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Prajwal Bharadwaj

Sriyan Garapati

Department of Electrical Engineering
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Abstract

This thesis work will study di [erent modulation techniques and their e [edts on the
system losses of a traction motor and inverter for automotive applications. The ma-
chine, inverter and total system losses are simulated and analyzed for Space Vector
Pulse Width Modulation (SVPWM), Active Zero State Pulse Width Modulation
(AZSPWM), Near State Pulse Width Modulation (NSPWM) and Discontinuous
Pulse Width Modulation (DPWM) techniques across the torque-speed map at 10
and 15kHz switching frequencies. Motor losses are estimated using current fed sim-
ulations to a FEM model in JMAG. These current injections are generated using a
custom closed loop coupled analysis, performed using a 2-D partial derivative model
of a permanent magnet synchronous machine (PMSM), a 3-phase inverter circuit
with speed, torque and current control and a custom modulator block in MAT-
LAB/Simulink. Inverter losses are on the other hand estimated using a numerical
approach on MATLAB.

The result of this study is an optimal modulation map where Hybrid DPWM tech-
niques outperform SVPWM over a majority of the torque speed map, by a discernible
margin for this studies model. This work, will also discuss the methodology and im-
plementation of di Lerent DPWM techniques, along with their e [cady across di [erk
ent power factors, and the resultant reasoning and logic devised to develop a custom
Hybrid DPWM technique optimized for e [ciehcy. The variations of AZSVPWM,
its logic and limitations, as well as that of NSPWM, with its loss maps and THD
maps are also discussed and presented.

Keywords: Pulse Width Modulation, SVPWM, NSPWM, AZSPWM, DPWM, Har-
monic Analysis, Inverter Switching Losses, Electric Motor Losses, Electric Drive
E [ciehcy.
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This is a list of variables and their acronyms that have been used throughout this
thesis:

Va A - phase voltage

Vp B - phase voltage

Ve C - phase voltage

Vac Fundamental AC voltage

W Angular velocity

t time

f frequency

0] Phase angle

Ia A - phase current
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ic C - phase current
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M Modulation index
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Vem_ neg Negative common mode voltage
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Introduction

1.1 Background

With sustainability in mind, and in accordance with the EU directives under the
Green New Deal [1], signicant e orts are being applied to reduce or eliminate
emissions in the transportation sector. This shift in strategy and targets fuels the
research e orts in battery technology and electric drives to extract higher e ciency,
improve Battery Electric Vehicle's (BEV) performance, extend range, develop cost-
optimised solutions and enhance safety and reliability.

The electrical drive train in a BEV comprises the electric motor, which is responsi-
ble for converting electrical energy into mechanical power, and the inverter, which
controls the motor. Electric drive trains are signi cantly more e cient than tradi-
tional combustion-based power trains because electric motors exhibit high e ciency
and torque across a broad speed range while ensuring seamless and instantaneous
power delivery. The inverter is vital, converting Direct Current (DC) from the
vehicle's battery into Alternating Current (AC), as desired to drive the electric mo-
tor. Sophisticated control algorithms enable precise power modulation, ensuring
peak e ciency under diverse driving conditions. Working in reverse, the inverter
also enables regenerative braking, which harvests kinetic energy through the mo-
tor acting as a generator that enhances overall e ciency and extends the vehicle's
driving range. Moreover, the simpler design, lack of combustion, reduced moving
parts and fewer parasitic auxiliary components in the electrical drive train means
reduced losses and maintenance requirements, translating to lower operational costs
throughout the vehicle's lifespan.

In summary, these electrical drivetrains signify a paradigm shift in automotive
propulsion, embodying e ciency, response, control and sustainability. The integra-
tion of these advanced drives highlights the industry's dedication to a cleaner and
more sustainable future in transportation. This work intends to further investigate
potential performance improvements on the electric driveline using various continu-
ous and discontinuous inverter modulation techniques that might potentially reduce
electric machine and inverter losses.



1. Introduction

1.2 Aim

The e ciency of the powertrain is mainly governed by the e ciency of the electric
machine and the inverter. Dierent modulation techniques can dierently a ect
the harmonics throughout the system and directly a ect the motors and invert-
ers e ciency. Amongst the various Pulse Width Modulation (PWM) techniques,
Space Vector Pulse Width Modulation (SVPWM) is the most widely used modula-
tion technique. [3] This work investigates additional modulation techniques besides
SVPWM, such as Active Zero State Pulse Width Modulation (AZSPWM), Near
State Pulse Width Modulation (NSPWM) and Discontinuous Pulse Width Modu-
lation (DPWM) techniques, in an attempt to study their impact on electric drive
performance. This work will attempt to,

" ldentify, study and implement alternative modulation techniques while evalu-
ating their e ectiveness and relevance for automotive traction drives.

Utilise a FEM parameterised electric machine loss model and a numerical in-
verter loss system model along with the associated toolchain to study and
compare the system losses for di erent continuous and discontinuous modula-
tion techniques such as SVPWM, DPWM, AZSPWM and NSPWM at di erent
switching frequencies.

Demonstrate a custom modulator that can work within a pre-existing closed-
loop control model.

Investigate electric machine losses in a Finite Element (FE) environment with
di erent modulation techniques, along with a coupled Field Oriented Control
(FOC) in MATLAB/Simulink.

Investigate inverter switching and conduction losses for the di erent modula-
tion techniques.

Compare loss studies, to identify the ideal operating regions for di erent mod-
ulation methods and frequencies.

Evaluate a hybrid modulation strategy using continuous and discontinuous
modulation techniques in a combined hybrid model for optimal e ciency in
each zone across the entire torque-speed map.
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1.3 Limitations

Having now clearly de ned the background, scope, and aims of the work, and lIter-
ing out research topics, the following aspects will not be taken into consideration in
this work,

N

This work strictly investigates only the linear modulation region and not the
overmodulation region.

This work is built on pre-existing toolchains and system models, thus details
regarding the characterisation, control strategy and control system design, case
setup and calibration are not included.

The model is in the discrete-time domain and does not look at performance
and behaviour during transients and thus, strictly studies the losses for speci ¢
operating points at steady state.

A suitable resolution and limits are set when generating the operating points
for this study, for practical reasons.

Similarly, a numerical approach is chosen when modelling the inverter losses,
where switching delays, duty cycle compensation, diode reverse recovery and
component parasitic and transient behaviour are not taken into consideration.
The Permanent Magnet Synchronous Motor (PMSM) machine model to be
implemented will only focus on electromagnetic analysis. Thermal aspects of
the electric machine will not be considered in this work.

The scope of the model will only be for the power module and the DC link,
l.e. no battery interaction is taken into consideration.

Throughout the study, a xed nominal operating temperature of 60 C and a
DC Link voltage of 605 V are considered.
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Theory

2.1 An overview of modulation

The inverter of an electric drive system is utilised to regulate the ow of electric
power from a DC energy storage source, to an AC source. The inverter switching
signals are determined by using a modulator that uses sinusoidal reference signals
that are compared to a triangle carrier wave operating at a very high switching

frequency.

Figure 2.1: Sinusoidal voltage wave vs Triangle carrier

The three fundamental phase voltages are calculated using,

Va = Vac peak Sin(t ) (2.1)
. 2

Vi = Vac_peak sin('t ?) (2.2)
, 2

VC = Vac_peak Sln('t + ?) (2.3)

where Vac_peak) IS the AC voltage sine wave peak amplitude de ned by implementing
appropriate modulation index values. A balanced 3-phase system with a 120-degree

5
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phase shift i.e. % between the phasedy and c is modelled. Angular frequency!()
Is calculated from frequencyf() as,

| =2 f (2.4)

Although the modulator primarily deals with voltage modulation, the 3 phase-
shifted currents are represented similarly. AC sine current wave peak amplitude
is (I'ac_peak ), With the balanced 3 phases, phase shifted from the voltage by a phase

angle (),

la = lac_peak Sin('t ) (2.5)
. : 2
Ip = lac_peak SIN('t ?) (2.6)
. : 2
ic = lac_peak SIN('t + 3) (2.7)

2.1.1 Linear modulation

Linear modulation encompasses various techniques, with Sinusoidal Pulse Width
Modulation (SPWM) being among the most prevalent. In SPWM, a sinusoidal
waveform, serving as the reference signal, re ects the desired output voltage or
current. This reference signal is compared with a high-frequency carrier signal, to
generate switching sequences.

Figure 2.2: Modulated Output Voltage

In the linear modulation and overmodulation range, the Modulation IndexNl1 ) in-

uences the amount of DC voltage that can be extracted from a given AC voltage.[7]
The variation in modulation index also correlates to the in uence of harmonics on
the drive system. An increase in MI reduces the signi cance of harmonics in the

6
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drive system.[26] It is mathematically calculated as a ratio of modulated funda-
mental AC voltage signal ¥,c) to half of the total DC link amplitude ( Ugc) value.
The modulation index serves as a condition that signi es inverter saturation. The
modulation index is de ned as,

5

MI = o= (2.8)

2
The maximum modulation index achievable in the linear modulation range is 1.1547,[7]
where the voltage in a phase can be calculated from the line to line voltagé | as,

Vac
VII = p§ (29)

where the line-to-line voltage in the 2 level 3 phase inverter {#J4.). Thus,
2
MI = 19—é =1:1547 (2.10)

Any modulation index greater than 1.1547 implies that the voltage lies in the over-
modulation region, which is outside the scope of this thesis.

2.1.2 Switching of a three-phase 2-level inverter

Figure 2.3: 3-Phase inverter

A simpli ed diagram of a 3-phase, 2-level inverter is depicted in Fig 2.3Upy iS
the DC voltage source of voltagéJy.. The input capacitors are charged touzﬁ and
are coupled to create the neutral point n. The three-phase legs B and C have 2
controllable switches each, one upp€efFnU and lower TnL that have loadsZa,Zg
and Z¢ connected in a star con guration with a oating neutral N .

The switch statesS;; Sp; Sc; Soa; Son; Soc are determined based on the con guration

of the switches across each leg. The de nition of a switching state entails denoting
"1" as switch on and "0" as switch o. In cases where the upper switch is turned

7
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on, the lower switch should be turned o, hence necessitating consideration for only
three upper switches. There exist eight potential switching states, among which the
scenarios where all three switches are either on or o result in a short circuit of
the output voltage. Consequently, these two con gurations are termed as the "zero
vector". Conversely, the remaining six combinations of switches can form a set of
voltage space vectors with identical amplitudes o@% but varying phases. Hence,
these six vectors are referred to as "active vectors".

The switch state determination among the switcheS,; Sy; Sc; Soa; Sob; Soc in Fig.2.3

is dictated by the intersections of the fundamental voltage and carrier wave using
scalar based implementation, as observed in Fig.2.1. For a given phase, a switch is
turned on if the amplitude of the sinusoidal voltage signal is instantaneously greater
than the amplitude of the triangular carrier wave. Similarly, a switch is turned o

if the amplitude of the sinusoidal fundamental voltage wave is less than that of the
triangular wave. The intersection point of the sine or modulated wave with the
triangular wave determines the timing of the state transitions. The frequency of the
triangular wave far exceeds that of the reference wave, resulting in a switched pulse
width pattern as a derivative of the fundamental output voltage. The duration of
each pulse is adjusted in correlation with the instantaneous value of the reference
signal, thus earning the technique its name "Pulse Width Modulation”.

2.2 Continuous modulation techniques

Continuous modulation techniques involve a type of voltage waveform generation in
which voltage amplitude is continuously changing instantaneously across a period
and is never clamped or saturated to the DC rail for any sequence of time within a
single time period. Such techniques are known to have better harmonic performance
in comparison with discontinuous modulation techniques.[7] Examples of continuous
modulation techniques include Sinusoidal Pulse Width Modulation (SPWM), Space
Vector Pulse Width Modulation (SVPWM) and Active Zero State Pulse Width
Modulation (AZPWM). They nd extensive applications in scenarios where precise
control of output waveforms and minimal harmonic distortion are critical, such as
motor drives, renewable energy systems, and power supplies.

2.2.1 Carrier Based Space Vector Pulse Width Modulation

To enable better DC utilisation and increased fundamental output, an external volt-
age pulse is introduced into the conventional voltage sinusoid. This external pulse
is introduced in every half-wave period. This introduction of an external voltage
pulse is termed Common Mode Voltage (CMV) injection (M,).[2] The three-phase
fundamental vectors (et ; Viref ; Veref ) @re used as reference to calculate common
mode voltages to create a voltage maximavfax cm) and minima (Vymin cm) that
generate the desired CMV,

Vmax_cm = max [Varef » Voref » Veref ] (2-11)
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Viin _cm = MIN [Varef ; Voret ; Veref | (2.12)

1
Vem = E(Vmax_cm + Vmin_cm) (2-13)

The calculated CMV is then added from all the three 120-degree phase shifted
voltages respectively,

Vsvpwm = VacSIN('t + ) vem (2.14)

Figure 2.4: SVPWM

The resultant waveform is termed Space Vector Pulse Width Modulation (SVPWM)
and besides utilizing up to 15.47% more of the DC bus voltage, o ers lower low-order
harmonics and Total Harmonic Distortion (THD). [7]

2.2.2 Active Zero State Pulse Width Modulation

Active Zero State Pulse Width Modulation (AZSPWM) are a group of reduced
CMV PWM techniques, (i.e. AZSPWM1, AZSPWM2 and AZSPWM3) with high
performance [10] that do not utilise zero voltage vectors. This results in a CMV of
Y instead of the conventional”e. While these methods, speci cally AZSPWM1
and AZSPWM3 use the default SVPWM waveform shape as seen in Fig.2.5, all 3
di erentiate themselves by using 2 alternating carrier triangle waves ( Vyi, Vi ),
opposed 180 apart for each phase. While all AZSPWM methods have voltage
linearity between0 (M1) 1[10], AZSPWM2 requires simultaneous switching
between inverter legs that make it impractical for typical applications [12]. On the
other hand, AZSPWM1 and AZSPWM3 are continuous modulation methods with
6 switching states per sector like SVPWM as seen in Table 2.2 [13].
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Figure 2.5: AZSPWML1 Voltage Waveform usingVyi and Vi,

Table 2.1: AZSPWM1 Phase and carrier comparison in each sector

Phase A Vtri Vtri Vtri Vtri Vtri Vtri
Phase B Vtri Vtri Vtri Vtri Vtri Vtri
Phase C Vi Vi Vi Vi Vi Vi

Figure 2.6: Pulse pattern of AZSPWML in sector B1
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Table 2.2: Voltage vector patterns of AZSPWM vs SVPWM

Bl B2 B3 B4 BS B6
SVPWM 7210127| 7230327 7430347 7650567 7610167, 7610167
AZSPWM1 3216123| 4321234| 5432345| 6543456/ 1654561 2165612
AZSPWM2 6213126| 1324321| 2435342| 3546453 1654561 2165612
AZSPWM3 1124211| 2235322 3346433 4451544 5562655 6613166

While AZSPWM1 and AZSPWM3 do o er better CMV and Common Mode Cur-
rent (CMC), they do so with higher current ripple and Total Harmonic Distortion
(THD) / Harmonic Distortion factor (HDF) [12] than SVPWM, DPWM or even
NSPWM. Especially AZSPWMS3 [10] [14], which performs worse than AZSPWML1.
Moreover, previous works comment on the almost instantaneous line-to-line volt-
age pulse reversals, which are partially bipolar and result in overvoltages at the
motor's terminals, worsened with the implementation of inverter dead times and
high-frequency e ects [12]. Overall, this puts AZSPWM methods at a disadvantage
for practical implementation, and has thus, not been further explored in this work.

2.3 Discontinuous modulation techniques

Discontinuous modulation techniques, unlike continuous modulation techniques, in-
volve voltage waveforms which are saturated or clamped equally between the positive
and negative DC rails for di erent partial segments of the period. The clamping
occurs for one-third of the period (120 degrees out of 360) during which no switch-
ing occurs. The angles during which the clamping occurs vary between the various
DPWM techniques. Examples of discontinuous modulation techniques include tech-
niques such as DPWM 0, DPWM 1, DPWM 2, DPWM 3 and low CMV PWM meth-
ods like NSPWM. These techniques hav§ of the switching instances compared to
SVPWM but can bene t from even lower losses if clamped at the sinusoidal current's
peaks and troughs. However, these methods may induce higher levels of harmonic
distortion in the output waveform, especially in the higher harmonic spectrum.[7]

The scalar implementation of DPWM techniques involves the use of Maximum Mag-
nitude Tests (MMT) [27] of the phase voltage to determine the maximum of the 3
phase voltages instantaneously, to de ne and implement MMT results in a preset
logic condition loop that eventually generates the required common mode voltage.

2.3.1 Discontinuous Pulse Width Modulation - DPWM 0

This particular form of discontinuous modulation technique is also referred to as
the "60-degree leading clamp”. The CM signal from the reference sinusoidal phase
voltages is generated using the Maximum Magnitude Tests (MMT) of phase voltages.
In this clamping technique, the rst 60 degrees (30-90) of the clamping window
between (30-150) degrees is clamped. This clamping technique is especially e ective
for capacitive load or operating points where the current is leading voltage. The

11
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resulting waveform consists of two segments that are clamped at 60-degree intervals
at the earliest part of the clamping window, 120 degrees apart on the positive and
negative DC rails.

Figure 2.7: DPWM 0 (DPWM 60 leading clamp)

2.3.2 Discontinuous Pulse Width Modulation - DPWM 1

This particular form of discontinuous modulation technique is also referred to as
the "60-degree conventional clamp”. In this clamping technique, the middle 60 de-
grees (60-120) of the clamping window between (30-150) degrees is clamped. This
clamping technique is especially e ective for operating points that have a near-zero
phase angle, representing a resistive load or operating points where voltage and
current are phase-shifted by a small angle. The resulting waveform consists of two
segments that are clamped at 60-degree intervals, 120 degrees apart on the positive
and negative DC rails.

12
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Figure 2.8: DPWM 1 (DPWM 60 conventional clamp)

2.3.3 Discontinuous Pulse Width Modulation - DPWM 2

This particular form of discontinuous modulation technique is also referred to as
the "60-degree lagging clamp”. The CM signal from the reference sinusoidal phase
voltages is also generated using the Maximum Magnitude Tests (MMT) of phase
voltages. In this clamping technique, the last 60 degrees (90-150) of the clamping
window between (30-150) degrees is clamped. This clamping technique is especially
e ective for operating points that have a positive phase angle, representing an induc-
tive load. After adding the CM signal as described earlier, the resulting waveform
consists of two segments that are clamped at 60-degree intervals at the earliest part
of the clamping window, 120 degrees apart on the positive and negative DC rails.

13
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Figure 2.9: DPWM 2 (DPWM 60 lagging clamp)

2.3.4 Discontinuous Pulse Width Modulation - DPWM 3

This particular form of discontinuous modulation technique is also referred to as
the "30-degree clamp”. Generating the common mode signal which is injected into
the three-phase sinusoidal modulating signals, is relatively similar to the DPWM
60-degree clamp common mode generation. This clamping technique is especially
e ective for operating points that have a very high phase angle, representing a highly
inductive load or operating points where voltage and current are phase-shifted by a
large angle. After adding the CM signal as described earlier, the resulting waveform
consists of two segments that are clamped at distinguished 30-degree intervals on
the positive and negative DC rails.
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Figure 2.10: DPWM 3 (DPWM 30 conventional clamp)

2.3.5 Near State Pulse Width Modulation - NSPWM

Near-state pulse width modulation is a discontinuous modulation technique that
uses the CMV and nal phase voltage waveform of DPWM 1. This technique was

designed to have a lesser overall CMV éég& instead of the c:onventiona”%jc voltage

obtained in the conventional DPWM techniques. This is achieved by implementing

a dual carrier comparison instead of a single carrier to determine switch states. The
carrier comparison changes for each phase for every 30 degrees across a 360-degree
time period. The carrier comparison for a region B2 as per Fig.2.12 is represented

in Table.2.3. As a result, the reduced CMV is’é& in Fig.2.12.

Table 2.3: NSPWM Phase and carrier comparison in each zone

Bl B2 B3 B4 BS B6
Phase A Vtri Vtri Vtri Vtri Vtri Vtri
Phase B Vtri Vtri Vtri Vtri Vtri Vtri
Phase C Vtri Vtri Vtri Vtri Vtri Vtri
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Figure 2.11: Near State Pulse Width Modulation Voltage Waveform

Figure 2.12: Pulse pattern of NSPWM in sector B1

The CMV of conventional DPWM 60 spans (DPWM 1) from+ Y% to e, [12].
On the contrary, Fig.2.12 represents the CMV of NSPWM to be limited fron# U%

to e, unlike the DPWM 60 CMV.

Besides this, while the line-to-line voltage pulse pattern for NSPWM is partiality
bipolar since the method only switches one inverter leg at a time, its performance is
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not adversely a ected by switching dead times, and switch driver delays and can op-
erate within realistic hardware tolerances. Additionally, while the THD of NSPWM
is worse than SVPWM and DPWM between 0.7 and M1 , it is superior compared
to other Reduced Common Mode Pulse Width Modulation techniques (RCMPWM)
and outperforms SVPWM at M| greater than 1, while still inferior if not com-
parable to DPWM. [14] [12] This yields a PWM current waveform with reduced
ripple characteristics and lower CMV, thereby making it a reasonable technique to
be investigated in this thesis work.

2.4 Total Harmonic Distortion - THD

In practical applications of power electronic equipment, achieving an ideal sinusoidal
power supply is challenging due to the inherent switched nature of these systems.
This switching action introduces undesirable harmonics into the waveform. A dis-
torted waveform can be decomposed and represented by a set of harmonics of varying
amplitudes. These harmonic components have frequencies that are integer multiples
of the fundamental frequency. To quantify the extent of harmonic distortion and
assess the performance of voltage control systems, various performance indices are
developed. These indices provide a measure of how closely the output waveform
resembles the ideal sinusoidal waveform. By analyzing the harmonic content and
distortion levels, one can evaluate the quality of the power supply and identify areas
for improvement in the design of electric machines and other electrical appliances.

Total Harmonic Distortion (THD), also called the Harmonic Distortion Factor (HDF)

is usually expressed as the ratio of the root mean square of the total harmonic com-
ponent or harmonic disturbance, to the fundamental voltage component, across a
frequency range (N). The harmonics here are the positive integer multiple of the

fundamental frequency.

g s
" N_ Harmonic amplitudes (i)

Fundamental amplitude

As the THD increases, the higher amplitudes of the harmonic components increase
the electrical machine loss, especially the motor losses [16]. In addition, a measurable
increase in torque ripple and worsening of acoustic performance is observed [15].
Thus, a lower THD factor is preferable when comparing across di erent modulation
methods.

THD facter = 100 (2.15)

2.5 Power losses in inverters

To produce the sinusoidal phase voltages required by the electrical machine, a bipo-
lar 3-phase full bridge recti er con guration is typically used. This setup employs six
Silicon Carbide (SiC) Metal Oxide Semiconductor Field E ect Transistors (MOS-
FETSs) as switching devices to drive the current and body diodes to enable freewheel-
ing, back-Electro Motive Force (EMF) bleeding. Power losses in the phase legs of
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inverters are primarily in uenced by the phase waveforms, comprising both funda-
mental and harmonic components. The characteristics of the load determine the
fundamental values, but the induced losses are a result of the intersections between
the high-frequency triangular carrier wave and the sinusoidal reference waveform
signal that control the instances where the inverter switches.

For the scope of this work, only switching losse$(,) and conduction lossesF¢onq)
are considered, with dc-link, busbar, cable, circuitry, blocking and switching driver
circuit losses neglected. As such, the total inverter losseB, ) can be de ned as,

Protat = Pcond + Psw (2-16)

2.5.1 Conduction losses

Besides having better switching and conduction losses than IGBTs, SIC MOSFETs
have an intrinsic body diode, that is formed by a p-n junction between the source
and drain. This results in a phenomenon termed 'freewheeling’, wherein an induc-
tive load, the SIC MOSFETSs can continue to conduct passively in reverse, from the
source to the drain when turned o . Hence, current passes only through the forward
conducting activated SiC MOSFET, with the SIiC MOSFET and diode working in
parallel during freewheeling respectively when turned OFF as seen in Fig. 2.13.[17]

Figure 2.13: SIC MOSFET in forward conduction when turned ON (left), and
freewheeling with current splits between the SIC MOSFET and diode (right)

Here again, SiC MOSFETs exhibit two di erent loss mechanisms during freewheel-
ing. The phase current(inase) Split between the diode(igioge) aNd MOSFET (imos)

is a function of the MOSFET forward voltage(Vss), the diode forward voltage(Vsp)
and their individual resistances(Rps:mos) and (Rps.gioge ). This can be formulated
as,
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RDS;diode | phase + Slg n(' phase)VSD

Imos = Roc (2.17)
: Rps:mos I ign(i V.
i diode = DS;mos | phase = sign(iphase) Vsp (2.18)
DS
where,
Iphase = (1mos) * (I diode) (2.19)
Rbs = (Ros;mos) + ( Ros:diode) (2.20)

However, since the resistance of a MOSFET is generally much lower, in some cases,
within a current threshold (imes:threshoid ), determined by the ratio of diode forward
voltage (Vsp) to the resistance of the MOSFET(Rps:mos ), the instantaneous neg-
ative phase current (phase) Will pass through only the MOSFET rather than being
split. In this case, this threshold is calculated as,

. ..V .
T mos;threshold | < ] R °b J (2.21)
DS;mos

Once the current split is calculated for each case, conduction power for the diode
Pcond:diode @Nd MOSFET P¢ong:mos Can be calculated as,

VA
1 = Tsw . .
I:)cond;mos = Ti 0 ((VGS + ( RDS;mos'mos;sat; 0))|mos;sat; O)dt (2-22)
sw
1 % T
I:)cond;diode = Tf 0 ((VSD + ( I:\)DS;diodeids;sat;O))ids;sat;O)dt (2-23)
sw

This is then scaled from one le®congieq across the three legs and summarised to
give the nal net conduction l0SSP¢ong.

I:>cond;|eg = I:)cond;mos + I:)cond;diode (2-24)

Pcond = 3(Pcondleg) (2.25)

2.5.2 Switching losses

The switching losses for a semiconductor switch occur when it is turned on or o.
The instantaneous change in current and voltage across the MOSFET and its body
diode results in switching losses. These can further be di erentiated into switch-o
losses when the MOSFET turns o with no reverse recovery diode loss and switch-
on losses when the MOSFET is turned on with reverse recovery diode losses caused
by the large recovery current that ows in reverse when the diode is switched from
forward to reverse biased. These losses are directly proportional to the number of
switching events, a result of the switching frequencyf {,) and the magnitude of

the switching energiesEsy on), and (Esw off ). The switching energies again are a
function of the operational DC-link voltage {/4), the magnitude of the conducting
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