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ABSTRACT: A dual adaptive neural network-based harmonic compensation algorithm is proposed to improve the low-speed machining
accuracy of permanent magnet synchronous motor (PMSM) drives. First, the mechanism of harmonic current generation and its influence
on torque ripple and speed fluctuation in PMSMs is analyzed. Second, the structure of the dual adaptive neural network is designed: the
first network is used to extract harmonic current components in real time, and the second network dynamically generates corresponding
harmonic voltage compensation signals to suppress current distortion, with the advantages of fast dynamic response and high compensa-
tion accuracy. Finally, the proposed method is verified on an experimental platform. The experimental results show that the 6th harmonic
amplitude is suppressed from 0.094 to 0.016, and the 12th harmonic amplitude is reduced from 0.025 to 0.004, which is significantly
better than the traditional compensation method. The proposed algorithm effectively reduces torque ripple and speed fluctuations, thereby
improving the control accuracy and machining performance of the PMSM drive system.

1. INTRODUCTION

n the field of computer numerical control (CNC) machine

tools, permanent magnet synchronous motor (PMSM) spin-
dles have received widespread attention because of their high
efficiency and precise controllability. Compared to induction
motor spindles, they have lower heat generation, more sta-
ble operation, higher power density, and more compact struc-
ture [1,2].

To maintain the high machining accuracy of CNC grinders,
it is necessary to suppress all factors that may compromise ac-
curacy, primarily including mechanical and electrical control.
Firstly, the core reasons for the decrease in machining accuracy
in mechanical aspects mainly include rotational errors, ther-
mal deformation, stress deformation, vibration, bearing degra-
dation, clamping errors, etc. In terms of electrical control, there
are mainly thermal deformation compensation, servo loop opti-
mization, vibration suppression control, resonance avoidance,
and intelligent parameter adjustment. Among them, vibration
control is an essential part of the control process of CNC grind-
ing machines. Harmonic current is the main factor causing vi-
bration of the electric spindle; therefore, it is imperative to de-
velop an efficient harmonic current suppression strategy [3—5].

At present, the research on suppressing stator current har-
monics in PMSM mainly focuses on two technical approaches:
one is the optimization design of the motor’s electromagnetic
structure, and the other is the improvement of system control
algorithms. In terms of motor design, the mainstream method
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involves evaluating the electromagnetic structure through finite
element method (FEM) and adjusting the stator rotor structure
and winding layout accordingly to improve the sinuosity of the
back electromotive force (EMF), thereby reducing the inher-
ent harmonic components of the motor itself [6]. In terms of
control algorithms, the main focus is on analyzing harmonic
components and compensating control based on the different
harmonics.

In the existing research on stator current harmonic suppres-
sion of PMSM, the main focus is on compensating for har-
monic currents caused by nonlinear and non-sinusoidal in-
verter electromotive forces. In [7], a random asymmetric space
vector pulse width modulation (SVPWM) based on Markov
chains is used to suppress high-order inverter harmonics in
outer loop control. However, the problem of low-order har-
monic components in this method has not been solved under
low-inductance operating conditions. Dai et al. [8] proposed
the Adaptive Harmonic Reference Correcting Current Injec-
tion (AHRCC) method for harmonic suppression, which effec-
tively eliminates low-order current harmonics caused by non-
linear and non-sinusoidal inverter electromotive forces, while
reducing motor torque ripple and losses. In [9], by reconstruct-
ing frequency control and decoupling DC link voltage, the com-
pensation link is extended to the grid side, effectively suppress-
ing harmonic currents. In [10], multiple reference frames are
introduced in the low-speed range to extract speed harmonics
and suppress harmonic currents. However, it incurs compu-
tational overhead related to fundamental wave reconstruction,
requiring processors with strong computing power to partici-
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pate in the operation. In [11], the use of synthetic prediction
models and deadbeat predictive control with integral compen-
sation reduced steady-state errors at low switching frequencies
and achieved suppression of harmonic currents. A virtual even
order fractional order repetitive control and harmonic control
strategy is constructed in [12, 13], and precise harmonic sup-
pression is achieved. In [14], harmonics are further treated as
concentrated disturbances, and unified observations are made
using a multi-harmonic inversion extended state observer and
an improved Active Disturbance Rejection Control (ADRC).
In [15], ADRC is integrated with a dedicated harmonic algo-
rithm to balance accuracy and robustness. In addition, [16] pro-
vides a stability compensation method for all the above control
structures through small signal modeling.

In summary, the above control algorithms typically have in-
herent limitations, including strong scene dependence, signif-
icant trade-offs between high-precision observation and real-
time computational performance, and a lack of collaborative
optimization among multiple suppression methods. To address
these issues, this paper proposes an adaptive harmonic current
suppression algorithm based on neural networks. In this algo-
rithm, the 5th and 7th harmonic components in the three-phase
current are first obtained through the first adaptive neural net-
work algorithm, and then the compensation voltage is calcu-
lated through the second adaptive neural network algorithm.
Through the high-performance control mechanism of this al-
gorithm, the problem of harmonic current is effectively solved
in real time, and it exhibits excellent adaptability to complex
operating conditions. The experimental results show that the
algorithm significantly improves the harmonic current suppres-
sion performance during the low-speed operation of the motor,
thereby effectively improving the machining accuracy of the
CNC grinder.

2. MATHEMATICAL MODEL AND MECHANISM OF
HARMONIC GENERATION

The connection modes of the three-phase stator windings of a
PMSM include delta- and Y-shaped connections. Under ideal
symmetrical winding conditions, the Y-shaped connection used
in this study exhibits half-wave symmetry of the back electro-
magnetic field (EMF) waveform. This symmetry determines
that there are no even-order harmonic components in the wave-
form, and the phase difference of the three-phase n-th order
harmonic current remains constant at 2nm /3. Thus, the stator
harmonic current can be expressed as:

T = I, cos (nwet + ,0)

2
Iy, = I, cos (nwet — gnﬂ' + 9n0> (1)

2
1., =1, cos <nwet + gmr + 6n0>

where 1, Iy, and I, are the three-phase n-th harmonic cur-
rents of a, b, and c, respectively; I, is the amplitude of the n-th
harmonic current; 6,9 is the initial phase of the n-th harmonic
current; w, is the electrical angular velocity of the motor; w, is
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the electrical angular velocity of the motor. For harmonic or-
der n = 3k (where k € NT), the n-th harmonic components
of the three-phase currents have equal amplitudes and the same
phase. However, stator windings with a Y-shaped connection
cannot provide a closed path for the 3%k-th harmonic currents,
so such harmonic components do not actually exist in the wind-
ings.
When the harmonic order satisfies n = 6k 4+ 1 (k € NT):

2
() lags i¢ ) by an angle of 2nm/3 @

{i{(ln) leads i(n) by an angle of 2n7/3
This phase sequence relationship is consistent with that of
the fundamental current.
When the harmonic order satisfies n = 6k — 1 (k € NT):

i lags iy by an angle of 2nm/3 3)
i leads z((;n) by an angle of 2n7/3

This phase sequence relationship is opposite to that of the
fundamental current.

Based on the above harmonic constraint characteristics, the

complete expression of the three-phase currents (4, %p,%.) Of
the PMSM can be expressed as [15]:

ot + 601) + I5 cos (bwet + 05) +
Tw t+67)

1q=11 cos(w
I7 cos (

. 2

ip=11 cos (wet — f7r+0 >+I5 cos <5wet + 37r+05> +

I; cos(? ot — 77r + 97)

2
i.— 11 cos (wet + -7+0 >+15 cos (5wet — 37r+t95> +

I cos <7wet + -7+ 97)

“4)

2 2
cos (wet)  cos <wet— ) cos <w6t+>
qu _ 2 3 3

abe ™ 3 . . 21 . 2w
— sin (wet) —sin wet—? —sin wet—i—?

(5)

After the transformation shown in (5), the current expression
in the two-phase rotating coordinate system can be obtained by
using (4) [15]:

iq = I cos 01 + I5 cos (—6w,t + 05) +
I7 cos (6wt + 07) +

ig = I sinf; + I sin (—6w,t + 05) +
I7 sin (6wt + 67) +

(6)

where ¢4 and i, are the stator currents in the d- and g-axis ro-
tating coordinate systems, respectively.
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Based on the mathematical description in Egs. (4) and (6),
when the fundamental angular velocity is adopted as the ref-
erence velocity of the synchronous rotating coordinate system,
the DC components are presented by the fundamental compo-
nents in the d-axis and g-axis currents through the Park transfor-
mation defined by Eq. (5). Based on this transformation prin-
ciple, specific harmonic components in the extended d-q axis
system can be decoupled and extracted by constructing multi-
ple synchronous reference frames (MSRFs).

We define the coordinate transformation matrix from the fun-
damental synchronous rotating coordinate system to the Sth
harmonic synchronous rotating coordinate system as:

a5 _ [ cos(—6w,t) ™
dqg

sin(—6wet)}
— sin(—6wt)

cos(—6w.t)

The transformation matrix for converting the abc coordinate
system to a 5th synchronous rotation coordinate system is:

dgb _ dgbmdg
Tabc - qu Tabc

2 [COS(—&UJ) cos (bwet+2F)  cos (bwet — 2F) ] ®)
’ )

3 | sin(—5w.t) sin (5wet+2F) —sin (5wt — 2F

By mapping Eq. (4), using the coordinate transformation ma-
trix defined in Eq. (8), the analytical expression of the motor
stator currents in the Sth harmonic synchronous rotating coor-
dinate system (the d5-g5 axis system) can be expressed as

a5 = I1 cos(6w,t + 01) + I5 cos 05 + Ir cos(12w.t + 07)
igs = Iy sin(6wet + 61) + I5 sin 85 + I7 sin(12wet + 67)

©)
where 745 and 4.5 are the d- and g-axis components of the sta-
tor current in the 5th synchronous rotating coordinate system,
respectively.
Similarly, the expression of the stator current in the 7th syn-
chronous rotating coordinate system is

iq7 = I1 cos(6wet — 01) + I5 cos(12wet — B5) + I7 cos O7
iq7 =—-I sin(6wet - 91) — I Sil’l(leet — 95> + I7sin 6

(10)
where i47 and 747 are the d- and g-axis components of the sta-
tor current in the 7th synchronous rotating coordinate system,
respectively.

3. HARMONIC CURRENT SUPPRESSION METHOD

3.1. Traditional Method

Key conclusions can be derived from the mathematical char-
acterizations of Egs. (8) and (9): In the 5th and 7th harmonic
synchronous rotating coordinate systems (ds-g5 axis system
and dr-q7 axis system), the harmonic components of the corre-
sponding orders (i.e., the 5th and 7th harmonics) are all mapped
to DC components, whereas the fundamental component and
other integer-order harmonics appear as AC components. This
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FIGURE 1. Structure of traditional harmonic current extraction system
based on multiple synchronous rotating frames.

frequency-domain decoupling characteristic provides a theoret-
ical basis for the separation and extraction of harmonic currents.
The structure of the traditional harmonic current extraction sys-
tem constructed based on it is shown in Fig. 1, where 6, is the
rotor position angle of the motor; i45, and 445, represent the
direct-axis and quadrature-axis components of the Sth harmonic
current in the d5-g5 coordinate system, respectively; and ig7p,
and 7475, represent the direct-axis and quadrature-axis compo-
nents of the 7th harmonic current in the d7-g7 coordinate sys-
tem, respectively.

The 5th and 7th harmonic current components processed by
the closed-loop harmonic current extraction module are mathe-
matically characterized in their respective synchronous rotating
coordinate systems as follows:

ias(mh = LPF (igs(7)) = I5(7) cos b5z (11
iqs(mh = LPF (igs(7)) = I5(7) sins(7)

In the harmonic current extraction architecture based on mul-
tiple synchronous rotating coordinate systems (the 5th/7th d-q
axis systems), low-pass filters (LPFs) are typically employed
to separate the DC components of the target harmonics. How-
ever, the dynamic characteristics of the LPFs can be equivalent
to first-order (or higher-order) inertial elements [16]:

1 1
T 147s (I+7s)™

Grpr(s) (n>2) (12)

where 7 is the time constant, and its physical nature introduces
a non-negligible phase lag [17].

¢rag = —arctan(wr)  (first-order system)

(13)

In the traditional harmonic current suppression strategy, as
shown in the control architecture in Fig. 2, the extracted Sth
and 7th harmonic current components, %4sn, %qsh, d7h, and g7,
serve as feedback inputs and form error signals with their re-
spective reference values, 44qsn_rer and Zdq7n_ref. These errors are
processed by a proportional-integral (PI) controller to generate
the corresponding harmonic compensation voltage commands.

In this control architecture, the introduction of multiple PI
controllers imposes dual bottlenecks. First, the inherent com-
putational delay of the control loop causes a phase deviation
in the harmonic compensation voltage, which significantly im-
pairs the suppression effectiveness of harmonic currents. Sec-
ond, the coordinated tuning of multiple sets of PI parameters
significantly increases the complexity of algorithm implemen-
tation.
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FIGURE 2. Traditional harmonic current suppression strategy based on
multi-PI controllers.

3.2. The Proposed Harmonic Current Suppression Algorithm

The multi-PI controller-based harmonic current suppression al-
gorithm used in the above figure can effectively suppress the
DC components. However, the PI controller exhibited poor
suppression performance for high-frequency harmonic compo-
nents. Thus, a multi-network learning-based harmonic current
suppression algorithm was proposed. A schematic block dia-
gram of this algorithm is shown in Fig. 3, where the first learn-
ing network is used to extract harmonic currents. Its calculation
process is as follows:

ids = id50 + dsh = Wds0 + Wasa €0S(60c) + wasp sin(66. )+
Wara €08(120.) + wqrp sin(126,)
g5 = Gq50 + lq5h = Wqs0 + Wqsa €0S(66c) + wqsp sin (66 )+
Wq7a €08(1260,) + wqrp sin(126,)
(14)
vy las Uqsn
59'|:|'> % d || ¢ Network | |Yashy
¢ a q5 ?
b| ) a |F=) Leaming —>
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FIGURE 3. Schematic diagram of multi-network learning-based har-
monic current suppression algorithm.

The calculation of the weight update network is mainly de-
rived from the error function, which is defined as follows [8]:

E:%w—of (15)

By differentiating the error function using the gradient de-
scent method, the weight calculation process can be obtained
as follows:

Aw=n(d—-0)- 0O (16)
where Aw is the weight change; 7 is the learning rate; d is
the target value; O is the output value of the adaptive neural
network; O is the input variable.

After passing through the first adaptive network controller
shown in Fig. 4, the corresponding harmonic current values
can be obtained. Subsequently, a second adaptive network
controller was designed to calculate the corresponding voltage

72

Middle/
node

Wuq)s(7)
> :: >
)l >
o

> >.- )

Input

O T P,.! = 4
Gradient — Descent )
Method Weight ‘
_+~adjustment du

FIGURE 4. Principle block diagram of the first adaptive network con-
troller.

compensation values, and its calculation process is as follows:

Ugs(7)h = Vdsa €08(60c) + vasp sin(66, )+

) + Ud7p sin(1295)
Ugs(7)h = Vgsa €08(60e) 4 Vgsp sin (66 )+-
Vq7a €08(126;) + vq7p sin(126,)

Vra c0s(126,

an

Similar to the first adaptive network controller, the weight up-
date process of the second adaptive network controller is as fol-
lows:
vas(7)(k + 1) = vas(7) (k) + 2n2€q5(7) (k)2 (k) (18)
Vas(ry (b + 1) = vgsr) (k) + 2m2eq5(7) (k)2 (k)

where ry(k) = [cos (66.) sin (66.) cos(126,) sin (60.)] '
72 is the learning rate, and eqq5(7) are the error terms.

A schematic of the controller corresponding to the expression
of the second adaptive network controller is shown in Fig. 5.

Input ' Middle Output,
v node
d(q)5(N| ¢
) >
)
0,
4 z
L 4
IS b
Gradient — Descent 0
Method Weight cur
_adjustment

FIGURE 5. Principle block diagram of the second adaptive network
controller.

The above method is applicable not only to suppressing the
Sth and 7th harmonics but also to suppressing harmonic cur-
rents of other orders. The overall control block diagram of the
harmonic current suppression method based on a dual-adaptive
network controller is shown in Fig. 6. The three-phase ABC
current is collected by the current sensor, and after the har-
monic current compensation algorithm, the required compen-
sation voltage ug(q)sn Was obtained. After obtaining the com-
pensation voltage, inject it into the forward channel and add it
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FIGURE 6. Overall control block diagram of dual adaptive network-
based harmonic current suppression method.

to the uq(q) voltage. By actively injecting harmonic compensa-
tion signals, the suppression function of harmonic signals in the
forward channel is achieved, effectively suppressing harmonic
currents.

4. EXPERIMENTAL VERIFICATION

To verify the effectiveness of the proposed algorithm, it was
tested on the experimental platform shown in Fig. 7. The pri-
mary parameters of the experimental prototype are listed in
Table 1. The core control unit of the experimental platform
is TMS320F28335 produced by TI company, and the Power
Drive module is PS21965 Intelligent Power Module produced
by Mitsubishi Company. The number of addition and subtrac-
tion is 20; the number of multiplication and division is 24; and
the number of sine and cosine is 16. The amount of calculation
meets the real-time requirements. During the experiment, the
starting speed of the prototype is set to 100 r/min. At 0.5s, a
sudden load of 0.1 N-m is applied. At 1 s, the speed is suddenly
changed to 200 r/min, and at 1.5 s, a sudden load of 0.2 N'm is
applied.

FIGURE 7. Experimental platform for PMSM harmonic current sup-
pression test.

Figure 8 shows the vector PI control method without com-
pensation. Under uncompensated conditions, the speed and
current waveforms of the PMSM drive system exhibit signifi-
cant degradation characteristics. The speed waveform exhibits
severe fluctuations at various operating stages, with amplitudes
as high as 65r/min, 83 r/min, 100r/min, and 105 r/min, re-
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TABLE 1. Parameters of the Test PMSM.

Parameter Value
Resistance Ry 1.1Q
Inductance Ls 5.8 mH
Flux Linkage A 0.16 Wb
Voltage U 36V
Current [ 4.2A
Electromagnetic Torque 7.  2.2Nm
Pole Pairs 50
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FIGURE 8. Waveforms of rotational speed and dg-axis currents under
PI control method.

spectively. There are obvious high-frequency jitter and instan-
taneous spikes in the waveform, especially in the low-speed
range, showing severe instability. At the same time, the cur-
rent waveform distortion is severe, and the direct axis current i,
exhibits significant high-frequency oscillations, while the rip-
ple amplitude of the cross-axis current ¢, reaches 0.28 A, with
high harmonic content. It indicates that without harmonic sup-
pression measures, the harmonic current output by the inverter
is directly converted into significant torque ripple, leading to
speed fluctuations, and the control accuracy and dynamic per-
formance of the system are at the worst level.

Figure 9 shows the speed and current waveforms after tradi-
tional compensation methods. It can be seen from Fig. 9 that the
system performance has been improved to a certain extent. The
amplitude of the speed fluctuation is effectively suppressed,
dropping to 50 r/min, 23 r/min, and 49 r/min, respectively. The
smoothness of the waveform was improved, and the amplitude
of the instantaneous peak is significantly reduced. The quality
of the current waveform has also been improved, with a reduc-
tion in the oscillation amplitude of the direct axis current ¢4
and a decrease in the ripple amplitude of the quadrature axis
current ¢, to 0.25 A. It indicates that traditional compensation
strategies have, to some extent, suppressed harmonic currents,
weakened the impact of torque ripple on speed, and improved
system stability. However, significant current distortion and
speed fluctuations can still be observed from the waveform, in-

WWwWw.jpier.org



PIER C

Zhang et al.

300 ;
= 200}

& 50
—

= 100, "

iagg (A)

FIGURE 9. Waveforms of rotational speed and dg-axis currents under
traditional control method.

dicating a limited ability to suppress high-order harmonics and
a bottleneck in performance improvement.

The speed and current waveforms of the proposed method are
shown in Fig. 10. Under the proposed compensation method,
the control performance of the system has been significantly
optimized. The speed fluctuation is significantly reduced, with
fluctuation amplitudes of only 50 r/min, 20 r/min, and 17 r/min
in each stage. The waveform is the smoothest, with almost no
obvious instantaneous peaks, and exhibits excellent stability in
both low-speed and dynamic response processes. The quality
of the current waveform reaches its optimal level, with a signifi-
cant reduction in the oscillation amplitude of the direct axis cur-
rent 74 and a ripple amplitude of 0.12 A. The ripple amplitude
of the quadrature axis current ¢, is further reduced to 0.09 A,
effectively suppressing harmonic currents and significantly im-
proving current tracking accuracy. It fully validates the effec-
tiveness and superiority of the proposed method in suppressing
harmonic currents, reducing torque ripple, and improving sys-
tem steady-state accuracy and dynamic performance, and its
control effect is comprehensively superior to traditional com-
pensation methods.

Figure 11 shows the harmonic spectrum analysis of the g-
axis current signal under three control strategies, which clearly
displays the amplitude distribution of each harmonic. From the
spectral characteristics, the current harmonics under the three
operating conditions are mainly concentrated in the 6th and
12th orders, which is completely consistent with the theoreti-
cal analysis of the synthesis of the 6th and 12th harmonics of
the current harmonics in the dq coordinate system. Under un-
compensated conditions, the amplitude of the 6th harmonic is
as high as 0.094, and the amplitude of the 12th harmonic is
0.025, with the highest harmonic content. This is the funda-
mental reason for the severe torque ripple and speed fluctua-
tion in the system. After using traditional compensation meth-
ods, the amplitude of the 6th harmonic decreased to 0.028, and
the amplitude of the 12th harmonic decreased to 0.016. The
harmonic suppression effect was improved to some extent, but
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FIGURE 10. Waveforms of rotational speed and dg-axis currents under
the proposed control method.
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FIGURE 11. Fourier spectrum analysis of g-axis harmonic current.

there were still significant residual harmonics, which limited
the improvement of system performance. In contrast, the pro-
posed method shows excellent harmonic suppression perfor-
mance. The 6th harmonic is reduced to 0.016, and the 12th
harmonic is reduced to 0.004, effectively eliminating the main
harmonic components. The advantages of the proposed method
in restraining harmonic currents and reducing torque ripple are
proved from the frequency domain level, which is highly con-
sistent with the conclusions of the time-domain waveform anal-
ysis, fully verifying the effectiveness and progressiveness of the
proposed method.

5. CONCLUSIONS

This article proposes a method based on a dual adaptive neu-
ral network algorithm to calculate the harmonic current part
that needs to be compensated, in order to improve the machin-
ing accuracy of permanent magnet synchronous motors. In the
proposed algorithm, the first adaptive neural network is used
to obtain harmonic current components and input them into
the second adaptive neural network. The second adaptive neu-
ral network compensates for harmonic voltages by adjusting
weights, which has the advantages of fast dynamic response and
high compensation accuracy. The experimental results show
that the proposed method significantly improves the harmonic
suppression effect: compared with the uncompensated condi-
tion, the cross-axis current i, ripple decreases from 0.28 A to
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0.09 A, and the low-speed steady-state speed fluctuation de-
creases from 105 r/min to 17 r/min. In the frequency domain,
the amplitude of the 6th harmonic is suppressed from 0.094 to
0.016, and the amplitude of the 12th harmonic is reduced from
0.025 to 0.004, which is superior to traditional compensation
methods. This method effectively reduces torque ripple and
speed fluctuation, improving system control accuracy and ma-
chining performance.
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