respect to the second
step of our scheme. Fig. 24 gives the experimental results under
variable-speed conditions. Notice that in the experimental results
of Fig. 24, the actual 77, is obtained by the high-speed data
acquisition system. This is also true for subsequent figures. From
Fig. 24, it can be easily observed that the second step of the
suggested scheme can track the variable load torque with high
accuracy under different load conditions. These experimental
phenomena indirectly demonstrate that the nonlinear friction
torque has been accurately compensated, which implies that our
scheme can exactly acquire real-time load-and-friction infor-
mation. Moreover, it is noticed that the designed time-variable
gain function k(e,,,) can be adaptively adjusted to match the
real-time operating conditions, laying the foundation for the
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Fig. 24.  Load torque tracking capability evaluation under the variable-speed
condition. (a) Apply a positive time-varying load torque. (b) Apply a negative
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developed ST-LT-SMO to obtain appropriate gains. It should
be pointed out that the exact J provided by the inertia observer
is also one of the factors for obtaining accurate iy Fig. 25
manifests the negative influence of different inertia errors on
the load torque identification under the condition that the pro-
posed inertia observer is disabled (i.e., the inertia correction is
not conducted). Note that in the experiments corresponding to
Fig. 25, the speed command aligns with that in Fig. 24. From
Fig. 25, it can be observed that as the inertia error increases, the
identification accuracy of the load torque becomes increasingly
poor. In fact, based on the mechanical model (3), it can be derived
that when there is an error in the inertia (assume that Jo stands
for the inertia error), the actual load torque is 77, + JerrorWm.s
which implies that the actually identified load torque will be
close to this value. This is the pivotal cause of the load torque
identification error appeared in Fig. 25. The phenomenon from
Fig. 25 confirms the critical role of inertia correction in the exact
load torque identification. It is for this reason that numerous
existing load torque identification methods (such as [32] and
[55]) take the online inertia identification into account.
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Remark 10: From Fig. 24, it can be observed that the actually
identified load torque exhibits slight fluctuations. The possible
reasons include at least: first, the influence of 7 value. The greater
1 means the more pronounced fluctuation in the identification
result, as shown in Fig. 17. This is the main cause of the
fluctuations in the identification result. Second, the influence of
the mapping relationship error. As pointed out by Remark 6, the
actually identified load torque may contain the friction torque
error. If this indeed occurs, the identification result can also
produce some fluctuations.

Fig. 24 has evaluated the load torque tracking ability with
respect to the second step of the presented scheme under the
variable-speed condition. Here, in order to further assess the
performance, this article tests the load torque tracking perfor-
mance of the second step under the constant-speed condition.
Fig. 26 exhibits the corresponding test results. Of note, the inertia
identification has no meaning at a constant speed [34]. It is for
this reason that the inertia-identification value is unable to be up-
dated during the constant-speed operation. This implies that the
developed parallel-observer-based network actually becomes an
SO-SMO to observe the load torque. Therefore, in Fig. 26, we
do not show the corresponding inertia-identification result. In
addition, it should be pointed out that the influence of inertia
on load torque identification is practically negligible during the
constant-speed operation because the inertia torque term Jw,,
is almost zero. The results from Fig. 26 indicate that the second
step of the proposed scheme can still track the changing load
torque with high precision under the constant-speed condition.
Meanwhile, we can also observe that the time-variable gain
function k(e ) is automatically adjusted in accordance with
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the real-time operating conditions, which once again confirms
the effectiveness of the designed gain-adaptation mechanism.

Overall, our scheme is accurately capable of identifying the
load torque under both the variable and constant speeds, which
implies that the corresponding friction torque is compensated
well. In other words, the proposed scheme can serve its purpose
of acquiring accurate friction-and-load knowledge.

4) Analysis and Assessment on the Components of the Ac-
tually Estimated Load Torque: As described in Section III-D,
the identified load torque consists actually of two parts, i.e., the
external load disturbance and the pulsating torque. Here, this
article utilizes the proposed adaptive ST-LT-SMO to conduct
experimental tests to analyze and evaluate the components of
the actually estimated load torque. In order to clearly demon-
strate the harmonic components, the relevant experiments are
carried out for several constant speeds: 60 r/min, 120 r/min,
and 240r/min. Additionally, in the experiments, a 0.5-N-m
constant load generated by the induction motor is applied to the
motor shaft, and the inertia value of the proposed ST-LT-SMO
is set as the real value given in Table IV. Figs. 27-29 show the
identification results of the load torque in the time span [3,18]
and the corresponding Fourier analysis results. Note that for
the purpose of clarity, we only give the harmonics in the range
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Fig. 29. Experimental results at 240r/min (87 rad/s). (a) Identified load
torque. (b) Frequency spectrum of the identified load torque.

from 1st to 15th. From Figs. 27 to 29, it can be observed that the
following harmonics are relatively prominent in all experimental
results: 1Ist, 2nd, 4th, 6th, 8th, 10th, and 12th. According to
Niewiaraetal. [51], we can deduce the source of these harmonics
as follows.

1) The 1- and 2"-order harmonics are mainly caused by the

phase current measurement errors.

2) The 6"- and 12"-order harmonics principally result from

the flux harmonics and deadtime effects.

3) The other-order harmonics are tightly related to the cog-

ging torque.

The above test results confirm that the proposed ST-LT-SMO
can effectively identify the harmonic components associated
with the pulsating torque, providing further evidence for the
validity of our developed load torque observer.

5) Performance Comparison With Previous Works: As de-
scribed in Section I, the existing friction-and-load identification
techniques can be divided into the lumped type, Type I, and Type
II (note that the latter two types belong to the separate-type iden-
tification). Here, we select the SMO [9] and the DOB [10] as the
representative techniques of the lumped type, and meanwhile,
the schemes reported by Zuo et al. [15] and Lin [19] are chosen
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TABLE V
DETAILED PARAMETER SETTINGS OF COMPARISON SCHEMES

Detailed parameter configuration
n =-—1000,g =3
k, =10000, k, = 200
k, = 200,k, = 10000,k = 1.5,k = 120000

Comparison scheme
Zhang et al. [9]

Ohnishi et al. [10]
Zuo et al. [15]

Lin [19] a=0.92, P(0) = diag {10-“’, 105}

Lee and Tomizuka [24] 7=0.01

as the representative methods in the existing Type I. The method
proposed by Lee and Tomizuka [24] is selected as the typical
method of the current Type II. Thus, a total of five previously
reported friction-and-load approaches are utilized to compare
with our suggested scheme. It is noted that during contrast
tests, the techniques that ignore inertia mismatch directly use
the real inertia value, while the methods that consider the iner-
tia correction utilize the real-time inertia-identification values.
Additionally, for a fair comparison, the related parameters of
the above-mentioned schemes are specially chosen so as to
gain convergence rates relatively consistent with our developed
scheme. Table V gives the detailed parameter values of these
comparison schemes. Note that, during the contrast experiments,
three load cases are tested as follows.

Test 1: Applying a time-varying load torque.
Test 2: Applying a I-N-m constant load torque.
Test 3: Applying a 4.5-N-m constant load torque.

In the experiments, the speed command is in-line with that
in Fig. 24. Fig. 30(a) displays the comparison results regard-
ing the identified values obtained by our scheme and the five
existing methods under Test 1. It is not difficult to find that the
aggregated value of Ty, and T (W) estimated by the suggested
scheme is in much better agreement with the actual value.
This experimental phenomenon highlights the superior real-time
observation performance of our scheme. Fig. 30(b) compares
the RMSE between the identified and actual values under the
three load cases. It can be seen from there that the suggested
scheme possesses a competitive identification accuracy over the
contrastive techniques in all load cases. It should be pointed out
that both the presented scheme and the method reported by Lee
and Tomizuka [24] belong to Type II, and hence, it is not difficult
to understand that their estimation performance outperforms the
lumped type and Type 1. With respect to the reasons why the
accuracy of our proposed scheme is superior to that of the scheme
developed in [24], our explanations are as follows.

1) Our scheme can adaptively tune the gains of the load

torque observer to match the real-time working conditions.

2) The load torque estimation involved in the suggested

method is implemented by developing an SO-SMO, which
has better antinoise robustness than the DOB, which is
used to identify the load torque in [24].

3) The nonempirical equivalent friction model involved in

our scheme avoids additional accuracy uncertainty.
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6) Comparison of the Execution Time: In order to further
highlight the superiority of our developed scheme, the execution
time in the STM32 microprocessor is compared between our
scheme and four existing friction-and-load methods that belong
to Type II (i.e., [23], [24], [25], and [26]). Fig. 31 demonstrates
the comparison results. It can be easily observed that the compu-
tational burden of the proposed scheme is not the lowest, but it is
also not the highest. It should be noted that, compared with these
several existing methods belonging to Type II, the advantages
of our scheme are reflected in the following aspects.

1) Itprovides a simpler and more high-efficient technique for

accurate friction modeling via developing a nonempirical
equivalent friction model.
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Fig.33. Experimental results of the simple application case under the constant-
speed condition.

2) It offers a highly competitive load torque identification
scheme and realizes the adaptive load torque identifica-
tion.

3) Identification process does not suffer from the inertia
mismatch.

Hence, we can draw the conclusion that the proposed scheme
has significant superiority while providing a moderate compu-
tational cost.

7) Control Effects Test Based on a Simple Application Case:
Here, a simple application case regarding the suggested scheme
is offered to confirm the potential benefits brought about by
the accurate friction-and-load identification. In this application
case, the identified 77, and T (w,, ) are utilized for feedforward
compensation to enhance the speed control behavior of the
PMSM-drive system against load variations and friction. Under
this condition, the g-axis current command is able to be ex-
pressed as iy =iy, + [T, + T (wm)]/[1.5Pats] [41], where
i, denotes the output of the speed controller. Fig. 32 depicts the
control block diagram of this simple application case.

Here, the control effect test experiments are performed under
both constant- and variable-speed commands. Fig. 33 presents
the experimental results under the constant-speed condition
(note that “W” represents “with feedforward compensation,”
and “W/O” stands for “without feedforward compensation”).
It should be pointed out that, similar to Fig. 26, we do not
give the inertia-identification result under the constant speed

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023

TABLE VI
PERFORMANCE COMPARISON WHEN APPLYING DIFFERENT
LOAD-AND-FRICTION IDENTIFICATION SCHEMES

Indicators
Applied MSE/[rpm] ASE/[rpm] RMSE
schemes in FC
Zhang et al. [9] 425 4.1908 109.1065
Ohnishi et al. [10] 427 4.3087 110.6754
Zuo etal. [15] 419 2.9908 103.9256
Lin [19] 419 3.0971 104.1130
Lee and Tomizuka [24] 413 2.1431 101.3564
The suggested scheme 403 1.2019 98.1428
INote: “FC” stands for “feedforward compensation”.

(refer to the related description regarding Fig. 26 for a detailed
explanation). It can be observed from Fig. 33 that when the
PMSM-drive system encounters the load variation, the actual
speed will generate a significant fluctuation. Fortunately, when
applying the proposed scheme in the feedforward compensation,
the fluctuation will be significantly diminished (Fig. 33 indi-
cates that the amplitude of fluctuation is reduced approximately
381 /min in the case of adding 5-N-m load). Clearly, the drive
system gains a good antidisturbance ability when applying our
scheme.

Fig. 34 shows the experimental results under the variable-
speed condition. In Fig. 34, comparing the positions (i) and
(iv), it can be observed that the actual speed at the position
(iv) is significantly closer to the command speed (we can find
that the corresponding speed error is apparently smaller). Since
the operating conditions corresponding to the positions (i) and
(iv) are both no-load, the obtained 7}, + T (wy,) at this time
is actually the friction torque of the drive system. From this,
it follows that the speed error caused by the friction torque is
suppressed. Comparing the positions (i) and (ii), we can see that
when the load torque is applied to the drive system, the speed-
tracking error is obviously increased, which means that the speed
control performance further deteriorates. Fortunately, the speed-
tracking error can be diminished by activating the feedforward
compensation, which indicates that the friction and load torque
are well counteracted. Additionally, comparing the positions
(iii) and (iv), it can be noticed that in the case of enabling
the feedforward compensation, even if the load changes, the
corresponding speed-tracking error is virtually unaffected. This
experimental phenomenon implies that the adverse effect of load
variation on the speed is restrained in time by the feedforward
compensation. The above phenomena fully demonstrate that
applying the proposed scheme to the feedforward compensation
is clearly able to weaken the influence of friction and load
torque.

Furthermore, based on this simple application case, this
article also evaluates the control effects of applying other
friction-and-load identification schemes (i.e., the five methods
that are previously compared with our scheme, including
[9], [10], [15], [19], and [24]). Note that the experimental
settings are in agreement with those in Fig. 34. The related test
results are summarized in Table VI, where various performance



YANG et al.: ADAPTIVE IDENTIFICATION OF NONLINEAR FRICTION AND LOAD TORQUE FOR PMSM DRIVES VIA A POBN-MC

5895

| 7 WO »ld w »l
- Add 1N.m load A i V=
.m loa Unload
LUWWWUUWWUUUW —¢ I h
S W i NWUWU’WUWWU
== :
ES v i
+ i
S \Wumnmmwwwwwmnmmmm/
1
E? l Zoom-in
£ ] NOONOANOR .
ffg H R
% g — Command
A i — Feedback
= I O 0 0 0 O O OO bbbkt Z 00 me-in
53 T O 0 s
L—;@ i A 1 A A A A -
= LLLLL L L L L L] L L L]
n'S, 1T rrTrrrTrTrTTrTTTTTIT -y rrTrTrTTrTTTITT;e;+’ T
E< i |
&g ! 1
35 ERR; ‘ |
3 1
o 1 H i
5E
i ifittae

time[5.5s/div]

Fig. 34.

indicators, including maximum speed error (MSE), average
speed error (ASE), and RMSE value between the reference
and actual speed, are compared to assess the performance of
applying different friction-and-load estimation methods in the
feedforward compensation. Clearly, we can see that the drive
system attains better speed-tracking ability when applying
the suggested scheme, which benefits from the superior
identification quality of our scheme over other friction-and-load
identification schemes, as pointed out by Fig. 30.

A fairly simple application case concerning the suggested
scheme is reported above. Introducing such a simple application
case aims at further evaluation of the effectiveness and feasibility
of the proposed scheme. It should be pointed out that apart from
disturbance compensation, our scheme can also be applied in
monitoring friction, tuning the speed loop, optimizing advanced
control strategies (such as model predictive and sliding-mode
control), etc. Future work will explore more engineering cases
of the suggested scheme.

V. CONCLUSION

In this work, an adaptive identification scheme with a two-step
mechanism is presented to acquire the nonlinear friction torque
and the unknown load torque online and accurately. The two-step
identification mechanism is derived from the devised POBN-
MC, which is composed of two parts connected together. One
is a parallel-observer-based network formed based on the pro-

posed gain-adaptation ST-LT-SMO and variable-learning-rate
Adaline inertia observer. The other is a model compensation
part constructed using the developed nonempirical equivalent

Experimental results of the simple application case under the variable-speed condition.

friction model. With ingenious designs, the estimation errors of
the inertia and the load torque are both governed to converge to
zero over time. In comparison with the existing friction-and-load
identification techniques, our proposed scheme is capable of
capturing the friction-and-load information in a manner that in-
tegrates both accuracy and simplicity. Additionally, it should be
underscored that our scheme offers newly available techniques
in friction identification, load torque observation, and inertia
estimation. Both simulations and experiments have exhibited
superior performance and a promising application perspective
of the proposed scheme.
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