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The purpose of this paper is to provide an assessment of the feasibility of replacing the venerable VARIAC®  (Variac) style adjustable auto-transformer with an all electronic “chopper” in the AC line where variable voltage must be applied to the load .  Several possible candidate circuits are shown, with advantages and disadvantages described.  Two candidate circuits worthy of further development are discussed, and block diagrams shown.   Further development tasks are discussed.

The desirable attributes of such a replacement device should be:

1. The same functionality of a Variac, that is user adjustable voltage with minimal or no waveform distortion to load.  

2. Automatic voltage compensation for line loss and load variation is a bonus.

3. Simple power electronics, affording possibly significant reductions in weight, volume and power handling capacity, and opportunity to scale in power handling capacity up or down.

4. Toleration of power flow in both directions and high voltage noise from load without anomalous behavior or failures.

5. In addition to voltage adjustment, a current limiting adjustment is now provided.  Nearly instantaneous current limiting to a sudden change(s) in load impedance.  This ability should carry up to and include short circuits in load.

6. This new device, if developed, would be equivalent of an electronic voltage regulator, automatic current ballast, and high-speed current limiter in one coordinated system.

Web Search and Technology History:
This topic was researched on the Internet for approximately 2 weeks.  There are many listings using Triac’s or anti-parallel SCR’s (thyristors) for voltage control.  Unfortunately, these applications involve phase control of power.  These applications are mature (at least 30 years old), and have been used for high voltage control.  Phase firing of thyristors will produce significant electronics distortion and possible DC saturation effects in transformers.  An interesting circuit along similar lines is a full wave PWM chopper for universal motors discussed at the On Semiconductor (ex Motorola Semiconductor) web site:

www.onsemi.com
This particular application note provided information on a variable speed universal motor application in which a bridge rectifier was placed in series with load and micro-controller generated PWM signal was passed to an Insulated-Gate Bipolar Transistor (IGBT).  The IGBT was placed across the DC output of the bridge rectifier as the switching means. The clocking frequency was in the 5-20kHz range, dynamic current and voltage was monitored for servo feedback to the controller.  This circuit was interesting in that:

1.   The power levels are close to application (120V, 13A) and scaleable.

2. Opto-couplers were used to isolate the controls from the power stage of the system, current transformer was used for isolated current feedback.

3. Kickback voltages and EMI from brushed motor would show weaknesses in power electronics and gave hints into recommended locations for snubber(s) and over-voltage protection (OVP) devices.

4. Early evidence of superior voltage and current control to motor, and comprehensive load protection for the load.

The suitable circuits for this application have gravitated into three possibilities; the     “Bi-directional Buck Regulator” (BDBR), a half and full-wave inverse push-pull circuit (HWIPP, FWIPP), and a full wave chopper (FWCHOP).  
Bi-directional Buck Regulator (BDBR)
The basic description of operation throughout the AC power waveform for the positive alternation and negative alternation are shown in Figures 1 and 2.  The converter is a continuous forward converter where the primary inductance of the high voltage transformer filters and passes PWM chopped utility wave to the load.  The advantages of this basic circuit are:

1. Minimum active part count of the three candidate circuits, parts are totem pole (phase leg) IGBT’s and doubler diode, which are standard configurations. These parts are available up to 2kV and 600A; scaling will not present significant issues.

2. Continuous current flow in transformer will reduce HF filtering requirements.

3. Only two active device drops within the circuit, this will increase power conversion efficiency and reduction in heat generation / kW of processed power

4. “Regenerating” capacitors will allow for HF passing to utility line (through diode doubler) in the event of HV EMI from load.

5. This circuit will be follow on developed for high power applications.

6. Current and voltage can be servo feedback to controller using isolated sensors.

7. Can be used with single or multiple primary transformers.

This disadvantage of this topology is both IGBT gates have no reference to signal ground, in fact may be as much as +/- Vpeak from ground reference.  This would require the controlling electronics to be “floating” at line potential.  This is not good design practice on variable speed drives and power electronics the author has field installed.  This circuit was discussed with International Rectifier applications engineering (www.irf.com), and there was much concern over using a half bridge driver (IR21xx) series in this application.  Another disadvantage of this topology is two switching devices, and synchronizing operation between positive and negative alternations of AC waveform will require additional control electronics.
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DESCRIPTION OF OPERATION: POSITIVE ALTERNATION
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1. POSITIVE ALTERNATION - POWERING —
Assume A is positive and G is negative;
Assume Q1 and Q2 are off, no net current flow through transformer
Q1 turns ON, resulting current flow is A,B,D,Transformer,E,G
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2. POSITIVE ALTERNATION - REGENERATION —_———

Q1 turns OFF, Q2 remains OFF, regenerated current flow is D, Transformer,E,F,C2,C,Q2(Regen D).D

Therefore:
Coupled V /I through transformer acts as a feedforward converter, whose output V'
is afunction of duty cycle; LE.  Vo=Vin*DC
Vin=Vpk* sin (wt+ phase) where w [omega] = 376.99 radians I sec
Therefore: Vo=Vpk* sin (wt+ phase) * DC

No abrupt current changes through transformer, therefore output voltage will
mirror input voltage * duty cycle
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Figure 1 – Bi-directional Buck Regulator Operation, Positive Alternation
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DESCRIPTION OF OPERATION: NEGATIVE ALTERNATION
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1. NEGATIVE ALTERNATION - POWERING ———>
Assume A is negative and G is positive;
Assume Q1 and Q2 are off, no net current flow throw transformer
Q2 turns ON, resulting current flow is G,E,Transformer,D,C,A
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2. POSITIVE ALTERNATION - REGENERATION
Q2 turns OFF, Q1 remains OFF, regenerated current flow is D,Q1(Regen D),B,C1,F E,Transformer,D

Therefore:
Coupled V /I through transformer acts as a feedforward converter, whose output V'
is afunction of duty cycle; LE.  Vo=Vin*DC
Vin=Vpk* sin (wt+ phase) where w [omega] = 376.99 radians I sec
Therefore: Vo=Vpk* sin (wt+ phase) * DC

No abrupt current changes through transformer, therefore output voltage will
mirror input voltage time duty cycle
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Figure 2 – Bi-directional Buck Regulator Operation, Negative Alternation

Half-Wave Inverse Push-Pull (HWIPP) and Full Wave Inverse Push-Pull (FWIPP) Circuit
The basic description of operation of the HWIPP throughout the AC power waveform is shown in Figure 3.  The novelty of this circuit is that is will work with two winding (i.e. center tapped) primary transformers.  A “pole-pig” residential distribution transformer is of the correct primary configuration to work.  The advantages of this circuit are:

1. AC wave is rectified prior to passing through transformer.

2. Each winding is alternately turned on and off based on polarity of AC wave.

3. Only one switching device is needed, and it is ground referenced if 120VAC is used to power circuit.

4. Continuous current flow in transformer will reduce HF filtering requirements.

5. “Regenerating” capacitors will allow for HF bypassing of transformer primary.

6. Current and voltage can be servo feedback to controller using isolated sensors.

However, there are several significant disadvantages with this topology:

1. A split bi-phase AC power (Edison 240VAC) must be used with this topology.  This condition is corrected with the FWIPP variant.

2. Only half (50%) of available voltage will be developed across transformer.  In addition, only 50% of available power will be developed.

3. Only a center tapped magnetically linked transformer will work in this application, two independent transformers can not be used.

4. There will be a 1:2 voltage step up of the transformer primary winding coincident with IGBT PWM gating.  This voltage step-up will increase the Vrrm (reverse recovery maximum voltage) developed across each gating diode; the voltage stress will be at least 2X that of a series FWCHOP circuit

The basic description of operation of the FWIPP is shown in Figure 4.  The advantage of this circuit is that full power can now be produced across the transformer, with the addition of two diodes.  If one looks carefully, it can be seen that this circuit is a split bridge, with the IGBT operating in PWM mode, with the AC modulation wave across first one side then the other side of the transformer.  This circuit is simpler in operational concept to the BDBR, in that the diodes perform the commutation, which requires separate electronics in the BDBR.   The diode stress will also tend to be somewhat reduced in the FWIPP case over the HWIPP, but additional semiconductor heat loss will result, perhaps requiring larger heatsinks and or cooling fans to control thermal rise.
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Figure 3 – Half-wave Inverse Push-Pull  (HWIPP) Circuit
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Figure 4 – Full-wave Inverse Push-Pull  (FWIPP) Circuit

Full Wave Chopper (FWCHOP) Circuit
The basic description of operation of the FWCHOP throughout the AC power waveform is shown in Figure 5.  A compelling advantage of this circuit is that is will work with any transformer primary configuration or voltage input.  The advantages of this circuit are:

1. Electronic Switch is in DC power path of a bridge rectifier

2. Only one switching device is needed, and it is ground referenced if 120VAC is used to power circuit.

3.  “Regenerating” capacitors will allow for HF around the transformer primary in the event of HV EMI from load.

4. Current and voltage can be servo feedback to controller using isolated sensors.

5. Can be scaled by using two standard diode doubler packs and single IGBT pack.

This disadvantage of this topology is that there are 3 active device voltage drops in power path, this will increase thermal power dissipation as compared to the BDBR topology.
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Figure 5 – Full-wave Chopper  (FWCHOP) Circuit and Block Diagram
Controlling Means, Candidate Devices

The PWM control of the SS Variac is based on current-mode control.  This controlling means allows for pulse by pulse current limiting, AND automatic voltage regulation if the controller is not in a current limiting mode.  Discussion of the control methodology details is beyond the scope of this paper, and an excellent application note is Unitrode/Texas Instruments U-100, “UC3842/3/4/5 Provides Low-Cost Current-Mode Control”.  This application note can be found at the Texas Instruments/Unitrode website:


www-s.ti.com/sc/psheets/slua143/slua143.pdf

The UC3842A variant is the improved version and current offering of this chip. The datasheets for this device can be found at the Texas Instruments website:


www.ti.com
The IGBT drive optocoupler is a offering from Toshiba, the TLP250.  It can sink or source up to 1A peak, has UVLO, and is designed to drive IGBT’s up to 50A directly.  Since the clocking frequency is restricted in this application, gating units as large as 100A may be practical.  The TLP250 is available at Digikey, and cost ~$5.00 each.  In choosing IGBT’s, use units which have a fast soft recovery anti-parallel flyback diode in a “co-pack” configuration.  It is very important that the control electronics be galvanically isolated from the power electronics stages; if a fault should occur in a system that is not isolated, can result in catastrophic failure of controls and risk of operator injury or death.  It is also important to use of KAA high-speed semiconductor fuses to limit available fault current in devices in the event of a load overcurrent or short circuit.

For the first system, engineering samples of 800V, 80A rectifier diodes in a “ADD-a-pack” doubler configuration have been received (International Rectifier P/N IRKD71/08) and 600V, 60A IGBT’s have also been received (International Rectifier                         P/N IRG4PSC71KD).  UC3842’s have been picked up at a local electronics wholesale supplier (~$2.50 each).  These parts are capable of producing a 240V, 50A solid-state replacement of a Variac®.  The estimated cost to build this unit and integrate into a HV system would be approximately $500.  The IGBT’s are not the most expensive item (available at Digikey for <$20.00 each).  The rectifiers in a isolated doubler configuration are approximately $50-100 each.  If the maximum currents are held to 20A or less, a standard 600-800V bridge rectifier (35A class) can be used.  These components would be ideal for a 120VAC system and are relatively inexpensive.  Other costs not reflected above include heatsinks and cooling fans, fuses and holder hardware, wire, terminal blocks, PC board layout design and construction, meters, etc.

The potential performance of a well-designed system is hinted with the U-100 AN, line (current) regulation is listed as 0.1%, and voltage regulation of 1% is possible.  
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