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ABSTRACT

A solid-state CCPS (Capacitor-Charging Power Supply) has been designed and built in order to feed the primary of a Tesla transformer. The CCPS is based on a series load resonant topology and uses IGTBs as switching devices: it is capable of charging a 0.1 μF capacitor up to 20 kV in 4 ms time. This accounts for a charging power of 5 kJ/s.

1. Introduction

A medium-sized Tesla transformer is under construction at the HUT High Voltage Laboratory: its primary circuit features a 100 μH inductor and a 0.1 μF capacitor. This capacitor has to be charged to a voltage variable between 5 to 20 kV, to be successively discharged on the inductor producing a high current peak and, consequently, a high pulsed magnetic field. The capacitor discharge is performed through a rotating spark gap that can achieve a maximum break rate of 600 Hz: the spark gap is connected in parallel to the power supply output, thus short-circuiting it when conducting (Figure 2.1).

The requirements for a power supply charging the Tesla transformer capacitor are severe:

· Charging voltage regulated from 5 to 20 kV DC.

· Charging time as low as 2 ms (for a 500 Hz break rate)

· Capacity to withstand shortcircuits

· Capacity to withstand high-voltage transients of positive and negative polarity.

Desirable features include also a small weight and size, therefore forbidding the use of huge inductive components, and the possibility to externally synchronize and control the capacitor charge.
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Figure 2.1 Basic schematic of a Tesla transformer.

The CCPS differs from conventional power supplies in that capacitor charging requires operation over a wide range of load conditions (varying from nearly short-circuit when the capacitor has no charge to nearly open-circuit when the capacitor is almost fully charged). This kind of performance can be best achieved by supplying a constant charging current: the instantaneous output power then is minimal at the charge beginning and maximum at the charge end. The average output power is proportional to the break rate and equivalent to the amount of energy stored into the capacitor in the time unit:
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(Eq.1)

The power supply described in this paper has been initially built to provide a charging power of 5 kW only: the increased charging time translates into a maximum break rate of 250 Hz only (at 20 kV). The same architecture, with minor component changes, can be easily adapted to provide the full power of 10 kW required by the Tesla transformer application.

2. System design

The required charging voltage, together with the constraint of the charging time, translates into a required maximum power of 10 kW (Eq.1), reduced in this initial version to 5 kW. The difficulty to reliably control such a power at the high-voltage side practically forbids any approach featuring a more or less stabilized DC high-voltage to be generated from a conventional 50 Hz transformer through rectification. 

Instead, it is more attractive to utilize a high-frequency converter performing the regulation at the low-voltage side of its step-up transformer and charging the primary capacitor with high voltage pulses. Such a device is not capable of providing a stabilized DC voltage and, therefore, can be merely regarded as a Capacitor-Charging Power Supply (CCPS).

A scalable, modular architecture allows simplifying the problem of the construction of the 20 kV 5 kW step-up transformer and the selection of electronic components suitable to drive it. A subdivision of the power supply into four identical blocks reduces the requirements to four 5 kV 1.25 kW modules, which can be implemented with off-the-self components. The outputs of the four modules are then connected in series to provide the full operational voltage (Figure 3.1).
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Figure 3.1 Power supply architecture.

The design is scalable, as more converter modules can be added in series to reach a higher charging voltage, being their output floating in respect to ground. The CCPS output is internally center-tapped to ground: one of the output leads, therefore, assumes a maximum potential of  +10 kV while the other one assumes a minimum potential of –10 kV (in respect to ground). This strategy increases safety and allows to reduce to one half (10 kV DC) the insulation requirements of assemblies and wiring.

A single controller module samples the charging voltage and drives the converters: it is responsible of synchronizing the charge with external events and suspending the charging pulses when a predetermined voltage is reached. Galvanic isolation at several points is either required or desirable in order to reduce noise and interference.

2.1. High-frequency converter

The converter modules are fed with 560 V DC obtained by rectifying 400 V AC from the mains. A full-bridge switch drives a step-up transformer with a 9:1 turns ratio in order to reach a rectified output voltage of about 5 kV DC. The switch commutation is externally driven by the controller module, according to the capacitor charge state.
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Figure 3.2 Basic block diagram of one converter module.

The topology selected for the converter is the series-loaded resonant (SLR) [Moh89, Lip91, Nel90]. In this configuration (Figure 3.3) the switches and resonant components L and C are connected to the low voltage side of the transformer: only the rectifiers on the transformer secondary must have high voltage ratings. By closing in proper order the switches in pairs, pulses of alternate polarity are applied to the transformer: using a high turn ratio, high voltage pulses are generated at the secondary, increasing the capacitor charge.

2.1.1. Theory of operation

The characteristic impedance Z0 of the bridge load is given by (Figure 3.3):
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And its resonance frequency f0 by:
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Ceq is the series combination of capacitors C and C’c, where C’c is the equivalent capacitance Cc reflected to the primary:
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(Eq.4)
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Figure 3.3. Series-loaded resonant converter.

As usually in high-voltage applications, Cc (0.1 μF in our case) is at least an order of magnitude greater than C. Then its contribute is negligible and:
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(Eq.5)

Therefore, Z0 and f0 are uniquely defined by C and L. Operating the circuit at a frequency fs < f0/2, all switches and anti-parallel diodes turn on and off at zero current. Using a frequency f0/2 < fs < f0 the diodes’ turn off and the switches’ turn on happens at a current greater than zero. Conversely, for fs > f0, the diodes turn on and the switches turn off at a current greater than zero. Operation at a frequency slightly less than f0/2 presents several advantages:

· Because the commutation of switches and diodes happens when the current is zero, switching losses are reduced to a minimum and no snubbers are required

· For the same reason, switch commutation time and diode reverse recovery time are not critical

· At this frequency (or at a lower one) the converter behaves as a constant current source [Moh89], providing an inherent overload protection capability together with the best output characteristic for a CCPS.

All of the above advantages are lost for fs > f0/2, while for fs increasingly lower f0/2 the average current supplied gets accordingly lower, thus increasing the capacitor charge time.

Operation of the SLR converter can be accurately simulated with MicroSim
 (Figure 3.4) using actual component values and a supply voltage of 56 V (one tenth of the actual one, to facilitate convergence). The switches commutation sequence is as follows:

1. S1 and S4 close at time 0 

2. S1 and S4 open at time 1 / (2 f0) 

3. Negative current flows back through D5 and D7, reaching zero at time 1 / f0 

4. S3 and S2 close at time k + 1 / f0
5. S3 and S2 open at time k + 1 / f0 + 1 / (2 f0)

6. Negative current flows back through D6 and D8, reaching zero at time k + 1 / f0 + 1 / f0 

7. The switching cycle is repeated 

K is the dead time between phase 3 and phase 4: when k = 0 then fs = f0/2, while for k > 0 is fs < f0/2.
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Figure 3.4 MicroSim simulation of the SLR converter.

With the component values used in the simulation f0 ≈ 100 kHz, 1/(2 f0) ≈ 5 μs and k is chosen to be zero. As it can be seen from the simulation results (Figure 3.5), the current flowing in the series-resonant load C2 and L1 is a series of sinusoids and the switches are commutated when the current crosses zero. Voltage on the capacitor under charge increases at a constant rate, as the pulsed charging current average value is constant during all the cycle.
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Figure 3.5 SLR converter simulation waveforms.

The maximum peak reverse current flowing through the diodes when one switch pair is open is given by:
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The above value is assumed at the charge beginning and drops down to zero at the charge end: this is due to the voltage reversal effect across the load terminals, caused by the voltage present on the capacitor under charge. Conversely, the maximum peak current flowing in the load C2 and L1 when a switch pair is closed is given by:
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(Eq.7)

This value is reached only at the end of the charge and is due to the energy accumulated in the resonant load C2 and L1: at charge beginning is ION = -IOFFmax. Therefore, the SLR converter switches must be capable to stand IONmax, while the diodes can be sized to operate at IOFFmax only. With the component values used in the simulation is:
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(Eq.8)
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The RMS capacitor charging current can be calculated directly from the capacitor charging rate displayed in Figure 3.5 as:
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(Eq.10)

The RMS current in the resonant load and transformer primary I1rms can be calculated by balancing the average power between capacitor (PCave) and load (PLave):
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(Eq.11)
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(Eq.12)

The theoretical power achieved with these component values is (from Eq.1 and taking into account that the simulation used one tenth of the actual supply voltage):
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(Eq.13)

The theoretical power value above is more than sufficient to ensure an actual value surely greater than the targeted 1.25 kW. Considering now the actual supply voltage of 560 V, the expected current values can be calculated as:


[image: image21.wmf]A

 

13

10

I

A

 

26

10

A

 

3.72

10

A

 

0.833

10

max

'

OFFmax

max

'

max

1

'

1

'

=

×

=

=

×

=

=

×

=

=

×

=

OFF

ON

ON

rms

rms

Crms

Crms

I

I

I

I

I

I

I


2.1.2. Bridge switch design

The bridge switch module includes four IGBT solid-state switches, their drive circuitry plus additional components generating 560 V, 16 V and 5 V DC. 

The IGBT is a relatively new power semiconductor device, which provides the best features of both the MOSFET and the BJT [Tak95]. Among its advantages:

· Low-power, voltage-driven gate turn-on and turn-off. Gate impedance as high as a MOSFET.

· Low conduction losses.

· Positive temperature coefficient. The device will not experience thermal run-away typical of BJTs.

· Possibility to use either integrated or external anti-parallel diode.

The major disadvantage of the IGBT is its slow turn-off speed that results in the well-known current tail: as the SLR converter commutations take place always when the load current is zero, the slow turn-off doesn’t represent a problem. The IGBT used is an IRG4PH40UD, which features an integrated anti-parallel diode with a relatively fast and soft reverse recovery characteristic: the manufacturer recommends it for hard-switching operation up to 40 kHz, but for resonant-mode operation guarantees 200 kHz functionality.

Parameter
Value

Collector-to-Emitter breakdown voltage
1200 V

Continuous collector current
30 A

Pulsed collector current
120 A

Diode continuous forward current
8 A

Diode maximum forward current
130 A

Table 1 Absolute maximum ratings for the IRG4PH40UD device.

Even if the commutations take place at zero current, unwanted spikes and noise in general are present in many nodes of the schematics, due to:

· Parasitic capacities Cce, Cgc and Cge internal to the IGBTs.

· PCB traces impedance.

· Reverse recovery time of the anti-parallel diodes.

· Electromagnetic radiation and coupling within the converter PCB.

The most significant source of unwanted noise is, anyway, the Tesla transformer itself: when the spark gap conducts and the charged capacitor is quickly discharged on the primary coil, high voltage transients are generated on the capacitor. These transients propagate through the step-up transformer as a sudden change of load impedance, which in turn causes high-current spikes in the IGBT bridge. Therefore, a particular attention is required for protecting the bridge switch from failure.
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Figure 3.6 Converter full-bridge schematic diagram.

The gate charging current (at turn on) is limited by a 90 ohm resistor to decrease the dv/dt of the collector-to-emitter voltage during switching. Conversely, turn-off happens through a 10 ohm resistor that provides a low gate-to-emitter impedance, protecting the IGBT from spurious commutation. A zener diode between gate and emitter limits the gate drive voltage to a maximum of 18 V, therefore clipping all spikes that could potentially damage the IGBT junction. Short traces and SMD zeners are used in order to minimize parasitic inductances and decrease response time. Transistors Q6 and Q7 (see Figure 3.6) limit the maximum current in each of the bridge legs to 33 A: in the remote case of simultaneous turn-on of both IGBTs belonging to the same bridge leg, this protection gives time to a fuse to safely blow open, avoiding damages to PCB traces and other components.

An IR2112 driver chip controls each IGBT pair, providing a gate charging voltage of 15 V. In order to operate the bridge in the SLR converter mode, signal ENA enables Q6 and Q4 while signal ENB enables Q2 and Q3. The IR2112 is fully operational up to 600 V and has got separate CMOS Schmitt-triggered inputs for the bridge low and high side. The floating voltage required to turn on the high side IGBT is provided by charging C9 and C10 to 16 V when the corresponding IGBT on the low side is conducting. Zeners D3 and D1 together with resistors R6 and R23 prevent C9 and C10 to overcharge as a result of ground bounce. Resistors R24 and R25 reduce possible oscillations of the IR2112 pin VS below ground and above HV. Without the protection circuitry described above and a careful PCB layout avoiding long traces and ground loops, destruction of the IGBTs and/or the IR2112s is almost certain within a few seconds of operation together with the Tesla transformer.

The 560 V DC (HV in Figure 3.6) is derived by rectifying the 3-phase mains and filtered by a 235 μF 800 V electrolytic capacitor bank. The capacitor bank terminals cannot be connected to the mains neutral pole, and the converter ground cannot be heartened. All the bridge switch circuitry is subjected to potentials ranging from +400 V to –400 V in respect to the neutral pole and special measurement techniques must be employed, including insulation transformers and differential probes.

Galvanic isolation at the two bridge control inputs is provided by the HCPL-2430 high-speed logic optocoupler, followed by a tiny logic block built around a 74HCT02 that ensures signals ENA and ENB can never be asserted simultaneously. The whole bridge switch is assembled on a double-side PCB sized 100 x 160 mm and enclosed in a shielded standard rack unit, measuring 3U x 14HP.

2.1.3. Resonant load design

The resonant load is composed by the capacitor C (Figure 3.3), the step-up transformer, and a high-voltage, full-wave rectifier bridge. The leakage inductance of the transformer is utilized as the resonance inductor L. 

The primary is composed of 3 windings of 15 turns each connected in parallel to minimize skin effect losses: wire section is 0.5 mm. The secondary is composed of a single winding of 135 turns of wire with section 0.3 mm: as the wire is wound on a single layer, there are no inter-winding corona discharges. Due to the relatively lousy coupling of primary and secondary, the primary exhibits a winding inductance of 0.7 mH and a leakage inductance of 70 μH, as required. The assembled transformer measures 100 x 114 x 25 mm.

Each arm of the full-wave rectifier bridge is composed by a series of five BYM36G diodes, capable to stand a continuous reverse voltage of 1400 V and an average forward current of 2.9 A. Each bridge arm is therefore functional up to 7 kV, ensuring a sufficient margin for transients. Due to the relatively high frequency of the pulses to be rectified (100 kHz), a fast rectifier is required to avoid overheating: the BYM36 provides a reverse recovery time of max 250 ns, which is sufficient to fulfil the requirements. The bridge DC output is shunted by a light load composed by the parallel of a 550 pF capacitor and a 40 Mohm resistor: this facilitates an homogenous voltage distribution when more converters are connected in series to reach a 20 kV output voltage.

All of the resonant load components are assembled on a double-side PCB sized 160 x 232 mm and enclosed in a shielded standard rack unit, measuring 6U x 14HP.
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Figure 3.7 Resonant load PCB assembly.

The high voltage terminals from the diode bridge are connected to high voltage connector sockets mounted on the module front panel. These connector sockets and their relative plugs have been developed at the HUT High Voltage Laboratory and tested to be functional up to 30 kV DC.

2.1.4. Step-up transformer design

Compromises must be made when designing the transformer to operate under both high-frequency and high-voltage conditions. High frequency requires a small, high-permeability core (e.g. ferrite), tight windings and close proximity between primary and secondary. High-voltage design instead requires a minimum separation between individual turns and between primary and secondary windings, to avoid dielectric breakdown. 

Primary and secondary are wound on two different legs of the core, therefore simplifying enormously insulation problems: dielectric strength required between primary and core is 560 V, while between secondary and core 10 kV are required. Coil formers for both windings are custom made out of 1.5-mm thick acrylic sheet and are covered with two layers of mylar tape before winding. The primary winding includes also an electrostatic shield (which is grounded) to reduce capacitive coupling between primary and secondary and avoid high-voltage to reach the bridge switch circuitry in case of a dielectric breakdown at the secondary. The transformer requirements are listed in Table 2.

Symbol
Parameter
Value

V1
Primary peak voltage
560 V

V2
Secondary peak voltage
5 kV

I1
Primary RMS current
3.7 A

I2
Secondary RMS current
0.8 A

f
Switching frequency
50 kHz

L1
Primary leakage inductance
70 μH

Table 2 Transformer design specification.

To maximize the distance between primary and secondary and taking into account the relative high power transferred, an unconventional approach has been taken for the core selection. Instead to calculate the characteristics of the required core, as usually done, the largest core available has instead been picked and its suitability has been verified. The transformer uses two U-shaped ferrite cores type U100/57/25-3C90 (Philips) having a square cross-section and characteristics as from Table 3 [Phi97].

The winding design must satisfy two main constraints:

1. The flux density must be limited to avoid core saturation

2. Core losses must be limited to avoid excessive temperature rise.

Both of the above requirements translate into a minimum number of turns for the windings.

Symbol
Parameter
Value

Ve
Effective volume
199000 mm2

Ae
Effective cross section
6.45 cm2

Aw
Window area
30 cm2

AL
Inductance factor
5500 nH

μe
Effective permeability
2200

Table 3 Characteristics of the U100/57/25-3C90 core.

From the product sheet of the 3C90 material, a safe value Bmax of 400 mT is selected for the maximum flux density [Phi99]. To avoid core saturation, Bmax must not be exceeded: the minimum number of primary turns is therefore restricted to satisfy this constraint. The correct calculation of the core flux density requires the application of the Faraday’s law [Fla92]:
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where:

dφ
change in flux in maxwells

dB
change in flux density in tesla

N
number of turns

Ae
core magnetic cross section in cm2
e

voltage applied in volts

The value of the above integral is positive for the half-cycle where the voltage is positive and negative for the other half-cycle of voltage. When the positive half-cycle begins, B is at its maximum negative value: therefore, its maximum value is only one half of its total change.
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The integration interval of interest is defined as one half-period when the voltage is positive, or the other half-period when the voltage is negative: the half-period having the greatest integration area has to be selected, resulting in the maximum dB value. The solution of the integral is made difficult by the complex waveshape of the voltage applied to the transformer primary (Figure 3.8) and its profile changing together with the charge evolution.
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Figure 3.8 Simulation of transformer primary voltage and current at the charge beginning (left) and end (right).

A better approach is to use MicroSim and integrate the primary voltage over the entire charge interval (Figure 3.9): the resulting measure is directly proportional to the flux density B instant value and we have
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(Eq.17)

From the MicroSim simulation the largest integral value can be found near the charge end and it is:
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(Eq.18)

The above result is already scaled to take into account that the simulation was run at a supply voltage of 56 V only (instead of the 560 V actually used). Then:


[image: image31.wmf] turns

12

10

16

.

3

4

.

0

45

.

6

10

10

3

4

0

max

4

min

»

×

×

×

=

÷

÷

ø

ö

ç

ç

è

æ

×

=

-

ò

t

e

dt

e

MAX

B

A

N


(Eq.19)

[image: image32.jpg]



Figure 3.9 Simulation of the transformer current (lower trace) and of its voltage integrated over time (upper trace). The integral of the voltage is directly proportional to the flux density.

Power losses in the core due to hysteresis losses and eddy current are directly proportional to the maximum flux density. As seen before, the maximum flux density changes during the charge cycle: a sufficient approximation is given by averaging the peak values of 
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 over all half-cycles from zero to full charge. This can be done using MicroSim by computing the average of the integral envelope:
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(Eq.20)

The thermal resistance Rt for the core is not published but may be approximately calculated as [Uni93]:
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(Eq.21)

Targeting a maximum temperature rise of 100 ˚C, the resulting power loss is:
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(Eq.22)

From the product sheet of the 3C90 material, at a switching frequency of 50 kHz, a power loss of 152 kW/m3 is dissipated when using a peak flux density of about 0.2 T. From Eq.16, the corresponding minimum number of primary turns is:
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(Eq.23)

The design is therefore core-loss limited. Because a pretty thick coil former is used (1.5 mm) and the magnetic coupling is not optimal, it is feasible to use a number of turns slightly lower than Nmin. Practical tests indicate that 15 turns for the primary winding allow achieving exactly the 70 μH of leakage inductance targeted. It is then assumed:
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Selecting the typical RMS current density of 450 A/cm2, the required copper sections for the windings are:
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(Eq.24)

From the wire tables, AWG18 wire (1 mm diameter) is required for the primary and AWG24 (0.5 mm diameter) for the secondary. At the working frequency, the penetration depth for copper is only:
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(Eq.25)

Therefore, the targeted current density cannot be achieved using a single-wire winding. As the number of primary turns is very small and there is plenty of winding space left, the primary is built using 3 windings of 15 turns each connected in parallel, wound using AWG24 (0.5 mm diameter). The secondary wire section choice is constrained by the requirement to have only a single winding layer, in order to avoid inter-winding corona discharges. As the usable core window winding length is about 50 mm, the maximum wire diameter is:
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(Eq.26)

A single layer with 135 turns of AWG29 (0.3 mm diameter) is used for the secondary. As the core heat dissipating surface area is huge compared with the area of the core window effectively filled, it is believed that current density higher than 450 A/cm2  can be easily used for the secondary.

2.2. High voltage probe

The high voltage probe module is responsible for measuring the voltage developed on the capacitor under charge and providing the controller module with a voltage proportional to it. As the converter module outputs are connected in series but the middle modules are tapped to ground (see Figure 3.1), the resulting voltage is the sum of a potential max 10 kV positive in respect to ground, plus a second potential max 10 kV negative in respect to ground. As all converter modules are built the same way, their performance is almost identical and a unique control signal pair is sufficient to control all four bridge switch groups. Nevertheless, it is useful to measure the absolute difference of these two voltages: it is a good indicator of a uniform voltage distribution on the converter module outputs and therefore of their functionality.
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Figure 3.10 High voltage probe schematic diagram.

Two compensated voltage dividers with ratio 1:50000 reduce the potentials measured to 0.2V (at 10 kV input voltage): the dividers are encapsulated in two shells filled with epoxy resin. The signals are then fed to two HCPL-7800 isolation amplifiers (Figure 3.10): these parts exhibit a non-linearity error of 0.004% and a gain of 8. Their input side is powered by a LME0505S DC-DC converter and, therefore, is completely insulated from the output side. The differential outputs of the isolation amplifiers is buffered to 1.5 V (at10 kV input voltage) by two EL2444 operational amplifier sections and fed to a summer and a difference amplifier. 

The output of the difference amplifier (VSENSE) is proportional to the sum of the absolute value of the two input voltages HV+ and HV- and assumes a maximum value of 3 V when the capacitor is charged to 20 kV. The output of the summer is proportional to the difference of the absolute values of HV+ and HV- and is fed to the input of a window detector composed by two sections of a LM339 OPAMP. The window is centered at 0 V and set to assert the signal VNBIGGER_ if the sum of HV+ and HV- is less than –100 V or signal VPBIGGER_ if their sum is greater than 100 V. The FAULT_ signal is the logical OR of VNBIGGER_ and VPBIGGER_ and can be used to detect a fault in the converter modules. A fraction of VSENSE is available for connection to an external LCD voltage meter mounted on the probe module front panel and displaying the capacitor charging voltage, expressed in kilovolts.

The high voltage probe is assembled on a double-side PCB sized 100 x 160 mm and enclosed in a shielded standard rack unit, measuring 3U x 14HP. The HV+ and HV- input leads are available of the module front panel through two high voltage connector sockets (same kind used in the converter modules).

2.3. Controller

The CCPS controller module is built around the UC3860 Resonant Mode Power Supply controller chip (Figure 3.11): drive pulses for the converter modules are generated on pins 17 and 20 (signals OUTA and OUTB) according to the sequence A, off, B, off. 

For a resonance load frequency of 100 kHz (see 3.1.1), output A must be active for 5 μs, then both outputs must be off for 5 μs, then output B on for 5 μs and finally both outputs off for 5 μs: this sequence translates into a UC3860 switching period of 10 μs (i.e. a switching frequency of 100 kHz). The pulse frequency can be varied from 40 to 110 kHz using trimmer R8. Pulse duration is variable from 3.6 to 8 μs through trimmer R10 and set to the required 5 μs.
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Figure 3.11 CCPS controller module schematics.

The UC3860 is fed with 12V (VP12) and generates a reference voltage of 5V (VP5): an internal Under Voltage Lockout logic turns both outputs off and inhibits the oscillator if VP12 drops below 8V. Operation starts only if VP12 is safely higher than 9.2V.

The voltage measured from the HV probe module (ranging from 0 to 3V) is brought to the signal VSENSE and fed to pin 11, the inverting input U- of an uncommitted comparator. When VSENSE reaches the voltage of pin 12 U+, the comparator output (U0, pin 15) goes high, disabling the oscillator through pin 14 and terminating the charge cycle. The reference voltage set by potentiometer R1 defines the comparator threshold and, therefore, the exact voltage at which the charge cycle ends. R13 and R4 introduce a certain degree of hysteresys.

The voltage VSENSE measured on the capacitor under charge is corrupted by serious noise spikes: part of them are originated in correspondence to the controller output pulses and the rest are generated when the Tesla transformer spark gap conducts. These spikes tend to trigger the VSENSE comparator and, in some case, can momentarily stop the charge. For this reason, the OSCDSBL signal of the UC3860 (pin 14) is the preferred way to disable the oscillator as it allows the undergoing output cycle to complete and doesn’t reset the output state machine. Using OSCDSBL guarantees that:

Output pulses are always 5 μs long

1. Pulses sequence is always A, off, B, off.

The typically used fault comparator (pins F+ and F-) would instead reset immediately both outputs and, when released, would start always by activating output A. This, in turn, would cause high current surges in the resonant load, resulting from the chaotic switching of the converter bridge, and damage the IGBT switches.

The controller module is assembled on a double-side PCB sized 100 x 160 mm and enclosed in a shielded standard rack unit, measuring 3U x 14HP.

2.4. Module interconnection and auxiliary circuitry

The CCPS modules are connected as from Figure 3.12. A double switch supplies the device with one single mains phase, powering the control logic part of each module. If the external security switch is closed, the main contactor can be energized by pressing the HV ON pushbutton: the contactor feeds all three phase to the power section of the four converters (named DRIVER modules in Figure 3.12). Pressing the HV OFF emergency pushbutton or opening the security switch releases the contactor immediately. The outputs of the converters (named TRANSFORMER in Figure 3.12) are connected in series and center-tapped to ground.
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Figure 3.12 CCPS module interconnection.

Assembly and mechanics

The whole CCPS together with its auxiliary circuitry is assembled in a standard 19” rack 9 U high (Figure 4.1). Each module is mounted inside a 14 HP wide plug-in frame box and connections to the other modules are realized through DIN 41612 type H connectors.
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Figure 4.1 The CCPC rack housing.
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Figure 4.2 One of the plug-in converter modules.

As the commutation losses of the SLR topology are very low, the converter modules’ IGBT are equipped with a relatively small heatsink (3.7 ˚C/W) which has proven to be sufficient. The three-phase mains has shown to be prone to flashover with the rest of the converter circuitry, due to its floating nature and the potential swinging effect of the Tesla transformer transients. The mains are therefore taken to the module through a second DIN connector different from the one used by the rest of the signals and fed to the PCB only after rectification.

3. Test results

As a result of the converter topology chosen, the CCPS provides a constant charging current (i.e. rate): the maximum charging voltage is therefore limited by the break frequency of the spark gap. The power provided by the CCPS is given by Eq.1 and in Figure 5.1 shows the expectation for maximum output voltage and consumed power vs. pulse rate.
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Figure 5.1 CCPS maximum pulse voltage and consumption vs. pulse rate.

To be done.

4. Conclusion

A solid-state CCPS with a charging power of 5 kJ/s has been designed and built successfully. The series load resonant topology choice for the switching converter module resulted in:

· minimized switching losses

· reduced size of the heatsink required

· snubbers were not needed at all

· relatively slow components like IGBTs could be used as switching devices, even at a switching frequency of 100 kHz.

· constant current output behavior, with intrinsic overload protection.

Filtering and a careful PCB layout have proven to be crucial for the apparatus to withstand the severe transients it is exposed to: 

· inductance of the PCB traces connecting to the IGBTs must be kept at a minimum

· two separate ground (power and digital ground) must be used and connected together in a single point

· the IGBT gate charge voltage must be low enough so that possible transients will not drive Vge over 20V, damaging the device.

To avoid the generation of high current peaks and the consequent injection of noise into other components it is mandatory to drive the converter bridge with the correct timing and phase. Timing within a switching cycle must always be according to the resonant load requirement: 5 μs on, 5 μs off, then 5 μs reversed and finally 5 μs off. Repetition rate of these cycle can be varied (decreased) as needed with the effect of slowing down the capacitor charge rate.
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Definitions, acronyms and abbreviations

BJT
Bipolar Junction Transistor

CCPS
Capacitor Charging Power Supply

IGBT
Insulated Gate Bipolar Transistor

HUT
Helsinki University of Technology

HV
High Voltage

MOSFET
Metal Oxide Semiconductor Field Effect Transistor

OPAMP
Operational Amplifier

PCB
Printed Circuit Board










� MicroSim was an original trademark of MicroSim Corporation, which merged with Orcad in 1998, which in turn recently merged with Cadence Corporation.
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