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Introduction

For modeling and simulation of complex mechanical dynamic models, ADAMS is a very
useful software package. Unfortunately it has some disadvantages with respect to the
analysis of dynamical behavior and the design of controllers for these systems. It would
be easier to use Matlab/SIMULINK for these purposes, because it has a lot of build-in
control strategies and analysis tools, both linear and non-linear.

The purpose of this assignment is to find an interaction between the packages ADAMS
and Matlab/SIMULINK, which enables the designer to export (non-linear) models from
ADAMS so that they can be analyzed with Matlab/SIMULINK. Using this exported
model, a controller can be designed in Matlab/SIMULINK, which can be used to control
the ADAMS model.

There are two possibilities to accomplish this. First of all there is an option in ADAMS to
linearize and export systems as a set of linear state space matrices. These are very
convenient for controller-design and system analysis using Matlab/SIMULINK.

There is also an ADAMS-plugin called ADAMS/Controls that uses state variables to
interact with Matlab/SIMULINK, intended to simplify controller-design (using
Matlab/SIMULINK only for the controller and ADAMS for accurate simulation of the
mechanical system).

Both these options will be tested using a simple and well-known non-linear mechanical
system, so that the results can be easily compared. The mechanical system used for this
purpose is a cart with inverted pendulum, which is discussed extensively in literature.
Therefore a lot of control strategies are available for this system.

When both methods are tested on the inverted pendulum example, efforts will be made to
use these techniques on a complex mechanical system. The system used is a CVT drive
train with a metal push-belt. The difficulties that arise when using complex systems will
be discussed in general, and little details are given of the system itself.




Objective

What are the possibilities on the interaction between the multi-body dynamics package

ADAMS and Matlab/SIMULINK?

Find out in what ways ADAMS and Matlab/SIMULINK can exchange data in order to
nalyze a model and to design a controller for it. Test these methods on a well-known

mechanical system to check the accuracy of the methods. When accurate enough, extend

the found methods to a more complex model for further testing.




1. Reference model for the cart with inverted pendulum

The cart with inverted pendulum was chosen as a test model because it is a well-known
and often discussed non-linear mechanical system. It’s dynamics and response can be
found extensively in literature, therefore it is useful in two ways. First of all it can be
used to see if the linearized models produced by ADAMS are accurate and reliable,
second of all it can be used to see if the ADAMS/Controls plugin can produce similar
results as described in literature and how accurate these results are.
The model used for comparison was found in [1] and will be discussed here briefly. This
particular example was chosen because it included a section on how to implement this
model in Matlab, using a state space representation of the cart with inverted pendulum.
The state space representation is used to present the equations of motion of a dynamical
system in a way that it can be analyzed easily, especially when using computer
techniques. The concept of state space representation will not be discussed in detail here,
because this can be found in literature extensively [2]. The general state space
representation of a dynamical system is:
X =Ax+ Bu

(D
y=Cx+Du
Here x represents the state variables vector, u the input vector and y the output vector.
Furthermore the example used here describes how a controller can be designed in Matlab
once the state space representation of de mechanical system is determined. This is exactly
what is needed for the comparison between a theoretical example and the results achieved
when modeling the cart in ADAMS.
A complete derivation of the dynamics of the cart and pendulum is given in appendix A.
The geometry of the cart and pendulum are discussed here, along with the choices made
for the state variables and the linear feedback controller. The results of the derivation and
linearization of the cart’s dynamics will then be presented in the form of state matrices,
so that they can be compared with the results obtained from the ADAMS model later on.

1.1 State Space model

The cart with inverted pendulum used in this
paper is shown in figure 1.1. The cart receives
an input step force (Fq) and the goal is to find a
controller that returns the pendulum in its
equilibrium position as quickly as possible.

Ths 1o A ith th
This is done with the contro! force F.. There

will be assumed that the angle 6 of the
pendulum and the translation x of the cart will
remain small and near their equilibrium
position. With this assumption the system is
linearized around the pendulum’s angle 6 = 0
(chosen to be the cart’s vertical position).

Figure 1.1 Cart with inverted pendutum




With the linearized equations of motion known, the state space representation of the

. _ . -1
system can be determined. The state vector X = [x x 0 9] is used, where x represents

the cart’s position and 0 represents the rotation of the pendulum. Using these state
variables, the state space matrices result in:

. 0 1 0 0 0
[] o - (I +ml? )b m’gl? 0 x| I+ml?
X|_ | IM+m)+Mml® I(M+m)+Mml® x| | (M +m)+Mml’
L= + u 2
0 0 0 0 0 0
. ~mib mgl(M +m) : ml
e O 2 2 e 2
U IM+m)+MmlP I(M+m)+Mmi? [~ | (M +m)+Mml |
X
1 0 0 Of=x 0
y= | 1510k 3)
10 0 1 06| |O]
6
The following numerical values for masses, lengths etc. are substituted:
M mass of the cart 0.5 kg
m mass of the pendulum 0.2kg
b friction of the cart -~ 0.1 Ns-m™

1 length to pendulum center of mass 0.3 m
I inertia of the pendulum 0.006 kg*m’

This leads to the following state matrices, which will be used to design a controller and to
compare them with the state matrices that ADAMS produces:

0 1 0 0 0

0 -0.1818 2.6727 0 1.8182
A= ,B=

0 0 0 1 0

|0 -0.4545 31.1818 0 4.5455

10 0 0] [0
o

6 0 1 0f 0




1.2 Controller design using Matlab

A great advantage of working with state space representations is that are many methods
available to analyze such systems and to design controllers for them. Matlab has a lot of
build-in functions for evaluating system response and controller design. Again the same
example as described in the previous paragraph is used [1]. In this example a full state
feedback controller is designed using the Matlab-function ‘lqr’. Full state feedback means
that all of the state variables are available for feedback in the control law. This is
schematically presented in figure 1.2.

+{-
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Figure 1.2 Full state feedback controller

The complete derivation of the controller can be found in Appendix B and will not be
discussed here. Only the results are of interest for now. The design criteria for this system
with the cart receiving a 0.2 N step disturbance are as follows:

Settling time for x and theta of less than 5 seconds.
Rise time for x of less than 1 second.

Overshoot of theta less than 20 degrees (0.35 radians).
Steady-state error within 2%.

With these criteria the following full state feedback controller K is found:

K=[-70.7107 —37.8345 105.5298 20.9238]




Using this controller, the following response of the system can be achieved:

—— X-displacement Cart ()
— - Pendulum Angle (rad)

Fig. 1.3 Step response with LQR-control

In the following chapters efforts will be made to model the cart with inverted pendulum
in ADAMS. This will then be linearized using ADAMS/linear. If the linearization is
accurate enough, the model will be used to test if the derived controller gives the same
results with the ADAMS-model when working with ADAMS/controls.




2. Modeling and linearization in ADAMS

This section will cover the modeling of the cart with inverted pendulum in ADAMS.
With the created model the linearization option in ADAMS will be tested. All difficulties
that arise both with modeling and linearization will be mentioned and suggestions are
made on how to avoid these difficulties. For details on building models in ADAMS see

[5].

2.1 Modeling of the cart with inverted pendulum using ADAMS

The goal for this model is to resemble the system discussed in chapter 1 as good as
possible. Only then an accurate comparison can be made. The constructed model is
shown in the figure below:

Revolute joint

gravity

input_Force

Figure 2.1 Cart with inverted pendulum modeled in ADAMS

The model is quite simple, it consists basically of two components: the cart and the
pendulum. The cart is created as a solid box with a user defined mass of 0.5 kg. The
pendulum is constructed as a solid link with a mass of 0.2 kg and a length of 0.6m, so that
the center of mass is at 0.3m from the top of the cart (as in the example). The inertia of
the link is also user defined as 0.006 kgm’. Two constraints are used to make sure that the
cart with pendulum has only two degrees of freedom. The cart is constrained with respect
to the (virtual) ground by a translational joint, which constrains every degree of freedom
for the cart except the translation along the x-axis (see figure 2.1). The pendulum is

constrained with respect to the cart by a revolute joint, which constrains every degree of




freedom except the rotation about the z-axis (0). ADAMS is very distinctive in the order
in which you create your constraints, the order in which the parts are selected is
important. The object that moves relative to a base part has to be selected first, then the
base part. The model might work improperly if this isn’t done right. The alignment with
respect to the coordinate system is also important. ADAMS tends to align the constraints
with other objects that are (perhaps because of numerical errors) not always exactly
aligned with the global origin. This could cause the system to move by itself because of
the simulated gravity that is present in the ADAMS design environment. This is of course
especially a problem when working with an unstable system such as this cart. These
alignment errors are very small, but they can cause the static simulation that is necessary
for linear analysis to fail. This problem can be avoided when constraints are positioned
with respect to the global origin

To model the friction of the cart, a damper is added between the ground and the cart. To
be able to control the cart, a force is applied in the direction of the positive x-axis.

Now that the geometry and constraints are defined, measures can be created in ADAMS
for all the state variables, which can be used to analyze the system response to the input
force. Using this model, the linearization and controls tools will be tested.

2.2 Linearization in ADAMS

As mentioned earlier ADAMS has a build-in function that is able to linearize mechanical
systems about an equilibrium position. This can be used for several purposes, for instance
for stability analysis when looking at eigenvalues and their eigenmodes. Or it can be used
to let ADAMS export the linearized model as a state space representation of the system.
This state space model can then be analyzed in Matlab or matrixX. Here we are interested
in Matlab.

Before any linear analysis in ADAMS, a so-called static simulation of the system has to
be performed. Such a simulation can only be performed when no forces or motions are
applied to the system, because otherwise ADAMS cannot determine the system’s
equilibrium position(s). And obviously, ADAMS cannot hneanze the system when no
equilibrium positions are available to linearize around.

When using the option to export the system as state space matrices, inputs and outputs
must be created in ADAMS. As in the example (described in chapter 1) the input of the
system will be the force applied to the cart and the outputs will be the translation along
the x-axis (x ) and the rotation of the pendulum about the z-axis (8). These inputs/outputs
can be created using the menu Build > Controls Toolkit > Plant Input/Plant Output. The
measures that were created earlier can be used for these Plant inputs/outputs.

If the system is exported for the use with Matlab, ADAMS creates 7 files. Four files
contain the A, B, C and D-matrices, two files contain information about the inputs and
outputs and one file contains information about the state variables. The nomenclature
used by ADAMS can be found in appendix C. The file containing information about the
state variables is the most important one, because the order in which the state variables
are used can be found in this file. Appendix C contains detailed information about the
contents of the output from ADAMS/linear.




For example, the file containing information about the states that was created with the
model of the cart looks like:

1.00000000E+00 2.00000000E+00 7.00000000E+00
1.00000000E+00 2.00000000E+00 1.00000000E+00
1.00000000E+00 3.00000000E-+00 1.00000000E+01
1.00000000E+00 3.00000000E+00 4.00000000E+00

The first column indicates the type of element, here they are all part coordinates. Other
types of element are presented in appendix C. The second column is the element
identifier, it shows to what part the coordinate is related. Here part 2 is the cart and part 3
the pendulum. The third column gives information about the nature and direction of the
part’s coordinate. For more details on the output of ADAMS/linear see [3]. In this case
the state vector is arranged as follows:

T . T
x=|x x 6 0]

This is the order in which ADAMS chooses it’s state vector. Unfortunately, this is a
different order than the one used in the example from chapter 1. It seems impossible to
change in which order ADAMS chooses the state variables. Therefore a permutation
matrix will be used to change the A, B, C and D-matrices created by ADAMS in such a
way that they can be easily compared with the ones found in the first chapter.

Using the following permutation matrix:

o O = O
S O O =
—_ o O O
[l e = =]

The other matrices can be calculated as stated below:

A'=P-4-PF
B'=P-B
C'=C-P

D' = D (all zeros in this case)

With these matrices a comparison can be made between the theoretical system and the
system linearized by ADAMS. This will be done in the next chapter.
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3.Evaluation of the linearization in ADAMS and SIMULINK

In chapter 1 the state space matrices of the cart with inverted pendulum were presented
for a theoretical example. This example was then build in ADAMS as accurate as
possible. After that the model was linearized and exported in state space format. The cart
with inverted pendulum was also modeled in SIMULINK, linearized and exported in
state space format. First of all the linearization techniques of both ADAMS and
SIMULINK are discussed briefly. After that the results of these processes are presented.
If they prove to be accurate enough it would mean that the controller found in chapter 1
could also be implemented with the ADAMS model (using ADAMS/controls) and should
produce similar results as the theoretical example. This is of course only true when all
motions remain small around the equilibrium position.

Linearization techniques

ADAMS and SIMULINK use different linearization techniques. From a simplified view,
ADAMS uses the following technique. First of all the system is build in ADAMS, then it
calculates the system’s Jacobian matrix, which contains partial derivatives for the
differential-algebraic equations (DAE's), and reduces it to a set of ordinary differential
equations (ODE's) by substituting the algebraic constraint equations into the differential
equations. For detailed information about the linearization technique used in ADAMS see
[4].

In SIMULINK the non-linear equation of motion of the cart with inverted pendulum are
created. Input and output points can then be defined after which the system can be
linearized around an equilibrium point. SIMULINK obtains the state-space linear model
of the system of ordinary differential equations described in the SIMULINK block
diagram when the state variables and inputs are set to zero. Other equilibrium points can

~ also be chosen by changing the input parameters of the linearization.

For both ADAMS and SIMULINK the output of the linearization around an equilibrium
point cannot be changed by any input parameters (like simulation step size), the result
remains the same.

Results

The linearized state space matrices calculated analytically where presented in chapter 1.
The results of both the linearization in ADAMS and SIMULINK were extremely
accurate. Errors of less than 1-10™m and 1-107" rad were found when comparing the
impulse responses of the analytical example and the linearized models obtained by
ADAMS and SIMULINK. The linearization techniques can be very useful for system’s
analysis when they are this accurate. To check in what way this linearization can be
useful in designing a controlier for a non-linear system, the linear full state feedback
controller found in chapter 1 will be used to control the non-linear model of the cart with
inverted pendulum. This controller can be implemented with ADAMS/Controls or
directly in ADAMS. These methods are then compared to a SIMULINK model of the
cart, but first the ADAMS/Controls tool will be discussed in the next chapter.

11




4, ADAMSIcontroIs and Matlab/SIMULINK

The model of the cart with inverted pendulum created in ADAMS can now be used to test
the ADAMS/controls feature. The full state feedback controller described in chapter 1
will be used. This controller is tested with ADAMS/controls to see if the response of the

system is identical to the theoretical one.

4.1 ADAMS/controls

ADAMS/Controls combines the advantages
of ADAMS itself (building and simulating
complex multi-body dynamical systems)
with the advantages of other packages that
are specialized in controller design such as
Matlab/SIMULINK, Easy5 and MATRIXx.
Figure 4.1 schematically shows how this
interaction is performed. First inputs and
outputs are defined in the ADAMS-model,
and then the model is exported to a format that can be read by the controls application. In
this case that will be Matlab/SIMULINK. The ADAMS-model appears as a subsystem in
SIMULINK that has as many inputs and outputs as defined in ADAMS. Now a controller
can be build in SIMULINK, the inputs for the controller are the outputs from the
ADAMS-subsystem and the outputs from the controller are the inputs for the ADAMS-
subsystem.

Now when running a simulation both packages exchange data through the inputs and
outputs of the ADAMS-subsystem (called state variables in ADAMS) to compute the
model. This can be done in several ways. First of all you can choose which package
solves the equations of motion for the dynamical system. One way is to let the controls
package solve both the equations of motion as well as the controller’s output, this is
called the “continuous”-mode. The other method is called “discrete”-mode. In this mode
ADAMS/solver solves the equations of motion, this is the method recommended by
ADAMS because their solvers are specifically tuned for solving mechanical systems and
should produce better results. The discrete mode uses a fixed step size at which it
exchanges data with the controls application, one should be aware that the step size has to
be sufficiently small. ADAMS recommends that the step size should be chosen so that
the sampling frequency becomes 20 to 40 times larger than the highest frequency in the
mechanical system. This is done to ensure good results.

Besides that there are also a different number of ode-solvers in Matlab/SIMULINK that
can be used, the ADAMS knowledge base [5] recommends experimenting with ode45,
odel13, odel5s and ode23tb. It depends on the type of mechanical system which one will
work best. In Matlab/SIMULINK there is also the possibility to choose between variable
and fixed step ode-solvers, variable step is the best choice for most systems. But
sometimes, when rapid events take place in the model it might be better to use fixed step
solvers that prevent the integrators to take too large steps.

Figure 4.1 Data exchange in ADAMS/controls
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4.2 SIMULINK model

Before the ADAMS-model can be read in SIMULINK, state variables must be defined in
ADAMS/controls for all the inputs and outputs of the system. Since a full state feedback
control law is going to be used, there will be 5 variables for this case. The input for the
system is the control force acting on the cart (F in figure 1.1). In order to calculate this
control force SIMULINK needs the cart’s displacement and velocity along the x-axis and
the pendulum’s angle and angular velocity about the z-axis. With the state variables
defined the system can be exported in a format that can be used in SIMULINK.

ADAMS creates five files, three are used by ADAMS for simulation and two by
Matlab/SIMULINK: one m-file and one SIMULINK-file. The m-file contains all the
information about the system, the inputs, outputs, filenames etc. This file has to be loaded
into Matlab’s workspace before continuing. Then the SIMULINK-file called adams_sys
can be opened. This contains the subsystem that can be used in a SIMULINK-model.
Figure 4.2 shows the subsystem for the cart with inverted pendulum.

ADAMS_uout

CART_Disp_out

U To Wodespace

Cantro!_Farce

ADAMS Plant

ADAMS_yout

PEND_Rot_out

Mz Y To Wokspace Dremux
@—-b ADAMS_tout
Clock T To Wotspace

Figure 4.2 ADAMS subsystem in SIMULINK for cart with inverted pendulum

The state variables can be recognized as the inputs and outputs of the actual ADAMS
plant in figure 4.2. All solver options that were mentioned earlier can be modified in this
subsystem (e.g. step size, discrete or continuous mode). This subsystem also saves the
inputs, outputs and time to the workspace, so that all inputs and outputs can be analyzed
in Matlab after a simulation. During a simulation in SIMULINK, ADAMS/solver also
creates a results- and analysis-file that can be used to analyze the model with the
ADAMS post-processor.

The subsystem is dragged into a new SIMULINK-file and the controller and input step
are added. This results in the SIMULINK-model shown in figure 4.3 on the next page.

13
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Gain

Figure 4.3 SIMULINK model used for full state feedback control in ADAMS

As can be seen in the figure, it is not much effort to create a controller with the use of
SIMULINK. This is of course a very simple example, but when working with more
complex models it becomes more and more useful to work with SIMULINK to design a
controller. Because of the more convenient arrangement of the (multiple) control blocks
in more complex models, one will have a better overview of the total controller. With this
SIMULINK model the full state feedback controller can be tested on the ADAMS-model.
This will be examined in the next chapter.

14




5. Results of controller implementations

In this chapter ADAMS/Controls tool is tested on both accuracy and calculation time.
The ADAMS/Controls model described in the previous chapter will be compared to a
model of the cart in ADAMS with the controller also implemented in ADAMS. With this
comparison the advantages and disadvantages of both controller implementation can be
seen. To be able to make a good comparison, the models are compared to a reference
model. This is a nonlinear model of the cart and controller implemented in SIMULINK.
The comparison is made by applying the same 0.2 N step disturbance that was used in
chapter 1 to the different controller implementations, and then compare the systems
responses to this input step. Only the step responses of the cart’s position will be
compared in this chapter, not the pendulums rotation. This is because the errors made in
the pendulums rotation by the different implementations were of the same magnitude as
the error made in the carts position. So it is not necessary to present both, because they
produce the same results with respect to the accuracy of the different implementations.
First of all the discrete and continuous mode of ADAMS/Controls will be tested to check
which method is most accurate. The most accurate method will then be compared to the
model with the controller implemented in ADAMS. This is done with different ODE-
solvers and different step sizes to see what influence these parameters have with respect
to the accuracy and calculation time of the used implementations.

5.1 Accuracy

The ADAMS/Controls model can be simulated in two ways, the continuous and discrete
mode. These were described in the previous chapter. To check which method is the most
accurate the discrete mode used a step size of 0.0001s in ADAMS and the fixed step ode5
solver in SIMULINK, also with a step size of 0.0001s. The continuous mode was
simulated with the fixed step ode5 solver, again with a step size of 0.0001s. The error of
both modes with respect to the reference model in SIMULINK is shown below.

1 | = Caoniinuous mode
v |-~~~ Discrete mode
1 : 1
' \ ) 1
| i '

Figure 5.1 Error of discrete and continuous mode with respect to the reference model
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From the figure it can be seen that the continuous mode is the most accurate simulation
method for ADAMS/Controls. The largest error made in continuous mode is smaller than
0.08% of the largest step in the carts position. In discrete mode the largest error is 0.3%.
The continuous mode will now be used to compare ADAMS/Controls to ADAMS. Both
implementations were simulated with a step size of 0.0001s and compared to the
reference model. The figures below show the errors made in both implementations.

R S

o

Figure 5.2 Error between reference and
ADAMS/Controls

It is seen that the largest error made by the model in ADAMS is about a 100 times
smaller than the model in ADAMS/Controls. So ADAMS/Controls is less accurate than
ADAMS itself, but this difference in accuracy is only present when very small step sizes
are used. When the same simulations are performed with a step size that is 10 times
smaller (0.001s), both implementations produce a maximum error of * 2%. So in order to
produce accurate results, the step size has to be very small.

16




5.2 Calculation times

The use of different ODE-solvers in Matlab did not significantly change the error or
calculation time in the simulations. The step size however does change the error but most
of all the calculation time, especially when using only ADAMS. In the table below the
calculation times of both methods and the reference model are given for different step
sizes. This is the calculation time necessary for simulation with a duration of 5 seconds.

Calculation Time (s)
Step Size (s) | Reference(SIMULINK) ADAMS/Controls ADAMS
0.01 <t 3 9
0.001 <1 20 110
0.0001 7 220 3360

Table 5.1 Calculation times for different step sizes

It is seen that the calculation times of ADAMS increase drastically with decreasing step
size, calculation times in ADAMS/Controls are much smaller. The ODE-solvers in
Matlab/SIMULINK are apparently better tuned for feedback control purposes or it might
be a memory problem (especially with the very high step sizes). So ADAMS may
produce more accurate results with the same step size, but at a price. Especially with
more complex models, the calculation time becomes very important. ADAMS/Controls
would be more useful when working with complex models. It is very easy to use, it can
be very accurate and it has relatively small calculation times. In the next chapter
ADAMS/linear and ADAMS/Controls will be tested on a complex system.
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6. Extension to more complex systems

Now that the available methods for interaction between ADAMS and Matlab/SIMULINK
have been successfully tested on a simple and well-known mechanical system, efforts can
be made to use them with a more complex system. The system that will be used for
further testing is the mode! for an electro-mechanical CVT drive train with metal pushing
belt. No further details are given about the system itself, since it is still in an experimental
stage. The main difficulties using the techniques described in the previous chapters were
caused by the model for the metal pushing-belt in the system. In this chapter both
ADAMS/linear and ADAMS/controls are wused to design a controller in
Matlab/SIMULINK. Then recommendations will be presented that can be used to
improve the system for further research.

6.1 ADAMS/linear

First of all, an attempt was made to linearize the model of the CVT drive train. Just like
the example of the cart with inverted pendulum, this linearization could then possibly be
used for system analysis or even controller design. Unfortunately only rigid body modes
were found and no useful state space matrices could be exported. The reason this didn’t
work was that the metal pushing-belt was not modeled as a part (e.g. virtual belt) in
ADAMS, but it was computed using a set of algebraic equations. With these algebraic
equations torques are computed that represents the torques on the primary and secondary
axis of the drive train caused by the presence of a metal pushing-belt. But as mentioned
earlier in chapter 2, when linearizing a system in ADAMS there can be no input forces,
torques or motions. Otherwise a static analysis (necessary for linear analysis in ADAMS)
will fail. Therefore it is not possible to find a linearized model for this system.

6.2 ADAMS/controls

To check whether the ADAMS/controls toolkit could be of use for the CVT model, it is
compared to a simulation of the system in ADAMS using a simple PD-controller for the
actuators. First an attempt was made to construct only the controller in
Matlab/SIMULINK and to keep the belt-model in ADAMS. Unfortunately, this didn’t
seem to work at all, no matter what ode-solver or step size was chosen. Again the
algebraic equations used for the belt-model caused the simulation to fail. Since this didn’t
work, not only the controller was computed in Matlab/SIMULINK, but also the complete
belt-model and the engine- and vehicle torques. This was done to ensure that no algebraic
equations were computed in ADAMS, but just the mechanical system itself. All the
inputs for the system were now calculated by Matlab/SIMULINK. With this
configuration the same results as the simulation in ADAMS could be achieved. But only
with very specific choices for the used ode-solvers and step sizes (which had to be
extremely small to make the simulation run, e.g. 0.00001s or smaller). And although the
same results were achieved, it was still very impractical to design a controller like this.
The computation time for one simulation became almost 6 hours for a simulation of 22
seconds. If the same simulation is done using only ADAMS, it only takes approximately
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3 minutes to compute. This means that the computation time is almost 120 times larger
when using ADAMS/controls and Matlab/SIMULINK! This extra computation time was
caused by very high frequencies present in both input and output signals. At first it was
thought that these high frequencies were caused by the stiffness of the metal pushing belt.
But even with a very low stiffness of the belt, the high frequencies were present. And
while there were no other energy-restoring elements (e.g. springs) in the model, the high
frequencies must have been caused somehow by the interaction between ADAMS and
Matlab/SIMULINK. The ADAMS knowledge base [5] had quite a lot of suggestions for
improving the performance and computation times of the simulations with
ADAMS/controls, mostly by enhancing the model in ADAMS. These will be mentioned
with the other recommendations in the next chapter.
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Conclusions

When designing a controller for a model in ADAMS with Matlab/SIMULINK, two
options are available.

ADAMS is able to linearize models around an equilibrium position and export those
linearized models using a state space representation of the model. The results of the
linearization feature in ADAMS are extremely accurate, as seen with the car with
inverted pendulum and can be used to analyze the system’s behavior or to design a linear
controller for the system.

To implement a (non)linear controller for a model created in ADAMS or to tune an
existing controller, Matlab/SIMULINK can be wused in combination with
ADAMS/controls. This a very useful plugin from ADAMS with which one can make full
use of the controller design features in Matlab/SIMULINK. The results obtained with
ADAMS/controls and Matlab/SIMULINK were also very accurate, under the condition
that the system is modeled properly in ADAMS and the right ode-solvers and step sizes
are chosen.

Recommendations

The following recommendations apply mostly to the model for the CVT drive train, so
that further research can be done on this system using ADAMS/linear and
ADAMS/controls.

In both ADAMS/linear and ADAMS/controls the greatest problems are most probably
caused by the way in which the metal pushing-belt is modeled. The ADAMS knowledge
base suggests using self-defined vector forces, called g-forces. This is a user-written
subroutine. Modeling the belt in this manner will exclude the vast amount of algebraic
equations used for computing the belt model.

All the models used for this internship are created with ADAMS v.11, but according to
the ADAMS knowledge base it would be better to use v.12. In this version a lot of
problems that were present in v.11 are debugged. ADAMS/controls v.12 might have
fewer problems solving the model for the CVT drive train. But then again it is still better
to enhance the model in ADAMS first and then (preferably using ADAMS v.12) try to
model a controller with ADAMS/controls.
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Appendix A

Derivation of the equations of motion for the cart with inverted pendulum
The cart with an inverted pendulum, shown below, is "bumped" with an impulse force, F.

Determine the dynamic equations of motion for the system, and linearize about the
pendulum's angle, theta = Pi (in other words, assume that pendulum does not move more
than a few degrees away from the vertical, chosen to be at an angle of Pi). Find a
controller to satisfy all of the design requirements given below.

For this example, let's assume that

M  mass of the cart 0.5kg

m  mass of the pendulum 0.5 kg

b friction of the cart 0.1 N/m/sec

1 length to pendulum center of mass 0.3 m

I inertia of the pendulum 0.006 kg*m"2
F  force applied to the cart

X cart position coordinate

theta pendulum angle from vertical

With the state-space method we are more readily able to deal with a multi-output system.
Therefore, for this section of the Inverted Pendulum example we will attempt to control
both the pendulum's angle and the cart's position. To make the design more challenging
we will be applying a step input to the cart. The cart should achieve it's desired position
within 5 seconds and have a rise time under 0.5 seconds. We will also limit the
pendulum's overshoot to 20 degrees (0.35 radians), and it should also settle in under 5
seconds.

22




The design requirements for the Inverted Pendulum state-space example are:
Settling time for x and theta of less than 5 seconds.

Rise time for x of less than 0.5 seconds.

Overshoot of theta less than 20 degrees (0.35 radians).

Force analysis and system equations

Below are the two Free Body Diagrams of the system.

162
4

P

- X

— —»X

Summing the forces in the Free Body Diagram of the cart in the horizontal direction, you
get the following equation of motion:
Mzi+bx+N=F

Note that you could also sum the forces in the vertical direction, but no useful
information would be gained.
Summing the forces in the Free Body Diagram of the pendulum in the horizontal
direction, you can get an equation for N:

N =mi+mlcos® ~ml62sind
If you substitute this equation into the first equation, you get the first equation of motion
for this system:

(1) [M+mfi+bx+mléeosd— mlé*sing - F

To get the second equation of motion, sum the forces perpendicular to the pendulum.
Solving the system along this axis ends up saving youa lot of algebra. You should get the
following equation: :

Psin&+ Ncosg- mgsing = ml&+micos &
To get rid of the P and N terms in the equation
above, sum the moments around the centroid of the pendulum to get the following
equation: .
-Pisim&- NicosF=18

Combining these last two equations, you get the second dynamic equation:

@) (I+ml%) 8+ mglsin® = -mlicos @

Since Matlab can only work with linear functions, this set of equations should be
linearized about theta = Pi. Assume that theta = Pi + o (o represents a small angle from
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the vertical upward direction). Therefore, cos(theta) = -1, sin(theta) = -g, and
(d(theta)/dt)*2 = 0. After linearization the two equations of motion become (where u
represents the input):

[I+ mlz]é —mglé = mlk
[M+mi+ bx-ml¢ =u
2. State-Space |

After a little algebra, the linearized system equations equations can also be represented in
state-space form:

1 [0 1 0 0 5 2l
) -(I+mf )b gl _ I+mF
E IM + 1+ Mml® IO + 1) + Mml X | 1M + 1) + MO
Ll = + T
& |0 0 o 1| & o

-mlh mgl +1m) ) ml

)

HH

12| |” Iot-mp-pmE ToLsmm-smnE L2 | To0em)s bom?

X
1 oo o]=| [a
¥= + i
0o o 1 oj+ [0

The C matrix is 2 by 4, because both the cart's position and the pendulum's position are
part of the output. For the state-space design problem we will be controlling a multi-
output system so we will be observing the cart's position from the first row of output and
the pendulum’s with the second row.
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Appendix B

Controller design for the cart with inverted pendulum using Matlab

The design criteria for this system with the cart receiving a 0.2 m step input are as
follows:

- Settling time for x and theta of less than 5 seconds.

- Rise time for x of less than 1 second.

- Overshoot of theta less than 20 degrees (0.35 radians).

- Steady-state error within 2%.

This problem can be solved using full state feedback. The schematic of this type of
control system is shown below: ‘

Open-loop poles
In this problem R represents the commanded step input to the cart. The 4 states represent
the position and velocity of the cart and the angle and angular velocity of the pendulum.
The output y contains both the position of the cart and the angle of the pendulum. We
want to design a controller so that when an step input is given to the system, the
pendulum should be displaced, but eventually return to zero (i.e. the vertical) and the cart
should move to it's new commanded position.
The first step in designing this type of controller is to determine the open-loop poles of
the system. Enter the following lines of code into a m-file (or a ".m' file located in the
same directory as Matlab):

M=0.5;

m=0.2;

b=0.1

1=0.006;

g=9.8;

1=0.3;

© p =1 MAm)+M*m*1°2; %denominator
A=[0 1 0 0;
0 -(i+m*1"2)*b/p (m 2*g*1"2)/p 0;
0 0 0 1;
0 -(m*1*b)/p m*g**(M+m)/p 0];
B = [0; G(+m*1"2)/p; 0; m*1/p];

C=[1000;
0010];
D =[0;0];
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p = eig(A) ‘
The Matlab command window should output the following text as a result:

p=
0

-0.1428

5.5651

-5.6041
As you can see, there is one right-half-plane pole at 5.5651. This should confirm your
intuition that the system is unstable in open loop.
LQR design
The next step in the design process is to assume that we have full-state feedback (i.e. that
we can measure all four states), and find the vector K which determines the feedback
control law. This can be done in a number of ways. If you know the desired closed-loop
poles, you can use the place or acker command. Another option is to use the Igr function;
this will give you the optimal controller (under certain assumptions; consult your
textbook for more details). The Igr function allows you to choose two parameters, R and

Q, which will balance the relative importance of the input and state in the cost function
that you are trying to optimize. The simplest case is to assume R=1, and Q=C"*C. You
may notice that we are using both outputs (the pendulum's angle and the cart's position).
Essentially, the 1gr method allows for the control of both outputs. In this case, it is pretty
easy to do. The controller can be tuned by changing the nonzero elements in the Q matrix
to get a desirable response.

Note: Matlab commands from the control system toolbox are highlighted in red.

To find the structure of Q, enter the following into the Matlab command window:
C'*C
You should see the following in the command window:

ans =

1 0 0 0
0 0 0 0
0 0 1 0
0 0 0 0

The element in the 1,1 position will be used to weight the cart's position and the element
in the 3,3 position will be used to weight the pendulum's angle. The input weighting R
will remain at 1. Now that we know what the Q matrix should look like we can
experiment to find the K matrix that will give us a good controller. We will go ahead and
find the K matrix and plot the response all in one step so that changes can be made in the
control and be seen automatically in the response.

Enter the following text into your m-file:
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x=1;

y=1;

Q=[x000;
0000;
00y0;
0000];

R=1;

K =1gr(A,B,Q,R)

Ac = [(A-B*K)];

Be=[B];

Ce=[C};

Dc =[D];

T=0:0.01:5;
U=0.2*ones(size(T));
[Y,X]=Isim(Ac,Bc,Cc,De,U,T);
plot(T,Y)
legend('Cart','Pendulum’)

You will find that increasing x makes the settling and rise times go down, and lowers the
angle the pendulum moves. Using x=5000 and y=100, the following value of K and step
response were found: :

K=[-70.7107 -37.8345 105.5298 20.9238 ]

; win’ Step response with LR control
— Cant
N —  Pendulum
2 -Xg]
|
x 13
ot
111 7
/
-1 Il'i'll"x.,(
.| \\
3 B
o 1 2 3 4 5]

Time {sec.)

You may have noted that if you increased x and y even higher, you could improve the
response even more. The reason this plot was chosen was because it satisfied the design
requirements while keeping x and y as small as possible. In this problem, x and y have
been used to describe the relative weight of the tracking error in the cart's position and
pendulum's angle versus the control effort. The higher x and y are, the more control effort
is used, but the smaller the tracking error. The system response has a settling time under 2
seconds.
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Appendix C

Interpretation of ADAMS/linear output for Matlab

1. File Names Used for MATLAB State Matrices Output

Matrix Name file Name

A "base_name" "a"
B "base_name" "b"
C "base_name" "¢"
D "base_name" "d"
STATES "base_name" "st"
PINPUT "base _name" "pi"
POUTPUT - "base_name" "po"

2. Contents of the STATES, PINPUT, and POUTPUT Matrices
STATES Matrix

The STATES matrix contains information regarding states that ADAMS/Solver has chosen for
the state matrices representation. For each state, one record exists in this matrix. The following
information is contained in each record:

Type of element - Element identifier - Element coordinate
Type_of elementType

Type of element can take on the following values:
_ Part coordinates

_ States in a LSE element

_ States in a TFSISO element

_ States in a GSE element

_ Diff variable

_ Coordinate for a PTCV element

_ Coordinates for a CVCV element

_FLEX BODY element

_POINT MASS element

Element _identifier
Element_identifier is the eight-digit ADAMS/Solver identifier of the element.

28




Element coordinate

If Type_of element=1, the Element_coordinate can take on the values:
x-displacement

y-displacement

z-displacement

6 angle of part principal axis

Y angle of part principal axis

¢ angle of angle of part principal axis

x
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For Type_of element=2 to 5, Element coordinate is the sequence number in the set of states
defining that element.

For Type_of_element=6, the only permissible value for Element_coordinate is 1, that is, the alpha
parameter value that defines the contact point on the curve.

For Type_of element=7, Element_coordinate may take on the value of 1 or 2, representing the
parameter values for the first (I) or second (J) curve in a CVCYV statement that defines the contact
point on the curve.

For Type_of Element=8 , the Element coordinate can take on the values:
1 - 12 same as for Type _of Element=1

1 E6 + n nth modal generalized coordinate

2 E6 + n first time derivative of the nth modal generalized coordinate

For Type_of Element=9, the Element_coordinate can take on the following values:

1 - 3 same as for Type of Element=1

4 x

5 5

6z

In the MATRIXx format, this data is organized in column order form so that the STATES matrix
contains three rows and number of columns is equal to the number of states in the model. In the
MATLAB format, this data is organized in the row order form. Therefore, the STATES file
contains data organized in the three columns and the number of rows is equal to the number of
states in the model.

PINPUT and POUTPUT Matrices

The first record in the PINPUT/POUTPUT data contains the ADAMS/Solver identifier of the
PINPUT/POUTPUT statement, respectively, that was used on the LINEAR command to generate
these state matrices. Subsequent records contain the ADAMS/Solver identifiers of the
VARIABLE statement identifiers used on these statements. In the MATRIXx as well as the
MATLAB format, this data is organized as a matrix with 1 column and number of rows equal to
one plus the number of variables on the PINPUT or POUTPUT statement. All data for the
STATES, PINPUT, and POUTPUT matrices is written as floating point data.
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