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Abstract

:

Integrated gate commutated thyristors (IGCTs) are critical components in high-voltage, high-current, and high-power conversion systems, particularly in offshore wind energy systems. However, the working environment of offshore wind energy conversion systems is extremely harsh. In this article, we propose an active damage control approach aiming at enhancing the reliability of the conversion system. By employing electro-thermal modeling for the equipment of the offshore wind energy conversion system, the junction temperature and fatigue damage of IGCT are simulated during the operation process. Using the improved model predictive current control (MPCC) method, active damage control effectively regulates the switching frequency of IGCT. IGCTs are symmetrically distributed on each leg of the converter, so the lifespan of the two IGCTs on each leg is also considered to be similar. This method balances the life of the IGCTs on the three legs of the converter and optimizes their utilization to the maximum extent. These measures effectively enhance the reliability of the conversion system and lower the operation and maintenance cost of high-power IGCT converters. The effectiveness of the proposed method is validated by co-simulation results by ANSYS and MATLAB/Simulink.
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1. Introduction


With the rapid development of offshore wind power technology, there has been a growing demand for high-power devices capable of meeting the system’s expanding requirements. Traditional insulated gate bipolar transistors (IGBTs), as critical components of wind power converters, cannot satisfy the increasing demands for high-voltage, high-current, and high-power offshore wind power conversion systems. As a result, high-power devices like integrated gate commutated thyristors (IGCTs), particularly those with blocking voltages exceeding 4500 V, have been increasingly popularized and applied. IGCTs are fully controlled semiconductor switching devices that evolved from traditional GTOs with the implementation of hard-switching technology. They combine the power advantages of GTOs with the high-frequency advantages of IGBTs, making them the largest fully-controlled power devices in use [1,2,3,4].



The wind energy conversion system has a symmetric back-to-back configuration. The structural diagram of the wind energy system is illustrated in Figure 1. The machine side converter (MSC) is connected to the generator stator to achieve variable speed and constant frequency control. This facilitates optimal power generation efficiency and transfers power to the grid side converter (GSC) through the DC-link, which consists of a DC-link capacitor used to balance the instantaneous power difference between MSC and GSC and minimize voltage and current fluctuation. GSC is connected to the AC power grid to provide high-quality power while balancing the voltages on both sides of the DC link.



However, offshore wind power systems operate in a very harsh environment, resulting in a high failure rate of units and converters. Due to drastic fluctuations in wind power, wind power converters experience significant changes in electrical and thermal stresses, posing threats to their safety and reliability. Moreover, the high concentration of salt spray, along with high humidity and frequent severe weather conditions in distant sea areas, profoundly impacts the safe operation of electrical equipment [5]. Power components in wind power converters have a failure rate of more than 30%, which accounts for the highest failure rate [6]. In addition, offshore wind turbines have poor accessibility and are difficult regarding operation and maintenance (O&M). Therefore, it is necessary to study the predictive maintenance technology of converter power devices to enhance the operation reliability of converters.



Innovations in offshore wind energy O&M include changes in practices, optimization of strategies, improvement of equipment, and enhancement of fault diagnosis and monitoring technologies. The smartification of the lifecycle of offshore wind energy systems is the key to realizing the optimal levelized cost of energy (LCOE) and enhancing the reliability of offshore wind energy systems. In this article, we propose a new approach to optimize the through-life of the IGCT based on the life prediction method and model predictive current control (MPCC).



The traditional life prediction method offers an approach to predict the service life of IGCT based on its junction temperature changes [7,8,9]. These methods allow for the replacement of the IGCT before it fails, thus reducing the converter’s failure rate and the downtime of the converter. However, it does not maximize the utilization of the IGCT. Therefore, this method does not effectively reduce O&M costs. Moreover, IGCTs operating at high temperatures for extended periods, accompanied by violent temperature fluctuations, also increase the harmonic distortion rate of the converter system’s output current, leading to a degradation in power quality.



Lifetime optimization control of the converter based on junction temperature can effectively reduce the mean junction temperature and junction temperature fluctuation of IGCT, thereby improving the lifespan of IGCT to a certain extent. There are several main types of common junction temperature control methods, as shown in Table 1.



Recent studies have proposed methods to reduce the junction temperature of IGBTs by controlling power losses and fatigue damage based on MPC [14,15]. These methods essentially reduce the junction temperature by adjusting the switching frequency. By taking power losses or accumulated fatigue damage into the MPC, these methods effectively reduce the junction temperature and extend the converter’s lifespan.



Having argued all the above approaches and compared them, as shown in Figure 2, we found that they effectively extend the lifespan of IGCT to a certain extent. However, a complete converter has at least three pairs of IGCTs, and their remaining lifespans are generally different. In this case, these IGCTs can not maximize their utilization because they are replaced one by one when they are broken. This leads to inevitable waste.



On this basis, this paper analyzes and calculates the cumulative fatigue damage of the IGCT. To actively control the junction temperature and cumulative fatigue damage differences of IGCTs, the model predictive current control (MPCC) method, which minimizes the cost function related to both the cumulative fatigue damage and the output current, is improved. The proposed control approach effectively reduces the mean junction temperature and junction temperature fluctuation of IGCT by adjusting its switching frequency. This, in turn, reduces the cumulative fatigue damage differences among the IGCTs on the three legs of the converter, thereby balancing their service life. In other words, the relatively new IGCT divides its extra lifetime evenly among the other IGCTs, which is called damage share, as shown in Figure 2. Additionally, the replacement frequency of IGCT and the downtime of the converter are reduced, effectively enhancing reliability and reducing the O&M costs of high-power IGCT converters.



The contents of this article are organized as follows. In Section 2, the characteristics of IGCT and its failure mechanism are presented. Section 3 presents the conversion system and the fatigue damage calculation system. Section 4 describes the optimization and control strategy and then conducts simulation experiments. Section 5 analyzes the simulation results, and Section 6 concludes the paper.




2. The Characteristics of IGCT


IGCTs are used as fully controlled semiconductor devices in high-power converters. Their equivalent structure is illustrated in Figure 3. As illustrated in Figure 3a,   J 1  ,   J 2  , and   J 3   are three p–n junctions formed within the five-layer structure of IGCT, as shown in Table 2. The cathode surface structure of the IGCT can be visualized as several GCT units surrounding each other, along with gate electrodes. Each unit can be considered equivalent to a PNP and NPN transistor pair, as illustrated in Figure 3b. The operating state of IGCT can be described using a thyristor model and a pair of transistors connected in parallel [16,17].



There are two operating states for the IGCT during operation: on-state and off-state. In the on-state, as illustrated in Figure 4a, the IGCT gate triggers a super-strong current pulse, causing the transistors to couple together to form a positive feedback channel for the current. Within the semiconductor structure,   J 1  ,   J 2  , and   J 3   junctions are in the forward bias, where the Webster effect occurs between the p-layer and the n-layer. This causes the IGCT to behave equivalently to a high-power diode in the on-state.



In the off-state, as illustrated in Figure 4b, the   J 3   junction rapidly expands to form a wide depletion layer. The cathode current rapidly drops to 0, while the anode current briefly passes through the gate, generating a strong off-pulse current. With the addition of positive cathode voltage,   J 1   and   J 3   become forward-biased within the semiconductor structure. Meanwhile,   J 2   carries the reverse bias voltage, causing the IGCT to behave equivalently to a high-power diode in an off-state.



The IGCT module, illustrated in Figure 5, is a pressure contact device that differs significantly in structure from the traditional welded IGBT module. It addresses the failure mode of wire bonding found in welded modules. These components rely on pressure to prevent rigid connections between layers with different coefficients of thermal expansion. However, pressure contact modules lack dielectric isolation, and issues such as uneven pressure distribution and spring relaxation pose reliability challenges that are distinct from those of welded modules. During operation, the IGCT undergoes continuous thermal cycling. As a result, varying degrees of fatigue damage can occur in the IGCT due to thermal stress. This article mainly focuses on the study of component deformation caused by thermal stress [18,19,20,21,22].



Analyzing the thermal failure mechanism is the basis of life prediction studies. Studies show that the failure rates of most devices change over time in a curve resembling a bathtub, as illustrated in Figure 6. From this curve, we can determine the remaining useful life (RUL) and the end of life (EOL). The horizontal axis represents the operating time, while the vertical axis represents the failure rate. The device’s entire service life is typically divided into three stages: infant mortality (early failure), random (constant failure), and wearout. During the useful life period, the failure rate is generally constant and relatively low. This period is commonly used for life prediction, and the through-life optimization discussed in this article is also based on the operating conditions during this stage [23].




3. System Description


The topology of a three-phase two-level converter is illustrated in Figure 7. The converter consists of three legs. Each leg comprises two IGCTs with two antiparallel freewheeling diodes. The whole converter system also includes filter inductances   L g   and resistances   R g  , AC power grid voltage (  e  a b c   ), and DC voltage   V  d c    [24,25,26].



Define    S x   x ∈  a , b , c   )     as


   S x  =      1  the  upper  leg  on ,  the  lower  leg  off ,       0  the  upper  leg  off ,  the  lower  leg  on .       



(1)







Depending on the eight switching states, the converter generates two different levels of voltage:   +  V  d c     and 0. By Kirchhoff’s voltage law, the continuous mathematical model can be expressed as


   L g    d  d t         i a       i b       i c      =      u a       u b       u c      −      e a       e b       e c      −  R g       i a       i b       i c      .  



(2)







Temperature parameters affecting the lifespan of IGCT are the temperature fluctuation inside the module and the number of thermal cycles. The changes in the internal temperature of IGCT generate different thermal stresses. As the service life of IGCT increases, fatigue damage accumulates, eventually leading to its failure. The key factors influencing the number of thermal cycles of IGCT are mean junction temperature   T  j m    and junction temperature fluctuation   Δ  T j    [27].



The change in junction temperature of IGCT is a function of time. The rain flow counting method is a classical method for investigating metal fatigue and failure. Rain flow counting simplifies the actual load history into several load cycles, as illustrated in Figure 8, to estimate fatigue life and construct fatigue test load spectra. The fatigue test load spectra record the amplitude and mean value of the load block. This more accurately reflects the real situation of the load. In this simulation experiment, the rain flow counting method will record the mean junction temperature   T  j m    and the junction temperature fluctuation   Δ  T j    of IGCT in each thermal cycle condition.



The power cycling experiments can save time in studying the main failure mechanisms using a shorter cycling period, and the number of power cycles at different junction temperature fluctuations can be obtained from the accelerated aging experiments to obtain the relationship between the number of cycles   N f  , the mean junction temperature   T  j m   , and the junction temperature fluctuation   Δ  T j   , which is interpolated and fitted by the Lesit equation, which is expressed as


   N f  = A ·  Δ  T j α   · exp  [    E a    k B  ·  (  T  j m   + 273 )     ]  ,  



(3)




where   N f   is the number of power cycles. The other parameters in this equation are shown in Table 3 [28,29,30,31].



In addition to the junction temperature related to   T  j m    and   Δ  T j   , the turn-on time   t  o n    affects the temperature rise in the IGCT. The turn-on time of the switching device varies in different applications; therefore, it should also be taken into account in the life prediction model, and the number of new cycles can be expressed as


     N f   ′  =  N f  ·    t  o n    γ  ,  



(4)




where the parameter  γ  can be obtained from simulation values.



Assuming that the fatigue accumulation of IGCTs is a linear process, according to Miner’s rule [32], the cumulative fatigue damage of IGCTs after i complete cycles of operating conditions can be expressed by


  D =  ∑ i     n i   N  f i     ,  



(5)




where   n i   is the number of thermal cycles in the operating condition i, and   N  f i    is the thermal cycling capacity.



When the cumulative fatigue damage   D = 1  , it indicates a complete failure of the switching device. However, the fatigue damage of IGCT is an accumulative process, but its complete failure occurs in a split second; it is necessary to divide the whole operation process of the converter into multiple cyclic conditions in a very short time and monitor the change in the junction temperature of IGCT under each cyclic condition in real-time. Through the rainfall counting method, we can obtain the mean junction temperature and the fluctuation of the junction temperature of each cyclic condition and the corresponding junction temperature of IGCT, and thus the fatigue damage of each cyclic condition can be expressed as


   d i  =    n i   N  f i     .  



(6)




In order to calculate the lifespan of the IGCT, we choose   d i   as the mean damage in each cyclic condition after cyclic condition i. The lifespan of the IGCT can be calculated by the equation expressed as


   L i  =    1 −  ∑  i − 1    d i    d i    × T ,  



(7)




where   L i   is the remaining life of the IGCT after cyclic condition i, and T is the period of each cyclic condition.




4. Active Temperature and Damage Control


The active damage control system consists of three parts. The conversation among them is illustrated in Figure 9.



The improved MPCC system sends PWM signals to the IGCT converter according to the output current    i x   x ∈  a , b , c   )     from the IGCT converter and the cumulative fatigue damage    D x   x ∈  a , b , c     from the fatigue damage calculation program, which calculates the cumulative fatigue damage based on the junction temperature of IGCTs on the three legs of the converter. The improved MPCC structure diagram is illustrated in Figure 10. Based on the AC power grid voltage phase angle, the reference current    i x ∗   x ∈  a , b , c     and converter’s output current    i x   x ∈  a , b , c     are transformed onto the abc-dq coordinates to obtain the current in the dq coordinate system [33,34,35,36,37,38].



   i d   k   ,   i q   k   ,   u d   k  −  e d   k   ,   u q   k  −  e q   k    are the variables of the predictive model. These variables can be measured in the converter system. Future current values    i d   k + 1   ,   i q   k + 1    can be predicted from the predictive model expressed as


           i d   k + 1         i q   k + 1       =    T s   L g          u d   k  −  e d   k         u q   k  −  e q   k       +     L g  −  R g   T s    L g          i d   k         i q   k       −  ω g   T s  H       i d   k         i q   k       ,     



(8)




where   ω g   is the gird angular velocity,   T s   is the sampling time, k represents the sampling instant,   k + 1   represents the time instant one sampling time after k, and  H  is the decoupled matrix expressed as


     H =     0    − 1      1   0     .     



(9)







All the above parameters and variables are entered into the predictive model. After iterating through the eight switching states, the specific switching state   S  a b c    is chosen to minimize the cost function expressed as


     c o s t =    i d   k + 1  −  i d ∗   k + 1   2  +    i q   k + 1  −  i q ∗   k + 1   2  +  ∑  i = A , B , C     k  s w i      S i   k + 1  −  S i   k   2   ,     



(10)




where   i d ∗   and   i q ∗   refer to the current reference values in the dq coordinate system. They can derive from the abc-dq block, which transforms the reference current from abc coordinates to dq coordinates, as shown in Figure 10.   k  s w i    denotes the weighting factor, which is used to deal with the relationship between the reference trajectory and the switching frequency. Larger values of   k  s w i    represent that this objective has a higher priority, and in this paper,   k  s w i    is   k  T e m i    in Equation (11) or   k  D a m i    in Equation (13), depending on whether we are adopting active temperature control or active damage control. In order to guarantee the current output quality, the value of   k  s w i    is lower than 0.3 in this paper, and it varies with temperature or fatigue damage. As a result, we make   S  a b c    the next momentary switching state.



As a classical life optimization method, the active temperature control method is conducted in this paper as a benchmarking model [39,40,41]. When adopting active temperature control, we suppose that the initial fatigue damage of IGCTs is zero. To lower the junction temperature of IGCTs and guarantee output current quality, the cost function is updated to the equation expressed as


     c o s t =    i d   k + 1  −  i d ∗   k + 1   2  +    i q   k + 1  −  i q ∗   k + 1   2  +  ∑  i = A , B , C     k  T e m i      S i   k + 1  −  S i   k   2   ,     



(11)




where    k  T e m i    i ∈  A , B , C   )     are junction-temperature dependent. Its value varies from 0 to 0.3 depending on the temperature of IGCT from 100 °C to 150 °C, and its value is 0 if the temperature is less than 100 °C.



However, during the actual operation of the high-power IGCT converter, the cumulative usage time of each IGCT is different, i.e., the initial damage is not necessarily the same. To reduce the O&M cost of the converter, it is particularly important to achieve the life balance of the IGCTs on three legs of the converter. Therefore, it is necessary to appropriately reduce the switching frequency of the IGCT with higher cumulative fatigue damage and increase the switching frequency of the IGCT with lower cumulative fatigue damage based on guaranteeing the output current quality of the converter to make the cumulative fatigue damage of the IGCTs closer to each other.



The cumulative fatigue damage of IGCTs is calculated by the fatigue damage calculation program, and the cumulative fatigue damage of IGCTs is compared to obtain the cumulative fatigue damage differences expressed as


       D  a b   =  D a  −  D b  ,        D  b c   =  D b  −  D c  ,        D  c a   =  D c  −  D a  .      



(12)




   D x   x ∈ a , b , c   , respectively, represent the cumulative fatigue damage of IGCT on the three legs of the converter.   D  a b   ,   D  b c   , and   D  c a   , respectively, represent the cumulative fatigue damage difference between phase A and phase B, phase B and phase C, and phase C and phase A.



On this basis, add the cumulative fatigue damage differences into the cost function expressed as


     c o s t =    i d   k + 1  −  i d ∗   k + 1   2  +    i q   k + 1  −  i q ∗   k + 1   2  +  ∑  i = A , B , C     k  D a m i      S i   k + 1  −  S i   k   2   ,     



(13)




where    k  D a m i    i ∈  A , B , C   )    , i.e.,    k  D a m A   ,  k  D a m B   ,  k  D a m C     are the functions of   D  a b    and   D  c a   ,   D  a b    and   D  b c   , and   D  c a    and   D  b c   , respectively. The junction temperature is included as well. Based on the cumulative fatigue damage difference after the cycle condition n, the switching strategy is adjusted to reduce the cumulative fatigue damage difference after the cycle condition   n + 1   and subsequent cycle conditions.




5. Simulation Result Analysis


The parameters of the electro-thermal simulation system are shown in Table 4, and the IGCT type used for simulation in this article is 5SHX 26L450, produced by ABB. The relevant parameters of IGCT can be obtained from the data sheet, especially the thermal parameters.



5.1. Active Temperature Control


The junction temperature and switching frequency (Switching Freq.) with and without active temperature control are shown in Figure 11.



The comparison of the simulation results is shown in Table 5. The results of this simulation show that the controller can adaptively adjust the switching frequency according to the junction temperature with the active temperature control. This control approach effectively reduces the junction temperature and junction temperature fluctuation, thus improving the lifespan of IGCT.



Based on the junction temperature of IGCT and Equation (3), the maximum number of switching times can be calculated. The results are shown in Table 6. We can see that with active temperature control, the maximum number of switching times of IGCT is   30 %   more than without active temperature control. Because the switching frequency of the IGCT is reduced, its lifespan is actually increased by more than 30%.




5.2. Active Damage Control


In this section, we analyze two conditions. In the first condition, called the zero-damage condition, we suppose that the initial fatigue damage of the IGCTs on three legs of the converter is zero, i.e.,    D a  =  D b  =  D c  = 0  . In other words, all six IGCTs are new. Compare the cumulative fatigue damage differences (fatigue damage diff.) with and without the active damage control, as shown in Figure 12. The switching frequency changes are shown in Figure 13.



In zero-damage conditions, we can see that the fatigue differences between these IGCTs is getting progressively larger with time when this system has not applied active damage control, as shown by the blue line in Figure 12. After we apply active damage control to this system, the differences between IGCTs, as shown by the red line in Figure 12, is still a small value.



The second condition is that the IGCTs work in different initial states, which we call different damage conditions. During the actual operation of IGCTs, the cumulative fatigue damage differences between the IGCTs on the three legs of the converter are significant. It requires an extended period to adjust. To accentuate this change in the simulation, we assume that the initial damage is a small value. In this case, the converter can finish the adjustment quickly and display the results. Therefore, the initial fatigue damage    D a  = 4.18 ×   10   − 8    ,    D b  = 2.09 ×   10   − 8    , and    D c  = 0   are input into the controller. The controller adjusts the switching frequency of IGCT to bring the cumulative fatigue damage differences closer to zero. The simulation result is shown in Figure 14, and the changes in switching frequencies are shown in Figure 15.



The simulation data indicate that when the initial fatigue damage of IGCTs is different, the active damage control approach adapts its strategy based on the fatigue damage differences among the IGCTs on different legs of the converter. By adjusting IGCT switching frequencies, the cumulative fatigue damage differences between them are brought closer to zero. That means the fatigue damage of the IGCTs on three legs is more symmetrical. This approach aims to achieve a balance in the lifespan of IGCTs across the three legs of the high-power converter, thereby significantly maximizing the converter’s utilization.





6. Conclusions


IGCTs, as the core equipment of high-power conversion systems, account for approximately 50% of the converter’s total cost. Proactively controlling the lifespan of IGCT is crucial for extending the lifespan of high-power converters and maximizing their utilization. Moreover, the converter is a highly intelligent device capable of collecting and processing real-time data, and the data resolution can reach 3kHz or even higher with the control platform based on ARM and DSP. These characteristics provide highly advantageous conditions for optimizing its lifespan because this method requires detecting the real-time temperature of the IGCT to calculate its fatigue damage and measuring real-time current and voltage to conduct MPCC.



This article addresses the challenges posed by the high power, high junction temperature, and short lifespan of IGCT. In this article, the three-phase, two-level converters are taken as an example to propose a method that can balance the lifespan of IGCTs on different legs of the converter. Actually, this method can be applied to any symmetric conversion systems as long as the lifespan of their core equipment can be calculate by thermal fatigue damage.



The method of reducing the temperature of IGCT has been studied for a long time. In this paper, we conducted a traditional life optimization approach called active temperature control as a benchmarking model. By taking the temperature into the MPCC, the approach effectively reduces the junction temperature by approximately 6 °C (i.e., about 4.92%). The service life of IGCT under active temperature control can increase by more than   30 %  . Therefore, it can effectively improve the lifespan of IGCTs and reduce the O&M costs of high-power IGCT converters.



Based on the active temperature control approach for controlling the junction temperature of IGCT, we conducted a further study on actively controlling the fatigue damage of IGCT. It calculates the cumulative fatigue damage of IGCT and incorporates the differences in damage among IGCTs on three legs of the converter as variables input into the improved MPCC method. Additionally, initial damages are taken into account. By adjusting the switching frequency of IGCT based on different damage levels, this control approach effectively reduces the fatigue damage differences among IGCTs on three legs, thereby promoting a more balanced lifespan and effectively maximizing their utilization. Moreover, this control approach can effectively reduce the replacement frequency of IGCT and the downtime of converters, thus enhancing system reliability and reducing the O&M costs of high-power IGCT converters.
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Figure 1. Structural diagram of the wind power system. 
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Figure 2. Comparison of traditional lifetime optimization control and active damage control. (a) Traditional lifetime optimization control. (b) Active damage control. 
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Figure 3. Equivalent structure of the IGCT circuit. (a) IGCT section structure. (b) IGCT equivalent model. 
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Figure 4. Equivalent circuit principle of IGCT. (a) IGCT on-state. (b) IGCT off-state. 
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Figure 5. Structure of the IGCT module. 
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Figure 6. Typical characteristic visualization of a bathtub curve. 
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Figure 7. Topology of a three-phase two-level converter. 
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Figure 8. An example of the rain flow counting method. 
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Figure 9. Three parts of the active life control system. 
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Figure 10. Model predictive current control structure diagram. 
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Figure 11. The simulation results with and without active temperature control. (a) Junction temperature. (b) Switching frequency. 
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Figure 12. The cumulative fatigue damage differences when the initial fatigue damage is zero. (a) Phase A and Phase B. (b) Phase B and Phase C. (c) Phase A and Phase C. 
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Figure 13. The switching frequencies when the initial fatigue damage is zero. (a) Phase A. (b) Phase B. (c) Phase C. 
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Figure 14. The cumulative fatigue damage differences when the initial states are different.(a) Phase A and Phase B. (b) Phase B and Phase C. (c) Phase A and Phase C. 
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Figure 15. The switching frequencies when the initial states are different. (a) Phase A. (b) Phase B. (c) Phase C. 
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Table 1. Main types of common junction temperature control methods.
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	Control Method
	Difficulty in Realization
	Cooling Effects
	Reference





	Switching Frequency Control
	Easy
	Junction temperature fluctuations reduced by 50%
	[10]



	Modulation Strategy Control
	Complex
	Junction temperature reduced by 8 °C–10 °C
	[11]



	Gate Resistance Control
	Complex
	Junction temperature fluctuations reduced by 20%

Mean junction temperature reduced by 8%
	[12]



	Gate Voltage Control
	Complex
	Junction temperature fluctuations reduced by 30%–40%

Mean junction temperature reduced by 8%–10%
	[13]










 





Table 2. Five layer structure of IGCT.
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	Layer
	Description





	n+
	Cathode layer



	p
	P-type base region



	n−
	N-type base region



	n
	Field stop layer



	p+
	Transparent anode layer










 





Table 3. The parameters of the Lesit equation.
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	Parameters
	Descriptions
	Values





	A
	Constant
	    302 , 500    K  − α     



	  α  
	Constant
	−5.039



	   E a   
	Activation energy
	   9.89 ×   10   − 20    J   



	   k B   
	Boltzmann constant
	   1.38 ×   10   − 23    J ·  K  − 1     










 





Table 4. Simulation parameters.
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	Parameters
	Values





	Reference voltage   V  r e f   /V
	2800



	DC Voltage   V  r e f   /V
	2800



	Current amplitude   I  m a x   /A
	2400



	Current frequency f/Hz
	50



	IGCT shell temperature   T a  /°C
	50



	Simulation time t/s
	5










 





Table 5. Comparison of IGCT junction temperature with and without active temperature control.
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	State
	Maximum Temperature (°C)
	Temperature Fluctuation (°C)





	Without active temperature control
	121.0
	17.0



	With active temperature control
	114.9
	15.5










 





Table 6. Comparison of the maximum number of switching times with and without active temperature control.
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	State
	Maximum Number of Switching Times





	Without active temperature control
	   2.26 ×   10  7    



	With active temperature control
	   2.94 ×   10  7    
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