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Synopsis

This paper discusses the design, construction, testing and commissioning of a novel high voltage monitor that is optically isolated from the high voltage, and provides high accuracy and bandwidth to the monitored signals.  All calibration adjustments are on the low voltage (control) side, enhancing safety.  Motivation for building, comparison to previous methods, possible risks and safety issues are also discussed.  Audience is assumed to have experience in electricity and electronics.

Warning

This paper is presented for entertainment value, no warranty is expressed or implied.  Anyone seeking to build any circuits described in this paper does so at their own risk and peril.  Just because a circuit is high voltage isolated does not remove the user from personal responsibility to protect their equipment, person, or bystanders from possible damage, injury or death due to unanticipated component or system failure.  High voltage circuits, components, and systems require extreme care in design, construction and operation to insure reliable operation.

Introduction

This paper is a discussion of the design and construction of a unique high voltage monitor that allows monitoring of energized high voltage circuits with greater safety and convenience then previous circuits.  It is the result of several factors:

· Dissatisfaction with a previous technology voltmeter used in my controller

· Safety concerns if the divider resistor network should open under load while the high voltage is energized

· Discussion from the Tesla List peaking my interest in possibly designing a better monitoring system

· New technology linear analog optocouplers becoming commercially available with high transfer accuracy, repeatability and bandwidth of up to 200kHz; while maintaining voltage isolation ratings of up to 3.5kV peak (2.5kV rms. continuous).

· Need to monitor the operation of spark gaps (SG) while a Tesla system is operating to aid in optimal power flow and system operation..

· This was a good foray for the author to maintain design skills (and credibility)

Historical Perspective

A review of high voltage meters is apropos at this time.  Most high voltage meters are either AC or DC input and the differentiation is clear by the need to rectify the AC signal..  Basically with DC, a scaling resistor is determined using the necessary high voltage drop divided by the full scale deflection (FSD) of the meter.  As an simple example, if a meter movement is procured that is 1mA FSD, this equates to

1000 ohms / volt.

Rm ~ Ein / IFSD







(1)

Where:  Rm     = the resistor sizing to limit current to FSD value

              Ein     = the maximum DC input voltage

              IFSD  = full scale current of meter coil

The only complication is the Rm must be slightly smaller to compensate for the resistance of the meter coil, the value is typically in the 50-100 ohm range.  A small rectifier bridge using 1N914 /1N4148, or 1N400’x’ diodes wired so the meter is powered by the DC output of the bridge now enables the meter to monitor AC.  A small cap wired in parallel with the DC output of the bridge can allow monitoring of peak values, and if the resistor value is increased to reduce current, rms values can be displayed.  Realize that the values displayed on the meter are relative, if large pulsing loads or distortion of AC due to non-linear loads will change the rms to peak value scale factors, and large error terms can occur.  This circuit is suitable for measuring voltages up to perhaps 1kV, but is not optimal.

A resistance divider network allows much higher voltages to be monitored however, there is a trap for the unwary.  If either current path to the voltage being monitored ever opens, full input HV will appear at the meter coil referenced to ground.  If the operator touches the meter while the system is in operation under this scenario, there are obvious safety implications.  This condition is true with either divider.

On my first large Tesla Coil, I used a resistor divider, rectifier-scaling board as shown in Figure 1.  The major salient design points are:

· Define maximum input HVAC with at least a 20% safety factor (size for 120% of Vin)

· If a resistance divider is being used that is actively driving the meter, scale resistor divider components for at least 20X current that meter will be monitoring.  This is an issue when monitoring low power (NST, OBIT) power sources; significant energy will be lost to monitor HV.

· Scale Resistors according to equation

Vo/Vin = R1/(R1+R2)






(2)

Where:  Vo     = Voltage to meter scaling circuits

              Vin     = HVAC input being monitored

              R1     = Load resistor of Voltage Divider


  R2     = Divider resistor of Voltage Divider

The simplified circuit as used in my controller is shown below:

   R1 – (20) 300k, 1/2W 

   Epoxy encapsulated
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   R4 – (20) 300k, 1/2W 

   Epoxy encapsulated          Figure 1 – TCN02 Power Controller HV Monitor
The meter used was 100 microamp FSD (10k ohms / volt).  The meter was scaled by a meter shop for 1-30kVAC peak.  The series current through the 10k load resistor at 15kV peak is 2.5mA. This is consistent with a minimum of 20X-meter current through dropping resistor(s) to reduce scaling errors.  The average power dissipation in each of the 300k resistors at maximum 30kVpeak input is 0.94W (OUCH!), but at nominal 15kV rms (21.2kV peak) is 0.47W.  The assumption was the run time is limited, and by epoxy encapsulating the resistors will aid in dielectric strength and thermal mass.  The voltage across the 10k resistor is zener diode limited to +/- 27V and rectified by a 1kV, 1A 6 pin dip bridge rectifier.  This rectified signal is filtered with a 4.7uF Electrolytic Capacitor (35VDC) with a 0.01uF HF bypass capacitor.  The peak detected and filtered DC is then scaled through the meter-scaling resistor, which is a 270k fixed resistor in series with a 50k, 15T trimmer for calibration.  

The voltage output from the divider load to the rectifier at 30kV peak would be approximately 25V.  When rectified (minus rectifier drop of 1.4V assumed) equals 33.9V.  To scale to the 10 microamp meter would require about a 330k resistor (minus coil resistance) and the 270K + 50K trim allows 270K to 320K circuit adjustments.  The design checks mathematically; QED.

The circuit performed very well, with generally less then 5% error across full span of meter.  

I was fully planning on using in my new controller, however the seeds of change were being planted.  This circuit was designed over 5 years ago, and had major design issues:

· Resistors were at thermal overload with HV input.  They ran hot even in normal operation of 2 minutes or more.

· Resistors could see overvoltage stress and fail, this was a major concern because HV could appear on the operator side of the controls.

· There was only one level of clamping circuits, they were partially implemented compromising circuit protection.

· Postings on the Tesla List, particularly Rick W. HV AC/DC buffer design strongly suggested the present design should be replaced1.

· Additionally in my new controller, I wanted to monitor location of SG firing versus location on the AC waveform, to aid in system operation, and have a positive independent indication that HV was present on the power supply.

New Design

Being a member of the IEEE, I see quite a few peer papers, one of which peeked my interest was from the August 2002 Power Electronics Society (PELS) newsletter.  It was a no power optically isolated voltage transducer used for switchmode power supply feedback controls2.  The novelty is the circuit required no power from the input side, just a source capable of delivering 1-5mA.  I breadboarded said circuit, it worked as advertised but required at least 0.6mA in the LED on the HV side to guarantee linearity over the full span.  Linear region response was excellent considering use of 5% tolerance parts (<+/- 3.5% error).  Since it appeared I needed power on the input side, I researched the WWW, and located several candidate linear analog optocouplers.  They are specifically designed for power supply, instrumentation, medical and high voltage monitoring.  Up to 12 bit linearity (0.025%), 3.5kV peak isolation and commercially available were favorable attributes.  So I ordered and received engineering samples of a commercial part from Texas Advanced Optoelectronics Solutions (previous TI Optocoupler Operation).  I built a circuit known as a Photoconductive Linear Isolation Amplifier (PLIA)3,4.  References for these circuits are listed at conclusion of paper, particularly Figure 22.  The strong suits of this circuit are:

· Wide bandwidth (>200kHz)

· High linearity (8-9 bits, 0.2% error)

· High isolation voltage (2.5kV rms, 3.5kV peak)

· Low cost (<$2.00 each, Future Electronics, P/N  TIL300A)5
The breadboarded circuit performed admirably, <1.5% error with 5% tolerance components used!  With 1% components in the signal path should allow accuracy significantly better then 1%.  With the addition of low pass filters, peak detector (for metering) and comparators to detector RF impulse from SG firing and HV presence completes the design.  An isolated power supply is necessary to power the analog components on the HV side of the optocoupler (+/- 15V @ 30mA). Figure 2 illustrates the simplified block diagram of the system.  Notice that AC to DC conversion is done in series with divider load resistor, this improves full range linearity by forcing circuit to act as a current to voltage signal converter.  Figure 3 shows PLIA circuit, complete circuit is referenced in end notes.
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Figure 2 – Advanced Optocoupled HV Monitor (OHVM)

Simplified Block Diagram
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Figure 3 – Photoconductive Linear Isolated Amplifier (PLIA)


Schematic, Unipolar Scaled for 0-10V Input>>Output

It should be noted that this circuit is unipolar, output monitored with an oscilloscope shows a typical full wave rectified waveform with noise riding on it.  I elected to do this keep the circuitry simple, with additional complexity a bipolar circuit can be built that will allow the AC to pass through with only slight distortion at ‘0’.  By pre-biasing at 0.6mA and allowing up to 15mA allows a wide dynamic range, and measurement to effectively ‘0’ volts, without bipolar circuit complication.  Also voltage as displayed is related to power by the square root, so is a more accurate, less confusing portrayal of instantaneous power and energy flow through the system.

The design methodology for the OHVM is fairly straightforward:

1. Determine Vin max for circuit.  To see voltage excursions with SG firing clearly with an oscilloscope, the maximum range should be 2.5X the peak input voltage.  As an example: The system I’m designing will be powered by a 14.4kV (rms) transformer bank.  This equates to 14.4*sqrt(2) or 20.4kV peak.  The input circuit should be scaled to handle 50kV peak.

2. Determine attenuator scale factor for sizing the voltage divider.  Most oscilloscopes use 1,2,5 scale factor format.  On the OHVM in this paper, a value of 5000:1 was chosen to give good dynamic range (10V).  This upper voltage also has a LED +Iq pre-bias voltage of 0.7V, therefore the op-amp powering voltage must have sufficient headroom (2V recommended) to drive to full value.  Therefore 10.7+2 = 12.7V +/- as a minimum powering voltage (I’m using +/-15 for both LV and ISO-HV side powering).  This also means at 20.4kV peak, the output voltage to an analog meter would be 20.4/50*10 or ~4.00V.  The Vmeter output and the full-scale meter movement current govern the size of the meter voltage multiplying resistor size (see equation 1).

3. Design the voltage divider PCB network for voltage and power (thermal) stress at maximum input voltage.  In this circuits case, with 30 x 470k ohm results in a total resistance on each side of 14.1M ohms (14.08M measured).  The load resistor value is calculated as:

SF   =  1 / AR






(3)

Where: SF = Scaling Factor


AR = Attenuation Ratio

Rload =  SF * Rdiv / (1 – SF)




(4)

Where: Rload =  Load resistance of HV attenuator

            Rdiv   =  Total resistance of HV series voltage divider

4. With 14.1M ohms and 5000:1 attenuation ratio results in a Rload value of 2816 ohms; 2800 ohms, 1% was selected because it was closest stock 1% value to 2816 ohms.  2820 is supposedly a standard value 1%, ½ W resistor, and would have been chosen had that value component been available.

5. Power dissipation in resistor(s) is equal to:

Ipk = Vpk / Rdiv






(5)

Where: Ipk = Peak current at peak input voltage

            Rdiv = Total resistance of divider, including dividing and load resistors

Ppk – Ipk^2 * Rdiv





(6)

Where: Ppk = Peak power dissipated in divider (or load) resistors

 
Ipk = Peak current at peak input voltage

Pavg = Ppk / 2






(7)

Where: Pavg = AC envelope average power (watts)

            Ppk    = AC envelope peak power  (watts)

Based on OHVM design with a Rdiv =14.1Meg * 2 + 2.80k * 2 equals a total resistance of 28.2056M ohms, which at 50kV peak results in a peak current of  1.77mA.  This will result in a peak power loss in the individual 470K, 2W resistors of 1.47W, and an average power loss of 0.735W.  At the typical value of ~21kV peak input, the values diminish to 720 micro-amps peak, with power loss of 0.245W.

6. The ½ W rated 2800 ohm, 1% resistor’s power loss is three orders of magnitude smaller.

7. The 2W resistors used are capable of handling a 1.1kV impulse and 650V continuous operation.  At 50kV peak across 60 resistors has a value of 833V across each resistor, so it is within its voltage rating.  At nominal 21kV peak input, nominal maximum voltage stress seen by each resistor in the divider string is 21kV/60 or 350V which is well within its ratings.

8. The op amps used in circuit are LF412ACN from National Semiconductor6.  Comparators used are MAX922 from Maxim Products7.  The pulse stretcher is a standard LM555 from National Semiconductor8.   Drive transistors used in OHVM are 2N3904 NPN transistors from various manufacturers.

a. Abbreviated description of operation.  Please refer to the block diagram Figure 2 on page 5:

b. The HV is passed through Rdivider network into a Bi-directional Multi-Level Clamp.  The first level clamp consists of two pairs of back to back 12V, 1W zener diodes (1N4742A); the second level clamp is two NE2H neon bulbs; the third level clamp is a high energy varistor (V130LA20A-clamp at +/- 200VDC).

c. After passing through the multiple level clamp, the HV scaled current is passed through a rectifier of 4 1N4148 diodes in a full wave bridge configuration, the current then passes through the 2.80k, 1% Rload resistors.  The Vdrop across the 2.80k resistors is 5000 times smaller then what is monitored on the high voltage side of the Rdivider network.

d. A differential amplifier (Diff-amp) algebraically sums the full wave rectified voltages and adds a +Iq LED 0.7V offset to insure that the PLIA is conducting current even with ‘0’ voltage input.

e. The output from step c drives the PLIA (see figure 3, page 6 for more detailed schematic).  The op amp on input is a buffer/LED servo current loop regulator to maintain linear LED current as input HV increases.  The pin diodes are in reverse conduction (Photoconductive) mode.  The flux coupling between the LED and pin diodes are very accurately matched, so by using 100k, 1% tolerance resistors on input and output results in an analog voltage developed on the isolated side of the optocoupler which is a very accurate duplicate of the input voltage.  This signal is passed through a unity gain voltage buffer on isolated side of the optocoupler.

f. The output from step d drives a second Diff-amp, which has null (‘0’ offset adjustment and independent gain adjustments.  Note that these calibration adjustments are on the isolated (safe) side of the PLIA.  The null offset allows striping the +Iq LED that was applied on the input of the PLIA to improve low level linearity.  The gain adjust allows adjusting the peak voltage to compensate for slight gain differences in the LED / pin diodes of the PLIA, and allows “end to end” calibration.  The output of this Diff-amp feeds a BNC 50 PCB plug for use with a oscilloscope (1), a low-pass filter (2), and two comparators (3).

g. The output from step e(2) feeds an active low pass filter (LPF) with a corner frequency of approximately 2kHz.  It was included to strip SG and HF components from output signal, which would compromise operation of downstream peak detector (step g).  Filter is very effective, at 50kHz attenuation was measured at nearly -26dBV.  Output drives peak detector and RF burst detector comparator.

h. The output from f drives a precision peak detector.  It is basically a high-speed op-amp voltage follower driving a common emitter 2N3904 to drive a relatively large electrolytic capacitor.  The output DC voltage is then passed through a current limiting resistor to allow meter scale calibration for analog meter.  A pair of test points for a DVM is also provided.

i. Output from e(3) and f drives a comparator (½ MAX922) .  The comparator produces a negative pulse train when a RF burst created by the spark gap operating is detected.   The output from this comparator drives a pulse stretcher.

j. Output from step h drives a LM555 as a monostable timer.  Output pulse width is adjusted to ~ 185 microseconds, and is used by an external display to indicate where on ac waveform spark gap is firing.

k. Output from e(3) is drives a second comparator (½  MAX922), with other input referenced to +50mV about analog ground.  If the HV output should exceed 250V (0.05*5000 = 250V), an output transistor is turned on and warning lights are turned on, positively warning that HV is ON.

9. Detailed block diagram and schematic will be posted separately on hotstreamer website in Excel spreadsheet format as OHVM-II.xls
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Appendix ‘A’ – Pictures of Work to Date
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1. Notes:

2. Epoxy Encapsulation is progressively deeper toward HV input end.

3. Board is fully functional but has considerable design issues
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A5 – OHVM Photoconductive Linear Isolation Amplifier (PLIA)

Transfer Response Vin vs. Diff-amp Vo ½ cycle
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