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Abstract 

This work deals with the design, simulation and mounting of a small system 

that is part of a power control and distribution unit (PCDU). In particular, the 

system will limit the current and it will disconnect the load when a situation of 

overcurrent or short circuit occurs. The proposed system, that uses 

thermistors, allows the current limitation to meet all the specifications in a wide 

range of temperatures. The system has been thought for being used in spatial 

equipment. All simulations meet the specifications. In addition, the mounted 

circuit's measurements show the proper functioning of all the parts, with the 

exception of the transistor in charge of the current limitation. Most probably, 

there is a variation between the physical device and the simulated model. 

However, many more tests would be necessary in order to determine the 

problem source. 

 

Streszczenie 

Niniejsza praca dotyczy projektowania, symulacji i montażu małego systemu, 

który stanowi część jednostki dystrybucji i kontroli mocy (PCDU). Dokładniej, 

system ten ma ograniczać prąd i odłączyć obciążenie w przypadku 

wystąpienia przeciążenia lub zwarcia. Zaproponowany system zawiera 

termistory i pozwala na ograniczenie prądu do określonych specyfikacji w 

szerokim zakresie temperatur. System został zaprojektowany do użytku w 

urządzeniach kosmicznych. Wszystkie symulacje spełniają określone 

specyfikacje. Ponadto, pomiary wykonane na podstawie montażu systemu 

wykazują poprawne funkcjonowanie wszystkich jego części, z wyjątkiem 

tranzystora odpowiedzialnego za ograniczanie prądu. Można podejrzewać, że 

występują różnice między fizycznym urządzeniem a modelem pojawiającym 

się w symulacji. Niemniej jednak, konieczne byłoby wykonanie wielu testów, 

żeby określić przyczynę tego problemu. 
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Resum 

En aquest treball s'aborda el disseny, simulació i muntatge d'un petit sistema 

que forma part d'una unitat de distribució i control de potència (PCDU). En 

concret, el sistema limitarà el corrent i desconnectarà la càrrega quan hi hagi 

una situació de sobrecorrent o curtcircuit. El sistema proposat, que inclou 

termistors, permet la limitació del corrent complint amb les especificacions en 

un ampli rang de temperatures. El sistema ha estat pensat per ser utilitzat en 

equips espacials. Totes les simulacions compleixen amb les especificacions. 

Així mateix, les mesures realitzades al muntatge del sistema mostren el 

correcte funcionament de totes les seves parts, a excepció del transistor 

encarregat de la limitació del corrent. S'intueix una possible variació entre el 

dispositiu físic i el model simulat. No obstant això, moltes més proves són 

necessàries per determinar el causant del problema. 

 

Resumen 

En este trabajo se aborda el diseño, simulación y montaje de un pequeño 

sistema que forma parte de una unidad de distribución y control de potencia 

(PCDU). En concreto, el sistema limitará la corriente y desconectará la carga 

cuando haya una situación de sobrecorriente o cortocircuito. El sistema 

propuesto, que incluye termistores, permite la limitación de la corriente 

cumpliendo con las especificaciones en un amplio rango de temperaturas. El 

sistema ha sido pensado para ser utilizado en equipos espaciales. Todas las 

simulaciones cumplen con las especificaciones. Así mismo, las medidas 

realizadas al montaje del sistema muestran el correcto funcionamiento de 

todas sus partes, a excepción del transistor encargado de la limitación de 

corriente. Se intuye una posible variación entre el dispositivo físico y el 

modelo simulado. No obstante, muchas más pruebas son necesarias para 

determinar el causante del problema. 
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1. Introduction 

1.1. Project overview and goals 

The main purpose of this project is to understand, design, build and measure 

some components of a power control and distribution unit (PCDU). The PCDU is 

responsible for the regulation, control and distribution of power in satellite systems. 

Moreover, the PCDU is in charge of the control and protection of the power bus. 

Therefore, it makes it one of the most important components in a satellite [1]. This 

technology, traditionally used in satellites, can also be used in consumer products 

such as CCD sensors of digital cameras, battery charging protection in mobile 

phones, etc. [2] 

Due to the complexity of a complete PCDU, in this project we will focus on the 

design, simulation, building and testing of a small PDU protection system that 

would sense the current through a main bus, limit it if there is an overload or short-

circuit and shut off the load if this condition continues during a defined period of 

time. 

From the above stated can be said that the main goals of this project are: 

1. Understand what is a PCDU and what role it occupies in complex 

systems. 

2. Identify the parts of a PCDU, specifically those parts that make possible 

the current sensing, the current limitation and disconnection. 

3. Design, simulate, mount and measure a system that senses the current 

being used by a load, limits it if is being used too much and shuts off the 

load if the overload continues.  

This project is carried out at the Faculty of Electronics and Telecommunications of 

the Poznan University of Technology (PUT), in Poznan, Poland. The project’s 

supervisors are Professor Wojciech Bandurski from PUT and Professor Santiago 

Silvestre from the Polytechnic University of Catalonia (UPC). 
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1.2. Requirements and specifications 

The following requirements and specifications have been defined in this project: 

Project requirements 

- A simple PDU’s protection circuit should be designed, simulated, mounted 

and measured. 

- The circuit proposed should measure the current that the load is using, and 

to avoid malfunctions, the system should provide ways to limit the current 

and shut off the load if the situation persists. 

Project specifications 

- The input voltage range should go from 20V to 30V 

- The current limitation will be set at 2A±10%.  

- The trip-off time must be lower than 20ms±10%. 

- The power loss should be less than 5%. 

 

1.3. Methods and procedures 

This project, carried out at the Poznan University of Technology (PUT) and having 

as reference the work of Huang, Tseng and Yeh about the FORMAT-5 satellite [2], 

was proposed by Professor Wojciech Bandurski. 

The idea is to create a system like the one seen in the FORMAT-5 document. In 

order to create it, change it or improve it, diverse literature has been extensively 

reviewed. As it can be seen later on, there are three subsystems needed in order 

to create a system like the one the FORMAT-5 satellite has: a circuit to sense the 

current, a circuit to limit the current and a circuit to disconnect the load. 

Apart from the sensing circuit provided in the FORMAT-5 document, other two 

circuits has been analysed, and the best one for this purpose has been chosen. 

The limitation circuit has been done from scratch. It is not based on other research. 

Finally, the disconnection circuit is composed of a FPGA, which is an integrated 

circuit that can be configured by the customer or designer, and such configuration 

program has been ideated in order to make it work – also from scratch –. The 

FPGA configuration program has been created but it has not been implemented 

because it was too much for this project according to the project supervisor. 



  
 

  
 

 12 

1.4. Project plan 

The project has been divided into the following elements following the PMBOK 
guide: 

 

Figure 1: Work Breakdown Structure (WBS) 

In the following table there is all the information regarding each work package: 
description, planned (and effective) starting and ending dates, internal tasks, 
milestones, deliverables, etc. 
 

Table 1: Work package descriptions, tasks and dates. 

Work package name: Planning WP ref: WP1 

Short description: 

Find and define a project, define the parts of 
the project, the timeline, and write all the 
documents needed for the correct planning. 

Planned start date: 17/02/2014 

Planned end date: 14/03/2014 

Start event: 17/02/2014 

End event: 14/03/2014 

 Milestones/Deliverables: 

Work Plan document 
14/03/2014 

Work package name: Executing WP ref: WP2 

Short description: 

It includes the execution of the project. 

 

Planned start date: 03/03/2014 

Planned end date: 05/06/2014 

Start event: 03/03/2014 

End event: 05/06/2014 

 Milestones/Deliverables: - 

PCDU	  project	  

Project	  
Management	  

Planning	   Executing	   Monitoring	  &	  
Controlling	  

Research	   Electronics	  
System	  

Current	  
sensing	  

Current	  
limitation	  

Load	  
disconnection	   Prototyping	   Integration	  &	  

Testing	  
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Work package name: Monitoring & Controlling WP ref: WP3 

Short description: 

Make sure that everything is going as 
established in the planning. If not, make the 
necessary changes to accomplish the 
objectives. 

At the moment of the Critical Review, all the 
electronics circuits should be designed and 
simulated. 

Risk control: 

If the project does not follow the schedule or if 
the project does not pass the Critical Review, 
actions will be taken after a meeting with the 
supervisor. 

Planned start date: 03/03/2014 

Planned end date: 05/06/2014 

Start event: 03/03/2014 

End event: 05/06/2014 

Internal task T1: Critical Review 

Internal task T2: Final Review 

Milestones/Deliverables: 

Critical Review document 
30/04/2014 

 
Final Review (Defense) 

12/06/2014 
 

Degree Thesis document 
(Poland) 

05/06/2014 
 

Degree Thesis document 
(Spain) 

11/07/2014 

Work package name: Research WP ref: WP4 

Short description: 

Research on power systems in satellites: on 
PCDU and on how to sense and limit the 
current, and how to shut off a load. 

 

Planned start date: 17/02/2014 

Planned end date: 30/04/2014 

Start event: 17/02/2014 

End event: 18/04/2014 

 Milestones/Deliverables: - 
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Work package name: ES - Current sensing WP ref: WP5 

Short description: 

Design, simulate, mount and measure a 
system to measure the current that a load is 
using. 

 

Planned start date: 03/03/2014 

Planned end date: 17/03/2014 

Start event: 03/03/2014 

End event: 17/03/2014 

Internal task T3: Design 

Internal task T4: Simulate 

Internal task T5: Mount 

Internal task T6: Measure 

Milestones/Deliverables: - 

Work package name: ES - Current limitation WP ref: WP6 

Short description: 

Design, simulate, mount and measure a 
system to limit the current that a load is using. 

 

Planned start date: 17/03/2014 

Planned end date: 11/04/2014 

Start event: 17/03/2014 

End event: 25/04/2014 

Internal task T7: Design 

Internal task T8: Simulate 

Internal task T9: Mount 

Internal task T10: Measure 

Deliverables: - 

Work package name: ES - Load disconnection (Optional) WP ref: WP7 

Short description: 

Design and simulate a FPGA system able to 
shut off a load. 

 

Planned start date: 11/04/2014 

Planned end date: 09/05/2014 

Start event: 08/04/2014 

End event: 09/05/2014 

Internal task T11: Design 

Internal task T12: Simulate 

Milestones/Deliverables: - 
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Work package name: ES – Prototyping WP ref: WP8 

Short description: 

Build the final electronics product with all its 
components. 

 

Planned start date: 05/05/2014 

Planned end date: 16/05/2014 

Start event: 05/05/2014 

End event: 16/05/2014 

 Milestones/Deliverables: - 

Work package name: ES – Integration & Testing WP ref: WP9 

Short description: 

Integrating all the subsystems of the 
electronics system in one and test the result. 

Planned start date: 06/04/2014 

Planned end date: 30/05/2014 

Start event: 21/04/2014 

End event: 30/05/2014 

 Milestones/Deliverables: - 

 

The final distribution of the time used during the fulfilment of this project can be 
seen in the Gantt diagram of Figure 2.  

 

Figure 2: Gantt diagram 

This time distribution and Gantt diagram differ from the Work Plan proposed in the 

Project Proposal and Work Plan document. There have been some changes since 

the first document was written. The most important change has occurred with the 

load disconnection circuit. This circuit, following the Professor Bandurski’s 

recommendation, has been considered as optional. For this reason, this circuit 

has not been implemented in a real FPGA. It has only been created and simulated. 
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Notorious variations have happened in the time plan. As two new milestones have 

been added to the Work Plan (Thesis Defense and Thesis Delivery), some 

changes have been needed. The delivery of the thesis has been set for the 5th of 

June and the thesis defence has been placed on the 12th of June. This reduces 

the time available by one month. Everything should be ready and written for the 

5th of June. In order to do everything on time, some work packages has been 

time-reduced. However, this reduction has not affected the project. 
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2. Theoretical background 

In this chapter, some concepts about reliability are going to be explained. They 

are going to be used in this project and they are not basic electronic concepts. 

Therefore, no theory about more basic concepts will be provided: transistors, 

thermistors, operational amplifiers, hardware description languages (HDLs), or 

field programmable gate arrays (FPGAs). However, there are small introductions 

to these topics in this document later on. 

 

2.1. Reliability in electronic systems 

Reliability is understood as “the performance against requirements over a period 

of time” [3]. This means that a reliable product should perform as expected during 

a defined period of time and under defined conditions. 

The failure rate of electronic systems has been always represented by the bathtub 

failure rate curve (Figure 3). 

 

Figure 3: Bathtub failure rate curve. Source: US Army (in the public domain) 

Three regions characterize the failure rate. The first region, known as the infant 

mortality region, is defined by an initial high failure rate that is being reduced over 

the time. These failures are due to the quality (manufacturing defects and/or poor 
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design). Rethinking the design or improving the manufacturing process can 

reduce them. If not, a way of reduce these infant failures is applying the 

environmental stress screening (ESS) technic. The ESS is a process that exposes 

the electronic equipment to stresses such as vibrations or thermal cycling. In the 

second region or useful life region, the failure rate is low and constant. In this 

region is when, generally, the product reaches consumers. Finally, in the third 

region or wear out region, the failure rate increases with time. This is due to the 

age, the use. 

The reliability can be expressed mathematically like this: 

𝑅 𝑡 = 𝑒!!";       𝜆 = 𝑓𝑎𝑖𝑙𝑢𝑟𝑒  𝑟𝑎𝑡𝑒,        𝑡 = 𝑡𝑖𝑚𝑒 

R(t), the reliability, is the probability of not having failures in a period of time t. It is 

expressed by the Poisson distribution. As we can see, increasing time will 

decrease reliability. The failure rate, as we have seen before, for products in the 

useful life region, is constant. Otherwise, the unreliability is the complementary of 

the reliability, which is the probability of having a failure in a period of time t: 

𝑈 𝑡 = 1 − 𝑅 𝑡 = 1 − 𝑒!!" 

The mean time between failures or MTBF is then: 

𝑀𝑇𝐵𝐹 = 1
𝜆 

It is said that different components of a system are working in series in the 

reliability sense if all the components should be working for the whole system to 

work. On the other hand, different components of a system are working in parallel 

if only one component of the system is needed for the whole system to work.  

Therefore, a series system:  

 

 

𝑅(𝑡)! = 𝑅! 𝑡 𝑅! 𝑡 𝑅! 𝑡 ··· 𝑅! 𝑡 = 𝑅(𝑡)!

!

!!!

= 𝑒! !!!
!!! ! 

Figure 4: System in series in the reliability sense 

1 2 3 N 
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𝑈(𝑡)! = 1 − 𝑅 𝑡 ! = 1 − 𝑒! !!!
!!! ! 

𝜆! = 𝜆!

!

!!!

 

On the other hand, a parallel system:  

 

 

 

 

 

 

𝑈(𝑡)! = 𝑈! 𝑡 ··· 𝑈! 𝑡 = 𝑈(𝑡)!

!

!!!

= 1 − 𝑒!!!!
!

!!!

 

𝑅(𝑡)! = 1 − 𝑈(𝑡)! = 1 − 𝑈 𝑡 !

!

!!!

= 1 − 1 − 𝑒!!!!
!

!!!

 

In order to predict the reliability of different components is commonly used the 

MIL-HDBK-217 military handbook. It establishes a method to predict reliability for 

different kind of components. These estimations have been obtained after 

different tests on a very large population and in different conditions. In the 

handbook it is defined the predicted failure rate as: 

𝜆! = 𝜆!𝜋! 

where 

𝜆! = predicted failure rate for the specific part under predicted condition 

𝜆! = failure rate under base operating conditions 

𝜋! = modifying factor (environmental, quality, temperature, etc.) 

𝜋! = 𝜋!𝜋! ··· 𝜋! = product of all modifying factors 

1 

N 

Figure 5: System in parallel in the 
reliability sense 
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3. State of the art 

In order to put in context this research project, a review of the actual technology 

and ways to solve the problems that appeared in this project have been done.  

The literature review has been centred into three topics: power management in 

satellites, current sensing and current limitation. 

 

3.1. Power management in satellites 

One of the most important issues in a satellite is to assure that there is always 

electrical power available for the satellite and that this power will not damage any 

satellite’s system. Several early space missions have failed in the past because of 

power-system failures [4].  

There are mainly three elements in a satellite power system: a primary energy 

source, a secondary energy source and a power control and distribution system. 

The primary energy source is the responsible for transforming a specific kind of 

fuel into electrical power. This is the main source of power in a satellite and 

nowadays it is majorly provided by solar arrays. The second energy source, 

usually batteries, works as a back up. It is needed to run the satellite when the 

primary source is not available. Finally, the power control and distribution unit 

(PCDU) is used to deliver the needed power to the loads when needed. It controls 

both energy sources, selecting between them depending on the availability, it also 

regulates the main bus voltage and other electrical buses to a define voltage level. 

Finally, this unit also monitors the bus current and protects the satellite when there 

is an overcurrent or a short-circuit. This is usually made using fuses or by current 

limitation (the Latching Current Limiter or LCL performs the current limitation 

function [1]); if the first is used, when there is an overcurrent, the fuse will 

permanently disconnect the circuit. For this reason, it is required to have a 

redundant path that can be remotely connected.  

A satellite needs two energy sources because the main energy source, usually 

solar arrays, is not always available. This is the case of the launch and ascent of a 

satellite: during this phase the satellite cannot use the solar arrays so a secondary 

energy source is needed, batteries for example. The need of a secondary energy 
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source will maintain until operational orbit phase, in this phase all solar panels are 

deployed and all the systems of the satellite are working. However, depending on 

the orbit of the satellite – LEO, MEO or GEO –, the satellite will need sooner or 

later the use of batteries because the satellite is not always going to see the sun 

(in case of having solar arrays). For this reason is not only important to switch the 

secondary energy source to the main energy source but switch independently 

between them [5] [6].  

 

3.2. Current Sensing 

The conventional way to sense the current in a circuit consists in placing a low 

value resistor in series with the load [7]. In this situation the series-resistor current 

will be the same as the load current. Therefore, we can know the value of the 

current by measuring the voltage in the series-resistor (I=V/R). There are many 

ways of measuring this voltage. The simplest way is to connect a differential 

amplifier in the terminals of the series-resistor or an instrumental amplifier [8]. The 

main problem of this kind of systems is the power loses when the current is high. 

The power loss can be calculated as I2R (Ohm’s Law). Instead of placing a 

dedicated resistor in series, it is also possible to take advantage of the known 

resistance of other elements in series of the circuit. For example, it is possible to 

use the copper of a printed circuit board [9]. 

Other possible way to measure the current is by using the Faradays’ law of 

induction. One way is using a Rogowski coil, which is composed of a cable that 

encircles a toroid. The conductor that carries the current that we want to sense is 

placed through the hole of the toroid. The current that passes through this inner 

conductor will generate a magnetic field B that will depend on the current I. This 

then will generate a voltage drop in the cable that encircles the toroid that will 

depend on the current derivative. This means that this kind of system is only 

useful in order to measure alternate currents [10]. 

As we have seen before, if there is current in a conductor, this current will produce 

a magnetic field B that will depend on the current I. 𝐵 = !!
!!"

𝐼. The direction of this 

magnetic field will be determined by the right-hand rule. Therefore, using a 

magnetic field sensor we could know the current of a conductor. One of the most 

popular magnetic field sensors is the Hall-effect sensor [11]. Open-loop hall-effect 
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sensors suffer of poor linearity and poor immunity [10]. Despite these problems, 

these sensors have been proposed for being used in satellites [12]. 

 

3.3. Current Limitation 

Many limitation circuits are made using transistors. A typical design would be 

using IGBT or MOSFET transistors to sense and limit the current in a negative 

feedback loop [13] [14] [15]. These kinds of systems take advantage of the I-V 

characteristic of the transistors, in which the current saturates giving the proper 

voltage to one terminal of the transistor, independently of the input voltage of 

other transistor’s terminal.  

In order to avoid inrush currents, it is possible to put an inductor in series with the 

load [16]. However, the size of the circuit could physically increase because of the 

inductor because many times the design would require a high inductance.  
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4. Project development  

As a remainder, we are going to design a circuit to protect a payload from 

overcurrents or short-circuits and it is going to be created for being used in space 

applications. For doing so, our system requires four different parts: a current-

sensing circuit for measuring the load current; a Schmitt trigger, to inform the load 

disconnection circuit of an overcurrent; a limitation circuit that will limit the load 

current to avoid damages; and a load disconnection circuit that will disconnect the 

load if the overcurrent situation persists. 
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Figure 6: System scheme 
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4.1. Current sensing 

There are several ways to measure the current that a load is using. For this 

purpose, three circuits are going to be analysed and compared. We will be looking 

into three parameters: linearity, the voltage output should be linearly proportional 

to the current used by the load; price, although this parameter is more important 

when producing many systems; and reliability, which is probably the most 

important of all. This system will be used in a satellite; this implies that it will not 

be possible to repair it if something fails. For this reason, it is critical to mount a 

very reliable system and avoid infant mortality failures once it has been mounted. 

Infant mortality failures should be detected and eliminated before the satellite 

starts its journey. 

All the following circuits have been designed to have at the output 5V when the 

current at the load is 1.7A. It has been selected a 1.7A threshold because it is 

very important that all the currents above 1.8A will be detected as overcurrent. It is 

important because the specifications for the current limitation state that there 

should be a current limitation at 2A±10% (1.8A-2.2A). For this reason, in order to 

detect an overcurrent (>1.8A), the threshold should be less than 1.8A. Moreover, 

we had to be conservative choosing the threshold taking into account the 

hysteresis of the following Schmitt trigger circuit and variances of components that 

may alter the output of the sensing circuit and therefore, the selected threshold. 

Finally, the output of 5V will be compared with a 5V reference in the Schmitt 

trigger; so when the output will be more than 5V (1.7A)1, a positive output will be 

used to inform the FPGA of an overcurrent. 

All the current sensing circuits use a series resistor of 0.2Ω. This value has been 

chosen because with it we would obtain a maximum power loss of 

   !!!!!"#$%& ·!""·!!
!!"

= !.!!!.!"# ·!""·!.!
!"

= 2.49%, which is less than the amount stated 

in the specifications. 

 

 

                                                
1 The Schmitt trigger, as it will be explained in following sections, have hysteresis. This will change the 1.7A 
threshold depending on the previous output state. 
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4.1.1. Circuit A 

The Circuit A, used in the FORMAT-5 satellite [2], is composed by four BJT 

transistors and six resistors. The circuit can be seen in Figure 7. 

 

Figure 7: Circuit A, FORMAT-5 sensing circuit 

Considering that all four transistors are in their active region when the circuit is 

working, we can simplify the circuit above for the circuit shown in Figure 8 [17]. 

 

Figure 8: Circuit A equivalent. 

Using this last circuit can be easily deduced the following equations: 
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𝐈)  𝑖!! 𝛽!𝛽! + 𝛽! + 1 = 𝑖!! · 𝐴 = 𝑖! 

𝐈𝐈)  𝑖!! 1 + 𝛽! + 𝑖!! = 𝑖!! 

𝐈𝐈𝐈)  𝑅!𝑖!! = 𝑉!" − (𝑖!!𝑅! + 𝑣!"!) 

𝐈𝐕)  𝑖! + 𝑖!! 1 + 𝛽! = 𝑖!! 

𝐕)  𝑅!𝑖!! = 𝑉!" − 𝑖!"𝑅! − (𝑖!!𝑅! + 𝑣!"!) 

𝐕𝐈)  𝑖!! 1 + 𝛽! = 𝑖!! 

𝐕𝐈𝐈)  𝐼! + 𝑖!! = 𝑖!" 

𝐕𝐈𝐈𝐈)  𝛽!𝑖!! + 𝑖!! = 𝑖!! 

𝐈𝐗)  𝑖!!𝑅! + 𝑣!"! = 𝑖!!𝑅! + 𝑣!"! 

𝐗)  𝑖!! 1 + 𝛽! = 𝑖!" 

𝐗𝐈)  𝑖!!𝛽! = 𝑖!! 

𝐗𝐈𝐈)  𝑉!"#!" = 𝑖!"𝑅! 

Then, combining them, we obtain the next four equations: 

𝐄𝐐𝟏)          𝑅!𝑖!!𝐴 + 𝑅!𝑖!! 1 + 𝛽! = 𝑉!" − 𝑅!𝑖!! 1 + 𝛽! + 𝑅!𝑖!! + 𝑣!"!    

𝐄𝐐𝟐)          𝑅!𝐼! + 𝑅!𝑖!!𝛽! = 𝑉!" − 𝑅!𝑖!! 1 + 𝛽! + 𝑅!𝑖!! + 𝑣!"! + 𝑅!𝑖!!𝛽!  

𝐄𝐐𝟑)          𝑅!𝑖!!𝐴 + 𝑅!𝑖!! 1 + 𝛽! = 𝑉!" − 𝑅!𝑖!! 1 + 𝛽! + 𝑅!𝑖!! + 𝑣!"!    

𝐄𝐐𝟒)          𝑉!"#!" = 𝛽!𝑖!! 1 + 𝛽! 𝑅! 

EQ1 have been obtained using I, II, III and IV; EQ2 using II, V, VI and VII; EQ3 

using II, VIII and IX; finally, EQ4 using X, XI and XII.  

Then, we can obtain 𝑖!!  with EQ1, EQ2 and EQ3. Afterwards, 𝑖!!  will be used in 

EQ4 to find 𝑉!"#!". 

In order to obtain a linear expression and simplify the equation, the following 

relationships have been found: 

𝑅! = 𝑅! 

𝑅! = 𝑅! 

𝑅! ≫ 𝑅! ≫ 𝑅! 

𝛽! = 𝛽! = 𝛽! = 𝛽! ≫ 1 

Finally, 

𝑉!"#!" ≅
𝑅!𝑅!
𝑅!

𝐼!"#$  
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If we simulate this circuit (Figure 9), we would obtain the same behaviour that the 

theoretically expected (Figure 10). 

𝑅! = 0.2Ω                𝑅! = 1020Ω          𝑅! = 15𝑘Ω 

 

Figure 9: Circuit A output. Simulation 

 

Figure 10: Circuit A, theoretical result.  

The approximate budget for the components used in this circuit is shown in Table 

2. 

Table 2: Circuit A's budget 

Component Quantity Unit Price2 Total Price 

0.2 resistor (5W) 1 1€ 1€ 

Other resistors 5 0.08€ 0.4€ 

PNP transistor (2N3906) 3 0.16€ 0.48€ 

NPN transistor (2N3904) 1 0.16€ 0.16€ 

TOTAL 2.04€ 

The failure of one component of the circuit will cause the failure of the whole 

circuit (components in series). This means that the failure rate of the circuit can be 

calculated as the sum of all the components’ failure rates. 

 

 

                                                
2 It has been chosen a unit price for standard components. The price will be higher if we would like to have 
more reliability. The price may be lower buying more than one unit. The prices of all the components have 
been consulted in www.mouser.com 
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Table 3: Circuit A's failure rate. 

Component λb
3 πT

3
 πA πR πS πQ πE λp N λ/106 

1.02k resistor .000
96 - - 1 - 15 .2 .002

88 2 .00576 

0.2 resistor .001
5 - - 1 - 15 .2 .004

5 1 .0045 

15k resistor .000
96 - - 1 - 15 .2 .002

88 1 .00288 

1MEG resistor .000
96 - - 1.1 - 15 .2 .003

168 2 .00633 

2N3906 .000
74 1.7 1.5 0.84 0.54 5.5 0.5 .002

354 1 .00235 

2N3904 .000
74 1.7 1.5 0.84 0.54 5.5 0.5 .002

354 3 .00706 

TOTAL .0289 

 

4.1.2. Circuit B 

A fully differential operational amplifier, an operational amplifier, two BJT 

transistors and nine resistors compose the circuit B, found in the Electronic Circuit 

Design [18] book. In Figure 11 can be seen its schematic. 

 

Figure 11: Circuit B schematic 

A fully differential operational amplifier differs from a usual operational amplifier 

(op-amp) in the two outputs instead of one of the common op-amp. This requires 

                                                
3 We consider a conservative temperature of 50ºC. 
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the designer to close two feedback paths instead of one. However, this increases 

the number of components to be used but the design remains [19]. From this 

concept has been deducted the next circuit to be analysed, circuit C.  

From the circuit we can deduce the following equations. 

𝑉!! − 𝑉!! = 𝐴! 𝑉!! − 𝑉!!                 𝑉!! = 𝑉!! 

𝑉!! = 𝑉!! − 𝑣!"
𝑉!! = 𝑉!! − 𝑣!"′

                              𝐼𝑓  𝑣!" = 𝑣!"!                 𝑉!! = 𝑉!! 

𝑉!"# =
𝑉!! + 𝑉!!

2
= 𝑉!! = 𝑉!! 

𝑖! =
𝑉!" − (𝑉!"# + 𝑣!")

𝑅!
                                                                      𝑖!′ =

𝑉!" − 𝑅!𝐼! − (𝑉!"# + 𝑣!"′)
𝑅!′

 

𝑖! =
𝛽!(𝑉!" − (𝑉!"# + 𝑣!"))

1 + 𝛽! 𝑅!
                                                     𝑖!′ =

𝛽!′(𝑉!" − 𝑅!𝐼! − (𝑉!"# + 𝑣!"′))
1 + 𝛽!′ 𝑅!′

 

𝑉! =
𝛽!𝑅!(𝑉!" − (𝑉!"# + 𝑣!"))

1 + 𝛽! 𝑅!
                                       𝑉!" =

𝛽!′𝑅!′(𝑉!" − 𝑅!𝐼! − (𝑉!"# + 𝑣!"′))
1 + 𝛽!′ 𝑅!′

 

𝑉!"#!" = 𝑉! − 𝑉!"
𝑅!
𝑅!

=
𝑅!
𝑅!

𝑅!
𝑅!

𝛽!
1 + 𝛽!

𝑅!𝐼! ≈ 𝑉!"#!"   ;   𝑅! = 𝑅!′  𝑎𝑛𝑑  𝑅! = 𝑅!′   

For this equations to work, R2 should be a lot smaller than RM + RG. If not, a 

voltage follower should be placed between Vo and RM and between Vob and RM. 

Its behaviour satisfies the theoretical expression as can be seen in Figure 12 and 

Figure 13. This result has been obtained using two voltage followers. 
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𝛽! = 100      𝑅! = 0.2Ω      𝑅! = 18.7𝑘Ω      𝑅! = 3𝑘Ω      𝑅! = 1.62𝑘Ω      𝑅! = 150𝑘Ω 

 

Figure 12: Circuit B, simulation.  

 

Figure 13: Circuit B, theoretical result 

The approximate budget for the components used in this circuit is shown in Table 

4. 

Table 4: Circuit B's budget. 

Component Quantity Unit Price Total Price 

0.2 resistor (5W) 1 1€ 1€ 

Other resistors 8 0.08€ 0.64€ 

PNP transistor (2N3906) 2 0.16€ 0.32€ 

Fully differential amplifier 1 1€-2.44€ 1€-2.44€ 

Quad operational amplifier 1 0.4€-1€ 0.4€-1€ 

TOTAL 3.36€-5.4€ 

As well as in the circuit A, there are no redundant components; this means that if 

one component fails, the whole circuit will fail. The failure rate of the whole circuit 

is the sum of the failure rates of the components. 
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Table 5: Circuit B's failure rate. 

Component λborC πT πA πR πS πQ πE πL λp N λ/106 

0.2 resistor .0015 - - 1 - 15 .2 - .00
45 1 .0045 

Other resistors .00096 - - 1 - 15 .2 - .00
288 8 .023 

Amplifiers .01 3.8 - - - 1 - 1 .03
8 3 .114 

2N3906 .00074 1.7 1.5 0.8
4 

0.5
4 5.5 0.5 - 

.00
235

4 
2 .00471 

TOTAL .146 

 

4.1.3. Circuit C 

In order to simplify the Circuit B, make it less costly and more reliable, some 

changes have been made to the circuit. The result can be seen in Figure 14. This 

new circuit uses a BJT transistor, three resistors and only one operational 

amplifier. 

 

Figure 14: Circuit C, schematic. 

The following equations has been deduced: 

𝑉!"# = 𝐴! 𝑉! − 𝑉! = 𝐴! 𝑉!" − 𝑉! − 𝑉!"# − 𝑣!"       
!!↑↑

    𝑉!"# ≅ 𝑉!" − 𝑉! − 𝑣!"    
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𝑖! =
𝑉!" − 𝑉!

𝑅!
≅
𝑉!" − 𝑉!"# + 𝑣!"

𝑅!
=
𝑉!" − 𝑉!" − 𝑉! − 𝑣!" + 𝑣!"

𝑅!
=
𝑉!
𝑅!

 

𝑖! = 𝑖!
1

1 + 𝛽!
≅
𝑉!
𝑅!

1
1 + 𝛽!

 

𝑖! = 𝛽!𝑖! ≅
𝛽!

1 + 𝛽!
𝑉!
𝑅!

 

𝑉!"#!" = 𝑖!𝑅! ≅
𝛽!

1 + 𝛽!
𝑉!
𝑅!
𝑅! =

𝛽!
1 + 𝛽!

𝑅!
𝑅!
𝑅!𝐼! ≅ 𝑉!"#!"  

As circuit A and circuit B, circuit C also performs as theoretically expected (Figure 

15 and Figure 16). 

𝛽! = 100      𝑅! = 0.2Ω      𝑅! = 1.07𝑘Ω      𝑅! = 15.8𝑘Ω 

 

Figure 15: Circuit C, simulation.  

 

Figure 16: Circuit C, theoretical result.  

In Table 6 can be seen an approximate budget of this circuit.  

Table 6: Circuit C's budget 

Component Quantity Unit Price Total Price 

0.2 resistor (5W) 1 1€ 1€ 

Other resistors 2 0.08€ 0.16€ 

PNP transistor (2N3906) 1 0.16€ 0.16€ 

Operational amplifier 1 0.4€-1€ 0.4€-1€ 

TOTAL 1.72€-2.32€ 

The failure rate of this circuit has been calculated and the results are in Table 7. 
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Table 7: Circuit C's failure rate. 

Component λborC πT πA πR πS πQ πE πL λp N λ/106 

0.2 resistor .0015 - - 1 - 15 .2 - .00
45 1 .0045 

Other resistors .00096 - - 1 - 15 .2 - .00
288 2 .00576 

Amplifier .01 3.8 - - - 1 - 1 .03
8 1 .038 

2N3906 .00074 1.7 1.5 0.8
4 

0.5
4 5.5 0.5 

- .00
235

4 
1 .00235

4 

TOTAL .05 

 

4.1.4. Comparison and selection 

Table 8: Circuits comparison 

 Circuit A Circuit B Circuit C 

Vsense 
𝑅!
𝑅!
𝑅!𝐼! 

𝑅!
𝑅!

𝑅!
𝑅!

𝛽!
1 + 𝛽!

𝑅!𝐼! 
𝛽!

1 + 𝛽!
𝑅!
𝑅!
𝑅!𝐼! 

Cost 2.04€ 3.36€-5.4€ 1.72€-2.32€ 

Failure rate per 
106 hours .0289 .146 .05 

Circuit B is, without a doubt, the less appropriate for this project. It has a lot of 

components that makes it expensive and low in reliability. As it is a circuit that will 

go in a satellite, the cost could be not very important because only one unit or few 

units will be produced. However, reliability is very important in this project and 

circuit B is much worse than the other two. 

Circuit A and circuit C are both very close to each other in costs and failure rate. 

Circuit C could be cheaper than circuit A but, on the other hand, circuit A is more 

reliable than circuit C. As said before, for this project reliability is more important 

than costs and circuit A is more reliable than circuit C and of similar costs. For this 

reason, circuit A has been chosen. 
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4.2. Schmitt trigger 

A Schmitt trigger is a comparator with hysteresis [20] [21]. A standard comparator 

would change its state from low output to high output when the input would be 

higher than a voltage reference. And it would change from high output to low 

output when the input would be smaller than the same reference. However, when 

there is noise in the input, the input signal could cross the reference many times, 

changing the output state with the same speed. This behaviour can be seen in 

Figure 17. A Schmitt trigger in the same situation would avoid noise. This can be 

seen in Figure 18. 

 

 

 

 

 

 

 

Figure 19: Schmitt trigger circuit 

As it can be seen in Figure 19, the Schmitt trigger uses an operational amplifier 

with positive feedback. Vout and Vin contribute to V+ and this feeds the amplifier. 

The gain (Ad) of an operational amplifier is so big that the output (Vout = Ad(V+-V-)) 

saturates with very little differences between V+ and V-. Therefore, the output will 

only have two possible values or states, high (Vs
+) and low (Vs

-). Applying 

superposition: 

 

Figure 17: Simple comparator when there is 
noise in the input.  

 

Figure 18: Schmitt trigger when there is 
noise in the input.  
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𝑉! =
𝑅!

𝑅! + 𝑅!
𝑉!" +

𝑅!
𝑅! + 𝑅!

𝑉!"! 

The system will change of state when V+ is equal to V- (our reference voltage: Vref). 

Thus, 

𝑉!" = 𝑉! +
𝑅!
𝑅7

(𝑉! − 𝑉!"#) = 𝑉!"# +
𝑅!
𝑅7

(𝑉!"# − 𝑉!"#) 

As the system can only be in two different states, when Vout is equal to Vs
+ and 

when Vout is equal to Vs
-, it is possible to find the input voltage that makes the 

system to change of state. We will call VL the voltage necessary to change the 

state from low to high. VH is the voltage necessary to change the state from high 

to low.  

          𝑉! = 𝑉!"# +
!!
!!
(𝑉!"# − 𝑉!!)                        𝑉! = 𝑉!"# +

!!
!!
(𝑉!"# − 𝑉!!)  

 

Figure 20: Current sensing circuit and Schmitt trigger circuit 

As we can see in Figure 20, a Schmitt trigger has been implemented after the 

current sensing circuit. The two possible states of this Schmitt trigger 

implementation are 0V and Vin (20V – 30V). As the voltage in Vin is not fixed, the 

voltage needed in order to change from high to low will change depending on Vin. 

          𝑉! = 5 + !"#
!"!

5 = 5.058           𝑉! = 5 + !"#
!"!

5 − 𝑉!! = 4.712  𝑡𝑜  4.827 

The hysteresis width, which is the difference of thresholds (VL-VH), falls between 

0.316V and 0.201V. 

The thresholds can also be expressed as the load current.  

          𝐼! =
!!
!!!!

𝑉! = 1.72𝐴                                 𝐼! =
!!
!!!!

𝑉! = 1.6𝐴  𝑡𝑜  1.64 
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Figure 21: Schmitt trigger output for 
different Vin voltages. States changing. 
Referred to voltage. 

 

Figure 22: Schmitt trigger output for 
different Vin voltages. States changing. 
Referred to current. 

The hysteresis curve may change when using real resistors. In Figure 23 can be 

seen different possible hysteresis curves when using 1% resistors. Different 

colours represent the hysteresis curves. 

 

Figure 23: Schmitt trigger output when using 1% resistors. 

Using 1% resistors will lead to the possibility of having a threshold near 1.77A, 

which is very close to the lower limit of 1.8A established in the specifications. 

Moreover, if we take into account variances in the resistors’ tolerances that will 

suffer over time [22], we could potentially have a threshold of more than 1.8A. In 

order to avoid that, two actions can be taken: the first one would be to buy high-

quality resistors that will not be affected by time; the other would be to buy 

resistors of better tolerance. 
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The output of the Schmitt trigger will be connected to the FPGA. All the currents 

over 1.72A-1.8A would make the Schmitt trigger have a high output that will cause 

the FPGA to notice the overcurrent. In this situation, the FPGA will shut off the 

load if the situation persists. 

 

4.3. Current limitation 

A PMOS MOSFET transistor has been used in order to limit the current to 

2A±10%. The circuit of Figure 24 has been simulated with a sweep of Vc from 0V 

to 30V, the result can be seen in Figure 25. 

 

Figure 24: MOSFET transistor circuit.  

 

Figure 25: Simulation of the MOSFET 
transistor circuit when sweeping Vc. 

The circuit’s current of Figure 24, without the transistor, is 𝐼!"#$ =
!!"

!!"#$!!!
, which is 

almost 2.94A if Rs is 0.2Ω and Rload is 10Ω. In Fig 25 can be seen that the circuit’s 

current is 2.94A from 0V to more or less 25V; in this situation the transistor is 

operating in its triode region and therefore, it is operating as a fixed resistor of, in 

this case, 0.021Ω. Right after, from 25V to 26.3V, starts the saturation region. This 

is the region that we are going to take advantage of in order to limit the current. 

Finally, from 26.3V to 30V, the transistor is operating in the cut-off region. In this 

region the transistor is turned off. 

In the saturation region, the current in the transistor is limited by the following 

equation: 

𝐼!"#$ ≅ −
𝑊𝜇!𝐶!"
2𝐿

𝑉!" − 𝑉!" !
! = −

𝑘
2
𝑉!" − 𝑉!" !

! = −
𝑘
2
𝑉! − 𝑉! − 𝑉!" !

!
 

𝑉!",𝑉!",𝑉!"(!), 𝐼!"#$   𝑎𝑟𝑒  𝑎𝑙𝑙  𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒  𝑓𝑜𝑟  𝑃𝑀𝑂𝑆 
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From that equation can be derived Vc, the necessary voltage to limit the current at 

a desired level. 

 𝑉! = − !|!!"#$|
!

+ 𝑉!" ! + 𝑉! = − !|!!"#$|
!

+ 𝑉!" ! + 𝑉!" − |𝐼!"#$|𝑅! 

The values of k and VTH(P) depend on temperature. Our system has been designed 

to be part of a satellite. In such environment temperature can change greatly. For 

this reason, our limitation circuit should work for at least a range of temperatures 

that goes from -50ºC to 50ºC. 

For the FQPF47P06 transistor, k and VTH(P) are as follows: 

𝑘 ≅ 0.0279 · TEMP + 12.3796 

𝑉!"(!) = 0.00315 · TEMP − 3.82875 

𝑇𝐸𝑀𝑃  𝑖𝑛  º𝐶 

Considering those parameters, it can be said that the necessary voltage to limit 

the current at 2A in the FQPF47P06 transistor is: 

𝑉! = 𝑉!" −
2|𝐼!"#$|

𝑘
+ 𝑉!" ! − |𝐼!"#$|𝑅!  ;      𝐼!"#$ =   −2𝐴,𝑅! = 0.2Ω 

𝑉! = 𝑉!" −
2

0.0279 · TEMP + 12.3796
+ 0.00315 · TEMP − 4.22875 +   ∆𝑉 

ΔV is the voltage that we have not taken into account. In average, we have 

calculated by simulation that ΔV is 0.07V. 

Even though there is a square root in the expression of Vc, its behaviour can be 

linearly approximate it for the following equation: 

𝑉! = 𝑉!" + 0.0038 · 𝑇𝐸𝑀𝑃 − 4.73 

The validity of this equation can be seen in Figure 26. There is represented Vc in 

blue and its linearization (trend line) in black. It is the Vc behaviour when Vin = 30V. 
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Figure 26: Vc and its trend line. 

As we can see R2 is almost 1, so the trend line fits almost perfectly the Vc curve 

[23].  

 

Figure 27: Current limitation when using the Vc theoretically calculated. From -70ºC to 
70ºC. 

The Figure 27 represents the current limitation that is achieved when using the Vc 

theoretically calculated. It is not always perfectly 2A because of the linear 

approximations. From -70ºC to 70ºC, the mean square error [24] of this theoretical 

approximation is 0.0063V2 4. 

 

 

 

 

                                                
4 Considering that the limitation current should always be 2A. 

y = 0,0038(TEMP+51) + 25,078 
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In order to obtain Vc, the following circuit is going to be used: 

 

Figure 28: Circuit for obtaining Vc. 

The circuit in Figure 28 is a typical operational amplifier working as differential 

amplifier. Its expression is [20]: 

𝑉! = 𝑉!"
𝑅!! + 𝑅!" + 𝑅!" 𝑅!"
𝑅!! + 𝑅!! + 𝑅!" 𝑅!"

− 𝑉!
𝑅!! + 𝑅!"

𝑅!"
 

𝑖𝑓        𝑅!! = 𝑅!!  ,      𝑅!" = 𝑅!"      𝑎𝑛𝑑      𝑅!! = 𝑅!"      𝑡ℎ𝑒𝑛 

𝑉! = 𝑉!" − 𝑉!
𝑅!! + 𝑅!"

𝑅!"
 

V1 has been chosen to be a 10V source. Rt2 is a resistance that depends on 

temperature following a linear expression like 𝑅!! = −𝐴 · 𝑇𝐸𝑀𝑃 + 𝐵. Therefore, 

𝑉! = 𝑉!" − 10
𝐴 · 𝑇𝐸𝑀𝑃 + 𝐵 + 𝑅!"

𝑅!"
= 𝑉!" +

10𝐴
𝑅!"

𝑇𝐸𝑀𝑃 −
10(𝐵 + 𝑅!")

𝑅!"
 

Now it is time to find the relationships between the prior equation and the 

theoretical Vc calculated before. 

0.0038 =
10𝐴
𝑅!"

                  𝑅!" =
10𝐴
0.0038

 

4.73 =
10(𝐵 + 𝑅!")

𝑅!"
                  𝑅!" =

4.73𝑅!"
10

− 𝐵  

Rt2 is going to be made using a NTC thermistor, which is a resistor sensible to 

temperature. More temperature means less resistance. However, it does not 
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change linearly but exponentially. Fortunately, it is possible to linearize the 

exponential curve for a range of temperatures using a resistor in parallel [25]. The 

exponential curve of a selected NTC thermistor (𝑅!"º! = 220Ω) can be seen in 

Figure 29 and in Figure 30 has been linearized using a resistor of 576Ω5 in 

parallel. 

 

 

 

 

 

 

 

 

Figure 31: Approximate linear expression of the NTC thermistor in parallel with the 576Ω 
resistor. From -50ºC to 50ºC. 

The linear expression, shown in Figure 31, that almost fits the behaviour of a 

220Ω NTC thermistor with a resistor of 576Ω in parallel is the following: 

R!! = −5.206 · TEMP + 290 

Using the equations that we found before in order to obtain R13 and R14: 

                                                
5 It has been chosen 576Ω because it is the closer resistor to 573Ω, resistance of the NTC thermistor at 0ºC.  
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Figure 29: Resistance of a 220Ω NTC 
thermistor. From -50ºC to 50ºC. 

 

Figure 30: Linearization of the NTC curve 
using a resistor in parallel. From -50ºC to 
50ºC. 
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𝑅!" =
10 · 5.206
0.0038

= 13700 

𝑅!" =
4.73𝑅!"
10

− 290 = 6190 

Finally, the limitation circuit6 is as follows: 

 

Figure 32: Limitation circuit 

The simulation of this circuit from -70ºC to 70ºC and for Vin = 30V can be seen in 

Figure 33. 

 

Figure 33: Current load in the limitation circuit. From -70ºC to 70ºC. 

With this configuration, we obtain a mean squared error of 0.0033V2, which is 

better than the theoretical approximation calculated before. This is due to the non-

linearity behaviour of the NTC thermistor. 

                                                
6 The zener diode in this circuit is only for protecting the MOSFET. 
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4.4. Load disconnection 

In case of an overcurrent, a signal from the Schmitt trigger will arrive to the FPGA.  

It is important to have in mind that a FPGA is a device that can be configured after 

being manufactured. The FPGA configuration is made using hardware description 

language (HDL), in this project Verilog [26]. The distinctive feature of these 

devices is that they not execute any program; they are configured after being 

manufactured by the designer. This configuration is physical; therefore the FPGA 

can be a logic gate, a flip-flop, or a more complex system formed by gates, flip-

flops and other digital components [27]. 

The proposed program in Verilog will configure the FPGA to produce an output 

that will disconnect the load if an overcurrent persists for 10ms and will reconnect 

it after some time. 

module  control (input wire  CLK, input wire  IN, output wire  OUT); 
 
reg  [16:0 ] count = 0 ; 
reg  out = 0 ; 
 
always  @(posedge  CLK) 

begin 
if  (IN == 1  && out == 0 ) begin 

if  (count == 10 ) begin 
out <= 1 ; 
count <= 0 ; 

end 
else 

count <= count + 1 ; 
end 
else if  (IN == 0  && out == 0 ) 

count <= 0 ; 
if  (out == 1 ) begin 

if  (count == 60 ) begin 
out <= 0 ; 
count <= 0 ; 

end 
else 

count <= count + 1 ; 
end 

end 
assign  OUT = out; 

endmodule  
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The clock signal (CLK) is a square wave of period 1ms. The code above indicates 

that in each positive edge of the CLK signal, the output of the FPGA (OUT) will be 

positive if the input (IN) has been positive for 10ms. If the output is positive, it will 

be zero again after a specified number of milliseconds, in this program it is 60ms 

for a better visualization in the simulation. The output is connected to a driver and 

then to a MOSFET. Therefore, if there is a positive at the output, the load will be 

disconnected and if there is a zero at the output, the load will be connected. 

The simulation of the previous configuration code has been realized with the 

following testbench: 

‘timescale 1 us / 10 ps 
module  testbench(); 

reg  CLK; 
initial  CLK <= 0 ; 
always  #500  CLK <= ~CLK; 
 
reg  IN; 
initial 

begin 
IN <= 0 ; 
IN <= #4000 1 ; 
IN <= #8000 0 ; 
IN <= #9000 1 ; 
IN <= #17000 0 ; 
IN <= #20000 1 ; 
IN <= #32000 0 ; 
IN <= #36000 1 ; 
IN <= #38000 0 ; 

end 
 

control my_control( 
.CLK(CLK), 
.IN(IN), 
.OUT() 
); 

endmodule 
  
 
 
 
 
 
 
 
 
 
 



  
 

  
 

 45 

The following figures show the simulation result using the software Aldec Active-

HDL: 

 

Figure 34: Simulation of the FPGA. 

 

Figure 35: Simulation of the FPGA. Zoom.   
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5. Results of the system 

The three mandatory parts of this project have been mounted and tried: sense 

current, Schmitt trigger and limitation circuit. Firstly, the current-sensing circuit’s 

results without the Schmitt trigger are going to be shown, afterwards with it; 

subsequently, the part of the circuit that generates the signal that will be used by 

the MOSFET to limit the current will be presented, and finally, the results of the 

complete limitation circuit are going to be introduced. 

The equipment used in these tests is the following: 

 Multifunction generator AGFM5001 

 Digital multimeter Sanwa CD772 

 

5.1. Current sensing 

 

Figure 36: Current-sensing circuit to be tested 

The current-sensing circuit of Figure 33 has been tested for different currents. In 

order to change the current from 0A to 2A, it has been used a fix load of 10Ω and 

it has been changed the input voltage from 0V to 20V. The measurements are in 

the following table: 
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Table 9: Current-sensing circuit, measurements and calculations 

VIN (V) Vsense (V) IL (A) 

0.97 0.28 0.09 

3.01 0.87 0.29 

7.47 2.14 0.73 

12.11 3.47 1.19 

14.43 4.15 1.41 

17.28 4.97 1.69 

20.97 6.03 2.06 

 

The measurements in the LAB show that Vsense depends linearly of the load 

current. Moreover, it is identical (root-mean-square error (RMSE) of 0.013V) from 

the simulated with LTspice and as we can see in the next chart.  

 

Figure 37: Results of the current-sensing circuit 
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5.2. Schmitt trigger 

The current-sensing circuit was connected to the Schmitt trigger as is shown in 

the Figure 38. 

 

Figure 38: Current-sensing circuit and Schmitt trigger circuit 

The input voltage has been swept from 0V to the voltage that makes the Schmitt 

trigger to change of state and then, the same backwards; the input voltage has 

been decreased to the other change of state. The next chart shows the hysteresis 

curve of the tested Schmitt trigger. 

 

Figure 39: Schmitt trigger results 

As we can see, this behaviour it is one of the calculated in the simulations. It was 

said that using 1% resistors would lead to having a threshold in 1.77A and we 

have it there.  
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5.3. Current limitation 

 

Figure 40: Current limitation circuit to be tested 

The current limitation circuit in Figure 40 has been tested at a temperature of 

25.5ºC. The input voltage has been swept from 19.8V to 30.2V. The next chart 

shows the voltage Vc compared with the obtained from simulation. 

 

Figure 41: Current limitation circuit results at 25.5ºC 

Identical results are seen (root-mean-square error of 0.006V). Now, it is time to 

see how the temperature affects the circuit. 
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Figure 42: Current limitation circuit results at different temperatures 

As we could have seen, the results of the limitation circuit depending on 

temperature differ slightly from the simulations. However, we are not able to 

conclude whether the circuit works exactly as expected or not, even though the 

differences are minimal. It has been measured only at three different temperatures 

and in a narrow range of temperatures. Moreover, the fact that a controlled 

environment was not available complicated the measurements. Those samples 

were taken on different dates; those at 22.8ºC and 26.8ºC were taken at a 

laboratory on a hot and cold day respectively. The sample taken at 14,1ºC was 

taken outside on a cold day. Moreover, even if those measured samples were 

correct, an analysis in LTspice, which results can be seen in Figure 40, has shown 

that the limitation circuit would still limit inside specifications, at least for 

temperatures from 10ºC to 30ºC. 

 

Figure 43: Expected limited current at different temperatures 
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We have seen that the circuit that generates the signal Vc works as expected and 

if connected to the MOSFET would perform well, limiting the current within 

specifications. In order to test the complete limitation circuit in Figure 40, an 

unexpected overcurrent situation has been simulated. We have put a load of 

1000Ω and we have plugged it in the circuit, in this situation we have a normal 

operational use; then, suddenly, we place a resistor of 10Ω in parallel with the 

1000Ω resistor. Therefore, the circuit initially have a load of 1000Ω and then would 

have a load of 9.9Ω (the equivalent resistor of the parallel of 1000Ω and 10Ω). For 

an input voltage of 24V, that would mean that initially there is a current of 24mA at 

the load and then a current of 2.38A. 

 

Figure 44: Current limitation results at 26ºC. 

The limitation has resulted to be at 1.75A, approximately. Lower than the 

theoretical expected of 1.95A for this temperature and outside the specifications 

(1.8A – 2.2A). All the parts of this system have been shown as working perfectly 

with the exception of this last part, the MOSFET FQPF47P06.  

The power loss, when the current limitation is not working, is for the performed 

case, less than 1%. 

More conclusions, results’ interpretation and future development are given in the 

following chapters. 
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6. Budget 
 

Table 10: Breakdown of costs 

Cost of components 

Item Quantity Unit price Total 

0.2Ω 1% 5W resistor 1 1€ 1€ 

1020Ω 0.1% resistor 2 0.48€ 0.96€ 

1MEGΩ 5% resistor 2 0.056€ 0.112€ 

15kΩ 0.1% resistor 1 0.272€ 0.272€ 

576Ω 1% resistor 3 0.088€ 0.264€ 

50kΩ 0.5% resistor 1 0.264€ 0.264€ 

1kΩ 1% resistor 1 0.072€ 0.072€ 

6.19kΩ 1% resistor 2 0.472€ 0.944€ 

13.7kΩ 1% resistor 2 0.472€ 0.944€ 

10Ω 60W resistor7 1 10€ 10€ 

1kΩ 5% 2W resistor8 1 0.064€ 0.064€ 

2N3906 PNP transistor 3 0.16€ 0.48€ 

2N3904 NPN transistor 1 0.152€ 0.152€ 

OPA2244 operational amplifier 2 2.24€ 4.48€ 

3.3V zener diode 1 0.08€ 0.08€ 

10V zener diode 1 0.08€ 0.08€ 

10V precision reference 1 2.3€ 2.3€ 

5V precision reference 1 1.95€ 1.95€ 

Thermistor EPCOS 220Ω 3% 2 0.783€ 1.57€ 

FQPF47P06 PMOSFET 1 1.57€ 1.57€ 

Radiator Seradhe 1138 (50mm) 1 4€ 4€ 

                                                
7 It has been used as resistor load to test the circuit. 
8 It has been used as resistor load to test the circuit. 
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Thermal grease Ariston 25gr 1 7.4€ 7.4€ 

Screws and screw nuts 1 2€ 2€ 

Total 40.96€9 

Software 

Item Total 

LTspice FREE 

Aldec Active-HDL (non-student or academic version) 4000€ 

Total 4000€ 

Equipment  

Multifunction generator AGFM5001 470€ 

Digital multimeter Sanwa CD772 140€ 

Total 610€ 

Labour costs  

Concept Hours Hour cost Total 

1 junior engineer (4 months contract) 600 14€ 8400€ 

Total 8400€ 

 

Total 13050.96€10 

 

  

                                                
9 A FPGA has not been included because, as stated in this document, it was finally not used. 
10 It includes all the necessary elements to start and carry out all the work that this document includes. 
However, it does not include rent or supplies. 
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7. Conclusions and future development 

The theoretical design and simulations were inspiring. The design, that uses 

thermistors, lets the system work under the specifications in a wide range of 

temperatures (at least from -70ºC to 70ºC). This makes it useful for space 

applications were great temperature variations may occur. However, during 

simulation, it has been seen that little variations in the voltage Vc (voltage at the 

MOSFET gate) entail great variations in the effective current limitation. This is the 

main reason for using 0.1% or 1% resistors. Surprisingly, once mounted all the 

parts of the circuit, they worked exactly as expect except the MOSFET transistor. 

The sensing circuit and Schmitt trigger worked perfectly. The part of the current 

limitation that generates the voltage that goes to the MOSFET gate worked also 

well at 25ºC-26ºC. However, more tests are necessary to completely describe its 

behaviour in a wider range of temperatures. These new tests should be done in a 

controlled environment and letting the system rest for a while from temperature to 

temperature. Once we have those tests, we could happily say if this particular 

system works according to the simulation in a wide range of temperatures.  

Finally, the tried MOSFET ended being different from the model we used in the 

simulation and the design calculations. There is something we know for sure 

about the MOSFET model that was used in the simulations: it does not include 

self-heating effects. When the MOSFET has to dissipate some power, it heats up, 

more or less depending on the quantity of power to dissipate. This self-heating 

effect changes the internal temperature and would differ from the ambient 

temperature. However, for a certain ambient temperature, if the MOSFET heats 

up, it would tend to increase the limited current. It has been seen in the simulation 

that the limited current was lower than expected, not higher. Therefore, it cannot 

be said that the results are due to this fact but it can be said that the gradual 

increase in the limited current after the circuit starts to limit the current may be 

caused by this effect. Much more analysis to the MOSFET should be done. Those 

new tests should be focus on finding out if this particular MOSFET behaves 

exactly like the simulated model and if not, describe its behaviour and then, 

design a new circuit with this new information. Hopefully, everything seems to 

indicate that this particular design and concept is doable, it only needs more work. 

There is another part that should be tested, the load disconnection circuit. The 

configuration programme has been developed and simulated and it is ready for 
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being used in order to configure a FPGA. Then, the MOSFET that disconnects the 

load uses the same idea seen in the limitation circuit, so the design is also 

developed.  
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Glossary 

A  amperes 
Ad  open-loop gain 
B  magnetic field 
BJT  bipolar junction transistor 
CCD  charge-coupled device 
CLK  clock 
EQ  equation 
ES  electronics system 
ESS  environmental stress screening 
FPGA  field programmable gate array 
GEO  geostationary orbit 
HDL  hardware description language 
I or i  current 
IGBT  Insulated gate bipolar transistor 
LAB  laboratory 
LCL  latching current limiter 
LEO  low earth orbit 
MEO  medium earth orbit 
MOSFET  metal-oxide-semiconductor field-effect transistor 
MSE  mean squared error 
MTBF mean time between failures 
NTC thermistor  negative temperature coefficient thermistor 
op-amp  operational amplifier 
PCDU  power control and distribution unit 
PDU  power distribution unit 
PMBOK  project management body of knowledge 
PMOS  p-channel MOSFET 
PUT  Poznan University of Technology 
R  resistance 
RMSE  root-mean-square error 
TEMP  temperature 
UPC  Universitat Politècnica de Catalunya 
V  voltage or volts 
W  watts 
WP  work package 
€  euros 
ºC  degrees Celsius 
λ  failure rate 
Ω  ohms 


