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Modelling a Mechatronic System using “Matlab/Simulink”
and “Dyanst”

Paul Dillon
Institute of Technology Tallaght, Tallaght, Dublin.
Paul.Dillon@it-tallaght.ie
Abstract

This paper presents the process of modelling a mechatronic system using two modelling
methods. One the well known Matlab/Simulation package the other, Dynast, uses a novel
energy based approach. The system modelled is a single axis positioning system driven via
an armature controlled DC motor. The model consists of the main items in the system; pulse
width modulated amplifier, DC motor, pulley and belt drive, and ball screw thread. Effects of
inertia of parts and also frictional effects are also accounted for in the models. The problems
of combing different disciplines within each method are shown. Simulation results are

presented from the two methods. Dynast was found to have significant advantages over
Matlab.

Introduction

Computer simulation has reached a certain maturity with a wide range of software packages
available to simulate different disciplines e.g. pSpice in electrical electronics, Matlab-Simulink
(Mathsworks 2004) for control systems. There still remains the problem of integrating different
engineering disciplines within one software package. Such a package would have distinct
advantages for the technician or engineer who works with Mechatronic Systems as it would
negate any transfer of data from separate simulation packages or having to learn the process of
modelling within different packages. Also possibility of using the computer as a tool to
formulate the equations underlying systems is becoming more wide spread with “Dynast”
(Dynast 2004) and “Mathworks-Power Systems Blockset” (Mathsworks 2004), being just two
examples amongst others, (Virtual Action Group 2004, Job van Amerongen et al 2003). By
investigating two separate approaches to modelling of a mechatronic system, and comparing
the process and results achieved in each, a designer would appreciate any differences and

advantages one system has over the other.

Mechatronic System
Mechatronics has been defined as the “synergetic integration of physical systems with
information technology and complex decision making in the design, manufacture and operation

of industrial processes and products”, (Tomizuka 2002).

In this paper we are concerned with the modelling, simulation and operation of an industrial

process namely a positioning system in a single axis, that would be typical as found in
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computer numerical control (CNC) machines. The system consists of single axis drive based on
a linear ball screw, driven by an armature controlled DC motor supplied by a “Servopack”,
using velocity feedback, therefore incorporating many aspects of a mechatronic system. The
schematic layout of the system is given Figure 1 while a photograph of the pulley end is shown
in Figure 2. The table mass consists of a plate, which is mounted on the ball screw nut. The
plate also is supported on two slide bearings. The ball screw nut is driven via the screw thread,
by a large pulley, which in turn is driven via a toothed belt from a small pulley, mounted on the
motor shaft. The motor is slung underneath the support table, thus allowing for tensioning of
the belt by the weight of the motor. The motor has an integral tachogenerator and encoder for
use as velocity feedback and position control in a digital controlled system respectively. The
control box consists of the Yaskawa “Servopack”, main power supply and protection cicruits.
The physical systems that will be considered are the “Servopack”, the DC Armature Controlled
Motor, the pulley and belt drive, the linear ball screw and the mass of the table, the position of

which is the end measured variable.

Tool Table Mass
Pulley Belt

Drive
[ 1 paisoew ]

DC Motor

Control Box X
Tachogenerator

Figure 1 Schematic Layout

Figure 2 Pulley end of the Positioning System

Motor

The motor is a Yaskawa DC motor; the complete specifications are given in the motor technical
bulletin (Yaskawa Electric Miniertia 1985). In order to understand and simulate the motor, the
process followed would be to start with a sketch of the schematic arrangement of the motor

main parts, as in Figure 3. Then work towards a mathematical model of the system in as much
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detail as possible. The model here neglects higher order effects such as commutator contact
resistance and windage effects. It would be usual to use differential equations for the

relationships and then process these using Laplace Transforms.

Amature
la
Field Ra
If %
Vf Rf La
%u Va W o Ineti=)
Friction =f
()
0

Figure 3 Schematic of a DC Motor (Dorf 1989)

One such model derived is as follows

Gy - ©6) K,
VTV T R+ L) Is+ )+ KK,

Eq. 1 (Dorf 1989)

The transfer function expresses the output m(s) as a function of the input armature voltage V,
(s) and the transfer function consisting of motor parameters. The values of the motor
parameters as required for Eq. 1 are sourced from the motor specification sheet (Yaskawa
1985 ). Kx=0.119 [NmA™'], R=0.41 [Q], J»=0.000168 [kgm’], L.=0.0006 [H], f=0.0000253
[Nm (rad/sec)'], Ks=0.0124 [V/rpm]

Note the units used are inconsistent (but typically expressed in such a manner) and would have

to be altered for use in a modelling package.

Servopack (Yaskawa Electric DC Servomotor Controllers 1987)

The Servopack allows the motor to develop approximately 190W and operate with a maximum
speed of 3000rpm either in forward or reverse mode. The electronic controls supplied with the
unit include over travel protection and a proportional and integral (PI) control of speed, based
on a tachogenerator feedback signal from the DC motor. Separate to the actual Servopack, are
a line filter, mains transformer, and thermal relay. The schematic of the circuit within the

Servopack is shown in Figure 4.
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Figure 4 Schematic of Internal Connections of Yaskawa Servopack CPCR-FR02B (Yaskawa 1987)

A designer would start with a circuit design and work on sizing the parts for the application,
possibly using a different software package. At the time that this work was carried out
(Brehens 1997, Price 2001) access was kept to Matlab/ Simulink which had no direct way of
modelling such an electronic circuit within the modelling package. As can be seen from the
schematic, the main circuit consists of a H-Bridge circuit based on power FETs, which are
driven by a pulse width modulated (PWM) signal. The schematic giving qualitative but not
quantitative information, part values and other circuit information could be obtained by back

engineering the unit. For this reason the behaviour of the circuit was only considered.

To obtain a system model, it was therefore decided to take a decision to assume that the
dynamic behaviour of the PWM drive circuit was faster than that of the mechanical motor and
so a simple look up table was produced mimicking the voltage output of the drive circuit. This
look up table was arrived at by testing the circuit to derive the control relationship between the
inputs, which were a voltage signal representing a desired speed, a feeback voltage from the
tachogenerator and the output drive voltage which was pulse width modulated Figure 5. The
values of the potentiometer were varied in order to look at the motor output voltage. The test

was conducted with a 7V feedback signal, from the simulated tachogenerator.
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Figure 5 Test Setup for deriving the Control and Drive Relationships for Servopack. (Brehrens 1997)

The results, in Figure 6, showed that the drive voltage has a narrow proportional band based on

the difference between the desired input voltage and the feedback voltage and also there is a

proportional relationship between the desired input voltage and feedback voltage from the

tachogenerator. The tachogenerator voltage being 3.5 times that of the input voltage. This plot

is representative for the motor output voltage behaviour for the other tests at 14V and 20,

merely showing that the curve is moved along the input voltage axis.

Motor voltage [V]
80.00 +

60.00 +
40.00 +

20.00 +

0.00 } } } }
2000 |80 0.90 125 150
40.00 +

-60.00 +

-80.00 —

1.76  2.01

225 250 3.02 4.01

5.01

6.0l 7.00 8.01

Input voltage [V]

Figure 6: Control behaviour of the Servopack

Transmission System

The transmission system consists of a pulley drive, which has a ratio of 2.892. The belt is

toothed in order to minimise the possibility of backlash. The pulleys, ball screw and tool table

mass are considered to have a certain reflected inertia to the motor. The calculation of which is

covered by Gross 1983. The total reflected inertia excluding the motor inertia Ly can be then

calculated by the following
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Jip + Tbs +Jin
ext:Jsp+ ) Eq2
i

J

J, =Inertia of small pulley wheel =7.482 x10 kgm?
Jip = Inertia of large pulley wheel=6.7991x1 0! kgm2

J,s = Inertia of ballscrew =3.2x 1075 kgm?

J}, = Inertia of the driven linear element = 5.75x 10 kgm?
i = Pulleyratio = 2.892

ot = 9.329x10° kgm?
The motor inertia as given by Yaskawa (Yaskawa 1985) is Jy=0.000168 [kgn]. The motor is
directly attached to the small pulley wheel.
The total inertia reflected back to the motor can then be included in the block diagram of Figure
3 by

J=J, +J,, Eq3

J=168x10"*+9.329x107° kgm?

J =2.610x10"*kgm?
Apart from the inertia loading on the motor, we have to consider the frictional load exerted by
the transmission elements. Friction is generated in a number of locations, friction in slide
guides, frictional losses in the feed screw bearing, frictional losses in the feed screw nut and
finally pulley and belt drive losses.

The influences of the friction torque and losses from the feed screw drive can be described as

the sum of T¢ [Nm] the friction torques. We obtain the friction torques reflected on the motor

by equation 4.

T,

J5g n Tbe

M fon ' Eq. 4. (Gross 1983)

z T, =~—"F——
Np -t

Where, Tg, = friction torque in the slide guides

Nw = efficiency of feed screw nut

ne = efficiency of pulley drive
Tw = friction torque of feed screw bearing

i = ratio of pulley drive

Friction in slide guides. Gross (1983) states that the friction in the slide guides can be taken as
Ty =ty 22 [mp +m,, )} g+ F.] Eq. 5 (Gross 1983)
Where, pe = the speed dependent friction factor

m; = mass of tool table [kg]
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my, = mass of workpiece [kg], which is zero because it does not exist
pss = pitch of ball screw [m]

g = 9.81[ms™], gravitational acceleration

F. = force of cutting [N], which is not present

The speed dependent friction factor ¢, of the actual friction guide, is difficult to decide on.
Therefore we assume a mean value a factor between 0.05 and 0.1.

Ty = 0.075-E~2.268~9.81 = 2.656~10_3[Nm]
] 2n

Frictional losses in the feed screw bearing are again accounted by referring to Gross 1983,
page 127. The feed screw is supported with two ball thrust bearings. If there was a force
working against the tool table, in the direction of the bearings, the load on the bearings become
larger, due to the force. This load causes a greater friction in the bearings and therefore a
friction torque which has an effect on the motor. According to the INA company this friction

torque is approximately

Te = Uev.0.5.dm.Fa  Eq. 6 (Gross 1983)
where, L = speed dependent frictional factor of the feed screw bearing
dn = mean value of the bearing diameter [m]
Fa = axial feed screw load [N]

For the speed dependent frictional factor of the feed bearings i, a mean value can be taken and
is chosen to be between 0.003 and 0.005, according to Gross, page 228. The mean value of the
diameter is 0.019[m]. The axial feed screw load is described, according to Gross, as a
machining force. For the modelled system no machining force exists and therefore the
eqauation would reduce to zero, the force F. is not present. Therefore we assume a force

caused by Newton's law of motion. We get

Fal = my; a; Eq 7
where, m; = mass of tool table [kg]
ay = acceleration of table [ms?]

If we substitute the above equation for Fy into the T, equation we obtain the friction torque of
the feed screw bearings Tip, [Nm] as follows

Tx=8.618 x10° .a, [Nm] Eq. 8

Taking the frictional losses in the feed screw nut next. The feed screw nut in the original model,

is a ball screw nut, these type of nuts are commonly used, because less friction results.
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Nevertheless, we will consider the efficiency of the ball screw nut. This coefficient g can be

calculated approximately as below

1
T] s N T
! 1+0,02.% Eq. 9 (Gross 1983)

Pos

where, dis = diameter of ball screw [m]

Pos pitch of the ball screw [m]
The pitch pes is given with 0.01[m]. The ball screw has a diameter of 0.015 [m]. By applying
eq. 9 we get

1
Npgn®—————~0971
0.01
140.02. %015
0.01

Finally taking pulley and belt drive losses, the efficiency of the belt and pulley system can be
taken to be 95 to 98% under correct operating conditions.
Applying Equation 4 we obtain the sum of the friction torques Tr [Nm] reflected on the motor,

shown below.

0.00273532+0.00008162-a,

T, = Eq. 10
2T 2.83416 d

Modelling Packages

Matlab Simulink

If we now consider the problem of modelling the complete system within the chosen software
package. Taking the Matlab/Simulink system first, the complete system is shown in Figure 7.

A number of submodels are shown within the block diagram. The motor submodel is shown in
Figure 9. This is a direct application of the block diagram Figure 8, resulting from the transfer

function for the DC motor, equation 3.
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Figure 7 Complete Matlab Simulink Model of the Motor Pulley Screw Drive
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Speed w(s)
Kh
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Figure 8 Block Diagram of Motor (Dorf 1989)

The block diagram allows for the influence of an external disturbance torque Tui(s) to be
included, which in our case will simulate the frictional torques. By substituting in the motor

parameters the resulting simulation block diagram is shown in Figure 9.

Friction torque
to the notor

1

0.000261s+0.00025306 L"@

0.0006=+0 .44 Surn? Mot
am Inertia and friction oter

0119

Woltage
input

Armature speed

Fy

kb

Figure 9 Simulink Diagram for DC Motor Transfer Function
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The motor “Voltage Input” point, derives from the model of the Servopack which is set up as a
look up table. Figure 10. The “Friction torque to the motor” point depends on from the
acceleration of the tool table mass. This is accounted for in the simulation by taking a signal of
the position of the table and completing a double derivative to generate an acceleration signal.
This is then used to implement equation 10 as derived. The other submodel is the servopack.
Figure 10. This is quite simple, the two inputs are the desired motor speed” and the feedback
voltage from the tachogenerator. These are summed to provide an input to the look up table

which generates a voltage output, such as given in Figure 6.

(1 ——————»f . > ()

Waltage Input

summing hotar Waltage

point controll behawviour

Tacho Input

zain

Figure 10 Simulink Block Diagramrepresenting Servopack operation.

Dynast (Dynast 2004)

To contrast the above process. Dynast (Dynast 2004) uses a novel method of modelling, the
concept of “multipole” modeling. This allows the integration of different engineering disciplines
within the one modelling package. Multipole modelling is similar to the nodal analyis approach
in electrical systems. The baisc prodecure is to break up the proposed model into disjointed
subsystems. Similar to forming free body diagrams in mechanics. The disjointed subsystem can
then be analysed under the assumptions that the mutal energy interactions between subsystems
take place at a limited number sites such as electrical connections, pipe connections (fluid
systems), or mechanical contacts. The energy flow through each contact point can be expressed
by a product of two complementary power variables such as voltage and current, force and
velocity. The energy entry point is modeled as a pole associated with a pair of power variables.
Individual physical elements such as a electrical resistor can then be expressed as a two pole
model, with the power consumed being govered by

P, (t) =i, (t).v, (t)
where i. is the through variable flowing through the element and v. is the across variable

between the element poles.

Figure 11 Variables associated with a generic physical element (Dynast 2004, Mann 1999)
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Once a multipole model for an element has been developed, it can be contained within a library
for futher use, allowing the user to build up a resource of increasing complexity and
sosphistication. Simulation models of real systems can then be built by including these
multipoles within a complete diagram. The user can start of with a simple model based on
simple elements then add in more elements to represent behaviours of higher order or smaller
effects. Figure 12 shows just one variation of multipole diagram as crude represenation of the
mechatronic system. This includes the PWM circuit, a complex multipole model of the DC
motor, the multipole model of the transmission system. Included is a PID block with the I and
D turned off. This block gives feedback control of the PWM circuit. As can be seen the Dynast
representaion allows the use of symbols that schematicly look like the physical element
concerned. The PWM cicuit is built up from resistors, capacitors and op amps. The
Transmission section is constructed of multipole elements representing intertias, and damping
elements for rotational and linear motions. The transmission structure also has transformer
elements to represent the pulley and belt ratio and the transformation from rotory motion to

linear translation motion.

E DYNAST Shell - [PWHM_PID] ME B

@Eile Edit View Place Sustem Analpsic Bun  Documentation  Preferences  Window Help _|E’|5|

D@-Eg|sEelocBpERpEREN0~+tkr tAlRQ|B B 0L E

Romapaa BallGcraw

Figure 12 Dynast Representaion of the System Including PWM Circuit, DC motor
and Transmission System, along with Proportional Control of Speed.

Results
Figures 13 and 14 show the results for simulations run using the Matlab/Simulink model and
the Dynast model, for a time of 0.5 seconds. The aim being to compare the resulting

calculations for the motor speed (rpm) and the lead screw displacement (m).
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We are interested in the lead displacement output in this paper for comparison. (Other
parameters within Dynast would be available such as the PWM voltage output wave). From
Figure 13 one can see that the simulations compare well in the end result. The slight difference
in lead displacement is due to the difference in motor speed as shown in Figure 14. One can see
that the Matlab model achieves a steady state speed of 1200rpm by 0.02 seconds while the
Dynast model responds faster and has a higher final speed. This difference is due to tuning of
the parameters on the PWM and the proportional control values. By re-tuning of values and
investigation of the PWM circuit as well as incorporation of an H Bridge circuits it is hoped to

approach a closer model to the real system. Variations on circuits have not been shown here.

Future Work and Conclusion

Further work will have to be completed on the design of the PWM circuit to allow for direct
application of the velocity feedback on the pulse width, with an electronic circuit rather than a
block diagram. Consideration will be given to modelling a commercial PWM driver such as the
HIP4081or the UC3637 and changing the BJTs to MOSFETs in the H Bridge. Considering the
approach used for each model, derivations of physical values of mechanical parts were
common to both, although Dynast applied them singly in direct relation to where the inertias
were in the real system and also the frictional effects are handled in the same manner. Also
Dynast was able to bring both the electronic and mechanical aspects in the one environment,
the PWM circuit, the multipole model of the DC motor, the mechanical transmission system. A
designer of electronic circuits would no doubt make more appropriate circuit for the PWM than
the author. The Matlab model was assembled from equations representing the behaviour of the
system. Dynast has some advantages over Matlab, one being able to incorporate the different
disciplines the most obvious. The modelling method Dynast uses of directly generating the
model rather than generating equations is aslo significant. Dynast can also be used as a toolbox
for Matlab for modelling and control (Mann et al 2000). Dynast is freely available to use
across the Internet thereby making it useful from a teaching/student perspective. A course on
Modelling and Control with toolboxes for designing “Virtual Experiments” is currently being
developed for support of teaching in the area using Dynast, (DynLAB 2004). Investigations of
other multidiscipline simulation tools such as 20 Sim (van Amerongen et al 2003), which uses
Bond Graphs (Karnopp 2000), along with extensions to the Matlab toolbox/blockset will be

carried out, for future support of Mechatronic courses.
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