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Abstract— Most of the failures in IGBTs are caused by thermal 
fatigue. Hence, the thermal analysis of IGBTs for each 
particular application is an important step in determining their 
lifetime. In this paper, the thermal analysis of a STATCOM is 
presented for two different applications, power factor 
correction and harmonic elimination. The STATCOM model is 
developed in EMTP for the above mentioned functions. The 
analytical equations for average conduction losses in an IGBT 
and a diode are derived. The electrothermal model is used to 
estimate the temperature of the IGBT. A comparative analysis 
of the thermal stresses on the IGBT with various parameters 
such as power factor, harmonic frequency, and harmonic 
amplitude is presented as a basis for future reliability testing of 
IGBTs in FACTS applications. 


I. INTRODUCTION  
  Insulated Gate Bipolar Transistors (IGBTs) have been 


favored in high power applications like traction and flexible 
ac transmission systems (FACTS) because of their high 
voltage (up to 6.5 kV) and current (up to 2500 A) 
capabilities. IGBT reliability and lifetime prediction has 
been a major topic of research in the last few decades [2], 
especially for traction applications [7-8]. Since the main 
failures in IGBTs are caused by thermal fatigue [1-3], 
thermal analysis of the inverter is essential for reliability 
testing in various applications such as adjustable speed 
drives, matrix converters, electric vehicle applications, etc. 
[3-6]. However, no research is available analyzing the 
thermal impact on the IGBT due to STATic COMpensator 
(STATCOM) operations. This paper aims at addressing the 
issues of thermal impact on the IGBT due to the inverter’s 
operation as a STATCOM for power factor correction and 
harmonic elimination functions.  


 


 


 


 


 


A system overview for estimating the lifetime of IGBTs 
is presented in Figure 1. For the electrothermal model, the 
data from device characteristics and the operating condition 
values are input from the characteristic tests and from the 
simulation model. The power losses are calculated and the 
thermal model of the IGBT is used to estimate junction 
temperatures. From temperature profiles, the lifetime 
prediction model is developed. Finally, the lifetime 
estimation is complete after verification from accelerated 
lifetime testing experiments. 


EMTP-RV is a sophisticated computer program for the 
simulation of electromagnetic, electromechanical and 
control systems transients in multiphase electric power 
systems [11]. A simple two-bus system was developed with 
source and load as shown in Figure 2. A three-phase 
sinusoidal voltage source, Vs, of 480 V line-line voltage is 
connected to a load drawing a current, il. The STATCOM is 
connected in shunt between the source and load via a 
coupling inductance Lc, so that it provides the necessary 
reactive current for the respective functions of the 
STATCOM such as power factor correction, harmonic 
elimination, etc. The controller of the STATCOM in this 
work is based on non-active power compensation theory [9]. 
The model of the system is developed in EMTP software. 


 
 
 
 
 
 
 
 
 
 
 


 


 
 


Figure 1. System overview and methodology of estimating 
lifetime of IGBTs. 


 


 
 
 


Figure 2.  STATCOM model connected to grid.  
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II. ANALYTICAL POWER LOSS CALCULATION 
Table I is a list of symbols, and parameters used in the 
equations in this paper. 


A. Power Factor Correction 


       The general equations for average conduction losses in 
IGBT and diode [10] are given by (1) and (2) for inverter 
current Ia  
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For a lagging/leading power factor current drawn by the 
load, the real power is provided by the source while the 
reactive power is provided by the STATCOM, i.e. the 
magnitudes of  the source and inverter currents are 
iactive=is=il × cos(Φ) and inonactive=ic=±il × sin(Φ) 
respectively.  


Substituting the inverter current, Ia=Il×sin (Φ), and PF= 0 
(since the voltage and current are 90o apart) in (1) and (2), 
the equations are transformed to  
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       Conduction losses are dependent on the square of the 
current and sine of the power factor angle. The switching 
losses can be approximated by the turn-on and turn-off 
losses from the switching test values listed in the datasheet. 
In general, switching losses are linearly dependent on 
operating current and voltage. 


        In power factor correction, the inverter current is  
ic=il × sin(Φ), and  the switching losses can be written  as 
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        From (5), it can be deduced that as the power factor 
decreases, the switching losses increase. The parameters 
required for calculation of losses are listed in Table II. 
 
 
 
 
 
 
 


B. Harmonic Compensation 
        For the STATCOM operation to compensate for the 
harmonics in the load, the harmonic current should be 
provided by the inverter. 


Case (i): Consider the case in which the load current is 
purely a harmonic current of frequency h×60Hz, h being the 
number of the harmonics as shown in Figure 4. The 
STATCOM provides the total harmonic current, i.e. if 
vs=Vs×sin(wt), Inonactive=Ic=Ih ×sin(hwt), and the equation 
for average current is given by (6).   
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where M is modulation index of source voltage with respect 


to triangle wave amplitude, 
tri


s


V
V   and M2 is the modulation 


index due to voltage drop in the coupling inductor due to 


harmonic current flow, ~
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c
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.  The conduction losses for 


the IGBT and diode are given by  
 


 


Il load current of the system 
Ia inverter Phase current 
Φ power factor angle of the load 
M modulation index 
Rfd on state resistances of diode 
Roni on state resistances of IGBT 
Von_d forward voltage drop across the diode 
Von_i forward voltage drop across the IGBT 


E on_test   
turn on switching losses from test 
conditions 


E off_test turn off  switching losses from test 


VDC DC voltage across the switch  during the 
current operation 


VDC_test 
DC voltage across the switch with  the 
test conditions from the datasheet 


h harmonic number 


Ictest 
current across the IGBT during test 
conditions 


Ih hth harmonic current 
fsw switching frequency 
PF power factor of the inverter 


TABLE I: LIST OF PARAMETERS AND 
DESCRIPTIONS


TABLE II. LIST OF IGBT AND DIODE PARAMETERS FOR LOSS 
CALCULATION 


 Ron Von  Eon Eoff (mJ) 
IGBT 4 mΩ 1.8 V 22 mJ 15 
Diode 11 mΩ 1.0 V  32(reverse recovery) 
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Case (ii): Consider a case where source voltage is 
vs=Vs×cos(wt), the load current drawn is sum of currents at 
different frequencies and the fundamental current is 
considered at a phase angle difference of Φ, i.e., the load 
current is  
il= i1*cos(wt- Φ)+ i5* cos(5wt)+i7*cos(7wt)+… 
where i1, i5, i7 … are the amplitudes of the fundamental and  
harmonic currents. In this case, the phase angle difference in 
the harmonic currents is assumed to be zero for simplifying 
the analysis. The load connected to grid can have different 
sources of harmonics and hence different amplitudes are 
possible. This analysis accounts for harmonic current 
amplitudes that are independent of fundamental amplitude. 
Figure 4 illustrates the voltage and current waveforms for 
inverter current containing fundamental, for power factor 
correction of fundamental of the load  and 5th harmonic 
current while the voltage is pure sinusoidal since connected 
to the grid. 
The active current provided by the source is  


iactive=is=i1cos(Φ)cos(wt)              (9) 


while the current provided by the inverter by non-active 
power compensation is  


inonactive=ic=i1sin(Φ)sin(wt)+i5cos(5wt)+i7cos(7wt)+….   (10) 


Control voltage to the PWM is  given by 
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where x is the angle at which the current becomes negative 
and hence the other IGBT conducts.            


Similarly, the rms currents,  
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Pcond_i= (Pcond_i)1+ (Pcond_i)h ,  and Pcond_d= (Pcond_d)1+ 
(Pcond_d)h  
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Figure 3. Inverter phase voltage and fifth harmonic current. 
In this case, V= 277 V and I5=20 A. 
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Figure 4. Inverter voltage and inverter current with 
fundamental and 5th harmonic current. 







 


 


 


 


 


 


 


 
   
 
 
 
 
 
 
 
 
 
 
 
 
 


III. SIMULATION 
The simulated results of currents and voltages were 


obtained from EMTP and the average losses were calculated 
based on the look-up table values from characteristic tests 
conducted at different voltage, current and temperatures to 
estimate the average temperature rise in the IGBT junction. 
Figures 7 and 8 illustrate the STATCOM operation for 
power factor correction and harmonic compensation 
respectively. The STATCOM is connected to 480 V line-
line power system and the DC voltage to the inverter is 800 
V. 


The calculation of junction and case temperatures were 
based on the datasheet values of the thermal resistances of 
the IGBTs and diodes. The heat sink used by PP150T120 
inverter was modeled to characterize temperature nearest to 
its actual value. The air flow speed is 1500 LFM (Linear 
Feet per Minute) as stated in the datasheet. Figure 5 
illustrates the basic inverter thermal model.  


IV. EXPERIMENTAL SET-UP   
A STATCOM connected to the 480 V line-line grid is set 


up, as shown in Figure 6 at Oak Ridge National Laboratory 
(ORNL). The inverter, APS PP150T120 consisting of three 
Powerex IGBT modules (CM150DU-24F) rated at 1200 V, 
150 A, is connected to DC voltage source of 800 V. A fan is 
installed to run at a maximum speed of 1500 LFM for heat 
removal from the inverter system.  


The inverter was tested off-grid to feed purely inductive 
loads to study its operation for reactive power 
compensation.  A thermistor is placed in the inverter 
between Phase A and B IGBT modules to monitor 
temperature. The inverter is controlled and the temperature  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


measurements are collected by a dSPACE real-time control 
platform. Additional thermocouples were placed, one 
between phase B and C, and the other on the farther end 
near IGBT module of phase C, to monitor temperature.  


V. RESULTS AND DISCUSSION  


The simulated results of currents and voltages are 
obtained from EMTP, and the average losses are calculated 
based on the look-up table values from characteristic tests 
conducted at different voltage, current, and temperatures to 
estimate the average temperature rise in the IGBT junction. 
Figures 7 and 8 illustrate the STATCOM operation for 
power factor correction and harmonic compensation 
respectively. For power factor correction, the load current is 
100 A peak at 30o lagging power factor.  One of the most 
common sources of harmonic load currents is the diode 
bridge rectifier since it produces odd, non-triplen harmonics. 
In the simulation of Figure 8, a diode bridge rectifier based 
resistive load of 6 ohms is considered to produce a load 
current of 100 A peak. The figure shows the reactive power 
compensation of the load current is effectively obtained by 
non-active power compensation theory based controller.  


Figure 9 compares the temperature data at different 
inverter loads for reactive compensation by analytical 
calculation, simulation and experimental results. The 
analytical data and simulated data are closer than 
experimental data. The experimental data was from a 
thermistor placed in between phase A and B and not directly 
from IGBT module A. The temperature is lower than actual 
IGBT temperature. 


 


 
Figure  6. Experimental set up of the STATCOM system at 


ORNL, in box Powerex inverter, PP150T120, at 1200 V, 150 A 


 
Figure  7. The source voltage, load and source currents of the 


system for power factor correction. 
 


Figure 5. Thermal model of the inverter 


 
Figure 8. The voltage and currents of the system for 


harmonic compensation of load with resistance based diode 
bridge rectifier. 
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The IGBT temperature is linearly dependent on the inverter 
current for reactive compensation. From the analytical 
equations, this can be attributed more to the high switching 
losses than conduction losses. Even though the temperature 
is related to square of the current in the conduction losses, 
the greater magnitude of switching losses contribute to a 
more linear relation between current and temperature.  


Figure 10 illustrates the junction temperature variation of 
the IGBT with power factor obtained from linear relation 
between inverter current and load current and sine of the 
power factor angle. The negative values of power factor are 
used to indicate lagging power factor. As the load current 
increases, the temperature of IGBT also increases. 


The losses due to harmonic compensation for a purely 
harmonic load are independent of the frequency of the 
harmonics and dependent on the amplitude of the harmonic. 
From analytical calculations, the temperature rise of IGBT 
for a purely harmonic load of 50 A of 5th harmonics and that 
for a 50 A of 7th harmonics is similar and was verified by  


 


 


 


 
 
 
 


 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 


simulations. Figure 11 shows the junction temperature of 
the IGBT at different harmonic frequencies. Te temperature 
at 19th harmonic was observed to be lower than that of 5th 
and 7th. The control of the inverter, when operating at such 
high frequencies is not accurate enough and a small amount 
of current is drawn from the source. Hence, the temperature 
of the IGBT is slightly lower for very higher frequency 
harmonics. 


The diode bridge rectifier based resistive load on the 
power system was simulated to study the impact of various 
harmonic current compensation on the temperature of the 
inverter. Table III shows the amplitudes of harmonic 
frequency in the inverter current when the inverter is 
operating to compensate harmonics in the load caused by 
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Figure 11. The junction temperature of IGBT varying 


with time for three different load harmonics, 5th (‘o’), 7th  


(‘>’)and 19th(__) , at same amplitudes, 40A. 
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Figure 9. Comparison of temperature data at different 
inverter loads for reactive compensation by analytical 


calculation, simulation and experimental results. 


 
 


Figure 12. Temperature of IGBT at different harmonic 
frequency compensation of diode bridge rectifier load of 


the system. 


TABLE III. HARMONIC CONTENT OF 
COMPENSATED CURRENT BY INVERTER 


FOR DIODE BRIDGE RECTIFIER BASED 
LOAD ON THE SYSTEM 


Harmonic 
# 


Frequency 
(Hz.) 


Amplitude 
(A) 


1 60 5.87 
5 300 20.53 
7 420 9.78 


11 660 7.68 







the diode bridge rectifier.  Figure 12 shows the contribution 
of different combinations of harmonic current compensation 
towards simulated temperature data. From the figure, the 
temperature is predominantly affected by the 5th harmonic 
current, due to high amplitude of the current. The 
temperature is slightly higher for compensating 5th and 7th 
harmonics than that for compensating 5th, 7th, 11th and 
fundamental due to power factor correction, currents. This is 
due to the fact that the amplitude of the total current is 
reduced due to the presence of 7th and fundamental 
currents, which is the main component in loss calculations. 
Table IV shows the average and rms values for current of 
the switch. From the table,, the average values for the 
fundamental, 5th,7th and 11th harmonic compensation is 
lower than that for 5th and 7th compensation.  The average 
current is dependent on the duty cycle of the switch 
(indirectly dependent on the derivative of the current) and 
also the time period for which the current is positive. Figure 
13 demonstrates the inverter current waveforms for various 
harmonic currents compensation. 


VI. CONCLUSION AND FUTURE WORK 
The impact of power factor correction and harmonic 


elimination on the temperature of IGBT is presented 
through analytical calculations, simulation and by 
experimental results.  


1. As the power factor of the load decreases, the 
inverter losses increase, and the temperature increase is 
inverted parabolic in shape with a maximum temperature 
rise at Φ= 90o. The losses in the inverter are proportional to 
the load current and the power factor angle. 


2.  The losses due to harmonic compensation of 
purely harmonic load are independent of the frequency of 
the harmonics and dependent on the amplitude of the 
harmonic. The temperature rise of IGBT for a purely 
harmonic inverter load of 50 A of 5th harmonics and that for 
a 50 A of 7th harmonics is similar as demonstrated by 
simulation. 


3.  The case of STATCOM operation for 
simultaneous power factor correction of the fundamental 
and harmonic load on the junction temperature of IGBT. 
The temperature rise depends partly on the amplitude of the 
harmonic and partly on the duty cycle of the switch. 


4. The case of STATCOM operation for simultaneous 
harmonic compensation with phase angle difference of all 
the harmonic currents in the harmonic load; its effect on the 
junction temperature of IGBT and diode, and its effect on 
the reliability of the IGBT and STATCOM has a good scope 
for future work. 
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Figure 13.  Inverter current when compensating (a) 


fundamental, 5th and 7th harmonic currents, (b) 
fundamental, 5th, 7th and 11th  harmonics, (c) 5th and 


11th harmonic, (d) 5th and 7th harmonic. 


TABLE IV. AVERAGE AND RMS 
VALUES OF SWITCH CURRENT 


Isw_avg Isw_rms


1+5 4.1 30.1 
1+5+7 4.4 33.6 


5+7 6.3 33.7 
1+5+7+11 4.7 35.7 


5+11 6.1 32.4 
1+7 0.09 22.4 


7+11 2.4 6.1 
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Abstract— Most of the failures in IGBTs are caused by thermal fatigue. Hence, the thermal analysis of IGBTs for each particular application is an important step in determining their lifetime. In this paper, the thermal analysis of a STATCOM is presented for two different applications, power factor correction and harmonic elimination. The STATCOM model is developed in EMTP for the above mentioned functions. The analytical equations for average conduction losses in an IGBT and a diode are derived. The electrothermal model is used to estimate the temperature of the IGBT. A comparative analysis of the thermal stresses on the IGBT with various parameters such as power factor, harmonic frequency, and harmonic amplitude is presented as a basis for future reliability testing of IGBTs in FACTS applications.


I. Introduction 
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  Insulated Gate Bipolar Transistors (IGBTs) have been favored in high power applications like traction and flexible ac transmission systems (FACTS) because of their high voltage (up to 6.5 kV) and current (up to 2500 A) capabilities. IGBT reliability and lifetime prediction has been a major topic of research in the last few decades [2], especially for traction applications [7-8]. Since the main failures in IGBTs are caused by thermal fatigue [1-3], thermal analysis of the inverter is essential for reliability testing in various applications such as adjustable speed drives, matrix converters, electric vehicle applications, etc. [3-6]. However, no research is available analyzing the thermal impact on the IGBT due to STATic COMpensator (STATCOM) operations. This paper aims at addressing the issues of thermal impact on the IGBT due to the inverter’s operation as a STATCOM for power factor correction and harmonic elimination functions. 


A system overview for estimating the lifetime of IGBTs is presented in Figure 1. For the electrothermal model, the data from device characteristics and the operating condition values are input from the characteristic tests and from the simulation model. The power losses are calculated and the thermal model of the IGBT is used to estimate junction temperatures. From temperature profiles, the lifetime prediction model is developed. Finally, the lifetime estimation is complete after verification from accelerated lifetime testing experiments.

[image: image36.png]EMTP-RV is a sophisticated computer program for the simulation of electromagnetic, electromechanical and control systems transients in multiphase electric power systems [11]. A simple two-bus system was developed with source and load as shown in Figure 2. A three-phase sinusoidal voltage source, Vs, of 480 V line-line voltage is connected to a load drawing a current, il. The STATCOM is connected in shunt between the source and load via a coupling inductance Lc, so that it provides the necessary reactive current for the respective functions of the STATCOM such as power factor correction, harmonic elimination, etc. The controller of the STATCOM in this work is based on non-active power compensation theory [9]. The model of the system is developed in EMTP software.
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		Il

		load current of the system



		Ia

		inverter Phase current



		Φ

		power factor angle of the load



		M

		modulation index



		Rfd

		on state resistances of diode



		Roni

		on state resistances of IGBT



		Von_d

		forward voltage drop across the diode



		Von_i

		forward voltage drop across the IGBT



		E on_test  

		turn on switching losses from test conditions



		E off_test

		turn off  switching losses from test



		VDC

		DC voltage across the switch  during the current operation



		VDC_test

		DC voltage across the switch with  the test conditions from the datasheet



		h

		harmonic number



		Ictest

		current across the IGBT during test conditions



		Ih

		hth harmonic current



		fsw

		switching frequency



		PF

		power factor of the inverter
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II. Analytical Power Loss Calculation

Table I is a list of symbols, and parameters used in the equations in this paper.

A. Power Factor Correction

       The general equations for average conduction losses in IGBT and diode [10] are given by (1) and (2) for inverter current Ia 
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[image: image4.png]                



(2)

For a lagging/leading power factor current drawn by the load, the real power is provided by the source while the reactive power is provided by the STATCOM, i.e. the magnitudes of  the source and inverter currents are iactive=is=il × cos(Φ) and inonactive=ic=±il × sin(Φ) respectively. 


Substituting the inverter current, Ia=Il×sin (Φ), and PF= 0 (since the voltage and current are 90o apart) in (1) and (2), the equations are transformed to 
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(4)

       Conduction losses are dependent on the square of the current and sine of the power factor angle. The switching losses can be approximated by the turn-on and turn-off losses from the switching test values listed in the datasheet. In general, switching losses are linearly dependent on operating current and voltage.

        In power factor correction, the inverter current is 

ic=il × sin(Φ), and  the switching losses can be written  as
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     (5) 


        From (5), it can be deduced that as the power factor decreases, the switching losses increase. The parameters required for calculation of losses are listed in Table II.
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B. Harmonic Compensation

        For the STATCOM operation to compensate for the harmonics in the load, the harmonic current should be provided by the inverter.


Case (i): Consider the case in which the load current is purely a harmonic current of frequency h×60Hz, h being the number of the harmonics as shown in Figure 4. The STATCOM provides the total harmonic current, i.e. if vs=Vs×sin(wt), Inonactive=Ic=Ih ×sin(hwt), and the equation for average current is given by (6).  
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       (6) 


where M is modulation index of source voltage with respect to triangle wave amplitude, [image: image14.png]  and M2 is the modulation index due to voltage drop in the coupling inductor due to harmonic current flow, [image: image16.png].  The conduction losses for the IGBT and diode are given by 
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Case (ii): Consider a case where source voltage is vs=Vs×cos(wt), the load current drawn is sum of currents at different frequencies and the fundamental current is considered at a phase angle difference of Φ, i.e., the load current is 

il= i1*cos(wt- Φ)+ i5* cos(5wt)+i7*cos(7wt)+…


where i1, i5, i7 … are the amplitudes of the fundamental and  harmonic currents. In this case, the phase angle difference in the harmonic currents is assumed to be zero for simplifying the analysis. The load connected to grid can have different sources of harmonics and hence different amplitudes are possible. This analysis accounts for harmonic current amplitudes that are independent of fundamental amplitude. Figure 4 illustrates the voltage and current waveforms for inverter current containing fundamental, for power factor correction of fundamental of the load  and 5th harmonic current while the voltage is pure sinusoidal since connected to the grid.

The active current provided by the source is 

iactive=is=i1cos(Φ)cos(wt) 
        


 (9)

while the current provided by the inverter by non-active power compensation is 

inonactive=ic=i1sin(Φ)sin(wt)+i5cos(5wt)+i7cos(7wt)+….   (10) 

Control voltage to the PWM is  given by
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where 
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(15)


where x is the angle at which the current becomes negative and hence the other IGBT conducts.           


Similarly, the rms currents, 


(ic)rms2 = (Ilsin(Φ))rms2 + (I5)rms2+ I72 + I112+…   
(16)
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(18)

Pcond_i= (Pcond_i)1+ (Pcond_i)h ,  and Pcond_d= (Pcond_d)1+ (Pcond_d)h 





III. Simulation


The simulated results of currents and voltages were obtained from EMTP and the average losses were calculated based on the look-up table values from characteristic tests conducted at different voltage, current and temperatures to estimate the average temperature rise in the IGBT junction. Figures 7 and 8 illustrate the STATCOM operation for power factor correction and harmonic compensation respectively. The STATCOM is connected to 480 V line-line power system and the DC voltage to the inverter is 800 V.


The calculation of junction and case temperatures were based on the datasheet values of the thermal resistances of the IGBTs and diodes. The heat sink used by PP150T120 inverter was modeled to characterize temperature nearest to its actual value. The air flow speed is 1500 LFM (Linear Feet per Minute) as stated in the datasheet. Figure 5 illustrates the basic inverter thermal model. 


IV. Experimental Set-up  

A STATCOM connected to the 480 V line-line grid is set up, as shown in Figure 6 at Oak Ridge National Laboratory (ORNL). The inverter, APS PP150T120 consisting of three Powerex IGBT modules (CM150DU-24F) rated at 1200 V, 150 A, is connected to DC voltage source of 800 V. A fan is installed to run at a maximum speed of 1500 LFM for heat removal from the inverter system. 

The inverter was tested off-grid to feed purely inductive loads to study its operation for reactive power compensation.  A thermistor is placed in the inverter between Phase A and B IGBT modules to monitor temperature. The inverter is controlled and the temperature 











measurements are collected by a dSPACE real-time control platform. Additional thermocouples were placed, one between phase B and C, and the other on the farther end near IGBT module of phase C, to monitor temperature. 


V. Results and Discussion 

The simulated results of currents and voltages are obtained from EMTP, and the average losses are calculated based on the look-up table values from characteristic tests conducted at different voltage, current, and temperatures to estimate the average temperature rise in the IGBT junction. Figures 7 and 8 illustrate the STATCOM operation for power factor correction and harmonic compensation respectively. For power factor correction, the load current is 100 A peak at 30o lagging power factor.  One of the most common sources of harmonic load currents is the diode bridge rectifier since it produces odd, non-triplen harmonics. In the simulation of Figure 8, a diode bridge rectifier based resistive load of 6 ohms is considered to produce a load current of 100 A peak. The figure shows the reactive power compensation of the load current is effectively obtained by non-active power compensation theory based controller. 

Figure 9 compares the temperature data at different inverter loads for reactive compensation by analytical calculation, simulation and experimental results. The analytical data and simulated data are closer than experimental data. The experimental data was from a thermistor placed in between phase A and B and not directly from IGBT module A. The temperature is lower than actual IGBT temperature.





Th

The IGBT temperature is linearly dependent on the inverter current for reactive compensation. From the analytical equations, this can be attributed more to the high switching losses than conduction losses. Even though the temperature is related to square of the current in the conduction losses, the greater magnitude of switching losses contribute to a more linear relation between current and temperature. 


Figure 10 illustrates the junction temperature variation of the IGBT with power factor obtained from linear relation between inverter current and load current and sine of the power factor angle. The negative values of power factor are used to indicate lagging power factor. As the load current increases, the temperature of IGBT also increases.

The losses due to harmonic compensation for a purely harmonic load are independent of the frequency of the harmonics and dependent on the amplitude of the harmonic. From analytical calculations, the temperature rise of IGBT for a purely harmonic load of 50 A of 5th harmonics and that for a 50 A of 7th harmonics is similar and was verified by 





simulations. Figure 11 shows the junction temperature of the IGBT at different harmonic frequencies. Te temperature at 19th harmonic was observed to be lower than that of 5th and 7th. The control of the inverter, when operating at such high frequencies is not accurate enough and a small amount of current is drawn from the source. Hence, the temperature of the IGBT is slightly lower for very higher frequency harmonics.

The diode bridge rectifier based resistive load on the power system was simulated to study the impact of various harmonic current compensation on the temperature of the inverter. Table III shows the amplitudes of harmonic frequency in the inverter current when the inverter is operating to compensate harmonics in the load caused by the diode bridge rectifier.  Figure 12 shows the contribution of different combinations of harmonic current compensation towards simulated temperature data. From the figure, the temperature is predominantly affected by the 5th harmonic current, due to high amplitude of the current. The temperature is slightly higher for compensating 5th and 7th harmonics than that for compensating 5th, 7th, 11th and fundamental due to power factor correction, currents. This is due to the fact that the amplitude of the total current is reduced due to the presence of 7th and fundamental currents, which is the main component in loss calculations. Table IV shows the average and rms values for current of the switch. From the table,, the average values for the fundamental, 5th,7th and 11th harmonic compensation is lower than that for 5th and 7th compensation.  The average current is dependent on the duty cycle of the switch (indirectly dependent on the derivative of the current) and also the time period for which the current is positive. Figure 13 demonstrates the inverter current waveforms for various harmonic currents compensation.

VI. Conclusion and Future Work


The impact of power factor correction and harmonic elimination on the temperature of IGBT is presented through analytical calculations, simulation and by experimental results. 

1. As the power factor of the load decreases, the inverter losses increase, and the temperature increase is inverted parabolic in shape with a maximum temperature rise at Φ= 90o. The losses in the inverter are proportional to the load current and the power factor angle.

2.  The losses due to harmonic compensation of purely harmonic load are independent of the frequency of the harmonics and dependent on the amplitude of the harmonic. The temperature rise of IGBT for a purely harmonic inverter load of 50 A of 5th harmonics and that for a 50 A of 7th harmonics is similar as demonstrated by simulation.

3.  The case of STATCOM operation for simultaneous power factor correction of the fundamental and harmonic load on the junction temperature of IGBT. The temperature rise depends partly on the amplitude of the harmonic and partly on the duty cycle of the switch.


4. The case of STATCOM operation for simultaneous harmonic compensation with phase angle difference of all the harmonic currents in the harmonic load; its effect on the junction temperature of IGBT and diode, and its effect on the reliability of the IGBT and STATCOM has a good scope for future work.
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Figure 1. System overview and methodology of estimating lifetime of IGBTs.
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Figure 2.  STATCOM model connected to grid. 
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TABLE I: LIST OF PARAMETERS AND DESCRIPTIONS





TABLE II. LIST OF IGBT AND DIODE PARAMETERS FOR LOSS CALCULATION


�

Ron�

Von �

Eon�

Eoff (mJ)�

�

IGBT�

4 mΩ�

1.8 V�

22 mJ�

15�

�

Diode�

11 mΩ�

1.0 V�

�

32(reverse recovery)�

�
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Figure 3. Inverter phase voltage and fifth harmonic current. In this case, V= 277 V and I5=20 A.
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Figure 4. Inverter voltage and inverter current with fundamental and 5th harmonic current.





� EMBED Visio.Drawing.11 ��� Figure 5. Thermal model of the inverter
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Figure  6. Experimental set up of the STATCOM system at ORNL, in box Powerex inverter, PP150T120, at 1200 V, 150 A
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Figure  7. The source voltage, load and source currents of the system for power factor correction.
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Figure 8. The voltage and currents of the system for harmonic compensation of load with resistance based diode bridge rectifier.
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Figure 9. Comparison of temperature data at different inverter loads for reactive compensation by analytical calculation, simulation and experimental results.
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Figure 10. Temperature of IGBT varying with power factor of load.





TABLE III. HARMONIC CONTENT OF COMPENSATED CURRENT BY INVERTER FOR DIODE BRIDGE RECTIFIER BASED LOAD ON THE SYSTEM


Harmonic #�

Frequency (Hz.)�

Amplitude (A)�

�

1�

60�

5.87�

�

5�

300�

20.53�

�

7�

420�

9.78�

�

11�

660�

7.68�

�
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Figure 11. The junction temperature of IGBT varying with time for three different load harmonics, 5th (‘o’), 7th  (‘>’)and 19th(__) , at same amplitudes, 40A.





TABLE IV. AVERAGE AND RMS VALUES OF SWITCH CURRENT


�

Isw_avg�

Isw_rms�

�

 1+5�

4.1�

30.1�

�

1+5+7�

4.4�

33.6�

�

5+7�

6.3�

33.7�

�

1+5+7+11�

4.7�

35.7�

�

5+11�

6.1�

32.4�

�

1+7�

0.09�

22.4�

�

7+11�

2.4�

6.1�

�
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Figure 12. Temperature of IGBT at different harmonic frequency compensation of diode bridge rectifier load of the system.
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Figure 13.  Inverter current when compensating (a) fundamental, 5th and 7th harmonic currents, (b) fundamental, 5th, 7th and 11th  harmonics, (c) 5th and 11th harmonic, (d) 5th and 7th harmonic.
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