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Abstract: In this article, an advanced multiphase modular power drive prototype is developed for
More Electric Aircraft (MEA). The proposed drive is designed to supply a multi-phase permanent
magnet (PM) motor rating 120 kW with 24 slots and 11 pole pairs. The power converter of the drive
system is based on Silicon Carbide Metal Oxide Semiconductor Field-Effect Transistor (SiC MOSFET)
technology to operate at high voltage, high frequency and low reverse recovery current. Firstly,
an experimental characterization test is performed for the selected SiC power module in harsh
conditions to evaluate the switching energy losses. Secondly, a finite element thermal analysis based
on Ansys-Icepak is accomplished to validate the selected cooling system for the power converter.
Thirdly, a co-simulation model is developed using Matlab-Simulink and LTspice® to evaluate the
SiC power module impact on the performance of a multiphase drive system at different operating
conditions. The results obtained show that the dynamic performance and efficiency of the power
drive are significantly improved, which makes the proposed system an excellent candidate for future
aircraft applications.

Keywords: AC machines; DC-AC power converters; energy efficiency; fault tolerant systems; SiC
Power MOSFET; more electrical aircraft

1. Introduction

The need to increase electrical energy proportion in transportation applications has given birth to
the concept of More Electric Aircraft (MEA). The aim is to reduce the ecological impact of the vehicle [1].
The helicopter of Figure 1 is the vehicle considered in this work. In order to replace the Fenestron® tail
rotor by an electric machine [2], a power drive system is developed considering multiple constraints
such as reliability, fault tolerance, efficiency and weight.

Conventional three-phase machines are very popular in electrical engineering but have a critical
drawback: the loss of a single phase severely impacts the operation and performance of the machine.
Therefore, these machines have limited fault-tolerant capabilities [3–9]. Permanent Magnet (PM)
motors offer several possibilities from the control point of view. In fact, a number of studies [5,10–13]
prove that they can be designed, optimized and controlled to achieve high power density, low
noise, low cogging torque, high efficiency and adaptability for flux-weakening regions. Considering
multi-phase PM machines, they have a variety of applications in many areas such as automobiles,
robotics, renewable energies, and aerospace [14,15]. A six-phase PM motor is considered in this work.

A fault-tolerant power electronic architecture is necessary to drive the fault-tolerant machine
which is considered. Assuming the availability of an appropriate DC source, topologies of
fault-tolerant DC/AC converters supplying independent motor phases (H-bridge) exist in the literature.
The configurations of the single-phase multi-level inverter (SPMLI) and the single-phase H-bridge
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inverter (SPHBI) as well as the zero-voltage-switching H-bridge inverter (ZVSHBI) [3,16–18] stand out
because they only require one power supply compared to 5-level and 7-level inverters. Hence, they are
appropriate to the application. Besides, the SPMLI configuration presents a very small total harmonic
distortion (THD) and a simplified control strategy, compared to the ZVSHBI configuration.

The circuit configuration of the SPHBI is simple and reliable, and cost-effective implementation
is possible. Moreover, this configuration allows the independent driving of motor phases, leading to
flexible control. Each motor phase is therefore driven from a separate SPHBI which ensures complete
electrical isolation between phases such that continued operation is possible even with a power device
or winding fault.

The efficiency of this topology can be improved, granted the reduction of switching losses through
the use of advanced semiconductor power switches such as Silicon Carbide Metal Oxide Semiconductor
Field-Effect Transistor (SiC MOSFETs). Recently, SiC powered MOSFETs are being considered as serious
candidates in designing power converters for different applications due to their superior material
advantages, such as wider bandgap, high thermal conductivity and higher critical breakdown field
strength [19,20]. They can provide lower power losses than Si devices and consequently increase the
efficiency of power converters at switching frequencies higher than 12 kHz, [21]. Dissipating lower
switching power losses favors the reduction of heat sink volume and weight. The characterization
tests of such new power modules leads to better efficiency calculations and, subsequently, improve the
heatsink design [22–24].

In this paper, an advanced power drive prototype based on SiC MOSFET technology is designed,
modeled and experimentally tested for aerospace applications. A double pulse test is implemented
to characterize and evaluate the switching energy losses of the utilized SiC MOSFETs. Then, a finite
element (FE) thermal analysis based on Ansys-Icepak is carried out in order to design and validate
the cooling system for the power converter. Finally, a co-simulation model is developed using
Matlab-Simulink (MathWorks, Natick, MA, USA) (containing the model of the electrical machine and
its control system) and LTspice® (Linear Technology Corporation, Milpitas, CA, USA) (containing the
model of the SiC H-bridge converter) to evaluate the impact of the SiC module on the performance of a
multi-phase drive system under different operating conditions. The results show that the thermal and
dynamic performances of the power drive are significantly improved, making the proposed system an
excellent candidate for aircraft applications. This paper is organized as follows: Section 2 presents the
system description of the electrical aircraft; Section 3 covers the system modeling, which encompasses
the converter, PM motor and control models; the results and discussions are presented in Section 4;
finally, the major conclusions are highlighted in Section 5.
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2. System Description

The system under consideration is depicted in Figure 1. The electric motor drives the tail rotor of a
helicopter [13]. In order to ensure the maximum reliability, safe operation and fault tolerant capabilities
of the motor-drive system for this application, the following design decisions have been taken:

• Six phase PM brushless motor with independent motor phases;
• Independent feeding power electronics for each motor phase;
• Independent current control algorithm for each motor phase.

The single phase model can be adopted to represent the full machine behavior by replicating the
model for each phase and considering the appropriate phase delay. In this way, the model allows
the computation of the dynamic performance of the motor including simplified modeling of the
control system and the power converter. The topology of the multi-phase drive is described in the
following sections.

2.1. Power Converter

The main objective of this paper is the design, modeling and testing of the power converter, along
with its cooling system. The proposed power converter is implemented using six full-bridges with two
SiC half-bridge power modules per phase and a 12.5 kHz switching frequency. SiC Power MOSFET is
selected as an advanced technology, because of its advantages compared to Si. For instance, SiC allows
higher switching frequencies, lower losses, and is suitable for high performance applications in many
engineering fields. In this work, the dynamic behavior of one phase will be studied, considering that
each phase has the same power rating. The SiC MOSFET and converter modeling will be discussed in
Section 3.1.1.

2.2. Electric Motor

A 120 kW/3600 rpm motor is constructed based on six independent phases with embedded
permanent magnets on the rotor. The motor, with 11 pole pairs, is characterized by a flux table
obtained by finite element (FE) analysis to account for current and position variability. The modeling
of this machine and its control system will be described briefly in Section 3.1.2 as the main aim of this
paper is to cover in detail all issues related to the power converter and its cooling system. The electrical
and thermal machine models, as well as the control algorithm, are introduced and discussed in detail
in [13–15]. In [13], the transient analysis of the motor-drive system is introduced, including current
and torque waveforms. The machine model and its performance in two operating modes, the healthy
and faulty modes, have been investigated in [15] using a finite element model.

3. System Modeling

In this section the electrical co-simulation model for the power converter and electrical machine,
as well as the converter thermal model, will be presented, discussed and analyzed.

3.1. Electrical Co-Simulation Model

The Simulink/LTspice® co-simulation model shown in Figure 2 is used to evaluate the converter’s
behavior: losses and efficiency. The motor and its control strategy are built in Simulink, and
the converter is built in LTspice®. The converter model is built based on the power module
CAS325M12HM2 manufactured by CREE® (Durham, NC, USA) [19]. Three variables Pulse Width
Modulation (PWM) signals for each H-bridge, phase current and back electromagnetic force) are sent
from Simulink to the converter in LTspice®. Then, LTspice® performs the losses and performance
analysis. The next sections will explain the converter and the machine models in details.
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3.1.1. Power Converter Electrical Model

The converter model is developed in LTspice®. For high performance drive systems, the switching
device needs to be selected based on its performance given the targeted operating conditions. SiC
MOSFET technology is chosen for its reduced power losses for switching frequencies higher than
12 kHz [20–22]. The CAS325M12HM2 [19] MOSFET from CREE is rated at 1.2 kV, 444 A, which is
convenient for the application considered here.

The schematic of the LTspice® power converter model is shown in Figure 3. The DC voltage
is regulated at 540 V and the gate resistances at 5 Ω. The PWM control comes directly from the
Matlab/LTspice® model via the co-simulation setup that was described above. Likewise, the output
current and the back-electromotive force (BEMF) are imposed by Simulink.
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3.1.2. Electrical Machine Model

As demonstrated in [12,13], a non-linear approach allows to accurately consider the behavior of
fault-tolerant permanent-magnet (PM) machines. The Differential Voltage Drop Method (DVDM) is
based on the independent phase model given by the voltage equation for the single independent phase:

v = Rs × i +
dψ(i, θ)

dt
(1)

with v, Rs, i, θ and ψ: the voltage, the resistance, the current, the position and the flux, respectively.
The second term of (1) can be decomposed into (2): a sum of differentials one in terms of the position
for a constant current and another in terms of the current for a constant position.

dψ(i, θ)

dt
=

dψ(i, θ)

dθ

∣∣∣∣
Ī
× dθ

dt
+

dψ(i, θ)

di

∣∣∣∣
θ̄

× di
dt

(2)

Considering an independent phase and the permanent magnet, the flux can be expressed as the
sum of magnetic flux ψM and leakage inductance l.

ψ(i, θ) = ψM(θ) + l(i, θ) × I (3)

By combining (2) and (3), Equations (4) and (5) can be written:

Ke(i, θ) =
dψM(θ)

dθ
+

dl(i, θ)

dθ

∣∣∣∣
Ī
× I (4)

Ld(i, θ) = l(i, θ) +
dl(i, θ)

di

∣∣∣∣
θ̄

× I (5)

with Ke(i, θ) being the back-electromotive force (BEMF) factor and Ld(i, θ) the static self-inductance.
The relationship between the rotor’s position θ and the mechanical speed ωm is given by (6):

dθ

dt
= ωm (6)

Therefore, starting from (1), it is possible to write the voltage balance as follows:

l(i, θ).
di
dt

= v − Rs × i − Ke(i, θ) × ωm (7)

Considering (7) and the overall voltage across the phase winding, the BEMF e(i, θ), and the
differential voltage drop ∆vdi(θ, i) are then defined as (8) and (9).

e(i, θ) = Ke(i, θ) × ωm (8)

∆vdi (i, θ) = l(i, θ)
di
dt

= v − Rs × i − e(i, θ) (9)

Thus, the six-phase PM motor is modeled in Matlab/Simulink and simulated in an off-line
co-simulation with the Ansys Finite-Element (FE) model of the machine, as is shown in Figure 4:

• The flux and torque behaviors are extracted from the FE analysis, in the form of accurate
lookup tables;

• The nonlinearity functions are computed in Matlab;
• The Simulink model applies the DVDM.

The motor drive is designed such that the phases are electrical, magnetical and thermal
independent from one another. For this reason, in order to evaluate the performance of the drive during
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the steady state conditions, only one phase has to be simulated. The nonlinear dynamic modeling of
each phase of the motor is taken into account by the DVDM and implemented in Matlab/Simulink as
shown in Figure 5. In the control strategy, the rotor magnet position is measured by a position sensor
and used to compute sinusoidal current references function of the position. These references, six in the
case of the six phase motor, are modulated in amplitude by the speed control loop according to the
torque requirements. A current control loop generates voltage references to obtain a phase current
as close as possible to the related current reference. The proportional integrated (PI) regulator gives
inputs to the full-bridge converter model, which then supplies each phase of the machine considering
a given phase current and BEMF.Energies 2017, 10, 5  6 of 21 
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3.2. Power Electronic Thermal Model

This section presents the thermal modeling of the power electronic system in two main parts
which are the SiC device and the power converter cooling system.

3.2.1. 3D Power Electronic Device Model

The SiC module [19] is modeled using a general network resistance model built using
ANSYS Icepak (ANSYS, Canonsburg, PA, USA). It features the possibility to consider the physical
characteristics of the module such as its thermal resistances (junction-to-case and junction-to-sides),
mass, geometrical dimensions, specific heat, and power loss. The modeling method proposed in
this paper (n-junction model) is advanced compared to the one available with the software program
(single-to-triple junction model).

Single-to-Triple Junction Model

This model of the network resistance block available on ICEPAK is given in Figure 6. It represents
a thermal resistance network connected to one or to three junctions (the chip of the module) maximum.
In this case, the module is considered as having typically three chips, each one dissipating one third of
the total power dissipation of the module. The question is how to consider a number of chips higher
than three without knowing the internal geometrical details of the module.
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N-Junction model

The proposed n-junction model is illustrated in Figure 7. It is a generalization of the triple-junction
model with the following assumptions: (1) the external geometrical dimensions of the obtained model
correspond to the external geometrical dimensions of the SiC module; (2) the heating generated by the
chips is equally spread on the bottom surface of the module. The model is made of two blocks:

• The upper block is a solid and isothermal rectangular block of silicon carbide, representing the
whole die layer of the module. Its height is set to 3% of the height of the considered SiC module;

• The lower block is a triple-junction model shown in Figure 6. In this case, it represents the
different layers of substrate of copper or aluminum that may exist between the chips and the
bottom surface of the module. Therefore, its height is 97% of the total height of the module.

The upper block carries the total power dissipation whereas the lower dissipates 0 W and is only
there to transfer the losses to the bottom side through the thermal resistances by conduction.



Energies 2018, 11, 5 8 of 22

Energies 2017, 10, 5  7 of 21 

 

Single-to-Triple Junction Model 

This model of the network resistance block available on ICEPAK is given in Figure 6. It 
represents a thermal resistance network connected to one or to three junctions (the chip of the 
module) maximum. In this case, the module is considered as having typically three chips, each one 
dissipating one third of the total power dissipation of the module. The question is how to consider a 
number of chips higher than three without knowing the internal geometrical details of the module. 

 
Figure 6. 3D ICEPAK Silicon Carbide (SiC) module available modeling methods: Single-junction 
model (left) and triple-junction model (right). 

N-Junction model 

The proposed n-junction model is illustrated in Figure 7. It is a generalization of the triple-
junction model with the following assumptions: (1) the external geometrical dimensions of the 
obtained model correspond to the external geometrical dimensions of the SiC module; (2) the heating 
generated by the chips is equally spread on the bottom surface of the module. The model is made of 
two blocks:  

• The upper block is a solid and isothermal rectangular block of silicon carbide, representing the 
whole die layer of the module. Its height is set to 3% of the height of the considered SiC module; 

• The lower block is a triple-junction model shown in Figure 6. In this case, it represents the 
different layers of substrate of copper or aluminum that may exist between the chips and the 
bottom surface of the module. Therefore, its height is 97% of the total height of the module. 

The upper block carries the total power dissipation whereas the lower dissipates 0 W and is only 
there to transfer the losses to the bottom side through the thermal resistances by conduction. 

 

Figure 7. 3-D proposed n-junction model. 

3.2.2. 3-D Air-Cooled Converter Model 

Forced convection has been preferred over natural convection for the volume constraints and 
power losses are severe. Because of the weight constraints, forced air cooling has been preferred over 

Figure 7. 3-D proposed n-junction model.

3.2.2. 3-D Air-Cooled Converter Model

Forced convection has been preferred over natural convection for the volume constraints and
power losses are severe. Because of the weight constraints, forced air cooling has been preferred over
liquid cooling. Therefore, the cooling system is totally independent and no room for the liquid cooling
management system is necessary.

The cooling system model depends on the configuration adopted for the whole power
converter. The hexa-phase system is made of six H-bridges (Figure 8). Each one possesses two
SiC CAS325M12HM2 modules. It is possible to consider from one to twelve modules on the same
heat sink. But in order to have a modular yet compact arrangement, the configuration of Figure 8 is
proposed: one heat sink per H-bridge and thus, three heat sinks for the whole system. Each heat sink
is connected to two fans to force the air flow.
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Figure 8. Proposed arrangement of phases: Two phases per module (Left) & Hexaphase power
converter (Right).

Thanks to the modularity of the system, only one heat sink is modelled on ICEPAK. The computed
power losses in Section 4.1 allow obtaining the dissipation levels of the Cree® SiC CAS325M12HM2
module under required conditions:

• Steady-state power dissipation: 250 W per module;
• Transient power dissipation: 250 W for five minutes and 25 W for five minutes.

Given these data, one may compute the required steady-state heat sink thermal resistance by
Equation (10), with Tjmax, the maximum achievable junction temperature (175 ◦C), Ta the ambient
temperature (75 ◦C), Pm, the maximum expected power losses of the four modules (4 × 250 = 1 kW),
Rjc, the junction-to-case switch thermal resistance (0.1/4 = 0.025 ◦C/W) and Rim, the resistance of the
thermal interface material between the power module and the heat sink (0.11 × 10−3 ◦C/W).
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Rths,max =
Tjmax − Ta

Pm
− Rjc − Rmi (10)

The value of 0.0749 ◦C/W is achieved and the Fischer Elektronik® cooling aggregate LAV10 is
selected (Fischer Elektronik, Lüdenscheid, Germany). It features an aluminum cross-cut extrusion heat
sink with 0.06 ◦C/W with its provided fan.

4. System Results

In this research work, the characterization of the CREE® SiC MOSFET power module and its
thermal analysis are presented. Then, the efficiency and the performance of a high power multi-phase
converter driving a 120 kW multi-phase PM motor are evaluated using the co-simulation shown in
Figure 2.

4.1. SiC MOSFET Switching Characterization Results

This section presents the characterization of the CREE® SiC MOSFET power module in order to
measure its switching energies losses during turn-on and turn-off using hard switching (no snubber
circuits) to consider the worst case behavior of the module.

The layout of the setup encompasses an aluminum plate which has the ability to heat the SiC
power module due to the hot oil flowing inside.

On the top of this plate, a 120 µF DC capacitor (Figure 9, black part on the left side of the image)
is fixed through a wooden plate to avoid capacitor overheating. This capacitor is linked to the power
module via copper bars. The power module and its gate driver, shown in Figure 10, are fixed on top of
the hot plate using fixation screws and thermal grease. The proposed setup, shown in Figure 11, has a
very compact size to limit additional parasitic inductances.
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4.1.1. Results of Gate Driver Functionality Test

The gate driver functionality test is configured to test the lower switch of the power module
by applying command (VGS2 = −5/+20 V) and keep the upper in off state by applying command
(VGS1 = −5 V). A frequency generator is used to generate the command signal (VCMD) which is set
to 0/+5 V at 20 kHz. VCMD is adjusted using differential gate driver to achieve −5/+20 V at VGS2.
Figure 12 shows the gate driver output signals VGS1 and VGS2, resulting from a command signal VCMD.
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4.1.2. Double-Pulse Test

The double-pulse test shown in Figure 13 is used to measure the switching energy losses of the
SiC power module [23,24]. The power module is tested for temperatures varying from 25 to 150 ◦C at
a 540 VDC—100 A. The maximum operating current (100 A) was chosen to ensure a safety margin at a
temperature of 150 ◦C as the maximum current of the utilized module is 170 A for 175 ◦C.

Figures 14 and 15 show the turn-on and turn-off switching waveforms including drain current
(ID) and drain-source voltage (VDS). The switching energies are obtained and mentioned in Table 1
from power waveforms using some features of the Tektronix® oscilloscope (Tektronix, Beaverton, OR,
USA). It can be noticed from the results of tests 1 and 2 that an increase of the temperature from 25 ◦C
to 100 ◦C at the same voltage and current conditions leads to an increase in the total switching losses of
about 27%. In test 4, the behavior is slightly different because the thermal losses can reach an inflexion
point at temperatures very close to the maximum admissible for the module. This is the reason behind
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the reduction in the total switching losses from 125 ◦C to 150 ◦C. It can be concluded that a change in
temperature of 25 ◦C in this region does not severely increase the total switching losses.

Energies 2017, 10, 5  10 of 21 

 

kHz. VCMD is adjusted using differential gate driver to achieve −5/+20 V at VGS2. Figure 12 shows the 
gate driver output signals VGS1 and VGS2, resulting from a command signal VCMD. 

 

Figure 12. Gate driver output signals—From top: VGS2; VGS1; VCMD. 

4.1.2. Double-Pulse Test 

The double-pulse test shown in Figure 13 is used to measure the switching energy losses of the 
SiC power module [23,24]. The power module is tested for temperatures varying from 25 to 150 °C at 
a 540 VDC—100 A. The maximum operating current (100 A) was chosen to ensure a safety margin at 
a temperature of 150 °C as the maximum current of the utilized module is 170 A for 175 °C.  

Figures 14 and 15 show the turn-on and turn-off switching waveforms including drain current 
(ID) and drain-source voltage (VDS). The switching energies are obtained and mentioned in Table 1 
from power waveforms using some features of the Tektronix® oscilloscope (Tektronix, Beaverton, 
OR, USA). It can be noticed from the results of tests 1 and 2 that an increase of the temperature from 
25 °C to 100 °C at the same voltage and current conditions leads to an increase in the total switching 
losses of about 27%. In test 4, the behavior is slightly different because the thermal losses can reach 
an inflexion point at temperatures very close to the maximum admissible for the module. This is the 
reason behind the reduction in the total switching losses from 125 °C to 150 °C. It can be concluded 
that a change in temperature of 25 °C in this region does not severely increase the total switching 
losses.  

 

Figure 13. SiC module CAS325M12HM2 (left)—Double-pulse test setup scheme (right). Figure 13. SiC module CAS325M12HM2 (left)—Double-pulse test setup scheme (right).Energies 2017, 10, 5  11 of 21 

 

 

Figure 14. Turn-on characteristics (VDS (blue); ID (purple); P (red)). 

 

Figure 15. Turn-off characteristics (VDS (blue); ID (purple); P (red)). 

Table 1. Switching Energy losses at 540 VDC, VGS = −5/20 V and 100 A. 

Test Conditions Turn on Losses (mJ) Turn off Losses (mJ) Total Energy Losses (mJ)
25 °C  4.3 1.9 6.2 

100 °C  5.3 2.6 7.9 
125 °C  5.6 3.7 9.3 
150 °C  5.8 3.1 8.9 

4.2. Thermal Analysis Results 

In this section, the finite element thermal analysis results are presented for the power converter 
using the Fischer LAV10 heatsink (Fischer Elektronik, Lüdenscheid, Germany), shown in Figure 16, 
both in steady-state and transient modes. The following assumptions are made: 

• Altitude effect is negligible; 
• Radiation effects are negligible; 
• The fan has a specific curve imposed. 

Figure 14. Turn-on characteristics (VDS (blue); ID (purple); P (red)).

Energies 2017, 10, 5  11 of 21 

 

 

Figure 14. Turn-on characteristics (VDS (blue); ID (purple); P (red)). 

 

Figure 15. Turn-off characteristics (VDS (blue); ID (purple); P (red)). 

Table 1. Switching Energy losses at 540 VDC, VGS = −5/20 V and 100 A. 

Test Conditions Turn on Losses (mJ) Turn off Losses (mJ) Total Energy Losses (mJ)
25 °C  4.3 1.9 6.2 

100 °C  5.3 2.6 7.9 
125 °C  5.6 3.7 9.3 
150 °C  5.8 3.1 8.9 

4.2. Thermal Analysis Results 

In this section, the finite element thermal analysis results are presented for the power converter 
using the Fischer LAV10 heatsink (Fischer Elektronik, Lüdenscheid, Germany), shown in Figure 16, 
both in steady-state and transient modes. The following assumptions are made: 

• Altitude effect is negligible; 
• Radiation effects are negligible; 
• The fan has a specific curve imposed. 

Figure 15. Turn-off characteristics (VDS (blue); ID (purple); P (red)).



Energies 2018, 11, 5 12 of 22

Table 1. Switching Energy losses at 540 VDC, VGS = −5/20 V and 100 A.

Test Conditions Turn on Losses (mJ) Turn off Losses (mJ) Total Energy Losses (mJ)

25 ◦C 4.3 1.9 6.2
100 ◦C 5.3 2.6 7.9
125 ◦C 5.6 3.7 9.3
150 ◦C 5.8 3.1 8.9

4.2. Thermal Analysis Results

In this section, the finite element thermal analysis results are presented for the power converter
using the Fischer LAV10 heatsink (Fischer Elektronik, Lüdenscheid, Germany), shown in Figure 16,
both in steady-state and transient modes. The following assumptions are made:

• Altitude effect is negligible;
• Radiation effects are negligible;
• The fan has a specific curve imposed.
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4.2.1. Steady-State Mode Simulation Results

The model reaches convergence after 200 iterations, as shown in Figure 17, knowing that the
ambient temperature is 70 ◦C and the power dissipation per module is 250 W. This power dissipation
corresponds to the highest value achieved by equations developed in [24] with energy losses of
Table 1. Simulation results show that the maximum temperature achieved is 122 ◦C. The temperature
distribution around the simulated system is given in Figure 18a, b.
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4.2.2. Transient Mode Simulation Results

The transient mode is studied applying a periodic power profile of 250 W for five minutes
and 25 W for the next five minutes. This power profile is stressful for the considered application.
The transient time plot is given in Figure 19. The maximum achieved temperature is 115 ◦C, with 50 ◦C
ambient temperature.
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The maps (Figures 20–24) of these transient temperatures are monitored at different moments:

• Initially, the temperature is 50 ◦C (Figure 20);
• After one minute (Figure 21), the maximal temperature has increased by 36 ◦C and is almost the

same for all the four power module blocks (86 ◦C);
• After 2 min (Figure 22), the maximum temperature increases by 11 ◦C compared to the previous

record. In other words, the effect of forced air convection by the fans becomes more important.
Also, power modules which are further from fans have higher temperatures;

• 3 min (Figure 23) after the finite element transient simulation, the increase is limited to 7 ◦C
compared to the value at 2 min;

• After 4 min (Figure 24), the temperature increases only by 4 ◦C compared to the previous record.
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It is during the last 10 s of the half period imposed (5 min) that the temperature stops increasing
and starts decreasing:

• At t = 290 s, the increase is observed at 2 ◦C (Figure 25);
• At t = 292 s, a decrease is observed (Figure 26). The maximum temperature goes from 106 ◦C to

102 ◦C, corresponding to an important decrease of 4 ◦C in two seconds. From this time on, the
air-cooled system has managed to reverse the trend;

• At t = 295 s, a new decrease of 4 ◦C is observed (Figure 27);
• At t = 298 s, the decrease is observed at 5 ◦C (Figure 28), preceding the second half period of

5 min.

The average temperature achieved in this case is about 87 ◦C.
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4.3. Co-Simulation Results

The co-simulation is implemented using the model shown in Figure 2, taking into account the
energy losses calculated in the characterization test and the thermal analysis. The simulation is
performed at a nominal speed of 3600 rpm, converter switching frequency of 12.5 kHz and nominal
(100 A peak per phase) and overload (140 A peak per phase) current conditions. The waveforms
achieved are similar for both conditions. For this reason, results are shown for one condition.

The different inputs of LTspice® during a simulation period are given in Figure 29 for the
gate-to-source voltages of the four inverter switches, and Figure 30 for the BEMF and the output
current. Note that the gate-to-source voltages (VGS) of Figure 31 are PWM commands of −5/+18 V.
In fact, for some SiC devices, the higher the voltage level the better, depending on the driver used.
As for the BEMF, it is a quasi-sinusoidal waveform of about 400 V peak, which is at the same frequency
as the phase output current. The latter is at 660 Hz, knowing that the aerospace AC bus voltage
frequency is between 400 and 800 Hz.
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Given that the electric motor has been modeled in Simulink, its mechanical parameters, namely
the speed and the torque, can be analyzed as shown in Figure 31. The speed is kept constant at
3600 rpm. The phase current is achieved for nominal conditions (100 A peak per phase) and the torque
(T) is regulated at 300 Nm.
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Considering these values, the mechanical output power can be computed by (11) and is around
120 kW.

P = T × 2πn
60

(11)

The input DC voltage being 540 V, the output voltage of the inverter shown in Figure 32 is
+540/0/−540 V, which corresponds to the typical voltage level of an inverter controlled by a unipolar
PWM modulation command. This waveform does not need to be sinusoidal because the motor is
controlled in current. Figure 33 depicts the input current, the DC input voltage, the input power and
the output power of the system. From this graph, the efficiency of the power converter achieved is 97%
and 94%, respectively, for the normal and overload conditions. The decrease in efficiency is due to the
increase of the losses for the overload condition.
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5. Conclusions

The main objective of this paper is to deal with the design, modeling and testing of a high
efficiency multi-phase power converter along with its cooling system for a helicopter. The studied
6-phase power modular DC/AC converter in an H-bridge topology has been implemented using
advanced technology, SiC MOSFET. The switching energy losses of the power switch has been
evaluated based on the double-pulse characterization test at 100 A, 540 VDC, VGS = −5/20 V with
different operating temperatures. The turn-on and turn-off losses are recorded 5.3 mJ and 2.6 mJ at
100 ◦C and 5.8 mJ and 3.1 mJ at 150 ◦C, respectively. Then, a complete thermal analysis has been
performed for the power converter during transient and steady state operation, to ensure that the
cooling system is proper for this application. To evaluate the efficiency and the performance of the
power converter, the Matlab-Simulink/LTspice® co-simulation model is used. The converter has been
modeled in LTspice® whereas the motor and its controller have been modeled in Matlab/Simulink.
The models presented allow the consideration of nonlinearities for both the electrical machine and
the SiC switching devices of the inverter. These models aid in the evaluation of the interaction
between the PM brushless motor and the power electronic converter in a realistic case study for
aerospace applications. The efficiencies are evaluated at 97% for normal operating conditions (100 A,
12.5 kHz) and 94% for overload (140 A, 12.5 kHz) conditions. The results showed that the module is a
valuable candidate for aircraft applications aiming for high efficiency at similar power and switching
frequency levels.
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