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ABSTRACT: To enhance the stability of the spindle drive system in computer numerical control (CNC) machine tools and ensure ma-
chining accuracy by reducing non-ideal torque fluctuations caused by current harmonics during high-precision processes, a multi-factor
harmonic current suppression algorithm based on an extended state observer (ESO) is proposed. Firstly, a mathematical model of the
permanent magnet synchronous motor (PMSM) is established, and the current measurement offset errors (CMOESs) and their effects on
the current waveform are analyzed in depth. Subsequently, zero-point lag phenomenon of the voltage source inverter (VSI) and its result-
ing harmonic characteristics are discussed in detail. Furthermore, the compensation principles for CMOE and VSI dead-time nonlinear
distortion are elucidated, and a corresponding ESO structure is designed through theoretical derivation. The proposed method constructs
aunified perturbation model and designs adaptive ESO to achieve cooperative compensation. A comparative analysis of the control strat-
egy’s performance before and after optimization validates the significant effectiveness of the proposed method in harmonic suppression.
Experimental results show that the proposed strategy reduces the total harmonic distortion (THD) of the phase current to 3.28%, and key
harmonics such as the 5th and 7th are suppressed to much lower levels. Torque ripple and speed fluctuation are significantly reduced, ef-
fectively improving the operational stability of the motor. The experimental results indicate that the proposed dual compensation scheme
for dead-time and DC offset current can effectively reduce harmonic distortion and significantly enhance the operational performance of
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the PMSM.

1. INTRODUCTION

ith the rapid advancement of modern computer numeri-
Wcal control (CNC) machine tools, permanent magnet syn-
chronous motors (PMSMs) have been widely adopted in high-
precision, high-efficiency applications. As core power sources
in spindle drive systems, they stand out for their superior per-
formance and high energy conversion efficiency. Neverthe-
less, current harmonics remain a critical issue. Primarily arising
from phase current sensor measurement errors, these harmonics
induce motor torque and speed ripples that degrade control per-
formance [1-4]. This problem is further aggravated when the
motor couples with low-resonance mechanical systems. In such
cases, precision components like bearings, shafts, and gears
may be damaged [5]. Consequently, suppressing PMSM cur-
rent harmonics has become a key research focus. Beyond de-
grading control performance, current harmonics also accelerate
the wear of precision components like motor bearings and shaft-
ing, shortening equipment service life and increasing mainte-
nance costs; meanwhile, they lead to higher energy consump-
tion, affecting the economy and continuity of CNC machining.
Consequently, the suppression of PMSM current harmonics has
become a key research focus.

Current harmonics mainly originate from two sources: cur-
rent measurement offset errors (CMOEs) and dead-time effect.
Dead-time introduces nonlinear distortion in the inverter output
voltage. This produces high-frequency harmonic components,
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especially under light-load or low-speed conditions [6]. On
the other hand, CMOEs manifest themselves as low-frequency
drift and DC components. They disrupt d-q current decoupling,
leading to static errors or oscillations [7]. To address these is-
sues, researchers have proposed various suppression strategies.

For CMOE compensation, approaches include offline and
online correction.  Offline methods require costly, time-
consuming calibration [8]. Moreover, due to closed-loop
control, measured current errors may differ from actual er-
rors [9]. Thus, most studies employ online estimation. In [10],
the current measurement error is estimated via the d-axis cur-
rent regulator output. However, this method requires complex
rotor-position-dependent integration. In [11], phase-current
calibration is achieved using DC-bus current sensing. This
approach introduces additional hardware complexity. In [12],
a method is proposed that demands specific speed/load con-
ditions and involves algorithmic complexity. In [13], current
measurement error (CME) is extracted via voltage error se-
quence components. Its accuracy is limited by the performance
of the proportional-integral (PI) regulator. In [14], artificial
errors are injected, and compensation is derived from speed
harmonics. Nevertheless, this approach exacerbates pulsations
during the injection process. In [15], vector reconstruction
is utilized for harmonic separation. Yet the performance of
this method depends on the harmonic suppressor. While these
methods reduce the effects of DC offset, most of them neglect
the impacts of dead-time.
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For dead-time compensation, in [16], a neural-network band-
pass filter is combined with an extended Kalman filter (EKF).
Extracted harmonics are then used for voltage compensation.
In [17] and [18], an adaptive linear neuron and a second-order
generalized integrator are applied to extract the sixth-order har-
monic, respectively. However, both approaches require extra
controllers. In [19], dead-time is estimated from the g¢-axis
current error. This method does not rely on accurate models
but suffers performance degradation under complex conditions.
In [20], a decoupled method is presented that exhibits good sta-
bility. Yet it is sensitive to parameter and delay errors.

In [21], a vector disturbance estimator is used to reduce
fluctuations. Unfortunately, it amplifies noise simultaneously.
In [22], a multi-composite coefficient filter is employed. This
approach offers low cost, but its performance depends on rotor
speed. In [23], currents are injected to compensate for voltage
source inverter (VSI) nonlinearity. This results in strong low-
speed performance, but precise tuning of the injection process is
necessary. Nevertheless, these approaches generally overlook
the influence of CMOE.

Currently, ESO and active disturbance rejection control
(ADRC) are widely applied in harmonic suppression of
PMSMs, but they exhibit significant performance limitations.
Conventional linear ESOs have a fixed observation bandwidth,
which prevents them from adapting to the dynamic variation
characteristics of low-frequency disturbances. This results
in insufficient estimation accuracy for such disturbances,
making it difficult to meet the requirements of high-precision
spindle drive systems for current harmonic suppression [27].
Two-stage ESOs require embedding a quasi-resonant con-
troller in their cascaded structure to match specific disturbance
frequencies; their design relies on the known frequency
characteristics of disturbances. When facing fluctuations in
disturbance frequencies caused by speed variations during
PMSM operation, their universality is greatly restricted [29].

The ESO-based dual-compensation strategy proposed in this
paper has clear advantages in terms of principle. In terms of
the disturbance observation mechanism, by designing a gain ad-
justment logic dynamically matched with the observation band-
width, it breaks through the limitation of the fixed bandwidth
of conventional linear ESOs. It can adaptively adjust the ob-
servation sensitivity according to the disturbance characteris-
tics of CMOE and dead-time effects, thereby realizing the syn-
chronous and accurate estimation of these two types of distur-
bances. In balancing noise suppression and response speed, an
innovative observation structure combining error feedback and
disturbance feedforward is adopted: high-frequency noise is
adaptively attenuated through the feedback loop, while the fast
response capability to disturbances is retained through the feed-
forward channel. Compared with the passive noise suppression
method of fractional-order error ESOs that rely on fractional-
order operators, the noise attenuation amplitude is significantly
improved. Moreover, there is no need to introduce additional
complex operators, which avoids the problem of parameter tun-
ing coupling [30]. In terms of operating condition adaptability,
by regarding both CMOE and dead-time effects as extended
states of the system for unified observation, there is no need
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to rely on motor speed information to construct a compensa-
tion model. This fundamentally overcomes the limitation of the
multi-complex coefficient filtering scheme in Reference [22],
which requires adjusting filter coefficients according to the ro-
tor speed. At the same time, it eliminates the error correction
link that relies on PI regulators in traditional schemes, reduces
the dependence on the modeling of motor parameters such as
stator resistance and inductance, and mitigates the impact of pa-
rameter mismatch on compensation effects — making it more
suitable for the variable-speed and variable-load operating con-
ditions of CNC machine tool spindles.

2. MATHEMATICAL MODELING AND HARMONIC
MECHANISM ANALYSIS

2.1. PMSM Mathematical Model

In the d-q (direct-quadrature) synchronous coordinate system,
an ideal mathematical model of PMSM can be expressed as:

{ ug = Rgig + Ld% - OJTLqiq

, dig ‘ (1
ug = Ryig + Ly + wr (Laia + Ay)

where u4 and u, are the voltages of the d and g axes; i4 and 74
are the currents of the d and ¢ axes; R, is the stator resistance
of the motor; Lg and L, are the inductances of the d and ¢
axes; Ay is the flux of the permanent magnet; and w, is the
angular velocity of the rotor. Equation (1) corresponds to the
voltage equivalent circuit shown in Figure 1. It can be seen
from Figure 1 that the mathematical model of the three-phase
PMSM achieves complete decoupling.

oLi,+oy,

FIGURE 1. PMSM voltage equivalent circuit diagram.

The stator resistance limits the starting current, generates
copper loss, and affects the starting stability and operating ef-
ficiency of the motor; the stator inductance stabilizes the speed
and torque, suppresses current fluctuations and harmonics, and
balances the starting current and response speed; the perma-
nent magnet flux linkage provides the basis for electromagnetic
torque generation, determines the maximum torque, and influ-
ences the back electromotive force and speed control strategy.

2.2. DC Bias Current

In PMSM, CMOE is caused by factors such as deviations of
current measurement sensors, thermal drift of the sensors, and
inaccuracies within the current feedback loop [24,25]. These
deviations directly affect the measured current values, which in
turn generate current harmonics. Particularly in PMSM con-
trol systems, the DC offset current error leads to a series of
adverse effects during motor operation, including the genera-
tion of harmonics, torque ripple, and a reduction in motor effi-
ciency [26,27].
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FIGURE 2. Harmonic analysis of g-axis current after DC bias addition.

When CMOE is present in the two-phase current sensors, the
relationship between the measured current and actual current in
the stationary reference frame can be expressed as:

Tg m = g + la_oe
B B (2)

Z.bim =iy + Z.bioe

where iq_,, and 7y, ,,, are the measured values; i, and i, are the
actual values; i, e and iy o, are the DC bias errors of the stator
currents of phase a and phase b, respectively. Converting it to
the d-q coordinate system gives:

idim =14+ Z‘dJJe
ig m = 1g + g oe 3)
id oe = Koe sin (wyt + ¢)

g oe = Koe OS (Wyt + )

where w,. is the rotor angular velocity; iq ,,, and 7 ,, are the
measured value; iq and i, are the actual value; ig oe and 74 oe
are CMOEs of the stator current in the d and ¢ axes; k.. and
 are the amplitude and initial phase of the d-q axis CMOE,
respectively, which can be expressed as:

koe = \/Zg oe T % (ia oe T 2ibﬁoe)2
= tan™— [\/>Za oe/ (ia,oe + Qibfoe)]

“4)

According to Equation (3), the DC-form sampled bias current
will generate a 1st harmonic current in the d-q current.

Through the fast Fourier transform (FFT) analysis of the
phase current after adding the DC bias current error, it can be
seen in Figure 2 that the DC bias primarily induces a significant
DC component (harmonic order 0) in the g-axis current, with its
magnitude reaching 204.77% relative to the fundamental com-
ponent. In the d-g coordinate system, the DC bias current error
is directly superimposed on the d-axis and g-axis components
of the current signal, and appears as a sine or cosine signal with
a fixed amplitude. The frequency of this signal is related to
the speed of the motor, resulting in the generation of primary
harmonics.
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2.3. Dead-Time Effect

To avoid DC bus short circuits caused by switching delays (75,
and Tog) of the upper and lower power switches in the same
bridge arm of the inverter, a dead-time (1) must be inserted
into the PWM drive signals. This ensures the lower switch turns
on only after the upper switch is fully turned off. In a PWM-
controlled PMSM drive system, the dead-time effect is caused
by the delay time generated during the switching process of the
inverter’s power switches [28]. When a time interval (the dead-
time) exists between the turning off of one switch and turning
on of its counterpart in the same phase leg, it leads to nonlinear
distortion of the inverter’s output voltage. This voltage distor-
tion affects the current waveform of the PMSM, and the impact
of the dead-time effect becomes more significant under low-
speed or light-load conditions, generating prominent harmonic
components [29].

To prevent a DC-link short-circuit, which could occur due
to the unavoidable turn-on/turn-off time delays (75, and Togr)
of the IGBTSs, a dead-time (7y) is inserted into the gate drive
PWM signals. During this dead-time period, the phase current
flows through the freewheeling diodes, and the current path is
dependent on the direction of the current. Therefore, consider-
ing Ty, Ton, and Tog, the significant dead-time-induced voltage
error introduced in the phase ‘a’ output voltage is given by the
following equation:

Taq+ Ton — Tosr) Uge

_
Au, = T,

- sign(ig) ®)

where T and Uy, are sampling (switching) period and DC link
voltage, respectively, sign(i,) can be expressed as

en(in) {1,
sign(i,) =
-1,

In the d-q axis synchronous coordinate system, the voltage er-
ror caused by dead-time can be expressed as a Fourier series
expansion:

iq >0 ©)
iq <0

4kUdL 00 12n

Aug 7T, D onet 3on7T (7)
4kUq4c 2 cos(6nw, t)

A’Mq 7Ty { 1+Zn 1 36712 1

where Aug and Aug are the d-axis and g-axis voltage harmon-
ics caused by dead-time effects in the inverter; & is the dead-
time coefficient (related to dead-time duration and switching
characteristics), where k = Ty + Ty, — Toss; T is the switch-
ing period; n is the harmonic order; w, is the electrical angular
frequency of the motor; and ¢ is the time.

Figure 3 shows the harmonic analysis of phase current after
adding dead-time. The results indicate that the dead-time ef-
fect primarily introduces significant harmonics in the phase cur-
rent, with the 5th harmonic reaching 4.37%, the 7th harmonic
at 4.09%, the 11th harmonic at 1.92%, and the 13th harmonic
at 1.97%. These harmonics are the result of the dead-time-
induced sixth-order voltage harmonic in the d-q synchronous
coordinate system, which maps to the Sth, 7th, 11th, and 13th
harmonics in the phase current.
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FIGURE 3.
cluded.

Harmonic analysis of phase current with dead-time in-

3. DEVELOPMENT OF HARMONIC SUPPRESSION
STRATEGIES

In the previous section, this paper analyzes the effects of CMOE
and dead-time on the signal, particularly the harmonic distor-
tion problems they induce. To effectively mitigate these errors
and optimize system performance, the following content will
introduce the combined application of CMOE compensation
and dead-time compensation. These two compensation meth-
ods are mutually complementary; by respectively compensat-
ing for the nonlinear distortions caused by DC offset and dead-
time, they can work synergistically to significantly reduce er-
rors and distortion in the signal, thereby enhancing the overall
accuracy and stability of the system.

CMOE compensation addresses errors from circuit offsets,
while dead-time compensation corrects nonlinear distortions
caused by dead-time in the switching process. CMOE mainly
causes low-frequency spectral distortion and disrupts the d-
q axis current decoupling; the dead-time effect, on the other
hand, leads to high-frequency harmonics and voltage errors.
These two issues coexist and couple in practical systems, mak-
ing it difficult to completely eliminate harmonics through sin-
gle compensation alone. CMOE compensation stabilizes the
low-frequency current components by offsetting the sensor oft-
set error, while dead-time compensation improves the high-
frequency voltage waveform by correcting the inverter nonlin-
earity. The two methods complement and cooperate with each
other, enabling broadband harmonic suppression, and their
overall performance is superior to that of a single compensation
scheme. Next, this paper will discuss in detail the principles of
these two methods and the advantages of their synergistic co-
operation.

3.1. ESO for CMOE Estimation

For the mathematical modeling of PMSM, the voltage equation
can be expressed as:

Uo = Rgin + Lqia + eq
@)

ug = Rsiﬁ + Lq%g +ep

where u, and ug are the a-axis and -axis voltages of the
PMSM stator windings; R, is the stator resistance; i, and ig
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are the c-axis and (-axis currents of the stator windings; L,
is the quadrature-axis (g-axis) inductance; e, and eg are the
sum of the PMSM equivalent back EMF shaft components. For
convenience, in practice, the calculation of the equivalent back
EMF observed by CMOE is simplified as:

= —w,Yysinb,
)

= w1 cos b,

where €, and é, are the estimated values of the «-axis and -
axis back electromotive force (EMF) of the PMSM; w,. is the
electrical angular velocity of the motor; v ¢ is the amplitude of
the permanent magnet flux linkage; 6, is the electrical angle of
the motor. The proposed scheme is derived from Equation (8),
which is rearranged to:

. _ ua—Rsia,g m—e€a
la,f.m = % + Za,,@

(10)

R. - . — R, :
Zoc,,@ - Lijla,ﬁioe + la,B oe ~ f&za,ﬂioe

where ia, 3 m 1s the estimated derivative of the a-axis and j3-
axis current in the PMSM; Z, g is the disturbance term re-
lated to CMOE; i, oc is the c-axis and 3-axis CMOEs in the
PMSM. The core of ESO is to treat disturbances as extended
states. When CMOE is considered a disturbance, ESO can be
used to estimate the disturbance.

Due to CMOE, parameter mismatches (such as changes in
R, L) and back electromotive force (back EMF) fluctuations
will introduce nonlinear disturbances. We define these uncer-
tainties as extended states. Let d, g represent the comprehen-
sive disturbances of the o~ axes (including CMOE, parameter
errors, and back EMF interference), according to (8), the ex-
tended state space model of the system can be rewritten as:

o :*]E:iaﬁLiua*ieaera
K R ; 1 1
ZﬁZ—L;m—FfSu/ﬁ—Lfstﬁ—Fdﬁ
d.(xzo (11)
dg =0

la
y=1.

8

where i, g are the original states of the system; d, g are the
newly added extended states (characterizing unknown distur-
bances); y is the measurable current feedback signal.

To estimate both the original states i, s and the extended
states d,,g simultaneously, the ESO for the a-3 axes is de-
signed as follows:

i=—2i4 Llsu—iéerAJrﬂl(if%)

) (12)
Ba(i —1)

d =

where 7 and d are the observed values of i, 3 and d,, 3 respec-
tively; 51, B2 are the observer gains; é, g is the estimated value
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FIGURE 4. Bode plots analysis of ESO with different bandwidths.
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of the back EMF. Therefore, for CMOE estimation, second-
order ESO can be designed as:

Eaf = iozB_m - iozB_m
2 Uap — Riu[ﬁ_m —é

= ob + 2a8 + Bi€ap
L,

(13)

Z.04,37771 =
2@,6 = 52504,8

where ¢, is the estimation error of the o~ axis current; . 8 m
is the estimated a-3 axis current; 1 is the estimated stator resis-
tance; L, is the estimated quadrature-axis (g-axis) inductance;
Zap 1s the estimated disturbance term (related to CMOE and
other nonlinear factors); 31 and (3, are the gain of ESO. These
parameters can be designed as: 31 = 2wy, B2 = wd, where wy
is the bandwidth of ESO.
The mismatches of motor parameters and the calculation er-

rors of the utilized signals are taken into account, that is:

Ry = Ry + AR,

Ly=L4s+ AL, (14)

€a,p = €a,p + Deap

Usa,8 = Usa,p + AUsa,p

where AL, is the deviation of g-axis inductance; Ae, g are the
deviations of the equivalent back EMF; Ae, 3 may be caused
by the variations of the parameters, such as iy.

In (14), voltage errors, like Augq g and Ae, g, take the ac
form, and their frequency is identical to the motor rotor speed
in the stationary reference frame. The ac error components de-
rived from Aus, 5 and Ae,, g can be attenuated by the second-
order Low-Pass Filter characteristics of the proposed ESO.
Thus, the ESO with second-order LPF characteristics exhibits
greater robustness against the calculation error of the equiva-
lent back EMF induced by motor parameter variations and other
factors.

As Figure 4 shows, frequency-domain analysis based
on Bode plots is conducted. In the low-frequency range
(< 10rad/s), all bandwidths maintain high gain (close to
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FIGURE 5. Block diagram of the CMOE estimation method based on
ESO.

0dB), ensuring effective observation and compensation of
low-frequency disturbances such as DC offset (0Hz) and
fundamental harmonics related to motor speed. For the
medium-high frequency range (10rad/s—1000rad/s), a larger
wo results in slower amplitude decay, which enhances the
observation gain for 6th-order harmonics (dominated by
inverter dead-time) and S5th/7th-order mapped harmonics,
thereby improving compensation accuracy. However, in the
high-frequency range (> 1000rad/s), wy = 100rad/s exhibits
significantly higher gain than wy = 50rad/s and wy = 10rad/s,
which easily amplifies high-frequency noise.

Considering that the ESO in this paper is specifically de-
signed for estimating DC offset (a typical low-frequency distur-
bance with a frequency of 0 Hz), the bandwidth wy is selected
as Srad/s. This bandwidth value can not only ensure sufficient
gain in the ultra-low frequency band to accurately capture and
estimate the DC offset component, but also achieve rapid atten-
uation of high-frequency noise gain.

A block diagram of the proposed ESO-based CMOE esti-
mation method is shown in Figure 5. In summary, this paper
employs an ESO to estimate and compensate for the CMOE in
a Permanent Magnet Synchronous Motor drive system. Com-
pared to traditional methods, the ESO achieves accurate esti-
mation of CMOE without relying on precise motor parameters
by treating the CMOE as an extended state of the system. This
leverages its powerful observation capabilities and reduces the
requirements for system modeling accuracy. Simultaneously,
the closed-loop observation structure of the ESO provides it
with a fast dynamic response, enabling it to track changes in
the CMOE in real time. This facilitates the dynamic compensa-
tion of CMOE, effectively suppresses low-frequency harmon-
ics, and enhances both current control accuracy and system sta-
bility.

lig

Ld,qs +R,

lig

FIGURE 6. ESO dead-time compensation block diagram.
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3.2. Dead-Time Compensation

Based on the dead-time compensation scheme for ESO shown
in the Figure 6, ESO is used to estimate and compensate for
voltage disturbances caused by dead-time. According to [30],
the gain £y and ko designs of ESO are as follows: ky = 2wy,
ko = w%, where wy provides the bandwidth for ESO.

Compared to traditional dead-time compensation methods,
the ESO does not rely on static or simplified models. In the face
of complex dynamic changes and system nonlinearities, it can
accurately compensate for current waveform distortion, over-
shoot, or system response lag caused by the dead-time effect,
while tracking and correcting errors in real time. In the case of
parameter mismatch, the ESO can reduce system errors and en-
hance control accuracy through real-time state estimation and
compensation, thereby avoiding the dynamic instability or large
errors that result from such mismatches. Compared to conven-
tional methods, the ESO is able to maintain system stability and
tracking accuracy to a greater extent.

3.3. System Block Diagram

Figure 7 shows the block diagram of the PMSM control sys-
tem employing both DC offset current error compensation and
dead-time compensation. In this scheme, these two methods are
combined to optimize the control performance of the PMSM.
The CMOE compensation scheme reduces the DC component
in the current waveform and improves current accuracy and
system stability by precisely estimating and compensating for
CMOE caused by factors like sensor drift and system nonlin-
earities. Concurrently, the dead-time compensation scheme dy-
namically estimates and compensates for the dead-time effect
using an ESO, effectively suppressing the nonlinear impact of
switching actions and thereby significantly reducing the control
error introduced by dead-time. The combination of these two
allows the control system to not only accurately compensate for
errors from DC offset current but also effectively mitigate the
adverse effects of dead-time.

Through the synergistic action of these two schemes, the con-
trol accuracy and dynamic response performance of the PMSM
are significantly improved. The system maintains high robust-
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ness, especially when facing parameter mismatches or external
disturbances. This combined application enables comprehen-
sive suppression of harmonic currents in the system, eliminat-
ing harmonic components that cannot be effectively compen-
sated for by traditional control methods, thus significantly en-
hancing overall system performance. The experimental results
indicate that this combined strategy achieves efficient and sta-
ble current control under various operating conditions, greatly
improving the overall performance and reliability of the PMSM
drive system.

4. EXPERIMENT

Table 1 presents the parameters of the PMSM used in the ex-
periment.

TABLE 1. Parameters of the PMSM.

Parameters Value Parameters Value
Rated power (P,) 0.2kW Rated current (/) 2.1A
. Permanent magnet
Stator resistance (Rs) 1.6€2 ] 0.0 Wb
flux linkage ()
Inductance (Ls)  5.07mH Pole pairs 4

Rated voltage (Us.) 310V Rated torque (7c) 0.64N-m

Auxiliary

) power supply

FIGURE 8. PMSM experimental platform.
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FIGURE 9. Comparison of the effectiveness of two bias current estima-
tion schemes.

Figure 8 shows the composition of the experimental plat-
form employed in the experiment. The control core adopts
the TMS320F28335 DSP, the power driver board uses the Mit-
subishi PS21965, and the software environment is configured
as CCS 12.0.

The experiment adopts space vector pulse width modulation
(SVPWM) as the PWM strategy, with a sampling frequency,
PWM switching frequency, and current loop update rate all set
to 10 kHz, and a speed loop update rate of 1 kHz.

Since the dead-time effect is most pronounced at low speeds,
the motor speed is set to 300 r/min in the experiments. This set-
ting maximizes the influence of the dead-time effect, thereby
verifying the effectiveness and superiority of the proposed
scheme.

During the FFT analysis, the fundamental frequency is set to
20 Hz, and one cycle is selected each time.

For the two bias current estimation schemes, namely the PI
and the proposed ESO, in Figure 9, the PI estimation scheme
has a settling time of approximately 1-1.5 seconds, with a
steady-state error fluctuating between 0.45 A and 0.55 A, and
its root mean square (RMS) estimation error can be approxi-
mated as 0.035 A due to sinusoidal-like fluctuations. In con-
trast, the proposed ESO estimation scheme in this paper has a
settling time of less than 1 second, a steady-state error close to
0.5 A with negligible deviation, and an extremely small RMS
estimation error (near zero). Based on the above quantitative
metrics, it can be concluded that the ESO outperforms the PI
significantly in terms of convergence speed, steady-state accu-
racy, and estimation stability for CMEO estimation.

Figure 10 presents a comparison of the estimation effects of
the proposed ESO and the traditional PI method on CMOE un-
der parameter mismatch scenarios. The robustness and esti-
mation accuracy advantages of the ESO method are verified
through two typical parameter mismatch conditions.

When the stator inductance L is adjusted to 1.5 times of its
actual value, the DC bias estimation error of the PI method fluc-
tuates drastically, with an average error range of approximately
0.13 A. Additionally, its convergence speed is slow, and there

FIGURE 10. Effect diagram of CMOE estimation under parameter mis-
match.
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is no obvious trend of the error stabilizing throughout the ob-
servation process. When the stator resistance R is adjusted
to 1.5 times of its actual value, the estimation performance of
the PI method further deteriorates: the error fluctuation range
expands to 0.28 A, and the deviation rate from the actual bias
current exceeds 10%.

In contrast, regardless of whether there is inductance or re-
sistance mismatch, the estimation error of the proposed ESO
method is always controlled within the range of 0.48 A to
0.51 A, with an error fluctuation amplitude of only 0.03 A. This
represents an 85.7% reduction in fluctuation amplitude com-
pared to the PI method. Meanwhile, the ESO method quickly
enters a stable estimation state after startup, with a convergence
time shortened by more than 60% compared to the PI method,
demonstrating stronger parameter robustness.

Figure 11 shows a comparison diagram of the phase ‘a’ cur-
rent waveform of the motor before and after compensation.
Without compensation, the current waveform has obvious dis-
tortion and serious harmonic interference. After compensation,
the current waveform approaches an ideal sine wave, and the
distortion is significantly reduced.

As shown in Figures 12, observing the motor’s speed, a no-
table reduction in their fluctuations is evident after the compen-
sation module is introduced at 2 seconds. This indicates im-
proved stability in motor operation.

Analysis of Figure 13 shows that before compensation, the
dg-axis current waveforms are severely distorted and oscillate
at high frequencies, with a settling time exceeding 1.5 seconds;
after compensation, they rapidly converge to a steady state
within 0.5 seconds, and the steady-state error is nearly zero.
From the perspective of machining precision, faster conver-
gence enables the machining current to stabilize at the reference
value more quickly, reducing machining errors caused by cur-
rent fluctuations and thus improving machining precision and
quality.

Figure 14 systematically demonstrates the remarkable supe-
riority of the proposed method in harmonic compensation per-
formance from two dimensions: the proportion of main har-
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FIGURE 11. Compensation of phase current waveform before and after
compensation.
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FIGURE 12. Diagram of speed before and after compensation.

monic orders of phase current (relative to the fundamental wave
in percentage) and Total Harmonic Distortion (THD). In terms
of harmonic suppression for each order, the EKF method has a
fundamental wave harmonic proportion of 7.9%, and the pro-
portions of the 5th, 7th, 11th, and 13th harmonics are 3.1%,
3.7%, 2.8%, and 2.1% respectively. Although the PI+-ESO
method reduces the fundamental wave harmonic proportion to
1.2%, the proportions of the 5th, 7th, and 13th harmonics in-
stead climb to 4.7%, 4.5%, and 3.2%. In sharp contrast, the
harmonic proportion of the proposed method in all analyzed
harmonic orders is strictly constrained within the extremely low
range of 0.2% to 0.4%, achieving uniform and strong suppres-
sion of each harmonic order.

When not compensated, the THD is as high as 54.5%, from
the analysis of the total THD index, the THD of EKF is as high
as 46.19%, that of PI+-ESO is 8.76%, while that of the pro-
posed method is only 3.28%, which is reduced by more than
92% compared with EKF and more than 62% compared with
PI+ESO.

In summary, the proposed method demonstrates overwhelm-
ing advantages in both full-band precise harmonic suppression
and extreme reduction of total distortion, which can control the
phase current harmonic pollution at an extremely low level and
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FIGURE 13. Comparison of d-q axis current before and after compen-
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FIGURE 14. Comparison of harmonic suppression effects among dif-
ferent methods after compensation.

provide reliable current quality support for the efficient and sta-
ble operation of the motor system.

5. CONCLUSION

The comparative analysis reveals that the ESO-based DC off-
set compensation substantially outperforms the traditional PI
method, delivering rapid convergence, smooth estimation, and
high stability free from chattering or noise interference. Exper-
imental results validate that the proposed dual-compensation
strategy reduces the phase current THD from 46.19% (with
EKF method) to 3.28% and significantly suppresses critical har-
monics across main orders. Specifically, for the fundamen-
tal wave harmonic, it is reduced from 7.9% (EKF) and 1.2%
(PI4+ESO) to 0.2%; the 5th harmonic is cut from 3.1% (EKF)
and 4.7% (PI4+ESO) to 0.4%; the 7th harmonic is lowered from
3.7% (EKF) and 4.5% (PI4+-ESO) to 0.4%; the 11th harmonic is
lowered from 2.8% to 0.2%; and the 13th harmonic is decreased
from 2.1% (EKF) and 3.2% (PI4+-ESO) to 0.2%.
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In detail, the ESO-based dead-time compensation accurately
estimates and offsets inverter-induced voltage disturbances,
while the ESO-based DC offset compensation effectively elim-
inates sensor-related offsets. Together, these two methods
achieve synchronous and robust mitigation of two major non-
linear effects, enhancing current quality, reducing torque ripple,
and improving spindle speed stability — all crucial for higher
machining accuracy, better surface finish, and enhanced system
reliability in CNC machine tools.

Notably, the experimental results from the 0.2 kW small-
sized PMSM are fully applicable to CNC spindle accuracy im-
provement research. This is because small experimental motors
and industrial CNC spindle PMSMs share the same core elec-
tromagnetic mechanism and mathematical model, with nonlin-
ear harmonics from dead-time and CMOE being universal is-
sues irrelevant to motor size or power. The proposed strategy
relies on ESO’s generalized disturbance estimation, indepen-
dent of specific motor parameters — only minor ESO gain ad-
justments are needed for industrial spindles without changing
the core logic.

Despite the promising outcomes, this study has limitations:
it was validated under steady-state conditions, and performance
under dynamic loads or extreme temperatures remains untested.
Future research will focus on verifying the strategy under vari-
able operating scenarios, optimizing ESO parameter adaptabil-
ity for multi-power industrial motors, and reducing computa-
tional delay via hardware-software co-design to better support
high-speed CNC spindle applications.
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