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Real time FPGA-based seam finder for EBW facility 

Mikhail M. Sizov, Alexandr A. Starostenko, Alexandr S. Tsygunov, Alexey M. Medvedev 

 
We present an approach to build of real time continuous seam finder module with waveform 

generator (arbitrary signal can be generated), which allows automatic coordinate correction within 2ms 
on the go. Module is made for electron beam welding facility developed at Institute of nuclear physics SB 
RAS.  

Hard real time subsystem is implemented on hybrid CPU+FPGA architecture. ADC data from 
secondary emission electrode processed with program written on domain specific language Caph 
(program calculates seam position within 20us). 
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Introduction 

Budker Institute of Nuclear Physics has series of 
electron beam welding facilities (EBWF) which are 
successfully used in experiments (e.g. making 
hafnium carbide [1]) and low series production (one 
example is manufacturing of vacuum chambers for 
FAIR project [2]). The largest of all is a facility that 
has cylindrical vacuum chamber 3.5 m  long and 0.98 
m diameter, it has a coordinate table inside with 
achievable area of 1970 × 300 mm. Electron gun’s 
acceleration voltage is 60 kV and power of its beam is 
up to 60 kW. It has two fore-vacuum pumps, and three 
turbomolecular pumps (one of them is in the electron 
gun). Emitter is direct heated tantalum cathode and 
magnetic coordinate system has two pairs of 
correctors, which can deflect beam in two dimensions. 
Secondary emission electrode is located below 
electron gun and could be used for constructing of a 
height map of sample welded or as a seam finder.  

Problem statement 

One of the tasks which facility is designed for is 
long samples welding made of titanium, aluminum or 
steel. We have stationary electronic gun, thus 
coordinate table moves the sample. Systems operator 
enters sequence of coordinates and parameter values 
at key points such as current of heater, corrector coils 
or anode. Welding needs two or more points on 
sample to make a seam. Operator has to position 
properly at each point. To achieve this, user turns on 
electron beam with low heater current, then 
commands corrector coils to deflect beam across the 
seam. Electrons reflect from surface and some of them 
hit secondary emission electrode. If data from 

electrode is synchronized with deflection angle, then 
relative heights of sample could be estimated and 
shown to user. Aside from that mechanical 
movements produce vibrations and heat from electron 
beam can bend parts of sample which would result in 
missing the seam (as we have samples about 2 meters 
long, small deformation in the beginning would result 
in missing the seam at the end of sample). 

To sum up, we address two problems: 
Making a system that would generate scanlines in 

corrector coils and synchronously process data to 
estimate a height map.  

Development of a system that will find seam while 
welding runs and automatically deflect beam using 
correctors to mitigate vibrations and sample 
deformations. 

Requirements for seam finder system 

EBWF has hundreds of IO channels; about dozen 
of them need hard real time and must be 
synchronized. This list includes devices such as 
corrector coils, seam finder and coordinate table. 
Unlike CNC routers where delays between commands 
are not critical, each unplanned delay would result in 
bad quality of seams. On the other hand, channels 
such as vacuum, power supply and anode corrector 
coil current are set before welding begins and usually 
don’t change in process, so they can be controlled 
with a soft-real time software. Therefore, global 
control system must have a way integrate seam finder 
subsystem. Another issue is the complexity of writing 
software, as development of synchronized hard-real 
time system needs specific qualifications of software 
engineer. 
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Fig. 1. Block scheme of hardware of welding facility.

General overview of control system 

To process hard-real time signals, we propose 
using hybrid CPU + FPGA (Field-programmable gate 
array) architecture as the hardware basis of such 
systems. These architectures (Intel’s Cyclone V and 
Xilinx’s Zynq) have ARM dual-core Cortex-A9 CPU, 
FPGA and memory management unit on a single 
silicon dye. FPGA and CPU connected via standard 
AXI memory-mapped interface. Development of 
software using FPGA allows developer to write hard-
real time system (i.e. a system that guarantees to react 
on inputs change within fixed time). The reaction time 
of such system easily calculated from code and clock 

frequency. FPGA is connected the rest of control 
system via standard AXI bus. AXI pushes data to 
ARM core where conventional software provides data 
to control system. Such software can be written using 
almost any high-level language as ARM code can run 
Linux, which has many compilers available. 

On the Fig. 1, our current setup presented. DE10-
Nano is a development board that features Cyclone V 
CPU+FPGA, 1GB of RAM, on-board ADC, Ethernet, 
USB. We chose to use it in our production lines as its 
ready-to-use, easily replaceable, have standard 
connectors and communication interfaces. Its GPIO 
connected to FPGA pins and Ethernet with USB 
connected to CPU pins. 



 

“Е+Е”, vol. 53, 5-6, 2018 147

ARM core loads Linux from microSD card, which 
in turn auto loads main control system of welding 
facility. Signals which don’t require hard-real time 
like vacuum, power supply and others are controlled 
by control system via Ethernet. Control system 
software is cross-platform and can be run/tested on 
ordinary desktop PC (only exception is the code that 
flashes FPGA and reads data from FPGA mapping in 
physical memory). Devices which are crucial to 
quality of seam welded (coordinate table, DAC/ADC 
for corrector coils and secondary electron emission 
electrode) are controlled from FPGA side. 

FPGA Software 

FPGA can process data in parallel - different 
subsystems run simultaneously, each of subsystems 
constructs a pipeline. Thus, time needed for data 
processing (and react to inputs) is the largest of 
pipeline latencies, which is fixed and could be easily 
calculated. Hybrid FPGA’s have 20 - 300K of logic 
elements, 1 - 12 Mb of memory blocks, 25 - 300 DSP 
blocks which altogether allow implementation of 
complex algorithms. 

Scanlines subsystem.  

We started with implementing of scanlines 
subsystem. Scanlines not only help to reconstruct 
surface of sample, but also change seam quality. 
When beam deflection is modulated, energy 
distribution on surface changes, which result in 
changes of depth of joint, amount of metal, melted. 
Subsystem should provide ability to form scanlines of 
arbitrary waveforms.  

To form scanline we implemented buffer on FPGA 
side, which stores waveforms of 500 points for each 
of the corrector coils. When electron beam is present, 
system repeatedly writes values to DAC. DAC output 
offsets magnetic field in corrector coils, forming 2D 
scanline primitive - line, circle, cross or other. From 
our experience, triangle wave scanline is good for 
height reconstructing and produces weld joints of 
better quality than without modulations. 

To reconstruct heights on surface we need to read 
value from ADC (voltage proportional to secondary 
emission electrode current) and correlate it to value 
that was sent to DAC at that time. At the same time, 
CPU continuously reads ADC data from FPGA and 
draws height map in the user interface. 

Seam finder subsystem 

As it was mentioned earlier, control system should 
track seam while weld process runs. FPGA has all 
necessary data to find a seam - it receives heights 

from secondary emission electrode, coordinates of a 
sample (Fig. 2). 

 
Fig. 2. Examples of scanline waveforms. Triangle wave, 

piecewise linear wave, cubic wave. 

It also has ability to offset corrector values the 
same way as the scanline formed.  

While system has high heating current (and 
powerful beam), most energy should be dissipated on 
the seam, so we use scanline with low amplitude. 
Once in a few scanline cycles (every 2 ms) seam 
finder’s state machine in FPGA sets scanline with 
high amplitude ahead of melting point, ADC data 
from this wide scanline is processed by algorithm 
written in dataflow language Caph and finds 
difference between center of scanline and seam and 
offsets low-amplitude scanline.  

Caph [3] is a high-level domain specific language 
which translates to VHDL. Dataflow paradigm 
utilized in this language exploits true parallelism of 
FPGA and ability to construct pipelines. Processing of 
sample heights starts with reducing of power noise. 
Median filter removes spikes and a low-pass filter 
reduces high frequencies to improve signal-noise 
ratio. Then we use convolution with predefined curve, 
‘standard seam’ to find a seam with maximized 
likelihood. Result of this algorithm is acquired within 
20 us, which is lower than reaction time of equipment 
to current change in corrector coil (about 40 us). 

Conclusions 

In this project, scanline generator was 
implemented with hybrid CPU + FPGA architecture. 
It features ability to set arbitrary waveforms and 
provides relative heights of welded sample to main 
control system. Systems operator uses data acquired 
during scanlines to properly set welding points. 
Arbitrary scanlines support various experiments on 
quality of seams. In addition, seam-finder module was 
developed using domain-specific language Caph. 
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Module compensates difference between seam 
position and center of welding scanline within 2 ms. 
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