THE HIGT FREQUENCY COMPACT GENERATOR

OF ACCELERATING VOLTAGE ON 500kV, 10kW
A.A. Babkin, P.V. Bykov, G.S. Krainov,
G.I. Sil’vestrov, V.V. Shirokov and Yu. F. Tokarev
A cascade accelerating-voltage generator with inductive coupling and parallel power supply to the cascades is examined. The basic parameters and dimensions of a generator for a voltage of 500 kW and power 10 kW are presented.

The generator is designed to power a tandem charged-particle accelerator. Energy-stabilized (to within ±0.1%) charged-particle beams are used to study the structure of nuclei (resonance interaction of (-rays with nuclei) and for solving the problems of using fast neutrons for therapeutic purposes.

The layout of the generator units is similar to that in the ELV accelerators [1]. The appearance of rf rectifier stacks (RHC manufactured by Electronic Devices Co., 2PF140 manufactured by Semtech Co., and KTs108V) and bipolar transis​tors with an insulated gate (IGBT) on the market has stimulated the development of an rf compact generator and switching the power supply frequency from 400 Hz to 20 kHz. The basic parameters of the accelerating-voltage generator are as follows:

Maximum voltage, kV..........……….....................................    500

Power, kW .............................................................................   10

SF6 gas pressure, MPa ..........................................................    0.2

Accelerating voltage pulsations under load, % .....................    0.1

Coupling coefficient of the transformer windings ………….   0.68

Efficiency ..............................................................................   0.94

Inductance of the primary winding, H .................................... 17∙10-6
Inductance of the secondary winding, H ...............................   57.4

Characteristic frequency of the secondary winding, kHz.....    24.5
Description of the Generator. The cascade accelerating-voltage generator with inductive coupling and parallel powering of the cascades is a system of identical, serially-connected rectifiers - generator sections (Figs. 1 and 2). The mutu​al induction rectifiers are coupled with a common primary transformer winding Tp. All sections are assembled following a scheme with doubled voltage.

In the rectifying scheme, the transformer Tp charges, through diodes, a circuit consisting of n capacitors with the equivalent capacitance Cd/n to which the accelerator, which is the generator load R1, is connected. The resistance which limits the extracted power is the leakage inductance of the transformer. The influence of the inductance in the charging circuit on the rectifier current is studied in [2, 3]. The expression for the average current per pulse for the limiting value U2/e2m = 0.537 is
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where U2 is the total voltage of the windings of the rectifiers (sections) under load; e2m  is the total emf of mutual induction with no load; k is the inductive coupling coefficient between the primary and secondary windings;
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Fig.1. Accelerating-voltage generator: 1) ring; 2) secondary winding; 3) 50 rectifying sections; 4) vessel; 5) water cooling; 6) power input; 7) magnetic circuits; 8) screen; 9) primary winding; 10) bigh-voltage electrode.
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Fig.2. Schematic diagram of the generator: Tp – transformer without the central core, the ratio of turns is 9/21,700; L1 – primary winding without a copper tube, 6x0.5 dimensions, parallel 4 branches;  L2 – 50 coils each with 434 turns; M – mutual inductance 2.3(10-2H; A1 - An – rectifying sections (n = 50); VD – KTs108V diode columns, two each in the arm in series; Cd – ceramic capacitors K15-5 (4700 pF, 6.3 kV), multiple-series 8 units per section; R1 – TVO-2 (100 (); R2 – C3-14 (100 (), 100 units; Cq – parasitic interwinding capacitance.
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Fig.3. Rectifying section: 1) coil; 2) capacitor; 3) support (11 mm height); 4) KTs108V diodes.
( is the angular frequency; L2 is the total inductance of the sections. The maximum value U2/e2m = 0.537 corresponds to a regime where the duration of the current pulses through the diode reaches the maximum value (/(. Analysis of the operation of this scheme shows that the maximum power transmitted to the load (accelerator) with U2/e2m is 0.5. When the voltage under load drops to the level 0.537 times the no-load voltage, the voltage U2 assumes a square shape. Then the power P2 transmitted to the load is
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For a rectifying scheme with doubled voltage, U2 = U/2 and I2 = 2I, where U and I are the given voltage and current of the rectifier respectively.

Figure 3 shows the construction of the rectifying section. The coil - a section or the secondary winding of the transformer - serves as the base on which all components of the rectifying scheme are assembled. The coil, which has a diameter of 284 mm and a transverse cross section 7.5 x 15 mm, has three glass-fabric-base laminate supports to which a 0.5 mm thick plate, on which capacitors and diodes are glued is secured. An 11-mm high centering bushing is glued into each support. The sections are joined to one another with the aid of the bushings. The coil is designed for a voltage of 5 kV and has 434 turns, consisting of 0.22 mm in diameter PEV-2 wire. Paper serves as the interlayer insulation; the entire coil is permeated with an epoxy compound using the "monolith" method. A thin stainless steel screen covers the coil on the outside; the output from the screen is connected by a 0.5 x 5 mm bus with the center point of the K15-5 capacitor.
Effect of transformer secondary coil capacity on load characteristics. Equivalent electric scheme of generator in this case looks like following (Fig.4). Secondary self-capacitance C2 in the electric circuit results in intervals in charging current in every half-cycle of supplying voltage. During these intervals only recharge of C2 capacity takes place. Under 
[image: image4.wmf]12

d

н

CR

n

p

w

××>

 condition, the processes at the same scheme were studied in [3] for various values of relative circuit frequency 
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Fig. 4. Equivalent electric scheme of generator: RL – load resistance, calculated to the secondary circuit; (1-k2)L2 - short circuit inductance; C2 – capacity of consecutive combinsted secondary coils; 1 - voltage multiplier.
In Fig. 5, load characteristics for boundary values of relative frequency (μ*=1, μ*=()  and μ*=1.5,  μ*=2  are shown; the frequency μ*=1.5 are about to fit the case. Short circuit current for transformer secondary, which is determined as 
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, was assumed here to be base current.
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Fig. 5. Generator load characteristics at various values of relative frequency

μ*=2 is an optimum relative frequency, when generator resonance frequency is twice as much that source frequency. In this case, load current change slightly effects on output voltage.

Substantiation of the Basic Dimension of the Generator. The high-voltage gap is determined by the electric strength of the SF6 gas insulation, making in possible to work with electric fields ~100 kV/cm. A 65 mm gap corresponding to this field strength was chosen taking account of the non uniformity of the field between the windings. The primary wind​ing is made to be conical in order to increase the coupling coefficient between the transformer windings. It is known from experience in designing ELV-type accelerators that a coupling coefficient of the windings k=0.6(0.7 is attained with d = (5(6)∆c where d is the diameter of the rectifier stack and ∆c is the arithmetic-mean value of the gap between the wind​ings. In rectifiers with similar construction the voltage gradient along the height of the rectifier stack does not exceed 8-9 kV/cm. The gradient is limited by the electric strength of the coils in the secondary winding of the transformer. In the case at hand, the voltage gradient additionally limits the height of the K15-5 filtering capacitors and the dimensions of the diode stacks. Consequently, at 500 kV the rectifier stack is 560 mm high und therefore the gradient for increasing voltage ~9kV/cm.
Conclusions. Increasing the power supply frequency permits increasing the specific power of the generator 80 kW/m3, which is mach greater that the currently achieved level. The pulsations or the accelerating voltage at full current are ~0.1%. In addition, the quality factor of the primary winding and therefore the efficiency of the generator increase as 
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		0.4		0.825		0.5		1.065																0.288		0.4		0.72		0.4		0.89		0.356

		0.45		0.755		0.6		1.063																0.2925		0.45		0.65		0.5		0.875		0.4375

		0.5		0.655		0.7		1.055																0.2825		0.5		0.565		0.6		0.855		0.513

		0.55		0.54		0.8		1.04																0.26125		0.55		0.475		0.7		0.826		0.5782

		0.6		0.43		0.9		1.01																0.225		0.6		0.375		0.8		0.79		0.632

		0.65		0.32		1		0.95																0.18525		0.65		0.285		0.9		0.735		0.6615

		0.7		0.23		1.1		0.8																0.14		0.7		0.2		1		0.67		0.67

		0.75		0.16		1.15		0.68																0.105		0.75		0.14		1.1		0.55		0.605

		0.8		0.1		1.2		0.46																0.076		0.8		0.095		1.15		0.43		0.4945

		0.85		0.05		1.225		0.38																0.05525		0.85		0.065		1.2		0.25		0.3

		0.9		0.02		1.25		0.355																0.0378		0.9		0.042		1.225		0.12		0.147

		0.95		0		1.3		0.34																0.019		0.95		0.02		1.25		0.07		0.0875

						1.4		0.33																0		1		0		1.3		0.015		0.0195

						1.5		0.33																						1.33		0		0

						1.6		0.33

						1.7		0.33

						1.8		0.33

						1.9		0.33

						2		0.33

		м=1.5				м=много				м=2				м=1

		I2/I2кз		U2/U2хх		I2/I2кз		U2/U2хх		I2/I2кз		U2/U2хх		I2/I2кз		U2/U2хх

		0		1.8		0		1		0		1.31

		0.02		1.7823		0.02		0.9354		0.02		1.2775

		0.04		1.7678		0.04		0.89		0.04		1.2561

		0.06		1.7564		0.06		0.8537		0.06		1.2439												0		1.8		0		1		0		1.31

		0.08		1.7465		0.08		0.82		0.08		1.235												0.02		1.7823		0.02		0.9354		0.02		1.2775												0		1.8

		0.1		1.7381		0.1		0.79		0.1		1.2271												0.04		1.7678		0.04		0.89		0.04		1.2561												0.02		1.78

		0.12		1.732		0.12		0.7651		0.12		1.22												0.06		1.7564		0.06		0.8537		0.06		1.2439												0.04		1.77

		0.14		1.7274		0.14		0.746		0.14		1.215												0.08		1.7465		0.08		0.82		0.08		1.235												0.06		1.76

		0.16		1.7236		0.16		0.73		0.16		1.21												0.1		1.7381		0.1		0.79		0.1		1.2271												0.08		1.75

		0.18		1.7206		0.18		0.7132		0.18		1.205												0.12		1.732		0.12		0.7651		0.12		1.22												0.1		1.74

		0.2		1.7167		0.2		0.7		0.2		1.2												0.14		1.7274		0.14		0.746		0.14		1.215												0.12		1.73

		0.22		1.7129		0.22		0.6872		0.22		1.1973												0.16		1.7236		0.16		0.73		0.16		1.21												0.14		1.725

		0.24		1.7091		0.24		0.675		0.24		1.1935												0.18		1.7206		0.18		0.7132		0.18		1.205												0.16		1.725

		0.26		1.705		0.26		0.6636		0.26		1.19												0.2		1.7167		0.2		0.7		0.2		1.2												0.18		1.72

		0.28		1.7		0.28		0.6521		0.28		1.1866												0.22		1.7129		0.22		0.6872		0.22		1.1973												0.2		1.72

		0.3		1.695		0.3		0.6407		0.3		1.1828												0.24		1.7091		0.24		0.675		0.24		1.1935												0.22		1.715

		0.32		1.6885		0.32		0.63		0.32		1.179												0.26		1.705		0.26		0.6636		0.26		1.19												0.24		1.71

		0.34		1.6824		0.34		0.62		0.34		1.175												0.28		1.7		0.28		0.6521		0.28		1.1866												0.26		1.705

		0.36		1.675		0.36		0.6093		0.36		1.17												0.3		1.695		0.3		0.6407		0.3		1.1828												0.28		1.7

		0.38		1.6672		0.38		0.5994		0.38		1.1645												0.32		1.6885		0.32		0.63		0.32		1.179												0.3		1.695

		0.4		1.66		0.4		0.5903		0.4		1.1584												0.34		1.6824		0.34		0.62		0.34		1.175												0.32		1.69

		0.42		1.6519		0.42		0.58		0.42		1.1507												0.36		1.675		0.36		0.6093		0.36		1.17												0.34		1.68

		0.44		1.6435		0.44		0.57		0.44		1.1431												0.38		1.6672		0.38		0.5994		0.38		1.1645												0.36		1.675

		0.46		1.6329		0.46		0.56		0.46		1.1347												0.4		1.66		0.4		0.5903		0.4		1.1584												0.38		1.67

		0.48		1.6214		0.48		0.55		0.48		1.1263												0.42		1.6519		0.42		0.58		0.42		1.1507												0.4		1.66

		0.5		1.6077		0.5		0.5406		0.5		1.1179												0.44		1.6435		0.44		0.57		0.44		1.1431												0.42		1.655

		0.52		1.595		0.52		0.53		0.52		1.1095												0.46		1.6329		0.46		0.56		0.46		1.1347												0.44		1.645

		0.54		1.58		0.54		0.5185		0.54		1.0988												0.48		1.6214		0.48		0.55		0.48		1.1263												0.46		1.63

		0.56		1.5646		0.56		0.507		0.56		1.0881								0.82		1.3		0.5		1.6077		0.5		0.5406		0.5		1.1179												0.48		1.62

		0.58		1.5455		0.58		0.495		0.58		1.0751								0.816		1.05		0.52		1.595		0.52		0.53		0.52		1.1095												0.5		1.61

		0.6		1.525		0.6		0.48		0.6		1.06								0.82		0.8		0.54		1.58		0.54		0.5185		0.54		1.0988												0.52		1.595

		0.62		1.5005		0.62		0.465		0.62		1.0423								0.83		0.5		0.56		1.5646		0.56		0.507		0.56		1.0881												0.54		1.58

		0.64		1.4745		0.64		0.452		0.64		1.0217								0.84		0.37		0.58		1.5455		0.58		0.495		0.58		1.0751												0.56		1.565										0.72		2.5

		0.66		1.444		0.66		0.4375		0.66		1								0.85		0.26		0.6		1.525		0.6		0.48		0.6		1.06												0.58		1.545										0.73		1.7

		0.68		1.41		0.68		0.4238		0.68		0.9774								0.86		0.175		0.62		1.5005		0.62		0.465		0.62		1.0423												0.6		1.525										0.74		1.32

		0.7		1.37		0.7		0.41		0.7		0.9514								0.862		0.125		0.64		1.4745		0.64		0.452		0.64		1.0217												0.62		1.5										0.75		1.11

		0.72		1.325		0.72		0.395		0.72		0.925		0.72		2.5								0.66		1.444		0.66		0.4375		0.66		1												0.64		1.475										0.76		0.95

		0.74		1.28		0.74		0.375		0.74		0.895		0.73		1.7								0.68		1.41		0.68		0.4238		0.68		0.9774												0.66		1.44										0.77		0.82

		0.76		1.23		0.76		0.3543		0.76		0.8629		0.74		1.32								0.7		1.37		0.7		0.41		0.7		0.9514												0.68		1.41										0.78		0.7

		0.78		1.177		0.78		0.3306		0.78		0.82		0.75		1.1								0.72		1.325		0.72		0.395		0.72		0.925		0.72		2.5								0.7		1.37										0.79		0.58

		0.8		1.102		0.8		0.305		0.8		0.775		0.76		0.9476								0.74		1.28		0.74		0.375		0.74		0.895		0.73		1.7								0.72		1.325										0.8		0.48

		0.82		1.02		0.82		0.272		0.82		0.725		0.77		0.82								0.76		1.23		0.76		0.3543		0.76		0.8629		0.74		1.32								0.74		1.28										0.81		0.41

		0.84		0.915		0.84		0.2291		0.84		0.66		0.78		0.6941								0.78		1.177		0.78		0.3306		0.78		0.82		0.75		1.1								0.76		1.23				0.82		1.3				0.82		0.35

		0.86		0.7535		0.86		0.1779		0.86		0.58		0.79		0.58								0.8		1.102		0.8		0.305		0.8		0.775		0.76		0.9476								0.78		1.18				0.816		1.05				0.83		0.27

		0.87		0.65		0.87		0.15		0.87		0.53		0.8		0.48								0.82		1.02		0.82		0.272		0.82		0.725		0.77		0.82								0.8		1.1				0.82		0.8				0.84		0.22

		0.88		0.475		0.88		0.12		0.88		0.475		0.81		0.41								0.84		0.915		0.84		0.2291		0.84		0.66		0.78		0.6941								0.82		1.02				0.83		0.5				0.85		0.16

		0.883		0.325		0.89		0.075		0.89		0.375		0.82		0.3444								0.86		0.7535		0.86		0.1779		0.86		0.58		0.79		0.58								0.84		0.915				0.84		0.37				0.86		0.11

		0.88		0.175		0.9		0		0.895		0.275		0.83		0.2741								0.87		0.65		0.87		0.15		0.87		0.53		0.8		0.48								0.86		0.75				0.85		0.26

										0.89		0.12		0.84		0.22								0.88		0.475		0.88		0.12		0.88		0.475		0.81		0.41								0.87		0.65				0.86		0.175

														0.85		0.16								0.883		0.325		0.89		0.075		0.89		0.375		0.82		0.3444								0.88		0.475				0.862		0.125

														0.86		0.11								0.88		0.175		0.9		0		0.895		0.275		0.83		0.2741								0.883		0.325

																																0.89		0.12		0.84		0.22								0.88		0.175

																																				0.85		0.16

																																				0.86		0.11
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Лист3

		Ск=0, m*=q				2.0

		U*		Icp*		U*		Iср*

		0		0.87		0						0

		0.05		0.865		0.05						0.04325

		0.1		0.855		0.1		0.86		0.086		0.0855

		0.15		0.84		0.15		0.862		0.1293		0.126

		0.2		0.825		0.2		0.864		0.1728		0.165

		0.25		0.805		0.25		0.866		0.2165		0.20125

		0.3		0.785		0.3		0.865		0.2595		0.2355

		0.35		0.755		0.35		0.865		0.30275		0.26425

		0.4		0.725		0.4		0.862		0.3448		0.29

		0.45		0.69		0.45		0.858		0.3861		0.3105

		0.5		0.654		0.5		0.851		0.4255		0.327

		0.55		0.615		0.55		0.845		0.46475		0.33825

		0.6		0.568		0.6		0.838		0.5028		0.3408

		0.65		0.51		0.65		0.83		0.5395		0.3315

		0.7		0.45		0.7		0.82		0.574		0.315

		0.75		0.385		0.75		0.81		0.6075		0.28875

		0.8		0.31		0.8		0.798		0.6384		0.248

		0.85		0.24		0.85		0.785		0.66725		0.204

		0.9		0.16		0.9		0.772		0.6948		0.144

		0.95		0.08		0.95		0.759		0.72105		0.076

		1		0		1		0.745		0.745		0
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						1.25		0.642		0.8025
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