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Introduction 

In the last decades, the focus in the automotive industry is set on the design of safer 
vehicles. By performing and analyzing crash tests every manufacturer developed 
safety systems. Today, new computational methods make it possible to build active 
safety restraint systems. The advance of an active system over a passive is that it acts 
different for various types of crashes. Differences are e.g. the direction of the crash 
(front, side, etc.) and the mass of the dnver. 
In this report a first step towards the development of an active safety belt in a vehicle 
is discussed. 

The research that is performed by BMW and TUE, computer models are used. These 
models are based on the results of actual crash tests. In ths  research it is tried to 
control the pulling force of the safety belt in at the B-pillar in such way, that 
maximum safety of the driver is achieved. The results from the computer models can 
later be used in real life crash tests. 

Formal research by Hesseling[l] defined that optimal safety is equivalent to 
minimizing the maximum amount of deceleration of the drivers chest during a crash. 
Hessehg showed that step response malysis and stmdxd feedback control are 
sufficient to find an optimal solution for crash test USNCAP (57krnh) with one type 
of dummy (50% hybrid). Unfortunately this beltforce controller cannot be used for 
other types of dummies. 
In this research, the algorithm of Hesseling is used for the same crash. Now a 5% 
dummy is used. The results are compared to the result of Hesseling. This comparison 
leads to a definition for the feasibility of one controller that gives optimal results in 
both situations. 

The first chapter describes the algorithm and results of Hesseling. Some extra 
motivations are given. Chapter 2 and 3 describe how the algorithm is used for the 
crash USNCAP57 with 5% dummy. Chapter 4 compares the results with the results of 
Hesseling[l] and gives a validation of a mutual exclusive controller for both dummies 
in this crash. Chapter 5 describes conclusions and recommendations. 



1 Solution algorithm 

In formal research by Hesseling [I], a controller is built that controls the safety belt in 
crash USNCAP57 with 50% hybrid dummy (medium weight, 75[kg] man). T h s  
controller is unstable for the same crash with a 5% hybrid dummy (lightweight, 
5O[kg] woman). Based on the same algorithm, the goal is to find a controller for both 
cases. 

The problem definition is: 
Develop a new beltforce controller for crash USNCAP57 with a 5% hybrid 
dummy by using the algorithm of Hesseling[l]. Compare the controller with 
the controller for a 50% hybrid dummy and define possibilities for 
development of one controller for both cases. 

The algorithm that is used by Hesseling exists of the following 
steps: 
1. Building a computer model of a the crash and the dummy, with the use of 

experimental data of crash tests. 
2. Define improvements that the beltforce controller must accomplish. 
3. Define an optimization algorithm for designing the new beltforce controller. 
4. Identify the response of the complex computer model to beltforce with a low order 

transfer fbnction. 
5. Use the identified transfer function to built a regulator for the beltforce. 
6. Testing of controller on the complex computer model and, based on the results, 

optimize the controller. 

The rest of this chapter discusses each step and gives the results of Hesseling. 

1 .  Computer model 

The data of crash tests is introduced in a computer model to allow easy reproduction 
of the results. This is usehl to reduce costs of development. It is also usehl for 
predevelopment, because controllers can be tested in software and no exotic hardware 
is required. 

The computer model is based on multi body dynamics and finite element methods. 
BMW and TNO together developed a model for the inner vehicle and the dummy. 
The computer model is assumed to be representative for the crash that is analyzed. 
This assumption is not argued here. 
The model is designed in the computer program MADYMO. More information on 
multi body dynamics and FEM can be found in Madyrno manuals[2] and Fenner[3]. 

Fig. 1.1 shows plots of the computer model (50% dummy). The model exists of 15 so 
called systems. Examples are: the dummy, the seat and the airbag. The airbag and the 
windshield are implemented as FEM models because of there complex shape. 



Fig 1.1 Side view of computer model with 50% dummy in a BMW. 

The computer model has some simplifications towards reality. In this research it is 
assumed that this model gives a good representation of the real crash test. In order to 
use active controllers, MADYMO is coupled to the mathematical program MATLAB. 
The model with the 5% dummy is slightly different from the 50% dummy. This gives 
some differences in the output. The differences are discussed in chapter 2. 

1.2 Improvements with new beltforce controller 

In this step the current passive safety system is analyzed. Based on the results it is 
defined what improvements are required from the new active safety system. Fig. 2.1 
shows the passive safety system as introduced in current vehicles. 



PI- ..... 

Fig. 1.2 Front view of driver in his seat belt. 

The passive safety belt mainly exists of 7 items: 
1. The belt: a simple belt, with stifhess of approx. 5*10~[~/m].  the belt only has 

stifhess when pulled. 
2. A belt guidance in the B-pillar of the car. By gently pulling the belt it will release 

from this cylinder. This cylinder has a low torsion stifhess. 
3. A beltforce limiter that works as retractor and has settling time and allows slip of 

the belt out of the retractor, when the tension in the belt becomes to high (above 
l o w ] ) .  

4. The key on the belt that is used by the driver to attach the belt to the buckle. 
5. The buckle: connects the belt to the pretensioner 
6. The pretensioner. In a crash, this part abruptly pulls down the buckle. This 

movement tensions the belt. 
7. The end-holder. Left of the dnver, just below the seat, the other end of the seat 

belt is connected to the chassis. 

If the USNCAP crash at 57krnh is analyzed for a car that has a passive safety belt and 
an airbag as restraint systems, the following 4 regions can be located. Fig. 1.3 shows 
the corresponding deceleration of the chest: 
1. Low forces act on the driver due to initial conditions in the model. Since the initial 

position is defined by standard location of some dummy parts, the dummy is in 
total not perfectly fitted to his seat. This is not perfect and in this case, the initial 
indention cause low positive acceleration. 

2. The retractor locks up and the pretensioner tensions. This results in a deceleration 
of the occupant. 

3. The airbag inflates and prevents the driver from touchmg the steering wheel. 
4. The car bounces back, but the driver's reaction is hardly noticeable. 



accelerations of car and driver during a frontal crash at 57kmh 
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The most obvious conclusion of figure 1.3 is that the dmer starts to decelerate later 
and with higher maximum deceleration values than the vehicle. If At is the delay time 
at the start of the deceleration process of the driver's chest: 

At(passive) = 0.01s (1.1) 
The next conclusion is the maximum value of driver's chest deceleration: 

max~%h,,,,, (01) = 550 7% (1.2) 



Because of the time delay at the beginning of the crash, the occupant must decelerate 
faster at later points during the crash. This causes higher deceleration values. 
Hesseling[l] defined that injuries are caused by high values of deceleration or 
acceleration. The new beltforce controller should therefor prevent the dummy fi-om 
these large accelerations and decelerations. 

The improvement that is required from the new beltforce controller in comparison 
with the passive safety system is: 

Lower the maximum value of decelerations during a crash. 

In comparison to the old passive system, it is chosen to eliminate the pretensioner. 
The retractor is replaced by an actuator mass, to which a controlled force can be 
applied. 

1.3 Optimization algorithm for new beltforce actuator. 

In section 1.2 is mentioned that in the new beltforce actuator a single actuator at the 
B-pillar will replace the retractor. In the computer model this actuator is represented 
as an actuator mass, subjected to a controlled force. 
Lowering down the maximum value of deceleration of the dummy is now realised by 
controlling the tension in the safety belt via this actuator. 
There are however 3 boundary conditions: 
- No inner vehicle parts (except the seat) are to be touched during the crash. This 

causes injuries. 
- The occupant cannot start earlier with decelerating than the beginning of the crash 

(this is in reality not possible) 
- During the crash it must always hold that: 

Because if not, than the occupant is forced through the back of the seat. At the end 
of the crash both sides of eq. 1.3 must be equal. 

Analyzing the results of fig. 1.3, There are 2 ways to lower down the maximum value 
of deceleration: 
1. Eliminate time delay at beginning of crash: 

This gives extra time to decelerate the occupant. 
2. Use the space between the occupant and the steering wheel as buffer: 

The occupant has extra space to decelerate. This introduces a possible delay and 
gives extra deceleration time for the occupant. This lowers the necessary 
acceleration values. 

Hesseling defined that the chest acceleration is representative for the rest of the 
occupant.. Standard feedback control (Franklin/Powell[4]) is introduced for beltforce 
control. This requires a setpoint for the chest acceleration (view fig. 3.1). Because the 
computer model uses a previously defined trajectory for the deceleration of the 
vehicle, Hesseling defined the setpoint trajectory by: 



I 'chest ( t )  = 'vehicle ( t )  O < t I t ,  

'chest ( t )  = a t ,  I t  I te 

'chest ( t )  = O t > te 

The values for a and ta are defined by measuring the distance between the occupant 
and the steering wheel at the beginning of the crash and comparing the relative 
distance between the occupant and the vehicle. Suppose a distance X between the 
driver and the steering wheel at t=O, then: 

This is implemented in an iterative process in Matlab. The solutions are the optimal 
values for ta and a. Figure 1.4 shows the reference input (or trajectory) that was set by 
Hesseling for his research: a 50% dummy in car that crashes against a rigid wall at 

'chest for chest acceleration of 50% dummy 
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Fig.l.4 reference input for acceleration of chest of 50% dummy in car crash at 57kmh. 

This setpoint is used in standard feedback, which implies that the acceleration of the 
driver's chest can be measured and used as feedback. In the computer model, this is 
always possible. 



1.4 Identification of computer model with transfer function 

The design of the beltforce controller is based on an identification of the computer 
model. In this model, there is one input: the force on the actuator mass. From this 
point on referred to as " beltforce" . Hesseling defined one output: the acceleration of 
the chest of the occupant (chest acceleration). 

The design of the beltforce controller requires a mathematical identification of the 
plant transfer from beltforce to chest acceleration. For ths  SISO system the following 
three algorithms are available: 
1. Impulse-response analyses 
2. Non linear mathematics 
3. Step-response analyses 

The first method is to apply an impulse to the safety belt and then define the free 
response of the chest acceleration. With this information, the mechanics of the system 
can be identified. This algorithm is particularly useful when a system is unknown, but 
assumed to be an LTI-system. If the system is non-linear and time-dependent, then the 
eigenfrequencies will change during the free response. This makes it impossible to 
identify the system with ths  method. 

The second method is non-linear mathematics in which is tried to identify the whole 
computer model with mathematical formula's. This method is only applicable for 
simple models. In complex models this solution method is too difficult. Here it cannot 
be used. 

The last type is step-response analyses. This method introduces a step on the input of 
the model and then checks what the response of the output is. The response of the 
output is plotted and evaluated as if it is the response is from a simple model. For an 
LTI-model, one step-response test is enough to identify the whole system. In case of a 
non-linear, time-dependent model, for each point in time and each step size, a new 
response can be found. 

Step response analysis is very useful in case of an unknown system. By applying steps 
on the input at several points in time and with several step sizes, conclusions can be 
drawn about the linearity and time-dependency of the system. Another advantage of 
this method is that the steps can also be introduced as perturbations to a nominal 
trajectory of a system. In this system, where the position of the dummy is alternated 
due to other factors than the beltforce, this is particularly useful. 

Hesseling has chosen to use the method of step-response analyses to identify the 
system. Hesseling [I] well describes his used routine. The main information is also 
described underneath here: 

Hesseling used the crash data of the original situation (see par. 1.2) as nominal 
situation to define a nominal trajectory for the pulling force on the belt (beltforce). At 



several points in time during the crash and for several step sizes, Hesseling applied 
steps (perturbations) onto that nominal trajectory. 
Formula 1.5 gives the mathematical interpretation: 

q., (t) = Forig (t) + mi . &(t - t; ) 

where: Fij (t) = new pulling force on belt FJ] 
Forig = original (=nominal) pulling force on belt [N] 
AFi = step size [N] 
~ ( t  - t;) = unit step at point t,' [-I 

The values used by Hesseling for tj* are [5 10 15 20 25 30 35 401T ms 
The values used by Hesseling for AFi are [5 10 25 50 75 100 2501T N. 
Then Hesseling measured the output by looking at the response of the chest 
acceleration of the dummy: 

if:& (t) = fc,orig ( t )  - x : $ ~ ~ ~ ~ ~ ~  (t) for t > t; 

(t) = Response acceleration of chest to step in beltforce h,] 
i,,, (t) = Original acceleration of chest to nominal beltforce k2] 
f i ? j  c,drsturbed (t) = Acceleration of chest to nominal beltforce with step h2] 

Afterwards, Hesseling analyzed whether the system could be identified as a LTI 
system. In order to do this, he had to compare all step responses with each other by 
normalizing them: 

if:& (t) 
xf:',,,,.,,, (t) = for t > t; 

if::,, (t) = Normalized i::iiSt (t) 

f :",, (t) = Response acceleration of chest to step in beltforce h,] 
mi = step size [N] 

As a result, it occurred that a1 these normalized step responses were almost the same 

for every AFi at every t; . This means that the complex multibody model can be 
identified by a simple LTI-model. Hesseling found the following second order LTI- 
model (representation in Laplace domain): 

where: K - -0.04 [llkg] - 

- 
Wn 

- 628 [radls] 

< - - 0.3 [-I 

In this research a slightly more difficult system is chosen: a third order LTI-model. 
More information about this is placed in par. 2.5 and 2.6. 



1.5 Using the mathematical model to built a regulator 

After identification of the computer model in mathematical terms, It is possible to 
design the beltforce controller. 

While the computer model of the 50% hybrid dummy is identified as LTI, it should be 
possible to use classic controller methods ( e g  PID controllers) to built the beltforce 
controller. With the help of MATLAB and its userbox DIET, a controller is defined.. 
In Hesseling's model (50% dummy), the conclusion was the beltforce controller in 
figure 1.5: 

--a, 

Fig 1.5 beltforce controller of Hesseling 

In the system of fig. 1.5 the box 'MADYMO' is the representation of the computer 
model. The output of that system is the acceleration of the chest. At the left of the 
model the reference trajectory for the chest-acceleration is defined. The controller 
exists of a several items: 
1. A state space control part which consists of: 

- Gain of 50 
- Leadllag with zero at 500 [Hz] and pole at 1000 [Hz]. (2x) 
- Integrator with zero at 300 [Hz]. 

2. An extra 'initial integrator' that works from t=O [s] to t=0.0025 [s] with a cut-off 
frequency at 300 [Hz]. This integrator is necessary to overcome several stick-slip 
problems and allow an early deceleration of the dummy's chest. 

3. An extra unit that turns off the controller after t=0.865 seconds and sets the 
beltforce to zero. Because of this, the driver will be able to unlock himself from the 
safety belt after the crash. 

1.6 Testing the regulator on the complex computer model 

Finally, the beltforce controller is tested on the computer model. Hesseling In 
Hesseling's case he reached a satisfying result, which is plotted in figure 1.6. 



Chest acceleration for beltforce limiter by Hesseling 
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Fig. 1.6 accelerations and beltforces for beltforce actuator by Hesseling 

In figure 1.6 is shownthat this controller works in both the situations with and without 
airbag. The model with airbag is however slightly unstable. The extra forces of the 
airbag on the dummy cause this. In the figure is also displayed that the deceleration 
never gets higher than approx. 210 m/s2, which is a big improvement towards the 
original maximum value of approximately 550 "1,~. 
Looking at the beltforces of both cases, the airbag forces are less high than the forces 
without airbag. This is because the airbag helps in decelerating the dummy. 

Finally the results of th s  beltforce controller, built by hesseling are: 

The maximum amount of deceleration is minimised to: 



2 System identification 

In chapter 2 and 3 the algorithm, outlined in chapter one, is reused. Now the 
USNCAP crash at 57krnh with 5% hybrid dummy is analyzed. 
In this chapter the identification of a transfer function fiom beltforce to chest 
acceleration is discussed. 

2.1 The computer model 

In this case a 5% hybrid dummy is used. This is a representation of a female driver 
with a weight of 49.2lkg (in comparison, Hesseling's 50% dummy represents a 77 kg 
male driver). 
The hybrid dummies are developed by TNO. For every dummy, the position in the 
vehicle is prescribed. This means that the 5% dummy sits closer to the steering wheel 
than the 50% dummy. In the model of the 50% dummy, the distance between the 
dummy's chest and steering wheel was 0.5m. In case of a 5% dummy this distance is 
reduced to 0.25m. 

Fig. 2.1 multibody model for 5% dummy 

One of the major problems with the model of the vehicle and the 5% dummy is that 
this dummy is an older model of a driver than the 50% dummy of Hesseling. Some 
problems now occur in the output chest-accelerations of the model. More details about 
this are given in par. 2.4 were the chest accelerations are analyzed. 



2.2 Improvements with new beltforce controller 

Review section 1, the goal is to minimize the amount of deceleration. The beltforce 
controller of Hesseling gives unsatisfling results in combination the 5% hybrid 
dummy (fig. 3.4). 
To validate the differences between the two models, they are analyzed for their 
behaviour in case of the USNCAP57 crash with the original, passive safety belt 
(par. 1.2). 
Figure 2.2 shows the differences in accelerations on the dummy's chest and the 
beltforce. 

ac~elemtions for dummy's chest in hontal car crash at 57kmh 
1W I 

beltforces m frontal car crash at 57 kmh 

5000 

time [s] 

fig. 2.2 differences between crash-simulations with 5% or 50% dummy (both with airbag). 

The following differences can be found in the plots of fig. 2.2: 
The 5% dummy model has more time delay than the 50% dummy model: 
At(passive, d5%) = 0.015s (2.1) 
This is caused by: 

The initial position of the 5% dummy. This is slightly different, which 
means that the 5% dummy is not pushed out of its seat and needs more 
time to get out of the seat (see par. 1.2). 
The 5% dummy has a lower mass. 

Both things result in a slower increase of the beltforce. Therefore, the lock up of 
the safety belt will occur later, which can be seen in the plot with beltforce in 
fig.2.2. 
The maximum deceleration of the 5% dummy: 

m~$ic/zes t ,wss ive ,d5% (t))) = 400 x2 (2.2) 
The 50% dummy's maximum is 550 m/,2. 

The beltforces of the 5% dummy are only half the values of the model with the 
50% dummy. 
The 50% dummy is decelerated faster than the 5% dummy. Likewise, the 
deceleration of the 50% dummy goes back to zero earlier. 

The differences have the following influences on the design of a controller for the 
5% dummy in comparison to Hesseling[l]: 
1. In figure 1.6 can be seen that Hesseling built a controller with an extra integrator at 

the beginning of the crash (break off at t=O.O025ms). This integrator was necessary 
to overcome several initial conditions. Difference 1 shows that the initial 



conditions are different in case of the 5% dummy, therefore it is necessary to 
revalidate this integrator. 
The maximum deceleration of the 5% dummy is about 30% lower than the 50% 
dummy. The beltforces of the 5% dummy are about 50% lower than those in the 
model with the 50% dummy. This means that the plant transfer from beltforce to 
chest acceleration is not proportional. Therefor a system identification of the 
USNCAP crash at 57kmh with 5% hybrid dummy is necessary. 

2.3 Qptimization algorithm for new beltf~rce controller, 

Section 1.3 describes the optimization algorithm as set by Hesseling. In this case the 
same algorithm is used. Since the position of the dummy is slightly different, also the 
setpoint (refernce trajectory) is reset. 

Since in this case the position of the dummy is slightly different. The algorithm is the 
following must be redefined. In combination with the previous sections, the following 
steps are defined: 

2.4 Redesign of reference input 

The same constrains as defined in section 1.4 are defined are used here. In 
combination with the fact that the distance between the dummy and the steering wheel 
is 0.25m in stead of 0.5[m] (section 2.1) the trajectory of fig. 2.3 is found: 

reference trajectory for 5% and 50% dummy 

I ,  
i 

-500 
0 0.05 0.1 0.15 0.2 0.25 
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Fig. 2.3 reference trajectory for 5% and 50% dummy 

Fig. 2.3 shows a plot of the deceleration of the car, the reference trajectory for the 50% dummy and for 
the 5% dummy. The maximum deceleration in case of a 50% dummy is 190 "/,2. In case of the 5% 
dummy it is 200 "/,2. 



Remark: The setpoint of Hesseling is not set to zero here, while lus controller is set 
to zero at t=0.0865s. The sharp edge at approx. 0.0865s gives problems in the 
controller that is later designed. Arbitrarily is decided that this can later be alternated. 
Here this is not done. Therefor most results in the rest of this report will not show 
results after t=0.08s. 

2.5 Step response analyses 

T the identification of the SISO system with step response malysis is described in 
section 1.4. 

In order to reduce simulation time, the following changes are made towards the 
algorithm that Hesseling used: 
- Only the situation without airbag is tested, to see how the system behaves. Later 

also the model with airbag is identified to describe differences. 
- The beltforce is are prescribed directly in MADYMO. 
- Unit steps are introduced at time points tj1=[15 20 25 30 35 40 45 50 551T ms. The 

first 10 ms suffer from initial conditions and therefor give no useful information. 
After 60ms the dummy contacts the steering wheel, which gives a state that must 
be woided zt all time. 

- The used stepsizes are AFi = [5 10 25 50 1001. Smaller sizes give strange results, 
and higher values provide no extra information. 

Fig. 2.4 shows a plot of several chest accelerations that are a response to a unit step at 
time point t = 45ms. The rest of the chapter uses these steps as an example. All other 
step-response analyses are placed in supplement A. 

Linearity of the plant transfer is checked by normalizing the step responses. For the 
results of fig. 2.4 norrnalisation leads to fig. 2.5 
Figure 2.5 shows two phenomena, which both also occur in all other step-responses 
(supplement A and B). 
The first phenomenon is a dominant response frequency with f = l5OHz. This is one 
of the eigenfrequencies of the computer model in t E [45,55] ms. 

The second phenomenon is the large disturbance in the chest accelerations for t E 

[49.5;53.3] ms. These peaks are different from the model with the 50% dummy and 
perhaps caused by a bug in the 5% dummy. This is supported by the fact that the 
model of the 5% dummy is older than the model of the 50% dummy. 
In figure 2.5 can be seen that the dominant response frequency is followed again at t = 

0.5 lms, after a short time of this strange disturbance. For identification purposes the 
data is filtered to eliminate the peaks. 

With the use of MATLAB the chest acceleration is filtered with a second order 
causal-anti-causal low-pass Butterworth filter with a cut-off frequency of 200Hz. This 
cutt-off value is chosen, because the base frequency of the strange peaks is 300 Hz. 
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Fig. 2.4: Step on input (beltforce) and response on output (chest acceleration) for model of 5% 
dummy without airbag. Nominal refers to values for beltforce and chest acceleration in figure 2.1 
Upper left: beltforces as prescribed in MADYMO. 
Upper right: beltforces as prescribed in MADYMO minus the nominal beltforce 
Down left: chest accelerations, measured in MADYMO 
Down right: chest accelerations, minus their nominal values 

Chest acceleration for normalised step at 45 ms 

Fig. 2.5 Normalised acceleration for 4iiW3ddvith 5% dummy without airbag 



Intermezzo: 
One remark to filtering: it would be best to filter only the data that is generated for 
time t,*<t<t,. This is best, because this causal-anti-causal filter looks back and 
forwards in the unfiltered signal and then gives a general solution. This means that, if 
all data for O<t<t, isfiltered, then, in the output of the filter the response to a 
perturbation initiates earlier than in real time. 
In mathematical terms the best algorithm would be: 

As represented in fig. 2.5, this is not done. The data isfilteredfiom to to t,. The reason 
that this is done, is that the filter has such a low cut-offfvequency (200 Hz), that the 
initial response at t=$* is too highyrequent for this filter. Using eq. 2.3 will then 

result in an unwantedjump in 4:$,rm,3,t ( t )  at t=fi*. This ruins the signal for LTI- 
system identzfication. 
Therefore the whole signal is filtered according to equation 2.4: 
'"J ( t )  = filter(i:;io, (t)),O 5 t i te Xc,norm,3lt 

In figure 2.6 the filtered results are represented: 

Chest accelerations normalised for step at 45 ms 
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Fig. 2.6 Data of step disturbance at +I5ms, normalised and filtered at 200 Hz for model 
with 5% dummy without airbag 

Figure 2.6 shows that the filter is not able to eliminate the strange peak for the 
response completely at a stepsize of 5 Newton. In all other signals the strange peak is 
gone. Since the strange results are supposed to be caused by bugs in the dummy, they 
are not further discussed here. Because all other responses behave linear,.the results of 
the beltforces with stepsize 5N are neglected in the rest of this analysis. 



The mean step response of all stepsizes at t = 45ms(excluding 5N of course), is 
calculated by: 

4 G 

where k= 4 = number of responses that are used (10N,25N, 50N, 100N) 

This is also done for other all other tj* . 
All step-responses for a1 Fi and tj* can be compared to each other by introducing time 
delay: 
-. . -. j t r , ~  (T) = f b j  

c.nonn c,norm (t-t;)for t > t i ,  (2.6) 

where z = step-response after introducing step onto nominal beltforce [s] 

fig. 2.7 shows the results of all mean normalised chest accelerations for all tj*: 
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-0.15 --I-- J - l - l - - - L l L - -  J - - - l - - - L - - I - -  J  
I " ' I  I I I I I 
I I / - - . ' I  1 / 1 / 1 1  

-0.2 I I I I I I I I I I 

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 
time after step [s] 

mean normalised acceleration for all s t e m  at all time 

I I I I I I I I I I 
o a m  aom a m  aow am am am ams aoos aol 

time after stepp]  

Fig.2.7: Mean normalised responses for the model with the 5% dummy without airbag, per step time (left) 
and totally for all steps at all time (right) 

For the model of the 5% dummy with airbag, the same steps are taken. Here only the 
mean results are represented. All individual step-responses for the model of the 5% 
dummy with airbag are displayed in supplement B. 

Fig. 2.8 shows the mean results of these step-responses: 
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Fig.2.8: Mean normalised responses for the model with the 5% dummy with airbag, per step time (left) 
and totally for all steps at all time (right). 

From the figures 2.7 and 2.8 a few conclusions will follow: 
1. Normalized step responses for different time points ti* do have approximately the 

same dominant response .frequency. The responses for steps at 15ms and 20ms are 
extremely different. 

2. The differences between all the step responses are however still quite large, This 
results in a total mean curve in the right plots in figures 2.7 and 2.8, that does not 
seem to match with the majority of the curves in the left plots. 

3. Due to the airbag, the response has less damping. 

The mean response, shown in fig. 2.7, is very much influenced by the response at 
15ms and 20ms. This gives basis to the conclusion that the system cannot be 
identified as being LTI. However, at first an LTI system is assumed and a trail-and- 
error method is introduced for system identification. The following choices are made: 
1. One mean curve imean-'" (r )  at one time point t,* is chosen as basis for a the LTI- 

c,nom 

transfer function that represents the transfer .from beltforce to chest acceleration. 
2. The beltforce controller is designed, based upon this curve. This controller is tried 

on the complex multibody model and based on these results, the controller will be 
optimized. 

3. Based on the results in the computer model, it will be validated whether or not the 
fitted LTI-system was a good one. 

As basis for the system identification, the curve that is chosen is the mean chest 
accelerations with a step in the beltforce at tj* = 45 ms. For both situations with and 
without airbag, an LTI-system will be fitted in par. 2.6 (fig. 2.9). 

2.6 System identification based on standard LTI-system 

Hesseling used a standard second order LTI-system to fit the step-responses of the 
complex multibody model. This was done while the step-responses seemed to fit to a 
second order system. 



In this research it is tried to build system identification around simplification of the 
computer model. 
In the easiest way the model can be represented by: an actuator mass, a safety belt that 
is represented by a spring and a damper (Kelvin-Voigt element, see MADYMO 
manuals) and a dummy, represented by a single mass. Fig. 2.8 gives a plot of all 
system parts and the schematic representation. 

Fig. 2.9 schematic representation of simplified multi-body system 

In figure 2.9: 
- Fbf,ctrl - applied beltforce on actuator [N] 

Ma = actuator mass [kg] (=0.1 kg) 
Md = dummy mass [kg] (=49,21 kg) 
Xa = position of the actuator mass in one dimension (see fig. 2.1) [m] 
xd = position of the dummy's chest in one dimension [m] 
Fb - - force from actuator on belt [N] 

- Fbod - force from belt on dummy [N] 
kb - - stiffness belt [Nlm] 

bb - - damping belt [Nslm] 

Newton's second law of motion describes the model of fig. 2.9: 

ma'a = -Fbf,ctrl + F b  

mdxd = -Fbod 

Fb = kb (xd - x,) + bb ( id  - i , )  

Fbod  = kb (x, - ~d + bb (X, - i d  
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The plant transfer representing the computer model with airbag: 



3 Design of beltforce controller 

Chapter 2 described the system identification of the computer model, whch resulted 
in an LTI-model. This model is used to design the beltforce conroller. 

3.1 Methods for building a controller 

The first decision that has to be made is which type of controller will be used to 
control the system. There are several methods available, such as Sliding Mode 
Control, Model Predictive Control, Adaptive Control, etc. One of the most common 
methods is PID-controllers with feedback control in closed loop. Hesseling used this 
method to design his controller. 
In this research, The same choice is made, This is done while this type of controllers 
is very robust to system uncertainties and disturbances or noise. In closed loop, this 
type of controller yields a tracking error that is zero: 

'sepoint (t) - 'chest (t) = e(t) O (3.1) 

Figure 3.2 shows the standard layout for a feedback system with a P D -  r,mtro!ler for 
an LTI system. 

Fig. 3.1 Standard feedback LTI-system for t h s  model, the PID 
controller is represented as a transfer function. 

For building this controller, several routines are available. In this research stability 
analysis is used. MATLAB in combination with toolbox DIET, in which it is possible 
to design PID-like controllers in frequency domain. 

3.2 Beltforce controller for third order ETI 

In chapter two, the complex multibody model of the 5% dummy without airbag is 
identified by a third order LTI system. The bode plot of this third order system is 
drawn is figure 3.2. 
In figure 3.2 is shown that the phase of the LTI-model for the 5% dummy is 0" until 
approx. 100 (or 15 Hz) after that it starts to lower to 270 degrees at 10000 'ad/s 

(=I500 Hz). The Magnitude is always lower than 0 dB. Therefore this system is 
stable. Figure 3.2 also shows the differences between the identified transfer functions 
with the 50% dummy and the model with the 5% dummy: a higher eigenfi-equency, 
higher magnitude and less damping for the model with the 5% dummy. 



Bode Diagrams 

0 
- LTI model 50% durmy (order 2) 3 11 -" 
- - LTI model 5% dumny (order 3) 
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Frequency (radlsec) 

Fig. 3.2 bode diagram for second order fit for model with 50% dummy and third order 
M for the model with the 5% dummy and no airbag. 

The first step is a controller based on the controller of Hesseling. The plant transfer is 
force to acceleration. Normally force and acceleration are related by Newton's 
second law of motion: 

Although fig. 2.2 showed that this relation is not proportional for the different dummy 
types, it is tested here for the beltforce controller. Figure 3.3 shows t h s  test model. In 
comparison to Hesseling's model, an extra gain is introduced for mass compensation. 

Fig. 3.3 modified beltforce actuator of Hesseling to compensate mass hfferences 
with 5% dummy 

The 50% dummy is 77kg while the 5% dummy is 49kg. Therefor the total beltforce is 
multiplied with a gain of 49/77. Testing the controller in the multibody model gives 
the following result for the chest acceleration in comparison to the preferred setpoint: 



results of beltforce controller of Hesseling on 5% dummy 
with mass compensation 

time [s] 

Fig. 3.4: Results of beltforce actuator of Hesseling on 5% dummy model without 
airbag, 

Fig. 3.4 shows high accelerations at t=0.06s. Contact between the dummy and the 
steering wheei cause them. Apparentiy, the controiler is not powerful enough to 
decelerate the dummy in the first 0.06 seconds of the crash. 

A simple modification of the controller of Hesseling does not work. Therefore the 
controller is fully redesigned for the 5% dummy. 

3.3 Design of a controller and beltforce limiter 

The object of the controller is to minimize trachng errors. Two central design 
constraints are: 
1. The magnitude in the open loop of controller and LTI-model must have a slope of 

-2 in the Bode diagram (phase of -1 80 degrees). This reduces tracking error for 
frequencies below bandwidth frequency. 

2. The bandwidth is about 300 Hz (1800 radls). Review chapter 2 to see that large 
disturbances of 300 Hz and hgher are filtered. Based opn this system identification 
the maximum bandwidth is 300Hz. 

3.3.1 Gain 



The goal of the controller is to lower the tracking error (eq. 3.1). Looking at the 
characteristics of the fitted LTI-model in fig. 3.2, the magnitude must be increased to 
at least Odb for low frequencies. Setting the gain to 15.4 does this. The results for the 
open loop are plotted in the plot of figure 3.5. It is easy to see that the open loop is 
unstable, because at phase -180°, the Magnitude is above 1dB (at -1000 

Frequency (radlsec) Real A m  

Fig. 3.5 Bode diagram (left) and Nyquist plot (right) of open loop for 
controller with gain 15.4 on LTI-system for 5% dummy, without airbag. 

3.3.2 Phase margin 

The next step is to accomplish the slope of -2 in magnitude and to stabilize the 
system. For low fi-equencies, phase margin is decreased and more magnitude is 
introduced by adding two integrators. At 1000 rads and higher, phase must be 
increased with at least 90 degrees and if possible more, t h s  is done with a double 
leadlag filter. Standard values for zeros and pole are 113 and 3 times bandwidth 
respect&ely. The two integrators are introduced with a zero at 100 Hz, just below the 
eigenfi-equency of the LTI-model. If this controller is implemented this results in 
figure 3.6. This Controller 2 has the following parameter settings: 

- Gainof15. 
- Leadllag with zero at 100 Hz and pole at 900 Hz 
- Leadlag with zero at 100 Hz and pole at 900 Hz 
- Integrator with zero at 100 Hz. 
- Integrator with zero at 100 Hz. 
Bandwidth 3 00 Hz (phase margin 1 0°, gain margin 7 dB) 

The Bode and Nyquist diagrams for controller 2 are plotted in fig. 3.7: 

Bode Dlagremr 

: > 

F r c q u m s y  (radhes) R e d  A x i v  

Fig. 3.7: bode and nyquist diagrams of open loop of LTI-model and controller 2 



The corresponding results of controller 2 and the computer model are plotted in figure 
3.8. 

Fig. 3.8: results on actual model without airbag. 

The results show very much overshoot at t=O.Ols. In order to reduce ths, bandwidth 
is increased with the leadllags and alternating the cut off frequencies of the 
integrators. 

Controller 3: 
- Gainof15. 
- Leadllag with zero at 100 Hz and pole at 900 Hz 
- Leadllag with zero at 50 Hz and pole at 900 Hz 
- Integrator with zero at 100 Hz. 
- Integrator with zero at 100 Hz. 
Bandwidth 575 Hz (phase margin 17", gain margin 7 dB) 

The open loop results are as shown in fig. 3.9: 

Bode Diagrams 

Frequency (radlsec) 

Fig 3.9: Bode diagram (left) and Nyquist plot of open loop of controller on 3 1 ~  
order LTI model of USNCAP57 crash. with 5% dummy, without airbag 

The results with the computer model are plotted in the next section 



Two things are in contradiction with the choices of section 3.1. The first is the 
bandwidth of 575 Hz. This is higher than the 300 Hz. Obviously, disturbances with f 
= 300 Hz do not influence the controller performance if bandwidth >300 Hz. 
The second is the phase margin around 700 radls. This is a result of the low damped 
LTI-model, which has a sharp cut off at this frequency. The controller must have 
sufficient phase margin to prevent the open loop from a negative phase margin at 
1000 radls. 

3.4 Results of beltforce controller with ccsmputer mede! 

The implementation is shown in fig. 3.10. The blok E46 represents the computer 
model of MADYMO. 

Fig. 3.9: Layout of the beltforce limiter that is used for controller 1,2 and 3 

Fig 3.10 shows the results when controller 3 is used on the LTI-system and on the 
computer model without airbag: 
Figure 3.10 shows a satisfying result for the control of the computer model: 
- The overshoot at t=0.005s and 0.01s is gone. 
- The chest acceleration has overshoot of approx. 20 m/,2 in the first 0.01 s of the 

crash. This is satisfying, because the maximum amount of deceleration is not 
reached here, but later at t=0.035s. 

- The maximum deceleration is less than 210 "Is2 at t=O.O35s. The reason for this is 
oscillatory behavior of vehicle acceleration (fig. 1.3) 



Fig 3.8 results of controller 3 on LTI-system (left) and actual multi body model of 5% dummy without airbag 

Fig 3.11 shows the results when controller 3 is used on the LTI-system and on the 
actual multibody model: 

conlroller3 on LTI-system of model with atrbag 
50 \ \ 

Fig 3.1 1 Results of controller 3 on LTI-system (left) and actual multi body 
model of 5% dummy with airbag 

, 
, 

-200 

The following conclusions follow from fig. 3.10 and 3.1 1 : 
1. The system of beltforce controller and computer model seems to be stable for 

both situations with and without airbag, though it is based on the LTI-model 
without airbag. 

2. The airbag model shows more noise in the phase where the dummy is also in 
contact with the airbag. 

3. After filtering the results of the system with airbag, the maximum deceleration in 
both models is approx. 210 m/,2. The peak at 0.035s are not shown in the airbag 
case, because the airbag damps the transfer from vehicle acceleration to dummy 
acceleration. 

- reference trqeotory 
... chest acceleratmnr 

ji , .. 

This controller 3 gives a satisfgng result, because it minimizes the maximum amount 
of deceleration with an overshoot of 5% for the model without airbag. 
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controller 3 on LTI-system fir 5% dummy without alrbag 
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Fig 3.10 results of controller 3 on LTI-system (left) and actual multi body model of 5% dummy without airbag 

In figure 3.1 1 the differences in chest accelerations and beltforces between the 
original passive safety systems and the new beltforce actuator (= beltforce controller 
and actuator mass) are plotted: 

Fig. 3.11 Chest accelerations (left) and 

chest accelerations of passiva system and beltforce actuator resuns for model with 5% dummv wthout airbaa 
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The beltforces in the model with the beltforce controller are much hgher at the start 
of the crash. 
The concluding results of the of the smart beltforce actuator with controller are: 

max[ichest,active,d5% ( t ) l )  = z2 (3.3) 

- beltforce actuator 
passwe safety system 

This result is satisfy-ing 
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4 Comparison of Controllers 

The controller that is designed in this research has other characteristics than the 
controller of Hesseling. The last chapter showed that slight modifications to the 
controller of Hesseling do not give satisfying results for the 5% dummy. 

Tlvs chapter it is tried to find one controller for both models of 5% dummy and 50% 
dummy, by using the controller of chapter 3 as basis. This beltforce controller is 
applied to the model of the 50% dummy. Hesseling's 2nd order LTI-model gives a 
stable open loop (fig. 4.1): 

Bode Diagrams 

From 4 1: 

1 '1  1 I t  ' 3  

Frequency (radlsec) 

Nyquist Diagrams 
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- - - _ _> 
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Fig. 4.1 Bodediagram and Nyquist plot of open loop of beltforce controller (chapter 3) and the 
2nd order LTI-system of the multibody model with the 50% dummy. 

The controller is implemented in the feedback system of fig. 3.7, where E46 
represents the multibody model with the 50% dummy. The results are shown in 
fig.4.2. 

results of controller 3 on multibody models 
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Fig. 4.2 results of the same beltforce actuator for the model with the 5% dummy and the 
model with the 50% dummy 

The model with the 50% dummy must follow the setpoint of figure 1.4. Fig. 4.2 
shows that this setpoint is not followed. The beltforce is increased too slowly and 

time [sl 

setpoint is not followed. Later major overshoot occurs because of integrator windup. 
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4.1 Optimizing beltforce controller for 50% dummy 

The beltforce controller of chapter 3 is slightly modified by introducing mass 
compensation. See section 3.1 for more information: a gain of 77/49 is implemented. 
This results in: 

results of controller 3 on multibody models 
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Fig 4.3 resillis of the beltforce actuator for the model with the 5% dummy and the 
model with the 50% dummy. Mass compensation is applied via an extra gain 
in the controller of (77/49), See fig. 3.3 for details on this. 

Figure 4.3 shows that an extra gain to compensate the mass-differences between the 
two dummies increases the tracking performance marginally for the model with the 
50% dummy. Just like in figure 4.2 , the beltforce at the start of the simulation is too 
low 

In order to get higher beltforces at the start of the simulation, The integrator that 
Hesseling originally used in the first 0.0025 seconds of the crash is introduced 
(section 1.6). Fig 4.4 shows the results: 
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Fig 4.4 results of the beltforce controller of chapter 3 and the model with the 50% dummy. Mass 
compensation and an extra integrator that works between O<t<0.0025 s is applied in the 
same way as displayed in par. 1.5 

Fig. 4.4 shows that the extra integrator in the controller of the beltforce actuator, 
ailows a higher beitforce at the stai3 of the simdaSisn. It is clexly not emugh a d  as 
soon as the integrator is set to zero, the beltforce is decreases. Thus, until t=0.03s the 
50% dummy decelerates too little. Later in the process, the integrators cause 
overshoot. 

4.2 Exclusive controllers 

The previous sections show that it is not possible to define one controller that gives 
satisfying results for both models of the USNCAP crash with 5% hybrid dummy and 
50% hybrid dummy. It is also not possible to find a mutual exclusive controller by 
slight modification of each controller. 

Another remark must be made in this context: the static controller that is used in this 
research is based on system identification of only a small time span (0.01<t<0.06 s) of 
the simulated crash. If for example initial conditions are to be implemented, then this 
static controller is not sufficient. 

In order to build one controller that gives optimal results for both models, there are 
only two options available: 

1. A controller that is based on other controller techniques 
This means e.g. a non-static controller for implementation of initial conditions. 

2. A model based control method that first fully identifies what dummy is used 
and then defines what controller and which parameter values are used. 

Explicit model predictive control is able to incorporate both options. However, since 
this is a computer simulation that can be redone, a method like e.g. learning control is 
also applicable. 



5 Summary and conclusions 

The goal in this research was to build a smart restraint system for the safety belt: a 
beltforce actuator. In this case, it is a big advantage to make use of computer 
simulation methods. In this research a multibody model of a BMW and a 5% hybrid 
dummy model in a USNCAP57 crash is used. 
The next step is to apply a control design strategy for manipulation of a beltforce 
actuator for the multibody model. To do this, first the model has to be analysed and 
identified. Control is introduced by feedback control of the beltforce. For this 
feedback loop, an input reference is defined for the d ~ k ~ y ' s  chest, based on the 
deceleration of the car and the position of the driver in the car. 
The controller is based on an identification of the actual computer model. With the 
use of step response analyses a 3rd order LTI-model is found. This LTI-model is the 
basis for the controller. With classic control methods, a PID-like controller is realised 
and tested on the actual computer model. Optimisation takes place by redesigning the 
controller, based on results from the computer model. The results are satisfying if the 
beltforce actuator ensures that the reference-trajectory is followed and that the 
deceleration of the dummy's chest is minimised. This situation is reached. 
A comparison with a beltforce controller, designed by Hesseling for the same crash, 
but with a 50% hybrid dummy does not result in one controller that is optimal for both 
dummies. 

The following conclusions are found: 
It is possible to design a beltforce controller based on a 3rd order LTI-tranfer function 
of the computer model of the USNCAP crash at 57kmh with a 5% hybrid d m y .  
To accomplish satisfying results, a controller with one gain, two leadllag filters and 
two integrators is necessary. 
It is not possible to use this, static controller that is designed for the 5% dummy in the 
same model with the 50% dummy. Alternating a controller, based on the 50% dummy 
and use it on the 5% dummy is also not possible. 

Recommendations for further research are a better identification of the model to 
define the behaviour in the first 0.01s of the crash. With the use of different control 
methods such as model predictive control or learning control it should be possible to 
design one controller that gives optimal results. Off course this recommendation is 
only applicable to analysed crash tests: the USNCAP crash at 57kmh with the 5% 
dummy and the 50% dummy. 
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Appendix A: Step response without airbag 

chest responses for multibody model 5% dummy without airbag 
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Supplement a, all stepresponses for the 5% dummy without airbag 

chest acc. step 25 ms 

ll 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 

time [s] 

chest. acc. norm. step at 25 ms 

time [s] 



Supplement a, all stepresponses for the 5% dummy without airbag 

chest acc. step 30 ms 
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Supplement a, all stepresponses for the 5% dummy without airbag 
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Supplement a, all stepresponses for the 5% dummy without airbag 
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Appendix B: step responses with airbag 

chest responses for multibody model 5% dummy with airbag 
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Supplement b, all stepresponses for the 5% dummy with airbag 

chest acc. step 15 ms 
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Supplement b, all stepresponses for the 5% dummy with airbag 
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Supplement b, all stepresponses for the 5% dummy with airbag 
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Supplement b, all stepresponses for the 5% dummy with airbag 
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Supplement b, all stepresponses for the 5% dummy with airbag 

chest acc. step 45 ms 
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Supplement b, all stepresponses for the 5% dummy with airbag 

chest acc. step 50 ms 
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Supplement b, all stepresponses for the 5% dummy with airbag 

chest acc. step 55 ms 
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Supplement , all stepresponses for the 5% dummy with airbag 
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