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Synopsis 
 The work presented in the thesis deals with the development of a number of high 

voltage power converters / supplies, viz. 20 kV, 22.5 A; -30 kV, 3.2 A; -40 kV; 5 A for the 

K 500 Superconducting Cyclotron and other project at VECC, Kolkata. In the present 

dissertation, several topologies, e.g., switching type, high voltage tetrode tube based linear 

regulator type, primary phase angle controlled by using SCRs were studied for the 

development of high voltage power converters for the cyclotrons at VECC. Subsequently, 

their design and development was carried out and then the converters were coupled to the 

cyclotrons at VECC. Their performances have been satisfactory even after 6 years of 

continuous operation. The performances of the conventional power supplies are required to 

be improved as demanded from load end which is carried out by adopting PSM topology as 

being a latest and emerging technique. Generally, the conventional power converters are 

larger in size and contain high stored energy. Hence, rf tubes need to be protected against 

excessive energy dissipation during internal arc fault for which a crowbar protection 

system is required to be implemented. However, in PSM based high voltage power 

converters, no additional device is necessary for the crowbar protection. This is because the 

PSM technique uses high frequency switching in each power module which requires very 

low capacitors and results in very small stored energy. A Digital Signal Processor (DSP) 

based controller is developed indigenously which has less susceptibility to environmental 

noise that results better regulation, stability and control. 

The design and development of these high voltage power supplies (HVPS) require 

lots of efforts for (i) finalizing the appropriate topologies to meet the requirements, (ii) 

design of appropriate control architecture, (iii) design of HVPS based on available 
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components including interlocks and protection system and finally (iv) completely new 

development of a HVPS of rating -40 kV, 5 A using PSM technique which would allow us 

to meet the design goals in a much more efficient and safe way. It may be mentioned that 

many of these converters could have been commercially procured but the prohibitive cost, 

the long term maintenance issues and minimizing of machine down time are the factors that 

have led to the decision to develop the new technology. In absence of enough detailed 

literatures on these converters, the developments become an intensive R&D which involves 

detailed study, work out of the design, prototype fabrication before finalizing the actual 

unit of power supply and finally the development, testing and commissioning of the high 

voltage power supply. Further, we believe that these developments have certain unique 

aspects that are novel in the sense those were done differently in the commercially 

available converters. 

The present thesis consists of six chapters whose main contents are described below. 

Chapter-1 is the introduction that contains discussion on various aspects of the high 

voltage regulated power supplies along with their control. The needs for the improvements 

as demanded by the various applications are worked out which created the motivation for 

the present research work. A part of the chapter is also dedicated to literature survey that 

brings out the present state of the art development in this field.  

Chapter-2 contains the detailed description of design, fabrication and testing of a 

high voltage power supply rated at 20 kV, 22.5 A (output power 450 kW) along with 

ultrafast crowbar protection system. The Radio Frequency system of K 500 

Superconducting Cyclotron (SCC) at VECC consists of 3 nos. of rf cavities (dee) separated 

at 120o apart in the median plane. Each cavity is designed for 80 kW rf power to produce 
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dee voltage of 100 kV in the operating frequency range of 9-27 MHz. To produce such a 

high voltage, each cavity requires individual tetrode tube (Eimac 4CW150,000E) based rf 

amplifier.  

The power supply rated at 20 kV, 22.5 A has been being used to feed power to the 

anodes of all three tetrode tubes based rf amplifiers for K  500 superconducting cyclotron 

(SCC) at VECC campus. All the three tetrode tubes are protected by a single ignitron based 

crowbar protection system against internal arcing fault in any of the tubes. The tubes are 

very much prone to undergo internal arcing and energy deposition in the tube during 

internal arcing must be restricted to the value specified by the manufacturers. In order to 

minimize the deposition of energy, a very specialized technique is adopted that diverts the 

energy through an ignitron followed by tripping the input power. A technique has been 

designed for fast sensing of the arc current and initiating the triggering of a high voltage 

ignitron within 5 μs in order to limit the energy deposition which is called crowbar 

protection. The wire burn test was performed for confirmatory test of the crowbar 

protection system, a special technique to simulate the actual deposition of stored energy. 

This chapter presents the salient design features, simulation, in-house development and 

technical challenges during the testing of the high voltage anode power supply and crowbar 

protection system for the rf amplifier tubes. 

Each tetrode tube requires individual dc power supplies for biasing its electrodes: 

anode, screen, grid and filament with respect to grounded cathode. All these power supplies 

are designed, fabricated and tested along with Local & Remote controls, ON/OFF 

sequencing together with the interlocks & protection. The ratings of the power supplies are:  

filament power supply 16 V, 220 A, grid power supply -500 V, 0.1 A with 100 ppm 
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stability, screen power supply 1600 V, 500 mA with 60 ppm stability and a high voltage 

anode power supply rated at 20 kV, 22 A for the anodes of three tubes. 

In Chapter 3, the development of a negative polarity high voltage power supply (-30 

kV, 3.2 A) required for biasing the electrodes of Inductive output tube (IOT) based rf 

amplifier test stand working at 700 MHz in continuous mode has been presented.  

The development of multi-cell (5 cell) medium-β Superconducting rf linac cavity has 

been taken up at Variable Energy Cyclotron Centre (VECC), Kolkata, as a part of Indian 

Institutes - Fermi Lab, USA collaboration. For this the design and development of a high 

power (~60 kW at 700 MHz in CW mode) rf amplifier has been taken up based on 

Inductive Output Tube (IOT). For this, a set of dc power supplies for biasing the IOT has 

been developed, installed and tested. 

High voltage power supply (HVPS) of rating -30 kV, 3.2 A is designed and developed 

for biasing IOT Cathode. A back to back primary SCR based phase angle controlled 

topology is utilised for voltage regulation. The crowbar protection system is implemented 

which is more complex in negative polarity power converter. The complicacy in 

implementing the crowbar protection by using ignitron (NL7703) is also addressed with the 

solution. Testing of the crowbar system is done by using wire burn method. Other auxiliary 

power supplies are used for grid, filament, ion pump, focus coil. The power supplies for 

grid, filament and ion pump of IOT are with respect to the cathode which is floating at high 

voltage. So, these power supplies are placed at a high voltage deck and parameters control 

and monitoring are done through a PLC based system. A high voltage deck is specially 

designed by using insulating material with metallic enclosure having isolation ~40 kV to 

house these power supplies. The electrical power is fed through an Isolation Transformer of 
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isolation 40 kV. These power supplies are controlled by a PLC, which communicates 

through an Optical Fibre link to the PC. 

Chapter 4 is dedicated mainly to the development of a  high voltage power supply 

based on state of the art pulse step modulation (PSM) technique for ~60 kW continuous 

wave (cw) rf amplifier based on Inductive output tube (IOT) TH793-1 operating at 700 

MHz. For a nominal beam bias, cathode requires a high voltage power supply (HVPS) of 

rating -40 kV, 5 A is considered for design and development. The present development is 

aimed to utilise a modern technique meeting all the important criteria, i.e., solid state based 

modular construction, small size, crowbar-less design, reliable operation, voltage regulation 

with higher efficiency, fast response and most importantly easy servicing. In this chapter, 

the design details and test results of high voltage power supply (HVPS) by using DSP 

TMS320F28335 as the main controller has been presented. 

Inductive output tube (IOT), a hybrid of klystron and triode, has advantages in term 

of better linearity and efficiency over klystron and in terms of gain over tetrode tube. IOT 

requires several power supplies for biasing its electrodes. High voltage power supply for 

cathode is one of the important which should have voltage regulation better than 0.5% and 

low ripple. The high voltage power converter (rating -40 kV, 5 A) is designed and 

developed by using Pulse Switch Modulation (PSM) topology, a latest technique required 

to fulfil most of the designed features. PSM based high voltage power supply consists of 

several switched type power modules (SPMs) and the output voltage is obtained by adding 

the output voltages of each SPMs in series and modulating their pulse widths and phase 

delay time. This results into very low ripple voltage at higher frequency which ultimately 
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requires very small filter capacitor resulting into very low stored energy. Thus PSM based 

power supply does not require a separate crowbar protection system.  

The high voltage power supply (HVPS) consists of 60 switched power modules 

(SPMs) and two resin cast air cooled multi-secondary transformers, each having 30 

secondaries star-connected, 3-phase, line voltage 580 V, 50 Hz to power each SPM 

individually. The primary connection of one transformer is delta and other is star for 

providing 12 pulse rectification features when both transformers power equal SPMs. Solid 

state based SPM uses an IGBT in series as a buck converter with a typical output voltage of 

around 780 V at a fixed duty cycle of 80% at switching frequency 5 kHz. The operation 

involves switching-on the required number of SPMs till a set value of output voltage is 

arrived. The output voltage finer setting and regulation is accomplished by pulse width 

modulation (PWM) of 2 SPMs with variable dc voltage. A DSP based control system is 

developed in order to ensure the trouble free operation of the power supply as well as 

option for future upgrade without much change in hardware.  

For biasing an IOT, auxiliary power supplies for filament, grid and ion-pump are 

needed with respect to cathode which are kept at high voltage deck at 50 kV isolation and 

powered by a resin cast isolation transformer of isolation voltage ~50 kV. Two Ethernet 

optical fibre media converters connected to a PLC through 5 m long optical fibre link for 

their controls and communications. Focus coil power supply is with respect to the ground 

level so, it is easy to control. 

Chapter 5 describes the study on harmonics and EMI, their basic concepts of 

generation and side effects. Electromagnetic interference (EMI) becomes a major concern 

for high power SMPS power supplies and various types of motor drives in electrical field. 
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It causes conducted and radiated EMI noise which creates nuisance for other electronic 

equipment. Electromagnetic compatibility (EMC) is the ability of any electronics systems 

to function without causing or experiencing performance degradation due to EMI produced 

nearby. 

Chapter 6 contains the conclusions and perspective of high voltage related work to 

be carried out at VECC in future. 
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CHAPTER 1 

Introduction 

1.1 Background  

High voltage dc power converter (supply) is one of the key components for 

electrostatics applications extensively used in the field of Accelerators, defense, consumer 

markets and various industries. Industrial processes, for example, require significant 

performances and operational conditions to enhance the productivity and to improve the 

quality at reduced cost which prompted for further advancements with improved features. 

In accelerators, the high voltage power supplies (HVPS) at high power are required for 

various tubes i.e. Klystron, Tetrode tube, Inductive output Tube (IOT) based rf amplifiers. 

These are primarily used to produce high electric field at radio frequency that is 

synchronized with the speed of beam. Some other major applications of high voltage power 

supplies involve capacitor charging, missile firing, fabric industries, ESP and many other 

industrial applications. 

The Variable Energy Cyclotron Centre at Kolkata is a premier institute for nuclear 

science having excellent infrastructure for advanced research and development in 

accelerator technology. Room temperature K 130 cyclotron was first indigenously 

developed in India during 1977 and since then variety of activities have come up, such as, 

extraction of heavy ion beam with external ECR, Medical Cyclotron, radioactive ion beam 

(RIB) facility and many other activities related to material science ADS, detector etc. 

Radioactive Beams (RIB) are indispensible tools for nuclear science to study structure of 
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unstable nuclie. Several components of RIB facility have already been tested and installed. 

VECC is setting up a medical cyclotron to produce proton beam with energy up to 30 MeV 

and current up to 350 µA to produce various isotopes for medical applications. The 

cyclotron will also be used for R&D in material science and to settle the various problems 

related with handling of high beam current on ADS related components. Apart from that, 

VECC is also involved in the studies on using cyclotrons to achieve high power proton 

beam, development of high current at low energy part of the accelerator to settle various 

space charge related problems and R&D on superconducting cavities. With the vast 

experience and expertise in accelerator technology, the challenging tasks of constructing 

superconducting (SC) cyclotron and their different systems have been executed. This 

cyclotron has already delivered internal beam and some modifications are underway to 

achieve external beam. The SC cyclotron consists of assembly of various subsystems such 

as cryogenics systems, magnets, rf system, ion source, injection and extraction system, 

vacuum, control systems, beam transport, data processing systems etc. For the rf systems, 

high power and high voltage power supplies are needed for producing high electric field at 

very high frequency.  

The power supplies are the major components for any sub-systems of accelerators, 

i.e., rf system, main magnet, various other beam-line magnets and ECR. Performance and 

beam quality of any accelerator depends on the quality of the power supplies. As the 

advancement in the technology is going on, more and more accelerators are coming up and 

accordingly the demand of high voltage power supplies with improved performance have 

been also increased. Considering the high demands of custom built high voltage power 
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supplies, it was very important for in-house development so that any further improvement 

in future can be easy to incorporate.  

For high voltage dc power converter, switching technique is adopted mainly for 

improved efficiency, faster response and good power management [1]. But on the other 

hand, it produces noise which is very much vulnerable for most of the applications. 

Switching at higher current produces more EMI and noise level and thus at much higher 

power, the noise level could be a very serious issue. In order to minimize the noise level, 

soft switching technique can be applied [2, 3]. But it has some limitations which may not 

be very useful for a power supply of higher power. For very high power at high voltage, 

Pulse-Step Modulation technique (PSM) can be adopted utilizing the switched type 

modules. In this scheme, there are several modules of small power rating which are 

switched at some fixed time delay between one to another and finally their output voltages 

are connected in series to attain requisite voltage. A part of the work reported in the thesis 

is on the design and development of a high voltage power supply rated at -40 kV, 5 A 

based on PSM topology. 

1.2  Power converter topologies: switching and PSM 

Transformation of dc voltage from one level to other level is accomplished by a dc-

dc converter. There are various schemes of dc-dc converters which involve the 

combination of power components along with control electronics for regulations and 

protections. Linear type power converter has very specific range of applications due to its 

inherent limitations in efficiency due to higher dissipation and non-availability of high 

voltage components. On the other side, switching type converter topologies are widely used 

in the dc power converters in various schemes [1] because of its inherent
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advantages and faster response. The switch-mode operation results in low power 

dissipation as it operates either in switch-on or switch-off mode. Due to switching at high 

frequency, the filter capacitor requirements are greatly reduced which makes it very 

compact and efficient. Each module is a buck type switching regulator used in PSM based 

high voltage power supply. 

 

Figure 1-1: Schematic diagram of buck type switching regulator 

The configuration of buck type switching regulator is shown in   Figure 1-1 where IGBT is 

used as a regulating element and regulation is achieved by varying the duty cycle. In this 

configuration, the output voltage is directly proportional to the duty cycle [1, 4]. 

dd
s

on
t

t

t

d
s

DVV
T
t

dtdtV
T

V
s

on

on

==











+= ∫∫ 01

0
0  

Where Vo denotes output voltage, D duty cycle and Vd is Input dc voltage. 

However, these benefits of switching power supplies come at the cost of higher complexity 



Chapter 1:1.2 Power converter topologies: switching and PSM 
 

 

18 
 

and electromagnetic interference (EMI) and switching losses. Further, due to high-

frequency switching, the size of the isolation transformer and passive components in the 

filter are drastically reduced. Fast response, smaller size and lower cost are the other 

important features of switching power supplies. 

 

Figure 1-2: Block diagram of a switching type dc-dc power converter. 

There are various other configurations of Switching regulators, i.e. Boost converter, 

Forward converter, Push-Pull type, half bridge, full bridge etc. In some configurations, a 

high frequency transformer is used to step-up or step-down the voltage. A block diagram of 

a typical switching type dc-dc regulated power converter is shown in Figure 1-2. Increase 

in switching frequency will increase the noise as well as switching loss. These 

shortcomings can be minimized by implementing soft switching technique. Soft switching 

normally uses a resonant circuit consisting of L-C which is tuned to operate at certain 

frequency matching with the switching frequency. 
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   Hard switching at higher voltage or current will contribute more switching loss and 

EMI generation. In soft switching, either voltage or current in the switching elements are 

made zero at the time of switching transitions which automatically reduces the switching 

loss as well as noise generation considerably [2-4]. It may be accomplished in two ways- 

Zero-voltage-switching (ZVS) and Zero-current-switching (ZCS) which collectively is 

called soft switching. In ZVS, switching takes place when the voltage across it is zero and 

in ZCS, switch occurs when current through it is zero [3]. 

 

                   Figure 1-3 : dc-dc power converter with soft switching scheme  

There are several schemes for soft switching and a typical soft switching type dc-dc 

converter is shown in Figure 1-3. In this, the resonant frequency of combination of L and 

C is matched with the switching frequency. In switching type dc-dc power converters, 

passive turn-on and passive turn-off snubers are used to damp the rate of rise of voltage and 

current and clamps the overshoots during switching transitions. It helps in reduction of the 

switching loss in the components as well as noise.  
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In order to utilize the advantages of switching regulators for a high power and high 

voltage power converters, Pulse-Step Modulation (PSM) topology is adopted utilizing state 

of the art technique. Multiple switching modules based on buck type converters are used 

with phase shifted switching pulses which make the PSM based high voltage power supply 

a modular and compact. Due to high frequency switching, lesser capacitors are used and 

thus low stored energy. The modules are switched on one after another at a fixed time 

delay and any voltage level can be set to the rated voltage can be obtained just by switching 

on required number of series connected modules. 

Each module consists of a series connected IGBT as buck converter and switched at a 

fixed frequency. The frequency is selected according to the switching characteristic of the 

IGBTs used in the modules which is trade-off between faster response and smaller filter 

versus the switching loss. The regulator would be dynamically adjusting the pulse width to 

control the output voltage. One another IGBT in parallel at output is connected which is 

used during switch off the module to discharge the stored energy very fast. An L-C 

(inductor-capacitor) filter is used with a free-wheeling diode at the output. The devices that 

ultimately apply or control the high voltage to the rf sources must be located as close as 

reasonably possible to the rf sources to minimize the energy stored in the high voltage 

cable between the controlling device and the rf source, thereby reducing the energy that 

could be deposited into the tubes [5, 6] during internal arcing fault condition. 
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1.3 Research motivation 

The growing demand of regulated high voltage power converters for rf amplifier 

tubes has motivated us to develop an in-house technology which could be used for the 

development of new high voltage power supplies in future also, as per the requirements. 

There are some manufacturers in the world scenario who manufactures PSM based high 

voltage power supply which are very expensive and no technical details available. Also, 

availability of after sales supports for future maintenance is very poor which may affect the 

downtime of a system. 

Keeping in view the accelerator projects that VEC Centre is going to take up in near 

future, development of highly efficient high voltage-high power converters is one of the 

key areas of R&D. For accelerators and in the Radioactive Ion Beam Project at VEC 

Centre, there will be plenty of requirements of high voltage power supplies. This pledge 

has motivated us for the design and development of high voltage power supply (HVPS) by 

using our own control strategy by incorporating PSM technique. To start with, a HVPS 

rated at -40 kV, 5 A based on PSM topology is chosen to design meeting all the customized 

features viz. modular design, better regulation, low harmonics, high efficiency, low ripple, 

low EMI and computer control. This HVPS will later be used to test with IOT based rf 

amplifier to test a superconducting multi-cell rf cavity.  

Feasibility study was done and a prototype of PSM based power supply of smaller 

rating was designed with simulation using four modules. In order to realize the precise 

control of modules, a DSP based controller is used as a core controller which controls the 

switch-on and switch-off of the modules and time interval that can be adjusted from 1μs to 
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few ms. It comprises of two multi secondary transformers with sufficient isolation voltage 

are used to feed electrical power to the modules. All the modules are kept at high voltage 

deck and connected through the optical fiber for providing galvanic isolation. During the 

prototype development, different control strategies were tried and final scheme was 

established. After complete testing of the prototype, actual high voltage power supply 

based on PSM of rating -40 kV, 5 A was taken up for design, simulation and development 

for testing a rf cavity. An important motivation for this work is the development of a new 

technology related to high voltage system customized as per our requirements with all 

necessary features. 

1.4 Contribution of the thesis 

The work presented in the thesis deals with the development of a number of high 

voltage power converters, viz. 20 kV, 22.5 A; 30 kV, 3 A; -40 kV; 5 A for the K 500 

Superconducting Cyclotron and other projects at VECC, Kolkata. It includes the design, 

simulation, development, testing and commissioning for all these HVPS. The power 

supplies developed fall into two broad categories: (a) those designed and built following 

conventional techniques, such as switching type, tetrode based, linear regulator type, SCR 

based phase control, etc, and (b) PSM based technique. The PSM based power supply 

contains very less stored energy which allows one to design much simpler crowbar 

protection system as compared to the ones used for conventional type where stored energy 

is significantly high. 
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It is obvious that the volume of the work is huge and is impossible to carry out 

without substantial and able support from others. Indeed, a number of colleagues of 

researcher (author of this thesis) have contributed in it. However, finalization of topologies, 

complete design of HVPS along with the protection systems, simulation and components 

selection have been carried out entirely by the researcher himself. Also, being the team 

leader and person responsible for building the high voltage converters, the researcher’s 

participation in all the subsequent stages that include development, testing and 

commissioning, has been intense including overall testing. Furthermore, PSM based high 

voltage power supply has been developed first time at VECC, Kolkata and no such work 

has been previously carried out at VECC. 

1.5 Outline of the thesis 

The organization of thesis is as follows: At first the introduction and motivation for 

the research is discussed in the present chapter 1.  

 Chapter-2 contains the detailed description of design, fabrication and testing of a 

high voltage power supply rated at 20 kV, 22.5 A (output power 450 kW) along with 

ultrafast crowbar protection system. The rf (Radio Frequency) system of K 500 

Superconducting Cyclotron (SCC) at VECC consists of 3 nos. of rf cavities (dee) separated 

at 120o apart in the median plane. So, this power supply feeds to the anodes to three tetrode 

tubes (Eimac 4CW150,000E) based rf amplifiers. All the three tetrode tubes are protected 

by a single ignitron based crowbar protection system against internal arcing in any of the 

three tubes. During an internal arc fault, a very specialized topology is adopted that diverts 

the stored energy through an ignitron followed by tripping the input power. The wire burn 

test was performed for confirmatory test of the crowbar protection system. The chapter 
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presents the salient design features, their simulation, in house development and technical 

challenges faced during the testing of the high voltage anode power supply and crowbar 

protection system for the rf amplifiers for SCC which is presented and results of this work 

have been published in the Journal of instrumentation [6]. Previously, the prototype unit 

was developed and tested [5]. There were some problems related to heating and high 

voltage breakdown which was later redesigned for better performance. 

In Chapter 3, the development of a negative polarity high voltage dc power supplies 

(-30 kV, 3.2 A) required for biasing the electrodes of Inductive output tube (IOT) based rf 

amplifier test stand working at 700 MHz in continuous mode has been presented. This 

power supply is also almost similar to the one as mentioned in Chapter-2 but it is regulated 

and polarity is negative. The power supply is designed and developed for biasing IOT 

cathode by utilizing SCR based phase angle controlled topology for the regulation. The 

crowbar protection system is implemented which is more complex in a negative polarity 

power converter. Testing of the crowbar system is done by using wire burn method. Other 

auxiliary power supplies are used are for grid, filament, ion pump, focus coil. The power 

supplies for grid, filament and ion pump of IOT are with respect to the cathode, floating at 

high voltage, which have been placed at a high voltage deck and parameters control and 

monitoring are done through a PLC based system. The design details along with test results 

of this work have been published in Journal of instrumentation [7].  

Chapter 4 is dedicated mainly to the development of a  high voltage power supply 

based on pulse step modulation (PSM) technique for ~60 kW continuous wave (cw) rf 

amplifier based on Inductive output tube (IOT) TH793-1 operating at 700 MHz. For a 

nominal beam bias, cathode requires a high voltage power supply (HVPS) of maximum 
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rating -40 kV, 5 A for design and development. The present development is aimed to utilize 

a modern technique meeting all the required important criteria, ie, modular construction, 

smaller size, crowbar-less design, reliable operation, voltage regulation with higher 

efficiency, fast response and most importantly easy to service.  

PSM based high voltage power converter (rating -40 kV, 5 A) consists of 60 switched 

type power modules (SPMs) out of which maximum 52 modules can be switched on and 

remaining in standby. The voltage is obtained by adding the output voltages of each SPM 

in series and modulating their pulse widths and phase delay time to achieve higher ripple 

frequency. This results into very low ripple voltage at high frequency which ultimately 

requires very small filter capacitor resulting into very low stored energy. That is the reason 

why PSM based power supply does not require a separate crowbar protection system. Other 

power supplies for filament, grid and ion-pump are connected with respect to the cathode 

placed at high voltage deck. Two Ethernet optical fiber media converters connected to a 

PLC through 5m long optical fibre link for their controls and communications. This work 

has been published in Sadhana Journal [8] and results are presented. 

Chapter 5 describes the study on harmonics and EMI, their basic concepts of 

generation and side effects. Various journals and publications were studied and presented 

how Electromagnetic Interference (EMI) becomes a major concern for high power SMPS 

power supplies and various types of motor drives in electrical field. It causes conducted 

and radiated EMI noise which creates nuisance for other electronic equipment. Presently, 

we don’t have in-house practical setups for measurement of EMI, but in future, we will be 

setting up and perform extensive measurements also. 
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Finally Chapter 6 contains the conclusions and perspective of high voltage related 

works to be carried out at VECC in future. It is also discussed that all the HVPS developed 

by utilizing the conventional topology will be slowly converted to highly efficient PSM 

based systems. 
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CHAPTER 2 

Design and development of high voltage power supply 
for K-500 SC cyclotron high power rf amplifier with 
crowbar protection. 

2.1 Introduction 

Tetrode tube based high power rf amplifiers are used in various accelerators to supply 

hundreds of kW of power to the cavities in the frequency range of few MHz to several tens 

of MHz. It is because of the simpler and robust design, high stability against frequency 

variations, higher gain, reliable operation [10,11] and cost effectiveness. The 

superconducting cyclotron at VECC consists of three cavities separated at 120° apart in the 

median plane and each cavity is designed to handle 80 kW rf power to produce ~100 kV 

voltage in the operating frequency range of 9-27 MHz [9] required to accelerate varieties of 

ion beams. The rf power to each cavity is fed from individual rf amplifier based on tetrode 

tube (EIMAC 4CW150,000E). The tetrode tubes require dc power supplies individually for 

its electrodes ie. anode, screen, grid and filament with respect to the grounded cathode. All 

the power supplies are designed, fabricated, tested and commissioned along with proper 

controls, ON/OFF sequencing together with the interlocks & protections. 

Based on the desired operating region, the ratings of the biasing [12] power supplies 

are:  filament power supply 16 V, 220 A, grid power supply -500 V, 0.1 A with 100 ppm 

stability, screen power supply 1600 V, 500 mA with 60 ppm stability and a common high 

voltage power supply rated at 20 kV dc, 22.5 A which feeds power to the anodes of all the 

three tetrode tubes. The anode power supply is facilitated with suitable interlocks and 



Chapter 2: 2.1 Introduction 
 

 

28 
 

protections including the crowbar system for the protection of the tubes against an internal 

arc fault. As per the recommendation, the maximum energy deposition [13-17] in tube 

must not be more than 50 J during an internal arc fault. To meet the requirement, the stored 

energy has to be diverted rapidly through a high voltage switch and thus allowing the 

energy deposition in the tube within the permissible limit.  

An ignitron was chosen as a crowbar switch because of its enhanced arc protection 

feature, faster operation to achieve desired crowbar time, simpler installation, lower turn 

ON resistance and negligible effect of EMI [15]. A solid state type switch also can be used 

in place of ignitron. It has some disadvantages, viz. slower turn ON time, complicacy in 

switching all the series connected SCRs simultaneously and it higher cost. Due to the time 

constraint to meet the commissioning deadline and final testing of the power supplies with 

the actual load (rf system of the K-500 cyclotron), an ignitron was used. This chapter 

discusses about the salient design features, in-house development, testing of the anode 

power supply with crowbar protection system and technical challenges faced during 

testing. 

The bias power supplies for all the three tubes are kept at different locations due to 

the availability of the space. A schematic layout of locations of the power supplies are 

shown in Figure 2-1. The filament power supplies are located at the basement whereas 

other power supplies are installed in a room at 1st floor, whereas the amplifier tubes are 

located in vault at ground floor. It results the use of long power cables and control cables 

for their interconnections. So, suitable coaxial cables are used with separation between 

power and control cables in order to minimize the interferences.  
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Figure 2-1: Schematic layout of locations of different power supplies and rf amplifiers 

used in the K 500 Cyclotron building 

High voltage power connection from the anode power supply to the anodes of the 

three tubes are done by using three separate high voltage coaxial cable RG220, each ~25 m 

cable length through the S-bends. The methodology of high voltage connection for the 

coaxial cable RG220 is specially developed in our lab which consists of two sets of copper 

blocks, one for the high voltage and other set the shielding connection at some distance 

suitable to high voltage level. The control and monitoring of all the power supplies have 

been done with local console as well as from remote. In local mode, all the operation to the 

power supplies can be done from the local panel kept in power supply room. In remote 

mode, parameters control and monitoring is done through Ethernet based Programmer 

Logical Controller (PLC) installed in the control room. 
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2.2 Different power supplies for high power rf amplifier   

Different power supplies are discussed in this section required to bias all four 

electrodes of three high power tetrode tubes. 

2.2.1 Anode power supply  

High voltage power supply (HVPS) rated at 20 kV, 22.5 A feeds dc power to the 

anodes of all the three tetrode tubes (Eimac 4CW150,000 E). HVPS uses two forced air 

cooled main transformers and each transformer has delta connected primary rated at 415 V, 

3-phase, 50 Hz, 250 kVA power and two secondary windings, one of which in star and 

other in delta, to achieve 30° phase shift for 12 pulse rectification. Each secondary has the 

voltage rating of 3700 VL-L, 3-phase, 50 Hz.  

Input 3-phase, 415 V supply is connected to two main transformers via air core 

chokes (0.1 mH, 400 A) in each line and fast interrupting circuit breakers (CBs) having 

tripping time 80 ms (4 cycles). Thus total four secondary windings from two transformers 

are connected to their respective 3-phase full wave bridge rectifier assembly giving 5 kV dc 

voltage each after rectification [11] and then these are connected in series to provide 20 kV 

dc at 600 Hz ripple frequency, as shown in Figure 2-2. The rectifier assembly consists of 

12 avalanche diodes (each rated at 1.6 kV, 40 A) connected in series in each limb. The use 

of avalanche diode relieves from using series connected R-C network for voltage 

equalization. Thus all four rectifier assemblies consist of total 288 diodes mounted on 

individual heat sinks. The heat sinks are fixed on glass epoxy sheet inside a cabinet 

providing an isolation of ~40 kV and connected to the transformers with high voltage 

Teflon insulated cable. 
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Figure 2-2: Schematic diagram of anode power supply with ignitron and a tube. 

A primary SCR controlled soft start feature is incorporated in the primary side of the 

first transformer to provide half of the voltage, i.e. 10 kV dc. In the primary side of the 

second transformer, oil cooled, 3-phase, high current (400 A) variac is used to adjust the 

output voltage on-line between 10 kV to 20 kV dc depending upon the requirements. The 

protections and interlocks such as, dc over current, input over current, water flow fail in 

ignitron, over temperature at various components, cooling fan fail, phase fail etc. are 

implemented along with crowbar protection. Hall type CTs are used for dc over current 

protection and dc current monitoring for each tube. Pearson current transformers are used 

to sense the internal arc fault condition in each tube and to initiate the crowbar protection 

subsequently. Actual photograph of two transformers of anode power supply and Local 

control panel is shown in Figure 2-3. 
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Figure 2-3: Photograph shows the local main control panel with monitoring and fault 

indications for all the power supplies and two transformers of anode power supply. 

Local control panel has all the arrangements for switching ON-OFF of three set of 

power supplies for the Filament, Grid, Screen and an Anode along with individual voltage 

and current monitoring and interlocks indications.  

The advantages of using two transformers with double secondary windings are as follows:- 

a) Facility to adjust output high voltage from 10 kV dc to 20 kV dc.  

b) Less voltage stress on HT winding of transformer. 

c) The ripple content is greatly reduced to around 1% by utilizing 12 pulse 

rectification feature, thus reducing the capacitor filter as well as the stored energy.  

d) Less input current harmonic content. 

e) Improved input power factor (better than 0.90).  

 



Chapter 2: 2.2 Different power supplies for high power RF amplifier 
 

 

33 
 

A p-pulse converter under balanced conditions generates a characteristics harmonics 

in input side of the order h which [18] is given by h = pn+ 1, where n is any positive 

integer. In a 3-phase rectifier system under balanced condition, the expected harmonics are 

5th, 7th, 11th, 13th …… which contribute to major part of the distortion in the input. 

Total harmonics distortion (THD) will be given by 
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where V1 is voltage amplitude of fundamental frequency. The magnitude of harmonics 

currents (Ih) is given by Ih = I1/h, where h is the order of harmonics and I1 is the current of 

fundamental frequency.   

The vacuum tubes are very much prone to internal arc fault and costly tubes may 

become severely damaged if excessive energy is deposited during an internal arc fault. 

Crowbar system protects the tubes by diverting the excessive stored energy through 

ignitron, a high voltage switch. Thus, crowbar protection system a very critical and 

important. During the internal arc fault, the power supply experiences a short circuit 

condition until main CB trips. The excessive current flowing through the main transformers 

results a huge mechanical and electrical shock [14-17]. So, while designing the 

transformer, sufficient factor of mechanical strength of yoke, insulation resistance to 

withstand high voltage transients and higher % impedance are considered. The transformer 

with higher % impedance offers more resistance which restricts the short circuit current.  

Air core chokes in the primary of transformers offer further increase of the impedance 

which is advantageous in the event of crowbar. Table 2-1: - Components details and test 

results of the anode power supply. 
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Table 2-1: - Components details and test results of the anode power supply 

s. no.          parameters                      values 

1 Output voltage  + 22.8 kV dc at no load 

2 Max output current tested with 

amplifier tubes at rf load. 

  17.5 A (at 18 kV dc) 

3 Ripple voltage < 275 V p-p at 18 kV dc. 

4 Typical THD in input current    6.7%  

5 Input PF   0.95 

6 Input Transformer Details 

(Each of Two Transformers) 

Primary- Delta connected, 415 V, 3-ɸ,  

50 Hz, 250 kVA 

Secondary windings- star and delta 

connected, line voltage 3.7 kV ac. 

7 Transformer % Impedance   8%  

8 Time of short circuit withstand 

test on the transformers 

5 s 

9 Filter capacitor 30 μF (each 3.75 μF, 40 kV, qty:- 8) 

10 Rf filter at output of each 

anode 

L= 100 µH, C=250 pf in π configuration 

The anode power supply circuit simulation is done and required crowbar time is 

found to be less than 5 μs considering the load resistance 1000 Ω, as shown in Figure 2-4. 

In this circuit, the ignitron and co-axial cable is modeled [18, 19] for simulation so as to 

achieve very near to the accurate result.   
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Figure 2-4:  (a) Schematic diagram of crowbar protection system (b) Simulation result of 

the crowbar protection system of anode power supply. 

2.2.2 Screen power supply 

Three individual power supplies for the screens of three tubes, each rated at 1600 V, 

0.5 A, 60 ppm voltage stability have been designed and developed. It uses water cooled 

tetrode tube (Eimac 4CW2000) as a regulating device in series, as shown in Figure 2-5. 
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Figure 2-5: Schematic diagram of screen power supplies for the rf amplifiers. 

A 3-phase conventional transformer and rectifier is used and then filtered to get 

2500V dc for anodes of three regulating tubes connected as series pass scheme. For each 

series tube, individual power supplies are used for the biasing its electrodes. The 

electronics circuit for regulation is designed for adjusting the grid of the series tube to 

maintain the required output voltage. The screen power supply exhibits reverse current 

under certain operating conditions and to avoid it, the output is shunted with a bleeder 

resistance of 3 kΩ. In case of a crowbar condition, the power supply fast turns off the 

screen and protects the system. 

2.2.3 Grid power supply 

Grid power supply (rating -500 V, 0.1 A, 100 ppm) is a series regulator type power 

supply which uses IGBT as series element for voltage regulation. Grid power supply is a 

low ripple and highly regulated power supply with adjustable voltage from zero to -500 V 

for biasing the grid. Individual grid power supplies are used for three tubes.   
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2.2.4 Filament power supply 

Filament power supply (rated at 16 V, 220 A) is required to heat up the filament 

which does not need very good regulation. It uses a variac in primary of input transformer 

for regulation and soft start. It consists of a step down 3- phase transformer, a full wave 

bridge rectifier followed by an L-C filter. The part of output voltage is sampled and fed 

back to the control circuit which takes care of voltage regulation by controlling the position 

of variac. Auto zero of variac and slow ramp up of output voltage is the special feature of 

the control card which ramps up in steps by controlling the variac from zero to around 80% 

voltage corresponding to output 15.5 V dc in approximately 3 minutes. 

2.3 Crowbar protection system 

The crowbar protection system is used to protect the vacuum tubes against an internal 

arc fault. It detects the fault condition, initiates the corrective action by triggering ignitron 

very fast and discharges the excessive energy [20]. An ignitron (Part No:- 7703EHV, 

Make: Richardson Electronics, USA) is used as a high voltage switch which meets the 

required criteria, i.e. faster response, indefinite hold off high voltage, ability to transfer 

large amount of charge, low conduction impedance etc. A peak current of ~1000 A flows 

through the ignitron for short duration of 80 ms till the circuit breakers trip the mains 

power and results an electron charge transfer less than 1 C per shot [15, 21]. The stored 

energy (~6 kJ) in the filter capacitor is required to be bypassed through the ignitron and 

considering the source impedance of the power supply, the conduction of ignitron has to be 

initiated within 5 μs after the fault. This protection is one of the most critical parts of the 

high voltage power supply without which the tube can be damaged.  
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2.3.1 Crowbar circuit block diagram 

The key components used in the crowbar protection system are Pearson current 

transformer (CT), high voltage fast acting crowbar switch, pulse transformer, non-inductive 

resistors, capacitors, fast SCR, MOVs etc. All these components must be fast acting and 

suitable for very high frequency applications. 

The Pearson current transformer of Model:-110 (Make:- Pearson Electronics Inc, 

USA) is used to sense fast rise of the fault current with improved noise immunity and 

isolation from high voltage. It possess wide bandwidth of 20 MHz with 3 dB lower cut off 

at 1 Hz, sensitivity 0.1 V/A and response time 20ns. The CTs are calibrated at operating dc 

current level with 1 MΩ termination. Based on the experiments, the additional delay in 

response time is found to be few ns, which is negligible. This indicates that the dc current 

level does not drive the magnetic material into saturation and so there is still some flux 

swing available to generate a signal from the fault current. Several models of CTs are 

available used at different labs for similar applications [15, 16].  

The time delay is measured to be ~2.5 μs between the fault signal sensed by the CT 

and the pulse transformer output pulse which is reasonably sufficient to trigger the ignitron 

within 5 μs. Table 2-2 shows the key specification of crowbar circuit utilized in the present 

high power rf system. Hall type current transformers (HCT) are used for output dc current 

measurement purpose and for sensing over current conditions. 
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Table 2-2: Crowbar circuit specification 

SN          Parameters                      Values 

1. Stored energy in filter capacitor 
6 kJ 

2. Crowbar time between sensing the 

arc and the triggering of Ignitron. ~5 μs 

3. Limit of energy deposition in the 

tube during arcing. 

50 J, (accomplished by 

Crowbar Protection System) 

4. Peak current in output at short 

circuit condition 
900 A 

5. CB tripping time 80 ms (4 cycles) 

6. Charge transfer  1 C per shot, through ignitron 

before CB trips OFF. 

The fast rise of the arc fault current in each of the three tubes is sensed by respective 

CTs. One another CT connected in series is to sense total output current. Thus the isolated 

signals from four CTs are fed to the crowbar electronics controller card and after 

conditioning, the signals are compared with a trip threshold voltage. Then the signals are 

fed to a latching circuitry for visual indication and fault diagnostics. The latched signals are 

then gated together to generate a mono-shot pulse of duration ~100 ms to trigger a SCR. A 

capacitor, charged at 800 V, is rapidly discharged through the SCR connected in series with 

a pulse transformer and output fast rise high voltage (~2.8 kV) pulse so generated is used to 

trigger the ignitron, as shown in Figure 2-6. Simultaneously, crowbar controller card sends  
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Figure 2-6: Schematic of scheme of crowbar protection system. 

a hard wired command to trip the mains power circuit breakers (CBs) and also from the 

PLC to trip CBs for redundancy. A manual push button switch is also provided for local 

crowbar testing. After the tripping of CBs, the system can be made ON for the next 

operation only after a reset from local or PLC. 

2.3.2 Timing calculation 

During an arc fault, the short circuit current flows through the tube is the sum of 

currents from filter capacitors and power supply,   

          ISC = IPS + IC         (2.1) 

where ISC is short circuit current in output,  

IPS is the current from the power supply transformer, IC is the current from the filter 

capacitors. 
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 IPS  = impedancepercentage
currentloadFull

 x100 

            = 
59

22
.

x100  ≅   230 A                           (2.2) 

where total 9.5% impedance is considered for transformer and input chokes. 

IC  = filterRC/tmaxc e)
R

V( −
 

           = filterRC/t
maxc eI −    

           ≅   667 x filterRC/te−           (2.3) 

where maxcV is the maximum voltage and filterRC  is the time constant of capacitor 

discharging current, R is the equivalent resistance in series with filter capacitor which is 

30Ω. Since, the limitation of energy dissipation is 50 J. So, the crowbar timing can be 

calculated as:- 

JtIVtIV crowbarCoutcrowbarPSout 50≤××+××     (2.4) 

)II(V
t

CPSout
crowbar +×

≤
50

 

))e(I()e(V
t

filtercrowbarfiltercrowbar RC/t
C

RC/t
maxc

crowbar
2301

50

+−×
≤

−−       (2.5) 

By using the fsolve function of MATLAB for solving for the crowbar timing and found 

to be less than 5 µs. The result is counter checked by plotting power ( PSout IV × + Cout IV × ) 

versus time graph given by Eq. 2.4. The area is calculated by using trapz function of 

MATLAB which gives 4.57 µs crowbar time at 50 J energy.  
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2.3.3 Test setup and wire selection  

The crowbar system performance is checked by the wire survivability test which 

provides a calibrated measure of energy deposition at load end. The wire fuses during the 

test, if the energy absorbed by the wire is more than its fusing energy which is fixed for a 

uniform cross section of fixed length. A thin copper wire of 33 SWG of a length 150 mm is 

chosen whose fusing energy is ~30 J [18] which can safely measure the energy deposition 

less than 50 J, the limit of energy deposition in the tube during internal arc condition. 

An experimental test setup is made ready by using a high voltage vacuum relay in 

series with a small length (~150 mm) of thin copper wire (33 SWG wire) and the setup is 

connected across the output terminals of anode power supply. To conduct the crowbar test, 

the power supply is energized to the desired level. Then the fault is initiated by closing the 

vacuum relay and allowing the short circuit current to flow through the wire. The fault 

signal, sensed by a CT, finally triggers the ignitron and at the same time, a trip command is 

generated which opens the CBs within 80 ms. If the crowbar system works properly, the 

thin wire would survive and then it concludes that energy deposition is less than its fusing 

energy. Similar tests are performed repetitively to check the capability of the crowbar 

system and its perfect functioning. 

The energy of a small length of 33 SWG copper wire is calculated as the function of 

volume (or length for different wire gauges) by using the heat energy equation as follows. 

Energy = ( V .  ρcu ) . ( Ccu .( Tm  – Ta )) 

The volume of wire,  TC
EnergyV

cucu ∆
=

..ρ       (2.6)  
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where, cuρ  is the density and cuC is the specific heat of copper and T∆ is the temperature 

difference. Melting temperature of copper is Tm = 1083o C, Let, the ambient temperature be 

25o C then the value of T∆ is = Tm – 25=1058 o C. cuρ  = 8900 Kg/m3, cuC = 385 J/(Kg×K). 

Putting all the values in Eq. 2.6, the volume V = 13.88 mm3 is required to fuse at 50 Joule 

energy. In our case, the length of wire used is 150 mm whose fusing energy is only 30 J. 

Figure 2-7 shows variation of wire length of different wire gauges at a fixed fusing energy. 

        

Figure 2-7: Graph showing the calculated length with respect to wire gauge for a fixed 

fusing energy.
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2.4 Data acquisition 

The control and monitoring of the rf system including the power supplies are done by using 

SIEMENS programmable logic controller (PLC) modules. These modules are controlled by 

a master CPU (CPU 315-2 DP) consisting of a communication processor CP-343-1. This 

CPU communicates with other modules via Ethernet with maximum 32 modules. In order 

to monitor/capture the analog parameters of rf system as well as voltages and currents of 

power supplies, SM-331 module is used. It is an isolated 8 channel, 14 bit resolution analog 

to digital converter (ADC) having the conversion frequency of 10 kHz. The ADC takes 4-

20mA standard current communication for the configuration of different analog signals to 

be captured. However 6 mA is the lower limit and 18mA is the upper limit is assigned for 

the calibration.  SM-332 is used as a 12 bit isolated and 8 channels digital to analog 

converter (DAC) which is generally used to provide analog signal from computer to set 

different parameters of the rf system. Here also 6 mA to 18 mA range is used to provide the 

anode power supply to set the voltage 0 to 20 kV and similarly for other auxiliary 

parameters of the rf system. For the control and monitoring of various interlocks, i.e. water 

interlock, door interlock, over current, over voltage etc., SM-321 and SM-322 modules are 

used as a digital input and output respectively.  

The master device (315-2 DP) based on the PROFIBUS is to communicate with the 

other slave devices (sensor and actuator). The graphical user interface (GUI) is developed 

in VECC in java for monitoring and controlling various parameters of sub-systems with 1s 

refreshing rate. 
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Figure 2-8:  RF system control and monitor GUI. 

2.4.1 Interlocks and sequence of instruction 

The PLC controller checks the sequential operations of related interlocks to make the 

power supplies ready for ON in proper sequence. It first checks the start-up interlocks, such 

as low conducting water (LCW), door closed, vacuum, cooling system before the filaments 
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of rf amplifiers are ready for ON. A PLC screen shot is shown in Figure 2-8 where the 

parameters monitoring along with the status of interlocks can be visualized. Once all the 

start-up interlocks are cleared, the filament power supplies become ready for ON. 

Similarly, after filament, sequence is followed as grid, anode and finally screen power 

supply. The GUI is made in such a way to follow the above sequence of putting ON the 

power supplies.  Reversed sequence is followed during shutdown. 

2.5 Test results and discussion 

The system performance and protective capability of the crowbar system is 

demonstrated by using wire survivability test which gives the measured value of the energy 

deposition. Initially the card level tests are performed i.e., firing sequence and their 

respective delays between the signals are carried out at various points. 

 

Time (1μs/div) 

Figure 2-9: Ch-1- A 24 V voltage is applied corresponding to a simulated fault (20 V/div),   

Ch-2- Pulse transformer output showing 2.8 kV pulse at rise time 1.5 μs (500 V/div). 
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As shown in Figure 2-9, Ch-1 shows a dc voltage of 24 V which is applied at the 

fault sensing input to simulate the fault condition and delays. Ch-2 shows the pulse 

transformer output voltage 2.8 kV peak with 1.5 μs rise time. The result shows that the 

delay in response of pulse transformer is 1 μs after the fault and pulse transformer rise time 

is 1.5 μs. Thus total time delay is 2.5 μs between occurrence of a fault and the trigger pulse 

to the ignitron. 

The wire survivability test with a thin copper wire of 33 SWG of length 150 mm is 

performed successfully at ~18 kV voltage level in output.  

 

Figure 2-10: Ch-1(top)- output voltage at 18 kV (10 kV/div), Ch-2 (middle)- current flows 

through wire by using a CT (100 A/div), Ch-4 (bottom)- signal for tripping the CBs 

simultaneous to the ignitron trigger pulse. X- axis denotes Time scale with 1 μs/div. 

The test setup, consisting of high voltage relay in series with thin copper wire, is 

connected across the power supply output terminals. Output voltage is set at desired 

voltage level. All other protective systems are kept in ready condition before the fault is
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 created by closing the high voltage relay. The wire survivability tests are successfully 

conducted.   

In Figure 2-10, Ch-1 is the trace of output voltage at 18 kV dc before the fault. Ch-2- 

shows the current through the wire shoots up to ~500 A after the fault occurs. The current 

will continue to increase till the ignitron turns into full conduction within 5 μs. Ch-3- 

shows the pulse generated to switch off the CBs simultaneous to the ignitron trigger pulse. 

The ignitron is triggered within 5 μs and thus the thin wire is survived. The crowbar tests 

are repeated successfully and that can be enough to conclude the energy deposition at load 

end within the permissible limit. 

2.6 Summary and conclusion 

The design, fabrication, commissioning and testing of total power system for all the 

three rf amplifiers tubes have been accomplished within the stipulated time and total rf 

systems have been in operation continuously since more than 6 years on round the clock 

basis for the tuning and beam extraction from the cyclotron. After the installation of anode 

power supply, heat run test was performed with the tube in dc condition. The power system 

along with the rf amplifier was tested with water cooled dummy rf load up to 70 kW. The 

real time measurement of rf system parameter implies the satisfactory operation of these 

power supplies with the tetrode tube based rf amplifiers.  

During the testing of Anode power supply, two major challenges were encountered 

which were subsequently resolved. All the cabinets are solidly grounded and the 

components at high voltage level must withstand at least double the working voltage.  

During the insulation voltage withstand test of high voltage rectifier assembly, some 
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problem was noticed. Excessive leakage current and heavy corona discharge was observed 

even at lower voltage inside rectifier cabinet which could lead to a voltage breakdown. It 

was solved by re-mounting the diodes on glass epoxy channel and FRP angle providing 

more isolation and tested up to 40 kV dc. Next, there were some problems due to the noise. 

It was also observed that the noise and transients in the output dc voltage was creating 

spurious triggering. It was resolved by making a dedicated grounding pit and their 

connections with braided copper conductor with larger cross section. There were some 

minor problems during crowbar testing. The crowbar circuit design was finally done after 

some trials by using faster and better components to minimize the delay and finally the 

desired system response time was achieved and then the wire survivability test could be 

successfully conducted. 
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CHAPTER 3 

High voltage power supply (-30 kV, 3.2 A) 
with crowbar protection for Inductive 
Output Tube based rf amplifier system 

3.1 Introduction 

Particle accelerator that produces ion beam of energy greater than 20 MeV generally 

requires a high power rf amplifier source which normally made by either by using solid-

state devices or by using vacuum tubes, ie., tetrodes, Inductive output tubes, klystrons, 

magnetrons, gyrotrons etc. The IOT based rf amplifier is developed for the use to pursue 

research and development activity in superconducting rf cavity project at Variable Energy 

Cyclotron Centre (VECC) Kolkata. The state-of-the-art technology of IOT-based high 

power rf amplifier is designed, developed, and tested at VECC. A high voltage power 

supply rated at negative polarity at 30 kV dc, 3.2 A is required for biasing cathode of IOT 

with crowbar protection. As a part of the project, the design and development of high 

voltage power supply for IOT rf amplifier has been taken up for testing multi cell 

superconducting cavity.  

A test stand was planned to be developed for preliminary testing of IOTs and also for 

periodic conditioning on regular basis during ideal storage time. IOT has been planned to 

use as our maximum operating frequency is of the order of 1.3 GHz. IOT based amplifier is 

most suitable for the medium power and for Ultra high frequency (UHF) range i.e. 300 

MHz to 3 GHz.  
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Various papers and literature survey explain the criticalities of IOT [22-27] based rf 

amplifier and related power supplies for its biasing. A high voltage power supply of rating 

around -30 kV, 3.2 A for cathode electrode is needed whose anode is connected to ground. 

Other auxiliary power supplies are for Grid (-200V/100mA), Ion pump power supply 

(5kV/1mA), Filament power supply (24V/40A) and Focus coil power supply (12V/40A). 

Except the Focus coil power supply, all are with respect to the cathode and thus floating at 

high voltage at 30 kV. 

Like other tubes, IOT is very much prone to undergo internal arcing and during this 

condition, the excessive stored energy from the power supply should be diverted very fast 

in order to limit the energy deposition in tube. Thus a crowbar protection is very critical 

and important part of the power supply for the protection of the tube. A high voltage 

ignitron (NL7703EHV) is used to divert excessive energy for the protection of the tubes. In 

the present operating conditions, the ignitron should be triggered within 15 μs to limit the 

energy deposition in tube within its limit. Normally, the tube manufacturer suggests for 

limiting the energy less than 50 J during internal arc condition [25, 26]. So, for safety, the 

power supply crowbar system is designed for the energy less than 50 J. The control and 

monitoring of the whole rf system along with the power supplies are done using SIEMENS 

make advanced programmable logic controller (PLC) modules. Present chapter describes 

the design, development and testing of high voltage power supply (-30 kV, 3.2 A) along 

with crowbar protection system and other auxiliary power supplies for biasing electrodes of 

Inductive Output Tube (IOT) based rf amplifier.  
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3.2 Block diagram of IOT based rf amplifier 

The block diagram and layout of IOT based rf amplifier system along with its 

auxiliary power supplies are shown in Figure 3-1. The Thales make IOT TH793-1 is 

installed along with all necessary electrical and services connections i.e. low conductivity 

water (LCW) lines, ion pump etc. The negative polarity of the high voltage power supply 

(HVPS) at -30 kV is connected to the cathode electrode of IOT with respect to the 

grounded collector. The electron beam is formed by a gridded, convergent-flow electron 

gun and confined by an axial magnetic field. The biasing of the gun is done in such a way 

so that no current flows except during the positive half-cycle of the rf input. Thus the 

electron bunches are formed which are accelerated through the constant potential 

difference between the cathode and anode [22, 23]. 

 

Figure 3-1: Scheme of IOT based rf system with all the power supplies and PLC. 
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Other auxiliary power supplies such as, filament, grid and ion pump along with I/O 

modules for their control are installed on a high voltage deck. The motive of putting them 

on the high voltage deck is to provide high voltage isolation as these power supplies 

operate with respect to cathode which is floating at high voltage. For monitoring and 

controlling these power supplies, PLC based data acquisition systems is installed which 

communicates the command signal via fiber optic cable to the PC. The details of individual 

systems and their test results are mentioned in following sub-sections.  

3.2.1 High voltage deck 

A high voltage deck is specially developed for keeping the power supplies, ie. 

filament, grid and ion pump which are floating at high voltage at 30 kV. Distributed I/O 

control modules are also kept on the deck for their control and monitoring.  

             

Figure 3-2: Photographs of (A) high voltage deck consisting of three power supplies (Ion 

pump, Filament and Grid power supply) and isolation transformer at bottom (B) PLC based 

control system connected through optical fibre link. 
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The deck is fabricated by using glass epoxy and housed inside a grounded metallic 

cabinet for safety. The multiple racks have been provided for the power supplies. All the 

sharp edges are covered with corona guards. The isolation of high voltage deck is tested up 

to 45 kV. The electrical power for the systems at high voltage is provided by a single 

phase, resin cast isolation transformer of 4.5 kVA, isolation voltage 45 kV. The photograph 

of high voltage deck consisting of all three auxiliary power supplies with isolation 

transformer is shown in Figure 3-2(A) and PLC based control system in Figure 3-2(B).  

3.3 HV power supply (-30kV, 3.2A)  

High voltage power supply (HVPS) is for biasing the cathode of the IOT with respect 

to grounded anode. A primary SCR based phase angle controlled topology has been 

adopted for the voltage regulation as shown in Figure 3-3. During starting condition, the 

firing angle of SCRs slowly increases till the required voltage is achieved and at operating 

condition, these primary back to back SCRs offer voltage regulation by varying the firing 

angle. HVPS uses two forced air cooled transformers, each having two 3-ph secondary 

windings connected in star and delta in order to have 30° phase shift for 12 pulse 

rectification feature. Primary of each transformer is delta connected and rated at 415 V, 3-

ph, 50 Hz whereas each secondary rated at 5800 V, 50 Hz. Each secondary connected to a 

3-ph bridge rectifier assembly and the rectified dc voltages are then connected in series to 

achieve rated output voltage, like our previous HVPS [6].  

This feature helps us in getting less ripple voltage at 600 Hz, less harmonic content in 

supply current and improved power factor. Input 3-phase, 415 V, 50 Hz is connected to the 

transformers via circuit breakers (CBs), air core choke (0.3 mH) and back-to-back SCRs in 

each line. In order to produce 30 kV dc, each secondary of the transformers uses 3-phase
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 full wave bridge rectifier assembly that gives ~7.5 kVdc after rectification which is finally 

connected in series to produce 30 kVdc. 

 

Figure 3-3:  Schematic diagram of HVPS (-30 kV/3.2 A) along with crowbar protection. 

Peak reverse voltage in each limb of rectifier assembly experiences a voltage of 8.2 

kV ( 25800 ). Each rectifier limb assembly, consisting of 10 series connected avalanche 

diodes, each diode rated at 1.6 kV/ 12 A and thus peak inverse voltage rating of diode 

series combination is 16 kV assuming around double safety margin. A filter capacitor of 

value 3.8 µF, 60 kV is used. The output is connected to the cathode through rf filter 

connected in π-configuration.  

The power supply experiences a short circuit condition during crowbar very 

frequently, so air core choke is required to limit the short circuit current by introducing a 

voltage drop across it. The choke may be connected in the input side or in the secondary  
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Figure 3-4: Simulation schematic for cathode power supply. 

 

 

Figure 3-5: Simulation result shows (A) improvement of power factor (B) the reduction of 

input side current during short circuit condition and in (C) reduction of ripple voltage. 

With L1 only at input 

With L2 only at dc side 

(With L1) 

With L1 

 (With L2) 

With L2 
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side after rectifier assembly. The circuit diagram is shown in Figure 3-4 and simulated 

with air core choke (L1 = 0.3 mH) connected in input lines and compared with the 

equivalent choke (L2 = 2 H) in secondary side as L-C filter. The simulation is performed 

using PSIM software for both conditions and simulation results shows improved power 

factor in case of chokes at primary side (0.3 mH) rather than equivalent inductor 2H 

referred to the secondary side, as shown in Figure 3-5 (A). It is also observed that 

introduction of primary side choke reduces the initial short circuit current as well as output 

ripple voltage, as shown in Figure 3-5 (B) and Figure 3-5 (C). Finally, air core chokes, 

each rated at 0.3 mH, 250 A, are connected in each line of the primary side of the 

transformer.  

Primary side choke value is optimized in such a way to add more impedance for more 

voltage drop across it during short circuit without much affecting the regulation during 

normal operation. By this way, short circuit current level will be reduced. So, as a tradeoff 

between these two parameters, approx. 50% of line voltage drop (415*0.5 = 207 V) across 

it is assumed during short circuit condition. The transformers are rated for primary current 

102 A at full load and percentage impedance 8%. So, transformer may experience 

maximum primary short circuit current (ISC) = 102x100/8= 1275 A. Thus, theoretical 

calculation gives the choke value L1 = 
Iscf .2.2

207
π = 0.28 mH                  (3.1) 

Thus, air core choke of value 0.3 mH is optimized which will create a voltage drop of 

~10 Vac across each choke at full load current. This will cause an extra voltage regulation 

of maximum 4% which is permissible for our requirements. The input choke when referred 
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to secondary side of transformers and equivalent value of filter choke value is calculated to 

be ~2 H. Table 3-1 shows the specification of main cathode power supply.  

Table 3-1: Specifications of high voltage power supply for IOT cathode 

S.No. Parameters Values 

1 Max. output voltage 0 to -30 kV dc 

2 Output current 3.5 A, 

3 Input voltage 415V AC ± 10% , 3 phase, 50 Hz 

 

4 

 

 

Mains transformer 

details 

No. of transformers= 2 Nos. 

Each rated at 75 kVA, primary delta at 415 Vac and 

2 secondaries in Star & Delta each at 5800 V ac VL-L, 

frequency 50 Hz. 

Tr. configuration Dy11d0. 

Tr. % impedance= 8%. 

5 Filter capacitor 3.8 µF, 60 kV 

6 Ripple voltage (p-p) <0.5% 

7 Load regulation < 0.5% (for 10% load variation) 

8 Line regulation < 0.5% (± 10% of input AC variation) 

9 Input PF ~ 0.95 

10 Shutdown time during 

fault condition 

< 15 μs crowbar followed by CB trip within 250 ms. 

11 Energy limitation < 30 J, Initial stored energy = 1800 J 

12 Remote interface 

 

RS-232 / 485 based 

communication with PC and 

Graphical User Interface (GUI) for operation and 

monitoring. 

13 Safety interlocks 

 

Input over current, over voltage, dc over current, 

phase fail, crowbar protection, ignitron water flow, 

over temp of power components, door switch open. 

14 Over current setting 110% of rated current. 
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3.4 Other power supplies for IOT 

Apart from cathode power supply, other auxiliary power supplies are required for the 

biasing of the IOT. These are Ion pump power supply rated at 5 kV/1 mA, Grid power 

supply rated at -200 V/100 mA, Filament power supply rated at 24 V/40 A and Focus coil 

power supply rated at 12 V/40 A. All of the above mentioned power supplies are based on 

switching type having features such as, voltage and current regulation and computer 

controlled. Except Focus coil power supply, these power supplies are kept at high voltage 

deck and input power is fed from an isolation transformer. A PLC based system is kept at 

high voltage deck which controls and monitors these power supplies through an optical 

fibre link and a GUI is made to control all the power supplies through the PC. 

3.5 Supervisory control and monitoring 

The supervisory control and monitoring of the IOT based rf amplifier system has 

been done remotely in computer via Graphical user interface (GUI) developed in Labview 

software. The Labview software bridges the gap between application software to actual 

driver signal. These signal finally control and monitor the SIEMENS make PLC modules. 

The optical fibre link has been used for transferring control signal from one potential to 

other high potential (HV deck) or vice versa. A PLC module (CPU 315-2DP) is used as a 

master controller that takes the optical signal coming from remote PC. After processing the 

signal, it addresses the PLC which acts as slave device for monitoring and controlling 

interlocks, auxiliary power supplies etc. SM-331 module is used to capture analog voltages 

that are used for monitoring purposes. It is an isolated 8 channel, 14 bit resolution analog to 

digital converter having the conversion frequency of 10 kHz. 



Chapter 3: 3.5 Supervisory control and monitoring 
 

 

60 
 

For controlling the device, module SM-332 is with 12 bit resolution for digital to 

analog converter. At a time 12 channels can be controlled using SM-332. The loop time of 

the data acquisition system is 10 ms. It would be worth to mention that the whole IOT 

based rf system follows the sequence of operation during start up. It first checks interlocks 

for start-up, such as low conducting water (LCW), door closed, vacuum, and cooling 

system before turn ON of the IOT power supplies starting from Filament. 

3.6 Crowbar system for IOT based amplifier 

The crowbar protection is very important and crucial system for the protection of high 

power amplifier tubes against internal arc fault. A high voltage crowbar switch is 

connected across the output tube which is used to bypass the energy during an internal arc. 

 

Figure 3-6:  Scheme of crowbar protection system 
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An energy diverter topology is adopted by using an ignitron (NL7703EHV) to bypass 

excessive energy through it very fast within 15 μs time. The crowbar control unit senses the 

fault condition and triggers the ignitron very fast and the time delay is a critical factor 

which amounts to energy dump. The schematic diagram for crowbar protection system is 

shown in Figure 3-6. In this case, to limit the safe amount of energy less than 30J, the 

ignitron must be triggered within 15 μs followed by tripping off the CBs. During crowbar, 

transformer experiences a short circuit current resulting a huge electrical and mechanical 

shock.  

With refer to the schematic diagram shown in Figure 3-3, based on the stored energy 

in the filter capacitor during normal operation, the ignitron trigger time  must be less than 

15 μs followed by tripping off the CBs for attaining the safe limit the deposition of [28, 29] 

energy across the IOT TH793. The time can be calculated [6] as: 

The total current flow during short circuit (Isc) during arcing is represented as: 

 fcplsc III +=                (3.2) 

Ipl is transformer short circuit current and IfC filter capacitor current. Ipl can be obtained as: 

 
impedancepercentagerTransforme
currentloadfullrTransformeI pl =   

                = 
%8
3.7     ≅   91A                                                 (3.3) 

     where transformer series impedance is 8% including input chokes. fcI is calculated as: 

 fcI  = filterRCtom e
cesis

VcapacitorfilteracrossVoltage /

tanRe
)( −   

                      = filterRCt
cmeI /−
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                   ≅  115 filterRCte /−
A                (3.4) 

omV is the maximum voltage appear across capacitor during short circuit and omI  is the 

maximum current. filterRC  is the time constant of power supply which is around 1 ms. In 

order to limit the energy less than 30 J across IOT, crowbar time cbt  can be calculated as:   

JtIVtIV cbscoutcbplout 30≤××+××                (3.5) 

)91)1(()(
30

// +−×
≤ −− filtercbfiltercb RCt

fc
RCt

om
cb eIeV

t            (3.6) 

From MATLAB optimization toolbox, fsolve function is used to find the value of cbt  of 

Eq. 3.6 and simulated crowbar timing calculated to be around 18µs. The photograph of the 

ignitron and electronic circuitry to sense and trigger crowbar is shown in Figure 3-7. The 

heating lamp is placed over ignitron’s anode to keep the anode temperature more than that 

of the cathode. This makes fast settling of mercury inside the ignitron and helps the 

ignitron to act quickly during an internal arc fault condition in the IOT tube.   

As being a negative polarity of HVPS, the anode of ignitron is connected to the 

grounded positive terminal and cathode is connected to the negative terminal at -30 kV. 

Since, the igniter of ignitron and other parts of the crowbar protection system including 

pulse transformer, water cooling system float at high voltage at 30 kV, which is shown in 

Figure 3-6. This makes the ignitron assembly a challenging task starting from fixing the 

ignitron, maintaining high voltage isolation of more than 30 kV for the crowbar and their 

on-line testing. Crowbar system consists of mainly Pearson CT, ignitron NL7703EHV, 

pulse transformer, non-inductive resistors, inverter grade high voltage SCR, low ESR 
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capacitors, MOV etc. The CT (Pearson Electronics Inc, USA, Model:- 110) of response 

time 20ns is used to sense the fault current with improved noise immunity at a sensitivity of 

0.1 V/A. The fault current is sensed by CT-1 and the fault signal is fed to the crowbar 

electronics card.  

 

Figure 3-7: Electronic circuit that senses and trigger crowbar  

After conditioning, the signal is compared with a trip threshold voltage by a 

comparator and then it latches for interlocking and visual indication. Finally the latched 

signal generates a mono-shot pulse (ON time ~1 ms) to trigger a SCR through an optical 

fiber for isolation. The SCR rapidly discharges through primary of a pulse transformer to 

generate a pulse of 2.5 kV to trigger the ignitron. Simultaneously, crowbar controller card 
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generates a command to trip the mains circuit breakers (CBs). After every internal arc fault, 

CBs are tripped and the system is again made ON after reset from local panel via PLC. 

3.6.1 Wire survivability test 

Wire survivability test is done to check the crowbar performance at test bench before 

connecting to actual crowbar to the tube.  In the present case a thin copper wire of 33 SWG 

of a length 140 mm is used which has fusing energy < 30 J for testing crowbar of IOT tube. 

This test gives the information of energy deposition on load. As the name suggest wire 

survivability test is carried out by passing the short circuit current through the wire and if 

the deposition is within the safe limit, wire should survive. The test procedure and wire 

calculation steps are already described in chapter-2. 

3.7 Experimental results and discussion 

Photograph of the power supplies and all the arrangements are shown in Figure 3-8 

which shows HVPS cabinets along with high voltage deck, IOT assembly, water cooled rf 

dummy load etc. Initially, the HVPS and all other auxiliary power supplies were first tested 

individually with resistive load. The auxiliary power supplies were then installed at the 

high voltage deck along with the control modules and coupled with PLC at ground through 

fibre optics. The high voltage power supply for cathode (at -30kV) was tested and also 

other parameters were checked with resistive load as mentioned in Table-3-1. The IOT and 

water cooled rf load were installed and connected with water line and power supplies. After 

ensuring interlocks functioning, the power supplies were put on sequentially and the 

systems were tested with the rf load. 
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Figure 3-8: HVPS in 3 cabinets, cabinet-1 consists of two CBs for transformers, SCRs, 

control cards and panels. Cabinet-2 consists of Transformers, six air-core chokes, rectifier 

assemblies. Cabinet-3 consists of filter capacitor and crowbar unit consisting of ignitron 

assembly, water cooling. 

The system was tested up to rf power ~ 42 kW in several steps and all the power supplies 

were performed very nicely by keeping the cathode voltage at -30 kV and feeding input rf 

signal at 700 MHz to the grid.  

In order to check the performance of crowbar system, an experimental setup was 

made by using a high voltage vacuum relay in series with a small length (~140 mm) of 33 

SWG copper wire, connected across the output of HVPS. A fault was created by closing 

the vacuum relay. The performance is demonstrated by using wire survivability test which 

gave the measured value of the energy deposition less than 30 J. Initially, crowbar cards
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and the propagation signal delay of the components was tested without high voltage. As 

shown in Figure 3-9(a), Ch-1 shows the initiation of fault and Ch-2 shows the pulse 

transformer output voltage of 2.5 kV peak with 4 μs rise time after a delay of 3 μs. Time 

scale is 5 µs/div. Thus total 7 μs delay is recorded between the fault and ignitron trigger 

pulse. The trigger signal from pulse transformer is fed to the ignitron through a co-axial 

cable. The crowbar test result tested with 33 SWG copper wires at -27 kV output voltage as 

shown in Figure 3-9(b). Similar tests were performed repetitively to check the capability of 

the crowbar system and its proper functioning. 

 

Figure 3-9 : (a) Ch-1-The moment fault was created (5 V/div), Ch-2- Pulse transformer 

output pulse of 2.5 kV having rise time 4 μs (500 V/div). Horizontal axis indicates time 

scale 5 μs/div  (b) Ch-1- shows the current profile at 200 A/div and ch-2 shows the output 

voltage at 15 kV/div by using a potential divider. Horizontal axis Time scale is 5μs/div.

(b) (a) 
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3.8 Summary 

The HVPS and test stand of IOT-based amplifier system is designed, developed and 

tested successfully in VECC. Cathode power supply along with crowbar protection system 

was tested with the tubes up to the rated current to perform heat run test. The supervisory 

control of the IOT based rf system was also checked and ran successfully with one or two 

PC hanging problem. The PC hanging problem was then removed by carefully isolating 

high potential and low potential grounds and by providing proper shielding to EMI prone 

components. The primary concern of the design was to keep lower level of short circuit 

current by incorporating the input air core chokes. Observing the simulation results the 

optimized value of input core choke is chosen as 0.3 mH in the primary side. Other 

important feature that is discussed is the development of crowbar protection system for a 

negative polarity HVPS which is comparatively more difficult than positive polarity power 

supply. The crowbar circuit worked successfully after several iterations and finally the 

crowbar timing can be optimized to be within 15 µs. The initial sparking in the high 

voltage deck was removed by mounting suitable corona guards and high voltage resistance 

to the floated devices kept at high voltage deck. 
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CHAPTER 4 

Crowbar less high voltage power supply 
rated at -40 kV, 5 A based on pulse step 
modulation (PSM) technique  

4.1 Introduction 

Several high voltage power supplies developed for different systems of the 

cyclotrons at VECC have been discussed in chapters 2 and 3 by using conventional method 

to achieve the regulation, ie., SCR based phase angle controller and by using variac. These 

power supplies have been running on round the clock basis and overall performances are 

very much satisfactory. In such schemes, as usual, the main disadvantages observed which 

are huge power loss, lower efficiency, slow response and high stored energy. This would 

result into implementation of ignitron based crowbar protection system which is a very 

critical system for the protection of amplifier tubes against internal arc faults.  

In the present chapter, a new and emerging technique has been utilized to develop a 

high voltage power supply rated at -40 kV, 5 A based on pulse step modulation (PSM) 

technique [30-33]. Still the commercial availability of PSM based high voltage power 

supplies are limited and are very expensive. In future also, there are requirements of several 

high voltage power supplies (HVPS) of various ratings for different accelerator 

applications. It was then finalised to develop the technology of high voltage power supply 

in-house exclusively for the use in accelerator. This initiative would not only reduce the 

manufacturing cost considerably but also this will facilitate for the easy and faster 
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maintenance during a breakdown condition. Present development is aimed to utilize a 

modern technique meeting all the important criterions, i.e. solid state based modular 

construction, crowbar-less design, reliable operation, improved voltage regulation, higher 

efficiency, fast response and most importantly easy maintenance.  

There are very few manufacturers in the world who manufactures high voltage power 

converters utilizing PSM based technique. After going through the literatures and articles, a 

design scheme for high voltage power supply was worked out and the control strategy was 

finalized. Subsequently, a prototype high voltage system of rating 2.5 kV, 3 A based on 

PSM was developed which uses a multi secondary transformers with 4 secondary windings 

to power four SPMs modules. DSP based controller was used which communicates through 

optical fibre links to all the modules. All the parameters of the power supply were tested 

successfully and voltage regulation was achieved better than 0.8%. 

This follows the design of actual unit of high voltage power supply (HVPS) rated at -

40 kV, 5 A based on PSM topology in similar fashion. HVPS consists of 60 switched 

power modules (SPMs) and each module gets input 3- phase power from multi-secondary 

transformer’s secondary. Maximum 52 SPMs are required to be switched on and remaining 

8 modules are kept in standby which can be automatically put into operation in case of 

failure of any of the running SPMs. Solid state SPM uses an IGBT in series as a buck 

converter with a typical output voltage of 780 V at a fixed duty cycle at switching 

frequency 5 kHz. The operation involves switching-on the required number of SPMs and 

the output voltage can be obtained by modulating their pulse widths and phase delay time. 

This results into very low ripple voltage at high frequency which ultimately requires very 

small filter capacitor resulting into very small stored energy. Hence there is no need to 
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implement a special crowbar protection system. Other advantages of using PSM topology 

are modular design, low EMI, less harmonics content, high efficiency [34, 35]. The fine 

control of output voltage setting and regulation is accomplished by pulse width modulation 

(PWM) of 2 SPMs with variable dc voltage. DSP based control system is developed by 

using DSP TMS320F28335 in order to ensure the trouble free operation of the power 

supply as well as option for future upgrade without much change in hardware. In case of a 

failure of any module, automatically controller will switch on a healthy one after disabling 

the bad module and thus enabling it to reduce down time. 

4.2 HVPS description 

In this section, various components of the high voltage power supply is described in 

details 

4.2.1 Scheme of HVPS of rating -40 kV, 5 A 

 The IOT cathode needs a regulated dc high voltage power supply with low ripple 

and low stored energy. The negative polarity of HVPS based on PSM is used for biasing 

the cathode of IOT whose detailed specification is mentioned in Table 4-1. The HVPS 

should be well protected against any of the faults as mentioned, including crowbar. Major 

components of HVPS are the multi-secondary resin cast multi secondary transformers, 

switched power modules (SPMs), circuit-breaker, high voltage switch, DSP based control 

system etc., as shown in the schematic diagram in  Figure 4-1. The photograph of HVPS is 

shown in Figure 4-2, where all the 60 nos. of SPMs and other accessories are housed on  
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 glass epoxy structure and two resin cast multi secondary transformers in rear side and 

connected to the modules by using high voltage Teflon cables. 

  

Figure 4-1: Schematic diagram of HVPS rated at -40 kV, 5 A. 

               

Figure 4-2: HVPS showing all 60 SPMs and two resin-cast transformers rear side.
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Table 4-1: Specifications of HVPS based on IOT requirement 

SN Parameters Values 
1 Input voltage 440 V AC ± 10% , 3 phase, 50 Hz 

2 Max. output voltage  Up to -40 kV dc 

3 Output current  4 A, (max rating 5 A) 

4 Ripple voltage (p-p)  <0.5% 

5 Load regulation  < 0.5% (from 10% to 90% of  load) 

6 Line regulation  < 0.5% (± 10% of input AC variation) 

7 Input PF  ~ 0.90 

8 Output voltage rise time < 250 ms (from 0 to Vmax) 

9 Shutdown time during fault 

condition 

< 20 μs 

10 Stored energy <30 J 

11 Typical overall efficiency Better than 90% 

12 Remote interface  

 

RS-232 / 485 based 

communication with PC and 

Graphical User Interface (GUI) for 

operation and monitoring. 

13 Output interlocks 

 

Over voltage, over current, 

short circuit due to internal arching, 

module failure, IGBT over temp. 

14 Mains input side interlocks 

 

Under voltage, over voltage, over 

current, phase fail. 

 

4.2.2 Multi secondary transformers 

HVPS uses two resin-cast multi-secondary transformers, each having 3-phase star 

connected 30 secondaries rated at line voltage 580 V, 50 Hz, to power all 60 SPMs which 

are kept at glass epoxy structure. The primary of one transformer is star and other is delta 
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connected whereas all the secondary windings are star-connected to obtain 12-pulse 

rectification feature to reduce harmonics content in input current and low ripple voltage at 

ripple frequency 600 Hz. The transformer’s 30 output secondary coils on each limb are 

kept at equal separation from each other. To provide high voltage insulation, these are then 

resin casted after vacuum impregnation to avoid any moisture or dirt. The insulation level 

of secondary coils with respect to primary coil as well as core is maintained at 80 kV 

whereas between two consecutive secondary coils is maintained at 5 kV. The stray 

capacitances CSP between primary to secondary windings and CSS between secondary 

windings are the key parameters and smaller the values of stray capacitances, better the 

results [36, 37]. The photograph of resin cast transformer mounted in a cabinet is shown in 

Figure 4-3. For the efficient cooling, two fans are connected on the top of the cabinet. 

 

Figure 4-3: Actual photograph of a multi-secondary transformer, having overall dimension 

(1700x650) mm, H= 1600mm. 
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4.2.3 Switched power modules (SPM) 

Each SPM consists of a soft start feature by using contactors, 3-ph full wave bridge 

rectifier, filter capacitor, free-wheeling diode, IGBT (SKM75GB176D), snubers, varistors, 

LEM current sensor and a control board. Each module uses an inductor at output terminal 

to stop to enter the surge current. The HVPS contains total 60 SPMs and each is fed power 

from multi secondary transformer’s outputs individually at line voltage 580 V, 50 Hz as 

shown in Figure 4-4.  

 
Figure 4-4: Schematic diagram of a SPM 

Each SPM consists of soft start feature to avoid a starting surge and EMI due to it. 

Input 3-ph, 580 VL-L, 50 Hz from each secondary winding of multi secondary transformer 

is fed to the input via contactor and then rectified by using a 3-ph bridge rectifier. Then L-

C filter is used to minimise the AC component of voltage and current present in power 

supply after rectification. Inductor L2 is used to prevent any spike to enter due to high 

inductive reactance to AC, but quite low resistance to dc. Ripple increases with increase in 
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the load in an inductor filter, but decreases in capacitor filter for an increase in the load. So, 

the LC filter is used which is independent of load current or load resistance (RL). A 

critical/minimum value of inductor (Lc) is required to insure a continuous conduction 

mode. This can be estimated using the following well known formula: 
f

RL L
c π3
≥    where, 

f  is ripple frequency. Now the value of C can be calculated by formula, 
LC

Ripple 23
2

ω
= . 

In present case a ripple of 0.1% is assumed and accordingly C can be calculated. 

Each module is switched type regulator connected in buck configuration by using an 

IGBT in series and designed for an output of 780 V at 80% duty cycle at switching 

frequency 5 kHz. The switching frequency is chosen much higher than the line frequency 

to reduce the size and weight of the output filter. However, with the increase in switching 

frequency, switching loss and magnetic core loss increases. The switching frequency of 

each module is kept at 5 kHz which is an optimum value for an IGBT. Ultimately the ripple 

frequency at output will become N times 5 kHz, where N is nos. of modules, which is 

sufficiently high and thus filter requirement is very small.  

The output voltage is 780 V when IGBT Q1 is turned-on and zero voltage when 

IGBT Q1 is turned-off and during off time, the freewheeling diode bypasses the module by 

providing a bypass current path for others. In case of crowbar or any fault condition, the 

series IGBT Q1 is turned off and IGBT Q2 is turned on for faster discharge. The control 

electronics is designed to interface for communication with the main controller through 

optical fibers and allows the switching of IGBTs from local or remote mode. The series 

connection of all 60 modules leads to a relatively high complexity of high voltage cable 
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and optical fiber connections. Two SPMs are made vernier modules utilizing PWM type 

switching voltage regulator for fine regulation. These SPM’s output voltage varies typically 

from zero to 780V depending upon the duty cycle. The control system is developed as per 

the algorithm and accordingly a GUI is developed for smooth operation and parameters 

monitoring on remote PC. During the operation, due to the proper modulation strategy, the 

output ripple frequency seen by the load equals to switching frequency multiplied by 

number of modules. This feature allows the higher output ripple frequency at lower 

switching frequency. The control cards of SPM takes care of an effective protection in case 

of any internal faults and keep the status of health of modules informed to the main 

controller through optical fiber communication. 

4.3 Control scheme of PSM based HVPS 

In this section the detailed control architecture of PSM based HVPS will be discussed 

apart from the mathematical calculations, the main flow diagram that will ensure closed 

loop feedback by using a controller by using DSP TMS320F28335 and then the 

supervisory control will be discussed. 

4.3.1 Working principle of PSM 

There are N number of SPM modules, each consists of a dc source Vs, a solid-state 

switch Si and a freewheeling diode Di, where I denote the number of SPM modules from 1 

to N, as shown in Figure 4-5. The total output voltage across load is the sum of the 

respective output voltages of each SPM. The output voltage equals Vs for a closed switch S 

and zero for an opened switch S for any SPM. In coarse step modulation (CSM) control, 

the controller switched on nSPMs (where n <N) in order to get output voltage nVs. The
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 problem arising with this approach is that we can get only integer value of Vs at the output. 

But sometime fine steps are to be added and for this, we have added two SPMs for fine-

tuning. The difference between required output voltage and CSM voltage is added with 

PWM-pulses, which are generated just by switching on additional steps. 

                          

Figure 4-5: Working principle of PSM based HVPS.  

Simulation results of four SPMs operated in PSM approach is shown in                 

Figure 4-6. Each module has equal duty cycle with a fixed phase shift to ensure equal 

loading. It can be seen that the output voltage reaches 4Vs with peak to peak ripple voltage 

equal to one SPM voltage (Vs) at a ripple frequency four times SPM switching frequency. 

Thus it would require 16 times less filter capacitor value that could inherently reduce the 

stored energy and therefore easing the need of additional crowbar protection system. At full 

voltage, the number of modules will be further increased resulting very low stored energy. 

Hence, HVPS utilizing PSM technique does not require an additional crowbar system and 

thus it is called crowbar less power supply. 
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   Assuming total output voltage Vo, delay time Td consecutive SPM the efficient 

frequency fo and modified duty cycle Do can be calculated as follows. 

N
TTd =

          
(4.1) 

T
T

NVV on
so =         (4.2) 

so Nff =         (4.3) 

( ) sdono NfmTTD −=       (4.4) 

where fs  is the switching frequency of one SPM and N is the number of working 

SPM. Vs, Ton, T, Td and fs are input voltage, switch on time, time period, delay time and 

switching frequency respectively. N is the total number of switch-on SPM and m is the 

integer part of Ton/Td. So the output voltage and efficient frequency can be adjusted by 

changing Vs, Ton and fs [38-42]. 

 
Figure 4-6: Output voltage waveform with shifted PWM for 4 SPMs 
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As shown in Figure 4-6, the output voltage with 4 SPMs at switching frequency fs = 

5 kHz, Vs=780 V at duty cycle of 80%.  As control signal of the PSM is based on stage 

rotation, therefore the second switch will turn-on T/4 time later than the first one, the third 

will turn on T/4 later than second one and forth is turned on T/4 later on than third one and 

so on. The output waveform (Vout) shows that ripple voltage (peak to peak) is equal to one 

module voltage Vs and ripple frequency equals to four times fs.  From Eq. 4.4, the duty cycle 

at the output stage is 20%.  

Thus the output waveform resulting from PSM modulation gives more advantages. 

For N=3, keeping other parameter constant Td =T/3, ripple voltage at output stage is equal 

to one module voltage, duty cycle at output stage Do=28%. Similarly, for N=8 Duty cycle 

Do=40% and Td =T/8. Thus, Duty cycle of output stage depends on m i.e., integer part of 

Ton/Td. If Ton is integer multiple of , Do=0 output is absolutely ripple free. For N=4, Td= 

50µs, there are four possible  (50µs, 100µs, 150µs, 200µs) for which Do=0 so, the filter 

capacitor requirement is almost nil. Hence, in case of four modules there are four duty 

cycle points where output is ripple free. Similarly, in N number of power modules there are 

N duty cycle points where output contain almost no ripple voltage [43, 44]. This strategy 

avoids or minimizes the output filter capacitance requirement resulting very low stored 

energy. 

4.3.2 Closed loop control program 

HVPS consists of total 60 SPMs out of which 58 SPMs having fixed duty cycle and 2 

SPMs having variable duty cycle incorporating PWM at switching frequency at 5 kHz for 

output voltage regulation. During the load disturbances, the difference between required 
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output voltage and Coarse Step Modulation voltage is added with PWM-pulses and gives 

the output voltage within 200 V of set voltage. In order to realize the precise timing control 

of the PSM modules, Texas Instrument floating point Digital Signal Processor 

TMS320F28335, as shown in Figure 4-7, is used as the core controller to generate pulses 

for switch-on and switch-off IGBT for each module. DSP communicates with each SPM 

through optical fibre as all the SPMs are floating at high voltage. 

The DSP has special purpose CPU that provides ultrafast instruction sequences such 

as shift and add, multiply and add which is commonly used in math operation. Also, it has 

inbuilt circuit made up of PWM, Analog-to-Digital Converter (ADC) and Input-Output 

(I/O) peripherals. These circuit peripherals are mainly used as a controller for the power 

electronic converters. The DSP controller is used because of its advantages, i.e., low cost, 

embedded floating-point unit, high clock speed, high resolution, on-chip ADCs, high 

performance PWM unit. Code composer studio (CCStudio) IDE v3.3 software is used for 

the programming of TMS320F28335 [45]. It is the integrated development environment 

(IDE) for TI's DSPs. It includes compilers, source code editor, project build environment, 

debugger, profiler, simulators and many other features. 

                   
Figure 4-7 :  TMS320F28335 with PWM output and Analog input 
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Figure 4-8: Block diagram of DSP based HVPS control architecture 

ADC input channels are used to receive the feedback of voltage and current signals. 

Four to sixteen lines multiplexer (74HC154) is used to turn ON/OFF 16 SPMs and is 

controlled using digital input output pins of DSP which is shown in Figure 4-8. Two SPM 

modules are controlled using PWM pins of DSP which has been implemented for fine 

tuning of the output voltage and also for the regulation and controls. For rest of SPMs, 

digital output is used to control switch-on and switch-off according to the required set 

voltage. The controller can turn off all the SPMs quickly in case of any faults occurs such 

as dc over current or crowbar. Individual SPM is protected against internal faults, i.e. IGBT 

short circuit, over temperature and over current. The power supply can be either operated 

remotely using graphical user interface (GUI) or from local panel.  
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Figure 4-9: Flow diagram of control architecture 

The DSP is used as an independent master controller without slave controllers which 

is a simpler design. The DSP based controller has many advantages like flexibility, 

accurate, not much affected by the noise, reconfigurable without much change in hardware 

etc. The only drawback is slow speed which requires few more ms time to achieve the 

desired set value, which in our case is not the serious issue.  
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The control architecture is based on the flow diagram which is shown in Figure 4-9. 

Flow diagram starts checking all the interlocks and then it checks the set voltage Vset. Since 

the duty cycle is fixed at 80% to 100% and for a specific number of modules, phase shift 

(Td) can be calculated. The number of SPMs to turn on is given by n= Vset/780. The fraction 

part of Vset/780 V is controlled by two vernier SPMs for regulation. 

4.3.3 Supervisory control and monitoring 

The supervisory control and monitoring system for all the power supplies including 

HVPS is developed in-house by using PLCs and is programmed using Simatic manager 

software provided by Siemens. Siemens S7-300 PLC is used which handles all the fields 

I/Os. It takes care of all safety interlocks like over voltage, over current, water flow, air 

flow etc. along with the start-up interlocks. Auxiliary power supplies, at high voltage deck, 

 
Figure 4-10: HVPS control and monitor GUI. 

are controlled by Siemens distributed I/O modules (ET-200) with Ethernet. An Ethernet to 

optical and optical to Ethernet channel is used to navigate the control signals from high 

voltage deck to PLC. A GUI as a control panel is developed to control the HVPS from PC,  
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as shown in Figure 4-10, along with control and monitoring of parameters of other systems 

also. From this panel, all the operations can be done related to the HVPS from remote PC. 

4.4 Results and discussion 

Both the resin cast transformers were fabricated and tested at factory. Results of all 

major tests, such as turns ratio test, polarity test, magnetic balance test, IR test, Insulation 

test at 80 kV (between all secondary shorted to HV with respect to primary coils & screen 

& core at ground) and DVDF test (double voltage at double frequency) were found to be 

satisfactory and meeting all the design specifications. 

A test stand was made for functionality test and full load test of each SPM at 580 V, 

3-ph, 50 Hz as input power. Heat run test was performed on randomly selected 25% of 

modules at full current and maximum temperature of power components was measured to 

be less than 73°C at an ambient of 25°C which is within the safe limit. After assembly, the 

HVPS was tested at full voltage at 40 kV dc and rise time and fall time are recorded up to 

3A, i.e. 120 kW power for short time due to availability of load. 

 

Figure 4-11: (a) Rise time and (b) fall time of output voltage (Y-axis at 10 kV/div) at 40kV 

at no load. X-axis indicates Time scale at 10 μs/div. 
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The rise time and fall time of HVPS were recorded and shown in Figure 4-11 which 

is around 15 μs at no load. The available resistive load of 40 kW was used to test the power 

supply at higher current for short time. The line as well as load regulation of HVPS was 

tested at resistive load and found to be better than 0.5%. The over current protection at 

different current level adjustable from 3.0 A to 6.0 A was performed successfully at lower 

voltage.  

The power supply as well as rf amplifier tube must be protected against crowbar or 

short-circuit caused due to internal arcing. To demonstrate low energy dump (<30 J) to the 

load during a fault, wire burn test was performed. For this purpose, a crowbar test set-up 

was connected across the output terminals. The test setup consists of a high voltage relay in 

series with a piece of a thin 33 SWG copper wire of 140 mm long suitable for 30 J of 

energy transfer. The result of crowbar test of HVPS performed at -25 kV is shown in 

Figure 4-12. The short circuit current was measured using a LEM CT and a current probe. 

 

Figure 4-12: Short circuit test (CH3: voltage 15 kV/div which is scaled down to 3:1 by 

using voltage divider; CH1: current, 20 A/div) 

Trigger 
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To perform the crowbar test, a fault condition was generated by closing a high 

voltage relay in series with a piece of 33 SWG thin copper wire which is connected across 

the output terminals. Once the fault is sensed by a Person CT, the signal is fed to the 

controller which is fast enough to send the switch-off command to all the IGBTs in all 

SPMs. In Figure 4-12, It can be seen that within 15 μs, the power supply gets complete off 

without burning the thin copper wire. The tests were repeated and similar results were 

found. The HVPS efficiency is calculated to be better than 96.5% which is very good.  

Transformer Loss =  2750 W , Losses in each module = 42 W @ 5 A 

Total loss in 50 modules = 42x50 = 2100 W, maximum 50 modules gives required voltage. 

Losses in other components = 1550 W, Total Losses = 2750 + 2100 + 1550 = 6400 W,  

Thus, Efficiency = 200/(200+6.4) = 96.5 %.  

4.5 Summary and conclusion 

The HVPS has been developed, installed and tested with available resistive load up 

to 120 kW power level for a short time. Due to unavailability of services of IOT, the actual 

load installation will take some more time. Individually, all the modules are tested at full 

load and found to be compliant and meeting all the specifications. The HVPS is found to 

deliver excellent operating performances with inherent redundancy, faster dynamic 

response better than 15 μs, low stored energy which is less than 50 J and improved 

efficiency which is calculated to be 96.5%. Overall HVPS testing was carried out up to 40 

kV at 3 A current (not exceeding 120 kW) for a short time and full current at -25 kV. This 

is due to the available resistive load. After the IOT installation and commissioning along 

with water cooling and other services, the rf testing will be done. 
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CHAPTER 5  

Study on harmonics and EMI 

5.1 Introduction 

The high voltage power supply (HVPS) based on pulse step modulation (PSM) 

technology (described in Chapter-4) has been widely used for various applications, ie., rf 

amplifiers, Electron Cyclotron Resonance Heating (ECRH) systems etc. The HVPS is a 

complex system which contains multi-secondary transformers followed by numbers of 

rectification units and switching converters modules. In such situation, there is huge scope 

of harmonics generation in the power system mainly due to non-linear behaviour of active 

and passive devices. In order to reduce the effects of harmonics, several corrective steps 

have been implemented. Heavy magnetic inrush current of the transformer and capacitor 

charging may trigger the overcurrent for the mains breaker.  

                                                    

Figure 5-1: A typical soft charging at 440V (CH1- dc link voltage (yellow) from 0V to 620 

Vdc, CH2- Input AC current (green) envelop which shows soft start condition of a 

transformer showing the soft charging of capacitor filter in time interval of 6s. 

X-axis:- Time 1s/div 

Y-axis:- Ch-1 Voltage 
(yellow) 0 to 620 V dc. 

Ch-2- AC Current 
(Green) -40 A to +40 A. 
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Sudden inflow of huge inrush current during start causes huge EMI and can disturb 

the surrounding equipment. For the protection of breaker and capacitors from overcurrent 

as well as the disturbances to other equipment resulting from EMI, a soft start procedure is 

necessary [46]. A typical soft start procedure of a module is shown in Figure 5-1 which 

describes the flow of magnetising current as well as capacitor charging current slowly at 

the time of start. This helps to reduce EMI to great extent. PSM power supply starts up in 

two steps: soft start of transformer as well as each switched power modules. Considering 

the transient behaviour of soft start procedure, the resistors should be suitably selected 

which should balance the current decay time without any oscillation. Optimum resistor 

value (R) in series is calculated considering the equation  

         R2C2 – 4 LC > 0,  

So, R > 
C
L2 , where L and C is circuit inductance and capacitance. 

5.2 Study on Harmonics and their analysis   

Each switched power module (SPM) consists of a 3-ph bridge rectifier followed by 

IGBT based buck converter. In a 6 pulse rectifier configuration, [47] the input current 

waveform will contain some harmonics and due to that the input current waveform looks as 

shown in Figure 5-2. The input current contains harmonics:  h = kq ±1, where h is the 

harmonic number (integer multiple of the fundamental), k is any positive integer and q is 

the pulse number of the converter. This means that a 6-pulse (or 3-phase bridge 

configuration) rectifier will exhibit harmonics at the 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 

25th etc. multiples of the fundamental. As a thumb rule, the magnitudes of the harmonic
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currents is the fundamental current divided by the harmonic number (e.g. the magnitude of 

the 5th harmonic would be about 1/5th of the fundamental current). A 12-pulse (or 6-phase 

rectifier) will, in theory, produce harmonic currents at the 11th, 13th, 23rd, 25th, etc. 

multiples. In reality, a small amount of the 5th, 7th, 17th and 19th harmonics will also be 

present with a 12-pulse system (typically the magnitudes will be on the order of about 10% 

of those for a 6-pulse drive) [47]. 

                                                    

Figure 5-2:  Input line current distorted waveform which contains harmonics. 

Zero sequence harmonics ( 3rd, 6th, 9th, ….. (6n-3) th ) do not produce a rotating 

field [48]. These harmonics circulate between the phase and neutral or ground. The third 

order or zero sequence harmonics, unlike positive and negative sequence harmonic 

currents, do not cancel but add up arithmetically at the neutral bus. Another set of special 

harmonics called “triplens” (multiple of three) which have a zero rotational 

sequence. Triplens are the odd multiples of the third harmonic (3, 9, 15, 21……). These 

harmonics flow in grounded star connected system and circulate in delta-connected 

windings which produce overheating. Positive sequence and Zero sequence harmonics are 

responsible for overheating of conductors, whereas Negative sequence harmonics, on the 

other hand, circulate between the phases creating additional problems as it rotates in 

opposite phasor rotation and produces more core loss [49]. 
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We know that non-sinusoidal periodic complex waveforms are thus generated by 

adding together sinusoidal harmonics waveforms at the frequencies multiple of 

fundamental frequency which is shown in Figure 5-3 or vice versa. Harmonics are shown 

as multiples of the fundamental frequency ( f ), such as: 2ƒ, 3ƒ, 4ƒ, etc. Harmonics is 

generalised term used to describe the distortion in a sinusoidal fundamental waveform [47]. 

A complex and distorted periodic waveform can be split up mathematically into its 

individual components of harmonics by using Fourier Analysis Method.  

 

Figure 5-3: Complex waveform formed by adding the waveforms of several frequencies. 

The amount of waveform distortion of a complex waveform and its distinctive shape 

is directly related to the frequencies and magnitudes of the most dominant harmonic 

components. The most dominant harmonic components are the low order harmonics from 

2nd to the 19th with the triplens being the worst. The equation given for the value of a 

complex waveform will be: 
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  ET = E1 + E2 + E3 +………+ E(n)  

  ET = V1max sin(ωt) + V2max sin(2ωt) + V3maxsin(3ωt) +…….+ Vnmaxsin(nωt)          

Harmonic sequence refers to the phasor rotation of the harmonic voltages and 

currents with respect to the fundamental waveform. Normally, the amplitudes of harmonics 

is the ratio of fundamental amplitude divided by the harmonics number. If fundamental 

amplitude is A, 2nd harmonics amplitude = A/2, 3rd harmonics amplitude = A/3 and so on. 

5.2.1 Fourier series  

For a periodic function f(x) that is integrable on [−π,  π], the number, the function 

can be represented as a sum as follows  

    ∑
=
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is called the Fourier series of f(x). These trigonometric functions can themselves be 

expanded, using multiple angle formulae.  

 The most commonly-used measure for harmonics is total harmonic distortion 

(THD), also known as distortion factor. It is applied to both voltage and current. THD is 

defined as the rms value of the harmonics above fundamental, divided by the rms value of 

the fundamental. THD of a voltage or current can be defined as 

1

2
4

2
3

2
2 ..........

V
VVV

THDF

+++
=  

where Vn is the RMS voltage of n th harmonic and n = 1 is the fundamental frequency. 

5.2.2 Harmonics reduction by transformer configuration  

The PSM based high voltage power supply (-40kV, 5A) consists of two multi 

secondary transformers. First one transformer, primary is Y connected and secondary 

windings are Y connected and in second transformer, primary in Δ and secondary windings 

are in Y connected. Thus all secondaries are star connected which served in parallel 

connection to give output 12 pulse rectification, as shown in Figure 5-4. Line-to-line 

transformer voltage ratios are identical for all secondary windings. The top transformer is 

in Y-Y connection thus having no phase shift. The transformer in bottom has Δ-Y, thus 

having 30° phase shift. Finally, the secondary currents of both the transformers operate in 

parallel provide 12 pulse rectification and thus the THD is reduced considerably around 

1.25%. Hence, 12 pulse rectification automatically reduces the filter size. 
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Figure 5-4:  Primary transformer connection and analysis of transformers 

Assuming the balanced load, each 3-phase secondary undergo 6 pulse rectifications 

as shown in Fig-2. From Fourier transformation, it can be seen that being a half wave 

symmetry, even-ordered harmonics will remain absent [47, 50, 51]. So, resultant current 

can be written as   Inet(t) =  2I1 sin(ωt) +  
11
2 1I

sin(11ωt) + 
13
2 1I

sin(13ωt) +…………. 

Recognizing the pattern shows that the remaining harmonics are h = 12n ±1 , whereas 

n=1,2,3…. which leads to the classification “twelve-pulse converter” and this way 

harmonics content in input current is reduced to almost half of 6-pulse converter and hence 

THD can be improved by using 2 transformers in 12 pulse converter mode. The presence of 

harmonics may affect the systems in following way- 

a) Skin effect due to higher frequencies and also results more loss. 

b) Triplen harmonics circulating in neutral conductor making excessive heating. 

c) Negative sequence produces opposite rotating field which reduces flux linkage. 
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5.2.3 Harmonics standards 

 For harmonics generation, the system design must have compliance. One of the 

major standards is International Electro technical Commission (IEC) European Standards 

where EN 61000-3-2 Harmonic Emissions standard is applied to household appliances. 

There are four classes Class-A, B, C and D for various purposes. Additional harmonic 

current testing, measurement techniques and instrumentation guidelines for these standards 

are covered in IEC 1000-4-7 [48]. 

5.3  Study on EMI and EMC 

Electromagnetic interference (EMI) is an unwanted electromagnetic disturbance that 

interrupts, obstructs or otherwise degrades the equipment performances which is a major 

concern for all the electrical and electronics systems. The sources of EMI have been 

commonly identified as the equipment or system incorporating very high rate of switching 

voltage or current (dv/dt and di/dt) interacting with parasitic components. EMI produces 

two types of emissions; conducted (voltages or currents) and radiated (electric or magnetic 

fields in range of few MHz or more). Typically Switch-Mode Power Supplies produce 

conducted interference signal (operating in the range of 10 kHz to 100 kHz). For EMI to 

exist there must have an electrical noise (EMI) source, a coupling path, and a victim 

receptor. Four different types of elementary EMI coupling can be identified: Impedance 

coupling, Inductive coupling, capacitive coupling and radiative coupling [52, 53]. The 

dominant disturbing phenomena are due to the inductive coupling, followed by capacitive 

and impedance coupling, which are relatively more prominent with the increase in 

frequency. At much higher frequencies, generally the field strength of radiative coupling
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 increases the susceptibility limit to cause EMI phenomena.  

There are several ways for the comparative study of the spectral characteristics of 

random-switching schemes that apply to the basic pulse width-modulation (PWM) dc/dc 

converters operating in discontinuous conduction mode (DCM) [54, 55]. Mathematical 

modeling was done and low frequency harmonics analysis and random noise calculation 

was done experimentally also. The Buck converter exhibits a complex nonlinear behaviour 

and produces EMI at switching frequency and harmonics. Various methods have been 

studied to reduce noise emission by the power supply which uses frequency modulation 

and finally, a novel voltage feedback method is discussed to make the converter working 

on chaotic state to improve EMI and reduce output ripple [55-57].   

A receptor, also called a "victim", is exposed to a conducted or radiated 

electromagnetic energy which shows degradation or malfunction in performance. Hence, 

receptors are designed in such a way which can withstand the limit of EMI without 

malfunction. Thus the components must comply with specifications to ensure 

electromagnetic compatibility (EMC) which represents the ability of systems to function as 

designed, without malfunction or unacceptable degradation of performance due to EMI 

within their operational environment. During the development of a system, the product 

must be designed to comply with EMC standards, and the product must also be tested for 

EMC [58, 59]. The conducted EMI noise in a PWM inverter consists of two parts, 

differential mode (DM) noise and common mode (CM) noise, whose details and noise 

current flow direction are illustrated in Figure 5-5.  
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Figure 5-5: Common Mode (CM) and Differential Mode (DM) current 

The common mode (CM) noise is generated mainly due to the high rate of change of 

voltage (dv/dt) caused by the switch turn on/turn off, coupled through the parasitic 

capacitance between the IGBT collector and the module base-plate heat sink that is 

normally grounded. The CM noise current flows through both the input lines into the 

ground through the stray capacitance. The differential-mode (DM) noise current (IDM) is 

largely due to di/dt in the dc bus as the normal switching operation of the converter and 

flows between the phase and neutral lines. 

In order to mitigate the effect of EMI, there are various schemes ie., use of EMI 

filter, short & twisted cable pair of smaller length which reduces parasitic inductor and 

capacitors, snuber circuit etc [59]. Sharp rising edge and falling edges will have more dv/dt 

and causes CM noise. Snuber capacitor is used to limit the IGBT turn-off dv/dt. As the 

EMI generation is unpredictable [53, 60] and so it needs perfect design, modelling, 

simulation and noise spectrum estimation. The most common method is Fast Fourier 

Transform (FFT) to get a wide-band varying EMI-spectrum and information of power 

spectral density verses problematic harmonic frequencies. 
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5.3.1 EMI characterisation  

The continuously growing market demands for fast-switching power supplies and 

giving rise to the need of more controlled methodologies to meet regulatory 

electromagnetic compliance (EMC) requirements [60-62]. The resonant converters type 

switching mode power supplies (SMPS) are in use implementing zero-current (ZCS) or 

zero-voltage (ZVS) operation which minimizes switching losses and noise. Also, the 

conducted and radiated noises emitted from SMPS making the need of proper input filter 

design which is also an intricate part of the overall power supply design. EMI can be in the 

form of conduction or radiation [63]. Conducted EMI passes through supply lines and 

interconnecting wires and is divided into Common Mode (CM) and Differential Mode 

(DM). Differential mode follows the same path as the input power while the common mode 

has a current path through earth (chassis). Common-mode (CM) emissions are generally 

due to the rapid switching of voltage across parasitic capacitances [64]. 

General topology of the input filter section of power supply for suppression of EMI 

noise is as shown in Figure 5-6. In the diagram, Cy elements represent Y-Capacitor values 

          

Figure 5-6: EMI filter between switched power module and mains supply 
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which is chosen to effectively shunt common mode currents from reaching the power 

supply. Capacitor Cx elements are X-Capacitors used to control differential mode 

harmonics [65, 66] 

Inductor L1 is used with a purpose of further suppressing high frequency CM noise 

currents while inductors L2 limits deferential modes by utilizing the leakage capacitance 

resulting from the proximity of windings from one another. The filter also serves the 

essential purpose of preventing noise fluctuations from AC input signal to the power 

supply. When designing to meet regulatory emission standards, proper attenuation of the 

noise requires an adequate number of filter stages. There may have Single-section or 

multiple sections of EMI filters with careful attention to the parasitic. While choosing a 

capacitor, the effect of ESR and ESL is very important which affect the resonant frequency. 

Electromagnetic interference (EMI) filters have been used for power electronics converters 

to attenuate switching noise to meet the EMI standards. However, because of the parasitic 

in the filters, it cannot attenuate high-frequency noises efficiently. There are few techniques 

to mitigate the effects [58, 67-69]. 

 There is no setup available at present in our lab for the measurement of conducted 

EMI, but some labs have this facility for the measurement of noise. Line Impedance 

Stabilization network (LISN) is one of the most common part whose schematic is shown in                   

Figure 5-8 to measure the conducted noise emission which propagates from the device 

back into electrical power system [59]. LISN provides specified measuring impedance for 

noise and isolates the DUT. Figure 5-7 shows a typical graph which shows the harmonics 

reduction by using a filter measured by LISN and network analyser. 
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Figure 5-8: Arrangement of conducted noise measurement by using LISN 

The noise voltage measurement is made at the plug end of the inverter power cord 

and is expressed as the voltage developed across the 50-Ω port terminated by using 

spectrum analyser terminated with 50-Ω inside. A test bench can be made consisting of 

noise source, device under test, LISN and measuring instruments. Various combinations of 

result and EMI spectra can be taken for its analysis and characterization [59]. 

5.3.2 EMC standards 

The objective of EMC standards is to ensure reasonable electromagnetic 

compatibility for trouble-free co-existence by limiting emission of EMI and ensuring that 

these systems have adequate level of immunity to EMI generated in the vicinity by other 

equipment [70-73]. EMC standards can be broadly classified into Military and Civilian 

standards. Most of the military standards are broadly for military applications for land 
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based, air borne or ship borne equipment based on MIL STD 461 & 462 evolved by US 

Department of Defence (DOD). The Civilian Standards are for the equipment having non-

military applications, i.e. for equipment used in commercial, industrial, domestic and 

automotive environments. Most of the civilian standards are based on organizations like 

CISPR, IEC, IEEE, SAE, SAMA etc. Most common CISPR standard has been referred to 

“International Special Committee for Radio Interference”.  

Some of the commonly referred CISPR standards are: [68] 

a) CISPR 11: For Industrial, Scientific and Medical (ISM) equipment 

b) CISPR 14: For household appliances, electric tools and similar apparatus. 

c) CISPR 15: Limits and methods of measurement of radio disturbance characteristics 

of electrical lighting equipment. 

d) CISPR 16-1 For radio disturbance and immunity measuring apparatus and methods 

 

Figure 5-9: A typical noise curve whose amplitude is plotted in frequency band [67] 
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Some other most widely accepted commercial standards are Federal Communications 

Commission (FCC), British Standards (BS), Verband Deutscher Elektrotechniker (VDE), 

and Voluntary Control Council for Interference (VCCI). Also, international standards on 

electromagnetic compatibility such as EN (European Norm) and CISPR (International 

Special Committee on Radio Interference) become the guidelines for designers to reduce 

noise reduction in switching power supplies [63, 67]. 
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CHAPTER 6  

Conclusion and future works 
6.1  Conclusion 

The thesis has analyzed varieties of topologies on high voltage power converters and 

related systems. Complete design, circuit analysis, development and testing of all the high 

voltage power supplies have been carried out indigenously. Several high voltage power 

converters have been in operation, viz, 20 kV, 22.5 A and -30 kV, 3.2 A for the cyclotrons 

on round the clock basis. The power supply 20 kV, 22.5 A is used for anode of tetrode tube 

based rf amplifiers (three numbers) where output voltage regulation is optional. The output 

voltage setting from 10kV onwards is done by 400 kW oil cooled variac. Although the 

power supply has been performing very well but regular maintenance of oil cooled variac is 

required. Also, due to low frequency ripple at 600 Hz, larger value of filter capacitor of 

value 30 µF is worked out which amounts to 6.0 kJ stored energy. This necessitates the use 

of a high voltage ignitron as a crowbar switch to limit energy less than 50 J transferring to 

the tube during internal arcing. An ultrafast crowbar protection system is the most critical 

system required for the protection of costly tubes. Also, for proper functioning of the 

ignitron, the anode temperature must be kept 8-10°C higher than the cathode for mercury 

vapour condensation. 

Another HVPS rated at -30 kV, 3.2 A is for the IOT cathode and so a negative 

polarity high voltage power supply. This power supply is primary phase controlled SCR 

regulated with the regulation better than 1%. In this case also, the ripple frequency is at 

600Hz which is very low and resulting higher filter capacitor and higher stored energy. 
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Similarly, crowbar protection system has to be incorporated by using an ignitron of rating 

50 kV. Because of the negative polarity of HVPS, the ignitron cathode has to be kept at 

high voltage at -30 kV with grounded anode and due to that whole circuitry including 

triggering circuit and pulse transformer are to be kept floating at high voltage. Thus, the 

crowbar protection has become much complicated and online testing is much more 

difficult. This is to be noted that during crowbar fault, sometime the components failure 

was observed in SCR firing card. After several iterations, transient voltage suppressors 

were put suitably and observed the significant improvements. 

Conventional power supplies have some inherent disadvantages which have been 

rectified to great extent in newly developed high voltage power supply based on PSM 

topology. Various journals and publications were studied on PSM based topology and after 

extensive survey; a final scheme was worked out for high voltage power supply. After 

going through several iterations of modifications, first of all, a prototype of smaller rating 

power supply was designed, simulated and developed by using 4 modules and tested 

thoroughly. A DSP based controller was also designed and developed suitable to PSM 

based HVPS after several iterations. Then, -40 kV, 5 A high voltage power supply based on 

PSM based technology has been taken up utilizing a new and improved design with 

modular construction. It’s a fully computer controlled system and a user’s friendly GUI is 

developed for control and parameters readout. This was completely new development and 

required lots of study and literature survey which itself is a field of intense R&D. 

The HVPS was tested thoroughly and performances were found satisfactory as per 

our required specifications. Voltage regulation was checked at resistive load. Voltage 

regulation is found to be better than 0.5% for load change from 10% to 90%. The HVPS 
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efficiency is calculated to be better than 96.5%. Also, it possess very fast response ie, less 

than 15ms which is enough to perform crowbar function without the use of any fast 

operating switch, ie ignitron etc. The design reports along with the theoretical analysis 

would be very helpful and novel idea for the future maintenance and up gradation works. 

Optimization of the physical size issue has to be worked on in next phase. 

6.2 Future works 

This dissertation has been dedicated towards the development of high voltage 

systems (-40 kV, 5 A) as per load requirements point of view. Lots of R&Ds were done for 

the development of PSM based HVPS to match our requirements. There are still some 

scope for the further improvement for the PSM based HVPS for better results and 

performances. The sizes of multi secondary transformers and SPMs became little large 

which will be taken care of. The resin cast multi secondary transformer has been made 

overrated as its behavior was not certain. It was later felt that the multi-secondary 

transformer of smaller size can improve its performance due to smaller inductance and 

capacitance between the coils. Optimization of the physical size issue has to be worked on 

in next phase which will be helpful to achieve more improved performances. 

In next phase, all the conventional high voltage power supplies will be replaced by 

the PSM based power supply with improved performance. 
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