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Investigation and Implementation of MOSFETs Losses Equations in a Three-phase
Inverter
QUE WANG
Department of Energy and Environment
Chalmers University of Technology

Abstract
In this master thesis, the operation model of a three-phase MOSFET inverter and
the corresponding current waveforms are analyzed. The mathematical expressions
of the conduction losses based on the three-phase MOSFET inverter using PWM
control method are presented. The algebraic equations are given with the param-
eters of a MOSFET-diode module, such as the on-state resistance, the body diode
resistance and the voltage drop. Moreover, a numerical reference representation of
the conduction losses is made to verify the analytical expressions.

Numerical analysis is firstly based on the pure sinusoidal reference three-phase volt-
ages. The results of the numerical analysis and the results of the analytical equations
are coherent. A comparison of the MOSFET inverter with reverse conduction char-
acteristics and the assumption without reverse conduction is made. Without reverse
conduction, the losses of one power module are higher than the one with reverse con-
duction at both the high and low current levels. The di!erence can be more than 20
% compared to the case with reverse condition at the rated current of the selected
module, CAS300M12BM2, 150 A. When the phase current is low and there is no
diode conducting during the operation, the losses without reverse conduction can
be more than 100 % higher. Furthermore, the losses resulting from third harmonic
injection and using the common mode reduction are calculated, and compared with
the losses using a pure sinusoidal reference. The conduction losses of those two
di!erent PWM methods are found to be small and presented in tables.

Keywords: Power electronics, MOSFET, Power losses, Conduction losses, Reverse
conduction, PWM, MATLAB.
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Nomenclature and Abbreviations

Symbol Quantity Unit
VA Potential of phase A V
VB Potential of phase B V
VC Potential of phase C V

VDC DC link voltage V
u1inst Instantaneous voltage of one phase V

d Duty cycle -
M Modulation index -
i Instantaneous current A

pdiode Instantaneous power losses of the diode W
v Instantaneous voltage V
i Instantaneous current A

irms Root mean square value of the current in the component A
iavg Average value of the current A

Pdiode Average power losses of the diode W
t Time ms
T Fundamental period ms

pIGBT Instantaneous power losses of the IGBT W
PIGBT Average power losses of the IGBT W

RF Equivalent resistance of the IGBT !
VT Equivalent voltage drop of the IGBT V

pMOSF ET Instantaneous power losses of the MOSFET W
PMOSF ET Average power losses of the di MOSFET ode W

! Displacement power factor angle radians
" Turn-on(conduction) angle radians

Ron Equivalent resistance of the MOSFET !
Rd Equivalent resistance of the diode !
Vd Equivalent voltage drop of the diode V
Î Peak value of the phase current A

Irms Root mean square value of the phase current A
fsw Switching frequency Hz
f1 Fundamental frequency Hz
Û Peak value of the phase voltage V
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Abbreviation Explanation
HEV Hybrid electric vehicles
DC Direct current
AC Alternating current
SiC Silicon carbide
MOSFET Metal-oxide-semiconductor Field-e!ect Transistor
IGBT Insulated-gate Bipolar Transistor
PWM Pulse Width Modulation
SPWM Sine-triangle pulse width modulation
RMS Root mean square
AVG Average
THIPWM Third Harmonic Injection Pulse Width Modulation
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1
Introduction

Currently, with the development of the worldwide automotive industry and the in-
crease of the world population, the demand of vehicles for personal transportation
has increased dramatically, especially in China, India and some developing coun-
tries [1]. Moreover, the environmental awareness, continuous oil price increase and
national or European environmental ambitious such as the 20-20-20 target [2], have
increased the importance of the research on electrification of vehicles more and
more. Thus, the analysis of power losses in the advanced vehicular power system
needs more e!ort to contribute to the development of the automotive world. In this
chapter, some background of power losses in inverters, the purpose of the thesis and
investigation methods will be introduced.

1.1 Background of power losses in inverters
With more regulations and constraints on the energy resources, hybrid and electric
cars are attracting attention by automakers, governments, and customers [3]. The
demands for improved fuel economy and more electric power are driving advanced ve-
hicular power system voltages to higher levels. Since hybrid electric vehicles (HEV)
are likely to dominate the advanced propulsion in coming years, the hybrid tech-
nology becomes significant. Furthermore, power electronic devices such as DC to
AC inverters are inherent parts of electrified vehicles. Moreover, in the design of
the powertrain components, power electronics converters are shown to be one of
the most challenging parts presented in advanced propulsion systems. Besides, in
battery chargers and a class of DC and AC motor drives, the application of power
electronic converters with controllable switches is quite necessary. Therefore, signif-
icant amount of research has been conducted on three-phase inverters.

In today’s propulsion systems of hybrid cars, it is common to use IGBT invert-
ers operating according to the PWM principle. The losses equations of the IGBT
inverters have been solved and can be used for the calculation [4]. Based on the
comparisons of the MOSFET and IGBT inverters in the motor drive systems in the
literature, the SiC MOSFET inverters have the advantages of lower losses, better
e"ciency and smaller size in the same motor drive application [5]. Due to the pos-
sible reverse conduction opportunities of MOSFETs, the equations of the IGBTs in
[4] are insu"cient to be used for calculating the conduction losses of the MOSFET
inverters. Thus, it is significant to derive the conduction losses equations of the

1



1. Introduction

MOSFET inverters, so they can be used for future calculations. According to the
author’s search, the conduction losses equations of the MOSFET inverters have not
been found in available publications. For future use, the equations of power losses
in MOSFET inverters need to be derived.

1.2 Purpose of the thesis
The main objective of the work reported in this thesis is to derive the mathemat-
ical expression of the conduction losses in a three phase MOSFET inverter. With
the equations, the inverter power losses under various DC voltages, various phase
currents, various modulation indices, and various basic parameters based on the
physical structures of the inverters, can be calculated instantaneously by the soft-
wares, for instance, MATLAB. The results presented in this thesis are from an
analytical model as well as from a numerical reference model.

1.3 Methods
In order to be able to calculate the power losses in MOSFET inverters, it is vital
to have a good understanding of the components functionalities, and the on-state
characteristics. Equivalent circuits will be investigated when each component is
conducting.

Once the relation is known, the current waveforms of di!erent components can
be produced in detail. The conduction losses equations are given from [6]. Thus,
the equations in one leg of the three-phase MOSFET inverter can be derived, both
for the MOSFET and the diode.

The following task is to derive the conduction power losses equations mathemat-
ically. Thus, the algebraic formulas are necessary to be used. The final conduction
losses expressions will be implemented in MATLAB for further use.

After the investigation of the losses equations, the numerical calculations will be
presented. This part is done using MATLAB. The conduction losses will be shown
in tables and will be verified with the analytical results utilizing the selected com-
ponent.

Moreover, the comparison of the MOSFET inverter with reverse conduction char-
acteristics and the assumption without reverse conduction is made. The loss-
calculation are performed at both the high and low current levels. The di!erences
are shown in tables.

2



1. Introduction

The last task is to investigate the conduction power losses in realistic inverter de-
signs, using third harmonic injection and the common mode reduction, using the
results from the previous tasks. The deviations will be presented and compared to
pure sinusoidal reference voltages.

3
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2
Theory of a Three-phase Inverter

In this chapter, the theory of a three-phase inverter will be presented. First, the
topology of a three-phase inverter will be shown and the explanation of the opera-
tion principle and performance will be given. Secondly, the functionalities and basic
power losses equations of the semiconductor switches will be introduced.

2.1 Introduction of a three-phase inverter
The topology of a three-phase inverter is shown in Figure 2.1. The inverter consists
of three phase legs, each leg includes two non-reverse conduction switches in either
the up or down position. There is a diode in anti-parallel with each corresponding
switch, which is used to provide a path for a current flowing in the opposite direction.
It always occurs due to the loads are inductive. For example, if the load current is
negative at the instant when the upper transistor is gated on, the diode in parallel
with the upper transistor will conduct until the load current becomes positive, and
at that time the upper transistor will begin to conduct. There is a capacitor on the
DC side, which is assumed to supply a sti! DC voltage in this analytical model. And
the loads of the system are modeled with large inductors, which give the continuous
currents following the reference current waveforms. The inductive loads with a back
emf represent the electric machine in an electric drive system. There is a 120 ° shift
between each phase.

2.1.1 PWM control method in a three-phase inverter
One of the widely used inverter control methods covered in power electronics is the
sine-triangle pulse width modulation (SPWM) control. With the SPWM control
method, the switches of the inverter are controlled based on a comparison of si-
nusoidal control reference signals and a triangular carrier wave [7]. The sinusoidal
control waveform establishes the fundamental frequency of the inverter output, while
the triangular waveform presents the switching frequency of the inverter. The ratio
between the frequencies of the sinusoidal reference wave and the triangular wave is
referred to as the modulation frequency ratio [8].

The switches in each leg of a three-phase inverter are never both on or o! simultane-
ously; therefore, the potentials VA, VB, and VC alternate between the input voltage

5



2. Theory of a Three-phase Inverter

Figure 2.1: The structure of a three-phase inverter with non-reverse conduction
switches, an associated DC link capacitor and inductive loads.

(VDC) and zero. Using this method, the phase potentials are AC, with a funda-
mental frequency corresponding to the frequency of the sinusoidal reference signals.
The magnitude of the triangle wave is fixed. Thus, the amplitude of the output po-
tential is controlled by adjusting the amplitude of the sinusoidal reference signals. [8]

Based on the research in [9], using the PWM modulation method, the instanta-
neous duty cycle can be written as

d(t) = 1
2(1 + M sin t) (2.1)

for a pure sinusoidal wave. In (2.1), d is the duty cycle of one leg. M is the mod-
ulation index of the PWM control method, which is between 0 and 1. The time
intervals when the upper semiconductors are conducting can be calculated from
(2.1). Consequently, (1-d) gives the time intervals when the lower semiconductors
are conducting. [9]

The output potential of one phase is shown in Figure 2.2 using SPWM in the one-
leg model. The DC link voltage is 400 V in this case, which can be utilized in the
electric drive system of a hybrid car. The switching frequency of the theoretical
model in this case is 2 kHz, which is suitable for the analysis of the waveforms. The
black curve in Figure 2.2 represents the triangle wave, the magenta curve, u1, is
the reference signal of one phase, the blue curve, u1inst, shows the instantaneous
voltage of the phase, and the red line, u1(time), is the fundamental output potential
of the phase. Therefore, the corresponding phase current waveform can be drawn as
in the following section. Since all of the three phases in the inverter have a 120° shift
between the other two phases, it is enough to analyze the operation principle using
one leg of the three-phase inverter. There is an impact due to the natural point
will not be zero all the time in the three-phase inverter, but it will not influence the
coming visualizations. Thus, the total losses in a three-phase inverter will be three
times of the losses in one leg. For the analysis part, the one-leg topology will be

6
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introduced.
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Figure 2.2: The potential waveforms over one switch during one period using
PWM. The upper one shows the triangular wave and the sinusoidal reference signal
of one phase, u1. The lower one shows the instantaneous phase potential, u1inst,
and the fundamental output potential, u1(time).
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2. Theory of a Three-phase Inverter

2.1.2 Operation model during di!erent time interval in one
switching period

Figure 2.3 shows a one-leg topology of a three-phase inverter with general control-
lable switches. The one-leg topology contains T1 and D1 in the upper part and T4
and D4 in the lower part. A DC voltage(VDC) and an inductive load are utilized in
the description. Each of the switches and diodes in Figure 2.3 are drawn in di!erent
colours to facilitate in the upcoming analysis regarding the current waveforms.

Figure 2.3: One leg of the three-phase inverter with back emf.

The corresponding phase current waveforms in one diode-switch combination during
one period using PWM are reached under u1(time) of Figure 2.2. Since the system
includes inductive loads, thus, the output current is often lagging, which can be
expressed as

i(t) = Îsin(#t ! $), (2.2)

where $ is the angle di!erence between the fundamental phase potential and the
current waveform. In Figure 2.4, the current through the upper switch and diode
is shown. The dashed line, i1, is the phase current with Irms being 375 A, which is
high enough and can be used in the hybrid system with the IGBT inverter. In this
figure, a phase shift is shown. The red curve, iT 1U , represents the current through
the switch, and the magenta, iD1U , curve provides the current through the corre-
sponding diode.

Correspondingly, the current through the lower switch and diode is presented in
Figure 2.5. The blue curve, iT 1L, represents the current through the lower switch,
and the black curve, iD1L, is the current through the corresponding diode. From
those two figures, it can be seen that the upper switch and lower diode take up the
whole positive load current shape, and the lower switch and the upper diode takeF
up the negative half period.
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Figure 2.4: The current waveform in upper diode and switch during one period
using PWM. The dashed line is the phase current, i1, the red curve represents
the current through the upper switch, iT 1U , and the magenta curve is the current
through the corresponding diode, iD1U .
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Figure 2.5: The current waveform in lower diode and switch during one period
using PWM. The dashed line, i1, is the phase current, the blue curve, iT 1L, represents
the current through the lower switch, and the black curve, iD1L, is the current
through the corresponding diode.
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2. Theory of a Three-phase Inverter

2.2 Introduction of semiconductor switches: MOS-
FET, IGBT and diode

2.2.1 Functionalities of MOSFET, IGBT and diode
Each component in a three-phase inverter has a unique functionality, which is why
di!erent forms of equations are used in the losses calculation. Thus, the character-
istics of each component need to be introduced in this section.

Firstly, the symbol and the steady-state i-v characteristic of a diode are shown
in Figure 2.6 [6]. When the diode is forward biased, it begins to conduct with a
small forward voltage across it. Thus, the characteristics can be simplified as shown
in Figure 2.7. In the analysis of the inverter topology, the on-state condition of the
diode can be represented by a resistor in series with a voltage source.

Figure 2.6: Diode: (a) symbol, (b) i-v characteristic.

11



2. Theory of a Three-phase Inverter

Figure 2.7: Simplified characteristics of the diode. The red curve shows the relation
between the voltage and the current, and the linearized line gives the equivalent
resistance of the diode and the small voltage drop, Vd.

12



2. Theory of a Three-phase Inverter

Secondly, Figure 2.8 shows the symbol for an IGBT to the left and its i-v characteris-
tics to the right [6]. Similar to a diode, the simplification of the IGBT characteristics
can be draw as it is shown in Figure 2.9. The equivalent model of an IGBT can be
drawn as a resistance, Rf , and a voltage drop, VT , in series.

Figure 2.8: An IGBT: (a) symbol, (b) i-v characteristic.
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2. Theory of a Three-phase Inverter

Figure 2.9: Simplified characteristics of the IGBT. The red curve shows the relation
between the voltage and the current, and the linearized line gives the equivalent
resistance of the IGBT, Rf , and the small voltage drop, VT .
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2. Theory of a Three-phase Inverter

The circuit symbol of an n-channel MOSFET is shown in Figure 2.10 (a). The i-v
charecteristics are shown in Figure 2.10 (b). The di!erences are shown in Figure
2.10 (b),when VGS is high enough, the current increases while the voltage increases,
and there is no constant voltage-drop term. Then the simplified characteristics can
be draw in Figure 2.11. Therefore, the equivalent circuit of an on-state MOSFET
can be drawn as a resistor, Ron [6].

Figure 2.10: N-channel MOSFET: (a) symbol, (b) i-v characteristic.

Figure 2.11: Simplified characteristics of the MOSFET. The linearized curve shows
the equivalent resistance of the MOSFET, Ron.
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2. Theory of a Three-phase Inverter

2.2.2 Basic losses-equations of diode, IGBT and MOSFET
The on-state losses-equations of the diode can be written as

pdiode(t) = v(i(t))i(t) = (Rdi(t) + Vd)i(t) = Rdi2(t) + Vdi(t), (2.3)

Pdiode = 1
T

! T

0
v(i(t))i(t) dt

= 1
T

! T

0
(Rdi(t) + Vd)i(t) dt

= 1
T

! T

0
(Rdi2(t) + Vdi(t)) dt

= Rdi2
rms + Vdiavg,

(2.4)

where pdiode is the instantaneous power losses of the diode, and Pdiode is the average
power losses of the diode during one fundamental period. irms is the root mean
square(RMS) value of the current and iavg is the average value of the current. T is
the fundamental period.

pIGBT (t) = v(i(t))i(t) = (Rf i(t) + VT )i(t) = Rf i2(t) + VT i(t), (2.5)
Similarly, the on-state power losses equations of the IGBT can be written as

PIGBT = 1
T

! T

0
v(i(t))i(t) dt

= 1
T

! T

0
(Rf i(t) + VT )i(t) dt

= 1
T

! T

0
(Rf i2(t) + VT i(t)) dt

= Rf i2
rms + VT iavg,

(2.6)

where pdiode is the instantaneous power losses of the diode, and Pdiode is the average
power losses of the diode during one fundamental period.

pMOSF ET (t) = v(i(t))i(t) = Roni2(t) (2.7)

PMOSF ET = 1
T

! T

0
v(i(t))i(t) dt

= 1
T

! T

0
Roni2(t) dt

= Roni2
rms

(2.8)

The power losses equations of the MOSFET are given in (2.7) and (2.8), where
pMOSF ET is the instantaneous power losses of the MOSFET, and PMOSF ET is the
average power losses of the MOSFET during one fundamental period. It can be
seen in those equations that there is no constant voltage-drop term in the losses
calculation.
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3
Operation Model of a Three-phase

MOSFET Inverter Using PWM

In this chapter, the investigation is focused on using MOSFETs as the switches in-
stead of IGBTs. The MOSFET inverter is analyzed in detail. This part is conducted
based on one leg of the three-phase inverter. Current waveforms are shown both at
the high amplitude level and at the low amplitude level.

3.1 Three-phase MOSFET inverter system with
reverse conduction MOSFET

3.1.1 The structure of a three-phase MOSFET inverter
Figure 3.1 shows the topology of a three-phase MOSFET inverter. All of the switches
are n-channel MOSFETs in this case. For the analytical model, the capacitor on
the DC side is assumed to be large enough to provide a sti! voltage. The inverter
has a large inductive load which gives a continuous current. As it is mentioned in
Chapter 2, due to the 120 ° shift principle, all of the three phases carry the same
shape of the currents during one period, therefore, it is enough to analyse only one
leg of the three-phase inverter to derive the losses equations. Then the total losses
in the inverter will be three times of the losses of one leg. Thus, in the following
sections, the one-leg topology will be analyzed in detail.

3.1.2 The structure of one leg of the three-phase MOSFET
inverter

In Figure 3.2, the one-leg topology of a three-phase inverter is shown, which will
in principle give the same results as one leg of the three-phase MOSFET inverter.
The upper MOSFET, M1, is marked in red, and the lower MOSFET, M4, is drawn
in blue. Meanwhile, the upper diode, D1, is presented in magenta, and the lower
diode, D4, is in black. In the following analysis of current flow, the current curves
will be shown using the corresponding colours.

Since during one period, each time point can correspond to a certain phase angle,

17



3. Operation Model of a Three-phase MOSFET Inverter Using PWM

Figure 3.1: The structure of a three-phase MOSFETs inverter with large capacitor
and large inductive loads.

which can be expressed as
! = 2%

T
t, (3.1)

thus, the output current is marked as i(!) in Figure 3.2. From the same method,
all calculations are based on the angle in the following analysis of the current flow
and power losses.

Figure 3.2: The topology of one leg of a three-phase MOSFETs inverter with an
inductive load.

18



3. Operation Model of a Three-phase MOSFET Inverter Using PWM

3.2 The current flow in one leg of a three-phase
MOSFET inverter

In the following analysis, the circuit in Figure 3.2 is chosen to be the model when
the currents are simulated. Unless stated in this chapter, 2 kHz will be used as the
switching frequency. All the currents in the MOSFETs and diodes are shown as the
absolute values in the figures in this section.

3.2.1 Current waveforms of pure MOSFET conduction dur-
ing low current flow in the system

Using the one-leg topology analysis, the current flows of the leg can be shown in
Figure 3.3, Figure 3.4 and Figure 3.5 for one fundamental period. In this case, in
order to have no current in the diode, the RMS value of the load phase current is
selected to be 20 A. It can be seen from Figure 3.3 and Figure 3.4, if the amplitude
of the phase current is not high enough, only the MOSFETs are conducting. Fig-
ure 3.5 shows that during one period, the phase current is the sum of the currents
through the upper MOSFET and the lower MOSFET.
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Figure 3.3: The currents through M1 and D1 and the phase current i(!) during
one period.
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Figure 3.4: The currents through M4 and D4 and the phase current i(!) during
one period.
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Figure 3.5: The currents through M1, D1, M4 and D4 and the phase current i(!)
during one period when the RMS value of the phase current is 20 A.

3.2.2 Current waveforms of both MOSFET and diode con-
duction during high current flow in the system

Based on the same method of current simulation, when the RMS value of the phase
current is increased to 150 A, which is based on the rated current of the MOSFET
selected in the following chapter, the current will flow in both the MOSFETs and
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3. Operation Model of a Three-phase MOSFET Inverter Using PWM

the diodes. The current curves are shown in Figure 3.6 for one fundamental period.
The current waveforms are in accordance with the explanation of the theory part,
which shows that the diodes start conducting if the amplitude of the phase current
is high enough.

From Figure 3.6, it is shown that up until a certain time instant, the diode will
still not conduct even though the polarity of the current has changed. In this the-
sis, this start-conduction angle is called ", and will be stated and utilized in the
calculation part.
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Figure 3.6: The currents through M1, D1, M4 and D4 and the phase current i(!)
in one period when the RMS value of the phase current is 150 A.
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3. Operation Model of a Three-phase MOSFET Inverter Using PWM

3.3 Current analysis in the reverse conductive MOS-
FET

For the one-leg topology, since the current waveform is sinusoidal, thus, the upper
combination of MOSFET-diode and lower combination of MOSFET-diode can be
seen as symmetrical in the calculation part.

Figure 3.7 shows the details of the current waveforms through di!erent components
in one leg of the three-phase inverter when the phase current is positive. Corre-
spondingly, Figure 3.8 is the topology which also presents the current flow during
di!erent time intervals. For instance, during time d, only M1 is conducting with the
same value as the phase current. During time (1-d), M4 and D4 are both conduct-
ing, and the sum of those two currents equals the phase current, i(!).
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Figure 3.7: Zoomed in current waveforms: When the current is positive, the figure
shows the currents through the upper MOSFET and lower MOSFET and diode
during time d and (1-d).

When the current is still positive, but the magnitude of the current is not high
enough for D4 to conduct, then the current flow in the one-leg topology is shown in
Figure 3.9.

If it comes to the negative half period of the phase current, the same procedure as
for the positive phase current is used. The current flows are draw in Figure 3.10 and
Figure 3.11 for high magnitudes of the phase current and for the low magnitude of
the phase current.
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3. Operation Model of a Three-phase MOSFET Inverter Using PWM

Figure 3.8: One leg topology: When the current is positive and high enough, the
di!erent directions of the currents through the upper MOSFET and lower MOSFET
and diode during time d and (1-d).

Figure 3.9: One leg topology: When the current is positive and low, the di!erent
directions of the currents through the upper MOSFET and lower MOSFET during
time d and (1-d).

In the following section, the current in those di!erent time intervals will be described
using mathematical expressions.
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3. Operation Model of a Three-phase MOSFET Inverter Using PWM

Figure 3.10: One leg topology: When the current is negative and high enough, the
di!erent directions of the currents through the upper MOSFET and lower MOSFET
and diode during time d and (1-d).

Figure 3.11: One leg topology: When the current is negative and low, the di!erent
directions of the currents through the upper MOSFET and lower MOSFET during
time d and (1-d).

24



4
Conduction Losses Calculation

and Analysis

This chapter includes the mathematical explanation of the conduction losses-equations.
The steps of the derivation will be presented. The calculation is based on the one-
leg topology of a three-phase MOSFET inverter. The characteristics of the reverse
conduction are analyzed and implemented in the final equations.

4.1 MOSFET conduction losses
The average value of the MOSFET conduction losses can be written as

PMOSF ET cond = 1
T

! T

0
d(t)v(i(t))i(t) dt, (4.1)

where v(i(t)) is the instantaneous value of the voltage over the MOSFET switch
and i(t) is the instantaneous value of the current through the MOSFET. The in-
tegration of the instantaneous power losses over one switching cycle thus gives an
average value of the MOSFET conduction losses.

Since
! = 2%

T
t, (4.2)

Thus
dt = T

2%
d!, (4.3)

The average value of the MOSFET conduction losses can now be determined as

PMOSF ET cond = 1
2%

! 2!

0
d(!)v(i(!))i(!) d!. (4.4)

An approximation of the drain-source on-state resistance, Ron, is made when the
calculation is derived as mentioned in Chapter 2. Thus,

v(i(!)) = Ron(i(!))i(!), (4.5)
Therefore, (4.4) can be rewritten as

PMOSF ET cond = 1
2%

! 2!

0
d(!)Roni2(!) d!. (4.6)
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4. Conduction Losses Calculation and Analysis

where
d(!) = 1

2(1 + M sin !). (4.7)

where M is the modulation index [9]. Equation (4.6) is written in the form for later
use when deriving the expression of diode losses.

4.2 Diode conduction losses
The average value of the diode conduction losses can be derived using the same
method as that of the MOSFET, which is

Pdiodecond = 1
T

! T

0
d(t)vd(i(t))i(t) dt, (4.8)

where v(i(t)) is the instantaneous value of the voltage over the diode and i(t) is
the instantaneous value of the current through the diode. The integration of the
instantaneous power losses over one fundamental cycle thus gives an average value
of the losses in the diode.

Using the same procedure as (4.2) and (4.3), the average value of the diode conduc-
tion losses can now be determined as

Pdiodecond = 1
2%

! 2!

0
d(!)vd(i(!))i(!) d!. (4.9)

An approximation with the resistance, Rd, and voltage drop, Vd, is made when the
calculation is derived.

Thus,

vd(i(!)) = (Rd(i(!) + Vd)i(!). (4.10)
Therefore, (4.9) can be rewritten as

Pdiode = 1
2%

! 2!

0
d(!)(Rdi2(!) + Vdi(!)) d!, (4.11)

Equation (4.11) is written in the form for later use when deriving the expression of
diode losses.

4.3 Equations of conduction power losses during
di!erent time interval

As it is stated in Chapter 3, since the output current waveform is sinusoidal, thus,
the upper package and lower package can be seen having the same power losses in
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4. Conduction Losses Calculation and Analysis

the calculation part. In this chapter, all the calculations are based on the current
analysis presented in Figure 3.3 to Figure 3.7.

4.3.1 The expressions of MOSFET conduction losses in one
period

Since all the figures above are taking the voltage as a reference, so in Figure 4.1
there is an angle di!erence between the voltage and the current, $, where cos $ is
the displacement power factor of the electric drive system. As it is shown in Figure
4.1, the angle from the current zero-crossing angle to the angle when the diode starts
conducting, is called ". According to the symmetrical theory, the angle between the
instance when the diode ends conducting and the next zero-crossing angle is also ".

Figure 4.1: The currents waveforms of one period where the RMS value of the phase
current is 150 A. $ is the angle of the displacement power factor. " is the angle
between the zero-crossing angle and the angle when the diode starts conducting.

Thus, for one MOSFET, for example M1, the conduction losses can be divided to
three terms, which can be written as

PMOSF ET cond = 1
2%

! !+"+#

"
d(!)v(i(!))i(!) d!

+ 1
2%

! 2!+"!#

!+"+#
d(!)v(i(!))i(!) d!

+ 1
2%

! 2!+"

2!+"!#
d(!)v(i(!))i(!) d!.

(4.12)

The duty cycle di!ers from each angle, however, the expression of the duty cycle
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4. Conduction Losses Calculation and Analysis

d1 = 1
2(1 + M sin !1) (4.13)

is the same if only one point is considered. Besides, the voltage expressions can be
rewritten using the equations of the current. Therefore, the only di!erence of those
three parts is the currents during di!erent time intervals.

Since only the MOSFET is conducting in the first term and the third term of
(4.12), the expressions of the current through the MOSFET have the same form
as the phase current. For the second term of (4.12), the sum of the currents through
the MOSFET and the diode equals the phase current. Moreover, the voltage over
the MOSFET and the voltage over the diode have the same value. Therefore, the
expressions of the currents through the MOSFET and the diode can be calculated
as

iMOSF ET = RdÎ sin(! ! $) ! Vd

Ron + Rd
(4.14)

and

idiode = RonÎ sin(! ! $) + Vd

Ron + Rd
(4.15)

where Î is the peak value of the phase current.

4.3.2 The expressions of diode conduction losses in one pe-
riod

Based on Figure 4.1, each diode conducts for less than half a period. For instance,
D4 conducts from % + $ + " to 2% + $ ! ", and the current expression has already
been derived in the last section. Thus the conduction losses of the diode during one
period can be written as

Pdiodecond = 0

+ 1
2%

! 2!+"!#

!+"+#
d(!)vd(i(!))i(!) d!

+ 0

(4.16)

where the current expression of the diode is the same as (4.15).

4.3.3 Boundary condition when the diode starts conducting
Since the final equation will be implemented in MATLAB, it is better to utilize
one expression which can merge two conditions of di!erent current levels into one
mathematical expression. Therefore, the boundary condition is significant.

In this work, the boundary condition is shown as below,
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4. Conduction Losses Calculation and Analysis

Î sin " = Vd

Ron
. (4.17)

The boundary condition of " can be defined using (4.17). With the settings of
", the losses-equations will be valid for all the calculation, no matter if the current
is high enough or not for the diodes conducting.

4.4 Total Conduction losses equations during one
period

From Section 4.3.1 and Section 4.3.2, the total conduction losses of the MOSFET
can be expressed using the equations of the power losses, (4.12) and (4.16), and the
expressions of the currents, (4.14) and (4.15). Thus the expression of the MOSFET
losses can be rewritten as

PMOSF ET cond = 1
2%

! !+"+#

"

1
2(1 + M sin !)RonÎ2 sin2(! ! $)) d!

+ 1
2%

! 2!+"!#

!+"+#

1
2(1 + M sin !)Ron

"
RdÎ sin(! ! $) ! Vd

(Ron + Rd)2

#2
d!

+ 1
2%

! 2!+"

2!+"!#

1
2(1 + M sin !)RonÎ2 sin2(! ! $) d!.

(4.18)

Using the same method, the diode losses during one period can be expressed as

Pdiodecond = 1
2%

! 2!+"!#

!+"+#

1
2(1 + M sin !)

$
Vd

"
! RonÎ sin(! ! $) + Vd

Ron + Rd

#
+ Rd

"
RonÎ sin(! ! $) + Vd

Ron + Rd

#2%
d!.

(4.19)
The expressions shown above are straightforward to understand according to (4.12)
and (4.16). Regarding the implementation in MATLAB, the speed of running the
calculation needs to be taken into consideration. One way to improve the compu-
tation speed is to derive a simpler algorithmic calculation instead of the integration
for MATLAB. To derive those algebraic expressions, the expressions need to be inte-
grated. However, due to the asymmetry of the conduction behavior of the MOSFET
and the diode in the positive half period and the negative half period, the simpli-
fied algebraic equations are more complicated than the ones of an IGBT inverter in
[4]. The reason of the complexity is the angle ", which means that the MOSFETs
conduct more than half of a period during the whole period. Moreover, during the
reverse conduction of the MOSFET, the phase current is divided into two expres-
sions for the MOSFET and the diode. The expressions of the currents shown in
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4. Conduction Losses Calculation and Analysis

(4.14) and (4.15) give more complicated results than using the expression of the
phase current in the IGBT losses-calculation.

The derived losses-equations of the MOSFET can be written as

PMOSF ET cond = 1
8%

Î2Ron

$
% + " + M cos($ + ") + M cos $ ! 1

2 sin 2"

+ M

2 cos($ ! ") + M

2 cos $ ! M

6 cos($ + 3") ! M

6 cos $
%

+ 1
8%

Î2Ron

$
" ! M cos $ + M cos($ ! ") ! 1

2 sin 2"
M

2 cos $

+ M

2 cos($ + ") + M

6 cos $ ! M

6 cos($ ! 3")
%

+ 1
4%

Ron

(Ron + Rd)2

&
R2

dÎ2(2% ! 4" + 2 sin 2") + V 2
d (% ! 2")

+ 4RdÎ cos "

+ 1
12MR2

dÎ2
$

! 9 cos(" ! $) ! 9 cos(" + $)

+ cos(3" ! $) + cos(3" + $)
%

! MV 2
d

$
cos($ ! ") + cos($ + ")

%

! 1
2MRdÎ

'
(2% ! 4") cos $ + sin(2" ! $) + sin(2" + $)

()
.

(4.20)

The derived losses-equations of the diode can be written as

Pdiodecond = 1
4%

1
(Rd + Ron)2

$1
2M(Ron ! Rd)(!Vd)RonÎ((% ! 2") cos $

+ sin(2" ! $) + sin(2" + $)
%

+ MV 2
d Ron

$
cos($ ! ")

+ cos($ + ")
%

+ 1
12MRdR2

onÎ2
$

! 9 cos($ + ") ! 9 cos($ ! ")

+ cos($ ! 3") + cos($ + 3")
%

+ 2(Ron ! Rd)VdRonÎ cos "

! V 2
d Ron(% ! 2") + 1

4RdR2
onÎ2(2% ! " + 2 sin 2").

(4.21)

Equation (4.20) and (4.21) give the same results as the expressions in (4.18) and
(4.19). Furthermore, the results are needed to be verified through another method
of power losses calculation, which will be explained in the next chapter.
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5
Verification Using Numerical

Analysis

5.1 Prerequisites of the numerical analysis

In this chapter, numerical calculations are performed in MATLAB to verify the the-
oretical losses-equations. The MOSFET module, CAS300M12BM2 from CREE, is
selected in the numerical calculation for the following reasons. CAS300M12BM2 has
a rated current of 300 A, which is high enough for a three-phase MOSFET inverter
of an electric drive system. The drain-source voltage of CAS300M12BM2 can reach
1.2 kV. Due to the better switching performance of the MOSFET, the switching
frequency, fsw, is selected to be 20 kHz in the calculation. The DC voltage is set to
be 400 V in this case, which can be selected as the DC voltage of the inverter in an
electric drive system. However, with the development of the Silicon carbide (SiC)
devices, the components chosen in this project can be used also for higher voltage
levels, such as hybrid buses or trucks.

Based on the schematic circuit of CAS300M12BM2, the corresponding data of the
anti-parallel diode can be obtained from the data sheet of the MOSFET module
[11]. Table 5.1 presents the equivalent values of the voltage drop and the resistances
which are used in the following calculations [12].

Table 5.1: Set up of the simulation.

Name Value
Irms 150A
VDC 400V
fsw 20kHz
f1 50Hz
Ron 0.0098!
Vd 0.75V
Rd 0.005!
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5. Verification Using Numerical Analysis

5.2 Numerical losses calculation
5.2.1 Calculation procedure
To calculate the conduction losses numerically, a reasonable time step should be set.
The fundamental period is 0.02 s. In this verification, the time step is selected to be
0.1 µs, from which each discrete sample of voltage and current are used to calculate
the losses.

Figure 5.1 shows the phase current and the MOSFET conduction losses using the
numerical calculation. Each point represents the instantaneous losses at the sam-
pled time. When the phase current is at a high value, the losses is at a higher level.
Correspondingly, when the amplitude of the phase current is low, the losses is at a
lower level. The conduction losses of the MOSFET exist during the whole period.
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Figure 5.1: The phase current and MOSFET losses during two periods, when the
current is high enough for the diode to conduct.

The corresponding diode conduction losses are shown n Figure 5.2. From Figure 5.1
and Figure 5.2, it can be seen that when the diode generates losses, the losses in the
MOSFET increase moderately.
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Figure 5.2: The phase current and diode losses during two periods.
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5.2.2 Results of the numerical reference system and verifi-
cation with theoretical calculation

The results from the analytical and numerical calculation are presented and com-
pared in Table 5.2 to Table 5.5. The RMS value of the phase current is 150 A in this
case. The examples of the verification are selected to show the results from the two
di!erent methods. In addition, the di!erences of each MOSFET and diode losses
between the analytical calculation and numerical calculation are given in the tables.

Table 5.2: Calculation results when M = 0.7 and $ = 0.82.

Component Analytical Losses(W) Numerical Losses(W) Di!erence (%)
MOSFET 89.82 89.83 0.01

Diode 7.80 7.80 0

Table 5.3: Calculation results when M = 0.6 and $ = 0.8.

Component Analytical Losses(W) Numerical Losses(W) Di!erence (%)
MOSFET 91.53 91.52 0.01

Diode 7.16 7.16 0

Table 5.4: Calculation results when M = 1 and $ = 0.

Component Analytical Losses(W) Numerical Losses(W) Di!erence (%)
MOSFET 106.54 106.55 0.01

Diode 1.49 1.49 0

Table 5.5: Calculation results when M = 1 and $ = %.

Component Analytical Losses(W) Numerical Losses(W) Di!erence (%)
MOSFET 49.08 49.09 0.02

Diode 23.17 23.16 -0.04

To make the verification having an overall consideration, another value of the phase
current is necessary to be selected below the diode conduction threshold. In this
case, the power losses are calculated when the RMS value of the phase current is 20
A. The results are shown in Table 5.6.

Table 5.6: Calculation results when M = 1 and $ = 0 with Irms = 20A.

Component Analytical Losses(W) Numerical Losses(W) Di!erence (%)
MOSFET 1.96 1.96 0

Diode 0 0 0
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5. Verification Using Numerical Analysis

All the di!erences shown in Table 5.2 to Table 5.6 are not more than 0.04%. It
indicates that the theoretical expressions and the numerical reference system agree
with each other. The two methods can be used to calculate the conduction losses
in the MOSFET three-phase inverter.
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6
Theoretical Analysis and

Comparison between MOSFET
with reverse conduction and
without reverse conduction

6.1 Theoretical analysis of the mathematical equa-
tions with MOSFET reverse conduction

The relations between $, M , and the conduction losses are shown in Figure 6.1 and
Figure 6.2. In this simulation, Irms is 150 A, which makes both of the diode and the
MOSFET conducting. It can be seen that the conduction losses of the MOSFET
vary following a cosine function of $, while the conduction losses of the diode follows
a (-cosine) function of $. Even though those two equations have opposite tendency,
the total losses in one MOSFET-diode module shown in Figure 6.1 give the similar
tendency as the conduction losses of the MOSFET. In addition, the conduction
losses of the MOSFET increase linearly as M increases. However, the conduction
losses of the diode decrease when M increases. Since the conduction losses in the
diodes are lower than the ones in the MOSFET within one module, the total losses
in one module shown in Figure 6.1 and Figure 6.2 have the similar tendency as that
of the MOSFET.
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conduction and without reverse conduction
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Figure 6.1: The relation between MOSFET conduction losses and $ when M = 1
with reverse conduction characteristics.
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Figure 6.2: The relation between MOSFET conduction losses and $ when M = 1
with reverse conduction characteristics.
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conduction and without reverse conduction

6.2 Comparison and analysis between MOSFET
with reverse conduction and without reverse
conduction

According to the analysis in previous chapters, the complexity of the equations of
the MOSFET inverter is due to that the reverse conduction can be utilized. Thus,
it is necessary to find out the di!erence between the losses resulting with reverse
conduction and without reverse conduction. Table 6.1 and Table 6.2 present both
MOSFET and diode losses for di!erent values of M , when Irms is 150 A and $ is
0.8. The total di!erences are calculated and shown in Table 6.3.

Table 6.1: MOSFET losses with and without reverse conducting when Irms is 150
A.

M Losses with reverse conducting(W) Losses without reverse conducting(W)
0 77.81 55.12

0.2 81.81 61.65
0.4 85.81 68.16
0.6 89.81 74.68
0.8 93.82 81.20
1 97.82 87.73

Table 6.2: Diode losses with or without MOSFET reverse conducting when Irms

is 150 A.

M Losses with reverse conducting(W) Losses without reverse conducting(W)
0 12.33 53.44

0.2 10.82 47.34
0.4 9.31 41.25
0.6 7.80 35.15
0.8 6.29 29.06
1 4.78 22.96

Since the value of the total losses in one MOSFET-diode module is relevant for the
loss evaluation in the inverter, the di!erences are calculated and compared in Table
6.3. As it can be seen above, the MOSFET with reverse conduction characteristics
makes the total conduction losses in one module less than the assumption without
reverse conduction. It is due to that the conduction losses depend mainly on the
currents through the components instead of other factors, such as the voltages over
the components or the equivalent resistance of the components. If a lower current is
applied to this kind of inverter, for instance Irms is 20 A, the di!erences are shown
in Table 6.4 to Table 6.6. In that case, there are much less conduction losses in one
module than the case without reverse conduction. The current dependency can also

39



6. Theoretical Analysis and Comparison between MOSFET with reverse
conduction and without reverse conduction

Table 6.3: Total losses with or without MOSFET reverse conducting when Irms is
150 A.

M Total losses with Total losses without Di!erence(%)
reverse conducting(W) reverse conducting(W)

0 90.14 108.57 +20.45
0.2 92.63 108.99 +17.66
0.4 95.12 109.41 +15.02
0.6 97.62 109.84 +12.52
0.8 100.11 110.26 +10.14
1 102.60 110.68 +7.88

be verified in the next chapter when using di!erent forms of reference voltages in
the inverter.

Table 6.4: MOSFET losses with and without reverse conducting when Irms is 20
A.

M Losses with reverse conducting(W) Losses without reverse conducting(W)
0 1.96 0.98

0.2 1.96 1.09
0.4 1.96 1.21
0.6 1.96 1.32
0.8 1.96 1.44
1 1.96 1.56

Table 6.5: Diode losses with or without MOSFET reverse conducting when Irms

is 20 A.

M Losses with reverse conducting(W) Losses without reverse conducting(W)
0 0 3.87

0.2 0 3.44
0.4 0 3.02
0.6 0 2.59
0.8 0 2.16
1 0 1.73
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conduction and without reverse conduction

Table 6.6: Total losses with or without MOSFET reverse conducting when Irms is
20 A.

M Total losses with Total losses without Di!erence(%)
reverse conducting(W) reverse conducting(W)

0 1.96 4.86 +147.96
0.2 1.96 4.54 +131.63
0.4 1.96 4.23 +115.82
0.6 1.96 3.91 +99.49
0.8 1.96 3.60 +83.67
1 1.96 3.29 +67.86
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7
Conduction Losses Calculation

using two di!erent PWM Methods

In this chapter, the results from two di!erent PWM methods will be calculated
using the numerical system and compared to the results obtained in Chapter 6.

7.1 Numerical results with the third harmonic in-
jection

7.1.1 Reference voltage design principle
The third harmonic injection PWM(THIPWM)is a common way to utilize the DC
voltage source in the system [13] [14]. Since the THIPWM can make more use of
the DC voltage source than the PWM method using the pure sinusoidal reference
voltages, this section presents the losses using THIPWM [16].

Figure 7.1 shows the reference voltages under THIPWM. For instance, one phase of
the reference voltages is composed by

uT HIP W MA = Û sin(#t) + 0.17Û sin(3#t). (7.1)

Equation (7.1) is used in the losses calculation in this section.

7.1.2 Results and comparison
The di!erent losses using THIPWM are calculated using various $, when M is fixed,
as well as various M when $ is a fixed value. The results are shown in Table 7.1,
Table 7.2, Table 7.3 and Table 7.4.

The di!erences can be seen by comparing the total losses in one MOSFET-diode
module with or without THIPWM, for example when $ = 0.8 and M = 0.6, the
total losses using a pure sinusoidal reference voltages are 97.62 W in Table 6.3, and
the losses with THIPWM are 98.07 (90.50 +7.57) W. The new total losses will in-
crease by 0.46%. Based on (4.12) and (4.16), the losses mostly depend on the current
flowing through the components. However, when the reference voltages change the
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Figure 7.1: Three phase reference voltages with the third harmonic injection .

Table 7.1: Results without third harmonic injection when M = 0.6.

$ MOSFET losses(W) Diode losses(W)
0 95.03 5.83

0.8 89.81 7.80
1 87.11 8.82

1.8 73.89 13.81
% 60.58 18.84

Table 7.2: Results with third hamonics injection when M = 0.6.

$ MOSFET losses(W) Di!erence(%) Diode losses(W) Di!erence(%)
0 94.11 -0.97 6.15 5.48

0.8 90.50 0.76 7.57 -2.94
1 88.04 1.07 8.51 -3.51

1.8 73.31 -0.70 14.01 1.45
% 61.51 1.54 18.51 -1.75

expressions, there are di!erent forms of the duty cycle in the formula. The expres-
sions under di!erent reference voltages are suggested to be valuable for the future
work of research.

44



7. Conduction Losses Calculation using two di!erent PWM Methods

Table 7.3: Results without third hamonics injection when $ = 0.

M MOSFET losses(W) Diode losses(W)
0 77.50 12.28

0.2 83.53 10.17
0.4 89.28 8.00
0.6 95.03 5.83
0.8 100.78 3.66
1 106.52 1.49

Table 7.4: Results with third hamonics injection when $ = 0.

M MOSFET losses(W) Di!erence(%) Diode losses(W) Di!erence(%)
0 77.50 0 12.28 0

0.2 83.23 -0.36 10.27 0.98
0.4 88.68 -0.67 8.21 2.63
0.6 94.10 0.97 6.14 5.31
0.8 99.57 -1.20 4.07 11.20
1 104.99 -1.44 2.01 34.89

7.2 Results with the common mode reduction
7.2.1 Voltage design principle
There is another method to utilize the DC voltage source in the system in the best
way, which is the common mode reduction. In this study, the common mode is
chosen to be the symmetrical triangular wave. The PWM method is based on sinu-
soidal waveforms with reduced common mode. The following algorithm is used in
the losses-calculation in this section.

The common mode, Cm, is defined as

Cm = (umin + umax)/2. (7.2)

In (7.2), the value of umin is the minimum value of the three-phase sinusoidal
reference voltages, and the value of umax is the maximum value of those three
voltages. Thus, the three-phase reference voltages can be written as

uasym = Û sin(#t) ! Cm (7.3)
ubsym = Û sin(#t ! 120°) ! Cm (7.4)
ucsym = Û sin(#t ! 240°) ! Cm. (7.5)

The reference voltages under symmetrical triangular wave injection are shown in
Figure 7.2. The losses are calculated and compared in the following section.
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Figure 7.2: Three phase reference voltages with the symmetrical triangular wave
injection.

7.2.2 Results and comparison
The results of losses using the symmetrical triangular wave injection are calculated
using the same method as used when determing the losses in the THIPWM case.
The results are shown in Table 7.5, Table 7.6, Table 7.7 and Table 7.8.

Table 7.5: Results without the symmetrical triangular wave injection when M =
0.6.

$ MOSFET losses(W) Diode losses(W)
0 95.03 5.83

0.8 89.81 7.80
1 87.11 8.82

1.8 73.89 13.81
% 60.58 18.84

The di!erences can be seen by comparing the total losses in one MOSFET-diode
module with or without the common mode reduction, for example when $ = 0.8
and M = 0.6, the total losses using a pure sinusoidal reference voltages are 97.62 W
in Table 6.3, and the losses with the common mode reduction are 98.16 W (90.50
+7.57 W) . The new total losses will increase by 0.55%. Based on (4.12) and (4.16),
the losses mostly depend on the current flowing through the components. However,
when the reference voltages change, there are di!erent forms of the duty cycle in
the formula. Those questions is suggested to be a valuable future research.
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Table 7.6: Results with the symmetrical triangular wave injection when M = 0.6.

$ MOSFET losses(W) Di!erence(%) Diode losses(W) Di!erence(%)
0 93.90 -1.19 6.21 6.52

0.8 90.64 0.92 7.52 -3.59
1 88.23 1.28 8.43 -4.42

1.8 73.18 -0.96 14.05 1.74
% 61.72 1.88 18.44 -2.12

Table 7.7: Results without symmetrical triangular wave injection when $ = 0.

M MOSFET losses(W) Diode losses(W)
0 77.50 12.28

0.2 83.53 10.17
0.4 89.28 8.00
0.6 95.03 5.83
0.8 100.78 3.66
1 106.52 1.49

Table 7.8: Results with the symmetrical triangular wave injection when $ = 0.

M MOSFET losses(W) Di!erence(%) Diode losses(W) Di!erence(%)
0 77.50 0 12.28 0

0.2 83.17 -0.43 10.29 1.18
0.4 88.55 -0.82 8.24 1.03
0.6 93.90 1.19 6.21 6.51
0.8 99.28 -1.49 4.17 13.93
1 104.66 -1.75 2.13 42.95
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8
Conclusion

It can be concluded that the theoretical equations of the conduction losses show
good agreement with the results from the numerical reference system. The derived
losses-equations can be implemented in MATLAB for the future losses calculation.
Moreover, the conduction losses in one MOSFET-diode combination have a similar
tendency of the MOSFET, regardless of M or $. The reverse conduction of the
MOSFET gives lower conduction losses in one module compared to not using reverse
conduction. Without the reverse conduction, the losses of one power module are
higher than the case with reverse conduction at both the high and low current levels.
CAS300M12BM2 is selected to be the power module in the numerical calculation.
The di!erences are shown in tables and the losses can be more than 20 % higher
than the case with reverse condition at the rated current of the selected module,
150 A. When the phase current is low and there is no diode conducting during
the operation, the losses regardless of reverse conduction can be more than 100
% higher. Furthermore, the conduction losses mainly depend on the values of the
currents through the components.
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9
Future Work

In this work, the equations of conduction losses in a three-phase MOSFET inverter
are derived. The equations are based on the reverse conduction of the MOSFET.
However, the goal of the future is to derive the equations which can reflect the real
system. The blanking time is significant, and it should not be neglected. Thus, the
equations, with blanking time accounted for, are needed. Moreover, for the numeri-
cal reference system, further developed equations under di!erent PWM methods will
be valuable to solve. With those considerations, the conduction losses equations of
the three-phase inverter model can be improved.
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