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Abstract—This paper compares the potential AC/DC power 

converter topologies that are appropriate for medium voltage and 

medium/high power aircraft applications. The power converter’s 

rated power and the DC distribution voltage level in this 

application assumed to be 1MW and 3kV. The topologies explored 

include multi-level and modular converter structures that are 

connected in series and/or in parallel to achieve the rated power 

and DC-link voltage. The main aim of this research is to review 

the AC/DC converters topologies and then select the best 

candidate for the target application. The loss and efficiency of the 

converter topologies are determined based on available SiC 

semiconductor devices. Simulation results obtained using PLECs 

software are used to compare between different power converter 

topologies in terms of losses, weight, and power density to identify 

the best candidate.  

Keywords—AC/DC converter, medium voltage and medium/high 

power converters, aircraft applications and modular converter. 

I. INTRODUCTION 

In the last two decades, the aviation industry has been working 

on the more electric aircraft to reduce the CO2 emission (MEA) 

[1]. The features of the MEA are quiet, environmentally 

responsible, and energy-efficient [2, 3]. Currently,  DC 

distribution voltages of 270V and 540V are widely employed 

and regarded as high-voltage DC (HVDC), but it is expected 

that the voltage level will enter the medium DC voltage range 

(kV) for future aircraft propulsion systems [4]. Using the 

medium DC voltage allows the distribution of power to increase 

from hundreds of KW to ones MWs. Higher voltage is therefore 

recommended in the electric power system (EPS) of the aircraft 

when propulsion systems are considered to reduce the current 

and hence cable diameter and cable weight [5].  

One of the key components of the EPS of the aircraft is the AC 

electric machine, which can be used as a generator to power the 

EPS and also widely applied to drive different onboard loads. 

Working with medium voltage and medium/high power 

requires the use of multi three-phase machines for better 

machine power density, cooling system, and reliability (i.e., 

fault tolerance) [6-8]. Multiple three-phase machines have been 

used in various applications, particularly aerospace applications 

due to their fault tolerance and flexibility in providing different 

aircraft architecture designs [9]. 

The EPS requires AC/DC power electronic converters for 

interfacing to different electric machines that works as sources 

and loads [10]. Using multiple three-phase machines allows the 

using of technical building block (TBB) based converter 

structure where multiple AC/DC power converter units 

connected in series and parallel layouts can be deployed. These 

structures allow to use of multiple power converter units with 

low voltage and low current device ratings. 

This paper provides the structure of the TBB based converter 
for 1MW rated power and 3kV DC distribution system which 
suitable for the future aircraft propulsion applications. The 
potential AC/DC power converters, which may be suitable, have 
been investigated. Then, a comparison between the converter 
candidates is provided to define the best choice. Simulation 
results for the selected topologies are presented with 
highlighting their advantages and limitations. Finally, the 
conclusions are drawn.  

II. TECHNICAL BUILDING BLOCK CONVERTER CONCEPT 

The concept of technical building block based converter 

depends on using small power converters units. By connecting 

the power converter units in series or/and parallel, the required 

current, voltage, and power levels can be attained. By that, the 

power converter features as modular and scalable structure with 

enabling a wide range of voltage and power.  

For 3kV DC distribution voltage, the semiconductor devices 

that are mostly available at that voltage level, are IGBTs, which 

do not perform effectively at high switching frequency with 

high voltage ratings. SiC-MOSFET devices have widely 

penetrated in industrial applications. It is evident that SiC-

MOSFET significantly exceed Si-IGBT devices in relation to 

switching performance by significantly reducing switching 

loss. SiC MOSFET devices are well established by SiC 

manufacturers, such as Cree and Microsemi, for voltage rating 

650V and 1.2kV with different range of current rating. For 

higher voltage rating, some manufacturers, such as Hitachi and 

MITSUBISI, have produced SiC-MOSFET at 3.3kV but they 

are not commercially available. 

The connection of the TBB based converter, which is shown in 

Fig. 1, is as follows: three modules are connected in parallel 

from the DC-side while the AC terminals are connected to three 

phases of the machine terminals, forming a three-phase 

converter unit. Then, the converter units are connected in series 

from the DC-side in order to withstand 3kV DC-bus voltage, 

where the DC-voltage seen by each converter depends on the 

number of series modules. The parallel connection has been 

also required leading to lower DC current shared by each 



module. In this paper, two parallel branches of two series 

converter units are considered, as shown in Fig. 2. 

Different structures of the converter modules with different 

number of series and parallel modules can be used which might 

improve converter performance. This is at the account of more 

complex control. Effect of different number of units is not the 

scope of this paper due to the limited space. The machine 

features permanent magnet multi-three-phase machine, where 

the machine has 4 groups of three-phase winding forming 12-

phase machine.  
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Fig.  1: Structure of TBB converter 
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Fig.  2: TBB converter, two parallel branches of two series units 

III. CONVERTER CANDIDATES 

The main parameters, that need to be considered when selecting 

the type of the converter units shown in Fig. 2, are the DC-link 

voltage, fundamental frequency (machine electrical frequency) 

and the converter power. The selection of the power converters 

is restricted to the topologies that suitable for the medium 

voltage and medium/high power applications. The Preliminary 

description of the converter candidates will be introduced. 

These converters are two-level voltage source converter (2L-

VSC), three-level neutral point clamped (NPC), three-level 

ANPC, T-type NPC, flying capacitor (FC) converter, and 

modular multilevel converter (MMC) [11-13].  

A. 2-level voltage source converter 

A 2L-VSC is composed of six active devices, as shown in 
Fig. 3. This structure is commonly used for low and medium 
voltage and power applications [13]. The converter structure and 
the control are considered straightforward. However, this 
converter suffers from high dv/dt in the output voltage, which 

could lead to failure of the insulation of the machine winding. It 
could also produce high harmonic distortion in the AC voltage 
and significant switching ripple in AC current leading to extra 
power loss. These issues can be solved by adding an LC filter 
between the converter and the machine. However, the use of the 
LC filter can increase the converter weight and consequently 
reduce power density.  

To meet the specification of DC-bus voltage of 3kV, each 
unit should sustain DC-link voltage of 1.5 kV. So, the voltage 
stress of each device is 1.5kV and consequently devices with a 
voltage rating of 3.3kV should be used. Because the 3.3kV SiC 
MOSFETs are not commercially available, a series connection 
of 1.2kV devices can be used instead causing more complex 
layouts. Therefore, 2L-VSC has not been considered. 
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Fig.  3: 2L-VSC topology 

B. Neutral point clamped (NPC) converter 

Three-level NPC is composed of active devices, clamping 

diodes and DC-link capacitors, as shown in Fig. 4. This 

converter is widely used for medium voltage, high power drive 

applications. Compared to the 2L-VSC, the main advantage is 

the lower dv/dt, lower output voltage harmonics, and lower AC 

current switching ripple. Voltage balancing between DC-link 

capacitors are required due to deviation of neutral point voltage. 

This topology suffers from unequal distribution of power losses 

among the inner (S2 and S3) and the outer switches (S1 and S4). 

3L-NPC requires half the voltage device rating compared to 2L-

VSC and the switches are stressed by 750V, therefore 1.2kV SiC 

MOSFET can be used.  
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Fig.  4: Neutral point clamped (NPC) converter topology 

C. Active neutral point clamped (ANPC) converter 

Active NPC (ANPC) shown in Fig. 5, uses active devices in 

antiparallel to the clamping diodes in NPC converters to 

overcome the drawback of the unequal loss distribution.  There 

are different methods that can be used to balance the loss 



between the devices [14]. Similar to NPC, 1.2kV SiC 

MOSFETs devices, which are widely available in the market, 

can be used.  
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Fig.  5: Active neutral point clamped (ANPC) converter topology 

D. T-type neutral point clamped (T-NPC) converter 

T-NPC was proposed for drive applications. Instead of 

clamping diodes or switches in NPC and ANPC respectively, 

T-NPC uses a bidirectional switch to provide a controllable 

path to the current between the converter output terminal to the 

neutral-point of the DC link, as shown in Fig. 6.  Compared to 

the NPC and ANPC topologies, this converter could provide a 

better efficiency and required the same number of devices with 

series connected switches for the main devices. 1.2kV SiC 

MOSFETs devices can be used. 
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Fig.  6: T-type neutral point clamped converter (T-NPC) topology 

E. Flying capacitor (FC) converter 

The 3-level FC converter is similar to that of the NPC converter, 

where instead of using clamping diodes, the FC converter uses 

flying capacitors to clamp the switches to one capacitor voltage 

level. With this converter, it is important to balance the FC 

voltages and the complexity increases with increasing number 

of levels. FC converter requires more capacitors, which add to 

the converter's volume and weight and reduce its power density, 

therefore, it has been discarded. 

F. Modular multilevel converter (MMC) 

The MMC was originally used for HVDC transmission systems 

and also has gained more attention for use in the medium-

voltage drives. The MMC phase consists of two arms. Each arm 

is formed by a series-connected identical sub-modules (SM), 

such as a half-bridge, full-bridge or other configurations, and 

an arm inductor. Each SM has a floating DC capacitor.  It is 

important to balance the DC capacitor voltages and the 

complexity increases with increasing number of SMs. MMC is 

preferred to medium/high voltage applications, more than 

10kVDC. Due to a large number of floating capacitors which 

of course increases the converter volume and weight of the 

converter, thus lower power density compared to the previous 

topologies, it has been excluded from this study. 

G. H-bridge converter fed from isolated AC windings 

The DC side series connection of H-bridge converter fed from 

isolated AC sources (open winding machine terminals) [13]. 
This converter has the advantage of relatively low voltage rated 

switches. Due to implementing only with open winding 

machine terminals, it has not been considered.  

Table I provides a high-level comparison between the 

suggested topologies, in terms of voltage rating, current rating, 

and control complexity.  According to the markets' availability 

of SiC MOSFET devices, NPC, ANPC, and T-NPC with 1.2kV 

voltage rating SiC MOSFETs have been selected. These 

converters have been compared in the following sections.   

TABLE I: HIGH-LEVEL COMPARISON BETWEEN POWER CONVERTER 

CANDIDATES  

Topology 
Voltage 

rating 

Current 

rating 

Control 

Complex. 
Comments 

2L-VSC High High Low 

• Available in the 

market for different 
current range  

• EMI problem, high 
dv/dt 

NPC Medium High Medium 

• Available in the 

market current level 
up to 150A 

• Loss unbalance 

ANPC Medium High High 

• Available in the 
market 

• even loss distribution  

• Require additional 
active devices 

T- NPC Medium High Medium 

• Available in the 
market 

• Use series connected 
devices 

FC Medium High High 

• Large, distributed 

capacitors are 
required  

• Require additional 
capacitors 

MMC Medium Low High 

• Large, distributed 

capacitors are 
required 

• Require additional 
capacitors 

H-bridge Low High High • Isolated AC windings 



IV. MODULATION SEMICONDUCTOR LOSS AND COOLING 

REQUIREMENT   

The semiconductor loss, efficiency, device junction 

temperature and the requirements of cooling system have been 

calculated for the modular structure with the selected power 

converter topologies.  

A. Semiconductor device loss 

In this work, the machine electrical fundamental frequency is 

2kHz. The switching frequency fsw is set to 20 times of 

fundamental frequency, which is 40kHz.  Due to working with 

quite high switching frequency, the SiC devices have been 

used. The semiconductor loss, conduction loss and switching 

loss, can be calculated using PLECS software thermal library. 

Depending on the datasheet parameters of the selected devices, 

the loss data can be extracted in shape of formulas or lookup 

tables at different junction temperatures and inserted into the 

PLECS thermal library. Some manufacturers, such as Cree, 

Microsemi, and Rohm [15], provide PLECS thermal model 

which can be directly applied. 

The conduction loss of MOSFET can be calculated depending 

on the current direction and gate signal conditions. The 

MOSFET itself can be used to conduct the current from both 

directions. If the MOSFET has a positive gate signal, the 

MOSFET can conduct forward and reverse current; however, if 

the gate signal is zero/negative, the body diode can only 

conduct the reverse current as shown in Fig. 7. 
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Fig.  7:  Current directions in SiC MOSFET and its body diode 

Therefore, when the gate signal is positive, the reverse current 

has two possible directions, the MOSFET channel at lower 

current level, or shared by the MOSFET channel and the body 

diode at higher current level. The sharing of the reverse current 

𝐼𝑅 between the MOSFET IDS and the diode 𝐼𝑓 is modelled by:  

 
𝑉𝐷𝑆 = 𝐼𝐷𝑆𝑅𝐷𝑆−𝑜𝑛 

𝑉𝐷𝑆 = 𝑉𝑓𝑜 + 𝐼𝑓𝑅𝑓 

𝐼𝑅 = 𝐼𝐷𝑆 + 𝐼𝑓 

(1) 

where VDS is the voltage drop across the MOSFET. 𝑉𝑓𝑜 , and 𝑅𝑓 

donates the device threshold voltage (opening forward voltage 

drop at zero current), and on-state resistance of the diode, 

respectively. 𝑅𝐷𝑆−𝑜𝑛  represents the MOSFET on-state 

resistance of the. These parameters can be easily obtained from 

the device characteristic curve from the datasheets. From 

equation (1), the current IDS goes through the MOSFET causing 

voltage drop on  𝑅𝐷𝑆−𝑜𝑛. The current 𝐼𝑓 stays zero until the 𝑉𝐷𝑆 

exceeds 𝑉𝑓𝑜. If 𝐼𝑅 increases to a specific level, the current will 

flow through both the MOSFET and the diode.  

The conduction power loss 𝑃𝐶𝑜𝑛 can be calculated by: 

 
𝑃𝐶𝑜𝑛 = 𝑉𝐷𝑆𝐼𝐷𝑆 (2) 

The switching loss is estimated during the on and off transition 

states of the semiconductor devices. The switching energies 

include turn-on energy loss Eon and turn-off energy loss Eoff for 

the MOSFET and reverse recovery energy Erec for of the body 

diode.  

𝑃𝑆𝑊−𝑜𝑛(𝑡) = 𝑓𝑠𝑤 × 𝐸𝑜𝑛( |𝑖(𝑡)|) ×
𝑉𝑟

𝑉𝑛

   @𝑖(𝑡) > 0 

𝑃𝑆𝑊−𝑜𝑓𝑓(𝑡) = 𝑓𝑠𝑤 × 𝐸𝑜𝑓𝑓( |𝑖(𝑡)|) ×
𝑉𝑟

𝑉𝑛

  @𝑖(𝑡) > 0 

𝑃𝑆𝑊−𝑟𝑒𝑐(𝑡) = 𝑓𝑠𝑤 × 𝐸𝑟𝑒𝑐( |𝑖(𝑡)|) ×
𝑉𝑟

𝑉𝑛

  @ 𝑖(𝑡) < 0 

(3) 

where 𝑉𝑟  is the voltage across the device during off condition 

and Vn is the semiconductor device test voltage which is 

obtained from datasheet. The switching characteristic curves 

for Eon, Eoff, and Erec versus current are given in the device 

datasheet at different device temperature.  

The previous equations, (2) and (3), for the conduction and 

switching loss are also valid for the clamped diode in NPC 

converter, and it is known that the diode has only recovery loss.  

B. Thermal requirements  

Because of the semiconductor device loss, a thermal model is 

needed in order to estimate of the junction temperature of the 

semiconductor devices. The junction to case thermal impedance 

Rth-jc is the inherent parameter of the semiconductor devices 

which cannot be controlled. The heatsinks are normally 

required to provide the pathway for heat to be well transferred 

away from the semiconductor devices to the surroundings. The 

heat transfer and the junction temperature can be controlled 

using different thermal impedance Rth of the heatsink.  

Considering ANPC as an example and assuming each module 

(one-phase) is placed on one heatsink, therefore, there are six 

thermal resistors, as shown in Fig. 8. Ignoring the thermal 

impedance of the grease/paste Rth-ch, thus 𝑇ℎ =  𝑇𝑐 , where 𝑇ℎ 

and 𝑇𝑐  are heatsink and case temperature respectively. The 

required heatsink thermal impedance 𝑅𝑡ℎ  and the junction 

temperature 𝑇𝑗 for each device can be calculated by equations 

(4) and (5) respectively. 

 
𝑅𝑡ℎ =

𝑇ℎ −  𝑇𝑎 

𝑃𝑙𝑜𝑠𝑠−𝑡𝑜𝑡𝑎𝑙

 (4) 

 𝑇𝑗 =  𝑃𝑙𝑜𝑠𝑠 × 𝑅𝑡ℎ−𝑗𝑐 +  𝑇𝑐    (5) 

where 𝑃𝑙𝑜𝑠𝑠 is the device power loss and 𝑃𝑙𝑜𝑠𝑠−𝑡𝑜𝑡𝑎𝑙 is the total 

loss of devices placed on the same heatsink. The thermal 

capacitances are not taken into account due to working on a 

steady-state conditions.  



The thermal resistance 𝑅𝑡ℎ of the heatsink is calculated in order 

to maintain the device with the highest power loss has 

maximum junction temperature less than or equal to 125oC, at 

the ambient temperature 𝑇𝑎  is 85oC.  
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Fig.  8:  Description of ANPC thermal resistance0s  

V. SIMULATION RESULTS  

To compare between the three selected power converters as a 

basic unit of the configuration shown in Fig. 2, the simulations 

models were implemented using PLECS software for NPC, 

ANPC and T-NPC converters. The parameters used in the 

simulation models are given in Table II for the converter and 

machine sides. The rated power and the DC-bus voltage level 

are 1MW and 3kV respectively.  

The SiC devices selection has a significant impact on the 

converter performances, since the power loss depends on the 

semiconductor conduction and switching parameters. SiC 

MOSFET module CAB530M12BM3 from Cree manufacturer 

and SiC diode module MSCDC450A120AG from microchip 

manufacturer, have been selected. Table III shows the 

specifications of the selected SiC devices. 

TABLE II: SIMULATION MODEL PARAMETERS 

Parameters  Value  Parameters  Value  

DC-bus voltage 3 kV Flux linkage 47mVs 

Nominal rated power 1MW Current RMS 196A 

Number of phases 12 Pole pairs 4 

Electrical frequency 2 kHz Inductance 63µH 

Switching frequency 40kHz Phase resistance 0.012Ω 

RMS Back electromotive 

force bEMF 
410V 

RMS Phase 

voltage  
460V 

TABLE III: SIC DEVICES SPECIFICATIONS 

SiC Devices MOSFET Diode 

Manufacturer Cree Microchip 

Part number CAB530M12BM3 MSCDC450A120AG 

Voltage rating 1.2 kV 1.2kV 

Current rating 540A @ 90 oC Co 450A @ 90 

Num. switches per 

module 
2 2 

Weight  300gm 300gm 

Fig. 9 shows the average conduction and switching 

semiconductor power loss in kW for the converters working in 

generating (top) and motoring (bottom) modes. The results are 

for the selected converters NPC, ANPC, and T-NPC, at 100%, 

75%, 50% and 25% of the rated power. It is clear that the 

conduction and switching loss for ANPC and T-NPC converters 

are approximately equal, and both are slightly lower than NPC 

converter. Fig. 10 shows the efficiency of the three converters 

in generating (top) and motoring (bottom) modes at 100%, 

75%, 50% and 25% of the rated power. By lowering the load 

operating power from 100%, 75%, 50% to 25%, the efficiency 

increasing for the selected topologies. The efficiencies in the 

motoring mode are slightly lower than that in the generating 

mode for the three converters. The ANPC and T-NPC have the 

highest efficiency and NPC is slightly lower efficiency 

compared to ANPC and TNPC. 

The thermal impedance Rth value determines the cooling system 

requirement. Table IV shows the required Rth value of the 

heatsinks for the three converter types at 100% rated power 

condition. It is considered that one heatsink is required for each 

phase. The thermal impedance is required to keep the maximum 

temperature of semiconductor devices doesn’t not exceed the 

temperature limit ≤ 125oC. ANPC requires the highest thermal 

resistance and consequently the best cooling system. The 

weight of heatsink should be kept as low as possible to 

maximise the power density. Calculating the exact weight of 

the heatsink considers quite difficult at this stage. Therefore, it 

is assumed that the heatsink factors (HSF) of 0.8, and 1.93 

kg/kW are used to convert power loss to cooling system weight 

requirements. These two factors were calculated from two 

previous projects at University of Nottingham for NPC and 

ANPC. Table IV gives the calculated weight of the heatsink at 

the rated power condition for generating mode, and motoring 

mode is quite similar. The weight of the heatsink are close to 

each other for ANPC and T-NPC. The NPC requires the 

heaviest weight and the lowest power density.  

On the basis of simulations results in terms of efficiency, and 

the requirements of the cooling system, and power density, the 

ANPC has been selected for prototype building and 

experimental work in the future work.  

VI. CONCLUSIONS 

This work introduced a preliminary description of the power 

converter candidates that are suitable for medium voltage and 

medium/high power aircraft applications. A high-level 

comparison between the different converter candidates was 

given, and the best options have been modelled for detailed 

comparison. The technical building block based converter was 

presented, in order to provide modular and scalable structure, 

where the selected converters are used as a basic block.  

The semiconductor devices loss, efficiency and the cooling 

system of the different topologies using WBG technology, SiC 

devices, were obtained at different operating power in both 

generating and motoring modes. It has been found that the 

performance of ANPC and T-NPC are fairly similar, and both 

are slightly better than NPC. The cooling system required for 

ANPC is better than that required for NPC and T-NPC 



topologies for all structures. The converter weight and power 

density in the different structures were determined. The power 

density of ANPC is the maximum which is slightly higher that 

T-NPC and NPC converters. 

 

 

 

Fig.  9: Power loss (kW) at 100%, 75%, 50%, and 25% of Prated for 

generating and motoring modes 
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