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Sammanfattning 

 
Denna rapport är resultatet av ett examensarbete utfört på Elekta AB under hösten 2013 och 

våren 2014. Elekta är ett medicintekniskt företag vars huvudprodukt på Stockholmskontoret är 

en gammakniv som används inom radiokirurgi. Gammakniven innehåller ett kluster av ett dussin 

motorservon styrda över en CAN-buss. Dessa används för att justera patienten och de 

radioaktiva källorna. För tillfället använder företaget en egenutvecklad ”Hardware-in-the-Loop” 

simulator, körandes på en PC med LabVIEW, för att utföra integrationstester av gammaknivens 

styrsystem. Simulatorn har uppvisat tecken prestandaproblem och att simuleringarna inte sker i 

realtid. Elekta misstänker att detta beror på det stora antalet meddelanden som måste hanteras 

över CAN, seriella och andra anslutningar. Företaget är motvilligt att investera i dyra färdiga 

system och vill undersöka möjligheten att lösa dessa problem genom att implementera den 

nuvarande simulatorn på ett billigt inbyggt system. 

 

Projektets fokus har legat på att undersöka om det är möjligt att ersätta den nuvarande HIL 

simulatorn med ett billigare inbyggt system. Detta gjordes genom att bygga en ”proof-of-

concept” prototyp för att demonstrera att detta är möjligt.  

 

Relaterat till detta problemområde genomfördes en fallstudie på Elekta om hur företaget arbetar 

med validering, verifiering och testning. Syftet med studien var att undersöka om det finns några 

förändringar som företaget kan göra för att förbättra denna process. Detta gjordes genom att 

utföra en litteraturstudie och genomföra intervjuer med utvecklare och testare på företaget.  

 

Ett återskapande av den nuvarande HIL simulatorns huvudfunktionalitet implementerades på en 

STM32F103 mikrokontroller from STMicroelectronics som använder en ARM Cortex M3 

processor med ARM7 arkitektur. Mikrokontrollern kunde framgångsrikt samverka med 

styrsystemet och simulera klustret av motorservorna och deras mekaniska system med tillräcklig 

realtidsprestanda.  

 

De dragna slutsatserna är att det är möjligt för Elekta att implementera funktionaliteten av deras 

nuvarande HIL simulator på en Cortex M3 mikrokontroller. Företaget behöver dock undersöka 

om en flytt av den nuvarande simulatorn kommer att göra ytterligare utveckling och användande 

av systemet mera komplicerat och kostsamt.  
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Abstract 
 

This report presents a master thesis project performed at Elekta AB during the fall of 2013 and 

early 2014. Elekta is a medical technology company and their main product in the Stockholm 

office is a gamma knife used for radiosurgery. The gamma knife contains a cluster of a dozen 

motor servos and motors used for adjusting the patient and the radiation sources over a CAN bus. 

A self-developed hardware-in-loop simulator running on a PC with LabVIEW is currently being 

used for integration level testing of the control system of the gamma knife. The simulator has 

some problems with it not running in real-time and having other performance issues. This is 

suspected by Elekta to be due to the massive amount of CAN, serial, and other messages being 

handled. Elekta, not wanting to invest in expensive dedicated HIL hardware, are looking for an 

inexpensive way to rebuild the HIL simulator on a generic low cost embedded system.  

 

The focus of the project has been to investigate if it’s possible to replace the HIL simulator with 

a cheaper embedded system. This was at the end of the project done by building a proof of 

concept device to demonstrate this.  

 

Related to this problem area was a case study also carried out at Elekta about how the company 

works with Validation, Verification and Testing. The aim of the study was to investigate if there 

are any changes that the company can make to improve their VVT process. This was done by 

conducting a literature review and performing interviews with developers and testers at the 

company.  

 

A reproduction of the core functionality of the current HIL simulator was implemented on a 

STM32F103 microcontroller from STMicroelectronics using the ARM Cortex M3 processor 

with the ARM7 architecture. The microcontroller was able to successfully interfacing with the 

control system and simulating the cluster of motor servos and its mechanical systems with 

sufficient real-time performance.  

 

The conclusions of the carried out project is that it’s possible for Elekta to implement the core 

functionality of their current HIL simulator on a Cortex M3 microcontroller. Elekta do however 

need to investigate further if moving the complete HIL simulator to an embedded system will 

make further development and usability of the simulator more complex and expensive.  

.   
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Introduction 

Report outline 
This is the final report of an executed master thesis in mechatronics between the company Elekta 

and the department of Machine Design at the Royal Institute of Technology (KTH). The aim of the 

report is to summarize the thought process, research and actual work carried out during this time.  

The mechatronics master track at the Royal Institute of Technology involves the interdisciplinary 

studies between mainly electronics, computer science, control systems and some mechanical 

systems. The aim of the masters track is not to make the “students” experts on each area but instead 

making them experts on combining these areas to create something better.  

Elekta, a medical technology company with its roots in Sweden had a thesis proposal for designing, 

building and implementing a device which could successfully simulate a cluster of motor drivers. This 

device will replace the current PC-simulator used for testing and verification of their products control 

system. Related to conducting this study where, the end goal is to build a functional Hardware-in-

the-Loop simulator, another question emerges: Are Hardware-in-the-Loop simulations the best way 

for Elekta and similar companies to test their control systems? The original proposal was slightly 

reduced and a second research task was added. In second task is a study carried out about how 

medical technology companies carry out their testing. The added research question is more explicitly 

formulated as: 

“Regarding the importance that medical devices function properly it is essential that proper 

validation, verification and testing is done on the functionality of the software. One valuable tool for 

developers is real time simulations of the software. What are some industry standard ways of doing 

this? What requirements are made on the simulators? What requirements on the simulator do the 

developers and testers at Elekta have? Why are these requirements important? Are there any tools or 

methods, except from real time simulations, that Elekta could use for testing and verification?” 

The report is divided in two parts. The first part is a literature review combined with a case study on 

how testing and verification is done at Elekta, especially with their current simulator and control 

system. The aim of the study is to see if this process could be improved. The stated research 

questions will be tried to be answered.  

The second part is a more practical part where the new simulator for the control system is designed, 

implemented, tested and evaluated.  

The terms motor servo, servo, and motor driver are used alternately throughout the report. They do 

however refer to the same device.  A list of abbreviations used throughout the report can be found in 

appendix A1. 

About Elekta 
Elekta AB is Swedish company founded by the surgeon Lars Leksell 1972. In present day do they have 

a wide range of products in the medical field, their main product in the Stockholm office is their 

Leksell Gamma Knife used for radio surgery of the brain. The Leksell Gamma Knife (LGK or gamma 

knife) uses a source of radioactive cobalt-60 isotopes to generate gamma radiation aiming to destroy 

cells in selected parts in the brain. These cells are usually tumors or other malicious cells.  
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Figure 1. The Lexell Gamma Knife Perfexion. Elekta AB. [Leksell Gamma Knife Perfexion brochure] 

 

The main principle of the machine is that the patient is strapped to a couch able to move in the X, Y 

and Z-axis with the help of three brushless motors (See Figure 1 and Figure 5). The patient is then 

moved into the collimator containing the radiation sources (Figure 2). The intensity and direction of 

the incoming gamma rays can be adjusted with the help of 8 sectors each individually controlled by a 

brushless motor.  

 

 

Figure 2. Illustration of the radio therapy done in the collimator. Elekta AB. [Leksell Gamma Knife Perfexion brochure] 

 

Detailed description of the Gamma Knife 

Overview and subsystems 

The current model that the Stockholm office is developing has the name “Leksell Gamma Knife 

Perfexion”. This model is the successor of long product line of gamma knifes developed by Elekta. 
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The product is delivered as a complete system with a medical side, used for treatment, and an office 

side for the operator (see Figure 3).  

 

Figure 3. Overview of the Lexell Gamma Knife system 

 

The gamma knife consists of multiple connected subsystems. The “Operator area” is a physically 

separated place where the LGK operator is seated to avoid unnecessary exposure from the radiation 

therapy. The treatment room is the part of the system that the patient has contact with. A detailed 

view of the system of the gamma knife can be seen in Figure 4.  

 

Figure 4.  Block diagram of the system of the gamma knife. Elekta AB. [Internal documents] 
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The main subsystems are: 

 

CS – Control System 

The Control System makes up the entire system controlling and moving the actuators based on user 

and sensor inputs. 

 Main Computer Unit – MCU  

The Main Computer Unit is a Windows PC on the operator side which is used for user interface, 

treatment planning, showing X-ray images and patient communication. The treatment plans are 

managed by the operator from here and commands are sent from here to the ECU in the treatment 

room.  It communicates with the ECU via a CAN bus through the CIU in the OPC. The interfaces with 

the operator are the mouse, keyboard, monitor and the buttons on the OPC.  

 Operator Console - OPC 

The Operator Console is an interface with buttons, switches and lights for the operator. It connects 

with the MCU via an USB interface and is used for controlling an ongoing treatment.  

Connection Isolation Unit - CIU 

The Connection Isolation Unit is a device that creates an electrical isolation between the medical 

devices and office devices. This is necessary in order to comply with the stricter ISO 60601-1 standard 

for medical devices while interfacing with components complying to the less strict IEC 60950 

standard that is required on the office side.  

 Electronic Control Unit - ECU 

The Electronic Control Unit is the computing unit on the patient side. It manages the actuators of the 

machine and their sensors. It’s powered by two Power PC CPUs and an FPGA running a real time 

operation system. The ECU communicates with the MCU via CAN and electrical switches on the 

operator console. The ECU communicates with the actuators and sensors on the patient side via a 

separate CAN bus (named CAN2).  

Actuators 

The Gamma Knife contains several actuators. These actuators can be divided in three groups: 

 Patient Positioning System - PPS 

The Patient Positioning system is a system intended for adjusting the position of the patient lying on 

the bed. Three independent axes are used for moving the bed in X, Y, and Z-direction (see Figure 5). 

Each axis contains a brushed DC-motor with a rotational encoder, a linear encoder, a servo driver and 

positional sensors switches.  

The linear sensors are not a part of the motor control loop. They are used to track of and put the 

motors at a correct position when the machine is turned on and to verify that the calibration is 

correct.  

The PPS does also contain a fourth actuator intended for tilting the bed to increase comfort for the 

patient. This actuator consists of a brushed DC motor running without a servo. It is considered as a 

non-essential part of the PPS and the developers do not wish to have this module in their 

simulations. 
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Figure 5. The PPS and its coordinate system. Elekta AB. [Internal documents] 

 

Radiation Unit - RU 

The Radiation Unit is used for generating and containing the gamma radiation (See Figure 6 and 

Figure 7). The radiation unit contains the two other actuating modules. 

 

Figure 6. Overview of the Radiation unit and its interface to the ECU. Elekta AB. [Internal documents] 

SDU 

The Sector Driver Unit is used for controlling the radiation source. It consists of eight similar modules 

or sectors. Each module consists of a servo, a brushed DC motor with rotary encoder, a linear 

positional sensor and a lock solenoid. Each module does independently control the opening of one of 

the eight radiation sectors.  

The linear sensors are also not here a part of the motor control loop. They are used to keep track of 

and put the motors at a correct position when the machine is turned on and to verify that the 

calibration is correct.  

Door  

The door is a shielding door used as an extra safety measure to contain the radiation within the 

radiation unit in case of a malfunction in the SDU. The system consists of one brushed DC motor, a 

driver and end position switches. The door axis does not have a linear encoder since it will generally 
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only need to be at two different states: fully open and closed. This can be verified by the limit 

switches.  

 

Figure 7. Radiation unit. Elekta AB. [Internal documents] 

 

There are in total 12 actuators in the gamma knife that need to be simulated. 

Signals in the system 

The control system mainly uses four different data channels (see Figure 8). 

CAN1 

A CAN bus is used to transfer commands between the MCU and ECU. This is done at a baud rate of 

125Kbit/s. 

CAN2 

A second CAN bus used to transfer commands and state between the ECU and the servo drivers on 

the gamma knife. This is done at a baud rate of 125Kbit/s. 

Digital I/O 

Various digital signals are used in the system to set different states (Motor on, off, etc) and by 

positional sensors indicating endpoints in the system.  

EnDat 

The linear sensors in the system, manufactured by HEIDENHAIN, use a interface called EnDat for 

transmission of their positional data. The EnDat interface is a proprietary digital serial interface 

developed by the same manufacturer.  
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Servo drivers 

The servos or motordrivers used in the system are of the type IDM 640 and 240 intelligent servo 

drivers made by Technosoft. They implement an adjustable feedback loop from a rotary encoder on 

the motor to perform the motions. Technosoft has created a custom command based language to 

control the motors called Technosoft Motion Language (TML).  Elekta’s implementation controls the 

servos over CAN (CAN2 bus) via the CANopen protocol. The main difference between IDM 640 and 

240 is the package and current limit. 

The current gamma knife uses 12 servos; 8 IDM 240 in the SDU, 1 IDM 640 in the door and 3 IDM 640 

in the PPS.  

Simulator and problem 

Description 

Elekta are currently using a Hardware-in-the-Loop simulator (HIL) during verification and testing of 

the control system. The simulator was built after Elekta made a decision in 2004 to build their own 

simulator. It consist of a PC running a LabVIEW (National Instruments, 2013) program with all the 

necessary signal peripheral connected to it to be able to intercept the signals. The LabVIEW program 

has changed a number of times during the years and so has the name if the simulator. The main 

functionality and peripheral hardware have however not. The original name of the simulator was 

“Robsim” while the current working name is “PerfSim” and “PFXsim”. The HIL simulator simulates the 

behavior of the servos, motors and all their peripheral sensors of the gamma knife.  Figure 9 gives an 

overview of the current simulator set-up.  

 

ECU 

Medical 

UPS 

48-24VDC 

CIU 

SDU 
EnDat 

Status signals 
PPS 

I/O signals and 

CAN1 bus 

CAN2 and I/O Signals 

Other 

equipment 
CAN2 and I/O Signals 

 

Shielding 

doors 

EnDat 

 
CAN2 and I/O Signals 

 

EnDat 

 

Figure 8. Overview of the signals going to the  ECU. Elekta AB. [Internal documents] 
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The subsystems of the simulator set-up are: 

 ECU Test back panel and ECU Main board 

The same Electronic Control Unit (ECU) is used in the simulator set-up as in the real control system. 

The ECU has a modified backpanel with different connectors to enable an interface to the simulator 

PC.  

Simulator  PC 

The simulator is a Windows desktop computer running a LabVIEW simulation of the dynamics system 

of the Perfexion.  The PC has a number of interfaces to the ECU: 

Serial1 

A RS-232 serial bus connected via an USB adapter to the ECU test back panel.  The transferred 

information is the linear encoder data generated in the LabVIEW simulation. These are in RS-232 

instead of the original EnDat format. The ECU can be forced into a service mode where it reads the 

linear encoder values from an RS-232 serial bus. 

Serial2 

Aextra  RS-232 serial bus connected via a USB adapter to the ECU main board. This data bus is used 

for simulation of the Patient Control Unit (PCU). The PCU is an extra peripheral in the gamma knife 

sometimes used to secure the head of the patient.  

CAN 

A CAN bus (named CAN2) connected via a USB adapter on the PC to the ECU test back panel. The 

transferred data are the servo commands and replies. 

Digital I/O signals  

Digital signals are interfaced via two National Instruments I/O cards (NI PCI-6514) to the ECU test 

ECU Test back 

panel 

 

ECU Main board CIUR 

Simulator PC 

(PerfSim/Robsim/PFXsim) with: 

- 2x I/O board NI PCI-6514 

- USB to CAN or PCI to CAN 

- USB to Serial or Serial port 

USB to serial USB to CAN 

 
I/O - boards Serial1 USB 

USB 

CAN 2 

Serial 2 

Serial 1 

CAN 1 CAN 1 

I/O 

 

MCU 

USB 

USB CAN 1 

USB 

USB to CAN 

 

I/O 

 

I/O 

 

Figure 9. Overview over the signals in current simulator solution 
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back panel. The transferred information is the simulated digital signals from various safety and 

positional switches in the Perfexion and the digital signals from the ECU.  

Connection Isolation Unit RobSim - CIUR 

The CIUR is similar to the CIU in the gamma knife but with connectors that can interface the ECU Test 

back panel. 

Main Computer Unit - MCU 

The Main Computer Unit is the same as the unit used in the real system.  

Updated version 

The original LabVIEW implementation on the simulator PC was designed in a non-modular and non-

parallel approach. A decision was made to completely redesign the labVIEW implementation to make 

it more modular, parallel and readable. The hardware design of the system and the software 

functionality on the simulator PC did stay mostly unchanged. The name the simulator project was 

changed from RobSim to PFXsim to mark this change. Most engineers at Elekta do however alternate 

between using both names when they are talking about the current simulator.  

Problems 

The simulator built by Elekta has a couple of problems or issues that the developers would like to 

address. 

Performance 

The first generation of the simulator had performance issues where the load on the computer’s CPU 

would be too high in some instances. This would make the simulation running slower than real time. 

This problem has somewhat been addressed by lowering the simulation requirements, upgrading the 

computer hardware and changing the LabVIEW program. The simulator does however still require 

high performance hardware and the nature of the Windows operating system on the PC means that 

real time accuracy cannot be guaranteed. It is believed by Elekta that most of the computational 

power is used for the massive amount of message handling required of the CAN and serial bus. This is 

due to the simple to use, but ineffective, high level language interface to the serial and CAN 

controllers.   

Price 

The price of the simulator is compared to most commercial HIL simulators rather low. The price is 

however not insignificant since roughly a dozen simulators are needed for all the developers and 

testers. The price of the simulators with the PC and its peripheral hardware are roughly 20 000 SEK 

each.  

Size 

The simulator is running on a PC with the size of a standard midtower. Adding to the size are also the 

screen, keyboard and mouse used for user input. This leads to that developers and testers usually 

need to make space for three computers on their desks: the MCU, the HIL simulator and their own 

computer used for development or taking notes. Adding to this are also the midtower-sized ECU and 

additional wiring and interface cards. This generally means that the desks of developers and testers 

are cluttered with electronics.  

Complexity 
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The current simulator requires a lot of custom wiring and interface cards to connect to the ECU and 

MCU thus adding to the complexity to setting up a new testing or developing environment.  

Proposed solution by Elekta 
Elekta’s proposed solution to these problems is to redevelop their HIL simulator (see Figure 10). This 

device, suggestively named Simulator Box throughout this report, will directly interface the ECU via 

its own connections and perform near-realtime simulations of the actuators and sensors. The 

simulator will be running on a form of embedded hardware with the anticipation of it being able to 

process the serial and CAN messages faster and more reliable than a PC. The motivation behind 

developing the simulator box themselves instead of buying ready-to-program solutions by other 

partners is to cut costs since these solutions usually are very expensive and every tester and 

developer at Elekta need one.   

 
 

Description  

The simulator box will be used for intercepting messages and performing the simulation of the 

behavior and movement of each one of the 12 actuating axes. That is: servo driver, motors, 

mechanical parts, and connecting sensors in the system. The end goal is to have all the simulation 

done in the simulator box with the simulator PC only acting as an interface for the user to set 

different simulation settings, parameters and to monitor some processes. It will connect to the PC 

over USB to allow an easy interface.  

ECU 

Simulator PC 

A PC running a LabVIEW program for the user interface 

 

USB 

CAN 1 EnDat I/O 

 

MCU PC 

USB 

USB CAN 1 

USB 

USB to CAN 

 

Simulator box 

CAN 2 

USB 

EnDat CAN 2 CAN 1 I/O 

 

Figure 10. Proposed new design of the simulator 
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The Servo Simulation Unit (see Figure 11) is a sub-module of the Simulator Box responsible of doing 

all the simulation and calculations of the motor servos, the motors, and their sensors. This is the 

module that is intended to be investigated, designed and built during this project.  

The FPGA will be used for interfacing and signal-and data conversion. It will interpret and convert the 

different forms of data signals (CAN, USB, EnDat) sent by the ECU and simulator PC.  

Signals in the simulator box 

CAN1 

CAN1 messages are coming from the MCU and going straight to the ECU. These may in the future 

want to be read or manipulated by the FPGA or SSU.  

CAN2 

CAN2 messages going between the ECU and SSU. The types of messages are commands and 

simulated replies from the motor servos.  

USB MCU 

An interface to send and receive various values and states of the MCU between the ECU and MCU. 

USB PC 

An interface to communicate between a simulation PC and the Simulator Box. The type of data that 

will be transferred are the states of the axes and configuration of the simulator.   

Serial 

The serial connection is there to transfer information between the FPGA and the Servo Simulation 

Unit. The main transferred information is the simulated linear encoder values.  

EnDat 

The linear encoders in the real gamma knife use EnDat serial data busses to transfer their data. The 

EnDat data is generated by the FPGA by reading the linear encoder data values sent over the serial 

bus from the SSU. 

Simulator Box 

 

 

Servo Simulation Unit (SSU) FPGA 

CAN 2 

USB MCU 

Serial Serial EnDat 

EnDat 

I/O 

CAN 2 CAN 1 CAN 1 I/O USB 

USB PC 

USB 

I/O 

Figure 11. Detailed overview of the simulator box 
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Digital I/O 

The Gamma knife has several digital signals generated by sensors, switches and the servos in order to 

monitor the movement of the axes. These are connected to the ECU. The ECU does also generate 

some digital signals to control the functionality of the servos.  



Mazda Imani                         Hardware-in-the-Loop simulation of servo drivers on an embedded system  

15 

Litterature review - Verification , Validation and testing 
A literature review about verification, validation and testing was conducted to try to answer the 

stated research question about how Elekta work with validation, verification and testing.  

Information acquiring / methodology 
The literature study was conducted by searching for journals, articles, publications, professional 

literature, and reports in different academic databases. The main tool for this was KTHB Primo, an 

access point to KTHB’s (library of KTH) online content. Primo was mainly used because it directly 

allows university students to access to otherwise non-free content. The search engine Google and 

Google scholar was also used.  

The keywords used for the VVT literature study were: Medical Software, Testing, Hardware in loop, 

HIL, CAN, LabVIEW, Validation, Verification, simulation, medical testing, plant simulation, realtime. 

The search results were sorted by relevance and roughly the top 50 results were evaluated by their 

title and afterwards their abstract/summary and finally their content. 

VVT 
When working on a big project with many developers is it important to have a good way of 

determining when the project should be regarded as finished with a satisfactory performance.  A 

common way to do this is through Validation, Verification and Testing (VVT). There are various 

definitions on what VVT is in different fields (A Engel 2010, p. 14). A general definition of VVT is that 

it is a way of checking if a system and its sub-components correspond to the requirements set by the 

stakeholders. The view is that every system is composed by subsystems and that (Engel, 2010) (John 

J. Majikes, 2013) (Vogel, 2010) these subsystems are in its turn composed by smaller subsystems or 

sub-functions. Verification is the process of evaluating if the system corresponds to the set 

requirements (is the system right?). Validation is the process of evaluating if a system satisfies the 

original requirements of the stakeholders (Is it the right system?). Verification is usually done on the 

subsystems while validation is done on the entire system.  

 

Figure 12. The V-model. U.S Department of Transportation. [document no FHWA-JPO-05-072] 

 

Testing is the activity performed on a designed system or subsystem to evaluate if it meets the set 

requirements. The testing activity can be done in different ways depending on what the tester is 
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looking for. In contrast to mechanical systems almost all errors and defects in software can be traced 

back to the development of the program and errors introduced by the developer (Vogel 2010, p 257). 

The most common goal in software testing is therefore to reveal errors or bad states in the software. 

The VVT process can also be illustrated in the V-model (see Figure 12).  

The US Food and Drug Administration (General Principles of Software Validation 2002, Section 5.2.5) 

lists three main levels of testing (see Figure 13): 

 Unit level testing:  Tests done on the smallest subsystems or functions of the system. This is 

usually done with white box testing.  In white box testing are the inner workings of the 

system regarded when designing the tests.  

 Integration level testing: Tests done on the subsystems of the system. The tests are designed 

to the signals going in and out of each sub system are correct. Also called gray box testing. 

 System level testing: Tests are done on the entire system to demonstrate software 

functionality. The system is regarded as a black box and only the input and output states or 

signals are observed.   

 

Effective testing 
The US Food and Drug Administration (General Principles of Software Validation 2002, Section 5.2.5) 

states that it is important that the requirements on functionality should be decided upon as clearly 

and early as possible in a project.  This is because it will be easier for both the developers and testers 

to design and test the software. Vogel (2010, p 255) also states that the job of defining the 

requirements and expected behavior should not be the responsibility of the testers since they will 

not be involved in the development phase. 

 “The real effort of effective software testing lies in the definition of what is to be tested rather than in 

the performance of the test” – General Principles of Software Validation, Section 5.2.5  

The psychology of testing 
Vogel David (2010, p 259) mentions a phenomenon called “Validation-itis”. Most software 

developing establishments usually have a clear divider between the developing team and the team 

responsible of testing software. This division tends to makes the testing team the bearer of bad news 

and since most software defects usually are related to design failures the developing team can end 

System Level 

Integration 

level  
U 

U U 

Integration 

level  
U 

U U 

Integration 

level  
U 

U U 

Figure 13. Illustration of the three levels of software testing. System, Integration, and Unit level testing 
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up with a lot of one-sided critique. This can be demoralizing to the developing team and it can in the 

end lead to a negative behavior where the developing team subconsciously becomes unwilling to 

help the testing team to find more errors.  

A proposed solution to this is to involve the developers in the design meetings of the testing team. 

This will both make the one-sided critique more balanced and also give both teams more 

understanding and appreciation of their work.  

VVT in the medical field 
Medical technology is a field where it is very important that the devices function in a reliable and 

deterministic manner. Unexpected actions can do serious harm on the patient. It is therefore of high 

importance that the devices are tested properly.  

Most medical devices have to meet the international standard for medical devices, IEC 60601-1, set 

by the International Electrotechnical Commission. Failing to do so may exclude the product from 

being listed on many markets (Turnbull, 2007). Elekta’s gammaknife also has to meet this standard. 

The medical testing company Intertek ETL SEMKO presents a top list of why they have to fail 90% of 

the devices that they test (Intertek ETL SEMKO). Most rejections are due to incorrect hardware 

design and EMC compatibility. They do however also argue that software compliance is a compulsory 

element of the IEC 60601-1 since 1995. The developers are required to provide certain documents 

and documentation during the different development phases of a project. Intertek ETL SEMKO 

stresses the significance of producing these documents at the correct development phase and not to 

try to reverse engineer them once the software is completed.  

A systematic literature review of advanced testing techniques for medical device software by the 

North Carolina State University (John J. Majikes, 2013) listed and evaluated different techniques for 

advanced testing. They concluded that of all product recalls of medical devices with known software 

errors, half of them would have some chance of getting identified if an advanced software testing 

technique had been used. The paper also states that half of the developers use a simulator for 

testing of their systems.  

HIL-testing 
When a control system, for example an embedded system, has been designed is it helpful to perform 

integration and system level testing to verify that all sub systems execute accordingly to the 

specifications and that all functionality is maintained. This can be done by physically connecting all 

the necessary hardware and control systems and evaluate the system. In some systems this can 

however be very difficult or expensive to carry out. The space or aviation industry usually runs into 

this problem. Elekta do also have this problem since every gamma knife is very expensive to build 

and occupies a lot of physical space. Building a complete gamma knife for each developer and tester 

of the control system at Elekta would not be sustainable.  

A solution to this problem is to use Hardware-in-the-Loop (HIL) simulation to simulate the behavior 

and dynamics of some of the subsystems. The simulated subsystems use the same physical 

connection to the control system, generate similar electrical signals and operate in the same time 

domain as the real system. The control system is then connected to this simulated system. This 

allows integration level testing and to some extent system level testing while still maintaining the 

possibility to do the tests in a controlled environment (Burbank, 2011, s. 119). HIL simulators can 



Mazda Imani                         Hardware-in-the-Loop simulation of servo drivers on an embedded system  
 

18 

both be designed to simulate a single subsystem or an entire system and its subsystems. HIL 

simulators do also have advantage that they can be used for integration level testing before the real 

system is built. Running tests on a simulated system does also enable the testers to control the 

environmental variables and run tests that could otherwise be dangerous. 

There are limitations in using HIL simulations for testing a system; Gomez (Gomez, 2001) state that a 

HIL simulator will not directly give you any information about the state of your control system that 

you are testing since it only acts as a black box tester. Most HIL simulators will also only be able run 

in realtime and cannot be paused or slowed down. Another problem is that there are usually no 

standard solutions ready to be implemented with little to no effort; usually building a HIL simulator 

requires quite a lot of initial setting up.  

The lack of standard off-the-shelf-solutions for HIL simulators has resulted in a large variety of 

solutions. Two big actors are Mathworks with their Simulink tool and National instruments with 

LabVIEW. The most common approach is to design and define the system functionality in a model 

based environment and then export the model to a real-time hardware running the simulation. Both 

the development environment and the real-time hardware solutions that are offered by the software 

manufacturers are usually expensive.  

HIL-simulation at Scania 

Scania, a Swedish company designing and building trucks, faced the task ten years ago of setting up a 

new HIL simulator representing their entire truck. The requirements on the system were that it 

should be able to handle time critical dynamic simulation, for example the breaking system, in real 

time. They eventually took the decision that they would buy a complete solution from dSPACE 

instead of trying to build it themselves. Their reasoning was that they should, as a manufacturer of 

trucks, focus on what they knew how to do and not try to build HIL simulators (Interview with Mikael 

Adenmark at Scania).  

HIL-simulation on Elektas control system 

The HIL simulator that Elekta has built for testing the Perfexion Gamma knife is based on a LabVIEW 

simulation running on a Windows computer. The Stockholm office currently only have two full scale 

gamma knifes at their disposal. These are mostly used for final system level testing and validation of 

the control system. The developed HIL simulator allows multiple testers and developers to 

individually perform integration level tests of the control system without being restricted by the 

limited number of real gamma knifes.  

Most of the marketed HIL simulator solutions are usually designed for the aviation and vehicle 

industry where the focus is to simulate multiple complex systems with fast dynamics (dSPACE, 2014). 

Most dynamic operations in the Gamma knife are however usually done at a speed that will follow 

very simple and deterministic models. The essential functionality to test in the ECU is not the speed 

and control loop boundaries, instead it is to test that the program functions executes in a secure 

way, that all messages are received and that the machine cannot reach a state dangerous for the 

patient or operator. Eliminating the need for simulating complex dynamic systems at high speeds 

opens the opportunity for designing a HIL simulator that requires much less processing power. This 

difference is why Elekta is investigating to replace their current HILS running on a PC to a low price 

embedded system.  
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Elekta Study 
The following chapter describes a small study carried out at Elekta about VVT. 

Background and method 
A series of semi-structured interviews were conducted at Elektas office to investigate how they work 

with validation, verification and testing, if the methods at Elekta differ from other industrial areas, 

and if anything should be considered to be modified.  

The interviews were conducted by talking to at least one tester or developer responsible for each 

subsystem and testing level. The interviews were mainly conducted by having a face-to-face 

conversation and getting the person to explain relatively freely about their tasks and thoughts about 

it.  A general questionnaire was used during the interviews to enable a somewhat coherent structure. 

As an interviewer it was of importance to pick up on interesting information and ask for clarifying 

questions. This approach on the interview technique was chosen since I had little to no prior 

knowledge on VVT at Elekta; this more open method enables the person to add what they feel is 

important to know. A risk to keep in mind with this interview style is the interview will usually result 

in more subjective answers since it allows the person being interviewed to redirect the interview in 

his or her favored direction.  

The interviews were recorded during the interview with paper and pen or in a text document on a 

computer. The questionnaire was filled in after the interview was over with the help of the notes 

taken during the session.  

The same questionnaire, with slight modifications, was used in all interviews to get somewhat 

consistent coverage.  

Results 
The result from the conducted interviews is summarized in the following chapter.  

Testing 

The control system of the gamma knife is divided and tested in different subsystems. Each subsystem 

is tested on a unit testing level and integration testing level before they get accepted and connected 

to the rest of the control system for system level testing.  The two systems that are continuously 

developed and changed, and therefore also tested, are the ECU and the MCU.  

Unit level testing 

The unit level tests are done by the developers while they are developing the functionality. These are 

a series of input/output tests designed to pass or fail implemented functions. 

Integration level testing 

Integration level tests are done on the developed subsystems by the testing engineers. A couple of 

different methods are mainly used for this: 

Requirement verifying tests: Well designed and specified tests done to verify specific requirements 

set by the system architects. This is done with both manually and automated tests. The outcome of 

the tests is usually binary. The decision to make the tests automated depends on how easy it will be 

to implement and also how time consuming the manual test would be. Automating tests does 

however at the moment seem to be a time-consuming procedure.  
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Exploratory testing:  Exploratory testing are less specified tests where the test engineer tries to find 

errors by testing the subsystem in runtime. The testing procedure and the results are well 

documented by the tester.   

SMOKE-testing:  SMOKE tests are a series of simple standard tests that are designed to probe certain 

functionalities; these are regularly run whenever the system has changed considerably. The tests 

serve as a quick sanity check that the system still is functional.  

Regression testing:  Functionalities of subsystems are continuously retested when new functions are 

added to the system. This is done do assure that the new functions have not introduced new bugs or 

errors on the former functions.  

System level testing 

System level tests, the process of testing many subsystems at one instance, are also designed and 

performed by the testing engineers. The tests on this level are mostly Requirement verifying tests 

and also some exploratory testing.  The Requirement verifying tests have not yet been automated 

for this level of testing and are therefore done manually.  

Test design  

Most of the tests are designed by the testing engineers. This is however an iterative process where 

the testing engineer get feedback and clarifications from the developers, system architects and the 

testing group. The testing group has regular meetings so that tests are kept consistent. Meetings 

with the developers will usually give the tester an understanding of the program flow and logic and 

the system architects can provide clarifications of the requirements. 

Use of HIL 

The testing engineers where asked if and how they were using the current simulator, what 

requirements that they have on it and if they have any ideas of improvements. 

The current HIL simulator is mainly used during integration level testing and occasionally for system 

level testing.  The simulator is used for both automated and manual testing. Something remarkable 

found while conducting the interviews were that most interviewed people were not concerned about 

the dynamic models used for simulating the motor movement. A bigger concern was instead the 

uncertainty about the timing in the simulator.  

Error reporting 

The test team has a well defined method for reporting found errors and failed tests. There are three 

routines depending on the project state and severity of error: 

Orally: The tester talks directly to the developer; this is usually done if the error found has an easy fix 

and is found during the same sprint.   

Less formal report: Bigger errors that are found during the same sprint can be reported either during 

the meetings or in a less formal report.  

Formal report: Errors that are found after the sprints and during the milestones of the test group has 

to be reported in a formal report.  
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Conclusion 
The conclusion that can be drawn after the conducted interviews is that the process of testing and 

verification process at Elekta is very well anchored in the organization. The testing organization is 

well informed and they have well specified routines for most processes. It was difficult finding areas 

in the testing process where Elekta neglects or deviates from the common practice or 

recommendations.  

The fairly recent introduction of Scrum and agile development seems have had an, at least perceived 

by the testing team, improved effect on their performance. A more frequent and close contact 

between the developers and testers has led to that more errors can be found and fixed at an early 

stage.  

The HIL simulator used is a valuable tool for integration and system level testing of the control 

system since it enables nearly a dozen testers and developers working simultaneously. Without this 

tool they would have to rely on performing the tests on the real gamma knifes which already are 

heavily utilized. Something observed is that there seems to be a disconnection in knowledge 

between people who work with the gamma knife and people who are familiar with the inner 

workings the HIL simulator. This could become a problem since the tests may not be valid if the 

results are affected by a simulation error. Most testers do however already seem to have a basic 

feeling of some simulation limitations. Making the test designers more aware of the inner workings 

of the simulator and the model and hardware limitations would result in better designed tests, more 

confidence in the simulator and therefore also the results.  

The same disconnection of knowledge does also seem to exist between the developers and the 

testing engineers. The testing engineers already have a general knowledge of the program 

functionality of the control system. Exploratory testing is used at Elekta as one of the main methods 

for finding unexpected errors and bugs; giving the testers a better insight in the program code would 

therefore hopefully result in even better exploratory testing.  

A possible way to get improved error detection would be to use some of the advanced testing 

techniques described by the department of computer science of North Carolina State University 

(John J. Majikes, 2013). Most tests that Elekta perform on their software are for example done 

dynamically in runtime. Introducing static program analysis on some subsystems could possibly be 

considered. This can be done by applying formal methods and modeling on smaller or critical 

subsystems and their functions to verify that error states cannot be reached. This kind of verification 

technique can however be very time-costly and difficult to implement. 

An approach that Elekta has taken, instead of creating a perfect error-free system, is to focus on 

creating a system that is allowed to contain errors. An error will however not result in the system 

reaching a state that can be dangerous to the patient or the operator.  
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Preparatory work with the motor simulator 

Proposed solution 
A problem with only designing and developing the Servo Simulation Unit (SSU), which is a 

subcomponent of the Simulator Box (see Figure 11), is that the system will be difficult to test without 

the FPGA. The FPGA-part is currently not developed nor under development and therefore a 

redesigned and simplified test bed had to be used (see Figure 14).  

 

 

The simulator PC communicates directly to the SSU via a serial RS232 connection. Instead of 

converting the linear encoder data in the FPGA to the EnDat format will the SSU transfer the linear 

encoder positional data over a serial RS232 connection directly to the FPGA on the ECU. The ECU will 

be running in a special “service” mode that is already used for the current simulator. The service 

mode makes the ECU easier to work with by disabling a number of safety procedures that are 

important in the real gamma knife but not necessary essential during testing and development. 

Requirements 
The aim in the first version of the Servo Simulation Unit (SSU) is to make a proof of concept 

prototype that can demonstrate that the multiple motor servos’ dynamics, logic, and bus 

communication can be simulated on a cheap embedded platform. Since the FPGA is still not 

developed, is the testing and verification of the SSU prototype done with the ECU in service mode.   

The full requirements for the SSU can be found in the appendix (see appendix A2). A summary of the 

requirements are. 
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Figure 14.Proposed test design and their signals 
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 Be able to send and receive messages on a CAN bus using the protocol CANopen with a 

baudrate of 125 Kbit/s.  

 Have two RS232 ports capable of sending and receiving messages with the baudrate of 115 

Kbit/s. 

 Have 6 digital inputs capable of receiving 24V signals. 

 Have 5 digital outputs capable of transmitting 24V signals. 

 Have a motor model and simulation accuracy that is as good as or better than the existing 

LabVIEW model running at 40 Hz.  

Choosing hardware 
Based on the posted requirements (see appendix A2) it was decided that implementing the SSU 

functionality on a microcontroller would be a reasonable approach. A correctly chosen 

microcontroller with the correct peripherals combines the ability of handling and sending all the 

required signals and also maintaining a fairly easy to use developing environment while also keeping 

the price low. Other options could have been using DSP’s, FPGA’s, logical arrays or PC hardware. This 

was however judged to be both more difficult and expensive to implement. It was also not what 

Elekta was looking for. 

A microcontroller with all the required peripherals integrated will only require a couple of signal 

transceivers, voltage converters and connectors in order to be able to interface the ECU (see Figure 

15).  

 

 

Selection of microcontroller platform 

The task of choosing hardware platform for an embedded system can be a daunting. There are many 

different platforms and solutions and it is usually difficult to estimate all the hardware needs before 

the project is finished.  

An investigation was carried out to investigate what alternatives there are on the market at the 

moment and if there are any good processes for choosing microcontroller platform.    
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Figure 15. Overview of the SSU powered by a microcontroller 
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Information acquiring / methodology 

The investigation has been conducted by searching for journals, articles, publications, professional 

literature, and reports in different academic databases. The main tool for this has been KTHB Primo, 

an access point to KTHB’s (library of KTH) online content. Primo was mainly used because it directly 

allows university students to access otherwise free non-free content. The search engine Google and 

Google scholar was also used.  

The keywords used for the microcontroller literature study were: microcontroller estimation, 

microcontroller dimensioning, microcontroller performance, microcontroller simulation, 

microcontroller hardware in loop, microcontroller can.  

The search results were sorted by relevance and roughly the top 50 results were evaluated by their 

title and afterwards their abstract/summary and finally their content. 

Result 

The result of the investigation is unfortunately ambiguous. There are no easy ways to implement 

standard solutions for choosing microcontroller. 

A report by Jacob A. Berlier (Berlier, 2010) explores the possibility to automate microcontroller 

selection based on a “Backtrack Search” algorithm.  Their method works well but is limited to when 

requirements are made on microcontroller pin-out properties. In an article by Nitesh Goyal (Goyal, 

2006) the author approaches the problem in a reverse order by trying to implement a function for 

grading and sorting multiple microcontrollers by the type of application categories that they are 

suitable for. These categories are for example defense, space, toys, medical or consumer electronics. 

The problem is solved by using a modified version of the “Travelling salesman problem” using genetic 

algorithms.  

In the report “Selecting the Right Microcontroller unit” (Takawira) the author describes a method of 

choosing microcontroller by writing a requirements list based on a set of attributes and then 

comparing platforms. Some of the attributes mentioned are    

 Price 

 Processing speed 

 RAM, ROM, EPROM size 

 Timers 

 Interrupts 

 Networking ports  

Several of the hardware needs are however difficult to estimate. Processing speed or clock speed 

and in the end instructions per second, is difficult to estimate even in simple programs since they 

heavily depend on the architecture and compiler and programming style. This only gets more difficult 

if the program is largely interrupt driven.  

With all the methods available is it also important to notice that with most platforms (ARM, PIC, AVR, 

etc) the choices usually fall back on user preference, earlier experience and already existing 

hardware at the developer. Even though most microcontroller compilers use some form of C 

language, most microcontroller platforms have their special instruction set and way of interfacing 

peripherals.  
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It is reasonably easy to sort out and compare microcontrollers based on the presence of hardware 

attributes between different platforms (frequency, flash memory size, etc, communication busses) 

and this is what has been done for the microcontroller selection.  

Found solutions 

The following requirements were found to be most important: 

 2x Serial UART or RS232 communication supporting a baudrate of 115 Kbit/s 

 1x CAN 2.0b interface supporting a baudrate of 125kbit/s.  

 11 x digital I/O 

 32-bit architecture 

 Development tools should preferably be free 

 The microcontroller should preferable be delivered on a development or evaluation board 

that requires as little additional soldering and pcb design as possible 

The last requirement of the development board was added to lessen the development time since 

designing and building interface cards usually takes some time. Regarding the processing speed is it 

very difficult to determine the required speed for this project. There are some indications that a 

32bit processor might be suitable since most calculations in the LabVIEW simulations are done with 

32 bit integers or floating point numbers. The price difference between a 32 and 8 bit architecture is 

close to insignificant. The 8 bit architecture is mostly only appropriate for some easier usability or if 

there are special hard requirements on price, power consumption or similar.  

The search was carried out at Farnell.se since they are one of the biggest resellers in Sweden and 

their website offer an adjustable search filter based on features. The requirements were added to 

the search filter and were filtered among their 1300 available development boards. 30 resulting 

boards were found. One interesting match was the STM32P103 by Olimex.  

 

Figure 16. The STM32P103 development board. Olimex. Picture taken from Olimex.com 

The STM32P103 development board has a STM32F103 microcontroller from STMicroelektronics 

using the Cortex M3 core designed by ARM (STMicroelectronics, 2013). The microcontroller is 
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capable of operating at a clock frequency of 72 MHz and has a 128 KB flash memory. It supports 

three USART connections and one CAN bus. The development board has transceivers and connectors 

mounted for one CAN bus and one RS232 bus and one USART bus. It also features a smaller 

prototype area and easily accessible GPIO pins.  

The board was compared to other filtered out development boards containing microcontrollers with 

similar specifications. The STM32P103 board was however the cheapest board found. The price of 

the board was 500 SEK and the price of the microcontroller alone is under 100 SEK.  

The developing board and its microcontroller do also have a fairly large open source community 

willing to provide a lot of free-to-use example code and drivers. This was also taken into account 

since good support, either professional from the company or an open source community, shortens 

the programming and developing time significantly.   

With all this taken into account the STM32P103 development board was chosen as a suitable 

platform for the SSU. The JTAG combined programmer and debugger “ARM-USB-Tiny H” 

manufactured and recommended by Olimex was also used for the development.  

Choosing software tools 
There are multiple options available for choosing compiler and development environment while 

working with embedded ARM microcontrollers. Some popular commercial alternatives are IAR 

Systems or KEIL. These require expensive software licenses and compatible programmers and 

debuggers. Olimex recommends using the development environment created by CooCox (CooCox, 

2013)  together with the Yagarto GNU ARM toolchain (Lask, 2013). Both are open-source and free to 

use. CooCox have a large community providing a lot of free to use example code and support. The 

request from Elekta was to use a low cost solution. The CooCox IDE, which is built on the Ecplipse 

IDE, was tried out and determined to be sufficient for this project. 

Implementation  
The resulting hardware and software implementation of the SSU prototype are described in this 

chapter. The text is written to give a quick overview in this process; detailed circuit diagrams and 

project code can be found in the appendix.  

Hardware Design 
The hardware of the SSU is implemented as stated in Figure 15. The STM32P103 development board 

needed two extra signal converting circuits to achieve this (see Figure 17). 
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RS232 transceiver 

The RS232 transceiver will convert the UART signals at 3.3 V to signals readable by a standard RS232 

serial bus on a PC. Since most modern PCs don’t have serial RS232 ports a decision was made to use 

a USB to serial TTL adaptor cable instead. The cable contains a built in RS232 to USB converter.  

 

Figure 18. The USB to serial TTL converter 

 

TTL Level Converter 

The digital I/O signals from the ECU are at 24 V and the operating voltage of the microcontroller is 

3.3 V. A TTL Level converter-card was designed to address this. The design is based on already 

implemented solutions by Elekta that is for example used in the ECU is used to step down the voltage 

from 24 V to 3.3 (see Figure 19 and appendix A5). The SSU needs to support 6 digital inputs and 5 
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Figure 17. Overview if the implemented SSU 
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outputs.

 

The A2982 source driver is used to step up the 3.3 voltage to 24 V and the ULN2003 Darlington array 

is used for stepping down the voltage.  

Connectors 

The ECU backplane (see Figure 20) used in the real gamma knife has multiple DSUB connectors used 

for the different modules of the Gamma Knife (SDU, Doors, etc). The I/O, CAN2 and RS232 signals 

needed for the simulation are sent through 4 of these connectors: DOORS, SDU, PPS and EXT I/O. The 

RS232 signals containing the linear encoder data connects directly to the ECU motherboard. The OPC 

connector connects to the operator side of the system. 

 

Figure 20. The backplane of the ECU 

Table 1. List of the digital signals 

Signal Name Type Connector 

PPS_Couch_out_of_doors Output from SSU PPS 

PPS_Couch_Almost_out Output from SSU PPS 

SDU_Sector_locked Output from SSU SDU 

Doors_All_Doors_open Output from SSU Doors 

Doors_All_Doors_Closed Output from SSU Doors 

Doors _Emergency_Close Output from ECU Doors 

SDU_Force_Sector_home Output from ECU SDU 

SDU_unlock_sector Output from ECU SDU 

PPS_Emergency_Exit Output from ECU PPS 

Enable Output from ECU PPS 

Reset Output from ECU PPS 

CAN High Output from ECU PPS 

Can Low Output from ECU PPS 

24v Output from ECU EXT I/O 

TTL Level converter 

 6x24 V input 

5x24 V Output 

3.3 V Output 

3.3 V input 

A2982SLW-T 

Source driver 

ULN2003AD 

Darlington Array 

Figure 19. Overview of the I/O interfacing. The right side is the 24V ECU side. 
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Figure 22. The Finished SSU. 

Software design  
The language chosen for the microcontroller is ordinary C. This decision was made because of my 

earlier experience of embedded programming in C and that most of the example code found online 

for the STM32 microcontroller is written in C.  

Simulator PC 

A PC running a LabVIEW program for the user interface 

 

USB 

DOORS SDU 

 

MCU PC 

USB 

USB to CAN 

 

Connectors 

PPS 

UART 

DOORS PPS Power SDU 

 

USB to UART 

 

OPC RS232 EXT I/O 

EXT I/O RS232 

Operator Pc 

Concolse (OPC) 

USB 

24 V 

Power

supply 

RS232 

1 

I/O 

 
Servo Simulation Unit (SSU) 

CAN 2 

RS232 I/O 

 

CAN 2 

ECU 

OPC 

Figure 21. Overview of the final testing set-up. Light green boxes are connectors and light blue are 
signals 
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The philosophy used while writing the functions was to make the program functions as modular as 

possible and to avoid making hardware-specific function calls in other functions. The hardware-

specific functions are instead placed in generic functions.  

For example the code for blinking an LED would be: 

 

Instead of: 

 

This separation makes it easier to change the processor platform without having to rewrite all the 

code. 

A starting point for interfacing the STM32 microcontroller has been the drivers and example code 

written and released by STMicroelectronics.  

CAN 

Communication 

The CAN peripheral on the microcontroller is accessed with firmware written by STMicroelectronics. 

The peripheral is initiated and an interrupt routine is set up for incoming message flags. Two global 

message buffers are also set up; one for transmitting messages and one for receiving messages. The 

buffers work by putting and taking the messages in a queue with a predefined maximum length. The 

maximum buffer length is at the moment set at 100 messages, a method should however probably 

be written for dynamically changing the buffer length to avoid buffer overflows or unnecessary RAM 

allocation.  

Incoming messages are handled in the interrupt routine by putting them in the message buffer. The 

Transmission of messages is done in a less effective manner. The message transmission buffer is only 

transmitted when a function is called. This function is at the moment called periodically instead of 

whenever the buffer actually contains messages. This results in that the function wastes 

int main(void){  

    GPIO_InitTypeDef GPIO_InitStructure; 

    RCC_APB2PeriphClockCmd(RCC_APB2Periph_GPIOC,ENABLE); 

    GPIO_InitStructure.GPIO_Mode=GPIO_Mode_Out_PP; 

    GPIO_InitStructure.GPIO_Pin=GPIO_Pin_All; 

    GPIO_InitStructure.GPIO_Speed=GPIO_Speed_50MHz; 

    GPIO_Init(GPIOC,&GPIO_InitStructure); 

    while(1){ 

        GPIOC->ODR ^= GPIO_Pin_12; 

        int counter; 

        for(counter = 12000000; counter>0; counter--){ 

        } 

    }    

} 

 

 

int main(void){  

    Init_PIN(12); 

    while(1){ 

        Toggle_PIN(12); 

        Wait_ms(1000); 

    }    

} 
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computational time and runs the risk of losing messages. A better solution would be to have a 

method with internal interrupts that are flagged every time something is added to the transmission 

buffer.  

Technosoft Motion Language 

The motor servos from Technosoft use a high level command language called TML(Technosoft 

Motion Language). The commands are transferred with a modified protocol compatible with 

CANopen with extended data frames. The base of the language is that each message package sent 

contains the receiving single or group ID, operation code, and possible 0-8 bytes of subsequent data 

depending on the type of operational code.  

For example the instruction to change the servo variable “KPP” to 4 would use: 

Operation Code = 0x205Eh 

Data Byte 1 = 0x0004h. 

 

Messages requesting to read the values of variables in the servo would instead send the memory 

address in the data field.  

The information about receiving ID and operation code is sent in the extended CAN frame (see Table 

2) 

Table 2. TechnoCAN structure for CAN-bus messages in an extended CANopen frame. G = Only used by group IDs. Table 
and descriptive text taken from internal Elekta documents 

SOF 11-bit identifier SRR IDE 18-bit identifier 

 Op. Code 7 

MSB 

G ID 3 

MSB 

  ID 5 LSB 0 0 0 H Op. Code 9 LSB 

0         g g g 1 1                   

 

The data is sent in the same data fields as CANopen but with the bytes sent in reversed order.  

For example would the message 0x123456789ABCDEF0 be sent as: 

Byte 1 Byte 2 Byte 3 Byte 4 Byte 5 Byte 6 Byte 7 Byte 8 

0xF0 0xDE 0xBC 0x9A 0x78 0x56 0x34 0x12 

 

Functions have been written in the SSU program to translate between the TML messages and CAN 

messages by converting TML data structs and the CAN data structs.  

Message handler 

The translated CAN messages are sent to a function that checks the operation code and its 

commands to determine what operations should be executed. The TML motion language offers many 

different options and commands and the IDM 640 and 240 motor drivers both respond to a large set 

of these commands. Unfortunately , many of these functions and their response from the servo are 

not well documented by the manufacturer. Technosoft usually try to push their own licensed high 

level drivers. A starting point to find commands was to reverse engineer the message handler of the 

Perfsim simulator.  Most commands were found this way, some of the functions and their responses 
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did however have to be found out by sniffing CAN traffic on the real machine and figuring out from 

there. Some functionality has also been guessed based on their names.  

The message handler is called every time a message is taken from the message queue.   

UART 

The two UART peripherals on the microcontroller are set up in a similar fashion as the CAN 

peripheral.  Firmware from STMicroelectronics has been used and each UART bus has two global 

message buffers; one for received characters and one for characters waiting for transmission. Both 

transmission and receiving of characters are handled by interrupt routines.  

There were some problems implementing the commonly used “fprintf()” function. More simplified 

versions of this function were instead implemented. The functions are instead: 

 

This was considered to be acceptable since most UART printout in from the SSU is from either the 

linear encoders or code debugging. 

Data transmission and SSU communication 

Some variables and constants on the SSU need to be able to be set in runtime. This is done via an 

extra serial interface where the FPGA or a computer can be connected. Most variables will not have 

to be set more than once so not so much effort has been put to create a fast protocol. Focus has 

instead been on creating a protocol that is easy to implement on any other programming language. 

The basic idea of the structure is that the information is sent in large packages. The message protocol 

is similar to the protocol used for transmission of the linear encoder data over RS232 (see appendix 

A6 , and page 41).  The start and end bytes determine when the package starts and ends, the rest of 

the values are sent as a 32 bit signed integer written with hexadecimal characters. The hexadecimal 

representation is thereafter sent character by character in big-Endian order. For example (see Table 

3): 

Table 3. Example of the data transmission order on the serial bus. 

Value 32 bit Hex 

value 

Byte 1 Byte2 Byte 3 Byte 4 Byte 5 Byte 6 Byte 7 Byte 8 

2 0x00000002 ‘0’ ‘0’ ‘0’ ‘0’ ‘0’ ‘0’ ‘0’ ‘2’ 

257 0x00000101 ‘0’ ‘0’ ‘0’ ‘0’ ‘0’ ‘1’ ‘0’ ‘1’ 

1193046 0x00123456 ‘0’ ‘0’ ‘1’ ‘2’ ‘3’ ‘4’ ‘5’ ‘6’ 

-2 0xFFFFFFFE ‘F’ ‘F’ ‘F’ ‘F’ ‘F’ ‘F’ ‘F’ ‘E’ 

 

The structure of the sent package is:  

 Start byte (1 Byte) – Marking start of transmission.  

int num = 12; 

char ch = 'A' 

Usart1PutString("This is a text on the Uart1 bus!\r\n"); 

Usart2PutString("This is a text on the Uart2 bus!\r\n"); 

Usart1PutValue(num);        //Print the number 12 on Uart1 bus 

Usart2PutValue(num);        //Print the number 12 on Uart2 bus 

Usart1Put(ch);              //Put character 'A' on Uart1 bus 

Usart2Put(ch);              //Put character 'A' on Uart2 bus 
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 Package length (32 bit value sent with 8 Byte) 

 Message type (32 bit value sent with 8 Byte) 

 Command (32 bit value sent with 8 Byte) 

 N number of data variables being sent. All the axis parameters are sent at once.  (N*8 bytes) 

 Stop Byte (0xFA) –Marking the end of the transmission 

The UART2 port on the microcontroller was set up for this data transmission protocol by adding a 

check in the message receive interrupt to detect if the end byte is present. If it is present a serial 

message handling function will be called.   

Axis simulation 

Each axis has multiple components that need to be simulated. An overview of what components 

need to simulated can be seen in Figure 23. Some of the axis types do not have all components (see 

Table 4).  

 

 

 

The limit switches, LSP (limit switch positive) and LSN(limit switch negative), are mounted on some 

places to avoid collisions by forcing the servo to stop the motor.   

Table 4. List over simulated components for each axis type 

Axis Type Servo 

driver 

Motor 

 

Rotary 

Encoder 

 

Linear 

Encoder 

 

LSN 

 

LSP 

 

Extra 

Switch 

 

Mechanical interface 

 

PPSX Yes Yes Yes Yes No Yes No Bed movement X axis 

PPSY Yes Yes Yes Yes No Yes No Bed movement Y axis 

PPSZ Yes Yes Yes Yes Yes No Yes(Couch 

almost out) 

Bed movement Z axis 

Sectors 

x8 

Yes Yes Yes Yes Yes  No No Sector 

Door Yes Yes Yes No Yes Yes No Door 

 

Servo 

driver 
Motor 

Linear Encoder 

LSN LSP 

Mechanical 

interface 

Rotary Encoder 

CAN I/O 

Extra Switch 

UART 

Figure 23. Overview over actuators, sensors and connectors for an axis. Sub-components marked in red have to be 
simulated. Green blocks are signal interfaces. 
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Motionplanner – Simulation of motor dynamics 

The motionplanner-function is responsible for simulating and updating the motion states of the 

motors driven by their servos. The simulation model of the motionplanner-function is built on the 

model used in the Perfsim simulator. The Perfsim simulator is based on the assumption that the 

acceleration is constant and discontinuous and that the jerk (the derivate of the acceleration) is 

infinite similar to a Dirac delta function.  

The velocity and motion profile can be described by piecewise continuous polynomial functions. The 

velocity profile will have a first-degree function as the highest polynomial function and positional 

profile will have a second-degree polynomial (See Figure 24). 

 

Figure 24. A Matlab simulation of a 30 000 step positional change with the maximum velocity of 3000 and maximum 
acceleration of 500 

 

The reason why this is assumed is because the servos use a regulated feedback loop and they are 

assumed to be operating well within their limits. Empirical tests done by Elekta has confirmed that 

this model is accurate enough for the use.  

The servos have two different motion modes: moving an amount of steps (position mode) or moving 

to a set velocity (speed mode). 

Position mode 

In position mode, the velocity profile can be calculated if the maximum acceleration, maximum 

velocity and desired positional change are known. The velocity profile will have a shape of a 
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trapezoidal if the maximum velocity is reached (see Figure 25).  The velocity profile will otherwise 

have a triangular shape(see Figure 26).  

The trapezoidal motion profile will have the following relationship: 

 

Figure 25. Typical motion profile in position mode. 
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This gives: 

     

{
 

 
                                  
                                                  
                                 
                                                            

  (12) 

The equation for the motion profile is determined by calculating   ,    and   . 

In the case where the maximum velocity is not reached the motion profile will get a triangular shape.  

The new equations are then: 

 

Figure 26. Motion profile in position mode if maximum velocity is not reached. 
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This gives: 
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Which gives: 

      √
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That gives: 

   
√         

 
   

 
   (20) 

   
√         

 

 
   (21) 

     {

                                                
                                                

                                                            

  (22) 

The equation for the positional profile could be calculated with a similar method. In the SSU-

implementation the position is however calculated by numeric integration of the velocity. The 

method used is the Trapezoidal rule that updates every time a new velocity value is calculated.  

     ∫       
 

  
  (     ) ∫       

 

         
  (     )  (       )  

 (     )     

 
 (23) 

Then numeric integration will over time introduce a small error on the position. The position is 

therefore adjusted to the correct value when the motion is complete.   

Speed mode 

In speed mode the motor will accelerate to a set speed and remain at that speed. Figure 27. Motor 

going from standing still to a velocity of 3000 during 12 time units.Figure 27 illustrates this. 

 

Figure 27. Motor going from standing still to a velocity of 3000 during 12 time units. 

 

The acceleration time T1: 
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   (24) 

Which gives:  

     {
                             
                                                   

  (25) 

The implemented motionplanner-function works by in the beginning calling a “createMotionprofile-

function” that calculates the variables that are needed for the motion profile. These variables are 

stored in an individual “MOTION”-struct for each axis. A function is called periodically every 10 ms 

that updates the current velocity and position based on the current time. The current time is 

calculated by a Real Time Clock (RTC) and a timer in the microcontroller. Updating the motion profile 

based on the current time will assure that the motion profile is calculated correctly even if the 

updating function is not called periodically.  

Data structure 

All constants and variables for each axis are stored in an “Axis”-struct. This struct is initiated for each 

axis in the simulated system. The struct contains information about the motion state, mechanical 

constraints, servo configuration and sensors. All the individual axis-structs are stored in a common 

global array.  

Model of motor current  

The current simulator uses a very simple model for simulating the current output from the servos. 

This is satisfactory because the exact value of the current is not of big importance in the gamma knife 

control system.  The motor currents are mostly monitored to detect if an axis is stuck against an 

endpoint and it will therefore only look for big changes in the motor current.  

The model for the motor current has three states: when the axis is standing still and not trying to 

turn, when the axis is moving unhindered, and when the axis is trying to move but stuck against a 

mechanical stop. The direction of the current does also depend on the moving direction. See Table 5 

for full state coverage.  

Table 5. The 9 different states of motor current 

                  Movement 

                      

Position 

 

Standing still Moving up Moving down 

Startpoint mechanical 

stop 

0 Normal current - High current 

Between startpoint and 

endpoint 

0 Normal current - Normal current 

Endpoint mechanical 

stop 

0 High current - Normal current 

 

The same simplified model of the motor current is used in the SSU simulation.  

Coordinate systems 

There are several ways of expressing the position of an axis. The position of the bed axes can for 

example be described in Lexell gamma coordinates that are related to the position of the head (mm), 
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PPS bed coordinates related to the PPS bed (mm), Linear Encoder values (ticks) and rotary encoder 

values (ticks). Each coordinate system is convertible by functions that aren’t always linear and the 

linear and rotational encoder can also on some axes be mounted reversed. An extra coordinate 

system was introduced for the motor simulations to avoid using coordinate systems that are non-

linear, don’t have a defined point of reference and where the direction is not constant. The 

introduced coordinate system, called Local Counting System (LCS), increments in the same linear way 

and step size as the rotary encoder and uses a non-changing point of reference. This was chosen 

since most servo commands and calculations are in the form of rotary encoder ticks and not µm. The 

LCS coordinate is stored as a floating point number and can therefore also store fractions of ticks. 

The origin of the LCS coordinate system of each axis is defined at the same point as where the origin 

of that axis is defined (see Figure 28).   

 

 

 

The values of the linear encoder, rotational encoder and axis position are calculated by the following 

equations: 

                                                                               

        
                 

               
              

                 

               
    (

                 

               
)          

Where NLC() is the Nonlinearity Compensation function compensating for nonlinearities in the 

coordinate system.   

                                                                                

 

Mechanical checker 

Each axis has a set of mechanical constraints that affects the motion of the motor. These are for 

example the position of the endpoints of the axis range of movement or the placement of the limit 

switches. A “mechanical checker”-function containing several conditional statements was 

implemented to check these constraints and change the axis motion accordingly (see appendix A7).  

Origin 

Mech stop 

startpoint 
Mech stop 

endpoint 

LCS =  LCSstart 

LinEnc = LinEncstart 

RotEnc = RotEncstart 

AxisPos = AxisPosstart  

 

LCS = 0 ticks 

LinEnc = LinEnc0 

RotEnc = RotEnc0 

AxisPos = 0 µm 

 

 

LCS =  LCSend 

LinEnc = LinEncend 

RotEnc = RotEncend 

AxisPos = AxisPosend  

 

Figure 28. The different coordinate systems. 
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Linear encoder 

The linear encoder uses a set point of reference to give the absolute position in ticks on each axis. 

Small mechanical irregularities, bending, misalignment and interference between axes cause the 

relation between the linear encoder and rotational encoder not to be entirely linear. This small error 

is corrected by Elekta by including a configuration file with a lookup table for adjusting the linear 

encoder based on the position. This lookup table is made by measurements done on every built 

machine. 

In the implemented solution a function is periodically called every 20 ms (SimulateLinerarEncoders) 

that calculates and transmits the new linear encoder values over UART. The protocol used for 

transmission of the linear encoder data is developed by Elekta. Each message can carry a 32 bit data 

value and a 4 bit identifier. The message is then converted to a hexadecimal representation and sent 

nibble by nibble(4 bit) in the form of characters over RS232. The message format is can be seen in 

Table 6. 

Table 6. Overview of the serial protocol used by the linear encoders. Text taken from internal documents at Elekta. 

Byte character Explanation 

Byte 1 ‘*’ Start of message 

Byte 2 ’1’-’14’ Encoder ID number 1-14 in hex and uppercase ( 

1,2,3,4,5,6,7,8,9,A,B,C,D,E) 

Byte 3 ‘_’ Optional separation between ID and 32 bit value 

Byte 4 Nibble 1 Most significant nibble in a 32 bit value  

Byte 5 Nibble 2  

Byte 6 Nibble 3  

Byte 7 Nibble 4  

Byte 8 Nibble 5  

Byte 9 Nibble 6  

Byte 10 Nibble 7  

Byte 11 Nibble 8 Least significant nibble in a 32 bit value 

 

For example will the message “*5_1E20BCD9” represent that encoder 5 is at position 0x1E20BCD9 

hex. 

RTC 

The motionplanner-function requires a way of keeping track of the time. The STM32 microcontroller 

has a built in Real Time Clock (RTC) which keeps track of seconds passed since power on.  Firmware 

from STMicroelectronics was used to configure the RTC.  

Timers 

Two separate timed interrupts were used for the software designed on the SSU.  

Timer2 

This timed interrupt is used for calling all the functions that are to be called periodically. They are for 

example: SimulateLinearEncoders, Motionplanner and MechanicalChecker. The interrupt period is 

set up during the initiation to 10 ms, making the simulation of the axes running at a rate of 100 Hz.   

Timer3 

The RTC clock only has the resolution to count in seconds and the many of the functions in the 

software require a higher accuracy down to milliseconds. A timed interrupt was implemented that 
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increments a global variable 10 ms every time it’s called at a rate of 100 Hz. Every time the function 

GetTime() is called will the function return the current time in seconds with 10 milliseconds accuracy 

with the help of data from the RTC and Timer3 loop. The Timer3 interrupt loop could also be 

adjusted to run at a higher or lower rate if wanted.   
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Testing, verification and results 

Test focus 
The finished system was tested to verify its functionality. Due to time constraints are the performed 

tests far away from being extensive. The focus of the testing has instead been on confirming the 

original research topic: If the HIL simulator at Elekta can be replaced by a cheaper embedded system.  

Most tests have been done on unit level of the system and then later on integration and system 

level.  

Testing tools 
The unit level tests were mostly performed without connecting the ECU or MCU and instead only 

kept between the development board and the PC used for development. CAN to USB, RS232 to USB 

and UART to USB adaptors were used on the PC to interface the microcontroller. The JTAG debugger 

was also used.  

Tests on system level were done with the MCU and ECU connected (see Figure 21). The MCU has a 

software tool, called Service Tool, designed for performing tests on the system. The service tool 

offers an interface to disable some of the safety features on the ECU, read the state of the sensors in 

the system and to manually control the movement of the 12 motors.  

Requirements 
The earlier defined requirements (see appendix A2) are compared to the results of the testing.  

Performance and Model Requirements 

The performance of the microcontroller seems to be sufficient for the simulation of the 12 servos 

and their peripherals.  

Tests were done to measure the time required for performing all the periodical simulation done 

every 10 ms in the Timer2 loop (see appendix A7) by toggling a digital pin on entry and exit of the 

Timer2 interrupt and measuring that pin with an oscilloscope. The results were that the interrupts 

roughly takes 60 µs without the linear encoder simulation and 550 µs with. The jitter of the timing 

between the Timer2 interrupts were very low and periodicity was measured at 100 Hz (see Figure 

30). 

Tests were done to give a rough estimation of the CPU utilization. The CPU was first benchmarked by 

a bare bone program only containing a for-loop in the main loop counting down from 1000000 and 

then toggling a digital pin. A disassembly of the program binary revealed that two assembly 

instructions are executed for each iteration in the for-loop. The period time of the output pin was 

measured at 166 ms.  

Which gives: 

                                                   

      
                     (29) 

This corresponds correctly with the set up core frequency of 24 MHz. 



Mazda Imani                         Hardware-in-the-Loop simulation of servo drivers on an embedded system  
 

44 

Comparing the period time for the load measuring function (               ) while the system is in 

use with the period time while the system is in idle (                 will give an estimation of the 

CPU load if no other tasks are performed in the main loop. The same measurements were done on 

the program used in the SSU and the period time of the toggled pin would vary between 200 and 250 

ms depending on the load. Assuming that the load measuring function acts in a linear way does this 

give a CPU load of between 17% and 34% (see equation 31, 32 and Figure 29): 

            
               

               
              (30) 

               
      

       
                         (31) 

               
      

       
                   (32) 

 

Figure 29. Plot of how CPU load correlates to the mesured period of the load measurement loop. 

 

Further tests were done to examine the timing of the different program interrupts and their 

functions. The Timer2, Timer3, CAN RX, UART1 and UART2 interrupt functions were analyzed by 

having each interrupt setting an individual digital pin high on entry and clearing it on exit. The CAN TX 

function was also analyzed even though it’s not a separate interrupt but instead a function called by 

Timer2. The toggling digital pins were monitored by a digital bus analyzer.  
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Figure 30. Evaluation of the interrupt calls.  

 

The interrupt execution was done with the predicted periodicity and near to no jitter when no CAN 

traffic was present (see Figure 30). The timer2-loop with the simulation of the axes is called every 10 

ms, with the linear encoder simulation and transmission occurring every 20 ms. The execution time 

in both cases is less than 500 µs. The linear encoder transmission over UART2 has a transmission 

time of 13 ms due to the speed of the serial bus. The UART2 interrupt does not however utilize the 

CPU fully during this time since it’s called repeatedly while sending the linear encoder values 

character by character. The real utilization time is a fraction of the 13 ms.  

When CAN transmission traffic is present, the poorly designed CAN TX function causes the CPU to be 

locked during the entire CAN transmission time of 9 ms. The result is that the transmission of the 

linear encoder data will not be done before a new call for sending linear encoder data is made (see 

Figure 31). As long as the CAN transmission is kept at a low periodicity (4 Hz at the moment) will this 

not cause any bigger problems since the UART2 data ready to be sent is stored in a 2 KB buffer. An 

interesting observation is that the delay between a CAN message request and a reply is roughly 10 

ms. 
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Figure 31. Evaluation of the interrupt calls. 

 

Signals 

CAN 

The CAN bus works properly and manages to communicate with the ECU can bus. There are no signs 

that any messages are lost 

Serial interface 

Transmission on both UART busses work up to satisfaction. A found problem on the UART2 bus 

running at 115 Kbit/s is that some transmission errors occur from time to time. This occurs roughly at 

a rate of less than 1%.  It is unknown if this is a limitation in the microcontroller, serial transceiver, 

serial logger or a scheduling error. This error does however not affect the operation ECU.  

The serial interface between the PC and SSU is at a very crude level. Basic functions for changing 

some axis variables and their calibration data are implemented while more advanced functionalities 

have been left out due to lack of time. Functions for controlling the SSU and error reporting have not 

been implemented. 

Digital I/O 

The digital signals are converted correctly between 3.3 and 24 V. The signals are interpreted correctly 

by the ECU and SSU.   

Price 

The price of the SSU was managed to be kept under 2000 SEK (see appendix A3). The main costs 

were the development board and the JTAG programmer. If Elekta would make the decision to mass 

produce this solution would the material cost probably be able to be pushed to less than 500 SEK.  

Physical requirements 
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The SSU is at the moment mounted in a metal box with the size of a PC. The SSU unit could however 

be mounted in much smaller box. A rebuilt SSU card would probably easily fit on a 10*20 cm PCB 

card.  

Power requirements 

The SSU can successfully be powered over a USB port that has the maximum rated throughput of 2.5 

W.  

Functionality  
The functionality of the SSU was tested by connecting it to the ECU and MCU and running the 

included service tool software on the MCU. The service tool first needs to run an initialization loop 

where the ECU establishes communication with the SSU and MCU. The different servos are also set 

up during this step. After the initialization is it required by the service tool to perform a series of 

validation tests of the sensors and encoders. This is done by moving all the axes to their mechanical 

stops and comparing the linear encoder values with the configuration files. The test passes if the 

values differs less than a predefined value. The service tool was able to perform and complete both 

the initialization and validation test. The validation test would however fail due to small deviation 

between the end stop positions. This is because the linear encoder compensation function was not 

properly implemented during the tests.  

The service tool was run in a mode that ignores the failed validation test and some tests were done 

by manually moving the different axes. The position of the axes were monitored by sniffing the CAN 

bus and plotting the rotary encoder value as a function of number of samples in LabVIEW.  

The service tool adjusts the speeds for the three axes so they reach their destination at the same 

time. The service tool would only allow to movement of the PPSZ-axis when PPSX and PPSY are in 

their “home-positions”, this is to avoid collisions with the door (see Figure 32).  

 

 

Figure 32. Plot of the 3 axis movement of the PPS. The plots from top to bottom are the axis Y, X and Z axis 
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The sectors were mostly successful moving from position to position (see Figure 33). The sectors 

would however occasionally not go the entire way to their destination and get stuck a few mm from 

their target. It is unknown why this occurs but it could be due to an error in the motionplanner or 

due to the lack of an implemented linear encoder compensation function. 

 

Figure 33. Movement of the 8 sectors sweeping between the 5 different positions. 

 

The door was opened and closed with a slow acceleration to clearly demonstrate the curvature of 

the position plot (see Figure 34). The door opens and closes without any problems.  

 

Figure 34. Plot over the movement of the DOOR axis. 
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Lastly a comparison was made to the real gamma knife. The PPSX axis was moved from 10 to 90 on 

both the real system and the SSU and compared (see Figure 35 and Figure 36). The deviation 

between the real knife and the SSU is very small.  

 

Figure 35. Step response of 80 mm on PPSX axis. 

 

 

Figure 36. Step response of 80 mm on PPSX axis with faster acceleration. 

 

Conclusion - SSU 
A prototype of the SSU has been designed, developed and tested to investigate if the current 

hardware in loop simulator used by Elekta can be replaced by a cheaper embedded solution. Due to 

time constraints, most of the project focus has been on adopting the software features from the 
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current simulator that are believed to be most CPU intensive. These are the multiple communication 

interfaces with their sheer amount of data throughput and the time critical motion models of the 

dozen of axes.  This functionality on the SSU has then been superficially tested to verify that 

performance of the hardware is enough to simulate the entire system. Program components that 

have been left out are various state machines for safety systems and other functions that are not 

assessed to affect the performance noticeably. 

A reoccurring difficulty that showed up during testing of the SSU was the lack of good testing tools. 

For example the motor servos, that the SSU is emulating, have most of their functionality tied to 

commands sent on the CAN2 bus. These CAN messages can either be generated and sent manually 

over a CAN logger program or generated by the ECU. Manually writing and sending CAN messages 

was usually only helpful on lower level unit testing while using the ECU requires a lot of already 

working functionality on the SSU in order for the ECU not to immediately crash.  

Another problem has been the lack of proper documentation of the CAN2 signals and motor 

commands. Much functionality on the SSU has had to be modified or changed after tedious reverse 

engineering of other systems.  

The current SSU program contains several bugs and other problems and also some not fully 

implemented functions. Tests do however show that the SSU can successfully communicate with the 

ECU and also perform simulations of the motor motions in real-time with a very predictable time 

delay at a simulation rate twice as fast (100 Hz) as the current HIL simulator. The CAN messages have 

a reply time of roughly 10 ms which is far less than the required maximum time delay of 200 ms. All 

these results support the view that the SSU is capable of operation with near real-time performance. 

Comparisons made with the real system do also confirm that the used motor model is accurate 

enough.    

The ARM microcontroller does not show any signs of having the program stack overflowed or not 

being fast enough. The current program occupies roughly 50 KB of the controllers 128 KB flash size 

and runs at 24 MHz. The STM32F103-family is capable of reaching 1 MB flash size and operate at 

speeds of 72 MHz.  The conclusion can therefore be drawn that the current HIL simulator can be 

replaced by the proposed simulator box idea with the hardware used in the SSU. The software 

implementation of the SSU will however probably need to be changed, extended, or partially 

redesigned. For example, some of the more time consuming tasks in the interrupt routines should 

probably be moved to the main-loop to avoid locking the CPU.  

Some more tests were done with the CAN-transmission function moved to the main-loop and an 

increased simulation speed. The SSU managed to successfully operate at a simulation speed of 1000 

Hz which also lowered the CAN message reply time to less than 1 ms.  The simulation does however 

have more jitter at this simulation speed and the verification against the real system demonstrates 

that a faster simulation speed than 100 Hz is not necessary.  
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Conclusions 
During the ”Elekta survey” many of the interviewed people did express the responsibility that they 

feel towards not creating a product that can be harmful the patient or the company. As a part of the 

study one found solution to this problem was to give the testers using the simulator more confidence 

in its performance and also a better insight in inner working. Measurement on the timing of the 

different program interrupts verifies that the SSU operates with a very predictable time delay; a 

requirement which was requested by the testers. Other successful tests on the SSU do also help to 

support that a HIL simulator for a system containing multiple motor servos can be implemented on a 

low price embedded platform with near-realtime performance. Further work is however still needed 

before the SSU can be used for testing the real control system. A possible problem with switching 

developing language for the HIL simulator in LabVIEW to ordinary C language is that it may make it 

more difficult to understand the software functionality. C code is usually regarded as a bit more 

difficult to comprehend compared to the visual programming language utilized in LabVIEW. 

Some other suggested methods and improvements for the VVT process at Elekta have also been 

suggested in the “Elekta study”-chapter.  
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Discussion 
The designed SSU part of the Simulator Box has been demonstrated to be usable for simulating the 

motor servos and their dynamics. It is however still a big step going from a proof of concept 

prototype to a live system used for real testing and verification of the gamma knife control system.  

A problem with the current software in the SSU is the rather complicated way to add mechanical and 

sensor constraints in the “mechanichalChecker”-function. Every axis-type has a multitude of 

conditional statements to check what the axis should do. Adding or changing sensors for an axis-type 

requires these conditional statements to be rewritten. A better solution for this could be to create a 

graphical user interface for setting the sensor settings of every axis and then auto generating the 

necessary code.  

An observation made during the testing of the SSU was that the serial communications on the two 

busses occupy quite a lot of CPU power and RAM stack space. The UART2 bus used for transmission 

of the linear encoder values is always very active sending a continuous stream of encoder values. The 

protocol used is easy to read but not very effective since between 10-14 8-bit characters are used to 

transmit a 4 and 32 bit message. The data stream could also be greatly reduced if only new data 

values were transmitted. The UART1-protocol, used for communication between the PC or FPGA and 

SSU, should also be revised. The data is at the moment sent in large packages and without error 

checking. The functionality is also implemented at a very crude level. Some axis values can be 

changed over the serial connection while other variables and settings on the SSU-prototype can only 

be changed by rewriting the software and reprogramming the microcontroller. This should be 

addressed on future SSU’s.   

Verification and testing of the SSU was in many ways limited by the lack of good testing 

environments. The service tool on the MCU offers some room for adjustments and configuration of 

the ECU functionality but several functionalities were not found or available. The development of an 

improved SSU would benefit from an even more versatile tool capable of analyzing the different data 

busses and, in an easy way activating and deactivating the different software components in the ECU. 

This would also make it easier to stress test the SSU by adjusting the data polling and transmission 

rate from the ECU.  

The software testers need to trust their testing tools in order to present test results that they believe 

in. This is especially important in the product area that Elekta is working with since an incorrectly 

designed control system can, apart from being financially damaging, cause serious harm to the 

patient or the operator. A decision that Elekta now need to make is if it is worthwhile to continue 

developing the simulator box. Their question about if it’s feasible within the set constraints has been 

answered and both the hardware and software price is lower than their current simulator. However, 

the cost of developing the software might become higher than using the already implemented 

LabVIEW simulation.  

Developing in C is generally considered to be more time consuming than LabVIEW and the current 

LabVIEW simulator has taken many years to develop. Redeveloping this in C might take even longer 

and if Elekta are not planning on starting a mass production of their HIL simulators may the increased 

development time in the end result in a higher unit price. As stated in the literature review did Scania 
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face this problem a decade ago and they made the decision to avoid becoming HIL developers and 

instead buying commercially available alternatives.  

Another solution would be to implement a combination of the current LabVIEW simulation and the 

functionality of the simulator box. The LabVIEW simulation would be used for user interface but also 

for setting program functionality, for example the mechanical constraints. The simulator box would 

be used for creating a hardware interface with the ECU capable of handling all the different high 

speed messages and performing the motor simulations. This would eliminate the need for the 

expensive interfacing peripherals used in the current PC; the requirements on the computers 

processing speed would also probably be lowered.   
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Image sources 
 

Figure 1: Elekta AB, Leksell Gamma Knife Perfexion brochure 

Figure 2: Elekta AB, Leksell Gamma Knife Perfexion brochure 

Figure 4: Elekta AB, Internal papers of the Control System 

Figure 5: Elekta AB, Internal papers of the Control System 

Figure 6: Elekta AB, Internal papers of the Control System 

Figure 7: Elekta AB, Internal papers of the Control System 

Figure 12: US department of Transportation, public document no FHWA-JPO-05-072 

Document source: http://ntl.bts.gov/lib/jpodocs/repts_te/14158.htm  

Figure 16: Olimex, Picture taken from Olimex.com 

image source: https://www.olimex.com/Products/ARM/ST/STM32-P103/  

Figure 18: FTDI chip, Picture taken from www.ftdichip.com 

image source: http://www.ftdichip.com/Products/Cables/USBTTLSerial.htm  
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Appendix 

A1 - Abbreviations 
 

CIU Connection Isolation Unit 

CIUR Connection Isolation Unit Robinson 

CS Control System  

CAN Controller Area Network 

ECU Electronic Control Unit 

HIL or HITL Hardware In the Loop 

LGK  Leksell Gamma Knife 

MCU Main Computer Unit 

OPC Operator Console 

PCU Patient Control Unit 

PPS Patient Positioning System 

PSS Patient Safety System 

PPC Power PC CPU 

RU Radiation Unit 

SDU Sector Driver Unit 

SSU Servo Simulation Unit 

TML Technosoft Motion System 

UPS Uninterruptible Power Supply 

VVT Validation, Verification, Testing 
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A2 - SSU Requirements 
The aim in the first version of the SSU is to make a proof of concept prototype that can demonstrate 

that the multiple motor servos’ dynamics, logic, and bus communication can be simulated on a cheap 

embedded platform.  Since the FPGA is still not developed will the testing and verification of the SSU 

prototype will be done in a scaled down environment.  The SSU-prototype will therefore have some 

extra requirements in order to be able to operate without the FPGA.  

Performance and Model Requirements 

The motor model of the SSU: 

 Shall have the same or better accuracy than the PFXsimulator.  The current assumption of 

the motor speed being a ramp function is sufficient. 

 Shall be able to simulate the 12 CAN servos simultaneously.  

 Emulate the linear encoders  correctly.  

 Shall be able to operate in near real-time. The time delay should be less than 200 ms.  

 Have a predictable time delay 

 The motor model calculations shall be fast enough that the new motor position is known 

before new position update. 

 The motor model shall be updated at a rate of at least 40 Hz. This rate is used successfully in 

the current simulator. 

Signals 

CAN 

The SSU Shall be able to receive and send all the CAN2 messages that the existing LabVIEW 

implementation can handle. The SSU shall: 

 Transfer and receive at a baudrate of 125 Kbit/s 

 Receive all messages and save them so they can be read one by one. No messages shall be 

lost.  

 Interpret all the relevant motor messages:  

o Identify which motor is concerned. 

o Identify the command. 

o Identify the value/parameter of the command.   

o Do the appropriate thing based on the command. 

 Send all the messages and responses with the same format that the servo would send.  

 Use voltage signal levels that are compatible with the ECU. 

Serial interface 

The SSU will only be communicating with the FPGA via a serial, or similar, connection. 

Signals from FPGA to SSU: new motor parameters, Reset, change position of motor.  

The SSU parameters shall be able to be configurable via the serial interface by 

messages sent by the FPGA to the SSU in beginning of simulation: 
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-Shall be able to change how many servos there are and what their ID 

numbers is, and their placement. 

 -Shall be able to reset the SSU. 

-Shall be able to change the position of the simulated mechanical 

system and the encoders.  

-The SSU commands do not need to be executed in real time.  The delay 

should be less than 1 second. 

Some Servo parameters in the SSU shall be able to be set by messages from the 

FPGA during simulation: 

-The state of the I/O on each individual servo shall be able to be 

changed.  

 -Shall be able to reset the SSU 

-Shall be able to change the position of the simulated mechanical 

system and the encoders.  

-The SSU commands shall be sent with minimum delay. (How much?) 

-Shall be able to change the predefined values for each axis. 

  

Signals from SSU to FPGA:  linear encoder values. 

-The SSU shall be able to send the linear encoder states at a rate of at least 20 Hz. 

The SSU error reporting: 

 -The SSU shall report to the FPGA if the FPGA sends faulty or bad input 

 -The SSU do not need to report if the program crashes.  

-A baudrate of at least 115 Kbit/s shall be supported. The currently used baudrate in the simulator 

is 115 Kbit/s.  

Digital I/O 

The SSU shall have 6 digital inputs handling 24 V. 

The SSU shall have 5 digital 24 V outputs. 

Price 

The SSU should cost less than 5000 SEK.  

Physical requirements 

Size: The device should be smaller than the current PC-simulator.  20*20*10 cm 
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Weight: No particular weight requirements. The device should be able to be lifted by one person. 

Should be less than 20 kg. 

Connectors:   The SSU shall be able to connect to the current CAN bus. 

 The SSU shall be able to connect to some serial bus.  

The SSU-prototype  shall be able to interface to the ECU and MCU with standard D-sub connectors.  

 

The written down requirements are not all strictly defined since some of the details may have to be 

changed depending on what approach is taken on the solution. 

Power requirements  

There are no particular power requirements. The device should be more efficient than a PC. The 

power consumption should be less than 100 W.  
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A3 - Component list 
Part Amount Price (SEK) Subtotal Comment 

A2982SLW - Driver 1 40 40  

ARM-USB-TINY-H 1 500 500 ARM JTAG programmer 

DSUB 15  solder plug 2 30 60  

DSUB 25  solder plug 1 40 40  

DSUB 9  solder plug 3 25 75  

FTDI USB-TTL Cable 1 150 150  

Laboratory Card 1 100 100  

Metal Chassis 1 0 0 Recycled from old project 

SO20w Adapter 1 80 80  

stm32-p103 development board 1 500 500 development board 

ULN2003 - Driver 1 10 10  

Various components, connectors and cables 1 300 300  

     

  Total: 1855  
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A4 - Technosoft messages 

Messages 
Operation 
code Event 

First  
command Event 

Second 
Command  Event 

0x8400 
SAP val32 (Set Actual 
Position = val32)     

0x0102 AXISON     

0x0002 AXISOFF     

0x5909 CP (Command Position ) 0xBFC1  0x8701 
MODE PP3 (MODE 
Position Profile 3 (S,T)) 

  0xBAC1  0x8201 
MODE SP0 MODE Speed 
Profile 0 () 

  0xBBC1  0x8301 
MODE SP1 MODE Speed 
Profile 1 (T) 

  0xFFFF  0x2000 
CPA (Command Position 
is Absolute) 

    0x4000 
TUM1 (Set Target Update 
Mode 1) 

  0xBFFF  0x2000  

    0x0000 
TUM0 (Set Target Update 
Mode 0) 

  0xDFFF  0xFFFF  

0x0108 
UPD (Update motion 
immediate)   0x0000 

CPR (Command Position 
is Relative) 

0x0104 
STOP0 (STOP motion in 
mode 0)     

0x0144 
STOP1 (STOP motion in 
mode 1)     

0x0184 
STOP2 (STOP motion in 
mode 2)     

0x5C00 Change I/O break to ON     

0x01C4 
STOP3 (STOP motion in 
mode 3)     

0x0802 
GROUPID val16 (GROUP 
ID = val16)     

0x9005 Sed 32 bit data 0x0000    

  0x02A0 CSPD   

  0x02A2 CACC   

  0x029E CPOS   

0x9004 
V16D, dm = val16 (V16 
from dm = val16 (la)) 0x026B 

SATS(Saturation limit 
for current command)   

  0x0129    

  0x02C4 

TIMAXPROT (Trigger 
time for maximum 
current protection)   

  0x0832 LS_ACTIVE   

  0x02C6 
TERRMAX (Trigger time 
for control error)   

  0x02C5 
ERRMAX (Control error 
limit)   

0xB204 or 
0x004 Give me 16-bit data     

0xB005 or 
0x005 Give me 32-bit data     
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Memory addresses  

 

Memory Adress Function Data type Data size(bits) 

0x02a0 CSPD fixed 32 

0x0230 Q axis current  int 32 

0x029E CPOS long 32 

0x0228 APOS (Actual position) long 32 

0x022C ASPD (Actual speed) fixed 32 

0x026B 
Current Saturation (Return 
SATS) - - 

0x0297 

IMAXPROT (Maximum current 
- protection limit)  (Return 
IMAXPROT) - - 

0x0303 
PCR (Protections Control 
Register) (return PCR) uint 32 

0x02C4 

TIMAXPROT (Trigger time for 
maximum current protection) 
(return TIMAXPROT) uint 32 

0x02C6 
TERRMAX (Trigger time for 
control error) uint 32 

0x02C5 ERRMAX (Control error limit) int 32 

0x036B, 0x036C 
TONPOSOK (Trigger time for 
control lock after positioning) uint 32 

0x02A2 

CACC (Acceleration command 
for position/speed profile 
modes) fixed 16 

0x08D2 Sends IO - 32 
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A5 - Circuit boards
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A6 - Serial communication protocol used to setup variables on the SSU over 

serial 
Some variables and constants on the SSU need to be able to be set in runtime. This is done via an 

extra serial interface where the FPGA or a computer can be connected. Most variables will not have 

to be set more than once so not so much effort has been put to create a fast protocol. Focus has 

instead been on creating a protocol that is easy to implement on any other programming language. 

The basic idea of the structure is that the information is sent in large packages. The message protocol 

is similar to the protocol used for transmission of the linear encoder data over RS232 .The start and 

end bytes determine when the package starts and ends, the rest of the values are sent as a 32 bit 

signed integer written with hexadecimal characters. The hexadecimal representation is thereafter 

sent character by character in big-Endian order. For example: 

Value 32 bit Hex 

value 

Byte 1 Byte2 Byte 3 Byte 4 Byte 5 Byte 6 Byte 7 Byte 8 

2 0x00000002 ‘0’ ‘0’ ‘0’ ‘0’ ‘0’ ‘0’ ‘0’ ‘2’ 

257 0x00000101 ‘0’ ‘0’ ‘0’ ‘0’ ‘0’ ‘1’ ‘0’ ‘1’ 

1193046 0x00123456 ‘0’ ‘0’ ‘1’ ‘2’ ‘3’ ‘4’ ‘5’ ‘6’ 

-2 0xFFFFFFFE ‘F’ ‘F’ ‘F’ ‘F’ ‘F’ ‘F’ ‘F’ ‘E’ 

Example of the data transmission order on the serial bus. 

The structure of the sent package is:  

 Start byte– Marking start of transmission (1 Byte) 

 Package length - (32 bit value sent with 8 Byte) 

 Message type (32 bit value sent with 8 Byte) 

 Command (32 bit value sent with 8 Byte) 

 Data. N number of 32-bit data values are sent (N*8 bytes) 

 Stop Byte (0xFA) –Marking the end of the transmission  

Name Description Data type Transmission size 

(Byte/Characters) 

Start byte A single byte/character marking 

start of transmission.  

uint8 (0x00-0xFF) 1 byte 

Package length Describing the size of the 

package in bytes. Could be used 

for error detection. 

int32 (0x00000000-

0xFFFFFFFF) 

8 byte 

Operation code Identifier of what kind of 

message is sent. 

int32  8 byte 

Command Command related to the chosen 

operation code. 

int32  8 byte 

Data Transmission of N number of the 

data values. 

int32 N*8 byte 

Stop byte A single byte/character marking 

end of transmission. The stop 

byte is 0xFA 

uint8 1 byte 

 

Package structure in detail 

Start byte 

The startbyte is used to identify the beginning of a package.  

Package length 
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The package length is the size of the smallest package frame (1+8+8+8+1=18 Byte) plus the size of 

the data(8*N). The package length is: 

                                    

Where N is the number of data values being transmitted.  

Operation Code: 

The operation code is an identifier of what kind of message is going to be sent. The following 

message types are currently implemented: 

Name Data value 

Set Axis variables 0x01 

Change Encoder calibration 

variables 

0x02 

Motion commands 0x03 

 

Set Axis variables (0x01) 

Description:  

Command: Which axis in the axis array  (0-11) should be changed? The simulated axes are stored in 

an array with the length 12.  The current order is: 

Axis array position Axis type Command 

0 Sector 1 0x00 

1 Sector 2 0x01 

2 Sector 3 0x02 

3 Sector 4 0x03 

4 Sector 5 0x04 

5 Sector 6 0x05 

6 Sector 7 0x06 

7 Sector 8 0x07 

8 ppsX 0x08 

9 ppsY 0x09 

10 ppsZ 0x10 

11 Doors 0x11 

 

Data: The order of the data to be sent are: 

Variable name Order 

MotionPos 1 

MotionVel 2 

EncoderId 3 

NumberOfRotaryEncoderLines 4 

LinearEncoderValueAtPPSOrigo 5 

AxisLongitudalDistancePerRotationNm 6 

RotEncoderIncreasing  7 

LinEncoderIncreasing  8 

LinEncoderTicksPerum  9 

startpos 10 

endpos 11 

LSPpos 12 

LSNpos 13 
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Extrapos 14 

AxisID 15 

GroupID 16 

 

Change Encoder calibration variables (0x02) 

Description: Changes the values used in the lookup table used for compensation for irregularities 

when calculating the linear encoder value based on the rotary encoder value. 

Command: Selection of axis (see table above).   

Data: All the calibration points are transmitted one by one.  

For example for a sector with 16 calibration points will 16 values be sent.  

Motion commands(0x03) 

Description: A function for some simple manual control over the axes. A selected axis can be 

“updated”. 

Command: Selection of axis (see table above).   

Data: NA 
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A7 – Flowcharts  

Interrupts or continuous loops 

  

Yes 

Yes 

Main() 

RTC  init 

Usart  init 

CAN  init 

Timer  init 

Timer3  init 

Digital 

output  init 

Digital input  

init 

Init Axes 

While(1) 

RTC 

interrupt() 

(Called  

every  1000 

ms) 

Clear 

TimeMs 

counter 

Timer 3 

interrupt() 

(Called every 

10 ms) 

Time ms = 

timeMs+10ms 

Timer2 interrupt() 

(Called every 10 ms) 

Write CanTx buffer 

Read & translate one CanRX 

message from buffer 

Handle CAN message 

Read digital input 

Make decision based 

on digital input 

Mechanical checker 

Update motor positions 

Checked if Sectors are locked 

Print motion 

states 
Has 500 ms 

passed? 

Simulate and 

print linear 

encoders 

Has 50 ms 

passed? 

Write digital output 

Read Message on usart1 

Do usart1 message 

Yes 

Yes 

Usart1 Rx/TX interrupt 

Put char in 

Usart1RX 

buffer 

Receive 

interrupt? 

Send char from 

Usart1TX buffer 
Transmission 

interrupt? 

End 

CAN Rx interrupt 

Get message from  

CAN mailbox 

Put message in CANRx 

buffer 

End 

Yes 

Yes 

Usart2 Rx/TX interrupt 

Put char in 

Usart2RX buffer 

Receive 

interrupt? 

Send char from 

Usart2TX buffer 
Transmission 

interrupt? 

End 

End 

Handle Usart2 

Command 
Stop-byte? 

Yes 
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Motionplanner 

  

Motionstyle = 

Triangle? 

Get current time 

Update position 

Set motor current 

Servo enabled 

and in a running 

mode? 

        

Motionstyle = 

Trapezoid? 

Motionstyle = 

slope? 

Exit 

              

 

                         

 
     

    

 

                      

 

               

 

                         

 
     

    

 

                      

 

            

 

Start 



Mazda Imani                         Hardware-in-the-Loop simulation of servo drivers on an embedded system  

71 

CAN message handler 

 

OpCode=Axisoff? Turn axis off 

OpCode=Comman

dposition? 
Turn axis on 

OpCode=Update? 

OpCode=STOP0? 

OpCode=STOP1? 

OpCode=STOP2? 

OpCode=STOP3? 

OpCode=Change 

IO?  

OpCode=Change 

Group Id?? 

Change group Id for single axis 

OpCode=Axison? Turn axis on 

OpCode=Change 32 bit 

value? 

OpCode=Change 16 

bit value? 

 

OpCode=Set Actual 

Position? 

Set Actual position value for single axis 

OpCode=Request 16 bit 

data? 

OpCode=Request 32 bit 

data? 

 

Group call? Update group 

Update single axis 

Group call? STOP0 on group 

STOP0 on single axis 

Group call? STOP0 on group 

STOP0 on single axis 

Group call? STOP0 on group 

STOP0 on single axis 

Group call? STOP0 on group 

STOP0 on single axis 

Change CSPD? 

Change CPOS? 

Change CACC? 

Change CSPD 

Change CPOS 

Change CACC 

Change SATS? 

Change XXX? 

Change TIMAXPROT? 

Change SATS 

Change XXX 

Change TIMAXPROT 

Change LS_ACTIVE? 

Change TERRMAX? 

Change LS_ACTIVE 

Change TERRMAX 

Change ERRMAX? Change ERRMAX 

Send current? 
Send motor current 

for group 
Group call? 

Send current? 
Send motor 

current for axis 

Group call? 

Send CSPD? Send CSPD for axis 

Send CPOS? 

Send position? 

Send speed? 

Send CACC? 

Send IO? 

Send CPOS for axis 

Send position for axis 

Send speed for axis 

Send CACC for axis 

Send IO for axis 

Send speed? 

Send position? 

Send IO? 

Send 

speed for 

axis 

Send 

position 

for axis 

Send IO 

for axis 

Exit 

Start 
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Mechanical checker 

 

Start 

Axistype 

is sector? 

Axistype 

is PPSX? 

Axistype 

is PPSY? 

Axistype 

is PPSZ? 

Axistype 

is DOOR? 

Sector Locked? 

LSN active and negative 

acceleration? 

LSN Active? 

Stuck against endpoint? 

Stuck against startpoint? 

ClearMotionPlanner() 

Stop axis 

ClearMotionPlanner() 

MotionPlanner() 

ClearMotionPlanner() 

Current = 

stuckCurrent 

position = 

endpoint 

position = 

startpoint 

Current = 

stuckCurrent 

Activate Photosensor  

LSP active and 

positive 

acceleration? 

 
Stuck against endpoint? 

Stuck against 

startpoint? 

ClearMotionPlanner(

) MotionPlanner() 

ClearMotionPlanner(

) 

Current = 

stuckCurrent 

position = 

endpoint 

position = 

startpoint 

Current = 

stuckCurrent 

Stop axis 

LSP active and positive 

acceleration? 

 
Stuck against endpoint? 

Stuck against 

startpoint? 

ClearMotionPlanner(

) MotionPlanner() 

ClearMotionPlanner(

) 

Current = 

stuckCurrent 

position = 

endpoint 

position = 

startpoint 

Current = 

stuckCurrent 

Stop axis 

LSN active and 

negative acceleration? 

 

Stuck against endpoint? 

Stuck against startpoint? 

ClearMotionPlanner(

) MotionPlanner() 

ClearMotionPlanner(

) 

Current = 

stuckCurrent 

position = 

endpoint 

position = 

startpoint 

Current = 

stuckCurrent 

Stop axis 

Couch out? 

Couch almost out? 

Set sensors 

Set sensors 

 () 

Couch out of doors? Set sensors 

 

Exit 

Stuck against endpoint? 

Stuck against 

startpoint? 

ClearMotionPlanner(

) MotionPlanner() 

ClearMotionPlanner(

) 

Current = 

stuckCurrent 

position = 

endpoint 

position = 

startpoint 

Current = 

stuckCurrent 

LSP active and positive 

acceleration? 

 

Set sensors 

 () 

LSP active and negative 

acceleration? 

 

Set sensors 
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