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Summary 

The main objective was to provide the means to set up a control theory lab 

experiment involving position control of a brushed DC motor with current 

feedback. The control system is meant to be implemented digitally in a 

program such as LabVIEW. As such, the project’s boundaries were chosen 

to provide everything needed to interface a DC motor with a DAQ I/O unit 

compatible with, for example, LabVIEW.  

This was achieved by designing a pulse-width modulated DC/DC converter 

capable of outputting both negative and positive voltages. The output 

voltage is controlled by an external analog control signal from a DAQ I/O-

unit. Since the control system should be setup with current feedback, an 

output signal proportional to the output current is provided. Since the output 

voltage is also one of the possible inputs to the system, an output signal 

proportional to the output voltage is also provided. Anti-alias filtering of 

these measurements are also included. Its construction is fully analog and 

apart from high power components, only consisting of surface mounted 

packages.  

A theoretical model of the system, the motor and the converter, was derived. 

To validate the model a DAQ-system was setup using a LabVIEW 

compatible I/O-unit. The measurements showed consistency between theory 

and practice although certain constraints had to be imposed on the final 

control system. 

The measurements showed noise superimposed on the current. It was 

concluded that the current-measurement consisted of a high frequency 

component that did not represent the shaft torque and a low-frequency 

component that did but was not modelled. The low-frequency noise was 

argued to be due to the torque not being uniform along the shaft’s rotational 

axis. Since the high-frequency noise was concluded not to represent the 

torque, it was argued that it should be removed by a low-pass filter.  

The conclusion was drawn that if used to regulate around a small angular 

interval (such that the torque is uniform) and if the mechanical load is heavy 

enough (such that the low-pass filter’s bandwidth is higher than the whole 

system’s) the current noise can be attenuated by a digital low-pass filter and 

the current considered proportional to the axis torque. Given these 

constraints, the lab experiment can be implemented.  
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Sammanfattning 

Syftet med projektet har varit att skapa förutsättningarna för ett 

labbexperiment med positionsreglering av en strömåterkopplad DC motor. 

Reglersystemet är avsett att implementeras digitalt med hjälp av ett DAQ-

system, exempelvis LabVIEW. Projektet avgränsades därför att omfatta det 

som praktiskt krävs för att sammankoppla en DC-motor med en DAQ I/O-

enhet. 

För att uppnå projektets syfte har fokusen legat på att designa en 

pulsbreddsmodulerad DC/DC-omvandlare. Omvandlaren tar emot en analog 

referenssignal från en DAQ I/O-enhet och ger en utspänning proportionerlig 

mot denna. Då reglersystemet ska användas med strömåterkoppling är 

omvandlaren försedd med en signalutgång proportionerlig mot utströmmen. 

Då även utspänning är en möjlig insignal till reglersystemet har en 

signalutgång proportionerlig mot utspänningen också inkluderats. Båda 

signaler har ett anti-alias filter. Omvandlaren är analogt uppbyggd och 

bortsett från effektkomponenter, ytmonterad.  

En teoretisk modell av systemet, dvs. motorn och omvandlaren, har också 

tagits fram. För att verifiera modellen jämfördes den med mätresultat tagna 

av en LabVIEW kompatibel I/O-enhet. Modellen visade sig överensstämma 

med verkligheten förutsatt att vissa begränsningar införs när reglersystemet 

implementeras. 

Mätresultaten uppvisade störningar på strömmen ut från omvandlaren. 

Störningen bestod av två komponenter, en lågfrekvent och en högfrekvent. 

Den högfrekventa störningen antogs bero på motorns kommutering samt 

oönskade magnetiska och elektriska fält. Därav drogs slutsatsen att dessa 

inte motsvarade axelmomentet och måste filtreras bort. Den lågfrekventa 

störningen antogs däremot motsvara axelmomentet och bero på att axelns 

moment inte är konstant över ett helt rotationsvarv. Detta tas inte hänsyn till 

i modellen.   

Följaktligen drogs slutsatsen att om motorn positionsregleras inom ett snävt 

intervall (så att momentet kan antas konstant) och den mekaniska lasten är 

tillräckligt tung (så att lågpassfiltrets bandbredd är högre än hela systemets) 

så kan motorn positionsregleras med strömåterkoppling och 

labbexperimentet införas.  
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Abstract 

In order to provide the means to set up a control theory lab experiment 

involving position control of a brushed DC motor with current feedback, a 

pulse-width modulated motor controller was designed. The output voltage is 

controlled by an analog reference signal and the magnitude of the output 

current and voltage are measured and output. These inputs and outputs are 

connected to a DAQ I/O-unit such that the lab experiment can be 

implemented digitally. In addition, defining equations for the whole system 

were derived. Comparison between measurements and model showed it 

possible to use the current as feedback if low-pass filtered and the angular 

displacement controlled over a small angular interval. 

Keywords: DC motor control, DC motor, DC motor position control, h-

bridge, synchronous buck converter, torque feedback, current feedback, 

switched DC motor controller. 
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1. Introduction 

 Background 

In a regular pulse-width modulated motor control system, the output voltage 

is unfiltered. While this is not necessarily a problem in standard 

applications, it raises a problem when precise current measurements are to 

be made. This is due how such a controller works i.e. by applying a pulse-

width modulated voltage directly to the armature of the motor and letting the 

armature inductance filter the current. Ideally this would produce a triangle 

shaped current which can be approximated as its average but in practice 

additional disturbances, such as varying speed and torque are created. These 

factors in turn give rise to a different current frequency spectrum which 

makes generally adopted motor models less accurate. Applying a filtered 

voltage alleviates all of the problems associated with PWM modulation and 

leaves only commutating noise and non-idealities of the energy exchange 

between rotor and stator. 

 Purpose and objectives 

This report will show the implementation of a DC motor controller with a 

filtered output voltage. The background is the need for using a brushed DC 

motor as part of a control theory lab experiment where the shaft torque is 

considered the input to the system. By idealizing motor characteristics, the 

current can be considered linearly proportional to the torque applied on the 

motor axis. Thus if the current is considered an input, the position of the axis 

can be controlled. The controller should be designed with the following 

characteristics,  

- Low ripple voltage output, ≤ 20𝑚𝑉𝑝−𝑝. 

- Adjustable output/input voltage, 0 − 10𝑉. 
- Over-current protection, ±4𝐴. 

- Current measurement, 1𝑚𝐴 − 10𝐴, including anti-aliasing filter.  

- Voltage measurement, 1𝑚𝑉 − 20𝑉, including anti-aliasing filter. 

 

In addition to electrical characteristics, the controller and motor should be 

modelled and their defining equations presented. 

 Limitations 

The project is bounded by the implementation of the control system. That is, 

everything needed to interface a DC motor to a DAQ I/O-unit, except the 

DC supplies, is supplied as part of this report. That includes motor 

controller, current and voltage measurement interface, cables, connectors, 

theoretical models etc. The system boundary was chosen to be able to 

present a complete solution for the implementation of the aforementioned 

lab experiment.  
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2. Theory 

 Modelling the system 

It is preferable to consider the system as two separate parts, the switching 

transistors (hereafter referred to as the switching power-pole) and the load 

connected to it (the brushed DC motor and the internal filter of the 

converter). The dynamic response of the power-pole is derived by first 

analyzing a steady-state scenario and then linearizing around a steady-state 

operating point. The motor and filter’s dynamic response are derived by 

standard analyzing techniques. The defining equations of these systems are 

then combined and presented. 

 Understanding the switching power-pole’s operation 
 

 
Figure 1 – The switching power-pole to be analyzed. Currents are defined as flowing downwards. 

To understand the basics of how a switching power-pole works it is 

preferable to start with a steady-state analysis. The analysis can later be 

extended to the dynamic response of the system by linearizing around a 

steady-state point.  

First of all it is important to understand what the circuit is intended to 

achieve. That is, we want a transfer of power from 𝑉𝑖𝑛 to the output 𝑉𝑑 with 

minimal losses. The analogy to a power-pole is thus fitting. Just as an actual 

power-pole, the switching transistors accommodate a transfer of power. The 

transfer is achieved by pulse-width modulating 𝑉𝑖𝑛 into a square-wave. By 

controlling the duty cycle of the square-wave, the amount of power 

transferred is controlled. This is illustrated by 𝑉𝑑 in Figure 2. The black and 

grey trace represents a positive and negative output voltage respectively. It 

shows how a duty-cycle of approximately 0.6 is used to transfer 60% of the 

maximum possible power.  

Normally the amount of power delivered is secondary to other properties, 

such as ripple in the output voltage. To reduce the ripple, the output is 

filtered by a low-pass filter. If the low-pass filter has a low enough cut off 
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frequency, its output voltage can be considered DC and 

representing the average of the square-wave.  

The switching power-pole in Figure 1 can be considered 

as two individual power-poles. The left transistor pair 

forming one power-pole and the right pair another. 

Consider what happens when the right pair is removed 

and the right side of Z is tied to 0V. Assume that 𝑉1 is 

square-wave and by consequence, the two transistors are 

switching on and off. The top transistor is a PMOS and 

the bottom is an NMOS. If the amplitude of 𝑉1 is between 

0V and 𝑉𝑖𝑛 then both transistors will conduct 

complementary to each other. Thus the voltage over Z, 

𝑉𝑑, is a square-wave. If 𝑉1 has a duty cycle of 1-D, 𝑉𝑑 has 

a duty of D because the PMOS is off when 𝑉1 is high. 

Conversely if the left transistor pair is removed and the 

left side of Z tied to 0V, the same is true with the 

difference that the polarity over Z is of opposite sign 

because the opposite side of Z is now tied to 0V.  

It then follows that if the whole power-pole is controlled 

in such a way that the right side of Z is shorted to 0V 

when the left pair is conducting, and vice versa, both the 

polarity and average voltage over Z can be controlled. 

Assume the existence of a single control signal, 𝑉𝑟𝑒𝑓. In 

the top graph of Figure 2, two values of 𝑣𝑟𝑒𝑓 is 

represented, a negative (grey) and a positive (black). 

Consider a scenario with a positive output voltage. Then 

the transistors should be conducting according to the 

black traces. That is, 𝑀1 and 𝑀4 is conducting 

complementary, accommodating the energy transfer. 𝑀2 

is off while 𝑀3 is conducting, thus shorting the right side 

of Z to 0V. The voltage over Z is then positive and its 

average dependent on the duty cycle. By the same 

argument, the grey trace corresponds to a negative 

voltage. 

Now consider the two triangle waves in the top graph. 

Assume that 𝑣𝑟𝑒𝑓 is compared to the green triangle-wave, 

𝑣𝑡𝑟𝑖, in such a way that the comparison is 0V when 

𝑣𝑟𝑒𝑓 ≥ 𝑣𝑡𝑟𝑖 otherwise equal 𝑉𝑖𝑛. Denote this 

comparison 𝑉1. Further assume that the same reference 

signal is compared to an inverted version of the same 

triangle-wave, corresponding to the red triangle-wave, and 

that the comparison is 𝑉𝑖𝑛 when 𝑣𝑟𝑒𝑓 ≥ −𝑣𝑡𝑟𝑖 otherwise 

equal 0V. Denote this comparison 𝑉2. Then consider a 

Figure 2 – Waveforms accompanying 

Figure 1. Z is considered inductive. 

𝑉𝑑  is the voltage over 𝑍. The green 

and red triangle wave is the reference 

for 𝑉1 𝑎𝑛𝑑 𝑉2 respectively. Black and 

grey illustrate if the reference voltage 

is positive or negative.  
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scenario where 𝑣𝑟𝑒𝑓 is positive and assume that 𝑉1 and 𝑉2 corresponds to the 

voltage sources in Figure 1. Since 𝑣𝑟𝑒𝑓 is positive, 𝑉1 will be a square-wave 

that is 0V when 𝑣𝑟𝑒𝑓 ≥ 𝑣𝑡𝑟𝑖. Because 𝑀1 is a PMOS transistor, the left side 

of Z is tied to 𝑉𝑖𝑛 when 𝑣𝑟𝑒𝑓 ≥ 𝑣𝑡𝑟𝑖. The other side of Z is permanently tied 

to 0V because 𝑣𝑟𝑒𝑓 ≥ −𝑣𝑡𝑟𝑖 is always true and 𝑀3 as such is always 

conducting. A negative output voltage can be analyzed in the same manner. 

By comparison with Figure 2 it can be concluded that 𝑉1 and 𝑉2 is indeed the 

same as in Figure 1. The duty cycle of the two voltage sources can be 

expressed as follows, 

 

 𝑑𝑉1(𝑡) = {
1 −

𝑣𝑟𝑒𝑓(𝑡)

�̂�𝑡𝑟𝑖
 𝑖𝑓 𝑣𝑟𝑒𝑓 ≥ 0 

𝑒𝑙𝑠𝑒 1                                  

  Eq. 1 

 𝑑𝑉2(𝑡) = {
1 +

𝑣𝑟𝑒𝑓(𝑡)

�̂�𝑡𝑟𝑖
 𝑖𝑓 𝑣𝑟𝑒𝑓 ≤ 0 

𝑒𝑙𝑠𝑒 1                                  

 Eq. 2 

Where 0 ≤ 𝑑𝑉𝑥 ≤ 1, 𝑣𝑟𝑒𝑓 ∈ ℜ and �̂�𝑡𝑟𝑖 is the peak value of the positive 

triangle-wave. By remembering that the right and left transistor pair 

conducts complementary to each other and that the duty cycle over Z is 

related to the duty-cycle at the gates by 1-D, the duty-cycle over Z can be 

expressed as, 

 

 

𝑑𝑍(𝑡) =

{
 
 

 
 𝑣𝑟𝑒𝑓(𝑡)

�̂�𝑡𝑟𝑖
 𝑖𝑓 𝑣𝑟𝑒𝑓 ≥ 0

−
𝑣𝑟𝑒𝑓(𝑡)

�̂�𝑡𝑟𝑖
 𝑖𝑓 𝑣𝑟𝑒𝑓 ≤ 0

 Eq. 3 

By allowing a negative duty-cycle to represent the negative voltage, the 

range can be extended to −1 ≤ 𝑑𝑧 ≤ 1. Substituting 𝑑𝑧 for 𝑑 yields the final 

duty cycle, 

 

 𝑑(𝑡) =
𝑣𝑟𝑒𝑓(𝑡)

𝑣𝑡𝑟𝑖
 Eq. 4 

For a purely resistive load, the currents in the power-pole only flows when 

either of the upper transistors are conducting. The current then flows through 

the transistors tied to 𝑉𝑖𝑛 and the one permanently tied to 0V. The transistors 

that is driven complementary to the one connected to 𝑉𝑖𝑛 never has a current 

flowing through it.  

For an inductive load, this is different. Consider an ideal square-wave source 

in series with a non-ideal inductance. On the positive edge, a current starts 

flowing and increases exponentially. Assume the inductance to be high 

enough such that the current increases linearly and the inductor never 
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saturates. On the negative edge of the square-wave, the current must 

continue to flow through the inductor because energy is tied in the magnetic 

flux created by the current. Since there is a current flowing, and the inductor 

has an internal series resistance, a voltage forms by Ohm’s Law over the 

inductor that is of opposite sign of the high part of the square-wave. Given 

that the impedance the inductor sees is the same for both the negative and 

positive edge, the current decreases with the same, but opposite, slope. 

The relevant part of this analysis is the fact that the current does not stop 

flowing until all of the inductor’s energy is depleted. For the switching 

power-pole this means that when the upper transistor turns off, the current 

will continue to flow through the lower. This is illustrated in the lower 

graphs of Figure 2. 

An additional note, which has practical implications, is that since the 

complementary transistors have a certain dead-zone in-between activations, 

to avoid them being on at the same time, the current will see a high 

impedance during the interval when both are off. This means that if the load 

is inductive, the voltage between the complementary transistors will be 

forced high enough such that the current can continue flowing. The current 

will charge the drain-source capacitance of both MOSFETs until either enter 

breakdown. Most power MOSFETs have an internal diode that alleviates 

this issue by conducting during the dead-zone interval.  

 Modelling the switching power-pole 

To be able to apply linear control theory and derive the power-pole’s 

transferfunction, we must first linearize it. This is achieved by first 

averaging the voltage at the output over a switch-period, for a steady-state 

scenario, and applying a disturbance. 

In the following analysis the annotation below is used. Large letters denote 

an average quantity and small letters a time-varying quantity. 

�̅�, within a switch period.  

𝑥, time-continuous. 

The average value of 𝑉𝑑 can be obtained by integrating over a switch period,  

 

 ∫ 𝑣𝑑̅̅ ̅(𝑡)𝑑𝑡 =
(𝑛+1)𝑇𝑠

𝑛𝑇𝑠

�̅�𝑉𝑖𝑛 = 𝑉𝑑̅̅ ̅ Eq. 5 

For a steady-state scenario, this is also the average value i.e. 

 

 𝑉𝑑 = 𝐷𝑉𝑖𝑛 Eq. 6 
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Consider a change to this steady-state such that, 

 

 
𝑉𝑑 + 𝑣𝑑(𝑡) = (𝐷 + 𝑑(𝑡))(𝑉𝑖𝑛 + 𝑣𝑖𝑛(𝑡)) ≡ 

Eq. 7 

 
𝑉𝑑 + 𝑣𝑑(𝑡) = 𝐷𝑉𝑖𝑛 + 𝑉𝑖𝑛𝑑(𝑡) + 𝑣𝑖𝑛(𝑡)𝐷 + 𝑣𝑖𝑛(𝑡)𝑑(𝑡) 

Neglecting steady-state terms and cancelling non-linear terms,  

 

 𝑣𝑑(𝑡) = 𝑉𝑖𝑛𝑑(𝑡) + 𝑣𝑖𝑛(𝑡)𝐷 Eq. 8 

Combining Eq. 8 and Eq. 4 yields the final transferfunction, 

 

 𝑣𝑑(𝑡) = 𝑣𝑟𝑒𝑓(𝑡)
𝑉𝑖𝑛

�̂�𝑡𝑟𝑖
+ 𝑣𝑖𝑛(𝑡)𝐷 Eq. 9 

 Modelling the motor and output filter 

 
Figure 3 – A representation of the brushed DC motor in series with the converters output filter. 

By standard modelling techniques, for example as found in [1] [2], the 

motor can be represented by a resistance and an inductance in series with a 

dependent voltage source. An LC filter is connected between the switching 

power-pole’s output, 𝑉𝑑, and the motor. Combining these blocks yields the 

schematic in Figure 3. They also represent Z in the previous section. 

Components belonging to the motor is annotated by an ‘a’.  

By performing a KCL analysis on the schematic in Figure 3 and Laplace 

transforming,  

 

 
𝑣𝑑(𝑠) − 𝑣𝑜(𝑠)

𝑠𝐿
=
𝑣𝑜(𝑠)

1
𝑠𝐶 + 𝑟

+
𝑣𝑜(𝑠) − 𝑒𝑎(𝑠)

𝑠𝐿𝑎 + 𝑅𝑎
 Eq. 10 

Modelling the dependent voltage source as linearly dependent on the angular 

velocity of the motor axis,  

 

 𝑒𝑎(𝑡) = 𝐾𝑏
𝑑𝜙(𝑡)

𝑑𝑡
 Eq. 11 
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Where 𝜙(𝑡) is the angular displacement of the motor axis. Combining Eq. 

10 and Eq. 11 and simplifying, 

 

 𝑣𝑜(𝑠) = 𝑣𝑑(𝑠)
𝑠3𝑎3 + 𝑠

2𝑎2 + 𝑠𝑎1 + 𝑎0
𝑠4 𝑏4 + 𝑠3𝑏3 + 𝑠2𝑏2 + 𝑠𝑏1 + 𝑏0

+ 𝜙(𝑠)
𝑠4𝑑4 + 𝑠

3𝑑3 + 𝑠
2𝑑2

𝑠4 𝑏4 + 𝑠3𝑏3 + 𝑠2𝑏2 + 𝑠𝑏1 + 𝑏0
 

 

Eq. 12 

 

{
 
 

 
 

 
𝑎3 =  𝑟𝐶𝐿𝑎

2                                   
 𝑎2 =  𝐿𝑎(𝑟𝐶𝑅𝑎 + 𝐿𝑎 + 𝑟𝐶𝑅𝑎)
𝑎1 =  𝐿𝑎(𝑟𝐶𝑅𝑎 + 𝐿𝑎 + 𝑟𝐶𝑅𝑎)

𝑎0 =  𝑅𝑎
2                                       

  

 

{
 
 

 
 
𝑏4 = 𝐿𝐶𝐿𝑎

2                                                                                  

𝑏3 = 𝐿𝑎(𝑟𝐶𝐿𝑎 + 𝐿𝐶𝑅𝑎 + 𝐿𝑟𝐶 + 𝐿𝐶𝑅𝑎)                           

𝑏2 = 𝐿𝑎
2 + 𝑟𝐶𝑅𝑎𝐿𝑎 + 𝐿𝐿𝑎 + 𝑅𝑎𝑟𝐶𝐿𝑎 + 𝐿𝐶𝑅𝑎

2 + 𝑅𝑎𝐿𝑟𝐶
𝑏1 = 𝑅𝑎(2𝐿𝑎 + 𝑟𝐶𝑅𝑎 + 𝐿)                                                   

𝑏0 = 𝑅𝑎
2                                                                                      

  

 {

𝑑4 = 𝐾𝑏𝐿𝑟𝐶𝐿𝑎                

𝑑3 =   𝐿𝐾𝑏(𝑟𝐶𝑅𝑎 + 𝐿𝑎)

𝑑2 =  𝐾𝑏𝐿𝑅𝑎                    
  

By applying Newton’s law of motion to the motor axis we get, 

 

 𝐽𝑚
𝑑2Φ(𝑡)

𝑑𝑡2
= 𝑇𝑚(𝑡) − 𝑇𝑙(𝑡) − 𝐵𝑚

𝑑Φ(𝑡)

𝑑𝑡
 

Eq. 13 

Where 𝐽𝑚 is the inertia of the motor axis and its load. 𝑇𝑚 is the torque 

produced by the motor and 𝑇𝑙 is an external torque being applied on the axis. 

𝐵𝑚 is the viscous friction coefficient.  

The current flowing through the windings applies a torque on the motor axis. 

Modelling this torque to be linearly dependent on the current over the axis’ 

full rotation, 

 

 
𝑇𝑚(𝑡) = 𝐾𝑖𝑖𝑜(𝑡) Eq. 14 

Inserting into Eq. 13, rearranging and bringing into the Laplace domain, 

 

 𝐽𝑚𝑠
2𝜙(𝑠) = 𝐾𝑖𝑖𝑜(𝑠) − 𝑇𝑙(𝑠) − 𝐵𝑚𝑠𝜙(𝑠) Eq. 15 

Performing an additional KCL to relate 𝑖𝑜 to 𝑣𝑜, 
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𝑣𝑜(𝑠) − 𝑒𝑎(𝑠)

𝑠𝐿𝑎 + 𝑅𝑎
= 𝑖𝑜(𝑠) Eq. 16 

Substituting 𝑒𝑎(𝑠) for Eq. 11 and inserting into Eq. 15, 

 

 𝐽𝑚𝑠
2𝜙(𝑠) =

𝐾𝑖
𝑠𝐿𝑎 + 𝑅𝑎

[𝑣𝑜(𝑠) − 𝐾𝑏𝑠𝜙(𝑠)] − 𝑇𝑙(𝑠) − 𝐵𝑚𝑠𝜙(𝑠) Eq. 17 

 

 Deriving the full model 

 
Figure 4 – A block diagram of the entire system. 

The two sub models are combined by Laplace transforming Eq. 9 and 

inserting into Eq. 12, 

 

 𝑣𝑜(𝑠) = 𝑣𝑟𝑒𝑓(𝑠)
𝑉𝑖𝑛

�̂�𝑡𝑟𝑖

𝑠3𝑎3 + 𝑠
2𝑎2 + 𝑠𝑎1 + 𝑎0

𝑠4 𝑏4 + 𝑠3𝑏3 + 𝑠2𝑏2 + 𝑠𝑏1 + 𝑏0

+ 𝑣𝑖𝑛(𝑠)𝐷
𝑠3𝑎3 + 𝑠

2𝑎2 + 𝑠𝑎1 + 𝑎0
𝑠4 𝑏4 + 𝑠3𝑏3 + 𝑠2𝑏2 + 𝑠𝑏1 + 𝑏0

+ 𝜙(𝑠)
𝑠4𝑑4 + 𝑠

3𝑑3 + 𝑠
2𝑑2

𝑠4 𝑏4 + 𝑠3𝑏3 + 𝑠2𝑏2 + 𝑠𝑏1 + 𝑏0
 

 

Eq. 18 

Restating Eq. 17 for completeness, 

 

 𝐽𝑚𝑠
2𝜙(𝑠) =

𝐾𝑏
𝑠𝐿𝑎 + 𝑅𝑎

[𝑣𝑜(𝑠) − 𝐾𝑏𝑠𝜙(𝑠)] − 𝑇𝑙(𝑠) − 𝐵𝑚𝑠𝜙(𝑠) Eq. 19 

These two equations describe the system in its entirety. Individual variables 

such as torque and current can be derived from the equations outlined in the 

previous section.  
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Parameter Value Description 

𝐿 100𝑢𝐻 Filter inductance. 

𝑟  0.12Ω Series resistance of filter capacitor. 

𝐶 100𝑢𝐹 Filter capacitor. 

𝑉𝑡𝑟𝑖 5𝑉 Peak-value of the positive reference 

triangle-wave. 

𝐾𝑏 ∗ 
0.0934

𝑉

𝑟𝑎𝑑/𝑠𝑒𝑐
  

Motor constant (see datasheet). 

𝐾𝑖* 
0.0934

𝑁𝑚

𝐴
  

Motor constant (see datasheet). 

𝐽𝑚 ∗ 4 ∗ 10−4𝑘𝑔.𝑚2 Inertia of motor axis and load. 

𝐵𝑚 ∗ 7 ∗ 10−5
𝑁𝑚

𝑟𝑎𝑑/𝑠𝑒𝑐
 

Viscous friction coefficient of motor 

axis and load. 

𝐿𝑎 ∗ 600𝑢𝐻 Motor armature inductance. 

𝑅𝑎 ∗ 1.7Ω Motor armature resistance. 

𝑉𝑑𝑖𝑜𝑑𝑒 0.3𝑉 Voltage drop over input diode. 

𝑉𝑖𝑛 ∗ 5𝑉 − 𝑉𝑑𝑖𝑜𝑑𝑒 = 4.7𝑉 Input voltage (to power supply filter). 

𝐷 1 Scaling constant for 𝑣𝑖𝑛(𝑡).  
Table 1 – Parameters used in the complete system model. Annotation by a Star marks dependence on 

the application. 

 

 The load’s electric equivalent 

 
Figure 5 – The load represented as an impedance network with dependent current and voltage 

sources.  

The developed model of the load can be represented by a network of 

impedances and dependent voltage and current sources. This is essential to 

properly simulate the electric circuit’s functionality in a program such as 

Cadence Capture. The implementation of such a model is outlined in [3]. 

The variables used are the same as in the model except for R which is 

equal 1/Bm. E is a dependent voltage source and F a dependent current 

source. The speed of the motor is given by the voltage over the 

capacitor, 𝐽𝑚.  
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Rewriting Eq. 15 as,  

 

 
𝐾𝑖𝐼𝑜(𝑠) = 𝑠ω(𝑠)𝐽𝑚 +   𝜔(𝑠)𝐵𝑚 + 𝑇𝑙(𝑠) Eq. 20 

The current through a capacitor is given by, 

 

 
𝐶𝑠𝑈𝑐(𝑠) = 𝐼𝑐(𝑠) Eq. 21 

The current through a resistor is given by, 

 

 𝐼𝑅(𝑠) =
𝑈𝑅(𝑠)

𝑅
 Eq. 22 

Let 𝜔(𝑠) = 𝑈𝑅(𝑠) = 𝑈𝐶(𝑠). Then by substituting Eq. 21 and Eq. 22 into Eq. 

20 and letting 𝑅 = 1/𝐵𝑚 in Eq. 22 and 𝐶 = 𝐽𝑚, 

 

 𝐾𝑖𝐼𝑜(𝑠) = 𝑠ω(𝑠)𝐶 +   𝜔(𝑠)
1

𝑅
 + 𝑇𝑙(𝑠) Eq. 23 

Eq. 21 can then be modelled as a current controlled current source with one 

side connected to a capacitor, a resistance and a current source. These 

components can be identified in Figure 5 as the parts to the right of the 

dependent sources. By Kirchhoff’s law, the current flowing through the 

dependent current source will be the sum of the individual currents flowing 

through the current source, the capacitor and the resistor. Amplifying these 

currents by 𝐾𝑖 gives the electrical representation of Eq. 21. 

Rewriting Eq. 11 as,  

 

 
𝑒𝑎(𝑠) = 𝐾𝑏𝜔(𝑠) Eq. 24 

𝑒𝑎(𝑠) can then be modelled electrically as a voltage controlled voltage 

source with a gain of 𝐾𝑏. By following the annotation from before, let 

𝜔(𝑠) = 𝑢𝑐(𝑠). The dependent voltage source can then be inserted as in 

Figure 5. 



 

 11 

3. Method 

 Justifying choice of electrical topologies 

There were three major topologies that needed to be defined beforehand. 

That is, choice of switching power-pole topology, the system controlling it 

and how to measure the output current. Other systems were designed in 

respect to them and as such are a consequence of these three key systems.  

 Choosing a switching power-pole topology 

The most practical solution to providing a high current adjustable voltage 

source is by pulse-width modulation which, as opposed to linear regulators, 

are considerably more efficient. Given that many different topologies exists, 

the number of possibilities were limited by imposing the restraint that it 

should have a linear transfer function, a minimal number of components and 

be able to output both negative and positive voltage or have the ability to be 

cross-coupled. Two cross coupled buck converters is such a topology and 

was chosen for the design. 

 Choosing a switching power-pole control system 

When it comes to implementing a system for generating control signals for a 

switching power-pole there are two possibilities, using an integrated IC or 

constructing a discrete circuit. The latter having the negative impact of 

taking up larger circuit board area, having higher cost, increased complexity 

and generally worse performance. However, constructing such a system 

implies the designer to have a certain level of knowledge of analog circuits. 

Since the purpose of this report is essentially to present the knowledge 

gained by the author over the course of his education, the discrete variant 

was chosen.  

An additional criteria for the control system is that the control input should 

be a voltage, not a digital signal. This to simplify the implementation of the 

lab experiment by not leaving the time-continuous domain as far as the user 

is concerned.  

 How to measure current 

In practice, two ways of measuring current exist, by the use of a series 

resistor or by measuring the magnetic field surrounding a conductor. If a 

series resistance is used, the voltage drop over it will be used to represent the 

current. However this voltage drop is also the reason it is not suitable for this 

application. Assume that we want a measurement range of 1mA to 10A. 

Further assume that the maximum acceptable voltage drop is 100mV. Then 

the voltage range is between 10uV and 100mV, which requires an extremely 
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well laid out PCB. It is unrealistic to assume the design to be of such high 

quality.  

The other way is to measure magnetic field strength. An easy way to do this 

is by a transformer. However, a transformer cannot transfer low-frequency 

voltages and as such also this topology must be discarded. Magnetic field 

strength can also be measured indirectly by a Hall Effect sensor. Such a 

sensor measures the voltage formed when the force applied by a magnetic 

field forces electrons to accumulate unevenly, proportional to the field 

strength [4]. This sensor has the advantage of being able to, theoretically, 

measure the entire frequency span and as such is the topology of choice.  

 

 Source criticism 

Determining the reliability of sources was done in three ways. First the 

organization responsible was evaluated, where organizations such as 

semiconductor manufacturers, academic institutions and textbook publishers 

where considered reliable. Next, the presence of references, and their 

quality, was determined. Adequate quality is here defined as either being an 

academic paper or a textbook. Lastly, the essence of the presented facts were 

compared to generally accepted ideas. If not coinciding with these, the 

source was discarded.   
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4. Schematics 

 
 

Figure 6 – A block diagram of the circuit. The different modules are highlighted with grey. The area 

encompassed by the dotted rectangle represents the confines of the converter. 

A good first step in any electrical design process is to clearly define what the 

design is intended to achieve. Once done, the outcome can be interpreted 

electrically and represented by suitable building blocks.   

In this case, a reference voltage should be proportional to an output voltage. 

Furthermore, there should be a switching power-pole consisting of a number 

of transistors. Given the waveforms in Figure 2 it is clear that this power-

pole can be controlled by comparing a triangle wave to a reference. 

Consequently a triangle wave should be generated and a pair of comparators 

used. The specifications also state that there should be a way of limiting, as 

well measuring, the output current. In addition, the output voltage should be 

measured and filtered.  

Given these specifications, it seemed prudent to break the design down into 

three modules. The switching power-pole and its control circuitry, output 

current measurement and limiting of output current and lastly, measurement 

of output voltage. The latter is completely independent of the rest whilst the 

current limiting module is connected to the power-pole module at one point. 

The schematics can be found in full under APPENDIX 1: Schematics. 
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 The power-pole and its control circuitry 

 
Figure 7 – A block diagram of the switching power-pole and its control circuitry. 

As illustrated in Figure 7, the switching power-pole and its control circuitry 

can be considered a two-input system where the inputs are the control signal, 

𝑣𝑟𝑒𝑓, and the output from the current limiting module. Everything to the left 

of the comparators are an autonomous system.  

To the foremost left there is a free-running multivibrator producing a 100 

kHz square wave, which is input to an RC-filter with a time constant large 

enough to yield a linear charging/discharging curve. To get rid of the DC 

component, the signal is also AC coupled. Since the amplitude should be of 

some appropriate value, the signal is amplified. By referring to Figure 2, the 

control signal should be compared to either a triangle wave with a positive 

dc offset or its inverse with a negative dc offset, depending on which 

transistor pair is controlled. By adding a DC offset and inverting, two 

triangle shaped signals are produced. These are in turn compared to the 

control signal, 𝑣𝑟𝑒𝑓, by individual comparators to yield a square-wave with a 

duty cycle proportional to the control signal. At the same node, the output 

from the current limiting module is connected to turn off the comparators 

output in case of over-current conditions. Before connecting the square-

wave to the gates of the switching power-pole transistors, the signal must be 

properly delayed to avoid the individual transistors of each transistor pair 

conducting at the same time. This is essential to avoid damaging the 

transistors due to violating their maximum drain-source current 

specification.  

The subsequent chapters explains the electrical circuits corresponding to the 

building blocks of Figure 7 by following the figure from left to right.  
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 Generating a DC voltage reference 

 
Figure 8 – A buffered zenerdiode voltage used to generate a reference voltage. 

A voltage reference in its simplest form is a zenerdiode buffered by an 

operation amplifier. The voltage-drop over the zenerdiode is related to the 

current flowing through it by a component specific equation. Here, a diode 

from the MMSZ5221BT1 series is used which has a low voltage/current 

gain and reaches its nominal value of 2.5V at 20mA. The low gain is 

preferable to achieve a stable voltage, independent of changes in current. 

The trade-off is high current, and therefore losses, but can be considered 

irrelevant in our application. The current can be controlled by adjusting the 

value of 𝑅22, and might be needed on the finished board. As the op amp is 

connected in non-inverting operation mode, the reference voltage can also 

be amplified by increasing the value of 𝑅𝐴𝐷𝐽6. If left at 1Ω, the op amp can 

be considered to operate in voltage-follower mode because, 

 

 
𝑉𝑜
𝑉+
= 1 +

𝑅𝐴𝐷𝐽6
𝑅24

≈ 1 𝑖𝑓𝑅𝐴𝐷𝐽6 ≪ 𝑅24 Eq. 25 
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 Generating a triangle-wave 

 
Figure 9 – A timer circuit with a series RC filter used to generate a triangle wave. 

One way to obtain a triangle wave is to input a square-wave into an RC-filter 

with a time constant far greater than the period of the square-wave. An RC-

filter with no initial conditions can be express in the Laplace domain as, 

 

 𝑉𝑜(𝑠) = 𝑉𝑖𝑛(𝑠)
1

𝑅𝐶

1

1
𝑅𝐶 + 𝑠

   Eq. 26 

Assuming the circuit to be in a steady-state value, such that the capacitor is 

charged to the average of 𝑉𝑖𝑛(𝑡), the analysis can be simplified by only 

analyzing the time-changing part for a positive slope. Thus, letting 𝑉𝑖𝑛(𝑠) be 

the step unit function with an amplitude of 𝛼 and corresponding to the 

amplitude of a square-wave with a lower and upper bound of 0 and 𝛼, 

 

 𝑉𝑜𝐴𝐶,𝑝𝑜𝑠(𝑠) =
𝛼

2

1

𝑠

1

𝑅𝐶
 

1

1
𝑅𝐶 + 𝑠

  Eq. 27 

And applying the inverse Laplace transform, 

 

 𝑣𝑜𝐴𝐶,𝑝𝑜𝑠(𝑡) =
𝛼

2
(1 − 𝑒−

1
𝑅𝐶
𝑡) Eq. 28 

As well as linearizing by the use of a Maclaurin series, 

 

 𝑣𝑜𝐴𝐶,𝑝𝑜𝑠(𝑡) = ∑
𝑓(𝑛)𝑥𝑛

𝑛!

∞

𝑛=0

≈ ∑
𝑓(𝑛)𝑥𝑛

𝑛!

1

𝑛=0

=
𝛼𝑡

2𝑅𝐶
 Eq. 29 

The maximum absolute error occurs right before the negative edge of the 

square-wave and can be expressed as, 
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 𝐸𝑟𝑟𝑜𝑟𝑚𝑎𝑥 =
𝛼

2
[
𝑇𝑠
2𝑅𝐶

− (1 − 𝑒−
𝑇𝑠
2𝑅𝐶)] Eq. 30 

Where 𝑇𝑠 is the duty-cycle of the square-wave. Expressed as an error 

percentage, 

 

 
100

𝛼
2 [

𝑇𝑠
2𝑅𝐶 − (1 − 𝑒

−
𝑇𝑠
2𝑅𝐶)]

𝛼
2
𝑇𝑠
2𝑅𝐶

= 100 [1 −
2𝑅𝐶

𝑇𝑠
(1 − 𝑒−

𝑇𝑠
2𝑅𝐶) ] Eq. 31 

The same is true when discharging the capacitor, although with a negative 

slope, given that the source impedance is the same as the sink impedance.  

The square wave is generated by a 7555 timer circuit, which is an upgraded 

version of the original 555 circuit with better performance. The triangle 

wave is formed 𝑅23 and 𝐶30. By Eq. 31, and using 𝑇𝑠 = 1𝑢𝑠 and 𝛼 = 10, the 

maximum error is 3%. 

 

 Generating control signals 

 
Figure 10 – Two operation amplifiers used to first amplify a triangle wave, then inverting it. The 

triangle waves are then compared to a reference voltage “𝑉𝑟𝑒𝑓1,2” to produce a square wave 

proportional to the reference voltage.  

The two AD823 op-amps are amplifying, as well as adding a dc offset, to 

the triangle-wave. These two triangle-waves, one with a positive dc offset 

and the other its inverted version with a negative dc offset, are input to two 
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LM111 comparators along with the control signal, 𝑣𝑟𝑒𝑓. The result is two 

square-waves with a duty cycle dependent on 𝑣𝑟𝑒𝑓. 

Assuming the impedance created by 𝐶23 to be small enough not to give rise 

to a voltage drop, the first op amp, seen from the left in Figure 10, amplifies 

and adds a dc offset according to, 

 
𝑣𝑈1,+

𝑇𝑅𝐼𝐴𝑁𝐺𝐿𝐸𝑊𝐴𝑉𝐸𝐴𝐶
= 2.5𝑉𝑅𝐸𝐹 −

𝑅18//𝑅𝐴𝐷𝐽5//𝑅𝐴𝐷𝐽6
𝑅17

 Eq. 32 

By Eq. 29, and assuming the triangle-wave to have a frequency of 100 kHz 

and an amplitude of 10, as well as its desired amplitude to be  �̂�𝑡𝑟𝑖, the gain 

can be calculated by equating Eq. 29 to Eq. 33 as, 

 

 
𝑅18//𝑅𝐴𝐷𝐽5//𝑅𝐴𝐷𝐽6

𝑅17
=

�̂�𝑡𝑟𝑖

(
5 ∗ 10−6 ∗ 10

2𝑅𝐶 )
=
�̂�𝑡𝑟𝑖2𝑅𝐶

5 ∗ 10−5
 Eq. 33 

The next AD823 op amp inverts the signal again, but with no amplification, 

 

 
𝑣𝑈3,+
𝑣𝑈1,+

= −2.5𝑉𝑅𝐸𝐹 +
𝑅18//𝑅𝐴𝐷𝐽5//𝑅𝐴𝐷𝐽6

𝑅17
 Eq. 34 

These two signals, 𝑣𝑈1,+ and 𝑣𝑈3,+are input to a comparator each to form the 

two output square-waves. The comparators are of open-collector type which 

means that their output, pin 1 and 7, is the emitter and collector of a BJT 

NPN transistor respectively. Since the emitter is tied to ground in this 

application, pin 7 is tied to ground when the negative input surpasses the 

positive. As the negative inputs are being compared to a triangle wave with 

either a negative or positive dc offset, the discontinuity needed when the 

control signal changes sign is directly implemented. The duty cycle can thus 

be represented by the following Heaviside functions, 

 

 𝑑𝑈1,𝑉𝑜(𝑡) = 𝑑𝑝𝑤𝑟𝑝,𝑐𝑛𝑡𝑟𝑙,𝐿 = {
1 −

𝑣𝑟𝑒𝑓(𝑡)

�̂�𝑡𝑟𝑖
 𝑖𝑓 𝑣𝑟𝑒𝑓 ≥ 0 

𝑒𝑙𝑠𝑒 1                                  

  Eq. 35 

 𝑑𝑈3,𝑉𝑜(𝑡) = {
−
𝑣𝑟𝑒𝑓(𝑡)

�̂�𝑡𝑟𝑖
 𝑖𝑓 𝑣𝑟𝑒𝑓 ≤ 0 

𝑒𝑙𝑠𝑒 0                              

 Eq. 36 

By taking into account that 𝑀10 inverts the signal,  

 

 𝑑𝑝𝑤𝑟𝑝,𝑐𝑛𝑡𝑟𝑙,𝑅(𝑡) = {
1 +

𝑣𝑟𝑒𝑓(𝑡)

�̂�𝑡𝑟𝑖
 𝑖𝑓 𝑣𝑟𝑒𝑓 ≤ 0 

𝑒𝑙𝑠𝑒 1                                  

 Eq. 37 
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These control signals corresponds to Eq. 1 and Eq. 2. The control signals 

needed to control the switching power-pole are thus generated.  

At the output of each comparator, the current limiter’s output is connected. 

When the over-current protection triggers, the source of 𝑀10 and pin 1 of U1 

is left floating. Both comparator outputs will thus be tied to 10V and the 

effect is shorting both sides of the output filter. This is further explained 

later.  

 

 The switching power-pole 

 
 

Figure 11 – Schematic of the power-pole with the controls signals properly delayed.  

Before the control signals can be connected to the switching power-pole, a 

transition delay must be implemented. This is essential to avoid shoot-

through current, which would be the case if both transistors in each pair 

would be on at the same time. A gate driving stage must also be 

implemented to be able to feed the power transistor gates with enough 

current. Connected between the outputs of each transistor pair is the load 

filter and its load, corresponding to Z in Figure 1.  
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4.1.4.1. Driving the power-transistors 

An attribute often overlooked when analyzing MOSFET transistors is the 

gate capacitance. It has the effect of delaying turn on time by effectively 

creating a low-pass filter composed of the resistance between the signal 

source and the gate and the capacitance seen at the gate.  

Consider a scenario where the gate capacitance is charging and has a time-

constant, 𝜏1. Further assume the gate capacitance to be constant. 𝜏1 must 

then be dependent on the resistance between the signal source and the gate. 

Now, if the capacitance is fully charged and the signal source removed, the 

gate capacitance must discharge. Again, assuming a constant capacitance, 

the time it takes for it to discharge is dependent on the resistance it sees. For 

𝜏1 to be equal to 𝜏2, the resistance must be the same in both cases.  

If the gate voltage cannot increase or decrease infinitely fast, then neither 

can the transistor turn on and off infinitely fast. The transition time between 

conducting and not conducting has two implications. First, it gives rise to 

losses. Secondly, it affects the transfer function at small output voltages.  

Consider a scenario where the transistor is conducting and connected to a 

load. Then assume that the gate voltage starts to decrease. If the decrease is 

gradual, the turn-off is gradual. That is, a voltage gradually forms over 

drain-source and reaches its maxima when the gate voltage is below the gate 

threshold. The higher the fall-time at the gate, the longer it takes for the 

transistor to turn off. The total power loss during each transition can be 

expressed as, 

 

 𝑃𝐷𝑆 = ∫ 𝑖(𝑡)𝐷𝑆𝑢(𝑡)𝐷𝑆𝑑𝑡
𝑛+𝑇

𝑛

  Eq. 38 

Where ‘T’ is the time it takes for the drain-source voltage to reach 0. If the 

load is resistive, there will be simple voltage division between drain-source 

and the load. The main point is that there will be a voltage over drain-source 

and a current flowing through it because of the load. As such there must be a 

loss of power over drain-source. If ‘T’ is decreased, 𝑃𝐷𝑆 is decreased. Or put 

into words, that the shorter the transition time is, the smaller are the losses.  

The second implication, that it affects the transfer function, is understood by 

noting that Eq. 5 relates the duty cycle to the output voltage by 

approximating the high to low transitions as infinitely sharp. Thus the lower 

the duty cycle, the more of the high period is taken up by the transition. The 

transition time can then no longer be considered negligible and the transfer 

function will be non-linear for a small duty cycle. It should also be noted 

that the downside to higher transition speeds is increased EMI.  
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These conclusions shows the need to be able to supply a high current, i.e. 

having a low series resistance, on both turn off and turn on. One way to 

achieve this is to use a complementary BJT stage consisting of a PNP and 

NPN transistor [5]. In Figure 11, the transistors annotated with 𝑄𝑛 forms 

such stages.  

If the output of the complementary stage is connected to the gate of a 

MOSFET, as is the case here, the time constant of the voltage at this node 

will be dependent on the maximum current the stage can deliver. The 

maximum magnitude of the current is dependent on the current gain between 

base and collector. Usually the ℎ𝐹𝐸  parameter is used as a reference value. If 

the current gain is high, then any limiting of current, imposed by the base 

driving circuitry, will be negligible. If the same rise-time and fall-time is 

desired, then the base should be connected between two resistors (or a series 

resistor placed between the supply voltage and either transistor) to obtain the 

same sourcing as sinking resistance. In this particular case a delay should be 

introduced on a certain edge, thus the requirements are different depending 

on which of the power-switching transistors are in question.  

4.1.4.2. Introducing a transition delay 

 
Figure 12 – Illustration of voltages at each node in the delay stage. Red and green is the NMOS and 

PMOS conducting respectively. Blue, pwr,cntrl,L/pwr,cntrR. Grey, M7,M8 Gate. Orange, M5,M6 

Drain. Black, M1,M2 Gate.  

Figure 12 illustrates how a dead-zone is introduced to avoid shoot-through 

current in the transistor pairs. The waveforms are a node for node analysis.  

Beginning at the control-stage in Figure 10, there is an unavoidable delay 

when the transistor at the output (either 𝑀10 for the right transistor pair or 

located internally in the comparator 𝑈1 for the left) turns off and the resistors 

at the collector/drain starts sourcing current to the bridge. As opposed to 

when the transistor is conducting, and the signal is tied to ground through 

the transistor, the equivalent resistance is significantly greater. In the case of 

the transistor conducting, its turn on delay is dependent on the base driver 

circuitry and much closer to ideal.  

Continuing the analysis, the lower transistor pairs 𝑀7,8 have a delay 

introduced on turn-on. This delay is formed by 𝑅𝐴𝐷𝐽3,4 which, when 𝑄5𝐺,7𝐺 

is high, limits the current. When low, only 𝑄7,8 is conducting and the fall-

time is only limited by the current at the base and consequently tracks the 

base voltage.  
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For the upper transistor pair, it gets slightly more complicated. Consider the 

rising edge of a step function applied at 𝑀5’s gate. Because of the steep 

transition at the threshold, the low current demand of discharging 𝑀3’s gate 

and the low current needed to go through 𝑅𝐴𝐷𝐽1, 𝑀5 enters the triode region 

quickly and acts as a short. Since 𝑀3’s gate is discharged quickly 

through 𝑀5, it tracks 𝑀5’s turn-on inversely and stops conducting. 

Now 𝑀3’s drain goes from 0V to floating. The three resistors must then 

draw a current through 𝑄1’s base, consequently charging 𝑀1’s gate 

capacitance and turning it off. The speed of the transition is determined by 

the resistance at the base of the complementary stage and the current gain of 

the NPN transistor.  

Now consider the falling edge of the same step input. Since 𝑀5 was 

conducting prior to the change, 𝑀3𝐺  is at -10V. Since 𝑀5 is turned off, the 

circuit can be represented by an RC filter consisting of 𝑅𝐴𝐷𝐽6 and the gate 

capacitance of 𝑀3 and the drain capacitance of 𝑀5. Thus the voltage at 𝑀3𝐺  

increases slowly until it reaches 𝑀3’s threshold voltage and 𝑀3 turns on. 

Since the capacitance seen at drain is low, the transition is fast. 𝑀1 then 

turns on fast due to 𝑀3 being capable of feeding enough current, through the 

complementary stage, very quickly after its turn-on.   

 Output filter 

 
Figure 13 – The load connected to the switching power-pole’s output.  

Connected at the output of the switching power-pole is a simple LC-filter. 

Since the output voltage can be both negative and positive, the capacitor 

must be of non-polar type. To achieve low ESR it should be a tantalum 

capacitor. As these only exist in polarized form, two has to be used in series. 

By doing so, only one has a charge for a given output voltage and 

consequently does not violate the polarity. The smaller capacitor is of 

ceramic type and there to short high frequency components.  

When choosing the size of L and C, it helps to not think in terms of a filter 

but in terms of idealized cases and assign a design parameter to each 

component. The current through L is described by, 
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𝑣𝑖𝑛(𝑡) − 𝑣𝑐(𝑡)

𝐿
=
𝑑𝑖𝐿(𝑡)

𝑑𝑡
 Eq. 39 

Consider a steady-state scenario and assume the voltage over the capacitor 

very close to dc. Further limit the analysis to when the square-wave is high. 

Then, 

 

 Δ𝐼𝐿 ≈
𝑉𝑖𝑛 − 𝑉𝑐
𝐿

𝐷𝑇𝑠  Eq. 40 

Since in steady-state, by Eq. 5, 

 

 Δ𝐼𝐿 =
𝑉𝑖𝑛 − 𝑉𝑖𝑛𝐷

𝐿
𝐷𝑇𝑠 =

𝑉𝑖𝑛𝑇𝑠
𝐿

(𝐷 − 𝐷2)   Eq. 41 

By taking the derivative, the maxima can be found, 

 

 
dΔ𝐼𝐿
𝑑𝐷

=
𝑉𝑖𝑛𝑇𝑠
𝐿

(1 − 2𝐷) = [𝐷 =
1

2
] = 0   Eq. 42 

Inserting into Eq. 41, 

 

 Δ𝐼𝐿,𝑚𝑎𝑥 =
𝑉𝑖𝑛𝑇𝑠
𝐿

(
1

2
−
1

4
) =

𝑉𝑖𝑛𝑇𝑠
4𝐿

   Eq. 43 

The capacitor voltage is given by,  

 

 𝑢𝑐(𝑡) =
1

𝐶
∫ 𝑖𝑐(𝑡)𝑑𝑡
𝑡

0

 Eq. 44 

Assuming the capacitor to be large enough for all AC current to pass 

through it and noting that if the variations in 𝑣𝑐 is small, 
𝑑𝑖𝐿

𝑑𝑡
 is constant and a 

triangle wave, 

 

 Δ𝑈𝑐 =
1

𝐶

𝐷𝑇𝑠
2
Δ𝐼𝐿 Eq. 45 

Which by Eq. 43 has a maxima at,  

 

 Δ𝑈𝑐,𝑚𝑎𝑥 =
𝑉𝑖𝑛𝑇𝑠

2

16𝐿𝐶
 Eq. 46 

Taking into account the ESR of the capacitor, 

 

 Δ𝑈𝑐,𝑚𝑎𝑥,𝑤𝐸𝑆𝑅 =
𝑉𝑖𝑛𝑇𝑠

2

16𝐿𝐶
+
𝑉𝑖𝑛𝑇𝑠
4𝐿

𝑅𝐸𝑆𝑅 Eq. 47 
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Assuming that 𝑇𝑠 is already given, L and C can be chosen from Eq. 43 and 

Eq. 46 as,  

 

 𝐿 =
𝑉𝑖𝑛𝑇𝑠

4Δ𝐼𝐿,𝑚𝑎𝑥
 Eq. 48 

 𝐶 =
𝑉𝑖𝑛𝑇𝑠

2

16𝐿Δ𝑈𝑐,𝑚𝑎𝑥
 Eq. 49 

Where Δ𝐼𝐿,𝑚𝑎𝑥 should be chosen as low as possible to reduce EMI. The 

lower the value, the less noise will be produced by the inductor. Δ𝑈𝐶,𝑚𝑎𝑥 is a 

key design parameter and should be as high as the design allows to reduce 

the physical size as well as cost of the capacitor. Both L and C impacts the 

dynamic response of the system negatively, increasing the rise-time with 

increasing values. Thus if the dynamic response is important, this will have 

to be accounted for when choosing their values.  

The general idea of how to analyze the output can found in standard 

literature such as [2] [6]. 

 

 Measuring and limiting of output current 

 
Figure 14 – A block diagram of how the output current is sensed, filtered and input to two 

comparators which, when high, limits the output voltage. The filtered signal, representing the current, 

is also connected to an external output.  

The output current is sensed by a Hall Effect transducer integrated in a 

SOIC-8 package. The transducer outputs a voltage proportional to the sensed 

current. The voltage is amplified by a differential amplifier to remove the dc 

component. Following this, the signal is input to an anti-aliasing filter to 

remove frequency components that does not satisfy Nyquist’s sampling 

theorem. The filter’s output is then branched to an output connector, to be 

input to the data acquisition system, and a pair of comparators. These 

comparators disables the switching power-pole when the current rises above, 

or below, a certain threshold.  
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 Current sensor 

 
Figure 15 – The output current measured by a Hall Effect sensor and amplified by a differential 

amplifier.  

As argued for in 3.1.3, a Hall Effect transducer was chosen to measure the 

current. The particular transducer chosen is a FHS 40-P/SP600 integrated 

circuit from LEM. It measures the magnetic field strength surrounding its 

SOIC-8 package. This fact is taken into account when designing the PCB by 

encompassing the entire package with a conductor carrying the output 

current. If a complete magnetic field coupling is achieved, it is possible to 

achieve a sensitivity of 200mV/A [7]. In practice, the design only achieved a 

sensitivity of 150mV/A. 

Since the transducer measures magnetic fields, it should be noted that it 

measures all magnetic fields, not only the intended fields. As such, care 

must be taken, when designing the PCB, to place the transducer in a low-

noise environment. The control system designer, that uses this signal, must 

also take into account that the signal will have a dc offset that must be 

removed.  

A voltage proportional to the sensed current is output between VOUT and 

VREF. VREF is DC voltage corresponding to the average of VOUT. To 

remove the DC component, the voltage is amplified differentially to yield a 

single-ended signal. Such a signal is desired in the next stage, the anti-

aliasing filter.  

Although not apparent, the differential amplifier is in in unity gain 

configuration. The input terminals are connected through an internal 

resistive divider with a voltage gain of 0.1. The external feedback resistors, 

𝑅41 and 𝑅42, adds a gain of 10. As such, the total gain is one.  
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 Anti-aliasing filter 

 
Figure 16 – The signal, representing the output current, filtered by a 4th order active Butterworth low-

pass filter.  

When a signal is sampled by a data acquisition system, it must be ensured 

that the sampled signal does not contain frequency components higher than 

half the sample-rate. Any higher frequency will be indistinguishable from 

frequencies less than half the sampling frequency. This is described by 

Nyquist’s sampling theorem.  

If it is known that the signal does not contain any such high frequency 

components, no low-pass filter is needed. In practice, all signals contain 

distortions and consequently, high-frequency components. It is up to the 

user to interpret whether or not these are of high enough magnitude to be 

problematic.  

In this application, the signal is known to have frequency components that 

violates the sampling theorem. For example, commutation noise from the 

motor will distort the current and magnetic fields from other sources will 

unavoidably be measured. As such, an anti-aliasing filter is placed between 

the transducer and the output to the data acquisition system. The filter is a 4th 

order active Butterworth filter. Combined with the 100 kHz -3dB corner 

frequency of the transducer, and the corner frequency of the differential 

amplifier, the signal is attenuated by 20dB at 31.25 kHz. Using a data 

acquisition system such as the NI-6211, with a sample-rate of 250kS/s 

divided by the number of channels used (in this case 4), this is half the 

sampling frequency. As such, the filter chain attenuates the signal by 10 

times at the Nyquist frequency.  
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 Limiting output current 

 
Figure 17 – When the input is above or below a certain threshold the output is turned high and the 

switching power-pole is turned off.  The MOSFET transistor provides a delay on power-on to avoid 

spurious switching of the power-pole.  

Two comparators are used to limit the output current. The comparators 

compare the current measured by the current transducer to a reference 

voltage equal to ±4𝐴. When either value is reached, the comparators in 

effect grounds both sides of the output filter by shutting of the switching 

power-pole. 

The two comparators have similar function but compares the reference to a 

dc voltage of opposite sign. Their outputs are OR’ed together which means 

that only one output needs to be low for the strobe to be low and 

consequently, the power-pole turned off. Assume that a high enough current 

is measured for the current limiting to kick in. Then 𝑈7 turns on and its 

output is tied to -10V. At the same time 𝑈8 is unaffected and turned off, 

leaving its output floating internally. Thus STROBE is at -10V. Now assume 

the same for a sufficiently negative current. Then 𝑈7 is unaffected and 
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turned off which means that its output is tied to +10V over its resistors. 

However, 𝑈8 is turned on and its output shorted to -10V. Thus STROBE is 

at -10V. If STROBE is at -10V the power-pole is turned off. Lastly, assume 

that a current is flowing that is right between these two thresholds. Then 

both comparators are turned off and their output tied to +10V over their 

output resistances.  

The resistor network connected between the output and pin 6 and 5 is an 

alternative to conventional positive feedback [8]. Conventional feedback has 

a feedback resistor placed between the output and the positive input, 

effectively adding a voltage at the positive input when the comparator’s 

output is high. This yields hysteresis by forcing the positive input to 

overcome the added voltage before it can affect the output further. Thus 

spurious activations, due to the positive input decreasing slightly at turn-on, 

are avoided.  

This improved feedback works in the same fashion but instead of feeding 

back the output to the positive input, it instead feeds it back to the biasing of 

the input stages. Note that pin 5 and 6 are the bias offset adjustment inputs. 

This is preferable because it does not affect the input, although requires 

three additional components. Conventional feedback will apply a 

disturbance, i.e. the feedback voltage, at the input and this would, in this 

particular case, interfere with the accuracy of the current measurement.  

𝑀12 in Figure 17 delays the activation of the switching power-pole at power-

on until voltages have had time to stabilize. The time is dependent on the 

low-pass filter at its gate.  

 

 Measuring of output voltage 

 
Figure 18 – The output voltage is measured by a differential amplifier and then filtered by a 4th order 

active Butterworth low-pass filter. 

By the same argument used when implementing the anti-aliasing filter of the 

current-measurement, also the voltage-measurement must be filtered to 

conform to the sampling theorem. The two filters are identical.  
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The filter’s frequency response can be obtained by analyzing each op amp 

separately but choosing the components in regards to the whole op amp 

chain. Noting that the above circuit consists of two op amps in Sallen-Key 

configuration and deriving their individual transferfunction, as done in [9], 

 

 
𝑉𝑜(𝑠)

𝑉𝑖𝑛(𝑠)
=

1

𝑠2𝜔𝑐2𝑅1𝑅2𝐶1𝐶2 + 𝑠𝜔𝑐𝐶1(𝑅1 + 𝑅2) + 1
 Eq. 50 

The filter coefficients are defined as, 

 

 
𝑉𝑜(𝑠)

𝑉𝑖𝑛(𝑠)
=

1

𝑠2𝑏𝑛 + 𝑠𝑎𝑛 + 1
 Eq. 51 

Where n denotes the position of the op amp in question, seen from the signal 

input. The constants can be used to give the filer certain characteristics when 

several stages are cascaded, as they are here. For example if a Butterworth 

characteristic is desired, the constants are obtained from a Butterworth 

coefficients table. The annotation 𝑎𝑛, 𝑏𝑛 is generally adopted.  

The components are chosen as, 

 

 𝑅1 =
𝑎1𝐶2 +√𝑎1

2𝐶2
2 − 4𝑏1𝐶1𝐶2

4𝜋𝑓𝑐𝐶1𝐶2
  Eq. 52 

 𝑅2 =
𝑎1𝐶2 −√𝑎1

2𝐶2
2 − 4𝑏1𝐶1𝐶2

4𝜋𝑓𝑐𝐶1𝐶2
  Eq. 53 

Where 𝑅1,2 is either resistor. For the square root to be real,  

 

 𝐶2 ≥ 𝐶1
4𝑏1

𝑎1
2  Eq. 54 

Where 𝐶1 can be arbitrarily chosen. 
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 Protecting the power supply 

 
Figure 19 – Protecting the power-supply, feeding the switching power-pole, from reverse current 

caused by the motor breaking.  

When the motor brakes, a current is generated. The motor controller must be 

able to either short this current, or store it. Failure to do so will, given 

enough current, break the power-supply.  

When idealizing the power supply feeding the power-stage as an ideal 

voltage source, this is not a problem. The current will be shorted through the 

ideal voltage source. However, real power supplies normally cannot handle 

reverse current and instead of shorting the current, unpredictable things 

happen. What happens is dependent on the power supply design but most 

likely it will charge its input capacitors until over-voltage conditions occur 

and the components fail.  

In practice the following happens. The motor begins to brake and a current is 

generated. This current starts charging the controller’s input capacitors, 

raising the voltage. Since the voltage eventually becomes higher than the 

power-supply voltage, a current must flow from the controller into the 

power-supply. For the previously mentioned reasons, this is unacceptable 

and the controller must be designed to prevent this.  

Consider what happens when a current is flowing into the power out 

terminal in Figure 19. The current will start charging the capacitor. As long 

as the capacitor voltage is less than one diode drop above the voltage at the 

power in terminal, the current will continue to charge the capacitor. Once 

this threshold is reached, the PNP BJT transistor turns on and consequently, 

the MOSFET. The MOSFET then shorts the capacitor terminals until the 

voltage is yet again less than one diode drop above power in.  

This works well as a safety feature, and for small current areas, but 

continued current will overheat, and consequently break, the MOSFET. 

Thus using the motor as a generator is not advisable.  
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Another problem with the circuit is that the capacitor voltage will differ 

greatly from the power supply voltage when it is low. This is because the 

MOSFET gate needs to reach its threshold voltage before turning on, in this 

case about 3.7V. On the other hand, for low input voltages, the motor will 

not generate enough current to reach such values, unless driven as a 

generator. 
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5. Measuring the angular displacement of the motor axis 
 

 
Figure 20 – Encoder output waveforms. Illustration taken from the HEDS-5640 datasheet from Avago 

Technologies [10]. 

The angular displacement of the motor axis is measured by an incremental 

encoder. This is different from an absolute encoder, which measures the 

absolute position of an axis. An incremental encoder only outputs pulses to 

represent the speed and direction of the axis rotation.  

An incremental encoder has a disc, full of evenly spaced holes, attached to 

the motor axis and rotating along with it. On one side of the disc, a light 

source is placed. On the other, photo-sensitive diodes are placed in an 

appropriate manner. These are connected to two outputs, A and B. When the 

disc rotates, the photo-sensitive diodes are exposed to light, through the 

holes in the disc, in such a way that for a given direction of movement, 

output A goes high before output B. In the opposite direction, B goes high 

before A. This happens as many times for one shaft revolution as there are 

holes in the disc. The number of holes are generally referred to as resolution. 

Thus if the time between rising edges of A or B is taken and denoted 𝑡1 

and 𝑡2, the shaft speed is given by, 

 

 
(𝑡2 − 𝑡1) ∗ 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

2𝜋
= 𝑠𝑝𝑒𝑒𝑑 [𝐻𝑧] Eq. 55 

Whereas the rotational direction is the direct implementation of a D flip-

flop, where A is connected to the clock input and B to the data input. The 

channel labelled “I” is an index pulse which enables once every full rotation 

of the axis. 
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6. PCB Layout 

 Justifying design guidelines 

When it comes to circuit board layout, there are a lot of misconceptions, 

beliefs, opinions, obsolete guidelines, guidelines that have worked in one 

design and thus “must work in all” and general misinformation. For this 

reason, instead of applying possibly misconceived guidelines, the PCB has 

been designed based on personal interpretation of how currents flow and 

their effect. Three main sources has been used in an attempt to validate these 

interpretations, [11] [12] [13].  

Even with a rudimentary physics background, the following can be stated 

about a current flowing in a PCB trace. By Ampere’s law, a current flowing 

through an conductor gives rise to a magnetic field proportional to the 

current. If the current is constant then then the magnetic field is also 

constant. If the magnetic field encompasses another conductor, a current 

proportional to the magnetic field is generated by the same law. Thus if the 

conductor has a resistance, a DC voltage is generated at the point where the 

magnetic field meets the conductor. Now assume the same current to be AC. 

Then, by Faraday’s law, an AC voltage of opposite sign is induced because 

the magnetic field is now time-changing. The important thing to note is that 

both quantities are dependent on the area that the magnetic field 

encompasses. Thus the following guidelines can be given, 

- Keep distance between high-current traces and sensitive parts, 

because magnetic field strength attenuates by distance. 

- Keep the area of signal traces small because the smaller length and 

width, the smaller is the magnetic field affecting it.  

- Keep the length of high current traces small to reduce area because 

less length means less magnetic field in total.  

- If the trace is differential, route both traces close to each other such 

that their magnetic fields are cancelled by each other.  

Consider a trace carrying AC current routed over a homogeneous conducting 

plane. Then the AC current will induce a voltage in the conducting plane. If 

the plane is conductive, a current must flow between the poles of the 

induced voltage and by consequence, also form a magnetic field. The field is 

of opposite sign of the original and thus partially cancels the latter. By the 

same argument, the conductor initially producing the magnetic field is 

encompassed by the new field. Thus an additional, of opposite sign, current 

is induced and consequently another magnetic field. Because the magnetic 

field coupling is not complete and because of copper not being a 

superconductor, this back and forth scenario eventually cease and a steady-
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state scenario occurs. Because inductance is defined as being proportional to 

the magnetic field, and the magnetic field has diminished since the initial 

scenario, the inductance is lower. Neglecting capacitive effects, which are 

small in comparison, the impedance of a trace can be defined as 𝑍 = 𝑅 + 𝑠𝐿. 

It then follows that the impedance of the trace lowers as the inductance 

lowers and the main cause being that the magnetic field encompasses a 

conductor. This yields the following guidelines, 

- Pour as much copper on the board as possible and tie it to a power 

net to reduce magnetic fields. If it is not a power net or a low 

impedance net, the net in question will have a disturbance. 

- Use a return plane below signal traces because current follows the 

path of least impedance and this is at its lowest right below the trace. 

Thus the flow of AC current be determined. 

- Keep the width of high current AC traces wide, to reduce magnetic 

field strength. Since the inductance is at its lowest in the middle of 

trace, the majority of current will flow there. Therefore the magnetic 

field strength will be lower to the sides of the trace.  

And the following observations made, 

- Unconnected copper islands, unconnected conductive casings and 

high impedance nets makes for great antennas because the 

fundamental theory of antennas is a voltage difference and stray 

magnetic fields induce a voltage. If not connected to a net, both 

voltages will be related to each other by the current flowing through 

whatever the impedance is between the copper island and the circuit. 

This impedance could be high as both FR-4 circuit board material 

and air are isolating materials. If instead connected to the return 

plane then the impedance is low and consequently the voltage 

difference.  

- DC currents sees only the resistance and if a homogeneous return 

plane is used, DC current will flow in the entire plane.  

- Not all AC currents are of high enough frequency to flow directly 

below the trace. However, signals can be considered compositions 

of sinewaves and thus the harmonics might. 

The first observation also yields the next guideline, 

- Tie all conductive materials (casings, heatsinks etc.) to a low 

impedance net. 

Since current flows in loops i.e. from the positive node on the voltage source 

to the negative, the same is true for IC outputs. If a given current is flowing 
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out of the output, the same current will return through the IC’s power pins. 

Thus, 

- Place a via to the signal return plane by the power decoupling 

capacitor(s) of both receiver and transmitter because the output 

current will return here.  

Acknowledging that copper is not a superconductor and consequently has an 

impedance, there will be a voltage drop over the trace. For low-frequency 

signals this is reduced by sufficiently high trace width to reduce resistance. 

For high frequency signals this is reduced by having a return plane below it 

as outlined earlier. Since power traces in practice also are signal traces, they 

also suffer from voltage drop. To alleviate this issue, in addition to the 

aforementioned possibilities, capacitors can be placed by the load. This is 

also part of the next guidelines, 

- Place decoupling capacitors on power supply pins, because 

variations in power supply negatively affect the performance of 

analog circuits. 

- Place decoupling capacitors on every node that should be DC 

because stray magnetic fields will induce a voltage. 

- Use the right capacitors for the right application. Low-current IC’s 

does not need high capacitance but low ESR. High capacitance 

means higher ESR. 

- Keep the width of high current DC traces wide, to reduce resistive 

losses. 

Even though low-frequency currents return paths cannot be controlled, if a 

homogeneous return plane is used, it is possible create breaks in it to steer 

the current. However, the consensus seems to be that this is usually bad 

practice [11]. Acknowledging that breaks in the return plane are unwanted 

whilst also acknowledging that we do not want high return current from the 

switching power-pole flowing under the analog control circuitry, the two 

should be confined to different areas along with their power connectors. 

Thus, 

- Separate the switching power-pole from the rest of the circuit, 

because its return current should not be flowing under analog 

circuits. 

- Use a common return plane but place the power connectors on 

opposing sides such that their return current only flows in their 

respective planes.  
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As for board stack-up, the limit is two layers because the manufacturing 

process used is not industrial. Given this limitation, and what was earlier 

stated about return planes, one side should be a homogeneous return plane 

and the other side dedicated to power planes, components and signal traces.  

 Applying the guidelines in practice 

The first step in any PCB design should be to fragmentize the design into 

noisy areas, noise sensitive areas and areas that are neither noisy nor 

susceptible to noise. In this design, the switching power-pole is extremely 

noisy, as is the circuit producing its control signals. The part of the circuit 

that measures output current is conversely extremely noise sensitive. This is 

easily understood by noting that it should be able to measure the magnetic 

field strength of a conductor, so there can be no stray fields or the 

measurement is affected. There is also the fact that the signal representing 

the current will have a gain of 150uV/mA. Two areas that are marginally 

susceptible to noise is the voltage reference and triangle-wave generation as 

well as the voltage measurement module. Their location are, however, not 

critical. The circuit limiting the current should be considered highly noisy 

but since it only triggers in the case of failure, also its location is non-

critical. Thus the board area should be used as follows, 

- The switching power-pole should be confined to the edge of the 

board and its return currents confined within this area.   

- The switching power-pole gate driver circuitry should be placed 

very close to the MOSFET gates to minimize loop area.  

- The current measurement module should be separated as much as 

possible from other parts of the board.  

The next step is to identify high-current nets. In the switching power-pole, 

all nets are carrying high current. Also its gate drivers are driving high 

current, starting from the output of the comparators. The last step is to 

identify high-frequency nets which in our case also are the high current nets 

with the possible exception of the input inductor. In addition to them, the 

only high frequency net is the triangle wave with a base frequency of 100 

kHz. The base frequency is probably not enough to confine the return 

current to flowing directly under the conductor but its overtones most likely 

will. Thus the triangle-wave traces should be routed over a return plane.  
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Figure 21 – Bottom side of the PCB. 

 
Figure 22 – Top side of the PCB. 

The implementation of these directives can be seen in Figure 22. Here the 

switching power-pole is confined to the right part of the board with the gate 

drivers being very close to the gates of the MOSFETs. The blue and red 

lines are how current flows for positive and negative output voltages 

respectively. The return plane is placed directly beneath to attenuate 
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magnetic fields and to carry return current from the NMOS transistors. Right 

at the edge connecting the power-pole plane to the rest, the gate control 

circuitry is located. The teal and dark yellow lines represent how the current 

flows in loops from the complementary gate driver to the MOSFETs. Placed 

between these two areas is a heat-sink connected to the return plane, 

providing additional magnetic field shielding. Since the return plane on the 

bottom side of the board is homogeneous, and there should be no power-

pole current flowing under the rest of the circuits, the power-pole’s power 

supply connector is placed between these two areas. Thus the power-pole’s 

return currents are confined to the right side of the board. The power-

connector powering the rest of the board are placed to the far left and in 

effect two separate areas are formed but with a homogeneous conducting 

plane below. 

 
Figure 23 – Top and bottom side of the current measurement board. The current transducer is in the 

lower left.   

Given the placement of the switching power-pole and its control-circuitry, 

the other circuits are placed as a consequence of their placement. The only 

module that does not fall as easily into place is the current measurement 

module. As stated earlier, it is highly susceptible to noise and thus should be 

placed far away from the power-pole. This is a somewhat conflicting 

requirement as it is supposed to measure the its output. The choice was 

made to confine the module to a separate board, with a separate power-

supply, and mount it on top of the main board by the use of connectors. The 

separate power-supply ensures that no unwanted current can flow in 
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proximity to the current transducer. It is however not as easy to ward from 

stray magnetic, and electric, fields and the only real solution, short of 

encasing the entire module in a capsule, is to ensure proper layout in 

general. In accordance to the design rules, copper is poured on the entire 

bottom of the board and at least guards from stray fields from below.  

 
Figure 24 – A typical example power pin decoupling. Red and blue are power nets and grey is 

connected to the return plane.  

An example of how power pins can be decoupled is shown in the figure 

above. The red line shows current flowing from the positive pin to the 

negative. Note the care taken to ensure that the path is small. Also note that 

the decoupling capacitors must be connected to ground since the load 

connected at the IC’s output is referenced to ground. If not, and only a single 

capacitor placed between the power-supply pins, then the return current will 

have an unpredictable return path. The green line shows how the capacitor at 

each pin is charged from its power-net.  
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Figure 25 – Illustration of current flow between two interconnected dual-supply powered IC’s. Red 

and blue are power nets and grey is connected to the return plane. 

Figure 25 attempts to illustrate how current flows between two dual-supply 

powered IC’s. The IC in the top left outputs the triangle wave that is input to 

the comparator to the lower right. The triangle wave consists of two 

components, a DC component and an AC component. The return current 

from the DC component will return from the power supply pins on the 

comparator, to both power supply pins on the op amp. This is because there 

is a voltage difference between the power supply pins and the DC 

component, and by Ohm’s law there must be a current flowing. This is 

illustrated by the red and blue lines. The single red line leading to the 

comparator is the output. The teal line represents the AC component’s return 

path, and is approximated to be of high enough frequency for all its current 

to flow below the output trace. It will flow to both power-supply pins on the 

op amp. The current’s magnitude on each pin is depending on the sign of the 

AC component.  
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7. Assembling the circuit board 
 

 
Figure 26 – Top and bottom of the finished circuit board. The current measurement module should be 

mounted to the bottom left on the top side.  
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Figure 27 – Photo of the current measurement module.  

The PCB was created by using a double-sided board coated with a 

photosensitive material and exposing it to UV light through a film matching 

the PCB pattern. Once done, the area exposed to UV light was removed by 

sodium hydroxide dissolved in water. The remaining photoresist, matching 

the pattern, protected the copper from being removed as it was exposed to a 

solution of water and sodium persulfate. Lastly, the remaining photo-resist 

was removed by acetone, exposing the underlying copper.  

A solder-pen technique was used for all components and non-lead-free 

solder used for superior performance. A flux-dispensing pen, CW8400, from 

Chemtronics was used along with the paired flux remover, ES897BE, of the 

same brand.  
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8. Enclosure 
 

 

 
Figure 28 – Photo of the finished enclosure with the top casing removed.  

The enclosure is based on the chassis of a MASCOT 8862 DC/DC 

converter. A few modifications was made such as widening the opening for 

the output connector as well as manufacturing a heat-sink for the output 

filter inductor.  

  



 

 44 

9. User instructions 

 
Figure 29 – The controller connected to the Maxon DC motor and a NI-6211 DAQ.  

The controller has two connectors, a power connector and a signal 

connector. The signal connector is the 9-pole male D-Sub connector located 

to the top right in Figure 29. A matching female connector is provided with 

an attached cable harness. These cables are individually labelled and should 

be connected to the DAQ. The power connector is an 8-pole green connector 

with screw-type terminals. The pinout is labelled on the connector where 

“P” refers to power-pole. Seen to the top left is the power protection circuit. 

Its cables should be connected to ±𝑃. Red is the positive output. A voltage 

between 0 and 10V should be input to the laboratory-cable type terminals on 

the opposite side. An additional cable, with a male D-Sub connector on one 

end and a labelled cable harness on the other, is provided to be connected to 

the encoder of the particular Maxon motor used in the measurements.  

It is important that the ±10𝑉 supplies are precisely tuned, deviations will 

affect the performance of the circuit. A voltage less than 7V on the positive 

terminal might even damage the power switching transistors.  

The user must also account for DC offset in the current measurement. This is 

most easily achieved by subtracting a constant value from every data point. 

There is no signal output for the measurement of 𝑣𝑖𝑛. If the input has to be 

used then it should be measured on the converter’s terminals. Instead of 
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measuring 𝑣𝑖𝑛, it might be possible to relate it to the output current by either 

a constant or by modelling the power-supply filter. That is, an RLC filter 

with components chosen as in the power interface schematic in APPENDIX 

1: Schematics. It is improbable that the effect of 𝑣𝑖𝑛 is important enough to 

warrant being used as an input, most likely its effect can be discarded.  

 

 

Pin Description Specifications 

1 𝑁𝐶  

2 0𝑉 𝑜𝑢𝑡  

3 −𝑉𝑜  

4 −𝑉𝑟𝑒𝑓  

5 −𝐼𝑜  

6 +10𝑉 𝑜𝑢𝑡  < 100𝑚𝐴 

7 +𝑉𝑜   Resolution: 500mV/V, -20dB at 31.25kHz 

8 +𝑉𝑟𝑒𝑓  −5𝑉 𝑡𝑜 5𝑉 

9 +𝐼𝑜  Resolution: 150mV/A, -20dB at 31.25kHz 
Table 2 – Pinout for the converter’s 9-pole D-sub signal connector. 

 

Pin Description Specifications 

1 +5𝑉 in  can be supplied from NI-xxxx 

2 𝑁𝐶  

3 𝐴  

4 𝐵  

5 𝐼  

6 0V in  can be supplied from NI-xxxx 

7 𝑁𝐶  

8 𝑁𝐶  

9 𝑁𝐶  
Table 3 – Pinout for the encoder’s 9-pole D-sub connector. 

 

Pin Description Specifications 

1 +10𝑉 ≤ 150𝑚𝐴 

2 0𝑉  

3 −10𝑉 ≤ −150𝑚𝐴 

4 0𝑉  

5 +𝑃 (+𝑉𝑖𝑛)  0 − 10𝑉,≤ 4𝐴 

6 −𝑃 (−𝑉𝑖𝑛)  0V 

7 +𝑉𝑜  

8 −𝑉𝑜  
Table 4 – Pinout for the converter’s power connector. Pin 1 is the pin closest to the signal cable 

leading out of the converter.  
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10. Experimental setup 

The measurements should serve to validate the theoretical model of the 

system. The dynamic response can either be evaluated by applying a step 

input or by a frequency sweep with a sine input. Both approaches were taken 

but the step response was used to evaluate the dynamic response while the 

response to a sine-wave mainly served to illustrate and explain deviations 

from the expected. To be able to attribute deviations from theory to either 

motor or converter, two different loads were used. A resistance was used as 

load to validate the converter model while a DC motor was used as load to 

validate the complete system.  

 Measurements 

 
Figure 30 – Setup of test equipment.  

The following equipment was used and set up according to the Figure 30. 

 

- DC SUPPLY #1,#2: GW GPC-3030 

- Hantek DSO-3062AL oscilloscope 

- National Instruments NI-6211 

- Maxon DC motor 370356 1321535 

- Avago Technologies HEDL-5540 encoder 

- Danotherm 6Ω resistive load 

- PICO TA018 current clamp (≤ 20𝑘𝐻𝑧) 

 Simulation 

Where applicable, measurements were compared to the theoretical model of 

the system. The model was implemented as a block diagram in Matlab 

Simulink. The model has 𝑣𝑖𝑛(𝑡) set to 0, meaning that supply voltage 
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deviations are not accounted for. When simulating a resistive load, the 

model has 𝐽𝑚 = 100 and 𝐿𝑎 = 0. The voltage source dependent on the shaft 

speed can then be neglected, leaving only a series resistance since 𝐿𝑎 is zero.  

The Simulink model, as well as the Matlab code for generating the plots, can 

be found in APPENDIX 2: Matlab scripts.  

  



 

 48 

11. Results and analysis 

 Measurements with the resistance as load 

When using a resistance as load it was found that if 𝐿, 𝑟 and 𝐶 is tweaked 

slightly, then the theoretical model of the converter is accurate. High-

frequency noise on both output voltage and current was found. It was argued 

that it is necessary to filter the output current to remove the superimposed 

noise. The noise on the output voltage was due to the switching of the 

power-pole and of high enough frequency such that it would not affect the 

motor nor possible for the DAQ to measure.  

 
Figure 31– Open loop step response with  𝑉𝑟𝑒𝑓 = {2.5𝑉, 5𝑉} and 𝑉𝑖𝑛 = 5V. The load is resistive. The 

blue signal in the third plot is plotted by the same data as the green, only filtered by a digital first 

order low-pass filter. Measurements_Step5V_DCLoad.m was used to generate these plots. 



 

 49 

Two things should be noted here. First, the current measurement has ~80mA 

peak to peak noise superimposed on its average, the expected dc current. 

Since the load is resistive and the voltage DC, it must be noise from stray 

magnetic fields and not representative of the output current. This shows that 

the converter does not contribute to any measureable noise on the output 

current but is caused by the motor. Noise on the current measurement, 

however, might be caused by the converter.  

The present noise leads to the necessity to filter the signal with a sufficiently 

sharp low-pass filter. This will limit the bandwidth of the system if the 

current is used as an input. However, when the motor is connected, the total 

bandwidth will be less than 100𝐻𝑧 regardless and consequently filtering the 

current should not impact the total system response.  

Secondly, the voltage measurements tracks their models adequately. More 

importantly, both step responses track their model. That both step responses 

corresponds to their model is important because it asserts the approximation 

that the output voltage is equal the average over a switch period. When 𝑉𝑟𝑒𝑓 

is 5𝑉, the duty cycle is equal one and 

the model is no longer an 

approximation. Thus if the two step 

responses, one with a duty cycle equal 

to one and the other less than one, 

both tracks their model, the converter 

model must be accurate. According to 

the lower plot of Figure 31, this is the 

case although 𝐿, 𝐶 and 𝑟 can be 

tweaked to bring the model more in 

line with the measurements. 

It should also be noted that since the 

switching frequency is 100𝑘𝐻𝑧 and 

the anti-aliasing filter completely 

attenuates any frequencies that high, 

any noise related to the switching of 

the power-pole is not measured by the 

DAQ. Acknowledging this, it is 

reasonable to provide an oscilloscope 

reading of the output voltage and 

current. Such a reading is given in 

Figure 32 where the output current and 

voltage over a switch period is 

measured in a steady-state scenario.  

Since the output filter is an LC filter, 

as described in chapter 4.1.5, the 

voltage is expected to ring when a step 

Figure 32 – Oscilloscope plot of the output 

voltage and current. 𝑉𝑖𝑛 is 5V, 𝑣𝑟𝑒𝑓 = 2.5𝑉, the 

load resistive and the system in steady-state. 

The time-frame is equal one switching period. 

Blue is current (100mA/square and red voltage 

(100mV/square). Both measurements are AC 

coupled.  
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input is applied. This is also the case. What is not expected is the current 

transient at the start. Since the load is resistive, although slightly inductive 

due to it being a wire-wound power resistor, the current should follow the 

voltage and as such also be ringing. Why this is not the case is explained by 

noting that the current clamp can only measure frequencies up to 20𝑘𝐻𝑧 and 

that the voltage rings at about 1𝑀𝐻𝑧. What is seen here is the noise picked 

up from the current clamp cable. Even though not representing the current, it 

is interesting to provide the current measurement as it is indicative of the 

EMI generated by converter. Which, judging by this measurement, is 

substantial.  

It is in order to point out that the output response is dependent on the load 

and as such the oscilloscope reading will be slightly different when 

connected to the motor. However, this difference can be neglected by noting 

that the inductance of the motor is high enough to provide a high-impedance 

path at the switching frequency. If the inductance is 400𝑢𝐻, then at 100𝑘𝐻𝑧 

the impedance is 250𝛺 which yields a current gain of 4𝑚𝐴/𝑉. Thus any 

distortion, related to the switching of the power-pole, will be negligible 

because the frequency will be of higher order than 100𝑘𝐻𝑧.  
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 Measurements with the motor as load  

 System response to a step input 

By applying a step function, while the motor is used as load, it was 

concluded that there is high-frequency noise which do not correspond to the 

torque and has to be removed by a filter. Furthermore there is low-frequency 

noise which do correspond to the torque but is not modelled. It was also 

found that the complete system model is sufficiently accurate and that 𝑣𝑖𝑛 

should be used as an input to account for supply voltage drop, if accurate 

voltage responses are needed.  
 

 
Figure 33 – Open loop step response with  𝑉𝑟𝑒𝑓 = {2,5𝑉, 5𝑉} and 𝑉𝑖𝑛 = 5V. The load is the Maxon 

DC motor. Measurements_Step5V.m was used to generate these plots. 



 

 52 

Assuming the converter model to be accurate, an assumption strengthened 

by the resistive load results, any discrepancies in a step response with the 

motor must be due to the motor model. From Figure 33 and Figure 34, four 

deviations from the model can be seen. A dip in the voltage response when 

the step is applied, noise on the output current, noise on the output voltage 

and ripple in the shaft speed.  

The discrepancies in the voltage step response can be explained by noting 

that 𝑉𝑖𝑛 is not used as an input in the Simulink model. Since this is not the 

case, the variation in supply voltage is not accounted for. Further noting that 

the supply voltage is measured on the input terminals of the converter and 

that 𝑉𝑖𝑛 is modelled as the voltage over the power-pole, the input inductor 

placed between the converter’s input terminal and the power-pole is 

neglected. 𝑉𝑖𝑛 might as such be lower than the measured supply voltage 

which accounts for why the voltage drop at the output, when the step is 

applied, is larger than the supply drop.  

 

 
Figure 34 – Same data as in Figure 33. The three plots to the left are the response to a step input of 

2.5V, the three to the right to a step input of 5V.  Measurements_Step5V_SpeedDiscont.m was used to 

generate these plots.  
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The other three discrepancies are related to each other. By studying Figure 

34 it is clear that the steady-state speed is varying with a frequency that 

corresponds to one revolution of the motor axis. A likely explanation is that 

the torque over the revolution is not uniform. Either due to the load not 

being symmetric or the armature windings being defect (it has been used by 

students in lab experiments and as such is guaranteed to have been used in 

over-current scenarios which could partially short-circuit the windings). It is 

less likely that this is a nominal response considering that the motor has 15 

windings and its cost infers quality. Regardless of cause, the effect of a 

varying load (i.e. varying winding inductance/resistance or varying torque) 

is variations in current. Since the current is small, the variation in voltage is 

not due to resistance in the supply line. However, when the motor 

decelerates the output voltage is affected, as described by Eq. 15. Put into 

words, if the external torque varies, the speed varies accordingly. If the 

speed varies, the back EMF varies and so must the current, drawing a 

varying current from the capacitor. The capacitor’s charge then varies, and 

so does its voltage.  

In addition to the low-frequency noise on the current line, that can be 

attributed to torque variations, there is high-frequency noise. The lower 

graph of Figure 33 shows the current passed through a digital first order 

lowpass filter, with a cut-off frequency at 100𝐻𝑧, which effectively removes 

the noise. The noise is due to two factors, commutating noise due to the 

motor changing which armature winding is conducting and the previously 

mentioned stray magnetic fields from the surroundings. Much of the 

commutating noise is most likely already removed by two capacitors 

mounted directly over the armature.  

Even though there are distortions present in the step response, the average of 

the measured signals track their model with the possible exception of the 

speed. However, if a different motor or load is used, such that the torque is 

uniform, the measurements should be closer to the model.  
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Figure 35 – Open loop step response with  𝑉𝑟𝑒𝑓 = 5𝑉 and 𝑉𝑖𝑛 = 10V. The load is the Maxon DC 

motor. Illustrates the effect of current limiting. Measurements_Step10V.m was used to generate these 

plots. 

Figure 35 shows a sufficiently large step input such that the output over-

current protection enables. The figure also shows a small offset to the 

expected limit of 4A. Since the output current has a DC offset, due to stray 

magnetic fields, the upper and lower output limits will be different 

depending on how noisy the environment is where the controller is placed. 

The DC offset has varied from 0.4𝐴 to 0.8𝐴 in different environments.  
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 System response to a ramp input 

 
Figure 36 – Open loop response to a triangle-wave reference. 𝑉𝑟𝑒𝑓 = 5𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (𝑓, 𝑡) 

where 𝑓 = 0.1𝐻𝑧 and 𝑡 = {0, 𝑇𝑠, 2𝑇𝑠, … ,10}𝑠. 𝑉𝑖𝑛 = {1𝑉, 5𝑉, 10𝑉}. The load is the Maxon DC 

motor. Measurements_Triangle_Sweep.m was used to generate these plots. 

The effect of decreasing speed is easily illustrated by applying a triangle 

wave with short enough period such that steady-state does not occur. It can 

be seen in Figure 36 that when the motor decelerates, a current is fed back, 

increasing the supply voltage by charging the input capacitor. 

Another thing to note in Figure 36 is the supply voltage in the bottom graph. 

Here the power supply protection circuit limits the supply voltage by 

momentarily shorting it to ground, letting it oscillate around one diode drop 

above the protection circuit’s input voltage until enough charge has been 

dissipated.  
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 Steady-state response 
 

 
Figure 37 – Open loop response to a triangle-wave reference. 𝑉𝑟𝑒𝑓 = 10 ∗ 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (𝑓, 𝑡) 

where 𝑓 = 0.01𝐻𝑧 and 𝑡 = {0, 𝑇𝑠, 2𝑇𝑠, … ,10}𝑠. 𝑉𝑖𝑛 = 5𝑉. The load is the Maxon DC motor.  

Measurements_Triangle10V.m was used to generate these plots. 

Figure 37 shows the steady-state values of the system by applying a triangle-

wave with sufficiently long period for steady-state to occur. For values 

above a certain threshold, the response is linear and corresponding to theory. 

However, for very small output voltages, this is not the case. The non-

linearity at the zero-crossing should be stressed because it is something the 

user can affect. The non-linearity exists for two reasons. First, 𝑣𝑟𝑒𝑓 is 
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compared to a non-ideal triangle-wave i.e. its peaks will be round and it will 

have a small DC offset. The former means that |�̂�𝑡𝑟𝑖| will be dependent on t 

in 𝑑(𝑡) =
𝑣𝑟𝑒𝑓(𝑡)

|�̂�𝑡𝑟𝑖|
, for small values of 𝑣𝑟𝑒𝑓, which makes d(t) non-linear. The 

latter yields a dead zone around 𝑣𝑟𝑒𝑓 = 0𝑉 where 𝑑 = 0. That is because the 

triangle-wave first has a DC offset added to yield a triangle-wave, with an 

amplitude between zero and five, then is inverted. If the DC offset is higher 

than half the amplitude, then the two triangle-waves formed are both slightly 

offset from 0V which in effect creates an area where 𝑣𝑟𝑒𝑓 cannot affect the 

output.  

Secondly, since the switching power-pole output has a finite rise-time, the 

output will be increasingly less ideal as the duty approaches zero. As a 

percent of maximum output voltage, this will be the same for all supply 

voltages. However in absolute terms, it will not. Therefore, the lower 𝑉𝑖𝑛 is, 

the more accurate the transfer function will be for small output voltages. 

Consequently the user can positively affect the non-idealities at the zero 

crossing by decreasing the supply voltage. 

The current is distorted for the same reason given in the step input analysis.  
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 System response to sine input 

 

 
Figure 38 – Open loop response to a sine-wave reference. 𝑉𝑟𝑒𝑓 = 5𝑠𝑖𝑛 (2𝜋𝑓𝑡) where 𝑓 =

{0.1 1 10 100}𝐻𝑧 and 𝑡 = {0, 𝑇𝑠, 2𝑇𝑠, … ,10}𝑠. 𝑉𝑖𝑛 = 5𝑉. The load is the Maxon DC motor. The 

Measurements_Sine5V.m was used to generate these plots. 

Most of the reasons behind the discrepancies in Figure 38 have already been 

explained individually but are repeated here for clarity. The deviation of the 

voltage on the negative slope of the sine-wave is due to back-EMF which 

raises the supply voltage, which the Simulink model does not account for 

since it has 𝑣𝑖𝑛(𝑡) set to zero. The incorrect amplitude at higher frequencies 

should not be seen as inaccuracies of the model but as the fact that the 

parameters of the output filter needs to be fine-tuned.  
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Something that has not yet been mentioned is friction. The motor model 

does not account for static friction, only viscous. It seems plausible to 

consider this the reason for the delay in rotation in the upper graph. The fact 

that the measurement quickly starts to track the simulation after a certain 

threshold is in-line with how static friction is defined.  

The data also shows a correlation between current noise and shaft speed. 

Judging from the lower plot, the noise is close to zero when the shaft speed 

is zero. It seems likely that this is the effect of commutating noise.  
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12. Discussion and conclusion 

The main objective of this project, to provide everything necessary to 

implement a control theory lab experiment with a DC motor with current 

feedback, has been achieved given certain constraints. Certain reservations 

has been made whether or not the particular motor meant to be used is of 

sufficient quality. As the project boundaries does not specify a particular 

motor, this reservation does not impact the outlined objectives. The 

conclusions are however drawn in regards to this motor. 

The conclusion drawn is that if used to regulate around a small angular 

interval, such that the torque is uniform, and if the shaft load is heavy 

enough to limit the bandwidth of the system, the current noise can be 

attenuated by a digital lowpass filter and the current considered the axis 

torque. Given these constraints, all objectives can be considered met.  

Two of the design parameters failed to match their desired value, the output 

voltage ripple and the current measurement range. It was argued that the 

voltage ripple was of high enough frequency such that it would not affect the 

motor nor possible for the DAQ to measure due to its anti-aliasing filter. So 

even though the design parameter failed its criterion, it is sufficient in 

practice.  

More problematic is the noise superimposed on the current measurement. It 

was concluded that there is high-frequency noise which do not correspond to 

the torque and has to be removed by a filter. Furthermore there is low-

frequency noise which do correspond to the torque but is not modelled. It 

was argued that the latter was because the motor’s torque was not uniform 

along its rotational axis. If the same motor is used to control the angular 

displacement over a small interval, the torque can be considered uniform 

within that interval. Thus if the current is filtered and the angular 

displacement controlled over a small interval, the current measurement 

range can be considered met.  

It was found that if 𝐿, 𝑟 and 𝐶 is tweaked slightly, the theoretical model is 

accurate. There was a deviation in the speed response but it was attributed to 

the aforementioned variation in torque.  

To be able to implement the lab experiment, the torque applied on the motor 

axis must be proportional to the armature current. Whether or not this is the 

case can only be ascertained by measuring the shaft torque and comparing it 

to the current. Such a test was not performed because of time constraints. 

Another test that ideally should have been performed is a step response with 

a mechanical load connected to the motor axis. The results of these tests 

would have added to the conclusion that the axis torque is not uniform.  
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From an electrical design viewpoint, two things were not properly accounted 

for, the back EMF and the DC offset of the current measurement. The back 

EMF was not properly accounted for by failing to realize that voltage 

sources in practice cannot sink current, only source. Therefore an additional 

protection circuit had to be designed which could not be fitted on the PCB 

and had to be placed externally. The protection circuit also has downsides 

such as inability to drive the motor as a generator for an extended period of 

time as well as an alternating output voltage depending on the current fed 

back. The latter impacts the transferfunction and infers the need to use the 

supply voltage as a second input to the system, if high accuracy is needed. A 

better circuit would have accounted for continuous back EMF as well as had 

been able to stabilize its output voltage.  

The current measurement’s DC offset should also have been accounted for 

by adding a way to control initial conditions. Given that there are DC offsets 

present, the users must account for this in their control system. The offset 

also shifts the maximum and minimum output current limit accordingly.  
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14. Appendices 
 

APPENDIX 1: Schematics 

APPENDIX 2: Matlab scripts 
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APPENDIX 2: Matlab scripts  

SimulinkModel.slx 
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speedCalc.m 
 

function [ y ] = speedCalc( t,encoder,direction ) 
res = 500; % pulses/rev 
sizeT = size(t); 
sizeT = sizeT(1); 
cntr = 2; toggle = 0; 
t1 = -1; 

  
while(cntr < sizeT) 
   if( (encoder(cntr) >= 2.5) && (toggle == 0) ) 
       if(t1 == -1) % The first measurement has no reference, 

skip. 
           period = 15000; 
       else 
           period = (t(cntr)-t1) * res; 
       end 
       t1 = t(cntr); 
       if(direction(cntr) >= 2.5)  
           dir = 1; 
       else 
           dir = -1; 
       end      
       encoder(cntr) = 1/period*dir;  
       toggle = 1; 
   elseif( (encoder(cntr) <= 2.5) && (toggle == 1) )  
       toggle = 0;      
       encoder(cntr) = encoder(cntr-1); 
   else 
       encoder(cntr) = encoder(cntr-1); 
   end 
   cntr = cntr + 1; 
end 
y = encoder; 
end 
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msrFnc.m 
 

function [ out ] = msrFnc( myDir,fcSpeed,fcIo,fcVo,... 
    currentOffset,samplerate) 
% Input directory only in the form "myinput = 'mydir'". 
% Returns a cell structure 

  
%% 
fid = fopen(['Logs\' myDir '\data.lvm'], 'r');  
C = textscan(fid,'%f %f %f %f %f %f %f', 'Headerlines', 23, 

'Delimiter', ','); 
fclose(fid);      

  
t = C{1}; 
voltageInt = C{2}; 
currentInt = C{3}; 
voltageExt = C{4}; 
currentExt = C{5}; 
direction = C{6}; 
encoder = C{7}; 

  
fid = fopen(['Logs\' myDir '\vref.lvm'], 'r');  
C = textscan(fid,'%f %f', 'Headerlines', 23, 'Delimiter', 

','); 
fclose(fid);    
tvref = C{1}; 
vref = C{2}; 

  

  
%% Speed Calculations 
speed = speedCalc( t,encoder,direction ); 

  
%% Current Calculations 
currentIntScale = 0.150; %150mV/A 
currentExtScale = 0.100; %100mV/A 
currentInt(:,1) = currentInt(:,1)./currentIntScale; 
currentExt(:,1) = currentExt(:,1)./currentExtScale; 
currentInt(:,1) = currentInt(:,1) + currentOffset; 

  
%% Voltage Calculations 
voltageIntScale = 1/2; %0.5V/V 
voltageInt(:,1) = voltageInt(:,1)./voltageIntScale; 

  
%% 1st order LP filters 
ts = 1/samplerate; % Sample period. 
currentIntFilt = mylp(currentInt,fcIo,ts)'; 
currentExtFilt = mylp(currentExt,fcIo,ts)'; 
voltageIntFilt = mylp(voltageInt,fcVo,ts)'; 
voltageExtFilt = mylp(voltageExt,fcVo,ts); 
speedFilt = mylp(speed,fcSpeed,ts)'; 

  
%% FIR filters 
% currentIntFilt = 

LPFIRFilter(10,1000,1,200,samplerate,currentInt); 
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% currentExtFilt = 

LPFIRFilter(100,1000,1,200,samplerate,currentExt); 
% voltageIntFilt = 

LPFIRFilter(100,1000,1,200,samplerate,voltageInt); 
% voltageExtFilt = 

LPFIRFilter(1e3,10e3,1,20,samplerate,voltageExt); 
% speedFilt = LPFIRFilter(100,1000,1,200,samplerate,speed); 

  
%% Return Values 
out.t = t; 
out.currentInt = currentInt; 
out.currentIntFilt = currentIntFilt; 
out.currentExt = currentExt; 
out.currentExtFilt  = currentExtFilt; 
out.voltageInt = voltageInt; 
out.voltageIntFilt = voltageIntFilt; 
out.voltageExt = voltageExt; 
out.voltageExtFilt  = voltageExtFilt; 
out.vref = vref; 
out.speed = speed; 
out.speedFilt = speedFilt; 
out.encoder = encoder; 
end 
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mylp.m 
 

function [ y ] = mylp( x,fc,ts ) 
    % fc = Corner Frequency. 
    % ts = Sampling period. 
    % Implements 1/( 1 + sRC ) 

     
    sizex = size(x); 
    sizex = sizex(1); 
    fc = fc*ts; % Ts stems from approx dx/dt as (x(t)-x(t-

Ts))/Ts 
    y(1) = x(1); 
    n = 2; 
    k = 1/(1+1/(2*pi*fc)); 
    a1 = 1/(2*pi*fc); 
    while(n <= sizex) 
        y(n) = k*( y(n-1)*a1 + x(n) ); 
        n = n + 1; 
    end 
end 

  

 

 

  



 

 17 

Measurements_Step10V.m 
 

clear 
%% Parameters passed to simulink 
run Parameters.m 
Vdd = 0.3;      % Voltage drop over diode. 
Vin = 10 - Vdd;  % This is the steady-state value of Vin. If 

disturbances to 
                % Vin is disregarded, this is the supply 

voltage. 

  
%% Coefficents passed to simulink 
a3 = r*C*La^2; 
a2 = La*(r*C*Ra+La+r*C*Ra); 
a1 = Ra*(r*C*Ra+2*La); 
a0 = Ra^2; 

  
b4 = L*C*La^2; 
b3 = La*(r*C*La+L*C*Ra+L*r*C+L*C*Ra); 
b2 = La^2+r*C*Ra*La+L*La+Ra*r*C*La+L*C*Ra^2+Ra*L*r*C; 
b1 = Ra*(2*La+r*C*Ra+L); 
b0 = Ra^2; 

  
d4 = Kb*L*r*C*La; 
d3 = L*Kb*(r*C*Ra+La); 
d2 = Kb*L*Ra; 
%% Measurement 
fcSpeed = 50; fcIo = 100; fcVo = 41.5e3; samplerate = 41.5e3; 
msr = msrFnc('Vref_Step_0-2_5__0-

5_Vin10V_MsrVinIout',fcSpeed,fcIo,fcVo,... 
    .446, samplerate); 

  
%% Simulation 
msrVref = [msr.t+0.026 msr.vref]; % Used as source in 

simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); Vo = VoR.data; 
IoR = R.find('Io'); Io = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; tout = 

OmegaR.time; 
speedHz = Omega/(2*pi); 

  
%% Plots 
figure(3) 

  
subplot(4,1,1) % Voltage 
plot(   msr.t-0.01, msr.voltageInt, tout, Vo,... 
        msr.t-0.01, msr.voltageExt,... 
        tout, Vin) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Voltage [V]');  
legend('Output voltage (measured)','Output voltage 

(simulated)',... 
    'Supply voltage (measured)', 'Supply voltage 

(simulated)',... 
    'Location','SouthEast'); 
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title(['\fontsize{8}Voltage vs Time.']); 
 axis([5.015 5.08 -1 15]) 

  
subplot(4,1,2) %Current 
plot(msr.t-0.01,msr.currentInt,tout,Io); 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Current [I]');  
legend('Output current (measured)','Output current 

(simulated)'... 
    ,'Location','SouthEast'); 
title(['\fontsize{8}Current vs Time']); 
 axis([5.015 5.08 0 6]) 

  
subplot(4,1,3) %Speed 
plot(msr.t-0.01,msr.speedFilt,tout,speedHz) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Speed [Hz]');  
title(['\fontsize{8}Speed vs Time. 1st Order Lowpass Filter, 

fc = '... 
    ,num2str(fcSpeed),'Hz.']); 
legend('Speed (measured)','Speed 

(simulated)','Location','SouthEast'); 
 axis([5.015 5.08 -1 15]) 

  
 subplot(4,1,4) 
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Measurements_Step5V_DCLoad.m 
 
clear 
%% Parameters passed to simulink 
run Parameters.m 
Vdd = 0.3;      % Voltage drop over diode. 
Vin = 5 - Vdd;  % This is the steady-state value of Vin. If 

disturbances to 
                % Vin is disregarded, this is the supply 

voltage. 
La = 0; 
Ra = 6; 
Jm = 100; 

  
%% Coefficents passed to simulink 
a3 = r*C*La^2; 
a2 = La*(r*C*Ra+La+r*C*Ra); 
a1 = Ra*(r*C*Ra+2*La); 
a0 = Ra^2; 

  
b4 = L*C*La^2; 
b3 = La*(r*C*La+L*C*Ra+L*r*C+L*C*Ra); 
b2 = La^2+r*C*Ra*La+L*La+Ra*r*C*La+L*C*Ra^2+Ra*L*r*C; 
b1 = Ra*(2*La+r*C*Ra+L); 
b0 = Ra^2; 

  
d4 = Kb*L*r*C*La; 
d3 = L*Kb*(r*C*Ra+La); 
d2 = Kb*L*Ra; 
%% Measurement 
fcSpeed = 50; fcIo = 100; fcVo = 41.5e3; samplerate = 41.5e3; 
msr = msrFnc('Vref_Step_0-2_5__0-

5_Vin5V_MsrVinIout_DCLOAD',fcSpeed,fcIo,fcVo,... 
    .446, samplerate); 

  
%% Simulation 
msrVref = [msr.t+0.026 msr.vref]; % Used as source in 

simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); Vo = VoR.data; 
IoR = R.find('Io'); Io = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; tout = 

OmegaR.time; 
speedHz = Omega/(2*pi); 

  
%% Plots 
figure(3) 

  
subplot(4,1,1) % Voltage 
plot(   msr.t, msr.voltageInt, tout, Vo,... 
        msr.t, msr.voltageExt) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Voltage [V]');  
legend('Output voltage (measured)','Output voltage 

(simulated)',... 
    'Supply voltage (measured)',... 



 

 20 

    'Location','NorthEast'); 
title(['\fontsize{8}Voltage vs Time.']); 
axis([0 10 -5 15]); 

  
subplot(4,1,2) %Current 
plot(msr.t,msr.currentInt,tout,Io) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Current [I]');  
legend('Output current (measured)','Output current 

(simulated)'... 
    ,'Location','NorthEast'); 
title(['\fontsize{8}Current vs Time.']); 

  
subplot(4,1,3) %Current Filtered 
plot(msr.t,msr.currentIntFilt,msr.t,msr.currentInt+0.1) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Current [I]');  
myString = sprintf('Output current w filter. fc = %dHz. 

(measured)', fcIo); 
legend(myString... 
    ,'Output current w/o filter w DC offset of 0.1A. 

(measured)'... 
    ,'Location','SouthEast'); 
title(['\fontsize{8}Current vs Time.']); 
axis([1 3 0.2 0.5]) 

  
subplot(4,1,4) % Voltage zoomed-in 
plot(   msr.t-0.0027, msr.voltageInt, tout, Vo,... 
        msr.t-0.0033-4, msr.voltageInt, tout-4.0163+0.024, 

Vo); 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Voltage [V]');  
legend('Output voltage(Vref=2.5V)  (measured)','Output 

voltage(Vref=2.5V)  (simulated)',... 
    'Output voltage (Vref=5V) (measured)','Output 

voltage(Vref=5V)  (simulated)',... 
    'Location','NorthEast'); 
title(['\fontsize{8}Voltage vs Time.']); 
axis([1.024 1.028 0 11]); 
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Measurements_Step5V.m 
 

clear 
%% Parameters passed to simulink 
run Parameters.m 
Vdd = 0.3;      % Voltage drop over diode. 
Vin = 5 - Vdd;  % This is the steady-state value of Vin. If 

disturbances to 
                % Vin is disregarded, this is the supply 

voltage. 

  
%% Coefficents passed to simulink 
a3 = r*C*La^2; 
a2 = La*(r*C*Ra+La+r*C*Ra); 
a1 = Ra*(r*C*Ra+2*La); 
a0 = Ra^2; 

  
b4 = L*C*La^2; 
b3 = La*(r*C*La+L*C*Ra+L*r*C+L*C*Ra); 
b2 = La^2+r*C*Ra*La+L*La+Ra*r*C*La+L*C*Ra^2+Ra*L*r*C; 
b1 = Ra*(2*La+r*C*Ra+L); 
b0 = Ra^2; 

  
d4 = Kb*L*r*C*La; 
d3 = L*Kb*(r*C*Ra+La); 
d2 = Kb*L*Ra; 
%% Measurement 
fcSpeed = 50; fcIo = 100; fcVo = 41.5e3; samplerate = 41.5e3; 
msr = msrFnc('Vref_Step_0-2_5__0-

5_Vin5V_MsrVinIout',fcSpeed,fcIo,fcVo,... 
    .446, samplerate); 

  
%% Simulation 
msrVref = [msr.t+0.026 msr.vref]; % Used as source in 

simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); Vo = VoR.data; 
IoR = R.find('Io'); Io = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; tout = 

OmegaR.time; 
speedHz = Omega/(2*pi); 

  
%% Plots 
figure(2) 

  
subplot(4,1,1) % Voltage 
plot(   msr.t, msr.voltageInt, tout, Vo,... 
        msr.t, msr.voltageExt) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Voltage [V]');  
legend('Output voltage (measured)','Output voltage 

(simulated)',... 
    'Supply voltage (measured)',... 
    'Location','NorthEast'); 
title(['\fontsize{8}Voltage vs Time.']); 
axis([0 10 -5 15]); 
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subplot(4,1,2) %Current 
plot(msr.t,msr.currentInt,tout,Io) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Current [I]');  
legend('Output current (measured)','Output current 

(simulated)'... 
    ,'Location','NorthEast'); 
title(['\fontsize{8}Current vs Time']); 

  
subplot(4,1,3) %Speed 
plot(msr.t,msr.speedFilt,tout,speedHz) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Speed [Hz]');  
title(['\fontsize{8}Speed vs Time. 1st Order Lowpass Filter, 

fc = '... 
    ,num2str(fcSpeed),'Hz.']); 
legend('Speed (measured)','Speed 

(simulated)','Location','NorthEast'); 

  
subplot(4,1,4) %Current Filtered 
plot(msr.t,msr.currentIntFilt,msr.t,msr.currentInt+0.1) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Current [I]');  
myString = sprintf('Output current w filter. fc = %dHz. 

(measured)', fcIo); 
legend(myString... 
    ,'Output current w/o filter w DC offset of 0.1A. 

(measured)'... 
    ,'Location','SouthEast'); 
title(['\fontsize{8}Current vs Time.']); 
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Measurements_Step5V_SpeedDiscont.m 
 

clear 
%% Parameters passed to simulink 
run Parameters.m 
Vdd = 0.3;      % Voltage drop over diode. 
Vin = 5 - Vdd;  % This is the steady-state value of Vin. If 

disturbances to 
                % Vin is disregarded, this is the supply 

voltage. 
%% Coefficents passed to simulink 
a3 = r*C*La^2; 
a2 = La*(r*C*Ra+La+r*C*Ra); 
a1 = Ra*(r*C*Ra+2*La); 
a0 = Ra^2; 

  
b4 = L*C*La^2; 
b3 = La*(r*C*La+L*C*Ra+L*r*C+L*C*Ra); 
b2 = La^2+r*C*Ra*La+L*La+Ra*r*C*La+L*C*Ra^2+Ra*L*r*C; 
b1 = Ra*(2*La+r*C*Ra+L); 
b0 = Ra^2; 

  
d4 = Kb*L*r*C*La; 
d3 = L*Kb*(r*C*Ra+La); 
d2 = Kb*L*Ra; 
%% Measurement 
fcSpeed = 50; fcIo = 100; fcVo = 41.5e3; samplerate = 41.5e3; 
msr = msrFnc('Vref_Step_0-2_5__0-

5_Vin5V_MsrVinIout',fcSpeed,fcIo,fcVo,... 
    .446, samplerate); 

  
%% Simulation 
msrVref = [msr.t+0.026 msr.vref]; % Used as source in 

simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); Vo = VoR.data; 
IoR = R.find('Io'); Io = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; tout = 

OmegaR.time; 
speedHz = Omega/(2*pi); 

  
%% Plots 
figure(2) 

  
%% Left 
subplot(4,2,1) % Voltage 
plot(   msr.t, msr.voltageInt, tout, Vo) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Voltage [V]');  
legend('Output voltage (measured)','Output voltage 

(simulated)',... 
    'Location','SouthEast'); 
title(['\fontsize{8}Voltage vs Time.']); 
axis([1 3 2 2.5]); 

  
subplot(4,2,3) %Current 
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plot(msr.t,msr.currentInt,tout,Io) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Current [I]');  
legend('Output current (measured)','Output current 

(simulated)'... 
    ,'Location','NorthEast'); 
title(['\fontsize{8}Current vs Time']); 
axis([1 3 -0.1 0.3]); 

  
subplot(4,2,5) %Speed 
plot(msr.t,msr.speedFilt,tout,speedHz) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Speed [Hz]');  
title(['\fontsize{8}Speed vs Time. 1st Order Lowpass Filter, 

fc = '... 
    ,num2str(fcSpeed),'Hz.']); 
legend('Speed (measured)','Speed 

(simulated)','Location','NorthEast'); 
axis([1 3 3 4.5]); 

 
subplot(4,2,7) 

  
%% Right 
subplot(4,2,2) % Voltage 
plot(   msr.t, msr.voltageInt, tout, Vo); 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Voltage [V]');  
legend('Output voltage (measured)','Output voltage 

(simulated)',... 
    'Location','SouthEast'); 
title(['\fontsize{8}Voltage vs Time.']); 
axis([5 7 4.5 5]); 

  
subplot(4,2,4) %Current 
plot(msr.t,msr.currentInt,tout,Io) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Current [I]');  
legend('Output current (measured)','Output current 

(simulated)'... 
    ,'Location','NorthEast'); 
title(['\fontsize{8}Current vs Time']); 
axis([5 7 -0.1 0.3]); 

  
subplot(4,2,6) %Speed 
plot(msr.t,msr.speedFilt,tout,speedHz) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Speed [Hz]');  
title(['\fontsize{8}Speed vs Time. 1st Order Lowpass Filter, 

fc = '... 
    ,num2str(fcSpeed),'Hz.']); 
legend('Speed (measured)','Speed 

(simulated)','Location','NorthEast'); 
axis([5 7 7.5 8.5]); 

  
subplot(4,2,8) 
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Measurements_Sine5V.m 
 

clear 
%% Parameters passed to simulink 
run Parameters.m 
Vdd = 0.3;      % Voltage drop over diode. 
Vin = 5 - Vdd;  % This is the steady-state value of Vin. If 

disturbances to 
                % Vin is disregarded, this is the supply 

voltage. 

  
%% Coefficents passed to simulink 
a3 = r*C*La^2; 
a2 = La*(r*C*Ra+La+r*C*Ra); 
a1 = Ra*(r*C*Ra+2*La); 
a0 = Ra^2; 

  
b4 = L*C*La^2; 
b3 = La*(r*C*La+L*C*Ra+L*r*C+L*C*Ra); 
b2 = La^2+r*C*Ra*La+L*La+Ra*r*C*La+L*C*Ra^2+Ra*L*r*C; 
b1 = Ra*(2*La+r*C*Ra+L); 
b0 = Ra^2; 

  
d4 = Kb*L*r*C*La; 
d3 = L*Kb*(r*C*Ra+La); 
d2 = Kb*L*Ra; 
%% Data  
fcSpeed = 100; fcIo = 100; fcVo = 2000; samplerate = 41.5e3; 
%% 0.1Hz 
% Measurement 
msrA = 

msrFnc('Vref_Sine_0.1Hz_Vin_5V_MsrVinIout',fcSpeed,fcIo,fcVo,

... 
    .446, samplerate); 
% Simulation 
msrVref = [msrA.t msrA.vref]; % Used as source in simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); VoA = VoR.data; 
IoR = R.find('Io'); IoA = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; toutA = 

OmegaR.time; 
speedHzA = Omega/(2*pi); 
%% 1Hz 
% Measurement 
msrB = 

msrFnc('Vref_Sine_1Hz_Vin_5V_MsrVinIout',fcSpeed,fcIo,fcVo,..

. 
    .446, samplerate); 
% Simulation 
msrVref = [msrB.t msrB.vref]; % Used as source in simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); VoB = VoR.data; 
IoR = R.find('Io'); IoB = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; toutB = 

OmegaR.time; 
speedHzB = Omega/(2*pi); 
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%% 10Hz 
% Measurement 
msrC = 

msrFnc('Vref_Sine_10Hz_Vin_5V_MsrVinIout',fcSpeed,fcIo,fcVo,.

.. 
    .446, samplerate); 
% Simulation 
msrVref = [msrC.t msrC.vref]; % Used as source in simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); VoC = VoR.data; 
IoR = R.find('Io'); IoC = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; toutC = 

OmegaR.time; 
speedHzC = Omega/(2*pi); 
%% 100Hz 
% Measurement 
msrD = 

msrFnc('Vref_Sine_100Hz_Vin_5V_MsrVinIout',fcSpeed,fcIo,fcVo,

... 
    .446, samplerate); 
% Simulation 
msrVref = [msrD.t msrD.vref]; % Used as source in simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); VoD = VoR.data; 
IoR = R.find('Io'); IoD = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; toutD = 

OmegaR.time; 
speedHzD = Omega/(2*pi); 

  
%% Plots 
figure(1) 

  
subplot(5,1,1) % 0.1Hz 
plot(   msrA.t-0.028, msrA.voltageInt, toutA, VoA,... 
        msrA.t-0.028, msrA.currentInt, toutA, IoA,... 
        msrA.t-0.028, msrA.speedFilt, toutA, speedHzA,... 
        msrA.t, msrA.voltageExt); 
axis([0 10 -2*Vin 2*Vin]) 
title('Frequency sweep 0.1 - 100Hz. Vin = 5V.'); 
ylabel(['\fontsize{8}Reference: 5sin(0.1Hz,t)']); 
xlabel('\fontsize{8}Time [s]'); 

  
subplot(5,1,2) %1Hz 
plot(   msrB.t-0.026, msrB.voltageInt, toutB, VoB,... 
        msrB.t-0.026, msrB.currentInt, toutB, IoB,... 
        msrB.t-0.026, msrB.speedFilt, toutB, speedHzB,... 
        msrB.t, msrB.voltageExt); 
axis([0 6 -2*Vin 2*Vin]) 
ylabel(['\fontsize{8}Reference: 5sin(1Hz,t)']); 
xlabel('\fontsize{8}Time [s]'); 

  
subplot(5,1,3) %10Hz 
plot(   msrC.t-0.0384, msrC.voltageInt, toutC, VoC,... 
        msrC.t-0.0384, msrC.currentInt, toutC, IoC,... 
        msrC.t-0.0384, msrC.speedFilt, toutC, speedHzC,... 
        msrC.t, msrC.voltageExt); 
axis([0 0.6 -5 6]) 
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ylabel(['\fontsize{8}Reference: 5sin(10Hz,t)']); 
xlabel('\fontsize{8}Time [s]'); 

  
subplot(5,1,4) %100hz 
plot(   msrD.t-0.032, msrD.voltageInt, toutD, VoD,... 
        msrD.t-0.032, msrD.currentInt, toutD, IoD,... 
        msrD.t-0.032, msrD.speedFilt, toutD, speedHzD,... 
        msrD.t, msrD.voltageExt); 
axis([0 0.06 -5 6]) 
ylabel(['\fontsize{8}Reference: 5sin(100Hz,t)']); 
xlabel('\fontsize{8}Time [s]'); 

  
subplot(5,1,5) 
plot(   1,1, 1,1, 1,1, 1,1, 1,1, 1,1, 1,1); 
legend( 'Output voltage [V] (measured)', 'Output voltage [V] 

(simulated)',... 
        'Output current [A] (measured)', 'Output current [A] 

(simulated)',... 
        'Shaft speed [Hz] (measured)', 'Shaft speed [Hz] 

(simulated)',... 
        'Input voltage [V] (measured)', 

'Location','SouthEast'); 
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Measurements_Triangle10V.m 
 
clear 
%% Parameters passed to simulink 
run Parameters.m 
Vdd = 0.3;      % Voltage drop over diode. 
Vin = 10 - Vdd;  % This is the steady-state value of Vin. If 

disturbances to 
                % Vin is disregarded, this is the supply 

voltage. 

  
%% Coefficents passed to simulink 
a3 = r*C*La^2; 
a2 = La*(r*C*Ra+La+r*C*Ra); 
a1 = Ra*(r*C*Ra+2*La); 
a0 = Ra^2; 

  
b4 = L*C*La^2; 
b3 = La*(r*C*La+L*C*Ra+L*r*C+L*C*Ra); 
b2 = La^2+r*C*Ra*La+L*La+Ra*r*C*La+L*C*Ra^2+Ra*L*r*C; 
b1 = Ra*(2*La+r*C*Ra+L); 
b0 = Ra^2; 

  
d4 = Kb*L*r*C*La; 
d3 = L*Kb*(r*C*Ra+La); 
d2 = Kb*L*Ra; 
%% Measurement 
fcSpeed = 50; fcIo = 100; fcVo = 41.5e3; samplerate = 41.5e3; 
msr = 

msrFnc('Vref_TriangleSweep_Vin10V_MsrVinIout',fcSpeed,fcIo,fc

Vo,... 
    .475, samplerate); 

  
%% Simulation 
msrVref = [msr.t+0.026 msr.vref]; % Used as source in 

simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); Vo = VoR.data; 
IoR = R.find('Io'); Io = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; tout = 

OmegaR.time; 
speedHz = Omega/(2*pi); 

  
%% Plots 
figure(2) 

  
subplot(4,1,1) % Voltage 
plot(   msr.t, msr.voltageInt, tout, Vo,... 
        msr.t, msr.voltageExt) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Voltage [V]');  
legend('Output voltage (measured)','Output voltage 

(simulated)',... 
    'Supply voltage (measured)',... 
    'Location','NorthEast'); 
title(['\fontsize{8}Voltage vs Time.']); 



 

 29 

  
subplot(4,1,2) %Current 
plot(msr.t,msr.currentInt,tout,Io) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Current [I]');  
legend('Output current (measured)','Output current 

(simulated)'... 
    ,'Location','NorthEast'); 
title(['\fontsize{8}Current vs Time']); 

  
subplot(4,1,3) %Speed 
plot(msr.t,msr.speedFilt,tout,speedHz) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Speed [Hz]');  
title(['\fontsize{8}Speed vs Time. 1st Order Lowpass Filter, 

fc = '... 
    ,num2str(fcSpeed),'Hz.']); 
legend('Speed (measured)','Speed 

(simulated)','Location','NorthEast'); 

  
subplot(4,1,4) %Current Filtered 
plot(msr.t,msr.currentIntFilt,tout,Io) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Current [I]');  
myString = sprintf('Output current w filter. fc = %dHz. 

(measured)', fcIo); 
legend(myString... 
    ,'Output current (simulated)'... 
    ,'Location','NorthEast'); 
title(['\fontsize{8}Current vs Time.']); 
 axis([0 100 -0.2 0.2]) 
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Measurements_Triangle_Sweep.m 
 

fcSpeed = 50; fcIo = 41.5e3; fcVo = 41.5e3; samplerate = 

41.5e3; 

  
run Parameters.m 
run Measurements_Triangle_Sweep_1V.m 
run Measurements_Triangle_Sweep_5V.m 
run Measurements_Triangle_Sweep_10V.m 

  
subplot(4,1,4) 
plot(1,1, 1,1, 1,1, 1,1); 
legend('Output voltage (measured)','Output voltage 

(simulated)',... 
    'Supply voltage (measured)','10*Output current 

(simulated)',... 
    'Location','SouthEast'); 

 

Parameters.m 
 

%% Parameters passed to simulink 
L = 100e-6; 
r = 0.12; 
C = 100e-6; 
La = 600e-6; 
Ra = 1.7; 
Bm = 7e-5; 
Jm = 4e-4; 
Kb = 0.0934; 
Ki = 0.0934; 
Vtri = 5; 
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Measurements_Triangle_Sweep_1V.m 
 

%% Parameters passed to simulink 
Vdd = 0.3;      % Voltage drop over diode. 
Vin = 1 - Vdd;  % This is the steady-state value of Vin. If 

disturbances to 
                % Vin is disregarded, this is the supply 

voltage. 
%% Coefficents passed to simulink 
a3 = r*C*La^2; 
a2 = La*(r*C*Ra+La+r*C*Ra); 
a1 = Ra*(r*C*Ra+2*La); 
a0 = Ra^2; 

  
b4 = L*C*La^2; 
b3 = La*(r*C*La+L*C*Ra+L*r*C+L*C*Ra); 
b2 = La^2+r*C*Ra*La+L*La+Ra*r*C*La+L*C*Ra^2+Ra*L*r*C; 
b1 = Ra*(2*La+r*C*Ra+L); 
b0 = Ra^2; 

  
d4 = Kb*L*r*C*La; 
d3 = L*Kb*(r*C*Ra+La); 
d2 = Kb*L*Ra; 
%% Measurement 
msr = 

msrFnc('Old/Vref_Triangle_0.1Hz_Vin_1V_MsrVinIin',fcSpeed,fcI

o,fcVo,... 
    .802, samplerate); 

  
%% Simulation 
msrVref = [msr.t+0.026 msr.vref]; % Used as source in 

simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); Vo = VoR.data; 
IoR = R.find('Io'); Io = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; tout = 

OmegaR.time; 
speedHz = Omega/(2*pi); 

  
%% Plots 
figure(1) 

  
subplot(4,1,1) % Voltage 
plot(   msr.t, msr.voltageInt, tout, Vo,... 
        msr.t, msr.voltageExt,... 
        tout, 10*Io) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Voltage [V]');  
title(['\fontsize{8}Vin = 1V']); 
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Measurements_Triangle_Sweep_5V.m 
 

%% Parameters passed to simulink 
Vdd = 0.3;      % Voltage drop over diode. 
Vin = 5 - Vdd;  % This is the steady-state value of Vin. If 

disturbances to 
                % Vin is disregarded, this is the supply 

voltage. 
%% Coefficents passed to simulink 
a3 = r*C*La^2; 
a2 = La*(r*C*Ra+La+r*C*Ra); 
a1 = Ra*(r*C*Ra+2*La); 
a0 = Ra^2; 

  
b4 = L*C*La^2; 
b3 = La*(r*C*La+L*C*Ra+L*r*C+L*C*Ra); 
b2 = La^2+r*C*Ra*La+L*La+Ra*r*C*La+L*C*Ra^2+Ra*L*r*C; 
b1 = Ra*(2*La+r*C*Ra+L); 
b0 = Ra^2; 

  
d4 = Kb*L*r*C*La; 
d3 = L*Kb*(r*C*Ra+La); 
d2 = Kb*L*Ra; 
%% Measurement 
msr = 

msrFnc('Old/Vref_Triangle_0.1Hz_Vin_5V_MsrVinIin',fcSpeed,fcI

o,fcVo,... 
    .802, samplerate); 

  
%% Simulation 
msrVref = [msr.t+0.026 msr.vref]; % Used as source in 

simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); Vo = VoR.data; 
IoR = R.find('Io'); Io = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; tout = 

OmegaR.time; 
speedHz = Omega/(2*pi); 

  
%% Plots 
figure(1) 

  
subplot(4,1,2) 
plot(   msr.t, msr.voltageInt, tout, Vo,... 
        msr.t, msr.voltageExt,... 
        tout, 10*Io) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Voltage [V]');  
title(['\fontsize{8}Vin = 5V']); 
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Measurements_Triangle_Sweep_10V.m 
 

%% Parameters passed to simulink 
Vdd = 0.3;      % Voltage drop over diode. 
Vin = 10 - Vdd;  % This is the steady-state value of Vin. If 

disturbances to 
                % Vin is disregarded, this is the supply 

voltage. 
%% Coefficents passed to simulink 
a3 = r*C*La^2; 
a2 = La*(r*C*Ra+La+r*C*Ra); 
a1 = Ra*(r*C*Ra+2*La); 
a0 = Ra^2; 

  
b4 = L*C*La^2; 
b3 = La*(r*C*La+L*C*Ra+L*r*C+L*C*Ra); 
b2 = La^2+r*C*Ra*La+L*La+Ra*r*C*La+L*C*Ra^2+Ra*L*r*C; 
b1 = Ra*(2*La+r*C*Ra+L); 
b0 = Ra^2; 

  
d4 = Kb*L*r*C*La; 
d3 = L*Kb*(r*C*Ra+La); 
d2 = Kb*L*Ra; 
%% Measurement 
msr = 

msrFnc('Old/Vref_Triangle_0.1Hz_Vin_10V_MsrVinIin',fcSpeed,fc

Io,fcVo,... 
    .802, samplerate); 

  
%% Simulation 
msrVref = [msr.t+0.026 msr.vref]; % Used as source in 

simulink. 
R = sim('SimulinkModel','ReturnWorkspaceOutputs', 'on'); 
VoR = R.find('Vo'); Vo = VoR.data; 
IoR = R.find('Io'); Io = IoR.data; 
OmegaR = R.find('Omega'); Omega  = OmegaR.data; tout = 

OmegaR.time; 
speedHz = Omega/(2*pi); 

  
%% Plots 
figure(1) 

  
subplot(4,1,3) 
plot(   msr.t, msr.voltageInt, tout, Vo,... 
        msr.t, msr.voltageExt,... 
        tout, 10*Io) 
xlabel('\fontsize{8}Time [s]');  
ylabel('\fontsize{8}Voltage [V]');  
title(['\fontsize{8}Vin = 10V']); 
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