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Abstract: The non-linear behavior of the MR damper was modelled using the generalized model of Bouc-Wen. The work
methodology of this work was divided into three parts. Three control strategies as a function of the applied current,
excitation frequency and displacement amplitude. The model parameter is validated using experimental measured
values and modified predict values. The approach for the nonlinear dynamic model of Bouc-Wen was obtained using a
method to find and fit optimal values locally. The method of nonlinear optimization of multidimensional variables
adopted was the Nelder-Mead simplex search method. It finds the local minimum of the function of 16 variables, starting
at an initial estimate value. In order to provide optimal values, the displacement function was also optimized using the
same method. With the aim of find the local minimum of the sinusoidal displacement. The error minimization is done
using Nelder-Mead simplex search method algorithm, the error is a second order function that minimizes the sum of the
squared deviations of the scores.
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INTRODUCTION

In recent years, automotive industries have shown interest in the development of new techniques for vibration control.
Among the technological solution is the magneto rheological damper used in semi-active automotive suspension system
(Sassi et al. 2018). Bearing that in mind, researchers have investigated and explored some existing gaps and obstacles to
propose a more forceful strategy that allows the implementation of this technological solution. The magneto-rheological
damper is the most promising technology solution for vibration control in several applications, such as: building protection
of seismic events (Jung et al. 2006) and (Sun et al. 2018), automotive suspension (Pepe, Roveri, and Carcaterra 2019) and
(Feng et al. 2020), aircraft landing gear system (Kang et al. 2020) and (Luong, Jang, and Hwang 2020), knee prosthesis
(Fu, Pan, and Xu 2019) and (Ochoa-Diaz et al. 2014), precise manufacturing machines (Kim et al. 2018), seat suspension
(Du et al. 2018)and high-speed railway vehicle suspension (Liao, Liu, and Yang 2019) and (Jin et al. 2020).

The nonlinear hysteretic behavior of the MR damper requires a mathematic model to explain and characterize the
physical meaning of some parameters. The mathematical model adopted in the present work for the parameter
identification was the modified dynamic model of Bouc-Wen, which aims to characterize the experimental behavior
through a mathematical model that can be optimized. The main contribution of this study is to provide a phenomenological
approach to the nonlinear dynamic behavior of the MR damper, evaluating the dependence of excitation frequency and
current. Tests were carried out to characterize the MR damper, using the universal tensile testing machine. The
experimental methodology was divided into three control strategies: frequency variation for the same displacement and
current condition, displacement variation for the same frequency and current condition and variation of applied current
(that changes the magnetic field in the coils). The parameter estimation is essentially a multidimensional numerical
optimization problem that aims to find a dynamic model to better represent the experimental data, this optimization was
performed using the Nelder-Mead simplex search method.

Modified Bouc-Wen Model

The modified model to describe the non -linear hysteresis of the damper force/velocity improving the standard Bouc-
Wen model proposed by (Spencer Jr. et al. 1997) is illustrated in Fig. 1.
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Figure 1 — The modified phenomenological Bouc-Wen model of MR damper schematic.
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The damping force (Fp,) present in the Modified Bouc-Wen system is given by (Talatahari and Rahbari 2015):

Fp =¢o(ty — ) + ko(uz —uy) + ky(uy —ug) + az = cytty + kq(uz — up) (D
The hysteretic displacement z is given by
z=A(l, — ) — B, —)z|™ —yzlt, — iy ||z|* 2
in which 1, is defined by the following equation according to Fig. 1.
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A symmetrical triangular displacement waveform gives nominally constant velocity over the whole stroke, equal in
the two directions. This is why the tests were performed using a sinusoidal motion, to properly characterize the hysteresis
behavior, several amplitudes would be needed using triangular displacement. On other hand, the sinusoidal motion may
be more realistic as real automotive motions are nearer to sinusoidal (Dixon 2007).

The predict displacement (u) is given by the equation u = Asin(2nft + ¢), where A4 is the amplitude, f is the
frequency and ¢ is the phase angle. The predict velocity is the derivative of the displacement function given by the
equation it = 2itf A cos(2nft + ¢).

Numerical Parameter Identification

The modified Bouc-Wen model cannot be applied to describe the hysteretic force-velocity characteristics under
continuous variations in the control current and excitation conditions. To imitate the nonlinear dynamic hysteretic
behavior of the MR damper (Wang et al, 2004) implemented a parameterized model synthesis based upon the
experimental dynamic behavior of the MR damper and employed a method to fit symmetric and asymmetric sigmoid
functions based on experimental data.

By adjusting 16 parameters (fy, ly, I1, Qg, @1, Az, A3, Ay, Ko, K1c) K1es ko, k3, k4, ks and kg ) of modified Bouc-Wen
model, it’s possible to predict the response of a MR damper to any random inputs (displacement and applied current)
before and after the yield areas. The asymmetric and hysteretic force -velocity characteristic was formulated by (Wang et
al, 2004) introducing the offset parameters expressing the damping force as a function of control current and velocity.

The Nelder-Mead simplex optimization method seeks to find variable values that optimize a multivariate objective
function under a set of constraints. The objective function is the quadratic residue, given by the square sum of the
difference between signal of experimental displacement/force and simulated displacement/force.

The magnitude of the peak velocity v, can be derived from the instantaneous values of position u and acceleration
(i), vy, = Q- 0 = 4/ (1)? — U.u (a,, is the amplitude and w is the frequency) so the transition force, can be expressed

k k
fe= fO(l +etml+ (1+e—a§(i+10) - 1+e‘22(10)) )

The zero-force velocity intercept v;,, offset velocity v, and force f;, and constants «, k,,. and k,,, can be expressed

as:
v, = SNk, Vm (T — T 5)

a=ay/(1+kyvy) (6)

kye = kice™m; kye = kqe”%"m (7

fa = Ksfe; Va = ke (®)

The characteristic parameters (f;, fy, Vi, Vg, @, Ky, Kye) described in equations 4 - 8 are not only dependent on the
excitation condition (frequency w and amplitude a,,) but also on the applied current for the MR damper. Where k., k.
are constants, « is the constant used to adjust the slope of the hysteresis curve, f; is the transition force, v}, is the (zero-
force velocity intercept), v, and f,; are offset parameter and describe the bias or offset in velocity and force.

The asymmetric and hysteretic force-velocity characteristics of the MR damper, is generalized represented by the Fig.
2.
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Figure 2 — Generalized hysteretic force-velocity characteristics (adapted of Wang et al., 2004)

EXPERIMENTAL SETUP

The experimental methodology adopted was to impose a sinusoidal excitation trough the servo hydraulic actuator on
the Universal Machine testing. The process was repeated for several magnetic fields over a nominal operation current
range of 0 — 0.5 A. For each current a damping force was expected, to generate the graphic Fig 3. These currents were
generated by an external alimentation source DC. The universal machine testing has internal sensors of displacements
and force, controlled by an electronic control unit LVDT (Linear Variable Displacement Transducer) able to provide the
piston displacement and applied force. The frequency of the sinusoidal wave was defined according to the literature,
because in this way it will be possible to compare with the experimental values obtained. The velocity was derived from
numerical differentiation of the displacement.
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Figure 3 — Data Processing Process

Fig. 4 presents experimental procedures where temporal force and displacement as function of electric current.
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RESULTS

The optimization method applied using Nelder-Mead simplex search method was employed to find the optimal values
of displacement function to represents the modified Bouc-Wen model. The Fig. 5 (a) illustrate the first 25 seconds time
history of the nonlinear behavior of the force and errors between predicted responses obtained using estimated parameters
by modified Bouc-Wen dynamic model. The Fig 5 (b) and Fig. 5 (¢) illustrate the comparison between the estimated and
experimental responses under a 1 Hz sinusoidal excitation with amplitude of 2.5mm for 0 A of current.
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Figure 5 — Comparation between Experimental and Predict with excitation frequency of f =1 Hz, A =2.5 mm and
1 =0 A: (a) F(t) (b) F (u;) and (c) F (it,)
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The force-displacement Fig. 6 (a) and force-velocity Fig. 6 (b) characteristics for experimental values is represented
for five current levels.
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Figure 6 — (a) Force vs Displacement (b) Force vs Velocity

PARAMETER IDENTIFICATION

Asymmetric characteristics obtained over a wide range if control current (0 — 0.5 A), and excitation frequency of (1
Hz) and displacement amplitude of 2.5mm are applied to identify the model parameters. The parameters after optimization
are given by the Tab. 1 and 2.

Table 1 — Physical Constants Table 2 — Hysteresis Parameters
CTE 0A 0.1 A 02A 03 A 04 A 0.5A CTE 0A 0.1 A 02A 03 A 04 A 0.5A
a, 11309 | 2109 1982 1688 656,56 | 895 ko 1433,8 | 29,35 36,58 55,18 134,14 219,13
a,(m/s)™t -23,2 -33,85 34,81 36,99 81,85 121,74 ki 93,84 49,62 65,59 66,33 24,12 21,07
ay(amp)~t 118,6 0,13 0,116 0,11 0,11 0,062 Kie 40,85 14,62 13,40 13,78 20,50 25,63
as(m/s)™* | -1,55 37,48 36,72 28,51 72,90 78,02 k, -6109 -189 -91,5 -54,3 14,87 22,54
a,(m/s)™* | 33,59 -39,71 -44,15 -40,44 28,57 5,80 k3 -1046 1,31 1,07 1,03 -1,76 -2,95
Iy (amp) 0,147 -0,05 -0,065 1,66 -0,168 -0,10 ks -0,15 -0,46 -0,46 -0,47 -0,52 -0,48
I; (amp) 4,09 -0,51 -0,487 0,02 -0,836 -0,93 ks 0,42 0,39 0,46 0,46 0,08 0,03
fo (N) 36,55 | 136,20 | 145,19 | 175,78 | 95,69 | 67,23 ke 0,007 | 0,33 0,34 0,33 0,10 0,06

VERIFICATION AND VALIDATION OF SIMULATION MODEL

The validation is considered an important stage as a part of the model development or implementation process. The
validation process was carried out to ensure that the model implemented is sufficiently accurate for the purpose of
representing the nonlinear behavior of the MR damper (Tsioptsias, Tako, and Robinson 2016). The Fig. 5 represents the
approach and the fitting results proposed by (Santade 2017) e compared with predicted and experimental results. An
efficient identification parameter of a non-linear hysteretic dynamic Bouc-Wen model to represents a MR damper is
extremely dependent on robust experimental methods. During the repeatability test of experimental results, it was verified
significant discrepancies were found in relation to experimental damping force for tests carried out under the same
conditions. These discrepancies found justify the small variation found between literature and predicted results.
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Applying the histogram with a normal distribution fit is possible to see that the force error function has a gaussian
distribution Fig. 6 and is a random error.
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Figure 6 — Force error histogram

The Fig.7 displays a quantile-quantile plot of the quantiles of the sample of the force error versus the theoretical
quantile values from a normal distribution. Is possible to see that the force error distribution is normal because the data
plot appears linear.
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CONCLUSION

The modified Bouc-Wen model was able to reproduce the nonlinear dynamic behavior of the MR damper in the
conditions considered by a sinusoidal excitation. The results were validated with the current condition of 0A and the
literature, in which the parameter adjustment was satisfactory because the result did not present clearances during the
execution of the experiment. These small clearances in the system made the mathematical model not fit perfectly to the
experimental data. As an objective for future work, a fine-tuned pin has already been designed and manufactured in order
to avoid clearances in the system and provide a better fit for the parameters of the Bouc-Wen modified dynamic model
and propose a new optimization method with uncertainty determination.

ACKNOWLEDGEMENTS

The authors are thankful to the Coordination for the Improvement of Higher. Education Personnel (CAPES) for the
financial support of this work, the laboratory of Mechanical tests coordinated by professor Fabio and the professor
Déborah to manufacturing the support using the CNC machine.

REFERENCES

Dixon, John C. 2007. “The Shock Absorber Handbook: Second Edition.” The Shock Absorber Handbook: Second Edition,
November, 1-415. https://doi.org/10.1002/9780470516430.

Du, Xiu Mei, Miao Yu, Jie Fu, You Xiang Peng, Hui Feng Shi, and Hua Zhang. 2018. “Hoo Control for a Semi-Active
Scissors Linkage Seat Suspension with Magnetorheological Damper:”
Hittps://Doi.Org/10.1177/1045389X18778340 30 (5): 708-21. https://doi.org/10.1177/1045389X18778340.

Feng, Lifeng, Shaogang Liu, Jianbin Zhao, al -, Mukai Wang, Zhaobo Chen, Norman M Wereley -, et al. 2020.
“Investigation of an Automobile Magnetorheological Damper with Asymmetric Mechanical Characteristics.”
Journal of Physics: Conference Series 1678 (1): 012012. https://doi.org/10.1088/1742-6596/1678/1/012012.

Fu, Qiang, Chunpeng Pan, and Lei Xu. 2019. “Research on the Nonlinear Computer Torque Control of the MR Damper
Based Above-Knee Prosthesis.” MATEC Web of Conferences 267: 02009.
https://doi.org/10.1051/MATECCONEF/201926702009.

Jin, Tianhe, Zhiming Liu, Shuaishuai Sun, Zunsong Ren, Lei Deng, Bo Yang, Matthew Daniel Christie, and Weihua Li.
2020. “Development and Evaluation of a Versatile Semi-Active Suspension System for High-Speed Railway
Vehicles.” Mechanical Systems and Signal Processing 135 (January).
https://doi.org/10.1016/J.YMSSP.2019.106338.

Jung, Hyung-Jo, Kang-Min Choi, Billie F Spencer, and In-Won Lee. 2006. “Application of Some Semi-Active Control
Algorithms to a Smart Base-Isolated Building Employing MR Dampers.” Control Health Monit 13: 693-704.
https://doi.org/10.1002/stc.106.

Kang, Byung Hyuk, Ji Young Yoon, Gi Woo Kim, and Seung Bok Choi. 2020. “Landing Efficiency Control of a Six-
Degree-of-Freedom  Aircraft Model with  Magnetorheological ~ Dampers:  Part 1—Modeling:”
Https://Doi.Org/10.1177/1045389X20942578 32 (12): 1323-35. https://doi.org/10.1177/1045389X20942578.

Kim, Hyung Tae, An Mok Jeong, Hyo Young Kim, Jong Wook An, Cheol Ho Kim, Kyung Chan Jin, and Seung Bok
Choi. 2018. “Lateral Vibration Control of a Precise Machine Using Magneto-Rheological Mounts Featuring
Multiple  Directional Damping Effect.” Smart Materials and  Structures 27 (3): 037001.
https://doi.org/10.1088/1361-665X/AAADIE.

Liao, Yingying, Yongqgiang Liu, and Shaopu Yang. 2019. “Semiactive Control of High-Speed Railway Vehicle
Suspension ~ Systems  with ~ Magnetorheological =~ Dampers.”  Shock  and  Vibration  2019.
https://doi.org/10.1155/2019/5279380.

Luong, Quoc Viet, Dae Sung Jang, and Jai Hyuk Hwang. 2020. “Robust Adaptive Control for an Aircraft Landing Gear
Equipped with a Magnetorheological Damper.” Applied Sciences 2020, Vol. 10, Page 1459 10 (4): 1459.
https://doi.org/10.3390/APP10041459.

Ochoa-Diaz, Claudia, Thiago S. Rocha, Lucas de Levy Oliveira, Miguel G. Paredes, Rafael Lima, Antonio Padilha, L.
B0, and Geovany A. Borges. 2014. “An Above-Knee Prosthesis with Magnetorheological Variable-Damping.”
Proceedings of the IEEE RAS and EMBS International Conference on Biomedical Robotics and Biomechatronics,
September, 108—13. https://doi.org/10.1109/BIOROB.2014.6913761.



Parameter Identification of Bouc-Wen Model for MR Damper

Pepe, Gianluca, Nicola Roveri, and Antonio Carcaterra. 2019. “Experimenting Sensors Network for Innovative Optimal
Control of Car Suspensions.” Sensors 2019, Vol. 19, Page 3062 19 (14): 3062. https://doi.org/10.3390/S19143062.

Santade. 2017. “Analise Dindmica de Amortecedores Nao Lineares Assimétricos, Com Histerese e Sujeitos a Folga e
Avaliagdo Do Efeito Temperatura.” 2017. https://repositorio.unesp.br/handle/11449/151680.

Sassi, Sadok, Abdelmonaam Sassi, Khaled Cherif, and Faris Tarlochan. 2018. “Magnetorheological Damper with
External Excitation for More Efficient Control of Vehicles’ Dynamics:”
Https://Doi.Org/10.1177/1045389X18781038 29 (14): 2919-32. https://doi.org/10.1177/1045389X18781038.

SpencerJr., B. F., S. J. Dyke, M. K. Sain, and J. D. Carlson. 1997. “Phenomenological Model for Magnetorheological
Dampers.” Journal of Engineering Mechanics 123 (3): 230-38. https://doi.org/10.1061/(ASCE)0733-
9399(1997)123:3(230).

Sun, Shuaishuai, Jian Yang, Haiping Du, Shiwu Zhang, Tianhong Yan, Masami Nakano, and Weihua Li. 2018.
“Development of Magnetorheological Elastomers—Based Tuned Mass Damper for Building Protection from
Seismic Events:” Https://Doi.Org/10.1177/1045389X17754265 29 (8): 1777-89.
https://doi.org/10.1177/1045389X17754265.

Talatahari, Siamak, and Nima Mohajer Rahbari. 2015. “Enriched Imperialist Competitive Algorithm for System
Identification of Magneto-Rheological Dampers.” Mechanical Systems and Signal Processing 62—63 (October):
506-16. https://doi.org/10.1016/J.YMSSP.2015.03.020.

Tsioptsias, Naoum, Antuela Tako, and Stewart Robinson. 2016. “Model Validation and Testing in Simulation: A
Literature Review.” https://doi.org/10.4230/0OASIcs.SCOR.2016.6.

RESPONSIBILITY NOTICE

The authors are the only responsible for the printed material included in this paper.



