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Abstract— This paper presents an energy recovery scheme 

for traditional Resistor-Capacitor-Diode (RCD) snubber in 

the series-connected configuration of IGBTs. In the series 

configuration of IGBTs, an RCD snubber is used in parallel 

to each IGBT to provide a safe operating condition for the 

IGBTs. In the proposed scheme, by using interconnection 

diodes, the capacitors of the snubbers are parallelized in the 

on-state of the IGBTs. Thus, the stored energies in the 

snubber capacitors are lumped together and transferred to 

the DC link by using a transformer and a resonant circuit. By 

using of the proposed method, the capacitor of the snubber 

can have a higher value. Higher value of the snubber 

capacitance improve voltage sharing of the IGBTs and reduce 

the turn-off switching power losses of the IGBTs. The 

proposed scheme is simulated for a case study using PSPICE 

software and tested through an experimental setup. 

Simulation and experimental results imply the proper 

performance of the proposed scheme. 

 

Keywords—Series connected IGBTs, RCD snubber, energy 

recovery 

I. INTRODUCTION  

Employing series-connected switches is one of the 

practical solution for high voltage applications, such as 

high voltage motor drives [1], [2], solid-state circuit 

breakers, high voltage DC transmission systems [3]–[6], 

and solid-state modulators [7], [8]. Insulated-gate bipolar 

transistor (IGBTs) are an attractive choice for the switch 

because of its high current capacity. However, the 

unbalanced voltage sharing among series connected 

switches is the most critical issue. This issue arises from 

various sources including mismatches in the electrical  

characteristics of IGBTs, differences in IGBT junction 

temperature, differences in the driver components, time 

delay in command signal of drivers and the parasitic 

capacitance of the IGBTs and their driver circuits [9], [10]. 

In the series structure of the switches, since the thermal 

resistance of the switches is not the same, high power loss 

in switches causes different junction temperatures of each 

switch. Different junction temperatures will cause different 

switching characteristics of the switches. It leads to 

unbalanced voltage sharing of the IGBTs, although the gate 

driver signals are exactly synchronized. Also, in these 

applications, since the IGBTs and their corresponding 

snubbers are at different high voltage potentials, the 

cooling system has some difficulties. 

Different approaches are proposed for voltage 

balancing of series-connected IGBTs in the literatures. 

These approaches can be categorized into two main groups. 

The first group which is called active methods focuse on 

the gate side of the IGBTs. The main subgroups of active 

methods are active clamp methods [11]-[12] , active gate 

control methods [13]-[14] and gate delay adjusting 

methods [15]. However, extra power loss of the series 

IGBTs in a probable overvoltage situation [13], difficulty 

in implementation with a large number of devices, a 

relatively slow speed to balance the voltage of series 

IGBTs[16] are the main shortcomings  of this group. The 

second group relies on passive methods, where external 

circuits are connected in parallel to the collector-emitter of 

IGBTs in order to prevent the overvoltage of switches [7]. 

In comparison with the active methods, passive methods 

are easy to implement and can be extended to large number 

of switches. The external circuits are mainly traditional 

RCD snubbers or clamp mode snubbers. The clamp mode 

snubbers just limit the voltage of the IGBTs, without 

affecting the switching characteristic of the them [10]. 

However, traditional RCD snubbers effect on switching 

characteristic of the switches in turn-off transition, and 

improve voltage balancing of the series IGBTs. 

Furthermore, RCD snubbers reduce switching power losses 

of the IGBTs [17], improve the reliability [18], reduce EMI 

issues [19], and suppress transient voltage and current 

spikes [20]. In the traditional scheme for series 

configuration of switches, one RCD snubber is used for 

each IGBT [21], [25], and the stored energy in each 

capacitor is dissipated in the corresponding resistor in the 

snubber. Increasing the capacitance of the snubbers reduces 

turn-off switching losses [17] and improves voltage 

balancing of the series IGBTs [22]. On the other hand, the 

performance of the RCD snubber is associated with the 

power dissipation. The RCD snubber decreases the 

switching power loss of IGBTs, while this power loss is 

actually transferred to the snubber to be dissipated.  
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 In order to reduce the power loss of the RCD snubber, 

energy recovery schemes in single switches have been 

presented in the [23]–[26]. Using these schemes for series 

IGBTs needs isolated converter for each snubber of the 

switches. Also by using a concentrated snubber, a 

regenerative scheme for reducing the power loss of the 

clamp mode snubbers in series connected IGBTs is used in 

[7] and [10]. The used converter in [7] and [10], just limits 

the voltage of the snubbers and it does not completely 

discharge the snubber capacitors. 
In order to address this issue, instead of dissipating the 

stored energies in the resistors, this paper proposes a new 
scheme for energy recovery of RCD snubbers in the series 
configuration of IGBTs. In the proposed scheme the  
capacitors of the snubbers will be connected in parallel by 
means of interconnection diodes in the on-state of IGBTs. 
Therefore, the stored energy in the snubber capacitor of each 
switch will be transferred to a converter, which is used to 
transfer the stored energy of the snubber capacitors to the 
main DC link. 

In the following, the proposed energy recovery scheme 
is presented in Section II. The design process of the key 
components of the proposed scheme is discussed in Section 
III. In section IV the power loss of the proposed scheme is 
calculated and compared with traditional RCD snubber. 
Sections V and IV validate the effectiveness of the proposed 
scheme by simulations and experimental results. Finally, the 
outcomes are provided in Section VI. 

II. PROPOSED ENERGY RECOVERY SCHEME 

The series-connected configuration of IGBTs with 

traditional RCD snubbers is depicted in Fig. 1. When the 

IGBTs turn from the off-state to the on-state, the diodes 

(Ds) are reversed biased, and the stored energies in the 

capacitors are dissipated in the resistors. The proposed 

scheme for recovering the energy of RCD snubbers in the 

series configuration of IGBTs is depicted in Fig. 2. In the 

proposed scheme, when the IGBTs turn from the on-state 

to the off-state, the snubber capacitors become in parallel 

with the IGBTs by the use of snubber diodes (Ds), as 

depicted in Fig. 3 (a). When the IGBTs turn from the off-

state to the on-state, the stored energies in the capacitors 

are transferred to the transformer by the use of the IGBTs 

and the interconnected diodes (Di) as depicted in Fig. 3 (b), 

and the transformer transfers the stored energy in the 

capacitors to the DC link. 

In this circuit, the turn ratio of the transformer is 2n 

(
𝑁2

𝑁1
= 2𝑛), where n is the number of the IGBTs. Thus, the 

equivalent circuit of the snubbers in the on-state of the 

IGBTs will be as depicted in Fig. 4. The initial voltages of 

the snubber capacitors are 
𝑉𝐷𝐶

𝑛
 in the on-state of IGBTs. 

Therefore, the voltage of the capacitors (𝑉𝐶) and the current 

of the inductor (𝐼𝐿𝑟) will be as (1) and (2), respectively.  

{
𝑉𝐶 =

𝑉𝑑𝑐
2𝑛

(1 + 𝑐𝑜𝑠 𝜔 𝑡)           0 ≤ 𝜔𝑡 ≤ 𝜋

𝑉𝐶 = 0                                         𝜋 ≤ 𝑡
 

 

(1) 

{
 

 
𝐼𝐿𝑟 =

𝑉𝑑𝑐
2
√
𝐶

𝑛𝐿𝑟
𝑠𝑖𝑛 𝜔 𝑡          0 ≤ 𝜔𝑡 ≤ 𝜋

𝐼𝐿𝑟 = 0                                       𝜋 ≤ 𝑡

 

 

 

(2) 

  In these equations, 𝜔 is as given in (3) 

𝜔 =
1

√ 1
4𝑛
𝐿𝑟𝐶

 
 

(3) 

   The current of the inductor and the voltage of snubber 

capacitors will be equal to zero after   

𝑡 = 𝜋√
1

4𝑛
𝐿𝑟𝐶. Thus, in order to transfer the stored energy 

of capacitors to the DC link, the minimum on-time of the 

IGBTs in each switching period must be higher than this 

value.  
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Fig. 1. Series configuration of IGBTs with traditional RCD.  
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Fig. 2. Series configuration of IGBTs with the proposed recovering energy 

scheme. 
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Fig. 3.  Proposed scheme for recovering energy from snubbers a) during 

on-state of IGBTs b) during off-state of IGBTs. 
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Fig. 4. Equivalent circuit of the proposed scheme when IGBTs are in the 

on-state.  



As shown in Fig. 3 (b), when the IGBTs are in the turn-

on state, in addition to the load current, the currents of the 

snubber capacitors pass through the IGBTs. The current 

that passes through each IGBT is dependent on how many 

snubbers are after that IGBT. The current of the i th IGBT 

(𝐼𝑠𝑤(𝑖)) is as given in (4). 

𝐼𝑠𝑤(𝑖) = 𝐼𝐿𝑜𝑎𝑑 + 2(𝑛 − 𝑖 + 1)𝐼𝐿𝑟 (4) 

This means that the first IGBT that is closer to the 

recovery circuit has the maximum current value, and the 

last IGBT that is closer to the load has the minimum current 

value.  

III. DESINING THE KEY COMPONENTS 

In this approach, the value of the snubber capacitance 

can be selected for maximum voltage sharing [22], 

minimum power loss of switches [17], maximum lifetime 

of switches [18], minimum Electromagnetic Interference 

(EMI) [19], and etc. Electromagnetic Interference (EMI) 

[19], and etc. In the turn-on and turn-off transition of the 

series-connected IGBTs, the injected electrical charge to 

the snubbers is not equal because of nonsynchronous 

operation of the IGBTs. Therefore, the voltage of the 

IGBTs will be unbalanced. If an IGBT have a time delay of  

∆𝑡𝑑𝑒𝑙𝑎𝑦  in the turn-on or in the turn-off transition, the 

overvoltage (∆𝑉𝑀𝑎𝑥) of the IGBT can be obtained by (5).   

∆𝑉𝑀𝑎𝑥 =
𝐼𝐿𝑜𝑎𝑑∆𝑡𝑑𝑒𝑙𝑎𝑦

𝐶
 (5) 

Thus, the snubber capacitance value can be obtained by 

(6) in order to limit the IGBT voltage. 

𝐶 ≥
𝐼𝐿𝑜𝑎𝑑∆𝑡𝑑𝑒𝑙𝑎𝑦

∆𝑉𝑀𝑎𝑥
 (6) 

 Based on the selected value for the snubber capacitance 

and the minimum turn-on time of the switches (𝑡𝑜𝑛,𝑚𝑖𝑛) the 

inductor value can be defined as given in (7). 

𝐿𝑟 ≤
4𝑛𝜋2𝑡𝑜𝑛,𝑚𝑖𝑛

2

𝐶
 

(7) 

By using equations (2), (3) and (4), the maximum 

current of the switches (𝐼𝑠𝑤−𝑀𝑎𝑥) can be obtained as given 

in (8). 

𝐼𝑠𝑤−𝑀𝑎𝑥 = 2𝑛𝑉𝑑𝑐√
𝑛𝐶

𝐿𝑟
 + 𝐼𝐿𝑜𝑎𝑑 (8) 

It shroud be considered that the maximum current of the 

switches must be in the safe operating area (𝐼𝑆𝑂𝐴−𝑀𝑎𝑥 ). 

Therefore, the minimum value of inductor can be obtained 

by (9). 

𝐿𝑟 ≥
4𝑛3𝑉𝑑𝑐

2𝐶

(𝐼𝑠𝑤−𝑀𝑎𝑥− 𝐼𝐿𝑜𝑎𝑑)
2
 (9) 

In order to completely discharging the capacitors of the 

snubbers in the turn-on state of the IGBTs, the turn ratio of 

the transformer must be 2n. The parasitic inductor of the 

transformer is in series with 𝐿𝑟 . Thus, the value of 𝐿𝑟 
should be corrected considering the value of the parasitic 

inductor of the transformer. In the recovery circuit, the 

zener diode (Dz) is paralleled to the IGBT to limit the 

voltage of the switch and reset the magnetic core of the 

transformer. 

IV. COMPARATIVE STUDY 

 The proposed method ideally should recover all the 

stored energies in the capacitors of the snubbers. As 

discussed, the energy recovery scheme is realized by 

interconnection diodes, IGBTs and transformer. However, 

the nonidealities of the components cause to dissipation of 

an amount of this energy. The aim of this section is to 

calculate this power loss. Subsequently, this section 

compares the result of the proposed method in terms of the 

power dissipation with the traditional RCD snubber 

illustrated in Fig. 1. As illustrated in Fig. 5, these 

components are not ideal and exhibit voltage drop. The 

power dissipated in the interconnection diodes and the 

IGBTs can be calculated as follows. In the turn-on state of 

the IGBTs, the electrical charge in the snubber capacitor of 

the ith  IGBT ( 𝑄𝐶(𝑖) ), except the last IGBT, transfers 

through the interconnection diodes and the IGBTs to the 

primary winding of the transformer. It means that 𝑄𝐶(𝑖) 

flow through the i diodes and (i+1) IGBTs. The electrical 

charge of the snubber capacitor of the last IGBT (𝑄𝐶(n)) 

flow through the (n-1) diodes and (n+1) IGBTs. In the 

secondary side of the transformer the electrical charge 

which is divided by the transformer winding ratio (
𝑁2

𝑁1
=

2𝑛) flow through n diode. Therefore, the total dissipated 

energy relevant to recovery circuit (𝐸𝑙𝑜𝑠𝑠−𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦), in each 

switching cycle can be calculated by (10). 

𝐸𝑙𝑜𝑠𝑠−𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = (∑(𝑄𝐶(𝑖) ∙ (𝑖 ∙ 𝑉𝐹 + (𝑖 + 1)

𝑛

𝑖=1

∙ 𝑉𝑠𝑎𝑡 + 𝑉𝐹 )  − 𝑄𝐶(𝑛) ∙ 𝑉𝐹 ) 

(10) 

In this equation 𝑉𝐹 is the voltage drop of the diode, 

𝑉𝑠𝑎𝑡 is the turn-on voltage of the IGBTs, and 𝑄𝐶(𝑖) is equal 

to (11) 

𝑄𝐶(𝑖) =
𝑉𝑑𝑐
𝑛
𝐶 (11) 

Therefore, equation (10) can be rewritten as the 

equation given in (12). 

 𝐸𝑙𝑜𝑠𝑠−𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑉𝑑𝑐

𝑛
∙ 𝐶 ∙ 

((
𝑛. (𝑛 + 1)

2
+ 𝑛 − 1) ∙ 𝑉𝐹  

+(
𝑛. (𝑛 + 1)

2
+ 𝑛) ∙  𝑉𝑠𝑎𝑡 ) 

 

(12) 

In the traditional RCD snubbers of series connected 

IGBTs, all of the stored energies in the capacitors dissipate 

in the resistor, and the series IGBTs can be obtained by 

(13). 
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Fig. 5. Illustrative representing of the voltage drops of diodes and IGBTs 



Table I. Parameters of the simulated circuit. 

𝑉𝑠𝑎𝑡  (Saturation voltage of IGBTs) 2.4 V 

𝐶𝑠 (Snubber capacitors) 20 nF 

 𝑉𝐹  (Forward voltage drop of diodes) 1.8 V 

𝑉𝑑𝑐  (DC link voltage)  2400 V 

Number of series IGBTs 4 

 

𝐸𝐿𝑜𝑠𝑠−𝑡𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 =
𝑉𝑑𝑐

2

2𝑛
∙ 𝐶 (13) 

For a case study in Table I, in each switching cycle, the 

total dissipated energy for the conventional snubber is 14.4 

mJ, and for the proposed scheme is 0.7 mJ. 

V. SIMULATION RESULTS 

A case study with four series-connected IGBTs is 

assumed for simulation. In Table II, the parameters of the 

simulated circuit are summarized. Fig. 6 shows the voltage 

waveforms of the snubber capacitors and the current of the 

inductor. In Fig. 6, it can be seen that the voltage of the 

capacitors decreased to almost zero after 4.5 μs. Using the 

numbers in Table I, the total stored energy in the capacitors 

of the snubbers in each switching cycle is 14.4 mJ. As 

shown in Fig. 6, the maximum injected current to the DC 

link is 2.13 A. Thus, the total injected energy to DC link in 

each switching cycle is 13.5 mJ, and 0.9 mJ is dissipated in 

IGBTs, interconnection diodes, transformer, and inductor. 

In Fig. 7, the voltage and the current of the IGBTs in the 

on-state of the IGBTs are presented.  As shown in  Fig. 7 

the current in the first snubber capacitor just passes through 

the first IGBT, but the current of the last snubber capacitor 

passes through all of the IGBTs. Thus, as shown in Fig. 7 

when the IGBTs are in the turn-on state, the currents 

waveforms of IGBTs are different firstly, and after 

discharging the snubber capacitors, the current of the 

IGBTs will be equal.  In Fig. 8 the voltages of capacitors 

and the voltage of the switches are illustrated. In the turn-

off transition the capacitors of the snubber become parallel 

with the switches. Therefor as shown in Fig. 8 the voltages 

of the switches are equal to the voltages of the capacitors.  

In the real condition, the characteristics of the IGBTs 

and the drivers are not the same. Also, the input command 

signals may have some delays to each other. Therefore, the 

turn-on and turn-off transitions of the IGBTs are not 

completely synchronized. In order to consider the effect of 

uncertainties on the operation of the proposed method, it is 

assumed one of the IGBTs is turned on 30ns after other 

IGBTs, and one of the IGBTs is turned off 50 ns before 

other IGBTs. In Fig. 9, the voltages of the IGBTs and the 

snubbers considering these assumptions are shown. 

Table II. Parameters of the simulated circuit. 

𝐿𝑟 (Series inductor) 1.3 mH 

𝐶𝑠 (Snubbers’ capacitors) 20 nF 

 𝐼𝐿𝑜𝑎𝑑  (Load current) 35 A 

𝑉𝑑𝑐  (DC link voltage)  2400 V 

IGBT part number IKW40N120H3 

Diode part number UF5408 
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Fig. 6.Voltage of snubber capacitors and the injected current into DC link 

when the IGBTs are in the turn-on state. 
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Fig. 7.  IGBTs currents and voltages when the IGBTs are in the turn-on 

state. 
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Fig. 8. a) Voltage of capacitors of the snubbers, and b) Voltage of IGBTs 

when the IGBTs are in the turn-off transition. 

As shown in Fig. 9, the overvoltage of the IGBTs is 

restricted. Also, after the turn-on transition, the voltage of 

the capacitor of the snubber, which has the maximum 

voltage, start to decrease at first. After the voltage of it 

reaches the voltage of the next capacitor, which has the next 

maximum voltage, the volage of second capacitor also 

starts to decrease. In the same way, the voltage of the other 

capacitors of the snubbers start to decrease. As shown in 

this figure the voltages of the snubbers become zero about 

4 µs after the turn-on transition of the IGBTs. Therefore, 

the proposed scheme has proper performance when the 

voltages of the IGBTs are unbalanced. 
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Fig. 9. Voltage of the IGBTs and the capacitors of the snubber with this 
assumption that one of the IGBTs is turned on 30ns after other IGBTs, and 

one of the IGBTs is turned off 50 ns before other IGBTs. 



VI. EXPERIMENTAL RESULTS 

In order to verify the proposed scheme, a prototype 

consists of four series IGBTs has been constructed and 

tested. The specifications of the test setup are presented in 

Table III. To implement the proposed method, a PCB 

including IGBTs and snubbers, a PCB for the recovery 

circuit, and a PCB for pulse generation have been 

developed and used. The photograph of the test setup is 

presented in Fig. 10. In this test, the leakage inductance of 

the transformer that is used in the recovery board is 1.65 

mH. This value is enough for the resonance circuit. 

Therefore, there is no need for the external inductance (𝐿𝑟).  

The voltage of the constructed high voltage switch and 

the load current are shown in Fig. 11. It should be 

considered that the currents of the IGBTs in this scheme are 

different from each other and the current of the load. When 

the IGBTs are turned on, in addition to the load current, the 

snubber currents pass through the IGBTs. The voltages and 

the currents of the IGBTs are shown in Fig. 12. As shown 

in Fig. 12 (a), the first IGBT near the recovery board passes 

the load current and the current of all the snubbers. In 

addition to the load current, the second IGBT passes the 

current of all the snubbers except the current of the snubber 

of the first IGBT, so the third and fourth IGBT passe less 

current than the other IGBTs. The voltage of the snubber 

capacitors of the IGBTs are shown in Fig. 13. Comparing 

the voltage of the IGBTs in Fig. 12 and the voltage of 

snubber capacitors in Fig. 13 shows that the voltage of the 

snubber is equal to the voltage of the IGBTs in the turn-off 

transition, but in the turn-on transition because of existing 

decupling diodes they are different. Also, as shown in Fig. 

13, the voltage of the capacitors of the snubbers decreases 

to zero durn the turn-on time of the IGBTs. This means that 

the recovery circuit completely discharges the capacitors of 

the snubbers.  

Table III: Specification of the test setup. 

𝐿𝑟 1.65 mH 

𝐶𝑠 20 nF 

Transformer turn ratio (N1:N2) 40:320 

DC link capacitor 48 µF 

Load resistant 65 Ω 

Total inductance 1.3 µH 

Load voltage 2500 V 

IGBT part number IKW40N120H3 
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Recovery circuit 

PCB

Series IGBTs 

PCB

 
Fig. 10. Photograph of the test setup 
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Fig. 11. Measured Load current and voltage of the series connected 

IGBTs during turn-on state of the IGBTs. 
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Fig. 12. Measured voltages and currents of the IGBTs a) first IGBT b) 

second IGBT c) third IGBT d) fourth IGBT, during a switching cycle. 

The switch in the recovery circuit is turned on 

synchronously with the series IGBTs during the turn-on 

duration. Therefore, the capacitors are paralleled with the 

transformer, and the stored energy in the capacitors is 

transferred to the DC link. In Fig. 14 (a), the voltage 

waveform and the current waveform of the recovery circuit 

are illustrated. As shown in this figure, the voltage of the 

snubber is zero 5 µs after the IGBTs are turned on. The 

injected current to the DC link by the recovery circuit and 

the voltage of the DC link are depicted in Fig. 14 (b). 

  
(a) (b) 

  
(c) (d) 

Fig. 13. Measured voltages of the snubber capacitors of the IGBTs a) first 
IGBT b) second IGBT c) third IGBT d) fourth IGBT, during a switching 

cycle. 
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Fig. 14. a) Measured turn-on voltage and current of the snubber voltage of 

the DC link and b) current of the secondary winding in the transformer. 

During the turn-on state of the IGBTs, the current of the 

snubbers passes through the primary winding of the 

transformer. Therefore, the current in the secondary 

winding, which amplitude is the amplitude of the current in 

the primary winding divided by the transformer turn ratio, 

is injected into the DC link. The initial voltage of the 

capacitors in the turn-off state is 625 V. Thus, the total 

stored energy in the capacitors is 15.62 mJ. Also, the total 

injected electrical charge to the DC link is 11.2 µC in each 

switching cycle. Therefore, the injected energy into the DC 

link by the recovery circuit is 14 mJ in each switching 

cycle. Comparing these values shows that the loosed 

energy in the IGBTs, diodes and the recovery circuit is 

1.562 mJ, and the efficiency of the recovery scheme is 89 

%. 

VII. CONCLUSIONS 

This paper has proposed an energy recovery scheme for 

traditional RCD snubbers in series-connected IGBTs. 

Using the proposed scheme, the stored energies of the 

snubber capacitors are recovered and injected back into the 

DC link. Using the proposed method, the power losses of 

the snubbers are reduced considerably. Therefore, the 

snubber capacitors can have a higher capacitance compared 

to the conventional RCD snubbers. Increasing the snubber 

capacitor improves the voltage balancing of the series 

IGBTs, and reduces their turn-off switching losses. Circuit 

analysis, simulation, and experimental results validate the 

effectiveness of the proposed scheme.  
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