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Design, construction and evaluation of a distributed
48 V inverter for a mild hybrid vehicle

Carl Tisell & Usman Tariq

Department of Electrical Engineering

Chalmers University of Technology

Abstract

This thesis deal with the design, construction and evaluation of a prototype of an
integrated inverter intended for integrated modular motor drive in a 48 V. mild hy-
brid vehicle in order to reduce the overall volume of the inverter. The prototype
is developed for a crankshaft integrated starter generator. Dilerent semiconductor
devices are evaluated theoretically with regards to performance, losses and thermal
development. Moreover, dilLerent topologies for an integrated inverter are analyzed
and PPB-I11 is selected as the platform to build the prototype of. Two prototypes
are built, the first is a single phase half bridge which is used to verify and investi-
gate dilerknt circuit designs. The second one is a three phase half bridge inverter
which represents one module of eight integrated inverters. This second prototype
is designed on a PCB and will have water cooling integrated. How to design and
optimized a DC capacitor bank is studied. By implementing ceramic capacitors on
the second prototype the size of the DC capacitor bank is reduced. Furthermore, an
optimization program is used to present the optimal combination of capacitors with
regards to cost, volume and losses. A switching frequency of 100 kHz is achieved.

Keywords: Integrated Modular Motor Drive, Crankshaft Integrated Starter Gener-
ator, Semiconductor, PPB-I1, DC capacitor bank.
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Introduction

1.1 Background

In recent years the automotive industry has been moving with fast pace in a new
direction of development: electric cation. The rapid increase of electri ed pas-
senger vehicles is a solution employed by car manufacturers to comply with more
demanding CO, and emission requirements. One of the many approaches in this
electri ed revolution is the mild hybrid. A mild hybrid electric propulsion system

Is, in this scope, a mid way between conventional combustion engine and pure elec-
tri cation strategy which is based on48V that has the potential to suit most car
models and o er many important bene ts from full hybrids. Typically, this type

of hybrid system consists of an Electric Machine (EM) compactly integrated with a
traditional Internal Combustion Engine (ICE), gearbox and motor controller with
power electronics. With an e cient battery system, this mild hybrid setup has the
possibility to increase the total e ciency by utilizing the EM in combination with

the ICE for coasting, recuperation of energy and torque assist. Furthermore, using
the 48 V system comes with many other bene ts, rst and foremost, the vehicle's
electrical system will be able to handle a higher power rating and thereby more elec-
tric functions can be installed. Among these are electric air conditioning, pumps,
48V generator and accumulator which may contribute to a cost reduction of the
car [1]. Additionally, infotainment and autonoumous drive which is currently being
developed for the near future will bene t from48V system.

In order to deliver a cost e cient, well performing mild hybrid, one thing that can
prove to be crucial for achieving this is to implement power electronics and EM
tightly integrated. With the major advancements made in semiconducting devices
allowing for smaller and more e cient power electronic devices, this mild hybrid
system has become viable and attractive from a manufacturer's point of view with
regartds to costs and prot. The EMs that are subject for being integrated with the
inverter are in the power size 0RO 35 kW peak power.

1.2 Integrated Modular Motor Drives concept

The Integrated Modular Motor Drive (IMMD) concept utilizes the design of certain
machines where the phase windings can be seperated into several segments, e.g. a
Fractional-Slot Concentrated Winding (FSCW) machine or tooth-wound machines

[2]. This allows for the possiblility to mount smaller modules of the inverter directly

1



1. Introduction

onto the machine's stator, close to the phase windings. The advantage of using
a modular inverter over the conventional one is that manufacturers are able to
eliminate long cables and big connectors between the EM and inverter and now
have the possibility to integrate the cooling of the machine with the inverter.

Figure 1.1: Concept gure of an IMMD illustrating how power electronics will be
mounted on an EM.

1.3 Previous work

There are various publications available on the topic of IMMDs about the di erent
topologies that can be used in automotive industry. In [2], [3], [4] a concept where
conventional three-phase inverter can be replaced with several modularized drives
where each drive unit is comprised of a DC-bank unit, control circuitry and power
electronics along with integrated cooling.

Experiences from other similar projects within our research divisions show that a
satisfactory cooling system is needed in order to control the temperature and achieve
better operation of the MOSFETs. The design of a proper and optimized DC-link
capacitor bank was crucial in most of the readings for a good end result. Because of
unoptimzed DC-link bank, capcitors reached very high temperatures during normal
operation in these projects [5], [6]. To conclude, these missteps were realized in the
start of our project and necessary actions were made during the thesis to avoid the
same design aws.

1.4 Aim

The aim of this master thesis is to design and construct a distributed inverter pro-
totype with integrated cooling as well as to provide a power switch design for a full
3-phase inverter for a FSCW machine. The work will rst be based on calculations
of expected performance of key elements and later on compared with measured re-
sults once the prototype is built. The result of the project will be evaluated from a
technical point of view including lab measurements. There will also be a nancial
and enviromental analysis of the result.

2



1. Introduction

1.5 Scope

The project will include theoretical modeling of a prototype 3-phasd8V inverter,
together with design and experimental validation of a full-power prototype with
commercially available high-performance components. For comparison and learn-
ing, a half-bridge inverter will be developed and then further developments will be
made based of this design until a module of an integrated three phase inverter is
achieved. The nal inverter will then be compared with the initial inverter. The
design of the inverter will be made with respect to thermal capabilities, e ciency,
size, cost and output power ratings.

Since, the inverter will be part of a hybrid car, the ambient temperature is higher
due to compact space and other heat generating devices in such a close proximity,
therefore the control of the inverter's temperture is critical for continuous operation
hence there is a need for a well performing cooling system. Moreover, the close space
will impose geometrical constraints which will limit the design. The project will not
focus on closed loop current control. Moreover, a detailed analysis on the cooling
system, such as cooling plate material, coolant type, ow path of the liquid, optimal
dimensioning of cooling plate, liquid pressure etc. will not be performed due to the
complexitity and not being a subject of electrical power engineering.

Figure 1.2: Explanatory gure of the scope of the whole thesis excluding battery
and electric motor which are substituted by a dummy load and a power supply.
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1.6 Task formulation

The goal of this thesis is to design, construct and evaluate a distributed8 V
inverter for a mild hybrid vehicle. Therefore, to execute this project optimally, it

is necessary to de ne the details of the many challenges that lies between the start
and nished product. Fig 1.3 gives an overview of the mild hybrid vehicle drivetrain
in P2 con guration and main features are presented in blocks.

Figure 1.3: Overview of a mild hybrid drive system in P2 con guration.

1.6.1 Type of inverter

The rst important decision to make is to decide which type of inverter that will
be designed, which dictatates the placement of the inverter on the machine. This is
crucial since it gives the project di erent limitations and restrictions later on when
designing the inverter. Additionally, there is data supporting that this choice has a
signi cant impact on performance,CO,-limitations and cost of the vehicle [7].

1.6.2 Wide-bandgap technology versus silicon switches

First and foremost, given the two to ten second RMS peak output power 80 kW

that the inverter is required to provide for a small duration of time, a selection

of semiconductor switches has to be made with respect to performance and cost.
When making this choice an interesting technology that has recently become more
economically viable for this type of application is wide-bandgap semiconductors.
More speci cally Silicon Carbide (SiC) and Gallium Nitride (GaN), which are of
most interest based on research [8]. However, these technologies compete with high
performance Silicon (Si) switches and a comparsion between di erent transistors of

4



1. Introduction

both kinds has to be made in order to nd the optimal candidate. The parame-
ters that will be compared in regards to the switches will be cost, on-state losses,
switching losses, maximum frequency operation and robustness.

1.6.3 Design Of Inverter

For the initial design of the inverter, simulations will make out the base to build the
rst prototype of. The things that needs to be simulated is the base inverter, i.e.
number of switches, phase legs and DC-capacitor, and the necessary components
needed to perform open-loop operation, which includes drive circuit, externally set
PWM, snubbers and lters. The parameters that are of importance are currents
and voltages as well as switching frequency, harmonics and e ciency. Additionally,
in the designing of the inverter, implementing protection for overvoltages and over-
currents is important to maintain the safety of the inverter to prevent the vehicle
from malfunctioning. Another signi cant part of the design phase includes reducing
losses, transients, harmonics and such which is traditionally done with in-/output
Iters and snubbers. However, in the scope of this thesis a gate drive slew rate
control approach will be evaluated instead.

1.6.4 Design Of Cooling Circuit

Cooling the inverter will also need to be resolved. This is bound to be done by using
the same liquid coolant that is used to cool the rest of the vehicle's propulsion system.
To be able to cool the inverter optimally, the heat development from the inverter is
calculated. This includes four di erent kinds of losses that can be considered to be
the key losses: MOSFET conduction losses, MOSFET switching losses, change in
switching losses from increased slew rate and DC capacitor bank losses.

1.6.5 Drive circuit

For the switching of MOSFET based gate drive circuit for the inverter, a switching
pattern for at least one of the phases is to be implemented and tested to ensure
that it can operate as intended. Some important requirements should be kept in
mind when designing the drive circuit which includes: ensuring no simultaneous
conduction between high and low-side switches, low cost, small size and low amount
of external passive components [9]. Another important design aspect to consider is
if fast or slow turn-on of the gate is to be implemented, which will a ect the number
of components included in the gate driver, transients as well as the e ciency of the
switching.

1.6.6 Construction

A rst prototype is constructed and its performance evaluated. This part of the
project requires a lot of time in the lab and also innovative and creative solutions
in order to realize the inverter. After construction, important characteristics and
traits that needs to be evaluated includes, but is not limited to; losses, switching

5



1. Introduction

frequency, thermal capabilites, transients, e ect of parasitic inductances and har-
monics. During this project two prototypes will be constructed and di erent design
aspects of these inverters will be considered which are further elaborated in section
3.2.

1.6.7 DC-link capacitor

The selection of an appropriate DC-link capacitor for the inverter is essential. The
key features that should be considered when designing includes high ripple current
capability, high temperature robustness, total volume, low series inductances and
resistances as well as low power loss [10]. The size selection for the DC-link capacitor
should suit the design of the inverter and be geometrically tting.

Figure 1.4: Schematic of dc-link circuit.

1.6.8 Evaluation

Once the inverter is nalized and all the necessary measurements have been taken, a
concluding evaluation of the inverter as a whole will be made. This will include the
losses and performance of the inverter with regards to the theoretical calculations
that the design was based on. A cost analysis will be made to determine how
favorable it would be for mass production.

1.6.9 Environmental assessment

One of the underlying reasons for the sudden shift towards electric vehicles is sprung
from the need to reduce the environmental impact that traditional combustion en-
gine vehicles have. Therefore, an assessment on how this distributed inverter will
improve the already existing hybrid vehicles with regards to being environmentally
friendly will be made.
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Theory

2.1 Integrated modular motor drives

The IMMD provides the opportunity to integrate the drive power electronics as well
as cooling onto the electrical machine in the form of several smaller modules. Each
module is an inverter for either one or three phases, these are enclosed with the
windings of the machine, which can be realized through di erent inverter topology.
This approach allows for the benet of reducing the cable size, electromagnetic
interference (EMI) and cost.

2.1.1 Fractional-slot concentrated winding machine

The design of an FSCW machine has the stator windings divided into several sections
that are relatively independent of each other, which makes it possible to connect the
inverter modules and realize the IMMD concept [2]. In g, 2.1 one can see how the
di erent phases are structuredB; C; A; B; C; A which allows for either single or three
phases inverter modules to connect and be tightly integrated since the windings are
not overlapping.

Figure 2.1: |lllustrative gure of an FSCW and its windings.



2. Theory

2.1.2 Inverter topologies

2.1.2.1 Conventional two-level three phase converter

In g. 2.2 the principal schematic of a two-level three phase converter is shown.
This type of converter is usually used in the Electric Vehicles (EV) powertrain for
transforming the current between DC and AC between the battery and EM. The
converter consists generally of a power supply, which would be the battery in auto-
motive applications, a DC-link capacitor and two transistors with antiparallel diodes
for each phase leg. This device allows the battery to supply the EM with three phase
voltages where frequency and amplitude can be varied using control of the transis-
tors [2].

Figure 2.2: Schematic of conventional two-level three phase converter, whdre
and R are parisitic inductance and resistance respectively.

2.1.2.2 Stacked polyphase bridges converter

One type of converter topology is the Stacked Polyphase Bridges (SPB) converter
which consists of several modules connected in series, which can be seenin g. 2.3.
One module consists of a two-level three phase converter of lower rating than that
of a conventional two-level converter for this application. An advantage with this
design is that due to the series connection, of the modules, the voltage rating for
each module is lower than the one previous although DC voltage control is required

2].

8



2. Theory

Figure 2.3: Schematic of stacked polyphase bridge converter, whdreand R are
parasitic inductance and resistance respectively.

2.1.2.3 Parallel-connected polyphase bridges converter

There are two di erent kinds of Parallel-Connected Polyphase Bridges (PPB) con-
verter, PPB-I and PPB-II, which the schematics can be seen below in gures 2.4
and 2.5. The dierence in design between the two topologies is that PPB-I is a
traditional multiphase inverter. For PPB-I each phase leg can be constructed as a
single module with its power electronics inside. This then connects in parallel to the
common DC-link and the output goes to one of the coils of the EM. Compared with
the conventional and SPB converter this design lowers the current rating of each
switch signi cantly. The design also allows for reducing torque ripple by increasing
the number of phases as well as it can introduce post-fault operation with proper
control [2].



2. Theory

Figure 2.4: Schematic of Parallel Polyphase Bridges-I converter, wheteand R
is the parisitic inductance and resistance respectively.

Figure 2.5: Schematic of Parallel Polyphase Bridges-II converter, whete and R
are parisitic inductance and resistance respectively.

PPB-II's modules are consisting of two-level three phase converters connected in
parallel. For instance, an EM with 24 windings would have 8 modules in total
connected in parallel. Similar to PPB-I, this design also lowers the power rating of
the switches [2].

2.1.2.4 Modular high frequency converter

Another type of converter topology of interest is the Modular High Frequency (MHF)
converter. This converter's modules are constructed by a step-up converter in com-
bination with an H-bridge. Both of these are connected to a DC capacitor. Like
the previously mentioned topologies, the MHF converter also allows for the use of
switches with lower rating than the conventional one. A schematic of the MHF
converter is presented below in g. 2.6.

10



2. Theory

Figure 2.6: Schematic of moudular high frequency converter, whete and R are
parisitic inductance and resistance respectively.

2.2 Transistor losses calculation

The inverter is operated in four di erent quadrant operations. The conduction losses
through the anti-parallel diode can be elaborated through table 2.1 and gure 2.8

Table 2.1: Four quadrant operation for the inverter

4 quadrant operation
No. | Load V | Load | | Conduction | Sub- gure reference
1t >0 >0 TA (a)
2 >0 <0 DA, TA (b)(e)
39 |<0 >0 DB,TB (c)(F)
4" <0 <0 TB (d)

11



2. Theory

(a) lllustrative gure of how the switching patter is generated with the reference
wave, carrier wave and load current.

(b) Zoomed in view of the switching characteristics of the turn-on and turn-o,
showing the drain-to-source voltag&/s, gate-to-source voltagevys, gate drive
signal Up, and the drain-to-source currentl gs.

Figure 2.7: Descriptive gure of the switching waveforms for an inverter.
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2. Theory

(b) Load voltage is positive and current

(a) Load voltage and current is positive is negative

(c) Load voltage is negative and current

is positive (d) Load voltage and current is negative

(e) Current path when both diode and (f) Current path when both diode and
main channel conducting with negative main channel conducting with positive
current current.

Figure 2.8: Current path during four quadrant operation when the load is induc-
tive.
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2. Theory

Wherel | is the load current. Fig. 2.7 illustrates the switching modes over one cycle
of PWM. In addition, switching modes along with the direction of current is illus-
tratedin g 2.8, where TB , TB+ are MOSFETS andDA , DA+ are anti-parallel
diodes. The anti-parallel diodes can only conduct when the inverter is operating in
24 and 39 quadrant and the MOSFETS are in the blocking state. MOSFETs and
the diode can be in the conducting state at the same instant therefore, deadtime is
implemented. The main channel of the MOSFET is conducting for longer durations
of time. Most of the current is owing through the MOSFET's main channel and
not from the anti-parallel diode, which makes conduction losses very low, in many
cases negligible.

The theoretical losses of a MOSFET can be split into conduction and switching
losses, where conduction losses of the MOSFET can be describe with

Peonam = Rds;onlgs;rms (2.1)

where Rgs.on IS the on-state resistance of the transistor antys.ms is the RMS cur-
rent through drain to source during conduction of one switching period [11].

The switching losses are more complicated and can be calculated with the following
equations, one for the MOSFET's switching losses and one for the anti-parallel diode

Pswm = (Eon;M + Eottm ) sw (2.2)

I:)sw;D =( Eon;D + Eoff;D )fsw Eon;Dfsw (2.3)

whereEq,.v is the MOSFET turn-on energy,Eq.v IS the MOSFET turn-o energy
and Eqn.p Is the diode turn-on energy. TheEq.p can be negelected from (2.3) due
to that the majority of this loss is due to reverse recovery in the diode and it is shown
later in this section that this is included in the turn-on energy of the complementary
MOSFET. The turn-on and turn-o energy of the MOSFET can be written as

t;, +t
Eon = Vdslds;on”Tfv + Qrr Vis (2.4)
ty +t
Eoff;M = Vdslds;off il > Al (2.5)

where Vys is the blocking voltage of48 V from the battery, lgs.on and lgsoif are
approximated to be the current owing through one switch when it is on. According
to [11], these currents can dier a bit but they were assumed to be the same for
our application, hencel 4s.orf = lgson- Qrr IS the charge resulting from the reverse
recovery current from the diode.t,;, t;, t, and ty, is the rise and fall times for
the current and voltage respectively. The current's switching times are given in the
data sheet of each transistor while for the voltage rise and fall time, it is calculated
according to [11] with the following equation

— tfvl + tfv2 (2 6)

tfv 2
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2. Theory

where
= (Vgs Rasionl gson)R Coan 2.7
tfv1 ( ds ds;on ds;on) g(UD U | ) ( . )
r plateau
— ngz
tfv2 - (Vds Rds;onl ds;on)Rg(UD U I ) (2-8)
r plateau

Figure 2.9: Schematic of the n-channel MOSFET.

where Up, is the voltage of the gate signal ofl0 V, Cyq; and Cyq, is the gate-
drain capacitance for the blocking voltage o8 V and the on-state voltage drop of
Ras:onl ds:on respectively, how to acquire these values is elaborated more on in [11]
and howCyy is located in the MOSFET structure and is visible in g. 2.9.Ry is the
gate resistance andJpaeay IS the clamped voltage level when the Miller e ect takes
place. For some transistors, this parameter is given in its datasheet but for others it
has to be calculated according to [12]. Equation (2.6), which gives, is a two-point
approximation due to the complex dependency of the non-linear gate-drain capaci-
tance during turn-on, as well as for turn-o shown later. This calculation combined
with the fact that the drain-source voltage is assumed to have linear form, gives
that this is a worst-case analysis for the switching losses calculation [11].

The E,n.p is the diode turn-on energy and can be calculated as

1
Eon;D = Z_er UD;rr (2.9)

where Up.; is the voltage across the anti-parallel diode during reverse recovery, it
can be approximated to be equal to the supply voltage &f;s for worst case scenario
[11].
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Voltage rise time is calculated from the following equation,

+
trv — trvl trv2 (2.10)
2
ngl
trv1 = (Vas Rds;onlds;on)F\)gU (2.11)
plateau
ng2
tv2 = (Vus  Rasonl ds;on)Rg U (2.12)
plateau

where Ugjateau » Ry, Cyan and Cyqp are the same as in the equations (2.7) and (2.8).
Summing up the losses in the MOSFET and its anti-parallel diode gives the total
loss for one switching cycle

Piotat = Pswm + Pswp (2-13)

2.3 Theoretical calculation of steady-state tem-
perature of switches

When the power electronic components are exposed to a current and voltage they
will be heated up due to losses. In the case of a transistor, this thermal development
will a ect performance. At high operating temperatures, the performance can de-
grade. In the worst case scenario, the switch can overheat and break. Therefore, it
Is important to be able to estimate the junction temperature a switch will have when
designing the circuit. In g. 2.10, a simpli ed steady-state thermal model of the
junction temperature to water temperature is presented with the thermal resistances
between junction-to-caseR|., thermal-interface-material, R¢p, and plate-to-water,
Rns and the power generation from MOSFET operation.

Figure 2.10: A resistive thermal network of the MOSFET and cooling plate.

The steady-state temperature of the MOSFET can be calculated according to

16



2. Theory

Tj = Ptot(Rth;jc + Rth;cp + Rth;hs) + TW (2-14)

where Ryjc Is the thermal resistance for junction to caseRi.c, is the thermal
resistance of the cooling paste anBy.hs is the thermal reistance of the heat sink
to water. T, is the water temperature andPy, is the sum of the switching and
conduction losses. The thermal resistance of the heat sink and the thermal interface
material have been calculated according to [5].

2.4 Slew rate control of Transistors

Slew rate control of the transistors can be implemented simply by inserting a resis-
tor of 0.1 to a few hundreds of Ohms between the gate driver and MOSFET gate.
The purpose of adjusting the slew rate is to have a smooth transistion of conduction
between the MOSFETSs within a half leg in order to minimize transients and avoid
the need of having both input and output Iters added to the circuit, which can be
very large, lossy and expensive.

Figure 2.11 shows the turn-on behaviour of the MOSFET. The gate-to-source volt-
age starts to increase as charge ows into the gate, from the gate controller. The
rise in Vg at start is achieved by charging the capacitanc€yy and Cys. When volt-
age between gate-to-source crosses the threshold voltage of the MOSFET (typically
2.5 V), current starts to ow between drain-to-source. Eventually, gate-to-source
voltage reaches a constant value which is due to the Miller region. The slope of the
Miller region is generally zero or near zero, but it is dependent on allocation of the
drive current betweenCgyq and Cgs. If the slope is not zero that means that some of
the drive currentis owing into Cgs. If the slope is zero then all the current is ow-
ing into Cy4q. The voltage between drain-to-source reduces in this region. Ondg
crosses the Miller region, the voltage between gate-to-source continues to increase
until gate saturation, decided by the gate drive circuit [13]. If the main current path
contains parasitic inductance, the risk of ringing in the Miller region is substantial.
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2. Theory

(@) llustration of MOSFET's fast gate turn-on.

(b) llustration of MOSFET's slow gate turn-on.

Figure 2.11: Diagram of MOSFET gate turn-on in case of fast gate turn-on and
slow gate turn-on.

In this thesis, when adjusting the slew rate, the slope &fys is changed during turn-
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on and turn-o with an RCD circuit, which an example of can be seen in g. 2.12.
The turn-on time is increased by forcing the turn-on pulse to go through the turn-on
resistor, Rqn, due to the diode blocking in that direction. The turn-o is kept short
since the turn-o resistor, R , is of a lower value thanR,,. This is done to avoid
shoot-through of the current in the phase leg between the two MOSFETSs by utiliz-
ing the diode in series with this low resistance. The rise time &f is determined
by the time constant, , that is equal to R,Cgys during turn-on and Rt Cys during
turn-o . As mentioned previously in section 2.2,Vys goes between blocking voltage
t0 Rgs;onl ds;on during the Miller region, which is dependent orCyq. By inserting the
external capacitor between gate and sourc€gyq is not a ected directly. However,
since the slope oWy is lower, the gate current increase, which in turns chargeyq
and thus overcoming the Miller region, will also be lower and thereby extending the
time when Vg is changing. This is illustrated in g. 2.11 [13].

Figure 2.12: Schematic of the slew rate RCD circuit connecting to the gate of
the MOSFET.

Increasing the slew rate leads to increased losses in the MOSFET but with the ben-
e t of reducing the high dV=dtthat would otherwise be present wheys goes from
high to low, which in turn would introduce transients and ripple. The advantage
of adjusting the slew rate is smoother switching waveforms. It is also possible to
reduce losses (snubber circuit and/or lIter losses), reduce EMI, and improve the
e ciency of the converter. More importantly for the design this thesis deals with,
the overall size of the inverter can be reduced due to eliminating the need for lters.

2.5 DC Capacitor Bank design

Due to the inverter being a non-ideal circuit which contain a lot of parasitic induc-
tances there will be transients and harmonic present when operating it. To negate
the e ect of these and also make sure that a stable DC voltage is supplied a DC
capacitor bank is needed to make the voltage sti. The design of the DC capacitor
bank is dependent on many things, such as frequency, current ripple and voltage
ripple but also temperature when selecting the type of capacitor.
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Since the inverter in question is fed power from a battery, harmonics and ripple from
the input side will be negelected in the calculations. The average current that goes
into the inverter can be expressed as

3

lavg = leh;peakmacos( ) (2.15)

wherem, is the modulation index,coq ) is the power factor of the load and ph.peak IS
the peak value of any phase current [14]. The capacitor current consists of sideband
harmonics around the switching frequency and multiples of it. The RMS current in
the capacitor bank can therefore be expressed as

S

"3 "3 9
lcrms = Iph;rms Zma(f + cog )2(7 Ema)) (2.16)

wherel gh.ms IS the phase RMS current. In [14], a formula is presented that models
the peak-to-peak voltage ripple on the DC link as a function of switching frequency,
capacitance and capacitor voltage and current, but it is neglecting the ESR of the
capacitor bank

O0:7(l o | m
Vdc;pk pk;ripple — (ph’ré:tfsw avg) a (2.17)

wheref g, is the switching frequency,Cq. is the capacitance in the capacitor bank.
Rewriting (2.17) and allowing the DC ripple to be no more than for instanc&% of
the battery voltage gives that the minimum capacitance needed can be expressed as

— 0:7(| ph;peak |avg)ma

C
de 0:05V,cf o

(2.18)

Besides using the equations above for design of the DC capacitor bank there are
di erent ways this design can be optimized with regards to volume, cost and losses.

The capacitors for the DC bank that are being considered are ceramic, Im and elec-

trolytic ones. These di erent objective functions can then be expressed as equations,
where the objective function with respect to volume is

Viotal = Nfilm Viim  + Nceramic Veeramic + NelecVelec (2.19)

whereViim , Veeramic @nd Veiec IS the volume of one capacitor of each kind whiley,, ,
Nceramic @Nd Ngiec IS the number of each type of capacitorViqy is the total volume
where the objective function is to minimize this equation. The cost equation can
similarly be expressed as

Total Cost= nN¢jm COStiim + Nceramic COSteeramic + NelecC OStelec (2-20)
whereCostjm , COSteeramic @nd Costgec iS the cost for one Im capacitor at a certain
bulk price for each type of capacitor. And lastly, the loss equation can be expressed
as

Pot = 1fim ESRfim + 14

ceramic

ESRceramic + | e2|ecESReIec (2-21)
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wherelfim , lceramic @nd lgec is the total current going through all each respective

capacitors. ESRfim , ESRceramic @and ESRgiec is the equivalent series resistance of
each respective capacitor. If one would like to take all these objective functions into
consideration when optimizing it can easily be done by minimizing the following
expression,

Vopt + P I:)opt + C Copt
Vopt I:)opt Copt

o \Y,
optimization = (2.22)

where V is the volume, P is the losses andC is the cost. Meanwhile, Vo is the
optimized case when minimizing volumeC, is the optimized case when minimizing
cost and P is the optimized case when minimizing losses.

Each of these objective functions have constraints presented to them. One that
applies to all of them is a minimum capacitance that must be achieved which can
be decided with (2.18), then the following must hold

Cmin Nfilm Cfilm + Nceramic Cceramic + r]eIecCelec (2-23)

where Csim , Ceeramic @nd Ceiec IS the capacitance per capacitor for each type. Fur-
thermore, another constraint that holds true for all the objective functions is that
the maximum ripple current per capacitor must be below the limit speci ed for each
type of capacitor. Assuming the the capacitors are connected in parallel with each
other as in g. 2.13 where each capacitor representsnumber of capacitors. Then
the RMS current through each capacitor can be expressed as

1
I film ESRm

Nsil C;rms ~ Nfjm + _Neeramc 4 _Nelec _ (2_24)
o ESRfim ESR ceramic ESR ¢glec
I i 1
ceramic ESR coramic
n i I Crms:_Niim _Neeramic 4 _Nelec (225)
ceramie ESR iim ESR ceramic ESR glec
I __1
elec ESR ¢lec
r CIms _ Afim N ceramic _Nelec (226)
elec ESR fim ESR ceramic ESR glec
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Figure 2.13: lllustrative schematic of how to model the capacitor currents.
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3

Case setup

3.1 Machine Parameters

The machine that is provided for the inverter design is crankshaft integrated starter
generator (CISG). The machine winding parameters are then scaled48 V. Table
3.1 illustrate machine parameters and parameters for each individual coil, i.e. there
are eight individual coils per phase which are normally connected in parallel, but
not in the case where IMMD concept is applied.

Table 3.1: Machine parameters and values for individual coil.

Machine Parameters| 1/8th of the machine | Units
Pole pairs 16 2 -
Maximum speed 7000 7000 RPM
IrRMS 658 82.3 A
Torque 63.7 8 Nm
Self inductance 2.88 23 H
Coll resistance 3.79 3.79 m
Electrical time constant | 6.071 6.07 ms

3.1.1 Choice of inverter topology

The topology that was chosen for the design of the inverter was PPB-II, which was
presented in 2.1.2. This choice was made based of [2], where PPB-II displays superior
properties to the MHF and SPB converters. While the PPB-I performed similar to
PPB-II there was a quite a big di erence in the energy storage requirement which
made the choice of PPB-II nal due to the desire to minimize the volume of the
inverter. Moreover, utilizing a series connected topology requires DC voltage control
over each submodule to ensure that the maximum voltage is not exceeded. This is
complex to design and quite unnecessary when dealing with a low voltage level. One
thing to keep in mind is that the article [2] is a study of di erent converter topologies
applied in a fully electric vehicle while this report deals with a mild hybrid however,
the reasoning applies the same is assumed.
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3.2 Design aspects of prototypes

Table 3.2: Design aspects considered during construction of of two prototypes

Prototype - 1 Prototype - 2
Type of inverter Single phase half bridge Distributed inverter
Inverter topology Nil PPB-II
Board Breadboard+Veroboard PCB
Power Rating 1/8th of full machine power 1/8th of full power
Choice of transistors Based on if it can be hand soldered Highest performance + cost aspect, Si/WBG
Snubbers Yes, add on None
Harmonic Filters No Yes, add on outside PCB if needed
Slew rate gate control Yes, experimental Yes
Cooling Simple air cooling Integrated water cooling
DC-Cap Electrolytic hybrid ceramic (two di erent capacitor in parallel)
Pspice design Yes No
Measurements
Total e ciency [ No | Yes
Losses
Transistor losses Yes Yes
DC-Cap losses No (try the method) Yes
Snubber losses Yes Yes
Gate drive losses No Maybe
Temperature
DC-Cap temp No Yes
Switch case temp Yes Yes
Gate driver temp No Yes
Abnormalities Yes Yes
Frequency Yes Yes

Table 3.2 illustrates di erent features that were included in the design and con-
struction of two prototypes. The key factors which were improved among both
prototyes were inverter topology, board classi cation, selection of transistors, dc-
capacitor bank design. Moreover, other worth measuring parameters were losses
(mainly transitor and dc-cap), temperature rise and e ciency.

3.3 Work approach

A litterature study on 48V system, di erent inverter topologies and modular invert-
ers for hybrid electric cars is carried out for full understanding of this topic. This
involves reading scienti ¢ papers and journals, data sheets and student litterature on
the subjects. The basis of the pre-study is to get familiar with the concept @8V
system and how compact and intergrated inverters can improve the performance of
electric drivetrains.

To assist in the designing phase of the project, simulations were intended to be car-
ried out, but this proved to not be possible. For designing the circuit, PSpice is used
as simulation and computational software during this project, but is not limited to
this one exclusively. MATLAB will be used to handle data and create graphs for
presenting results.
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Moreover, to realize the two prototypes of the inverter, components are acquired
either from the available labs at the department or ordered from retailers. These
are then mounted either by hand soldering or, for the surface mounted type com-
ponents, a re ow oven is used. For the second prototype, a PCB is ordered from a
manufacturer and is created by the supervisor of this project since he possess the
knowledge to design it. Various instruments are used in order to carry out relevant
measurements of current, voltage, frequency and temperature.

Even though the inverter is to be implemented in a mild hybrid vehicle, using an
electric machine as load and a battery as energy supply is tedious. Therefore, a
dummy load is used instead of an electric machine and instead o#i8V battery a
power supply that can provide the required current and voltage is used. Below in
g. 3.1 a preliminary scheme of the setup and interesting measurement points are
presented. Here all three phases would have voltage and current measured, but it is
not drawn to avoid cluttering the gure.

Figure 3.1: Preliminary sketch of how the inverter will be set up for
measurements.

The measurements that are taken are at the DC-link capacitor, the switches in the
inverter and output and input power. The quantites that are measured are current,
voltage and frequency throughout the inverter to determine necessary parameters
such as the transistors switching characteristics, current and voltage at load and DC
capacitor currents and voltages.
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3.4 Comparison of semiconducting switches

A theoretical comparison of 35 di erent high-performance transistors based of Si,
SiC and GaN has been made. This comparison focused on losses, cost and thermal
development with respect to certain parameters, see appendix A for the full list.
This list is used as a basis for the selection of switches needed for each prototype.
The reason for looking more carefully at these parameters are listed below.

1. Losses - high e ciency of the inverter is one of the top priorities for this project
and the switches will a ect this a lot.
2. Cost - The goal is to deliver a prototype that in the future will be implemented
in a mild hybrid vehicle. Since the aim of selling a vehicle is to make a pro t,
the cost will a ect the choice of switches.
3. Junction temperature - Seeing that a big bene t of a distributed inverter is the
possiblity to integrate it tightly with the electric motor, it would be bene cial
to have a compact cooling system as to decrease the total weight and size of
the inverter. Having low thermal resistance in the cooling circuit as well as in
the switches, assures that the junction temperature will be at a good operating
range while minimizing the size of the cooling circuit.
4. Number of switches and size - How many switches that are being used will
a ect the size of the whole inverter, whereas a small one would be preferable
with the reasons given above. Aditionally, depending on the price, the number
of switches can greatly a ect the cost of the inverter.
The conduction losses in a switch are calculated with (2.1) while the switching losses
are computed with (2.2) and (2.3). These are summed up to get the total loss for
one switch during one switching cycle. The cost of each switch has been made with
the perspective of putting the inverter into series production. Therefore, by visiting
di erent retailers' website and analyzing the price for di erent o -the-shelf compo-
nents and the amount of switches needed for a certain number of inverters, a cost
of the switches has been listed.

The junction temperature a ects not only the whole performance of the switch but
also indirectly the dimensioning of the cooling circuit. To theoretically determine
the junction temperature the equations (2.14) and g. 2.10 was used. Lastly, the
number of switches and the size of these a ect mainly the cooling circuit but also
cost and was taken into consideration given the power ratings and what topology
that was being built in each prototype.

3.5 OrCad and PSpice simulation

For a theoretical comparison with the di erent prototypes that are constructed, a
model of the each prototype is intended to be created in OrCad and simulated in
PSpice. Due to complications with long simulation times and trouble nding non-
ideal components created by manufacturers this part of the project was abandoned
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due to being too time consuming while not yielding related results. However, the
early stages of simulation gave a lot of knowledge and understanding of the circuit
in question and helped with grasping the behaviour of the MOSFETs. Therefore
the circuit is presented below since the rst prototype was built of this schematic
before abandoning the simulations.

In g. 3.2, a circuit of the rst prototype is shown however, a di erent MOSFET

Is used in the schematic than in the prototypes due to not being available at all
retailers. As explained previously, the rst prototype is a single phase half bridge
that was made with the intention to be operated at 1/8th of the power. The circuit
consist of the non-ideal Si transistors as well as the gate driver, where the PSpice
models have been provided by the manufacturer. The gate driver was later changed
in the practical part of the project for the rst prototype due to intermittent errors

that kept occurring which would brake it. Due to this, the simulations did not
yield any result that was considered relevant since the new gate driver that was
used in prototype 1 did not have a working PSpice model. Some series inductances
and resistances have been implemented to make the battery more realisR@3 and
1:24 H . Additionally, it can be seen that a dead-time circuit had to be implemented
between the PWM generation and gate driver, consisting of an RCD circuit, since
this gate driver did not have that function integrated. Between the gate of each
transistor and the gate driver there is another RCD circuit, which is made to adjust
the slew rate as explained in section 2.4. The turn-on resistors &8 and R29 and

the turn-o resistors are R30and R31 The capacitor connected to each source is to
improve the transistors' switching operation and prevent that it conducts through

its internal capacitances. These resistor values have been changed to higher and
lower values to investigate how the losses of the transistor change depending on if
the switching of the transistors is either done hard or soft.
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Figure 3.2: OrCad design of the rst prototype for simulation in PSpice.
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3.6 GAMS Optimization of DC capacitor bank

In designing an inverter usually the DC capacitor bank occupy a lot of space, some-
times it constitutes up to 30%of the total volume of the inverter and can also make
up 20% of the cost and weight [14]. With the use of the objective functions and
constraints presented in section 2.5 the optimization program GAMS (General Alge-
braic Modeling System) was used to nd an optimal solution with respect to volume,
cost and losses and would then decide how many capacitors of which kind would
be needed. This program was implemented on short notice, therefore the script is
quite simple and require the user to feed in the parameters of each capacitor.

The capacitors that were considered can be seen in table 3.3 where all of them are
rated for 100V and the ensuing parameters have been calculated fl0OkHz. The
reason for chosing these capacitors are due to their high performance, commercial
availability and that they are cost e cient. The last ceramic capacitor presented in
table 3.3 has not been subject to optimization but is added to the design to damp
ripple due to its higher impedance at higher frequencies.

Table 3.3: Capacitor candidates for the DC capacitor bank.

. Cap. @ 48V Volume per Cost per
Noml[n'a:ﬂ ]cap. DC Bias I[":i‘ unit e ([é‘bmlc])o G 1000 units
[F1] [em?] [¢]
Electrolytic Capacitor
Rubycon, 100 V 330 330 2.6 2.1476 0.386 864.6
100ZLJ330M12.5X35
Ceramic capacitor
TDK, 100 V 15 6.239 5 0.03312 3.165 1540
C5750X7S2A156M250KB
Film capacitor
Kemet, 100 V 10 10 13 3.2131 2.645 6240
MDC10106K100A58P7TUBE
Ceramic capacitor
TDK, 100 V 0.47 0.401 1.3 0.0331 32.86 329

C4532X7R2E474K230KA

3.7 Construction of inverter

3.7.1 Prototype 1

Prototype one is built after the schematic made in OrCad as can be seen in g.
3.2. The MOSFET which was selected for this prototype is of Texas Instruments,
model CSD19531KCS and was selected because of its availability. However, the
passive components in the slew rate circuit has di erent values and were changed
depending on the measurements that were carried out. See appendix A for list of
values on the nal version of the rst prototype one. Worth mentioning here is that
many lessons were learned during the construction of the rst version of prototype
1, which can be seen in g. 3.3a. This delayed the project quite a lot. These errors
were due to unknown faults occuring with the gate driver, despite following the
manufacturer's reference design, as well errors in design, such as traces that were
not soldered properly.
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