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Abstract

:

This paper proposes a simple design scheme for a modular NPC inverter using thermal RC network analysis. The proposed design process is an efficient and straightforward approach to designing the heatsink for a 300 kW modular neutral-point-clamped inverter. The heatsink design plays a crucial role in achieving high power density of a power converter because the weight and size of the heatsink are primarily influenced by its type. The structure and dimensions of the heatsink are mainly determined based on the generated heat by losses of the power semiconductor switches. In this paper, a thermal RC network model was established using parameters from the power switch module and was applied to the simulation of the power converter. The thermal losses of the power semiconductor switches were calculated via this process, and the heatsink was designed according to the calculated thermal losses. The proposed design scheme was analyzed and compared with the thermal fluid dynamic model. To validate the feasibility of the proposed design process, The simulation results were compared with experimental results.
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1. Introduction


Recently, electric propulsion systems have replaced mechanical propulsion systems in ships, thereby improving fuel efficiency, reducing emissions, and facilitating the adjustment of ship space [1]. These electric propulsion systems consist of an electric motor, a power converter, and a reducer that is differently used by the characteristic of a ship. Since a ship requires a high-power system, power converters have been widely used by multi-level inverters, which have advantages such as high-power conversion and a reduction in harmonics despite a low switching frequency. Especially, neutral-point-clamped (NPC) inverters have been applied to many different ships because it has relatively simple configurations compared with other multi-level topologies. Moreover, if the NPC inverter consists of modular power stacks, it can easily utilize space and expand the power capacity [2,3,4]. The loss of the power semiconductor device can be defined as the sum of the conduction loss, which is expressed as the product of the current flowing through the device and the applied voltage, and the switching loss, which is expressed as the product of the current flowing through the switch and the voltage applied during the ON and OFF transition periods. In particular, the switching loss may vary depending on the physical shape of the connected portion of the circuit and the characteristics of the power semiconductor device, such as the switching frequency, which varies according to the control method and the PWM implementation method [5]. In the case of a 3-level NPC inverter, switching and conduction losses are relatively large because the number of switches require a greater number of switching devices compared with a 2-level inverter, whereas the breakdown voltage of the power semiconductor device is halved. A power semiconductor with a low voltage rating is beneficial in miniaturizing the filter size, which in turn can reduce ripples [6].



Generally, the volume and size of the power converter depend on the size of the heat sink considering the topology and basic specification. Moreover, the optimized design, considering the thermal characteristics of the heat sink, can increase the power density of the inverter. The heat sink of a power converter is designed based on the heat generated from losses of a power semiconductor device. Furthermore, a design scheme that reflects the loss and heat information, which is obtained using a circuit simulation analysis program, has been studied in [7,8]. Heat loss analysis, which considers topology, power, and the load of the inverter, can minimize the size of the inverter heat sink with. This analysis can reduce the required development cost and time. As mentioned earlier, the heat generated by the power semiconductor switch is represented by the switching and conduction losses. The foundation for electro-thermal analysis of power electronic systems can be formulated by coupling the thermal model and power loss model with temperature [9,10].



There are existing common methods for thermal analysis such as numerical methods, finite element analysis, and computational fluid dynamics. These analysis methods are solved using 1D, 2D, and 3D heat diffusion equations; however, it is difficult to analyze the switching and conduction losses occurring inside the semiconductor device directly. The estimation of the junction temperature or the overall temperature at several critical locations in the power module is linked to thermal design, thermal management, reliability, and life expectancy. Accordingly, a compact thermal model represented by a thermal RC network is widely used in [11,12,13,14,15,16].



Foster and Cauer’s methods are widely used for thermal RC networks. The Foster method does not thermally ground all capacitors except one in the RC network, whereas in a Cauer network, all capacitors are grounded. Although a non-grounded capacitor does not work as a physical device, it can be easily conducted to the mathematical model, whereas if a grounded capacitor works as a physical device, it is relatively difficult to interpret mathematically. A Foster network can be converted into the equivalent Cauer network, which means that the junction temperature of the Foster network can be analyzed as that of its equivalent Cauer network. The transient junction temperature in the modular inverter can therefore be predicted using the Foster or Cauer network, which can be easily expressed mathematically. The thermal RC network consists of values of the resistor and capacitor and is typically extracted by fitting the transient temperature response of the RC network to the actual temperature response curve, which is determined by the same step input of the power [17,18].



In this paper, the simple design process was proposed by RC network thermal analysis to obtain the heat dissipation of an NPC inverter module for an MW-class high-capacity inverter; the losses of the IGBT module were simply calculated by PLECS, which is an electrical circuit simulation tool, based on the datasheet of IGBT module. The IGBT thermal analysis was analyzed by using RC network thermal analysis. The optimal RC structure and RC value were used; moreover, these were reflected in the temperature saturation process. The proposed design process is an efficient and straightforward approach to designing the heatsink for a 300 kW modular neutral-point-clamped inverter. To verify the feasibility of the heat dissipation design process using circuit simulation, the heat sink design considering the heat loss was performed using the thermal RC network by PLECS. The results of this simulation were compared with the experimental results.



The remainder of this paper is organized as follows. Section 2 describes the 3-level NPC inverter, and Section 3 deals with the inverter heat dissipation design model. Section 4 analyzes the simulation and the experimental results. Finally, Section 5 presents the conclusions.




2. The 3-Level NPC Inverter


During the development of power conversion and motor systems, power conversion systems have recently been regarded as high-capacity and high-pressure systems [19]. Nevertheless, it is difficult to expect low THD and high efficiency in a high-capacity/high-voltage system using a conventional 2-level inverter. The current ripple can be reduced by increasing the switching frequency. Meanwhile, the DC voltage is kept sufficiently high; therefore, the breakdown voltage of the power semiconductor device is required. The 3-level NPC inverter structure was designed to solve this problem and has been recently used in high-voltage/high-capacity power converters [20]. The primary characteristic of the 3-level inverter is that a power semiconductor device with a lower voltage rating than the 2-level inverter can be used while maintaining an excellent ripple performance. Therefore, the filter size of the inverter can be reduced.



The NPC topology comprises four IGBTs in series with the inverter leg and a diode connected to the DC-Link neutral point, as depicted in Figure 1. This neutral point is connected to the output via a clamping diode in each phase. Moreover, the input voltage of the 3-level NPC inverter is a DC voltage, and the output pole voltage has the states VDC/2, 0, and −VDC/2.



Compared to a 2-level inverter whose output voltage fluctuates from VDC/2 to −VDC/2, the voltage fluctuation width is small; therefore, the output voltage harmonics can be reduced. As illustrated in Figure 2, when the switches Sx1 and Sx2 are ON and Sx3 and Sx4 are OFF, the switching state is ‘P’, and the output voltage is VDC/2. Conversely, when Sx1 and Sx2 are turned OFF, and Sx3 and Sx4 are turned ON, the ‘N’ switching state occurs, and the output voltage is −VDC/2. Finally, when Sx2 and Sx3 are ON and Sx1 and Sx4 are OFF, the switching state is ‘O’, and the output voltage is 0 V. Therefore, as the state of the switching element changes between ‘P-O-N,’ conduction and switching losses occur, leading to heat loss.




3. Inverter Heat Dissipation Design Model


The power semiconductor device is a vulnerable power electronic component, as shown in Figure 3, and the losses generated in the device directly affect the efficiency of its power conversion system. In addition, heat is generated due to the loss in the semiconductor device, which is the dominant reason behind system failure caused by stress source, as shown in Figure 4 [21,22,23]. Power semiconductor devices have different maximum junction temperatures, and during operation, they may exceed this temperature, resulting in damage or destruction. Therefore, when designing a power conversion system, conducting a relevant analysis is crucial.



The heat dissipation design of the inverter is based on the datasheet of the model. Moreover, the sum of the conduction and switching losses was first calculated to obtain the overall loss, as illustrated in Figure 5. Furthermore, each loss was converted into a thermal model using a simulation tool to track the device temperature in the next process.



The maximum value of each parameter was used to generate the maximum possible power loss at that instant. The temperature distribution tendency of each joint was evaluated based on the analyzed temperature. This was further used as the main parameter of the heat sink design.



3.1. Conduction Loss


Conduction loss occurs after the power semiconductor device becomes conductive, i.e., when it performs in the saturation region. It can be calculated using the following quantities: the current flowing through the power semiconductor device, the voltage applied to it, and the ON resistance, as represented by (1) [25].


     P   c o n d   =   1   T    ∫    V   s w       t   i   t   d t    =   1   T    ∫  (   V   O N     +   R   O N   i ( t ) ) i ( t ) d t =   V   O N     I   a v g   +     R   O N   (   i   R M S   )   2     



(1)




where Vsw is the collector–emitter saturation voltage, Von is the ON drop voltage, Ron is the ON resistance, Iavg is the average collector current, and iRMS is the RMS collector current. In this study, heat loss was calculated by making the device voltage an arbitrary function of device temperature during conduction using PLECS, and this function is displayed as a 2D look-up table in the range of 25–125 °C, as graphed in Figure 6. It is defined as the conduction loss tab of the Thermal Library Browser. The defined function can calculate the actual voltage drop at a given function value using linear interpolation.




3.2. Switching Loss


Switching loss occurs as a power loss because the power semiconductor device does not instantly switch from the ON state to the OFF state or vice versa, and its value is significantly greater than 0, as indicated by the yellow circles in Figure 7. It can be expressed as the relationship between energy loss, switching frequency, and voltage–current when the device is in the ON or OFF state, as expressed in (2).


     P   O N , O F F   =   E   O N , O F F   ×   f   s w      =     V   O N , O F F       V   t e s t     ×     I   O N , O F F       I   t e s t     ×   E   O N , O F F   ×   f   s w     



(2)




where EON,OFF is turned ON or OFF energy loss, fsw is the switching frequency, VON,OFF is the switch input voltage, ION,OFF is the switch input current, and Vtest is the test input voltage on the datasheet. In this study, the switching loss was represented by a 3D look-up table plotted in Figure 8. Each value of the switching energy depends on the current flowing through the device, the temperature, and the blocking voltage. Moreover, the given value calculates the actual loss using linear interpolation and the conduction loss [25].




3.3. Heat Sink Design


The heat sink absorbs the heat loss of the device, and the core element of the heat loss calculation is based on the conduction and switching losses, leading to heat sink design. The heat transfer is the sum of the thermal resistance and thermal capacitance, as depicted in Figure 9a. This transfer process from the heat sink to the air can be modeled using the thermal impedance, which is based on the equivalence between the electrical and thermal variables, as provided in Table 1 [26].



The total loss generated by the switch is calculated using the relationship between the thermal characteristics, as expressed by (3) as follows [25]:


     T   j     ° C   =   P   L o s s     W   ×   R   t h       ℃   W     +   T   A     ° C        R   t h   =   R   t h ( j − c )   +   R   t h ( c − h )   +   R   t h ( h − a )     



(3)




where Tj is junction temperature, PLoss is switch loss power, Rth is the total thermal resistance, Rth(j−c) is the thermal resistance provided by the junction to the case, Rth(c−h) is the thermal resistance provided by the case to the heat sink, Rth(h−a) is the thermal resistance of the heat sink to the ambient temperature, and TA is the ambient temperature.



In this study, using the Cauer model, the system heat transfer function of each RC element is considered as depicted in Figure 9b, and the resultant step response of the thermal impedance can be expressed as follows (4) [27]:


    Z   t h e r m a l _ t r a n s f e r     s   =   1   s ×   C   t h _ 1   +   1     R   t h _ 1   +   1   s ×   C   t h _ 2   + … +   1     R   t h _ n            



(4)




where Zthermal_transfer is the thermal transfer function of the Cauer network, and Cth and Rth are the thermal capacitance and resistance, respectively.



Figure 10 presents the loss model of the PLECS simulation. This loss calculation method incorporates the ideal switch simulation concept combined with measured loss data provided in a lookup table format. The simulation of switch losses is conducted as follows:




	
The values of current (I) and voltage (V) applied to the switch are provided to look up the table after the switching event;



	
The calculated losses are added to the thermal circuit;



	
Temperature is fed back to look up the table for the next event;



	
Losses are calculated as functions of current, voltage, and temperature during switching;



	
The loss calculation is based on interpolation.








In this paper, the approach involves utilizing the switch loss data obtained via PLECS simulation to inform the design of a heat sink using computational fluid dynamics (CFD). The data obtained via simulation comprise both power loss and heat loss of the switch, providing insights into the thermal characteristics. By integrating these data into CFD, it becomes possible to precisely analyze the thermal behavior of the heat sink and design an optimal heat sink.



CFD is a powerful tool used for predicting fluid dynamics and heat transfer, allowing for the calculation of real-world thermal and flow characteristics. It enables the consideration of geometric structure, surface properties, and cooling flow paths in the optimal heat design. Furthermore, CFD allows for the simulation of heat transfer characteristics in real environmental conditions, accounting for the impact of airflow around the heat sink and its exposure to the surrounding environment. This approach facilitates the validation of heat sink design effectiveness by comparing experimental data with simulation results obtained via CFD. This methodology is expected to contribute to the effective design of a heat sink, taking into consideration thermal efficiency and system stability.





4. Simulation and Experiment Results


The heat loss analysis of the proposed 300 kW modular 3-level NPC inverter for the heat dissipation design was simulated by PLECS and is illustrated in Figure 11. The module used was Vincotech70-W424. It consists of the Buck IGBT, diode, Boost IGBT, diode, and Clamp diode, as shown in Figure 12. Each thermal resistance and capacitance are different. The modules and overall simulation parameters are detailed in Table 2 and Table 3. As shown in Table 3, since each heat impedance value is different for each heat sink, if all elements are simulated by using the shared heat sink as shown in Figure 11b, the impedance of each element cannot be reflected in the heat sink and only one common impedance is simulated. Therefore, it must be simulated by using the impedance of each element with a separated heat sink, as shown in Figure 11a.



Switching loss, conduction loss, and thermal impedance data parameters using a thermal editor were input to the IGBT element and the clamping diode, and the resultant values were derived via the set air temperature (25 °C) and heat sink. The thermal impedance values in the datasheet are the Foster network values, which, as mentioned earlier, can be mathematically converted to an equivalent Cauer network. This was executed automatically in the PLECS Thermal Editor to predict the transient junction temperature in the inverter. The average inverter loss value generated by the device was compared with the heat flow of the thermal circuit, and it was observed that the two values converged in the steady state, as plotted in Figure 13 and Figure 14. This means that thermal and electrical variables correspond with each other. Figure 13 is the result of using a separated heat sink, and Figure 14 is the result of using a shared heat sink.



As mentioned earlier, as a result of using the shared heat sink, the impedance of each element was the same. It leads to a larger impedance applied to a relatively small impedance. Hence, it causes more loss. The conduction loss observed in Boost IGBT was higher than that of Buck IGBT. This was due to the long duration of IGBT conductivity, as depicted in Figure 15. The switching losses in Buck IGBT were higher than those observed in the case of Boost IGBT because the former had more voltage and current crossing points when switching, as illustrated in Figure 16. As a result of this, the derived results showed that the inverter loss occurring at the device was approximately 2.1 kW, specified in Table 4.



The overall 3-phase system underwent an analysis for a total heat loss of 6.3 kW, yielding an inverter efficiency of 97.9%. The highest device temperature recorded was approximately 101 °C, with the peak temperature of the heat sink reaching 78 °C. To validate the reliability of the PLECS simulation, design, and product manufacturing, thermal impedance and device loss data were incorporated via CFD analysis, as presented in Figure 17. The summarized results in Table 5 indicate a maximum temperature difference of about 1.6 °C for the heat sink. Figure 18 illustrates the heat sink designed via simulation and CFD analysis.



The complete 3-level NPC modular experimental system is depicted in Figure 19. It consists of a control module, a three-phase power module, a capacitor bank, and a rectifier module, and its size can be adjusted in a rack with easy attachment and detachment. In the experiment, the temperature sensor could not be attached directly to the semiconductor element inside the NPC module; therefore, the temperature generated at four points around the NPC module was measured, as illustrated in Figure 20. In Figure 21, Channel 1 represents the motor’s angular positions utilizing encoder signals, while Channel 4 illustrates the output phase current. Channels 2 and 3 depict the voltage across the upper and lower capacitors of the DC link, respectively. In the context of the neutral-point-clamped (NPC) inverter, maintaining the voltage balance between the capacitors in the DC link is crucial, as any voltage disparity among them can have a direct impact on the output.



The voltage difference between the DC link capacitors in the NPC inverter is significant, as it plays a pivotal role in influencing the overall output. Therefore, ensuring voltage balancing is imperative for optimal performance and stability in the system. The motor used in this experiment was a permanent magnet synchronous motor from Siemens, and the output power of a 300 kW modular NPC inverter was confirmed, as demonstrated in Figure 22. Inverter input and output and motor output were measured using a WT5000 power analyzer from Yokogawa. The measured torque value and command value were compared using the HBM eDrive recorder.



For confirmation, the actual temperature measurement results of the four points of the module and inverter efficiency are provided in Table 6. It can be seen that the overall experimental results were similar to the simulation results. The error generated between the values of heat sink temperature obtained by experiment and simulation was thought to be a result of the difference in the actual atmospheric temperature of the experimental environment and the heat flow, such as the flow separation phenomenon and swirl flow that occurs when cooling using a fan in the heat sink.



Inverter efficiency and heat sink temperature were measured using the WT5000 equipment. For in-depth measurements, temperature sensors were strategically installed on the heat sink. The equipment allowed us to gather precise data on inverter input voltage, current, output voltage, and current. This comprehensive approach ensured accurate efficiency assessment and temperature monitoring, enhancing the reliability of the experimental results.




5. Discussion


5.1. Differentiating Factors from Existing Heat Dissipation Design Studies


The primary distinction of this research lies in the development of a comprehensive switching loss analysis model tailored to various NPC or inverter switching patterns. This model sets our study apart from conventional heat dissipation design papers, emphasizing the importance of understanding switching patterns for optimized control strategies.




5.2. Unique Contribution of Conduction Loss Analysis Model


Unlike conventional studies, our research focuses on a sophisticated conduction loss analysis model, specifically considering ANPC NPC or inverter switching patterns. This unique approach allows for accurate predictions of conduction losses under real-world operating conditions, contributing to the advancement of inverter efficiency.




5.3. Integration of Heat Dissipation Design with Drive Control System


A distinctive aspect of our study is the integrated consideration of heat dissipation design with the drive control system. By establishing a strong connection between these two elements, we aim to enhance the overall stability and performance of the system, setting our work apart from traditional heat dissipation design studies.




5.4. Anticipated Societal and Economic Impact


Our research envisions a significant societal and economic impact by enhancing the efficiency of large-capacity high-voltage inverters. This impact extends to strengthening industrial competitiveness, fostering innovation, and contributing to energy savings and environmentally friendly technological advancements.




5.5. Innovation in Various Applications of Large-Capacity Inverters


In contrast to existing studies, our work emphasizes the potential for innovation in various applications of large-capacity inverters. We anticipate driving technological advancements across diverse industries, leading to the creation of new business models and innovative solutions.





6. Conclusions


6.1. Validation of Heat Dissipation Design


	
The study extensively analyzes heat dissipation for the design of a 300 kW modular neutral-point-clamped (NPC) inverter, with a specific focus on the heat sink design of the inverter module;



	
Both the simulation model and practical implementation outcomes exhibit a close alignment, providing strong validation for the accuracy of the conducted heat loss analysis.







6.2. Future Application of the Loss Analysis Model


	
The developed loss analysis model holds substantial potential for application in the systematic development of inverter systems across diverse operating conditions;



	
Leveraging this model allows for the achievement of an optimized heat dissipation design, contingent upon the selected switching techniques.







6.3. Prospects for Cost Reduction and Accelerated Development


	
The proposed approach offers promise for cost reduction and a shortened development timeline in practical system design;



	
By integrating the loss analysis model, developers can efficiently design inverter systems with enhanced heat dissipation, addressing critical challenges in a more streamlined manner.







6.4. Foundational Insights for Megawatt-Class Inverters


	
The comprehensive insights derived from the 300 kW NPC modular inverter design process, including production and performance evaluation results, serve as foundational data;



	
Intended to advance Megawatt (MW)-class large-capacity inverters, these contributions offer a robust foundation for reference and further exploration in the design and implementation of high-capacity inverter systems.
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Figure 1. Level NPC type topology. 
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Figure 2. Output voltage and current commutations in 3-level NPC (indicated by red lines representing current flow). 
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Figure 3. Vulnerable power electronics components [24]. 
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Figure 4. Major failure stress source [24]. 
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Figure 5. Loss calculation block diagram for heat dissipation design. 
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Figure 6. 2D Look-up table of heat loss calculation with arbitrary device voltage function. 
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Figure 7. Switching waveforms of voltage and current. 
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Figure 8. 3D Look-up table of switching loss representation. 
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Figure 9. Thermal model for heat sink design. (a) Power device. (b) Thermal impedance of Cauer. 
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Figure 10. PLECS simulation switch loss model. 
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Figure 11. PLECS simulation circuit for 3-level NPC heat loss analysis at 25 °C. (a) Separated heat sink; (b) shared heat sink. 
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Figure 12. Vincotech 70-W424 module identification. 
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Figure 13. Comparison between the variation in the total inverter loss by the device and the thermal wattmeter reading with separated heat sink. 






Figure 13. Comparison between the variation in the total inverter loss by the device and the thermal wattmeter reading with separated heat sink.



[image: Energies 17 00393 g013]







[image: Energies 17 00393 g014] 





Figure 14. Comparison between the variation in the total inverter loss by the device and the thermal wattmeter reading with shared heat sink. 
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Figure 15. IGBT ON/OFF conductivity state. 
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Figure 16. Switching voltage and current waveforms. 
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Figure 17. Heat sink design using CFD. 
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Figure 18. Actual heatsink design via CFD analysis. 
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Figure 19. Module type 3-level NPC inverter and complete system. 
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Figure 20. Vincotech 3L-NPC module temperature points 1–4. 
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Figure 21. Upper and lower capacitors voltage of the DC link, the output phase current, and the motor’s angular position signal. 
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Figure 22. The 300 kW dynamo test results. 
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Table 1. Thermal impedance for heat transfer modeling.
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	Thermal Parameter
	Unit
	Electrical Parameter
	Unit





	Temperature
	T in K
	Voltage
	V



	Heat Flux
	P in W
	Current
	A



	Thermal Resistance
	Rth in K/W
	Resistance
	Ω



	Thermal Capacitance
	Cth in J/K
	Capacitance
	F










 





Table 2. System parameters.






Table 2. System parameters.





	Parameter
	Value
	Unit





	Rated Power
	300
	kW



	Line Frequency
	60
	Hz



	Output Voltage
	380
	V



	Output Current
	580
	A



	DC link Voltage
	600
	V



	DC link Capacitance
	3.1
	mH



	Switching Frequency
	1000
	Hz










 





Table 3. The 300 KW thermal resistance (K/W) and thermal capacitance (J/K) simulation parameters.
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Thermal Impedance

	
Z(j−c)




	
Sec1

	
Sec2

	
Sec3

	
Sec4

	
Sec5

	
Sec6






	
Buck IGBT Resistance

	
0.003

	
0.007

	
0.01

	
0.008

	
0.013

	
0.012




	
Buck IGBT Capacitance

	
0.017

	
1.198

	
2.022

	
18.09

	
44.46

	
196.2




	
Boost IGBT Resistance

	
0.005

	
0.011

	
0.011

	
0.015

	
0.012

	
0.002




	
Boost IGBT Capacitance

	
1.564

	
1.604

	
16.83

	
40.65

	
148.7

	
3687




	
Buck Diode Resistance

	
0.009

	
0.028

	
0.014

	
0.013

	
0.011

	
0.005




	
Buck Diode Capacitance

	
0.3

	
0.854

	
5.05

	
25.6

	
143.4

	
1619




	
Boost Diode Resistance

	
0.006

	
0.022

	
0.016

	
0.033

	
0.019

	
0.005




	
Boost Diode Capacitance

	
0.261

	
0.736

	
1.935

	
15.12

	
81.81

	
1473




	
Clamp Diode Resistance

	
0.005

	
0.01

	
0.011

	
0.015

	
0.012

	
0.003




	
Clamp Diode Capacitance

	
1.564

	
1.604

	
16.83

	
40.65

	
148.7

	
3687








Z(j−c): thermal impedance junction to case; Sec1–6: Thermal resistance and capacitance values for each section of the IGBT module, consisting of six layers (Sec1–6), were obtained from the datasheet.













 





Table 4. Device loss and temperature simulation results using separated heat sink (1-phase).
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Buck IGBT

	
Boost IGBT

	
Boost

IGBT’

	
Buck

IGBT’

	
Total






	
SWLoss (W)

	
11

	
2.8

	
2.7

	
10.7

	
27.2




	
CondLoss (W)

	
388

	
490

	
491

	
390

	
1759




	
Junction °C

	
89.7

	
105.1

	
105.4

	
93.6

	
-




	
Heatsink °C

	
72

	
78

	
78

	
72

	
-




	

	
Boost

Diode

	
Buck

Diode

	
Buck

Diode’

	
Boost

Diode’

	




	
SWLoss (W)

	
0.45

	
0.002

	
0.0005

	
0.47

	
0.9225




	
CondLoss (W)

	
11.6

	
11.6

	
12.03

	
12.01

	
47.24




	
Junction °C

	
35

	
34

	
34

	
35

	
-




	
Heatsink °C

	
28.7

	
27.4

	
27.2

	
28.5

	
-




	

	
Clamp Diode

	
Clamp Diode

	




	
SWLoss (W)

	
4.2

	
3.97

	
8.17




	
CondLoss (W)

	
165.1

	
164.8

	
329.9




	
Junction °C

	
65.3

	
65.6

	
-




	
Heatsink °C

	
55

	
55

	
-




	

	

	

	
2172.4











 





Table 5. Heat sink analysis using CFD.






Table 5. Heat sink analysis using CFD.





	Flow Rate
	Air Temperature
	Thermal Impedance/Device Loss
	Max Temperature
	Pressure Drop





	4 Fans
	25 °C
	datasheet
	76.4 °C
	75 Pa










 





Table 6. Simulation and experiment results of the 3-Level NPC module temperature and inverter efficiency (3-phase).
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Point1

	
Point2

	
Point3

	
Point4






	
Saturated Heat Sink Temperature in experiment

	
71.3 °C

	
74.6 °C

	
60.2 °C

	
65.5 °C




	
Inverter Efficiency

	
Simulation

	
Experiment




	
97.9%

	
97.1%




	
Max Temperature

	
PLECS

	
CFD

	
Experiment




	
78 °C

	
76.4 °C

	
74 °C
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