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Fellow, IEEE, Shahriyar Kaboli 
 

    Abstract—This paper proposes a scheme for balancing the 

voltage of series-connected Insulated Gate Bipolar Transistors 

(IGBTs), which is also very effective under short-circuit 

conditions. An optimized clamp-mode snubber is proposed, 

including an active-driver to balance the currents of the IGBTs 

during short-circuit, which in  turn allows a considerable reduction 

of the snubber capacitance. The approach is proven to be effective 

under short-circuit conditions by a maximum 10% voltage 

imbalance and a negligible difference in the current values. The 

effectiveness of the proposed approach is demonstrated through 

simulations in PSPICE software and experimental tests performed 

at 2000 V. 

 

Index Terms—Series IGBTs, Short-circuit Fault, Voltage 

Balancing, Clamp Mode Snubber. 

 

I.  INTRODUCTION 

 

    One of the most popular switches used in high-power 

electronic converters is the IGBT. High voltage, high current, a 

simple gate-driver circuit, medium switching losses, low 

conduction losses, high short-circuit current capability, high 

reliability, and advantageous economic parameters such as cost 

and size per rated power are the main merits of IGBTs over 

other power electronic switches [1]. However, they face some 

limitations, at high-voltage  applications, such as limited 

maximum current density and low switching speed[2]. Some 

remarkable approaches have been presented to improve the 

IGBT characteristics [3]–[7]. But operations beyond 3 kV - 4 

kV per device still present a big hurdle. To overcome these 

issues in applications like high-voltage motor drivers [8], [9], 

solid-state circuit breakers, medium/high-voltage DC 

transmission systems [10]–[13], and solid-state 

modulators[14]–[16], the only option is still the use of  a series 

stack of IGBTs. However, the unbalanced voltage sharing and 

the galvanic isolation, which are needed to connect the gate 

drivers in the string, are the most critical issues. Various 

solutions have been presented in the literature to address these 

issues under normal operating conditions [8]–[16]. 

   Short-circuit faults are likely to occur in the operating life of 

power converters. IGBTs can tolerate short-circuit currents for 

a limited time as far as the operating voltage and the current 

remain inside the safe operating area (SOA) [17]. Various 

techniques have been presented to protect the IGBTs in short 

circuit situations. For instance, de-saturation detection [20], 

current sensing [19], gate voltage sensing [20], and 𝑑𝑖⁄𝑑𝑡 

feedback [21] are common schemes to detect the short circuit 

condition. After detecting a short-circuit fault, the IGBT is 

turned off slowly according to the chosen strategy and 

opportune system considerations [22]. However, the mentioned 

techniques for protecting IGBTs under short-circuit faults are 

mainly suitable for a single unit. since IGBT units do not have 

identical I-V characteristics, these techniques may not succeed 

on IGBT strings. The intrinsic differences of IGBTs and their 

drivers stem from 1) parametric variation in the manufacturing 

process and 2) the aging process during operation. 

 The facts mentioned above will induce unbalance voltage 

sharing over series IGBTs in the short-circuit fault duration. 

Two IGBTs in series are assumed to clarify this issue,  as shown 

in Fig. 1 (a). If a short circuit fault occurs, the short circuit 

current will pass through the IGBTs. Since IGBTs have 

different I-V characteristics, as shown in Fig. 1 (b), they will 

experience different voltages, and the IGBT with a lower short-

circuit current will have a higher voltage. In this condition, even 

if the IGBT can tolerate the short circuit energy shock, its 

immediate failure is obvious due to the extra overvoltage [23]. 

In [17] short-circuit safe operating area for a single IGBT is 

investigated. When a short-circuit fault occurs for an IGBT and 

its voltage is low, the IGBT can tolerate its nominal short-

circuit current for a determined time. But for medium or high 

voltage ratios, the tolerable short-circuit current decrease as the 

IGBT voltage increase. This means that for a specified short 

circuit current, the maximum tolerable voltage in short circuit 

fault conditions is lower than the maximum blocking voltage in 

the turn-off state. 

   Notably, the schemes that are reported in [8]–[16] for 

balancing the voltage of IGBTs in the normal operation 

condition cannot guarantee that the voltages of the IGBTs are 

lower than the maximum tolerable voltage in the short-circuit 

fault occurrence. To solve this issue, several approaches, such 

as active clamp mode [8], [24], or passive clamp mode  [16], 

[23] can be used to limit the voltage of IGBTs in the short-

circuit duration. Using this approach, in overvoltage conditions, 

the gate voltage of IGBTs will increase by the devised high 

voltage zener diode. Hence, its current will increase, and the 

voltage of the series IGBTs will be clamped [24]. The two main 

drawbacks of this method are as follows; (1) this approach has 

some delay, and (2) in the series structure, the short-circuit 

current of all IGBTs will increase to the short-circuit current of 

the IGBT which has the maximum short-circuit current. 
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Fig. 1. Series connection of IGBTs a) Two series IGBTs in a circuit with short-

circuit fault occurrence b) I-V characteristics of tow series connected IGBTs. 
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   a clamp mode passive snubber for voltage limiting of IGBTs 

in the short-circuit duration is used in [23]. Furthermore, using 

a series resistor to limit the short-circuit current and decrease 

the differences in the current of the IGBTs is introduced. The 

critical limitation of this approach is the resistor used in the 

current path. For applications where the duty cycle is not low, 

the power loss of this resistor is not negligible. The differences 

of the IGBTs short-circuit current in the series structure with a 

clamp mode snubber pass through the corresponding snubber. 

If these differences are high, then the snubber voltage will 

increase considerably unless the clamp mode snubber capacitor 

has a large value. Therefore, the power loss of the series 

resistors in the emitter and using a large capacitor for limiting 

the voltage of IGBTs are the main drawbacks of this method. 

   The maximum tolerable short-circuit time is achieved when 

the voltage and the current of IGBTs are identical. Furthermore, 

the desired voltage-limiting technique should have a minimum 

number of components, minimum power losses and be simple 

to implement. The previously discussed voltage-limiting 

techniques are unable to achieve all the aforementioned goals 

simultaneously without significant compromises. In this paper, 

in order to minimize the differences of the short-circuit currents 

of the IGBTs, a feedback of the short-circuit current difference 

of each IGBT with the last IGBT before itself is provided. This 

feedback is used in the IGBT gate driver circuit to minimize the 

differences in the short-circuit current from the previous IGBT 

in respect to itself.  Thus, in the proposed scheme, the current 

that will be inject into the clamp mode snubber will be 

minimized, and this results in reducing the snubber capacitor. 

Moreover, there is no need for a series resistor in the emitter in 

the proposed scheme giving a higher efficiency than the 

previous techniques.  

  This paper is organized as follows. In section II, the behavior 

of the IGBTs in short-circuit conditions and the parameters that 

affect the short-circuit current of IGBTs are explored. The 

proposed method for providing the safe condition for the series 

IGBTs in the short-circuit fault duration is presented in section 

III. The design procedure and the simulation of a case study 

with the proposed scheme are provided in section IV. 

Moreover, the experimental demonstrations are presented in 

Section V. Finally, the outcomes are summarized in Section VI. 

II. SHORT-CIRCUIT CURRENT CHARACTERISTICS 

 

  Due to uncertainties in the manufacturing process of IGBTs 

and their gate driver circuit components, the short circuit-

current of IGBTs with similar part-number might not be 

identical. Furthermore, the characteristics of an IGBT changes 

due to aging, and for two IGBTs with the same aging process, 

these changes may be different. In the series structure of IGBTs, 

the current that passes through the IGBTs are equal, but the 

turn-off collector-emitter voltage 𝑉𝐶𝐸(𝑜𝑓𝑓), saturation voltage 

𝑉𝐶𝐸(𝑜𝑛),  and turn on/off times of IGBTs are different. Thus, 

the switching loss 𝑃𝐿𝑜𝑠𝑠−𝑆𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔  and the conduction loss 

𝑃𝐿𝑜𝑠𝑠−𝐶𝑢𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛  will be different. On the other hand, the 

thermal resistance 𝑅𝑇ℎ of the IGBTs and their heat sinks are not 

identical. Therefore, the junction temperature 𝑇𝐽 of the IGBTs 

will  be even. All of these parameters in addition to the 

differences in the voltage amplitude of the gate driver and the 

IGBT transconductance, affect the IGBT short-circuit current. 

A flow diagram of the parameters that affect the IGBT short 

circuit current is presented in Fig. 2 

   In the short circuit duration, the linear equation of IGBT short 

circuit current is as [23]. 

𝐼𝑠𝑐 = 𝑔𝑓𝑠. (𝑉𝑔𝑒 − 𝑉𝑡ℎ) (1) 

  

   In this equation 𝐼𝑠𝑐  is the IGBT short-circuit current, 𝑉𝑔𝑒  is the 

gate-emitter voltage, 𝑉𝑡ℎ is the linearized gate-emitter threshold 

voltage, and 𝑔𝑓𝑠 is the IGBT transconductance.  As shown in 

Fig. 2, 𝑔𝑓𝑠  and 𝑉𝑡ℎ  are dependent on the IGBT junction 

temperature. Moreover, the 𝑉𝑔𝑒 ,  𝑔𝑓𝑠  and 𝑉𝑡ℎ  for each IGBT 

and its driver are different. These differences are caused by 

intrinsic uncertainties in manufacturing and physical material 

deformation due to aging during operation. The IGBT used in 

this work is IKW40N120H3. In Table I, for each parameter of 

this IGBT, two coefficients are considered with the normal 

probability distribution function modeling variation due to 

aging and intrinsic uncertainties.  The mean values of the 

coefficients are equal to one, and the standard deviation for 

aging and intrinsic uncertainties are equal to  𝜎𝐴   and 𝜎𝐼  

respectively, as summarized in Table I.  

   Based on the parameters in Table 1 and their impact on the 

IGBTs short-circuit current (see Fig. 2), the probability density 

function of the IGBT short-circuit current can be obtained. 

Using the Monte Carlo simulation, the probability distribution 

of the short-circuit current of an IGBT will be as depicted in 

Fig. 3. 

   The mean value μ, and the standard deviation σ of short-

circuit current amplitude are 85.5 A and 8.25 A respectively. 

For a parameter that has a normal distribution, 95.45% of the 

data are between μ-2σ and μ+2σ. In other word, it can be 

assumed that a parameter just varies between μ-2σ and μ+2σ 

with the confidence of 95.45%. As shown in Fig. 3, the short-

circuit current of each IGBT has a value between 109 A and 

142 A. The junction temperatures of IGBTs obtained from the 

simulation are between 85 ֯C and 111 ֯C. 

 

III. PROPOSED VOLTAGE BALANCING SCHEME FOR 

SERIES IGBTS IN SHORT-CIRCUIT CONDITION 

   The amplitude of the short circuit current in the series IGBTs 

must be lower than its maximum value. Meanwhile, as shown 

in Fig. 1, the discrepancies in the short-circuit currents of the 

IGBTs cause unbalanced voltage sharing among the IGBTs. 

Thus, the IGBTs with a lower short-circuit current will 

experience higher voltage for the same short-circuit current. 

   In order to limit the voltage of the IGBTs, in short-circuit 

periods, clamp-mode snubbers can be employed. Limiting 

voltages of IGBTs causes differences in the short-circuit current 

of the IGBTs, and these differences inject into the snubbers. 

Therefore, the clamp-mode snubbers should tolerate these 

currents, or the short-circuit currents of the IGBTs should be 

controlled to minimize their differences.  
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Fig. 2. Flow diagram of the parameters that affect the IGBT short-circuit 

current. 

 Table I: IGBT parameters and their standard deviations. 

Parameter Nominal 

value 

σI σA 

RTh (Thermal resistance of 

IGBT) 

0.75 K/W 0.03 0.05 

ESw (Turn on & off switching 

energy) 

4 mJ 0.03 0.05 

VCE(off) (Turn off voltage of 

IGBTs) 

600 0.03 0.02 

VCE(on) (Turn on saturation 

voltage) 

2.5 V 0.05 0.05 

Vth (The threshold voltage of 

IGBT obtained from the 

linearized curve) 

8 V 0.03 0.02 

Vs (gate driver voltage) 13 V 0.02 0.01 

gfs (IGBT transconductance) 20 S 0.03 0.05 

I (Normal operation current) 25 A 0 0 

µ+2σ = 

102

µ-2σ = 

69

P(µ-2σ  Isc µ+2σ)= 0.954

Isc (A)

0.04

0.03

0.02

0.01

0.05

 

Fig. 3. Probability density function of the IGBT short-circuit current. 

  In [23], in addition to the clamp mode snubber, a series resistor 

is used in the emitters of the IGBTs to control the short circuit 

current of the IGBTs. For the proper performance of this 

method, the value of this resistor should be high. However, in 

high current applications, due to the power loss of this resistor, 

it cannot be high enough, and thus, the short circuit currents of 

IGBTs may not be balanced. Also, this resistor cannot reduce 

the effect of differences in the gate-emitter threshold voltage 

and gate driver voltage on the short-circuit current. In this 

paper, instead of controlling the short-circuit current of each 

IGBT to have a determined short-circuit current, their short-

circuit current mismatch is controlled to have a minimum value. 

Therefore, the current that injects into the snubber will have a 

low value. The snubber capacitance, that limits the voltage, will 

be reduced. The schematics of the proposed scheme is shown 

in Fig. 4 with the sampling resistor of 𝑅𝑠  connected to the 

snubbers. Therefore, in the normal operation of the switch, the 

power loss over this resistor is not remarkable.  

    In the circuit shown in Fig. 4, the first IGBT has a short-

circuit current that is determined by its own characteristics and 

the voltage amplitude of the related gate driver circuit. The 

other IGBTs follow the short-circuit current of the last IGBT in 

respect to itself. The following relations can be written for the 

ith IGBT. 
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Fig. 4. Proposed scheme for voltage balancing of IGBTs in short circuit 

conditions, including clamp mode snubbers. 
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𝑉𝑔𝑒(𝑖) = 𝑉𝑠(𝑖) − 𝑅𝑠. 𝛥𝐼𝑠𝑐(𝑖 − 1) (2) 

𝐼𝑠𝑐(𝑖) = 𝑔𝑓𝑠(𝑖). (𝑉𝑔𝑒(𝑖) − 𝑉𝑡ℎ(𝑖)) (3) 

𝛥𝐼𝑠𝑐(𝑖 − 1) = 𝐼𝑠𝑐(𝑖) − 𝐼𝑠𝑐(𝑖 − 1) (4) 

𝐼𝑠𝑐(𝑖) =
𝑔𝑓𝑠(𝑖). (𝑉𝑠(𝑖) − 𝑉𝑡ℎ(𝑖) + 𝑅𝑠. 𝐼𝑠𝑐(𝑖 − 1))

1 + 𝑔𝑓𝑠(𝑖). 𝑅𝑠

 
(5) 

In these equations, 𝑉𝑔𝑒  is the gate-emitter voltage, 𝐼𝑠𝑐  is the 

short-circuit current, 𝑉𝑠 is the gate-driver voltage, and 𝑅𝑠 is the 

sampling resistor. The relationship between the short-circuit 

current of the IGBT and sampling resistor (𝑅𝑠)  is given (5). 

Considering:  

{
𝑅𝑠. 𝐼𝑠𝑐(𝑖 − 1) ≫ 𝑉𝑠(𝑖) − 𝑉𝑡ℎ(𝑖)

𝑔𝑓𝑠(𝑖). 𝑅𝑠 ≫ 1
 

(6) 

then, 

𝐼𝑠𝑐(𝑖) ≃ 𝐼𝑠𝑐(𝑖 − 1) (7) 

 

which means that the differences of 𝐼𝑠𝑐(𝑖) and 𝐼𝑠𝑐(𝑖 − 1) will 

be minimized. 𝑅𝑠  can have a large value to satisfy the 

conditions in (6). The main limitation of selecting this resistor 

with a very large value is its effect on the switching time of the 

IGBTs. This resistor is in series with the gate driver circuit. 

Thus, if it has a large value, it will affect the switching times. 

In the gate driver circuit, usually, there is a resistor; adding this 

resistor (which is about a few ohms) or replacing it with the gate 

driver resistor has no significant impact on the switching times. 

When the proposed method is used, the maximum injected 

current to the snubbers (𝐼𝑠𝑛−𝑀𝑎𝑥) is equal to (8). In (8), 𝐼𝑠𝑛(𝑖) 

is the injected current to the snubber of the ith IGBT. 

𝐼𝑠𝑛−𝑀𝑎𝑥 = 𝑀𝑎𝑥( 𝐼𝑠𝑛(1), 𝐼𝑠𝑛(2), … , 𝐼𝑠𝑛(𝑛)) 

= 𝑀𝑎𝑥( 𝐼𝑠𝑐(1), 𝐼𝑠𝑐(2), … , 𝐼𝑠𝑐(𝑛)) 

−𝑀𝑖𝑛( 𝐼𝑠𝑐(1), 𝐼𝑠𝑐(2), . . . , 𝐼𝑠𝑐(𝑛)) 

 

 

(8) 
 

   In order to investigate the effectiveness of the proposed 

method, a case study with 4 IGBTs is assumed. The IGBTs used 

in this study are IKW40N120H3. The short-circuit current for a 

single IGBT considering the probabilistic values for its 

characteristics is investigated. The maximum injected current 

to the IGBTs snubbers can be obtained when Rs = 5Ω  as 

shown in Fig. 5(a) for the conventional method and in Fig. 5(b) 

for the proposed method. For obtaining the curves in Fig. 5, it 

is assumed that the effect of voltage changes of the clamp mode 

snubbers in the short-circuit duration is negligible. As shown in 

Fig. 5, if it is assumed that the maximum of maximum injected 

current to the snubber is µ( 𝐼𝑠𝑛−𝑀𝑎𝑥) +2σ( 𝐼𝑠𝑛−𝑀𝑎𝑥) , the 

maximum of maximum injected current to the snubbers in the 

conventional scheme is 30.3 A, while this value in the proposed 

scheme is 0.4 A. These results show that the current injected 

into the snubber using the proposed scheme is considerably 

lower than the conventional structure. Since IGBTs follow the 

short-circuit current of the first IGBT with a negligible 

difference in the short-circuit interval, if the short-circuit 

current of the first IGBT has been controlled, then the short-

circuit current of the equivalent series switch is also controlled. 

The effect of the 𝑅𝑠  value is further explored for this case study 

and is shown in Fig. 6. The graph in Fig. 6 indicates that the 

maximum short circuit current mismatch of IGBTs decreases 

by increasing the value of the sampling resistor. 

(a)

(b)

µ+2σ = 30.3

µ+2σ = 0.43

 
Fig. 5. Distribution of the maximum injected current to the IGBTs snubbers a) 

the proposed scheme with 𝑅𝑠 = 5𝛺 b) the conventional scheme. 

    A clamp mode snubber can be modeled as an ideal zener 

diode (or transient voltage suppressor) [25].  This zener diode 

has an unwanted series resistance in the real condition, as 

shown in Fig. 7. Thus, using a parallel capacitance is suggested 

in the literature to limit the voltage changes of the snubber in 

transients. Therefore, after the transient, the extra electrical 

charge of the capacitor will be discharged in the zener diode. 

   Using a zener diode just limits the voltage of the clamp mode 

snubber, and it does not balance the voltage of the series IGBTs. 

In [25], using a parallel resistor 𝑅𝑝   to improve the voltage 

balance of the clamp mode snubbers is presented. The 

minimum value of this capacitor for voltage limiting or voltage 

balancing of the series IGBTs in the normal operating condition 

is discussed in [13] and [18]. Parasitic capacitance, 

nonsynchronous operation of IGBTs, and different tail current 

of IGBTs are the main causes of injecting current into the clamp 

mode snubber in normal operating conditions [14], [25]. 

Rs (Ω)

M
ax

im
u

m
 in

je
ct

ed
 c

ur
re

n
t 

to
 t

h
e

 s
n

u
b

b
e

rs
 (A

)

 
Fig. 6. Maximum injected current in the snubbers as a function of 𝑅𝑠. 
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   The  maximum electrical charge that injects into the snubber 

capacitor in the short circuit duration (𝑡𝑠𝑐) is obtained by using 

(9).  

Qsc−Max = Isn−Max × tsc (9) 

   Therefore, considering a short-circuit fault occurrence, the 

value of the injected electrical charge during the short-circuit 

interval and the electrical charges that inject to the snubber due 

to the nonsynchronous operation of IGBTs and the parasitic 

capacitances should be considered to calculate the snubber 

capacitor. When the  maximum electrical charge 𝑄sc−Max that 

injects to the snubber capacitor is divided by the maximum 

acceptable voltage changes  ∆𝑉sc−Max  , the snubber capacitor 

can be defined as (10). 

𝐶 =
𝑄sc−Max

∆𝑉sc−Max

 
 

(10) 
 

   The switching time of an IGBT is a function of the equivalent 

resistance in the gate driver circuit. Thus, the equivalent 

resistance of the gate driver circuit has a specific value for a 

determined switching time. In the proposed scheme, Rs  is in 

series with the gate driver circuit in the normal operation 

condition. In this study, the value of Rs is selected to be 5Ω 

based on proper switching time and internal gate resistances of 

IGBTs gate driver ICs. As shown in Fig. 5 

µ( 𝐼𝑠𝑛−𝑀𝑎𝑥) +2σ( 𝐼𝑠𝑛−𝑀𝑎𝑥)  for 𝑅𝑠 = 5 𝛺   is equal to 0.43 A. 

Thus, with the assumptions in Table III, and assuming that the 

maximum injected current to the snubber is 0.43 A, a proper 

value for the snubber capacitor is 30 nF. It should be considered 

that in the conventional scheme, the maximum injected current 

to the snubber is 30.3, and a 2500 nF capacitor is needed for 

voltage limiting. This result shows that the calculated snubber 

in the proposed is about 1/80 of the conventional scheme. 

 

IV. SIMULATION OF PROPOSED SCHEME  

    A prototype consisting of four series-connected IGBTs using 

the proposed scheme is simulated by use of PSPICE software.  

Dz 

D C

Rp

 
Fig. 7. Schematic of a clamp mode snubber. 

Table II. Assumptions for calculating the value of the snubber capacitor 

Parameter Value 

𝑅𝑠 5 Ω 

Maximum injected current to the snubber 0.43A 

Maximum short circuit current 110 A 

Maximum voltage changes in the short 

circuit duration 

60 V 

𝑡𝑠𝑐 (short circuit time) 5 µs 

These IGBTs and their gate drivers are respectively 

IKW40N120H3 and TC4427. The important specification of 

the IGBT, driver, and other assumptions for the simulations are 

summarized in Table III.  In this study, different junction 

temperatures and voltages for the gate drivers are assumed.   
   The voltages of the IGBTs are presented in Fig. 8. As shown 

in Fig. 8, the maximum voltage change of IGBTs is 70 V. 

Therefore, the voltages of the IGBTs remains in their safe 

operation region. The short circuit current of the series-

connected IGBTs is 113 A that is equal to the short circuit 

current of the first IGBT.  Notably, a slight change of IGBTs 

voltage in the turn-off transient is due to the nonsynchronous 

turn-off of IGBTs that come from the differences of gate drivers 

voltages and the discrepancies of IGBTs junction temperatures. 

Fig. 9 illustrates the injected currents to the snubbers. These 

currents are the difference of short-circuit current of the IGBTs 

that inject into the snubber capacitor and lead to voltage 

increment of the capacitor.  A comparison of the injected 

current to the clamp mode snubbers using the conventional 

scheme is illustrated in Fig. 10. As shown in Fig. 10, the 

maximum of the current differences of the IGBTs that are 

injected into the snubber is 42 A. It is noted that for the 

simulation of the conventional scheme, the snubber capacitor is 

2.5 µF. Compared to the results shown in Fig. 9 and Fig. 10, the 

injected current to the snubber using the proposed scheme is 

about 0.01 of the conventional one. 

 
Table III. The assumptions for simulation of the series IGBTs 

Parameter Value 

Junction temperature 105±15֯C 

Gate driver voltage 13±1 V 

Dc link voltage 2400 V 

𝑅𝑠 5 Ω 

Snubber capacitor for the proposed scheme  30 nF 

Nominal current 40 A 

Gate driver resistance 10 Ω 

Snubber capacitor for conventional scheme 2.5 µF 

Short circuit time 5 µs 
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Fig. 8. Collector-emitter voltage of IGBTs in short circuit duration using the 

proposed scheme. 
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Fig. 9. Injected current in the snubbers of IGBTs in the short-circuit duration 

using the proposed scheme. 
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Fig. 10. Injected current in the snubber using the conventional scheme. 

   The effect of adding the resistor to the IGBTs gate drivers and 

snubber circuits on switching times of IGBTs is shown in Fig. 

11(a) for normal operating conditions. Also, for comparison, 

the voltage waveforms of the IGBTs without this resistor are 

illustrated in Fig. 11(b). As shown in Fig. 11, the voltage 

waveforms of IGBTs after adding this resistor have negligible 

changes in normal operating conditions.  

 

V. EXPERIMENTAL RESULTS 

 
    In order to verify the proposed scheme, a prototype 

consisting of four series IGBTs has been constructed and tested. 

The block diagram of the test setup is presented in Fig. 12, and 

a photograph of the constructed series IGBTs board is presented 

in Fig. 13. The parameters of the constructed board are the same 

as the parameters used in the simulations. Although the IGBTs 

and their characteristics are different in this test, different gate 

driver voltages are used to make more differences in the short 

circuit currents of the IGBTs. The gate driver voltages are 

presented in Fig. 14. First, each IGBT block is tested separately 

with a 500 V collector-emitter voltage, and the short-circuit 

current is measured using a current probe (T3RC0300 

Rogowski coil current probe). In Fig. 15, the short-circuit 

currents of each of the IGBTs are presented. As shown in this 

figure, the maximum difference in the IGBTs short-circuit 

current is equal to 40 A. 
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Fig. 11. The collector-emitter voltage of IGBTs in normal operation condition 

a) without Rs and b) with Rs. 

   The series-connected IGBTs are tested with a 2000 V power 

supply. As shown in Fig. 15 the short-circuit current of the first 

IGBT is 132 A, and the other IGBTs follow this current. 

Therefore, their currents are almost equal. Fig. 16  presents the 

short-circuit current of the IGBTs  by using the proposed 

scheme. As shown in Fig. 16 the differences in the short-circuit 

currents of the IGBTs decreased considerably, and the short-

circuit currents of all the IGBTs are almost 132 A. This means 

that the first IGBT controls the short-circuit currents of the rest 

of the IGBTs. 

   Since differences in the short-circuit currents of IGBTs inject 

into the snubber, therefore, balancing the short-circuit currents 

of the IGBTs will reduce the injected currents to the snubbers; 

therefore, the voltage changes of the snubber will be limited.    

    In order to measure collector-emitter  voltages, the voltage of 

each node to the ground is recorded, and the collector-emitter 

voltage of each IGBT is obtained by subtracting the recorded 

voltages of the IGBT block nodes. The collector-emitter voltage 

of the IGBTs during short-circuit time is shown in Fig. 17. As 

shown in Fig. 17, the maximum voltage increment of the IGBTs 

during the short-circuit interval is about 70 V, which is 

consistent with the analyses and simulations. Therefore, using 

the proposed scheme, the collector-emitter voltages of IGBTs 

are limited to 570 V, which is lower than the permitted short-

circuit voltage presented in the datasheet of the used IGBTs. 
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Fig. 12. Block diagram of the test setup. 

TVS

S
n

u
b

b
e
r 

R
e

s
is

to
r

Sampeling 

Resistor

Snubber 

Diode
Snubber 

Capacitor

Gate Driver IC

Pulse 

Transformer

IGBT

 
Fig. 13. Photograph of the constructed series IGBTs board. 

 
Fig. 14. Output voltages of the gate drivers. 

40 A
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Fig. 15. Short-circuit current of the individual IGBTs  (𝑉𝐶𝐸 = 500𝑉). 

132 A

 
Fig. 16. Short-circuit currents of the IGBTs in the series structure using the 

proposed scheme. 

70 V

 
Fig. 17. Collector-emitter voltage of series IGBTs using the proposed scheme 

in short-circuit condition. 

VI. CONCLUSION 

 
   In this paper, the short-circuit fault control and behavior in the 

series configuration of IGBTs is discussed. The impact of 

uncertainties of IGBTs parameters, due to aging and intrinsic 

differences, on the short-circuit characteristics of IGBTs is 

explored. The drawbacks of the conventional schemes for 

voltage limiting of IGBTs in the series configuration are 

explained, and a new scheme for voltage balancing of IGBTs in 

the short-circuit fault condition is proposed. Employing the 

proposed scheme achieves proper voltage sharing on IGBTs, by 

equalizing the short-circuit current of the IGBTs and using a 

clamp mode snubber. Furthermore, unlike the conventional 

approaches, there is no resistance in the current path of the 

switch in the proposed scheme, thereby implying a higher 

efficiency. The injected current into the snubber in the short-

circuit fault duration is significantly smaller than the 

conventional scheme. Moreover, the clamp mode snubber 

components are considerably smaller than the conventional 

structure, which reduces the cost and size of the converter. The 

simulation and experimental results validate the effectiveness 

of the proposed scheme  on the voltage and current balancing in 

short-circuit faults without disrupting the switching behavior of 

IGBTs. 

 

 



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 

REFERENCES 
[1] N. Iwamuro and T. Laska, “IGBT History, State-of-the-Art, and Future 

Prospects,” IEEE Transactions on Electron Devices, vol. 64, no. 3, pp. 

741–752, Mar. 2017. 
[2] G. Busatto et al., “High Voltage, High Performance Switch Using 

Series Connected IGBTs,” in 2008 IEEE Power Electronics Specialists 

Conference, Jun. 2008, pp. 1606–1611. 
[3] T. Laska, M. Munzer, F. Pfirsch, C. Schaeffer, and T. Schmidt, “The 

Field Stop IGBT (FS IGBT). A New Power Device Concept With a 

Great Improvement Potential,” in 12th International Symposium on 
Power Semiconductor Devices ICs. Proceedings (Cat. 

No.00CH37094), May 2000, pp. 355–358. 

[4] M. Otsuki, S. Momota, A. Nishiura, and K. Sakurai, “The 3rd 
Generation IGBT Toward a Limitation of IGBT Performance,” in 

[1993] Proceedings of the 5th International Symposium on Power 

Semiconductor Devices and ICs, pp. 24–29, May 1993. 
[5] P. Luo, H. Y. Long, and E. M. S. Narayanan, “A Novel Approach to 

Suppress the Collector-Induced Barrier Lowering Effect in Narrow 

Mesa IGBTs,” IEEE Electron Device Letters, vol. 39, no. 9, pp. 1350–
1353, Sep. 2018. 

[6] M. Huang, B. Gao, Z. Yang, L. Lai, and M. Gong, “A Carrier-Storage-

Enhanced Superjunction IGBT With Ultralow Loss and On-State 
Voltage,” IEEE Electron Device Letters, vol. 39, no. 2, pp. 264–267, 

Feb. 2018. 

[7] W. Saito and S. Nishizawa, “Alternated Trench-Gate IGBT for Low 
Loss and Suppressing Negative Gate Capacitance,” IEEE Transactions 

on Electron Devices, vol. 67, no. 8, pp. 3285–3290, Aug. 2020. 

[8] R. Withanage and N. Shammas, “Series Connection of Insulated Gate 
Bipolar Transistors (IGBTs),” IEEE Transactions on Power 

Electronics, vol. 27, no. 4, pp. 2204–2212, Apr. 2012. 

[9] C. Xia, P. Li, X. Li, and T. Shi, “Series IGBT Chopping Strategy to 
Reduce DC-Link Capacitance for Brushless DC Motor Drive System,” 

IEEE Journal of Emerging and Selected Topics in Power Electronics, 

vol. 5, no. 3, pp. 1192–1204, Sep. 2017. 
[10] S. Ji, T. Lu, Z. Zhao, H. Yu, and L. Yuan, “Series-Connected HV-

IGBTs Using Active Voltage Balancing Control With Status Feedback 

Circuit,” IEEE Transactions on Power Electronics, vol. 30, no. 8, pp. 
4165–4174, Aug. 2015. 

[11] J. Chivite-Zabalza, D. R. Trainer, J. C. Nicholls, and C. C. Davidson, 

“Balancing Algorithm for a Self-Powered High-Voltage Switch Using 
Series-Connected IGBTs for HVDC Applications,” IEEE Transactions 

on Power Electronics, vol. 34, no. 9, pp. 8481–8490, Sep. 2019. 

[12] P. Briff, J. Chivite-Zabalza, J. Nicholls, and K. Vershinin, “Turn-Off 
Delay Compensation of Series-Connected IGBTs for HVDC 

Applications,” IEEE Transactions on Power Electronics, vol. 35, no. 

11, pp. 11294–11298, Nov. 2020. 
[13] A. Bagheri, H. Iman-Eini, and S. Farhangi, “A Gate Driver Circuit for 

Series-Connected IGBTs Based on Quasi-Active Gate Control,” IEEE 

Journal of Emerging and Selected Topics in Power Electronics, vol. 6, 
no. 2, pp. 791–799, Jun. 2018. 

[14] M. Zarghani, S. Mohsenzade, and S. Kaboli, “A Series Stacked IGBT 
Switch Based on a Concentrated Clamp Mode Snubber for Pulsed 

Power Applications,” IEEE Transactions on Power Electronics, vol. 

34, no. 10, pp. 9573–9584, Oct. 2019. 
[15] V. Zorngiebel, E. Spahn, G. Buderer, A. Welleman, and W. 

Fleischmann, “Compact High Voltage IGBT Switch for Pulsed Power 

Applications,” IEEE Transactions on Magnetics, vol. 45, no. 1, pp. 

531–535, Jan. 2009. 

[16] M. Zarghani, S. Mohsenzade, and S. Kaboli, “A High Voltage Pulsed 

Power Supply with Online Rise Time Adjusting Capability for Vacuum 
Tubes,” IEEE Journal of Emerging and Selected Topics in Power 

Electronics, pp. 1–1, 2020. 

[17] Y. Chen, W. Li, F. Iannuzzo, H. Luo, X. He, and F. Blaabjerg, 
“Investigation and Classification of Short-Circuit Failure Modes Based 

on Three-Dimensional Safe Operating Area for High-Power IGBT 

Modules,” IEEE Transactions on Power Electronics, vol. 33, no. 2, pp. 
1075–1086, Feb. 2018. 

[18] M. Chen, D. Xu, X. Zhang, N. Zhu, J. Wu, and K. Rajashekara, “An 

Improved IGBT Short-Circuit Protection Method With Self-Adaptive 
Blanking Circuit Based on V CE Measurement,” IEEE Transactions on 

Power Electronics, vol. 33, no. 7, pp. 6126–6136, Jul. 2018. 

[19] S. Shao, N. Yu, X. Xu, J. Bai, X. Wu, and J. Zhang, “Tunnel 
Magnetoresistance-Based Short-Circuit and Over-Current Protection 

for IGBT Module,” IEEE Transactions on Power Electronics, vol. 35, 

no. 10, pp. 10930–10944, Oct. 2020. 
[20] M. A. Rodriguez, A. Claudio, D. Theilliol, and L. G. Vela, “A New 

Fault Detection Technique for IGBT Based on Gate Voltage 

Monitoring,” in 2007 IEEE Power Electronics Specialists Conference, 
pp. 1001–1005, Jun. 2007. 

[21] Z. Wang, X. Shi, L. M. Tolbert, F. Wang, and B. J. Blalock, “A di/dt 

Feedback-Based Active Gate Driver for Smart Switching and Fast 
Overcurrent Protection of IGBT Modules,” IEEE Transactions on 

Power Electronics, vol. 29, no. 7, pp. 3720–3732, Jul. 2014. 

[22] B. Lu and S. K. Sharma, “A Literature Review of IGBT Fault 
Diagnostic and Protection Methods for Power Inverters,” IEEE 

Transactions on Industry Applications, vol. 45, no. 5, pp. 1770–1777, 

Sep. 2009. 
[23] S. Mohsenzade, M. Zarghany, and S. Kaboli, “A Series Stacked IGBT 

Switch With Robustness Against Short-Circuit Fault for Pulsed Power 

Applications,” IEEE Transactions on Power Electronics, vol. 33, no. 5, 
pp. 3779–3790, May 2018. 

[24] T. Lu, Z. Zhao, S. Ji, H. Yu, and L. Yuan, “Active Clamping Circuit 

With Status Feedback for Series-Connected HV-IGBTs,” IEEE 
Transactions on Industry Applications, vol. 50, no. 5, pp. 3579–3590, 

Sep. 2014. 

[25] M. Zarghani, S. Mohsenzade, and S. Kaboli, “A Fast and Series-
Stacked IGBT Switch With Balanced Voltage Sharing for Pulsed Power 

Applications,” IEEE Transactions on Plasma Science, vol. 44, no. 10, 
pp. 2013–2021, Oct. 2016. 

 


