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Series IGBT Graceful Degradation 
Fault Detection Circuit  
1 0Introduction 

The insulated-gate bipolar transistor, or IGBT, is a three-terminal power semiconductor device, 
noted for high efficiency and fast switching. It switches electric power in many modern appliances: 
electric cars, variable speed refrigerators, air-conditioners, and even stereo systems with digital 
amplifiers. Since it is designed to rapidly turn on and off, amplifiers that use it often synthesize 
complex waveforms with pulse width modulation and low-pass filters1. 
 
Due to the high power requirements, it is not uncommon for IGBTs to fail. Failed IGBTs can be 
detected by measuring the change in summed IGBT gate drive currents in a series stack of IGBTs.  
This allows IGBT failure monitoring for graceful degradation, and enables system shutdown at the 
point that no further failures can be tolerated, in other words when catastrophic failure is imminent.  
A gate-drive transformer made from a ferrite toroid has response deviations due to manufacturing 
variations in the ferrite material.  These deviations get worse over operating temperature variation.  
Resistance variations and operating temperature variations can both be corrected independently 
by use of eTC Rejustor technology.  This design benefits from both the high precision resistance 
adjustment and temperature stability offered by the eTC Rejustor technology. 

2 Background 
To obtain higher voltage rating, IGBTs are placed in series in this design, as shown in Figure 1.  
Failed IGBTs can be detected by measuring the change in summed IGBT gate drive currents in the 
series stack of IGBTs.  Typically, IGBTs fail in a shorted condition, resulting in an increase in gate 
drive current to that particular transistor.   

 
Figure 1: Series IGBT Block Diagram 
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3 Detailed Description 
The gate-drive transformer, T2 in Figure 2, has a single turn primary, with multiple single-turn 
secondaries.  For clarity only a single secondary is shown.  Each secondary winding drives a 
single IGBT gate circuit.  This transformer also performs a high-voltage isolation function, isolating 
the floating IGBT high voltage from the low-voltage gate-drive circuitry.  A gate-drive transformer 
made with a ferrite toroid has response deviations due to manufacturing variations (up to ±30%) in 
the ferrite material.  These response deviations degrade over operating temperature variation.  
Furthermore, the ferrite transformer must be potted to the board with high voltage insulation, 
making board rework very expensive. 
 

Figure 2: Series IGBT Implementation Schematic 

 
Two Rejustors are used in this design.  The first, comprised of R1 and R2 in Figure 2, sets a 
precise, temperature stable, voltage reference used by a voltage comparator circuit.  The second, 
comprised of R6 and R7 in Figure 2, scales the IGBT gate drive current sense signal.  The IGBT 
used in this design is an HGTG18N120BND.  It should be understood that the midpoints of both of 
the Rejustor dividers are measured during adjustment, but not shown for clarity, to complete the 
closed-loop feedback path to the Rejustor calibration tool.  Also not shown are the H11, H12, H21, 
H22, and HGND Rejustor auxiliary connections. 
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To achieve maximum stability (minimal drift), R1 and R2 are first reduced from the approximately 
30k�  as-delivered resistance to 27k� .  The voltage divider, comprised of R1 and R2, is further 
adjusted as needed to provide a reference voltage of 1.25V to the voltage comparator U1A.  By 
lowering R1 and R2 further to approximately 22k�  the expanded adjustment range (±5%) can be 
obtained, if needed, while still not exceeding the recommended 0.1 mW power dissipation. 
 
Inexpensive voltage references can have voltage tolerance specifications of from ±0.5% to ±2%.  
More expensive voltage references can have tolerances better than ±0.1%.  The maximum power 
dissipated in R1 and R2 is 0.058 mW.  Self-heating is minimized and stability is maximized.  Even 
inexpensive voltage references have acceptable temperature drift over the operating temperature 
range of this circuit (room temperature, or 20°C, to 75°C), so temperature compensation is not a 
large concern for U2 in Figure 2.  However, by taking care to maintain close to a zero mV/V offset 
in this Rejustor, this maximizes the available temperature coefficient offset compensation 
adjustment, should it be needed. 
 
To allow more flexibility in bi-directional resistance adjustment (approximately up to + 5%, or 
+1100� ) Rejustors R6 and R7 are first reduced to 22 k� .  The power dissipated in R6 and R7 is 
about the same as the power dissipated in R1 and R2.  This is because the voltage across R6 and 
R7 is being generated by a voltage pulse having a duty cycle of less than 5%.  Any self heating 
effects remaining in the Rejustors are negligible and can be compensated for during final test 
calibration. 
 
At final test, the number of IGBT failures detected is determined by measuring the increase in gate 
drive current as the number of failures increases.  Ultimately, this translates into approximately a 
0.2 V increase, per IGBT failure, in the voltage pulse measured at Pin 4 of U1A.  Usually, we do 
not care to report a single device failure, and also to avoid false degraded indications due to noise 
spikes, etc. Consequently the degraded fault level is set to trip at three IGBT failures.  This is 
approximately 0.6 Volts above the normal operation.  Calculations are based on a nominal (no 
IGBT failures) pulse voltage of 10.0 Volts, and for three shorted IGBTs a pulse voltage of 10.6 
Volts.  By adjusting the resistance of the R6 and R7 Rejustors we are able to compensate for 
variations of +0.2 Volt around 10.6 Volts.  R10 in Figure 2 is used to scale the pulse voltage to the 
correct comparator level.  There is adequate R6 and R7 adjustment range (+5%) to compensate 
for the expected variation of +0.2 Volt. 
 
The ferrite material used for the transformer, T2, has a drop in magnetic flux density from about 
4500 gauss at 20°C to about 3200 gauss at 75°C.  Changes in flux density can effect permeability 
changes of approximately 50% to the as-delivered permeability tolerance of +30%.  All of these 
factors combine to result in a fluctuation in detected voltage of approximately +0.2 Volts at the 
output of current sense transformer, T1 in Figure 2, for any given number of IGBT failures.  
Because of this response variation, anywhere from two to four IGBT failures will be reported as a 
degraded condition, and not the three IGBT failures as is desired.  Temperature variation of 
permeability is typically 1%/°C.  By using the Rejustor divider comprised of R6 and R7 to set the 
voltage divider ratio to compensate for the permeability changes, and also to compensate for the 
temperature variation in transformer response, the fault reporting is more tightly controlled to a 
single IGBT failure.  The temperature calibration would be performed by taking baseline 
measurements at 20°C and at 75°C, and then calibrate the Rejustors using software and hardware 
supplied by Microbridge. 
 
A duplicate voltage comparator circuit can be implemented, but for clarity not shown in Figure 2.  
This second comparator trips at a higher level of IGBT failures (eight, for example), indicating 
imminent catastrophic high-voltage failure, at which time corrective action is taken to shut down the 
system, forcing system maintenance. 
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3.1 Present Techniques 
Rejustors serve as a cost effective, easy to automate substitute for discrete fixed resistors, digital 
pots, mechanical pots and laser trimming.  

3.1.1 Discrete resistors  
The effects of tolerance, user assembly, and temperature can yield a poor-performing circuit.  
Expensive precision bulk metal-film resistors are available, but the temperature coefficients can 
vary widely, especially in resistors from different manufacturing runs.  Expensive matched 
temperature-coefficient resistor pairs can be procured, but self heating effects can be difficult to 
overcome if each resistor of the resistor pair dissipates differing amounts of power.  Multiple fixed 
resistor values would need to be stocked to take into account variations in transformer materials. 

3.1.2 Digital potentiometers 
Attention to the power up sequence must be made during design so that device pins are not 
powered unintentionally which then can affect the rest of the circuit.  A finite wiper resistance, 
typically 50 to 100 Ohms, is always present in the digital potentiometers.  Wiper resistance is a 
function of temperature and supply voltage.  At lower supply voltages, the wiper resistance 
increases.  Also, at higher temperatures, the wiper resistance increases.  The wiper resistance 
typically doubles over the operating temperature range.  When accurate prediction of actual output 
resistance is required, taking into account the wiper contribution to the total resistance is essential.  
Wiper resistance effects directly skew device resistance linearity.  Additionally, there is typically a 
finite resolution of 32 to 1024 steps.  At best, this results in 0.1% resolution, but still has no 
compensation for temperature variation.  While it is possible to increase resolution by stacking, 
paralleling, or cascading multiple digital potentiometers, this requires added circuit complexity at 
greatly increased cost.  In some applications, digital potentiometers also require a nonvolatile 
memory function.  Digital potentiometers are also bandwidth limited below 10 MHz due to the 
internal switching design. 

3.1.3 Mechanical potentiometers  
These potentiometers have cycle lifetimes limited to several hundred to several thousand cycles.  
Mechanical potentiometers have contacts that can drift over time due to mechanical wear, and 
later require manual adjustment.  Mechanical potentiometers can also become noisy over time, 
adversely affecting circuit operation.  Higher cost potentiometers can be obtained that use multiple 
fingers for the wiper, which are made from precious metals, to promote longer lifetimes and 
improve electrical performance.  The physical size of the packaging, even with surface mount 
versions, severely limits the useable bandwidth of these potentiometers.  Manual trimmer 
adjustment is labor intensive, and thus, expensive.  External access is also required in the product 
design to allow for manual trimming. 

3.1.4 Laser trimming 
In the laser trimming operation, the resistor can be trimmed downward only, limited to a one-time 
adjustment with accuracy limited to approximately 0.5%, which can further change during final 
packaging.  The laser trimming equipment is quite expensive, and can only trim one resistor per 
operation.  There is no possibility of temperature compensation. 

3.1.5 Fusible passive resistor arrays 
These arrays have a one-time adjustment, generally downward, and usually have a large footprint.  
There is no possibility of temperature compensation. 
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Temperature compensation techniques have existed which used metallic resistive structures, such 
as aluminum, to provide some basic form of temperature compensation.  These circuits are 
typically used in strain gages, and piezoelectric sensors.  
 

4 Benefits of Using Rejustors 
Target fault voltage is set by the Rejustor calibration during final test, achieving greater fault 
detection precision in the final product.  Temperature compensation could also set at final test 
using eTC Rejustors, achieving levels of compensation not obtainable with existing technology.  
Manual adjustment procedures are eliminated during final test, also eliminating the need for 
potentiometer physical access points.  Precision on its own is not sufficient, as two resistors 
matched at one temperature will be matched at another temperature only if their temperature 
coefficients are also matched.  And if their temperatures differ, because of self-heating or other 
causes, matched temperature coefficients will not help.  Resistors whose matching is critical should 
be on a single substrate as in the Rejustor technology.  This ensures close matching of resistance, 
temperature coefficient, and temperature.  
 
This design uses the Rejustor to set both the optimum resistance values at final test, and the 
compensation for component variations with temperature at final test.  Because of existing 
inaccuracies in sensing, detection of only a wide range of failures was possible, from say three to 
five failed IGBTs.  The use of Rejustor technology in this design enables setting the fault threshold 
to detect an exact number of failures.  Using Rejustors allows use of lower-cost lower-tolerance 
components, reducing overall production costs.  The Rejustor has higher shock and vibration 
ratings than mechanical potentiometers, assuring passage of end-product qualification testing.  
The Rejustor allows automated assembly line calibration rather than labor-intensive mechanical 
adjustment.  The Rejustor eliminates parameter drift due to shock, vibration, and contamination.  
The Rejustor also eliminates potentiometer access problems.  All of these benefits combine to 
reduce re-work and scrap rates significantly, reduce labor costs, and reduce binning stock 
requirements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
1 Source: Wikipedia Insulated-gate bipolar transistor 


