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Slew Rate Control Optimisation for Gate Driver Circuit of NPC Multilevel Inverter
Harsh Srivastava, Subramanian Ganesh
Department of Electrical Engineering
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Abstract

Electric Vehicles (EVs) introduce unique challenges in managing Electromagnetic
Interference (EMI) due to the coexistence of high and low voltages within confined
spaces. At the same time, there is the need for increased efficiency of the propul-
sion system in order to increase the range of the EV, which means application of
high-switching-speed power electronics and the introduction of wide-bandgap tech-
nologies. The overarching objective of this study is to attain optimal EMI levels
within the EV’s electromagnetic environment by exploring the application of mul-
tilevel inverters (MLI) based on wide-bandgap switches and optimized gate driver
design with a central focus on better EMI performance and energy efficiency.

The proposed approach involves refining switching techniques of Metal Oxide Semi-
conductor Field Effect Transistors (MOSFETs) to strike a balance between switching
rates and EMI generation. Rapid switching, while reducing losses, can lead to in-
creased switching transients and magnetic fields, which contribute to EMI. A pivotal
element of this research is the design of a gate driver circuit with controlled slew
rates, specifically tailored for The Neutral Point Clamped (NPC) converter. Each
switch in the inverter has been prefixed with a custom gate driver as per its slew rate.

The investigation commences with a meticulous analysis of a three-level inverter,
encompassing diverse driver circuit simulations. Subsequently, the developed gate
driver design is implemented in a 3-level inverter configuration. This choice aligns
with multilevel inverter principles, enabling efficient operation at higher voltage lev-
els compared to traditional two-level inverters. NPC converter topology, widely
embraced in machine drive applications, forms the bedrock for these experiments.

To assess the efficacy of the proposed solution, a rigorous evaluation of modulators,
including Sinusoidal Pulse Width Modulation (SPWM) and Space Vector Modu-
lation (SVM), is executed through comprehensive simulations. This examination
hinges on their capability to curtail EMI across the electromagnetic spectrum. Fol-
lowing assessment of switching techniques, a system level loss distribution analysis
is done to map which switches have more concentration of switching losses. Accord-
ingly, a unique gate driver design is proposed for each switch, and improvements in
EMI magnitude and switching losses are noted.

In sum, this research endeavours to refine EV systems by orchestrating advanced
switching techniques and tailored gate driver designs. By doing so, it aspires to
bring down EMI to optimal levels and unlock a future of seamless electric mobility.
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1
Introduction

Mobility throughout the world is shifting to electric propulsion. Every new Electric
Vehicle (EV) in the market aims to outdo the one it succeeds with better per-
formance, more distance per charge, and faster charging times. The necessity to
pack in more sophisticated functionalities means packaging in the same space has
to be tighter- the demand for more efficient systems in ever-smaller footprints is
increasing. Another problem that plagues systems which have so many sub-systems
working in tandem with each other simultaneously is Electromagnetic Interference,
specially the EMI radiated because of antennas- placed intentionally or as a result of
poor design of power electronics. An EV is a confined space where the high voltage
and the low voltage sub-systems are in close proximity to each other. There’s a high
probability that if proper design guidelines are not followed to keep the EMI at a
minimum, the numerous wired and wireless communication systems will be affected.

Thus, design and fabrication of systems with minimum possible footprint, an op-
timal amount of EMI, minimal losses, and increased energy efficiency is incredibly
desirable.

1.1 Background
An EV is a complicated engineering product and specifically a Battery Electric Ve-
hicle (BEV) can pose certain unique challenges that come with packaging a number
of High-Voltage (HV) and Low-Voltage (LV) components around each other. The
HV system includes the motors, the battery pack, power electronic converters- ei-
ther DC-DC or DC-AC, or both. The LV system is inclusive of all the electronics
and controllers- the motor controller, battery management system- (BMS), commu-
nication harness, sensor network among several other crucial hardware and software
devices. In some cars, an on-board charger is also included. Efficient functioning of
all the listed and unlisted components is essential and ensures that an EV functions
as intended.

1.1.1 Battery Pack
The battery pack is the power-house of an EV. It consists of several modules of indi-
vidual cells grouped together. The cells- most commonly based on chemistries based

1



1. Introduction

on Lithium-ion (Li-ion) technology- are connected to each other in series and in par-
allel. The performance, and driving range are determined by the cells used in the
battery pack. Different cell chemistries have different properties and behave in their
unique manner under similar circumstances. Hence, we obtain varying performance
and characteristics from different types of cells. The cells can be classified into the
following categories on the basis of how the electrodes, separator, electrolyte, and
the active material are packaged [1]-

• Cylindrical cells: The cell has everything rolled and packed into a cylindrical
construction. Looks like a regular AA battery. The dimensions may or may
not be similar, though. Most common cells are 18mm in diameter, 65 mm in
height or 21mm in diameter, 70 mm in height.

• Pouch cells: The internals of the cell are stacked on top of each other and
encased into a aluminium-coated plastic film.

• Prismatic cells: These cells have the constituents of the cell either rolled or
stacked but packaged into a rigid cuboidal structure.

The most common elements used in formulating active materials for the different
chemistry cells are: Lithium, Manganese, Nickel, Cobalt, Aluminium, Iron, Phos-
phorus, Titanium among others. On the basis of chemistries the most common
Lithium-ion cells are:

• NCA: Nickel Cobalt Aluminium cells.
• LCO: Lithium Cobalt Oxide cells.
• NMC: Nickel Manganese Cobalt cells.
• LFP: Lithium Ferrous Phosphate cells.
• LTO: Lithium Titanium Oxide cells.

Each chemistry and construction has its own set of pro and cons and hence their
own use-cases where the respective cell type is suited the best. Also, the future
scope involves steering towards Solid State Batteries- they have solid electrolytes
as opposed to liquid electrolytes in current Li-ion batteries- due to their superior
energy and power densities.

To cool or heat the cells as per the ambient conditions, an Heating Ventilation and
Air Conditioning (HVAC) system is also placed in the pack. The complete system
also includes the BMS to monitor and measure a variety of parameters ont he battery
pack.

1.1.2 Converters
Most commonly there are two kinds of converters in the car- DC-DC and DC-AC.

The DC-DC converter takes the DC voltage from the battery and generates an
output to meet the supply requirements of everything apart from the traction sys-
tem. This includes all the auxiliary devices like the active sensors, the infotainment
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1. Introduction

console, Electronics Control Unit (ECU), and other accessories and as well as the
BMS, controllers, and other essential embedded systems. In this sense, the DC-DC
converter is the main LV system supply.

The DC-DC converter utilises the buck concept to step down the input from traction
voltage to LV supply voltage. Additionally, galvanic isolation may be provided to
separate the input and the output sides of the converter for safety. This is done by
using the either Full-bridge, Flyback or Forward topology, when required. [2]

The DC-AC converter or the Inverter is used to convert the DC battery voltage to
AC voltage to power the motor. The inverter along with the motor and the battery
pack forms the traction system, which essentially is everything that requires HV to
operate. The motor and the inverter by themselves form the electric drive system,
which is the main focus of this thesis. The upcoming sections and chapters cover
inverters in more detail, with a special focus on the correlation with their relevance
in the thesis.

1.1.3 Motor

The electric motor is the driver of the EV. It can be either DC or AC. Most com-
monly in EVs, an AC motor is used due to supreme performance, robust control,
cost-effectiveness, and efficient regenerative braking capabilities. It receives supply
from the battery pack via the inverter. For the operation of the motor it also needs
to interface with the controller which is a part of the LV system. An AC electric
motor can be of different types, all of which have been used in one or the other EV.
A brief summary is as follows [3]:

• Induction Motor (IM): Works on the principle of electromagnetic induction.
They are known to be rugged, and reliable in operation, and are also eco-
nomical due to absence of any rare earth magnets and a simple construction.
The control is challenging and the torque-speed curve does not yield efficient
operation throughout the speed range.

• Permanent Magnet Synchronous Motor (PMSM): This motor relies on perma-
nent magnets in its rotor to lock itself with the magnetic field generated by
the stator. Presence of rare earth material makes it expensive but has superior
control and performance characteristics.

• Synchronous Reluctance Motor: This motor is finding more and more traction
among EV manufacturers as it overcomes a few of the cons of the PMSM.
For example, it is free of magnets and works on the basis of magnetic fields
generated by the stator and the rotor by aligning the rotor with the path of
the least reluctance. However, it has noise and vibration, and performance
issues due to which it has not seen a more widespread application.
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1. Introduction

1.1.4 BMS and Controllers
The Battery Management System is crucial for the safe operation of the battery
pack. It monitors the voltage, current and temperature values pertaining to each
cell in the pack. It then ascertains that the operating conditions with regard to
each parameter is met and no thresholds are crossed, and if they are the protection
circuits are engaged and the battery pack is disconnected from the system. This
was isolation is maintained as a precautionary measure.

The motor controller is responsible for managing the operation of the electric mo-
tor. It controls the power, RPM, torque output, and direction of the motor as per
the requirement. It takes input from several sensors regarding the motor position,
speed, current drawn, and temperature, after which the control algorithm processes
the sensor data to guide the operation of the motor. This device also works to
protect and isolate the motor and the battery system from each other- provision for
overcurrent, over-temperature, short circuit protections is in place, alongside current
and voltage limiters.

1.1.5 Miscellaneous LV
The harness that runs along the length and breadth of the automobile is a crucial
hardware. It carries all the signals from the sensors to controllers. Many of these
signals are critical for the operation of the vehicle. The communication between any
two or more ports may happen using CANbus, ethernet, UART, isoSPI or other
serial protocols.

Since, all this is in close proximity to the HV components, the potential of Radio-
Frequency (RF) coupling is high. The EMI generated by these HV devices must be
minimised for this reason [4].

1.1.6 Electromagnetic Interference
EMI is the disturbance in the transmission of a signal caused due to an electromag-
netic radiation emitted by another device operating in the vicinity. The effect of
EMI from a foreign device can vary from being a minor disturbance in the signals, to
severe system malfunction and yielding of unintended results. Minor EMI inflictions
can be dealt with the use of filters and shielding, however it should be a standard
practice to design systems around EMI considerations to increase the robustness
and reliability of the system. [5]

There are industrial standards which are adhered by all manufacturers in the field
of application of power electronics and electric machines. These standards limit the
amount of permissible radiated EMI which is emitted from a vehicle. The vehicle
has to obtain the standard and clear the certification in order to be eligible to be
sold in the open market. These standards are often quite specific to each market,
that it, to each country. The most prevalent standard is the UNECE R10, and there
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are several other region-specific standards formulated as per local norms. [6]

There are no legal standards, per se, limiting the amount of EMI present on the inte-
rior of the vehicle, however, it is still monitored and limited stringently by individual
manufacturers using their internal standards. This is done to effect an optimal sys-
tem performance, especially when the sensitive components like antennas, sensors,
and wirless communications. [4] [6] Such standards are often labelled as ’Customer
Satisfaction Requirements’.

EMI can be roughly segregated into two types [7]-

• Radiated EMI: The EMI which gets transmitted from one device to another
via media like air are classified as radiated EMI. It is most commonly leakage
electric and magnetic fields that cause such disturbances.

• Conducted EMI: When the transmission of EMI takes place via wires and
conduits, then it is termed as conducted EMI. It can creep into the system
via cables and PCB traces and other shared connections. In the system it
manifests itself as voltage and current ripples of a very high frequency.

Then there is the interaction between the radiated and the conducted components of
EMI. The conducted EMI generates a magnetic field of its own owing to the current
and the voltage, and their ripples in the conductors. This adds to the total radiated
EMI. An electrical system has signals, switches and power connections present, and
several EMI waves with different frequencies and amplitudes are existent in the sys-
tem [8] [9]. The most common causes can be summarised as follows:

• Fast switching: As the technology evolves, we are seeing attempts at faster
and faster switching using SiC and GaN based Field Effect Transistors (FET)
because of higher efficiency, lower switching losses, and smaller overall system
footprint.

• Clock signals: These are generally high frequency and contribute to EMI.
• Power supplies: High current can lead to generation of electromagnetic (EM)

waves which can act as noise in surrounding systems.
• Wiring: Poor harness design can lead to formation of loops and act as antennas

which can radiate unwanted EMI and hamper efficient operation.
• External sources: EM waves from high voltage power lines and radio towers

and nearby wireless devices can have an effect on a sensitive system and make
it susceptible to EMI.

Being an issue of grave concern in modern electrical systems, there are certain mea-
sures that are taken to mitigate the problem to an extent. After the application
of specific measures it is still mandatory to conduct an EMC test to make sure the
EMI is within certain thresholds and compliance is maintained. [8] [9] There are
certain limitations to additional measures that need to be put on place to account
for an increased EMI in the system.
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• Shielding: Sensitive components are often shielded using conductive material
to safeguard against any stray EMI that may affect the operation negatively.
Shielding all the components would make the system quite expensive and
add to the service-ability of the system- it would be cumbersome and time-
consuming to troubleshoot and repackage everything together. It can have
leakage points due to low quality termination and lifetime degradation.

• Filtering: Having filters designed into the system is an essential practice to
take care of unwarranted signals in the circuits. However, they are quite heavy
and bulky, which means they require a lot of space. This would make the foot-
print of the device larger contrary to industry-wide attempts. Filters are also
limited regarding the frequencies they can absorb, and EMI tends to have
a wide frequency range. Accommodating filters to absorb most of the EMI
would be infeasible. Also, the size of the filters increases with the frequency it
is designed for.

• Grounding: It aids in sending all the EMI to the ground. Improper grounding
can lead to formation of ground loops which emulate an antenna, as the cur-
rent which should have been grounded is now circulating in the system in a
loop. This will exacerbate the interference amount in the system. Grounding
has to be short and highly conductive, and packaging restrictions can make
this difficult.

• Isolation: Proper distancing between the HV and the LV components can bring
down the mutual and detrimental influence they have on each other. Isolation
means appropriate spacing the system, and requires space, which there is a
dearth of in an environment like an EV. Transformers and optocouplers are
the most common choices and can add system complexities, bulk and signal
deterioration problems.

• Harnessing: Careful system design and harness design can go a long way in
minimising the EMI occurrence in the system. Effective and optimal compo-
nent placement could be a challenge as the space in an EV is already con-
stricted. Packaging restrictions are an added challenge. Additionally, at high
frequencies, component placement and mitigation of EMI via ideal electrical
design becomes an even greater obstacle.

The variety of reasons are why inherent design solutions that aid in limiting the EMI
and increasing energy efficiency in the system, while still being compact in footprint,
light in weight, and economical to produce, are crucial for the development of next-
generation traction systems for future EVs.

1.1.7 Solution
The aforementioned issues and challenges in totality are a clear sign pointing to-
wards one clear fix- application multi-level inverters utilising wide band-gap power
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1. Introduction

switches.

MLIs have several advantages over the traditional two-level inverter. There is a
detailed description and comparisons in Chapter 2 of this report, so in-a-nutshell,
MLI offer better harmonic performance, higher efficiency and better quality voltage
waveform. Wide band-gap devices have high electron-mobility which allows them to
undergo faster switching at higher frequency with lower conduction and switching
losses, as well as more robust performance at higher temperature. They also have a
significantly smaller footprint than regular Silicon-based semiconductor devices

When we combine them both, that is, a functioning MLI using wide band-gap semi-
conductor devices would be an ideal solution to tackle EMI and efficiency problems.
To be precise, Silicone-Carbide (SiC) type wide band-gap switches are utilised to
design a Neutral-Point Clamped MLI. The aims of the study are to achieve high
efficiency operation of the inverter designed, with reduced EMI generation. One
major challenge that poses is that both the aims are in direct contradiction with
each other. While high efficiency operation calls for a high frequency and densely
packed design, low EMI generation required slower switching rates and well-isolated
individual components in the design. Therefore, to be able to utilise the strengths
presented by the wide band-gap technology, an alternate method to obtain reduced
EMI levels with efficient packaging has been devised. This problem statement is
the precise birthing place of this thesis project. To attain the mentioned goals, a
custom variable slew-rate gate driver has been ideated for each group of switches in
the inverter with a unique power-loss distribution.

1.1.8 Slew-Rate

The Slew-Rate (SR) is the rate of change of a parameter with respect to time. Or
more precisely in this case, it can be defined as the rate of change of voltage across
the switch with respect to time. It quantifies how quickly the voltage climbs or falls
while switching ON or OFF of a switch. It is measured most commonly in V/µs or
in V/ns. It can represented as below:

SR = ∆V

∆t
(1.1)

The SR is directly proportional to the frequency response of the circuit- higher the
SR, higher the frequency signal can be handled by the circuit. However, a high SR
also translates into higher overshoot and ringing. A rapidly rising voltage waveform
is highly likely to overshoot from the new steady state value, although briefly, and
generates high frequency oscillations while stabilising. This is termed as ringing,
and this is the genesis of conducted EMI. High- speed switching requires higher slew
rates, and hence a remedial circuit is designed to placate the EMI that takes place
as a byproduct.
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1.2 Aim
The aim of this project is to design a variable slew-rate gate driver for 3 phase NPC
inverter, which will reduce the switching losses by eliminating EMI caused by fast
switching transient.

1.3 Scope
The thesis project will focus on simulation study related to designing of a vari-
able slew-rate controlled gate driver for a 3-phase 3-level NPC converter. Different
topologies of gate drivers will be studied and the main focus will be to limit the gen-
eration of EMI during switching transients of MOSFETS using slew-rate control.

Based on the literature study, variable slew-rate controlled gate driver is selected,
which is implemented in NPC converter. The variable slew-rate gate driver is se-
lected to control the switching transients during turn-ON and turn-OFF of MOS-
FETs. The gate driver is designed with 4 driver MOSFETs- 2 PMOS to control
turn-ON region of power MOSFET, and 2 NMOS to control turn-OFF region of
power MOSFET. To derive the switching characteristics of the power MOSFET,
Double Pulse Test (DPT) is simulated in LTSpice. Based on the derived switching
characteristics, a 3-phase MLI is designed on PLECS, modulation techniques like
SPWM and SVM are compared and implemented to reduce the switching losses due
to EMI. PLECS is further utilised to run system level simulations and map the loss
concentration in all the switches. Conduction and switching losses are studied. This
is done to be able to design a gate driver with higher SR for switches with higher
losses and ringing, and another gate driver with lower SR for switches with lower
losses and ringing.

As the project is focused on designing the gate driver for an inverter, other aspects
like battery model, or the motor model are not considered instead the input to
the inverter model is a steady DC source. The losses related to battery are not
considered. The motor is modelled as a current source and the losses of the electrical
machine are also not considered.

1.4 Outline
The initial phase of the thesis was focused on literature study. It was essential to
educate ourselves about exploring the scope of the thesis. Several research papers
were scoured through to get insights into gate driver topologies and how each one
behaved under different operating conditions and would serve our purpose the best.
In parallel, modulation techniques were also studied and a holistic understanding
of application of multiple switching methods was obtained. Simulations were run
with a combination of our selections and the best system performance was observed
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on parameters like efficiency, noise in the output, and desired slew rate and gate
resistance.

After the gate driver topology and modulation strategy were zeroed down on, system
level simulations were run and loss distribution among all the switches in the NPC
converter was noted. This was done for a variety of operating conditions- varying
the modulation index of the modulator, the load current, and the type of load. Fre-
quency response of each gate driver was also studied to ensure steady operation.

A custom gate driver with a unique slew rate was designed for each pair of switch
showing unique characteristics. In most cases the two switches in each phase on
the extreme ends had identical responses, while the two on the inside had similar
responses- as is obvious with a 3-phase 3-level inverter operation.
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2
Inverters

An inverter converts direct current and voltage into alternating current and volt-
age for the electrical machine (EM). It accomplishes this by modulating sinusoidal
waveforms using high-frequency switching of power semiconductors. As a result, it
produces the three phases of sinusoidal current that are 120°phase-shifted required
to enable the EM to produce an output torque. The frequency of the produced
waveforms determine the speed of rotation of the EM, while the amplitude deter-
mines the motor power or torque.

2.1 Types based on Source
Voltage source inverters (VSI) are where the inverter works as voltage source. This
is the most common inverter, and has a relatively higher efficiency. Whereas, current
source inverter (CSI) controls the current output, needs very big inductance, and
has a lower efficiency, which is why a VSI is chosen for this project.

2.1.1 Current Source Inverters
When the inverter’s input is a constant DC current source, the inverter is referred to
as a current source inverter. The current source inverter (CSI) receives stiff current
from the DC source when the DC source has a high impedance. Stiff current is
typically produced using a large inductor or closed-loop-controlled current. The
ensuing stiff current wave is unaffected by the load. The switching states of the
switches in the inverter and the DC source entirely dictate the AC output current
[10].

2.1.2 Voltage Source Inverters
When an input source with a constant DC voltage is used, the inverter is referred
to as a voltage source inverter (VSI). A rigid DC voltage source serves as the input
to the voltage source inverter. When a DC voltage source is stiff, it signifies that
its impedance is zero. A stiff voltage is achieved by adding a capacitor between the
positive and the negative terminals of the DC supply. Practically, DC sources have
a very low impedance. The assumption is that VSIs are powered by ideal voltage
sources with very low impedance sources. The switching states of the inverter and
the applied DC source only define the AC output voltage [10]. Stiffness of voltage
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implies that the voltage does not change with change in load, and the VSI is able to
maintain a constant output load voltage even in varying operating conditions with
variations in load impedance.

2.2 Types based on Levels in Output Voltage

2.2.1 Two-level Inverters
The most popular and straightforward inverter topology utilised in electric car ap-
plications is a three-phase two-level Inverter. It converts a DC voltage source into
AC voltage, which is then delivered to the load- a machine that runs on electricity-
via it. Six semiconductor switches make up this topology, and each switch incor-
porates an anti-parallel diode to allow current to flow in the other direction. Two
levels of output voltage, +Vdc and −Vdc can be obtained from this inverter in its
phase-to-ground voltage.

Because of its lightweight, compact, and relatively good performance, the three-
phase two-level VSI is the standard inverter structure used in small-scale systems
[11], especially in powertrain design where small size is crucial. It consists of six
semiconductor switches S1−S6 (either IGBTs or MOSFETs) whose switching times
are intuitively selected to achieve the demanded fundamental voltage amplitude and
frequency. Each switch consists of anti-parallel diodes, D1 − D6 that provide free-
wheeling paths for negative inductive currents when the switch is turned on [12] [13].
Its output consists of three identical waveforms that are phase-shifted by 120° from
each other. The input to the inverter usually referred to as the dc-link, consists of
a power source, Vdc (battery in this case), and the DC-link capacitor, C.

2.2.2 Multilevel Inverters
It is a power electronic device that generates an output phase to ground voltage
with more than two levels by using additional switching devices. The elementary
concept of an MLI is to utilise one or several DC sources to generate a staircase
voltage waveform which resembles an AC wave. It is a power electronic device
which provides a solution to achieve higher power by making use of more switching
devices to produce an output phase to ground voltage with more than two levels.
An n-level MLI will be able to produce ‘n’ number of voltage levels in its phase-to-
ground output voltage waveform. It has several advantages when compared to the
Two-level Inverter (TLI). As the number of levels is increased, a more sinusoidal
voltage waveform can be realised using a lower switching frequency - at the same
level of harmonics - when compared to the TLI. This helps in reducing the THD. As
the number of levels increases, the voltage across each switch also goes down. This
reduces the switching losses and Electromagnetic interference (EMI) in the MLI.
Hence, it is able to deliver an improved power quality and higher voltage capability
The sequence of switching is determined by the gate driver, which in turn is part of
the modulator [14] [15]
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.
An MLI offers several advantages over a conventional two-level VSI using a high-
frequency PWM technique. It is superior to the two-level VSI in several ways. When
compared to the two-level VSI, a more sinusoidal voltage waveform can be realised
when the number of levels is raised at a lower switching frequency. This aids in
lowering THD. The voltage across each switch decreases as there are more levels.
By doing this, the switching losses and EMI in the MLI are decreased. As a result,
it has the capacity to produce higher voltages and better power quality. These ad-
vantages can be summarised as follows: [14] [15] [16] [17]

1. Staircase waveform quality
(a) MLI generate output voltage with low distortion.
(b) Reduced dv/dt stresses on each switch.
(c) EMC performance is enhanced. Lower Total Harmonic Distortion (THD).

2. Common-mode (CM) voltage
(a) MLI converters produce CM voltage of lower amplitude.
(b) Motor bearing stresses connected to the MLI can be reduced.
(c) CM voltages can be eliminated using advanced modulation strategies.

3. Input current
(a) Input current ripple is reduced. Added bulky filters are not required.
(b) In general, lower levels of EMI are found.

4. Switching frequency
(a) MLI converters can operate at both fundamental and high switching fre-

quencies.
(b) The Lower the frequency, the lower the switching losses and the higher

the efficiency.

It has a few disadvantages as well. A greater number of semiconductor switches are
needed. Each switch also requires an associated gate driver circuit, all of which in
combination makes the system complicated and expensive.

Determining the number of levels in a multilevel inverter is one of the most crucial de-
cisions because it influences many other sizing considerations and control strategies.
The main distinctions between an MLI and a two-level inverter are the trade-offs in
determining how many levels will be required, as well as the benefits and complexity
of having various voltage levels accessible. The total voltage-blocking capacity of
the active devices in each phase leg is unaffected by the number of levels because
fewer device ratings can be used. The following are some advantages of using more
levels in a diode-clamped inverter: [15]

1. There is less voltage stress across each device. Lower voltage-rated active
devices and dc link capacitors (which can occasionally be significantly less
expensive and more readily available) can both be employed.
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2. Due to the reduced dv/dt during each switching, the inverter will have a lower
EMI.

3. The waveform’s output will have more steps or degrees of freedom, allowing it
to more closely resemble a reference waveform.

4. An inverter with fewer levels and a higher device switching frequency will pro-
duce the same results as one with fewer levels and a lower individual device
switching frequency. Or, to obtain a better waveform, the switching frequency
can be maintained at the same level as in an inverter with fewer levels.

The following are the drawbacks of employing more levels than what is necessary:

1. The complexity of the control increases as the number of layers increases.
2. If blocking diodes employed in the inverter had the same rating as the active

devices, the number would increase significantly.

Several varying MLI topologies have been devised over the years considering the
variety of applications that each is supposed to serve. High or medium-voltage
industrial drives, interfacing with renewable power systems, grid-side transmission
systems and traction drives are a few of the applications for which MLI have been
designed specifically. MLI can be of the following types-

• Flying capacitor Inverter
• Cascade H-bridge Inverter
• Diode clamped/Neutral Point clamped Inverter

2.3 Flying Capacitor Inverter
The circuit topology of the Flying Capacitor Multilevel (FCMLI) has DC side ca-
pacitors in a ladder structure, where the voltage across each of the capacitors is
different. The voltage increment between two adjacent capacitor legs gives the size
of the voltage steps in the output waveform [16].

For an n-level FCMLI, (n − 1) capacitors are used with 2(n − 1) switching devices.
The voltage across each capacitor is (Vdc)/(n − 1). As the flying capacitors are
charged to their respective voltage levels, they provide the additional voltage levels
by performing the correct switching strategy. Hence, as the number of levels in-
creases, the number of capacitors will also significantly increase which could make
the device bulky. It is important to also consider the size of flying capacitors to
have lower voltage ripple for the flying capacitors as well [14].

For a three-level FCMLI, the additional zero level is achieved by making use of flying
capacitors. This topology has two different switching states to produce the zero-
voltage level. Hence, both these switching states must be equally used to ensure
that the corresponding switches are evenly stressed.
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Figure 2.1: Flying-capacitor Multilevel Inverter

The DC voltage is split into two by the DC-link capacitors, which is Vdc/2. The
flying capacitors shall also have a voltage of Vdc/2. Switches 1 and 2 are on to
produce the positive voltage. For the FCMLI, the two zero-switching states need to
happen alternatively. This automatically provides voltage balancing for the flying-
capacitors present in each phase leg. In one of the zero-switching state cases, the
voltage produced due to the DC-link capacitor is opposed by the flying capacitor and
the capacitor goes into a charging state. In another case, the voltage produced due
to the second DC-link capacitor is opposed by the flying-capacitor and the capaci-
tor goes into a discharging state. Switches 3 and 4 turn on to produce the negative
voltage. The voltage across all switches shall now be only Vdc/2 [20].

This topology often finds application in electric vehicle drives, solar inverters, and
static VAR compensators [21]. One advantage of the flying-capacitor-based inverter
is that it has redundancies for inner voltage levels; in other words, two or more valid
switch combinations can synthesize an output voltage. The FCMLI does not require
all switches that are on, that is, in a conducting state, to be in a consecutive series.
Moreover, the flying-capacitor inverter has phase redundancies, whereas the diode-
clamped inverter has only line-line redundancies [17]. These redundancies allow a
choice of charging/discharging specific capacitors and can be incorporated into the
control system for balancing the voltages across the various levels [19]. It presents
the following advantages and disadvantages: [18]

Advantages
• The voltage level of the capacitors can be balanced as phase redundancies are

available.
• Flow of real and reactive power can be controlled.
• The large number of capacitors enables the inverter to ride through short-

duration outages and deep voltage sags.
• Reduces dV/dt stress across the device.
• Additional switching states help to maintain charge balance in the capacitors.
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Disadvantages
• Control to track the capacitor voltage levels is complicated.
• Precharging all the capacitors to the same voltage level is cumbersome.
• Start-up is complex.
• Switching utilization and efficiency are poor for real power transmission.
• The large number of capacitors is more expensive and bulkier than clamping

diodes in multilevel diode-clamped converters.
• Packaging is also more difficult in inverters with a high number of levels.

2.4 Cascade H-bridge Inverter
The Cascaded H-bridge Multilevel Inverter (CHBMLI) has an H-bridge inverter as
a sub-module with individual DC sources for each phase leg. This enables three
different voltage levels in its phase-to-ground voltage.

Each separate DC source is connected to a single-phase full-bridge or H-bridge in-
verter. Three different voltage outputs - +Vdc, 0, and −Vdc - can be generated by
each inverter level utilising different combinations of switches available between the
DC source and the AC output. The AC outputs of each inverter level are connected
in series. Hence, the synthesised voltage waveform is the sum of the inverter out-
puts. The number of output phase voltage levels ’m’ in a cascade inverter is defined
by m = 2s + 1, where ‘s’ is the number of separate DC sources. [17]

Figure 2.2: Cascaded H-bridge Multilevel Inverter

To get an n-level CHBMLI, ‘n’ sub-modules will need to be used in series for each
phase and 2(n−1) switches will be required for each phase. The voltage stress across
each switch depends on the DC source of the sub-module. It can be extended to
higher levels easily due to its modular structure. This topology requires individual
DC sources for each sub-module. It does not need additional components such as
diodes or capacitors used in the previous topologies. For a three-level CHMI, the
additional zero level is achieved by using individual DC sources in each phase leg to
produce the three different voltage levels. The individual DC sources have a voltage
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of Vdc/2 which is half in value compared with the DC sources in other topologies.
Like the FCMLI topology, this topology also has two different switching states to
produce the zero-voltage level and both these switching states are equally used.

Often utilised in motor drives, and fuel-cell-based systems, but also to connect bat-
tery systems and photovoltaic systems to the grid [21]. The DC source present in
each phase leg will also have DC-link capacitors. Switches 1 and 4 are on to produce
the positive voltage. The output is in parallel connection to the DC-link capacitor.
The two zero-level switching states are either the top two switches or the bottom
two switches can be closed, which makes the output in short circuit condition to
produce the zero voltage level. Switches 2 and 3 are on to produce the negative
voltage level. The output is connected in parallel but with reversed polarities. The
voltage across all switches shall now be only Vdc/2 [14] [19]. The advantages to this
topology of MLI are as follows: [18]

Advantages
• Easy packaging and storage.
• Produce common mode voltage, stress is reduced.
• Low distortions in the input current.
• Low distortions in the input current.
• Operates at both fundamental switching frequencies.
• Total harmonic distortion is very low in the output waveform without any

filter circuit

Disadvantages
• Separate DC sources are required for each of the H-bridges.
• Limited application - to products with multiple separate DC sources.
• Complex controller is required due to the amount of capacitors

2.5 Neutral Point Clamped MLI
To produce the additional voltage levels at the output in its phase-to-ground volt-
age, the Neutral Point Clamped Multilevel Inverter (NPC MLI), also known as a
Diode-Clamped Multilevel Inverter, uses clamping diodes. Each phase of the in-
verter shares a common DC bus. The DC bus is divided into six levels by five
capacitors. The voltage across each capacitor is Vdc, and each switch goes through
a voltage stress limited to Vdc through the clamping diodes [16].

For an n-level NPC MLI, (n − 1)(n − 2) clamping diodes are used across each phase
leg, (n − 1) capacitors on the DC bus - also called DC-link capacitors; and 2(n − 1)
switching devices in each phase [22]. As the DC-link capacitors are charged to their
respective voltage levels, they provide the additional voltage levels by performing
the correct switching strategy. For a three-level NPC MLI, the additional zero level
is achieved by making use of clamping diodes. The DC voltage is split into two
by the DC-link capacitors, which is Vdc/2. Switches 1 and 2 are on to produce the
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positive voltage. Two zero-level switching states are obtained when either switch 2
or 3 conducts depending on the current direction. For a positive current, the switch
2 conducts and for a negative current, the switch 3 conducts. Switches 3 and 4 are
on to produce the negative voltage. For all the cases, based on the current direc-
tion, either the switch conducts or the anti-parallel diodes conduct. For example, a
positive current switches 1 and 2 conduct but for a negative current the anti-parallel
diodes conduct. The voltage across all switches shall now be only Vdc/2. [17] [19]

Figure 2.3: Neutral Point Clamped Multilevel Inverter

One application of the multilevel diode-clamped inverter is an interface between a
high-voltage DC transmission line and an AC transmission line. Another applica-
tion would be as a variable speed drive for high-power medium-voltage (2.4 kV to
13.8 kV) motors. Static VAR compensation is an additional function which several
authors have proposed for the diode-clamped converter [21]. The main advantages
and disadvantages of multilevel diode-clamped converters are as follows [15] [16] [18]:

Advantages
• Since all phases share a common DC bus, the capacitance requirements are

minimised.
• Back-to-back topology is practical for an adjustable speed drive.
• Voltage across the switch is only half of the DC-link voltage
• Group pre-charging of the capacitors.
• Efficiency is high for fundamental frequency switching.
• Voltage harmonics is centred on twice the switching frequency

Disadvantages
• The intermediate DC levels tend to overcharge or undercharge without precise

control, hence, the flow of real power is difficult.
• The required number of clamping diodes is directly related to the number of

levels. This makes designing additional levels challenging.
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The multiple MLI topologies studied can be summarised as follows. A count of
passive components has been compared for each unique topology, alongside the ap-
plications each is most popularly used for. Voltage balancing capability of each
topology is also compared as that determines if an MLI would need an additional
voltage-balancing circuit or not, and that ties into the size of the footprint of the
inverter, as well as its cost-effectiveness and packaging.

Figure 2.4: MLI comparison summary

Several modulation techniques have also been developed for MLIs. The methods
such as Sinusoidal Pulse Width Modulation (SPWM), Selective Harmonic Pulse
Width Modulation (SHE-PWM), and Space Vector Modulation (SVM), and others
make use of the strengths offered by MLIs to extract the best and optimal perfor-
mance from the system. These have been discussed in-depth in Chapter 5.
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3
Gate Drivers

3.1 Importance of gate drivers
The gate driver circuit in a Multilevel Inverter is a specialised and crucial component
that has a significant impact on the overall performance of the inverter. Its primary
responsibility is to facilitate fast and precise switching of MOSFETs, which leads to
reduced switching losses. A well-designed gate driver ensures that MOSFETs turn
on and off at the appropriate times [23]. This action prevents voltage overshoots
that might otherwise lead to device failure.

Figure 3.1: Basic gate driver circuit

Furthermore, the gate driver plays a vital role in achieving voltage balance across
all the MOSFETs in the inverter. This balance is essential to avoid over-voltage
conditions. Ensuring that each voltage level is properly maintained prevents any
imbalance that could affect the system’s stability and efficiency.

Multilevel Inverters often utilise various modulation techniques such as Pulse Width
Modulation (PWM) and space vector PWM [12]. In this context, the gate driver’s
role becomes even more critical. It is responsible for accurately implementing these
modulation techniques and precisely synchronising the switching of multiple power
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devices. This synchronisation is vital to achieve the desired output waveform and
to maintain proper control over the inverter’s performance.

In conclusion, the gate driver is an indispensable element in modern power electronic
systems. It ensures efficient and reliable operation by enabling fast and precise MOS-
FET switching, maintaining voltage balance, and implementing complex modulation
techniques in Multilevel Inverters.

3.2 Types of Gate Drivers
Gate driver categories:-

• Gate drivers can be categorised as either hard-switching or soft-switching, each
having distinct characteristics for managing power device switching. Hard-
switching drivers offer simplicity and are well-suited for slow switching rates.
This helps mitigate switching losses and electromagnetic interference (EMI).
However, they can result in higher losses and interference.

Conversely, soft-switching drivers employ intricate techniques such as zero-
voltage and zero-current switching. These techniques offer the advantage of
zero losses and minimal EMI. They also allow for achieving high switching slew
rates. However, their design complexity is greater compared to hard-switching
drivers.

The choice between these two types of drivers depends on the specific appli-
cation needs. Hard-switching drivers are preferable for situations with slow
switching rates, prioritising simplicity. On the other hand, soft-switching
drivers are suitable for situations where reducing losses and EMI is a pri-
ority, even if it means dealing with greater intricacy in design.

• Variable slew rate gate drivers provide the capability to adjust the rise and fall
times of the gate voltage during switching [25],[37]. This adjustment empow-
ers designers to find a balance between switching losses and electromagnetic
interference (EMI).

In contrast, adaptive slew rate gate drivers take it a step further. They au-
tomatically modify the gate voltage slew rate based on prevailing conditions.
This adaptive approach enhances efficiency and minimises EMI by continually
optimising the switching behaviour according to real-time requirements.

An innovative approach involves the use of multilevel slew rate gate drivers,
which introduce a novel control technique. In this technique, the driver MOS-
FET is precisely triggered just before turn-on and turn-off events. This precise
timing facilitates the injection of additional current. The purpose of this ex-
tra current injection is to effectively mitigate overshooting issues caused by
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fast-switching transients. This mitigation contributes significantly to the im-
provement of the overall performance of the system.

The proposed gate driver is a variable slew rate gate driver, by accurately controlling
the rise and fall time of driver MOSFETs through pulse width modulation, to re-
duce the switching losses and EMI. The unbalanced loss distribution in NPC MLI is
utilised to design a unique gate driver with individual slew-rates for each switching
device to make the loss distribution more optimal. The multilevel slew rate control
is also tested for the designed variable slew¨rate gate driver.

3.2.1 Drivers without slew rate

The below figure shows a simplified gate driver without slew rate control through
which we can only control switching actions.

Figure 3.2: Driver without slew rate control

A single resistance is used to control the power MOSFET. The two driver MOSFETs,
each handle the turn-on and turn-off phases of the power MOSFET through PWM
modulation. The P-type driver MOSFET controls the turn-on and the N-type driver
MOSFET controls turn-off side of power MOSFET[23]. The parallel combination of
R1 and R2 provides a constant gate resistance, resulting in a consistent slew rate.
However, this slew rate cannot be dynamically controlled.
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3.2.2 Driver with slew-rate

Figure 3.3: Driver with slew rate control

Figure 3.3 introduces a novel driver featuring slew-rate control, similar to the op-
erational methodology in Figure 3.2. The design involves considering the driver
MOSFETs connected in parallel. The resistances R1 and R2 provide a single gate
resistance to control the current [24], [26]. Considering it as a single bridge, effec-
tively integrating three bridges within the gate driver structure. This architectural
arrangement empowers each bridge to establish unique gate resistance settings, vary-
ing the current at different levels.

This configuration’s intrinsic advantage lies in the independent control of each
bridge, affording an elevated level of control. This, in turn, facilitates precise mod-
ulation of current during power MOSFET turn-on and turn-off phases, tailored to
accommodate specific slew-rate preferences and address electromagnetic interference
(EMI) considerations.
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3.3 Proposed active gate driver with slew-rate

Figure 3.4: Driver with slew rate control

• FDN336P - PMOS

• FDN335N - NMOS

• M1 - Power MOSFET

• fs - 25k Hz, temperature - 25 deg

Two bridges are present. Each bridge consists of a P-type MOSFET that regulates
the current through R7 [25]. Additionally, an N-type MOSFET is utilized to control
the current through resistance R5 in the 1st bridge. The same method is used to
control the current in the 2nd bridge through resistances R5 and R6[37].
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Figure 3.5: Driver MOSFET Characteristics

• V(n012) - PMOS Voltage
• I(R8) - PMOS Current
• V(n015) - Power MOSFET Voltage
• I(L6) - Power MOSFET Current
• V(n021) - NMOS voltage
• I(R7) - NMOS Current

Figure 3.6: Power MOSFET Characteristics controlled by active gate driver

Figure 3.6 illustrates power MOSFET characteristics, which are governed by the
gate resistance of the driver MOSFET [24]. The figure displays voltage and current
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for one complete cycle. From 34µs to 36µs, the turn-off phase is evident as the
MOSFET stops conducting, causing the current to decrease to zero. Then, between
44µs and 46µs, the turn-on phase is shown. During this phase, the switches begin
to conduct again, leading to an increase in current.

Figure 3.7: power MOSFET voltage at different resistances during turn-off

In Figure 3.7, the turn-off characteristics of the power MOSFET are displayed.
The graph illustrates turn-off voltage at various gate resistances, ranging from 5 Ω
(green) to 100 Ω (violet) [42], [41]. It’s noticeable that with lower gate resistance,
the ringing and peak voltage are higher. To minimise ringing, a higher gate resis-
tance is needed, but this comes at the expense of reducing the MOSFET slew rate
[28].
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Figure 3.8: power MOSFET Current at different resistances during turn-on

Figure 3.8 displays the turn-on characteristics of the power MOSFET. The graph
illustrates turn-on current for various gate resistances, ranging from 0.2 Ω (violet)
to 15 Ω (blue). Notably, lower gate resistance leads to ringing and high peak current
[26], [43]. To alleviate ringing, a higher gate resistance is necessary, although this
diminishes the MOSFET slew rate. Given that turn-on involves overshoots related
to voltage, low gate resistance values are employed to uphold a high slew rate.

3.3.1 Selection of resistance values

The choice of resistances stems from extensive test simulations, evaluating the im-
pact on ringing and peak voltage through diverse parametric studies with varying
resistance values. At 100 Ω , the voltage matches the power MOSFET’s nominal
voltage. However, the peak slew rate is highest at 5 Ω . This is because higher
resistance leads to slower slew rates, ultimately impacting efficiency negatively.
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Figure 3.9: Peak voltage Vs Resistance

Figure 3.9 is plotted for the turn-off side of power MOSFET which needs to be
reduced, as the overshoot caused due to EMI is the turn-off side [28].

3.3.2 MOSFET behaviour and characteristics

The MOSFET’s behaviour and its switching characteristics are analysed by varying
the gate resistance across a wide range until the voltage overshoot diminishes to the
level required for powering the power MOSFET. The operation of the gate driver
is determined by the amount of current injected into the driver. The slew-rate
undergoes changes depending on the gate resistance of the power MOSFET.

Table 3.1: MOSFET parameters

Power MOSFET turn-on switching characteristics
Resistance combination (Ω) Turn on slew-rate (kv/µs) Turn-off slew-rate (kv/µs)

0.2 4.48611 3.59515
0.8 4.19615 3.59515
1 3.92194 3.59515

2.5 3.77355 3.59515
5 3.35078 3.59515
10 2.65078 3.59515
15 2.07154 3.59515
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Figure 3.10: turn-on Slew-rate Vs Resistance

In Figure 3.10, the graph illustrates the variation in slew rate concerning the gate
resistance. Since the overshoot occurs during the turn-off phase of the power MOS-
FET, which is governed by the N-type driver MOSFET [24]. the P-type MOSFET
in the driver circuit is not controlled for managing the ringing resulting from induc-
tive loads at turn-on side. Instead, it is used to regulate the slew rate that minimises
overall losses.

Table 3.2: Power MOSFET parameters

Power MOSFET turn-off switching characteristics
Resistance combination (Ω) turn-off slew-rate (kv/µs) turn-on slew-rate (kv/µs)

0.2 39.312 14.4191
0.8 35.7269 14.4191
2.5 28.6549 14.4191
5 23.1995 14.4191
10 14.4191 14.4191
30 6.66498 14.4191
50 3.18498 14.4191
100 1.15437 14.4191
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Figure 3.11: turn-off Slew-rate Vs Resistance

In Figure 3.11 above, a clear pattern emerges: as gate resistance rises, there is a
consistent decrease in slew rate. This trend highlights the fundamental relation be-
tween slew rate and gate resistance. Increasing resistance offers a potential solution
to mitigate the high-voltage ringing caused due to inductive loads. However, this
approach comes at the cost of reduced switching speed and slew rate, subsequently
amplifying overall switch losses [26], [28].

3.4 Powerloss evaluation method for power MOS-
FET

Understanding and managing power losses in MOSFETs are critical for enhancing
the efficiency and dependability of power electronic systems. These losses can be
primarily classified into two distinct categories: switching losses and conduction
losses.

• Switching Losses
These emerge during transitions between the on and off states of the MOS-
FET. When turning on, supplying the gate charge causes charging losses. Con-
versely, turning it off requires removing the gate charge, leading to discharging
losses. Furthermore, an overlap period occurs where voltage and current are
both nonzero, contributing to ‘shoot-through’ losses.
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Switching losses hinge on factors like the device’s switching speed, gate drive
characteristics and load conditions.

• Conduction Losses
These materialise when the MOSFET operates in its conducting state, specifi-
cally when it is turned on and conducting current from the drain to the source.
These losses predominantly stem from the finite on-state resistance (Rds,on) of
the MOSFET and the current magnitude flowing through it. Elevated con-
duction losses result in heightened device heating, potentially impacting the
overall system efficiency and temperature stability [44].

3.4.1 Double Pulse Test
The double pulse test serves as an experimental technique employed to characterise
the switching behaviour of power electronics devices, including MOSFETs. This
method entails applying two closely spaced electrical pulses to the device under ex-
amination and subsequently measuring the resultant voltage and current waveform.

The initial pulse, referred to as the ‘pre-pulse’ is usually of lower amplitude. It serves
to partially activate the device, establishing a conduction pathway. The subsequent
pulse, known as the ‘main-pulse’ possesses a higher amplitude, ensuring complete
activation of the device, thereby enabling the flow of current.

By analysing the voltage and current waveform produced through the double pulse
test, valuable parameters of the device become discernible. These encompass critical
aspects like turn-on and turn-off times, forward voltage drop, and reverse recovery
time. Such parameters hold immense significance when it comes to designing and
optimising power electronic systems, particularly for applications involving motor
drives, renewable energy setups, and power supplies.

To better understand MOSFET behaviour, a double pulse test was simulated us-
ing LTSPICE, a widely-used circuit simulation software. This simulation provides
deeper insights into how these devices perform during quick switching situations.
It comprehensively helps grasp their operational dynamics, contributing to the en-
hancement of related applications.

Double pulse test-based switching characterisation of SiC MOSFET is hence carried
out.

3.4.1.1 Double pulse test setup

Figure 3.12 presents the double pulse test configuration devised to ascertain vital
MOSFET characteristics crucial for gate driver design [29]. In this setup, parame-
ters like Ldc/Lcable and Ldcr/Lstray symbolize the DC bus inductance. This assumes
the presence of an 800V battery as the primary power source. Furthermore, Lc and
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Figure 3.12: Double pulse test set-up in LTSPICE

Rc denote the equivalent series inductance (ESL) and equivalent series resistance
(ESR), respectively, of the DC link capacitor C1.

Adding to this, L5 and L6 represent the leakage inductance inherent to the MOS-
FET. In this schematic, there are two MOSFETs – M1, serving as the main power
MOSFET under study, and M2, utilised for its body diode to facilitate reverse
recovery current management. The capacitance Cds signifies the drain-to-source ca-
pacitance [30], [31].

Importantly, since the power MOSFET inherently integrates a body diode, the par-
allel inclusion of an extra diode is unnecessary. This comprehensive design encap-
sulates various components that contribute to the meticulous analysis of MOSFET
characteristics, essential for the refinement of gate driver design.

Figure 3.13: Double pulse test switching characteristics of power MOSFET

As previously stated, the pre-pulse is initiated at 5.5µss, and the second pulse fol-
lows, starting from 36µss to 42µss. Notably, a substantial time gap exists between

33



3. Gate Drivers

the initiation of the first and second pulses. This deliberate delay serves the purpose
of charging the load inductor. The second pulse holds significance as it is during
this phase that the characteristics of the power MOSFET undergo analysis.

3.4.2 Loss distribution in power MOSFET

Switching Loss calculations have been conducted for an individual power MOSFET
within the inverter setup. These losses are subsequently graphed with varying re-
sistance values of the driver MOSFETs. These changes in the driver MOSFET’s
resistance directly impact the gate resistance of the power MOSFET, and hence the
switching losses, and are pivotal in understanding the overall loss dynamics [33],
[34].

Figure 3.14: Turn-on energy losses(kJ) Vs turn-off resistance

Figure 3.14 shows losses at turn-on due to gate resistance. Since there were no EMI
during the turn-on state of power MOSFET. A lower value of gate resistances is
taken to maintain a high slew-rate, thereby reducing the losses caused due to the
switching state transition of the power MOSFET [32].
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Figure 3.15: Turn-off energy losses(kJ) Vs turn-off resistance

Figure 3.15 shows losses at turn-off due to different gate resistances. At the turn-off
side of power MOSFET, where the high voltage ringing is visualised and to reduce
it, a higher gate resistance value is needed. Since at 100Ω, the peak voltage at
turn-off is equal to the required nominal voltage of 800V.

The energy is plotted in KJ instead of Watts because the simulation set-up is for a
double pulse test through which we can determine the exact behaviour of power, but
the PWM signal is not used here for a double pulse test where there is no frequency
interference, we can only determine energy values in kilo - joules (KJ).

3.5 FFT analysis for power MOSFET
Frequency domain analysis has been employed to examine the non-linear behaviour
of the power MOSFET across diverse frequencies. Through Fast Fourier Transform
(FFT) analysis, the slew-rate can be approximated and verified. Theoretically, the
switching frequency should be ten times smaller than the sampling frequency; how-
ever, in our case, we conduct FFT analysis up to 100 times, thus encompassing a
frequency range from 250 MHz to 3 GHz [38].

To comprehensively assess the impact of each driver MOSFET on the power MOS-
FET, a series of simulations has been conducted. These simulations explore the
behaviour of each driver MOSFET within the frequency domain. This extensive
analysis provides a comprehensive understanding of their performance across a wide
frequency spectrum.
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3.5.1 FFT analysis of Driver Mosfet

Figure 3.16: FFT analysis voltage at turn-off Vs Resistance

Figure 3.17: FFT analysis Current at turn-off Vs Resistance

Figure 3.15 and Figure 3.16 present frequency-vs-voltage and frequency-vs-current
characteristics, respectively, during the turn-off phase of the power MOSFET. No-
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tably, as resistance increases, the slew rate experiences a reduction. Given that the
switching frequency stands around 25 kHz, with an observed sampling frequency
of 3 GHz, the significant slew rate behaviour can be discerned at 300 MHz. This
frequency range allows for a more insightful analysis of the observed characteristics.

Figure 3.18: FFT analysis voltage at turn-on Vs Resistance

Figure 3.19: FFT analysis Current at turn-on Vs Resistance

Figure 3.17 and Figure 3.18 illustrate the frequency-vs-voltage and frequency-vs-
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current profiles, respectively, during the turn-on phase of the power MOSFET. It is
evident that the slew rate decreases with higher resistance values. Given a switching
frequency of approximately 25 kHz and an observed sampling frequency of 3 GHz,
the nuanced slew-rate behaviour becomes discernible around 300 MHz. This specific
frequency range offers an enhanced understanding of the observed characteristics.

The slew rate denotes the rate at which the output voltage changes during the
switching process. In the frequency domain, this parameter can be estimated by
identifying the highest frequency component. For instance, during turn-on, the
maximum voltage amplitude registers at 150 dBuV, while on the turn-off side, this
peak amplitude reaches 170 dBuV. Notably, a higher resistance combined with el-
evated frequency results in a slower slew rate, while the opposite, lower resistance
and frequency, leads to a higher slew rate.

To achieve lower total harmonic distortion (THD), a faster slew rate is attainable at
lower resistance and frequency configurations. To assess this, various resistance val-
ues are sampled at a 3 GHz frequency, based on the standards ISO 16750-2 30 Mhz,
is the maximum frequency EMI can be visualised. This frequency domain analysis
is particularly instrumental in fine-tuning the modulation index. As a recommenda-
tion drawn from these frequency-based insights, operating the inverter at a higher
frequency is advised, considering the cumulative findings from the aforementioned
frequency observations.

3.6 Multilevel Slew-rate control of gate driver

3.6.1 Single level pulse generation for gate driver control

The gate driver is controlled by PWM technique, the generated pulse triggers the
driver MOSFETs to control the gate resistance of power MOSFET, the gate driver
is designed as 2 bridges with each is controlled by a PMOS and NMOS, when the
voltage is negative it triggers the PMOS and when the pulse is positive it triggers
the NMOS [39].

38



3. Gate Drivers

Figure 3.20: Driver with advanced gate pulses

In the figure 3.19 Q1 & Q3 are PMOS triggered at -negative pulse voltage, Q2 &
Q4 are NMOS triggered at positive pulse voltage, Q5 represents power MOSFETS.

Figure 3.21: PWM pulses for different gate bridges

3.6.2 Multilevel gate pulse generation

The multi level gate pulse generation designed by independently controlling the 2nd
bridge, the driver MOSFETs are triggered by 2 different PWM pulses in the 2nd
bridge, the idea is to inject extra current exactly during turn-on and turn-off of
power MOSFET thereby reducing the switching stresses and reducing the switching
losses[39].
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Figure 3.22: Driver with advanced gate pulses

Figure 3.23: Single PWM pulse gate generation

The figure.3.23 the multi-level pulse generation, V(PWM5+) is original PWM pulse
generated for the 1st bridge, the V(PWM6+) & V(PWM7+) are the 2 different gate
pulses injected exactly during turn-on and Turn-off of the advanced control of gate
pulses and Driver MOSFET behaviour is observed :

• the Voltage V(PWM5+) is the gate pulse for the 1st bridge
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• the voltage V(PWM6+),V(PWM7+) are pulses for 2nd bridge for accurate
control of gate resistance.

• In the graph figure.3.20 from 32us to 42us V(PWM7+) controls PMOS and
V(PWM6+) controls the gate resistance of NMOS.

3.6.3 Power MOSFETs characteristics with and without mul-
tilevel pulse generation

The purpose of multi level pulse generation is to reduce the overall power-loss, the
losses are due to high ringing voltages, to reduces the ringing voltages, an extra
currents is injected at turn-on and turn-off of power MOSFET by dynamically con-
trolling the driver bridges by triggering 3 different PWM pulses [40].

Figure 3.24: power MOSFET characteristics due to single level pulse generation

The figure 3.24 shows MOSFET characteristics for single pulse generation, the gate
resistance is set at 10 Ω where high ringing is expected the peak voltage is at 900V
at turn-off and current 210A at which is very high current at turn-on.
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Figure 3.25: power MOSFET characteristics due to Multi level pulse generation

The figure 3.25 shows MOSFET characteristics for multi pulse generation, the total
gate resistance is set at 10Ω where high ringing is expected but with multi level
pulses the ringing voltage at turn-off is highly reduced as compared to figure 3.23,
the peak voltage is at 810V at turn-off and the peak has reduced to current 140A
at which is very high current at turn-on.

Based on the observation from figure 3.24 & figure 3.25 for the gate resistance at
10Ω, the peak voltage is reduced from 900V to 810V therefore the ringing is also
reduced without changing the slew-rate, as well the peak current at turn-on has
been reduced from 210A to 140A.

Figure 3.26: Comparison of peak voltage at turn-off gate resistance with single
and multi level pulse modulation
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The figure 3.26 shows comparison between single pulse and multilevel pulse gener-
ation at different gate resistances, the peak voltage reduces as the gate resistance
increases thereby slew-rate decreases but to reach the required nominal voltage of
800V, the resistance values required to decrease the peak voltage is less when mul-
tilevel pulse generation is used, i.e. 50Ω but for single pulse generation the required
resistance value is higher i.e. 150Ω, therefore we achieve better slew-rate by keeping
the gate resistance value to minimum by using multilevel pulse generation.

Figure 3.27: Comparison of switching losses at turn-off of power MOSFET at
different gate resistance with single and multi level pulse modulation

The figure 3.27 shows comparison switching losses between single pulse generation
and multi-level pulse generation technique, as it is observed switching losses have
significantly reduced when multilevel pulse generation is used compared to single
pulse generation.
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4
MOSFET Characteristics

This chapter addresses the modeling of switching and conduction losses, previously
discussed in Chapter section 3.3. Given the involvement of two distinct software
tools in the design process, LTSPICE is utilized to simulate the gate driver for a
specific MOSFET within a Multilevel Inverter, while PLECS is employed for com-
prehensive simulation of the entire three-phase Multilevel Inverter.

Diverse modeling approaches are essential due to varying requirements. Specifically,
SPICE modeling is crucial for capturing the effect of overshoot voltages at the power
MOSFET’s turn-on side, a prominent source of Electromagnetic Interference (EMI).
In contrast, PLECS excels in defining control and modulation techniques pivotal for
the multi-level Inverter’s holistic modeling.

In PLECS, the power MOSFET switch models are pre-defined by the manufacturer
and are independent of the overshoot voltage dynamics. Consequently, this prompts
the redefinition of MOSFET characteristics in PLECS, considering overshoot volt-
ages. The MOSFET’s behavior is analyzed across different gate resistances and load
conditions.

Overshoot models are categorized into three distinct cases: High overshoot, moder-
ate overshoot, and low overshoot voltages. The extent of overshoot hinges on gate
resistance adjustments, where modifications in the gate resistance induce changes
in turn-on peak voltage. To assess its impact, evaluations are conducted at varying
current levels and load resistances.

4.1 Test Simulation Set-up for Power MOSFET
Characteristics

The characterisation of power MOSFET characteristics is achieved through Double
Pulse Testing[29],[30]. figure3.11 illustrates the circuit configuration employed in
LTSPICE for simulating the test and analyzing characteristics such as voltage and
current. Section 3.3 elaborates on the functionality of the Double Pulse Test circuit
and its operational principle.
To quantify the switching power losses originating from the power MOSFET, the
product of voltage and current at the switching frequency is calculated. However,
due to the utilisation of the Double Pulse Test, the need to consider the switching
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frequency in loss calculation is negated. This is attributed to the user-defined nature
of the PWM pulse, enabling losses to be calculated and modelled based on energy
measured in milli-joules (mJ)[33].

(a) power MOSFET turn off area under curve in joules

(b) power MOSFET turn on area under curve in joules

Figure 4.1: power MOSFET under maximum overshoot

Figure. 4.1 are processed data from LTSPICE, there are three plots for each turn-
on and turn-on, 3rd graph shows the corresponding energy values. high overshoot
voltage is observed in the turn-on region, which may cause high EMI, the gate
resistance is set to 5.2 Ω, as the PMOS is set for 0.2Ω and NMOS is set to 5Ω, the
resistance selection is based on the slew-rate with high switching transients.

46



4. MOSFET Characteristics

(a) power MOSFET turn off area under the curve in joules

(b) power MOSFET turn on area under the curve in joules

Figure 4.2: power MOSFET under moderate overshoot

Figure 4.2 shows processed data from LTSPICE, there are three plots for each turn-
on and turn-on, 3rd graph shows the corresponding energy values. It is hard to
observe the high overshoot voltage since it has decreased from 920V to 815V for the
moderate EMI case. The total gate resistance is set to 30Ω. the PMOS is set for 5Ω
and NMOS is set to 25Ω. the resistance selection has been decreased which reduced
the switching rate during tun-on of power MOSFET.
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(a) power MOSFET turn-off the area under the curve in joules

(b) power MOSFET turn-on area under the curve in joules

Figure 4.3: power MOSFET under moderate overshoot

Figure. 4.3 processed data from LTSPICE, there are three plots for each turn-on
and turn-off. The 3rd graph shows the corresponding energy values. A high voltage
overshoot in the turn-on region is observed for the maximum overshoot. The gate
resistance is set to 100Ω, as the PMOS is set for 10Ω and NMOS is set to 100Ω. At
100Ω there are no high overshoot voltages but the slew-rate is too slow compared
to previous cases.

The smart way to handle it is not reducing the slew-rate of PMOS, but only focusing
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on NMOS. This is the optimal way of getting the gate resistance when the switching
losses in the inverter are less with a high slew-rate, and increasing the slew-rate
where the switching losses are higher, thereby optimally controlling the switches,
and reducing the losses as well as the EMI over any switches.

4.2 Switching Losses

This section deals with the process of modelling switching characteristics after study-
ing the effect of overshoot voltage over the turn-on part of power MOSFET, there
are 3 cases based on which 3 different models of switches are designed [33].

4.2.1 Maximum overshoot

Figure 4.4: MOSFET characteristics maximum overshoot - turn-on
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Figure 4.5: MOSFET characteristics Maximum overshoot - turn-off

The table above shows the corresponding values that are obtained by checking cur-
rent and voltage at different loads but the gate resistance is not varied. For the case
of moderate overshoot, the gate resistance is assumed to be 5Ω and 25Ω for turn-on
and turn-off regions respectively. Therefore, the model has an average overshoot
as well as an average slew-rate. Since the slew-rate is not very high, the efficiency
decreases as compared to the maximum overshoot model.

Table 4.1: MOSFET Maximum overshoot model parameters for turn-on

At 25 deg Power MOSFET characteristics
Current(A) 0 20 40 60 80 130 180
Voltage(V) Energy(mJ)

-100 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

400 0 2.98 4.48 6.11 14.81 36.32 51.62
600 0 4.96 7.43 10.21 17.43 40.63 61.45
800 0 10.19 15.29 20.09 32.82 46.77 75.44

Table 4.2: MOSFET Maximum overshoot model parameters for turn-off

At 25 deg Power MOSFET characteristics
Current(A) 0 20 40 60 80 130 180
Voltage(V) Energy(mJ)

-100 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

400 0 0.35 0.712 1.343 1.191 4.22 6.78
600 0 0.45 0.92 1.54 2.1 5.042 8.66
800 0 0.62 1.25 1.7 2.79 7.16 9.65
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4.2.2 Moderate overshoot

Figure 4.6: MOSFET characteristics Moderate EMI - turn on

Figure 4.7: MOSFET characteristics Moderate EMI - turn off

In the case of high overshoot, the gate resistance is assumed to be 0.2Ω and 5Ω for
turn-on and turn-off regions respectively, therefore the slew-rate is maximum. This
model is expected to have a high efficiency compared to the other 2 models.
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Table 4.3: MOSFET Moderate overshoot model parameters for turn-on

At 25 deg Power MOSFET characteristics
Current(A) 0 20 40 60 80 130 180
Voltage(V) Energy(mJ)

-100 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

400 0 1.254 2.334 5.719 11.212 19.489 38.453
600 0 2.43 3.611 6.357 13.222 23.522 46.03
800 0 2.905 4.604 8.217 15.287 26.325 51.627

Table 4.4: MOSFET Moderate overshoot model parameters for turn-off

At 25 deg Power MOSFET characteristics
Current(A) 0 20 40 60 80 130 180
Voltage(V) Energy(mJ)

-100 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

400 0 0.653 2.534 3.094 4.133 9.328 17.433
600 0 0.962 2.764 3.414 5.328 11.221 23.436
800 0 1.204 2.905 3.705 6.109 14.743 27.974

4.2.3 No Overshoot

Figure 4.8: MOSFET characteristics NO overshoot-turn on
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Figure 4.9: MOSFET characteristics NO overshoot-turn off

In this case of no overshoot, the gate resistance is assumed to be 10Ω and 100Ω for
turn-on and turn-off regions respectively, therefore the slew-rate is low. This model
is expected to have very low efficiency compared to the other 2 models, but since
this model has no overshoot, it solves our first problem of reducing the overshoot.

Table 4.5: Power MOSFET No EMI model parameters for turn-on

At 25 deg Power MOSFET characteristics
Current(A) 0 20 40 60 80 130 180
Voltage(V) Energy(mJ)

-100 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

400 0 7.756 15.505 25.34 48.5654 84.01 190.344
600 0 8.036 16.079 29.247 53.928 90.028 198.324
800 0 12.493 24.99 35.808 61.314 96.677 202.768

Table 4.6: Power MOSFET No EMI model parameters for turn-off

At 25 deg Power MOSFET characteristics
Current(A) 0 20 40 60 80 130 180
Voltage(V) Energy(mJ)

-100 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

400 0 2.422 5.33 8.391 17.841 29.166 68.23
600 0 2.689 6.916 11.585 21.505 36.429 84.775
800 0 3.909 8.6 17.682 33.55 42.65 106.584

In Table 4.1-4.6, the energy values for 0V and -100V are zero, since at 0V the switch
does not conduct, at the negative voltage the body diode conducts but the MOS-
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FET used in the gate driver is SIC MOSFET. the reverse recovery of SIC MOSFET
has negligible losses.

4.3 Conduction Losses

Conduction losses occur when the switch is conducting. To obtain the conduction
losses the load needs to be connected to the gate-drain. In the test setup the power
MOSFET is connected in the reverse direction - the load is connected to the gate-
source instead of gate-drain, to obtain the reverse conduction losses. Corresponding
current values at three different source voltages i.e. 400V, 600V and 800V are noted.
[44].

Figure 4.10: Conduction losses circuit set-up for the body diode (reverse
conduction losses)

The conduction losses are not affected by gate driver resistance but they depend
on temperature as it is expected to increase at higher temperatures. Since this
study does not include simulations related to temperature, the temperature at room
temperature i.e. 25 degrees is assumed.
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Figure 4.11: Conduction losses graph at 25 Degs.

Table 4.7: Power MOSFET Maximum overshoot model parameters for turn-on

Power MOSFET Conduction losses at 25deg
Voltage Drop Current

-4.23 -155.6
-2.64 -98.42
-1.39 -79.4
-1.163 -66.8
-0.887 -49.5

0 0
0.73 40.02
0.98 49.8
1.337 65.3
1.829 78.6
2.209 99.8
2.93 130.23
5.22 156.7

Conduction losses hold significance, even though they don’t contribute to any losses
when the switch is non-conducting. However, during the regenerative cycle, losses
primarily arise from conduction losses. The impact of temperature is substantial on
conduction losses. Figure 4.11 illustrates losses at 25 degrees Celsius, representing
room temperature, given that simulation results are obtained under these conditions.
This data is summarised in Table 4.7, presenting the plotted values in tabular format.
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4.3.1 Losses due to body diode

Figure 4.12: Body diode under negative current

Figure 4.12 depicts conduction losses arising from the diode. Conduction losses
connected to the body diode in a MOSFET take place during its on-state when
the diode conducts current due to reverse voltage. This phenomenon, prevalent in
switching or reverse voltage scenarios, results in heightened losses compared to reg-
ular on-state conduction. The negative current, flowing in the opposing direction of
normal operation, signifies the movement of electrons from drain to source [44],[45].
Simultaneously, a voltage drop emerges across the body diode, contributing to en-
ergy dissipation and losses. These losses can impede circuit efficiency and induce
excessive heat, highlighting their importance in power electronics applications. Ad-
dressing this concern involves meticulous MOSFET selection, optimisation of circuit
layout, and consideration of the impact on overall system performance and reliabil-
ity.
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To obtain regulated inverter output voltage, modulation entails altering the on and
off duration of inverter switches under a constant input DC voltage. Pulse width
modulation (PWM) is the most widely utilised method in inverters. Because of
its simplicity of implementation, space vector modulation is frequently employed
in inverters. There are several ways to control the inverter output voltage. An
internal technique called modulation can be used to direct an inverter to produce
the appropriate voltage waveform. Modulation uses fewer components than other
inverter control strategies [46].

5.1 Common-Mode Voltage in Inverters
There is a voltage difference between the power source and the neutral point of the
load when inverters convert DC to AC power. Common-mode voltage is the name
given to this voltage difference in inverters [47].

5.1.1 Effects of Common-Mode Voltage in Inverters
Common-mode voltage can cause problems with motors, early bearing failure, un-
intended switchgear trip, control equipment issues, and other things. In an inverter
system with common-mode impedance circuits, common-mode current can flow at
any voltage level thanks to the common-mode voltage. Common-mode voltages in
the inverter enhance electromagnetic interference by generating high common-mode
current (EMI). Inverters powered by energy storage systems have common-mode
voltages that might lead to leakage currents and improper activation of detecting
components.

It is vital to apply common-mode voltage reduction strategies for the prolonged
operation of machinery because common-mode voltages in inverters can result in
significant damage.

5.1.2 Common-Mode Voltage Reduction Methods
Comparatively speaking, multilevel inverters produce less common-mode voltage
than two- or three-level inverters. Consequently, one method for lowering the
common-mode voltage in an inverter-based electrical system is to increase the output
voltage levels by using multiple inverters. The architecture of three-phase invert-
ers can be changed by including a fourth leg to lower the common-mode voltage.
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Common-mode voltage in typical inverters is also reduced by using twin-bridge in-
verters [47].

Some reduction methods rely on physical circuitry. The following are examples of
similar hardware circuitry-based common-mode reduction techniques:

1. Isolation transformers
2. Common-mode chokes or zero sequence impedance
3. Active and passive filters

The system’s cost and size are both increased by several hardware circuit adjust-
ments. Modifying the control strategy of inverters can help overcome the additional
cost associated with hardware-based common-mode voltage reduction solutions. It
has been demonstrated that space vector pulse-width modulation (SVM) and sinu-
soidal pulse-width modulation (SPWM) are efficient ways to lower common-mode
voltages in inverters.

5.2 Switching Techniques
PWM inverters also get rid of lower-order harmonics and reduce the amount of THD
in the output AC voltage. They reduce the need for filters as well. The following
modulation types are frequently employed in inverters: [46] [48]

5.2.1 Sinusoidal Pulse Width Modulation
SPWM is a form of multiple pulse modulation, where each half-cycle contains several
pulses. The sinusoidal function of the angular position of the pulse within a cycle
is the pulse width. After comparing the triangle wave carrier and three-phase sinu-
soidal reference voltage signals in each of the N sections created by sinusoidal pulse
width modulation, the resulting SPWM pulse sequence waves would be regarded
as the driving control signals of inverter power switching devices. The basic sine
wave needed for modulation is the fundamental wave of the inverter output voltage.
Hence, by adjusting the amplitude and frequency of the sine wave reference signals,
the output voltage of SPWM frequency inverters can be changed. The references
for the three phases are per:

V ∗
a (t) = ma × Vdc × sin(ω × t) (5.1)

V ∗
b (t) = ma × Vdc × sin(ω × t − 2π

3 ) (5.2)

V ∗
c (t) = ma × Vdc × sin(ω × t + 2π

3 ) (5.3)
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Here V ∗
a (t), V ∗

b (t), and V ∗
c (t) are the reference voltages for three phases, Vdc is the

DC link voltage, ma is modulation index. There are two major types of SPWM
techniques, Phase-Shifted PWM and Level-Shifted PWM.

5.2.1.1 Level-shifted Pulse Width Modulation

The carrier signals in level-shifted multi-carrier PWM (LSPWM) are level-shifted.
All of the carrier signals will be compared using the same reference signal. The
reference signal’s amplitude is equal to the total of the amplitudes of all the carrier
signals.

Figure 5.1: Space Vector diagram

5.2.1.2 Phase-shifted Pulse Width Modulation

The carrier signals in phase-shifted multi-carrier PWM (PSPWM) will be phase-
shifted by 360/(n-1). All of the carrier signals will be compared using the same
reference signal. Both the carrier and the reference signal have the same amplitude.

Figure 5.2: Space Vector diagram
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5.2.2 Modified Sinusoidal Pulse Width Modulation

Owing to a sine wave’s inherent properties, the SPWM technique’s modulation
index can’t be varied to alter the wave’s pulse width. Because of this, the MSPWM
approach is presented. With this method, the first and last 60-degree intervals of
each half-cycle are used to apply the carrier signal. Its harmonic feature is enhanced
in this way. This method’s key benefits include a larger fundamental component,
fewer switching power devices, and less switching loss.

5.2.3 Space Vector Modulation

Due to its simplicity of use, the Space Vector Modulation (SVM) approach is fre-
quently utilised in inverters. The use of multilevel inverters commonly involves it.
With the space vector modulation technique, each cell’s periodic switching only
affects one device, resulting in little switch consumption. To make calculations sim-
pler, the three-phase PWM wave is directly generated from the voltage space vector.
The DC side voltage, which is 15% greater than the output voltage of a standard
SPWM inverter, is the inverter’s output line voltage’s fundamental maximum value
[46] [48].

Because the modulation employed in an inverter affects the THD content and filter
requirements, it is crucial to choose a technique appropriate for the voltage require-
ments of the AC loads.

5.3 Application of SVM

SVM is a Pulse Width Modulation (PWM) technique used to control the switching
states of power semiconductor devices in inverters. It represents the output voltage
of the inverter as a combination of two or more voltage vectors in a complex plane,
forming a space vector. By adjusting the amplitude and angle of the space vector,
the inverter can produce different voltage levels and frequencies to create the desired
output waveform [49].

It is particularly well-suited for Neutral-Point-Clamped (NPC) Multi-Level Invert-
ers. The main objective of SVM is to control the output voltage of the inverter
to achieve a desired output waveform with reduced harmonic distortion and better
efficiency. SVM is widely used in NPC Multi-Level Inverters due to its ability to
generate low-distortion output voltage waveforms. By selecting appropriate volt-
age vectors, SVM ensures balanced and optimized voltage levels across the output
phases, minimizing harmonic content in the output voltage. The modulation index
determines the number of voltage levels in the output waveform, and SVM helps
control this index to achieve the desired output voltage level.
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5.3.1 Operating Principle
The 3-level space-vector modulator generates a voltage vector on the AC terminals
of an NPC 3-phase inverter according to a reference signal provided in the stationary
αβ reference frame. By controlling the semiconductor gate signals, each AC terminal
can be connected either to the high (+), low (-) or neutral (O) point of the DC-link.
This results in 27 vectors including 12 short vectors, 6 medium vectors and 6 long
vectors, as well as 3 zero vectors. Under the assumption of balanced voltages on the
capacitors V dc+ and V dc− the space-vector diagram is graphically depicted below
[50] [51] [52].

Figure 5.3: Space Vector diagram

As noted, the SVM diagram for a 3-phase inverter can be divided into six sectors.
Each of these sectors consists of (n − 1)2 triangles. Each vertex of the triangles
represents a switching state, and the reference vector can be located in any of the
triangles of any sector. There are n3 switching states in an n-level inverter, and a
switching vector can represent one or more of these states depending on its location.
The SVM is performed by suitably selecting the switching states of the triangle for
the respective on-times. This approach is called the “Nearest Three Vector” (NTV)
approach. These switching states decide the performance of the inverter. This space
vector diagram has 19 voltage vectors, six sectors, four triangles per sector, and 27
switching states.
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θn is calculated as per the given equation:

θn = 2πfswt (5.4)

Where fsw is the switching frequency and t is the on-time. If the θn is between-

• 0◦ and 60◦, Vref is in sector 1.
• 60◦ and 120◦, Vref is in sector 2.
• 120◦ and 180◦, Vref is in sector 3.
• 180◦ and 240◦, Vref is in sector 4.
• 240◦ and 300◦, Vref is in sector 5.
• 300◦ and 360◦, Vref is in sector 6.

Depending on the magnitude and the direction of the voltage vector, the reference
vector can be present in any of the sectors as defined above.

The 19 voltage vectors represented in the SVM diagram can be categorised as follows-

• Zero Voltage Vectors (ZVV): 1 (3 redundant states where V=0)
• Small Voltage Vectors (SVV): 6
• Medium Voltage Vectors (MVV): 6
• Large Voltage Vectors (LVV): 6

Each triangle in each sector is congruous and identical [53]. The two edges of each
triangle connected to the centre of the hexagon form an LVV, while the median
dropped from the intersection of these edges to the middle of the opposite edge
forms an MVV. The SVVs are along the same direction as an LVV, but each SVV
is exactly half the magnitude of the LVV it is directed along. Since the hexagon is
symmetric along all axes, and the sectors and triangles are all identical, it can be
surmised that each LVV is of equal magnitude. Similarly, each MVV has an equal
magnitude, and so does every SVV. The redundant ZVVs are found at the centre of
the hexagon.

Switching signals for Sector 1 are as follows:

• Region 1: - - -/ O - -/ O O -/ O O O/ + O O/ + + O/ + + +
• Region 2: O - -/ O O -/ + O -/ + O O/ + + O
• Region 3: O O -/ + O -/ + + -/ + + O
• Region 4: O - -/ + - -/ + O -/ + O O

Similarly, switching signals for other sectors can also be listed [54]. Hence, the
switching transitions can also be identified using this list, to get a quantitative
analysis of switching losses in each switch in each phase-leg in the inverter.
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Figure 5.4: Space Vector diagram for sector 1

As noted, the hexagon area can be divided into six sectors (1 to 6), each with four
triangular zones (1 to 4). For example, consider the reference voltage −→

V located
in zone 2 of sector 1. To generate the reference voltage −→

V ∗ on the ac terminals,
the adjacent vectors −→

V 1,
−→
V 3 and −→

V 5 are selected and weighted by time [55]. The
on-time of each vector concerning the switching period is calculated as:

τa = 1 − k ∗ sin(θ) (5.5)

τb = 2k ∗ sin(π

3 + θ) − 1 (5.6)

τc = 1 − 2k ∗ sin(π

3 − θ) (5.7)

This block implements a symmetrical sequence to achieve minimum total harmonic
distortion (THD) [55]. The short vectors have redundant switch states, e.g. −→

V 1 can
be either generated by the combination (+ O O) or (O - -). In order to keep the
DC-link voltages balanced, both switch states must be applied for the same duration
during one switching period. The resulting switch pattern is illustrated below:

Figure 5.5: Switching pulses for all three phases
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5.3.2 Dwell Time
After the reference voltage is located, the closest three vector positions are known,
for any n-level MLI, it makes use of an algorithm based on the Volt-second balanc-
ing principle to determine the dwell time for the respective switches. This principle
implies the product of the reference voltage vector and the sampling period Ts is
equal to the sum of the nearest three voltage vectors multiplied by the time interval
of the corresponding vectors [56].

Figure 5.2 shows that −→
V ref is in region 2 of sector 1. The nearest three voltage

vectors are −→
V 1,

−→
V 3, and −→

V 5. Using the volt-second balancing principle the dwell
times are calculated using:

−→
V refTs = V1Ta + V2Tb + V3Tc (5.8)

Ts = Ta + Tb + Tc (5.9)
where Ts is the sampling time for one period, Ta, Tb, and Tc are the dwell times at
voltage vectors −→

V 1,
−→
V 3, and −→

V 5.

Now, based on the region and the switching states, the switching sequence is gener-
ated and this can be done in several ways since there are multiple redundant states
for each inverter topology. The switching sequence is determined in such a way that
the switching loss and the THD are minimized. The requirement to achieve this
strategy is to have

• only two switches in the same inverter phase leg are involved in the transition
from one switching state to the next state i.e.; one being switched on and the
other being switched off.

• minimum number of switching (zero if possible) when the reference voltage
vector moves from one sector (or region) to the next.

• minimal neutral point voltage deviation depending on the inverter topology.

5.3.3 Voltage Determination
Assuming the three-phase system is balanced, the voltages in the alpha and the beta
frames are given as,

Vα = 2
3(Va − 1

2Vb − 1
2Vc) (5.10)

Vβ = 2
3(

√
3

2 Vb −
√

3
2 Vc) (5.11)

Vref = Vα + jVβ (5.12)
where Vα is the alpha component of the reference voltage in the alpha-beta frame, Vβ

is the beta component of the reference voltage, Va is the phase A to neutral voltage,
Vb is the B phase voltage, Vc is the C phase voltage and Vref is the reference voltage
[57].
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5.3.4 State Transitions

The table here depicts the state of each switch for every voltage level in the 3-level
MLI. As we can see, for a positive voltage we need switches 1 and 2 in the ON
condition, and switches 3 and 4 in the OFF condition. For a negative voltage, we
need switches 3 and 4 in ON condition and switches 1 and 2 in OFF condition.
For generating a zero voltage state in the inverter, we need switches 2 and 3 in ON
condition, while switches 1 and 4 are OFF.

Figure 5.6: Switch state for each voltage level

Here, the P state relates to the positive (+) state, while N relates to the negative
state (-), and the O state relates to the neutral (O) state - all that have been de-
fined at the beginning of this section, in the operating principles of SVM. During the
operation of the 3-level NPC Multi-level Inverter, the switching losses accumulated
during the operation can be assessed accurately based on the switching state of each
switch. Tracing the switching state of each switch aids in mapping the switching
transitions made by each switch. The switching losses happen really because of the
switching transitions between the several possible states attainable, and not due to
the switch being in a particular state. The higher the number of transitions, the
higher will be the switching loss for an individual switching device.

Ideally, for an inverter the loss distribution would be equally spread over all the par-
ticipating switches, over a whole, or a multiple of a whole switching period. However,
the NPC Multi-level Inverters pose a challenge, in that the loss distribution is not
equally shared by all the switches in a phase. Depending on the operating mode and
modulation index of the modulator, the load current magnitude and direction, and
the load power factor (PF), the distribution of the loss changes. It could be concen-
trated more in the switches in the middle - sw2 and sw3, and less in the switches on
the extreme ends of the phase leg - sw1 and sw4. It could also be vice-versa, being
more concentrated in the switches on the extreme ends, and less in the switches in
the middle. More has been discussed about which operating mode promotes which
loss distribution in the following chapter.

The table below outlines the switches which undergo a transition in their condition
when there is a change in the voltage level in the inverter. This helps trace the
switching losses and observe how many transitions each switch goes through.

65



5. Modulators

Figure 5.7: Switch states for each transition

This table has been derived using the switch state table in Figure 5.4 above. The
state transitions that have been identified are - positive to neutral (P-O), neutral to
positive (O-P), neutral to negative (O-N), and negative to neutral(N-O). In SVM,
and in 3-phase NPC Multi-level Inverters, the state transitions happen smoothly,
one state at a time. The states do not directly jump to another state which is 2
transitions away. If they do, that would be a dysfunction of the modulator and
result in an inefficient operation of the inverter.

For a complete sector in the SVM diagram, the switch transitions have been broken
down as below. Here we can note the complete list of transitions undergone by all
the switches throughout all the phases when the inverter switches between the 3
levels available in a 3-level NPC MLI.

Figure 5.8: Detailed breakup of state transitions in sector 1
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5.3.5 Advantages
In summary, SVM is a highly versatile modulation technique which is very easily
implemented in MLI topologies [57] [58]. As compared to other techniques like
SPWM, we see the following benefits-

• Lower Total Harmonic Distortion (THD) in the output voltage, leading to
improved motor performance in motor drives and reduced electromagnetic
interference in power systems.

• Better utilization of DC bus voltage and reduced voltage stress on semicon-
ductor devices, contributing to increased system reliability and efficiency.

• 15% higher voltage obtained, when compared to SPWM.
• Simplified control algorithms compared to other PWM techniques, making it

more practical and easier to implement in real-time control systems.
• SVM inherently reduces the common-mode voltage, which can help mitigate

issues related to electromagnetic interference (EMI) and motor bearing cur-
rents. This is particularly important in applications where EMI compliance is
critical.

• SVM often results in reduced switching losses compared to Sine PWM, espe-
cially at high modulation indices. The optimized switching sequences in SVM
reduce the number of transitions between switching states, minimizing losses
in the power electronics components.

• SVM simplifies the implementation of overmodulation techniques, which allow
the inverter to operate beyond the traditional ±1 modulation index. This can
be beneficial for applications requiring high torque at low speeds, such as
electric vehicle propulsion or wind turbine control.

• In motor drive applications, SVM can lead to lower audible noise due to its
improved waveform quality and reduced harmonic content.
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Loss Distribution

As is true with every power device that operates, the inverters also experience losses
during operation. Efforts are made to reduce these losses to as little a value as possi-
ble. Optimal losses can be obtained using several methods, like studying modulation
and triggering the switches when the voltage and the current are approaching a low
value or even zero. Soft-switching methods, advanced modulation techniques, and
modern inverter topologies are all steps in the same direction- to make the operation
of an inverter as lossless and maximally efficient as possible [59] [60].

Below losses associated with an inverter are studied in detail, and then the distri-
bution of the said losses is studied among the various switches in a 3-phase 3-level
NPC MLI utilising SVM for its operation.

6.1 Losses in Multi-level Inverters
Different factors contribute to losses in a three-phase inverter. The majority of the
losses is due to the power semiconductor device, the MOSFET [61]. There are two
types of losses which happen in the MOSFET and can be represented as:

Ptot = Psw + Pcond (6.1)
where Ptot is the total power loss, Psw is the switching loss and Pcond is the conduction
loss happening in the MOSFET [59]. As there are other components present in the
inverter, they will have equivalent resistances and contribute towards losses in the
inverter. This is called Ohmic losses and is represented by:

Pohm = I2
rmsR (6.2)

where Pohm is the ohmic losses, Irms is the RMS value of current flowing through the
component during conduction and R is the value of resistance of the corresponding
components.

6.1.1 Conduction Losses
Conduction losses happen due to the presence of internal resistances and forward
voltage drops present in a power semiconductor device [62] [63]. The conduction
losses for any device can be represented using:

Pcond = VpnIcondavg + RcondI2
condrms

(6.3)
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here Pcond is the conduction loss, Icond is the instantaneous current flowing through
the device, Vpn is the forward voltage drop in the device, Rcond is the resistance of
the device during conduction, Icondavg is average conduction current flowing through
the device, Icondrms is the RMS value of current flowing the device [59] [60]. The
MOSFET being a unipolar device, there is no constant voltage drop (Vpn = 0).
Hence the conduction losses for a MOSFET can be written as

PMOSF ET = RDSonI2
F ET rms

(6.4)

where PMOSF ET is the conduction losses in a MOSFET, RDSon is the resistance of
MOSFET, IF ET rms is the RMS value of current flowing through the MOSFET. As
the diode has both the internal resistance and forward voltage drop, the conduction
losses for the diode shall be as per the full equation defined above [59] [60].

6.1.2 Switching Losses
Switching loss occurs when the MOSFET is turned on or turned off as this cannot
happen instantaneously. There is always a turn-on and turn-off time for the switches
which causes power dissipation. During turn-off, the switch has a voltage which is
equal to the source voltage and during turn-on, the voltage becomes zero and at the
same time, the current also starts flowing through the switch [62] [63]. Since there
is both voltage and current at this time, there will also be power loss which is called
switching loss which can be estimated with the:

Psw = fswEsw

(
1
π

ˆIout

Iref

)Ki (
VDS

Vref

)Kv

(6.5)

where Psw is the total switching loss, fsw is the carrier frequency used for pulse
width modulation, Esw represents either the turn on and turn off losses for one time
period in a MOSFET or the reverse recovery losses in a diode, ˆIout is the peak value
of current flowing through the switch, Iref and Vref are the values taken from the
test condition of corresponding Esw, VDS is the voltage applied across the switch, Ki

and Kv are constants for current and voltage depending on the Esw. The switching
losses are also dependent on MOSFET’s junction temperature [59] [60].

6.2 Loss distribution as per operating conditions
Three models have been developed - high ringing, moderate ringing, and low ring-
ing. Ringing is the effect observed when there is EMI present in the waveforms.

High ringing means high EMI and has a high slew rate; the higher the slew rate,
the lower the switching losses. The simulation is run for a variation of 3 parameters
being varied over low, medium and high. The load current, load power factor(PF),
and the modulation index of the modulator are varied. In total 27 cases have been
run following the factorial Design of Experiment method.
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Modulation index: 0.2 | 0.5 | 0.95
Load current: 79.95/2 | 79.95 | 79.95 × 2
Load PF: -90 | 0 | +90

The following cases have also been run for regenerative braking mode, where the
current flows in reverse from the inverter to the battery, and the load current has
been taken as -79.95/2, -79.95, and −79.95 × 2. All the remaining parameters have
been kept the same as in the motor mode.

The mixed model refers to the simulation where the switches with a high concen-
tration of losses were given the high-ringing model, and the switches with a low
concentration of losses were given the low-ringing model. What this does is that it
helps with the balancing of the losses to an extent without affecting efficiency ma-
jorly. We see in the mixed model plots when compared to moderate ringing plots,
that the high-concentration switches (switch 1 and switch 4) have seen a reduction
in losses, while an increase has been seen in the low-loss concentration switches
(switch 2 and switch 3), while maintaining the overall loss levels, hence maintaining
the efficiency.

The graphs below show the typical loss distribution behaviour noted in NPC invert-
ers. This is one of the few caveats of the NPC topology, and through this experiment,
an attempt to make up for it has been made. Interestingly, the conduction losses
have the same profile through various operating conditions. This can be attributed
to the fact that the conduction losses are directly dependent on the temperature
values, and in this analysis, only one temperature value has been assumed. The
whole analysis has been conducted assuming an ambient temperature of 25 degrees
Celsius. The switching losses, however, vary significantly depending on the operat-
ing condition and the operating parameters.

The conduction losses were more concentrated in the switches in the middle. The
magnitude on average is 195.2W - across switch 2 and switch 3 across all phase-legs.
In switches 1 and 4 across all phase-legs, the magnitude of conduction losses has
been noted to be slightly less at around 191.5W. The difference is not as large as in
the case of switching losses.

6.2.1 Motor mode Model with High Ringing

In this case, the modulation index is maintained at 0.95, load current at 159.9 A,
and load PF at 0 degrees, a purely resistive load. All the switches have the same
gate driver model - with high ringing or low switching losses. This has been done
to observe the effect of this gate driver on the loss distribution in the NPC MLI.
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Figure 6.1: Conduction losses with high ringing model

Figure 6.2: Switching losses with high ringing model

In Figure 6.2, we can see that the losses are concentrated in the switches in the
extreme in each phase-leg, in switches 1 and 4. While the losses in switches 2 and
3 are relatively small.

Switch 1 across all 3 phase-legs sees a rough power loss of 20W, while switch 4 across
all 3 phase-legs sees a power loss of about 23.2W. In comparison, the switches
in the middle, switch 2 and switch 3, see largely reduced magnitude of losses -
approximately 0.29W, in both of them, across all the phase-legs.
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6.2.2 Motor mode Model with Moderate Ringing

Figure 6.3: Conduction losses with moderate ringing model

Figure 6.4: Switching losses with moderate ringing model

In Figure 6.4, we can see that the losses are concentrated in the switches in the
extreme in each phase-leg, in switches 1 and 4. While the losses in switches 2 and
3 are relatively small.

Switch 1 across all 3 phase-legs sees a rough power loss of 20W, while switch 4 across
all 3 phase-legs sees a power loss of about 23.2W. In comparison, the switches
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in the middle, switch 2 and switch 3, see largely reduced magnitude of losses -
approximately 0.5W and 0.75W in both respectively across all the phase-legs.

6.2.3 Motor mode Model with Custom Gate Drivers for
each switch-type

Figure 6.5: Conduction losses with mixed ringing model

Figure 6.6: Switching losses with mixed ringing model
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In Figure 6.6, we can see that the losses are still mostly concentrated in the switches
in the extreme in each phase-leg, in switches 1 and 4. However, the magnitude has
reduced as compared to the moderate ringing model. While the losses in switches
2 and 3 are relatively small but have increased in relation to the moderate ringing
case. Hence, it is more balanced than before.

Switch 1 across all 3 phase-legs sees a rough power loss of 20W, while switch 4 across
all 3 phase-legs sees a power loss of about 23.2W. In comparison, the switches
in the middle, switch 2 and switch 3, see largely reduced magnitude of losses -
approximately 0.9W and 1.45W in both respectively across all the phase-legs.

6.2.4 Regen mode Model with High Ringing
We can note an opposite behaviour for the regenerative braking case compared to
the motoring mode. The switches with a high loss concentration and switches with
a low loss concentration have swapped places - now switches 1 and 4 have signif-
icantly lower switching losses and conduction losses than switches 2 and 3. The
mixed model there is applied accordingly. Balancing of losses is observed in this
case as well.

The conduction losses were more concentrated in the switches in the middle. The
magnitude on average is 160W - across switch 2 and switch 3 across all phase-legs.
In switches 1 and 4 across all phase-legs, the magnitude of conduction losses has
been noted to be slightly less at around 146W. The difference is not as large as in
the case of switching losses. This profile of conduction losses stays constant for the
regenerative braking mode through the changing operating parameters.

Figure 6.7: Conduction losses in regen with high ringing model
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Figure 6.8: Switching losses in regen with high ringing model

In Figure 6.8, we can see that the losses are less concentrated in the switches in the
extreme in each phase-leg, in switches 1 and 4. While the losses in switches 2 and
3 are relatively large.

Switch 2 across all 3 phase-legs sees a rough power loss of 11.12W, while switch
3 across all 3 phase-legs sees a power loss of about 10.18W. In comparison, the
switches in the extreme, switch 1 and switch 4, see largely reduced magnitude of
losses - approximately 0.36W, in both of them, across all the phase-legs.
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6.2.5 Regen mode Model with Moderate Ringing

Figure 6.9: Conduction losses in regen with moderate ringing model

Figure 6.10: Switching losses in regen with moderate ringing model

In Figure 6.10, we can see that the losses are less concentrated in the switches in
the extreme in each phase-leg, in switches 1 and 4. While the losses in switches 2
and 3 are relatively large.
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Switch 2 across all 3 phase-legs sees a rough power loss of 17.2W, while switch
3 across all 3 phase-legs sees a power loss of about 16.44W. In comparison, the
switches in the extreme, switch 1 and switch 4, see largely reduced magnitude of
losses - approximately 0.75W, in both of them, across all the phase-legs.

6.2.6 Regen mode Model with Custom Gate Driver for each
switch-type

Figure 6.11: Conduction losses in regen with mixed ringing model

Figure 6.12: Switching losses in regen with mixed ringing model
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In Figure 6.12, we can see that the losses are less concentrated in the switches in
the extreme in each phase-leg, in switches 1 and 4. While the losses in switches 2
and 3 are relatively large.

Switch 2 across all 3 phase-legs sees a rough power loss of 11.12W, while switch
3 across all 3 phase-legs sees a power loss of about 10.19W. In comparison, the
switches in the extreme, switch 1 and switch 4, see largely reduced magnitude of
losses - approximately 1.23W, in both of them, across all the phase-legs.

Figure 6.13: Voltage and current switching transients for switches in a phase.

In Figure 6.13, the switch current and switch voltage waveforms can be observed.
Interestingly, the waveforms corresponding with switch 1 and switch 4 are overlap-
ping, thus giving rise to power loss, which mathematically is a product of the voltage
across a device and the current through the device. At the same time, we can also
note that the waveforms corresponding to switch 2 and switch 3 are not overlapping
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completely but only briefly - when the current pulse rises and the voltage pulse
wanes off, and then again when the current pulse wanes off and the voltage pulse
starts to rise. This result has been obtained for the motor mode operations, but the
same principle also stands true for the regenerative braking operation mode. The
only difference would be that switch 1 and switch 4 would see non-overlapping wave-
forms, and switch 2 and switch 3 would undergo overlapping voltage and current
waveforms.
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In summary, the development of a gate driver circuit with variable slew rates tai-
lored to different switches has been a pivotal achievement in our quest for optimized
system performance. This approach effectively strikes a balance between reducing
switching losses, enhancing overall efficiency, and minimizing conduction losses. Ad-
ditionally, it has significantly contributed to mitigating electromagnetic interference
(EMI), a critical consideration in ensuring electromagnetic compatibility.

By implementing gate driver control techniques, we’ve not only achieved precise
and efficient switching but have also bolstered the overall robustness of our system.
Furthermore, our in-depth study of EMI using FFT analysis within the frequency
domain has played a crucial role in our efforts. This analytical approach has allowed
us to identify and comprehend the specific frequency components contributing to
interference, which ultimately lead to elevating the inverter performance.

Moreover, the use of a PLECS model for analyzing a 3-level inverter, controlled by
the SVPWM (Space Vector Pulse Width Modulation) method, has enabled us to
calculate and verify the accurate power losses within the inverter. This compre-
hensive approach ensures that we have a thorough understanding of the system’s
performance characteristics, providing invaluable insights for further enhancements.

In conclusion, these efforts underscore the importance of comprehensive approaches
in Inverter design, enabling us to achieve a solution that optimizes performance,
reliability, and electromagnetic compatibility by adjusting the slew-rate and con-
trolling the gate driver and targeting the MOSFETs and arranging the MOSFETs
to produce high overall efficiency with reduced EMI.
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