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Abstract

This thesis presents the design of an accurate current source for MEMS vaporizing liquid microthrusters. An
analysis of different power supplies is presented. The design choices leading to the implemented current
sink topology is given. The main components, which are an op-amp, a MOSFET and a resistor, are analyzed
extensively. System integration tests showed that the current source worked adequately. The current source
has also been tested separately and the imposed accuracy requirement is not met. The reason for this has to
be further investigated, as there are many potential sources of errors which can cause deviations in the order
of microampere. Lastly, several recommendations are given for improving the system.
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Symbols, acronyms and software

Symbols
• Vgs: gate-source voltage

• Ids: drain-source voltage

• Sv: noise voltage spectral density

• Si: noise current spectral density

• GBmin: minimum gain bandwidth product

• B : bandwidth

Acronyms
• ADC: Analog-to-digital converter

• DAC: Digital-to-analog converter

• LPM: Low-pressure microthruster

• MEMS: Micro Electro-Mechanical Systems

• Show-stopper: Action, condition, event, or problem that is serious enough to halt an activity, program,
or process until it is resolved1

• VLM: Vaporizing liquid microthruster

• VCVS: Voltage-controlled voltage source

• VCCS: Voltage-controlled current source

• CCVS: Current-controlled voltage source

• CCCS: Current-controlled current source

• SMD: Surface-mount device

• PCB: Printed circuit board

• Heater element = Heater device = Load

• Heating current: Current used for heating the heater

• Sensing current: Current used for measuring the resistance of the heater

• LSB: Least Significant Bit

Software
• MATLAB: numerical analysis environment

• SLICAP (symbolic linear circuit analysis program): MATLAB-based simulation tool used by us to set up
and solve design equations for our electronic circuit.

• LTSPICE: electronic circuit simulator used by us to generate netlists of our circuits for analysis with
SLICAP.

1http://www.businessdictionary.com/definition/show-stopper.html

v

http://www.businessdictionary.com/definition/show-stopper.html


1
Introduction

Pico- and nanosatellites have increased in popularity over the years [1]. In 2018, 244 nanosatellites were
launched and it is predicted that in 2023 already 703 nanosatellites will be launched [2]. Nanosatellites can
be used in a wide variety of fields, such as space debris removal, formation flying or swarm missions. They
are lightweight and low-cost, but usually lack propulsion capability. There is still much research to be done
into the micro-propulsion system for these satellites. The need for further development of these systems is
also mentioned in the technology roadmap set by NASA [3]. MEMS can play an important role in the creation
of micro-propulsion systems.

1.1. Background information
Micro-propulsion systems have many different variations based on their working principle, ranging from
solar sails, cold gas propulsion systems, electric propulsion systems and chemical propulsion systems [4].
This project focuses on the resistojet thruster, which falls in the category of electric propulsion systems. There
are in general two main types of microresistojets: the vaporizing liquid microthruster (VLM) and low-pressure
microresistojet (LPM) [5]. In this project, we work with a VLM that is part of research project.

A VLM generally consists of a resistive heating element and a liquid channel, as shown in Figure 1.1. Thrust
is delivered by heating a gas or liquid, accelerating it through a nozzle and expelling it into space. In our case,
the propellant is water. When the water is heated up and starts to boil, bubbles appear inside the channel.
These bubbles form a layer of thermal insulation and affect the heat transfer from the heater to the chan-
nel. This in turn affects the temperature of the resistive element and the pressure in the channel. Therefore,
the amount of steam generated tends to oscillate. As the thrust is dependent on the mass flow rate [6], un-
wanted variations in the temperature and pressure can therefore lead to a fluctuating thrust. Furthermore,
uncontrolled heating could even cause thermal runaway and destroy the device. Therefore, controlling the
temperature of the heater element is of paramount importance.

Figure 1.1: Schematic cross-section of the thruster taken from [6]

1
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1.2. State-of-the-art analysis
Small satellites like CubeSats have several constraints that form a limitation in the design, e.g. its mass, di-
mensions, available power and propulsion [7]. Hence, there is a need for high performance, highly miniatur-
ized and integrated micro-propulsion systems that meet these constraints [8].

Tummala and Dutta compared different micro-propulsion systems for CubeSats [9]. Their research shows
that resistojets provide a relatively low specific impulse, have the highest average thrust-to-power ratio com-
pared to other electric propulsion systems and can deliver a thrust between 0.1 mN and about 50 mN. This
relatively low thrust can also be seen in the microresistojet propulsion concepts of Cervone, Zandbergen et al.
[10]. In this work, the authors state that the presented concepts have the most potential in nanosatellite ap-
plications where a thrust between 0.5 mN and 10 mN is required. Due to their relatively low thrust, resistojets
are also used on larger satellites for attitude control [9].

Controlling the thrust in magnitude and direction could make a big difference in the use of micro-propulsion
systems [10]. A possible solution to control the thrust is to reduce bubble forming during heating. The tran-
sient behavior of bubble formation on micro-resistors is an active field of study [11]. Tsai and Lin have ob-
served that the temperature of the heater rises with the increase of bubble size to reach a new equilibrium
temperature, because it is believed that the heat dissipation path from the microresistor surface to the liquid
is partially blocked by the vapor bubble. Several experiments have also been performed on microheaters to
better understand the boiling process [12]. This project will attempt to control the temperature of the micro-
heater and thereby also to control the bubbling process.

1.3. Project objective
In an attempt to stabilize the thrust, we have defined the following goals for the project:

1. To acquire data about the temperature of the heating element during dynamic liquid/vapor phenomenon.

2. To control the temperature of the heating element in an effort to reduce bubble forming.

To achieve these goals, we implement the required hardware and software compatible with multiple resisto-
jets. These resistojets have pressure sensors integrated that create additional information about the system.

The microthruster is supposed to work in space on nanosatellites. However, this project is part of a research
project on manufacturing microthrusters. Therefore, we assume that our system is only going to work on
earth as a first prototype. Phenomena such as space radiation, high pressure and extreme temperature vari-
ations will be omitted and constraints such as limited space, limited power and extreme robustness will not
be given priority in the design. This simplifies the design while providing valuable information to reach the
objectives of the project.

The project can be considered a success if the following deliverables are accomplished.

1. Design and implementation of circuitry for real-time data acquisition from a heater array and from
multiple EPCOS pressure sensors.

2. Design of front end data acquisition software.

3. Implementation of a control algorithm for temperature.

The results obtained from this project enable researchers to further investigate the effect of the bubble form-
ing in microthrusters.
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1.4. Task division of project
In order to reach the objectives of the project, the project is divided into subgroups. The temperature of the
heater device is affected by supplying an electric input signal to the heater. The accuracy of this input signal
determines the precision of the temperature which can be set. This is the challenge of the first subgroup: the
supply group.

Implementing a feedback system poses some challenges, as there is no model available of the microthruster.
Furthermore, effects such as the heat dissipation and stochastic bubble forming make modelling even more
complex. Nonetheless, the need for an adequate feedback system is of uttermost importance for controlling
the temperature. This is the focus of another subgroup: the control group.

Providing reliable input to the feedback system means that the resistance of the heater element should be
read out accurately. The temperature dependency makes this a challenging task. Therefore, another sub-
group is formed which tackles this challenge: the read-out subgroup.

A high level overview of the system is given in Figure 1.2. To summarize, the following three subgroups are
formed.

• Control: responsible for the control of the system.

• Read-out: responsible for the hardware read-out circuitry.

• Supply: responsible for the supply for the heater.

MicrothrusterSupply Read-out

Control

Figure 1.2: Overview of the subgroups

1.5. Problem scope for the supply subgroup
This thesis will present how an accurate supply for the microthruster can be implemented. It will be used
for both heating up the resistive element of the microthruster as well as performing accurate measurements.
The input of the supply is given by the control unit in the form of a voltage. The output of the supply is an
electric signal with a certain amplitude, as determined by the control unit.

1.5.1. Technical review

There are several ways in which a supply for a resistive element can be made: a current source, a voltage
source or a power source. A current source can be implemented in various ways. The simplest current source
is a transistor. An operational amplifier is another example of an implementation of a current source, which
among others consists of several transistors combined. Examples of current source implementations on the
transistor level and with the use of op-amps can be found in [13] and [14]. Furthermore, many variations in
the topology exist [15].

An interesting implementation of the current source is the current mirror, as shown in Figure 1.3a, which
keeps the output current through a load constant by copying the input current [15]. It consists of two tran-
sistors. This circuit has two disadvantages. First, the output current is not entirely independent of the output
voltage, due to a non-infinite output impedance. Secondly, the transistors must be matched as accurately
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as possible to reach ideal behaviour, which is a practical limitation. This current source has been used as a
supply in a VLM [16].

To improve the current mirror composed of two transistors, the Wilson current source uses a third transistor,
as shown in Figure 1.3b. The output impedance is increased, which overcomes the former limitation of the
previous source. A third option would be to implement a cascode current mirror, which uses four transistors.
However, self-heating can significantly affect BJT circuit behaviour in analog circuits [17]. To reduce this, the
resistance in the base or emitter should be reduced or negative feedback should be applied. Furthermore, the
limitation caused by accurate matching of the transistors remains. This leads us to consider other variants
for a current source.

Q1 Q2

R1

Vcc Vout

Iout

Rload

(a) Current mirror

Q1

Q2

Q3

Vcc Vout

R1 Rload

Iout

(b) Wilson current mirror

Figure 1.3: Current mirrors

Another interesting supply source is the Howland current pump, which is used as a voltage controlled cur-
rent source. It consists of an op-amp combined with four resistors as shown in Figure 1.4. Howland current
sources are used due to their simplicity, feasible implementation and superior driving capabilities [18]. How-
ever, due to resistor tolerances, the output resistance will not approach infinity and therefore the output
current becomes dependent on the load voltage [19]. A modified Howland current pump, as shown in [20],
also suffers from this limitation.

R1 R2

R3 R4

GND

V+U1

V1 Rload
Iout

Figure 1.4: Howland current pump

A buck converter could also be used to supply the load. It steps down an input voltage to a lower output
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voltage [21]. A basic buck converter consists of a switch, diode, inductor and resistor. A high efficient, non-
inverting buck-boost DC-DC converter was presented by Gaboriault and Notman in [22]. The buck converter
could be used to obtain a better power efficiency, which is further explained in Section 6.1.

1.6. Thesis synopsis
The thesis starts with the requirements for the system in Chapter 2. Then, the design decisions for the supply
are elaborated in Chapter 3. Next, the implementation of the system is explained. After that, the system
will be tested and the results will be discussed in Chapter 5. Lastly, we will assess our design and present
recommendations for improvements in Chapter 6.



2
Program of requirements

In this chapter, we first present the requirements for the entire system. Then, the heater specifications are
given in Section 2.2. Lastly, the requirements of the supply will be given and elucidated in Section 2.3.

2.1. Program of requirements for entire system
The goal of the project is to design and implement a system which controls the temperature of the heater
element in a resistojet and provides temperature and pressure readings. We have grouped the requirements
of the system into several categories. Functional requirements describe what the system must have. The
system requirements are limitations of the system and the safety requirements are set to prevent that the mi-
crothruster gets destroyed and ensure safety when testing. Lastly, the implementation requirement describes
how the system should be built. The requirements can be found below. We have distinguished the mandatory
requirements (MR) from the trade-off requirements (ToR).

2.1.1. Scoping

The microthruster is part of a research project and therefore, no clear requirements are known. We have
thus decided to take overkill requirements. For the system, the overkill requirement is Sys 1. It is not known
beforehand which read-out precision we need to control the temperature within 10 ◦C and therefore, we set
the bar high. Even if this read-out accuracy requirement of 1 ◦C is not met, experiments should be performed
with our system to see whether a less strict read-out accuracy is also adequate to control the temperature
within the given range.

Functional requirements

Sys 1 The temperature read-out must have an accuracy of +/- 1 ◦C. [MR]

Sys 2 The temperature control must be within ±10 ◦C of the set-point. [MR]

Sys 3 The resistor must be used as the heater. [MR]

Sys 4 The resistor must be used as the sensor. [MR]

Sys 5 The measurement needs to be a 4-probe measurement. [MR]

Sys 6 The system must have front-end data acquisition software. [MR]

Sys 7 The system needs to be able to make more than one measurement. [MR]

Sys 8 At least two EPCOS pressure sensors need to be read out. [ToR]

Sys 9 The system should preferably read out at least three thrusters. [ToR]

6
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System requirements

Sys 10 The circuit has to be portable. [MR]

Sys 11 The system should not use more than 5 W. [ToR]

Sys 12 The system should be able to be connected to different loads (i.e. thrusters)
ranging from 100 to 1000Ω. [ToR]

Safety requirements

Sys 13 The maximum temperature that the resistor can withstand is around 300 ◦C; [MR]
the temperature should not become higher.

Sys 14 The maximum voltage available is limited to 40 V. [MR]

Implementation requirement

Sys 15 The system should preferably be implemented on a PCB. [ToR]

2.2. Heater specifications
The specifications of the microthruster depend on the device, as the resistance and temperature coefficient
varies for each manufactured device. The resistance can vary between 100Ω and 1000Ω. In the design phase
presented in Chapter 3, we assumed worst-case scenarios in terms of a resistive load when deriving show-
stopper values.

S1 The load has a resistance between 100Ω and 1000Ω depending on the temperature of the heater.

S2 The heater has a temperature coefficient of 0.0024 K−1.

S3 The maximum power available to the heater is 5 W.

2.3. Design requirements
The goal of this subsystem of the project is to design and implement an accurate electric supply. It is used to
control the resistance and thereby the temperature of the heater device. The functional requirement for the
complete system Sys 2 is dependent on the accuracy of the supply. If the supply is not accurate due to noise
(e.g. temperature drift, cables, connections), the resistance and thus the temperature cannot be regulated
with precision. If this noise causes an error equivalent to 1 ◦C in the read-out, requirement Sys 1 cannot be
met. This requirement translates to an equivalent error in the current and voltage given by requirement R5.
The actual value is 525.6µV, but for convenience, we have rounded this number to 500µV. It is based on
the maximum allowed noise voltage on the input of the ADC and takes the bandwidth of the system and
resolution of the ADC into account. For a complete derivation, we would like to refer the reader to thesis [23].

Note that we have distinguished two types of electrical signals: a signal used for heating and a signal used
for measuring. The signal used for measuring should not affect the temperature of the resistive element too
much. Therefore, the signal used for measuring is lower in magnitude. Sensing and heating can be separated
in the time domain or in the frequency domain [23]. It leads to requirement R1 for the supply unit in case the
latter domain is preferred.

The supply must respond faster than the oscillations in temperature caused by the bubbling process. There-
fore, the total delay in the system must be kept small. This delay consists of two parts; the output signal
responds to the input signal after a certain delay and secondly, the output signal has a settling time. The
settling time will be defined as the time that the desired output signal reaches up to 1 LSB of the final value.
However, reading out 1 LSB will be very difficult. Thus, we will assume that when the output becomes steady
(i.e. when the oscillations stop and the line is horizontal), the steady state is reached. The requirement for the
total delay is given by R6. Furthermore, because the input of the system comes from a microcontroller pin, it
is required that the system can be controlled with a voltage signal (requirement R2).
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Also important to note is that we have decided to focus on a heater device with a resistance of 660Ω. All spec-
ifications have been derived assuming a load resistance of 660Ω. The loads vary between 100Ω to 1000Ω and
most of the devices available were in the range of 660Ω. Instead of choosing an extreme (e.g. 100Ω), we have
decided to derive requirements for a 660Ω load. During testing, we have used a resistance of 100Ω to repre-
sent the load, because the voltage drop across the load would be within the range allowed in the lab room.
During derivation of design requirements, we plugged the worst-case resistance values in the equations ob-
tained, to ensure that the requirement would be met. Again, this is done on purpose, because the behaviour
and parameters of our specific heater device are not known. Aiming for an extreme accuracy requirement in
order to ensure that the temperature can be read-out and controlled accurately (i.e. within 10 ◦C) takes away
the risk of underestimating the oscillations in temperature due to the bubbling process. This explains the
overkill taken in the requirements.

Translating the heater specification S3 into a current and voltage, assuming that the load has a resistance
of 660Ω, leads to a maximum heating current through the load of 87 mA. Or, a maximum heating voltage
across the load of 57 V. However, for this specification we want to have some margin in the design. Therefore,
the maximum heating current is 100 mA and the maximum heating voltage is 70 V (requirement R3). During
sensing, the temperature of the heater device should stay unaffected. Because the duration of the pulse is
short, we assumed that 50 mA or 35 V will not affect the temperature of the system in such a way that it will be
detrimental for controlling. This gives rise to requirement R4. Lastly, we would like to minimize the influence
of variations in load resistance on the output current or voltage (requirement R7).

The requirements are:

R1 The supply has to be able to deliver a frequency signal.

R2 The supply has to be controlled with a voltage signal.

R3 The system has to be able to supply a heating current through the load of 100 mA. Or, a heating voltage
across the load of 70 V.

R4 The system has to be able to supply a sensing current through the load of 50 mA. Or, a sensing voltage
across the heater of 35 V.

R5 The noise in the system should not cause an error more than 500µV over the load.

R6 During sensing (i.e. when a current of 50 mA or voltage of 35 V is supplied), the time between a change
in the input of the system and the output settling to 1 LSB should be less than 34µs.

R7 Influence of variations in load resistance on the output current should be minimized.



3
Design description

In this chapter, the design choices for the power supply will be elaborated. First, a high level overview of the
designed system and a brief explanation of how it operates are given in Section 3.1. Next, we will compare
three different types of sources in Section 3.3: voltage, current and power source. Based on these findings,
we will explain which type of source we chose. Then, we will present the design of the feedback network
in Section 3.4. After that, each component of the circuit will be analysed in Section 3.6, Section 3.7 and
Section 3.8. This analysis will explain how the show-stopper values for each of the components were derived.
Finally, we will summarize the obtained show-stopper values for the components in Section 3.10.

3.1. Overview
Section 3.1 shows a schematic of the final design. Three different parts of the circuit can be observed: the
digital to analog conversion, the supply circuit and the analog to digital conversion. The DAC is used to
translate a digital signal to an analog signal and is explained in Section 3.2. The ratio of the DAC voltage
divided by RF sets the current through Rload, which is the resistive element of the microthruster. Hence, the
DAC output voltage sets the desired current through the load.

As can be seen from Figure 3.1, there are two resistors of which the voltage across is measured. RF is a pre-
cision resistance which, unlike Rload, has a low temperature coefficient (i.e. the variations in resistance due
to temperature are small). Dividing the voltage measurement at RF by the resistance of RF gives the current
flowing through RF and consequently also the current through the load. Dividing the voltage measurement at
Rload by either the measured current, or the current ratio VDAC

RF
, gives the resistance of the load. This resistance

value is fed back to the control unit, which ultimately decides whether the current through the load should
be increased or decreased. This, in turn, affects the temperature and therefore the resistance. An explanation
of this analog-to-digital conversion can be found in [23].

Before explaining the design of the supply circuit, the digital-to-analog conversion step will be elucidated.

3.2. Digital-to-analog converter
The digital-to-analog converter is used to translate a signal from the digital domain, coming from the control
unit, to the analog domain, which serves as the input signal for the supply unit. The communication with the
controller is done via SPI. The DAC is connected to a voltage reference of 1.024 V. This gives more stability
and accuracy. How the ADC is controlled can be read in [24]. Appendix E contains figures which justify that
the DAC works.

There are many high accuracy and low-cost off-the-shelf ADCs available. Hence, the design will not focus
on this part. We will assume that a reliable and instantaneous voltage signal can be supplied from the ADC.
Furthermore, from the datasheet, which can be found in Appendix B, it followed that the output impedance is
0.015Ω. We assumed that this is the only noise source in the DAC. By designing the supply unit with enough

9
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tolerance in terms of noise and speed (response time and settling time), we assumed that the ADCs noise and
response time will not be detrimental to the system.

Q1

R_f

R_load

+

-

+

-
I_load

Vd

DAC

Voltage	measurement 

Voltage	measurement 

GND

V+U1

Figure 3.1: Overview of the system

3.3. Choice between current, voltage or power source
According to specification S1, the heater element (also called load) has a resistance between 100Ω and 1000Ω
depending on the temperature of the heater. The source also has to be voltage controlled according to re-
quirement R2.

3.3.1. Voltage source

An ideal voltage source can maintain a fixed voltage across a load irrespective of the load resistance. When
a voltage source is used as supply, the current through the load must be measured to determine the resis-
tance. A practical voltage source has the following advantages and disadvantages with respect to other types
of sources:

Advantages
+ A voltage source is easier to implement than a

current or power source.
+ There is no thermal runaway1, since the heater

has a positive temperature coefficient accord-
ing to specification S2 .

Disadvantages
- The resistance can be calculated using Ohm’s

law: R = V
I . Note that the measured current

I is in the denominator. Therefore, if the cur-
rent measurement has Gaussian noise, the re-
sistance will have non-Gaussian noise.

- Measuring current through the load is more
difficult than measuring the voltage to deter-
mine the resistance.

1i.e. when an increase in temperature of an element leads to a further increase in temperature
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3.3.2. Current source

An ideal current source delivers a fixed current to a load irrespective of the load resistance. It has the following
advantages and disadvantages:

Advantages
+ With some measurement voltage noise, the

noise of the resistance will also be Gaussian.
+ Voltage is easier to measure than current.
+ When testing the current source at 100 mA, a

smaller load resistor can be used. This means
that the full range of the current source can
be tested while staying within the 40 V safety
limit.

Disadvantages
- A current source is harder to implement than a

voltage source.
- There will be thermal runaway due to the pos-

itive temperature coefficient of the heater.

3.3.3. Power source

A power source has to following advantages and disadvantages:

Advantages
+ The heater will always receive the maximum

power.

Disadvantages
- A power source is more difficult to implement

than a voltage or current source.
- Both current and voltage have to be measured

to determine the resistance.

Since accurate resistance measurements are needed and because of the fact that a voltage across a load is
easier to measure, a current source is chosen to supply the heater.

3.4. Design of the feedback network
We have thus chosen for a voltage-controlled current source. The design for a voltage-controlled current
source or transadmittance amplifier starts with the feedback topology with a nullor [25]. A nullator is defined
as an element having zero voltage across its terminals. A norator is an element which can have an arbitrary
current and voltage between its terminals. Starting with the basics, we have a voltage at the input and wish
to have a current at the output. Therefore, to implement feedback, we must convert the output current to a
voltage and compare it to the supplied input voltage. Figure 3.2a shows that the resistance Rf is used for that.
The norator in Figure 3.2a functions to supply the desired current through the load. The nullator and norator
combined form a nullor.

The nullor is an ideal component. In order to make the circuit practical, we must switch to an operational
amplifier. In this feedback topology, the nullor cannot be directly replaced with an op-amp, since for an op-
amp the norator has to have a connection to ground. In order to resolve this constraint, the load resistor Rload

must be placed under the norator and above resistor R1 as in Figure 3.2b. The desired transfer matrix of the
input voltage and current to the output voltage and current is given by Equation 3.1.

[
Vin

Iin

]
=

[
0 RF

0 0

][
Vout

Iout

]
(3.1)
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V_ref

R_f

R_load

(a) Nullor topology 1

V_ref

R_f

R_load

(b) Nullor topology 2

Figure 3.2: Transadmittance amplifier with a nullor

3.4.1. Transadmittance amplifier

Replacing the nullor in Figure 3.2b with an operational amplifier gives us the desired transadmittance ampli-
fier, shown in Figure 3.3. It has the following advantages and disadvantages:

Advantages
+ This circuit is relatively easy to implement, be-

cause only one resistor is needed (i.e. resistor
Rf.

Disadvantages
- The output of the op-amp is directly con-

nected to the load resistance. A high voltage
operational amplifier is needed, which follows
from requirement R3.

- The op-amp has to supply a relatively large
current of 100 mA according to requirement
R3.

- There are two undetermined nodes for the
voltage measurement.

- Rf has to be accurate for a precise current ac-
cording to Equation 3.1. Also, resistance drift
due to temperature variations should then be
carefully analysed.

R_f 

R_load 

V_ref 
GND

V+U1

Figure 3.3: Transadmittance amplifier

There are not many op-amps that satisfy the requirement of high voltage and current. Therefore, the power
to the load has to come from another source.



3.4. Design of the feedback network 13

3.4.2. Transadmittance amplifier with a NPN transistor

In Figure 3.4, the circuit is modified such that the power to the load is delivered by another source. In this
circuit, the op-amp is used to control an NPN transistor. This solves the current requirement of the op-amp
presented in the previous subsection. The circuit has the following advantages and disadvantages:

Advantages
+ The power to the heater is provided by another

source.

Disadvantages
- A high voltage operational amplifier is needed,

according to requirement R3.
- There are two undetermined nodes for the

voltage measurement.
- R1 has to be accurate for a precise current ac-

cording to Equation 3.1. Also, resistance drift
due to temperature variations should then be
carefully considered.

U1

R_f 

Q1

R_load 
V_ref 

Vd

GND

V+

Figure 3.4: Transadmittance amplifier with NPN transistor

A high voltage op-amp is still needed. Therefore, the circuit has to be modified such that there is no need for
a high voltage op-amp.

3.4.3. Transadmittance amplifier with a MOSFET

A third possibility is to move the load resistance out of the feedback loop and to replace the NPN transistor
with a MOSFET. Figure 3.5 shows the obtained circuit. The advantage of using a MOSFET instead of an NPN
transistor is that the NPN transistor has an additional base current at the emitter. This means that the current
through the load will be less than the current through R f , which results in less precision by the current source.
This effect is not as significant in a MOSFET and therefore, a MOSFET is used. This topology also makes this
circuit a current sink instead of a current source. The advantages and disadvantages are:

Advantages
+ The power to the heater is provided by another

source.
+ No high voltage op-amp is needed.
+ One undetermined node for voltage measure-

ment, because we assumed Vd is accurate and
known.

Disadvantages
- R f has to be accurate for a precise current ac-

cording to Equation 3.1. Also, resistance drift
due to temperature variations should then be
carefully considered.

From the analysis above follows that the transadmittance amplifier with a MOSFET, as shown in Figure 3.5,
is the most convenient. The advantage that a low voltage operational amplifier can be used leaves us with
more op-amps than we can choose from. Furthermore, the voltage read-out can be more accurate, as only
one node is undetermined and the other is assumed to be known and accurate (as it comes from an accurate
supply). Therefore, we will delve into the analysis of this configuration from now on.
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U1
Q1

R_f 

R_load 

V_ref 

Vd

GND

V+

Figure 3.5: Transadmittance amplifier with MOSFET

3.5. Bandwidth analysis
The bandwidth of the system depends on the desired settling time of the system. In order to obtain an expres-
sion for the settling time, we assume that a first order system is acceptable for making an approximation. The
transfer function of a first-order low-pass filter (one pole and no zeros) and a step response with magnitude
Vdesired is given by Equation 3.2 and Equation 3.3 respectively. The time constant is denoted by τ.

H(s) = 1

1+ sτ
(3.2)

s(t ) =Vdesired

[
1−exp

(
− t

τ

)]
(3.3)

The least significant bit (LSB) of the ADC specifies the smallest level that the ADC can convert. Equating the
LSB to the difference in the desired steady state level and step response leads to Equation 3.4, with n the
amount of bits of the ADC.

Vdesired ·2−n =Vdesired −Vdesired

(
1−exp

(
− t

τ

))
(3.4)

2−n = exp
(
− t

τ

)
(3.5)

n ln(2) = t

τ
(3.6)

τ= t

n ln(2)
(3.7)

The obtained expression can be rewritten to obtain the bandwidth by substituting Equation 3.8 in Equa-
tion 3.7 and solving for the bandwidth (B).

τ= 1

2πB
(3.8)

The obtained expression for the bandwidth is then given by Equation 3.9.

Bsystem = n ln(2)

2πt
(3.9)

A 16-bit ADC is used, as explained by the readout subgroup [23]. According to requirement R6, the total delay
from input to steady output is 24µs. A settling time of 10µs is chosen as requirement, which leaves enough
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time for the output to respond to the input. Plugging these two numbers into Equation 3.9 gives us a show-
stopper value for the bandwidth of the system. The obtained numeric result is 176508.48Hz. Taking 10%
tolerance into account gives us the following show-stopper value for the bandwidth of the system:

B = 194159.33Hz

For a first-order low-pass filter, the effective noise bandwidth is higher than the calculated −3dB bandwidth.
The relation between these two is given by Equation 3.10.

Beffective,noise =
π

2
B = 304984.76Hz (3.10)

3.6. Feedback resistor analysis

3.6.1. Desired gain

A larger value of the feedback resistor will dissipate more power and thus generate more heat. The resistance
changes with temperature according to Equation 3.11. Therefore, a smaller value for the feedback resistor
is desired, since there will be less power dissipated in the resistor and in term the resistor will heat up less.
Hence, the resistance value will drift less. Furthermore, the current through the load is related to the input
voltage by the feedback resistor according to Equation 3.1. This means that a large feedback resistor will
require a large input voltage in order supply a high current through the load to satisfy requirement R3. This
input voltage is limited to the maximum voltage a pin of the microcontroller can supply.

R(T) = R0(1+α∆T ) (3.11)

However, lower values of the feedback resistance means that deviations in the load current due to noise are
increased. For example, a value of 1Ωmeans that the input voltage range of the amplifier has to be between 0
- 100 mV (again, to comply with requirement R3). While this is possible, it means that noise will have a bigger
impact. Also, resistances from the MOSFET and cables will have more influence with such a small feedback
resistance.

Therefore, a trade-off is made and a value of 10Ωwas chosen. This means that the input voltage range of the
op-amp has to be between 0 - 1 V.

Rf = 10Ω

3.6.2. Show-stopper values for the accuracy of the resistor

The transfer of the circuit, given by Equation 3.1, shows that the resistor in the feedback loop determines the
transfer of the input voltage to the output current.

From requirement Sys 1, which states that the temperature must be controlled with an accuracy of 1 ◦C, it
follows that the current source must be able to supply a current with an accuracy of 1 ◦C. The feedback resistor
has two inherent practical limitations which can cause this requirement to not be satisfied; an offset in the
resistance value and a nonzero temperature coefficient that causes resistance drift. The former is a constant
offset, which causes a constant offset at the output. This can be compensated in the software. The latter,
however, is temperature dependent and can affect the load current in such a way that a 1 ◦C readout error is
caused.

From [24], it followed that a 1 ◦C change in temperature is read out by a 1.44Ω change in resistance value of
the load. This holds for a device with a resistance of 660Ω.

The value of the Rload is calculated by measuring the voltage across and current through the load and using
Rmeas = Vmeas

Imeas
to calculate the resistance. This is also visualized in Figure 3.6. The current is measured by

measuring the voltage over the feedback resistor and dividing it by the value of the feedback resistor. This
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however does not involve the temperature drift of the resistor according to Equation 3.11. Therefore, there is
a slight error in the measurement of Rload.

The maximum temperature drift of the feedback resistor can be calculated by using Equation 3.12. This
equation is derived in Appendix C.

Q1

R_f	=	R0+R_drift⠀

R_load

+

-
V_ref

V_meas	

+

-
V_load

I_load

I_meas	=	V_ref	/	R0	

R_meas	=	V_meas	/	I_meas		

Figure 3.6: Load resistance calculation

Rdrift = R0

(
Rload

Rload +Rerror
−1

)
(3.12)

Plugging in a value of 10Ω for R0, 1000Ω for Rload according to specification S1 (the highest value is chosen
because it gives the smallest acceptable Rdrift) and 1.44Ω for Rerror results in:

Rdrift, max = 10

(
1000

1000+1.44
−1

)
=−0.0143379Ω

3.7. MOSFET analysis

3.7.1. MOSFET requirements

From requirement R3, it follows that IDS has to be at least 100 mA and VDS at least 70 V.

With a constant supply to the load, the MOSFET dissipates some power, which means there is a power re-
quirement for the MOSFET. This power requirement can be calculated using Equation 3.13. The value for Vref

that will obtain the largest MOSFET power dissipation can be calculated using Equation 3.14. These formulas
are derived in Appendix D.

Filling the values Vd = 70V, Rload = 660Ω and Rf = 10Ω gives a value of Vref = 0.5224V and thus the maxi-
mum power dissipation of the MOSFET is Pmax = 1.8284W. Therefore, we decided with some margin that the
requirement for the power dissipation of the MOSFET should be at least 2 W.

PMOSFET =
(
Vd −Rload

Vref

Rf
−Vref

)
Vref

Rf
(3.13)
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Vref =
1

2

VdRf

Rload +Rf
(3.14)

3.7.2. Modelling the MOSFET

Several efforts have been made in modelling a MOSFET [25]. LTSPICE also contains a library with MOSFET
models and manufacturers of these devices also have their own model. However, working with these mod-
els would make the analysis, such as that of the gain-bandwidth product given in Subsection 3.8.3, complex.
In order to simplify the analysis while preserving the fundamental limitations, we will look at the simplified
small-signal equivalent circuit for a MOSFET of which the source has been connected to the bulk [25]. Due to
the physical structure of the device, the gate overlaps the diffusion area of the drain and source. This creates
a capacitive effect, which explains the gate-drain and gate-source capacitances placed in the model. Fur-
thermore, a capacitive effect exists between the drain and the source. These capacitances limit the frequency
response of the circuit. At DC, these capacitances do not play a role. For a first model to determine the gain-
bandwidth product, we will assume that our circuit is instantaneous and therefore neglect the capacitances.

Furthermore, the resistance RDS can also be neglected for our purposes. The effect of this resistance is that
the gate and drain voltages are lowered. To compensate for this, the op-amp will have to supply a bit more
voltage to the gate to turn the device on. The reason for neglecting this resistance is that we are not power
limited and are not interested in the power efficiency in this first prototype.

Therefore, the MOSFET model reduces to a voltage controlled current source. The nonlinearity of the MOS-
FET is preserved in the model, because the gain (gm) of the VCCS is dependent on the drain source current as
shown in Equation 3.15.

gm =
√
βIDS [S] (3.15)

An approximation ofβ can be obtained by reading out a specific drain current at a specific gate source voltage
from the ID versus VGS characteristic in the datasheet of the MOSFET. Then, by rewriting Equation 3.16 into
Equation 3.17 and substituting the values, β is obtained.

IDS =β(VGS −VT)2 [A] (3.16)

β= IDS

(VGS −VT)2

[
A2

V

]
(3.17)

3.8. Op-amp analysis
This section will present the analysis that leads to the show-stopper values for the op-amp. First, a show-
stopper value for the noise is obtained in Subsection 3.8.1. Then, Subsection 3.8.2 briefly explains how the
op-amp has been modelled. Lastly, Subsection 3.8.3 presents the obtained show-stopper value for the gain-
bandwidth product.

Besides these restrictions, the op-amp must have another important property. The input voltage range should
be between 0 V and 1 V, because the DAC will provide the input signals within this range.

3.8.1. Noise analysis

As the value of the feedback resistor is now known, our next step is to obtain a show-stopper value for the
noise of the operational amplifier. The software that we used were SLiCAP, MATLAB and LTspice. The nullor,
shown in Figure 3.2a, is an idealized circuit of the practical operational amplifier with MOSFET circuit, shown
in Figure 3.5. The working principle of the nullor can be regarded as a combination of an ideal op-amp
and an ideal MOSFET in this specific case. This circuit, built in LTspice, is shown in Figure 3.7. We have
modelled the thermal noise generated by the resistors with a current source in parallel to the resistor [25].
Current source ’I3’ represents the noise spectral density, 2q Ileakage, associated with the leakage current of the
MOSFET. Analyzing this circuit, we can reason that this leakage current has no effect. It is in parallel with the
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norator. The norator will therefore compensate for this leakage current. Thus, the total load current remains
the same. This conclusion also gives us insight in how the practical circuit of Figure 3.5 should operate. Here,
the leakage current of the MOSFET is also compensated in the feedback loop.

The node ’out’ and the node connected to the voltage supply ’V3’ are the nodes used for the voltage readout.
We assumed that V3 will be constant and accurate, thus the total noise at node ’out’ is of interest. The maxi-
mum noise allowed at the load is 500µV, as stated by requirement R5. Furthermore, a noise level restriction of
5µV across the feedback resistance is set. The explanation can be found in [23]. This will be the second node
of interest. Assuming the worst case scenario, i.e. a load of 1000Ω, the equivalent maximum noise current
through the load is 0.5µA.

As explained, SLICAP is used to obtain the referred total noise spectral density at node ’out’ and node ’feed-
back’. Integrating over the bandwidth gives the total equivalent noise at these nodes. At node ’out’, the output
quantity is the current and hence the total referred noise is expressed in Ampère. However, at node ’feedback’,
the output quantity is the voltage (which is also measured). Thus, the total referred noise is expressed in Volt.
The symbolic expression for the total noise current referred to node ’out’ and total noise voltage referred to
node ’feedback’ is given by Equation 3.18 and Equation 3.19 respectively. Si and Sv are the current and voltage
noise spectra respectively. The bandwidth of the system is denoted by B . The analysis above is also justified,
as the leakage current of the MOSFET does not appear in this expression.

InO =
p

B

√√√√ Sv

R2
f

+ 4.0kT

R f
+ Si

(
R f +Rs

)2

R2
f

+ 4kT Rs

R2
f

[A] (3.18)

VnFeedback =
p

B
√

Si R2
s +4kT Rs +Sv [V] (3.19)

Figure 3.7: Circuit for noise analysis

To obtain a show-stopper value for the current noise spectrum of the operational amplifier, Sv is set to zero
in Equation 3.18 and is equated to the maximum noise allowed at node ’out’. For the voltage noise spectrum
the same holds except that now Si is set to zero. The show-stopper values obtained are presented in Equa-
tion 3.20 and Equation 3.21. The minimum value is chosen in Equation 3.20, because it results in a stricter
show-stopper value. As explained in the previous section, we have chosen the feedback resistance (RF) to
be 10Ω. As follows from the heater specification S1, the load varies between 100Ω and 1000Ω. To obtain
worst-case show-stopper values, we have taken RL to be 1000Ω. The estimated equivalent noise bandwidth
of the system, as explained in Section 3.5, is substituted for B and we assumed that the operating condition
is at room temperature.
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Sv = min

{( (RfInO)2

B
−4kT (RF +Rs)

)
,

(V 2
nFeedback

B
−4kT Rs

)}
= 8.1809 ·10−17 V2/Hz (3.20)

Si = min

{( 1

B

(
RfInO

RfRs

)2

− 4kT

Rf +Rs

)
,

(V 2
nFeedback

R2
s B

− 4kT

Rs

)}
= 8.1564 ·10−19 A2/Hz (3.21)

3.8.2. Modelling the operational amplifier

We have modelled the op-amp as a VCVS with an output resistance. We have not modelled the common mode
and differential mode input resistance and capacitance of the operational amplifier, as this would make the
analysis of the gain-bandwidth product more complicated. The op-amp is modelled as a first-order low pass
system with a DC gain (A0). The transfer is given by Equation 3.22. Factor GB is the gain-bandwidth product.

G = A0

1+ s A0
2πGB

(3.22)

3.8.3. Gain-bandwidth analysis

The next step in the design is to obtain a show-stopper value for the gain-bandwidth product of the oper-
ational amplifier. For this step, we must replace the nullor of circuit Figure 3.7 and place a model of the
MOSFET in the circuit. First, we will elaborate the models chosen for the op-amp and MOSFET. Next, the
circuit schematic is presented. Lastly, the obtained show-stopper value for the gain-bandwidth product is
presented and discussed.

SLICAP is used to obtain a show-stopper value for the gain-bandwidth product of the op-amp. The script is
based on the code in [25]. First, the order of the loop gain is calculated. Then, an expression for loop gain-
poles product is obtained. By equating the desired bandwidth with the bandwidth following from the loop
gain-poles product and solving for the gain-bandwidth product Equation 3.23 is obtained.

Figure 3.8: Circuit for analysing the gain-bandwidth product

GBmin = 0.3183πB
(
R f gm +1.0

)
R f gm

[Hz] (3.23)

In the design phase, the components are not yet chosen. Therefore, the numeric result will be given in Chap-
ter 4 when a suitable MOSFET has been presented.

Note that if the drain-source current goes to zero, gm drops to zero according to Equation 3.15. This would
result in an infinite gain-bandwidth product. Thus, one of the consequences of choosing this current source
topology is that the drain-source current cannot drop to zero. Also, a very low current would require a very
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large gain-bandwidth product. Thus, the result is that the power efficiency of the system is lower and a higher
current value should be used for measurements. We assume that a higher measurement current will not heat
up the device up to a level such that it has a detrimental effect for the measurements. The reason for this is
because the duration of the (measurement) pulse is very short, as can be read in Section 3.9. Furthermore,
power efficiency is not a main concern.

3.9. System measurement method
Figure 3.9 visualizes the variation between measuring the temperature of the device and heating up the de-
vice. During certain time instances, the device is heated up as shown by the larger values of current. Then,
for a short time interval, a short pulse is sent through the device. The duration of the pulse should be long
enough in order for the measurement signal to settle (within 1 LSB) to the desired level. But, on the other
hand, it should be as short as possible, such that the measurement pulse will not affect the temperature read-
out.

Heat

Meas.

Heat

Meas.

I [A]

t [s]

Figure 3.9: Measurement method of the whole system

3.10. Component requirements
The requirements for the components that follow from the derived show-stopper values and program of re-
quirements are summarized below.

3.10.1. Circuit requirement

C1 Bandwidth > 200 kHz

3.10.2. Op-amp requirements

We have assumed that a nonzero input offset voltage and current can be compensated in the software, as this
is a constant error.

O1 Sv < 8.1809 ·10−17 V2/Hz

O2 Si < 8.1564 ·10−19 A2/Hz

O3 Gain-bandwidth product >
0.3183πB

(
R f gm+1.0

)
R f gm

Hz

O4 Supply voltage > VT

O5 Input range between 0 V and 1 V
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3.10.3. MOSFET requirements

Below are the main requirements for the MOSFET shown. These are the minimal functional requirements.
At higher drain-source currents or voltages, the capacitances inherent to the MOSFET are becoming gener-
ally larger. The value of these capacitances are found in the datasheet of the MOSFETs and depend on the
frequency. A lot of MOSFETs can be found with the presented requirements. To help us make a better deci-
sion, we set up desired specifications. These specifications are not exactly determined and therefore called
’desired’. By choosing the threshold voltage of the device relatively lower, the gate voltage can be less. If the
device has low parasitic capacitances, the delay introduced in this device is reduced. This is closely related
to the rise time, turn-on delay time and fall time of the device. Hence, the desired specifications are used to
choose from the MOSFETs which comply with the main requirements (M1, M2 and M3).

M1 IDS > 100 mA

M2 VDS > 70 V

M3 Power rating > 2 W

3.10.4. MOSFET desired specifications

MD1 VT as low as possible

MD2 Parasisitic capacitances as low as possible

MD3 Rise time as low as possible

MD4 Turn-on delay time as low as possible

MD5 Fall time as low as possible

3.10.5. Feedback resistor requirements

F1 Resistance value = 10Ω

F2 Resistance drift due to temperature |Rdrift| < 0.0143379Ω

F3 Power rating > 0.1 W



4
Implementation

In this chapter we will discuss the chosen components. First, we will justify the choice for feedback resistor
in Section 4.1, then the MOSFET in Section 4.2 and lastly, the op-amp in Section 4.3. Furthermore, we will
characterise certain parameters of these devices, because the datasheet only shows typical values and often
different test conditions. In Section 4.4 we will present the prototype.

4.1. Implementation of the feedback resistor
According to requirement F1 and F2 the feedback resistor must have a value of 10Ω and a maximum temper-
ature drift |Rdrift| < 0.0143379Ω. Furthermore, the resistance should be able to dissipate at least 0.1 W.

We have chosen for the WSC251510R00FEA surface mount wirewound resistor. The main advantage of this
SMD resistor is that it can handle 3 W. We have chosen for an SMD resistor, because we want to implement
the circuit on a PCB.

The resistance drift due to temperature is 50 ppm/◦C. For a 10Ω resistance value, this translates to a drift of
5 ·10−4Ω/◦C. Therefore, the maximum temperature variation that is permitted is 0.0143379

5·10−4 = 28 ◦C. We assume
that a maximum power dissipation of 0.1 W, as explained in the previous chapter, will not cause temperature
variations of more than 28 ◦C. Therefore requirement F2 is satisfied. Furthermore, wirewound resistors tend
to be cheaper than metal-foil type resistors, while still having good performance parameters [15].

Table 4.1: Requirements for the feedback resistor

Design Requirement Actual value

F1 Resistance value 10Ω 10.0Ω
F2 Resistance drift due to temperature 0.0143379Ω 50ppm/◦C ⇒ max. ±28◦C deviation
F3 Power rating 0.1 W 3 W

4.2. Choice of MOSFET
The MOSFET which we have chosen is the STP3N80K5 power MOSFET. Because a lot of power gets dissipated
and a high drain voltage must be handled, a power MOSFET was needed. Despite the relatively high drain
source voltage, the parasitic capacitances were relatively low. Table 4.2 summarizes the requirements.

22
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Table 4.2: Requirements for the MOSFET

Design Requirement Actual value

M1 IDS 100 mA 2.5 A
M2 VDS 100 V 800 V
M3 Power rating 2 W 60 W

4.3. Choice of op-amp
The op-amp complying with the requirements specified in Subsection 3.10.2 is the Linear Technology
LT6203CS8#PBF. In order to obtain a show-stopper value for the gain-bandwidth product with Equation 3.23,
the datasheet of the MOSFET was consulted. The maximum current to be supplied is 0.1 A. We would like
to know what the required gate source voltage is to achieve this current. For this, we looked at the ID vs VGS

graph in the datasheet. Because we had to choose a power MOSFET, the graph cannot be accurately read-out
at low drain currents. Furthermore, the graph presented was only valid for a certain drain source voltage over
the MOSFET. Therefore, the best we could do is to obtain an approximation. At a IDS of 0.1 A, a VGS of 5.6 V
is read-out and, assuming the worst-case threshold voltage, the transconductance is found to be 0.28 S. Now,
substituting the values in Equation 3.23 leads to the gain-bandwidth product presented below.

Table 4.3: Requirements for the op-amp

Design Requirement Actual value

O1 Input noise voltage spectral density 8.1809 ·10−17 V2/Hz 3.61 ·10−18 V2/Hz
O2 Input noise current spectral density 8.1564 ·10−19 A2/Hz 1.21 ·10−24 A2/Hz
O3 Gain-bandwidth product 265 kHz 90 MHz
O4 Supply voltage >VT = 5 V 2.5 V to 12.6 V
O5 Input voltage range 0 V - 1 V Rail-to-rail input

4.4. Prototype
The obtained circuit is soldered on a breadboard, as shown in Figure 4.1b. One thing to notice is that we have
placed bypass capacitors at the input of the op-amp and parallel to the supply voltage to the load. This is
common practice which reduces the voltage ripple. The circuit has also been designed on a PCB. However,
due to a larger than expected delivery time, the circuit has not been soldered yet.

U1
Q1

R_f 

R_load 

V_ref 

Vd

GND

V+

(a) Circuit implemented (b) Prototype of the circuit

Figure 4.1: Prototype



5
Evaluation

In this chapter we will explain how we have verified the performance of the prototype. We will start by giving
an overview of the test plan and summarize the design requirements in Section 5.1. Then, we evaluate each
design requirement in Section 5.2.

5.1. Overview
We have distinguished three different test methods. The first test is a noise calculation. In the second test, we
have tested the current source separately. To do this, the control system and DAC are replaced by a PWS4205
programmable DC power supply and the microthruster is replaced by a generic resistor. Furthermore, the
supply to the op-amp is also regulated by another DC power supply of the same type. In order to measure the
current through the load, a Keithley 2450 SourceMeter supply is used. For the third method, we have inte-
grated the components presented in [23] and [24] and tested the system on a microthruster. The parameter of
interest is the deviation of the measured current and the desired current set by the control system. Table 5.1
summarizes the requirements for the supply from Chapter 2 and lists the section where the requirement is
tested.

For the supply to the op-amp and load resistance, as shown in Figure 5.1, a constant voltage is chosen. For
the positive input of the op-amp, a square wave is used. The reason is because it represents the output of the
digital-to-analog converter the best, as it would also switch (i.e. step) between certain voltage levels. Each
subsection will now explain how the output is measured.

Table 5.1: Requirements and the sections where the requirements are tested

Requirement Section

R1 The supply has to deliver a frequency signal Subsection 5.2.3
R2 The supply has to be controlled with a voltage signal Subsection 5.2.2
R3 Heating current of 100 mA through the load Subsection 5.2.2
R4 Sensing current of 50 mA through the load Subsection 5.2.2
R5 Maximum equivalent noise voltage of 500µV over the load Subsection 5.2.1
R6 During sensing (i.e. when a current of 50 mA is supplied), the time between a change
in the input of the system and the output settling to 1 LSB should be less than 34µs

Subsection 5.2.3 -
Subsection 5.2.4

R7 Influence of variations in load resistance on the output current should be minimized Subsection 5.2.2

24
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Figure 5.1: Circuit for measurements

5.2. Testing and results
We tested the circuit by connecting a function generator at the input of the op-amp. A generic resistor is used
as load.

5.2.1. Noise

The parameters for the noise voltage and current spectral density in the simplified noise current expression
obtained in Subsection 3.8.1 are substituted. The allowed noise current through the load and noise voltage
over the feedback resistance are 5 ·10−7 A and 50 ·10−7 V.

As expected, the noise requirements are met. However, the noise expressions obtained in Subsection 3.8.1
are based from simplified models. We must realise that the input resistance of the op-amp is not infinite and
that the MOSFET will also contribute to the noise. The equivalent noise current through a load of 1000Ω
and the equivalent noise voltage across the feedback resistance are given by Equation 5.1 and Equation 5.2
respectively.

InO = 1.0726 ·10−7 A (5.1)

VnFeedback = 1.0725 ·10−7 V (5.2)

5.2.2. Accuracy of the circuit

Accuracy with different inputs

The accuracy of the circuit is tested by using a programmable power supply at the input of the op-amp with
voltages ranging from 0.1 V to 1 V, which meets requirement R2. The Keithley source meter is used as Vd and
also to measure to the current through the load by connecting the sense probes of the Keithley to ’Node 1’ and
’Node 2’ of Figure 5.1. A generic load resistor of 99.3Ω is used as load. This specific value for the resistance
was chosen, because then the circuit can be tested from 0 mA to 100 mA without the need for higher voltages
than 20 V. The results are shown in Figure 5.2a, together with the theoretical values. The resistance of the
feedback resistor is measured with a digimess RLC 200: Programmable automatic RLC meter and found to be
10.0Ω. The theoretical value for the current is calculated by dividing the supplied voltage at the input of the
op-amp by the value of the feedback resistance.
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To better analyse the deviation from the ideal values, the ideal values are subtracted from the measured val-
ues. The results can be found in Figure 5.2b. The figure shows that there is a small offset of approximately
0.26 mA. Possible reasons for this could be that the MOSFET can not switch fast enough and the nonzero
input offset voltage drift of the op-amp. This offset can be compensated in software. The variance of the
deviation is approximately 0.08 mA. The noise requirement R5 stated that a maximum noise of 500µV is
allowed for full resolution of the ADC. This translates to an equivalent noise current of 5µA. If we would com-
pare these two figures, it would mean that we have 16 times more noise on the output than allowed. However,
to obtain a more reliable number for the variance, more measurements should be performed. Furthermore,
the output of the power supply and the use of lengthy cables also introduce noise in the system. Therefore,
the exact noise generated within the current source circuit is not determined with this method, but rather
an approximation of the total noise is given. However, this requirement was set very strict. Controlling and
reading out the temperature can still be achieved and an integrated test (i.e. with the results from the thesis
[24] and [23]) should be performed to verify this.

As the figures show, a sensing current of 50µA and a heating current of 100µA can be delivered. Therefore,
requirements R3 and R4 are also satisfied.
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Figure 5.2: Results from the accuracy measurement of the current sink

Accuracy with varying load

With the same measurement setup as explained in the previous subsection, the measurements with a varying
load are carried out. Here the load resistor is varied from 100Ω to 680Ω and the current through the load is
measured. A higher load resistance could not be tested, because it would exceed the safety limit. An input
voltage of 500 mV is used and the Keithley is set to supply 35 V at Vd. The results are shown in Figure 5.3a and
the deviation from the ideal values is shown in Figure 5.3b.

It can be seen there is an offset of about 0.259 mA and a variation of about 0.002 mA. We observed that when
we applied compressed air to cool down the op-amp, the offset changed. Therefore, this offset is probably
caused by the nonzero input offset voltage drift of the op-amp. When we applied the compressed air to cool
down the feedback resistance, nothing happened. Therefore, we can conclude that the temperature variation
in the feedback resistance does not influence the measurements.

To conclude, the supplied current through the load is irrespective of the load and requirement R7 is satisfied.

5.2.3. Maximum response time of 24µs when sense current is supplied

The maximum response time is measured by applying a square wave with a high of 500 mV and a low of 0 mV.
The frequency of the signal is 200 kHz from requirement C1. The measurements are done with a Tektronix
TDS2022C oscilloscope with channel 1 at ’Node 2’ and channel 2 at ’Node 4’ in Figure 5.1.
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Figure 5.3: Results from the measurements with varying loads and Vd = 35 V

The obtained measurement is given by Figure 5.4. It is found that the system had a response time of 33.6 ns.
Or in other words, when a step at the input of the op-amp is applied, the output voltage at the load needed
33.6 ns to respond accordingly.

The response time is influenced by several factors. The op-amp and MOSFET impose a delay on the system.
Furthermore, we have not incorporated the delay imposed by the DAC. The datasheet of the DAC tells us that
it should have a response time of 4µs. Because we have 33.967µs margin left to still satisfy requirement R6, we
can assume that the system with the DAC will be fast enough. Therefore, we can conclude that requirement
R6 has been met if the settling time is less than 33.967µs. From this measurements it can also be seen that
the supply can deliver a frequency signal (in the form of a pulse), thus requirement R1 is met.

Figure 5.4: Response time measurement with 50mA and 300kHz

5.2.4. Maximum settling time of 10µs

For the measurement of the settling time we again used the function generator at the input. Channel 1 of the
oscilloscope is measured at ’node 3’ in Figure 5.1. Two square waves with different amplitudes but the same
frequency of 200 kHz (which is the required bandwidth of the circuit, as stated by requirement C1) are tested.
One with a low of 0 mV and a high of 500 mV and one with a low of 0mV and a high of 1000 mV. The reason
for these input levels is that these correspond to the desired sense and heat current respectively. Figure 5.5a
and Figure 5.5b show the obtained response for the two input levels respectively.

The obtained results are presented in Table 5.2. We can conclude that requirement R6 has been met. The
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(a) Settling time measurement with 50 mA (b) Settling time measurement with 100 mA

Figure 5.5: Settling time measurements

assumption was made that the influence of the ADC on the settling time of the system can be neglected.
Because we have 33.897µs and 33.907µs margin, we assume that this assumption is valid. However, one thing
to notice is that we could not read out the settling time within 1 LSB of the desired value. Our measurement
equipment was not suited for this. Instead, we approximated it by taking the settling time longer on purpose.
Despite this, a lot of margin is left and thus, the requirement is reached.

Table 5.2: Comparison between the target and measured values

Target value Measured value at 500 mV Measured value at 1000 mV

10µs 0.070µs 0.060µs
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5.3. System integration
The control unit, read-out circuitry and the current source were integrated and tests were performed. An
overview of the system is given in [24]. The results are shown in Figure 5.6. Figure 5.6a visualizes the sup-
plied current and the measured current. The supplied current is the current desired by the control unit. As
explained before, it is given in the form of a voltage as input to the current source. The measurement cur-
rent is the current measured through the feedback resistance. The figure shows that the supplied current is
increased linearly from 0 mA to 15 mA. Figure 5.6b shows the difference between the supplied current and
the measured current. A negative slope in time is observed. The reason for this is not clear. However, we
can see that the deviation is in the order of +2 ·10−4A to −3.5 ·10−4A. The requirement was that a deviation
in the order of 10−6A was allowed. Therefore, we can conclude that the system is not as accurate as desired.
This can be due to several reasons. The deviation of the current source when measured separated from the
complete system was found to be approximately 1.5 ·10−4A. Therefore, additional noise is also introduced in
the read-out circuitry and digital-to-analog converter.
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Figure 5.6: System integration measurements

5.4. Assessment
Table 5.3 summarizes the requirements. As can be seen, requirement R5 has not been met. The noise mea-
sured was in the order of 16 times more than stated by the requirement. However, this was expected. The
requirement was set very strict, because it is not known whether a 1 ◦C read-out accuracy is needed to con-
trol the temperature within 10 ◦C. Thus, the presented prototype for controlling the temperature should be
tested on a device with propellant and a thermal camera should be used to verify if the temperature stays
within 10 ◦C.

Table 5.3: Requirements results

Requirement Achieved

R1 The supply has to deliver a frequency signal X
R2 The supply has to be controlled with a voltage signal X
R3 Heating current of 100 mA through the load X
R4 Sensing current of 50 mA through the load X
R5 Maximum equivalent noise voltage of 500µV over the load 7
R6 During sensing (i.e. when a current of 50 mA) is supplied, the time between a change
in the input of the system and the output settling to 1 LSB should be less than 34µs

X

R7 Influence of variations in load resistance on the output current should be minimized X



6
Conclusion

The two main objectives of this project were to study the dynamic liquid vapor phenomenon by acquiring
data about the temperature of the heating element and to control the temperature of the heating element in
an effort to reduce bubble forming. This report presented the design and implementation of a current source.
It is used to heat and measure the resistive element of the microthruster and thus, it is a vital component in
the system.

The source has been tested separately, which showed that the requirements for the delay between a change
in the input and the output settling are met. However, the accuracy deviation at the load was approximately
16 times more than allowed. The source of this error has to be investigated further. The measurement equip-
ment, i.e. the DC power supply and Keithley, also contribute to this error. Therefore, the measurement setup
has to be reconsidered such that the influence on the total noise by these measurement equipment is dimin-
ished. Furthermore, we used lengthy cables for the measurements, which also introduce noise to the system.
Accurately measuring the inaccuracies on microscale is thus a future challenge. But, beforehand it was know
that this accuracy requirement, i.e. requirement R5, was set extremely strict for the reason that the behaviour
and characteristics of the device were not known. Despite not reaching this requirement, the temperature
of the device could still be controlled and read-out accurately. Therefore, tests should be performed in the
future on a microthruster device with the read-out circuitry and control algorithm in software integrated to
see if the temperature can be regulated within 10 ◦C.

The source has been integrated with the digital-to-analog converter, read-out circuitry and control unit. Tests
were performed on a microthruster without propellant which showed that the demanded current (set by the
control unit) deviated from the measured current (i.e. the current delivered by our system). Again, several
factors contribute to this deviation, such as the read-out circuitry and cables. Therefore, the functional re-
quirement Sys 1 was not met. However, the first objective of the complete project, i.e. to acquire data about
the temperature of the device, is accomplished and the second objective, i.e. to control the temperature of
the device, also, which can be read in [23] and [24]. Therefore, it can be concluded that the presented current
source is adequate.

6.1. Future work
There are a number of improvements which can be made. These are listed below.

• Because the accuracy requirement R5 was set very strict, further tests should be performed to see
whether a stable and accurate (i.e. within 10 ◦C range from a set-point) temperature control is achieved
with the supply. If this is the case, we have met the goal to control the temperature of the resistance
despite boiling phenomena and therefore, the current source is adequate.

• A buck-boost converter should be used to supply the load based on the current demanded by the con-
trol unit, instead of supplying maximum voltage to the load. This improves the efficiency.

• Shorter and better (i.e. with less noise) cables should be used in order to diminish the noise introduced.

30
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• More measurements should be performed to characterise the current source. Also, a thermal camera
should be used to validate if the temperature of the device read out is the same as the temperature given
by the thermal camera. In that way, the requirement of having 1 ◦C (Sys 1) read-out accuracy could be
tested.

• Supplying higher voltages than 40 V to the load should be done in order to test the functionality of the
source at load resistance of above 100Ω.

• The circuit should be built on the PCB and tested.

• Space phenomena should be studied and accounted for in the design, in order to make the system work
in space.



A
Microthruster

Figure A.1: VLM microthruster with pressure sensors
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B
Component list

Table B.1: Components used for current sink

Component Type Datasheet link

Op-amp LT6203CS8#PBF https://www.analog.com/media/en/technical-documentation/
data-sheets/620234fd.pdf

MOSFET STP3N80K5 https://www.st.com/resource/en/datasheet/stf3n80k5.pdf
Resistor WSC251510R00FEA https://www.vishay.com/docs/30102/wscwsn.pdf
DAC AD5061BRJZ-2500RL7 https://www.analog.com/media/en/technical-documentation/

data-sheets/AD5061.pdf
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C
Derivation the maximum feedback resistor

drift

Equation C.12 is derived by as follows. The measurement error of load resistor Rerror is calculated using Equa-
tion C.5. Substituting Equation C.4 and then Equation C.2 and Equation C.3 give Equation C.7. After rear-
ranging the equation, the formula becomes Equation C.12.

Iload = Vref

Rf
= Vref

R0 +Rdrift
(C.1)

Vmeas = Vload = IloadRload = Vref

R0 +Rdrift
Rload (C.2)

Imeas = Vref

R0
(C.3)

Rmeas = Vmeas

Imeas
(C.4)

Rerror = Rmeas −Rload (C.5)

= Vmeas

Imeas
−Rload (C.6)

=
Vref

R0+Rdrift
Rload

Vref
R0

−Rload (C.7)

= R0Rload

R0 +Rdrift
−Rload (C.8)

Rload +Rerror = R0Rload

R0 +Rdrift
(C.9)

R0 +Rdrift =
R0Rload

Rload +Rerror
(C.10)

Rdrift =
R0Rload

Rload +Rerror
−R0 (C.11)

Rdrift =
(

Rload

Rload +Rerror
−1

)
R0 (C.12)
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D
MOSFET nodal analysis

With nodal analysis we can write Vd in terms of Vload, VDS and Vref.

Vd =Vload +VDS +Vref (D.1)

Rearranging the equation gives Equation D.3.

VDS =Vd −Vload −Vref (D.2)

=Vd −Rload
Vref

Rf
−Vref (D.3)

The power to the MOSFET can be calculated using Equation D.5.

PMOSFET =VDSIload (D.4)

=
(
Vd −Rload

Vref

Rf
−Vref

)
Vref

Rf
(D.5)

The value of Vd, Rload, Rf are fixed, but Vref can vary. Therefore to calculate the maximum power that the
MOSFET has to dissipate we take the derivative of Equation D.5, then we obtain Equation D.6. When setting

dP
dVref

= 0 and rewriting the equation we obtain Equation D.9. To determine if the maximum or minimum
power is calculated, we take the second derivative of the power to Vref which can be found in Equation D.10.
The result from this equation is always negative for positive values of Rload and Rf, which means that the
maximum power is calculated.

dP

dVref
= 1

Rf

(
Vd −

Vref

Rf
Rload −Vref

)
− Vref

Rf

(
Rload

Rf
+1

)
(D.6)

0 = 1

Rf

(
Vd −

Vref

Rf
Rload −Vref

)
− Vref

Rf

(
Rload

Rf
+1

)
(D.7)(

2Rload

Rf
+2

)
Vref =Vd (D.8)

Vref =
1

2

VdRf

Rload +Rf
(D.9)
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dP 2

d2Vref
= 1

Rf

(
− Rload

Rf
−1

)
+ 1

Rf

(
− Rload

Rf
−1

)
(D.10)

=− 1

Rf

(
Rload

Rf
+1

)
(D.11)
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Figure D.1: Circuit for the calculation of power dissipation of the MOSFET



E
DAC measurements

The DAC is tested by having a sinusoid at the input of an ADC which sends the signal to DAC which can be
found in Figure E.1a and Figure E.1b. The signal to ADC is shown as a blue line and the output of the DAC is
shown as the yellow line. The frequency in Figure E.1a is 30 kHz and in Figure E.1b is 4 kHz.

(a) DAC measurement with 30 kHz (b) DAC measurement with 4 kHz

Figure E.1: DAC measurements
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F
Equipment

Table F.1: Overview of the equipment used for the evaluation of the circuit

Brand Model

Tektronix TDS 2022C Two channel digital storage oscilloscope
Tektronix AFG3021C Single Channel Arbitrary/Function generator
Tektronix PWS4205 Programmable DC Power Supply 0-20V, 5A
Fluke 177 True RMS Multimeter
Keithley 2450 SourceMeter
digimess RLC 200 Programmable Automatic RLC Meter
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