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 A compact system for detecting charge accumulation in the insulation layer of power 
electronic devices such as insulated gate bipolar transistor (IGBT) modules was developed.  The 
amount of electric charge accumulated in IGBT modules at high dc voltages (100 to 5000 V) 
and in a wide temperature range (20 to 180 ℃) was measured using the system consisting of 
two units.  The battery-operated sensing and transmission unit (500 × 700 × 300 mm3) was 
connected in series to an IGBT module to which various dc voltages were applied at various 
temperatures.  The collected data were transmitted to a data receiving unit for analysis, which 
is electrically isolated from the sensing and transmission unit.  The data received as a function 
of time Q(t) were analyzed to obtain various parameter values that provide information on the 
insulation status of the IGBT module, such as the amount of initial charge, absorption current, 
and conduction current under various conditions.  On the basis of the ratio Q(t)/Q0, where Q0 

is the amount of initial charge, the amount of charge accumulated in the IGBT modules under 
high-stress conditions was obtained.  The compact system for accumulated charge detection 
will be convenient for evaluating the insulation characteristics of IGBT modules, which operate 
under harsh conditions in real power electronic devices such as those used in electric vehicles.

1. Introduction  

 Power electronic transistors have been developed for use in a wide range of devices(1) such 
as the thyristors used in high-voltage transmission grid systems, gate-commutated turn-off/gate 
turn-off (GCT/GTO) thyristors, high-voltage insulated gate bipolar transistor (IGBT) modules,(2) 
high-voltage intelligent power modules (HV-IPM), high-speed railway operation control 
systems, electric vehicles, and industrial robots.  These power electronic devices operate under 
high electric fields and high temperatures.  Therefore, heat radiation from a power tip of such a 
device is an important issue.(3,4) 
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 Figure 1 shows a cross-sectional view of an IGBT module.  The power tip radiates large 
amounts of heat generated during high-voltage and high-current operation, and the heat spreader 
uniformly spreads the heat in the layer.  However, thermal energy is conducted through the 
insulation sheet to the base plate, which is in contact with a radiator.  Since they are assembled 
in a multilayer structure, each IGBT element is electrically isolated by inserting an insulation 
sheet as shown in Fig. 1.  To ensure the stable operation of these IGBT modules under harsh 
conditions, excellent insulation sheets with high thermal conduction have been developed by 
various methods, such as the impregnation of an insulation sheet with nanoparticles.(5,6)

 However, a nonuniform electric field develops in the insulation sheet because of electric 
charge accumulation under high-dc and high-temperature conditions, causing the deterioration 
and electric breakdown of the insulation sheet.  It is very important to determine the electric 
charge accumulation characteristics in the insulation layer of power devices for the safe 
operation of IGBT modules.  Previously, the characteristics of insulation materials were 
conventionally evaluated by measuring the electric leakage current of insulation materials 
using a picoammeter.  However, it was difficult to evaluate the electric charge accumulation 
from such measurements.  Thus, the evaluation method was replaced; instead of depending on 
leakage current measured using a picoammeter, the characteristics of charge accumulation were 
evaluated by the pulsed electroacoustic (PEA) method.(7,8)  However, it was also difficult to use 
the PEA method for devices with complicated shapes, such as electric power cables and power 
devices such as IGBT modules.  More recently, we have developed the Q(t) method for the 
evaluation of the characteristics of charge accumulation in insulation materials with complex 
shapes.
 For the measurement of electric charges accumulated in electric devices, a new measurement 
system using the Q(t) method has been proposed for products with complicated shapes.  For 
example, the Q(t) method was applied to the evaluation of gamma-ray-irradiated coaxial cables 
by measuring the amount of residual electron–hole pair charge.(9)  The method was also applied 
to the evaluation of insulation of water-tree deteriorated power coaxial cables.(10)  In this study, 
the Q(t) method was applied to the evaluation of electric charge accumulation in the insulation 
layer of power devices, particularly in IGBT modules.  Although the shape of IGBT modules is 
complex, we can obtain the amount of electric charge accumulated in the insulation layer under 

Fig. 1. (Color online) Cross-sectional view of IGBT module.
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various conditions, for example, at various applied voltages (100 to 5000 V) and temperatures 
(25 to 180 ℃) using the charge accumulation evaluation system we developed.  In this report, 
we describe the fabrication and practical application of the compact system for the evaluation of 
charge accumulation whose measurement principle is based on the Q(t) method.  

2. Principles of Measurement of Insulation Characteristics

 Presently, the characteristics of insulation materials were conventionally evaluated by 
electric conduction measurement using a picoammeter.  However, it was not easy to accurately 
evaluate the characteristics of insulation materials using the data obtained using a picoammeter.  
Figures 2 and 3 respectively show the measurement circuits and the results of their measurement 
by the conventional and new Q(t) methods for comparison.  

2.1 Conventional picoammeter method

 In the evaluation of the electric conduction of a dielectric material, a picoammeter is usually 
used to measure the leakage current of the insulation material under a dc electric field.  As 

Fig. 2. (Color on l ine) Convent ional method 
(picoammeter) for evaluating electric insulation 
property.

Fig. 3. (Color online) Q(t) method for evaluating 
electrical insulation property.
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shown in Fig. 2, an instantaneous charging current [Idisp(t)] appears immediately after the 
application of a dc voltage (Vdc), then an absorption current [Iabs(t)] flows into the sample after 
the initial displacement current, and finally a conduction current [Icond(t)] flows upon reaching 
equilibrium.(11)  The electric conductivity κ of the test sample can be obtained by measuring the 
conduction current Icond(t) and applied voltage Vdc as follows.
  

 cond dcI V
S d

= k , (1)

 
 enk m= , (2)

where S is the surface area of the measuring electrode and d is the thickness of the sample.  The 
electric conductivity κ is defined by Eq. (2), where en is the electric carrier density (C/m3) and 
μ is the mobility of electric carriers (m2/Vs).  It is assumed that en and μ are constants inside the 
test sample.
 Here, the electric conductivity κ of the test samples of the polymeric insulation material is 
calculated.  For a 100-μm-thick test sample, the surface area of the measuring electrode (S) 
is 5 cm2, the applied voltage Vdc is 1000 V, and the conduction current is 10 pA.  Then, the 
conductivity κ is 2 × 10−15 S/m.  In this measurement, the duration of voltage application to 
the test sample is usually about 5 min (300 s).  We now consider the physical meaning of the 
obtained conductivity of 2 × 10−15 S/m.  Here, the dielectric relaxation time (τ) is given as 

 0 rε ε
τ

κ
= , (3)

where ε0 is a dielectric constant in free space, which is 8.854 × 10−12 F/m, and εr is the relative 
permittivity of the test sample.  By using εr = 2.2 and κ = 2 × 10−15 S/m for Eq. (3), we calculate 
the dielectric relaxation time τ to be 5000 s.  The measurement time of 300 s is much shorter 
than the dielectric relaxation time of 5000 s.  It means that the conduction current Icond(t) 
does not reach the equilibrium state at 300 s.  That is, the front of electric charge carriers that 
started from one electrode does not reach the opposite electrode because en and E are non-
uniform in the test sample.  Therefore, it is not accurate to use Eq. (1) for calculating the electric 
conductivity obtained using κ = 2 × 10−15 S/m, which was obtained relatively soon after the 
application of the test voltage.  From the above argument, the charge movement in polymeric 
insulation materials is important in the evaluation of the characteristics of such materials.  That 
is, it is important to determine whether electric charge accumulation occurs in the insulation 
material under a dc electric stress in the evaluation of the characteristics of insulation materials.
 Recently, the characteristics of electric insulation materials for use under high-dc-electric 
fields have been intensively studied because of the prevalent use of these insulation materials 
in dc power systems, for example, in dc–dc inverter systems of electric vehicles.  To determine 
their characteristics, it is necessary to accurately evaluate the electric charge accumulation 
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status in insulation materials under dc voltage application at operating temperatures.  A 
new measurement system based on the Q(t) method is proposed to study the electric charge 
accumulation characteristics.  The measurement principle of the Q(t) method is introduced next.

2.2 Current integration Q(t) method

 Figure 3 shows the basic measurement concept of the Q(t) method.  In the new method, the 
picoammeter shown in Fig. 2 is replaced with a capacitor CINT for integrating electric current 
in the circuit, as shown in Fig. 3.  As a result, the electric current can be integrated as Q(t), 
which is given by Eq. (4), where Q0 (= CsVdc) is the initial charge given by the product of the 
capacitance of the test sample (Cs) and the applied voltage (Vdc), Iabs(t) is the absorption current, 
and Icond(t) is the conduction current, as shown in Figs. 2 and 3.  

 0 0 0
( ) ( ) ( )

t t
abs condQ t Q I t dt I t dt= + +∫ ∫  (4)

The first term Q0 (= CsVdc) is the amount of charge at the electrode surfaces induced by the 
applied dc voltage.  The second term represents the amount of electric charge that is obtained 
by integrating the absorption current Iabs(t) with respect to time, which indicates that electric 
charge carriers move in the sample and form space charges until the electric current reaches the 
equilibrium state.  The third term represents the amount of electric charge that is obtained by 
integrating the conduction current Icond(t) with time after reaching the equilibrium state.  In this 
case, the amount of electric charge supplied from the voltage power source is equal to that of 
conductive charge passing through the sample.

2.3 Q(t) measurement system

 Figure 4 shows the conceptual diagram of the measurement system for evaluating the 
characteristics of electric charge accumulation in the insulation layer of the IGBT module that 
was constructed on the basis of the concept of the Q(t) method (AD-9832A; A&D Company 
Limited).  To all the connected terminals of the IGBT module, dc voltages from 100 to 5000 V 
are applied.  The IGBT module is placed on a plate heater for temperature control.  The 
base plate (see Fig. 1) of the IGBT module and the plate heater are connected to the ground.  
Therefore, in the Q(t) unit we developed, the integration capacitor CINT is placed on the high-
voltage side of the power source, as shown in Fig. 4.

2.4 Fabrication of measurement system

 The Q(t) measurement system is composed of two units as shown in Fig. 5.  The first unit 
includes the capacitor CINT for current integration, an analog–digital converter (ADC), and 
a transmission unit (ZigBee transmitter) with an antenna.  Figure 6 shows the inside view of 
the electronic circuit of the Q(t) measurement system whose diagram is shown in Fig. 5.  The 
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second unit is a personal computer connected to a wireless receiver, which receives data from 
the transmission unit.  Since all the power required for the transmitter unit is supplied by a 
battery (6 V, 300 mAh), the Q(t) unit can be used as a floating device.  It can also be used for 
on-site measurements.
 To detect a wide range of small integrating currents (10−13–10−8 A) and guarantee stable 
measurements for a long time (1 h or longer), we chose a capacitor without leakage current (CINT) 
made of polypropylene film (leakage relaxation time constant >104 h) and an operational (OP) 
amplifier (Texas Instruments LMC6482/NOPB) with the high-impedance input (>1013 Ω).
 In addition, we chose a 16-bit ADC for the precise evaluation of the Q(t) data for IGBT 
devices in a wide range of applied voltages of 40 V–10 kV, as shown in Fig. 7.  Equation (5) 
shows the relationships among the integration capacitance CINT, the capacitance CS of the test 
sample, the dc application voltage Vdc, and the measuring voltage VINT at the capacitance CINT.  
As the condition for measurements, Vdc (40 V–10 kV) >> VINT (20 mV–5 V) is required as 
shown in Fig. 7.  We then approximate Eq. (5) using βCs, where the coefficient β is the ratio of 
Vdc to VINT.  In this study, β was 2000.

 dc INT dc
INT s s s

INT INT

V V VC C C C
V V

β
−

= × ≅ × = ×  (5) 

Fig. 4. (Color online) Current integration charge measurement system. The test sample is IGBT-M.

Fig. 5. (Color online) Q(t) measurement system. Fig. 6. (Color online) Inside view of Q(t) meter 
electronic circuit. Dimensions: [150 (w) × 220 (l) 
× 100 (d) mm3].
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As the maximum range of measuring voltages is VINT = ±5 V, the maximum value of AD 
conversion at VINT = ±5 V is 15 bits or 32768.  Then, the VINT range of ±20 mV–±5 V is 
guaranteed to be 3–5 digits, which guarantees highly accurate measurements.  In the case of 
GBT-M1 [Fuji Electric (serial number MBR50UA120)], Cs = 1.45 nF (see Fig. 7 as example), we 
obtained the value of the integration capacitance CINT = 7.0 μF from the relation of Eq. (5) and 
Fig. 7.
 Here, we tested the stability of the Q(t) system for long-term measurement, the results of 
which are shown in Fig. 8.  We chose a small capacitance value (CINT  = 0.1 μF).  We then 
tested CINT under voltages VINT  = +2.5, 0, and –2.5 V, and measured Q(t) for 12 h.  The charge 
leakage ratios Q(t  = 12 h)/Q0 for VINT  = +2.5 and –2.5 V were 0.994 and 0.995, respectively.  
We confirmed that the Q(t) system is very stable because practically no charge leakage was 
observed.  

3. Interpretation of Q(t) Data

3.1	 Verification	of	Q(t) measurement results

 Basic measurements were carried out to confirm the measurement results.  The electric 
charge induced (Q0 = CsVdc) on the electrode surface was measured immediately after applying 

Fig. 7. (Color online) Relationships among Vdc, VINT, CS, CINT, and dynamic range of ADC.



2572 Sensors and Materials, Vol. 31, No. 8 (2019)

a high voltage to the test sample.  The result of the measurement at that time point indicates the 
amount of electric charge induced on the electrodes, which is proportional to the applied voltage 
Vdc.  Figure 9 shows the linear relationship between Q0 and Vdc at 25 ℃.  In addition, we can 
obtain the capacitance of the insulation layer of IGBT-M1 from the slope of the relationship 
between Q0 and Vdc in Fig. 9, which is CS = 1.45 nF.

3.2 Q(t) data for IGBT module

 Figure 10 shows Q(t), which indicates the amount of charge accumulated in the insulation 
layer of IGBT-M1 under voltages from (a) 100 to 500 V and (b) 1000 to 5000 V applied for 
180 s at 40 ℃.  CINT = 7.0 μF was chosen from the conditions Vdc = 100 to 5000 V and CS = 1.45 
nF shown in Fig. 7.  Figure 11 shows Q(t), which indicates the amount of charge accumulated 

Fig. 8. (Color online) Stability test result of full Q(t) measurement system over long time.

Fig. 9. (Color online) Relationship between Q0 and Vdc of IGBT-M1.
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in the insulation layer of IGBT-M1, under applied voltages (a) from 100 to 500 V and (b) 1000 
to 5000 V for 180 s at 180 ℃.  At a low temperature of 40 ℃ in Fig. 10, the Q(t) values were 
slightly higher than the Q0 values in the wide range of applied voltages (100 to 5000 V).  On the 
other hand, at a higher temperature of 180 ℃ in Fig. 11, the Q(t) values were significantly larger 
than the Q0 values in this wide range of applied voltages.  These results indicate that the electric 
charge accumulation characteristics strongly depend on the applied voltage and temperature of 
the module.

3.3 Q(t)/Q0 electric charge ratio

 To further study the charge accumulation characteristics, we selected IGBT-M1 as a test 
sample.  The Q(t) at the applied voltage of 500 V at 160 ℃ was analyzed (Fig. 12).  The 
initial amount of induced electric charge (Q0) obtained was 335 nC.  However, Q(t = 180 s) 
increased to 678 nC at 160 ℃ after the application of 500 V.  Therefore, the electric charge ratio 
Q(t= 180 s)/Q0 increased to 2.02.  To discuss the characteristics of electric charge accumulation 
in the sample, Q(t = 180 s)/Q0 was calculated and the results are shown in Fig. 13.  The electric 
charge ratio Q(t)/Q0, is given by Eq. (6).  The effect of temperature on the charge accumulation 
ratio is also shown in Fig. 13.  The right-hand side of Eq. (6) has three terms.

Fig. 10. (Color online) Q(t) characteristic (Vdc, 
100–5000 V) of IGBT-M1 sample at 40 ℃.

Fig. 11. (Color online) Q(t) characteristic (Vdc, 
100–5000 V) of IGBT-M1 sample at 180 ℃.
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3.3.1 Immediately after voltage application

 When Q(t)/Q0 = 1, which is the case for Eq. (7), the second and third terms on the right-
hand side of Eq. (6) are zero because there is neither absorption current [Iabs(t)] nor conduction 
current [Icond(t)].  All the electric charge is stored on the surface of the electrode, indicating 
no electric charge accumulated in the insulation layer.  In this case, the internal electric field 
is uniform throughout the insulation layer.  The electric charge ratio Q(t = 180 s)/Q0 is almost 
1.05 in Fig. 13 at voltages from 100 to 5000 V at 40 ℃.  Therefore, at near room temperature, 
no electric charge accumulation occurred in the IGBT-M1 tested in the wide range of applied 
voltages.

3.3.2 Appearance of absorption current

 At temperatures from 60 to 140 ℃, the absorption current [Iabs(t)] appears owing to electric 
charge movement from the electrodes into the insulation layer until the movement reaches 

Fig. 12. (Color online) Dependence of Q(t) 
characteristics on applied voltage for IGBT-M1 
at 160 ℃.

Fig. 13. (Color online) Relationship between 
integrated charge ratio (Q(t = 180 s)/Q0) and 
applied voltage Vdc for IGBT-M1. 
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equilibrium.  In this case, the third term on the right-hand side of Eq. (6) Icond(t) can be zero; 
therefore, Eq. (8) holds before the equilibrium state is reached.  The electric charge ratio in this 
state is within 1 < Q(t = 180 s)/Q0 < 1.5 at voltages from 100 to 5000 V (Fig. 13).  As electric 
charge accumulation proceeds in the insulation layer, the electric field distribution in this layer 
is non-uniform.  This condition is caused by space charge accumulation.

3.3.3 Period of conduction current

 During this period, the absorption current Iabs(t) is almost zero, and the conduction current 
Icond(t) is dominant.  In Fig. 13, the electric charge ratio Q(t = 180 s)/Q0 during this period is 
greater than 2.0 under applied voltages from 100 to 5000 V and high temperatures from 160 
to 180 ℃.  When the conduction charge carriers move in the insulation layer, the electric field 
distribution in the insulator becomes almost uniform again.  During this period, we can apply 
the ohmic law in Eq. (1) to describe the characteristics of the insulation layer.  Regarding the 
results shown in Fig. 13, the electric charge ratio Q (t = 180 s)/Q0 was analyzed only for 180 
s.  If we increase the measurement time to, for example, 3600 s, we may obtain a different 
Q(t = 3600 s)/Q0 ratio for the IGBT-M1 sample tested.

3.4 Temperature dependence of Q(t)/Q0

 Figure 14 shows Q(t = 180 s)/Q0 measured in a wide range of temperatures from 40 to 180 ℃.  
The Q(t) at a low temperature of 40 ℃ is shown in Fig. 10, where the electric charge ratio 
Q(t = 180 s)/Q0 was almost 1.05 (see Fig. 13) even when the applied voltage Vdc was increased 
to 5000 V.  From this result, we can conclude that only a small amount of space charge 
accumulated near the electrodes at this temperature.  On the other hand, at a higher temperature 
of 180 ℃ (Fig. 11), the electric charge ratios obtained from the results in Fig. 11 are from 2.4 to 3.0 
when the applied voltage Vdc was 5000 V (Fig. 14).  We assume that space charge accumulation 
occurs in the insulation layer and conduction current is formed during this period.  

Fig. 14. (Color online) Relationship between integrated charge ratio (Q(t = 180 s)/Q0) and temperature for 
IGBT-M1.
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 The electric charge ratio Q(t = 180 s)/Q0 in Fig. 13 shows that the charge accumulation 
is more strongly dependent on the temperature of the sample than on the applied voltage.  
Figure 14, which is redrawn from the results of Fig. 13, shows the dependence of electric 
charge accumulation in terms of the ratio Q(t = 180 s)/Q0 on temperature.  The accumulated 
charge ratio at 40 ℃ is close to 1 at 180 s from the initiation of voltage application.  However, 
at temperatures of 80 and 140 ℃, the ratios were 1.2 and 1.5, respectively.  Finally, the ratios 
Q(t = 180 s)/Q0 at this same time at higher temperatures of 160 and 180 ℃ were 1.9 and over 2.5, 
respectively.   

3.5	 Comparison	between	different	IGBT-Ms

 We used two types of test sample, IGBT-M1 and GBT-M2 Mitsubishi [(Mitsubishi Intelligent 
Power Module (serial number, PM30RSF060)], which had different insulation characteristics 
because they were produced by different manufacturers.  We presented the results of analysis of 
the electric charge accumulation characteristics in the insulation layer of IGBT-M1 in the above 
section.  We now compare the charge accumulation characteristics of the insulation between 
IGBT-M1 and GBT-M2.  The dependence of the electric charge accumulation ratios of IGBT-M1 
and GBT-M2 on temperature is shown in Figs. 14 and 15, respectively.  In the case of GBT-M2, 
Q(t = 180 s)/Q0 started to increase when the module temperature reached higher than 40 ℃, and 
the ratio reached 1.5 when the temperature further increased to 60 ℃.  However, in the case 
of GBT-M1, the ratio started to increase gradually but did not reach 1.5 until the temperature 
increased to 140 ℃.  These results indicate that the electric charge accumulation characteristics 
of IGBT-M1 are better than those of IGBT-M2.
 Finally, we discuss the physical meaning of charge accumulation characteristics in IGBT 
modules.  Generally, electric charge accumulates between two conducting materials with 
an insulating material in the middle, which can be represented as a simple capacitor.  For 
the purpose of this study, the IGBT modules used in this study can be represented by such a 

Fig. 15. (Color online) Relationship between integrated charge ratio (Q(t = 180 s)/Q0) and temperature for 
IGBT-M2.
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capacitor.  Figure 1 simply represents the concept of an IGBT module and does not necessary 
indicate the possible locations of charge accumulation.  Charge accumulation in IGBT 
modules should strongly depend on the insulating materials used for the insulation structure 
and molding.  Recently, ceramic materials such as Si3N4 and AlN have been widely used as 
insulators for power modules, which have a high thermal conductivity and excellent insulating 
properties.(12–15)  Silicone gel and epoxy resin are also used as packing materials.  Thus, there 
must be marked differences in insulating properties among IGBT modules.  Our experimental 
results only indicate the amount of charge accumulated in a bulk module, which can be used 
to detect the IGBT modules that are prone to electrical breakdown.  Our experimental results 
do not provide information regarding the exact locations of charge accumulation in modules 
and this can be the limitation of the use of the device developed in this study.  It would be ideal 
if we can provide the internal structures and find the exact locations of charge accumulation; 
however, it is beyond the scope of this study.

4. Conclusions

 The electric charge accumulation characteristics of the insulation layer of IGBT modules 
under electric and temperature stresses were studied using a new two-unit charge detection 
system we developed.  The measurement principle of the system is based on the Q(t) method we 
developed.  Two types of power module, IGBT-M1 and IGBT-M2, were used as test samples, 
which had different insulation layer characteristics.  The modules were subjected to various 
electric and thermal stresses, namely, dc voltages from 100 to 5000 V and temperatures from 40 
to 180 ℃.  The electric charge ratio Q(t = 180 s)/Q0 for IGBT-M1 after the start of the application 
of an electric voltage of 1000 V at 80 ℃ is 1.2.  On the other hand, the Q(t = 180 s)/Q0 for 
IGBT-M2 under the same conditions is 4.1.  These results indicate that IGBT-M1 has better 
insulation characteristics than IGBT-M2.  For our future work, we plan to fabricate a compact 
one-chip charge-accumulation-sensing unit that can be used for on-site evaluation of insulation 
characteristics of IGBT modules and other power semiconductor devices.  
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