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Abstract— The radio frequency (RF) cavities of particle 

accelerators are energized mostly by klystron RF amplifiers. 

These klystron are powered by high voltage, high peak power 

pulsed sources, called pulsed modulator. This paper presents 

study of high frequency switched, DC-DC resonant based 

long pulse modulator. The DC-DC converter employs 

IGBT’s for switching at 20 kHz. Nanocrystalline core 

material based high voltage, high frequency transformer is 

used for high voltage generation. The resonant converter 

helps to achieve soft switching of IGBT switches at turn on 

and turn off transitions. Phase shift topology is used for droop 

compensation. 
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I. INTRODUCTION 

The klystron is a RF amplifier, which energizes the RF 

cavities of particle accelerators. The biasing voltages of these 

klystrons are from few tens of kV to few hundreds of kV. Line 

type and hard switched modulators are in use for many years. 

Line type modulators are well known topology for short 

rectangular pulses of few microseconds. But has the 

limitation on pulse width due to fixed number of stages in the 

pulse forming network. Higher pulse width would need large 

number of stages, thus modulator becomes bulky [2].  The 

hard switched modulator uses vacuum tubes or high voltage 

solid state switches and can give pulsed output voltage of 

relatively long pulse as compared to line type modulator. The 

disadvantage with hard switched modulator is that it requires 

high voltage power supply for powering the modulator 

system and also it requires additional crow bar switch for 

klystron protection in case of any fault or malfunction of the 

switch[3]. 

The development of solid state technology enables 

reliable, long life with high efficiency pulsed power 

modulator for next generation of accelerators. Since there is 

no availability of single high voltage switch, the 

semiconductor switches are series connected to achieve 

required high voltage switching capability. This replaces gas 

tube switches and also minimizes cost. The line type and hard 

switched modulator uses pulse transformer to isolate the low 

voltage from high voltage and for stepping up voltage. The 

pulse transformer has limitation on its volt-second product 

and requires additional dc supply for biasing the core. In our 

long pulse converter modulator application IGBT’s are used 

as switching device at 20 kHz. In some high voltage, high 

frequency applications ferrites cores are used. But 

applications requiring output voltage of hundreds of kV, the 

ferrite cores are found unsuitable, because of its lower flux 

density and also non-availability in large dimensions. The 

nanocrystalline material has higher value of flux density and 

it is commercially available in larger dimensions, makes its 

utility for use in high voltage, high frequency application. The 

disadvantage with this material is that it has more core loss as 

compared to ferrite material [4]. The big challenge in the 

design of pulse modulator is to maintain the ripple within 

some specified value, while maintaining lower value of 

capacitance at the output. One way is to increase the 

switching frequency; but increasing switching frequency 

increases conduction losses in the switching devices. Another 

possibility is to increase the value of output filter capacitance, 

but we cannot increase output capacitance, because there will 

be more stored energy in output capacitance, which may 

damage the klystron, if arcing takes place [5]. The use of three 

phase, high frequency bridge rectifier and LC filter helps to 

maintain the ripple in the desired range. The ripple in our 

modulator output is maintained at ± 0.5%. 

The other problem associated with pulse modulator 

is drop of pulsed output voltage over the duration of pulse. 

This reduction in output voltage within the pulse with time is 

known as droop. This is due to the limited energy available in 

the input capacitor. The droop in the input of klystron causes 

variation in its amplitude and phase of RF output. Various 

schemes have already been reported for droop compensation 

such as, pulse width modulation, switching frequency control 

technique etc. Finally we have adopted phase shift technique. 

 
Fig. 1: Circuit diagram of pulse modulator 

In phase shift technique, the time delay is introduced 

between diagonal switching, instead of driving together. The 

UC3875 of Texas Instruments have been used as phase shift 

controller. UC3875 implements control of a bridge power 

stage by phase-shifting the switching of one half-bridge with 

respect to the other, allowing constant frequency pulse-width 

modulation in combination with resonant, zero-voltage 

switching for high efficiency performance at high frequencies 

[6]. For droop correction seven monoshots of CD4047 is 

used. The pulse width of the monoshots can be individually 

programmable. The outputs of these monoshots are integrated 
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using op amps and limiter circuits before being applying to 

phase shift controller IC. During staring phase shift is 18 µs 

and it is advances to 23 µs, therefore output of the modulator 

increases and droop falls within specified limit. Droop in our 

case in 1%. The drive signal are optically isolated and fed to 

gate drivers of IGBT switches. Each IGBT’s are driven by 

individual gate drivers for proper switching at high frequency 

(20 kHz). IGBT gate drivers are having capability to sense 

de-saturation of the IGBTs in case of short circuit. 

The specification of converter modulator is shown 

in below table 1 

Sr. No. Parameter Rating 

1 Output voltage 100 kV max 

2 Output current 20 A 

3 Pulse width 1.6 ms 

4 Rise time 70 µs 

5 Falls time 65µs 

6 Peak power 2 MW max 

7 Pulse repetation rate 1 Hz 

Table 1: Specification of converter modulator 

The simplied circuit diagram for 100 kV, 20A 

modulator is shown in fig. 1. It mainly consists of  dc power 

supply, input storage capacitor bank, control and gate drive 

circuits, six IGBT H-bridges, resonant converter, three phase 

high voltage, high frquency transfomer, three phase bridge 

rectifer and LC filter. The H-bridge mainly consists of three 

identical section of IGBT module. Each identical section 

consist of two IGBT H-briges, hence there are total six H-

bridges. The IGBT has switching voltage of 1700 V and 

current carriying capacity of 1000 A. The dc power supply 

charges the input storage capacitor to 1050 V maximum. The 

IGBT H-bridge inverter sections are fed through this 

capacitors bank, which drives the high voltage, high 

frequency transformer through resonant inductor. The H-

bridge works on resonant topology, and provides soft 

switching of IGBT switches. It also provides ZVS and ZCS 

at the turn on transition, therefore zero loss at turn on 

transition. The unique advatnage of this topology is that, 

leakage inductance of transformer can be used as a part of 

resonant inductor. The resonant capacitors are connected to 

secondary side of the transformer, such that its distributed 

capacitance can be used as a part of resonant converter. 

The transformer (TX1-TX6) are designed using Fe 

based nanocrystalline material. There are total 6 numbers of 

transformers and their outputs  are connected in series to 

achieve the required output. In order to reduce the ohmic 

losses at 20 kHz, both primary and secondary winding are 

wound with help of litz wire. The transformation ratio is 1:17 

and 9 turn is wound on primary and 153 turns on secondary. 

The secondary winding of the transformer is subjected to high 

voltage, therefore insulation is provided between primary and 

secondary with help of Teflon material. The transformers 

secondaries are star connetced and its neutral is connected to 

the midpoint of LC filter. The two three phase transformer 

generates 50 kV max individually, are are connected in series, 

hence 100 kV is available across the output. The transformers 

outputs are connectd to three phase six pulse bridge rectifier 

to convert the ac output voltage of transformer into dc. The 

diode has reverse blocking voltage of 1200 V and such 420x2 

diodes are connected in each three phase bridge rectifier. For 

static and dynamic equalization of voltage across diodes, a 

resistor and capacitor sare connected across each diode. The 

ouput of the rectifier is connected to high voltage LC filter, 

which has ripple frquency of 120 kHz. 

The system is designed in such a way that, during 

arcing within the klystron, the system will be out of 

resonance, and feedbacks energy into the system. 

II. RESULTS 

 
Fig. 2: Output wavefrom at 70 kV 

The modualtor is developed by RRCAT and tested up to 70 

kV, with dummy resistive load 5 kΩ, which is equivalent to 

klystron under normal condition. 

 
Fig. 3: Resonant tank current 

The resonant tank current is measured by current 

transformer having CT ratio of 1:50 and resistive burden of 

0.5 ohm. The magnitude of resonant current is 220 A and are 

displaced 1200 by each other shown in figure 3. Initially the 

output from IGBT H-bridge inverter circuit is in PWM, after 

passing through resonant inductor it becomes sinusoidal, 

which helps to achieve ZCS at the turn on transition of IGBT 

switches, hence losses at turn on is zero. The switching 

frequency is kept higher than the resonant frequency of the 

resonant tank circuit 
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