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Improvement on multilevel converters is fundamental to cover the increasing 

demands on power, efficiency, and quality. In this thesis, 3 recently developed 5-level 

converters are investigated with a focus on their thermal management and cooling design. 

Switching device temperature limits its maximum power and switching frequency for 

operation. This is one of the most important constraints, particularly, in multilevel 

converters, where the hottest device will limit the performance of the whole system. Then, 

the capability of the topology to uniformly distribute the power losses plays an important 

role.  

Flying Capacitor-Active Neutral Point Clamped (FC-ANPC) [24, 25], Dual Flying 

Capacitor-Active Neutral Point Clamped (DFC-ANPC) [27, 29], and Mule [35] are simulated 

under different modulation indices and power factors. The resulting graphs can be used as 

a tool for the designer to know the worst thermal condition in a particular application. The 

study shows the ability of DFC-ANPC and Mule to naturally reach a lower temperature with 
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its consequent advantages. Regarding DFC-ANPC and Mule, the differences are minimal and 

they depend on the situation. However, because of its higher number of states, the benefits 

of active control power losses balancing techniques could be slightly higher in Mule. Similar 

comparison has been done in relation to the fluctuation of temperature, which is an 

important cause of the device's failure due to thermal stress.  

Finally, cooling systems strategies to cool multilevel converters are explained. It is 

mainly focused on commercially available cold plates, which has been analyzed pointing 

out the optimal flow rate.  
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1. INTRODUCTION 

Today, basic 2-level voltage converters are still widely used and commercially 

extended for low voltage lower power applications. The new advances in semiconductors 

enhancing power and voltage ratings enables continuous usage of this technology. Many 3-

level and some multi-cell topologies have also found their space in applications where a 

lower harmonic distortion is needed or in Medium Voltage (MV) solutions (2.3 - 15 kV). 

Nevertheless, few multilevel converters of higher levels have commercialized yet, despite 

the increasing research on this topic and their promising advantages.  

The main contribution of multilevel converters is the ability of higher voltage 

processing, which is usually limited by the semiconductor devices capability. Other well-

known advantages include improvements of waveform quality and efficiency. However, a 

higher number of steps required also leads to a more complex control or voltage imbalance 

problems that have to be correctly assessed.  

On the other hand, our changing world requires a better use of power electronics. 

Efficiency has already become a key factor in order to choose between topologies or 

products such as electric vehicles just to name one. Renewable sources, for instance wind 

turbines, are increasing in market share and power rating. Waveform quality is a main 

concern in some motor drive applications, but it is even more important on grid 

connections where governments are approving stricter grid codes. These are only some 

examples of the rising opportunities for the multilevel converters.  
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1.1. Thermal performance importance 

Semiconductor devices are generally characterized by their maximum voltage and 

current allowable ratings, defining a safe operating area. These are the primary constraints 

in order to choose between several semiconductor devices but not the only ones. 

Specifically in power conversion, and dealing with IGBTs and high current/frequency 

applications, the maximum temperature allowable is as important as the first quantities. 

The normal working operation may gradually heat the device until overheating, which can 

damage the switches.  

Summarizing, the manufacturer provides the following limiting parameters [1,2]. The 

maximum junction operating temperatures (Tj(op),max) gives the maximum working 

temperature. The device can safely switch if its junction temperature is below this value. 

The maximum junction temperature (Tj,max) gives the maximum dynamic junction 

temperature. The switch could be damaged if a temperature peak reaches this value. In 

other words, the junction temperature should be below Tj(op),max before switching on, but it 

can resist an extra heating peak up to Tj,max. The maximum case temperature (Tc,max) is the 

maximum temperature than the case will correctly resist. Because of the always higher 

junction temperature, Tc,max is not usually a limiting factor, and hence Tj is the only 

parameter taken into consideration for the design. Increasing Tj,max is an important topic of 

research on semiconductors. New generation high-power IGBTs are achieving a 

considerable improvement on thermal operational range, Tj(op),max, from 125 ºC, which is 

the common value, to 150 ºC.  
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On the other hand, the datasheet also provides the thermal characteristics of the 

switch, which relate the power losses to the heating. This information combined with load, 

switching frequency and needs of the applications can be used to calculate the temperature 

that the device will reach. Then, the choice of cooling system or to upgrade to a higher 

device can be made. The difficulty of this stage is considerable if the circuit is complex, 

which is the case of some multilevel topologies.  

Finally, it is also worth mentioning the implications of the junction temperature 

further to the maximum working  allowable value. These trade-offs can be catalogued into 

reliability, cost, and packaging; and they will be also part of the design stage.   

Regarding reliability, the negative impact of the temperature on the device lifetime is 

well-known. The most harmful thermal phenomena, that can severely shorten its life cycle, 

is the fluctuation of temperature on solder joints and wire bonds [3]. In front of continuous 

temperature variations, they suffer a repetitive stress mainly due to the different thermal 

expansion coefficients of the materials. Generally, the higher the variation of temperature, 

the worse for the device. Three types of temperature fluctuation are normally analyzed: 

steady state fluctuations in a constant load; temperature variation through a load change; 

and daily temperature fluctuation, which depends on the minimum temperature when the 

device is off and the maximum temperature during operation. However, joints and bonds 

damage do not only depend on the temperature variation. The degradation due to the same 

ΔT is considerably higher as the absolute temperature increases. For example, a variation 

of temperature of 50ºC at Tj=50ºC may not have a significantly impact on the switch 

lifetime, but the same ΔT at  Tj=100ºC can be inadmissible in some applications.  
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In relation to the cost, the power losses, which are the main causes of heating, come to 

play. Conduction losses and switching losses both contribute to the increase of 

temperature. Hence, considering a pre-fixed switching frequency, the temperature will 

increase as the load current increases. Therefore, a device with a lower temperature will be 

able to supply more power. Similarly, a smaller device may fit the load requirements if it is 

correctly cooled. Then, the importance of the cooling system is obvious. Going back to the 

costs, an IGBT of higher power rating is obviously more expensive. The fact that a 

conventional 3-level converter may contain at least four IGBTs per leg, which yields to 

twelve IGBTs in a three-phase system, has to be taken into consideration.  Despite this, a 

complex cooling system may also slightly increase the overall cost. In addition, the 

temperature reached for the device does not only depend on the cooling system. The power 

module or semiconductor device features, and the circuit design or topology of the 

converter also influence it.  

About packaging, various considerations can be done. Related to the previous 

paragraph, the possibility of choosing an IGBT of lower current capabilities will also lead to 

a smaller size IGBT. To illustrate it, the values of these two ABB IGBTs can be compared: 

55SNA 1200G450300 [4] of 4500 V and 1200 A leads to a module base plate of 140 x 190 

mm; and 5SNA 0800J450300 [5] of 4500 V and 800 A leads to a module base plate of 140 x 

130 mm. The difference is considerably, but the fact that a small decrease in temperature 

will not always deal to the possibility of choosing a smaller case device is also true. 

However, some applications such as wind turbines or electric vehicles will have the size as 

one of the priorities. Regarding the cooling system, the use of a liquid cooling system 
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instead of a forced air cooling may be beneficial for reliability but also for size. A heat sink 

of similar thermal characteristics is widely bigger in an air system. The main drawback of 

liquid cooling is the difficulties on controlling the liquid or the impossibility of using liquid 

in some situations. Liquid cooling is also more expensive to implement and to maintain by 

nature. 

To sum up, the fact that temperature is an important factor is clear. The temperature 

limitation of the IGBT also limits the maximum load of the converters. This consequence is 

even more important in multilevel converters, where the performance of the overall 

system may be limited by the overheating of only one switch.  

 

1.2. Thesis objectives 

The market is demanding of converters with better capabilities and higher voltage 

ratings. Thus, several new topologies are willing to cover this technology gap. However, 

more understanding of their features and control needs is necessary before launching them 

to commercialization.  

Hence, this thesis will cover the thermal comparison of three recently emerged 

technologies called Flying Capacitor-Active Neutral Point Capacitor (FC-ANPC) [24, 25], 

Dual Flying Capacitor-Active Neutral Point Capacitor (DFC-ANPC) [27, 29], and Mule [35]. 

Because of the fact that all three topologies have promising characteristics, the thermal 

comparison will help to determine which one is better or more recommendable for a 

certain application. In addition, the knowledge of the temperature pattern will help the 

designer to set IGBT and cooling needs.   
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After a brief explanation of the working principle of the topologies, simulations at 

different power factors are carried on. Maximum junction values and maximum variations 

of temperatures are analyzed in order to have an idea of their thermal behavior, and their  

losses distribution through the different switches under different situations. This limiting 

values combined with other features are also used to give some design recommendations.  

It is also thought to be necessary to analyze the thermal performance of IGBTs and 

cooling systems, because of the mentioned temperature importance on multilevel 

converters. Hence, the most common cooling systems are reviewed and analyzed according 

to different situations. Finally, some recommendations are also given with the goal to 

simplify the implementation of multilevel converters using their whole capabilities.  
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2. BACKGROUND 

The goal of this part is to analyze the three topologies under comparison. However, a 

description of the first solutions on multilevel converter and their evolution are also 

important for a better understanding of the new developments and research trends. Hence, 

the structures that have led to FC-ANPC, DFC-ANPC, and Mule topologies will be briefly 

described.  

 

2.1. Origins and basics 

In front of the need of higher converter voltage capability, the first step was the idea of 

the series-connected H-bridge (SCHB)  converter or also called cascaded H-Bridge (CHB). In 

this document, the nomenclature of CHB is used. However, almost simultaneously  the 

neutral point clamped (NPC) and the flying capacitor (FC) converters emerged [6].  

 

Figure 1. One phase leg of the basic multilevel topologies: (a) 3L-NPC, (b) 3L-FC, (c) 5L-
CHB. 

 

CHB [12,13] consists on the connection of different cells or inverters each one with a 

separate DC source. Basically formed by H-bridge single phase converters in series, it 
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allows to easily achieved any desired number of voltage levels without the need of 

clamping diodes or capacitors. Hence, a 5-level converter can be built just connecting two 

inverters as in figure 1. Each H-bridge converter can provide Vdc, -Vdc, and 0 V, which yields 

9 combinations and 5 voltage levels. In this case, a combination of S12, S13, S22, S23, operation 

will provide 2Vdc, for example.  

 

The main advantage is the simplicity of the topology in terms of control and in relation 

to the increase of number of voltage levels. Moreover, the frequency can be kept slow if 

needed. Obviously, the need of isolated dc sources is the main drawback. In addition, it will 

lead to the need of phase-shift isolation transformers, which are more expensive than the 

standard ones.  

 

 To sum up, CHB is appropriate and commercially used by several applications 

involving high voltage and high power. Furthermore, the idea of a modular structure 

provides many opportunities to design different variations by changing the type of 

cascaded inverters or the connection between them. 

 

Regarding the NPC [9,10] concept, it follows a totally different approach, which 

consists the use of diodes to clamp the voltage levels generated at the DC-link capacitors to 

the output. For instance and looking at the 3L-NPC (Figure 1), D1 and D1' clamp the 

switches voltage to half the level of the DC source (Vdc). Then, each switch has a voltage 

stress of Vdc/2, and the structure is able to generate three levels: Vdc/2 (when both S1 and S2 

are on), 0 (S2 and S1' are on), - Vdc/2 (S1' and S2' are on). Regarding the need of neutral point 
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balancing, states  +/- Vdc/2 do not affect the charge of the capacitors because of their direct 

connection to the source terminals. However, the series-capacitors suffer some 

unbalancing while the converter is at 0 state. Some modulations report good results in 

balancing the neutral point at a certain load and under ideal conditions. Nevertheless, some 

small differences on the semiconductor characteristics may still cause a deviation on the 

DC-link voltage.  

 

Despite the problematic DC-link balancing, the topology provides several advantages. 

An important quality upgrade from the 2L voltage source converter has been achieved by 

using a simple circuit, which does not require a complex control, and acquiring a high 

efficiency. The structure can be increased to higher levels as shown in figure 2. However, 

higher levels have the added drawbacks: critical difficulties to balance the DC-link voltage; 

excessive number of clamping diodes and series connections; and unbalanced loss 

distribution among switches. It makes the use of higher level NPC converters not attractive 

for real applications. Hence, the benefits of this topology are tightened to the capabilities of 

the 3L-NPC, which is a frequently used MV converter in industry.  

 

Regarding the poor power losses among the switches, a solution called Active NPC 

(ANPC) was developed [14,15]. The replacement of the clamping diodes by active switches 

such as IGBTs provides more states or combinations leading to a considerably better power 

losses distribution. This will be translated to a better thermal performance, and will solve 

one important drawback of the NPC topology.  
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Figure 2. 5L-NPC converter. 

 

In relation to the FC principle[11,12], it relies on capacitors to clamp the device to one 

capacitor voltage level. In the initial case of the 3L-FC (Figure 1), three voltage levels are 

generated by switching along 4 states:  Vdc/2 (S1 and S2, on), -Vdc/2 (S1' and S2', on), A0 (S1 

and S1', on), and B0 (S2 and S2'). Hence, both states A0 and B0 will provide 0 V, and will be 

used to balance the capacitor voltage to Vdc/2, obtaining an equal stress voltage of all the 

switches.  

The topology provides a better control on the neutral point voltage at the expenses of 

an extra capacitor, which has some disadvantages. The most important one is the discharge 

of the capacitor and the consequent voltage variation. There are two possible solutions of 

this problem: to increase the size of the capacitor or to increase the switching frequency. 

Increasing the size of the capacitor is not desirable because of the extra cost and size, and 
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fast frequencies are not appropriate to some applications and may generate extra power 

losses. Hence, there is a tradeoff between voltage variation, frequency and capacitor size. 

The improvement on neutral point balance makes the topology able to easily scale to 

higher voltage levels. An example of 5L-FC is provided (Figure 3). However, real 

applications usually limit the topology to 4L-FC converters. The reason is the excessive 

number of capacitors as the number of levels increases. Capacitors are the least desirable 

devices because of its high price, high maintenance and low reliability in comparison to 

IGBTs or diodes. Hence, despite of also providing some other advantages such as better 

power losses distribution among switches, it is still less competitive than the NPC 

converter.  

 

Figure 3. 5L-FC converter. 

 



12 

 

Analyzing the established topologies, some conclusions can be done. The features of 

CHB and its derived topologies offer important benefits and the need of more than one 

isolated voltage sources may not be prejudicial in some applications. However, this can be 

critical for others such as wind turbines. On other hand, the benefits of 3L-NPC or 4L-FC are 

not enough for high demanding applications. Then, another line of research called hybrid 

topologies is increasing in importance. It is based on the combination of different NPC and 

FC cells to create a new multilevel structure with the balancing benefits of the FC topology, 

but reducing the number of capacitors and switches. This is the scenario of the FC-ANPC, 

DFC-ANPC and Mule topologies development.   

Before ending this review section, it is also worth mentioning some other hybrid 

topologies that show boosted features. Because of the wide range of topologies and 

applications available, a detailed comparison of all of them is not feasible. The CHB NPC 

[16] replaces the H-bridge cell by a 3L-NPC converter. Hence, more voltage levels are 

available with the same number of dc sources. The Modular Multilevel converter (MMC or 

M2LC) [17] formed by cells of a 2L single phase voltage source or half-bridge converter is 

another topology derived from the CHB idea, and with similar properties. Similarly, the 

Generalized Multilevel Inverter topology [23] provides an easy to scale and a self balancing 

structure with only one DC source at the expenses of a high number of components. 

However, the importance of this multicell structure is that can be used as a basis to build 

new topologies, by changing interconnections or eliminating components. Hexagram 

inverter [18], interconnecting six 2L single phase voltage source inverter, is used for three-

phase drives. The Stacked Flying Capacitor (SMC or SFC) [19] is based on a multicell 
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structure formed by the so called commutation cells and flying capacitors. Finally, Nested 

Neutral Point-Clamped (NNPC) [20], 4L-Hybrid Clamped (4L-HC) [21], and 3L Active T-

type NPC [22] are some examples of improvements from the NPC topology.  

 

2.2. Flying Capacitor-Active Neutral Point Clamped 

This 5L topology (Figure 4) is an improvement of the previous mentioned 3L-ANPC 

adding an extra flying capacitor at the output switches. It is basically achieved and 

successfully commercialized by ABB [24,25]. The main benefits of the topology are the 

presence of redundant states to control the flying capacitor voltages, which comes from the 

FC concept, and the optimal performance, reliability, and cost, which comes from the NPC 

topology and its reduced number of capacitors. The main disadvantages are the uneven 

loss distribution, and the series-connection of switches to equal the voltage stress, which 

will require the presence of snubbers. The need of a snubber comes from the risk of 

overvoltage during switching due to small time deviation of the switching signals, tiny 

differences on the semiconductor characteristics, or temperature variations. However, the 

snubber losses are small due to the slow switching frequency of the switches in series.  

Along with the topology proposal, a possible modulation method is also introduced 

[24].  The proposed modulation method is a modified triangular carrier-based PWM pulse 

pattern adding an active voltage control for the floating capacitor. Moreover, it will allow 

the IGBTs S5, S6, S7, and S8 to switch at fundamental frequency of the output voltage, which 

will decrease the switching losses and the mentioned difficulties related to the switches 

series-connection.   
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Figure 4. FC-ANPC topology schematic (one phase leg). 

 

 

 

Figure 5. Carrier-based PWM modulation method [24]. 
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Looking at the different possible commutations and states, the effect on the flying 

capacitor can be estimated (Table 1). Then, an extra active balancing control, including 

some measurements of output current and capacitor voltage, can be implemented to 

choose the most appropriate state at each commutation. A simpler option, valid to test the 

correct operating, is the natural balancing principle, which is based on the symmetric use 

of states V2 and V2, or V6 and V7. It can be valid under ideal conditions, but it is not 

applicable in the reality. Regarding the DC-link voltage control, it can also be actively 

controlled to improve its balance. However, the priority should be the FCs because of its 

smaller size (faster unbalancing). Under ideal conditions, the neutral point voltage would 

be easily controlled in a balanced-three phase system [26]. Nevertheless, an extra control is 

also usually implemented in reality.  

Table 1. FC-ANPC switching states and impact on the FC and DC-link voltage [24].  

 

 

Many modulation methods can be used, but their study is beyond the scope of this 

document. In the simulations performed on this thesis, the following topology schematic 

and modulation technique will be used. It is a two stage technique without any active 

voltage balancing control, but accurate enough to verify the proper operation. The first 

stage is the generation of a 5L voltage waveform using a non-carrier-based modulation 

S8 S7 S6 S5 S4 S3 S2 S1 io>0 io<0 io>0 io<0 Vo Nomen.

1 0 1 0 1 0 1 0 - - - -  -VDC/2 V1

1 0 1 0 1 0 0 1 Decrease Increase - -  -VDC/4 V2

1 0 1 0 0 1 1 0 Increase Decrease Decrease Increase  -VDC/4 V3

1 0 1 0 0 1 0 1 - - Decrease Increase 0 V4

0 1 0 1 1 0 1 0 - - Decrease Increase 0 V5

0 1 0 1 1 0 0 1 Decrease Increase Decrease Increase  VDC/4 V6

0 1 0 1 0 1 1 0 Increase Decrease - -  VDC/4 V7

0 1 0 1 0 1 0 1 - - - -  VDC/2 V8

Switch combinations Effect on VC1 Switch statesEffect on VNP



16 

 

technique. In this case, a Centered Space Vector Modulation (CSVPWM) [37] is used. The 

method is widely known as an optimal harmonic approach [38]. The next step is to 

separate the waveform to positive and negative half cycles. During the positive half cycles 

S1, S2, S5 and S6 will be on, and S3, S4, S7 and S8 will be off. Likewise, during the positive half 

cycles S1, S2, S5 and S6 will be off, and S3, S4, S7 and S8 will be on. On the other hand, the 

positive PWM half cycle is merged into the negative PWM half cycle shifted up Vdc/2, and 

the result is send to the state machine decoder. The state machine decoder studied at [31] 

will equally separate the input signal into two balanced PWM signals in order to achieve 

natural capacitor balancing. Then, these signals are sent to the correct drives in order to 

commute as expected. The state machine decoder concept is further explained on the DFC-

ANPC topology section.  

 

Figure 6. FC-ANPC schematic and nomenclature used in this thesis. 
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Figure 7. FC-ANPC modulation scheme. (a) CSVPWM 5L voltage signal. (b) Modified PWM 
signal sent to state machine decoder. (c) State machine decoder outputs or switch signals. 

 
 

2.3. Dual Flying Capacitor-Active Neutral Point Clamped 

The multilevel topology comes from the idea developed at [29] where a methodology 

able to create different topologies is described. The document shows how to mix FC cells 

with commutations cells in order to achieve a certain goal. For instance, trying to reduce 

the number of capacitors or its size. Different schematics are proposed but barely analyzed. 

The actual DFC-ANPC topology and its benefits are emphasized at [27,30]. 

The main advantages are the ability of redundant states to balance the voltage of both 

capacitors; and the soft cycle commutation principle. The need of switches in series to 

make equal the voltage stress of the switches can be seen as a inconvenient. However, the 

possibility of soft cycle commutation can avoid the use of voltage balancing snubbers. In 

addition, the series devices are switched at low frequency (fundamental output frequency). 
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Another advantage of this topology is the improvement of the loss distribution in 

comparison to the FC-ANPC converter, but at the expenses of an extra-capacitor. Despite 

this, each capacitor is operating only at half cycle making its RMS current smaller than the 

single capacitor of the FC-ANPC case. This will be translated to a longer lifetime [27].  

 

Figure 8. DFC-ANPC topology schematic (one phase leg). 

 

Each commutation cycle and state can be studied in order to see its effect on the 

capacitors charge. The soft commutation or zero-voltage switching concept can be 

explained looking at the transition between OP to 00 and 00 to 0N.  The zero level can be 

achieved without switching S5 or S6 by means of the 0P or ON states. Then, S5 and S6 are 

switched, making the transition to the other half cycle while the voltage is zero. 

Nevertheless, voltage balancing resistors in parallel to the switches are still needed to 

balance the voltage on the static off-operation [28].   
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Table 2. DFC-ANPC Switching states and impact on capacitors voltage [27]. 

  
 
 

Regarding proper modulation techniques, again several methods could be adapted to 

this topology. Nevertheless, the common goal must be to ensure neutral point voltage, FC 

balance and soft-commutation transitions. Two possible adapted strategies are explained 

at [27] and will be useful to clarify the working principle of the topology.   

The first one is a carrier-based modulation using Phase-Shifted Carriers (PSCs) with 

sinusoidal reference. The signals are divided into positive and negative half cycles. Then, 

the signals for S1, S2, S3 and S4 are generated independently using PSC to provide natural 

voltage balancing for the FCs. Note that S'x use the complimentary of the same signal than 

Sx. Finally, S5 and S6 are generated taking care of the mentioned 00 state for the soft-cycle 

commutation . 

The second approach is the use of non-carrier-based modulation. The idea is that any 

technique such as Space Vector Modulation (SVM) [34] or Selective Harmonic Elimination 

(SHE) [33] can be used to build a common 5L PWM pattern. Then, this PWM signal can be 

adapted to the DFC-ANPC topology. First, the generated signal can be decomposed into 

S1 S2 S3 S4 S5 S6 io>0 io<0 io>0 io<0 io>0 io<0 Vo Nomen.

1 1 1 1 1 0 - - - - - -  VDC/2 2E

1 0 1 1 1 0 Increase Decrease - - - -  VDC/4 EP

0 1 1 1 1 0 Decrease Increase - - Decrease Increase  VDC/4 E0

0 0 1 1 1 0 - - - - Decrease Increase 0 0P

0 0 1 1 1 1 - - - - Decrease Increase 0 00

0 0 1 1 0 1 - - - - Decrease Increase 0 0N

0 0 1 0 0 1 - - Increase Decrease Decrease Increase  -VDC/4  -E0

0 0 0 1 0 1 - - Decrease Increase - -  -VDC/4  -EN

0 0 0 0 0 1 - - - - - -  -VDC/2  -2E

Effect on VC1Switch combinations Effect on VC2 Effect on VNP Switch states
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positive and negative half cycle. After that, the final switching signals are obtained by 

means of a state machine decoder. The decoder ensures natural voltage balancing 

uniformly distributing the gate signals [31]. It is worth noting the need of the "Half-cycle 

change signal" in order to prepare the soft cycle commutation in advance. A similar 

approach could be developed substituting the state machine decoder by a an active 

balancing algorithm [32], and actively controlling the FC voltages, which will be more 

appropriate for real applications.   

 

 

Figure 9. Example of carrier-based DFC-ANPC adapted modulation. (a) Reference and 
carriers arrangement. (b) Switch signals [27]. 
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Figure 10. Schematic of non-carrier-based DFC-ANPC modulation approach [27]. 

 

The previous concept will be use to simulate all three converter topologies accordingly 

adapted on each case. The CSPWM signal is generated as specified in [31], and properly 

transformed to obtain the final gate signals. The final DFC-ANPC schematic and the 

modulation applied is summarized at figures 11 and 12.  

 

 

Figure 11. DFC-ANPC schematic and nomenclature used in this thesis . 
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Figure 12. DFC-ANPC modulation scheme. (a) CSVPWM 5L voltage signal. (b) Cycle 
separation PWM outputs (c) Final switch signals.  

 

2.4. Mule 

Mule converter is the most recent topology under study. It is developed in [35], where 

a systematic approach to synthesize hybrid multilevel converter is explained. The 

document gives some guidelines or criteria to derive different topologies based on the 

specific needs. It also shows the limitations of some choices, which will make the topology 

unreliable. Finally, some multilevel topologies are derived from a common primary 

structure. This common basis comes from the previous mentioned MMC [17]. Then, the 

most promising derived structure, Mule, is further analyzed.  

In comparison to the FC-ANPC, which is chosen as a basis because it is already 

commercialized, Mule offers a more even power losses distribution and avoids the use of 

series connection of devices. However, it requires one more capacitor and some extra 

diodes to achieve these advantages. Regarding FC voltage balancing need, Mule also allows 

the use of the redundant states to properly balance them. In addition, the presence of more 
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redundant voltage states offers the option to study an active balancing control of power 

losses based on the device temperatures in order to equal them [36]. Nevertheless, the 

existence of some states where the current can go through different paths, adds complexity 

to the control. 

Avoiding the use of series-connected devices reduces the need of snubbers and parallel 

resistors. Hence, less power losses should be expected. However, the diode voltage 

clamping is critic to ensure an equal voltage stress of all the devices. It can be seen that due 

to the unpredictable reverse current of the devices mainly because of the temperature 

differences, a resistor is recommended to ensure the correct clamping [35]. Then, these 

static voltage balancing resistors will produce additional losses. Therefore, the 

incorporation of diodes causes some inconveniences.  

 

Figure 13. Mule topology schematic (one phase) with balancing resistors. Schematic and 
nomenclature used in this thesis. 
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Analyzing voltage and current paths of different switching combinations [35], the 

different voltage states can be summarized as on the following table. This will be the basis 

of any modulation and control technique. Note that current paths and voltages of the 

negative half-cycle are symmetric to the positive half-cycle. 

Table 3. Mule switching states and impact on the capacitors voltage [35]. 

 
 

Hence, several commutations along states are possible. This advantage turns into a 

higher control flexibility. The following allowable commutations summarized at figure 14 

(a) are found to be optimal [35]. The overall goal is to place switching burden on only one 

switch and diode, and to minimize parasitic inductance on switching. However, some large 

stray inductances switching path may still occur commuting between states 2E and EP and 

between states E0 and 0AB. This could cause higher voltage spikes on S4 and S5. Hence, 

reducing the switching speed or using snubbers is recommended, which will increase the 

switching losses. On the other hand, some zero-state commutations between states may 

momentarily cut the intended current path, and make some diodes to conduct originating 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 io>0 io<0 io>0 io<0 io>0 io<0 Vo Nomen.

1 1 1 1 0 0 0 0 0 1 - - - - - -  VDC/2 2E

1 0 1 1 1 0 0 0 0 1 Increase Decrease - - - -  VDC/4 EP

0 1 1 1 0 1 0 0 1 1 Decrease Increase - - Decrease Increase  VDC/4 E0

0 0 1 1 1 1 0 0 0 0 - - - - Decrease Increase 0 0AA

0 0 1 1 1 0 0 0 1 0 - - - - Decrease Increase 0 0AB

0 0 1 1 1 1 0 0 1 0 - - - - Decrease Increase 0 0AD

0 0 0 1 1 1 0 0 0 1 - - - - Decrease Increase 0 0BA

0 0 0 1 1 0 0 0 1 1 - - - - Decrease Increase 0 0BB

0 0 0 1 1 1 0 0 1 1 - - - - Decrease Increase 0 0BD

0 0 1 1 1 1 0 0 0 1 - - - - Decrease Increase 0 0DA

0 0 1 1 1 0 0 0 1 1 - - - - Decrease Increase 0 0DB

0 0 1 1 1 1 0 0 1 1 - - - - Decrease Increase 0 0DD

0 0 1 0 1 1 1 0 1 1 - - Increase Decrease Decrease Increase  -VDC/4  -E0

0 0 0 1 1 1 0 1 1 0 - - Decrease Increase - -  -VDC/4  -EN

0 0 0 0 1 1 1 1 1 0 - - - - - -  -VDC/2  -2E

Switch combinations Effect on VC1 Effect on VC2 Effect on VNP Switch states



25 

 

unwanted voltages. Hence, a specific transition should be used to avoid it [35] as 

summarized on table 4.  

Table 4. Mule recommended switching transitions [35]. 

 

Because of the ability of the state 0DD to commutate with any zero-state , it is possible 

to simplify the transitions scheme using it as an intermediate state (Figure 14.b). Then, 

states 0DB, 0BD,  0DA, 0AD, 0AA, 0BB will not be used, and control and modulation will be 

easier to perform.  

 

Figure 14. Mule state commutations [35] (a) Allowed transitions between zero-states. 
(b) Simplified schematic of allowed commutations [35]. 

 

From To

state state  -δ 0 δ 2δ  -δ 0 δ 2δ

2E EP - S2:off, D11:on S5:on - - S2:off S5:on, D2:off -

EP 2E - S5:off S2:on, D11:off - - S5:off, D2:on S2:on -

2E E0 - S1:off, D9:on S9:on S6:on - S1:off S9:on, D1:off S6:on

E0 2E S6:off S9:off S1:on, D9:off - S6:off S9:off, D1:on S1:on -

EP 0AB S10:off S1:off, D9:on S9:on - S10:off S1:off S9:on, D1:off -

0AB EP - S9:off S1:on, D9:off S10:on - S9:off, D1:on S1:on S10:on

E0 0AB S6,S10:off S2:off, D11:on S5:on - S6,S10:off S2:off S5:on, D2:off -

0AB E0 - S5:off S2:on, D11:off S6,S10:on - S5:off, D2:on S2:on S6,S10:on

0AB 0DD

0DD 0AB

Transition sequence (io>0) Transition sequence (io<0)

S6,S10,D12,D13:on

S6,S10,D12,D13:on

S6,S10,D12,D13:on

S6,S10,D12,D13:on
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Regarding the proper modulation techniques and similar to the previous cases, the 

main goal will be to balance the FC voltages and the neutral point. The modulation 

technique used to proof the feasibility of the topology is the same approach used 

previously. It is worth pointing that some simplifications have been done. First, the 

commutation of more than one switch (involving switching burden) is allowed in the 

simulation. Second, the recommendable transitions summarized at table 4 have not been 

applied. Hence, the basic states to realize the 5L voltage signal can be reduced to only 2E, 

E0, EP, and 0DD for the positive half cycle. The improvement of the modulation and control 

to include more states and all the constraints could be a future topic of research. Hence, the 

simulations will represent a worst case scenario in terms of power losses distribution. 

Applying an active control involving all the available states will lead to a more even 

temperature spreading.  

 

Figure 15. Mule modulation scheme. (a) CSVPWM 5L voltage signal. (b) Cycle 
separation PWM outputs (c) Final switch signal. 
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2.5. Multilevel applications and requirements overview 

This section is intended to be a review of general and specific requirements of 

multilevel converters [35,39]. In order to describe the specific requirements, some 

applications [8] will be briefly introduced. Reviewing sections 2.5.1 and 2.5.2, it can be seen 

that all three topologies share many benefits, and few differences. Hence, the thermal 

comparison will be useful to end up with the final comparison of cost, size, performance, 

and reliability.  

Table 5. FC-ANPC, DFC-ANPC and Mule characteristics comparison. 

 

 

2.5.1. Multilevel converter general requirements 

Regarding the voltage limitations of the devices, the maximum nominal value should 

be respected but this is not the only constraint. Switching-off a long current path may cause 

some voltage spikes due to parasitic inductances specially using fast switching velocities. 

Concept FC-ANPC DFC-ANPC Mule

Switches per phase leg 12 12 10

Diodes per phase leg 0 0 6

Flying Capacitors per phase 

leg (Working conditions)
1 (Both cycles, Vdc/4) 2 (Half cycle, Vdc/4) 2 (Half cycle, Vdc/4)

Switch stress

Series connection 

(Proteccion)

Yes, but low frequency 

(Snubbers)

Yes, but soft cycle 

commutation (Balancing 

Resistors)

No

FC balancing

Power loss, others than 

different commutations 

states

Extra snubber power losses 

(only in low freq. switches)

Balancing resistors. Benefit of 

soft cycle commutation.

Extra resistors to ensure 

clamping. Risk of larger stray 

inductances (extra snubbers).

Loss distribution Poor Good Good, option of extra states

Control and modulation

Applications

Hybrid standard. Voltage ripple difficulties if low frequency and high current.

Common 5L benefits. DC-link. Four quadrant operation.

Natural, Redundant states

Vdc/4
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Hence, switching paths should be kept as short as possible. The risk of parasitic 

inductances seems to be higher in some Mule commutations.  

Another recommendation in multilevel converters is the same voltage stress of all the 

devices. If the topology does not directly provide it, two or more switches are connected in 

series. Then, a risk of overvoltage during commutations appears. Moreover, the risk of 

overvoltage is also present on static off-state. The voltage along switches may be unevenly 

distributed due to different aging, different temperature or simply due to building 

tolerances. Hence, the use of parallel resistors and snubbers come to play with their 

drawbacks. As said, FC-ANPC will require snubbers. Despite of the series-connection of 

DFC-ANPC, it can avoid the use of snubber by means of the zero voltage switching. Parallel 

resistors are required anyways. Mule is absent of series-connection devices.  

A dysfunctional voltage balancing can be another cause of overvoltage. Hence, the 

ability of the topologies to properly balance FC and DC-link voltages has been repeatedly 

mentioned on the topologies description.  Another issue in relation to FC capacitors is the 

need of their pre-charge, and the risk of a high voltage ripple. FC-ANPC, DFC-ANPC and 

Mule have similar characteristics. DFC-ANPC and Mule contain on extra capacitor but each 

capacitor is used only in one half cycle.  Hence, the voltage ripple or the balancing problems 

will depend on frequency and modulation index.  

The existence of DC-link is a common feature of the three topologies under study. It is 

considered an advantage in many application. On one hand, it usually avoids the need of a 

transformer. Although the transformer can provide benefits on the wave quality or galvanic 

isolation, it is usually considerate a non-desirable device because of its price, size and 
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power losses. On the other hand, a DC-link can also provides their own benefits. It easily 

enables the commonly used back-to-back configuration. Moreover, capacitors could 

provide voltage stability during a voltage sag or disturbance. In three-phase systems, the 

number and size of capacitors is not excessive because the DC-link is shared with each 

phase leg, and the voltage easily balanced.  

Regarding the types of components, capacitors are commonly the least desirable 

devices as mentioned in previous sections. However, the difference is not much between 

diodes and IGBTs, and the choice will depend on the particular characteristics [35]. The 

reliability of these last devices will heavily depend on the working conditions or the design 

over-sizing. Furthermore, avoiding the need of transformers or isolated extra power 

sources is a huge advantage in many applications. Generally speaking, Mule is the topology 

with more basic components (2 capacitors, 6 diodes, and 10 switches per phase leg) 

followed by DFC-ANPC (2 capacitors, 12 switches). However, the power loss might be 

distributed over all the diodes, and their existence is not necessary detrimental. Then, FC-

ANPC (1 capacitor, 12 switches) is the topology with less primary components. Despite 

this, the use of snubbers, the uneven loss distribution, and a larger capacitor equal the 

difference.  

Another important feature is the fault operation. The ability of continuing working in 

front of a device failure is important in critical applications. Some topologies with high 

number of redundancies can resist the failure of switch for a while or working at lower 

modulation index. This is difficult to achieve in FC-ANPC, DFC-ANPC, and Mule topologies. 

However, the detection may be easier because of the probes used to detect voltages and 
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currents in an active balancing scheme. Similarly, the reliability of these topologies is 

considered lower than common 3L converters because of its higher number of devices.  

Regarding the modulation technique and its influence on the harmonic performance, it 

has been seen that all three topologies allows a wide variety of modulations and control 

systems. Hence, the level of harmonics and the voltage quality will be equivalent to the 

quality of any 5L multilevel converter. The only limitation is the switching frequency. Some 

implementations use a fundamental switching frequency as a tool to reduce the switching 

losses and, hence, to increase the power capability. Reducing the switching frequency on 

these topologies is problematic because of the FC voltage ripple. Possible solutions are the 

use of a bigger capacitor or an specific modulation technique to reduce the states that 

affects the capacitor charge [51]. On the other hand, the switching frequency can be 

increased until the switching losses become excessive.  

In relation to the voltage state definition, it is recommendable that all the states allow a 

bidirectional current flow. Then, the use of one state or other will be independent of the 

load current, and some malfunctions can be avoid. All the voltage states defined in previous 

section accomplish this recommendation.  

The efficiency of the converter is key factor in many applications. It is strongly related 

to the switching and conduction losses of the switches. However, other factors such as 

snubbers, transformers, capacitors, presence of harmonics or extra circuitry may be also an 

important influence. In FC-ANPC, DFC-ANPC, and Mule topologies, similar losses are 

expected because of similar number of devices conducting and switching.  Nevertheless, an 

specific study would be needed to exactly calculate the efficiency of each converter. Some 
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impacts to the efficiency that worth analyzing are the negative impact of the snubbers in 

FC-ANPC, the positive impact of the zero-voltage switching in  DFC-ANPC, or the extra 

switching losses of Mule when using extra zero-states.  

 

2.5.2. Common multilevel converter applications 

A promising field of research is the power distribution and management of the 

electrical grids in order to improve efficiency and controllability. Devices known as a 

Flexible AC transmission systems (FACTS) including static compensators (STATCOM), 

dynamic voltage restorers (DVRs), or unified power flow controllers (UPFCs) can help to 

provide instantaneous and variable reactive power compensations, and to improve the grid 

stability. The advantages of using a 5L structure are wide: lower harmonic injection, 

decreased voltage stress or lower switching losses (because of the low frequency 

possibility), just to name a few. A cascaded topology will usually need larger number of 

batteries to synthesize the same output voltage level, or the use of a transformer. Cascaded 

converters were usually preferred due to the simpler charge-balancing approaches [40]. 

However, the new hybrid topologies such as FC-ANPC, DFC-ANPC or Mule can overcome it 

avoiding the use of a transformer. Regarding the connection between grids, galvanic 

isolation is often required and achieved by a transformer anyways.  

Train traction, ship propulsion, and automotive applications is another interesting 

field of application for multilevel converters. Some requirements are high power capability, 

efficiency, reliability, and lower size. In electric vehicles, no high-power is needed and 

hence, the benefits are reduced and only related to the improvement in efficiency and 
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power quality. The use of a hybrid converter with even temperature distribution can 

improve the power density reducing the size of the converter. A 5L converter can provide a 

higher power capability and quality, but the number of devices can be critical in terms of 

reliability. The FC-ANPC, DFC-ANPC, Mule topologies present a reduced number of 

components and capacitors respect to traditional 5L topologies, but higher than 3L 

topologies. On the other hand, the efficiency of FC-ANPC, DFC-ANPC, and Mule is not 

expected to be higher than the 3L-NPC converter. Despite this, more information about 

their efficiency is needed, and it also depends on the switching frequency or modulation 

technique. Finally, a regeneration mode can be easily implemented by all three topologies 

using the common DC-link and the back-to-back configuration.  

MV drives are used in numerous industries, but a few of them are controlled by a 

variable-speed drive [6]. Therefore, the improvement on multilevel converters can lead to a 

wider expansion. However, high power applications such as hydro-pumped storage, large 

fans, and low-speed high-torque applications is the main MV space that 5L or higher level 

converters can cover. 3L converters are usually enough for low power applications.  

In relation to energy generation, conversion, and transmission, ML converters can also 

play a major role. For instance, current wind turbines are raising their power specially 

because of the expansion of offshore wind farms. Because of the increasing amount of 

energy send to the general grid, higher quality demands are imposed [41,42,50]. Currently, 

partially rated converter options (about 30% of the total power) offer good performance. 

However, this is moving towards fully rated power converters because of these new 

requirements. Multilevel converters can easily achieve the higher voltage while using a 
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simpler LC filter. On the other hand, new codes establish the obligation to provide reactive 

power under voltage faults. Topologies such as 5L FC-ANPC, DFC-ANPC and Mule could 

easily handle it. A back-to-back configuration with a 5L-ANPC converter is already 

proposed for wind power conversion [43]. This allows high voltage while avoiding the use 

of a transformer. In off-shore turbines, size and weight are also important considerations. 

On the other hand, photovoltaic systems requirements are more based on efficiency and 

voltage quality [44, 45]. It is worth recalling that 5L converter can substantially reduce the 

presence of harmonics. Hence, it turns into filter savings and less losses from the 

harmonics.   

HVDC (High Voltage Direct Current) transmission is known to be an efficient and cost-

effective energy transportation system for extremely long distances, particularly on under 

water lines. Various back-to-back MMC [46] and NPC [47] topologies offer options for it. 

The main requirement is an extremely high voltage conversion, up to 800 kV.  For this 

reason, 5L topologies such as FC-ANPC, DFC-ANPC or Mule are not enough, and modular 

topologies are preferred. Despite this, DFC-ANPC and Mule principles offer the option to 

easily generalize the topology to higher levels.  On the other hand, the development of new 

semiconductor technologies may enable a higher power capability in a near future.  
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3. THERMAL SIMULATION 

The thermal study of a multilevel topology plays a key role on the design stage as 

previously mentioned. In a converter, the device with the highest temperature will limit the 

performance of the whole converter. Summarizing, checking the highest temperature of 

different topologies under the same conditions gives an idea of the maximum admissible 

output power, or maximum switching frequency. This will be strongly related to the ability 

of the topology to uniformly distribute the power losses through all the components 

providing an insight of power utilization. Despite the importance of the conduction and 

power losses in terms of efficiency, the real limiter factor is the maximum temperature.     

The simulated results have been compared to experimental results from small scale 

converter prototypes, and the comparison show enough similarities to conclude that 

simulation results offer an accurate comparison. It is worth clarifying the limitations of 

experiments. The prototypes use a different IGBT and IGBT case, and natural cooling. 

Moreover, it is not possible to measure the dynamics of the temperature or several power 

factors, so only the average temperature data of a power factor of 0.95 is captured. More 

details can be found in Appendix A.   

 

3.1. Models and methodology 

The schematics and nomenclatures of the topologies under study can be found in 

chapter 2.2, 2.3. and 2.4: figure 6 (FC-ANPC), figure 11 (DFC-ANPC), figure 13 (Mule). 

Similarly, the modulations schemes correspond to figures 7, 12, and 15. It is worth recalling 
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that all three topology simulations will use the same modulation technique in order to have 

equivalent results. Despite of the natural balancing offered by the modulation applied, FCs 

will be replaced by voltage power sources. Figure 16 is an example of the FC-ANPC 

schematic ready to simulate. The reason is to do not mix the effect of any voltage 

unbalancing with the thermal behavior. Finally, the load will be simulated using a 50 Hz 

sinusoidal current source with a high resistance in parallel giving an approximately 

constant load. A load of 430 A RMS is chosen in order to obtain an approximately maximum 

temperature of 90 ºC (switching frequency of 1200 Hz). Even though only one phase leg 

will be analyzed, the equivalent harmonic distortion achieved in a three-phase line-to-line 

voltage would be of THD about 163%, 25%, and 15.5% for M=0.1, 0.6, 1.1, respectively. 

 

Figure 16. FC-ANPC simulated schematic. 

 

Regarding the selection of components, the HiPak [48] IGBT module 5SNA 

1200G450300 [3] from ABB (VCE=4500 V, IC=1200 A, tr=230 ns, tf=660 ns, trr=1860 ns) is 
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the switch choice. Despite this decision, the result should be equivalent with other 

manufacturer's devices. A DC-link voltage of 10 kV has been chosen. Hence, each switch will 

suffer a voltage stress of 2.5 kV. In relation to the diodes, the same IGBT will be also 

selected keeping the transistor switched off, and making use of its anti-parallel diode.  

P-SIM software is picked to simulate the converter topologies using its Thermal 

Module tool [49], and its Device Database Editor. The Device Database Editor allows to 

easily characterize an IGBT module using the datasheet information. The datasheet curves 

of collector-emitter saturation voltage versus collector current (VCEsat-Ic), turn-on energy 

losses versus collector current (Eon-Ic), and turn-off energy losses versus collector current 

(Eoff-Ic) for the transistor; and forward conduction voltage drop versus forward current 

(Vd-IF), peak reverse recovery current versus current (Irr-IF), reverse recovery charge (Qrr-

IF) and reverse recovery energy losses (Err-IF) for the diode; will be then used by the 

Thermal Module to calculate switching and conduction losses. The values are entered for 

125 ºC and 25 ºC, then the intermediate temperature parameters will be linearly 

interpolate by the software. It is worth noting that the calculations are an approximation 

based on the behavior model described on the datasheet, since it does not take into account 

dynamic characteristics of real world experiments. The module calculation is based on the 

following equations [49] taking into consideration the load conditions and device 

temperature: 

                                      
                         (Eq. 1) 

                               (Eq. 2) 
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                                      (Eq. 3) 

                         (Eq. 4) 

where Eon is the transistor turn-on energy losses, Eoff is the transistor turn-off energy 

losses, Vcc is the actual DC voltage, Vcc_datasheet is the DC bus voltage in the mentioned 

datasheet curve, Vce(sat) is the transistor collector-emitter saturation voltage, Ic is the actual 

collector current, Err is the reverse recovery energy losses, VR is the actual reverse blocking 

voltage, VR_datasheet is the reverse blocking voltage in the datasheet curve, Vd is the diode 

voltage drop, and IF is the diode forward current. Diode turn-on losses are neglected [49]. 

Thermal characteristics of the IGBT are not entered on the Device Database Editor 

because an external model built for the user is needed. Then, PSIM uses its equivalent 

voltage as a temperature reference. The values of thermal resistances of junction to case 

and case to heatsink can be found in the IGBT datasheet. More details in relation to the 

thermal model can be found in appendix B. The result is shown in figure 17. The thermal 

values of the heatsink are chosen referring to a high performance water cooling system. 

Choosing another system will not change the final comparison evidences. Likewise, 40 ºC is 

the ambient temperature used.  

Table 6. IGBT and heatsink simulation thermal Foster values. 

 
 



38 

 

 

Figure 17. IGBT thermal Foster model simulations. 
 

Regarding the simulation methodology, each topology has been simulated on different 

power factors or in other words, on different phase angle between current and voltage. 

This is important because the thermal behavior differs depending on the quadrant of 

operation, and some applications need this information because of special requirements 

such as regeneration. In addition, the hottest point information is needed from the design 

point of view. The modulation index has changed in order to check the different behavior 

between low (M=0.1), medium (M=0.6), and high (M=1.1) modulation indices. A switching 

frequency of 1200 Hz, and an output frequency of 50 Hz will be used for all the simulations. 

Despite being a bit fast for high power applications, it is thought to be a common frequency, 

and fast enough to see the influence of switching losses.  

 During the measuring process, some considerations have been taken into account. 

Firstly, considering the transient of the heating, the temperature has to be measured at 

least 2 s after the initialization, when the temperature is practically stable. An example of 

the transient measured on a FC-ANPC simulation is displayed in figure 18. Secondly, the 

fact that some devices share the same temperature patterns makes possible to group them. 

In the FC-ANPC case, the same temperature pattern of S1-S2 and S7-S8 is obvious. 
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Moreover, the same temperature pattern of D1-D2-D7-D8, D3-D4-D5-D6, S9-S10-S11-S12, 

and S3-S4-S5-S6 can be also easily seen. The same process has been carried out for all the 

topologies in the comparison exercise.  

In order to detail the process of obtaining the final values and graphs, an example is 

provided using the FC-ANPC M=0.6 Ph=10º simulation. All the data points of Qx or Dx 

during the measurement period are averaged. For example, the average values of Q9-Q10-

Q11-Q12 are 83.85ºC, 83.58ºC, 83.47ºC and 83.48ºC, respectively. Hence, the global 

average value is 83.60ºC. On the other hand, D9-D10-D11-D12 have also equivalent values 

of temperatures and averages of 82.83ºC, 81.64ºC, 81.95ºC, 81.94ºC, respectively. Hence, 

the global average temperature is 82.09ºC. Finally, Q9-Q10-Q11-Q12 have the overall 

highest average temperature and 83.60ºC will be the representative value of FCANPCL at 

Ph=10º, M=0.6.   

 

Figure 18. Thermal transient example of FC-ANPC, M=0.6, Ph=10º. 
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In relation to the maximum value or temperature peak, a similar procedure is done. 

Instead of averaging the values of the period, the maximum value of the period is picked up. 

Q9-Q10-Q11-Q12 devices with values of 87.51ºC, 87.21ºC, 87.06ºC, 87.07ºC have the 

highest maximum temperautre. So, this group with its average 87.21 ºC will be the 

representative maximum temperature of FCANPCL at Ph=10º, M=0.6. 

 

 

Figure 19. Waveforms during a measurement period of FC-ANPC, M=0.6, Ph=10º. 

 

Regarding the fluctuation of junction temperature or ΔTj, the absolute maximum and 

minimum values of each device during the measurement cycle are used. Then, a table 

similar to table 7 is built, and the devices are ready to be grouped. Q9-Q10-Q11-Q12 with 

values of 6.09ºC, 6.07ºC, 6.10ºC, 6.10ºC have the highest variation. This group with the 

average of 6.09 will be the representative value of FCANPCL at Ph=10º, M=0.6. 
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Table 7. ΔTj calculation during a measurement period of  FC-ANPC, M=0.6, Ph=10º. 

 
 
 

Finally, the representative values of each topology, each modulation, and each phase 

have been grouped and displayed in a polar plot. The distance from the center or the r-axis 

represents the temperature (ºC), and angle of the circle represents the phase angle (º) 

between voltage and current. It is a clear way to compare the junction temperatures within 

different phases. 

 

Table 8. Summary of thermal simulation characteristics. 

 

 
 

Tj_Q1A Tj_D1A Tj_Q2A Tj_D2A Tj_Q3A Tj_D3A Tj_Q5A Tj_D5A
Tmax 46.69 42.17 46.69 42.17 46.14 43.20 46.38 43.90
Tmin 45.65 42.12 45.65 42.11 45.10 42.77 45.32 43.26
VarT 1.04 0.05 1.04 0.05 1.04 0.43 1.06 0.63

Tj_Q4A Tj_D4A Tj_Q6A Tj_D6A Tj_Q7A Tj_D7A Tj_Q8A Tj_D8A
Tmax 46.14 43.19 46.38 43.90 46.83 42.21 46.84 42.21
Tmin 45.10 42.77 45.32 43.27 45.78 42.16 45.79 42.16
VarT 1.04 0.43 1.06 0.64 1.05 0.05 1.05 0.05

Tj_Q9A Tj_D9A Tj_Q10A Tj_D10A Tj_Q11A Tj_D11A Tj_Q12A Tj_D12A
Tmax 87.51 86.30 87.21 85.10 87.06 85.56 87.07 85.54
Tmin 81.42 80.50 81.14 79.44 80.95 79.80 80.97 79.80
VarT 6.09 5.79 6.07 5.65 6.10 5.76 6.10 5.74

Topologies FC-ANPC, DFC-ANPC, Mule

IGBTs-Diodes 5SNA 1200G450300 (VCE=4500 V, IC=1200 A, tr=230 ns, tf=660 ns, trr=1860 ns)

DC-Link 10 kV

Cooling system Water, Rth=10 ºC/kW

M 0.1, 0.6, 1.1

fs 1200 Hz

Phase 0-360º

fo 50 Hz

Load Irms=430 A

Parameters Tj, Tpk, ΔTj
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3.2. FC-ANPC, DFC-ANPC, Mule thermal results 

The graphs of average junction temperature and fluctuation of junction temperature 

are useful to show the differences in thermal behavior of each topology under different 

conditions and modulation indices. These values will be later use to make the comparison 

between topologies. It is only worth noticing the small differences of temperatures of each 

topology along different modulation indices, with the exception of Mule at M=0.1. The 

graphs can also be used as a design guideline to check the point of maximum temperature 

in a topology.  

 

 

Figure 20. FC-ANPC Tj (ºC) average under different modulation index.  
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Figure 21. FC-ANPC ΔTj (ºC) under different modulation index.  

 

 

Figure 22. DFC-ANPC Tj (ºC) average under different modulation index.  
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Figure 23. DFC-ANPC ΔTj (ºC) under different modulation index.  

 

 

Figure 24. Mule Tj (ºC) average under different modulation index.  
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Figure 25. DFC-ANPC ΔTj (ºC) under different modulation index.  
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hotter than DFC-ANPC, which is also about 10 ºC hotter than Mule. On the other hand, the 

point of maximum temperature (regarding this region) is at 0º.  

 

 

Figure 26. Illustrative figure 27 zoom in (Blue refers to FC-ANPC, Dark green to DFC-ANPC, 
Red to Mule). 

 

Now, looking at low modulation graphs (Figures 27 and 28), it can be seen that FC-

ANPC's temperature is higher than DFC-ANPC's and Mule's over all the phases. However, 

the distance is short working at a phase of 180º. Hence, the benefit of using Mule or DFC-

ANPC will not be important when working extensively in regenerative applications, or as a 

rectifier Comparing exclusively DFC-ANPC and Mule, Mule's temperature is lower at the 

first and forth quadrants. A difference of approximately 10 ºC in these region can be 

considered remarkable. Finally, Mule is about 20 ºC cooler than FC-ANPC working on the 

first and forth quadrants. This may lead to a considerably increase in maximum allowable 

power when handling active power, and also reactive.  
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Figure 27. Tj (ºC) peak thermal comparison M=0.1. 

 

 
Figure 28. Tj (ºC) average thermal comparison M=0.1. 

 

Although the pattern of the temperature at medium modulation index (Figures 29 and 

30) is similar to low modulation index, there are some differences. Firstly, FC-ANPC 

90°
80°

70°
60°

50°

40°

30°

20°

10°

0°

350°

340°

330°

320°

310°

300°
290°

280°
270°

260°
250°

240°

230°

220°

210°

200°

190°

180°

170°

160°

150°

140°

130°

120°
110°

100°

40

45

50

55

60

65

70

75

80

85

90

FCANPC DFCANPC MULE



48 

 

temperatures are closer to Mule and FC-ANPC ones around a phase of 0º. They are in a 

similar distance than before at 180 ºC. However, the difference is still important at 90º and 

270º, where FC-ANPC is approximately 20 ºC hotter than both DFC-ANPC and Mule. Hence, 

FC-ANPC continues performing considerably worse than the other two topologies. In 

relation to Mule's advantage to DFC-ANPC in the first and forth quadrant at M=0.1, it is 

banished now. DFC-ANPC performs equal to Mule in the first and forth quadrants, and 

about 2-5 ºC better in the second and third regions. A difference of only 5 ºC should not be 

considered significant. Hence, the thermal performance of both is considered similar.  

 

 

Figure 29. Tj (ºC) peak thermal comparison M=0.6. 
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Figure 30. Tj (ºC) average thermal comparison M=0.6. 
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Figure 31. Tj (ºC) peak thermal comparison M=1.1. 

 

 
Figure 32. Tj (ºC) average thermal comparison M=1.1. 
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topologies. Despite this, the difference is not significant if working at high modulation 

indices and mainly at a phase close to 0ºC. In the other situations, Mule and DFC-ANCP 

introduce a significantly improvement of about 10-20ºC. Comparing only Mule and DFC-

ANPC, the difference is minimum. The case of low modulation and phase range of first and 

second quadrants is the only situation where choosing Mule instead of DFC-ANPC may lead 

to a tangible benefit. The peak temperatures at 0º, 90º and 180º have been plotted at 

different modulation index as a guideline for different application needs (active power, 

reactive compensation, rectifier, etc.). 

 

Figure 33. Tj (ºC) peak M=0.1 at 0º, 90º and 180º. 

 

 

Figure 34. Tj (ºC) peak M=0.6 at 0º, 90º and 180º. 
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Figure 35. Tj (ºC) peak M=1.1 at 0º, 90º and 180º. 

 

To conclude, the overall maximum values are compared. Maximum values are useful as 
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and remaking that the difference between them could be higher at higher switching 

frequency or load current.  

 

Figure 36. Absolute maximum peak Tj (ºC). 
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Figure 37. Absolute maximum average Tj (ºC). 

 
 

3.4. Topologies comparison: Fluctuation of junction temperature 

The fluctuation of junction temperature or ΔTj has an important impact on the lifetime 

of the device. Hence, the ability of the topology to reduce it is also an important feature to 

be taken into account. The analysis has been done similarly than in the previous section 
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indices.   

At low modulation index (Figure 38), the responses of FC-ANPC and DFC-ANPC are 
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DFC-ANPC's fluctuation is about 1 ºC lower. On the other hand, Mule's fluctuation of 
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Figure 38. ΔTj (ºC) thermal comparison M=0.1. 

 

 

Figure 39. ΔTj (ºC) M=0.1 at 0º, 90º and 180º. 
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more related to the changing load than to the topology performance. Despite this, a FC-

ANPC converter could suffer a tiny decrease on its lifetime if working extensively on 

reactive loads (around 90º and 270 º).  

 

Figure 40. ΔTj (ºC) thermal comparison M=0.6. 

 

 

Figure 41. ΔTj (ºC) M=0.6 at 0º, 90º and 180º. 
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Figure 42. ΔTj (ºC) average thermal comparison M=1.1. 

 
 

 

Figure 43. ΔTj (ºC) M=1.1 at 0º, 90º and 180º. 
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of 90º, or at low and medium modulation index. On the other hand, the magnitude of the 

fluctuation of temperature may be higher as temperature and power losses increases 

 

Figure 44. Absolute maximum ΔTj (ºC). 
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reality with the empirical statistics. In order to do so, three situations or types of 

temperature variation are analyzed. On the other hand, different parts of the IGBT have 

different characteristics, and, hence, different reliability. In general, the most stressed parts 

are conductor lead solder joint, chip solder joint, bond wires, and substrate solder joint.  

 

 

Figure 45. Sketch of the different joints in a power module [3]. 

 

The first test is the fast cycle fluctuation, or the variation of temperature due to 

semiconductor switching within a constant load. It basically depends on power, modulation 

method, topology and output frequency. Section 3.4 is centered on this measurement.  The 

magnitude of the variation the temperature is normally small but it is contrasted by a high 

number of cycles per second. Small fluctuation of temperature is normally an indication of 

long lifetime, so it is not studied in some cases. However, it might be the critical point in 

applications where the load is quite constant (not suffering of slow cycle temperature 

fluctuation), and the average temperature is high. The temperature pattern is normally 

constant, so it should be easy to relate it to a specific empiric test. However, because of the 

small magnitude and fast frequency, the measurement is difficult and manufacturers do not 

provide this information. Hence, the prediction has to be based on theoretical formulas 

[80,81], where the accuracy depends on the knowledge of the IGBT properties.  
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Some common methods used to quantify the lifetime of the junctions are Coffin-

Manson, Norris-Landzbertg, or Bayerer [82]. However, they require the knowledge of some 

constants, which are device dependent. In [83], a wide range of IGBTs were tested to obtain 

a generalized values (A=640, a=-5, R=8.314, Q=78000, and Tm in Kelvin) which are 

commonly used in literature as an starting point for comparison. It is based on a Coffin-

Manson model (Eq. 5), and the experiments were focused on the bond wire liftoff.   

 

                        (Eq. 5) 

where Nf is the number of cycles to failure, ΔT is the fluctuation or variation of 

temperature, Tm is minimum or initial temperature, and R is the gas constant. Finally, A, a, 

and Q are empirical device descriptive constants.  

 

ABB also provides some bond wire reliability data (Figure 46) [3], so it can be used to 

test the accuracy of this method to the selected IGBT. The B10 lifetime data for the improved 

HiPak modules is used to plot the following comparative graphs. At high temperature 

variation, the equation prediction is on the same magnitude. However, it leads to a 

pessimistic result as the ripple decreases.  
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Figure 46. Lifetime data of the wire bonds. Number of cycles to failure at various Tj and Δ Tj 
for the improved HiPak [3]. 

 

 

 

Figure 47. Comparative graph Coffin-Manson or equation approximation versus 
empirical data 
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As it can be seen, there is no accurate way to predict the lifetime on small ripples, a 

priori. However, equation 5 is useful to see the importance of both temperature and 

variation of temperature. Hence, some illustrative graphs are plotted reflecting some range 

of temperatures previously found in the simulations (Figure 48). Just to provide some 

calculations, a peak temperature of 100 ºC and a ripple of 6 ºC has an estimated number of 

cycles of 1.03E+10. It will lead to about 57234 uninterrupted lifetime hours with an 

observed frequency of 50 Hz.  

 

Figure 48. Estimation of converters lifetime based on equation 5.  
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rainflow counting algorithm [86]. It is an intuitively algorithm used in mechanical 

engineering to analyze long stress histories.   

ABB describes the influence of the slow cycling [3] on each joint and bond wire. In 

some cases (Figure 49), the velocity of the variation of temperature is as important as the 

magnitude of the variation or the average temperature. In slow cycling, the cooling system 

play an important role depending on the duration of the load change. However, its 

influence is less important in liquid systems, which have a relatively fast time constant, 

than forced-air systems. An example of it is provided on section 4.3, where a 5 s 50% 

overload yields to ΔTj=20ºC with Tj_max=110ºC, and ΔTc=15ºC with Tc=93 ºC (power module 

case temperature). Looking at the ABB application note (Figure 49), the closest situations 

are ΔTc=20ºC-Tc_min=80ºC (Nf=1.0E+8), and ΔTj=44ºC-Tj_max=100ºC (Nf=1.0E+8). In this 

case, the number of cycles is lower than the one of fast cycling test. However, the frequency 

of an important overload is also low. Just to provide a brief example, a simplified electric 

vehicle load pattern can be analyzed, which is a case of high number of load cycles per 

hour. A lifetime of 4.17E+5 hours is achieved assuming the above number of cycles, and  4 

accelerations/deceleration per minute.  This is an illustrative example, and a more complex 

load pattern plus rainflow algorithm should be used.  
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Figure 49. Lifetime curves of the solder joints of the conductor leads and substrates (on the 
top). Lifetime curves of the solder joint of the chips (on the bottom) [3]. 

 

The last test is long term variation of temperature or daily test. In this case, there is no 

influence of the cooling system, and the temperatures can be calculated just in function of 

the operating conditions. Similarly, there is often no need of any cycle counting algorithm. 

It is characterized by a high variation of temperature that lasts more than some minutes. 

Only stops and starts are often considered. This lifetime is characterized on the ABB 

application note with specific tables [3]. For example, a daily (16 h of operation and 8 h of 

rest) junction temperature variation of 100 ºC going down to 20 ºC will lead to a lifetime of 

29900 cycles (equivalent to 29900 days). The number of cycles is low, but the frequency of 

this situations is much lower than previous tests. Regarding long term variation of 

temperature, the lifetime can be easily increased working at overall lower temperatures.  
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4. COOLING SYSTEM 

In the introduction, the importance of the junction temperature has been shown 

evident. In section 3, the multilevel converter topologies have been simulated acquiring a 

tangible insight of the heating due to a normal multilevel operating. Here, the natural next 

step is to investigate the different options to cool the devices. A better cooling system 

would reduce the component's temperature with the consequent already mentioned 

advantages.  

Firstly, an overview of different cooling systems is given. Water cooling is further 

explained because of its better characteristics for high power converters. Secondly, some 

common cold plates are analyzed in order to properly understand them, which is useful to 

give some design recommendations. Finally,  the influence of the cooling system decision is 

tested simulating several cooling options in a Mule converter. The conclusions can be 

extended to the other two topologies.  

 

4.1. Overview of technologies and options 

The first and simplest method is the natural air cooling. The heat is removed by natural 

convection and radiation to the ambient using a heatsink structure. The heatsink is formed 

by a cold plate enlarged with several fins. The size of the fins and the space between them 

is selected to dissipate more or less heat. It does not require any fan, liquid or pump. It is 

cheap, and no control is required. However, it is only suitable for low power range 

applications. As power losses increase, the heatsink size needed to dissipate them becomes 
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impracticable. Moreover, there is a limit when it is not even possible to remove all the heat. 

In an extremely big sink for a small heat point, the heat transfer is not equal distributed and 

the increase of size barely improves the dissipation properties. In chapter 3, a thermal 

resistance of 10 ºC/kW was used. This will be almost impossible to achieve using this 

method, as it can be seen in figure 50.  

 

Figure 50. Typical thermal resistance versus heatsink volume of natural convection at 
50K rise above ambient air. Rthsa (ºC/W) [52]. 

 

The second option is forced air cooling. The heatsink design is similar to the previous 

case, but a fan is used to remove the heat more efficiently. In addition, the fins can be 

carefully designed to reduce the thermal resistance. It can be achieved by a large contact 

area with the air, or by means of a higher convection coefficient. The convection coefficient 

is mainly related to the air flow velocity and its turbulence. Hence, the air flow velocity 

generated by the fan is an important factor, and its control is the difficulty of this method. 

Each heatsink should have its own fan in order to have a homogeneous flow rate, and to 

easily overcome the pressure drop due to the fins. The drawbacks of forced air systems 

come when the thermal resistance needs to be further reduced. Complexity, cost, and size 

of the fins and fan system increases in these cases. Moreover, it can be problematic in 
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closed-space applications. The air of each fan has to be properly extracted, or an overall 

overheating may occur. Therefore, it is only optimal for cooling converters with rated 

power up to 1 MW [52], or in other words up to 1500 W of power dissipation [58]. Figure 

51 illustrates that it is still difficult to achieve a low thermal resistance using a rational heat 

sink size and air flow.  

 

Figure 51. High fins density heat sink for power modules Wakefield-vette [59]. 

 

The next option is the fluid phase change or two-phase cooling system. It was born as a 

tool to transfer the heat efficiently from one point to another [67], or to properly spread 

the heat along a bigger surface [66] using heat pipes. In some cases, the use of heat pipes 

improves significantly the thermal performance of air heatsinks avoiding the need of liquid 

cooling. Their principle is based on the evaporation of a liquid in one side of the tube and 

the condensation on the other side of the tube, where the heat is removed or move to. The 

concept is evolving into a new cooling system, which is even more advantageous than 
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liquid cooling [68]. It is called active two phase-cooling system, and uses the same principle 

but using a vapor/liquid circuit, a condenser, a pump and a specific cold plate. However, 

this is still under research, and the current commercially available cooling solutions are 

just based on the heat pipes concept. The main drawback is its more difficult control.  

 

Figure 52. Comparison of common cooling systems [53]. 

 

The forth option or  liquid cooling is suitable for higher power dissipation needs or 

situations of less available space. The thermal efficiency is high, which means that is able to 

remove an important amount of heat in a small volume. It can be the only possible solution 

in some cases. However, complexity has considerably increased. On one hand, adding a 

liquid circuit safely and robustly enough in a converter is challenging. On the other hand, 

the pump has to overcome the pressure drop of all the cold plates, and ensure the required 

flow rate. A reduction of the velocity may cause an important overheating, and consequent 

converter failure. Finally, the need of other systems such as expansion tank, heat exchanger 

or liquid filter also adds an extra complexity, cost, and size.  
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Figure 53. Schematic of a basic liquid cooling approach [54]. 

 

The main consideration in liquid cooling is the cold plate design. Similar to the 

heatsink design in a forced-air system, its thermal resistance mainly depends on the area of 

contact with liquid, and the forced-convection coefficient. The convection coefficient is also 

related to the liquid flow rate and its turbulence. The common cold plates can be divided 

into two different categories: tube and micro-channel. Tube plates offer an easier solution 

that can be enough for many cases. Several designs are possible placing tubs of different 

materials, sizes and geometries on different dispositions. Figure 54 shows this basic 

approach. Figure 55 is an example of a better integration of the tubes to the cold plate 

decreasing the sink thermal resistance. Figure 56 is another example where the tubes are 

placed in parallel achieving different properties. Even though the figures are extracted 

from two particular companies (Lytron [56] and Aavid Thermallow [55]), they are good 

example of common available products. Thermal resistances are on the range of 5-100 

ºC/kW. 
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Figure 54. Standard tube cold plate [55]. 

 

 

Figure 55. High contact tube cold plate [56]. 

 

 

Figure 56. AavTube cold plate [55]. 
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On the other hand, micro-channel plates offer a high performance solution, which is 

usually more suitable for high temperature density applications. The area of contact with 

the water is increased by using multiple micro-machined small channels. Similarly, the 

turbulence can also easily be increased by using complex channels forms. In addition, the 

heat extraction capability is more uniformly distributed along the surface, and the 

minimum liquid volume is reduced. However, the fabrication cost is considerably higher, as 

well as its pressure drop. Moreover, micro-channels are very sensitive to liquid purity. Less 

standard available solutions can be found, but a few customized ones. Some examples are 

provided to illustrate common available solutions (Figure 57 and 58). In contrast to tube 

cold plates, the design of the micro-channel structures is diverse and details are not usually 

provided by the datasheets. In this case, thermal resistances as low as 1 ºC/kW can be 

found.  

      

Figure 57. Aavfin cold plate[55] and CP30 cold plate [56]. 
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Figure 58. Flat tube micro-channels CP20 and CP25 [56]. 

 

Despite the illustrative values of thermal resistance given, the values will depend on 

the type of liquid used and on the active cooling area. For instance, a tub plate might have 

the same thermal resistance than a micro-channel plate working at the same flow rate and 

using water as a liquid. However, the performance of the micro-channel plate might 

significantly improve using a treated water or another coolant. Another point is the size of 

the cold plate. Normally, the size of the tube plate is bigger than the size of the micro-

channel plate for a similar value of thermal resistance. The thermal resistance value read 

from performance curves gives an approximation of the average value. However, high 

temperature density devices, such as the IGBT in high power applications, concentrate all 

the heat in a small size. Then, an oversized cold plate is not as effective as a small cold plate 

with a size similar to the IGBT case. If the chosen cold plate is oversized, the equivalent 

thermal resistance value have to be re-calculated, and it will be higher than the value of the 

datasheet. This is the reason why the normalized thermal resistance is more useful in these 
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cases. The cold plate with a lower thermal resistance per area will have a better thermal 

performance. Therefore, manufacturers also provides some comparison curves in relation 

to the normalized thermal resistance. In general, micro-channel cold plates have a lower 

normalized thermal resistance, and hence are more suitable for high-power applications.  

 

Figure 59. Examples of normalized thermal resistance comparison graphs of Lytron 
[56] and Aavid [55]. 

 

Regarding liquid cooling, other components are also important: coolant or type of 

liquid, heat exchanger, and pump. The heat exchanger is in charge of cooling the re-

circulating liquid. Two main types of heat exchangers are available: liquid and air.  

Air exchangers are formed by a big structure of fins and tubes, and use air from a fan to 

cool the liquid. If the air is not previously cooled, achieving low liquid temperatures such as 

40 ºC is not possible. The system is characterized by a thermal resistance under a certain 
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liquid and air flow rate. If flow rates increase, the system is able to dissipate more heat.  

Figure 61, which is a typical graph of heat exchangers, summarizes its behavior. Note that, 

in this case, the thermal resistance is expressed in W/ºC, inversely than in previous cases. It 

is also worth noting than manufacturers often offer the option to buy it with their own 

pump. In the example, Caravel is the pump recommended by Lytron.  

 

Figure 60. Air heat exchanger performance graph of Aspen 4320 [56]. 

 

The next step is to check the pressure drop of the liquid circuit and the pressure drop 

of the air (Figure 62). The pressure drop of the exchanger on the liquid part under a certain 

flow rate have to be added to the pressure drop of rest of the circuit and cold plates, and 

used to choose the appropriate pump. The air pressure drop has to be used to select a fan 

capable to provide enough air flow.  

Liquid heat exchangers are designed for higher heat removal. Another liquid at a lower 

temperature is used to cool the liquid from the cold plates. The exchanger is more complex, 



74 

 

and requires an extra liquid circuit and pump. In this case, two liquid pressure drops have 

to be taken into consideration. Some high performance options offer an integrated 

equipment or chiller system including specific liquid, circuit, extra pump and refrigerator. 

Figure 63 illustrates an example of a water circuit cooled by water. In this case, primary 

and secondary circuits are assumed to work at the same flow rate, and generate the same 

pressure drop. Different products are comparative plotted in the same graph.  

    

Figure 61. Air heat exchangers pressure drop graphs [56]. 

 

 

Figure 62. Liquid heat exchangers performance and pressure drop graphs [56]. 
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Another important factor of a liquid cooling system is the liquid or coolant selection. 

Firstly, the liquid have to be compatible with cold plate and pump. Some desired features 

are: high thermal conductivity, high heat capacity, low electrical conductivity, low viscosity, 

low toxicity, low corrosiveness, high boiling point, or low freezing point. The most common 

coolant is water. Tap water has a high thermal conductivity, is accessible and cheap. 

However, some impurities reduce the thermal conductivity, create sediments in micro-

channel cold plates, and makes it more corrosive. Its boiling and freezing point, and high 

electrical conductivity may be critical in some situations. Because of the corrosion, 

aluminum is usually avoid when using water. If water is used, plane or filtered water is 

recommended to minimize the impurities. Adding a corrosion inhibitor is also 

recommendable. Glycol is usually added mainly to improve boiling and freezing points. 

Different glycol concentrations and other additives are available depending on the 

requirements and cold plate characteristics. Another possible coolant is deionized water. It 

is only beneficial in high performance micro-channel cold plates. The advantages are two: 

no impurities (no risk of sediment blocking the channel), and low electric conductivity. The 

main disadvantage is that is extremely corrosive. It makes copper and aluminum 

incompatible with it. Cold plates, tubes and pump should be make of stainless steel or 

properly designed for deionized water.  Other possible coolants are dielectric liquids and 

oils. Their main common feature is the extremely low electrical conductivity, which is high 

desirable in high power environments. Each one offers some specific characteristics [61] 

improving performance at the expenses of cost. To sum up, the election of the cold plate 

will basically define the coolant needs. Cold plate's datasheet always gives some 
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recommendations on the proper coolant. Then, liquid circuit and pump have to be 

compatible with it.  

The last basic component of a liquid cooling system is the pump. It has to be selected 

taking into consideration the pressure drop of all the components including the circuit and 

the heat exchanger; the type of liquid; and the minimum flow rate to accomplish with the 

required heat removal. Two types of pumps are available. Centrifugal pumps are the most 

standard pumps, and suitable for low pressure systems. It is characterized by the typical 

graph of pressure versus flow rate. An increase of the pressure drop will decrease the flow 

rate. Hence, a good approximation of the pressure drop is important so as to choose the 

right pump. On the other hand, positive displacement pumps offer a constant flow rate 

(between a range of pressure drop). They are more sensitive to particles in the water, and 

their lifetime is shorter. However, it is a good choice for micro-channel based cold plates. In 

this cases, water is usually already filtered, and a constant flow rate is important (with a 

high pressure drop).  

Finally, liquid circuit and disposition of each IGBT is also an important factor. In high 

power, each IGBT is equipped with its own cold plate. Each cold plate's pressure drop will 

drastically increase as the flow rate increases. Some considerations can be taken into 

account to minimize the pressure drop, and hence the pumping costs: use of a low viscosity 

fluid;  minimize the number of bends and length of tubes; and use of a large tube diameter. 

Along with the pressure drop, there is a temperature drop. The liquid temperature at the 

end of the circuit will be significantly hotter than at the beginning. Hence, the hottest device 

should be place at the beginning of the circuit. This is often difficult to achieve because of 
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the electrical disposition of each device. Then, the temperature drop should be estimated 

or a security factor applied. Another possible solution at the temperature drop is the 

parallel connection or a combination of parallel and series connections. Despite the 

uniform temperature at the entrance of each cold plate, the following issues make it a 

difficult implementation. A parallel connection reduces the flow rate of each cold plate 

respect to the pump flow rate. It should not be a problem if it was not for the uneven flow 

rate drop along each cold plate [58]. Thus, a device may suffer an unpredictable over 

temperature.  

  

Figure 63. Liquid circuit schematic parallel and series connection [58] 

 

The most common commercially available technologies and their issues have been 

reviewed. Nevertheless, it is worth mentioning some interesting topics under research that 

offers some advantages. Thermal Interface Material (TIM) is the material in charge to 

provide the best possible thermal contact between base plate of the IGBT and heat sink. A 

contact typically done by an specific grease material, it is the most unpredictable part of the 

thermal path. The fact that is also one of the most important contribution to the global 

thermal resistance leads continuous improvements so as to reduce its thermal resistance 

while keeping a long lifetime [62, 63, 64]. Recently, some solutions avoiding the use of TIMs 

have been launched. For instance, Semikron [65] offers a IGBT integrated to a liquid cold 
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plate. It avoids the need of base plate and TIM reducing thermal resistance and size. 

Following another path, other studies try to use the capability of cold plates to cool using 

both sides. The use of a new IGBT package will make able to attach a cold plate to both 

sides of it, decreasing size and thermal resistance by stacking devices on top of each other 

[66].   

 

4.2. Modeling and analysis 

This section is intended to go into detail about the cold plate working principle. In 

order to do so, some basic thermodynamic concepts are given, which will be useful to 

analyze the thermal performance of some common commercially available cold plates. The 

goal of this document is to give some guidelines of their benefits for multilevel converters. 

For this reason, a complete modeling or mathematical derivation of complex structures 

such as micro-channel plates is beyond its scope. In these cases, specific thermodynamic or 

numerical finite element simulation software is needed to estimate the thermal response 

[69, 70, 71]. In addition, manufacturers usually do not provide enough details to correctly 

model the cold plate. Therefore, the use of the datasheet information and its performance 

graph give a good estimation when experiments are not possible. The analysis of the 

thermal curves plus some heat and mass transfer concepts [72,73] will be the basis of the 

comparisons.  

Theory says that when two mediums at different temperature are in contact, heat is 

transferred from the higher temperature medium to the lower temperature one. This heat 

transfer can be done by conduction, convection, and radiation [54]. Radiation makes use of 
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the electromagnetic waves. In liquid cooling, radiation is underestimate because of its low 

impact in comparison to conduction and convection. Conduction is the main energy 

transfer in solids or static liquids. It is based on the energy transferred from the more 

energetic particles to the adjacent less energetic ones. In liquid cold plates, this can be 

found on the sink or the metal between TIM and liquid. Convection or forced-convection 

refers to the energy transferred in combination of conduction and fluid motion. It is 

basically studied in liquid or gases, when there is a fluid motion. In liquid cold plates, this 

describes the thermal resistance between sink and water flow.  

To illustrate these concepts, a simplified model of a general cold plate structure is 

presented. Any kind of liquid cold plate can be described by the most important two terms: 

the conduction thermal impedance, and the convection thermal impedance. Regarding the 

thermal capacitance, heat conduction is significantly slower than convection. Thus, the 

conduction thermal capacitance can be considered the only source of thermal delay.  

 

Figure 64. Lumped schematic model of a liquid cooling system. 

 

In relation to the heat conduction, it depends on the geometry, thickness, and material 

of the sink. Common materials are copper or aluminum, materials with high thermal 

conductivity. The higher the thermal conductivity, the better heat conductor. Even though 

thermal capacitance is less important, the higher the material density and the heat capacity, 

the higher the thermal capacitance. Thick materials will have more difficulties to transfer 
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the heat. Despite this, it has a positive effect on the thermal capacitance being able to 

absorb more heat. The area of the heatsink also increases the volume of the sink, and hence 

the thermal capacitance. On the other hand, the increase in the thermal path's gauge from 

the power module to the liquid reduces the thermal resistance. The following equations 

[54] summarize this behavior, where t is the thickness of the sink, A is the surface of the 

sink, c is the specific heat capacity, ρ is the density of the sink material, and k is the thermal 

conductivity of the sink material. The effect of thermal resistance and capacitance is 

analyzed in section 4.3, but it is possible to say that a low resistance and a high capacitance 

is preferred.  

                         (Eq. 6) 

                         (Eq. 7) 

 

Figure 65. Properties of common materials at 300K [54]. 

 

Regarding more complex geometries, the calculation of the thermal capacitance can be 

similarly estimated calculating the total volume or mass. Nevertheless, the estimation of 

the thermal resistance requires the exact knowledge of the shape in order to solve the 

Material Composition ρ (kg/m3) c (J/kg·K) k (W/m ·K)

Aluminum Pure 2702 903 237

Alloy 2024-T6 2770 875 177

Alloy 195 Cast 2790 883 168

Copper Pure 8933 385 401

Bronze 8800 420 52

Phosphor bronze 8780 355 54

Cartridge brass 8530 380 110

Stainless AISI 302 8055 480 15.1

AISI 304 7900 477 14.9

AISI 316 8238 468 13.4
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Fourier's law of heat conduction differential equations or decomposing it in several 

different simpler shapes [73].  

In relation to the convection or forced-convection in the case of standard cold plates, it 

is characterized by the area of contact with the liquid (A), and the heat transfer convection 

coefficient (h). This convection coefficient is difficult to exactly predict, and depends on 

several characteristics of the liquid [54]: dynamic viscosity (µ), thermal conductivity (k), 

density (ρ), specific heat (c), mean fluid velocity (Ѵ), geometry, surface roughness, 

turbulence, and type of flow (related to the Reynolds number, Re). Due to the complexity of 

an accurate prediction, manufacturers offer experimental thermal performance curves 

representing the thermal resistance versus flow rate and pressure drop. Nevertheless, it is 

possible to predict it knowing the exact characteristics of  the cold plate. 

                 (Eq. 8) 

           (Eq. 9) 

The Reynolds number is the ratio of the inertia and viscous forces, but it is known for 

providing an insight of the fluid flow turbulence. The characteristic length (x) is the 

distance from the edge in a flat plate, or the tube diameter in a enclosed flow. Two types of 

flows are usually described: laminar and turbulent flows. A laminar flow (Re<2300) is 

characterized by a low convection coefficient, while a turbulent flow (Re>10000) is 

characterized by a high convection coefficient. In cold plates, turbulent flows are 

predominant because of the need of a high convection coefficient. Independently of the 

material and surface, the turbulence will always increase as the velocity increases. 

Nevertheless, in some high turbulent environments, the effect can be minimum.  
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The calculation of the convection coefficient depends on the type of conductor 

geometry and characteristics. Summarizing, the convection heat transfer can be divided 

into three different groups: the case of a flat plate where a liquid flows over the surface 

(external flow), the case of a liquid flowing inside an infinite or large conductor (laminar 

internal flow), and the case of a liquid flowing inside a complex conductor structure (high 

turbulent internal flow). Regarding the first and second group, constants and graphs that 

relate the characteristics of the plate or pipe with Reynolds number and its convection 

coefficient can be found in the literature [54]. However, these cases are idealistic or not 

present in the liquid cold plates. Therefore, the following analysis will be focused on 

turbulent internal flow. In this state, most of the formulas are based on different 

experimental studies because of the difficulty in dealing with turbulent flow. An insight of 

how to calculate the convection coefficient in a particular condition will be provided. Other 

cases can be found at the references. Some tube cold plates with low flow rate and only one 

bend could have a laminar behavior. 

The first step is to calculate the Nusselt number (Nu), which is represents the 

conduction improvement due to the fluid flow. Generally, the larger the Nusselt number, 

the more effective the forced-convection. The second variable is the Prandtl  number (Pr), 

which depends on the fluid characteristics at a certain temperature (Table 9). The case 

under studied is defined as a turbulent fully developed flow (Re>10000) in a circular 

smooth tube [54]. Under these circumstances and using water as the liquid (0.7< Pr <160), 

the empirical formulas are the following.  

                     (Eq. 10) 
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     k/D (Eq. 11) 

Table 9. Example of Prandtl numbers in two different temperatures [54]. 

 
 

In cases of non circular tub, an equivalent value called hydraulic diameter (knowing 

the perimeter, p, and the cross sectional area, Ac) can be used instead of x to calculate the 

Reynolds number.  

          (Eq. 12) 

As said, another important consideration is the pressure drop, a high pressure drop 

will lead to high pumping costs. The calculations of the pressure drop basically depend on 

the friction coefficient and the flow velocity [54]. The friction coefficient (f) can be found 

using Colebrook equation (Eq. 13), or its simplified approximation (Eq. 14). Even though 

the apparent difficulty on the calculation, it is worth noting that the friction coefficient will 

heavily increase as the roughness (є) increases. On the other hand, the pressure drop (Eq. 

15) will increase as the friction increases, but more important as the flow velocity increases 

(quadratic).  

                                )) (Eq. 13) 

                                   ) (Eq. 14) 

                 (Eq. 15) 

Material Temperature (K) Pr

Water 280 10.26

320 3.77

Ethylene 280 400

Glycol 320 73.5

Oil 280 27500

320 1965
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It is clear than making the surface rougher, the convection coefficient increases 

considerably, but also increases the pressure drop. Then, another alternative to increase 

the convection coefficient is to create different secondary flows, which is the alternative 

used in some micro-channel cold plates.  

 

The above guidelines should be enough to correctly evaluate any cold plate thermal 

performance. To conclude, some calculations have been carried out in order to illustrate 

the effects of basic variables into the thermal resistance and capacitance. The following 

values are based on the formulas presented above. The model used assumes a rectangular 

heat sink, and a certain convection coefficient without giving details on how to achieve it. 

The initial length and width of the sink corresponds to the IGBT used in chapter 3 (ABB 

5SNA 1200G450300).  

 

Firstly, the thickness of the plate is varied looking at its influence on both resistance 

and capacitance (Table 10 and Figure 66). In addition, it has been used to compare two 

common sink materials: copper and aluminum. The lower thermal resistance of the copper 

is obvious because of its higher thermal conductivity. The results shows that copper also 

presents a high thermal capacitance. Therefore, copper seems to be a proper material. On 

the other hand, it is more expensive and heavier.  
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Table 10. Calculations thermal capacitance and resistance versus material and thickness. 

 

 

Figure 66. Comparative graphs of thermal resistance and capacitance versus thickness and 
material. 

 

The second variation is the length of the plate. It is tested over an aluminum plate with 

fixed thickness and fixed convection coefficient. Obviously, there is an important decrease 

of conduction and convection thermal resistance. On the other hand, the thermal 

capacitance increases proportionally to the size. However, a correction factor should be 

applied to the thermal resistance value in case of over sizing respect to the power module. 

A case where the correction factor is applied is presented on the next section.  

Material ρ (kg/m3) cp (J/kg ºC) k (W/m ºC) W (m) L (m) t(mm) Rcond (ºC/kW) Ccond (J/ºC)

Aluminum 2700 900 238 0.14 0.19 2 0.32 129

Aluminum 2700 900 238 0.14 0.19 8 1.26 517

Aluminum 2700 900 238 0.14 0.19 14 2.21 905

Aluminum 2700 900 238 0.14 0.19 20 3.16 1293

Aluminum 2700 900 238 0.14 0.19 26 4.11 1681

Aluminum 2700 900 238 0.14 0.19 32 5.05 2068

Copper 8960 385 400 0.14 0.19 2 0.19 184

Copper 8960 385 400 0.14 0.19 8 0.75 734

Copper 8960 385 400 0.14 0.19 14 1.32 1285

Copper 8960 385 400 0.14 0.19 20 1.88 1835

Copper 8960 385 400 0.14 0.19 26 2.44 2386

Copper 8960 385 400 0.14 0.19 32 3.01 2936
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Table 11. Calculation thermal resistance and capacitance versus cold plate length. 

 

  

Figure 67. Comparative graphs of thermal resistance and capacitance versus cold plate 
length. 

 

The last example is about the influence of the heat transfer convection coefficient on 

the convection resistance. The calculation has been done over a common range of water 

cold plates convection coefficients. Obviously, thermal conduction resistance and 

capacitance are considered unchanged. It is worth noting that conduction resistance only 

become important in high performance cold plate.  

Table 12. Calculation thermal resistance versus heat transfer convection coefficient. 

Material W (m) L (m) t(mm) h (kW/ºC m2) Rcond (ºC/kW) Ccond (J/ºC) Rconv (ºC/kW)

Aluminum 0.14 0.1 8 20 2.40 272 3.57

Aluminum 0.14 0.15 8 20 1.60 408 2.38

Aluminum 0.14 0.2 8 20 1.20 544 1.79

Aluminum 0.14 0.25 8 20 0.96 680 1.43

Aluminum 0.14 0.3 8 20 0.80 816 1.19

Aluminum 0.14 0.35 8 20 0.69 953 1.02
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Material W (m) L (m) t(mm) h (kW/ºC m2) Rcond (ºC/kW)Ccond (J/ºC) Rconv (ºC/kW)

Aluminum 0.14 0.19 8 0.5 1.26 517 75.19

Aluminum 0.14 0.19 8 1 1.26 517 37.59

Aluminum 0.14 0.19 8 2 1.26 517 18.80

Aluminum 0.14 0.19 8 5 1.26 517 7.52

Aluminum 0.14 0.19 8 10 1.26 517 3.76

Aluminum 0.14 0.19 8 20 1.26 517 1.88
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Figure 68. Comparative graph of thermal resistance versus heat transfer convection 
coefficient. 

 

4.3. Influence on multilevel converters and junction temperature 

Even though the description of a cooling systems using an equivalent thermal 

resistance and capacitance is a simple approximation, it is adequate to estimate the 

influence of a certain cooling system on the IGBT junction temperature. Therefore, some 

thermal RC values have been simulated on a Mule multilevel converter. The conditions 

chosen are M=0.6 at a phase of 180º, region where there is the highest junction 

temperature. It will give an insight of the influence of cold plates in a general multilevel 

converter.  

In this case, the thermal model used to simulate the thermal path from the junction to 

the water will be a Cauer model (Figure 69, Table 13). The values representing the heatsink 

(Rth_sa, Cth_sa) will be changed on each situation. Despite the fact that similar results than 

using the Foster model are expected (Appendix A), it gives a physical representation, which 

is better to see the effect of the cooling system on each part. The thermal capacitance of 
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case to sink, which is the thin TIM layer, is neglected because of the large thermal 

capacitance of the case of the IGBT and heatsink.  

Table 13. IGBT thermal model Cauer values. 

 

 

Figure 69. IGBT thermal Cauer model. 

 

As in chapter 3, the measurement of the temperature has to be done once it has 

reached the steady state operation. Because of the long constant time of some cold plates, a 

two-stage methodology has been used. The first step is the simulation using a model called 

average temperature model. The form of the model is the same than figure 69, but the 

values of the thermal capacitances are smaller with the goal to obtain the average 

temperature of each node of the circuit. Then, the second stage is the simulation of the 

actual model, but pre-charging the capacitors with the average equivalent voltages. The 

simulation of this second stage shows the actual behavior of the multilevel in steady state. 

Q *Rth=[ºC/kW], Cth=[W·s/ºC], τ=[ms]

Rth jc 1 Cth jc 1 τ jc 1 Rth jc 2 Cth jc 2 τ jc 2 Rth jc 3 Cth jc 3 τ jc 3 Rth cs

1.83 1.98 3.63 3.01 7.43 22.39 4.66 30.32 141.35 9.00

D

Rth jc 1 Cth jc 1 τ jc 1 Rth jc 2 Cth jc 2 τ jc 2 Rth jc 3 Cth jc 3 τ jc 3 Rth cs

3.90 1.05 4.09 6.17 3.80 23.46 8.96 15.66 140.25 18.00
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The goal of this two-stage methodology is to decrease the long simulation time in possible 

cases such as cold plates of 10 s time constant. The stabilization time on this case could be 

longer than 40 s, which makes it impracticable with enough precision (switching frequency 

of 1200 Hz).  

The first case of study wants to verify effect of the thermal capacitance on a multilevel 

converter. To do so, the thermal resistance is kept constant, and the thermal capacitance 

changed over a certain range. A variation of the thermal capacitance leads to a change on 

the constant time, hence the simulation has been carried out over a common range of liquid 

cold plate time constants (0.5-50 s).   

Before analyzing the results, some extra timing details will be useful. The total time 

constant of the power module can be calculated using the Elmore approximation, but the 

step response graphs (Appendix A) have been used in this case. Both transistor and diode 

parts show a overall time constant of about 0.44 s. On the other hand, the temperature 

fluctuations of the junction temperature are periodic with a period of 0.02 s (related to the 

50 Hz output frequency). This can be observed at figure 19, and it is common on all three 

topologies. Therefore, it is expected that all the fluctuation will be absorbed by the power 

module part, and that the cooling system will not play any role.  

At a first glance, simulations (Table 12 and Figure 70) show a tiny increase in the 

average temperature as the time constant decreases. However, this small increase is not 

real, and the temperature can be considered constant. The variation is due to the fact that 

pre-charge values entered on the capacitors were not exactly the average temperature 
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equivalent values. Hence, a small temperature transient, which is more evident in fast time 

constants, has still appeared.  

Table 14. Cold plate simulation-Thermal capacitance. 

 

 

Figure 70. Comparative graph of Tj and ΔTj versus cold plate time constant. 

 

In relation to the temperature fluctuation, a big part of its increase is due to the 

increase in temperature. Nevertheless, an increase higher than the proportional expected 

value is seen in low time constant simulations. The reason is that cold plates with time 

constants lower than 1 s could partially follow the junction temperature transient. Despite 

this, the small influence observed allows to conclude that there is no effect of the time 

Topology M Ph (º) Irms (A) Rth sa Cth sa τ sa Twater Tj av Tj pk ΔTj

Mule 0.6 180 430 23 21.74 0.5 40 105.52 109.17 6.194

Mule 0.6 180 430 23 34.78 0.8 40 105.52 109.16 6.172

Mule 0.6 180 430 23 52.17 1.2 40 105.51 109.13 6.145

Mule 0.6 180 430 23 173.91 4.0 40 105.20 108.77 6.029

Mule 0.6 180 430 23 347.83 8.0 40 104.90 108.45 5.983

Mule 0.6 180 430 23 652.17 15.0 40 104.66 108.19 5.964

Mule 0.6 180 430 23 1304.35 30.0 40 104.48 108.01 5.957

Mule 0.6 180 430 23 2173.91 50.0 40 104.39 107.92 5.956

*Rth=[ºC/kW], Cth=[W·s/ºC], τ=[ms], T=[ºC)
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constant on the junction temperature fluctuation. On the other hand, it also indicates that 

in lower output frequencies the effect could be noticeable.  

The purpose of the second simulation is to check the behavior under a change of 

thermal resistance. As a consequence, the time constant will also change. Theory predicts 

that it will lead to a change in the average temperature. As a consequence of the 

temperature decrease, ΔTj is also expected to decrease.  

Table 15. Cold plate simulation-Thermal resistance. 

 

  

Figure 71. Comparative graph of Tj and ΔTj versus cold plate thermal resistance. 

 

The results show the important effect of a better cold plate (low thermal resistance) on 

lowering the junction temperature. On the other hand, the effect on the junction 

temperature is minimum. For instance, a reduction of the thermal resistance from 23 

Topology M Ph (º) Irms (A) Rth sa Cth sa τ sa Twater Tj av Tj pk ΔTj

Mule 0.6 180 430 1.4 348 0.5 40 66.19 69.44 5.476

Mule 0.6 180 430 2.3 348 0.8 40 67.70 70.96 5.500

Mule 0.6 180 430 3.4 348 1.2 40 69.61 72.89 5.542

Mule 0.6 180 430 11.5 348 4.0 40 83.80 87.19 5.727

Mule 0.6 180 430 23.0 348 8.0 40 104.90 108.45 5.983

Mule 0.6 180 430 30.0 348 10.4 40 118.97 122.63 6.176

*Rth=[ºC/kW], Cth=[W·s/ºC], τ=[ms], T=[ºC)
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ºC/kW to 11.5 ºC/kW yields to a junction temperature reduction of about 21 ºC (20% of 

the Tj), but only a temperature fluctuation reduction of 0.26 ºC (4.4% of the ΔTj). In other 

words, a junction temperature decrease of 5.277 ºC per each unitary decrease on cold plate 

thermal resistance (ºC/kW); or a fluctuation temperature decrease of 0.069 ºC per each 

unitary decrease on thermal resistance.  

The small variation of fluctuation temperature can be explained looking at the IGBT 

power losses model. As it has been explained in chapter 3, the PSIM module reads the 

temperature and calculates the power losses in function of working conditions and 

temperature. Hence, at a higher temperature the equivalent power losses under similar 

work conditions are slightly higher. In this case, the increase in ΔTj is mainly due to this 

extra increase in transistor switching losses, which from the increase in average 

temperature. It also affects the average junction temperature, but it is less noticeable 

because of the big effect of the cold plate thermal resistance.  

The third simulation is intended to show the influence of the water or liquid 

temperature choice, assuming that the convection characteristics of the cold plate remain 

unchanged. Logic says that a water temperature increase of 10 ºC will lead to a junction 

temperature increase of 10 ºC. However, the fact of the extra power losses at higher 

temperature makes this increase slightly worse.  

The results (Table 16) and more visually the graph (Figure 72) make evident the 

expectations. A temperature increase of 10 ºC is translated to a junction temperature 

increase of about 11.5 ºC. Therefore, there is an 1.5 ºC increase per each 10 ºC because of 

the mentioned extra power losses. It is illustrated by the series Tj-Tw. On the other hand, 



93 

 

there is a fluctuation junction temperature increase of about 0.15 ºC each 10 ºC water 

temperature step. Again, the small variation proofs that the origin is more related to the 

extra power losses than to the cooling system.  

Table 16. Cold plate simulation-Liquid temperature. 

 

  

Figure 72. Comparative graph of Tj, Tj-Twater, and ΔTj versus water or liquid temperature. 

 

The next simulation is not totally related to the cooling system. Its goal is to check the 

influence of the converter output current on the junction temperature in an average liquid 

cooling system. In addition, it gives an idea of the potential to increase the converter power 

reducing the junction temperature, by means of a better cooling system, for instance.  It will 

be later used as a decision guideline too. Hence, the same model is simulated but varying 

Topology M Ph (º) Irms (A) Rth sa Cth sa τ sa Twater Tj av Tj pk ΔTj

Mule 0.6 180 430 23 35 0.8 10 70.34 73.65 5.592

Mule 0.6 180 430 23 35 0.8 20 82.08 85.50 5.788

Mule 0.6 180 430 23 35 0.8 30 93.59 97.10 5.94

Mule 0.6 180 430 23 35 0.8 40 105.03 108.62 6.079

Mule 0.6 180 430 23 35 0.8 50 116.57 120.25 6.236

Mule 0.6 180 430 23 35 0.8 60 127.68 131.43 6.355

*Rth=[ºC/kW], Cth=[W·s/ºC], τ=[ms], T=[ºC)

50.00

60.00

70.00

80.00

90.00

100.00

110.00

120.00

130.00

10 20 30 40 50 60

Te
m

p
e

ra
tu

re
 (º

C
)

Water temperature (ºC)

Tj av

Tj -Tw

ΔTj*10



94 

 

the load current in this case. A similar experiment can be done by varying the switching 

frequency. However, the present work is more focused on the size, power and costs 

benefits than the level of harmonic distortion.   

Table 17. Cold plate simulation-Load current. 

 

  

Figure 73. Comparative graph of Tj and ΔTj versus load current. 

 

In contrast to previous cases, the load current directly affects the power losses of the 

multilevel. Then, both average temperature and fluctuation temperature increases 

significantly. It is worth noticing that the variation is no linear. There is a small non-

linearity due to the exponential increase of the transistor switching losses as the 

temperature increases. Nevertheless, it is possible to say that an increase of 100 A yields to 

Topology M Ph (º) Irms (A) Rth sa Cth sa τ sa Twater Tj av Tj pk ΔTj

Mule 0.6 180 200 23 35 0.8 40 74.49 76.22 3.075

Mule 0.6 180 300 23 35 0.8 40 86.28 88.74 4.249

Mule 0.6 180 410 23 35 0.8 40 102.10 105.53 5.813

Mule 0.6 180 430 23 35 0.8 40 105.03 108.62 6.079

Mule 0.6 180 450 23 35 0.8 40 108.17 111.95 6.378

Mule 0.6 180 500 23 35 0.8 40 116.90 121.21 7.265

*Rth=[ºC/kW], Cth=[W·s/ºC], τ=[ms], T=[ºC)
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an average temperature increment of 14 ºC, and to a temperature fluctuation increment of 

1.38 ºC. Therefore, an important conclusion can be extracted. The load current can be 

increased by using a cold plate with a lower resistance, but the fluctuation of temperature 

will not be reduced by the cold plate. This will have a potential impact on the reliability.   

Last but not least, the influence of the cold plate time constant on a multilevel 

converter was underestimated in the previous cases by only looking at the fast power cycle 

fluctuation test. This test measures the ripple of temperature in steady state and within a 

constant load. In these cases, variations of temperature are usually low, but they are 

important because of the fast frequency, yielding to an important number of cycles. The 

cooling system is barely able to cause any effect on it because of its fast response. In 

contrast, the influence on the cooling system is expected to be more important on the slow 

power cycling test. This test consists on measuring the temperature variation in real case 

situations where load varies. Examples of it can be a wind gust in wind turbines or an 

acceleration/deceleration in electrical vehicles.  

Several load patterns can be simulated depending on the application requisites. In this 

case, the goal is to quantize the effect of the cooling system under a load change. Hence, a 

non-specific load patter is used. The simulation is divided into three parts. Firstly, there is 

an initialization time (from repose, 15s at 320 A, Figure 74). Then, an overload step of 480 

A (150% of 320 A, Figure 75) is applied during 5 s. Finally, the simulation is ended with 5 s 

at 320 A, Figure 75. From the curves, the variation of temperature under each load 

variation (ΔT1 from 320 A to 480 A, and ΔT2 from 480 A to 320 A) can be extracted. In 
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addition, the thermal model also allows to estimate the temperature of the IGBT case (Tc) 

and  the sink of the cooling system (Ts).  

 

Figure 74. Thermal response system C, 15 s 320 A initialization period 

 

 

Figure 75. Thermal response system C: Overload period of 5 s at 480 A (on the left), 
Release period of 5 s at 320 A (on the right) 
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Three types of cold plates with constants of 1 s (system A), 5 s (system B) and 10 s 

(system C) have been simulated, which is not totally realistic because the thermal 

resistance of all three types remain unchanged. However, the goal is to isolate the effect of 

the time constant. A high variation of temperature is expected using A because of the lower 

time constant than the 5 s overload period. However, two considerations, which may be the 

cause of a not so high difference, have to be taken into consideration. Firstly, an input 

current step is applied, but the power losses response is variant and not form an steady 

uniform step. Secondly, the time constant of the power module part (0.44 s) is common on 

all three simulations.  

 

 

Figure 76. Cold plate simulation-Overload step response 

 
 

Id Topology M Ph (º) Irms (A) Rth sa Cth sa τ sa Twater

A Mule 0.6 180 0-320-480-320 23 43.48 1.0 40

B Mule 0.6 180 0-320-480-320 23 217.39 5.0 40

C Mule 0.6 180 0-320-480-320 23 434.78 10.0 40

Id Tj av Tc av Ts av Tj av Tc av Ts av Tj av Tc av Ts av

A 87.33 77.20 67.75 107.33 92.54 79.06 90.04 80.12 70.20

B 83.83 73.64 64.43 101.00 85.83 72.65 90.10 80.45 70.72

C 77.80 68.33 59.30 93.30 79.35 66.34 86.80 76.74 67.30

FLUCTUATION OF TEMPERATURES

Id ΔTj 1 ΔTc 1 ΔTs 1 ΔTj 2 ΔTc 2 ΔTs 2

A 20.00 15.34 11.31 -17.29 -12.42 -8.86

B 17.17 12.19 8.22 -10.90 -5.38 -1.93 *Rth=[ºC/kW], Cth=[W·s/ºC],

C 15.50 11.02 7.04 -6.50 -2.61 0.96  τ=[ms], T=[ºC)

Initialization-Overload Overload-Release

SYSTEM

Initialization Overload Release

TEMPERATURES
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Figure 77. Comparative graph of average temperatures at the end of the initialization 
(1), overload (2), and release (3) 

 

The junction temperature is always the part of the system with higher temperature 

and higher variation of temperature. Nevertheless, all three temperatures (junction, case, 

and sink) have been displayed because they will be useful to explain the thermal transient 

response of the systems. It is also good to recall that all three systems have the same steady 

state temperature because of the same work conditions and thermal resistance of the 

cooling system. The only difference is during the transient.  

 

Looking at the end of the initialization stage, the junction temperature of the system A 

(Tj av 1) has almost achieve the steady state temperature, B (Tj av 2) is close to it, and C is 

still far from it. However, the increase of the three systems are similar due to the long time 

of the pulse (15 s). This first stage does not give any new information, but it is used as a 

base to apply the 150% overload.  
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Figure 78. Comparative graph of fluctuation of temperature between initialization-overload 
(1) and overload-release (2) 

 

At the end of the overload stage (after 5 s at 480 A), the first variation of temperature 

(ΔTj 1) can be calculated. System A has practically followed the entire change with a 

variation of 20 ºC. The other two with slower time constants has suffered a gradually lower 

variation with 17 ºC and 15 ºC. Hence, a considerably improvement ( 3ºC and 5 ºC) can be 

done by a higher thermal capacitance during long time transients. As it was predicted, 5ºC 

of difference is not much taking into consideration the big difference between time 

constant (1s - 10s).  

Looking now at the end of the release period and end of the simulation, the 

temperatures of all three systems are close to the average temperature after a relatively 

short time (5 s). The reasons are different on each case. In sink A, its fast response has 

made the junction temperature and the sink temperature to follow each load variation. In 

system B, the sink temperature has not totally followed the overload step. Therefore, the 

sink temperature of B is lower than the one of A, making it easier for B to cool the sink 

down during the release stage.  In system C, the sink temperature after the overload period 
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(480 A) has not even reached the steady state temperature of the steady 320 A operating. 

Hence, the temperature does not stop increasing during all three stages, and it reaches a 

value close to the average temperature at the end of the simulation (and still lower than 

case A and B). For these reasons, the variation of temperature 2 (overload-release) is not 

really useful to make important conclusions, but it is interesting to see the thermal dynamic 

response of a multilevel converter during an overload pulse.  

To sum up, some conclusions can be extracted from this section. An increase of output 

power is possible by improving the cooling system (lower thermal resistance or cooler 

liquid temperature). However, the cooling system does not reduce the fast cycle 

temperature fluctuation (or fluctuation within constant load). In a fixed frequency and load, 

only a better topology or modulation technique can reduce it. A higher thermal capacitance 

can only be considered beneficial in terms of reliability and in certain load patterns. 

Therefore, the main priority in a cooling system is to achieve the lowest thermal resistance.    

 

4.4. Analysis of three common commercial cold plates 

The analysis will be based on specific cold plates of certain companies. However, the 

designs are pretty common solutions that are possible to find at any supplier. The results 

and conclusions achieved will also be similar.  

Regarding the sink, the thermal resistance sink-ambient given by the datasheet at a 

certain flow rate will be used. Thermal capacitances will be approximated using the mass 

or the dimensions of the sink and the characteristics of the material. At a first approach, the 

only heat dissipation considered will be sink and water. In reality, an extra dissipation 
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takes places on the other side of the IGBT (IGBT-air), and sink-air. On the other hand, the 

water temperature will be considered constant. In reality, it would suffer some heating that 

will negatively specially affect the cooling of the last devices on the liquid circuit. The water 

temperature is fixed to 40ºC. It could be lower, but it is intended to compensate the water 

heating and to simulate a negative scenario. The results are based on approximations, and 

they should be corroborated with some experimental data or apply some security factor. 

However, they are expected to provide a good insight or some guidelines for a correct 

design.   

 

Because of the high dissipation need, every IGBT will be equipped with an independent 

cold plate. The use of one cold plate for two or three IGBT is also possible, but an important 

cross-heating may appear. The possibility of uneven heat dissipation along the IGBTs 

makes the design more challenging, and some testing prototypes are recommended. 

Coming back on the one cold plate-one IGBT scenario, the size of the plate should be of the 

same magnitude than the IGBT case. In case of an important over-sizing, the thermal 

resistance should be properly corrected to reflect the effective heat dissipation capabilities. 

Therefore, it is worth reminding the sizes of the selected IGBT [4] (Figure 79). So, the 

minimum size of the cold plate should be of about 190 x 140 mm. Some cold plates 

designed for high power IGBTs will usually have similar sizes.  
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Figure 79. Outline drawing ABB IGBT 5SNA 1200G450300. All dimensions in mm. 

 

The first cold plate is from Aavid Thermalloy [55]. The AavTube cold plate (Figure 80) 

is a tub plate, but carefully designed to enhance the thermal performance. Firstly, the 

number of tubes is increased by reducing its size and the space within them. Secondly, flat 

and wide tubes are used so as to put more fluid in close contact to the device plate. These 

two features turn into an important decrease on the thermal convection resistance. In 

order to increase the number of tubes, the tubes have been placed in parallel instead of in 

series-connection using bends such as figure 82. The use of tubes in parallel implies a 

reduction on the flow rate at each tube. It turns into a lower pressure drop, but also into a 

lower convection heat transfer coefficient. Even though the convection coefficient is 

reduced by avoiding bends and using a slower flow rate, this is clearly compensate by a 
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higher fluid contact area. In addition, the structure at the tube input and output will 

enhance the turbulence of the fluid. Therefore, a low pressure drop with a decent thermal 

resistance is expected. Regarding the mechanical characteristics, it is a basically aluminum 

plate with copper tubes. The size of the plate (192 x 142 mm) perfectly fits the IGBT. 

Nevertheless, Aavid offers the option to customize it changing length, width or thickness.  

  

Figure 80. AavTube cold plate-Image and mechanical outline [55]. 

 

The cold plate allows to make use of both sides to attach the devices. In this case, the 

tube side, which has lower thermal resistance, is used. Analyzing the thermal performance 

and pressure drop versus flow rate (Figure 81), three possible operating points can be 

seen: A (3-5 lpm), B (6-9 lpm), C (9.8-11 lpm). The cold plate could work at higher or lower 

flow velocity but the properties have not been studied, and they will not be optimum. In 

region A, the priority is to reduce the pressure drop (less than 2 psi), and hence the pump 

needs. It goes along with a high resistance (above 10 ºC/kW), but it can be enough in many 

cases. In region C, the priority is to reduce the thermal resistance (below 5 ºC/kW). For 
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instance, some cases require a high density power solution no matter the cost (pressure 

drop above 6  psi). However, this is the worst optimal situation because of the 

characteristics of the graph (slow improvement on thermal resistance, and high increment 

of pressure drop). On the other hand, region B displays the optimal operating region. 

Pressure drop and thermal resistance slops are similar achieving 7.5 ºC/kW with 4 psi, for 

instance.  These three regions are analyzed at table 18.  

 

Figure 81. AavTube thermal resistance and pressure drop versus flow velocity. Lpm (liters 
per minut). Pressure drop (1 bar = 14.5 psi) [55]. 

 

Therefore, it is recommended to work in region B when there are no specific 

constraints. The performance curves indicate that the cold plate is probably designed 

thinking in this region. Smooth parallel tubes make the pressure drop increase as the flow 

velocity increases in a similar rate than the thermal resistance decrease as the velocity 

increases. However, the flow velocity no longer increases the turbulence at a certain point 

(region C), and the thermal resistance is stabilized. Finally, the normalized thermal 

resistance (ºC·m2/kW) is calculated in order to catalogue the cold plate (Table 19).  
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Regarding the thermal capacitance, no specific information can be found at the 

datasheet. Hence, an approximation is derived based on the cold plate sizes and materials 

(Table 18). The calculation will not be exact, but it will give an insight of the constant time 

of this technology. The inaccuracy of this approximation is not critical, because of the low 

importance of the capacitance in terms of the design point of view. However, it is derived 

because of the need of temperature variation estimations, and lifetime predictions.  

Table 18. Thermal capacitance calculation AavTube 

 
 

Table 19. Cold plate analysis AavTube 

 
 

The thermal capacitance could be slightly improved by customizing it and picking a 

thicker option (increasing price and weight). As it was expected in section 4.3, the time 

constant at any flow rate is considerably slower than the time constant of the power 

module. A significant low thermal resistance (3.8 ºC/kW) can be obtained. This values can 

be simulated to see the effect on the multilevel converter topologies. Both Mule and DFC-

ANPC present a good thermal response and depending on the situation one or another will 

be the best solution. Therefore, some worst case scenarios are Mule at M=0.6 (180º) to 

analyze the effect at the maximum temperature, and DFC-ANPC at M=1.1 (140º), which has 

W (m) L (m) t (mm) ρ (kg/m3) c (J/kg·ºC) Vol. (m3) Cth (J/ºC)

Plate (Al) 0.142 0.192 12 2700 900 6.08E-05 647.3

OD (mm) Lu (m) t( mm) ρ (kg/m3) c (J/kg·ºC) Units Cth (J/ºC)

Tube (Cu) 6.35 0.192 0.8 8960 385 10 92.4

Total 739.6

Flow (l/min) Δp (psi) Rth (ºC/kW) Rth·A (ºC·m2/kW) Cth (J/ºC) τ (s)

A 3 1 13.7 0.37 739.6 10.13

B 7 3.7 8 0.22 739.6 5.92

C 11 8.5 3.8 0.10 739.6 2.81
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the maximum variation of temperature. The effect of this thermal RC parameters on the 

multilevel converters is studied before, and it is just repeated here for being the first 

analyzed cold plate.  The results are in agreement with previous conclusions: an important 

variation on the average and maximum junction temperature, and a small influence on the 

fluctuation.    

Table 20. Cold plate-Mule multilevel simulation. 

 

Table 21. Cold plate-DFC-ANPC multilevel simulation. 

 

The second selected cold plate is from Aavid Thermalloy [55]. The tube liquid cold 

plate is denominated Hi-Contact because of being designed to increase the contact between 

tube and plate. Despite being a basic tube cold plate, the tubes are not just in contact with 

the cold plate as the most simple option. They are embedded or pressed into the plate. In 

contrast to the previous case, the tubes are connected in series or, in other words, there is 

only one tube with various bends. This will lead to a higher influence of the flow velocity on 

thermal resistance and pressure drop.  

Regarding the physical properties, the plate is made of aluminum, and the tubes of 

copper. The main reason of copper tubes is that copper is more resistant to corrosion. The 

Id Rth Cth Topology M Ph (º) Irms (A) Switch Tj av Tj pk ΔTj

A 13.7 739.6 Mule 0.6 180 430 S4-S5 70.29 73.57 5.53

B 8 739.6 Mule 0.6 180 430 S4-S5 77.23 80.55 5.59

C 3.8 739.6 Mule 0.6 180 430 S4-S6 87.37 90.77 5.73

*Rth=[ºC/kW], Cth=[J/ºC], T=[ºC]

Id Rth Cth Topology M Ph (º) Irms (A) Switch Tj av Tj pk ΔTj

A 13.7 739.6 DFC-ANPC 1.1 140 430 D1-2-7-8 67.07 71.04 6.27

B 8 739.6 DFC-ANPC 1.1 140 430 D1-2-7-8 70.64 74.64 6.31

C 3.8 739.6 DFC-ANPC 1.1 140 430 D1-2-7-8 75.55 79.58 6.37

*Rth=[ºC/kW], Cth=[J/ºC], T=[ºC]
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graphs normally display the properties using water as a coolant. Other fluids (if compatible 

with the tube material) can be used, and the new value of thermal resistance can be 

estimated using equations 8-11, and the thermal conductivity of the new liquid. Several 

sizes are commercially available, but no-one perfectly fits the IGBT. The reason may be that 

they are more specifically designed for lower power applications (and more than one IGBT 

per cold plate). The closest possible size is 177.8 x 305 mm (12"). Because of the important 

over-sizing, a compensation reflecting the thermal spreading will be needed.  

 

Figure 82. Hi-Contact 6-pass cold plate-Image and mechanical outline [55]. 

 

In this case, the performance graph (Figure 83) is slightly different than the previous 

one. First of all, the manufacturer recommends to work below 1.5 GPM (5.68 lpm). One 

reason is the ineffectiveness in terms of thermal performance of working at higher rate. 

The other reason is the increasing risk of collapsing the system due to over-pressure.  

Pressure drop in bends is critic at high flow velocities (note the exponential increase of the 
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24" cold plates as the water flow increases). On the other hand, the minimum 

recommended water flow is 0.5 GPM (1.89 l/min). At lower velocities, the turbulence rate 

goes down and the thermodynamic characteristics change. Therefore, the operating range 

is from 0.5 GPM to 1.5 GPM, where there is no specific optimal point. The decision will 

depend on the need to minimize pressure drop (0.5 GPM with 10 ºC/kW and 2 psi) or 

thermal resistance (1.5 GPM with 5.3 ºC/kW  and 13 psi). 

 

Figure 83. Hi-Contact thermal resistance and pressure drop versus flow velocity of three 
sizes. GPM (1 GPM = 3.785 lpm). Pressure drop (1 bar = 14.5 psi) [55]. 

   

Nevertheless, these thermal resistance values of the cold plate have to be adapted to 

the application. One method is the calculation of the resistance spreading [78,79], which is 

more accurate if a correct description of the reality is achieved. However, most of the 

numerical methods are based on air-forced heatsinks [80]. These approximations are not 

applicable to liquid cold plates because of its different nature. In a heatsink, the heat is 

uniformly extracted from all the external surface by the air. In contrast, the liquid is in 
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contact by a smaller surface of the cold plate. The heat from the part of the cold plate near 

the tubes is extracted first, and then, all the surface is gradually cooled. Therefore, a two-

dimensional calculation, which is beyond the scope of this document, is necessary to 

correctly described this phenomenon. The other method is the use of the normalized 

resistance to calculate the equivalent thermal resistance of the area used by the IGBT. It 

will lead to a pessimistic or worst case result if the IGBT is placed on the center. In this 

particular cold plate, the tubes are grouped on the central area of the cold plate. Hence, the 

heat convection is gathered in this region. For this, reason only this area (108.2 x 305 mm) 

is used as a effective surface. In this particular case, the difference between datasheet 

thermal resistance and equivalent thermal resistance is small, because of the 

characteristics of the plate. The IGBT can be place entirely under the cooling effective area 

(part of the cold plate in contact to the tubes). However, the efficiency of the system will be 

low, and the size unnecessarily large.  

 Table 22. Thermal capacitance calculation Hi-Contact 6-pass. 

 
 

Table 23. Cold plate analysis Hi-Contact 6-pass. 

 

 

W (m) L (m) t (mm) ρ (kg/m3) c (J/kg·ºC) Tube Vol. (m3) Cth (J/ºC)

Plate (Al) 0.178 0.305 14 2700 900 1.47E-04 1490.4

OD (mm) Lu (m) t( mm) ρ (kg/m3) c (J/kg·ºC) Units Cth (J/ºC)

Tube (Cu) 9.5 0.305 1.24 8960 385 6 229.8

Total 1720.2

Flow (l/min) Δp (psi) Rth (ºC/kW)Rth·A (ºC·m2/kW) Cth (J/ºC) τ (s) Rth_eq (ºC/kW)

A 1.89 2 10 0.54 1720.2 17.20 12.38

B 5.68 13 5.3 0.29 1720.2 9.12 6.56
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Summarizing, the Hi-Contact 6-pass cold plate has a slightly worse thermal 

performance than the previous cold plate (Hi-Contact minimum normalized resistance of 

0.29-0.54ºC·m2/kW versus AavTube normalized resistance of 0.10-0.37 ºC·m2/kW). 

Despite this, the difference is less noticeable in this particular application where they have 

similar final thermal resistances. In addition, Hi-Contact is more economic. In relation to 

the pressure drop, both have similar values. The use of more number of  small tubes have a 

similar repercussion in terms of pressure drop than a unique tube with some bends. 

Nevertheless, a slightly lower pressure drop can be achieved using AavTube (1 psi versus 2 

psi). On the other hand, the Hi-Contact use of a unique tube allows lower flow rates (1.89 

lpm versus 3 lpm). Overall, AavTube would be more indicated for applications where size 

and efficiency is a constraint, but Hi-Contact could work in almost the same power 

dissipation ratings despite being a simpler solution.   

The last cold plate is a micro-channel cold plat from Lytron Total Thermal Solutions 

[56]. The CP30 cold plate is entirely made of aluminum with internal aluminum fins 

creating different channels and enhancing the turbulence (lower thermal resistance). 

Hence, no corrosive liquids such as deionized water can be used. Water, glycol-water 

(EGW) and oils are recommended. Some anti-corrosive additive is recommended when 

using water. In this case, the graph indicating the performance in case of using EGW is also 

plotted. Even though EGW has a poorer thermal conductivity, it will allow to decrease the 

coolant temperature lower than 10 ºC. Hence, an important improvement can be done by 

reducing considerably the liquid temperature. In the previous cold plates, other liquids 
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were not mentioned because the use of water is enough for standard applications. On the 

other hand, the pressure drop is expected to be high because of the use of micro-channels.  

Its size is slightly larger (198 x 279 mm) than the IGBT, but the size should not be a 

problem because it is a high density cold plate. Moreover, the cold plate allows to attach  

the IGBT in any desired place. Some experiments should be done when receiving the plate 

to optimize it. On the other hand, it also allows double-side mounting, which is described as 

a thick side and thin side on the thermal performance graph (Figure 85).  

 

Figure 84. CP30 cold plate-Image and mechanical outline [56]. 

 

Looking at performance graph, the expectations of a low thermal resistance at the 

expenses of a high pressure drop show up. Despite the performance differences, the graph 

can be divided similarly than the Aavtube cold plate. There is a medium region B (2-4 

GPM), where there is the best trade-off thermal resistance-pressure drop. Then, region A 

(1-2 GPM) could be used if a low pressure drop is an important constraint, but the thermal 

resistance increases exponentially. Lower than 1 GPM, the liquid flows too slow than 
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proper operating could not be ensure. Finally, region C (4-6 GPM) is not recommended 

(there is no thermal improvement, but pressure drop increases steeply).  

 

Figure 85. CP30 thermal resistance and pressure drop versus flow velocity [56]. 

 

Regarding the cold plate over-sizing, an equivalent resistance is calculated based on 

the normalized thermal resistance. In this case, the overall area of the cold plate is used. In 

relation to the thermal capacitance, the internal sizes or design of the cold plate is not 

provided. However, the weight can also be used to estimate it. Comparing the CP30 results 

to the other cold plates, an improvement in thermal performance is evident (normalized 

resistance). However, the equivalent resistance value is on the same range than the 

Aavtube resistance. In addition, Aavtube can achieve it with less pressure drop. The flow 

velocity needs are also higher than the two previous cold plates. Despite this, CP30 has the 

option to achieve the lowest thermal resistance with the lowest pressure drop when 
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working at region A. Overall, CP30 performs better than the Hi-Contact plate except if a low 

flow velocity is the priority. On the other hand, Hi-Contact is more economic and easy to 

control. CP30 would also perform better than Aavtube if a customized size was analyzed. 

However, Aavtube is better than CP30 considering the presented sizes and the trade-off 

thermal resistance, pressure drop, and dimensions. In addition, micro-channel technology 

is more expensive than Aavtube. It is worth noting than the calculated equivalent 

resistance is a worst case scenario value. If the resultant thermal resistance in reality was 

lower, the thermal performance will surpass Aavtube (with a higher pressure drop of CP30 

anyways).  

Table 24. Thermal capacitance calculation CP30. 

 
 

Table 25. Cold plate analysis CP30. 

 
 

Another feature of the CP30 plate is its small volume of liquid. It can be an advantage in 

some applications where size is a constrain, or where an expensive liquid or additive is 

used. In addition, water needs to be filtered here. A fluid volume of 121 ml is indicated on 

the datasheet. In contrast, the fluid volume of the previous cold plates have to be estimated 

knowing the sizes of the tubes (180 mL and 232 mL). Nevertheless, the difference is not 

significant taking into consideration that the liquid circuit and the heat exchanger are an 

important part of the total volume.  In contrast, this plate is heavier (2.7 kg, provided by the 

W (m) L (m) t (mm) ρ (kg/m3) c (J/kg·ºC) Weight (kg) Cth (J/ºC)

Plate (Al) 0.198 0.279 19 2700 900 2.7 2430.0

Flow (l/min) Δp (psi) Rth (ºC/kW)Rth·A (ºC·m2/kW) Cth (J/ºC) τ (s) Rth_eq (ºC/kW)

A 1.89 2 4.7 0.26 2430 11.42 9.76

B 11.35 12 3 0.17 2430 7.29 6.23

C 18.92 34 2 0.11 2430 4.86 4.15
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datasheet) than previous plates (about 1 and 2.25 kg, estimated from the provided plate 

and tubes sizes).  

Finally, all three cold plates have similar time constants, with CP30 and Aavtube having 

the lowest. However, it will not be a decisive factor in order to choose the appropriate 

technology.  

To sum up, micro-channel technology would be the most suitable option in case of 

higher power needs, and building it according to the IGBT package sizes. It would be also 

attractive in double-side mounting or analyzing the option of placing two IGBTs per cold 

plate. Hi-Contact tube cold plate would fit to lower power applications, and the option of 

customizing the size would be also recommended. Aavtube technology seems to be the 

right choice for the studied demands. Moreover, the presented multilevel converters would 

be able to increase their power if a flow of 7 l/min is applied (thermal resistance of 8 

ºC/kW, and 3.7 psi of pressure drop).  

 

4.5. Design steps 

The first part of the design of a cooling system is the determination of the maximum 

allowable junction temperature. In IGBTs, the maximum temperature is marked by Tj(op),max 

and Tj,max, as it is explained in section 1.1. For the selected IGBT (55SNA 1200G450300 [4]), 

they correspond to 125 ºC and 150 ºC. However, the maximum temperature has to be 

adapted to the expected lifetime. In applications where the load is usually constant or the 

switching frequency is very low, the reliability may not limit the temperature decision. 

However, this is not often the case in high power converters. So, here, the calculation will 
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be done for an arbitrarily maximum average temperature of 100ºC. Some insights of 

lifetime calculation and, hence, of proper temperature choice are given at section 3.5. 

Secondly, the heatsink thermal resistance needed is calculated based on the IGBT 

datasheet information, the temperature worst case scenario of the converter topology, and 

the maximum output power required. Datasheets give the maximum possible thermal 

resistance of the module (Rth_jcIGBT = 9.5 ºC/kW, Rth_jcDiode = 19 ºC/kW). In contrast, it 

provides the nominal value of the thermal grease (Rth_csIGBT = 9 ºC/kW, Rth_csDiode = 18 

ºC/kW). The exact value of the thermal interface is difficult to predict because its huge 

dependence on the deposition condition, but this value can be used as an approximation.   

From previous simulations, the hottest operation point of Mule (Irms=430 A) is at 

M=0.6 (180º), where the average of power dissipated of the hottest switch S4-S5 was about 

1300 W (200W of conduction losses and 1100W of switching losses) from the transistor 

and about 240 W from the diode (mainly due to conduction). The value of the diode is also 

needed because of the common package and heatsink. It is also important to note that these 

values come from the simulation done with a 10 ºC/kW sink and reaching a maximum 

average temperature of 80 ºC . Hence, an increase of power losses is expected due to the 

extra heating (power losses are higher at higher temperatures). The values could be exactly 

calculated using the information of the datasheet, but the complexity of the multilevel 

topology makes it challenging and time consuming.  

A minimum sink-ambient resistance of 23.4 ºC/kW results calculating the values to 

achieve a maxim temperature of 100 ºC in front of the mentioned power losses (solving the 

circuit of figure 86 for TJ_Q=100). Hence, a value of 23 ºC/kW is chosen. Even though a 
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lower resistance may be recommendable, some security margin is already given fixing the 

maximum at 100 ºC. After simulating the circuit using this value, a temperature of about 

105 ºC is reached, which confirms the expected increase in power losses. Another 

consideration is the fact that the sink has an slow dynamic response, which translates to 

long simulations. Part of this difference may be due to the moment of  the measurement. 

The values used in previous simulation where taken after 2 s. This value was enough to 

compare between topologies but the temperature value may be still at 95% of its final 

value. Achieving the value at its 99% requires a significant amount of time due to its 

exponential time function. A readjustment could be now done re-calculating it with the new 

values of power losses. However, this value is sufficient for the current purposes.   

 

Figure 86. Simplified average thermal model. 

 

Before moving towards the next step, it is worth mentioning that a value of 23 ºC/kW 

can be easily achieved based on the previous analyzed cold plate. Hence, the design steps 

could be revised using an smaller IGBT. It would mean a lower size or cost. On the other 

hand, an increase of maximum output power could be also possible. It can be quantized 

using the graph Tj versus Irms of figure 73. It is important to make these considerations 

before the cooling system design in order to save time and resources. A method to 
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thermally characterize different IGBTs according to load and switching frequency so as to 

select the appropriate one is described at [87].  

The next step will be to look at your provider in order to check its options. 

Summarizing the previous sections, several considerations have to be taken into account. 

The type of liquid will define some incompatibilities between cold plates, pump and heat 

exchanger. Normally, filtered water can work for standard cold plates. Hence, there are no 

compatibilities issues. If, finally, an aluminum cold plate (or aluminum tubes) is used, some 

anticorrosive should be added.  If an extra-level of leakage protection was demanded, some 

oils could be used (the thermal performance will be worse and the cost higher). Deionized 

water would only be used if the cold plate required it. On the other hand, the water 

temperature needs to be fixed. To do so, the total heat dissipation power of the heat 

exchanger has to be greater than the total power dissipated by the converter. In cases 

where the heat exchanger works with temperatures higher of 10 ºC, glycol should be added 

to the water. The heat exchanger could be also represented as a thermal resistance, and a 

global thermal model enlarging figure 88 and adding the rest of IGBTs  would represent the 

overall system. For now, a water temperature of 40 ºC is thought to be easily achieved by 

common heat exchangers, and it is fixed as a constant. In this particular case, the water 

temperature could be increased to 50 ºC in order to reduce the heat exchangers needs. 

Regarding the power losses, it is important to have them in mind, but pump requirements 

analysis has to be done after the selection of cold plate and heat exchanger.  

In this example, the Hi-Contact cold plate previously presented at a low water flow will 

meet the specifications. After fixing a minimum water flow, the pressure drop of all the 
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water circuit can be calculated, and the pump selected. The process can conclude 

recalculating the pressure drop of the circuit for the water flow proportioned by the pump. 

An increase in the water flow yields to an important increase in the pressure drop. Finally, 

the total volume of the circuit can be estimated. It can be a restriction in some applications.   
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6. CONCLUSIONS 

This work hopes to have given appropriate thermal guidelines to encourage the use of 

these recently new multilevel topologies (FC-ANPC, DFC-ANPC, Mule). Some information in 

relation to their control, applications, characteristics, and advantages is briefly described, 

but the document is focused on thermal management. In contrast, the priorities could have 

fixed to study novel modulation techniques, decrease the level of harmonics or improve the 

efficiency.  

The market introduction of DFC-ANPC and Mule can lead to considerable thermal 

improvement in comparison to FC-ANPC. However, DFC-ANPC and Mule have a similar 

thermal behavior from the design point of view. The system usually has to be designed to 

work safely under all power factors. This is detailed at chapter 3, where values of average, 

peak and fluctuation of temperature are presented. Despite this, DFC-ANPC or Mule may 

have better or worse reliability depending on the application and the region of normal 

operation. The strong relationship between reliability and temperature is also summarized 

in section 3.5.  

Comparisons are mainly based on simulations and under certain conditions. However, 

the extracted conclusions can be extended to other conditions, such as modulation 

techniques. In exception of active temperature balancing techniques, case where Mule is 

expected to provide more options. Real world experiments can slightly differ from 

simulations but they should not be altering the overall discussion and conclusion either. In 

addition, the thermal behavior of the topologies are in good agreement with the low-scale 

prototype presented on appendix B.  
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A thermal improvement can lead to a high power density (lower converter size or 

higher output power), a more economic solution, or a more reliable product depending on 

the application priorities. The topology choice is important to the extension to add all these 

benefits without an extra-cost. However, the selection of the best topology does not only 

depend on the thermal performance, and other characteristics such as number of 

components, control difficulty, or efficiency has similar importance.  

Ultimately, the converter needs to be cooled to achieve the proper temperature to 

ensure the IGBT to work safely and long enough. An overview of the different technologies, 

and a description of the thermodynamics involved help to better understand the common 

commercialized cold plates. The cold plate decision will, again, depend on the application 

requirements. A lower thermal resistance is usually tighten to more expensive cold plates. 

Despite this, the influence of the cold plate parameters on a multilevel converter has been 

studied pointing out the relationship low thermal resistance versus high pressure drop 

Current technologies offer an acceptable trade-off cost-performance. Hence, recently new 

cooling systems have not been detailed.    

Multilevel converter technologies are a wide field of research, where there is still 

infinite work to do. In this case, the thermal analysis of three promising topologies were the 

initial goal. Then, it was naturally extend to their cooling. Similarly, some future work 

would be still possible. Some ideas could be the following. The study of loss distribution 

and modulation techniques to enhance it. Thermal characterization of capacitors, which are 

a key component on the presented topologies. The study of the efficiency, including passive 
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components. Finally, the possibility to build a large scale prototype, to experiment with the 

selected IGBT, or to build a liquid cooling system will be an incredible opportunity too.  
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APPENDICES 

A. IGBT Thermal Model Foster versus Cauer 

Electrothermal modeling is the most widely used tool to represent the heat flow 

transfer between two points [75]. Despite being a one-dimensional simplification, it is 

accurate enough for most of the applications. It is based on the concept of thermal 

impedance [1, 72], which is an electrical analogy to relate the heating power or the power 

dissipation to an increment in temperature (Eq. 16). Generally speaking, there are two 

ways two achieve the electrothermal model.  

      
                           (Eq. 16) 

The first one is based on the physical properties of the materials, which will lead to the 

Cauer model. A device or an object can be divided into layers of materials. Knowing the 

thermal properties of each layer, its convection, radiation, and conduction capabilities can 

be translated to a thermal resistance and a thermal capacitance. An example applied on 

cold plates is provided at section 4.2. Then, adding each thermal resistance and capacitance 

as in an electrical transmission line form, the continued fraction circuit or Cauer model is 

formed. The Cauer model structure is provided at Figure 69.   

The second one is based on measuring the response of the material under a heating 

power, which will lead to the Foster model. This is strictly based on equation 16. The model 

was originated for the need of having a representation in cases where it is not possible to 

know the exact materials or sizes. In addition, it is easier to obtain an accurate result. The 

methodology consists in heating the device and measuring the temperature (directly or 
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indirectly). Then, a plot is obtained, and a partial fraction circuit can be easily obtained 

from it using any curve fitting method [73]. This connection of RC elements (Figure 17) 

perfectly represents the dynamic response of the systems, but each RC element does not 

have any physical meaning.  

Summarizing, Foster model is easier to obtain, and its simulation is normally faster, the 

transfer function can be easily calculated. In addition, datasheets usually provide the 

dynamic thermal response of the device in a Foster form. However, an important drawback 

is the connection of two Foster models. A typical case is the connection of IGBT and 

heatsink. In this case, the transient response is obviously wrong. The power is able to go 

across both modules from the first instant, heating both IGBT and heatsink at the same 

time. The reality is that the IGBT is heated first, and then gradually the heatsink is also 

heated. This phenomenon is illustrated at figure 87. On the other hand, the Cauer model 

allows the interconnection of different thermal circuits without any problem. In addition, 

each node voltage represents the actual temperature at that point.  

Both models are valid, and the use of one or other will depend on each situation. In this 

thesis for example, a multilevel converter with a commercially available IGBT wanted to be 

tested. Manufacturers does not provide information exact enough to define each IGBT 

layer, and the Cauer model. Hence, the only chance is to use the Foster model provided on 

the datasheet [4]. Nevertheless, the multilevel converter needs to be tested with a cooled 

IGBT, which is problematic using the Foster model. This is a common problem, and two 

possible solutions have been followed to solve it. 
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Figure 87. Temperature response of junction, case and heatsink illustrating the Foster 
model problematic [1].  

 

One solution [76,77] is substituting the heatsink by a fixed equivalent average 

temperature. It is a good method to analyze the fluctuations once the system is in steady 

state. It relies on the fact that the IGBT thermal constant time (RC) is much faster than the 

heatsink thermal constant time. Hence, the fast and small variation during steady state 

operation does not influence the heatsink temperature. This is also proven in section 4.3., 

where one conclusion is that the cooling system choice has no effect on temperature ripple. 

However, the constraint is the calculation of the equivalent heatsink temperature, which, in 

literature, is normally selected based on common values.  

The other solution is the mathematically transformation of the Foster model into a 

Cauer model. The resultant Cauer model responds exactly on the same way, except of the 

internal nodes temperatures. The main advantage is that allows to connect it to the 



132 

 

heatsink thermal model. However, it is important to emphasize that some error may occur 

due to the fact that the derivation of the model is mathematically, and each RC layer does 

not directly correspond to a material.  The process to convert any Foster model to a Cauer 

model is described at [74].  

In this thesis, the first approach is used in the thermal simulation of FC-ANPC, DFC-

ANPC, and Mule converters. Because of the steady state operation measurement, the result 

will be accurate. However, an hybrid approach is implemented in order to have an average 

junction temperature in concordance with the cooling system, and to represent the cross-

heating of diode and transistor in the IGBT case. The hybrid approach consists of 

substituting the fixed temperature with the thermal impedance of the heatsink (using a 

large thermal capacitance so as to obtain a large time constant). In steady operation, it 

results in a constant temperature anyways. The ultimate values chosen and the model 

structure is represented at figure 17 and table 6.  

Another extra consideration is the position of the thermal interface resistance (TIM) to 

correctly reflect the cross-heating between diode and transistor in the IGBT case. 

Datasheets use two approaches (figure 88): a unique thermal resistance for both diode and 

transistor, and two separately thermal resistances. As the ABB application note [1] 

indicates, the use of only one TIM thermal resistance is more accurate for high power IGBT, 

or at least for the used IGBT (HiPak).  
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Figure 88. Position schematic of two possible TIM (Rth(h-a)) positions [1].  

 

The second approach is used in the thermal simulation of the cooling system. In this 

case, the behavior of the cooling system is intended to be estimated. Hence, the Cauer 

model is necessary. Even though two-dimensional approaches will lead to a more accurate 

results, the Cauer model should be enough to give some insight on the different trade-offs. 

After applying the steps described at [74], the equivalent thermal values of the Cauer 

model have been obtained (Figure 69, Table 12). However, the validity of the equivalent 

Cauer has been tested before doing any heatsink simulation. 

The first validation is a comparison of the step response of both systems. An 

experimental circuit has been built for it (Figure 89). It shows the agreement between both 

models. The error is considered of several orders of magnitude below. In the plot, the 

values correspond to the transistor part: R1F = 6.36m, C1F = 30.346, R2F= 2.11m, C2F = 

10.142, R3F= 1.04m, C3F= 2.673 (from the datasheet [4]); R1C = 1.8349m, C1C = 1.9776, 

R2C= 3.0129m, C2C = 7.4299, R3C= 4.6622m, C3C= 30.3176 (calculated).  
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Figure 89. Foster versus Cauer model-Simulation set-up and step response. 

 

The Cauer model passed the 1A step response comparison. The next comparison is the 

use of a periodically impulse response. In other words, a normal IGBT operation (or close 

to) is emulated. The set-up schematic is the same substituting the fixed current source by a 

square current source. Again, both responses match, and the small error can be neglected 

(Figure 90 and 91). Therefore, the Foster model has correctly transformed to a Cauer 

model, and this Cauer model can be used to predict the behavior of the cooling system.  



135 

 

 

Figure 90. Foster versus Cauer model-Simulation impulse response. 

 

 

Figure 91. Foster versus Cauer model-Simulation impulse response zoom in at 0.1 s. 

 

Once the equivalence of both models is clear, it is thought to be interesting to compare 

the thermal performance when a heat sink is applied. This is the case of the simulations 

done in this document. According to the features of both models, a distinct transient 

behavior is expected, but a similar result in steady state. The experimental set-up is the 
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same than in previous cases adding two RC branches corresponding to TIM and heatsink 

(R4F=18m, C4F=25, R5F=18m, C5F=50; R4C=18m, C4C=25, R5C=18m, C5C=50).  

 

Figure 92. Foster versus Cauer model-Step response with heatsink. 

 

The step response shows the almost equivalent response on the fast transient (due to 

the IGBT thermal model part), but an important error on the slow transient. Finally, the 

average values or the steady state response is the same. Hence, the result validates the 

previous knowledge.  

Similar to before, the impulse response simulation has been carried out (Figure 93 and 

94). Again, the fast temperature fluctuation remains the same due to the large difference 

between power module and heat sink time constants. The fast transient is absorbed by the 

power module, where both responses are similar (tiny difference probably due to an small 

heatsink secondarily effect). On the other hand, the small error on the slow transient 

appears too.  
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Figure 93. Foster versus Cauer model-Simulation impulse response with heatsink. 

 

 

Figure 94. Foster versus Cauer model-Simulation impulse response with heatsink 
zoom in at 9 s. 

 

This appendix demonstrates the appropriate use of both models during the thesis. 

Nevertheless, it is important to remark that they are a one-dimensional simplification 

based on datasheet parameters, which are based on experimental measurements. Hence, a 
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real world experimental set-up will  be useful to determine the accurateness of the analysis. 

This has been done and reported in Appendix B, but a small scale prototype has been used 

with important comparison limitations.   
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B. Experimental results validation 

Simulations safe a lot of time and money to designers. It is a way to predict the 

behavior of systems before their final construction. Hence, accurate simulation models are 

developed. In this document, the impossibility to build a large scale prototype in the 

laboratory has been the reason of basing the comparisons on simulations. All the 

simulations have been done according to manufacturer's prescriptions, and reports of 

previous research. Nevertheless, experiment results are always useful to validate 

simulation results.  

In this case, the Power Electronics Laboratory of UCI provided three prototypes and 

some temperature measurements. The design and fabrication of these prototypes is 

beyond the scope of this documents.  

Summarizing, the prototypes use the same topology schematic and CSVPWM 

modulation, but the components are adapted to a lower DC-link voltage (400 V) and power. 

Hence, transistors and diodes have significantly different characteristics. In addition, they 

use a natural air cooling heatsink. The measurements are done using different inductors 

and resistors to achieve a load of about 11 A and a power factor of 0.95. Regarding power 

losses, the big difference between low power and high power switches is the higher 

switching losses of the high power switches in comparison to the conduction losses. Hence, 

it is intended to be mitigated by choosing a small power IGBT with high switching energies. 

Moreover, experiments are done at low frequency (1050 Hz) and high frequency (5500 

Hz).  This is a way to have an insight of the amount of conduction losses (looking at the low 

frequency results), and the amount of switching losses (looking at the high frequency 



140 

 

results). Finally, the biggest comparison difficulty is the different type of package. The 

cross-heating is more evident in low power IGBT cases. In this case, it makes impossible to 

distinct between transistor temperature and diode temperature. Another limitations of the 

experimental set-up is the impossibility to measure the temperature fluctuation or to test 

several power factors.  

Once the limitations of the comparison are clear, some results are presented in a 

comparative graph form. The graphs show the temperature of each device and its 

temperature in ºC on the y-axis. However, these values are only illustrative because of the 

different conditions of experiments and simulations. The goal of the comparisons are to see 

whether they share similar behavior or not. As in chapter 3, temperatures have been 

grouped in devices that have the same operating. Experiment results at low frequency and 

high frequency are separately plotted. On the other hand, transistor and diode simulation 

temperature results are also separately plotted. Doing an average between transistor and 

diode temperatures would not be an accurate way to reflect the experimental cross-

heating. To sum up, four curves are used to perform the comparison: experiments results at 

high frequency (f=5500 Hz), experiments results at low frequency (f=1050 Hz), simulation 

results-transistor part (Sim f=1200 Q), and simulation results-diode part (Sim f=1200 D).  

The first graphs (Figure 95) shows the FC-ANPC comparison of experiments and 

simulations. The correlation between both is evident in medium modulation and high 

modulation. Switches S9-S10-S11-S12 displays a higher temperature in all the cases. 

However, a small difference in switches S4-S3-S5-S6 (f=1050 Hz) can be seen at low 

modulation. It is because of the low influence of switching losses on small power and low 
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frequency (curve f=1050). Overall, simulations are expected to be more similar to high 

frequency experiments. In this case, simulations and experiments measurements are 

comparable because the diode heating (Sim f=1200 D) behaves similar to the transistor 

heating (Sim f=1200 Q). The cross-heating differences are more evident than in the other 

topologies.  

 

Figure 95. Comparative graphs simulation (f=5500, f=1050) versus experiments (Sim 
f=1200 Q and Sim f=1200 D)-FC-ANPC. 

 

The second graphs (Figure 96) plot the results of DFC-ANPC topology. Even though 

there are differences at a first glance, they are due to the almost independent heating of 

transistor and diode in simulations. For instance and looking at any modulation, the 

simulation will behave as the experiment if the thermal performance of transistors and 

diodes were merged. For instance, at low modulation index, transistor simulation results 

(Sim f=1200 Q) have the highest temperature at Q1-Q2-Q7-Q8, and the lowest temperature 

at Q4-Q3-Q5-Q6. On the other hand, diode transistor simulation results (Sim f=1200 D) 
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have the highest temperature at D4-D3-D5-D6, and the lowest at D9-D10-D11-D12. 

Therefore, in cases where the cross-heating between diode and transistor was more 

important, temperatures would be more homogeneous (peaks and valleys are 

counteracted) and the peak at S4-S3-S4-S6 would be the predominant. This is the case of 

experiments results at high frequency (f=5500 curve) at low modulation index. 

Approximate reasoning can be done for medium and high modulation indices. 

 

Figure 96. Comparative graphs simulation versus experiments-DFC-ANPC. 

 

The third graphs (Figure 97) are more complex because of the Mule nature. In Mule, there 

are some extra diodes and switch behaviors. Again, simulation and experiments are 

equivalent with some differences due to the same reasons than before. For instance, the 

lower switching losses of the experimental converter at 1050 Hz is the reason of the low 

value of S1-S8-S7-S2 at low modulation. The slightly cooler temperature of S9-S10 at low 

modulation is because the effect of the diode cross-heating is lower than in experiments. 

On the other hand, the drastically lower temperature of the diodes at medium and high 
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modulation may be because of the diode choice. In the experimental Mule, an independent 

diode is used while the anti-parallel diode of the IGBT is used in the simulations.  

   

 

Figure 97. Comparative graphs simulation versus experiments-Mule. 

 

Despite the similarities showed above, the interesting part is the comparison between 

converter topologies. Again, high frequency and low frequency experimental results are 

plotted. Similarly, both transistor and diode simulation results are also separately drawn. 

For clarity, simulations and experiments are displayed in two different graphs. In this case, 

x-axis does not indicate the switch number because of the differences along topologies. 

Hence, x and y-axis both have an abstract meaning.  
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Figure 98. Comparative graphs-Low modulation. Experiments on the top (FC 
represents FC-ANPC, DFC represents DFC-ANPC, results at high and low switching 

frequency), and Simulations on the bottom (f=1200 Hz, Q represents the transistor part, D 
represents the diode part). 

 

Looking at the low modulation comparative graph (Figure 98), the small differences 

due to different IGBT characteristics seem to play an important role in the overall 

comparison. For instance, the peak temperature of the experimental Mule is attenuated by 

the mentioned cross-heating issue. On the other hand, the DFC-Sim D peak at number 3 was 

totally in concordance with the experiments, but it is more prominent in comparison to the 

other topologies. Both effects turn into a partial mismatch. The final consequence of this 

disagreement is analyzed at the final comparison (Figure 101). 

Regarding the comparison at medium modulation index (Figure 99), two main issues 

can be seen. Firstly, the DFC-ANPC diode simulation (DFC Sim D) temperature peak, that at 
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low modulation was important, is not relevant now because the temperature of the 

transistor (DFC Sim Q) surpasses it. Secondly, the problematic with the different types of 

diode appears again on the Mule topology. However, it is not really important because the 

determinant part is the temperature of the transistor. It is worth recalling that the 

maximum temperature between transistor and diode is the value picked for the 

comparison in chapter 3.  

 

 

Figure 99. Comparative graphs-Medium modulation. Experiments (on the top) and 
Simulations (on the bottom). 

 

Similar discussion than in medium modulation index, can be done in relation to the 

high modulation comparison (Figure 100). Moreover, the agreement between simulation 

and experiments this time is higher than before.  
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Figure 100. Comparative graphs-High modulation. Experiments (on the top) and 
Simulations (on the bottom) 

 

Finally, some graphs (Figure 101) depict the final comparison of the absolute 

maximum temperature values (temperature of the hottest switch group). At low 

modulation index, the FC-ANPC is the hottest topology on all 4 points. The difference 

between DFC-ANPC and Mule is equivalent on experiments (Exp 5550, Exp 1050) and 

transistor simulation results (Sim Q). However, a mismatch appears on the diode 

simulation results. Again, the impossibility to measure the experimental diode temperature 

isolated to the transistor temperature does not allow to ensure if the difference is due to 

the cross-heating dissimilarity, or due to some transient effect not contemplated in 

simulations. At medium and high modulation indices, FC-ANPC is also the hottest topology 

on all 4 points. In these cases, the difference between DFC-ANPC and Mule is also similar in 
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all 4 points. Mule performs slightly better looking on the diode part, hence the overall 

thermal behavior of diode plus transistor matches to the two experimental curves.  

 

 

 

Figure 101. Comparative graphs-Topologies comparison. Absolute maximum temperatures 
of experiments at high (Exp 5500) and low (Exp 1050) switching frequency, and 

simulations of transistor (Sim Q) and diode (Sim D) separately.  

 

Summarizing, simulation results are in concordance with experiments. The evidences 

indicate that the variations are due to the fact that different scenarios have been compared. 

Low and high power models perform slightly different. For the same reason, a strong 

conclusion validating the simulation results cannot be made. On the other hand, the first 

graphs (Figure 95, 96 and 97) showed an equivalent thermal performance between both 
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scenarios, and made clear some differences between low power and high power IGBTs. 

Last but not least, the reduced number of experiment measurements also makes difficult to 

extract several conclusions.  

 




