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A B S T R A C T

The beam line energy of X-ray beams from synchrotron radiation sources is increasing dramatically, which
puts higher demands on the stability of double crystal monochromator (DCM). In this paper, the vibration
suppression performance of FxLMS-P, FxLMS-PI, and FxLMS-PID hybrid algorithms are presented under
Bragg@12.66KeV and Bragg@9KeV operating conditions for the measured vibration signals of DCM at SSRF
(Shanghai Synchrotron Radiation Facility). Moreover, the unknown disturbance rejection performance of
FxNLMS-P, FxNLMS-PI, and FxNLMS-PID hybrid algorithms is demonstrated under Bragg@5KeV operating
conditions for the measured vibration signals of DCM at SSRF. The results show that the FxLMS-P, FxLMS-
PI, and FxLMS-PID hybrid algorithms provide excellent vibration suppression under Bragg@9KeV operating
conditions; Conversely, the FxLMS-PID hybrid algorithm vibration suppression capability was disabled under
Bragg@12KeV operating conditions. In particular, the FxLMS-based hybrid algorithm lacks vibration rejection
efficiency under Bragg@5KeV operating conditions, which is perfectly solved by the FxNLMS-based hybrid
algorithm.
1. Introduction

The new generation synchrotron light sources are mainly developed
toward two directions: X-ray free electron laser devices and diffraction-
limited storage ring light sources. In recent years, several countries
around the world have started to design and build diffraction-limited
storage ring devices, including the completed MAX-IV laboratory in
Sweden, the Sirius Light Source in Brazil under construction, the APS-
U Light Source in the United States, and the High Energy Synchrotron
Radiation Light Source in China [1–5]. The development of synchrotron
light sources based on biology, chemistry, physics, advanced man-
ufacturing and other fields [6–9]; the light source performance put
forward higher requirements. The stability index of DCM is the key
index of X-ray beamline of synchrotron radiation source. Synchrotron
radiation laboratories worldwide mainly use optimization of cooling
tube, improvement of crystal clamping mechanism and application of
damping materials to enhance the stability of DCM [10–15].

Adaptive filtering algorithms are widely applied in the field of
active control vibration. Haraguchi et al. [17] used the FxLMS (Filter-
x Least Mean Square) algorithm and finite impulse response filter to
effectively solve the control system instability problem caused by the
presence of secondary paths, which became one of the most classical
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and widely used algorithms in active vibration control research. Guan
and Teik C. Lim and Mingfeng Li proposed an active control method for
gearbox vibration using an FxLMS control algorithm with amplification
delay to generate a suitable control signal for the piezoelectric stack
actuator to produce a control force so as to suppress the vibration of
the gear pair caused by the gear transmission error excitation [18–23];
Kwong [24], Mathew [25], Aboulnasr [26], Pazaitis [27], Mader [28],
WeePeng [29], Shin [30], et al. proposed some typical variable-step
LMS algorithms; Eriksson [31] first proposed a FuLMS (Filter-u Least
Mean Square) method for active noise control; Mayyas [32] proposed a
variable-step selective local update least mean square algorithm, which
has lower computational complexity compared to the LMS algorithm;
Dariusz Bismor [33] proposed the PU-LMS (Partial Update LMS) algo-
rithm, which optimizes some parameters and improves the performance
of the control system; Ho-Wuk Kim [34] et al. optimized the FuLMS
(Filter-u Least Mean Square) algorithm and applied it to active noise
control to solve the problem of shorter pipeline noise; Lingbo Xie
et al. optimized the FuLMS algorithm and applied it to the active
vibration control of flexible clamping plates [35]. Amrita Puri [36]
et al. proposed a model-based FxLMS algorithm applied to the control
of acoustic-vibration lines, the basic block diagram of the algorithm is
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Fig. 1. The block diagram of hybrid algorithm filtering algorithm.
Fig. 2. Test diagram. (a) Actual measurement map [16]. (b) Test schematic.
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hown in Fig. 13; Philipp Zech et al. applied the exact phase and narrow
andwidth adaptive algorithm without the second channel model [37]
o solve the gearbox vibration problem; Y.S. Wang [38] et al. applied
he FxLMS algorithm based on discrete wavelet transform optimized
xLMS algorithm to solve vibration control problems in the automotive
omain; Lei Luo [39] et al. applied the leaked FxNLMS algorithm to
onlinear systems.

In this paper, the vibration suppression performance of hybrid
lgorithms (mainly FxLMS-P, FxLMS-PI, FxLMS-PID) are verified based
n the measured vibration signals of DCM under Bragg@12.66KeV
nd Bragg@9KeV operating conditions at SSRF. On the other hand,
he vibration suppression performance of the hybrid algorithm(mainly
xNLMS-P, FxNLMS-PI, FxNLMS-PID) is validated based on the mea-
ured vibration signals of DCM under Bragg@5KeV operating con-
itions. The results show that the FxLMS-P, FxLMS-PI, and FxLMS-
ID hybrid algorithms provide excellent vibration suppression under
ragg@9KeV operating conditions, which angular displacement is lim-

ted to less than 1 nrad. Conversely, the FxLMS-PID hybrid algorithm
ibration suppression capability was disabled under Bragg@12KeV
perating conditions. In particular, the FxLMS-based hybrid algorithm
acks vibration rejection efficiency under Bragg@5KeV operating condi-
ions, which is perfectly solved by the FxNLMS-based hybrid algorithm,
nd FxNLMS-based hybrid algorithm suppresses the effect of unknown
erturbations on DCM effectively.

. Hybrid algorithms

In general, it can improve the vibration suppression performance
nd convergence accuracy by combining the typical FxLMS algorithm
nd PID (P/PI) algorithm together. The block diagram of a typical

daptive filtering algorithm is shown in Fig. 1.

2

The expected signal is

(𝑛) = 𝑋 (𝑛) ∗ 𝑃 (𝑛) (1)

he anti-vibration signal is

𝑠(𝑛) = 𝑦 (𝑛) ∗ 𝑆(𝑛) (2)

he output signal (filtered signal) of the secondary channel is

̂ (𝑛) = 𝑊 (𝑛) ∗ �̂�(𝑛) (3)

The residual error signal is

𝑒 (𝑛) = 𝑑 (𝑛) − 𝑦𝑠 (𝑛) = 𝑋 (𝑛) ∗ 𝑃 (𝑛) − 𝑦 (𝑛) ∗ 𝑆(𝑛) (4)

The gradient vector is zero when the filter power coefficients reach to
be the optimal solution.

𝑊 (𝑛 + 1) = 𝑊 (𝑛) + 2𝜇𝑢(𝑛)�̂� (𝑛) (5)

The 𝑢(𝑛) is

𝑢 (𝑛) = 𝐾𝑃 ⋅ 𝑒 (𝑛) +𝐾𝐼 ⋅
1
𝑆

+𝐾𝐷
𝑁

1 +𝑁 ⋅ 𝑇𝑠
1

𝑧−1

⋅ 𝑒(𝑛) (6)

3. Case verification

The vibration test device was constructed to obtain the vibration
signals of different working conditions of the double crystal monochro-
mator in Shanghai synchrotron radiation facility (SSRF), and the actual
test diagram is shown in Fig. 2. Elimination of the trend term (sensor
offset) is performed by the sgolayfilt filtering algorithm. The vibration
test results under Bragg@12.66KeV Bragg@9KeV working conditions
are shown in Fig. 3; the vibration test results under Bragg@5KeV are
shown in Fig. 4.
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Fig. 3. Test results. (a) Bragg@12.66KeV. (b) Bragg@9KeV.
Fig. 4. Test results. (a) Bragg@5KeV. (b) Green wireframe amplifies the signal.
.1. Case 1: Bragg@12.66KeV

Measured vibration signals from DCM under Bragg@12.66KeV con-
itions are applied to verify the accuracy of FxLMS-P, FxLMS-PI,
xLMS-PID algorithms. The vibration suppression time-domain,
requency-domain results, vibration level results and weight iteration
esults of FxLMS-P, FxLMS-PI, FxLMS-PID algorithms are shown in
igs. 5–7 as follows.

As shown from the time-domain results in Fig. 5(a), the FxLMS-P
ybrid algorithm decreases the Pitch direction displacement by about
4.14%; however, the green wireframe in Fig. 5(a) shows that the Pitch
irection displacement signal is abnormally amplified, which is not
llowed during the actual operation of the DCM. From the frequency-
omain results in Fig. 5(b) and the vibration level results in Fig. 5(c),
t is seen that the FxLMS-P hybrid algorithm has excellent vibration
uppression performance. Similarly, it can be seen from Fig. 6(a),
ig. 6(b), Fig. 6(c) and Fig. 6(d) that the FxLMS-PI hybrid algorithm
ibration suppression is significant which reduces the angular dis-
lacement in the Pitch direction by about 99.38%. In particular, the
xLMS-PI algorithm effectively avoids the problem in Fig. 5(a) that
ppears in the FxLMS-P hybrid algorithm. From Fig. 7(a), Fig. 7(b),
ig. 7(c) and Fig. 7(d), it can be seen that the FxLMS-PID hybrid
3

algorithm completely invalidates under Bragg@12.66KeV conditions.
The differential link in the PID algorithm can accelerate the system
dynamic response, however, in a practical discrete control system, the
differential link tends to amplify the noise.

3.2. Case 2: Bragg@9KeV

In this case, the measured vibration signals from DCM under
Bragg@9KeV conditions are taken to validate the accuracy of FxLMS-P,
FxLMS-PI and FxLMS-PID algorithms. The results of FxLMS-P, FxLMS-PI
and FxLMS-PID algorithms are shown in Figs. 8–10 as follows.

From the time domain-results of Fig. 8(a), Fig. 9(a) and Fig. 10(a),
it is known that the FxLMS-P, FxLMS-PI and FxLMS-PID algorithms
decrease the angular displacement by about 99.51%, 99.46%, 99.52%
as respectively, and can keep the angular displacement below 1 nrad;
From the frequency-domain results of Fig. 8(b), Fig. 9(b) and Fig. 10(b)
and the vibration level results of Fig. 8(c), Fig. 9(c) and Fig. 10(c), the
vibration suppression effect is perfectly significant. From the results
of the weight iterations in Fig. 8(d), Fig. 9(d) and Fig. 10(d), it is
known that the FxLMS-P, FxLMS-PI and FxLMS-PID hybrid algorithms
converge faster and the weight iterations more stable.
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Fig. 5. FxLMS-P algorithm vibration suppression results. (a) Time-domain results (b) Frequency-domain results (c) Vibration level results (d) Weight iteration results.
Fig. 6. FxLMS-PI algorithm vibration suppression results. (a) Time-domain results (b) Frequency-domain results (c) Vibration level results (d) Weight iteration results.
.3. Case 3: Bragg@5KeV

From the results of the measured vibration signal in Fig. 4(a), it is
nown that the DCM is subject to abnormal external disturbance under
ragg@5KeV working conditions. In this case, the ability of the hybrid
4

algorithm to suppress uncertain interference is mainly investigated in
time range.

The vibration suppression capability of FxLMS-P, FxLMS-PI, and
FxLMS-PID hybrid algorithms under Bragg@5KeV working conditions
is shown in Fig. 11, from which it can be seen that the FxLMS-based
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Fig. 7. FxLMS-PID algorithm vibration suppression results. (a) Time-domain results (b) Frequency-domain results (c) Vibration level results (d) Weight iteration results.
Fig. 8. FxLMS-P algorithm vibration suppression results. (a) Time-domain results (b) Frequency-domain results (c) Vibration level results (d) Weight iteration results.
ybrid algorithm is ineffective. The vibration suppression time-domain
esults of FxNLMS-P, FxNLMS-PI and FxNLMS-PID hybrid algorithms
re shown in Figs. 12–14. As can be seen from the red wireframes
n Figs. 12 and 13, the FxNLMS-P and FxNLMS-PI hybrid algorithms
5

cope with the unknown uncertainty perturbations extremely remark-
able. However, the FxNLMS-PID hybrid algorithm appears to be non-
converging, which has a similar explanation to the case of Fig. 7.
The vibration suppression results of FxNLMS-P and FxNLMS-PI hybrid
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Fig. 9. FxLMS-PI algorithm vibration suppression results. (a) Time-domain results (b) Frequency-domain results (c) Vibration level results (d) Weight iteration results.
Fig. 10. FxLMS-PID algorithm vibration suppression results. (a) Time-domain results (b) Frequency-domain results (c) Vibration level results (d) Weight iteration results.
lgorithm for the green wireframe in Fig. 4(a) are shown in Fig. 15.
rom Fig. 15, it can be seen that the FxNLMS-P, FxNLMS-PI hybrid
lgorithm can keep the angular displacement at a considerably low
evel.
6

4. Conclusion

This paper mainly verifies the vibration suppression capability of
FxLMS-P, FxLMS-PI, and FxLMS-PID algorithms for measured signals



Y. Bai, X. Gong, Q. Lu et al. Nuclear Inst. and Methods in Physics Research, A 1046 (2023) 167711

Fig. 11. The results of vibration suppression based on FxLMS hybrid algorithm.

Fig. 12. FxNLMS-P algorithm vibration suppression results.

Fig. 13. FxNLMS-PI algorithm vibration suppression results.

7



Y. Bai, X. Gong, Q. Lu et al. Nuclear Inst. and Methods in Physics Research, A 1046 (2023) 167711

u
t
F
r
v
u
d
T
t

D

c
i

c

D

Fig. 14. FxNLMS-PID algorithm vibration suppression results.
Fig. 15. The vibration suppression results of FxNLMS-P and FxNLMS-PI hybrid algorithm for the green wireframe in Fig. 4(a). (a) FxNLMS-P (b) FxNLMS-PI.
nder Bragg@12.66KeV and Bragg@9KeV working conditions and
he vibration suppression capability of FxNLMS-P, FxNLMS-PI and
xNLMS-PID algorithms for measured signals under Bragg@5KeV. The
esults show that the FxLMS/FxNLMS-PI hybrid algorithm has excellent
ibration suppression performance and superior ability to cope with
nknown anomalous disturbances, which allows the DCM angular
isplacement to be sustained below 1 nrad in the pitch direction.
his work is of great importance for the practical application of key
echnologies focused on active vibration control to DCM.
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