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Abstract
Dielectric-barrier discharge is the electrical discharge between two electrodes separated by an insulating dielectric barrier, which was originally called silent discharge. The process normally uses high-voltage alternating current ranging from lower RF to microwave frequencies. Drivers for this type of electric load are power RF-generators that contain a transformer for high-voltage generation, but the operation modes and the topologies of the circuits for generating continuous sine, square waves, pulse-modulated sine, and more 
are different. There are two major principles of operation to implement a high-voltage generator: resonant mode and forced mode. This work shows a flexible circuit based on real-time digital signal processor and a full H-bridge that combines the two topologies and can be used as a controller for dielectric-barrier discharge with varying capacitance.
Keywords: Dielectric-Barrier discharge; Pulse Modulated RF; HV Generator.

Introduction

Electrical discharge in super-sonic beams has been used extensively to generate ions, meta-stable atoms, and dissociated neutral radicals. The excitation source could be a hot filament electron source, a high direct current voltage, a pulsed two-electrode discharge, or a microwave cavity placed before or after the nozzle output of the beam. Usually, the electrode material is sputtered, leading to a short lifetime of the source and contamination of the emergent beam. The hot gas created in the discharge produces beams with low Mach numbers and high speeds. In contrast, a different discharge mechanism can be used to excite the gas by placing an insulator between the electrodes. The discharge is then termed a dielectric barrier discharge (DBD)
. Its properties are radically different from the simple two-electrode discharge in gases, and this type of discharge is used to generate ozone on a large scale, to generate Excimer UV light sources, to dissociate molecular species, and to clean environmental emissions and surfaces. Theoretical modeling and experimental investigation of the discharge mechanism establishes that the self-limiting discharge current, owing to the barrier charging, is responsible for its spatial and temporal characteristics.
Design Considerations 

The discharge occurs between two concentric cylindrical electrodes. The inner grounded electrode, which has a diameter of 5 mm and a length of 7 mm, is fabricated from perforated stainless steel foil, and the dielectric barrier between the electrodes consists of thin alumina tubing. The outer electrode consists of a cylinder having a 6-mm inner diameter and an 8-mm outer diameter that is pulsed at a high voltage of 4 kV. Two flat Macor disks complete the isolation from the ground. The exploded assembly drawing is shown in Figure 1. The discharge is achieved by applying high-voltage alternating current pulses to the external cylindrical electrode
.

Analog technology can be used to generate the signal to drive the dialectic barrier discharge mechanism. This method, however, is old-fashioned, is very limited in its signal shape, is not precise, and is very hard to modify and calibrate. The preferred method for implementing this controller is by using a dedicated embedded microprocessor with high-resolution PWM units and high-voltage switching FET
 or IGBT.


The generator presented in this work was developed to operate at voltages up to ±2.5 kV, at discharge frequencies between 1 and 3 MHz, at 10–50 (sec modulated pulses, at rates up to 1 KHz, and under a capacitive load up to 100 pF. The generator is connected to a PC via a standard USB port for determining the setup working parameters and configuration. After the generator has been configured, all the setup data are saved in the flash memory so the controller operates as a stand-alone instrument. 

Since the necessary output voltage is very high, a step-up transformer was used in the last stage. An impedance of 100 pF capacitance at 1 MHz is on the order of 1 kΩ
. Consequently, the current in the transformer’s secondary winding at a voltage of 1000 V is around 1 A. Since a current about 10–20 A 
in the transformer’s primary winding is desired, a transformer with a winding ratio about 1:10 is needed. Thus, the voltage in the primary winding of the transformer should be around 200 V. Because a pulse-modulated radio-frequency with a duty cycle having a maximum of 0.01 
was used instead of a continuous wave, a programmable power supply module of 20 W is suitable for our purposes. To work with a small magnetic core, to have minimal loses, and to keep the magnetic core from becoming saturated, an RF powder core with a permeability between 60 and 100 nH/T2 was used.
Electronic Circuit

Figure 2 shows a block diagram of the electronic circuit comprising several blocks. The main block that is the heart of the system is a Texas Instruments
 TMS320F28335 150 MHz DSC. This controller includes 512 KB of Flash memory for programming and 68 KB of SRAM for the data. In addition, the controller has 16 channels of fast ADCs (80 ns), floating point units

, and a wide range of peripheral units. In particular, this DSC includes several channels of high-resolution pulse width modulation (HRPWM) with a pulse width resolution of 130 ps. In addition, the HRPWM unit has a trip zone mechanism to give continual protection over the current and against short circuits in the load. Four HRPWM channels of the DSC (1A, 1B, 2A, and 2B) were used to trigger the full bridge, and the PWM1 and PWM2 channels were programmed to work in a complementary mode. In this mode, the two outputs of each channel (A and B) receive values in opposite logical polarity when the transitions have a hardware-controlled delay. The circuit includes, in addition to the processor, several supported standard hardware: clock, reset, JTAG
, and diagnostic leads.
The FULL BRIDGE 
block is used to drive and sense the transformer’s primary coil current. Each of the four outputs of the PWM channel is connected to a sub-block (GATE) that includes an auxiliary power supply of 
-3.3 V and +12 V, an optoisolator (HCPL-0900)
, a gate driver (FAN3122CMX)
, and high-voltage switching FET (STW45NM60)
, as shown in Figure 3 and Figure 4. FAN3122 is the core of the switching section that controls all the required parameters for the switching element (SE) and provides the necessary protection. At terminal IN, the device gets a digital pulse at a TTL or CMOS level through an optocoupler that accomplishes isolation from the control line. Then, at OUT1 and OUT2, the device supplies a positive drive for the ON state and a negative bias for the OFF state of the SE. This drive is set through resistors R2 and R3 that determine the rise and fall time of the pulse. The FAN3122 is designed to drive N-channel enhancement SE in low-side switching applications by providing high peak current pulses, and the drivers are available with either TTL or CMOS input thresholds. Furthermore, internal circuitry provides an under-voltage lockout function by holding the output low until the supply voltage is within the operating range. This driver incorporates the Miller-Drive architecture for the final output stage. Since the full bridge switching configuration was used in this work, the supply voltage of the gate driver must be floating relative to the earth ground
. The gate driver supplies voltages (+12 V and -3.3 V) that are relative to the floating ground.
The current is sensed by a 0.005-Ω resistor that produces 5 mV/A. The internal ADC accepts voltage in the range of 0–2.5 V; thus, all sensing current must be scaled to this range. The gain of this amplifier is 10; thus, the full scale of the current is 50 A. Since high-speed acquisition is needed, a high-speed operational amplifier, OPA836, was used. This amplifier uses single, rail-to-rail output, negative rail input, and a voltage-feedback operational amplifier designed to operate with a single supply and a bandwidth of 205 MHz. In addition, the output of the amplifier is oversampled by eight channels of the ADC to achieve higher rate sampling and lower noise.
The DAC block consists of a simple active second-order Bessel low-pass filter, and two additional outputs of the PWM unit in conjunction with the filter were used to implement a digital to analog converter (DAC). These two DACs serve as a control for the 200-V power supply module, UM0.25P20
, to adjust the output voltage and the output current of the module by applying a voltage in the range of 0
–5 V.

The TRIG block has a 2-bit digital input that reads active and passive digital signals within the range of [0 V, 5–50 V], and this range allows the reading of TTL levels as well as other standard levels of industrial and scientific equipment. The digital inputs are connected to a general purpose IO pin (GPIO) of the DSC to execute an external interrupt to trigger the high-voltage pulse-modulated RF signal. The USB block consists of an FTDI MM232R
 bridge that translates USB protocol to RS-232 protocol and connects to the DSC UART. All these devices are combined into a tailor-made printed circuit board (PCB), as shown in Figure 5.
Embedded Software Design 

Since this controller was used together with the valve driver
, the valve pulse and RF pulse were synchronized while maintaining a controlled delay between the two pulses. The realtime mechanism of the software is based on a hardware that produces several interrupts, and Figure 6 represents the relevant flowchart of the control routine. The inputs TRIG1 (GPIO20) were designed to serve as an external interrupt with falling edge polarity, and a pulse event at that input starts a timer while the system is enabled to suspend the RF pulse from the valve pulse. After the appropriate delay, the number of desired RF cycles is loaded into the counter (Inx) and the PWM mechanism is enabled. In each cycle of the RF frequency, the counter is decrement, and when the counter reaches zero, the PWM mechanism is disabled. The transformer primary current is read by ADC in each cycle of the PWM.
The Code Composer Studio13 6.1 environment and the ANSI C language were used for the writing of the embedded program (assembly or C++ were also optional). 
User Interface and Communication Software 

The controller is designed to work with an Intense Supersonic Beams 
system
; therefore, a computer interface for programming and monitoring is required. An application was also written using the National Instrument
 Lab Windows CVI environment that has full compatibility with ANSI C. The program has two modes of operation: normal and debug. To test and calibrate the system, the debug mode was used. Figure 7 shows the application graphical user interface (GUI) in normal mode. As shown in the figure, the GUI includes the RF-voltage value, the RF-current-limit value, the RF frequency, the number of RF cycles, the delay for the RF pulse, and the maximum pulse rate. All of those parameters are sent to the controller memory by the USB communication port. 
Results

To characterize and demonstrate the performance of the controller, several tests were conducted using the testing application. Using the mentioned GUI, the following parameters were used: an RF voltage of 2200 V, a primary current of 1A, an RF frequency of 1 MHz, and 10 RF cycles. By using a Tektronix AFG 3022C pulse generator, the controller was triggered with 100 micro sec pulses at a rate of 100 Hz. Then, by using a Tektronix MDO 3104 mixed domain oscilloscope and a Tektronix THDP0100 high-voltage differential probe, the transformer primary and secondary voltages were measured. Figure 8 shows the screen capture of the oscilloscope while the RF pulse is generated. Also, 10 cycles of 1 microsecond each (1 MHz) with an amplitude of about 4.5 KV peak-to-peak (channel 4-transformer secondary) and 10 cycles of 1 microsecond with an amplitude about 200 V was used (channel 1-transformer primary).
A visual presentation of a glowing neon gas is shown in Figure 9, and the gas is excited by dielectric barrier discharge, producing a cold plasma. Also, the measured angular beam spread is only 0.3 Steradians.
Conclusion

In conclusion, the design principles of a DBD controller have been demonstrated, and his design can be used by all systems that require a high-voltage pulse-modulated RF. Then, testing the controller in the dielectric barrier discharge source for supersonic beams system showed extraordinary results.
Figure Captions

Fig. 1: Exploded view of the DBD parts.
Fig. 2: Electronic circuit block diagram. The circuit is composed of six blocks: DSC, BRIDGE, DAC, POWER, USB, and TRIGGER. In addition to those blocks, there has a step-up RF transformer in the last stage.
Fig. 3: The full bridge 
architecture. This block is used to drive and sense the transformer’s primary coil current. Each of the four outputs of the PWM channel is connected to a sub-block (GATE) that includes an auxiliary power supply of -3.3 V and +12 V.
Fig. 4: The electric circuit of the sub-block GATE.
Fig. 5: The dielectric barrier discharge controller as builds on six layers of PCB.
Fig. 6: The flowchart of the control routine (see text).
Fig. 7: The GUI application showing the RF-voltages value, RF-current-limit value, RF-frequency value, number of RF cycles, delay for the RF pulse, and maximum pulse rate. All of those parameters are sent to the controller memory by the USB communication port.
Fig. 8: The operation of DBD controller in real time showing 10 cycles of 1 microsecond with an amplitude of about 4.5KV peak to peak (channel 4 - transformer secondary) and 10 cycles of 1 microsecond, with an amplitude of about 200V (channel 1-transformer primary).
Fig. 9: A visual presentation of a glowing neon. The gas is excited by dielectric barrier discharge, producing a cold plasma, and the measured angular beam spread is only 0.3 steradians.
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