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Abstract—As universal servos are economical, they are chosen
for most of the industrial applications. However, tuning them ac-
curately poses some challenges. Accurate electrical and mechani-
cal parameters are essential for a model-based high-performance
servo controller design. In motion control, the variation of inertia
is much more significant than that of other parameters. Thus, in-
ertia identification is a key to effective online controller parameter
self-tuning, but most conventional inertia-identification methods
cannot be well applied in some complicated situations, such as
those caused by irregularly and slowly varying speed. Addition-
ally, the traditional control parameter tuning theory displays a
deep understanding of the relationship between controller gain
and inertia, but lacks an analysis of the maximum bandwidth of
the system. In this paper, based on a widely accepted structure
that is composed of inertia identification and online controller self-
tuning, several simple but useful modifications are proposed. First,
to reduce the noise from an encoder quantization error and thus
to improve the accuracy of inertia identification, a motor accelera-
tion calculation method featuring an inconstant period is proposed.
Then, the scope of the application is extended to make it suitable
for position control by redesigning the inertia updating time of
the conventional method. In addition, to guarantee the stability
of servo systems, the upper constraint of the expected maximum
system bandwidth is derived by taking the controller saturation
nonlinearity and hardware capacity into consideration. Finally,
a modified moderate systematic online servo controller parame-
ter self-tuning method via variable-period inertia identification is
presented. The validity, effectiveness, and advantages of proposed
strategies are verified by several experimental results.
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I. INTRODUCTION

NOWADAYS, servo systems are widely used in industrial
manufacture and production. High-performance servo-

driven machines can free people from dangerous, repetitive,
and tedious work, and improve production efficiency signifi-
cantly [1]–[7]. Different industrial applications have different
performance indicators and operation environments, thus, man-
ual testing and commissioning are common processes before
commercial servo motors can work as a part of an automa-
tion system or an assembly line. Since most systems are huge
and equipped with multiple servo motors, the process of tun-
ing the parameters under which they operate is time-consuming
and impedes the use of servos in many circumstances. Hence,
controller design and parameter self-tuning methods in servo
drives have been early and continuing topics of research and
experimentation in both academic and industrial circles.

Commonly, servos can be divided into two categories: custom
and universal. The first type, custom servos, are special-ordered
to meet the requirements of certain equipment or environments
that need ultimate performance or have special indices, such
as surgical machines, military robots, and so forth. In order to
maximize the control effect of these particular systems, com-
monly, the structure and model parameters of the control ob-
jects are predetermined. Moreover, because performance has
priority over economic costs in this situation, expensive but
powerful chips or even workstations can be suitable sites for
the use of high-performance modern control theories (includ-
ing adaptive control, sliding mode control, fuzzy logic control,
nonlinear optimal control, neutral network control, and so on)
[5], [6], [8]–[20]. However, because of the extra design require-
ments of the control rules and factors in most of these advanced
control algorithms, more complex structures, greater compu-
tation burdens, and increased costs are unavoidable compared
to the classic proportion-integration-differentiation (PID) con-
troller and control structure. The other servo type is universal.
In contrast with custom servos, universal servos need to cover
various types of industrial applications (computerized numeri-
cal control machines, industrial manipulators, assembly lines,
and so forth), which means more uncertainties in structure and
model parameters. Rather than seeking ultra-performance, com-
panies prefer to ensure the stability of the entire system and
to get a cost-effective hardware platform. Hence, for universal
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servos, the combination of simple but robust PID controllers
and low-cost microchips is more suitable. In this paper, the uni-
versal servo, which has a larger market share, is the research
focus.

There are two methods for universal servo PID controller self-
tuning—rule-based and model-based. In general, for the rule-
based methods, several indices such as the integral of squared
error, the integral of weighted time absolute error, the overshoot
cost function, and others are predetermined for performance
evaluation [18], [21], [22]. However, this method poses chal-
lenges in terms of setting parameters. Although after training
and learning this method can result in optimal parameters, the
assignment of the indices’ weight, the design of the search-
ing process, and the setting of controllers’ initial values are
additional factors that must be undertaken with care. The time-
domain response-based Ziegler–Nichols parameter-tuning rule
is simple, but its performance is relatively fixed and it cannot
cope with systems having time-varying model parameters. The
second type of servo controller self-tuning is the model-based
method [4], [23]–[27]. In this method, because of the uncertainty
and time-varying problems of the model parameters [28]–[31], a
relatively simplified motor drive model is built and the controller
can calculate the control parameters by itself based on the prede-
termined or observed model state variables. Since, for universal
servos, the electrical parameters of the motor are fixed in most
situations, the current controller can be predetermined. In addi-
tion, inertia is the decisive factor for the design of the outer loop
controllers (the speed controller and the position controller).
Hence, the simpler and more straightforward inertia observer-
based self-tuning controller is preferable in commercial servo
drives, and the accuracy of observed inertia will directly affect
the control performance.

The conventional inertia observation can also be classified
into two groups—offline identification and online identification.
Offline identification is used only in limited circumstances. Be-
cause offline inertia identification is needed to operate the sys-
tem under certain references, this method only can be applied
in the commissioning process and is only suitable for systems
with fixed inertia [4], [23], [24], [32]–[38]. As opposed to the
offline strategy, the online inertia identification can cover more
complicated situations, but these complicated situations bring
their own set of complications. During the operation of servo
systems in real applications, both the moment of inertia and the
load torque are uncertain without preestimation or modeling.
Thus, online inertia observation needs to deal with simultane-
ous changes in torque and inertia. To solve this problem, the
online identification of inertia can be divided into two cate-
gories. The first type is to build up a high-order observer or a
multialgorithm composite structure to achieve real-time inertia
and torque identifications [7], [25], [31], [39]–[41], but the fluc-
tuation of transient-state observation results and the verification
of the asymptotic convergence are still problems that need to
be solved. In response, the second type of algorithm was pro-
posed by Awaya et al. (Mitsubishi Heavy Industries Ltd.) in
1992 [42]. Their main idea is to use the integration method to
counteract the influence that comes from uncertain load torque,
and to periodically update the observed inertia. This method

can identify inertia smoothly and has a stronger antinoise
ability [21], [27], [42]. However, this method is limited because
periodic motor speed and constant or slow-varying load torque
are preconditions for using this method. Based on this classic
method, Kwon et al. [43] deduced a set of derivational formulas
to simultaneously identify the viscous friction coefficient and
inertia. In addition, Li and Liu [14], and Kim et al. [44] added
different controllers or disturbance observers into the conven-
tional structure to achieve better disturbance compensation and
instantaneous speed observations, but the algorithm complexity
was increased as a tradeoff. In this paper, the second type of inte-
gration form of online inertia-identification method is adopted,
because it is simpler and more mature.

Overall, the model-based parameter self-tuning method, dis-
cussed in this paper, comprises two main steps—online inertia
identification and parameter calculation. In general, this struc-
ture still has some shortcomings.

1) The motor speed variation is necessary for inertia identifi-
cation, but a rapid change in motor speed is unacceptable
in systems with high-precision optical measuring equip-
ment and elastic terminal tools (for example, inspection
flow-line for cell phone and lens), or fragile manufacture
objects (wire-drawing machine). In the medium- to low-
end universal servos equipped with the cost-effective en-
coders, the quantization error from the encoder can drown
out the real speed differential information when speed
changes slowly, despite the noise-reduction ability of the
integration method.

2) The periodic speed precondition of the integration inertia
identification is still too strict for normal industrial man-
ufacturing. Most of the times, users’ commands of the
motor angle position and speed are irregular.

3) After inertia identification is finished, according to the
classic linear control theory, the proportional gain of the
position controller is independent of inertia. Meanwhile,
the proportional gain of the speed controller is in a positive
proportion to inertia when the expectation of the controller
bandwidth is fixed. In the condition where load inertia is
large, unboundedly increasing control gain is inadvisable,
but few sources give bandwidth-tuning guidance or dis-
cuss the relationship between a system’s inertia and the
maximum bandwidth.

Thus, a further extension of this method is needed. In this
paper, a brief introduction of the classic inertia-identification
theory and conventional model–based parameter-tuning method
is given at first. Next, considering that any innovation can be
a threat for the stability of commercial servo products, rather
than overthrowing the entire classic algorithmic architecture,
three simple but useful targeted improvement strategies are
proposed. It is worth mentioning that, these three modifica-
tion methods can be used independently. Moreover, the first
and the third one can also be applied to other types of inertia-
identification strategies and model-based parameter self-tuning
methods.

1) An easily implemented variable-period inertia-identifi
cation strategy is proposed to weaken the quantization
error from speed measurement.
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2) Through a combination of the speed zero-cross charac-
teristics in a position mode, the periodic inertia update
condition is redefined to enlarge the application field of
this method.

3) A comprehensive modeling of the relationship between
inertia, control gain, and the maximum bandwidth is fin-
ished. The physical limit constraint, linear control con-
straint, and hardware maximum bandwidth constraint are
derived. Analysis verifies that the maximum bandwidth
is limited by the controller saturation nonlinearity and
hardware capability, and these maximum bandwidth con-
straints are used to fix the expected bandwidth from users
to achieve a moderate control performance.

Experimental results demonstrate that the improved param-
eters self-tuning and inertia-identification strategies are more
widely applicable, more stable, and with stronger antinoise
ability.

II. TRADITIONAL INERTIA-IDENTIFICATION AND CONTROLLER

PARAMETERS SELF-TUNING METHOD

In order to provide a context for analyzing in-depth the residue
problems posed by the conventional model-based controller
self-tuning algorithm, the classic theory of inertia identifica-
tion and a typical parameter calculation method (including the
speed controller and the position controller) are introduced in
this part.

A. Inertia Identification

Inertia identification is the first step in controller parameter
tuning. Its accuracy is directly related to the performance of
the motor drive. Hence, the integration inertia identification is
adopted to get a smooth and highly accurate inertia observa-
tion result. The kinematics equation for the traditional inertia
identification can be given as

Te (t) = Ĵ
dωm (t)
dt

+ ΔJ
dωm (t)
dt

+Bωm (t)

+ TL = Ĵ
dωm (t)
dt

+ T̂r (t) (1)

in which Te is electrical torque, Ĵ is observed inertia, ΔJ is the
observation error of inertia, B is the damping coefficient, and
ωm is the motor speed. TL is the disturbance torque and it is
assumed that it varies slowly. This formula regards those items
related to ΔJ, B, and TL as an equivalent disturbance torque
T̂r (t) [27], [42]–[44].

By multiplying by angular acceleration, dωm/dt, on both
sides of the expression of T̂r (t), (1) can be rewritten as

T̂r (t)
dωm (t)
dt

= ΔJ
(
dωm (t)
dt

)2

+Bωm (t)
dωm (t)
dt

+ TL
dωm (t)
dt

. (2)

Then by integrating both sides of (2), the integration form of
the torque equation can be given as

∫ t2

t1

T̂r (t)
dωm (t)
dt

dt = ΔJ
∫ t2

t1

(
dωm (t)
dt

)2

dt

+B

∫ t2

t1

ωm (t)
dωm (t)
dt

dt+ TL

∫ t2

t1

dωm (t)
dt

dt (3)

where t1 and t2 are the initial time point and the ending time
point of the estimation process, respectively. The second term
and the third term on the right-hand side of (3) can be expressed
as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

B

∫ t2

t1

ωm (t)
dωm (t)
dt

dt =
B

2

(
ωm (t2)

2 − ωm (t1)
2
)

TL

∫ t2

t1

dωm (t)
dt

dt = TL (ωm (t2) − ωm (t1)) .

(4)

By substituting (4) into (3), the inertia estimation error ΔJ
can be identified by

ΔJ =

∫ t2
t1
T̂r (t) dωm (t)

dt dt

∫ t2
t1

(
dωm (t)
dt

)2
dt

− B

2

(
ωm (t2)

2 − ωm (t1)
2
)

∫ t2
t1

(
dωm (t)
dt

)2
dt

− TL
(ωm (t2) − ωm (t1))∫ t2

t1

(
dωm (t)
dt

)2
dt

. (5)

As seen from (5), if the estimation time defined as t2 − t1
is long enough, the denominators on the right-hand side of (5)
are large enough to neglect the second and third terms on the
right-hand side of (5). Thus, the first term by itself is enough
to estimate the inertia error or variation ΔJ. In particular, if the
speeds at t1 and at t2 are the same, the second and the third terms
should be zero. Then the inertia can be estimated only by the
first term without the approximation error. Hence, assuming the
motor speed is periodic and its period is Tp

ωm (t) = ωm (t+ Tp) ,
dωm (t)
dt

�≡ 0. (6)

Because (6) exists, the last two items on the right of (5) can
be calculated as (k ∈ N+)

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

B

2

(
ωm (kTp)

2 − ωm ((k − 1)Tp)
2
)

∫ kTp
(k−1)Tp

(
dωm (t)
dt

)2
dt

= 0

TL
(ωm (kTp) − ωm ((k − 1)Tp))∫ kTp

(k−1)Tp

(
dωm (t)
dt

)2
dt

= 0.

(7)

Finally, by substituting (7) into (5), the classic inertia-
identification recursion formula can be given as

Ĵ (k) = Ĵ (k − 1) + ΔJ = Ĵ (k − 1)

+

∫ kTp
(k−1)Tp

T̂r (t) dωm (t)
dt dt

∫ kTp
(k−1)Tp

(
dωm (t)
dt

)2
dt

. (8)
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Fig. 1. Block diagram of inertia identification.

The block diagram showing inertia identification is given
in Fig. 1. Besides inertia estimation, the entire structure also
includes a simple disturbance observer [14], [42]. The filter
factor is represented by λ.

The convergence proof of this type of inertia identification
is given in references [27], [42], and [44]. Overall, this method
has following four prerequisites:

1) The motor torque constant Kt needs to be accurate.
2) The disturbance torque TL and the inertia J can be uncer-

tain, but should be constant or vary slowly in each period.
3) In order to achieve highly accurate inertia estimation,

the motor angular acceleration dωm/dt should be large
enough to reduce the influence of the measurement error
from the encoder.

4) The velocity command of the servo system needs to be
periodic and the entire system needs to reach a steady state
to guarantee the validity of (6).

To expand the application range of this classic method, we
propose a differential calculation method and a redesigned iner-
tia update condition, which can eliminate or weaken the restric-
tions from the third and fourth prerequisites mentioned above.
A full discussion is given in Section III of this paper.

B. Speed Loop Controller Parameter Self-Tuning

After inertia identification, controller parameter self-tuning
begins with the calculation of the speed-regulator parameters.
Considering that the speed differential noise, which is caused by
cost-effective encoders and communication delays, will affect
the stability of the system, a proportion-integration (PI) con-
troller is used for speed control in this part [4], [26], [27]. Fig. 2
is the block diagram of the speed loop, in which the current loop
is equaled to a torque constantKT . GASR (s) is the transfer func-
tion of the speed controller. ωm ref and ωm represent the speed
reference and the motor speed, respectively. Electrical torque Te

Fig. 2. Block diagram of speed loop system.

is proportional to the current in the direction of the quadrature
direction iq . Te and load torque Tl both impose on the motor
inertia J, thus making speed variation.

The transfer function of the speed controller GASR (s) can be
expressed as

GASR (s) = Ksp

(
1 +

Ksi

s

)
(9)

in which Ksp and Ksi represent proportional and integral gain,
respectively.

According to Fig. 2, the open-loop transfer function of the
speed loop Gso(s) can be given as

Gso (s) =
KTKspKsi

Js2 ·
(

s

Ksi
+ 1

)
. (10)

Setting ω∗
sc as the open-loop cutoff frequency of the speed

loop, ϕsm as the phase margin, and u as the phase margin co-
efficient of the speed loop, the phase margin equations of the
speed loop can be given as⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

|Gso(jω∗
sc)| =

KTKspKsi

√
(ω∗

sc/Ksi)
2 + 1

Jω∗2
sc

= 1

∠Gso(jω∗
sc) = atg

(
ω∗

sc

Ksi

)
− π=atg(u) − π = ϕsm − π.

(11)
Considering that u is much larger than 1 to make the system

stable and reduce overshoot, the item within the square root in
(11) can be regarded as u to simplify the formula. Then, Ksp
and Ksi can be calculated as{

Ksi = ω∗
sc/u

Ksp = Jω∗
sc/KT .

(12)

In order to directly reflect the relationship between the closed-
loop bandwidth and the controller parameters, a further deriva-
tion is needed. The closed-loop transfer function Gsc(s) and
closed-loop cutoff frequency of the speed loop ωsc can be
given as⎧⎪⎨

⎪⎩
Gsc (s) =

KTKsps+KT KspKsi

Js2 +KT Ksps+KT KspKsi

|Gsc (jωsc)| = 1/
√

2.
(13)

Substituting (12) into (13) yields

ωsc = ω∗
sc

√
(1 + 2/u) +

√
8/u2 + 4/u+ 1
2

= ω∗
scufix (14)

in which ufix is the proportional coefficient between ωsc
and ω∗

sc .
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Fig. 3. Block diagram of position loop system.

By substituting (14) into (12), the equations of the speed
controller parameters self-tuning can be given as{

Ksi = ωsc/(uufix)
Ksp = Jωsc/(KT ufix) .

(15)

Setting TASR as the sampling period of the speed loop,Ksidis
and Kspdis are the integral and proportional gain of the speed
controller in the z-domain. Applying the Tustin transformation
to discretize (15) and make the formula form to match with (9),
the equations of speed controller parameters self-tuning can be
rewritten as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ksidis =
2KsiTASR

2 −KsiTASR
=

2ωscTASR

2uufix − ωscTASR

Kspdis = Ksp − KspKsiTASR

2
=

Jωsc

KT ufix
− Jω2

scTASR

2KT uu2
fix
.

(16)

C. Position Loop Controller Parameter Self-Tuning

Based on a speed regulator with good performance, position
loop parameter tuning can be calculated. Fig. 3 is the block dia-
gram of the position loop system. In order to simplify the opera-
tion, the inner loopGsc(s) with higher bandwidth is represented
by 1. Kpp represents the proportional gain of the position con-
troller. θref is the position reference and θ is the motor position.
It should be noted that because a rational trajectory plan is a
precondition for the performance of feedforward control, a dis-
continuous and mutated feedforward signal may lead to system
vibration. However, because trajectory planning is not the focus
of this paper, feedforward control is not used to simplify the
algorithm.

The open-loop transfer function of system Gpo(s) in Fig. 3
can be given as

Gpo(s) = Kpp/s. (17)

Similar to the derivation of the speed loop, setting ω∗
pc as

the open-loop cutoff frequency of the position loop, the phase
margin equations of the position loop can be given as⎧⎪⎪⎨

⎪⎪⎩

∣∣Gpo(jω∗
pc)

∣∣ =
Kpp

ω∗
pc

= 1

∠Gpo(jω∗
pc) = −π

2
.

(18)

Because the closed-loop cutoff frequency ωpc is equal to ω∗
pc

for the integration function (17), Kpp can be calculated as

Kpp = ωpc . (19)

Setting TAPR as the sampling period of the position loop,
Kppdis is the proportional gain of the position controller in
the z-domain. Because no s exists in (19), the equation of the
position controller parameter self-tuning in discrete domain can
be expressed as

Kppdis = ωpc . (20)

III. PROPOSED VARIABLE-PERIOD INERTIA-IDENTIFICATION

STRATEGY

According to the analyses in Section II, a filter and the integra-
tion process are used in the conventional inertia-identification
algorithm to get rid of the noise in the feedback signal, but it is
still not enough. When the motor speed changes slowly, espe-
cially in those systems equipped with cost-effective encoders or
which have relatively high sampling frequency, actual accelera-
tion information will be submerged by quantization errors from
the encoder. In addition, prerequisite (6) of the integration iner-
tia identification method that “the command of the system needs
to be periodic” is too strict for real industrial applications. In
this part, a variable-period speed difference strategy and a redef-
inition mode of inertia update (in other words, variable-period
inertia update) are proposed to cope with these two residual
problems mentioned above.

A. Speed Differential Noise Analysis and Variable-Period
Strategy

Rather than using a filter to deal with the existing noise,
avoiding the generation of noise can be more effective. Hence,
the analysis in this part is focused on finding a new accelera-
tion calculation method to provide a cleaner input for inertia
identification. Most conventional speed differential-based state
value observers have fixed operation intervals (sampling peri-
ods). However, when the calculation period is fixed, the accel-
eration measurement error caused by the encoder is inversely
related to the magnitude of the absolute value of the acceler-
ation. Thus, it is difficult to estimate acceleration when speed
changes slowly. In this section, a model for calculating speed
differential noise is introduced, and then an easily implemented
variable-period structure for quantization error reduction is pro-
posed. Although this variable-period strategy is designed for
the inertia identification in this paper, it is also suitable for other
situations where speed differential calculation is needed.

In order to symbolically describe the influence of encoder
quantization error, a following direct inertia calculation includ-
ing speed noise is used for further analysis:

J =
KtiqTs

ωm (k) − ωm (k − 1) + Δω
(21)

in which, Δω is the noise in the speed feedback signal, and Ts
is the calculation period.

Assuming the system is equipped with N impulses/revolution
encoders and the M method is used to acquire the motor speed,
the minimum speed measurement resolution can be expressed as

E =
2π

NTASR
. (22)
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Fig. 4. Comparison of acceleration calculation results.

The maximum inertia-identification percentage error
ΔJωmax can be calculated as (assuming |ωm (k) − ωm (k −
1)| > E)

ΔJω max = max

{∣∣∣∣∣
Kt iq Ts

ωm (k)−ωm (k−1) − Kt iq Ts
ωm (k)−ωm (k−1)±E

Kt iq Ts
ωm (k)−ωm (k−1)

∣∣∣∣∣
}

= max
{∣∣∣∣1 − dωm/dt

dωm/dt+ E/Ts

∣∣∣∣ ,
∣∣∣∣1 − dωm/dt

dωm/dt− E/Ts

∣∣∣∣
}
.

(23)

The minimum acceleration to meet the predetermined
ΔJωmax can be calculated as∣∣∣∣dωmdt

∣∣∣∣
min

≥ max
{

(1 − ΔJω max)E
ΔJω maxTs

,
(1 + ΔJω max)E

ΔJω maxTs

}

=
(1 + ΔJω max)E

ΔJω maxTs
=

2π (1 + ΔJω max)
ΔJω maxNTsTASR

. (24)

According to (24), the minimum acceleration is inversely
proportional to the calculation period Ts . Thus, adjustment of
Ts based on the actual acceleration of the system can expand
the application range of inertia identification. Multiplying both
sides of (24) by Ts , then, the calculation period criterion of the
variable-period inertia-identification strategy can be given as

|ωm (k) − ωm (k − i)|min ≥ 2π (1 + ΔJω max)
ΔJω maxNTASR

. (25)

Thus, the variable-period acceleration input of inertia identi-
fication can be given as

dωm
dt

=
ωm (k) − ωm (k − i)

iTs
(26)

in which i is the first time the speed differential result meets the
requirement of (25).

The acceleration calculation results of the fixed period
strategy and the variable-period strategy when acceleration
is slower than minimum speed measurement resolution are
shown in Fig. 4. Black hollow circles “O” represent mea-
sured speed. Red lines (line “F1,” “F2,” and “F3”) show three
types of acceleration results with fixed calculation periods.
Blue lines (line “V1,” “V2,” and “V3”) indicate three types
of acceleration results from variable calculation periods. The
longest black line “R1” represents the real acceleration. Results
show that, when the calculation period is fixed, because only

Fig. 5. Position mode periodic inertia update condition redefinition.

three kinds of potential acceleration results exist, the measured
accelerations are far from the actual result. Conversely, with the
addition of the calculation period criterion (25) and the increase
of the speed differential threshold, the acceleration estimation
error can be reduced significantly.

Because the calculation period is changed, the iq input is also
needed to be modified as

iq=
k∑

n=k−i+1

iq (n)/i. (27)

To sum up, the noise model that is built in this part is used to
analyze the proportion of the encoder quantization error in the
received acceleration signal. Based on this model, the calcula-
tion period criterion of the variable-period inertia-identification
strategy (25) is just a simplified guide for choosing the speed
differential threshold from the perspective of signal process-
ing. Rather than filters, this method can achieve noise reduction
simply, without increasing the signal phase lag that occurs when
speed varies quickly. In addition, considering that working at a
constant speed is also possible for a motor, a time threshold
Tlim is set up. If waiting time is larger than Tlim , this algorithm
will skip condition (25) and calculate motor acceleration from
acquired data.

B. Periodic Inertia Update Condition Redefinition

The prerequisite of traditional inertia identification is that
motor speed should be periodic. However, this condition cannot
be satisfied in most industrial applications. Thus, to make this
kind of inertia-identification strategy more applicable, a modi-
fication of precondition (6) is needed. Most servo systems work
in position-regulation mode. In contrast with speed mode, re-
ciprocating motion and frequent start–stop movement are more
common in position control. Thus, zero-speed or zero-cross
point appears frequently in these systems. Hence, changing the
calculation condition of (8) from fixed period to “speed equal
to zero” is a better choice in position regulation, which can then
be expressed as

ωm (k) = ωm (k − i∗) = 0,
dωm
dt

�≡ 0 (28)

in which i∗ is the last time the speed was equal to zero.
Fig. 5 is the sketch of the redefined inertia update mode.

Although the update period is variable, the new condition (28)
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Fig. 6. Additional judging condition states of position mode periodic inertia
update condition redefinition.

can also guarantee the validity of (7) as well as the old condition
(6). Moreover, compared with (6), (28) has a larger application
range in servo position regulation.

However, this condition is still not sufficiently comprehen-
sive. The range of speed variation and the length of the integra-
tion period are closely related to identification precision, and the
data register will possibly overflow if the integration time is too
long. Thus, four additional judging condition states are added.

State I: Preset a speed threshold ωmth and count the past
time in State I. If motor speed is larger than ωmth ,
move to State II. ωmth can guarantee that the varia-
tion range of speed is wide enough for inertia iden-
tification; if the value in the time register is larger
than the maximum time threshold Tmax , clear up
the time register and move to State IV. The setup of
Tmax can avoid the spill of the integration and the
time register.

State II: Count the past time in State II. If the value in time
register T is larger than the time thresholdTth , move
to State III and clear up the time register. Tth can
guarantee the calculation period is long enough for
inertia identification.

State III: Count the past time in State III. If the zero speed or
zero-cross speed appears, update observed inertia,
clear up the time register, and move back to State
I; if the value in the time register is larger than the
maximum time threshold Tmax , clear up the time
register and move to State IV.

State IV: Wait until the first time that a new zero speed or
zero-cross speed appears. Move back to State I.

The state transition diagram of additional judging conditions
is shown in Fig. 6.

Overall, the variable-period strategy and the modified update
condition can expand the application range of the conventional
inertia identification and make this classic algorithm work ac-
curately.

IV. CONSTRAINT ANALYSIS OF EXPECTED CONTROLLER

MAXIMUM BANDWIDTH

Using the variable-period strategy, a better inertia-
identification performance can be achieved. The next step is

to obtain suitable controller parameters based on the observed
inertia. Although the relationship between inertia and control
gain without saturation and limitation has been described by
classic parameter-tuning formulas (15) and (19), the expected
system bandwidth ωsc and ωpc , as important users’ input values,
still lack a setting standard or at least tuning guidance. In fact,
there is an inseparable relationship between moment inertia and
the maximum bandwidth of a system, and the upper boundary
of expected system bandwidth still needs further discussion. In
this part, to avoid the unlimited increase of controller gain and to
drive the servo motor stably, four constraint models, including
the physical limit constraint of the speed loop bandwidth, the lin-
ear control constraint of the speed loop bandwidth, the physical
limit constraint of the position loop bandwidth, and the hard-
ware maximum bandwidth are determined by taking the inertia,
controller saturation, and hardware capacity into consideration.

A. Physical Limit Constraint of the Speed Loop Bandwidth

The physical relationship between Te , acceleration dωm/dt
and iq can be expressed as (without load torque)

Te = KT iq = J
dωm
dt

. (29)

Assuming there is a sinusoidal speed reference, and its fre-
quency is ω, and its amplitude is x1Astd (where Astd is the
nominal speed of the motor, and x1 is the amplitude factor), this
reference can be given as

ωm ref = x1Astdsin (ωt) . (30)

Substituting (30) into (29), and taking the amplitude attenu-
ation in (13) into consideration, the physical limit constraint of
the speed loop bandwidth can be calculated as

ωsc =
√

2KT

x1AstdJ
iq ≤

√
2KT

x1AstdJ
iq max (31)

in which iqmax is the output limit of the speed controller. An
ωsc which does not satisfy (31) is unreachable due to saturation
nonlinearity.

B. Linear Control Constraint of Speed Loop Bandwidth

Assuming that the motor speed feedback ωm from the speed
reference (30) is expressed as follows (where x2 is the amplitude
attenuation factor, 0 < x1 < x2 , θd is the angle delay)

ωm = x2Astd sin (ωt+ θd) . (32)

Then, according to (30) and (32), the input of the speed con-
troller Δωm can be expressed as

Δωm = ωm ref − ωmfbk = x1Astdsin (ωt)

− x2Astdsin (ωt+ θd) . (33)

In the condition of (33), the maximum input Δωmax can be
calculated as

Δωm max =
√

(x1Astd)2 + (x2Astd)2 − 2x1x2A2
stdcos θd.

(34)
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Fig. 7. Structure of improved controller parameter self-tuning via inertia identification.

The maximum output of the speed controller (ignoring the
influence from Ksidis) can be given as

KspdisΔωm max = iq ≤ iq max . (35)

By substituting (16) and (34) into (35), and ignoring the influ-
ence from the smaller items that include TASR , the linear control
constraint of the speed loop bandwidth can be calculated as

ωsc ≤ iq maxufixKT

J
√

(x1Astd)2 + (x2Astd)2 − 2x1x2A2
stdcos θd

(36)

in which x2 and θd are selected by a variety of methods. There
are two types of combinations for reference. The first one is x2
= x1 and θd = −π, which can guarantee that the speed loop is
never saturated in the stable state. Another one is x2 = 0.707x1
and θd = −π/2. In this condition, a stable system can work in
a linear state within expected bandwidth. Because the first one
is too strict, the second type is used in this paper.

C. Physical Limit Constraint of Position Loop Bandwidth

In most servo systems, trajectory planning exists to avoid
the saturation of the position loop. Thus, the output limit of the
position loop is ignored in this part. The physical relation among
d2θ/dt2 and iq can be expressed as

KT iq = J
d2θ

dt2
. (37)

Similar to the analysis of the speed loop, assuming there is
a sinusoidal position reference, and its frequency is ω while
amplitude is x3 , the position reference can be given as

θref = x3 sin (ωt) . (38)

Substituting (38) into (37), and taking the amplitude attenu-
ation of ωpc into consideration, the physical limit constraint of
the position loop bandwidth can be calculated as

ωpc =
√√

2KT iq/(x3J) ≤
√√

2KT iq max/(x3J). (39)

D. Hardware Maximum Bandwidth

In fact, the physical limit constraint also exists in the cur-
rent loop. This constraint comes from the hardware capacity.
For surface permanent magnet synchronous motors, the relation
among bus voltage udc , phase resistance R, the number of poles
p, the flux linkage of the magnet ψf , and phase inductance L
without overmodulation can be given as

√
3udc

3
= Riq + L

diq
dt

+ pωmψf . (40)

Assuming there is a sinusoidal current in the q-axis, and its
frequency is ω and amplitude is iqmax , then making a conser-
vative estimate, the physical limit constraint of the current loop
following performance can be calculated as

ω =
√

3udc/3 −Riq maxsin (ωt) − pωmψf
Liq maxcos (ωt)

⇒ ω ≤
√

3udc − 3Riq max − 3pAstdψf
3Liq max

. (41)

Equation (41) is the hardware maximum unsaturation band-
width of the position and speed loops. Keeping the expected
system bandwidth within this range can guarantee that the sys-
tem has the possibility to work in the linear control state in most
operating conditions (|ωm | < |Astd |).

In order to reduce the online computation burden, we set q1 ,
q2 , q3 , q4 as pretreatment coefficients. They can be given as

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

q1 =
√

2KT iqmax/(x1Astd)

q2 = iq maxufixKT /√
(x1Astd)2 + (x2Astd)2 − 2x1x2A2

stdcos θd
q3 =

√
2KT iq max/x3

q4 =
(√

3udc − 3Riq max − 3pAstdψf
)
/(3Liq max) .

(42)
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Fig. 8. Experimental setup. (a) Platform. (b) Multiaxis controller. (c) Inertia
disks.

TABLE I
MAIN PARAMETERS OF THE SERVO DRIVE SYSTEM

Then, the upper limits of the expected closed-loop bandwidth
of the speed and position controllers can be expressed as⎧⎨

⎩
ωsc ≤ min {q1/J, q2/J, q4}
ωpc ≤ min

{√
q3/J, ωsc

}
.

(43)

To sum up, since the controller’s output saturation has not
been considered by the conventional controller parameter tun-
ing, actually, (43) is a kind of compromise to ensure the normal
operation of the system (as it works in a linear state) under
different applications (in which the inertia of the system can be
changed over a large range). Moreover, because commercial uni-
versal servos have variable applications, the delay of the system
caused by discrete control, mechanical damping, communica-
tion, and measurement is usually hard to accurately model in

TABLE II
MAIN PARAMETERS OF THE CONTROLLER

advance. Thus, the real phase margin of the system cannot be
described by the conventional simplified model, and systems
still have the possibility to be unstable when controller gain is
too large. In this situation, a suitable maximum bandwidth con-
straint can be helpful to make systems work in a moderate state.
The boundary factors x1 and x3 can be selected based on the
determined hardware maximum bandwidth or by implementing
several simple offline tests in certain applications.

Finally, by utilizing a variable-period strategy and adding
maximum bandwidth constraint, two main parts of the controller
parameter self-tuning method, inertia identification and param-
eter calculation, have been modified. The structure of the im-
proved controller parameter self-tuning via inertia identification
can be shown in Fig. 7, and the proposed three improvements
are highlighted in blue.

V. EXPERIMENTAL RESULTS

The experiment platform is shown in Fig. 8. Two TAMA-
GAWA TS4614N7680 servo motors are used as the driver and
the load, respectively. In addition, two different inertia disks
are used to adjust the total inertia of the platform. The inertia
identification and controller parameter self-tuning algorithm in
Fig. 7 are built into the multiaxis controller.

The control chip of the multiaxis controller is a Xil-
inx Zynq series system on chip (SoC), which integrates ad-
vanced reduced instruction set computer machines (ARM, two
Cortex-A9s but only one is used) and a field-programmable gate
array (FPGA) into one chip. The FPGA is responsible for the
current control and one ARM is used to deal with the posi-
tion and speed regulation. In addition, to record experimental
data, the random access memory of the Zynq was extended
to 1 GB by adding an external memory chip. The control of
both the drive motor and the load motor is handled by a single
controller. The detailed parameters of the servo drive system
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Fig. 9. Comparison of inertia-identification results under different situations and accelerations, in which the blue line represents the fixed-period method and the
purple line represents the proposed variable-period method. (a) |dωm /dt| = 105.72 rad/s2 = 1000 r/min/s. (b) |dωm /dt| = 1570.80 rad/s2 = 15 000 r/min/s.
(c) ωm ref = 1000 r/min × sin(πt). (d) ωm ref = 3000 r/min × sin(2πt). (e) 1000 r/min step. (f) 3000 r/min step, with a 2.39 N·m switching load.
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are presented in Table I, and the main parameters of the pro-
posed algorithm are listed in Table II. As reference values, the
load inertia I J1 and II J2 are measured by high-precision of-
fline inertia identification. Additionally, taking the antiwindup
of the PI controllers into consideration, the incremental struc-
ture is used in the current controller while the integration-
weakening PI regulation strategy is applied in the speed
controller.

A. Variable Calculation Period Strategy

Three types of speed references including triangle, sine, and
step are used to verify the noise-reduction performance of the
variable-period speed differential strategy. Sets of typical re-
sults are shown in Fig. 9. Motor speed ωm , electrical torque
Te , acceleration dωm/dt, equivalent disturbance torque T̂r (t),
and observed inertia Ĵ are recorded. The classic fixed-period
method and the proposed variable-period method are running
simultaneously, while the system is tracking speed reference (in
this experiment, the speed controller is roughly manually ad-
justed). The factor λ–related low-pass filter cutoff frequency of
both methods is 200 Hz. Except for ωm and Te , the blue lines
of other data represent the fixed-period method, while the pur-
ple lines represent the variable-period method. Fig. 9(a) and (b)
shows results under the triangular speed reference, but |dωm/dt|
of Fig. 9(a) is lower than that of (b). Experimental results show
that, although the inertia-identification accuracy of the fixed-
period method decreases with the slowing of the acceleration,
the proposed variable-period strategy can still generate a high-
precision inertia result when speed changes slowly. Fig. 9(c)
and (d) shows results both under the sinusoidal speed refer-
ence. Similar to Fig. 9(a) and (b), the proposed variable-period
method has better performance under slow acceleration. Fig.
9(e) and (f) proves both methods are still useful under square
wave speed, in which the speed variation time is relatively short.
In addition, a constant 2.39 N·m load is added by a load-side
motor in the 6 s of Fig. 9(f). Although this disturbance causes
a slight fluctuation of observed inertia, the estimation result is
ultimately restored to the exact value.

In order to visually reflect the advantage of the variable-period
strategy, an experimental results summary (not only the data in
Fig. 9, but also other remaining experimental results) showing
the relationship between inertia-identification error and acceler-
ation is made in Fig. 10. Because of the existence of the low-pass
filter in the speed measurement and disturbance observer, and
because the constraint (23) is a maximum error function, the
theoretical error bound is higher than the experimental fixed-
period inertia-identification error, but they have the same ten-
dency. Compared with the fixed-period method, the proposed
variable-period speed differential calculation method has better
noise-reduction capacity and can achieve higher precise inertia
estimation in low acceleration situations.

B. Redesigned Periodic Inertia Update Condition

The comparison of inertia-identification results with different
modes and references is shown in Fig. 11. The inertia update

Fig. 10. Relationship between inertia-identification error and acceleration.

Fig. 11. Comparison of inertia-identification results with different modes and
references, in which the blue line represents fixed-period method and the purple
line represents proposed variable-period method. (a) Chirp speed reference.
(b) Irregular position reference.
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period of the conventional method is set as 1 s, and a 2.39 N·m
load is added in the 6th second. Both speed and position control
modes are used to test the performance of the proposed zero
or zero-cross inertia update condition. Moreover, the additional
judging condition state of the proposed method is also recorded.
Fig. 11(a) and (b) shows the inertia-identification results of dif-
ferent methods under chirp speed reference and irregular posi-
tion reference. Because the period of the speed command is not
fixed, the precondition (6) of the traditional method with a fixed
inertia update period is not valid anymore. Thus, the observed
inertia from the conventional method varies over a wide range.
On other hand, owing to the redesigned self-adaptive inertia up-
date condition, the proposed method has more stable and better
identification performance.

C. Inertia Identification-Based Controller Self-Tuning Method
With Maximum Expected Bandwidth Constraints

According to the analysis in Section IV and the predetermined
parameters in Table II, the bandwidth constraints are shown in
Fig. 12 (where Jx is the load inertia). In order to best guarantee
that the system works in the linear state and avoid the unlimited
increase of controller gain, these constraints are used to modify
the expected bandwidth under different types of load inertia.

As an example, Fig. 13 is the system performance under
speed mode and position mode after parameter tuning but with-
out maximum bandwidth. Since the gain of the controller is too
large, severe speed oscillation and position vibration appear.
Thus, the maximum expected bandwidth constraint is neces-
sary. When the maximum bandwidth constraint is adopted, the
system can evaluate the validity of the users’ input based on the
observed inertia, and use the upper limitation to fix the expected
bandwidth.

The online parameter self-tuning performances with the max-
imum bandwidth constraint under speed- (with square wave ref-
erence and triangular reference) and position-regulation mode
are shown in Figs. 14–Fig. 16, respectively. Two types of load
inertia, inertia I and inertia II, are tested to verify the perfor-
mance of the proposed algorithm. In order to make the tuning
process smoother, a simple filter is added before the inertia-
identification output. The output inertia is the average value of
the last used inertia and the newly acquired estimated inertia.

Ju (k) = (Ju (k − 1) + Jo (k)) /2, Ju (0) = Jo (0) = Jm
(44)

in which Ju is the used inertia for controller parameter self-
tuning, Jo is the observed inertia, and Jm is the inertia of motor
itself.

In Fig. 14(a) and (b), the overshoot of the motor speed de-
creases from 177 r/min to 29 r/min and from 157 r/min to
42 r/min, respectively. Moreover, in Fig. 15(a) and (b), the dis-
tortion of motor speed response under triangular speed reference
is also decreased after parameter modification. Therefore, if zero
speed or zero-cross speed exists, the proposed online controller
parameter self-tuning method does not require that the system
work in a certain mode or with predetermined reference (such
as a step signal). Furthermore, in Fig. 16(a) and (b), when the
system works in the position mode, in accordance with the

Fig. 12. Maximum expected bandwidth constraints.

Fig. 13. Parameter self-tuning performance without maximum bandwidth
constraints in the system with inertia I. (a) ωsc = 200 Hz. (b) ωp c = 40 Hz.

process of inertia identification and parameter self-tuning, not
only do the unacceptable overshoots of the position feedback
(14 4579 pulses and 45 612 pulses) disappear, but the oscilla-
tion and vibration phenomena in the start-up and stop stage also
have been suppressed successfully. In addition, the online in-
ertia identification is still working steadily, and highly accurate
inertia observation results are obtained (|ΔJ| < 6%) under both
the speed- and position-regulation modes. As for stability, it is
worth mentioning that, in contrast with the severe speed oscil-
lation and position vibration in Fig. 13, the damped oscillation
of speed and the overshoot of position in Figs. 14–Fig. 16 are
caused by the mismatch of the initial inertia and actual inertia.
In detail, the speed controller gain is very small and the position
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Fig. 14. Online parameter self-tuning performance with maximum bandwidth constraint under square-wave speed reference. (a) System with Inertia I. (b) System
with Inertia II.

Fig. 15. Online parameter self-tuning performance with maximum bandwidth constraint under triangular speed reference. (a) System with Inertia I. (b) System
with Inertia II.
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Fig. 16. Online parameter self-tuning performance with maximum bandwidth constraint under position mode. (a) System with Inertia I. (b) System with
Inertia II.

Fig. 17. Controller performance of the classic Ziegler−Nichols method and tuning result of the proposed method. (a) System with Inertia I. (b) System with
Inertia II.

controller gain is relatively large, but the entire system is still in
a stable state owing to the existence of the maximum bandwidth
constraints (users’ unreasonable expected system bandwidth in-
put can be self-corrected). Moreover, if the first and the second
prerequisites of this inertia estimation method are still valid, in
Figs. 14–Fig. 16, although the system does not reach the steady
state at the beginning of the controller parameter self-tuning
process (overshoot and oscillation exist), the observed inertia
results, which are shown by the green dotted lines, are still

relatively accurate. The filter (44) between the observed inertia
and the input inertia for parameter self-tuning is used to reduce
the influence of the controller output mutation caused by the
controller parameter adjustment.

Finally, a set of comparison results (PI controller, speed mode)
between tuning results of the widely used Ziegler–Nichols
method and the proposed method are shown in Fig. 17. It
can be seen that the controller tuned by the proposed method
has smaller overshoot and lacks damped oscillation. When a
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2.39 N·m (nominal torque) switching load is added, although
the speed drop and recovery time of the Ziegler–Nichols method
are relatively smaller, the performance of the proposed method
is smoother and vibrationless (both motor speed and torque re-
sponse).

To sum up, because of the maximum bandwidth constraint,
the online controller parameter self-tuning method in this paper
can avoid the frequent saturation of the controller and keep the
system work smoothly in most normal situations. Although the
tuning result might be not optimal or slightly conservative, it
can provide reference or initial values for further modification
by manual setting or rule-based controller parameter tuning.
In particular, the proposed variable-period inertia-identification
method can be applied more successfully in those reciprocating
motion situations with lower angular acceleration. Additionally,
if the entire system is stable and the first and the second pre-
requisites of this inertia estimation method are still valid (it is
also one of the reasons to use a slightly conservative parameter
self-tuning strategy with the maximum bandwidth), although
the system does not reach the steady state or track the velocity
command well, the improved method still can obtain a relatively
highly accurate inertia estimation result by adaptively judging
the timing for the inertia update.

VI. CONCLUSION

In this paper, based on the detailed analysis of the conven-
tional inertia-identification and model-based controller param-
eter self-tuning methods, three targeted modified strategies are
proposed. First, a variable-period speed differential calculation
strategy is presented to reduce the measurement noise caused
by the encoder-quantization error. Then, a zero or zero-cross
speed condition is adopted to replace the traditional fixed pe-
riodic inertia update mode. In addition, several judging states
are added to guarantee the inertia-identification accuracy and
avoid registry overflows. Owing to the variable-period structure
of both the speed differential calculation and the inertia update,
the improved inertia-identification method can work stably and
precisely in more complex and demanding patterns. As for the
controller parameter self-tuning method, in order to acquire a
suitable upper limit of expected controller bandwidth under dif-
ferent inertia, a maximum bandwidth model is built by taking
constraints from controller saturation nonlinearity and hardware
capacity into consideration. The effectiveness and merits of the
modified algorithm are verified in different types of experi-
ments and data analyses. Mechanical friction identification and
compensation, and combining the model-based and rule-based
controller self-tuning method for better control performance are
the future research emphases.
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[18] D. Martãn, B. Caballero, and R. Haber, “Optimal tuning of a networked
linear controller using a multi-objective genetic algorithm. Application
to a complex electromechanical process,” in Proc. Int. Conf. Innovative
Comput. Inf. Control., 2008, p. 91, doi: 10.1109/ICICIC.2008.407.

[19] S. Dasgupta, S. N. Mohan, S. K. Sahoo, and S. K. Panda, “Lyapunov
function-based current controller to control active and reactive power
flow from a renewable energy source to a generalized three-phase mi-
crogrid system,” IEEE Trans. Ind. Electron., vol. 60, no. 2, pp. 799–813,
Feb. 2013.

[20] P. J. Serkies and K. Szabat, “Application of the MPC to the posi-
tion control of the two-mass drive system,” IEEE Trans. Ind. Electron.,
vol. 60, no. 9, pp. 3679–3688, Sep. 2013.

[21] C. Hsu and Y. Lai, “Novel online optimal bandwidth search and autotuning
techniques for servo motor drives,” IEEE Trans. Ind. Appl., vol. 53, no. 4,
pp. 3635–3642, Jul./Aug. 2017.

[22] M. Tursini, F. Parasiliti, and D. Zhang, “Real-time gain tuning of PI
controllers for high-performance PMSM drives,” IEEE Trans. Ind. Appl.,
vol. 38, no. 4, pp. 1018–1026, Jul./Aug. 2002.

[23] K. Liu and Z. Zhu, “Fast determination of moment of inertia of permanent
magnet synchronous machine drives for design of speed loop regula-
tor,” IEEE Trans. Control Syst. Technol., vol. 25, no. 5, pp. 1816–1824,
Sep. 2017.

[24] Y. Lai and M. Ho, “Self-commissioning technique for high bandwidth
servo motor drives,” in Proc. Energy Convers. Congr. Expo., 2017,
pp. 342–349.

https://dx.doi.org/10.1109/ICICIC.2008.407


12180 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 12, DECEMBER 2019

[25] L. Niu, D. Xu, M. Yang, X. Gui, and Z. Liu, “On-line inertia identification
algorithm for PI parameters optimization in speed loop,” IEEE Trans.
Power Electron., vol. 30, no. 2, pp. 849–859, Feb. 2015.

[26] A. Lidozzi, V. Serrao, L. Solero, F. Crescimbini, and A. D. Napoli, “Direct
tuning strategy for PMSM drives,” in Proc. IEEE Ind. Appl. Soc. Annu.
Meeting, 2008, pp. 1–7.

[27] S.-K. Sul, Control of Electric Machine Drive Systems, Hoboken, NJ, USA:
Wiley, 2010.

[28] Y. Feng, X. Yu, and F. Han, “High-order terminal sliding-mode observer
for parameter estimation of a permanent-magnet synchronous motor,”
IEEE Trans. Ind. Electron., vol. 60, no. 10, pp. 4272–4280, Oct. 2013.

[29] S. Tafazoli, P. D. Lawrence, and S. E. Salcudean, “Identification of inertial
and friction parameters for excavator arms,” IEEE Trans. Robot. Automat.,
vol. 15, no. 5, pp. 966–971, Oct. 1999.

[30] W. Xie, “Sliding-mode-observer-based adaptive control for servo actuator
with friction,” IEEE Trans. Ind. Electron., vol. 54, no. 3, pp. 1517–1527,
Jun. 2007.

[31] Y. Tan, J. Chang, and H. Tan, “Adaptive backstepping control and friction
compensation for ac servo with inertia and load uncertainties,” IEEE Trans.
Ind. Electron., vol. 50, no. 5, pp. 944–952, Oct. 2003.

[32] X. Zhang and Z. Li, “Sliding-mode observer-based mechanical parameter
estimation for permanent magnet synchronous motor,” IEEE Trans. Power
Electron., vol. 31, no. 8, pp. 5732–5745, Aug. 2016.

[33] K. Liu and Z. Q. Zhu, “Mechanical parameter estimation of permanent
magnet synchronous machines with aiding from estimation of rotor PM
flux linkage,” IEEE Trans. Ind. Appl., vol. 51, no. 4, pp. 3115–3125,
Jul/Aug. 2015.

[34] F. Andoh, “Inertia identification method based on the product of the in-
tegral of torque reference input and motor speed,” in Proc. Int. Coun-
cil Commercial Arbitration, 2008, pp. 1151–1158.

[35] M. Calvini, M. Carpita, A. Formentini, and M. Marchesoni, “PSO-based
self-commissioning of electrical motor drives,” IEEE Trans. Ind. Electron.,
vol. 62, no. 2, pp. 768–776, Feb. 2015.

[36] Z. Liu, H. Wei, X. Li, K. Liu, and Q. Zhong, “Global identification
of electrical and mechanical parameters in PMSM drive based on dy-
namic self-learning PSO,” IEEE Trans. Power Electron., vol. 33, no. 2,
pp. 10858–10871, Dec. 2018.

[37] R. Garrido and A. Concha, “Inertia and friction estimation of a velocity-
controlled servo using position measurements,” IEEE Trans. Ind. Elec-
tron., vol. 61, no. 9, pp. 4759–4770, Sep. 2014.

[38] F. Andoh, “Moment of inertia identification using the time average of the
product of torque reference input and motor position,” IEEE Trans. Power
Electron., vol. 22, no. 6, pp. 2534–2542, Nov. 2007.

[39] Y. Yu, Z. Mi, X. Guo, Y. Xu, and T. Zhao, “Low speed control and
implementation of permanent magnet synchronous motor for mechanical
elastic energy storage device with simultaneous variations of inertia and
torque,” IET Electr. Power Appl., vol. 10, no. 3, pp. 172–180, Mar. 2016.

[40] K. Lee and F. Blaabjerg, “Robust and stable disturbance observer of servo
system for low-speed operation,” IEEE Trans. Ind. Appl., vol. 43, no. 3,
pp. 627–635, May/Jun. 2007.

[41] S. Yang and Y. Deng, “Observer-based inertial identification for auto-
tuning servo motor drives,” in Proc. IEEE Ind. Appl. Soc. Annu. Meeting,
2005, pp. 968–972.

[42] I. Awaya, Y. Kato, I. Miyake, and M. Ito, “New motion control with
inertia identification function using disturbance observer,” in Proc. IEEE
Ind. Appl. Soc. Annu. Meeting, 1992, pp. 77–81.

[43] T. Kwon, S. Sul, H. Nakamura, and K. Tsuruta, “Identification of the
mechanical parameters for servo drive,” in Proc. IEEE Ind. Appl. Soc.
Annu. Meeting, 2006, pp. 905–910.

[44] N. Kim, H. Moon, and D. Hyun, “Inertia identification for the speed
observer of the low speed control of induction machines,” IEEE Trans.
Ind. Appl., vol. 32, no. 6, pp. 1371–1379, Nov./Dec. 1996.

Yangyang Chen received the B.S. degree in elec-
trical engineering in 2016 from the Harbin Institute
of Technology, Harbin, China, where he is currently
working toward the Ph.D. degree in power electron-
ics and electrical drives at the School of Electrical
Engineering and Automation.

His current research interests include multi-axis
servo systems, mechanical resonance, and control pa-
rameter self-tuning strategy.

Ming Yang (M’14–SM’18) received the B.S., M.S.,
and Ph.D. degrees in electrical engineering from the
Harbin Institute of Technology (HIT), Harbin, China,
in 2000, 2002 and 2007, respectively.

In 2004, he joined as a Lecturer with the De-
partment of Electrical Engineering, HIT, where he
has been a Professor of electrical engineering since
2015. From 2009 to 2012, he was a Postdoctoral Fel-
low with Shanghai STEP Electric Corporation. He
has authored more than 40 technical papers published
in journals and conference proceedings. He holds 14

Chinese patents. His current major research interests include permanent magnet
synchronous motor servo systems, predictive current control, and mechanical
resonance suppression.

Jiang Long received the M.S. degree in power elec-
tronics and electrical drives in 2015 from the Harbin
University of Science and Technology, Harbin,
China. He is currently working toward the Ph.D. de-
gree in power electronics and electrical drives with
the School of Electrical Engineering and Automation,
Harbin Institute of Technology, Harbin.

His current research interests include permanent
magnet synchronous motor servo systems, predictive
current control, and parameter identification.

Wanying Qu received the B.S. degree in electrical
engineering in 2017 from Harbin Institute of Tech-
nology, Harbin, China, where she is currently work-
ing toward the M.S. degree in power electronics and
electrical drives at the School of Electrical Engineer-
ing and Automation.

Her current research interest focuses on permanent
magnet synchronous motor servo system and inertia
identification.

Dianguo Xu (M’97–SM’12–F’17) received the B.S.
degree in control engineering from Harbin Engineer-
ing University, Harbin, China, in 1982, and the M.S.
and Ph.D. degrees in electrical engineering from the
Harbin Institute of Technology (HIT), Harbin, in
1984 and 1989, respectively.

In 1984, he was appointed as an Assistant Profes-
sor with the Department of Electrical Engineering,
HIT, where he has been a Professor since 1994. From
2000 to 2010, he was the Dean of the School of
Electrical Engineering and Automation, HIT. He is

currently the Vice President of the HIT. His research interests include renew-
able energy generation, power quality mitigation, sensorless motor drives, and
high-performance servo systems.

Dr. Xu is an Associate Editor for the IEEE TRANSACTIONS ON INDUSTRIAL

ELECTRONICS.

Frede Blaabjerg (S’86–M’88–SM’97–F’03) re-
ceived the Ph.D. degree in electrical engineering from
Aalborg University, Aalborg, Denmark, in 1992.

He was with ABB-Scandia, Randers, Denmark,
from 1987 to 1988. He was appointed an Assistant
Professor in 1992, an Associate Professor in 1996,
and a Full Professor of Power Electronics and Drives
in 1998 with Aalborg University. His current research
interests include wind turbines, photovoltaic systems,
reliability, harmonics, and adjustable speed drives.

Dr. Blaabjerg was a recipient of 15 IEEE Prize
Paper Awards, the IEEE PELS Distinguished Service Award in 2009, the IEEE
William E. Newell Power Electronics Award 2014, and the Villum Kann Ras-
mussen Research Award 2014. From 2006 to 2012, he was an Editor-in-Chief
for the IEEE TRANSACTIONS ON POWER ELECTRONICS. He has been a Distin-
guished Lecturer for the IEEE Power Electronics Society from 2005 to 2007 and
for the IEEE Industry Applications Society from 2010 to 2011. He was nomi-
nated in 2014 by Thomson Reuters to be among the most 250 cited researchers
in engineering in the world.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


