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Calculation of Power Losses for SIC MOSFET
Based 3-Phase 3-Level T-Type Inverter

Erkan Deniz and Berkan Turan

Abstract— In recent years, interest in highly efficient and
compact power converters in power electronics applications has
been increasing day by day. In this study, a SIC MOSFET-based
3-level (3L) T-Type inverter (TNPC) is proposed to obtain a high-
efficiency and compact converter. Considering the
MSCSM120HRM163AG-SiC-MOSFET intelligent power
modules (IPM) developed by Microchip for 3L T-Type inverter,
the power losses of a 3-phase 3-level T-Type inverter are calculated
in MATLAB environment. To demonstrate the efficiency of SiC
MOSFET based T-Type Inverter, a 3-phase 3L T-Type inverter
feeding a vector-controlled 3-phase PMSM is simulated using
MATLAB/Simulink and Simscape blocks. In the simulation, the
PMSM is operated at different speed references under almost full
load (42.09 Nm). While the PMSM operates at 3000 rpm under
40Nm load, the voltage-current waveforms of the SiC MOSFETs
in the T-Type inverter are obtained. Using these waveforms and
the data from the data sheets of the IPMs, the power losses of the
3L TNPC inverter are calculated for different switching
frequencies. The Space Vector PWM method used to generate 50
kHz PWM signals for the 3L T-Type inverter also ensures that the
dc-link capacitor voltages remain balanced. In addition, the
variations of line-to-line voltage and dc-link capacitor voltages of
the inverter and the variations of speed, torque, rotor position, d-
g currents, and stator currents of the PMSM are given.

Index Terms—Three-level T-Type inverter, SiC MOSFET,
power loss calculation, PMSM, space vector PWM (SVPWM).

I. INTRODUCTION

OR NEARLY a quarter century, Si-based multilevel PWM

converters have been used in many applications, including
motor drives, energy storage systems, static VAr compensation,
HVDC, renewable energy systems, battery chargers in electric
vehicles, microgrids, etc. Because, they have advantageous
features such as being suitable for the use of lower-voltage
rating switches, low dv/dt ratio that results from the reduced
voltage stress, low common mode voltage, output voltage-
current waveforms with lower THD, and smaller output filter
size [1,2]. The low dv/dt minimizes Electromagnetic
Interference (EMI) issues. However, increasing the number of
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levels in MLIs leads to an increase in the number of switches,
which increases the design and control complexity and power
losses of the converter [3]. Therefore, there is a growing interest
in 3-level (3L) converters in low and medium voltage power
electronics applications because 3L topologies require less
devices and gate drivers that do not cause control complexity
and large size. Multilevel converters come in three conventional
topologies: cascade, capacitor-clamped, and diode-clamped.
With this, as it eliminates the need for multiple isolated dc-link
sources and large clamping capacitors, the 3L diode-clamped
topology is widely preferred in industrial applications. There
are three widely recognized types of diode clamping converters:
conventional neutral point clamped (NPC) [4], active NPC
(ANPC), and T-Type. While ANPC is proposed in [5] to solve
the problem of wunbalanced power losses between
semiconductors in the NPC circuit, T-Type converter is
proposed as a result of studies carried out to reduce the number
of semiconductors in the NPC circuit in [6]. 3L T-type topology
provides maximum efficiency and lower cost compared to other
topologies such as 3L NPC, 3L ANPC, and 3L flying capacitor
due to its simple operating principle, less power devices and
isolated gate driver requirements, lower power losses, and
smaller converter size [7-9]. Nevertheless, the semiconductors
(S1, Sa) in the legs connected to the +dc and -dc busbars of the
3L T-type converter must have higher-rated voltages than those
in the other 3L topologies [10]. The efficiency of 3L NPC and
T-type inverters is evaluated for switched reluctance motor
drives in hybrid electric vehicles and it was shown that the T-
type inverter provides superior energy savings [11]. In [12], the
power loss comparison of Si IGBT-based 3L NPC and T-type
inverters is investigated for different modulation techniques.
Since there are not two series-connected switches in the inverter
leg, the power losses of the T-type are lower than those of the
NPC. Low power losses extend the life of the converter and
reduce the size of the heat sinks. Moreover, smaller and less
expensive filters can be employed to filter EMI noise since the
T-type inverter permits reduced EMI emissions [13]. However,
3L-TNPC suffers from high power loop leakage inductance due
to the complex power loop structure like other three-level
topologies. To reduce the leakage inductances, a SiC-MOSFET
based 3L-TNPC power modules are usually preferred. In [14],
a SiC-MOSFET-based 3L-TNPC power module with hybrid
packaging method is proposed.

The more compact and highly efficient power electronic
converters, which are the basic building blocks of electrical
energy conversion applications, are designed, the more certain
it is that the size of the entire system will be significantly
reduced and its efficiency increased [15]. Using wide bandgap
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(WBG) SiC MOSFETSs for the 3L T-Type inverter can enable
the creation of a compact and highly efficient power converter.
Because, SiC MOSFETs offer higher breakdown voltages,
higher switching frequencies, lower switching losses, higher
operating temperatures, low turn-on resistances, low stray
inductance, and smaller chip size compared to Si-based
semiconductors, which allows for increased power density and
reduced size of passive components in converters [16-18].
Using gate drivers with features such as “noise robustness, fast
response protection, and accurate slew-rate control” will enable
full utilization of SiC MOSFETSs. Nevertheless, it raises
concerns regarding electromagnetic compatibility (EMC) since
high switching frequencies generate more overshoot, causing
EMI noises, and making interference optimization difficult in
printed circuit board (PCB) layout and EMI filter design
[19,20]. Therefore, all power converters using high switching
frequencies require the use of EMI filters. However, EMI filter
design is a very complex and specialized subject of study and
expertise depending on the converter type and PCB layout.
EMI, which emerges in power converters in two forms, such
as Conducted through power traces and Radiated through
electromagnetic fields, can hamper the proper operation of both
the converter itself and nearby electronic devices. The process
of designing filters for the suppression of EMI noises starts with
the identification of EMI sources caused by high-frequency
switching, fast current (di/dt) and voltage (dv/dt) changes in the
converter power circuit. EMI sources vary for different PCB
layouts and different PWM methods, even for the same
converter. For this purpose, all parasitic capacities between
SiC-MOSFETs and +dc, -dc, neutral busbars, and heat sinks are
calculated using the designed PCB layout [21]. In the next step,
based on an applicable regulatory standard such as IEC, CISPR,
FCC, maximum admissible EMI levels at various frequencies
should be determined, and frequency ranges around the
switching harmonics where noise is most prominent should be
defined. For example, according to standards such as CISPR
16-1-2 and IEC 61000-6-3, the frequency range in which the
electromagnetic noise of a device radiated over electrical lines
must be limited is 150 kHz to 30 MHz [22].In the last stage,
common mode and differential mode filters are usually
preferred and designed. Inductors in these filters are selected
according to their impedance characteristics at noise
frequencies, while capacitors are selected for their high-
frequency filtering properties. Simulation tools are used to
verify the performance of the filter, followed by prototype
development and EMI testing to verify its effectiveness [23].
In this work, a SIC-MOSFET based 3L T-Type topology is
proposed to obtain a highly efficient and compact dc/ac
converter for low-voltage (<1kV) power electronics
applications. The switching frequency is chosen as 50kHz to
reduce the size of the passive components and switching losses
in the converter circuit. In order to demonstrate the high
efficiency operation of the inverter circuit, a 3L T-type inverter
driving a 3-phase PMSM is simulated in MATLAB. In order to
reduce EMI issues while utilizing the high switching frequency,
Microchip MSCSM120HRM163AG-SiC-MOSFET intelligent
power modules (IPMs) are considered for the phase legs of the
3L T-Type inverter. The conduction and switching losses of the
3L TNPC are calculated by taking into account the current-
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voltage waveforms of the SiC-MOSFETSs and the information
on the data sheets of the SiC-MOSFETS in the most demanding
operating condition of the inverter. For a more accurate
calculation, the average and effective values of the currents
flowing through the SiC-MOSFETS and body diodes are also
measured for each half of the switching period. Similar
measurements are made for the voltages at the terminals of the
SiC-MOSFETSs and gap diodes.

Il. OPERATION OF 3-LEVEL T-TYPE INVERTER TOPOLOGY

In high-power applications and especially at high
switching frequencies, the large number of power devices on
PCBs increases EMI noises. This causes overshoots and ringing
in the converter output voltage. For this reason, as a result of
studies carried out to reduce the number of semiconductors for
3-level converters, the first T-Type inverter was proposed in
[6]. A 3L T-Type inverter, also known as a Neutral Point
Piloted (NPP) inverter, consists of a split dc-link and twelve
MOSFETs with body diodes, as seen in Figure 1. There are two
series switches on each phase leg as in a two-level inverter, and
the middle point of one leg is connected to the middle of the dc-
link via a bidirectional power device. In Fig.1, Six and Ssx have
twice the rated voltage of switches Syx and Ssx connected to the
neutral point [24].
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Fig.1. Circuit of 3-phase 3L T-Type inverter

TABLE |
SWITCHING STATES OF A 3L T-TYPE INVERTER

Power Devices Vout
Six Sax Sax Sax Vao

P 1 1 0 0 +Vac/2
0 1 1 0 0
N 0 0 1 1 -Vac/2

Switching
States

The switching states of the 3L T-Type inverter and the
corresponding output phase-neutral voltage values are given in
Table I. The output of a phase leg is connected via Six and Sax
to the dc-link’s positive (P) and negative (N) voltage levels, and
via Spx-Sax to the zero (O) level [25]. As seen in Table I,
inverter phase-neutral voltage is obtained in 3-levels as -Vq./2,
0 and +Vq./2 for the three possible switching states shown as N,
O, and P. The output phase-phase voltage of the inverter has
five levels at -V, -Vae/2, 0, +Vqc/2, and +Vg. values. The
positive and negative current pathways during the change from
the P to the O switching state are shown in Fig.2 [24].
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Fig.2. Current commutation during transition from switching state P to 0
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I1l. SVPWM TECHNIQUE FOR 3L T-TYPE INVERTER

The Space Vector PWM (SVPWM) technique for a voltage
source inverter is based on representing the ac desired output
voltages from the inverter with a reference voltage space vector
in o-f space. The instantancous values of desired ac output
voltages can be used to determine the Vrefvector's amplitude
and phase angle. If the voltages are sinusoidal and balanced, the
vector will rotate at a constant angular velocity and will have a
constant amplitude [26, 27]. Considering the 3-phase legs of the
inverter, the 3L T-Type inverter has 27 switching states, and
each of these switching states can be represented as a vector
using Eqg.(1). As a result, a total of 27 voltage vectors are
formed, as seen in Table Il. Figure 3 shows the space-vector
diagram of the 3L T-Type inverter, which is created when all
voltage vectors are positioned in the a-f3 plane [28]. As seen in
Figure 3, while the voltage vectors are constant, the reference
voltage vector rotates with an angular speed ®. The space-
vector diagram has six sectors, each of which is separated into
four regions, as shown in Fig.3.

TABLE Il

VOLTAGE VECTORS CORRESPONDING TO SWITCHING STATES

Type Vectors Length
Zero PPP | OO0 | NNN 0

Small | POO | PPO | OPO | OPP | OOP | POP

ONN | OON | NON | Noo | NNo | ono | %/

Medium | PON | OPN | NPO | NOP | ONP | PNO | v, /3

Large | PNN | PPN | NPN | NPP | NNP | PNP | 2v,./3

7 2 jo j2rzl3 —j2xl3
Vv :g(vae' AR A (1)

The calculation of voltage vectors' dwell times for a 3L T-
Type inverter is based on the principle of “Volt-Second
Balancing” principle [29]. Therefore, the reference vector is
formed by the three closest vectors. For example, when the

reference vector V,ef is located in region-2 of Sector-1, the

three closest vectors are V;, V,, and 177. In this case, voltage-
time equalization is as shown in Eq.(2).
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Vs Vs opn Vi,

Fig.3. Space-vector diagram for 3L T-Type inverter

VT+VT+VT VrefT @)
T, +T,+T, =T,

Here, T,, Tp, and Tcare the dwell times of \72 , \77 and \714,

respectively. By writing voltage-second balancing equations
for other regions in Sector-1 and substituting vector values in
these equations, dwell times for all regions can be found as
given in [28]. After calculating the dwell times for each sector
and region, PWM signals should be generated by determining
the application order of space vectors according to the sector

and region where \7,ef is located. In this study, the order of

application of vectors for minimum THD is determined [29].
For region-3 and region-4 in Sector-2, the application order of
space vectors and accordingly the switching schemas of phases
a, b, and ¢ of the T-Type inverter are given in Fig.4.
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Fig.4. Switching states of inverter phase legs (a) region-3, (b) region-4

IV. FIELD ORIENTED CONTROL FOR 3-PHASE PMSM

When forming the dynamic mathematical model of a PMSM,
the components of the machine can be expressed in three
different reference frameworks such as stator reference frame
(3-phase model), fixed 2-phase reference frame (2-phase o-f
model), and rotor reference frame (2-phase d-q model) [30, 31].
Since stator winding inductances vary depending on the rotor
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position, the rotor-referenced d-q model is preferred in this
study. In this model, the stator currents are converted into
virtual two-phase d-qg axis currents that rotate with the electrical
speed of the rotor. Thus, inductance values that do not change
depending on the position of the rotor are obtained for the
counterpart of the stator windings on the d-q axis set. Since the
rotor speed is equal to the synchronous speed, this model is also
called the d-g model with synchronous reference [32, 33]. The
Kirchhoff voltage law can be used to derive the PMSM
equations, which are provided in Eq. (3) and (4).

. d

Udg = RS Id+aVId_a)r l//q (3)
. d

Ug =R, Iqua(//q—a)r W, (4)

Where w, is the electrical rotor frequency and R; is the stator
winding resistance. The linkage fluxes of the d- and g-axes, 123(1
and Jq, are given in Egs. (5) and (6).

l//d = l//m + Ld id (5)
vy = Ly, ©)

Where 1,,, is the flux linkage due to the rotor magnets and
its derivative is zero since it is a constant value. The
electromagnetic torque for a PMSM is expressed in terms of the
d and g-axis components as follows:

3 . .
Te :EP(V/qu _l//qld) (7)

Where P is the pole pair number. To achieve a basic control
similar like a dc motor, l5 and 14 are controlled by a vector
control algorithm.

Field Oriented Control (FOC) is the most widely known
vector control technique. The basic principle of FOC is the
separation of 3-phase stator currents into two separate d-q
components that produce torque and flux. Thus, magnetic flux
and torque control are controlled independently of each other.
Torque and flux are controlled by the stator current components
in the rotor reference plane, 14 and lq, respectively. However,
the effectiveness of the Iy component in control is eliminated
because permanent magnets supply the flux in PMSMs.
Therefore, controlling just I, will be sufficient in moment
control. To obtain the components of the stator currents in the
rotor reference plane (lg-1g) in FOC, position information about
the rotor is required. The block diagram of the FOC for a
PMSM is given in Figure 5 [23, 31]. As seen in Fig.5, the speed
of the motor is measured with an encoder and compared with
the reference speed. The error is applied to a Pl speed controller
and the reference Iq_rer is obtained from the controller output.
Since the flux for the motor is provided by permanent magnets,
the reference value lg rf is taken as zero. Besides, after the 3-
phase stator currents (lac) of the motor are measured with
sensors, d-g current components (lg-1g) are obtained using the
Park Transformation. These current components are compared
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with the reference current components (lq ref, lq ref), and the
current errors are applied to PI controllers. At the output of the
P1 controllers, the components of the reference voltages (Va_ref,
Vg rer) that the T-Type inverter is required to produce are
obtained. These reference voltages are then converted into 3-
phase reference voltages for the three-level SVPWM algorithm
using the Inverse Park Transform. As a result, the 3L T-Type
inverter is switched with SVPWM signals, and the voltages
required by the PMSM for different speed references and load
cases are generated.

A Sa
3-Level 3-Phase
da/abe Vo, Space Vector | So SLTNPC
Transform Ve PWM Sc Inverter 4
— .|
3 Phase

0r
Ve [V PMSM

Tork
Controller

abc/dg Iy
Transform

—I—
Speed

| Controller ~ ®ref .
q_ref -
PI O dat

Fig.5. The block diagram of the FOC for a PMSM

Encoder

-
e

V. MATLAB SIMULATION OF 3L T-TYPE INVERTER SUPPLYING
3-PHASE PMsSM

In this study, the field-oriented vector control of a 3-phase
PMSM fed by a 3L T-Type inverter is simulated by using
MATLAB/Simulink and Simscape Electrical blocks. The
general view of simulation is given in Figure 6. The eighteen
SiC MOSFETSs are used to create a 3-phase 3L T-Type inverter,
which is switched by 50kHz 3-level SVPWM signals. In
simulation, a PMSM with 8 poles, 3000 rpm, and 42.09 Nm
nominal values is preferred as a motor. Other parameters of the
PMSM are given in Appendix-A.

In the simulation, the variations of the motor speed, torque,
rotor position, stator currents, inverter line-to-line voltage, and
inverter dc-link capacitor voltages are analyzed for different
reference speeds. The motor is continuously loaded with a
constant load of 40 Nm. As seen in Figure 7, the motor reaches
the reference speed given as 1500 rpm at t=0 in approximately
0.1s. The PMSM smoothly follows this reference speed which
is kept constant until t=1.0s. Then the reference speed is
changed to 3000 rpm at t=1.0s and -3000 rpm at t=2.0s. The
vector control enabled the engine to reach these reference
speeds in a very short time and to follow the reference speed
stably. The change of moment produced by PMSM is given in
Figure 8.As seen in Figure 8, it is seen that the PMSM produces
high moments in transients, while it produces a constant
moment of approximately 40 Nm in steady states. Also, at the
reference speed change of -3000 rpm at t=2.0s, the PMSM
produces a negative moment.
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Fig.6. MATLAB simulation of PMSM fed by 3L T-Type inverter
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Fig.7. The speed of PMSM for Te= 40N.m and n¢ = 1500rpm, £3000rpm
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Fig.8. Tork of PMSM for T.= 40N.m and ns= 1500rpm, £3000rpm

The rotor's electrical position angle (Theta) is given in Figure
9. As seen from the figure, the theta passes through the zero
point every 2w radians. In the reference speed changes at t=0,
1.0s and 2.0s, the FOC changed the rotor's position angle
appropriately and quickly, as seen in Figure 9. The rotor's
electrical angle has a frequency of 100Hz for 1500 rpm and 200
Hz for #3000 rpm.

Copyright © BAJECE

ISSN: 2147-284X

T
g
T
8
2
= -2F5 5 5

4

0 0
6 0 0.05 0.1 0.98 1 1.02 1.04 198 2 202 2.04
L L 1 L L
0 0.5 1 2 25 3

15
t(s)
Fig.9. The rotor’s position angle for Te= 40N.m and nes= 1500rpm, £3000rpm

For reference speeds of 1500 rpm, and £3000 rpm under
T.=40 Nm load, the waveforms of the flux component /4 and
moment component /; of the current are given in Figure 10 and
the 3-phase stator currents with THD analysis are given in
Figure 11. As can be seen from the figures, both stator currents
and /, current reached high values during the transient times.
However, in steady states, both remain constant at their nominal
values. Besides, as expected, the value of the /s component is
not affected by the speed changes and remains at zero all the
time. The total harmonic distortion of stator currents is obtained
as 1.67% for 1500 rpm speed reference at t=0.5s and 1.36% for
+3000 rpm reference speed at t=1.5s.

T T T

~ s ;

<
o 0 h

_°

50 b 1

-100 1

0 0.5 1 1.5 2 25 3

t(s)

Fig.10. The lg-1, components for Te= 40N.m and nyer = 1500rpm, £3000rpm
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Fig.11. The stator currents for T.= 40Nm, a) transition from +1500rpm to
+3000rpm and THD analysis for t=0.5s, b)+3000rpm to -3000rpm and THD
analysis for t=1.5s

The waveforms of the line-to-line voltages produced by the
3L T-Type inverter feeding the PMSM are given in Figure 12
(a) and (b). As seen from the figures, the inverter produces a
three-level line-to-line voltage of 100 Hz for a speed of
1500rpm up to t =Is, while it produces a five-level voltage of
200Hz after reaching the reference speed of 3000 rpm. While it
produces a three-level voltage of 100Hz during its transition to
-3000 rpm reference speed at t=2s, it produces a five-level
voltage of 200 Hz again when it reaches the reference speed.
The harmonic analysis of the line-to-line voltage generated by
the inverter while the PMSM is running at 3000rpm is given in
Figure 13. As seen in the figure, the 3L T-Type inverter
produces the fundamental harmonic has 269V amplitude and
200Hz frequency with a THD of 43.69%.
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Fig.12. The line-to-line voltages of 3L T-Type inverter for transitions a) from
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Fig.13. The THD analysis of line-to-line voltage (t=1.5 s)

The voltage change of the dc-link capacitors of the 3L T-
Type inverter during the operation of the PMSM at different
reference speeds is given in Figure 14. As seen in the figure, the
voltage on each capacitor remained approximately constant at
200V, which is half of the dc voltage, in all operating states.
While the fluctuations in capacitor voltages are a maximum of
10V during reference speed changes, it is seen that there is less
fluctuation in steady states.

0 0.5 1 1.5 2 25 3
t(s)
Fig.14. The dc-link capacitor voltages of T-type inverter
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VI. CALCULATION OF POWER LOSSES FOR SIC MOSFET BASED
3L T-TYPE INVERTER

The calculation of power losses for a power electronic
converter is certainly done before starting the practical design.
One of the most used methods is the calculation of
semiconductor switches using datasheet information and any
simulation program. The main purpose of these calculations is
to obtain information about the efficiency of the entire system
and to determine the size of the cooling system and fans to be
used for the semiconductors in the application.

To calculate the efficiency of the 3L T-Type based 3-phase
PMSM driver, it is necessary to calculate the inverter power
losses. Nevertheless, gate drive losses are very small and often
neglected. To calculate power losses, the current and voltage
waveforms of all semiconductors and datasheet parameters
such as turn-on resistance, turn-on and turn-off times, etc. are
needed. In this study, the MSCSM120HRM163AG-SiC-
MOSFET power module manufactured by Microchip for 3L T-
Type applications is chosen for one phase leg of the inverter.
The PCB layout's stray inductances will surely be reduced by
using IPM modules rather than discrete MOSFETSs. This
module has four SiC MOSFETS, two (S:-Ss) rated at 1200V,
138A (80°C), and two (S2-S3) rated at 700V, 98A (80°C). Body
diodes (S1, Sz, Ss, S4) have similar values. While making this
selection, the current value that the PMSM can draw in transient
situations such as speed changes under full load is also taken
into account.

In the simulation, the input power of the 3L T-Type inverter
for 400V dc voltage is measured as Pinp=13.04kW, and the 3-
phase ac output power of the inverter is measured as
Pout=12.91kW as shown in Figure 15. In this case, the 3-phase
T-type inverter has a power loss of about 1% (130W). However,
to verify this power measurement, the power losses in the
inverter circuit must also be calculated.

135 —_F, 7
- input
E Puulput
5
g
3 13.04
=8
-~ 1291
]
=
£
o
125 J
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

t(s)
Fig.15. Input dc power and output 3-phase ac power of 3L T-type inverter

The IPM's datasheet parameters are used for the turn-on-
resistance and voltage drop values of the MOSFETSs and body
diodes in the simulation. When the PMSM is operating at a
40Nm load and +3000rmp speed, the PWM signal, current and
voltage waveforms for all semiconductors are measured for one
period of voltage. As an example, the waveforms for Sa and
Da1 are given in Figure 16 (a) and for Sz and Da in Figure 16
(b). To calculate the conduction and switching losses of each
SiC MOSFET and conduction losses of body diodes, the
average and rms values of MOSFET and body diodes current
for both halves of the switching period are calculated separately
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TABLE Il
lave AND lgws VALUES FOR SiC MOSFET AND BODY DIODES

t | 1.5038s—1.5063s | 1.5063s — 1.5088s
avg rms avg rms
Isa1 | 21.62 31.50 0.027 141
Isa2 | 12.74 23.81 12.76 23.81
lsas | 12.72 23.76 12.76 23.81
Isas | 0.052 1.5 21.50 31.47
lpar | 0.09 2.1 0.00023 | 0.16
Ipa2 | 0.0037 0.27 0.08 1.86
Ipas | 0.08 1.86 0.0037 0.27
Ipas | 0.002 0.22 0.092 2.10

in simulation and given in Table 3. These current values and
datasheet parameters such as the MOSFETS' drain-source on
resistance, turn-on delay time, rise time, turn-off delay time,
and fall time values for 150°C junction temperature are
substituted into Eq. (8)-(10) and the conduction and switching
losses are calculated. This is because these values for SiC
MOSFETs are the largest for a junction temperature of 150°C.
This is also true for body diodes. Thus, for the most difficult
operating conditions, such as large current and maximum
junction temperature allowed in the datasheet, almost the
largest possible power losses in the power circuit of the
converter are calculated. In order to reduce the size of the
passive components in the power circuit of the 3L T-Type
inverter while not causing excessive EMI noise, the switching
frequency is selected as 50kHz. Because overwhelming EMI
noise makes the inverter hard to control and necessitates
additional filters and an expensive PCB design. Conduction
losses for the body diodes are also computed by substituting
into Eq. (11) with the average current, rms current, voltage
drop, and turn-on resistance values for a junction temperature

of 150°C. The switching losses of the body diodes are neglected
as they are very small. The total power loss in one period for 1-
phase and 3-phase legs of T-Type is summarized in Table 4.
The table shows that total losses calculated for 3-phase T-Type
are about 1.0% for 50kHz. This result is compatible with the
above measurement result. The bar representation of power
losses in semiconductors is given in Figure 17. It is clearly seen
that conduction losses are larger than switching losses in SiC
MOSFETSs. The body diode losses are quite small.

PConduction_S = Ir2ms X RDS on (Tj =150 DC) (8)
_ = Ios Vos
Pon_s =—x IDS XVDS x x ><ton x fs (9)
2 I DS Test DS Test
1 | V
Pott _s == x I pg xVpg X —22—x —B—xt . x f_ (10)
2 I DS Test VDS Test
P conduction_ piode = (| r2ms X I‘D) + (Iavg XVD) (11)
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Fig.17. SiC MOSFET based 3L T-Type inverter power losses for 50kHz

TABLE IV
THE CONDUCTION AND SWITCHING LOSSES FOR 3L T-TYPE INVERTER WITH 50kHz
1%t Half Period 2" Half Period fs=50kHz
Pcon ‘ Pon ‘ Pott Pcon ‘ Pon ‘ Poff Paverage
Sar | 17,36 | 1,84 2,3 | 0,034 0 0 21,53/2=10,767
Dar | 0,57 0 0 0,002 0 0 0,572/2=0,286
S | 986 | 041 | 0,36 | 986 | 0,41 | 0,36 21,26/2=10,63
Da. | 0,02 0 0 0,57 0 0 0,59/2=0,295
Sa3 | 9,82 | 041 | 0,36 | 9,86 | 0,41 | 0,36 21,22/2=10,61
Das | 0,57 0 0 0,06 0 0 0,63/2=0,315
Sas | 0,04 0 0 17,33 | 1,85 | 2,31 21,53/2=10,765
Das | 0,01 0 0 0,58 0 0 0,59/2=0,295
Total losses for 1-leg of 3L T-Type 42 772W
Total losses for 3-leg of 3L T-type 128,32W

Py = 13.040W — 128,32W = 12.911,68 W

n% = (12.911,68 /13.040) x 100 = 99%
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VII.

In this study, a compact and high-efficiency SiC MOSFET-
based 3-level T-Type driver is proposed for PMSMs, which are
widely used in many applications today. In this work, a SiC
MOSFET based 3-level T-Type topology is proposed to build a
compact and highly efficient dc/ac inverter that can be used in
many low voltage (<1kV) applications. 3L T-Type already has
a compact structure compared to other 3-level topologies. Also,
due to a higher switching frequency operation, SiC-based T-
Type inverter can become significantly more compact as they
require much smaller passive elements and cooling
arrangements. Since the Drain-Source on resistance of the
preferred SiC MOSFETSs is very small (17.5mQ, 150C), the
conduction losses of the 3L T-Type inverter are also small. The
total power dissipation of the 3-phase 3L T-type inverter is
calculated in detail for one period of the voltage for the worst
case operation. The mathematically calculated power losses are
approximately 1% and are in agreement with the measured
power losses in the simulation. However, the power losses of
all SiC MOSFETSs are approximately equal, indicating that the
power loss distribution is balanced.

CONCLUSION

APPENDIX A

Motor parameter values

Stator resistance R.=0.0485€Q, d and g-axis inductance Lq=
Lq=0.395mH, Moment of inertia J=0.0027kg.m?, Friction
coefficient B=0.0004924 N.m.s, Moment coefficient k=0.7164
N.m/A, Magnetic flux $=0.1194weber, Electromagnetic
moment T.= 42.09Nm, Rated speed n,=3000rpm, Number of
pole pairs P=4, dc-link voltage V=560V, Rotor Type = Round,
Back emf= sinusoidal
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