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Abstract

Current research efforts in Hardware-In-The-Loop (HIL) simulations are directed
toward testing Electronic Control Units, simulated digitally, in a physical experimental
setup. This thesis presents different approach of using HIL simulations. Active and
passive mechanical loads can be simulated physically on direct drive motors, under
computer control. The work in thesis is based on effort-flow concept, which allows
components of the experimental setup to be replaced as needed by physical or digital
model. The only requirement that has to be satisfied is that elements of the setup retain
their inputs and outputs, in the form of effort and flow pairs.

Based on this theory, the new experimental setup was built, a generic HIL setup
containing two DC motors, which are connected by shaft. One of the motors is used to
actuate the system, while another motor represents the physical simulator. Based on the
sets of derived formulas, physical simulator is able to simulate active and passive loads.

Three different experimental levels are presented in the thesis. The open loop, current
control and torque control experiments.

The experimental results prove the concept in whole and show that theory can be
applied in real world applications. The focus in this research is on simulation of nonlinear
loads, whose models are presented by sets of nonlinear differential equations. Digital
simulations require solutions of those equations and it is demanding job. The method of

physical simulations presented in this thesis shows simpler way of simulating complex

loads.
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1. INTRODUCTION

In today’s world of fast developing technologies, the field of mechatronics although
relatively young is becoming very important. Every-day life is becoming more demanding
and the products that we are using are becoming more complex. Cars are not only mechanical
devices as they were at the beginning of the last century. More complex mechatronics
products replaced simple car components. There are cameras and signal devices all around us
to help us manage flow of people and goods. Process of production improved since robots
took over the work, which was used to done by people. Welding, assembling, cutting, and
controlling quality of products are responsibility of machines. The space explorations are
continuing. Wars are not fought with the same weapons used hundreds years ago. Machines
are banking for us, warning us about danger, entertaining us. The benefits of new
technologies are remarkable. Not only that those products are more complex, their designing
process is more demanding as well. Today engineers from different fields have to work

together to be able to produce a competitive product.

1.1 Motivation for the research and the research goal

The mechatronics is the field that intersects four basic fields: mechanics,
electronics, computers and control. Each of these disciplines represents big challenge by
itself. Integration of all of them together is technological art. Expressions like rapid
prototyping, cost effective simulations and modular design are more and more part of our
everyday conversations. A Hardware-In-The-Loop (HIL) simulations and testing are part of
mechatronics developed with the mission to design products rapidly and with cost effective
technology.

The Hardware-In-The-Loop methodology is well known for years and has been used

in different fields. Moreover, every field has specific requirements, which have to be



followed with every design. Knowing the basics of the HIL, we may conclude that some
general rules apply. Effort-flow concepts, modularity, use of hardware parts or software
simulations interchangeably are just some of those common points. So far, the Hardware-In-
The-Loop was used for different purposes. Actuators, control units and loads were designed
as real hardware or simulated using software. The motivation behind this thesis was to try to
generalize the HIL approach and to prove that interchangeability between physical
components and software-simulated components can be implemented.

The goal was to design and implement a very generic Hardware-In-The-Loop
experimental setup with the purpose to simulate linear and nonlinear loads using not only
software simulation but also real hardware (DC motor), which would be supported by
additional signals generated by a computer. Theoretically, building as well as modeling of
such a setup is possible by applying the concepts of effort-flow, modularity and
interchangeability. The system should be as generic as possible and should allow monitoring

different characteristics of a simulated and a real load, including velocity, torque and position

variables.



2. LITERATURE REVIEW

2.1. HIL simulations

Recent developments in microelectronics and computer technology allowed the
development of several disciplines including robotics, intelligent structures and
mechatronics. The Hardware-In-The-Loop (HIL) simulations are one of the examples
where such technological development shows attractive results. Classical computer
simulations were used to simulate complete systems using mathematical models of
system components, but the results were not always completely satisfactory.
Mathematical models are, by default, created using approximation and linearization,
sometimes neglecting important characteristics of the system. The HIL simulations use
real hardware instead of some mathematically simulated models and thus preserve all
necessary characteristics of those components.

The advantages of simulating systems using HIL experimental setups are
significant. Engineers can get characteristics of parts of the system or their behavior even
before those parts are physically made. Tuning the parameters of simulation can make the
process of design faster and less costly. Systems may consist of only a few real parts,
while the rest could be based on software simulation. Usually, the parts that are of major
interest are physically present. Software simulated parts could be parametrically altered.
Simulations can take place in laboratory conditions even for processes that are in reality
designed to operate outdoors. External conditions can be simulated by software.

HIL simulations can reduce time dependence. The same results can be obtained in a short

time for the process that can take days or months if tested in natural conditions.
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Repeatability of the HIL simulations is high. For some systems, creating the same
environmental conditions is a crucial part of the simulation. Sometimes, using classical
testing methods is very hard, or even impossible, trying to repeat the same initial
conditions.

HIL simulations can be repeated as many times as needed, with the same initial
conditions. The model parameters could be changed as well as the model itself.

Using HIL simulations, the development time decreases while quality, reliability and
safety increases.

HIL simulations are already important development method for different engineering
fields. Automotive industry, military, robotics and space programs are just some of HIL

users.

2.2 Robotics

Liu and Wright (2000) developed a new joint control system that automatically
integrates design, testing and HIL simulation using Simulink/RTW. The user develops a
model in Simulink using plant dynamics [35]. Then model runs in Simulink off line and
corrections are made accordingly. Once results are satisfactory C code is generated using
Real-time Workshop. Next follows the HIL simulation, which helps further tuning of
parameters until they are ready for use in production systems.

Temeltas et al. (2001) proposed a new HIL simulation system developed to serve the
design and control of robot manipulators for any given configuration [31]. The system
consists of two direct drive motors — one as the joint actuator and other as the load
simulator. The load simulator serves the purpose of gemerating the actual torque
components affecting a particular joint. A simple PID controller is used to achieve a basic
tracking performance for the operation of the load simulator. The results show that HIL
outputs for position, friction, inertia and acceleration variables of robot links. The HIL
experimental setup presented in these thesis differs from the one proposed by Temeltas in
several points. First, the system presented here is clearly based on the effort-flow model,
which is the rigorous fundamental for HIL. Such a theoretical base was not mentioned in

Temeltas paper. Second, the feedback used in this thesis is torque feedback as opposed to

2-2



position feedback used in the paper. In addition, the paper mentions both position and
torque feedback controllers, which cannot be achieved with a.feedback with 1 DOF
system. Moreover, the purpose of this thesis is to create a new generic HIL setup, while
the system proposed in the paper has very specific purpose and is used for a specific

robotics application.

2.3 Automotive Industry

Sailer and Essers (1994) developed a 3- dimensional, nonlinear simulator for the
dynamical behavior of trucks. One of the elements of that simulator was an anti-lock
braking system integrated as a Hardware-In-The-Loop device for the development of
electronic control units (ECU) [26]. Simulations with such a HIL system were highly
facilitated by changing the parameters of the template files. This way, a different truck
models and a different driving cycles were possible to test. The simulator showed high
quality results and was used in industrial applications.

QOueslati et al. (1995) worked on limited state active suspensions for articulated heavy
vehicles [46]. Control forces, generated by active force generators, were produced using a
control scheme based on feedback from road excitation and vehicle response variables.
This approach is very similar to the HIL simulation of a vehicle on the simulated road.
Hanselmann (1996) introduced a CACSD Toolset for the HIL simulation testing and
integration. Electronic Control Units (ECU) used in vehicles control different
components of the vehicle [3]. This toolset allows the use of the component of interest
based on a real hardware while other vehicle parts models can be executed on real-time
computer systems. The development of the toolset relies on Matlab/Simulink for both
prototyping and HIL simulations. The main advantages are: the plant model can be
reused for the testing various ECU, all ECU software changes can be easily checked and
no extra learning curve is required for the user. The toolset can be used as a tool for
engineers to improve efficiency and quality in product development.

Isermann et al. (1998) worked on HIL simulations for the design and testing of Engine-
control systems [5]. They used two approaches. One was with a transputer and another

with a DSP. Tests were conducted on two types of engines — 6 and 8 cylinder diesel
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engines. The HIL test bench consisted of a real-time computer system, sensor interface,
actuator interface, real injection pumps and the real control unit. The goal was to develop
new algorithms and to investigate effects of faults in sensors and actuators and the engine
itself. The tests showed comparable results from the HIL simulation with regard to
measurements on real diesel engines.

S.Y.Yang et al. (1999) developed a simulation platform for the development of an Anti-
lock Breaking System (ABS) used in cars [11]. For that purpose, they created an 18 DOF
vehicle model and used real hydraulic brake assembly. HIL simulation used hydraulic
circuits to include physical parts in the HIL setup. Road surface conditions were created
artificially. The results showed a very high degree of similarity, limiting the need for old-
fashioned way of the road testing.

Beaumont et al. (1998) proposed new algorithms of software development for Electronic
Control Units (ECU) used in vehicles [8]. These algorithms were tested on the target
hardware in combination with HIL vehicle simulator. Lab-Car was used to develop
algorithms, which were tested in two different modes. The first mode enabled the
development and testing of ECU before a production of a.compatible ECU is available.
The second mode allows real ECU to be connected through I/0 drivers to the simulator.
ECU development by Reuss and Flamig-Vetter (1998) was made with the purpose of
lowering time and cost of the development process [7]. The goal of HIL simulations was
to make simulation models and real components work together under realistic operating
conditions. The only real part of the HIL setup was the actuator. All other parts were
computer simulated. One of the subsystems used to conduct simulation was a diesel
injection system with a piezoactuator. The results of the HIL simulations showed that the
piezoactuator was able to drive efficiently an injection valve.

Lamberg and Waltermann (2000) showed another approach for developing an Electronic
Control Units (ECU) used in vehicles [4]. Their HIL simulation included actual ECU
connected to the real time simulation models of the vehicle. This time, ECU did not have
only analog and digital interface but it communicated with the sensors and actuators via
protocols. During the HIL simulation, software and hardware models simulated the
behavior of the vehicle. The real vehicle components were connected via their electrical

interfaces to a simulator that reproduced the behavior of real-time environment.



Experiments performed on the HIL system can be reproduced, in this case, precisely and
as often as required.

dSPACE Company developed dSPACE Vehicle Dynamics Simulator as commercial
product developed on the basis of HIL simulations. Tests can be executed in a virtual test
scenario, instead on the road. Real parts of the vehicle communicate with the simulator
through 1/0 processing functions and other functions are simulated within the simulator.

The simulator has several digital or analog inputs and outputs, designated for sensors and

actuator used in vehicle.
2.4. Military applications

Goldsmith er al. (1996) presented the Hardware-In-The-Loop facility of the Air
Force Development Test Centre designed to test guided munitions performance [43]. The
major HIL components included an infrared (IR) scene generator, IR projector, five axes
flight motion simulator (FMS), 6 DOF missile flight simulators and an optomechanical
interface to mount the projector onto the FMS.
Sieglinger ez al.(1996) worked on HIL simulation using direct signal injection (DSI) [44].
This technique was developed for test and evaluation of guided missile seekers. The
seeker can be simulated by a projector or, as it is in this case, by a DSI. The sensor
hardware was not used. Scene data was provided directly to the seeker signal processor
where sensor measurements were computed and simulated. Sensor effects included
blurring, sampling, detector response characteristics and noise.
Sanders (1996) presented new techniques for creating the signature models necessary for
the infrared texture map generation [45]. The method is part of real-time modeling for
HIL to achieve frame rates necessary for missile stimulation. The new modeling method
PRISM for model generation of threat vehicles showed greater simulation flexibility and
removed the need for expensive data collection.
Huber and Courtney (1997) presented an infrared seeker HIL simulator as a part of
Dynamic Infrared Missile Evaluator (DIME) [9]. The HIL testing was performed to
verify accuracy of the seeker model. The results were compared to the model prediction.

The seeker is a radiometer, which produces voltage and is calibrated by a blackbody and
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a collimator. The calibrated secker produces preamplified output, which is used in HIL
testing instead of having to rely on external device to measure the value for each
scenario.

DeCesaris and Millner (1997) presented a three-tiered approach to HIL testing [10].
Testing was used to fully characterize system’s operational characteristics. The three tiers
are the element levels, which include sub-element level testing of critical components, the
weapon system level and the family of the systems (FoS) level. The objective of testing
each element was to evaluate the performance of elements in a simulated énvironment.
The objective of Weapon system level was to evaluate data exchange between the
elements of the weapon system in a simulated operational environment. The purpose of
FoS level was to assess interoperability of weapon systems.

Tucker and Zabel (1998) showed the use of a HIL test facility for the purpose of adding
physics-based synthetic smoke to prerecorded 2-dimensional infrared imagery [33]. Two
computational processes were discussed. The first process centers around the application
that has already been implemented and which adds physics-based synthetic smoke to
prerecorded 2-dimensional infrared imagery. The second computation process focuses on
real time pixel intensity correction. The HIL simulation setup has a missile seeker, which
is set inside of simulated environment and operates just as it would during an actual
flight. The simulated environment is changing computer-generated images on the screen

and the response of the system is obtained.
2.5. Other HIL simulations

P. Schafer (1992) presented HIL simulations of multi-body system models with
transputers [13]. The multi-body system was modeled as a system of bodies connected by
spring-damper muscles or as actively controlled elements with holonomic and
screlonomic constraints. Transputers are special microprocessors with distributed
memories that allow parallel processing, in real time and make available peripheral

processes for control devices.
Ptak and Foundy (1998) worked on integration of a flight hardware with real-time

simulations to increase attitude control systems (ACS) accuracy by providing greater test
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coverage through end-to-end testing in a realistic test environment [12]. They used real-
time software architecture RT-Linux. The environment included RT-Linux computers
and Matrix-X control system design automation tools for the real-time simulation and the
HIL testing.

Lucas et al. (2000) introduced remote simulation to evaluate real-time traffic control
strategies [34]. One of the simulation methods used was a HIL simulation with the
purpose to show the migration of the real-time traffic-adaptive control logic onto the
traffic controller hardware itself. The simulations were tested on several different types of
networks and were found to perform in the same manner as its local counterpart.

Ueno and Okada (2000) worked on a control of motor bearings and they proposed an
experimental setup consisting of bearing stator and rotor held on two radial ball bearings
[32]. A DC motor generator was used as a torque generator. The concept of simulating

the load by a motor falls into HIL simulation category.
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3. THEORETICAL FRAMEWORK

3.1 Effort-flow concept

Mechatronic systems, in general, are mixed systems consisting of mechanical,
electrical and computer components. Mechanical components usually represent a system
or a part in which one type of energy (mechanical or electrical) is converted into
mechanical work and where a main process takes place. Electrical components are used
as actuators (motors) which convert electrical energy into mechanical work (rotation).
Another use for electrical components would be as transducers, which convert the
mechanical energy transferred from the plant into electrical signal. Finally, electrical
components are used as signal conditioning devices and drivers. As signal conditioning
devices, those components are electrical circuits that are placed between transducers and
a computer with the purpose of changing the signal amplitude for easier conversion of
the signal inside of the computer. Electrical components, used as drivers, are modulating
power supply needed to drive the actuators in accordance to the command signals coming
from computer and that way generating power signal. Coniputer components, Analog to
Digital Converters, Digital to Analog Converters are used to receive conditioned signal
and convert it into computer readable code. Such a code is the base for calculation done
by software, which prepares the control signals to be sent back to the system.

As seen, all components of the mechatronic system have one common characteristic and
that is the change of the energy type from one to another [1].

Each particular component from such system has input, output and state defined

by state variables. The interface between components can be signal or power

transmission variables, depending on the place and the role of the particular component.
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Input and output of the system are signal or power transmission variables depending on
what kind of transformation takes place inside the component.

It is very important to notice that the communication between components of the system
is based on cut variables, input or output variables. To preserve the law of the energy
conservation, the power balance has to be respected at the connections of the objects [1].
That means that if we presume that there is no power loss during the transformation
inside of the component, input and output cuts correspond to the same amount of the
power.

For variety of mechatronics components, the power is calculated in a different

ways. For mechanical components, the power is the product of a force and a velocity or a
moment and an angular velocity depending if a mechanical system is moving linearly or
rotating. The power is calculated for electrical systems by multiplying a voltage and a
current and for hydraulic systems by multiplying a pressure and a flow rate. In general,
the power is the result of product of two different variables, called effort and flow
variables, at the connection of the components (either on input or output side) as a result
of an effort-flow cut.
Power is transferable and various components can be linked together by knowing the
information about their effort-flow cuts. For us, the important information is on input and
output side of the component, while what is happening inside of the component is less
important. That concept is well known in computer science as Object-Oriented Approach
[1].

Each component of a mechatronics system can be seen as an object. Objects
communicate by message passing. In the case of mechatronics, object messages are
values of effort-flow variables on input and output side. The objects inside consist of
private data variables and methods, in the case of computer objects, while mechatronics
objects have transfer functions with the same purpose of transferring input variables into
output ones.

Mechatronic systems are, using this analogy, a set of mechatronic objects with
known effort-flow cuts. Further analysis shows that some other object (component),
which has the same effort-flow cuts, on both, input and output sides can replace each of

these original objects (components).
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The Hardware-In-The-Loop (HIL) simulation uses the concept of replacing
components with the same effort-flow cut as the base for the method. Each component is
modeled as a module with effort-flow variables used for its input and output side. The
modules are assembled together into a greater system model. Since every module has its
own model with recognizable inputs and outputs, it is easy to replace it with similar
modules and again obtain a model for the whole system. This way, not only the physical
system has modular characteristics, but also models are easily interchangeable. More
important to notice, HIL simulations are different from old fashion ways of testing since
the experimental setup does not have to have all real physical components available.
Computer models could simulate some components while others are real. Having the
mode] of the system written in such a way that it is an array of different modules, it is
graphically easy to choose modules to be simulated by computer and those that will be

presented by a real hardware, as well as the connection between them.
3.2. General thesis model

The main goal of this thesis is to show that effort-flow cuts, and principles of
module interchangeability used in HIL simulation, can be employed for a rapid testing of
different types of loads that are not available in physical form at the present time.

It is simpler to say that computer simulation of unavailable parts could be a solution, but
knowing that computer simulations are based on mathematical models usually generated
using approximation and linearization and neglecting sometimes very important
characteristics of the component, a more realistic load simulation has to be considered.
The basic idea behind the proposed experimental setup is the use of two DC motors; one
of them representing an actuator or a device, which is driving the load, while the second
DC motor represents an active load. An active load means that, in principle, the load DC
motor can physically simulate any load for which a precise analytical model is available.
In another words, the simulated load should produce the same output, e.g. the same
velocity characteristic, or the same torque characteristic as in the case of a real load. This

is possible, since the effort-flow variables for real and simulated load remain the same.
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The load that will be considered for the proof of this concept is an inertial-viscous load.

In addition, some of loads will be linear while the others will be nonlinear.

3.3 Modeling

Physical simulation using the experimental setup requires much deeper analysis
than simple modeling from previous examples, which were presented only as illustrations
of the concept. As mentioned before, the experimental setup was built as a modular
testbed with two places for motors. Each motor place has two holders with two different
sizes for holes, which means that different kinds of motors could be mounted on the setup
base plate. The shaft that connects motors can be of different length depending on which
holders are used for the motor. Since one of the motors represents the active load, it is
readily replaceable with real loads. Looking that way, there are two different setups to be
modeled. One consists of two motors, the actuator and the load, connected by a shaft and
the second consists of the same actuator-motor and any real load to be connected to the
actuator by the same shaft. Since these models are going to be tested together, the
modeling will be done in parallel. The difference between the setups is only in the model
of the load. Following the effort-flow principles that should be an easy task, in which we
have to consider different inside modules, while the input output variables should remain

the same. Figure 3.5 shows the general scheme of the setups that will be modeled in

parallel.
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Figure 3.1 Real and simulated load setups

Before the modeling starts, it is important to describe the system to be modeled.
The desirable characteristic of these systems is their linearity. A system is called linear if
the principle of superposition applies [19]. If the system is linear then its input-output
relation is linear as well. Chapter 4 contains experimental verification that the system
which is about to be modeled is linear. Of course, no system is precisely linear; we can
only approximate its behavior using mathematical models. Every system that shows
linearly dependant output for any input, within certain error interval, can be modeled as a
linear system. DC motors, which are part of this experimental setup, contain some
nonlinear behaviors, which cannot be neglected in the model. A dry friction is a
significant form of nonlinearity.

In general, DC motor friction can be modeled with three components [36],
viscous friction, Coulomb friction and stiction. The last two can be combined into one

called dry friction. Figure 3.2 shows the form of those friction forms as a function of the

velocity.
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Figure 3.2 Friction model for a DC motor

3.3.1 Model of the experimental setup with linear inertial-viscous load

To be able to physically model properly using the experimental setup it is important
to model each particular module of the setup using effort-flow concept. For a compact
presentation, matrix form will be used. In general, we have to model the actuator, the
shaft and the load taking in consideration their inputs and outputs. The actuator, in our
case, a permanent magnet DC motor (Pittman 9232) [54], will not change at all. The
shaft, which connects the actuator and the load, could be changed, and in this case, there
are two shafts that are part of the setup; one is simple stiff linear shaft and another is built
with a spring in the middle, which brings non-linearity to the system. The load is the part
of the setup that will be changed most often during the expérimental procedure. Different
kinds of the loads will be considered, including linear and nonlinear loads as well as real
and simulated loads. Simulated loads will be generated using an active load, a second
permanent magnet DC motor, controlled by a PC based model such that it produces the

required reaction torque.

The figure 3.3 shows a model with a linear inertial-viscous load.
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Figure 3.3 The model with a linear inertial-viscous load

In general, a PM DC motor can be described by this set of equations [1]

K*i=J*Z—w+B*w+T
y d 3.1)
U=L*—1+R*i+K*a)
dr

After applying Laplace transform for zero initial conditions:

K*i(s)=(J*s+ B)*aw(s)+T(s) (32)
U=(L*s+R)*i(s)+ K *a(s)

A PM DC motor has two cuts, one mechanical and the other electrical. For the
mechanical cut, a power flow is determined by a torque T and a velocity w , while for the
electrical cut a power flow is characterized by a voltage U and a current i. By

manipulating set of equations 3.2 and using matrix notation, we can get the model of the

actuator in the matrix form.

[T(S)J [;(J*s+3)/1< K+(J*s+B)(L*s+R)/K][U(s)] (33)

o(s) |~ 1/K ~(L*s+R)/K i(s)

The shaft model is easy to obtain from the free body diagram

T(5) =1, () =22+ (0(5) - 2, () (3.4)
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or using matrix notation

T(s)| | -1 0]T(s) . (3.5)
0,6)| |-s/K, 1]a(s) '

The actuator and the shaft models, as presented, are ready to be used in final composition
for each particular setup. The load is the critical part of this derivation. Before starting
modeling the load, it is important to mention that the feedback from the system will be
obtained at the actuator side of the setup. Looking at the model of the shaft it is easy to
notice that due to the flexible shafts, the velocities of the load and the actuator are not the
same. An equation is required to describe the dependence between these two velocities.
Let us presume that the load is of the form
T,(s)=(J, *s+B)*w,(s) (3.6)
which is the basic form of any linear inertial-viscous load. Knowing that
T(5) =22 * (0(5) - 0,(5)

we can derive the following equation

K
w,(s)= . *w(s 3.7
/() J, *s*+B,*s+K, ) G7)

This equation 3.7 will be used every time when the form of the load is as described in
equation 3.6 to have all dynamics relations function of one velocity.
To obtain the load model we need first to choose the type of the load to model.

First, let us consider a simple linear inertial-viscous load, which can be described by
equation 3.6
Ti(s)=(J, *s+B)*w,(s).

Using the matrix notation, the following model of the load is obtained.

0 1 [11J,*s+B 1T 68
o)L 0 1o |

If we consider the equation 3.7 and substitute it in the 3.8, this represents the final model

of the inertial-viscous load.

0 | |1/J,*s+B 1 T,(s) (3.9)
a(s)| 0 J *s?+B *s+K, /K, | o) '



All modules of the general model are derived and we can compose the complete model

for the inertial-viscous load.

07 [1/J,*s+8B, I -1 0
w(s)| 0 J, *s*+ B *s+K /K, |-s/K, 1

~(J*s+B)/K K+(J*s+B)(L*s+R)/K]U(s)
1/K —(L*s+R)/K i(s)

(3.10)

This series model was built as an array of modules and has two inputs U and i and one
outputw . By modeling each module, we can obtain, from the matrix model, two scalar
equations, for the overall system. The system can have a voltage control or a current

control of the output velocity w .
3.3.2 Model of experimental setup with non-linear inertial-viscous load
Compared to the model with the linear load, the model of the setup with nonlinear

load differs only in the model of the load module. Models of the actuator and the shaft

will remain the same. Figure 3.4 shows the model with nonlinear inertial-viscous load.

Actuator

J,B,K \..tz
KS
Nonlinear
inertial-viscous ioad
Jl: Bla B L]

Figure 3.4 The model with a nonlinear inertial-viscous load.

A fan is a typical nonlinear inertial-viscous load. It can be modeled as [55]:
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d
TI=J,*-%+B,*01,+B/,*60,2 3.11)

The last element in the equation is a nonlinear term, which is common for fans and
pumps and describes the (blowing) pumping effect. To be able to apply the Laplace
transformation, it is necessary to linearize the model.

Every stable system reaches steady state of operation after transient response. The
operating point in the steady state is often chosen as the reference for the linearization. If
the deviations of the variables around the operating point are small, it is possible to use
the Taylor series to linearize the model. For the load described in 3.11 let us presume that

steady state operating conditions are reached for @ = a,,.The torque, for the steady state

can be calculated as

T;(mup)=Tlap =Bl *mlop + B/I *wlip (312)

. dw
since 71’- = 0 for steady state.

The linearization of the equation 3.12 can be made either for the case of an operating
point at zero steady state velocity or for the case when the steady state velocity of the
system is different from zero. In our case, the velocity of the system can not be predicted
and it will vary in the ranges bigger than linearization would allow. To be able to model
the system with nonlinear load we will use encapsulation method, well known in software
engineering. As long as we maintain the effort-flow input output variables, it is possible
to continue with the derivation.

A nonlinear load will be assumed attached to the shaft and the corresponding cut for
the system. At that point the effort-flow variables of the system, from the shaft side, are

T, andw, . On the side of the nonlinear load, at the same cut, we should maintain the

same variables to allow connectivity with the rest of the system.
The model of the nonlinear load will be represented with a block containing the set of
nonlinear equations. The solution of the set of equations is derived for the model of a

linear load for the cut variable. In this case they arew, velocity of the system and the

torque T. The input variables of the block will be 7, andw,, which are outputs for the

shaft. Inside the block, there will be variables important only for that module, invisible
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for the outside system. Those variables are known as privéte variables in object oriented
modeling. They are inertias and viscosities of the nonlinear load module.
The block representing the nonlinear load model, with effort flow inputs and outputs,

contains following nonlinear differential equations

d
O=T,—J,*%—B,*w,—3ﬂ*wf (3.13)
and
2
J » 40 +B *dw’+2*B * 0 *gﬂ+K * 0
a4 ATy s
w= F (3.14)

s

The equation 3.14 is modified equation 3.7 in time domain, with added member for

fan viscosity B, and represents the relationship between load and actuators angular
velocities. J,, B, are private variables of the system and they are not recognizable by any

other module.

The module block can be presented as follows

0 — U=1:-.f,*%—-3,*a}4—3ﬁ*m: —Tz
: d a
J, *E}L+B,*i+ 2*B, ", "‘,—‘2£+I<[,,"‘ml
at’ 2.3 ai
@= L @,
@ — X,

(3.15)

Knowing that the equation set 3.15 maintains the basic effort-flow connectivity, it
could be considered as any other module in the system. HIL systems are based on

interchangeability of the modules and as long as effort flow cuts are compatible, the

system is valid.



When combined with the actuator and the shaft modules, the complete model for fan real

load is represented by:

[ O [Nonli piock] "1 0 3.16
= ocC .
o(s) onlinear _s/K, 1 (3.16)

[~ (J*s+B)/K K+(J*s+B)L*s+R)/KJU(s)
1/K ~(L*s+R)/K i(s)

The equation 3.16 represents the model of nonlinear load connected to the actuator by
shaft. One of the major advantages coming from the HIL method presented in this thesis
is the possibility of physically simulating nonlinear loads, making it much simpler than
using digital simulations. While digital simulations require mathematical solvers for sets
of nonlinear differential equations to be able to simulate loads, the HIL method is simpler
and requires only simple model, which is easy to implement. The following paragraphs

show the derivation of those models.
3.3.3 Model of experimental setup with physically simulated load

The figure 3.5 shows the model for the experimental setup with the physical load

simulator.
x$
|
|
!
yA"/ -

IActu ator
J,B,K

Load simulator
Je By Ky

Figure 3.5 The model of the setup with a physical load simulator
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The real load, linear and nonlinear, can be simulated by using an active load.

Simulating the load means that under any input given by a control system and conveyed
by the actuator, the simulated load has to generate the same output as if it was the original
real load. The experimental setup designed for thesis has a load simulator using a PM DC
motor, in particular the Pittman 9232. The motor itself can act as active or passive load
depending on current input. If there is no exogenous torque command sent to the motor,
then motor acts as linear passive inertial-viscous load with nonlinear characteristics at
zero velocity state. If an exogenous torque command is sent to the motor, then motor
becomes active load with additional controllable torque.
The value of the endogenous controllable (simulating) torque is of interest here and will
be derived for two cases, one for linear inertial-viscous load and second for nonlinear
inertial-viscous load ,

The figure 3.6 shows the equilibrium conditions for the cut between the shaft and

the load simulator when the simulator is simulating a linear inertial-viscous load.

-
--Eﬁ}-#ﬂ—
[
S
Actuator Simulated
Load

Figure 3.6 Free body diagrams for the simulation of a linear load

Using D’ Alembert principle, we can obtain the following equation for the cut.

do .
Ks *(¢_¢I)=qu *—-‘-17'1_+Bpil *0), +Fdrypil +Kpil *l (317)
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This equation shows the moments that are opposing the moment conveyed from the
actuator over the length of the shaft. J,, and B, are rotor inertia and coefficient of
viscous friction, respectively. Each of them could be written in a different way
considering that the simulation of a different load is to be achieved with a Pittman motor
as a load simulator. There are two possibilities. The first one is that the real load
parameters J, and B, are larger than the load of the simulator acting as passive load, and

the second is that the real load is smaller. We will consider the first case for the analysis,

while the second option would differ from the first one due to the opposite sign. In the

first case:
me = ‘]I - Jsim (3 1 8)
B, =B -B,, (3.19)

whereJ,, and B, represent an inertia and a viscosity added to the Pittman motor

inertia and viscosity to make the simulator load behave as the real load.

K, *(p - ¢,)is a moment generated as a result of difference in the angular rotation on

opposite ends of the shaft, which is the load to the actuator and driving moment for the

active load. F, , is the dry friction torque of the load simulator. Again, it can be written

drypit

in a different way by trying to include real load and simulation difference.

= Fd - Fdlyx:m (320)

ry

F

drypu

K, *i is the simulation moment and represents the value that has to be added

(subtracted) to the load simulator to achieve output that corresponds to the output of the

real load. In another words, this is the moment generated by the control signal from

computer making the motor active load. We can rewrite equation 3.17 using the identities

3.18, 3.19 and 3.20. By applying Laplace transform, we obtain

K. ;

_;L * (CO(S) - w{(s)) = [(']l - J.w‘m) *s+ (Bl - Bsim)] * @, (S) + Fd'yl - Fdlysim + Kpi: * I(S)
3.21)

After rearranging,

K .
K ] *i=Kx *Q(S)-[(JI _‘]sim)*s+(Bl _Bsim)+ S]*a)l(s)—Fdryl +Fdry.\'im

i s s
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or

._K, K,
KF,I*I=T*W(S)—(J/*S+BI+ s )*wl(s)+(Jslm*S+B.rlm)*wl(s)_Fdryl+Fdrysim

Using equation 3.7 for the relationship between velocities and substituting it into the

equation, we can write:

K K K
K, *i=—*wo(s)~(J, *s+ B, +—2)* 2 *o(s)+
g s )=t : s) J *s’+ B *s+K, (s)
K
(ann *S+Bxim)* : *m(s)—FdryI +Fdrysim

J *s* +B, *s+K,
It can be seen that the first two factors on the right hand side of the equation cancel each

other.
(Jsim *S+Bsim)*K
J *¥s*+B *s+K

~*o(s)- F,, (3.22)

K

K, *i(s)=

This equation represents the way of calculating moment that can be used to simulate any
linear inertial-viscous load with PM DC motor load simulator. F,, component in the
equation represents the difference between dry friction of load and simulator. If the real
load does not have a dry friction component and if we are not simulating another motor,
then this factor is equal to the dry friction of the load simulator.

To obtain the load module model using matrix notation we have to use the equation 3.17

and say that K *(¢-¢,)actually represents the moment output from the shaft

module7, (s) .

K. *(0-9)=T/(s) (3.23)

In this case, the equation 3.17 changes to

T()=J. *TL 4B %y 4 F K i 3.24
I(S) — Y pit 7 + pit @, + drypit + pit L ( . )

Using the Laplace transform and substituting the value for X, * i obtained in 3.22

we can write
J

*s+B_)*K
)*a)l(s)+Fdorsim+ = 2 ) > *a)(s)
Jpu *$°+ B, *s+K,

sim

I(s)=(J, *s+ B,

and using 3.7 for the velocity relationship, final torque on the far end of the shaft is:



(J'*S+Bl)*K-“ (Jsim*s;Bsim)*Kt
I;I 2 ,”* * CU(S) + Fdryslm + ¥ 2 * = * a)(S)
Ju*s"+ B, *s+ K, Jpu¥s"+B,, *s+K,

T, (s)=

or rearranged
[(inl + Jsim) * s+ (Bpil + Bsim )]* Ks

*
Ju*s*+ B, *s+K, &(8) + Fyom (3.25)

T,(s)=

pit

Using equations 3.25 and 3.7, we can write matrix model for the simulator when it is

simulating a linear load.

0 | Jou*s'+B,, *s+K, Frum *(J, *s> +B,, *s+K,)
,:(U(S)} = [(Jpll + Js:m)* ) + (Bpil + B.\'im)]* Ks w/(s) * [(Jp“ + Jsim)*s +(Bpil + B.rim)] * KS
i 0 Ju*s’+B, *s+K /K,
'T,(s)]
@, (s)
or
2
0 =Jp,., *s°+B,, *s+ K .
o(s) K,
] Fdrysim TI(S)
(JF” +'].rim)*S+(BPU +B-f"") Cl], (S)*[(inl +J:im)*'s+(Bpil +Bsim )] [0)1 (S)]
0 1
(3.26)

At this point, we can write complete model for the Hardware-In-The-Loop simulation

method of unknown linear load that is using two PM DC motors.

r 2
0] _Jp*s’+B,*s+K,
| &(s) K,

I 1 F drysim
(J

+ J.\‘im) * S+ (Bpn + Bsim) wl (S) *[(int + Jsim) * s+ (Bpil + Bsim) (327)

0 1
[ —1 0~ *s+B)/K K+(*s+B)(L*s+R)/ K U(s)
-s/K, 1 1/K ~(L*s+R)/K i(s)

pit
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The second case is for a nonlinear inertial-viscous load. Figure 3.6 can be used
again, since the same load simulator will be used to simulate a nonlinear load. The
difference will occur in the description of particular factors of the equation.

The equation 3.17 can be used again to start the derivation. We are interested in finding
the value of the additional moment, which would be used by the load simulator in order

to simulate unknown nonlinear load.

do
K.\' *(¢_¢l)=‘]pil * dtl pit *(01 +Fdrypll +Kpit *

To be consistent with previous derivation, real load parameters will be considered larger
than the load of the load simulator when used as passive load. In the case of the nonlinear

load, we can write:

Jou =1 = g (3.28)
B, =B, —-B,, (3.29)
B,, =B, ~B,=0 : (3.29a)
Fymii = Fant = Furysim (3.29b)

The relation 3.29a represents a virtually inserted formula member. It really does not exist
physically in the simulator, but the nonlinear load has it. It is needed here for pure

mathematical derivation purposes. Since it does not exist in the simulator free body cut it

is equalized to zero.
The other relations are the same as in the previous derivation for linear load. The non-
linearity in the load does not allow the use of the Laplace transform, so the rest of the

derivation will be continued in the time domain, using differential equations.

K, *(fo*dt- o, *dh=(J, - s,m)* +(3 B,)* 0, +(By ~ By @+ Fypy = Fypnt K *i(5)
(3.30)

The following is rearranging of the equation 3.30

K, *i= K * Iw*dt—(‘jl .ﬂm)*———(B srm) @, = (B Bﬁlm) —Ks * jwl *dt- F:i:j/1+F;byrm

pit
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K, *i=K * [o*di—(, *@w *g+B,*af +K [o*d+(J,,, ] — +Ba*a +Bo ) ~F, +F,
‘ (3.30a)
The equation 3.14 is a relation between velocities on the different ends of the shaft for a
nonlinear load and it can be used in the next step. Similarly to the derivation of equations
for linear load we can presume that the first two factors on the right hand side will cancel
each other. In that case, we can write
K, * fa)*dt=J, *%+B, *o,+B, *o} +K * Ia), * dt

If we take the derivative of the previous expression, we can write

2 2
K_\.*a)=J,*CZ1?+B dsz *dZ’ +K, *o, (3.30b)
t
Now if we consider that
do} dw
B *—L _2%pB xg4 *x71
g P

and if we substitute the equation 3.14 into left hand side of 3.30b we can see that

equation holds.
After cancellation of the first two factors in the right hand side of the equation 3.30a and

using 3.14, we will obtain two differential equations for the following block containing

the equation

i dw,
Kpil * 1= J.\'im *
dt

It represents the moment needed to add to the load simulator to be able to simulate

(3.31)

* * 2 _
im T @)+ By, Yop - Fy

nonlinear load using PM DC motor as a load simulator. Following the similar procedure
as for the linear load, we can obtain model of the load simulator module written in the
form of the encapsulated block. The block is nonlinear and contains the set of nonlinear
differential equations, maintaining the effort flow connectivity with the rest of the

system. In that case, the torque on the end of the shaft connected to the load would be:



* do,

0=17, _(!ﬂl-*-J.ﬁu) ?_(Bpu"'Bm)*mz"B,um *‘”: ‘Fm-,um

?
J, % 8P gup wy #2%, k u,
df R ] d)‘ * ]
2 — Qy=

X -

E4

(3.32)

Using the block equation 3.32, which represents an nonlinear encapsulated block with
effort-flow cut connections, and by incorporating that module into the general model for

the HIL we can write

0 }=[Nonlinear Block]

L) 3.33)
-1 O0f-(*s+B)/K K+(J*s+B)L*s+R)/K|U(s) G

| —-s/K; 1 1/K -(L*s+R)/K i(s)

Equation 3.33 represents the complete model for the Hardware-In-The-Loop simulation

of unknown nonlinear load that is using two PM DC motors.
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LOAD TYPE | CASE SIMULATING TORQUE
Lreal >L| (J *s+B )*K
( sim 2s SUR) 5 *a)(s)_Fd'y
sim. J, ¥*s*"+B,*s+ K,
L real = L
LINEAR , 0
sim.
L real < L J., *s+B_)*K
_( sim zs stm) s*w(s)_i_Fd'y
sim. J *s°+B *s+ K,
a
s wl+Bl*wl+Bﬁim*m12_Fdry
L real > L
2
sim. J,*dwz’ +B,*-@L+2*Bﬂ*a),*£i£’—+Ks*a),
oo dt ! dt
KS
Bﬁim *wlz
L real = L
do} dw, do,
NONLINEAR | sim. w=J'* o BT 2B e — R K )
KS
~ sim *"{%'_Bl *o, - B, *of +F,,
L real < L
2
sim. J,*dmz’ +B,*ﬂ+2*Bﬂ*a),*ﬂ+K‘*m,
e dl dr a_
K,

Table 3.1 Simulation moments

Models for HIL simulations using two PM DC motors, for two basic linear and nonlinear

cases, are obtained and their corresponding simulation moments. Table 3.1 summarizes

simulation moments for each particular case.

While for a linear case simulation moments are presented as moments solved straight

forward for the reference system’s velocity, the nonlinear case contains pairs of equations

from the encapsulated block. Either way, the equations from the table are ready for the

software implementation.
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3.4 Block diagrams

The Hardware-In-The-Loop system has been modeled for three cases. The first
case was for real linear inertial-viscous load, the second for nonlinear inertial-viscous
load and the third for load simulator. All these systems can be presented in a block

diagram form, which clearly shows modules and signal flow.

3.4.1 Linear inertial-viscous load

The following figure 3.7 shows block diagram for the system with linear inertial-

viscous load.

U L's+R J's4B| J,"s4B,

Figure 3.7 Block diagram of the system with linear inertial-viscous load

3.4.2 Nonlinear inertial-viscous load

The figure 3.8 shows block diagram for the system with nonlinear inertial-viscous

load.
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Figure 3.8 Block diagram of the system with nonlinear inertia-viscous load

3.4.3 Physical load simulator

Figure 3.9 shows the block diagram of the system for the load simulator there are two
inputs to the system. One is to the actuator, while second one is to the active load. The

sign +/- is because simulator can simulate loads that are smaller or larger of the

simulator’s passive dynamics.

X<

U L*s+A J's4B|

Figure 3.9 Block diagram of the system with physical load simulator
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4. DESCRIPTION OF THE
EXPERIMENTAL SETUP

4.1. Introduction

The experimental setup used for this research was based on the main idea to
create a very new experimental setup with a capability to perform Hardware-In-The-Loop
(HIL) simulations. Since HIL is a specific method and requires specific features, during
the process of design, several guiding requirements were considered. They were:
-modularity of design;

-easy and fast exchange of modules for quick experimental resetting;
-use of already available parts from the lab;

-generic design, easy to modify, useful for the future research;

-real time control and monitoring system;

-adaptable to different control systems;

-simple design for signal conditioning and protection circuits;

-low cost.
4.2. History of the development

The very first idea of the experimental setup was based on two motors connected
with a shaft. During that period of research, the components that were used were changed

to suit improvement of a design, but the idea and concept stayed the same from the first

day. One of the motors was designated as an actuator while the second motor was used as
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a physical load simulator. The load simulator had to be easily removable since the nature
of the experiments required frequent change between real lbads and physical load
simulator. The actuator motor was the only part considered not to be changed, even
though the holders for the actuator allow the use of a different motor. The following is
the review of the initial choice of parts considered for the setup and the reasons behind

rejecting some of them as the part of the setup.

4.2.1 Main setup

As mentioned before the idea was to create the setup consists of two motors
connected with a shaft. At the beginning of the process, we had two different motors
available in the lab and they were first candidates for the setup.

NSK direct drive motors were considered as a good choice at the beginning, since
they have very high torque, they could be controlled easily and precisely and they are
brushless motors [51]. The problem was to create a modular setup using these motors.
Due to the bearings limitations, the motors had to be positioned with central axis looking
upwards; the only way to connect two of them with the shaft was to build a significantly
large metal construction to lift one of the motors above another. First, NSK motors are
heavy and lifting and securing one of them in a high position is a challenge. Such
construction would have a significant cost and would require more labor hours than we
considered allowable. Besides that, the NSK motors are very sensitive to the axial force
and in this configuration would have difficulty in accommodating gravity forces.

The second pair of motors considered for the setup was Parker AC motors [52].
These motors are brushless as well and have an already available driver, System7. The
problem with these motors was that they did not perform very well in previous
experiments and their documentation is insufficient. In this case, the driver was
practically useless and we had to consider some other options. Later, these motors were
used as the real passive load since they had no brushes and gears.

The last pair of motors considered was geared PM DC motors Pittman 14202
[54]. This was the best choice and was considered for the setup prototype. The only

problem that was encountered was that geared motors can not be connected to each other
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since gears create backdrivebility problems. Only one motor has to be backdriveable, the
motor used as the load simulator. The drive motor was chosen the geared Pittman 14202.
For the load simulator, it was decided to purchase another small non-geared motor,
Pittman 9232, with approximately 15 % value of the peak torque found in the actuator
motor Pittman 14202. At that point, the decision was to have load simulator with
approximately 10-20 % of the actuator power.

That finalized the choice of the motors for the first version of the experimental
setup. Both motors were small and the base plate together with motor holders was built to
suit their sizes. Between motors, there was gap of approximately 150 mm, left for shaft.
Two versions of shafts were designed. The first one was a simple full shaft built form
aluminum, while the second shaft, also from aluminum has a spring attached in the
middle part of the shaft. The purpose of the spring was to introduce nonlinearities in the
model. The experiments showed however, that the Pittman 9232 is too light a load for the
Pittman 14202. The geared Pittman 14202 did not allow the Pittman 9232 to create any
kind of disturbance, and results obtained showed that with or without the Pittman 9232,
the characteristics were the same. That problem was explained by using simple lumped
inertia calculation. The gear ratio in the Pittman 14202 is 1/75.1 and the equivalent inertia
o =Y, +%:—*J_,_.
is practically the same asJ,, since gear ratio makes second inertia almost negligible. It
was decided to replace the actuator motor with another Pittman 9232. That change was
the last and the second and final version of the setup was created. With an ungeared
Pittman 9232 on both sides, the setup has the actuator and the load of the same torque
value, which gives wide operating range to the setup. Since there are no gears, motors can

freely rotate in both directions.

4.2.2. Control system

Another important segment of the setup is its control system. The main
consideration for this HIL experimental setup was to use a system that can provide real

time control. In the lab, we had two systems worth considering. The first one was the
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dSPACE system [39] which was already proven as very reliable real-time control system
and, the second LabVIEW [56] software under Windows operating system. Beside those,
some other systems were also reviewed. For example, The Mathworks Inc. released a
new real-time operating system called XPC target [53], which according to the
company’s tutorial was an excellent and easy to setup and use system. The main idea was
to use two PC computers. One of them was supposed to be the host and another was
designated as the target computer. The target computer would have run under XPC
system and once booted it would perform only the determined tasks downloaded in the
form of the compiled code from the host computer. The host computer would be the
communication line between operator and target computer. The experimental setup
would be connected to the target and the compiled program, in this case written in
Matlab/Simulink or C, would be uploaded from the host to it. The XPC target system was
just released and the lack of suitable drivers made it unusable for the current HIL system.

Windows is known not to have the characteristics of a real-time OS due to the
interrupts. At some level Windows was still useful. With LabView on the top, it could
perform simulations, and those results could be later compared with real-time results
obtained from the dSPACE.

The dSPACE system was finally taken as the best choice because of its

performance and reliability.

4.3 Experimental setup

Figure 4.1 shows the generic layout of the final design of the Hardware-In-The-
Loop experimental setup. There are three main parts of the system; main testbed, control

system and signal conditioning and isolation circuitry.
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Figure 4.1 The system’s layout

4.3.1 Main testbed

The main tesbed consists of two motors, a shaft, two tachometers, two pulleys,
motor holders and the base plate. Motors are designed as the actuator and the load
simulator, and shaft connects them. Both motors are Pittman 9232 and their
characteristics are given in Appendix B. They are connected to the main plate with
holders, which are made in two sizes to accommodate two different sizes of motors.
Holders are made from aluminum and replacement of the motor is made easy by
unscrewing two screws on the top of the holder. Each holder is fastened to the main plate
with two screws from the bottom. At any moment, they can be removed if not needed.
Shafts are made from aluminum. The purpose of shafts is to connect the motors and to
introduce the nonlinearity, if the shaft with spring is attached to it. Another use of the
shaft is to carry a disk considered as a passive inertial load. The stiffness of the simple
shaft can be calculated by using the following formula [27]:

G*J
L

where G is shearing elasticity modulus —~ for aluminumG=26.2*%10" [N/m], ] is

K, =

shaft inertia calculated as J =1/2* 7 * r*, and L is shaft length
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This results in K =59.25 [Nm].
Couplers connect the shaft and the motors. One coupler is flexible, while another is rigid.

The base plate was made from 12.5 mm thick aluminum plate.

4.3.1.1 Sensors

Two types of sensors are used for the main testbed to generate feedback for the

control system, tachometers and optical encoders.

There are two tachometers placed on smaller holders parallel to each motor. The
tachometers are the same and the constant is K, =20.8 [V /krpm].In the case of using
them, as a feedback from the motors, there is a pair of pulleys ready to be assembled with
the purpose of transfering motor rotation to the tachometer. Pulleys are supplied as
standard pairs and their ratio is r = 7.9. To avoid a slippage between pulleys and the belt,

a timing belt was used.

The motors are equipped with optical encoders, used as main feedback during the
research work. Both encoders have 500 pulses per revolution.

The Figure 4.2 shows the main tesbed layout.

e 1R

Tachometer Pulleys Tachometer
7NN s
\.n; 4 \n, jral /
R —m
i3 e
Tk Shaft ] ] ,
Optical 1 [}:’meﬂ T+ Optical
Encoder —4— -"\ r —— Encoder
\ !
Driver Load
Motor Simulating
Motor

Figure 4.2 The main testbed
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4.3.2 Control and monitoring system

The real-time computer system monitors and controls the main testbed. It consists
of the dSPACE real-time operating system based on Digital Signal Processor (DSP) that

has several boards attached to it, system’s software and user built software [39].

4.3.2.1 Hardware

The hardware part of the dSPACE system includes processor, D/A converter, A/D
converter and encoder boards [38]. The whole system runs on TMS320C30 processor
chip. The dSPACE has no user interface and is not accéssible directly. It has to be
connected to a host PC computer, which has 486DX33 processor. The host computer is
used to send commands to the dSPACE through expansion bus connection and to build
user software using Turbo C developing environment.

The following boards are part of the dSPACE system [38]:

DS1002
This board is main board of the system. The TMS320C30, Digital Signal

Processor from Texas Instruments chip is installed on it. The processor cycle is 60 nano
seconds giving 16.7 millions of instruction per second.

DS2002
There are two DS2002 boards in the system. They are designed for high-speed

variable digital control, and have two separate 16-bit A/D converters with 16 multiplexed
inputs each. The conversion time for 16-bit is 5 us . |

DS2101

This board is D/A converter with five parallel 12-bit voltage outputs. The settling
time t0 0.01% is 3 us . There are two boards in the system and each of them was used in
research. One was driving the actuator motor and second was driving the load simulator.

DS3001
Two DS3001 boards are found in the system. They have five parallel 24-bit

encoders each and can accept differential (RS442) or single ended (TTL) encoder inputs.

47



In this research, one board was used to accept and process the encoder signal from the

actuator motor.
Further information about the boards is available in dSSPACE DSP-CITpro manuals [39]

[40].
4.3.2.2. Software

We can divide software into two categories: system and user software. System
software came with the hardware and its purpose is to setup connection between the
hardware and user’s input as well as to permit the user to send direct command to the

system using the host computer. There are three main commands that user can send

directly to the system.

SED30

This command starts setup software, which configures all boards and generates a
setup file. Also, by using this software, the user can configure the monitor display which

will be used during tracing the signals from the system.

MON30
Command used to start monitoring process. Software contains user interface and

by choosing user can upload software to dSPACE processor, run it or reinitialize boards.

It is possible to run user program and quit the software, which permits the user to start

tracing signals.

TRACE30
This software is used to trace signal from DS1002 board. It contains user interface

to help user to setup appearance for signal graphs. There are two files needed to run
Trace30.TRC is memory map file, which memorizes all signal values, while .MAP is a

linker map file, which links signals with board addresses.
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User software is written in C programming language. There is a possibility to
convert software written in the Simulink to a C code. Programs are compiled using
standard Turbo C compiler. The compiled code file .OBJ can be uploaded to DS1002

processor board by using MON30 command.

4.3.3. Amplifiers

A signal sent from D/A converter board DS2101 is used to drive the testbed DC
motors. Each motor has its own signal line, which is passing through a power amplifier.
The amplifiers are the same for both motors, PA228 Linear Power Amplifiers [57].
Power supply used to drive amplifiers is obtained from two-12 V batteries in series
giving 24 V. The PA228 amplifiers were used for the preliminary analysis and the first
part of experiments with the open loop configuration. '

The second amplifier used in this research was the power operational amplifier PA12
from APEX [49]. The purpose of changing amplifiers was pure technical given that, one
of PA228 was defective and it was not possible to find a new one any more. The
amplifier PA12 was used for the second part of experiments when the voltage controlled
current source circuit was introduced.

Appendix B lists technical characteristics of PA228 and PA12.

4.3.4. Signal conditioning and buffering

The feedback signal is sent from the sensor to the dSPACE system through signal
conditioning boards. The purpose of those boards is to amplify and rectify a row signal
from the sensor.

In the case of using an optical encoder, the generated signal is a train of pulses. Since
pulses, from the encoder, are not shaped as perfect rectangular, a Schmitt trigger is used
for the rectification. Another important issue is the level of the digital signal. If the signal
is to be used with TTL compatible devices, it is important to keep the voltage of the
signal above 2.8 V, for the digital “one” and below 0.8 V, for digital “zero”. C1 from the

figure 4.1 denotes the signal conditioning board for the optical encoder digital signal.
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If a tachometer is used as a feedback device, than the signal generated is an analog
voltage. It is important to condition that signal to fall in the range 0-10 V to be
compatible with the system’s A/D board. For that purpose, another board with an

amplifier was assembled.
The signal sent from D/A board to the amplifier is buffered by the voltage follower

buffering boards, with the purpose to protect dSPACE boards from drawing too much
current. B1 and B2 from the figure 5.1 denote buffering boards used in the system.
Similar voltage follower boards were made for protection of the DAQ PAD board in case
of using Windows and Lab View control system. |

For more technical information about signal conditioning and buffering boards see

Appendix B.

4.3.5. Digital filters

The signal received from sensors (optical encoders), was filtered from noise by a
second order Butterworth digital filter.
The general form of a Butterworth filter is given as [58]:
Yo _ b
x(z) 1+ Zaj *z7J
The equivalent discrete-time relationship is:
y()=b(1)* x(n) +b(2)* x(n=1) + bB3) * x(n ~2) - a(2) * y(n-1) - a(3) * y(n - 2)

H(z)

This form was used in the C programs used to run experiments.

The following table 4.1 shows the coefficients that can be used for different filter cutoff
frequencies [58]. All coefficients are obtained for the sampling frequency of 1000 Hz. All
the programs designed for the control purposes and written in C programming language
for this thesis used sampling time of 0.001 second. The sampling frequency of 1000 Hz

suits that fact. During this research, the cutoff frequencies of 1 Hz and 10 Hz were also

used to filter the signal.
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Coefficient 1 Hz 5Hz 10Hz - 20Hz 50 Hz
a(2) -1.9911 -1.9556 -1.9112 -1.8227 -1.5610
a(3) 0.9912 0.9565 0.9150 0.8372 0.6414
b(1) 0.00000983  0.0002414 0.0009 0.0036 0.0201
b(2) 0.00001965  0.0004827 0.0019 0.0072 0.0402
b(3) 0.00000983  0.0002414 0.0009 0.0036 0.0201

Table 4.1 Coefficients of the second order Butterworth filter (for 1000 Hz sampling
frequency)

4.4. Linearity of the system

A system is called linear if the principle of superposition applies [19]. In order to build a
linear lumped-parameter model and analyze it, a system has to be linear. If the system is
linear then its input-output relationship is also linear. Since Hardware-In-The-Loop
modeling depends largely on the linearity of systems components, it was important to
check linearity of the motor(s) used.

The following experiment was proposed to check the linearity of the DC motor Pittman
9232. The main idea of the experiment was to send signal from dSPACE to the Pittman
DC motor. That signal will during the steady state response, produce a certain velocity. If
the motor is linear, than a change in signal would produce a proportional change in
velocity. Several different constant voltage inputs were sent to the DC motor to check its
linearity. Motor was connected to a tachometer by set of pulleys and output signal from
tachometer was monitored in LabView program specially created for this purpose. Here
we presume that the tachometer and amplifiers are linear meaning that tachometer is
without eccentricity and that noise level of both sensors is minimal. Only signal acquired

during steady-state response was considered for analysis.
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Figure 4.3 Linearity of the system

The tachometer constant is 20.8 [krl-:l and the set of pulleys used to transfer signal
pm

from motor to tachometer has ratio of 7.9. A timing belt, which prevents error due to

sliding of the belt on the pulley, was used.
To make sure that a signal from tachometer is in the range of 0 — 10 V an amplifier is

used which amplifies original signal 4.3 times. Table 4.2 shows recorded data.

Input signal [V] Output signal [V] Calculated velocity [rad/s]
0.4 0.85 2.329
0.5 0.88 2.412
0.6 0.92 2.522
0.7 0.96 2.631
0.8 0.976 2.675

Table 4.2 Experimental data

The following Figure 4.4.shows a linearity of experimentally obtained data
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Figure 4.4 Linearity of the DC motor Pittman 9232 — experimental results

A straight line can approximate experimentally obtained data, and this indicates
that the system is linear. This was necessary to prove before we proceed with other

experiments that require motor linearity.
4.5. Breaking current

The minimum current needed to start the Pittman 9232 was obtained
experimentally by sending incremental signals from the dSPACE. Three different sources
of friction are acting on a DC motor. Viscous friction depends on the velocity of the
motor and does not affect the motor when it is not moving. Two other types of friction,
Coulomb friction and stiction affect a motor when it is not moving. They can be
combined and together are called dry friction of the motor. The breaking current is
current that “breaks” dry friction, providing motor with enough torque to overcome the
stiction.

Experimental study permitted to determine that the breaking current is 0.86 [Al.
Minimum voltage sent from the dSPACE was 0.43 [V]and since power amplifier transfer
function is 2 [A/V], the required breaking current was obtained.

To find the value of the dry friction of the Pittman 9232 motor, the breaking current is

multiplied with the motor constant that can be found in the motor manufacturer’s data.
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T,, =0.86%0.0156=0.0134 [Nm)].
We can find Coulomb friction in the manufacturer’s data asT, =3.5*10" [Nm].

Knowing that, stiction isT, =T, - T., or T, =0.009916 [Nm].

4.6. Loads

Besides the load simulator, which is part of the experimental setup, several other
loads were used in the research. Hardware-In-The-Loop simulations require two types of
loads, real load and simulated load, where the second is acquired with the load simulator.
Real loads used in this research are Parker AC motor, a fan and a disk. Parker motor was
used as passive linear inertial-viscous load. That was accomplished by not providing
electric power to the motor. The motor’s rotor was turning freely inside of the stator
using the moment from the actuaior. This way the rotor inertia and viscous friction were
considered as part of the passive load.

A fan is a nonlinear viscous-inertial load. It was used to try to simulate nonlinear loads
with HIL simulations. A disk is a linear load and it was attached to the shaft connecting
two motors. While the disk was on the shaft, the load simulator was acting as a passive

load so total load was linear and its value was added values of PM DC motor’s rotor and

disk itself.

4.7. Safety Issues

Safety of the Hardware-In-The-Loop experimental setup has three basic levels:
a) Mechanical level
b) Electrical level

c) Digital level

We should assume that the motors are rotating in the same direction and that can be
ensured by proper wiring of the motors. Before motors are connected with the shaft, they

should be tested with a test signal to ensure the direction of rotation for each motor.
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On the mechanical level, it is necessary to pay attention to the connections between
mechanical elements used in the setup. If the load applied on either one of the motors is
too large or if the motors are trying to rotate in the opposite direction, it is important to
introduce such devices as clutches or couplings to prevent motors from burning. The HIL
experimental setup uses couplings as connections between motors and shaft(s). In the
future, it is recommended to use clutches instead, for at least one of the couplings.

On the electrical level, the most important issue is opening of the circuit in the critical

moment. That protection is known as over current protection. If the motors are drawing
too much current from the source or if the load motor draws more current than actuator
motor the whole process must stop, to prevent burning either one of the motors. The
implementation of that safety level requires two types of devices. First is simpler, and
includes fusses at all critical places in the circuitry.
Those fuses must obey certain rules and should be appropriately chosen. It is important
for the fuse not to react too fast since the current drawn when a motor is starting is very
large. Fuses must be able to handle currents up to 10 times of the rated current for the
motor.

Figure 4.5.shows the fuse characteristic [14].

\
1000 T \
\
)
o)
£
=
1071
a—————  fUselink
- characteristics
motor starting
current ——"|
current (A)

Figure 4.5 Safety characteristics of a fuse [14]

The second device that could be used for the electrical level of safety is a comparator.

The comparator must be able to receive signals from the both motors and those signals
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should be compared and then processed. If the signal from the load motor is higher than
the one from the actuator motor, the process must stop by discohnecting motors from the
current source. In that case, the motor would be overloaded since a higher current at load
motor side would produce greater moment, and the actuator motor would be exposed to
the higher load than it was designed for. This refers to the overload protection of the
motor.

Other devices that could be used to protect the setup on the electrical level are circuit
breakers, low and high voltage contactors, solid-state contactors, and programmable
controllers.

The third and the last level of the safety is at the digital level. The software used
in a HIL simulation should be implemented in such way that signals driving the actuator
and load motors should stay within certain limits. If the current to drive those motors is
too high, the signals should be stopped such that the motors will not be overloaded. We

can call this type of device software comparator.
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S. EXPERIMENTAL
CONFIGURATIONS

5.1 Introduction

The chapter 3 gave theoretical bases for the development of the experimental
setup and for the thesis in general. It prepared particular models for different kinds of
loads and the load simulator itself. Moreover, the model of the whole system for the
Hardware-In-The-Loop (HIL) simulation was developed and presented as well as
methods for simulating torques in the case when the load simulator is used. The effort-
flow concept presented and used in previous chapter is the basis on which HIL
simulations stand. Modularity, which is emphasized by the concept, permits
interchangeability of real and simulated components in the HIL simulation.

Development of the experimental setup was based on the theory presented in Chapter 3.
During the research, the experimental setup was steadily improved and according to that,
we can talk about three phases of the HIL experimental setup development and three sets
of the results obtained accordingly. |

The first two phases were actually implemented and results obtained and will be

presented in Chapter 6, while third one is recommended for future research.

The phases are:
1. Open loop experimental setup with a position measurement used to monitor

velocity characteristics of the load (no control feedback was used) — HIL1
2. Closed loop experimental setup with a current (torque) feedback used to control
the torque characteristics of the load simulating motor and position measurement

used only to monitor velocity characteristics of the load — HIL2
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3. Closed loop experimental setup with a torque feedback, using an actual torque

sensor, and a position measurement to monitor velocity characteristics of the load

—HIL3

Phase 2 can be implemented in two different ways, digital or analog, depending on the
control system ability to handle analog feedback signal. The computer used for this thesis
had problem with A/D converter, so analog version of current feedback was implemented

for the phase 2.

5.2 Phase 1 — Open loop (HIL1)

In the first phase (HIL1), the experimental setup is in an open loop configuration,
i.e. a feedback was not implemented. The purpose of the first phase was, in whole, to
monitor velocity characteristics of the real and simulated loads and to prove,
experimentally, the validity of the sets of formulas derived for the purpose to simulate
loads. Figure 5.1 shows the concept of the HIL1 development stage presenting main
components of the experimental setup. It clearly shows that no other feedbacks were

used. Position measurement is used to monitor velocity profile.

HOST PC
\

/ (S:ignglt_ ) Load
dSPACE vondiioning Driver Simulating
ds3001 |t c1 | Motor Motor
ds2101 Position L=

Measurement _T,_ e ey
et} <40

[ PD |[Controller ‘EE‘J” f::'

g0 s
ki i System _1];5 i

— B PA228

L= B2 |pa22B

Buffers Amplifiers

Figure 5.1 HIL1 concept
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The following block diagram, shown in Figure 5.2, corresponds to the same HILI
concept. System is clearly open loop, without any control feedbacks. Optical encoder
obtains the only response of the system and from that velocity characteristic was derived.
Velocity derived from position feedback was used to calculate input for load simulator

using formulas founded in Chapter 3.

/ PA 223 1
Velocity tl y L s+R,
Profile
7T
Ki
o —{x]=
. g 1 1 1 1
PD |lem{PA228 _— v washirs
pdms /g L*s+R K 2 Js+B| LS S 1, lrs+B,
controler Driver motor vdmi Load simulating
. Ke motor

Figure 5.2 Block diagram for the open loop HIL1 concept
S.3. Phase 2 —Closed loop with current feedback control (HIL2)

The motion control (position and speed control) requires indirect control of the
motor torque [42].This is achieved by measuring armature current feedback. Closed loop
of the experimental setup using current feedback can be achieved in two ways. One is to
measure a voltage over a small resistor in the motor supply circuit [29] and feed back that
signal to a computer through analog line to A/D converter. A converted signal can be
used to obtain a current error and that error can be sent back as signal to the setup.
Another way is to use the same resistor to measure voltage drop and than condition that
signal and send it to analog voltage differentiator to obtain analog voltage error [41]. In
both cases, measured and conditioned physical variable is voltage, which in fact

represents current. The experimental setup is designed as torque-controlled setup and
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current is directly connected to the torque, which means that controlling current is same

as controlling torque.
5.3.1 Digital implementation of current control

Figure 5.3 shows design concept of experimental setup with digitally
implemented current feedback. The dSPACE provides two A/D converters DS2002 and
they can be used to feed analog signal, measured as a voltage drop over a small resistor,
to computer. The small resistor used to measure voltage drop has to be small enough not
to affect adversely motor dynamics. If the chosen resistor is high in value then the motor
may not receive enough power to turn or perform assigned action. On the other hand, too
small of a resistor may not produce enough voltage measured across and signal might not
be sufficient for further usage. Another concern is the power that resistors can handle.
Since DC motors used in the experimental setup can receive up to 6.22 A, such a high
current can easily destroy a small resistor. For that purpose, a calculation has to be

performed to see what power dissipation is needed for the resistor.

HCST C Resistor
Current | R f
D Feedback
dSPACE (S)lgrg{ . Dr éqad' "
ds2002 |t i onditioning river imulating
ds3001__ |« c1 | Motor Motor
ds2101 Position L J
Measurement ey
! Iy
%H ety
PD |Controller { J i
" syse —r‘[%}
e[ Bi PASZR yeem
B2 | PA22B
Bufters Amplitiers

Figure 5.3 HIL2 concept — digital implementation

When the analog signal is received and converted using DS2002, it needs

conditioning, which can be implemented inside of the control software. The program
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requires the part of the code, which would subtract measured signal from the reference
signal and that way create the error signal that can be sent back as the input to the setup.

Figure 5.4 shows block diagram, which corresponds to HIL2 concept. The voltage drop
measured over a small resistor has to be divided by the value of the resistor to obtain
instant value of the current. Input voltage U represents the desired current and the
summation point creates a current error by subtracting two currents — measured and
reference. Resulting error is fed back to the power amplifier as input. A position feedback
is still part of the setup with the purpose to monitor velocity characteristics of the load

and supply velocity as variable necessary to calculate torque for simulated load.

Computer l
1

' tireal I Rs
¢ PA 228
I tl
/ <3 — + 1 K
[Computer — | g%?if:eity | L 's+R,
| l K,
' pdm I E‘
- - 1 1 1 1 1
PD PA 228 — K — - L —
lpdms W L . l U's+R = | FseB| s s |y, [stB,
controlier . , ,
Driver motor vdmf Load simulating
L - — Ks motor

Figure 5.4 Block diagram of the digital implementation for the closed loop HIL2 concept

5.3.2 Analog implementation of current control

The difference between analog and digital implementation is that the signal sent
from the computer in digitally implemented control is the current error, since summation
process is part of the software, while for analog implementation computer is sending only
reference current and summation is performed in circuits outside of computer. The signal
obtained by measuring the voltage drop has to be conditioned. One of the stages in signal
conditioning is to obtain the value of the current from measured voltage and that can be

achieved by dividing the voltage with the value of the small resistor. The summation is
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performed in the circuit, which is taking input from the computer as reference (desired)
current, and actual conditioned value of the current. The error signal is sent back to the

power amplifier and system.
Figure 5.5 shows the HIL2 concept with analog implementation of the current feedback.

I HOST PC l
4
i N Sigral Load
dSPACE IGg::lgpen'ent Conditioning Driver Simulating
ds3001  |eaih — Ci | Motor Motor
ds2101 -
Tk T
Controller =13 T
o —— | Y gen
B2 s PA228 f
Buffers Amplifiers
Resist gur:nt ‘
. esistor eedbac
Signal c2 I,___{ ]
Conditioning L R

Figure 5.5 HIL2 concept — analog implementation

Figure 5.6 presents the block diagram of the system for analog implementation of current

feedback.
As it can be seen from the block diagram, the feedback processing takes place outside of

computer and the computer only supplies the reference point, in this case the desired
current. Signal conditioning and summation are implemented in circuit hardware. R,
represents the value of the small resistor , while K is the gain that replaces a lumped
value for all other conditioning values. Details about analog implementation are given in

paragraph 5.3.2.1
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Figure 5.6 Block diagram of the analog implementation for the closed loop HIL2 concept

5.3.2.1 Analog implementation of voltage controlled current source

The circuit implemented for the voltage control of current source is built around a
power operational amplifier [49]. The sensor part of the circuit is a small resistor, which
is connected to the ground and whose purpose is to create a small measurable voltage
drop in the circuit. This voltage drop is proportional to the current that flows in the output
loop of the amplifier. That current can be expressed by the following formula, using
voltage drop on the small resistor.

Vv

i=—

R

Figure 5.7 shows circuit used as analog implementation of voltage controlled current

£

source.
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Figure 5.7 Analog implementation of voltage controlled current source

The resistor, which produces a measurable voltage drop, was designed as follows.
To produce a voltage drop, which can generate a significant signal and in the same time,
not to interfere with power needed for motor to perform required tasks, a resistor with

R, =1 [ohm] was chosen. Such a small value of the resistor is vulnerable to high

currents unless resistor has high dissipation power. The resistor that was used has 10 W
of dissipation power, which permits current to be up to i =3.16 [4]. Highest values of
the current obtained using test signal were ~1.5 [A], which gives enough space for
resistor to work properly. The resistor is placed in amplifier’s output circuit with motor.

In this case, the motor is a floating load.

The power amplifier used in this application is PA12 from APEX [49]. The
amplifier is set using inverting configuration. According ‘to the recommendation from
manufacturer, the smallest gain needed for amplifier to work properly is 3. In this case,

the amplification is set to be 3.9. The first resistor is set to be R, =3900 [0ohm]and the
second R,, =1000 [ohm].
The transfer function of the amplifier with current feedback can be written as

o =_4*L=3_9 ,:ﬁ]
v. R R %

n
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The formula is indicating that the current obtained in the output circuit is 3.9 A for an

input voltage of 1 V.
5.4. Phase 3 - Closed loop with torque feedback control (HIL3)

The following is the presentation of the third phase of the HIL experimental setup.
This is only a recommendation and the real implementation depends on the future
research plans.
Figure 5.8 shows the basic concept of a generic HIL desigﬁ with torque sensor feedback.
The difference between this and previous concept is that torque sensor actually measures
the torque at the shaft and this way the real value of the torque is obtained. In the HIL2
phase, the current of the DC motor was measured and that value was converted to torque,
knowing the direct relationship between torque and current. HIL3 phase is more
advanced since the motor torque is not the same as the load torque measured on the shaft.

Here measurements of the torque and control are more accurate.

HOST PC Signal

Conditioning
Feedback
dSPACE Signal Load
ds2002  j«s§— Conditioning Driver Simulating
ds3001 — C1 Motor Motor
ds2101 Position
Measurement . . _f.
miin . %‘!
PD (Controller e ‘-ﬁ
s 10/
Bt |——e=fPazs F System
B2 | PA228
Butfers Amplifiers
Figure 5.8 HIL3 concept

Corresponding Block Diagram is shown on the Figure 5.9.
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Figure 5.9 Block diagram for the closed loop HIL3 concept
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6. EXPERIMENTAL RESULTS

6.1. Introduction

Experiments with the Hardware-In-The-Loop setup were conducted in three levels.
The first level was designed to confirm that derived formulas based on theoretical
background could be implemented in real experimental situation. In addition, it was
necessary to analyze the behavior of the load simulator for a series of changes in load
variables, which we used to generate simulated loads.

The second level of experiments was designed according to first design concept
described in Chapter 5. An open loop HIL setup was used to monitor the behavior of the
velocity profile for a variety of loads. The load simulator was not controlled by any
feedback signal. Real loads used for this stage were linear, inertial, rotational loads
represented by the rotor of the Parker DC motor passively connected to the actuator by a
shaft and by a nonlinear fan. The load simulator, represented by the DC motor Pittman
9232, under two different sets of inputs simulated these loads. Inputs were designed as
variety of positions, which were followed by driver motor. A simple PD controller was
used to accomplish this task. The first input was a linear increase of position, which
resulted in step velocity, while the second input was a combination of ramp and cosine
function varied with three different frequencies. The second position input resulted in
sinusoidal velocity characteristics.

The third level of experiments corresponds to the second design concept described in
Chapter 5. This time a current feedback control was introduced in the setup to control the

torque applied to the load simulator. The driver motor side remained the same using the
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PD controller to control position assigned to the system. Again, the same real loads were
used and later their characteristics were physically simulated.

For all experiments, the same experimental setup was used. The difference for the last
level was that an Apex PA12 amplifier replaced a PA228 amplifier. That was done

because one of PA228 was defected and the original amplifier was not available on the

market any more.
6.2 Input output considerations and display form

The main purposes of the software were to generate an input signal, receive velocity
characteristics of the system and according to the given load parameters create signal for
physical load simulator.

The input from Figure 5.2, for first level of experiments, was a ramp and for the rest
of experiments was a step plus sinusoids. The Trace30 software traced signals and the
intervals of 10 points were used to record points. This means that each 1.5 seconds
recorded on the record sheet, in reality covers 15 seconds.

First type of input was a linear increase of position, with the purpose to see the response
of the system trying to accomplish step velocity characteristic. The equation used for this
input set point was

Uep. - 0.04*r for t<10sec ©.1)
) 04 for t>10sec '

The input is a ramp, for the first 10 seconds of the experiment, and afterward a constant.
Figure 6.1 shows the set point for the input pdms over the experimental time that is

denoted in Figure 5.2.

X0.0 Y 0.0
800
pdms
(rad)
0
0 time (sec) L5

Figure 6.1 Ramp input
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Second input type was a combination of ramp and cosine function. The basic formula
used for this position set point was:
P, =0.04*t—10*cos(w*1) _ (6.2)

P, =0.04%¢ —cos(w *t) (6.3)

The equation 6.2 was used for the experiments with the frequency of 1 Hz, while
equation 6.3 was used for all other higher frequencies. The reason for use of equation 6.2
was to create higher amplitude of the velocity signal, which would be useful for analysis.
With amplitudes 10 times smaller and 0.159 Hz frequency, the output would look almost
as straight line. For the frequencies of 0.796 and 1.592 Hz that was not necessary since
output lines were reasonable.

The purpose of this signal was to create sinusoidal velocity characteristic, which
would not cross the zero line to avoid pass through dry friction zone. The input frequency
of the cosine part @ was changed with the purpose to see if the load simulation is
possible at low as well as higher frequencies. Figure 6.2 shows the second input for
various frequencies. Since the cosine part of the combinational input is small in value, it

is not possible to notice that change on the Figure. Only calculated velocity can show that

this input contains cosine part.

X0.0 Y -100.0
1000
pdms
-100
0 time (sec) 2

Figure 6.2 Combined input with 0.159, 0.796 or1.592 Hz frequency

The velocity characteristic was monitored in all simulations and was considered the
main output. Besides that, velocity characteristic was used to calculate acceleration and
jerk components needed for signal creation for load simulator.

The Trace30 software was used for real-time acquisition and display of data. The
following was standard display schedule for the monitor. Six graphs were displayed at the

time. The first row was reserved for the input and control signals. The left graph
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displayed control signal to the actuator produced by PD controller and the right graph
displayed signal sent to the load simulator. The second row was reserved for positions.
The first one was set point position assigned to the system as an input, while the second

was measured on the actuator’s optical encoder. The third row contains calculated

velocity and acceleration.

6.3 Preliminary analysis

The first experiment was designed to check the validity of the derived formulas for
physical simulations of the loads. The implementation of such an experiment was based
on the idea of trying to expose the physical simulator to different types of signals and to
monitor the behavior of its output while the virtual inertia and viscosity of the simulator
change. The results can be compared and the conclusion drawn knowing the basic
responses for the loads with different inertias and viscosities. The experimental results
can be interpreted qualitatively as follows. For example, if subjected to the same input,
two different loads with different inertias will respond differently. The load with higher

inertia will respond much more slowly because of the acceleration factor in the

load J c;_c;) , while a load with lower inertia will have a quicker response. On the other

hand, two loads that differ in viscosity will behave differenfly again. The load with higher
viscosity will show higher damping characteristics than the load with lower viscosity.

A physical simulator can simulate any load by changing the current characteristics,
which are calculated based on the given inertia and viscosity. If we start experimenting
with various inertia and viscosity values and say that that particular output is the base for
the further analysis, we can change inertia and viscosity values and verify if the changes
in the output respond to the input changes.

The input signal designed for this experiment includes several simple position
control inputs, which follow each other. The input signal starts as a slowly increasing
position input, after which it continues with a parabolic and another linearly increasing
signal. The second linearly increasing signal has a different tangential constant, which

produces a different velocity. The signal finishes with a decreasing parabola signal and
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finally with a decreasing linear position (deceleration). The last two parts will force the
system to turn in the opposite direction and finally stop. The input signal ends at zero
after the deceleration part. The Figure 6.3 shows the input set point signal designed for

preliminary analysis.

X 0.0 Y0.0
900
pdms
0 \
0 time (sec) 4

Figure 6.3 Input for preliminary analysis

The following conditions were assumed for the experiment: the simulated load is
linear, the inertia and viscosity are higher for the real load than for the simulated load and

a low-pass filter filters all frequencies higher thana),pf' =1 [_ra_dJ The following
s

equation was used to implement the physical simulator (from Table 3.1):

* B )*K
sim = (J 2s+ “”’) : *CU(S)—Fd,y
J *s*+B *s+K,

sim

where:

J o =0.0001 [kgm]

B,, =0.0001 [ Nm ]
) rad/s

F,, =0.0000234 [Nm]
The rest of the values needed for the equation are known.J, and B, are inertia and
viscosity of the physical simulator Pittman 9232 and K is the stiffness of the shaft that

connects the actuator and the physical simulator. @ is the velocity of the actuator
measured as a position on the optical encoder and calculated using the sampling period as

a base. It is used to calculate the necessary additional torque and represents the output of
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the system. The Figure 6.4 shows the output of the system obtained using Trace30
software. |

The first row shows variables td and tl, from Figure 5.2, which represent the control
signal sent to the driver and the calculated signal sent to the physical load simulator
respectively. While td represents the signal that depends on the desired input and is
produced by the PD controller, tl depends on the velocity output and is calculated in real
time. The second row shows the desired and actual positions of the system presented by
pdms and pdm variables, while last row is reserved for the velocity vdmf, denoted in

addition to @ in Figure 5.2, and the acceleration admf.

Real-Tine Trace
X0.0 Y-25.0 X00 Y-0.7
3 0.5
| \ 1 -
® \ ) T—“\P
25 0.7
0 time (sec) 4 0 time (sec) 4
X0.0 Y0.0 [—x 0.0 Y -90.0
900 900
pdms pdm
(rad) (rad)
0 \ -90 i
0 time (sec) 4 0 ' time (sec) 4
X 0.0 Y-600|] X00 Y -80.0
40 150
vimf __r—-,/"/\'—— admf
(cad's) \\_;[\'— (rai/s2) I. l‘_
-60 -80
0 time (sec) 4 time (sec) 4

Figure 6.4 Initial output for a high inertial load
It can be observed that a velocity characteristic is a numerical derivative of the

position. For the increasingly linear parts, the velocity is constant, while for parabolic

sections it tends to increase or decrease in value. The acceleration, which is one of the
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major contributors to the calculated torque, used as the signal for load simulator, has its
local peaks every time when the position signal changes its section. The biggest peak can
be noticed at the end of the cycle, when the system stops, and that is the point when the
controller produces the highest negative signal to the actuator.

The next experiment was conducted with a different simulated inertia. The new
values were:

Jm =0.00001 [kgm]

B,, =0.0001 [ Nm ]

rad/s
Fd,y_ =0.0000234 [Nm]

We can see that the new inertia is 10 times smaller than the previous one. If we keep all

other values the same and repeat the experiment the output shown in Figure 6.5 is

obtained.
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Figure 6.5 Output with reduced inertia
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We can observe that with reduced inertia the shape of the actual position follows the
desired signal. The velocity output has sharper rise and the overshoots are reduced
throughout. That is due to a smaller inertia, which was large enough for the initial
experiment to produce transitions with higher overshoots. The signal created for the load
simulator has smaller peaks, which reflect smaller peaks in acceleration. The largest
disturbance can be seen at the end of the experiment. The conclusion for this experiment
is that the smaller value of the inertia allows the system to have higher maneuverability,
which is visible in smaller acceleration peaks and smaller overshoots when the signal
changes.

The next experiment was conducted with the inertia 10 times higher than the initial

one. The following values were used:

J o =0.001 [kgm]

B, =0.0001 [ Nm J

rad/s

F,, =0.0000234 [Nm]

Without changing any other values or conditions, the following results shown in Figure
6.6 were obtained. )

The higher inertia results in smoother transition between different input sections. The
actual position is not exactly copy of the desired position due to the higher inertia. That is
especially visible at the end of the cycle, when the PD controller has a problem to follow
the given position task. The high inertia creates a position overshoot, forcing the actual
position to go into negative values, which is later rectified by the controller. The velocity
characteristics definitely do not follow the original velocity characteristics. Even though
the actual position seems to be following the desired values, the velocity shows that this
is not the case. We can see that the velocity is trying to maintain the same level without
respect to the input signal. The high inertia can be compared to a car flywheel, which
function is to maintain the constant speed in the car engine. Acceleration of the system is
staying around zero with no clear peaks. Instead of peaks, acceleration is unstable when

the velocity changes. The signal sent to the load simulator reflects that acceleration.
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Figure 6.6 Output with increased inertia

The next two experiments were conducted to see the effect of viscosity changes.
Those experiments can be described as monitoring a mixer mixing oils with three
different viscosities. Initial experimental results can be seen as mixing oil of medium
viscosity.

For the next experiment, we change initial viscosity to be 10 times smaller while

other values remain the same as for the initial experiment. The following values were

used;

Jom =0.0001 [kgm]

B, =0.00001 [ Nm }
radls

F,, =0.0000234 [Nm].

Figure 6.7 shows the results.
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Figure 6.7 Output with reduced viscosity

Compared to the initial output, this load with a 10 times lower viscosity produces a

very similar actual position, with a difference when the system stops. This system is

harder to ‘control since it goes more easily to negative position values. That is

understandable if we imagine a mixer mixing water instead of heavy oil with a high

viscosity. The velocity is almost the same compared to the velocity of original

experiment. The largest difference occurs at the end when the system is about to stop.

The acceleration shows a constant value throughout the experiment, with smaller peaks

that appear when the input changes the section. The signal generated for the load

simulator

reflects the acceleration.

The last experiment for this preliminary analysis was conducted for the system with a

higher viscosity than used for original experiment. This can be seen as a mixer mixing

high viscosity oil. The values used in formula were the following:

J.» =0.0001

zSm

[kgm]
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B, =0.001 [ Nm }
rad/s

F,,, =0.0000234 [Nm).

Using the same conditions, the following results, shown in Figure 6.8, were obtained.

The system response shows larger differences between position signals. The actual

position has only three visible curves, two rising and the falling one. Due to the high

viscosity, the PD controller is not able to create a signal sufficient to follow the desired

position. The velocity of the system is significantly smaller and shows uniformity in three

levels. The acceleration shows instability in the areas where the system creates biggest

errors. The deceleration is slow and the actual system stops later than it was designed

according to the input signal.
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Figure 6.8 Output with increased viscosity
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The results from Figures 6.4-6.8 show that the equation for linear load, derived in
Chapter 3, can be used as an additional tool with any physical load simulator. The results
show the expected behavior for various loads as their inertia and viscosity changes.
Further modeling may be required for critical stages of the simulation but in general basic

responses are obtained and they confirm theoretically stated relationships.

6.4. Open loop experiments

6.4.1. Linear load

The next set of experiments was designed to illustrate the performance of the HIL
method in physically simulating real loads. In the beginning, the torque control feedback
was not included in the control loop. The measured signal from encoder was used to
calculate velocity and acceleration of the system for model based simulation of the load.
This principle was described in detail in Chapter 5.

The values for the load were not arbitrary as they were taken from the real load. The
aforementioned Parker motor was used to represent the linear real load. The rotor of the
motor has all the characteristics of the inertial viscous load and if the motor has no
electric power supplied, it can be considered as a passive load. Moreover, the motor’s
rotor already has bearings and is connected to the shaft, which can be considered a real
load to the rest of the experimental setup.

Two different position inputs were used in the experiments and they are presented in
the Figures 6.1 and 6.2. The output from the real load was recorded, for both inputs
before physical simulations started. The formula used in the program to calculate an

additional physical simulation torque for the physical simulator can be found in the

Chapter 3, derived as:

* *K
J 2s+B ) Lt () - F,
J, *s>+B *s+K,

sim sim

The Pittman 9232 physically simulated the Parker motor and the data used for simulation

are as follows:
J i, =0.00002609 [kgm]
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B, =0.00025 [
) rad/s

F, =0.0000234 [Nm].

These data were obtained knowing the real data for both motors, real load and physical

simulator, by using equations 3.41 3.42 3.43.

6.4.1.1 Ramp input

The results of the experiment with the Parker real load using first ramp input are

shown on the Figure 6.9. The second window, which records the additional torque named

tl, shows that the Parker motor was not an active but rather a passive load, since no signal

was sent to the motor. The velocity characteristic, which is considered as an output of the

system, is shown in the first window of the third row and is named vdmf,

Real-Tine Trace
X0.0 Y-0.8 X0.0 Y10
7 1
i f' i
") V)
-0.8 -1
0 time (sec) 15 0 time (sec) L5
X0.0 Yo.0 X0.0 Y 0.0
800 800
pdms dm
(rad) fmd) /_
0 0
0 time (sec) 15 0 time (sec) 15
X0.0 Y-6.0 X0.0 Y-150.0
40 150
vdmf admf
(md Is) r‘\\ !\ (md ;32) -\,m_‘—mf\.—
6 0 time (sec) 15 1503 time (sec) 1.5

Figure 6.9 Parker motor used as a real passive linear load with ramp input
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It shows steady value around 22 [ﬂ] after the transition. The system stops suddenly
s

and that causes the velocity to drop below zero mark showing that the system has
significant inertia. The cut-off frequency used to filter data was 1 Hz for the input
frequencies of 0.159 Hz and 0.796 Hz, and 5 Hz for the input frequency of 1.592 Hz.

The acceleration, which is shown in the right window of the last row, has two peaks, one
at the beginning and one at the end of the cycle. The first peak corresponds to the
relatively high inertia of the rotor and responds to the step input at the beginning of the
experiment. The second peak is the result of the opposite setting. The motor is running
and then suddenly the signal drops to zero. The inertial load cannot stop immediately and
it results in negative acceleration.

The physical simulation of the Parker rotor as a real load is shown in the Fi gure 6.10.
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Figure 6.10 Physical simulation of the Parker linear load with ramp input

6-14




The physical simulator, in this case Pittman 9232, was used to simulate a different
motor, Parker motor, using its inertia and viscosity combined with the additional current
calculated with previously mentioned formula based on the signal received from the
encoder. This additional signal is shown in the second window and is denoted tl. The
velocity characteristic shows great similarity with the original one, which is
experimentally proving the concept of physical simulation using HIL and effort-flow
theoretical base. The acceleration is similar as well, showing two peaks at the same place
as the original one. The difference between two velocities is in the beginning part where
physical simulation shows smaller overshoot. The reason for narrower peak in the
simulated control signal at the beginning of the cycle is that actual position signal is
“late” compared to the desired position signal. The same effect is noticed for all the rest
of the experiments. Improved models could diminish that effect and the results of

simulations would show the same “wider” control signal.

6.4.1.2 Combined step and sinusoidal input

Results for three different frequencies to the combinational input, explained in
equation 6.2 were recorded: 0.159 Hz, 0.796 Hz and 1.592 Hz. The purpose of that was to
see if it is possible to simulate physically a real load under different frequencies and if the
simulation looses accuracy for higher frequencies. For the experiments with a sinusoidal
input, the same simulation data was used as for ramp input as well as the same filter cut-
off frequency.

The first experiment with combined input was conducted for 0.159 Hz input

frequency and results for the real load are shown in the Figure 6.11.
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Figure 6.11 Parker motor used as a real passive linear load with combined input with

0.159 Hz frequency

The velocity characteristic follows the derivative of the input signal. The amplitude of

the velocity depends on the inertia of the load, as was observed in the preliminary

analysis section of this chapter. At the beginning of the cycle, sinusoidal velocity has a

peak, which is the result of slower response of the position of the real load to the desired

position.

The physical simulation of the Parker real load with sinusoidal input is shown on the

Figure 6.12.
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Figure 6.12 Physical simulation of the Parker linear load with combined input with
0.159 Hz frequency

The calculated signal tl used by simulator has a sinusoidal shape. The velocity
characteristic is, as expected, sinusoidal with the difference at the beginning when the
physically simulated load has a jump. That can be explained as the result of step input
and the calculation of velocity and acceleration, which are based on the previous set of
information obtained by encoder. The velocity is not changing from that point directly
into a sinusoidal curve, but rather as a sharp change, due to the initial transient response.
The acceleration shows steady value with more significant oscillations when the velocity
is at high peak values.

The next experiment was conducted for the input frequency of 0.796 Hz with all other
data remaining the same. The results for the real load subject to the sinusoidal input of

0.796 Hz is shown on the Figure 6.13.
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Figure 6.13 Parker motor used as a real passive linear load with combined input with

0.796 Hz frequency

While the frequency changed, the real load response looks similar. The velocity, with
the smaller amplitude, follows the frequency of the input. In addition, the same problem
with the step start can be noticed, producing the high-sloped response with small
overshoot. Moreover, the acceleration seems to be more sinusoidal than the acceleration
of the previous experiment with 0.159 Hz frequency.

The next figure, 6.14 shows the results for the physical simulator simulating the real
load with the input with 0.796 Hz frequency. The velocity characteristic has almost
identical shape but the initial peak is slightly lower than the original one. The transient
response on the input does not have an overshoot; it is more damped. The signal sent to
the simulator shows, again, sinusoidal envilope, which changes in accordance with the

input. The acceleration looks identical as the one obtained for the real load shown in

Figure 6.13.
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Figure 6.14 Physical simulation of the Parker linear load with combined input with

0.796 Hz frequency

The last experiment was for the sinusoidal input with 1.592 Hz frequency and the

results are shown on the Figure 6.15. The real load again showed a velocity that follows

the input frequency and the step response has a small overshoot at the start.

Figure 6.16 shows the physical simulation of the real load for the sinusoidal input

with 1.592 Hz frequency. The similar problem encountered for 0.796 Hz appears again.

The response on the starting step portion of the input is different for simulator from for

the real load. This time even more visible that the simulator response is over-damped

while the real load shows a certain overshoot. The differences can be explained by less

accurate and/or not modeled dynamic at higher frequencies. A more elaborate system

modeling and identification can address this problem.
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Figure 6.15 Parker motor used as a real passive linear load with combined input with

1.592 Hz frequency
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Figure 6.16 Physical simulation of the Parker linear load with combined input with

1.592 Hz frequency

6.4.2. Nonlinear load

This set of experiménts was designed with the

J=m*r?

purpose to illustrate the performance

of physical simulations using HIL experimental setup for a nonlinear load. The load used

was a fan whose approximate inertia was calculated using the formula

and the viscous values for B, and Bf, were obtained experimentally using the trial and

error method, trying to approximate the curve obtained from the real load.

As mentioned in the Chapter 3, the fan torque can be modeled as

L

7 +B *w,+B,* o]

I =J*
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and after deriving the block of equations the following model can be used

0‘_"2: —Cfpu'*‘fm)*?"(B,u +B».. )* A —B}Nm *m: _Fﬁ;ﬂm
522, *%’u 2B, et K, "o

X

?

This block was used to calculate additional torque applied to a physical simulator
while simulating real load, and the relationship between two velocities.

The same set of formulas was used to conduct this series of experiments. The real
load, in this case the fan, was connected to the experimental setup and the velocity
characteristics was measured. Then, the physical simulator was used in an attempt to
obtain the same results. Instead of attaching the fan, the Pittman9232 was used to
physically simulate the real fan load. The simulation was achieved by using the motor
and the calculated torque (current) based on previously mentioned formulas.

The PD controller controlled the actuator motor in order to achieve the desired
position. In addition, two different inputs were used to show that the method could handle
different disturbances. The inputs are the same as the ones used for linear load and they
are described in detail at the beginning of the chapter.

The Pittman 9232 physically simulates the fan using the following data for all
simulations:

J,m =0.00021375  [kgm)]

B,,, =0.000035 [ Nm ]
rad/s

B, =0.00000383 | }
i rad /s

F,, =0.000000156 [Nm].
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The Butterworth filter used to filter received signal was set on cutoff frequency of 1 Hz
for the ramp input and input frequencies of 0.159 Hz and 0.796 Hz and on § Hz for the
input of 1.592 Hz.

6.4.1.1 Ramp input

The experimental results for real nonlinear fan load, using linearly increasing input,
are shown in the Figure 6.17. The velocity characteristic of the system shows large
disturbance at the beginning and gradual settling until output becomes constant. After the
position reached constant desired value, the system stopped but not immediately due to
the large inertia. Acceleration shows nonlinearity at the beginning and at the end of the
cycle. Such disturbances are reflected in the PD controller’s signal, which lead to

oscillations at the start and the end of the cycle.
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Figure 6.17 A nonlinear fan used as a real passive load with ramp input
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The physical simulation of the same fan load with linear input is shown on the Figure
6.18. The signal generated to be added to the physical simulator is shown in the second
window of the first row. It shows a significant peak at the beginning of the experiment
due to the step input, as well as at the end, when system is about to stop. The velocity
characteristics of the simulated system follows the original curve, with the difference of
smaller disturbances at the beginning and at the end where simulated system due to lack
of deceleration modeling, stops faster, different from: the original system which
decelerates slowly. The problem with simulated system occurs when the input becomes
zero. The actuator stops, and since encoder shows no move, calculated velocity is zero
and since that is the base for calculation of the additional torque for physical simulator,

the system stops. As a result, the acceleration characteristic has an additional negative

peak at the end of the cycle.
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Figure 6.18 Physical simulation of the fan nonlinear load with ramp input
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6.4.2.2 Combined step and sinusoidal input

The next three experiments were conducted for the same experimental setup with

nonlinear fan load. Again, the same equation block was used to calculate the additional

torque. The only difference was the input, which was changed to be combination of step
and cosine functions with three different frequencies: 0.159 Hz, 0.796 Hz, and 1.592 Hz.

The results for the real nonlinear fan load are shown in the Figure 6.19. As expected,

the load with two viscous friction constants, out of which one is multiplied by square of

the velocity, shows higher nonlinearities at the beginning when the input signal steps up.

The same effect is visible on the acceleration curve during the transient response time.
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Figure 6.19 A nonlinear fan used as a real passive load with combined input with

0.159 Hz frequency
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The physical simulation of the nonlinear fan load subject to the 0.159 Hz sinusoidal

input is shown in the Figure 6.20. Pittman 9232 motor accomplished the physical

simulation in addition to the torque signal sent to the simulator, which was calculated by

the same formula used for linear input.
The velocity characteristic follows the original curve closely, which confirms the

validity of the concept. The difference is in number of nonlinearity peaks, which is

smaller for the simulated curve. This is due to the imperfection of the model. The signal

calculated and sent to the physical simulator shows oscillations only at the beginning due

to the acceleration.
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Figure 6.20 Physical simulation of the fan nonlinear load with combined input with

0.159 Hz frequency

The following experiment differs from the previous one only in frequency of the

input. This time it was set to be 0.796 Hz. The real fan load was connected to the setup to
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obtain the real velocity characteristic, which is shown on the Figure 6.21. The velocity

characteristic is similar to the one with 0.159 Hz input frequency, with the difference in

the velocity amplitude due to the different constant used for frequencies higher than

0.159 Hz, which was explained at the beginning of the chapter. The input starts again as

the step function and the response shows overshoot as expected. The acceleration has a

peak at the beginning of the cycle again due to high inertia and step input.
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Figure 6.21 A nonlinear fan used as a real passive load with combined input with

0.796 Hz frequency

The physical simulation of the nonlinear fan load with 0.796 Hz input is shown in the

Figure 6.22. Similarly, to the simulation when the system had input of 0.159 Hz, the

calculated signal for the physical simulator shows instability in the area of the step input

and later it becomes much clearer, but shows small amplitude. Even though the velocity

characteristic, which is our main concern, follows the original real load curve, the
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acceleration is very different. It is lower in the value and mostly in negative values. In
addition, it does not have clear peaks at the beginning, but rather shows a smaller
instability. We should remember that this experiment was set for the nonlinear load and
this can result in reduced modeling accuracy. The derived set of formulas creates certain

offsets for the acceleration signal, but the signal that is of interest is correct.
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Figure 6.22 Physical simulation of the fan nonlinear load subjected to the combined

input with 0.796 Hz frequency

The last experiment from this series was conducted to prove that we could raise the
frequency even more and still successfully physically simulate the real nonlinear load.
This time the input frequency was set to 1.592 Hz and all other values were kept as they
were before. The results for real fan load are shown in the Figure 6.23. The velocity
characteristic resembles the one for 0.796 Hz input, but the amplitude of the sinusoidal

part is even smaller. The response on the step part of the input is very similar to the one

6-28




for 0.796 Hz input including nonlinearity peaks at the very beginning. The acceleration

has a peak at the beginning of the cycle and then uniformly follows the input frequency.

The physical simulation of the real load with 1.592 Hz sinusoidal input is shown in

the Figure 6.24. The simulator input, calculated as an addition torque to the Pittman9232

passive rotor characteristic, is very similar to the input created for 0.796 Hz experiment.

The instability is visible at the beginning of the cycle and then a smooth sinusoidal curve

follows. Similarly, the acceleration has no high starting peak, which can be noticed on the

real acceleration curve. The characteristic acceleration nonlinearity noticed at the

beginning of the cycle is reflected in the signal generated for the simulator. The main

result, the velocity characteristic follows very well the original velocity.

Real-Tine Trace
X 00 Y-15 X 00 Y-10
6 1
i i
W) 4P
1 s ! ' 1
i time (sec) 2 0 time (sec) 2
X 0.0 Y-100.0 X 0.0 Y 0.0
1000 1000
pdms pdm
(rad) (rad)
100 Time (sec) 7 Y fime (ec) 2
[ X0.0 Y0.0 X 00 Y -60.0
40 150
d admf
:ml;’f’) (\f\“’ AW WA WA [ 15D
" WAMAAMAWAMAWMAVWM
0 time Gsec) 21| 909 Hime (sec) 2

Figure 6.23 A nonlinear fan used as a real passive load with combined input with

1.592 Hz frequency
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It is possible to conclude that in general, the formula used to calculate additional
torque signal for nonlinear load physical simulator satisfies all criteria. The signal
generated by the formula creates necessary nonlinear addition, which added to the linear

rotor of the simulator, creates good match with the real nonlinear load characteristics.
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Figure 6.24 Physical simulation of the fan nonlinear load subjected to the combined

input with 1.592 Hz frequency

6.5. Closed loop experiments — current feedback control

The next set of experiments was conducted on the same experimental setup with same
sets of inputs and loads. The difference is in the concept described as the HIL2 in Chapter
5 and shown in Figures 5.3 and 5.4. A current feedback control was incorporated into the

setup to provide the load simulator amplifier with the feedback signal. All signals are
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filtered for easier analysis using the digital filter set on cutoff frequency of 1 Hz for 0.159
Hz and 0.796 Hz input frequency and on 5 Hz cutoff for1.592 Hz input frequency.

6.5.1. Linear load

6.5.1.1. Ramp input

The same real linear load, Parker DC motor, was tested again, now using the new
concept. The results of the experiments with the real loads will not be shown again. For
the real load subject to the ramp input, see Figure 6.9,

The physical simulation of the Parker real load is shown in the Figure 6.25. The
dynamic characteristics used for the simulation are the same as for open loop experiments
and they are as follows:

Jm = 0.00002609 [kgm]
Nm }

rad/s

B,, =0.00025 [

F,, =0.0000234 [Nm].

The velocity characteristic resembles the curve obtained for the test with the real load.
The initial overshoot is not as noticeable but the tendency is similar. With some
modifications made to the parameters, it would be possible to obtain the similar
overshoot. The acceleration shows the same profile, but again with less nonlinearities.
Two peaks at the beginning and at the end are clearly visible, though much simpler.

Compared to Fig 6.9, the results from Figure 6.25 are however closer than those from
Figure 6.10. This confirms that closed loop control for the load simulating motor gives
more accurate simulations than its open loop control. According to the results, the system
seems to be over-controlled, since PD controller on one side and generated signal for the
loads simulator on the other side produce almost mathematically ideal output. The real

load showed much more flexibility.
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Figure 6.25 Physical simulation of the Parker linear load with ramp input

6.5.1.2. Combined ramp and sinusoidal input

The same dynamic characteristics were used to conduct experiments with a

combinational linear-cosine input. Again, the experiments were designed with input

frequencies of 0.159, 0.796 and 1.592 Hz. The cutoff frequency of Butterworth filter, to

filter all signals, was set on 1 Hz and 5 Hz as explained earlier. First input used was with

frequency of 0.159 Hz, and the results for the real load test are shown in Figure 6.11.

6-32




The physical simulation of the Parker real load, with the sinusoidal input is shown in
the Figure 6.26. The same values for the parameters were used for the linear input were
used again here. The sharp peak at the beginning of the velocity characteristic is almost
reproduced, which proves the validity of chosen numbers and of course the second HIL
configuration. Comparing to the results from the Fig. 6.11; the results from Fig. 6.26 are
closer than the results from the Fig. 6.12, confirming again the advantages of closed loop

versus open loop control for the load simulating motor.
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Figure 6.26 Physical simulation of the Parker linear load with combined input with

0.159 Hz frequency

The following two figures show the result for the experiments with physically
simulated Parker DC motor subjected to sinusoidal inputs of 0.796 and 1.592 Hz
frequency respectively. The behavior of the velocity characteristic shows similar results

with the real load velocity characteristic. That brings us to the conclusion that physical
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simulation of the loads is not influenced by type of the load, and it can be implemented

for any low and high frequencies. The real load experimental results were shown in

Figures 6.13 and 6.15 respectively.
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Figure 6.27 Physical simulation of the Parker linear load subjected to the combined

input with 0.796 Hz frequency
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Figure 6.28 Physical simulation of the Parker linear load subjected to the combined

input with 1.592 Hz frequency

6.5.2. Nonlinear load

6.5.2.1. Ramp input

The nonlinear load used in the following experiments was a nonlinear fan, the same

used for the open loop experiments. The Pittman 9232 was used as physical simulator

and the following set of data were used for those simulations the same as for the open

loop experiments.

J,, =0.00021375 [kgm]

sim

B, =0.000035 [ Nm J
) rad/s
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B,, =0.00000383 [

F,, =0.000000156

ry

Nm J
rad/ls

[Nm].

Again, the only difference here is the new concept used with current feedback

implementation for the load simulator loop.
First experiment is, again, real load subjected to the ramp input. The results for the

real fan load subjected to ramp input are presented in Fi gure 6.17.
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Figure 6.29 Physical simulation of the fan nonlinear load with ramp input

The physical simulation of the fan is shown in Figure 6.29. The velocity characteristic

follows closely the original curve obtained with real fan. The difference makes smaller

nonlinearity at the beginning of the cycle. The dynamic values are slightly offset from the

real values, which causes inaccuracy. The acceleration is much smoother than in the

original curve. It is interesting to notice that the shape of the signal formed to drive
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physical simulator resembles the acceleration curve with the difference that it has the

opposite sign and the value is different.

6.5.2.2. Combined step and sinusoidal input

Combined input experiments start with 0.159 Hz sinusoidal input. The real fan results
were shown in Figure 6.19. The results for the physical simulation are shown in Figure
6.30. The velocity characteristics shows small peaks at the beginning, which was found in
the original real load curve as well. The acceleration has the higher values than expected,

but the shape is more accurate than the shape of the acceleration for the open loop

experiment.
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Figure 6.30 Physical simulation of the fan nonlinear load with combined input with 0.159

Hz frequency
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Better results could be obtained if the parameters are identified more accurately and the

load modeled in more details.

The following two figures show the results for the phyéically simulated nonlinear fan

load when subjected to 0.796 and 1.592 Hz frequency combined input. The values of

parameters used for these simulations were the same as for linear input. According to that

and to the previous analysis for 0.159 Hz input the velocity characteristics are not perfect

but they are close. Increasing of inertia and viscosity may improve the velocity, but also

worsen the acceleration of the system.
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Figure 6.31 Physical simulation of the fan nonlinear load with combined input with

0.796 Hz frequency
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Figure 6.32 Physical simulation of the fan nonlinear load with combined input with

1.592 Hz frequency
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7. POSSIBLE APPLICATIONS
AND LIMITATIONS

7.1. Possible applications

The Hardware-In-The-Loop method proposed in this thesis can be used as a base for
variety of applications.

One of the applications of the HIL method is in passive transmission. Transmission of
the moment, velocity or storage of mechanical energy can be achieved using gear trains,
shafts, flywheels etc. All these have one characteristic in common. They are passive
mechanical elements, with effort-flow inputs and outputs. This connection characteristic
allows them to be replaced by physical simulators. |

Another application could be replacement of a stepper motor with a physical
simulator made of a PM DC gearless motor. Another motor of different type can
physically simulate the active load or in this case the active actuator.

In general, loads that are applicable for the method are either active or passive and,
furthermore, they can be linear or nonlinear.

Knowing the types of loads the question is what would be the purpose of these
applications and how would they be implemented. There are two main possibilities.

The first one is in replacing existing mechanical parts, and improving their
functionality by varying the effect of various inertia and/or viscosity values using
physical simulator. That way, the physical simulator would- work as an instrument, which
is correcting present characteristics of mechanical part. For example, a gear can be

already a part of a gear train and the improvement of its inertia is needed, since it seems



to be malfunctioning. By replacing a gear with a physical simulator, or simply adding one
in series with the gear, it is possible to rectify existing inertia and immediately see the
effect of the improvement.

The second possibility is to use the HIL method in the case when the load is not
known and is still not available for the system. A physical actuator can replace the future
part and simulate it, performing the same way as if the real part was in the place. For
example, a simulator attached to the engine the same way as the real flywheel can
physically simulate a flywheel used in the car engine. The performance of the engine, in
that case, can be evaluated within the real circumstances.

In the case of simulating active loads, physical simulator would have to perform more
than for passive loads. For example, if a PM DC motor is used to simulate a stepper
motor, besides simulating inertia, viscosity and dry friction, the simulator should behave
as stepper motor trying to create step motion characteristic for stepper motors.

That would require additional modeling and a development of a new current scheme for

that specific task.
7.2 Limitations

We should clarify some limitations of the presented method. Physical simulators are
designed with a motor as a main device. In this thesis, it is a PM DC motor, but it could
‘be a direct drive motor, a stepper or an AC motor. Limitations that are the results of
electrical motors are the bandwidth and the saturation torque. Every application requires
a different motor, depending on the size of the load to be physically simulated and the
power needed for the simulation.

Amplifiers are drivers for physical simulators and they have limited power and

bandwidth.
Besides hardware limitations, software and operating system can contribute to result

Crrors.

A real time operating system is required for precise results, since models developed in
this thesis are based on precise sensor signaling. Use of some cheaper OS definitely

reduces the quality of the results.
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Modeling of loads is very important. Nonlinear loads and nonlinear areas for linear

loads are difficult to model. One example is dry friction, whose amount and shape are
usually not known.

7-3



8. CONCLUSIONS AND
RECOMMENDATIONS

8.1. Conclusions

The following conclusions can be drawn from the research:

The Hardware-In-The-Loop experimental setup used in this research, built as a
generic setup, allowed the development of simple actuator-load models. The modularity
of the setup opens the potential development of new models that can be implemented in
the existing setup. Constant replacement of real loads and physical simulators was done
without problems due to the same modularity of the design.. '

2.

Linear and nonlinear models developed during the research were simple and clear,
based on the effort-flow concept. The matrix presentation emphasized effort-flow cuts
and modularity of the system, which is base for the HIL implementation. Further
modeling should be easy whether it is remodeling of the existing modules or adding a
new ones.

3.
The software created for this research followed closely developed models. Any

further software development in this research can be easy continued after new models are
developed. The existing software is easily modifiable. The torque saturation was avoided

before the signal was sent to the setup. More effort should be added into development of



digital filters, since it was observed that small changes in filters noticeably affect

experimental results.

4,
The experiments conducted during this research clearly proved the models and the

concepts on which the whole thesis was stated. The open loop experiments showed the
strength of the models without feedback signal for the load simulating motor. Adding a
current feedback control improved previous results. The conclusion is that a variety of

loads can be physically simulated.

8.2. Recommendations

Further development of the experimental setup should include addition of a torque
sensor. That way the HIL3 concept mentioned in chapter 3 can be tested, featuring full
torque feedback control.

Transfer functions of amplifiers should be analyzed in more detail. With more
knowledge about amplifiers, it should be easier to explain the difference between
theoretical and practical results for experimental determination of transfer functions and
some of HIL tests.

A better control table for amplifier on/off switches should be designed. If possible,
amplifiers of the same type should be used for both motors.

Different motors should be considered as a new physical load simulator. The purpose
would be to compare results for two physical simulators simulating the same real load.

New loads should be used for experiments. They should include active and passive,
as well linear and nonlinear loads. The possible candidates are bearings, mixers that mix
oils with different viscosities, stepper motors, torsion springs, car wheels, etc.

The next step in modeling would be the development of models for active loads such
that different motors, and development of models for variety of nonlinear loads.

New tests should include the comparison of results obtained using the dSPACE and a
microcontroller. In addition, it would be interesting to see the difference between results

obtained on real-time and non-real-time operating systems.
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APPENDIX A

(Experimental determination of a transfer function)



A.l. Introduction

The transfer function of a system represents a mathematical relation between Laplace
transforms of its input and output signals. For every chosen pair of inputs and outputs,
one function shows the dependence of the output on the input and, in most cases, on some
other state variables of the same system.

Deriving a transfer function of the system means defining ratio of the output to the
input of the system. Since transfer functions use complex mathematical expression of
time variables, by applying a Laplace transform it is obtained as a rational function of
complex variable s. For such derivation, the system has to be linear, time invariant and
the initial conditions have to be zero.

Depending on how many inputs and outputs are of interest, the same system can have
many different transfer functions. If input and output vectors of the system are defined,
mathematical model of the system can be presented in state-space form, which contains
all systems transfer functions of interest.

Transfer functions are usually derived for families of similar systems. If one wants to
derive transfer the function for a DC motor, considering all variables on both, mechanical
and electrical sides, one can write differential equations describing system dynamics.
After choosing the input and output of interest, performing Laplace transform and
rearranging equations into rational form, a transfer function can be obtained. We can say
that such transfer function is valid for all DC motors since it was derived without using
specific numerical values for parameters for particular motor. Instead, algebraic notations
were used, which define a general transfer function for all cases. From such an abstract
transfer function, Bode diagram cannot be constructed before assigning numerical values.
We can only presume the shape of the magnitude and phase shift curves. Knowing only
the shape of those curves, but not the exact position, we can talk only about minimum
phase and the type of the system.

To distinguish between two similar DC motors we need to know their characteristics
or simply numerical values of all variables. Substituting those values into a general

“transfer function, we can obtain a transfer function for particular motor. Such transfer

A-2



function is easy presentable in the Bode diagram form. To do so one needs to rewrite the
particular transfer function so it contains basic factors such are gain, integrative and
derivative factors, first order factors and second order factors. Each of those basic factors
is represented in the Bode diagram as simple straight lines or combination of two lines.
The final magnitude curve is obtained as sum of basic curves since the Bode diagram
uses logarithmic scale for its x-axis. The Bode diagram represents frequency response of
the system, or sinusoidal transfer function of the system.

If the values of variables are not known, one cannot construct particular transfer
function. On the other hand, it is possible to reconstruct transfer function of the system if
the Bode diagram is known. Since we know that the Bode diagram represents sinusoidal
transfer function of the system, we can construct the Bode diagram for any system. Such
system has to be subjected to sinusoidal input of various frequencies and by plotting,
resulting output data into the Bode diagram, magnitude and phase shift curves can be
constructed. Then going backwards from what we learned about constructing the Bode

diagram it is possible to reconstruct the transfer function for the system with unknown

characteristics.

A.2. A DC motor with known characteristics

To prove that the method for experimental determination of transfer functions for a
system with unknown characteristics works, we can show how it works for the system
with known characteristics. Firstly, we can derive the transfer function from
manufacturer data and secondly, transfer function of the same system will be obtained

experimentally. Finally, simple comparison of those two transfer functions can prove the

method.
A.2.1. Mathematical derivation of a transfer function for Pittman DC motor

Let us derive the transfer function for a DC motor. First, we will obtain the transfer

function for the family of DC motors and then apply manufacturer’s data to it to get
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particular transfer function. The motor that we will use is Pittman 9232, which is also the

drive motor for experimental setup. Manufacturer’s data are given in Appendix B.

L 4R

[ =

— = -
I T, ®
Figure Al. The diagram of PM DC motor
We can write equations:
- for the electrical side
di .
U=L—+R*i+K*w (A.1)
dt
- for the mechanical side
. do
K*1=J”,;+Bm*a)+T (AZ)

We can presume that system is linear and time invariant so we can apply Laplace

transform to it.

K*I(s)=J, *s*w(s)+ B, *o(s)+ T(s)
U(s)=L*s*I(s)+ R*I(s)+ K *w(s)

or by defining w(s)=s*8(s) we can write



K*I(s)=J, *s* *0(s)+ B, *s*6(s) + T(s)
U(s)=L*s*1(s)+ R*I(s)+ K *s*O(s)

If we choose &(s) as output and U(s) as input, and eliminate I(s) and T(s) since there
is no external load on motor, we can write

o(s) K |
U(S)—[(L*S+R)(J,,,*s+Bm)+KZJ*S (A.3)

The equation A.3 represents the basic transfer function for any DC motor. A PM DC
motor usually has very small inductivity so L can be neglected. That leads us to the

simpler, first order version of the transfer function.

0(s) _ K |
U(s) |R*(J, *s+B,)+K]*s (A4)

Rearranging the equation A.4 into a form more suitable for frequency response analysis,

we can obtain equation A.5:

__K
R*B +K*
X

_#2__’_1 *S
R*B +K

R*J_

To create particular transfer function for the Pittman 9232 we should apply data to the

equation A.5. After applying manufacturer’s data, the following is transfer function of

the Pittman 9232:

6(s) __ 63.185 “6
U(S) [L + ]] * g .
66.97
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Equation A.6 represents the transfer function of the Pittman 9232 according to the

manufacturer’s data. It is possible to obtain the natural frequency of the system

o, =66.97 [ﬂJ In addition, total gain in the system isG = 63.185.

§

A.2.2. Experimental determination of a transfer function for Pittman DC motor

without load

To determine transfer function of a system with unknown data it is necessary to
obtain frequency response of such a system by means of experimental analysis.
Amplitude ratio and phase shift have to be measured at a sufficient number of frequencies
within the frequency range of interest [19]. We will plot obtained data on the Bode
diagram.

Since we are interested only in the reconstruction of transfer function, phase shift

measurement is not of interest. We will record magnitude ratio over the certain range of

frequencies.

System description

The system was designed as an open loop system and consists of several components
including

a) Pittman 9232 DC motor;

b) dSPACE operating system used to generate a sinusoidal signal

A special C program was created for that purpose. The input was chosen x = X sinw *1

where X represents input amplitude (magnitude), @ is angular velocity of the motor

shaft, where o = 2T7r =27xf , and T is the time for which shaft turns 27 . This way we can
calculate different frequencies by means of changing T. For example, if we want a motor

shaft to rotate at the speedw =1 [EJ, then =2—”=21—”=6.28 [s] Since a
Iy @

rad

frequency f is f=1/T we can calculate the frequency £=0.1592 forw =1 [—J dSPACE
s

sampling period is set as 1000 samples per second. So for input

A-6



signalx = X singTz*At the time step for w=1 [Ia—d} can be calculated as

s
Ar=0.001 [s], since it will take 6280 samples to reach one full cycle. Similar

calculation applies for all chosen frequencies. To cover most of the frequency range and

notto go over @, = 734.6 [ﬂ] the range was chosen: w =0.1-100 [fa_d]
s s

The Pittman 9232 is equipped with an optical incremental encoder, which was
used to record position change during experiments. Data obtained were used to create
amplitude of the output signal.

c) Power amplifier PA228 used to create power sufficient to move the motor.

The transfer function for the amplifier is X =2 [5} Two 12V batteries supply the

amplifier.

Experimental analysis

Experimental data obtained are defined as the ratio of output position change signal Y
and input voltage signal X.

The following are data obtained form two measurements

0] Y/X (1) Y/X (2) Y/X (avg.) 20logY/X
0.1 953 902 927.5 59.34
0.2 527.3 436 481.7 53.66
0.4 221.3 216.2 218.8 46.8
0.6 146.6 146.2 146.4 43.31

1 87.5 86 86.8 38.77

2 39.5 39 393 31.89

4 14.5 15 14.8 234

6 8.3 8.5 8.4 18.48
10 3.4 3.75 3.58 11.08
20 0.93 0.85 - 0.89 -1.01
40 0.23 0.225 0.228 -12.84
60 0.082 0.08 0.081 -21.83
100 0.027 0.025 0.026 -31.7

Table Al — Experimental data obtained for Pittman9232 DC motor (frequency response)

Experimental data plotted on the Bode diagram and they are shown in Figure A.2.

A-7



Bode Plot
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Figure A.2  Experimentally obtained frequency response data for Pittman

Koo *K
R*B +K*?

10

we can reconstruct transfer function of the particular DC motor. Clearly, four separate

Using the following transfer function A.5, for the family of DC motors

parts of the transfer function could be analyzed:

G(s)



(A7)

], the second is gain produced by

4

|

14

2

amp
Bode Plot

7))

1

motor, the third is integral factor—, and the fourth one is first-order factor. These

“J

The first one is gain of the amplifier K
J

Jjo
R*B_+K?

R*B, +K’
R*J,

1

jo

*
=K amp

U(s)

g(s)
factors can be presented in the Bode diagram as well as their sum.
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Figure A.3 Bode diagram - asymptotes and their sum




Figure A.3 shows separate factors drawn in the Bode diagram and their sum. Line 1

represents total gain of the system, line 2 integral factor, line 3 first-order factor and line

4 sum of these lines or diagram for the system.

We can draw asymptotes on the curve obtained by experimental data. From the
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Figure A.4 Asymptotes applied to the experimentally obtained data

The total gain of the system on the Bode diagram is at the point where integral asymptote

crosses line dB=0. In our case that is K= 65.

The comer frequency, when the asymptotes are changing from -20 dB/decade to -40

dB/decade, represents undamped natural frequency of the systtm and it is
=
|

o, =8.5

G

=2

Amplifier transfer function is X,
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Finally, considering all these results we can reconstruct the transfer function of the

Pittman 9232 DC motor as
0(s) 65 « 1

= — or
U(s) [ jo IJ jo
8.5
6(s) _ 65 (A8)
i) [-i— + 1:, *s
8.5

Comparing experimentally obtained transfer function and the one derived from
manufacturer’s data we can see that they differ significantly as frequency increases. The
experimental curve has the same shape but much smaller bandwidth. The reason for that
is in the experimental setup on one side, which contains nonlinearities, and in simplified
model of the transfer function for family of motors, which is neglecting some variables,
on the other side. Figure A.5 shows comparison of the Bode diagrams for manufacturer’s
data and experimentally obtained data for the Pittman 9232. The full line represents data
obtained from manufacturer, while crosses are data obtained experimentally using

manufacturers model.



Bode Diagrams
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manufacturer’s model
damping for an unknown load using data obtained from frequency response

Figure A.5 Comparison of experimental data and frequency response based on
A.2.3 Experimental method of determination of a moment of inertia and a viscous
of the system

After obtaining the frequency response characteristic of the system, it is important to
extract information useful for further analysis. After drawing asymptotes on the Bode
diagram, we can graphically obtain first set of data for a system. The natural frequency of
the system @, can be obtained if we find the crossing point of two asymptotes (first one
has a fall of -20 dB/decade and second one has fall of -40 dB/decade for type one
systems). We can read the natural frequency on the x-axis for the crossing point. The



second important parameter is gain K. If we extend first asymptote until it reaches the
line of 0 dB that is the point to read the gain of the system. Last f)arameter interesting for
analysis is damping £ . Since it depends on the shape of the curve around the point where
two asymptotes meet it is not easy to find. Comparison with some standard diagrams may

be useful.
Two basic models will be considered for the analysis. The first one is a DC motor with

lumped load attached to it and the second one is a DC motor with load connected to it by
a flexible shaft. For both models, it is necessary to obtain a set of formulas, which can be
used to obtain rotational inertia J, and viscous damping B, for the load, connected to the
DC motor in either of two mentioned ways. In the first step, Bode diagram derived from

frequency response of the system will be used to obtain characteristics of the system such

as natural frequency, damping and gain. This data will be used to calculate J, and B, for

an unknown load using appropriate formulas.

Derivation of formulas for lumped model

We can start the derivation by using simple model of a DC motor actuator. For the
lumped model both the rotational inertia and the viscous damping are simply added

together to obtain system’s rotational inertia and viscous damping.

L R
T e LN T
Ji, By A JmBm Y
I——-—||
Lumped load S
DC motor

Figure A.6 DC motor with lumped inertial load
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The Newton’s second law can be applied on the free body diagram, for the
mechanical and the electrical parts of the model. Considering two separate inertias and

damping (actuator and load), the following equations can be derived:

K*i=( ",+J,)*i;9+(3m+3,)*m (A.9)
- on the mechanical side
di .
U=L*?d—+R*z+K*a) (A.10)
!

- on the electrical side

In this case, motor is not geared, which would change equivalent inertias and equivalent
damping.

If we rearrange equation A.9 we can get:

.20 o (2.05),,
or by differentiating it

ﬁz(Jm +J,)*d2w+(3m +B),do

dt K dr’ K at

These two formulas could be applied to equation A.10.

g Ut ), dzf’ JButB), do] JUp+J),do (B.+B), 1 ru,
K dt” K dt K dt K

Inductivity L for DC brushed motors has in reality very small value so it can be

]

neglected. After rearranging the factors and applying Laplace transform we can obtain:

(J, +J,)*R B +B)*R+K?
K K

The last equation allows us to create the transfer function for the DC motor with lumped

*52*9(s)+( *5*0(s) (A.11)

U(s)=

load, with the voltage as an input and the position of the shaft as an output.

6(s) _ K |
UGs) [, +J,)*R]*s* +|(B, +B)*R+K*|*s (A.12)

Equation A.12 can be rearranged into frequency response suitable form:




K

6(s) R*(B, +B,)+K?

= A.13
Ues) (A.13)

a >=+1|*s
R*(B, +B,)+K
R*(J, +J,)

Equation A.13 gives the following information:
K, = X - (A.14)

R*(B,+B)+K
where K, represents total gain of the system,

R*(B,+B,)+K*?
» ~R¥(B, +B)+ (A.15)

§ R*(J, +J,))
where , is natural frequency of the system.
o, and K are not known but could be obtained from Bode diagram for each particular
DC motor. Once we know their values it is possible to solve these two equations for J,

and B,. By rearranging A.14 and A.15 we can obtain the following set of equations:

K_Keq *wn *R*Jm
~ K,*o,*R

(A.16)

J

K-K,*(R*B, +K?)
- K, *R

(A.17)

B,

Equations A.16 and A.17 can be used to obtain rotational inertia J , and viscous friction

coefficient B, of the unknown passive load that is a part of the rotational system and
modeled as a lumped load with an actuator. Before calculation, we need to read the Bode

diagram and have ready actuator data.
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Derivation of formulas for model with load attached to the actuator by flexible shaft

For the following analysis, flexibility of the shaft are assumed not negligible, so
inertias and dumping of the system are not simple linearly added variables. Here we have
to consider the flexibility of the shaft K, , which is causing fwo different velocities in the
system. The first one is the velocity of the actuator and the second one is the load

velocity.

L R
Ti @ T w YV AAN
4, B __/?%r__’/_%_ dnBm_ | .
load / flexible shatt — 5§ =
DC motor

Figure A.7 DC motor with inertial load attached by a flexible shaft

While lumped model was simple enough to be modeled as a first order system, this
system will be modeled as a second order system even after simplifications. For the
second order systems, the transfer function looks slightly different but the approach for
solving the problem of unknown inertia and damping stays the same.

We can start derivation with previously introduced equations for the actuator A.1 and
A.2, with the Laplace transform already applied. .

U(s)=L*s*i(s)+ R*i(s) + K *w(s) (A.18)
K*i=J,*s*w(s)+ B, *o(s) +T(s) (A.19)

For the shaft we can write

& o9)-0,) (A20)

s

7(s)=
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where K represents the shaft stiffness and wis the angular velocity of the motor
and w, is the velocity of the load. The torque produced by the motor and resisting torque

of the load is equal in value but opposite in the direction.

T,(s)=-T(s) (A.21)
The torque created by the load is expressed by:

T(s)=(J, *s+B)* a(s) (A.22)
Combining equations A.20 and A.21 we can obtain the relationship between two

velocities in the system.

K,
w,(s)= — *a(s) (A.23)
Ji(s)*s*+ B, *s+K,

Using formulas A.18, A.19, A.22 and A.23, and neglecting a small value of inductivity L,
we can obtain the transfer function for the system with a load attached by a flexible shaft.
8(s) K*(J,*s*+B,*s+K.)

U(s) =S*[(R*J*B, +R*J,*B+J,*K*)*s* +(R*J*K, + R* B* B, +}

(A.24)

R*J, *K_+ B, *Kz)*s+(R*B*Ks +R*B *K +K**K )
The last expression can be rearranged into the form suitable for the frequency analysis.
K*(J, *s* + B, *s+K,)
6(s) _ R*B*K +R*B *K +K**K_
U |

s? 5

N .
R*B*K +R*B *K, +K**K, R*B*K,+R*B *K, + K’ *K,
R*J*B +R*J *B+J,*K*  R*J*K,+R*B*B,+R*J,*K, +B *K® |

+1|*s

(A.25)
Using the general form (A.26) of the transfer function for the type-one second-order

system, we can extract (from A.25) the following:

8(.5') _ Keq

e Hﬂlz +2 *f*[ﬂ)ﬂ}*jw
a)n wn

(A.26)




(A.27)

n

R*B*K, +R*B *K, +K>*K,
R*¥J*B, +R*J,*B+J, *K*

i R*J*B,+R*J,*B+J,*K?
- R*B*K, +R*B,*K +K**K. (A.28)

R*J*K +R*B*B,+R*J,*K, +B,*K?

\/R*B*K_‘ +R*B,*K, +K**K,

2*

K*(J,*s*+ B, *s+K.)

= A29
“ R*B*K,+R*B,*K,+K**K, (A.29)

Equations A.27, A.28 and A.29, represent natural frequency of the system, damping ratio
and equivalent total gain respectively, in case of a system with an inertial load attached to
the actuator with a flexible shaft.

These values are easy to calculate for the system when all data are known. In our case
Jyand B, are not known. Using the Bode diagram we can read the values of natural
frequency damping ratio and gain for the system. Knowing those values it is easy to
calculate J, and B, .

Using equations A.27 and A.28, we can obtain formulas for the calculation of J ,and B,.
For easier presentation, we can denote the following

I=R*B +K? (A.30)

Then we can write:

X *[—Rz*J,f,*I‘*wj+2*§*R2*Jm*Bm*l“*a):+(R2*Jm*Ks*1“ J

_ |=RP*B,*K *T-2*R*B *K *T-K'*T)*w, +2*F*R*K* *K,

' (R**J,*K,*T-R**B *K,*T-2*R*B,*K’*T-K'*I)*0’
+(2*E*RP*¥B, FK AT+ 2% F¥R¥K *K2*)*0? + R2* K2 *T* g,

(A.31)

A-18



K *(R*J *T*@} -2*E*T*p2 + R* K, *T*w,)

CTIRATI-R*J, K0l +2*E*R*K, *T*0 —R* *K *o,

(A.32)

It can be seen that both J, and B, are functions of the natural frequency of the systemw, .

A.2.4. Experimental determination of the transfer function for the Pittman DC

motor with passive load

For this experiment, which is an illustration for previous theoretical analysis, two DC

motors Pittman9232 were connected together by a shaft. One motor was considered an

actuator and another was a load. The actuator receives the position control signal

produced by the dSPACE system, while the second motor’s rotor simulates a passive

load.

) Y/X (1) 20logY/X
0.1 N/A N/A
0.2 324.55 50.22
0.4 157.1 43.92
0.6 100.15 40.01
1 60.65 35.65
2 284 29.06
4 13 227
6 7.575 17.59
10 3.65 11.24
20 1.1 0.828
40 0.2925 -10.68
60 0.1153 -18.7
100 0.0425 274

Table A2. Experimental data for two Pittman DC motors connected by a flexible shaft

This was done for easier control of results, since all data for both motors were known.

The purpose was to check if the theory of the experimental determination of the moment

of inertia J, and the coefficient of viscous friction B, works. Using the same



experimental environment, the following data were obtained after several tryouts. Only

the average values are shown in the Table 2. Using this set of data, the following graph

shown on Figure A.8 was constructed. Asymptotes were drawn through points and it was

] If compared with the

[ﬂ
§

6
Pittman motor frequency characteristic, when the motor did not have any load, this

possible to read the corner frequency of the systemo,

characteristic has smaller bandwidth. That was to be expected since additional load

always tends to reduce the bandwidth of the system. The natural frequency obtained

mathematically is much larger than the one obtained experimentally. This result is similar

to the one analyzed for a single motor without load.

Bode Plot

o
(o}
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APPENDIX B

(Specifications of the Motors, Drivers and Sensors)



B.1. Motor

Motor data Units Pittman 9232
Continuous Torque [Nm] 16.2%1073
Peak Torque [stall] [Nm] 97.5%1073

Motor Constant [ Nm /W ] 11.4*107
No-load Speed [rad/s] 734.6
Friction Torque [Nm] 3.5%10°°
Rotor Inertia [kgm?] 1.91%107
Electrical Time Constant [ms] 0.63
Mechanical Time Constant [ms] 14.4
Viscous damping (zero imp.) [Nm/rad/s] 1.83*%10°°
Viscous damping (inf imp.) [Nm/rad/s] 1.31*107*
Maximum winding temperature [°C] 155
Thermal Impedance [°C/watt ] 22.7
Thermal Time Constant [min] 7.21
Motor weight (e] 197.9
Motor length [mm] 46.4
Reference voltage [V] 12
Torque Constant [Nm/A] 15.6*10°°
Back EMF Constant [V/rad/s] 15.6*1073
Resistance [Q] 1.93
Inductance [mH] 1.16
No-load Current [A] 0.32
Peak Current [A] 6.22

Table B.1 — Mechanical and Electrical characteristics of Pittman 9232 PM DC motor




B.2. Optical encoder

Specification Remark Opt Enc.9040
Number of channels 3
Number of pulses per revolution 500
Number of connection pins #2695 5

Table B.2 — Optical encoder data

B.3. Power amplifiers

PA228:
Specification Units PA228
Power supply
Power supply [V] 19-32
Amperes - full load [A] 7.5
Output rating
Power [W] 160
Internally limited — Amps [A] 7.5
Gain characteristics
Open loop pre amp [kV/V] , 20
Power stage DC gain [V/V] 5.5
Dimensions
Length Inches (mm) 4.7 (119)
Width Inches (mm) 2.8(71)
Height Inches (mm) 0.72 (18)

Table B.3.1 - Specification of PA228 power amplifier



Power amplifier PA228 can work as voltage, current or servo amplifier. To facilitate
appropriate feedback configurations, Universal plug-in socket PC-221 was supplied
[EG&G Torque Systems 1993]. This socket is a printed circuit card containing standoff
terminals for input output wiring and the circuitry required for amplifier conversion into a
one of three possible configurations.

If the amplifier is set to work as current amplifier, the transfer function is:

=1
einpul V

The torque produced by the motor windings can be calculated using the motor constant

and amplifier current transfer function. The torque produced per each volt of input is:

T=2 [ﬁ}*0.0I% [&}=0.0312 [M]
14 4 4

PA12:
Specification Units PA228
Power supply
Power supply [V] +10 ++50
Amperes — full load [A] : 15
Gain characteristics
Open loop pre amp [dB] 110
Minimum gain for closed loop [V/V] 3
Input
Voltage [V] +Vs
Temperature
Operating temperature range °C -55 ++125

Table B.3.2 — Specification of PA12 power amplifier
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PA12 power amplifier, made by APEX, is a very high output current operational
amplifier, is designed to drive resistive, inductive and capacitive loads [49]. It shows
excellent linearity and accepts wide supply voltage in the range from £10 to +50 V. The
high output current, up to 15 A, and small compact size, makes this device very
attractive. It does not come with circuit built for it, but with simple custom-made circuits,
it is possible to make this amplifier ready to use in various applications. See chapter 4 for
more information about custom-made circuit.

For more information on PA12 visit APEX web page at www.teamapex.com .

B.4. Pulleys
. Pulley
Specification Units
A6A16MO90NF6008
Number of grooves 90
Diameter [mm] : 58.2
Bore diameter [mm] 8
Length [mm] 19.1
Table B.4 — Shaft pulley specification
Pulley
Specification Units
A6A16MO012DF6003
Number of grooves 12
Diameter [mm] ' 7.8
Bore diameter [mm)] 3
Length [mm] 14.3

Table B.5 — Tachometer pulley specification



The following procedure was used to determine length of timing belt used in

experimental setup:

C=76.2000

Figure B.1 ~ Pulleys layout

According to the pulleys layout the following formula [59] was used to determine the
length of the timing belt:

L=2*C+1.57*(D+d)+(D+d) /14*C (B-1)
According to the Figure B.1 and the formula B-1 resulting length is L, =264.21 [mm].
Using the table from Stock Drive Products manual the timing belt has to have 130
grooves.

The ratio produced by using these pulleys is R , =146



B.S. Tachometer

Specification Units Tachometer
Tachometer constant [V/rpm] 20.8/1000
Tachometer constant [V/rad/s] 0.198625

Ripple Voltage [%] 3

Table B.5 Tachometer specification
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APPENDIX C

(Technical drawings for the parts of the experimental setup machined in the shop)
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APPENDIX D

(PA12 power amplifier - preparing, balancing and troubleshooting)



D.1. Introduction

The following Appendix describes the procedure on how to setup, balance and
troubleshoot PA12 power amplifiers. It is intended to serve as a short introduction to the
topic. More information about the amplifier can be obtained on the APEX web
Application notes [49]. More details about balancing and amplifier circuits can be found

in books about amplifiers, for example [50]. The information included is from the above

two references.

D.2. Voltage controlled current source layout

The amplifier PA12, manufactured by APEX, comes as an eight-pin chip, where pins
are set in the circular configuration. Such configuration is called TO-3 package and it is a
standard chip package. Figure D.1 shows the TO-3 package and designates the pins. In is

the input, Vs is the voltage source, Cl is the current limit, F.O. is the foldover and OUT is

the output.

Rcl+

Rcl-

Figure D.1. TO-3 package



It is very important to include current limit resistors. Since amplifiers are capable of
delivering large currents, it is necessary to limit that amount to prevent damaging of

components in the circuit. The basic formula for the static current limitation is

0.65
o = R

cl

where [, represents maximum current delivered by amplifier and R, is current limiting

resistor.
For the purposes of this thesis, the PA12 power amplifier was considered to be used

as an amplifier with the current feedback, since it was used for the second part of
experiments, when feedback was introduced. See chapter 4 for more information.

PA12 Power amplifier is recommended for gains higher than -3 in inverting
configuration and higher than +4 in non-inverting configuration. The inverting
configuration was used in this thesis. The figure D.2 shows the circuit built around PA12
in inverting configuration. Chosen resistors give amplification of 3.9, which can be
calculated by formula for inverting amplification

-R :
A=—27L (D.1)
Rl

—L_I

Rm=3.9kchm
+
L 5
Vin R1=1.0kohm
4 DC motor
£
-
lo ; ] °
clé
o
_ 1

Figure D.2 Voltage controlled current source circuit
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The DC motor in this configuration represents a floating load. According to the
Kirchhoff’s rule and the knowledge about amplifiers, we can derive the transfer function

of the amplifier shown in the Figure D.2.

=L (D.2)

The explanation for this formula is simple. The voltage between inputs 4 and 5, for
the balanced amplifier, has to be zero. In addition, the amplifier input impedance is
infinite so that there is no current flowing into the amplifier. The current is flowing only

through the branches with the DC motor and the R, resistor. To keep the balance, the
input voltage is the same as the voltage across the R, resistor. In that case, the
relationship is

Vi =1, * R, : (D.3)
The equation D.3 is combined with the equation D.1 producing the D.2 transfer function.

When choosing the R, resistor, it is important to verify that it can handle the current

limited by the current limit resistors. For example, the resistor chosen for this research
has the following specification: R, =1 [ohm]and power dissipation is? =10 [#]. In

this case, resistor can handle up to 3.16 amperes of current without being damaged.

D.3. Amplifier balancing

Amplifiers are active devices and it is not possible to produce them without internal
imperfections. One of them is unbalanced input, which means that when the power
source is connected to the amplifier, there is a voltage difference between plus and minus
input pins. The consequence of having unbalanced input is nonzero output for zero input,
which is noticeable immediately after connecting the power supply to the amplifier. For
example, if a DC motor load is connected, and input to the powered amplifier is zero, the
motor will still turn due to the unbalanced inputs.

To overcome that problem, a simple balancing solution is proposed. Figure D.3
shows the circuit with the balancing addition. Since the inverting configuration was used

for the amplifier, the balancing will be achieved on the side of noninverting input. The
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resistor R, represents a potentiometer, which is connected to the power source, while the
adjusting leg is connected to the resistorR,. The rule for choosing resistors is
R, > R, > R, and the following relationship is valid for covering the whole range of the
unbalanced voltage.

R
V, ==cky D.4
R, (D.4)

where V is the supply voltage and is equal to ¥ =+ Vs| = |- Vs|,and ¥, is maximum

offset voltage read from the amplifier data sheet or measured on the amplifier inputs.

1
) B
Rm=3.9kohm
3Vs+
] A
. L 5 PA12
Vs+ vin R1=1.0kohm A 1
E 4 6 DC motor
_9 Vs-
&
g 0 % 8
! Rb=500kchm £ g,
o 8 @
Ve- W
d
1

Figure D.3. The circuit with the balancing addition

The balancing principle is based on the following procedure: when one of the inputs
has more voltage than the other, the method is to add or subtract the voltage on the
noninverting input. If the inverting input has more voltage than the noninverting input,
than by adjusting the middle pin on the potentiometer we can add the required amount of

the voltage to the noninverting leg accomplishing the balance between two inputs.
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D.4. Troubleshooting

The following are the problems encountered during the research. For all following
examples, amplifier is considered to be balanced.

If the output oscillates, (and this can be checked on the oscilloscope), and the input
voltage is zero, we have to consider adding a second feedback loop containing a resistor
and a capacitor. The calculation method for the resistor and the capacitor can be found in
the Application notes 19 from APEX. This way the circuit obtains the stability loop.

If the amplifier output oscillates with zero input voltage, consider adding bypass to
power supply. To each power supply pin, we should add two capacitors. One of them

should be of the value 0.1-0.22 [uF Jand should be connected as close as possible to

the pin. The second capacitor should be of the value 10 [,thF] of the peak output

current and should be connected to the pin at the distance at least 2 inches away from the
pin. All connected capacitors should be grounded.

It is important to check all connections to the ground. Sometimes there is potential
between two grounded points and it causes ground currents, which lead to the amplifier
instabilities.

It is required not to use the same power source for PA12 and the amplifier of any
other type. That may cause unexpected currents and input voltage imbalances.

If not possible otherwise, a heat sink is required for the amplifier since power

dissipation is significant. A fan to cool down the amplifier can be used for this purpose.



APPENDIX E

(Computer code)

Note:

Computer source code will be available on request, to those interested in this research.



APPENDIX F

(Tutorial on how to use dSPACE)



F.1. Environment

The dSPACE operating system contains the following boards:

ds1002 - processor board
ds2002 - MUX ADC board
ds2101 — DAC board

ds3001 - incremental encoder board
The dSPACE operating system software:

SED30 - setup software
MON30 - uses a setup file and downloads object file to the processor board. Used to

reset and hold signals

TRACE30 - traces signals in real-time
Files created by a user in the order to run experiments:

.C —a source file containing a program written in C prograrhming language

-TRC - afile that contains variables to be traced by TRACE30 — has to have the same
name as the C file

-STP - a setup file created using SED30 software, needed for each C file. It sets up
channels used on boards for that particular experiment — has to have the same
name as the C file. There is main setup file in the computer. Do not edit that file.
Each of your applications should have separate setup file.

.BAT - a batch file. This file contains should contain instructions to the C compiler and

the linker
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Files created by the machine after compilation:

-MAP - a mapping file. It links all addresses of variables to be traced [39][40].
-OBJ - a compiled C file. The file loaded by MON30 to the processor board ds1002.

The dSPACE computer is connected to the host PC computer, which is used by a user to
communicate with the dSPACE. All commands to the dSPACE are given from the host
computer. The dSPACE executes a program module in real-time and is not interrupted by

other processes.

F.2 Procedure

Note: For all steps that follow, the host PC computer is considered to be on.

Preparation steps:

Building files

1. Build a C program, which should contain instructions for the boards and calculations
required for an experiment. This will be your control program.

Save program as a .C file
Example: MyProgram.C

2. Compile the C program. Use .BAT file prepared earlier. As a result, you should obtain

.OBlJ file.
Example: prepared .BAT file is Complink.BAT

At command line type: Complink MyProgram

3. Create .TRC file. Use an example, which is stored in the computer. This file should
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contain names of variables that you want to trace with TRACE30 utility. Save file as

.TRC with the same name as the .C file
Example: MyProgram.TRC

4. Turn on the dSPACE.

Channel setup

5. Type: sed30 ->Enter

6. Press 1 to enter the name of the setup file
Example: MyProgram ->Enter
7. Press 4 to edit a monitor settings. '
Chose a board to edit channels. For the each board assign channels that will be used by
your application. Those channels should be called inside of your C program.
8. Press q to quit setup utilities (this will save your new setup file)
Example: MyProgram.STP

Press q one more time to exit the SED30 program.

Tracing setup

9. Type: trace30 ->Enter

10. When TRACE30 program opens scroll down to second line “Enter the filename to
trace the signals* and press Enter. Enter the name of trace file that will be used in
this session.

Example: MyProgram.TRC  -> Enter

11. Scroll down to he “Setup” line and press Enter. Edit the tracing time required by your
application.

12. Scroll down to the END and press Enter to end the TRACE30 setup.

13. Turn off the dSPACE to finish setting procedure.



Note: The steps 5-12 are necessary to be completed only once for the particular
experiment (C program). In case of changing the experiment, it is necessary only to
complete step 10 to load the name of the different TRC file. Steps 1 and 2 can be
repeated as many times as needed. If a C program is changed and compiled, it is not

necessary to repeat steps 3-12 again if settings for new program are still satisfactory.

Execution steps:

Note: The following steps are to be repeated every time when experiment is to be

conducted. These steps cannot be started unless all preparation steps are completed.

14. Turn on dSPACE

15. Type: mon30 ->Enter

16. Press 1 to load an object module. Enter the name of the file you want to load. This
step downloads the object (compiled) C file to the dSSPACE processor.

Example: MyProgram ->Enter (no extension)
->Enter

17. Press 2 to restart DSP. This is starting execution of the downloaded program.

18. Press q to leave DSP running but to quit the MON30 program.

19. Type: trace30 ->Enter

20. Scroll down to highlight Trace and press Enter. Tracing program is activated and it
will last according to the time given in step 11.

21. When the Trace stops, (it becomes highlighted again), go to the plot and press Enter.
This will display graphs of traced variables set in the step 3.

22. If needed the plot can be saved on disk or printed by pressing p on your keyboard.

23. Enter Esc to go back to main menu.

24. Scroll down to highlight End and press Enter to exit TRACE30 program.

25. Type: mon30 ->Enter ->Enter |

26. Press d to quit MON30 program.

27. Turn off the dSPACE.



APPENDIX G

(Modeling analogy)



G.1. Linear analogy

Let us consider a simple example (Figure G.1).

Figure G.1 Mass M moved by a force F

Assume a mass M subject to a force F. Between the mass and the ground there is

a film of the oil characterized by the damping coefficient B. For the force F(f), which
moves the mass over the distance x the following equation of motion can be written:

2
Md—f+Bi‘if=F (G.1)
dt dt

Using Laplace’s transformation with zero initial conditions, we can write:

(Ms+B)*v=F for v=%.

Transfer function, which considers velocity as an output and force as an input, is:

L. (G.2)
F Ms+B

This was the case of the system with real load. The same system can be modified by

using different load. Instead of using mass M we can attach different mass M , (Figure

G.2).



Figure G.2 A system with mass M y <M and a compensating force F, used to simulate

the system shown in Fig. G.1.

In this case, the system would be described as follows. We know that mass M, can be

heavier or lighter than mass M. To consider only one case we will assume that M <M.
To obtain the same transfer function as in the first “real load” case with mass M we have
to add a force acting on the mass A ; 1n the opposite direction to simulate the effect of
M-MI. Let us call that force F; . In this case, using M, <M and F, the system shown in

Figure G.2 can be made to behave as the system shown in Fig. G.1. Again, we can write

an equation using D’ Alembert principle:

2
Mld—2x+B‘—ix—=F—Fl (G3)
dt dt :
After applying Laplace transformation, we can obtain the following transfer function.
vs) _ 1 (G.4)
F-F Ms+B

For mechatronics objects, inside of transfer function should remain the same since we can
change only inputs and outputs (effort-flow concept). To preserve the original right side
of the transfer function, the mass M will be represented as composition of two masses
M=M +M (G.5)

Sim

where M, is the mass simulated by F,. It is possible, using this notation, to rewrite

equation G.3.

2 2 .
S M, L X g% G.6)



After applying Laplace transformation and rearranging numbers the following transfer

function is derived.

v(s) _ 1 G.7)
F-F+M,, *s*v(s) Ms+B

The final transfer function (G.7) retains all inside features of the object (right hand side of
the function) as in original state with real passive load M-B. The only difference is
achieved with effort-flow variables F, and v from the left hand side. To make that side
the same as the one in original transfer function we have to eliminate the extra terms by

equating them with zero.

—-F+M,, *s*v(s)=0

or

F=M_, *s*v(s).

Using inverse Laplace transformation it can be shown that

F=M,, o v ' (G.8).
dt

This equation shows what is the value required for the force F, at any given moment.
Given that M and M, are known and that the acceleration of the mass is easy to measure,
the simulation of the system with passive load M-B is feasible with F, and
M, =M-M,.

This simple example illustrates the basic concept on which this thesis was developed. The
term simulated mass will be used throughout the thesis and it will represent the virtual

mass needed to create a compensation force. Here, we presumed mass M , to be smaller
than mass M. For the case of M <M, the force F, would be the same in scalar value

and opposite in acting direction.



G.2. Rotational analogy

Previous example showed a translational motion case with linear force acting on
the mass. The following example illustrates the case of a rotational motion. Figure G.3

shows a load driven by a DC motor.

=R AP
e

Figure G.3 A DC motor driving a inertial-viscous load

A load is attached to the motor with some coupling, which will be considered stiff
enough such that in this case the velocity of the load will be the same as the velocity of

the motor. The inertia of the motor’s rotor is J, and the coefficient of viscous damping
is B,,. The inertia of the load is J, and the coefficient of viscous friction of the load is B, .
Torque produced by load dynamics 7, opposes motor torque 7, and acts in direction
opposite to the direction of the angular velocityw. The value of the torque 7, is

dw
I,=J*—+B*o0 G.9
=Tt B (G.9)
Applying the D’ Alembert principle, we can write:
U +9)* 22 4(B, +B)*0=T, (G.10)
where (J, +J,) and (B, + B,) represent lumped inertia and lumped coefficient of

viscous friction of the system, respectively.

G-5



After applying Laplace transformation on the equation (G.10) and rearranging it, the
following transfer function with angular velocity as an output and motor torque as an

input is obtained as:

o(s) _ 1
T,(s) (U, +J,)*s+(B, +B,) (G.11)

This transfer function represents the system with real load. The same system can be

modified, and instead of the original load, we can connect a different load to the motor.

Let new load is considered to have inertia./, and coefficient of viscous friction B,,. The

new system is shown in figure G.4.

| LA
Figure G.4 A DC motor and new load with compensating torque

Again we can presume that new load is “lighter” than original and that

bothJ, >J,, and B, > B, which is just one of four possible cases. The toque produced
by the dynamics of the new load 7 acts again in opposite direction to the angular
velocity and has the value

ﬂ,=J,,*%?+B,1*w (G.12)
To be able to get the same angular velocity as for the load J-B, the system has to be
affected by an additional torque 7),,,, which has to act on the same direction as the load

torque. For the system described, the following equation can be derived:



(Jm+JII)*dd_([U+(Bm+Bll)*w=Tm_Tlsim (G13)

and the transfer function obtained from it is in the following form:

a(s) _ 1
T (8) = Tpm(s)  (J,, +J,)*s+(B, +B,) (G.14)

As it was mentioned before, for mechatronics objects, inside of transfer function,
should remain the same since we change only inputs for which we will obtain
corresponding outputs. To preserve the original right hand side of the transfer function,

inertia of the original load J, and coefficient of the viscous friction B, will be represented

as a composition of two parts.
J,=J, +J,

Sim

B, +B,+B

Isim

whereJ,, andB,, are simulated inertia and simulated coefficient of viscous friction
respectively. This is valid only if the original inertia and damping coefficient are smaller
than the same of the original load is. In other cases, the sign would change accordingly.
Now it is possible to rewrite original equation G.13 as follows:

(Jm +Jl)*£j£—)_‘]/sim *%‘%.F(Bm +Bf)*a)—Blsim *w=Tm _T;'sim (GIS)

Rearranging and using of Laplace transformation, the following transfer function results:

CU(S) _ 1
(S) + (J/sim *s+ Blsim)*w(s) - (J,,, + J,)*S'F(Bm +Bl) (G16)

T, (8) = Ty
This transfer function looks similar to the original transfer function for real load. The
only differences make factors assigned as simulated torque, inertia and damping on the
side of the input. If we eliminate them by equating them with zero the transfer function
will be the same as the one for original load.

These terms are eliminated, when

= Tim (8) + (S * $ + By ) ¥ 0(5) = 0

or, by using inverse Laplace transformation:

T =J *92.p «, (G.17)

Istm Istm Isim
dt



The equation G.7 shows the method of calculation for the simulated load. This way we
know exactly the value of the compensation at every moment of the simulation since
angular velocity can be measured and simulated coefficients are easily calculated.

The previous two simple examples represent the theoretical basis for the
implementation of real simulations and is used in the thesis. In reality, it is possible to
simulate various linear and nonlinear loads by using different passive loads and adding or
subtracting compensational torques that compensate for the difference in dynamics. In
this thesis, this compensation is implemented using an active load achieved by a DC

motor. Motor torque is therefore used to simulate the difference in reaction torques.



