MODELLING OF A SEMI-ACTIVE SEAT CONTROL SYSTEM FOR VEHICLE DRIVER COMFORT
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Abstract

A quarter car model with an added two degree of freedom seat-driver model is studied. Semi-active control of the seat as well as the vehicle body is considered. Friction controlled dampers are assumed, operated so as to minimise the acceleration of the sprung mass and the acceleration of the driver. The study is limited to that of the dominant response,  that in the  vertical direction.

The estimated vibration dose experienced is presented in frequency response terms and also for multi – frequency road inputs at a range of speeds. Reductions in acceleration of over fifty percent relative to the passive case are predicted, which compares well with other studies.

1 Introduction

The authors have in recent years explored the use of seem-active devices to control vibration of vehicles, rotors and buildings subject to seismic excitation.

One of the first contributions in the field of semi-active dampers was made by Crosby and Karnopp [crosby] who studied the operation of an adjustable dissipative damper operating under ‘skyhook’ logic control.

Alony and Sankar [alony] considered not only skyhook  logic, but introduced what the authors believe to be a  very useful alternative logic, one in  which spring forces are opposed and possibly cancelled. This logic, which reduces the acceleration experienced by the controlled body the present authors term ‘balance’ control.

The authors [stammers1]  applied this to the commonly studied  quarter – car  model. (In this case only one wheel is considered, supporting a quarter of the sprung mass, with no longitudinal or lateral motion admitted). A friction damper was employed, the force generated being adjusted by means of control of the normal force between the friction surfaces.  For sinusoidal road inputs a reduction of about 50% compared to the passive case is predicted, while with a random (integrated white noise) input the reduction is 29%.

The authors have extended the study to consider the use of fuzzy logic and neuro-controllers [ursu]

One of the authors [stammers2] has reported experimental studies of the performance of a controlled friction device and the development of a practical semi-active ‘damper’ is in progress.

The aim of the work reported here is to model the vehicle driver’s body and to obtain internal acceleration levels, which are generally recognised as being related to discomfort. This criterion was adopted by Amirouche, Palkovics and Woodrooffe [amirouche] who modelled the driver as  five lumped masses  (head, upper torso, middle torso, lower torso and legs). A semi-active seat was studied, but with a passive primary vehicle suspension. No overall vibration reduction figures were quoted, but in a subsequent paper [tong] where the cab as well as the seat were governed by semi-active controllers, a 40% reduction of lower torso acceleration and 35% reduction in head acceleration relative to the passive case were predicted.

Stein and Ballo [stein] tested an active seat, concluding that a three-fold improvement in overall vibration level was possible.  

Wei and Griffin [wei1] concluded that for frequencies below 20 Hz, the driver could be modelled by as few as two masses with the legs omitted. Seat stiffness and damping were also measured.

Hauk has also carried out a study  of a semi active tractor seat, performing shake tests and runs over a test road. Reductions of up to 28% in frequency weighted spectrum are reported [hauk]

2 Theoretical model

The model adopted (Figure 1) consists of a quarter car, with the driver assumed to be vertically above the wheel. The driver is generally close to the centre of mass of vehicle and does not experience significant longitudinal excitation except when braking, nor any lateral input except when turning or lane changing, which are not considered here.

What the present authors have done is to condense the three degree of freedom seat-person model into one with only two freedoms, the two sub-systems having natural frequencies of 4 Hz and 7.2 Hz respectively.  The condensed model has the dynamic characteristics reported by Wei and Griffin [wei1, wei2].

The model adopted here consists of a massless frame from which two masses m7 and m9 are suspended. As Wei and Griffin [wei1] point out the masses cannot be identified with particular organs in the body, although for convenience the authors here use the terms ‘upper’ and ‘lower’. The model has mechanical impedance similar to that of a human on a seat, utilising data by Wei and Griffin [wei2].

A semi-active suspension is assumed for the vehicle body. This consists of a spring with a friction damper in parallel. The friction force can be controlled by variation of the normal force between the plates. Details are given by Horrocks, Stammers, Gartner [horrocks] 

Setting

                           d2xj/dt2 =   aj   ;  dx1/dt   = x2  ;   dx4/dt  =  x5
                           dx7/dt  =   x8     ;    dx9/dt  =  x10 ;   dx11/dt = x12
The equations of motion are

          a9  = - (92 (x9 - x4) - 2(9 (9 (x10- x5)                                                                  (1)

          a7   = - (72 (x7 – x4) - 2(7(7 (x8 – x5)                                                                  (2)

          a1  = - (22 (x1 – x11) - 2(2(2 (x2 – x12)+ f2 – r72 a7 – r92a9                                                   (3)

          a11 =  - (t2 (x11 – y)-r2 0a1 –r7 0 a7 – r9 0 a9                                                                                       (4)

         where     r j k =   m j  / m k

                        f 2 = F2 /m2
         As the control  forces are dissipative  ,it is necessary that                

                              F4 (x5 – x2 )  < 0                                                                          (5)                                                                     

                 and       F2 (x2 – x12 )  < 0                                                                          (6)                                                                     

           Equilibrium of the massless frame yields

K4( x1 – x4)+B4(x2 – x5)+F4+K7(x7- x4)+B7(x8 – x5)+K9(x9 - x4)+B9(x10 – x5) = 0   (7)                                                                                                                              

The vibration dose as quoted by  Fahy and Walker [fahy]    is 

                        ∫a4 (t) dt                                                          

For stationary conditions  of duration T , the  estimated  vibration dose (EVD) is

                                                  EVD  =  1.4 arms T 0.25                                             (8)

which will be used here, the rms value being adequate for comparative studies.

Although the body is sensitive to low frequency lateral vibration (hence travel sickness), this is not  the case with vertical vibration, where frequencies below 2 Hz are  less of a concern than those above 5Hz.

Frequency weighting as cited by Fahy and Walker  [fahy] is for f measured in Hz

                                                   f <  2 ,   wtg = 0.4

                                           2 <  f <   5 ,   wtg = f / 5

                                           5 <  f < 16 ,   wtg = 1.0

Since the driver body variables x7 and x9 cannot be measured, an observer is used to predict those values from the integration of equations  (1) and (2). Given the simplicity of the control system considered, there should be adequate time to generate these predicted displacements. It is assumed that the natural frequencies (7 and (9 are known (and are constant i.e. the viscera, the internal organs, behave in a linear manner). This issue will be reviewed in the Conclusions. 

2.1  Seat Damper

To maximise comfort of the driver, the strategy adopted  is,following [amirouche] , to   minimise    P = (a72  + a9 2)/2    at any instant by a suitable   demand x4,dem  .  This is given by

                                     a7  (a7 /( x4 + a9 (a9/ ( x4  = 0

where the derivatives are partial.

x5 = dx4 /dt is  unknown, but may be eliminated via 

                                      x5 = (x4 – x4,old)/dt

where x4,old is the value at the previous step   time step t-dt

One can set 

a7 = c1   x4  - c0  

a9 =  d1 x4 – d0
where c1 =  (72 + 2 (7(7/dt  ;  c0 = (72 x7 + 2 (7(7 (x8 +x4,old /dt)

and     d1 =  (92 + 2 (9(9/dt  ;  d0 = (92 x9 + 2 (9(9 (x8 +x4,old /dt)

yielding 

                              x4,dem = (c0c1 +d0d1)/ (c12 + c02 )

The demanded value of F4  is calculated from equation (7) and the condition  (5) checked.

If the demanded  F4 is in the direction of the relative velocity, F4 must be set to zero in equation (7), and  the default value  of x4 calculated 

The actuator  is modelled as a first order system [stammers1]

                         tc   dx4/dt    +  x4   = x4,dem                                                                 (9)

where x 4,dem is the value deduced from the above procedure and  tc is  a time constant which is a function of valve characteristics [horrocks]

2.2 Suspension Damper

The suspension damper is used to cancel (if possible) the acceleration of the vehicle body.   From equation (3)  the demanded value of f2  = F2/m2  is

                          f2,dem =  (22 (x1 – x11) + 2(2(2 (x2 – x12)+  r72 a7 + r92a9
   where if 

                     f2,dem (x2 – x12) >0,   f2,dem  must be  set to zero.

The control system for the suspension damper is assumed to be the same as that for the seat and hence is governed by an equation of the form of (9) with the same time constant.

Sinusoidal road inputs were assumed, the amplitude of which were taken to vary inversely with frequency over the range considered. For a spectral density  which varies as  (spatial frequency)-N this corresponds to N=2.

For both smooth and gravel highway, a value of  N=2.1 is quoted [wong] , and so N=2 is a  reasonable and convenient choice.

3 Results and conclusions

The parameter values used are listed  after the references. The body mass values are those deduced by  Wei and Griffin.[wei2] The natural frequency and damping of each sub system is lower than those in their 3 degree of freedom model .

Responses were simulated over a period of 40s. Root mean square responses were calculated over the final 36s, the first  4s being ignored to remove the transient effect of the input. As the study is comparative, and the length of the input arbitrary, the estimated vibration dose is simply equated to the rms value. It is in the cases quoted below actually 1.4 (36 0.25 ) = 3.43 times greater than the rms value.

The value of the semi-active suspension damper is shown in Figure 2, where the frequency response of the vehicle body is compared with that in the passive case.    

For the passive case, viscous damping with a damping ratio of 0.25 (an average of closure/recoil values) was adopted. The body resonance is evident, particularly in the passive case The semi-active response, with full suspension cancelling and passive damping of 0.05 shows a marked improvement  at frequencies above 1 Hz, which is the result previously reported by the authors [stammers1] .

Input frequencies as low as 1 Hz were assumed only to demonstrate the nature of the semi-active response. In fact Wong [wong] suggests that maximum wavelength for both smooth highway and gravel road is around 7m.  On a highway, one expects  steady speeds to be  at least 10 m/s most of the time.

The frequency weighted vibration dose (actually rms) was calculated at each frequency in the range 2-7.5 Hz. (Figure 3). This is the road input expected for a vehicle speed of 15 m/s. Three cases were considered:

(a)  passive

(b)  semi-active seat

(c)  semi-active seat and semi-active suspension

For the passive case, the resonance at 4 Hz (the lower natural frequency of the seat –driver system) is quite evident. The semi-active seat reduces this peak by approximately 40%, but at the expense of an slightly increased dose at lower frequency. However because of the low weighting at 2 Hz (and below) the levels are not significant.

The addition of the suspension damper is beneficial at all frequencies, particularly at 4 Hz, the seat resonant frequency. 

The total vibration dose over the frequency range is 3.8 ms-2 in the passive case, 3.1  ms-2  with the semi-active seat,  and  1.9 ms-2  with  both semi-active dampers. In the latter case there is a minor resonance at 6Hz.  Hauk’s results [hauk] exhibit the same effect, a secondary resonance at approximately 4.3 times the fundamental sprung mass natural frequency.

Finally, the response for a multi-frequency frequency input was examined. The weighted vibration dose was calculated for vehicle speeds of 10m/s, 15 m/s and 20 m/s. The span of input frequencies were 

10 m/s   1.50 -   5.0  Hz

15 m/s   2.25 -   7.5  Hz

20 m/s   3.00 - 10.0  Hz

 corresponding to  road  input wavelengths  from 2  to 7m

· The semi-active seat alone produces a significant reduction in the vibration dose for inputs of 3 Hz and above.

· The suspension semi-active damper provides isolation at low frequencies, and when used in conjunction with the seat damper provides significant reduction in vibration dose except at 6Hz, where levels are low anyway.

· For multi-frequency inputs, the benefits increase with vehicle speed.

It is hoped that some experimental verification of these predicted results will be possible in the near future.
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Data

tc = 100 ms, dt  = 2.5 ms 

m0  =  22  kg ; m2  =  220  kg  ; m7  =   33.4   kg    ;   m9  =  10.7   kg

(t    =   26 ( rad/s  ; (2    =   2.8 ( rad/s ; (7   =   8.4 ( rad/s ; (9   =  14.4 ( rad/s ;

(7  =  0.12    ;  (9  =  0.18 ; K4 =20 kN/m ; B4 = 0
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Figure 1      Model of vehicle and driver
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Figure 4         Multi frequency input;

                                   passive,               SA seat and suspension


