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Abstract  

In the last 20 years Industrial X-ray generation was mainly dominated by conventional technologies. Although 
the industry appreciated the evolution towards higher energies (450kV) and recognized improvements for 
dose efficiency, voltage stability and better visualization concepts, there was no breakthrough innovation, 
especially in the stationary X-ray generator segment. Applications were designed around existing X-ray tube 
characteristics and technology adoption proceeded slowly.  Digital technologies are taking over, and digital 
conversion, as a trend, gradually replaces conventional technologies.  X-ray sources including generator, tube, 
cables and other accessories can contribute to the significant productivity gains achieved by digital imaging 
technologies.   

 

Inspired by concepts used in medical x-ray imaging systems, this paper analyses future trends and state-of-
the-art technologies already used in these non-Industrial X-ray generators and how these concepts can be 
exploited and optimized for industrial X-ray systems and applications. 
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1. Introduction 
 

By analyzing and weighing the different technology benefits this paper demonstrates how existing 

industrial applications can be extended and where productivity and probability of detection can be 

increased through newer technologies and how an ideal X-ray generator should look like. As a 
primary design imperative, a single technology platform shall be identified and described as a 

visionary X-ray generator. 

 

The paper highlights how new electronics designs, like MOS-FET-based switching power 
elements, high-frequency operation and new power factor correction concepts along with digital 

regulators and controllers can improve X-ray generation properties including stability, power 

consumption, faster response and size / weight factors. 

 
Furthermore it should be assessed, how state-of-art electronics can assist in on-line diagnostics of 

X-ray tube condition and whether an optimization of X-ray tube characteristics during operation is 

feasible.  Life-time prediction or extension of X-ray components may eventually become a viable 

feature. 
 

Is it fair to question if standard features in the field of medical radiology, like dual energy 

exposures, could become adoptable in industrial radiography.  Perhaps extremely quick switching 

of energies and power levels, as used in medical and security systems, could also help the industry 
to see more defects? 
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In order to fulfill the needs of system integrators any new electronic platform with stronger on-

board CPU power and larger memory could support a variety of industrial interfaces and protocols 

and also serve powerful visualization and user interface concepts. These concepts could drive 

additional applications, or could be viewed as simply nice-to-have.  Lastly, the effect of reduced or 
eliminated maintenance needs for X-ray connections shall be evaluated and its impact to overall 

productivity assessed. 
 

 

2. Industrial Trends 
 

Today the area of radiographic applications, where X-ray generator technologies are used, is quite 

diverse. This investigation focuses on the industrial, non-destructive inspections segment where X-

ray sources (X-ray generator, X-ray tube and X-ray cable) are combined with imaging 
technologies used for radiographic techniques. Applications in X-ray diffraction, security, 

irradiation, calibrations, etc. are not covered in this investigation. 

 

Today, new imaging technologies, mainly for film replacement, but also radioscopy applications 
have demand for high-resolution and high-contrast images. Along with increased wall thicknesses 

and growing complexity of inspected parts, new challenges in digital imaging were imposed. 

 

Today’s production environment requires  high productivity (throughput, short cycle times) and 
seamless integration into different production management systems. In many cases X-ray 

generator technology has been graded as simple power supply technology and imaging 

technologies were on the fore-front.  

New X-ray generator technologies can drive new applications, and make existing applications 
more powerful and robust. 

 
 

3. Technology History and Major Developments 
 

For decades the performance of industrial X-ray generators was limited by the applied rectifier 

technology. Alternating Current (AC) high-voltage (HV) generators are mostly based on a two-
pulse, two-wave rectified power supply concept. This produces a series of voltage bursts rather 

than a constant voltage output.  Another concept is based on constant potential tube voltage, which 

uses Medium-frequency power electronics to rectify and flatten the waveform of the AC voltage 

and supply the tube with Direct Current (DC) voltage.  
 

Constant potential HV generation contributed to higher efficiency in dose generation, so exposure 

times were significantly reduced and image quality drastically increased.  These two technologies 

are well established. Besides optimization and slight adaptions on existing platforms there were no 
significant improvements in new high-voltage generating technology. Enhancements were mainly 

around extending the energy range (>= 450kV) and around user operation and integration.  

 

Tube developments with high specific target power and small focal spots have enabled high-
resolution applications with conventional X-ray setups (mini-focus), but the employed generator 

technology was also facing high-voltage constellations where higher stored energies and lesser 

reserves in X-ray tube performance accounted for more negative high-voltage effects, like arcs and 

flash-overs. The resistance of generators against these effects is a viable driver of system reliability 
and performance. 

 

All in all, industrial X-ray applications over the last 5-10 years were tailored around continuously 

improving imaging techniques by using existing X-ray tubes with given specifications.  With the 



availability of high-current MOS-FETs and multi-stage / multi-core transformer designs using new 
materials (nano-crystalline as magnetic cores) and higher operating frequency, scalable designs 

with breakthrough performance benefits  along with size / weight reduction became possible. 

Together with sophisticated CPU performance and super-fast digital controllers, this new 

technology facilitated the development of new X-ray platforms. 
 

Currently, these concepts are used in ultra-compact medical generators to drive CT and angiology 

X-ray systems. Inspired by this design industrial X-ray generator suppliers need to elaborate how 

this concept can be exploited and integrated into industrial X-ray setups. 
 

Although imaging technologies are comparable, the integration of the X-ray tube is completely 

different for industrial setups (e.g. rotating anode, low energies, ultra high power, intermittent, 

burst operation vs. static anode, high energies, relatively low power and high duty cycle 
operation). 

 

4. Industrial Requirements 

 
4.1 Definition of requirements in industrial inspection applications 

 
In order to understand generator-specific requirements for the “future” NDT generator, research 
has been done to understand the typical needs of most important NDT applications. An application 

map was created and each application was characterized based on the following criteria and an 

application map was populated: 

 Production: what drives the operational / commercial need of doing this application 

 Inspection Standard: what are the normative, regulatory constraints that defines the 

application  

 Imaging Technologies: what are the typical imaging methods and techniques for this 
application 

 Imaging Requirements. what are the qualitative and quantitative image quality benchmarks  
and how can they be achieved 

 Tube Requirements: what are X-ray-tube specific characteristics (energy, focal spot size / 

dimension, power, focal spot stability, focal spot range) that are required to meet 
production, image requirements and the inspection standard 

 Generator Requirements: what are typical parameters for X-ray generators that particularly 

enable and optimize this application  
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 



4.2 Application Table 
 

Table 1. Applications 
 

Type  Segment Application Production 

Requirement 

Inspection 

Standards / 

Requirement 

Imaging 

Technologies 

Imaging 

Requirements 

Tube 

Requirements 

Generator  

Requirements 

                  

                  

Inline 

Inspection 

                

  3D CT               

    Casting, 

Automotive 

100% inspection 

for expensive / 

complex parts 

High throughput, 

24/7 

  

  

Industry specific 

standards, 

determination 

of  faults and 

"function" 

(good/bad) 

  

  

Sufficient 

Penetration 

with low 

energies 

(radiation 

safety, system 

dimensions, 

cabinet…) 

Multi Line 

Detector 

with 3D ADR 

Fast 3D CT 

reconstruction, 

medium 

resolution 

(POD ~ 0,5 

mm) 

Small focus 

High power 

(>10kW)  

Low energy    

Gantry 

capable 

Small foot 

print, low 

weight, 

Fast switching 

cycles, 

High Duty 

cycle, 

On-line 

diagnosis, 

Real-time 

monitoring, 

Fast repair 

(short 

downtimes), 

Standard 

interfaces to 

production 

control system 

  Real Time 

Radioscopy 

              

    Casting, 

Automotive 

100% inspection 

of critical parts, 

linked production 

flow, high 

throughput, 24/7 

Industry specific 

standards, 

determination 

of  faults 

(good/bad) 

Flat Panel 

Detector 

Image 

Intensifier 

(2D 

Automatic 

Defect 

Recognition) 

Medium 

resolution 

Small focus 

High power 

Low energy 

Fast switching 

cycles 

Small foot 

print, low 

weight,  

High duty 

cycle 

On-line 

diagnosis 

Real-time 

monitoring 

Fast repair 

(short 

downtimes) 

Standard 

interfaces to 

production 

control system 

    Weld Not 100% 

inspection (multi-

modality 

inspection), 

medium 

throughput, 24/7  

International 

standards 

Flat Panel 

Detector 

Static shots 

with image 

enhancement 

Small focus 

High power 

Medium 

energy 

High Duty 

cycle 

Standard 

interfaces to 

production 

control system 

Repeatability 

  

    Assemblies 

/ Foreign 

Objects  

100% inspection, 

linked production 

flow, high 

throughput, 24/7 

Customer / 

application 

specific 

Flat Panel 

Detector 

Image 

Intensifier 

Low 

resolution, 

high dynamic, 

high contrast 

(mainly static) 

Small / 

medium focus 

High Power 

Medium / high 

energy 

Fast switching 

cycles 

High Duty 

cycle 

On-line 

diagnosis 

Real-time 

monitoring 

Fast repair 

(short 

downtimes) 

Standard 

interfaces to 

production 

control system 

                  

         



 

Type  Segment Application Production 

Requirement 

Inspection 

Standards / 

Requirement 

Imaging 

Technologies 

Imaging 

Requirements 

Tube 

Requirements 

Generator  

Requirements 

                

 Offline 

Inspection 

                

  Real Time 

Radioscopy 

              

    Casting, 

Automotive 

Flexible use, 

different  parts 

with different 

sizes and 

characteristics 

Industry specific 

standards, 

determination 

of  faults 

(good/bad) 

  

Wider range of 

penetration 

power for 

different  parts 

characteristics  

  

Flat Panel 

Detector 

Image 

Intensifier 

(Automatic 

Defect 

Recognition) 

Medium 

resolution, in-

motion and 

static (with 

image 

enhancement) 

Small focus 

High Power 

Low - medium 

energy 

  

  

Medium - High 

Duty Cycle  

Easy to use, 

intuitive 

operation 

    Assemblies 

/ Foreign 

Objects  

Flexible use, 

different  parts  

Customer / 

application 

specific 

Flat Panel 

Detector 

Image 

Intensifier 

Low 

resolution, 

high dynamic, 

high contrast 

(mainly static) 

Small / 

medium focus 

High Power 

Medium / high 

energy 

Medium - High 

Duty Cycle, 

Easy to use, 

intuitive 

operation 

    Composite Flexible setup, 

handling of larger 

parts 

Industrial 

standards, 

customer 

specific  

requirements 

Flat Panel 

Detector 

Image 

Intensifier 

Medium 

resolution, 

high contrast, 

static  

Small focus, 

high power 

Low energy 

High current 

Medium duty 

cycle, 

Easy to use, 

intuitive 

operation 

  Film 

Replacement 

              

    Castings,  

Weld, 

Aviation 

100% inspection, 

manual 

loading/unloading, 

medium 

throughput 

MAI,  industrial 

standards 

Computed 

Radiography 

Flat Panel 

Detector 

High 

resolution,  

high contrast, 

additional 

magnification  

Small focus, 

high power, 

low - high 

voltage 

Medium Duty 

Cycle 

High Energies 

Easy to use, 

intuitive 

operation  

    Castings, 

generic 

Additional 

productivity, 

reduce exposure 

times 

Industrial 

standards / 

customer 

specific 

Computed 

Radiography 

Flat Panel 

Detector 

Medium 

resolution 

Medium focus, 

Low - high 

voltage 

Low Duty 

cycles 

High energies, 

Easy to use, 

intuitive 

operation 

    Weld  Additional 

productivity, 

reduce exposure 

times, reduce 

dose  

International 

standards 

Computed 

Radiography 

Flat Panel 

Detector 

Low to High 

resolution 

(depending on 

wall thickness 

and material 

density) 

Dual focus  Low Duty 

cycles. 

High energies, 

Easy to use, 

intuitive 

operation 

                 

  3D CT               

    Casting, 

Automotive 

  

Casting, 

Composite, 

Aviation 

  

Prototypes, 

Random samples,  

production ramp 

up qualification, 

low throughput 

(scan times up to 

8 hrs) 

Detailed 

determination 

of faults 

(location, size, 

etc) 

Characterization 

of process 

parameters / 

materials, 

analysis of 

interaction 

between 

components 

(form, fit, 

function) 

Line 

Detector 

and/or  

Flat Panel 

Detector 

  

High 

Resolution 

(POD <0,1 mm) 

  

Small focus 

(ranges 

between 

micro- and 

mini focus 

spot), 

Medium to 

high-voltage 

  

For 

composites, 

low voltage 

  

  

Multi 

Filaments to 

drive mini-

focus tubes 

Long Term 

stability 

Reproducibility 

    Metrology Prototypes, 

Random samples,  

low throughput    

Exact 

measurements 

of complex 

parts and 

determination 

of faults 

Line 

Detector 

High 

Resolution 

(Measurement 

uncertainty < 

0,01mm) 

Small focus 

(stable 

geometry of 

focal spot 

characteristics) 

Long Term 

stability 

Reproducibility 

 



Type  Segment Application Production 

Requirement 

Inspection 

Standards / 

Requirement 

Imaging 

Technologies 

Imaging 

Requirements 

Tube 

Requirements 

Generator  

Requirements 

                  

  Film 

Radiography 

              

    Weld  Off-road, field 

inspection, large, 

heavy 

components 

Large Wall-

thickness  

Reduce  exposure 

times 

  

International 

standards 

Film Low to High 

resolution 

(depending on 

wall thickness 

and material 

density) 

Medium large 

focal spot, 

High power 

Medium to 

high voltage 

Low duty cycle 

Low ripple 

Robust, 

Ruggedized 

 

  

                  

 

 

4.3 Prioritization of Requirements 

 

The targeted design of the visionary X-ray generator should be able to support different 

applications with one core platform.  The flexibility of the X-ray generator platform to cater to as 

many as possible applications and that the simple integration into application specific equipment 

(3rd-party control, manipulation and handling systems) becomes more and more vital. 
 

Common to all in-line systems: 

- High power, high duty cycle, fast energy switching capability 

- On-line diagnosis 

- Simple integration in production backend (mechanical, electrical and as well as for data 

management) 

- Reliability of generator and protection of tube and accessories 

- Serviceability 

 

Common to all off-line systems: 

- High power, medium duty-cycle, good reproducibility and accuracy of voltages 

- Excellent usability, simple operation 

- Reliable  

- Rugged and robust 

 

In addition to application specific requirements, commercial aspects such as global certification for 

compliance with major electrical and safety standards and low operating costs were noted as 

important, requirements. 
 

 

 

5. Features and benefits of new technologies 
 
Per the design objective, a holistic design approach has been selected, so the ideal visionary 

generators should be able to fulfill all requirements in one configurable product from one platform. 

 
The table below addresses all major features and benefits for each design area and how they help 

solving the application needs. 

 

 
 



 
 

 

 

 

Table 2. Features and Benefits  
 

Area Feature Benefits 

Reliability State-of-the art scalable, high-

frequency MOS-FET driven, power 

electronics designed & dimensioned 

for industrial operations 

Multi-stage, multi-core High Voltage 

elements 

High duty cycle and intermittent operations, fast reaction, 

recognizes tube performance hick-ups and protects electronics 

 

Scalable high-voltage design with space optimized high-voltage 

elements 

  Modular design Reduced interaction between power electronics / high voltage 

elements; lower risk of shut-downs 

 Scalable design Same power electronics can be used for low and high energy 

versions,  

Stackable generators   

  Long term stability  kV / mA does not fluctuate over time (high resolution CT scans, 

designed  for continuous operations (> 10 hrs ) 

  X-ray tube care programs 

(automatic, extended, special warm 

up) 

Special warm up programs, 

Optimizes tube performance, extends tube life-lifetime 

  Tube response monitoring Monitors and records all high voltage events (arcs, flash-over) 

  Fast Digital Controller  supports fast detection of  abnormal events and instantly cuts 

off to protect tube and generators 

      

Safety & 

Compliance 

    

  Integrates all safety relevant 

mechanisms 

Inherent primary safety features, fail-safe design of primary 

safety circuit, secondary safety features configurable for region 

specific standards 

  Certifications for major markets 

CE/UL/CSA 

Global customer base, focus on OEMs / System Integrators  

  Clear visualization and unmistakable 

control & guidance for user 

controlled operation  

Large wide color screen, resistive display,  immediate display 

and easy interpretation of critical messages 

Operation with gloves possible 

  Fail safe design System critical functions are designed for fail-safe design (E-

Stop, Remote Connection, warning lamps, etc.) 

   

Performance     

  Nominal Power 4500W, 45mA 

Reserves for 6000W, 60mA 

Drives all known “sealed” industrial X-ray macro-focus and mini-

focus tubes, including high power tubes 

  Energy (10 – 600kV) Extends the range to high energy applications for penetration of 

thick-walled materials 

  Fast Ramp Up Time  Power electronics is capable to change settings in milliseconds, 

Allows fast inspection cycles in in-line production environment 

(only tube is limiting factor) 

 

Enables fast energy switching as new method for inspection 

  Fast Digital Controller  Keeps key parameters stable: reproducibility, accuracy and dose 

stability, fast reaction on system entries and system 

abnormalities 

  High performance air cooling of 

power electronics 

No need to have water cooled option, simplifies installation  

      

      

Flexibility     

 Different High Voltage Plug options 

(R24, ,Maintenance Free, others ) 

Supports X-ray tubes and cables of the major makers 

  Multi-Filament Transformer  drive conventional X-ray tube but also grid-controlled X-ray tube 



 Solid or sealed HV tank No spillage, transport and operation independent from 

orientation 

      

Serviceability     

  Field Replaceable Units (FRU) 

Concept  

Quick replacement of main , short downtimes,(for simplified 

spare parts management, fast turn-around-time) 

 

Area Feature Benefits 

  Simplified diagnostics All measure points accessible from one side  

Fast error interpretations, download per USB stick or per https 

server 

External diagnostic tools for faster troubleshooting 

 

Options for wireless-remote monitoring (UMTS modems) 

  

  Weight reduction (50% of 

comparable X-ray generators) 

Handling much easier 

   

Cost of 

Ownership 

    

  Installation with Terminal Blocks Fast setup / replacement time 

  Assisted X-ray tube characteristics 

recognition and digital parameter 

adjustments 

Quick installation procedure 

  Less or zero maintenance for X-ray 

tube / cable setup with 

maintenance-free designs generator, 

cable and X-ray tubes 

to minimize preventive maintenance efforts, 

reduce down-times to minimum  

      

Diagnostics     

  Improved CPU platform , On-line 

monitoring and data recording of 

relevant system parameter  

Better fault interpretation 

Statistical data collection 

 

In future: statistical data analysis and predictive monitoring 

      

Ease of 

Integration 

  

  

    

  Solid or sealed HV tank No spillage, transport and operation independent from 

orientation 

 Low weight / small footprint Support integration in production machines and even 

withstands centrifugal forces in CT gantry setups 

 "Classic Mode"  Downwards compatibility of interfaces and electrical 

configurations 

  Industrial interfaces via TCP/IP  "state-of-the art "system integration using standardized 

industrial protocols  

  SW integration via library based 

design 

More flexibility in system integration, OEM is not bounded to 

proprietary protocols 

  Slightly smaller footprint, reduced 

weight 

 Gantry capable, reduced floor space  

  Power Factor Correction Simplified installation conditions. 

Less power consumption, high efficiency of power usage, single 

phase mains input, 

wide range of supply voltage acceptable 

   Tube database All known standard tubes, with individual characteristics and 

operating instructions are stored and selectable via menu / via 

interface 

      

 
 

 



 
 

6. Conclusions 
 

As imaging technologies are improving and defining the inspection standards, X-ray tube and X-

ray generator technology were seemingly downgraded in their relative importance for system 

designers. 
 

X-ray generator manufacturers need to understand where specific value can be added to the 

imaging chain.  By analyzing the application needs, especially in regards to the characteristics of 

imaging technology and the interaction with the X-ray source, it is possible to gain a deeper 
understanding of system integrator-related challenges in typical in-line or off-line environments. 

The design focus still lies on utmost flexibility and additional performance for all attributes 

without any compromise in reliability.   

 
Ideally, a core generator can cater to many applications with uniform hardware that is scalable so 

that a bare-bone platform can be configured and upgraded with different options – even in a post-

installation stage. A deeper integration into the imaging chain and extensive use of processing 

power for new applications such as tube-monitoring and optimization will be key differentiators. 
 

 


