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Please keep the following rules in mind before 
starting the lab. 
 

1. Reading through this manual is mandatory and you are assumed to 
finish the pre-laboratory assignment and be aware of the entire 
experiment task before the experiment. 

 

2. Use the lab facility properly and please don’t hesitate to contact the lab 
staff to confirm your questions. 

 

3. Behave properly in lab and keep it clean. 
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1. Introduction 
 

 

1.1. Introductory Control Laboratories 
 

Control is a very rich field with continuously increasing areas of applications. One reason 
for this is the beneficial properties of “feedback” which makes it possible to change the dy- 
namic behavior of a system. Stabilization of an unstable system is a typical example. Feed- 
back makes it possible to reduce the effect of disturbances. 

 
A control engineer should master theory and have a good understanding of practical control 
problems. The skill base includes tasks such as modeling, control design, simulation, imple- 
mentation, commissioning, tuning, and operation of a control system. Many tasks can be 
learned from books and computer simulations but laboratory experiments are necessary to 
obtain the full range of skills. The typical setup for control experiments consists of a physi- 
cal process with sensors, actuators and power supply, a PC equipped with interfaces, and 
sometimes a DSP board. Control is performed using the DSP or the PC. The controller is ei- 
ther hand-coded or designed using commercially available design tools such as Simulink, or 
LabVIEW. Once the design is complete, real-time code is generated and run on the PC us- 
ing high performance real-time software such as QuaRC or LabVIEW RT. This workbook 
is designed for an introductory course in controls. A first control course does not normally 
focus on practical issues. First time exposure to control typically focuses on the theoretical 
aspects. Special laboratory courses are offered as a complement to the theoretically-oriented 
courses but many students do not take such courses. This is unfortunate because good ex- 
periments can also be a strong motivation to pursue a career in controls. 

 
Introductory courses in control with integrated labs are offered in most universities. Al- 
though integration of a lab has many advantages there is a difference between lectures and 
labs. A student can pick up a book or do a computer simulation at any time and at any place 
but experiments are heavily restricted in time and space. 

 
This workbook focuses on a novel portable process that can be used with a laptop comput- 
er to investigate control system performance and evaluation. The system can be signed out 
by the student thus eliminates the need for laboratory space. The system makes it possible 
to integrate theory and practice of control. The experiments can be done concurrently with 
studies of theory and computer simulation. This also makes it very suitable for practicing 
engineers who would like to brush up the knowledge of control. The system is completely 
self-contained consisting of a DC motor and a PIC micro controller that can be easily pro- 
grammed to perform a series of control experiments of varying complexity. The experi- 
ments are designed to maximize system use and expose the user to important industrial and 
theoretical control issues. High performance real-time software such as QuaRC allows the 
user to download precompiled controllers and to plot and tune parameters on the fly. The 
system also exposes students to haptics and Virtual Reality (VR) which augments the sys- 
tem features with a "coolness" factor which, we hope, will arouse curiosity and stimulate 
students to pursue a career in controls. This workbook gives a brief description of the sys- 
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tem, the rationale for its design, and some views on the pedagogy. 
 

 

1.2. The PC Process 
 

A photograph of the system (DCMCT) is shown in Figure 1.1. 

 
Figure 1.1: Photograph Of The QET DC Motor Control Trainer (DCMCT) 

 
A complete description of the DCMCT is provided in Appendix A. The system consists of a 
motor instrumented with an encoder. The motor is driven using a linear power amplifier. 
The power to the system is delivered using a wall transformer. Signals to and from the sys- 
tem are available on a header as well as on standard connectors for control via a data-acqui- 
sition (DAQ) board. Thus the system may be controlled using an external PC equipped with 
a DAQ board. 

 
There is also a socket that accommodates a PIC micro controller. The PIC can measure the 
encoder, apply voltages to the motor amplifier, and communicate with a laptop or PC using 
a USB cable. In addition, analog controllers can be implemented on the breadboard. In the 
context of this workbook, the QET is used as a plant that is interfaced with a DAQ board 
and controlled using Quanser's own rapid prototyping and real-time control software, 
QuaRC, to perform various control experiments. QuaRC allows a user to generate real-time 
code from a Simulink diagram and run the code on the same (or a remote) PC. This allows 
for parameter tuning on the fly, data collection, and plotting. 

 

 

1.3. The Method 
 

The system can be used in many different ways. A detailed curriculum has been developed 
to guide students and teachers. The curriculum demonstrates the relevant characteristics of 
each control topic. A systematic approach to performing the laboratories was designed. 
Each laboratory has a pre-lab section in which the student performs all the theoretical 
developments required for the session and performs calculations for parameters which are 
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subsequently used during the experiments. This ensures that the student is ready for the lab. 
The pre-lab activity is followed by an in-lab activity where students do the actual 
experiments in a lab. To do the lab, the student simply runs the QuaRC Controller from a 
corresponding Simulink diagram. A screen capture of a typical QuaRC Controller is shown 
in Figure 1.2. The manuals direct the student to perform specific experiments using the 
interactive software. Data is collected by the student for very specific activities and entered 
into pre-formatted tables. The tables facilitate the comparison of results obtained from 
theoretical derivations and actual performance. The student is then asked to discuss the 
results. 

 

 
Figure 1.2: Typical QuaRC Controller 

 

 
 
 

1.4. The Experiments 
 

Many different experiments can be performed with the system. The following experiments 
were designed to entice the student into further examining control system design and to 
consider it as part of their future engineering expeditions. 

 
 
 

1.4.1. Modeling 
 

Although practicing industrial control engineers do not typically derive models of the sys- 

tem, they are controlling this experiment stresses the importance of "knowing the system 

before you contr ol it". This is also necessary to have a broader understanding of control. 
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The students derive the theoretical open-loop model of the system and assess its perfor- 
mance limitations. The system is designed in such a way that a good model can be derived 
from first principles. The physical parameters can all be determined by simple experiments. 
Using QuaRC and the QET, the students perform experiments with its inputs and observe 
its outputs. Real-time open-loop tests are performed and system parameters are estimated 
using static and dynamic measurements. 

 
 
 

1.5. Chapter Structure 
 

 

1.5.1. Pre-Laboratory Assignments 
 

The pre-laboratory assignments must be performed by every student before they go to 
the laboratory session and run the actual laboratory. 

 

 

1.5.2. Marking Scheme 
 

A marking scale is used at the end of each question to evaluate the student performance. 
The evaluation scale is described in Figure 1.1 and should be ticked by the instructor 
when marking. 

 
 
 

Marking 

Scale 
Designa- 

tion 
Description 

0 Poor Most answers and/or experimental results are wrong. 

1 Average About half of the answers and/or results are correct. 

2 Excellent Most answers and/or experimental results are correct. 

Table 1.1: Marking Scheme Description 
 
 
 

1.5.3. Results Summary Tables 
 

Every laboratory contains two results summary tables that should be completed by the 
students. The first table is called the Pre-Laboratory Assignment Results table. It should be 
completed after all the pre-lab assignments are done. Please refer to the table of interest to 
resolve the pre-laboratory Section pertinent to the results. 

 
Note: The Teaching Assistant or Laboratory Supervisor should ensure that the table 
has been properly and fully completed before the student is allowed to perform the 
actual experiment. If the table is not completed, then the student cannot perform the 
experiment successfully. Information from this table is required to perform the experiment. 

 
The second table is called the In-Laboratory Results table. It should be completed dur ing 

the in-laboratory session. This table will assist the student in keeping track of their results 



 

 

in a concise manner. The table is used to compare theoretical parameters and results with 
experimentally obtained values. 

 
Note: The Teaching Assistant or Laboratory Supervisor should ensure that the table 

has been properly and fully completed before the student leaves the in-laboratory 

session 
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2. Modeling 
 

 

2.1. Laboratory Objectives 
 

The objective of this laboratory is to develop your understanding of modeling for control 
design and to practice modeling skills using the DC Motor Control Trainer (DCMCT). In 
particular you will: 

 
● Practice first principles of modeling. 

● Determine system parameters by experimental tests. 
● Develop insight into linear and non-linear aspects of the model. 
● Practice modeling from experimental tests. 
● Understand the effects of model uncertainty and disturbances. 

 

 
 
 

2.2. Preparation and Pre-requisites 
 

Before proceeding you should review basic modeling principles from your textbook. A 
brief summary is given in Section 2.3. You should also review the following material from 
courses in mechanics and physics: 

● Calculation of moments of inertia. 
● Basic Newtonian mechanics. 
● Forces on a conductor in a magnetic field. 
● Voltage generated in a conductor that moves in a magnetic field. 

 
You should also familiarize yourself with the system by reading Appendix A. 

 

 
 
 

2.3. Introduction 
 

Modeling is an essential aspect of control. The key elements of modeling are: 
 

● Getting an overview of the system and its components. 

● Understanding the system and how it works. 
● First principles component modeling. 
● Modeling from experimental tests. (Parameter Estimation) 
● Disturbances. 
● Model Uncertainty. 
● Model Validation. 

 
An overview of the system can be obtained by pictures, schematic diagrams, and block 
diagrams. This gives representations of a system which emphasizes the aspects of the 
system that are relevant for control and suppresses many details. The work is guided by 



Revision: 01 Page: 8 

 

 

 

focusing on the variables that are of primary interest for control. The block diagram gives a 
natural partition of the system. Mathematical descriptions of the behavior of the subsystems 
representing each block is necessary to have a complete model. In control it is often 
sufficient to work with linearized models where dynamics are represented by transfer 
functions. These transfer functions can be obtained from first principles by applying the 
basic physical laws that describe the subsystems or by experiments on a real system. First 
principles modeling requires a good knowledge of the physical phenomena involved and a 
good sense for reasonable approximations. 

 
Experiments on the actual physical system are a good complement to first principles 
modeling. This can also be used when the knowledge required for first principles modeling 
is not available. It is good practice to start the experiments by determining the static input- 
output characteristics of the system. For systems with several inputs as the motor in the 
DCMCT one can often obtain additional insight by exploiting all inputs. 

 
Models can also be obtained by exciting the system with an input and observing the system 
variables. The so called “bump-test” is a simple method based on a step response. 
Frequency response is another useful technique where a sinusoidal input is applied and the 
steady-state response is observed. Frequency response has the advantage that very accurate 
measurements can be obtained by using correlation techniques. A model can in principle be 
obtained by applying any type of input to the system and analyzing the corresponding 
response. There is abundant literature and good software available to do this. In this lab we 
will emphasize simple methods. 

 
Even if linear models are often adequate for control it is important to have an assessment of 
the major nonlinearities of a system. Saturation of actuators is one nonlinearity that is 
important for all control systems. 

 
Disturbances are often an important issue in control system design. They may appear both 
as load disturbances which drive the system away from its desired behavior and 
measurement noise that distorts the information about the system obtained from the sensors. 
An assessment of the disturbances is an important part of modeling for control. 

 
When determining parameters experimentally it is customary to also provide estimates of 
the accuracy of the parameters. Similarly when modeling dynamical systems for the 
purpose of controlling them, it is also essential to provide some measure of model accuracy. 
When modeling dynamical systems the precision of a model can be expressed in terms of 
the accuracy of the parameters. This is however not sufficient because there may be errors 
due to neglected dynamics. It is important for design of control systems to make some 
assessment of non-modeled dynamics. An assessment of the non-modeled dynamics is 
therefore an important aspect of modeling for control. 

 
When a model is obtained, it is good practice to assess the validity of the model by running 
simulations of the model and comparing its response with that of the actual system. Model 
validation is an important step that should be performed in order to give a level of 
confidence in the expected performance of the closed-loop system. 
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2.4. Nomenclature 
 

The following nomenclature as described in Table 2.1, is used for the system open-loop 
modeling. 

 

 

Symbol Description Unit 
 

ùm Motor speed which can be computed from the motor angle rad/s 

Vm Voltage from the amplifier which drives the motor V 

Td Disturbance torque externally applied to the inertial load N.m 

Tm Torque generated by the motor N.m 

Im Motor Armature Current A 
 

km Motor Torque Constant N.m/A 
 

Rm Motor Armature Resistance Ω 
 

Lm Motor Armature Inductance mH 
 

Jm Moment Of Inertia Of Motor Rotor kg.m2
 

 

Jl Moment Of Inertia Of Inertial Load kg.m2 

Jeq Total Moment Of Inertia Of Motor Rotor And The Load kg.m2
 

K Open-Loop Steady-State Gain rad/(V.s) 
 

τ Open-Loop Time Constant s 
 

Ml Inertial Load Disc Mass kg 
 

rl Inertial Load Disc Radius m 
 

h Sampling Interval s 
 

s Laplace Operator rad/s 
 

t Continuous Time s 
 

Table 2.1: Open-Loop System Nomenclature 
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2.5. Pre-Laboratory Assignments 
 

The DCMCT motor, inertial load, power amplifier, encoder, and the filter to obtain the 
velocity are modeled by the Motor And Inertial Load subsystem, as represented in Figure 
2.1. The block has one input, the voltage to the motor Vm, and one output, the angular 
velocity of the motor ùm. Additionally, a second input is also considered as the disturbance 
torque, Td, applied to the inertial load. 

 

 
Figure 2.1: The Motor And Inertial Load Subsystem 

 
In the following, the mathematical model for the Motor And Inertial  Load subsystem is 
derived through first principles. 

 

 

2.5.1. Motor First Principles 
 

Please answer the following questions. 
 

 
 

1. When using SI units the motor torque constant, kt, is numerically equal to the back- 
electro-motive-force constant, km. In other words, we have: 

k
t 
=  k

m [2.1] 
 

 

This workbook uses the SI (International System) units throughout and the motor parameter 
named km represents both the torque constant and the back-electro-motive-force constant. 
Considering a single current-carrying conductor moving in a magnetic field, derive an 
expression for the torque generated by the motor as a function of current and an expression 
for the back-electro-motive-force voltage produced as a function of the shaft speed. Show 
that both expressions are affected by the same constant, as implied in relation [2.1]. 
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0 1 2 

 
 
 

2. Figure 2.2 represents the classic schematic of the armature circuit of a standard DC 
motor. 

 

 

Figure 2.2: DC Motor Electric Circuit 
 
 

Determine the electrical relationship characterizing a standard DC motor. 
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0 1 2 

 
 

 
3. Determine and evaluate the motor electrical time constant ôe. This is done by 

assuming that the shaft is stationary. You can find the parameters of the motor in 
Table A.2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 1 2 

 
 
 

4. Assume ôe is negligible and simplify the motor electrical relationship previously 
determined. What is the simplified electrical equation? 

 

 
 
 
 

0 1 2 

 
 

5. Neglecting the friction in the system, derive from first dynamic principles the 
mechanical equation of motion of a DC motor. Determine the total (or equivalent) 
moment of inertia of motor rotor and the load. 
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0 1 2 
 

 
 
 

6. Calculate the moment of inertia of the inertial load which is made of aluminum. 

Also, evaluate the motor total moment of inertia. The motor data sheet is given in 
Table A.2. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 1 2 
 

 
 
 
 

2.5.2. Static Relations 
 

Modeling by experimental tests on the process is a complement to first principles modeling. 
In this section we will illustrate this by static modeling. Determining the static relations 
between system variables is very useful even if it is often neglected in control systems 
studies. It is useful to start with a simple exploration of the system. 

 
Please answer the following questions. 
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1. Assuming no disturbance and zero friction, determine the motor maximum velocity: 
ùmax. 

 

  

0 1 2 

 
 
 

2. Determine the motor maximum current, Imax, and maximum generated torque, Tmax. 
 

  

 0 1 2 
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3. During the in-laboratory session you will be experimentally estimating the motor 
resistance Rm. This can be done by applying constant voltages to the motor and 
measuring the corresponding current while holding the motor shaft stationary. 
Derive an expression that will allow you to solve for Rm under these conditions. 

 

  

0 1 2 

 

 

 

4. During the in-laboratory session you will be experimentally estimating the motor 
torque constant km. This can be done by applying constant voltages to the motor and 
measuring both corresponding steady-state current and speed (in radians per  second). 
Assuming that the motor resistance is known, derive an expression that will allow  
you to solve for km. What is the effect of the inertia of the inertial load on the 
determination of the motor constant? 

 

  

0 1 2 

 
 

 

5. Applying irst principles, find an estimate of the measurement noise, eù, present in 
the velocity signal ùm. Note that the encoder resolution is 4096 counts per revolution 
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2 

 

and the sampling period h is 0.001 s. 
 
 

Hints: Consider the position measurement error eè. You can also use eh the error in 

the sampling interval (jitter). The following series expansion can also be relevant: 
 

1 

1 +  x 
=  1 -  x +  O( x ) [2.2] 

 
 

  

 0 1 2 
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2.6. Dynamic Models: Open-Loop Transfer Functions 
 

Please answer the following questions. 
 

 
 

1. Determine the transfer function, Gù,V(s), of the motor from voltage applied to the 
motor to motor speed. 

 

Hint:  The motor armature inductance Lm should be neglected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 1 2 

 
 
 

2. Express Gù,V(s) as a function of the parameters a and b, defined such as: 
 
 
 

Gw , V( s ) = 
b 

s +  a [2.3] 
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t s + 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 1 2 

 
 
 

3. Express Gù,V(s) as a function of the parameters K and τ, defined such as: 

K 
G
w , V

( s ) =   t  s +  1 
[2.4]

 
 

 
 

  

 0 1 2 

 
 

 

4. Determine the transfer function, Gù,T(s), from disturbance torque applied to the 
inertial load to motor speed. Express Gù,T(s) as a function of the parameters KTd and 
τTd, as defined below. Show that τTd = τ. 

K 
G 
w  , T 

( s ) = 
Td

 

Td 
1 [2.5] 
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0 1 2 

 
 
 

5. From your previous calculations and the motor parameters given in Table A.2, 
summarize the system parameter values relevant to evaluate the tranfer functions 
derived so far. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 1 2 
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6. Evaluate both transfer functions Gù,V(s) and Gù,T(s), as well as their parameters a, b, 
K, τ, and Ktd. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 1 2 
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7. Derive using basic blocks (gain, integrator, summer) the plant open-loop block 
diagram. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 1 2 

 
 

 

8. Simplify the obtained open-loop block diagram so that it has the block structure 
depicted in Figure 2.3. Fill up the empty blocks. 

 
Figure 2.3: Simplified Open-Loop Block Diagram Template 

 
 

 
  

 0 1 2 
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9. The transfer function Gù,V(s) previously derived is only an approximation since the 
inductance of the motor has been neglected. Considering the motor electrical time 
constant ôe previously evaluated, justify the approximation. 

 
 
 
 

 

0 1 2 

 

 
 
 
 

2.7. Pre-Laboratory Results Summary Table 
 

Table 2.2 should be completed before you come to the in-laboratory session to perform the 
experiment. 
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Description 
 

Motor Fir st Principles 

Symbol Value Unit 

Motor Electrical Time Constant 

Moment Of Inertia Of The Disc Load 

Total Moment Of Inertia 

τe 

Jl 

Jeq 

 s 

kg.m2
 

kg.m2
 

Static Relations 

Motor Maximum Velocity 

Motor Maximum Current 

Motor Maximum Torque 

ùmax 

Imax 

Tmax 

 rad/s 

A 

N.m 

Dynamic Models 

Motor Torque Constant 

Motor Armature Resistance 

Open-Loop Model Parameter a Open-

Loop Model Parameter b Open-Loop 

Steady-State Gain Open-Loop Time 

Constant 

Open-Loop Torque Disturbance Gain 

km 

Rm 

a 

b 

K 

τ 
 

KTd 

 N.m/A 

Ù 

kg.m/(W.s4) 
 

1/(V.s2) 
 

rad/(V.s) 

s 

rad/(N.m.s) 

Table 2.2: Modeling Pre-Laboratory Assignment Results 
 
 
 
 

2.8. In-Laboratory Session 
 

 

2.8.1. QuaRC Modeling Controller 
 
 

The main tool for this lab is the Modelling QuaRC Controller implemented in the file 
“q_qet_modeling.mdl” which can have a similar setup to the one shown in Figure 2.4. 
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Figure 2.4: Modeling QuaRC Controller 

 
 
 
 
 
 
 
 
 

The Modeling QuaRC controller runs the process in open-loop using the motor voltage 
given by the signal generator. There are predefined scopes that can be opened to show the 
time histories of motor speed, motor voltage, etc. 

 
A simulation of the system runs in parallel with the hardware. The output of the simulation 
can be used for model fitting and validation. The simulation model parameters K and tau 
can be adjusted from the Matlab script setup_modeling.m. The simulated motor speed, ùs, 
is obtained from the simulated transfer function and actual motor voltage as follows: 

 

 
w   ( s ) = 

K V  ( s ) 
m 

s t  s +  1 
 
 

This transfer function is contained in the QET Model block of the Modeling Simulink 
Diagram. The implemented digital controller runs at 1000 Hz. Thus the sampling interval 
is: 
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T 

 

h=0.001[ s] 
 

 

The actual speed is obtained by filtering the position signal using the following filter: 

s q m 

w 
m  
= 

f 
s +  1 

where èm is the position of the motor shaft measured by the encoder. 
 
 
 

2.8.2. Start-Up Procedure 
 

To build, start and use the Modelling QuaRC controller, follow the steps described below: 

 
1. Power up the DCMCT. LED2 should light up while LED3 should flash on and off 

repeatedly. 
2. Ensure the J6 jumper on the QET is set to DAQ-enabled position, as described in 

Appendix A. 
3. Launch MATLAB. 
4. Open the Modelling Simulink Model entitled q_qet_modeling.mdl. 
5. Run the MATLAB script file called setup_modeling.m. 
6. In the Modeling Simulink diagram, click on QuaRC/Build to generate the real-time 

code. Once this is done successfully, click on the Connect to target button and 
consecutively on the Start real-time code button (both found in the Simulink 
toolbar) to start the controller. The default parameters set in the Modeling Simulink 
diagram and the setup_modeling.m script are given in Table 2.3. 

 

 

Signal Amplitude Frequency Offset K Ű Tf 

Type [V] [Hz] [V] [rad/(V.s)] [s] [ s] 

Square 
Wave 

2.0 0.4 0.0 10.0 0.2 0.01 

 

Table 2.3: Default Parameters in the Modeling QuaRC Controller 
 
 

1. Run the system open-loop by changing the voltage to the motor. The motor voltage 
is set by the signal generator. With zero signal amplitude, change the signal offset to 
generate a constant voltage. Sweep the voltage gently over the full signal range and 
observe the steady-state speed, current, and velocity. What happens to the variables 
as you change the offset? 

 
 
 
 

0 1 2 
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2. Determine the maximum velocity and compare with calculations. Keep in mind that 
although the motor maximum input voltage is 15 V, the Offset numeric input is 
limited to 5 V. 

 

 
 

   

0 1 2 

 
  

 

3. Start with zero voltage on the motor and increase the voltage gradually until the 
motor starts to move. What is the voltage when this occurs? Repeat the test with 
negative voltages. 

 
 
 
 
 
 
 
 
 
 
 
 
 

0 1 2 

 
 
 
 

2.8.3. Estimating the Motor Resistance 
 

Some of the parameters of the mathematical model of the system can be determined by 
measuring how the steady-state velocity and current changes with the applied voltage. To 
experimentally estimate the motor resistance, follow the steps described below. 

 
Set the generated signal amplitude to zero. If the signal offset is different from zero then the 
motor will spin in one direction, since a constant voltage is applied. You can change the 
applied voltage by entering the desired value in the Offset (V) slider gain block. You can 
also read the actual motor current from the digital display. The value is in Amperes. Fill the 
following table (i.e Table 2.4). For each measurement hold the motor shaft stationary by 
grasping the inertial load to stall the motor. Configure the digital display to show 3 decimal 
places. Note that for zero Volts you will measure a current, Ibias, that is possibly non-zero. 
This is an offset in the measurement which you need to subtract from subsequent 
measurements in order to obtain the right current. Note also that the current value shown in 
the digital display is filtered and you must wait for the value to settle before noting it down. 
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Sample: 

i 
Vm(i) 
[V] 

Offset in Measured 

Current: I bias [A]  

 

0 0 0.012 

Sample: 
i 

Vm(i) 
[V] 

Measured Current: 

Imeas(i) [A]  

Corrected for Bias: 

Im(i) [A]  

Resistance: 

Rm(i) [Ω] 

1 -5 -0.395 -0.407 12.29 

2 -4 -0.313 -0.325 12.31 

3 -3 -0.250 -0.262 11.45 

4 -2 -0.151 -0.163 12.27 

5 -1 -0.070 -0.082 12.20 

6 1 0.092 0.080 12.50 

7 2 0.185 0.173 11.56 

8 3 0.157 0.145 20.69 

9 4 0.337 0.325 12.31 

10 5 0.416 0.404 12.38 

Average Resistance: Ravg [Ω] 12.9 

Table 2.4: Motor Resistance Experimental Results 
 
 

 
1. From Table 2.4 calculate for each iteration the motor resistance Rm(i) and obtain an 

average value for it, Ravg. Explain the procedure you used to estimate the resistance 
Rm. 
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2. The system parameters are given in Table A.2. Compare the estimated value for Rm 

(i.e. Ravg) with the specified value and discuss your results. 
 
 

 

0 1 2 

 
 
 
 

2.8.4. Estimating the Motor Torque Constant 
 

To experimentally estimate the motor back-EMF constant, follow the steps described 
below. 

 
 

With the motor  free to spin, apply the same procedure as above and fill the following 
table (i.e. Table 2.5). You can read a value for the motor angular speed from the digital 
display. Wait a few seconds after you enter a new voltage value as the displayed speed 
values are low-pass filtered. The angular speed value is in radians per seconds. The current 
measurement may have an offset which you will need to account for. The speed 
measurement will have a very small offset which will need to be compensated for. 
Calculate the motor back-EMF constant for each measurement iteration and then calculate 
an average for the 10 measurements. You should use the value of Rm that you estimated in 
the previous section. 
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Sample: 
i 

Vm(i) 
[V] 

I bias 

[A]  

 Ravg 

[Ù] 

   

0 0  0.012  12.99   

Sample: 
i 

Vm(i) 
[V] 

Measured Speed: 

ùm(i) [r ad/s] 

Imeas(i) 
[A]  

Im(i) 
[A]  

km(i) 
[V.s/rad] 

1 -5 -96  0.004 -0.008 0.0510 

2 -4 -76  0.004 -0.008 0.0513 

3 -3 -57  0.004 -0.008 0.0508 

4 -2 -37  0.004 -0.008 0.0512 

5 -1 -18  0.004 -0.008 0.0498 

6 1 18  0.017 0.005 0.0519 

7 2 38  0.019 0.007 0.0502 

8 3 57  0.020 0.008 0.0508 

9 4 76  0.020 0.008 0.0513 

10 5 96  0.021 0.009 0.0509 

Average Back EMF-Constant:  km_avg [V.s/rad]   0.0509 

Table 2.5: Back-EMF Constant Experimental Results 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1. Explain the procedure you used to estimate km. 
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2. The system parameters are given in Table A.2. Compare the estimated value for km 

(i.e. km_avg) with the specified value and discuss your results. 
 

 

  

 0 1 2 

 

 
 
 

2.8.5. Obtaining the Motor Transfer Function 
 

1. From the above estimates, obtain a numerical expression for the motor open-loop 
transfer function Gù,V. What are the estimated open-loop steady-state gain and time 
constant? How does this compare with the open-loop transfer function you obtained 
earlier? 
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2.8.6. Estimating the Measurement Noise 
 

The  measurement  noise  can  be  determined  experimentally.  Please  follow  the  steps 
described below. 

 
Determine the measurement noise for speed control by running the motor with a constant 
voltage and observing the fluctuations in the velocity. 

1. Does the noise level depend on the velocity? Open the w_n (rad/s) plot to view the 
measured velocity signal. Compare your previous estimate of the variations from 
first principles with the experimental results. Do you also observe any repeatable 
fluctuations in your velocity signal? Can you find their cause? 

 
Hint: Can the fluctuations in your velocity signal be related to the motor position? 
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2.9. Experimental Determination of System Dynamics 
 

A linear model of a system can also be determined purely experimentally. The idea is sim- 
ply to observe how a system reacts to different inputs and change structure and parameters 
of a model until a reasonable fit is obtained. The inputs can be chosen in many different 
ways and there is a large variety of methods. 

 

 

2.9.1. The Bump-Test 
 

The bump-test is a simple test based on a step response for a stable system. It is carried out 
in the following way. A constant input is chosen. A stable system will then reach an 
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equilibrium. The input is then changed rapidly to a new level and the output is recorded. A 
simple model of the form: 

K 
G
w , V

( s ) =   t  s +  1 
[2.6]

 
 
 

can easily be fitted to the data. A bumptest is illustrated in Figure 2.5. 

 

 
Figure 2.5: Bump-test Input And Output 

 
Assume that the input changes with Äu and that the corresponding change in the steady- 

state output is Äy. An estimate of the steady-state gain is then given by: 
 

 
 
 

D y 

K =   
D  u [2.7] 

 
The quantity τ is approximately given by the time the output has reached 63% of its total 
change. Read Appendix B which describes how to save the acquired data in the QuaRC 
scopes into a MATLAB data file in order to measure point coordinates on the plots 
effectively. Please follow the steps below. 

 
1. Apply a series of step inputs to the open-loop system by setting the Modeling 

Simulink  Model  and  the  setup_modeling.m  MATLAB  script  to  the  parameters 
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described in Table 2.6. 
 

 

Signal Amplitude Frequency Offset K t 
Type [V] [Hz] [V] [rad/(V.s)] [s] 

Square 

Wave 
2 0.4 3 0 0.0 

Table 2.6: Parameters For The Bump-test 
 
 

2. Run the setup_modeling.m script. 

3. Click on Edit | Update Diagram in the Modeling Simulink model to update the 
simulation with the new model parameters. The red simulation trace should now be 
zero. 

4. The open-loop controller applies a constant-amplitude voltage square wave to the 
motor. Step voltages are applied to the motor from the signal generator with a period 
that is so long that the system well reaches steady-state at each step. The motor 
should run at the corresponding constant speeds. 

 
 
 

 
Answer the questions on the next page. 
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1. Determine the transfer function from voltage Vm  to angular velocity ùm  using the 
obtained bump-tests. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 1 2 
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2. Determine the parameters K and of the model defined in [3.7.1] and compare them 
with the model obtained by first principles. Repeat the procedure for a few different 
signal amplitudes, as well as for rising and falling steps. Average your estimated 
parameters. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 1 2 

 

 
 
 
 
 

2.10. Model Validation 
 

A simple form of model validation can be done because the software Modeling contains a 
first-order simulation, whose model expressed in Equation [3.7.1] is driven by the actual 
open-loop motor voltage. This model is running in parallel with the motor which can be 
used for model fitting. The simulation parameters K and τ can be adjusted in the MATLAB 
script setup_modeling.m. The output of the model is displayed together with the actual 
motor speed. You can explore this in the following procedure. 

The fact that K = 0 means that the model output is zero. Activate the model by changing 
the simulation parameters K and τ in setup_modeling.m. To apply the new modeling 
parameters to the simulation, run the MATLAB script and then click on Edit | Update 
Diagram in the Modeling Simulink Diagram. 

 
 

1. Set K and τ to the values you previously estimated from the bump-test. Do you 
obtain a good fit between the estimated and the actual responses? 
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 0 1 2 

 
 

2. Try to improve the simulated response match by adjusting the simulation parameters 
K and τ on-the-fly until you have a good fit. This procedure is called model fitting. 
Change the signal amplitude to see if you get better fit by changing the parameter 
values. Report on your observations and compare with the results of first principles 
modeling. 

  

 0 1 2 

 
 

Stop the running controller by selecting QuaRC | Stop. 
 

 
 
 

2.11. Concluding Remarks 
 

 

2.11.1. Load Disturbances and Measurement Noise 
 

There are typically two types of disturbances in a control system. Load disturbances that 
drive the system away from its desired behavior and measurement noise that corrupts the 
information obtained from the sensors. 

 
Since the motor does not do any useful work there are no real load disturbances in this case. 
A load disturbance can be simulated by gently touching the inertial load with your finger. 
Load disturbances can also be simulated by injecting an extra voltage on the motor. The 
major noise source for position control is due to the quantization of the angle measurements 
due to the encoder. 

 

 

2.11.2. Automating the Tests 
 

The experimental tests you have done can easily be automated. Measurement of motor 
resistance Rm and motor constant km can be done as follows: 
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● Resistance Measurement:  Keep the wheel fixed with a clamp. Sweep the voltage 
slowly for a full cycle, measure the current, display curve, and present the linear fit 
and a measure of deviation from linearity. 

 
● Current Constant:  Free wheel. Sweep the voltage slowly for a full cycle, measure 

the speed, display curve, and present the linear fit and a measure of deviation from 
linearity. 

 
The system parameter estimation procedures can also be automated by replacing manual 
search by an optimization algorithm. Automated test procedures of this type are essential to 
ensure quality in mass manufacturing. 

 
 
 

2.11.3. Non-linearities 
 

Many aspects of control can be dealt with using linear models. There are however some 
nonlinear aspects that always have to be taken into account. The major nonlinearities are: 

 

● Saturation of the motor amplifier 

● Friction in the motor 
● Quantization of the encoder 

 
It is very important to keep in mind that all physical variables are limited. The amplifier 
that drives the motor has a power supply that outputs 15 V. This means that the voltage 
from the amplifier can never exceed Vmax = 15 V. A consequence is that the current through 
themotor is also limited. The limitation in signal ranges implies that the motor transfer func- 
tions Gù,V and Gù,T do not describe the system well for large signals. 

 
The other main nonlinearities are due to Coulomb friction, approximately equivalent to 
0.2-0.5 V, and quantization in the encoder 2ð/4096 = 1.5 10-3 rad. 

 
 
 

2.11.4. Unmodeled Dynamics 
 

When determining physical parameters it is customary to assign a precision to the values. 
There are uncertainties due to variations in component values, temperature variation of the 
armature resistance. It is therefore natural to give some measure of accuracy to the transfer 
functions Gù,V and Gù,T. One way to do this is to give the accuracy of parameters such as K 
and τ . This does unfortunately not capture all relevant issues because the actual transfer 
function may be much more complicated and even be nonlinear in most cases. This effect 
which is called unmodeled dynamics can be specified in many different ways. An estimate 
of the unmodeled dynamics is an essential aspect of modelling for control. It is equivalent 
to an error analysis in traditional measurements. 

 
To have an indication of the accuracy of a model it is necessary both to have an estimate of 

the accuracy of its parameters and also an assessment of dynamics that has been neglected. 
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One obvious factor is that the controller and the computation of the velocity is implemented 
in a computer. The encoder gives values of the angle that are quantized with a resolution of 
2ð/4096 = 1.5 10-3 rad. Since the controller is implemented on a computer there are also 
dynamic effects. A crude approximation is to assume that there is an extra time delay 
corresponding to half a sampling period. 

 
The system has no sensor for velocity. The velocity is instead obtained by taking filtered 
differences of the position. A common rule of thumb is to approximate the effect of the 
computer by adding a delay of half a sampling interval or 0.005 s. Since the velocity is 
computed by taking differences of the angles between two sampling intervals there is an 
additional delay in the velocity signal of one sampling interval. Because of the extra 
sampling period required to compute velocity from the encoder position, the time delay will 
be approximately one and a half sampling interval. The signal is also filtered which 
introduces additional dynamics. 

 
The inductance of the rotor has already been mentioned previously. The model we have 
obtained is an approximation because we have neglected the inductance in the motor rotor. 
Taking the inductance into account, the motor electrical equation is given by Equation [2.s3]. 
Taking Laplace transforms of this and of Equation [2.s7], and eliminating the current we find: 
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The characteristic polynomial for both Gù,V(s) and Gù,T(s) is thus: 
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The last term of the right-hand-side can be neglected if k 2L /R  << J  R  or τ e<< τ, where 
τ is the system mechanical time constant and τ e   the electrical time constant, both given by: 

 

J R L 
eq   m 

2 and 
k 

m 

t   = 
m

 

e R
m

 

 

Therefore the right-hand-side can be approximated by: 
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A more accurate transfer function from voltage to motor speed is thus: 
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which can also be expressed as: 
 
 

G 
w , V 

 

( s ) = 

 

 

k   ( t  s + 
m 

1 
1 ) ( t   s +  1 ) 

e 

 
Introducing the numerical values we find τ = 0.0929 s and τ e = 0.0000774 s, which means 
that the electrical time constant is much smaller than the time delay. The major contribution 
to the unmodeled dynamics is thus due to the effects of sampling. It is 0.005 s for the 
position signal and 0.015 s for the velocity signal (i.e. speed control). 

 
 
 
 

2.12. In-Laboratory Results Summary Table 
 

Table 2.7 should be completed using Table 2.2, which contains data from the pre-laboratory 
assignments, as well as experimental results obtained during the in-laboratory session 
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Description 
 
 

Static Relations 

Symbol Pre-Lab In-Lab 
Value Result 

Unit 

Motor Maximum Velocity ùmax 
 rad/s 

V 

V 

Ù 

N.m/A 

rad/(V.s) 

s 

Positive Coulomb Friction Voltage 
 

Negative Coulomb Friction Voltage 

Vfp 
 

Vfn 

N/A 
 

N/A 

 

Motor Armature Resistance 

Motor Torque Constant 

Open-Loop Steady-State Gain 
 

Open-Loop Time Constant 

Rm 

km 

K 

τ 

 

Dynamic Models: The Bump-test 

Open-Loop Steady-State Gain 
 

Open-Loop Time Constant 

K 
 

τ 

 rad/(V.s) 
 

s 

Dynamic Models: Model Validation 

Open-Loop Steady-State Gain 
 

Open-Loop Time Constant 

K 
 

τ 

 rad/(V.s) 
 

s 
 

Table 2.7: Modeling In-Laboratory Results 


