
90

Chapter 6

 Simulations

This chapter describes the details of the simulation analysis that was performed by using

the adaptive controller formulation developed in the previous chapter.  The numerical

aspect of the simulation study will be presented, followed by a parametric sensitivity

analysis in which the effect of various parameters on system performance is studied.  The

simulation results compare the proposed adaptive controller with passive dampers.

6.1 Simulation Model Setup

This section will describe the MATLAB Simulink programs that were put together for

our numerical simulations.  We will describe the seat model, the adaptive controller

model, and the excitation profile that was used for the numerical simulation that will be

discussed in the later sections of this chapter.

6.1.1 Seat Model

 The seat configuration described in Chapter 4 was used for developing the seat Simulink

block diagram shown in Fig. 6.1, which included passive and adaptive seat suspensions for

comparison purposes.  The details of the Simulink block diagram in Fig. 6.1 can be

summarized in the flow chart of Fig. 6.2.  The seat suspension model, as described in

Section 5.3, is simulated with excitations form the seat base.  The details of the input that

was selected for the model will be described in Section 6.1.3.  We selected Ode3

(Bogacki-Shampine) as the numerical routine from the Simulink menu with a fixed step

size of 0.01 second for solving the dynamic equations, because our simulation experience

showed that Ode3 is a faster algorithm than Ode4 (Runge-Kutta) and Ode5 (Domand-

Prince), even though they can achieve the same simulation results for our case.  The

suspension relative displacement resulting from the model was filtered, using a first-order

high pass filter (as shown in the Fig. 4.9 of Section 4.2.3) with a break frequency of
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 Figure 6.1 Simulink Block Diagram of Passive and Adaptive Semiactive Seat Suspensions
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 Figure 6.2 Flow Chart of the Simulink Block Diagram Shown in Fig. 6.1

 

 12 Hz to create a 90-degree phase shift in the signal, and therefore emulate the relative

velocity across the suspension.

 

 In Fig. 6.1, the blocks for MR Damper and Seat Suspension were used to simulate the

semiactive adaptive seat suspension , while MR Damper1 and Seat Supension1 blocks

calculates the passive seat suspension.  The MR Damper1 and Seat Suspension1 blocks

are the same as MR Damper and Seat Suspension, respectively.  Thus, both suspensions

are the same except using different damping tuning methods.  'MR Dapmer' represents a

MR damper model, and Seat Suspension' is used to simulate a second-order equation of

motion with a nonlinear damping force.  The details of  the blocks are shown in Fig. 6.3.
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 (a)

 (b)

 Figure 6.3 Simulink Sub-Blocks for Seat Suspension Model: (a) MR Damper Block; (b) Seat Suspension Block
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 6.1.2 Adaptive Controller Model

 The adaptive control model is shown in a clear form in the flow chart of Fig. 6.4.  The

further details of the controller model are shown in the Simulink block diagrams in Fig5.

6.5-6.7.  As shown in Fig. 6.4, three main blocks that consist of the adaptive control

algorithm are system identification, sensitivity calculation, and adaptive control update.

The seat acceleration, relative displacement, and damping force are required in order to

implement the adaptive controller.  System identification uses these three signals to

estimate the  unknown seat mass and airspring stiffness.  The estimated mass and

stiffness are provided to calculate the sensitivity, i.e., the update gradient, which the

adaptive controller employs to update the damping force to minimize the seat vibration.

 

 It is worth mentioning that several important pre-set parameters in the adaptive controller

can affect the adaptive suspension performance obviously.  Among them are the

forgetting coefficient λ for system identification and the adaptive step size µ for control

update.  In addition, the break frequency of the rate filter is also important, because it

affects the estimate of the relative velocity that is used to calculate the damping force.

The details of the related parametric study will be presented in the later sections of this

chapter.

 

 Figure 6.4 Flow Chart of Adaptive Control Algorithm
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 Figure 6.5 Simulink Block Diagramof the System Identification of Adaptive Controller



96

 

1

Adaptive
Control Signal

z

1

Unit Delay

Sum1 Saturation 
[0,1] A

Product

-2*mu

Adaptive
Stepsize

2

Error Signal

1

Update
Gradient

 Figure 6.6 Simulink Block Diagramof the Adaptive Control Update of Adaptive Controller
 

 

 Figure 6.7 Simulink Block Diagramof the Sensitivity Calculation of Adaptive Controller
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 6.1.3 Model Inputs

 This section describes the external inputs to the model.  The model input mainly

consisted of  excitations at the base of the seat, and external noise imposed on the

acceleration and relative displacement signals for better emulating the corresponding

measured signals.  We will describe each respectively.

 

 A chirp signal (or sine sweep) from 0.5 to 8 Hz at the rate of 2.3 Hz per second was used

to model the seat base excitation as shown in Fig. 6.8.  The chirp signal was selected over

a random signal, because it is able to generate more precise results in the frequency band

that best corresponds to the seat dynamics.  Alternatively, a random signal could have

been used for the same purpose.  Such a signal, however, would have required much

more filtering in order to eliminate the contamination effect of higher frequencies.  The

record set of input to the model included the noise that was superimposed on the

acceleration and relative displacement calculations from the model.  The noise signals,

shown in Fig. 6.9, are intended to more realistically model the environment within which

the adaptive controller works.  The frequency spectrum of the noise signals are selected

such that they represent the effect of the noise on the signals,  without requiring

excessesively small calculation step size (as would be required if noise frequency content

is at much higher frequencies).  The noise estimations we have made were validated with

some of our experimental measurements on our test setup.



98

 

 Figure 6.8 Time Trace and Spectrogram of the Seat Base Excitation

 Figure 6.9 Noise Signals Imposed on Acceleration and
 Relative Displacement Calculations
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 6.1.4 Model Parameters

 The parameters selected for the model are included in the Table 6.1.  These parameters

have been selected such that they accurately represent the dynamics of the experimental

seat and the controller.  Some of the parameters, such as the seat mass and the suspension

stiffness, were physically measured.  Those parameters that could not be physically

measured were estimated from experimental or numerical results.  In some cases several

estimates of the parameters were considered, before we obtained the values listed in

Table 6.1.  Further, the parameter values of the MR damper model are listed in Tabel 6.2.

This MR model was optimized using the experimental data of up to 1 A current from

Lord Corporation (Chapter 3).  The initial values for the simulation are not presented

here.

 Table 6.1 Seat Model Parameters

 Parameter  Description  Value  Reference EQ.

 M  Seat Mass  86.4 Kg  (5.2)

 Ksp  Suspension Stiffness  7004 N/m  (5.3)

 f  Rate Filter Break
Frequency

 12 Hz  (4.7)

 µ  Adaptive Step Size  0.0001  (5.10)

 λ  Forgetting Factor  0.995  (5.6), (5.7)

 Analog Filter
 Design 1, and 2

 in Fig 6.1

 Noise Filters  9th Order Low-Pass
 8.5-Hz Break-Frequency

Chebyshev Filter

 (6.1)

 

 Table 6.2 MR Damper Model Parameters of Eqs. (3.1)-(3.5)

Parameter Value Parameter Value Parameter Value

A0 231.0 b0 2.7183 h2 0

A1 230.4 b1 0 h3 1

A2 5303.1 b2 0.2 I+0.1 h4 0

A3 -548.9 h0 111.1 V0 0

A4 1603.8 h1 0 Fbias 0

 Note:  b2 is a function of the current I to the MR damper.
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 6.2 Simulation Results

 Having explained the details of our simulation models of the seat suspension and

semiactive adaptive controller, we will next examine the effectiveness of the adaptive

controller and evaluate the effect of some of the system parameters on the isolation

performance of the adaptive controller.  The effectiveness of the adaptive controller is

established by examining its ability to converge to the proper damping force, as the

system input sweeps through a wide range of frequencies.  The effect of system

parameters will be evaluated by examining the adaptive controller ability to converge to

the true values of mass and stiffness for the system, as well as the seat acceleration due to

different input frequencies.  The parameters that will be evaluated are:

 

•  Noise filters for system identification

•  Rate filter break frequency

•  Damper model formulation for sensitivity calculation

Figure 6.10 Block Diagram of the Parameters Considered for Simulation Studies

It is worth noting that the above cases have been selected from among many others that

we evaluated throughout this study.  For brevity, those cases that proved to be less

significant are not included here.
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 6.2.1 Adaptive Control Damping Convergence

 One of the key elements of the adaptive controller is its ability to converge to the proper

damping levels as the supension system is subjected to different base frequencies.

Referring to Section 2.2, when the input frequencies, relative to the suspension resonance

frequency, are in the direct transmission and amplification range, then high damping

levels are desired.  For input frequencies in the isolation range (i.e, higher input

frequencies, relative to the suspension resonant frequency), lower damping is required for

better isolation.  One of the key elements of determining proper functioning of the

adaptive controller is its ability to converge to the proper damping level, as the input

frequency sweeps through the frequencies shown in Fig. 6.8.  As shown in Fig. 6.11, the

adaptive damping force starts somewhere between the damper's softest and hardest

damping.  As the input frequency sweeps up and becomes closer to the resonance

frequency, the adaptive damping increases to levels very close to hard damping, and after

reaching a maximum it converges down to soft damping for higher input frequencies.

This behavior closely agrees with how the damper is expected to perform for reducing

seat vibration, as shown in Fig. 6.12.  Figure 6.12 shows three strips of the seat

acceleration time trace, from 0 to 20 seconds, collectively, corresponding to the 20-

second time trace of the seat base input shown in Fig. 6.8.  As indicated in the figure, soft

damping provides low seat acceleration at higher frequencies, but results in high

acceleration at low frequencies.  Conversely, hard damping yields low acceleration at low

frequencies, at the expense of higher acceleration at higher frequencies.  The adaptive

controller is able to provide low acceleration levels at all frequencies by properly

adajusting the damping level between the soft and hard damping.

 

 Similar results may be achieved if the input frequency is known relative to the suspension

resonance frequency.  This, however, requires knowing the input frequency and the
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 Figure 6.11 Comparison of Currents Induced by Adaptive Control and Passive Damping

 

 Figure 6.12 Comparison of the Seat Acceleration
 Induced by Adaptive Control and Passive Damping
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 suspension resonance frequency, both of which can change with different operating

conditions.  Therefore, implementing such a controller in practice may prove to be more

difficult and costly than the adaptive controller proposed here.

 

 6.2.2 Effect of Noise Filter on System Identification

 As shown in Fig. 6.1, the input to the adaptive controller where system identification

occurs are passed through a 9th order low pass filter that was designed by employing the

MATLAB 5.2 standard analog filter function was used for design.

 

 This was designed to reduce the effect of noise that is undoubtly present in any practical

system on the system identification process and the adaptive controller.  The results in

Fig. 6.13-6.15 show the system's ability to adapt to the true stiffness and mass, the

damping adaptation, and the seat acceleration.  The filter proves to have a desired effect

on the adaptive controller performance, as indicated by Figs. 6.13-6.15.  It appears that

the noise present in the unfiltered signal causes large errors in estimating the system

stiffness and mass, and therefore the damping adaptation.  The degradations observed on

the seat acceleration in Fig. 6.15 do not appear to be as large as the differences seen in

Figs. 6.13 and 6.14.

 

 Figure 6.13 shows that the overall accuracy of the system identification can be improved

if appropriate noise filters are adopted.   It can be observed that without a noise filter the

estimates of mass and stiffness plummet in the initial two seconds.  The reason is that

during this period the signal-to-noise ratio is much larger than in the other time, because

the seat suspension works as a rigid body, and is excited with small-amplitude vibration

in this low frequency range for our case.  Another observation is that estimates are biased,

because the formulations in Section 5.4.1 imply that the error signal

 

 e=[(-Fmr)-ϕTθ]     (6.1)
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 Figure 6.13 Effect of System Identification Input Filter
 on Estimating the System Mass and Stiffness

 

 Figure 6.14 Effect of System Identification Input Filter
 on Adjusting the Damper Current
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 Figure 6.15 Effect of System Identification Input Filter on the Seat Acceleration
 

 is correlated with the estimated variables θ in addition to noises in the signals used for

system identification [7].

 

 6.2.3 Effect of Rate Filter Break Frequency

 In the adaptive control implementation, the rate filter provides the estimate of the relative

velocity for the adaptive algorithm.  As discussed in Section 4.2.2, the break frequency is

a key design parameter for the rate filter to affect the system dynamics.  We select break

frequencies of 4 and 20 Hz and compare them with 12 Hz that is the nominal break

frequency for our adaptive controller.

 

 As the results in Figs. 6.16-6.18 show the rate filter break frequency has the largest effect

on the mass and stiffness identification, and damping adjustment.  The effect on seat

acceleration is much less, except for frequencies close to the suspension resonance
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 Figure 6.16 Effect of Rate Filter Break Frequency
 on Estimating the System Mass and Stiffness

 

 Figure 6.17 Effect of Rate Filter Break Frequency
 on Adjusting the Damper Current
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 Figure 6.18 Effect of Rate Filter Break Frequency on the Seat Acceleration
 

 frequency.  Figure 6.16 indicates that improperly designed rate filters diminish the

 system's ability to correctly identify the system mass and stiffness, due to the gain and

phase shifts that can result with such filters as discussed in Section 4.2.2.  The effect of

inaccuracies introduced by a rate filter with low break frequencies affects apparently

current adjustment in Fig. 6.17.  The low break frequency results in a damping coefficient

that appears to be much lower than the desired ones (as estimated by 12 Hz and 20 Hz

break frequencies) in frequencies close to the suspension resonance frequency.  Figure

6.18 reflects the effect of  inadequate damping forces due to the 4 Hz rate filter on the

seat acceleration at frequencies close to the resonance frequencies.  At other frequencies,

this effect is far less significant in spite of the differences.
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 6.2.4 Effect of Adaptive Step Size

 The adaptation of the control parameters is achieved step by step according to the

gradient.  As Eq. (5.10) shows, the adaptive update is an integration process.  The value

of the adaptive step size µ affect numerical stability of the difference equation for the

adaptive control update.  Therefore, it can affect the adaptive control system performance.

We compared step sizes of 0.005 and 0.001 with 0.0001, our baseline step size, as shown

in Figs. 6.19-6.22.

 

 The results in Figs. 6.19-6.22 show that the adaptation step size must be selected small

enough to avoid instability or erratic behavior in the system.  Figure 6.19 shows that

larger step sizes can result in less accurate identification of the system parameters.  A

small step size can also result in more erratic changes to the current supplied to the

damper, as shown in Figs. 6.20 and 6.21.  Figure 6.21 shows that for the adaptive step

size µ=0.005, the current fluctuates repeatedly within the current range, particularly at the

higher frequencies.  A similar behavior is observed for µ=0.0001 at the higher

frequencies, as evident from Fig. 6.20, even though at much less intensity.  The results of

the current fluctuations in Figs. 6.20-6.21 are further evident in the seat acceleration plots

in Fig. 6.22.

 

 One can attribute the results in Figs. 6.19-6.22 to the adaptive controller's inability to

keep up with the system dynamics at the higher frequencies, for smaller step sizes µ.  For

instance, as shown in Fig. 6.21 for µ=0.005, the current fluctuations are minimal and the

current converges to the correct amount initially (when the chirp input is at lower

frequencies), but begins fluctuating between the minimum and maximum values of the

current when the chirp frequency becomes larger than the resonant frequency.  As such, in

designing the adaptive controller special care must be taken on selecting the adaptive
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 Figure 6.19 Effect of Adaptive Step Sizes on Estimating the System Mass and Stiffness

 

 Figure 6.20 Effect of Adaptive Step Sizes on Adjusting the Damper Current
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 Figure 6.21 Damper Current with a Adaptive Step Size of µ = 0.005
 

 

 Figure 6.22 Effect of Adaptive Step Sizes on the Seat Acceleration
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 step size.  We chose µ=0.0001 for our study, because it yielded results that appear to be

dynamically stable, as illustrated in Figs. 6.19-6.22.

 

 6.3 Effect of Damping Model on the Adaptive Algorithm

 A non-parametric model of the MR damper was discussed in detail in Chapter 3, where

various functions were chosen to model the dynamic characteristics of the damper.  In

this section, we will examine how some of the assumptions and simplifications for

sensitivity calculations can affect the adaptive controller performance.  Specifically, we

will examine

a. Effect of Damper Shape Function

b. Effect of Damper Amplitude Function

c. Effecf of Dmaper Delay Function

by illustrating these effects on the damper model and the semiactive adaptive controller

performance.

6.3.1 Effect of Damper Shape Function

In Section 3.3, the shape (i.e., backbone) function was defined as the function that

captures the general bilinear backbone shape of the damping curve, which often occurs in

dampers, both hydraulic and magneto-rheological.  We used a hyperbolic tangent

function, as represented in Eq. (3.4) and duplicated in Eq. (6.2) to model the backbone

Sb(V) = tanh(b2V)     (6.2)

An alternative function that can be used for the same purpose is

Sb(V) = sign(b2V)     (6.3)
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Figure 6.23 Effect of Damper Model Shape Functions
on Representing the Damping Force

Figure 6.24 Effect of Damper Model Shape Functions
on Representing Force-Velocity Characteristics of the Damper
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Figure 6.25 Effect of Damper Model Shape Functions
on Representing Force-Displacement Characteristics of the Damper

The advantage of  Eq. (6.2) is that it is easier to solve numerically.  Equations (6.2) and

(6.3) can yield similar damping results, as shown in Figs. 6.23-6.25.

Figures 6.23-6.25 shows that it is more accurate to use tanh(x) with a smooth trasition

than the discontinuous sign(x). Their effect on the adaptive controller performance in

Figs. 6.26-6.29 show that the sign(x) function results in less accurate estimation of the

mass and stiffness parameters, as well as causing large fluctuations to the damper at

higher frequencies.  Furthmore, Figure 6.29 indicates that the sign(x) function in Eq. (6.3)

results in slightly larger accelerations at the lower frequencies, and relatively large spikes

at the higher frequencies.  The large spikes appear to coincide with the large current

fluctuations seen in Fig. 6.27.  Overall, the results in Figs. 6.26-6.29 indicate that the

tanh(x) function in Eq. (6.2) is a preferred representation of the damper backbone as

compared to the sign(x) function in Eq. (6.3), although computationally it is more

difficult to solve.
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Figure 6.26 Effect of Damper Model Shape Functions
on Estimating the System Mass and Stiffness

Figure 6.27 Effect of Damper Model Shape Functions
 on Adjusting the Damper Current
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Figure 6.28 Effect of Damper Model Shape Functions on Calculating the Gradient

Figure 6.29 Effect of Damper Model Shape Functions on the Seat Acceleration
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6.3.2 Effect of Damper Amplitude Function

Another aspect of the MR model function, which affects the sensitivity calculation for the

adaptive algorithm, is the amplitude (i.e., assumed or empirical polynomial) function

Amr(I), which effectively represents the damping force-velocity variations for different

electrical currents (I) supplied to the damper.  As shown in Eq. (3.1), we selected a

polynomial for the amplitude function, which proved to effectively model the seat

dampers that we consider for this study.

Since the adaptive controller implementation requires calculating the update gradient in

real time, we simplify the calculation of Amr(I) and dAmr(I)/dI as constants in order to

reduce the calculation burden.  For the purpose of evaluating the effect of the amplitude

function on the adaptive controller, we evaluated the following three cases

Amr(I) and dAmr(I)/dI at I = 0.3 A for any other current (6.4a)

Amr(I) and dAmr(I)/dI at I = 0.8 A for any other current (6.4b)

Amr(I) and dAmr(I)/dI per currents to the damper, i.e., not simplified(6.4c)

Obviously, the first two casess represent a constant on the amplitude function near the

minimum and maximum range of currents, respectively, and the third case shows that the

actual real-time values are used for gradient calculation.  Figures 6.30-6.33 indicate the

significant effect of Amr(I) and dAmr(I)/dI  on the system parameter identification, current

adaptation and seat acceleration.  Figure 6.30 shows that the selection of the amplitude

function has a relatively small effect on the identification of the system mass and

stiffness, however, it has a more significant effect on the current adaptation shown in Fig.

6.31.  The effect on the seat acceleration can also be negligible, except for frequencies

close to the resonance frequency of the suspension.  Therefore, the amplitude functions

Amr(I) and dAmr(I)/dI selected for the sensitivity calculation has a less signifigant effect on

the adaptive controller.  If needed, this function can be simplified to reduce the

computational burden for real time implementation of the controller.
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Figure 6.30 Effect of Damper Model Amplitude Function
on Estimating the System Mass and Stiffness

Figure 6.31 Effect of Damper Model Amplitude Functions
 on Adjusting the Damper Current
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Figure 6.32 Effect of Damper Model Amplitude Functions on Calculating the Gradient

 

Figure 6.33 Effect of Dmaper Model Amplitude Functions on the Seat Acceleration



119

6.3.3 Effect of Damper Delay Function

The last damper model parameter that we will examine is the damper delay (i.e.,

hysteresis) function, shown in Eq. (3.6).  As explained earlier in Section 3.3, the damper

delay function is used to model the hysteresis effect that is observed in the damper force-

velocity plots, such as Fig. 3.5.  Eliminating this function reduces the number of

equations that must be solved in the real time implementation of the adaptive controller,

therefore reducing the computational burden.

Figures 6.34-6.36 show that the effect of eliminating the delay function on the damper

force characteristics.  As evident from these figures, although the maximum and

minimum of the damper force values do not change.  The general shape of the damping

curves changes in comparison with the model including the delay function when the

relative velocity is near the regions of the zero velocity.

Figure 6.34 Effect of Damper Model Delay Functions
on Representing the Damping Force
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Figure 6.35 Effect of Damper Model Delay Functions
on Representing Force-Velocity Characteristics of the Damper

Figure 6.36 Effect of Damper Model Delay Functions
on Representing Force-Displacement Characteristics of the Damper
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The effect of the delay function on the semiactive adaptive controller is shown in Figs.

6.37-6.40.  These results indicate elements that are not uncommon to what we observed

for the earlier two functions we studied.  Namely, eliminating the delay function

•  slightly affects the parameter identification, as shown in Fig. 6.37 for the mass

and stiffness

•  has a relatively large effect on the damper current adaptation (shown in Fig.

6.38)

•  has a slight effect on seat acceleration, except for near the suspension

resonance, as shown in Fig. 6.40.

Figure 6.37 Effect of Damper Model Delay Functions
on Estimating the System Mass and Stiffness
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 Figure 6.38 Effect of Damper Model Delay Functions

 on Adjusting the Dmaper Current

 
 Figure 6.39 Effect of Damper Model Delay Functions

 on Calculating the Gradient
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 Figure 6.40 Effect of Damper Model Delay Functions

 on the Seat Acceleration

Overall, the results in Figs. 6.37-6.40 indicate that if needed, the damper model used for

the adaptive controller can be used without the delay function in order to reduce the

computational burden on the controller micro-electronics. But for other cases, the delay

may be too long to be ignored due to its effect on the dynamic systems.

6.4 Summary

The semiactive adaptive control theory presented in the previous chapter was numerically

studied, using Simulink.  The numerical aspects of modeling the adaptive controller are

presented first, followed by a detailed representation of the modeling results.  The

controller adaptation was examined, for a chirp input that sweeps from very low

frequencies to the frequencies larger than the resonant frequency of the suspension.  It

was shown that the controller could adaptively tune the damping to the proper damping

values in different frequency ranges if we give the adaptive scheme sufficient amount of

time.  Furthermore, the effects of several system parameters on the adaptive controller
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were examined, including system identification filter, rate filter break frequency, and

damper model formulation.  For each parameter, the system parameter identification, the

damping adaptation and the seat acceleration were examined as the parameters were

changed individually.  The results indicate that the parameters we examined had a

relatively significant effect on the identification of the mass and stiffness parameters, a

large effect on current adaptation, and a lesser effect on the seat acceleration.  The results

further showed that the seat accelerations in frequencies near the seat resonance

frequency were most significantly affected by the approximation or inaccuracies in the

system model parameters.  In evaluating the damper model formulation, several

suggestions were made for further simplifying the non-parametric model presented in

Chapter 3, in order to reduce the computational burden imposed on micro-controllers

needed for the controller implementation.


