Manufacturing of an inverter
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1 Introduction

1.1 Overview

A converter is usually a power electronic device that converts power between a DC voltage and an
AC voltage an consequently current, if the voltages drive currents. The conversion does not have to
be between DC and AC, it can also be between DC and DC e.g. different voltage levels) or even AC
and AC (e.g. different voltages and different frequencies).

Figure 1-1 shows a schematic overview of a converter that can convert between DC and AC. By
utilizing the advantages of state of the art semiconductors, the conversion can be performed at high
power levels and high efficiency. The most used semiconductors for inverters in the automotive
industry have traditionally been IGBTSs, but the trend is shifting towards SiC MOSFETs [1,2]. IGBT is
an abbreviation for Insulated Gate Bipolar Transistor, a more technical term describing the way the
semiconductor is built up on the chip level. SiC MOSFET means a Silicon Carbide Metal Oxide
Semiconductor Field Effect Transistor where SiC states the semiconductor material and MOSFET
describes the way the semiconductor is built up on the chip level. The IGBTs have the advantage of
being able to have a higher voltage rating than regular Si MOSFETSs, with the drawback of higher
switching losses. State of the art SiC MOSFET have a voltage rating of 1200V or more with very low
switching losses. The main drawback of SiC components is the high cost compared to regular Si
devices. See section 1.6 for more details on different semiconductor materials.

Efficiency is an important parameter as the power flow through an inverter can be 10’s or 100’s of
kW. At such high power levels even a low percentage of losses will generate a substantial amount of
heat, increasing the demand on the cooling system.
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Figure 1-1: Left: Schematic with the main components of an inverter. Right. One phase of the converter partly opened

[3].

1.2 Functionality

A power electronic device that can convert DC voltage to AC voltage is an important part of an
electric drivetrain. DC voltage from the on board battery is converted into AC voltage, driving the
electric traction machine. The energy flow can also go in the opposite direction when the machine is
breaking, converting AC to DC. The conversion is made possible by using several switches, that are
operated in open or closed mode. The transistor has three terminals, where the connection between
the two terminals in the vertical plane in Figure 1 is the main path for current and the third
connection (to the left in the same figure) is a control terminal with which it is possible to turn the
transistor “on” or “off”. “On” means that it is able to conduct current easily along the main current



path, and “off” means that it cannot easily conduct current. It works very much like a light switch in
a room, with the difference that it can be turned “on” and “off” at a rate of 10’s of thousands of
times per second.

In power electronics these switches are often considered to be ideal, with the states fully open or
fully closed. This is often a good approximation as the voltage drop across the main current path
through the transistor is small compared to the DC-link voltage. For thermal design and loss
estimation it is very important to not use this approximation and instead use actual component
parameters. The control circuitry of the inverter is in direct control of these switches and can
therefore control these switches such that the output voltage is controlled, both in terms of
amplitude and frequency. The control method is called modulation. To stay with the comparison to a
light switch, imagine reducing the light in a room to e.g., half by turning it “on” and “off” equal
amounts of time 10 000 times per second. The light would indeed be lowered but the mechanical
switch on the wall would be worn out, but a power electronic switch is not worn out. It can do this
for years and years.

There are different inverter topologies where the simplest form is shown in Figure 1-1, a 2-level
inverter. 2-level inverter means that the output phase (a, b or c in Figure 1) can be connected to
either of the sides of C1, i.e. the output phase can be connected to one out of two different voltage
levels. The function of a “switch” is accomplished by two transistors on top of each other, a so called
“phase leg” the converter in Figure 1-1 has three such phase legs. The two transistors in a phase leg
are operated in opposite modes, such that if the upper transistor is “on”, the lower is “off” and vice
versa. Thus, they together operate like a switch between the upper and lower side of C1.

Multilevel inverters have more than 2 levels for the output voltage, therefore they require more
switches compared to the 2-level inverter. The complexity of the power electronics and the control
is therefore increased as the number of levels is increased. Even though the complexity is increased
it can be beneficial to increase the number of levels. By having more switches, the voltage rating of
each switch can be reduced. This can also have a positive effect on losses in the switches. By
reducing the losses, the cooling system can also be reduced while keeping the components cool
enough. Another benefit from having more levels in the converter is that the voltage steps are
smaller and therefore the dV/dt is smaller, which results in reduced EMI. With dV/dt we mean the
rate at how fast an output voltage change between two levels. If the change is 600 V and it takes
place in 100 nanoseconds, then dV/dt is 6000 MegaVolt per second. This fast change of the output
voltage is a severe source of disturbances to the surroundings and actually wear insulation material
in the traction machine windings as well.

1.3 Modulation

To achieve high energy efficiency, the output voltage is modulated with a Pulse Width Modulation
(PWM). In a PWM controlled voltage the output switches between high and low at some rate in the
kHz range. The average output voltage is therefore depending on the ratio between the time spent
at the high and low output voltage levels.

The modulation for a 2-level inverter is based on a comparison between a carrier wave and a
reference level for each leg in the inverter. When the reference is above the carrier wave the upper
transistor in a leg conducts and when the reference is below the carrier wave the lower transistor
conducts. The result of this is a PWM modulated output voltage. The modulation with a 1 kHz carrier
wave is shown in Figure 1-2.
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Figure 1-2: Shows modulation with a 1 kHz carrier wave.
1.4 Losses

The main losses in an inverter is often from losses in the switching transistors are from conduction
and switching losses.

1.4.1 Conduction losses

Conduction losses are generated when the transistor is turned “on” and a current is flowing through
the transistor. This loss is from the voltage drop over the main current path through the transistor
times the current through that path.

1.4.2 Switching losses

When switching between two levels of the output voltage, the transistors involved change the
voltage drop across them from either isolating to almost perfectly conducting or the other way. In
the same time, the current through the transistor is either increasing (when turning the transistor
“on”) or decreasing (when turning the transistor “off”). This means that during the switching itself,
there is a high level of losses in the transistor = the voltage across the transistor times the current
through it. Since both the voltage and the current can be high the power can be very high, in the
order of 100’s of kW or even MW. Luckily, the switching time is really short (around a microsecond)
so the energy dissipated in one switching is still relatively low, but it is repeated at every switching
and thus the switching losses are proportional to switching frequency.
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Figure 1-3 Voltage across a transistor and current thorough while switching results in switching losses, and in between
the switching there are conduction losses [4].



1.5 Semiconductor cooling

An inverter can generate a large amount of heat during operation. Even at an efficiency of 97% the
losses are 3 kW for a 100 kW inverter at full load. These losses are mostly generated in the main
semiconductors, which can be e.g. IGBTs or MOSFETs. The heat needs to be transferred away from
the semiconductors and out from the inverter case to prevent the inverter from overheat.

Different components have different temperature ratings. The main switches usually have a
maximum junction temperature of 150 or 175 °C, which must not be exceeded. The junction means
the part of the chip where the main current flows. This junction temperature is located inside the
semiconductor package, making it difficult to measure directly. There are ways to estimate the
junction temperature by e.g. measure the forward voltage drop at a very low current. Another way
to estimate the junction temperature is by measuring the case temperature, accessible from the
outside of the package, and then combine the results with a thermal model for the package. This
thermal model is normally given in the semiconductor datasheet. The model given in the datasheet
is for a new component and the model parameters can change throughout the lifetime of the
component.

The junction temperature is important to consider, at least in the design stage of the inverter as
ageing of the semiconductors is related to the junction temperature swing. A larger temperature
swing results in more stresses inside the component and eventually wear out the component and it
fails.

Different semiconductor packages require different ways of mounting to the heat sink. A normal
power module has a backplate, see Figure 1-4, that is electrically insulated from the terminals of the
module. This makes it possible to attach the module directly to a heatsink without having to insulate
the heatsink from other conductive parts. It also makes it possible to use several power modules on
the same heatsink.

Contribution To Thermal

Laver Resistance
Baseplate to Terminal Material 50%
(Thermal Paste)
Device 3%
Solder 6%
DBC Base Substrate - Ceramic 33%
. 'ﬁ% Base Substrate - DBC 3%
Solder Base Plate 5%

Base Plate
Thermal Paste (or TIM)

Figure 1-4 Internal structure of an IGBT module, with the baseplate in the bottom [5].

For a component without an electrically insulated backplate, such as the standard TO-247, more care
is needed to not cause an electrical short circuit or to energize conductive parts that should not be
energized. A thermal pad that is an electrical insulator can be used between the semiconductor
package and the heatsink to prevent an electric connection between component and heatsink. This
allows heat to easily flow from the semiconductor to the heatsink while keeping the electric
insulation. It should be noted that a thermal pad is often a larger thermal barrier than a thin layer of
thermal paste.



1.6 Si, SiCand GaN

In the search for higher efficiencies and better performance of the inverter, the choice of
semiconductor material becomes important. In traditional designs components based on Si are
dominating. SiC and GaN devices are considered wide bandgap semiconductors with a bandgap of
3.3 eV and 3.4 eV compared to 1.1 eV for Si. The wider bandgap allows for an increased breakdown
voltage, reaching up to 1200-1700 V. Other advantages over Si semiconductors are the low on state
resistance and fast switching times. This allows for higher power densities and lower losses in
designs utilizing wide bandgap semiconductors. The most prominent drawbacks are the high price
and the extra care needed to perform efficient switching.

Poor gate driving designs can result in unwanted ringing and voltage overshoots. For every new
inverter design, it is important to weigh the benefit of improved performance and efficiency to the
increased cost. To reach high efficiency the switching event should be performed quickly to reduce
switching losses that occur during the switching event. This increases the requirements of the gate
driver, which needs to be able to output a current to charge the gate capacitor of the
semiconductor. Since these wide bandgap semiconductors can switch faster, they allow for higher
switching frequencies. Faster switching times means fast transitions between on/off states and high
dV/dt. This may cause increased EMI and unwanted wear on electric insulation. Electric insulation
degrades over time as it is exposed to high voltages and dV/dt. The reason for this is the presence of
partial discharge, which is a localized breakdown in the insulation. The partial discharge normally
starts in impurities of the insulation material, such as gas voids trapped in the solid medium. At a
certain point the electric field reaches the corona inception voltage and there is arcing withing the
impurity.



2 Main components of an inverter

Figure 2-1 shows the inside of an inverter from a Tesla model S and is an example of what can be
found inside an inverter. Different manufacturers have different designs, but the main components
are the same.

Figure 2-1: Figure and caption taken from [1]. Tesla model S inverter. 1) Control board. 2) Aluminum shield. 3) Phase
current sensor ferrite ring. 4) Gate driver board. 5) Phase busbars. 6) Heat sink. 7) IGBTs. 8) IGBT clips. 9) DC-
link capacitors.

2.1 PCB

The Printed Circuit Board (PCB) holds the discrete
components in place and routes the different signal and
power paths to the correct component. Depending on the
complexity of the PCB, the number of layers can differ. By
increasing the number of layers there is more flexibility to
route signals between components on the PCB. It also
allows for more power planes, which are important to
keep voltages stable across the entire PCB and to increase  figure 2-2: PCB
EMC performance [6].

2.2 Busbar

Busbars are used to distribute power within a device. A busbar is often uninsulated, this makes it
possible to connect components directly to the busbar and increase the cooling of the busbar. The
busbar needs to have a low inductance and that is accomplished by placing the busbar conductors
close, like in Figure 2-3.

The choice of material and geometry depend on requirements for the specific application. Aluminum
and copper are two common materials due to their good electric conductivity. Busbars main task is
to allow a flow of current which results in resistive losses and heat. Depending on the amount of
current the cross-section area needs to be large enough for the available cooling. By making the
busbar flat a larger surface area is obtained, which results in better cooling compared to a smaller
area. The skin effect should also be considered when deciding on busbar geometry.



Figure 2-3 Example of bus-bar, with two layers of aluminum, separated and isolated from each other and connection
points for power electronic components [7]

2.3 Full-bridge

For a 3-phase inverter at least six switches are needed.

These switches must have a high enough voltage rating to % { (
withstand the DC-link voltage and any additional voltage i RN i i L N
that arises during switching events. A common practice is - i i s * .‘5 .§ - .
to apply a safety margin of e.g. 20% to increase reliability | " - P

of the switches [8]. To increase a full-bridges current s
\=) WYl
capability multiple switches can be connected in parallel, P sl

as can be seen in Figure 2-1. This results in lower current
per switch for a fixed amount of total current, thus also less
losses per switch. Losses in the switches needs to be
transferred away from the switches and dissipated through the cooling system, which can be a liquid
or an air cooled cooling system. The cooling is crucial to consider as when the temperature of the
switches increase the current capability must be derated.

Figure 2-4: Half bridge. Picture from [9].

The choice between discrete components, such as TO-247, or modules depends on the design
parameters for the specific inverter.

2.4  DC-link capacitor

DC-link capacitors store energy and are needed to stabilize
the input voltage to the full-bridge as well as to filter the
pulsed current drawn by the full-bridge. If the DC-link
capacitors act as a perfect filter, only the average current
would be drawn from the energy supply, not a pulsed
current. In any real application the capacitors are never
perfect. There are current and voltage ripple when the full-
bridge switches between different states, that results in
losses and leakage currents.

There are many different types of capacitors, which are
useful in different applications. For an inverter a fast
capacitor is needed to be able to provide energy in bursts.
. . . . X Figure 2-5: DC-link capacitor. Picture from
Film capacitors provide good performance with low series [12].
resistance and inductance [10,11].



2.5 Gatedriver

The gate driver is important as it controls the switching events. Most gate drivers used in inverter
designs are isolated, meaning that the low voltage control side is isolated from the high voltage side.
This isolation is achieved by galvanically separate the low and high voltage side. Gate driver signals
are still required to pass by the isolation gap, which is possible through an optical or inductive
coupling [13]. By using an isolated gate driver potential ground loops can be avoided, thus increasing
performance. The low voltage side is also protected from voltage spikes on the high voltage side,
which can damage the components on the low voltage side.

" Gate Vos
Driver

—] Opzoc?upler o {: 7f_£

Isolation
Barrier

Figure 2-6: Left: Gate driver schematic [14]. Middle: Example of gate driver card [15]. Right: Example of gate driver s
Picture from [16].

2.6 Cooling

Heat generated inside the inverter affects the temperature of the inverter. A well-designed cooling
system is needed to dissipate the heat, keeping the temperature from reaching too high levels. This
cooling system could be anything from a simple heatsink for the semiconductors to a liquid cooled
system, cooling most of the components in the inverter and transporting the heat to a radiator
outside of the inverter. A cost-efficient design needs to consider the design criteria regarding
performance, estimated lifetime and the environment the inverter is used in.

The cooling circuit is often shared between the power electronic converter and the traction
machine. Figure 2-7 shows this on an EV drive where the power electronic converter is mounted on
top of the traction machine and receives the cooling water first, since it needs the lowest cooling
media temperature.

Coolant outlet
Coolant inlet

Internal rotor cooling

Stator cooling jacket

Figure 2-7: Left: Water cooling block. Picture from [17], Right. Audi E-Tron front drive colling circuit [18].
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3 Manufacturing & Assembling

3.1 PCBA
A PCBA or a PCB assembly is a PCB with all its components mounted and attached to it.

3.1.1 PCB

Manufacturing of a PCB requires multiple steps where the first step is to do the PCB design. Once the
design is finished and quality approved by the involved engineers the design can be printed. The
usual printer for printing PCB designs is a plotter printer, which uses a tool such as e.g., a pencil to
make accurate straight lines [19,20]. In case of a multilayer PCB each layer needs its own prints. Each
individual layer is then etched to remove copper from the laminates to perfectly match the prints. X-
ray alignment and optical inspection is used to correctly align the layers before bonding the
laminates together [20]. The last steps of the PCB manufacturing process include adding the solder
mask and the silkscreen to the PCB.

3.1.2 Pick and place

A pick and place machine is used to position the - T
Surface Mount Devices (SMD) on the PCB. At first  j—— 1% ! [ 2
a solder mask is added to the PCB where the : g ‘ : I |
components are to be placed. This solder mask is T
sticky and holds the components in place until the
soldering process is complete. The pick and place
machine takes a component or multiple
components and place them on the PCB at a high
rate. Through hole components can also be
placed on the PCB by a machine, but the process
is more complicated and slower compared to for  Figure 3-1: SMT pick and place machine. Picture from [21].
SMD components. After all the components are

placed on the PCB it is ready for the soldering process.

3.1.3 Soldering

Soldering involves the PCB and all the components mounted on the PCB, such as gate drivers and
control circuitry. The soldering process requires an increase in temperature of the solder joint to
melt the solder [22]. Solder can be based on several different metals, including lead, tin, silver,
copper, and so on [22]. The choice of solder material depends on the application as solder made
from different metals have different properties.

There are different types of solder processes. Reflow soldering is the preferred soldering process for
SMD components and wave soldering for through hole components. Boards which contain both
SMD and through hole components should go through reflow soldering first to attach the SMD
components before using wave soldering to attach the through hole components. The reason for
this is that the temperature is higher for reflow soldering compared to wave soldering and if
performed the other way around components may be unsoldered [23].
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3.1.3.1 Reflow soldering

First the PCB is preheated to reach a predefined
temperature. After the preheating phase the
temperature is increased and the flux is
activated. The activation of the flux cleans the
surface of the solder pads and removes oxide. At
a certain temperature the solder paste melts and
starts to reflow. It is important that the proper
temperature is reached in order not to damage =
components from a too high temperature or fail
to solder by having too low temperature. After
the solder is melted the temperature should be
reduced to let the solder solidify [23]. Reflow
soldering is performed in a reflow oven.

Figure 3-2: Reflow oven: Picture from [24].

3.1.3.2 Wave soldering

Flux is sprayed on the board to make sure the
board is free from oxide and dirt during the
soldering process. The PCB is preheated before
reaching the wave solder stage of the soldering
line. After the PCB is preheated the PCB is run
through a wave of melted solder. This wave is
like a bath of solder that attach to exposed metal
parts but will not stick to the solder mask. Once
the wave soldering is complete the PCB is
allowed to cool down to let the solder solidify Figure 3-3: Wave soldering. Picture from [25].
[23].

3.1.3.3  Manual soldering

Manual soldering is most common when the number of PCBs and components are low and the
additional cost of automating the soldering process is too high. Manual soldering is performed by
manually placing a component on the PCB and then using a soldering iron to make the solder joints.

3.1.4 Inspection

After the soldering process the PCBAs can undergo different types of inspection. This can be optical
imaging in which an image of the PCB is compared to an image of a known working PCBA. Manual
optical inspection is also an alternative when production volumes are lower. X-ray is used for
components which have the soldering interface hidden, e.g. a Ball Grid Array (BGA) component. The
X-ray can then see through the component and detect bad solder interfaces.

3.2 Busbar

Manufacturing of the busbar itself is relatively simple as it is a metal bar, solid or hollow. In addition
to manufacture the metal bar a coating may also be desired to improve the performance or
durability of the busbar. A coating can be used to prevent corrosion, insulate, or for visual reasons.

3.3 Full-bridge

Manufacturing of the semiconductor modules used in the full bridge is not considered in this
document, as those are usually sourced. Therefore, the manufacturing of the full bridge is simple
and require either soldering the discrete semiconductors onto a PCB or connecting modules
together with e.g. busbars.

12



It is important to minimize parasitic elements to limit voltage overshoots and improve switching
performance. To do this the switches in the full-bridge should be placed close to each other and loop
areas should be kept small.

3.4 DC-link capacitor

As for the semiconductors, the manufacturing of the DC-link capacitor is not within the scope of this
document. Just like the power semiconductors it is usually sourced. The DC-link capacitor should be
placed as close to the H-bridge as possible to minimize stray inductances. By placing the capacitor
close to the H-bridge, the stray inductance causing overshoots during switching events is reduced.
The capacitor is likely a through hole component or connected by screw terminals, depending on the
power rating of the inverter.

3.5 Gatedriver

The gate driver is a SMT component and is placed on the PCB together with other components
required for the gate driver, such as resistors and capacitors. The placement of the gate driver on
the PCB should be as close to the gate of the transistor as possible. Shorter traces on the PCB
generally results in better switching performance. Manufacturing of the gate driver and any
additional components are not considered.

3.6 Cooling & Case

3.6.1 Stamping

A metal sheet is pressed in a press to obtain the intended shape [26]. During the stamping process
the tool can punch holes in the workpiece, make bends, or other shapes [27]. This technique is
suitable for high volume production [26].

3.6.2 Cold forging

A piece of metal is squeezed between two dies, usually at room temperature. This forces the metal
to obtain the desired shape. Cold forging is a relatively fast process, which leaves the finished
product with a good surface finish [28]. Low cost at high volumes [28].

3.6.3 Die casting

Die casting uses a reusable mold in which molten metal is pressed at high pressures. Because of the
mold being reusable, this process efficient for high volume production [29, 30]. The mold itself is
expensive and die casting is therefore preferred only if the volume is high [26].

3.6.4 Extrusion

The material is pushed through a die, which forms the extruded product to the correct shape. For
extrusion, the cross section is the same throughout the whole workpiece [31]. Only a small amount
of material is wasted in the extrusion process, and together with a high production rate this is a low
cost production process [32].

3.6.5 Machining from full block
A CNC machine processes a full block of metal to achieve the desired geometry. The CNC machine
can produce complex geometries, but at a high cost [26].

3.7 Materials

Different materials with different properties can be utilized in a product. However, it is important to
consider how the material combinations work together. A mismatch in thermal expansion can
induce stresses in the materials during manufacturing or at different operating points. Corrosion can
also occur when different metals are in contact with each other.
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Materials used during production can be categorized into different types [33]:

e Polymers are cheap and easy to use, but with the disadvantage of low durability.

e Metals are durable but more expensive that polymers. Metals are usually used in high
durability products or when heat is a concern.

e Ceramics are cheap and lightweight. They are fragile and can be difficult to process.

e Composites can be customized and have different properties depending on the combined
materials.

Materials with good thermal conductivity while being an electric insulator are used to mount
semiconductor packages without an insulated backplate. A common component is the TO-247 which
have the backside of the component electrically connected to one of the leads, see Figure 3-4

Figure 3-4 TO 247 Capsule [34].

Due to this the backside cannot be directly connected to a metal heatsink without putting the
heatsink on a possibly high electric potential. Normally giving the heatsink a high voltage is
undesired as it needs to be insulated from other electrically conductive parts and only components
connected to the same potential can be attached to the same heatsink. A particular case then the
backside of the uninsulated components should be directly attached to a heatsink is when the
heatsink is used as a conductor.

Thermal paste is commonly used as an interface material to increase the thermal conductivity of an
interface between two surfaces. Even if a surface seems smooth to the naked eye there are small
surface imperfections. These imperfections reduce the effective contact area, thus increasing the
thermal resistance of the interface. The thermal paste fills the voids in the interface and since the
paste is a better thermal conductor than air, the result is a reduced thermal resistance. When
choosing a thermal paste, it is important to consider the effect of all of its properties and not only
choose based on thermal conductivity. One important parameter is how thin the paste can be
spread out, as a thin layer results in a lower thermal resistance compared to a thicker layer.

14



Power modules generate large amounts of heat Heatsink

Thermal Grease

Figure 3-5 Application of thermal paste when mounting a power semiconductor package, to increase thermal
conductivity from the transistor module to the heatsink [35].

The requirement of insulation materials increases as the voltage increase and with the use of wide
bandgap semiconductors, such as SiC MOSFETs. As explained in Section 1.6 electric insulation
degrades faster the higher the voltage and dV/dt it is exposed to. Partial discharge, which is a
localized breakdown in the insulation material, can over time wear out the insulation and cause an
insulation fault. Another parameter that affects the amount of partial discharge is air pressure. At
lower pressures the partial discharge is increased, and this is important to consider for high altitude
applications [36].
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4 Testing

Testing of the different parts in a product is important to ensure high quality. This testing can be
performed both at a system level and at a subsystem level. By ensuring functionality of the sub
systems before the full assembly, faulty components or manufacturing issues are easier to locate.

Testing requires time and equipment, increasing the cost of the product for each test that is
performed. Due to this there is a trade-off between testing and cost, where the trade-off depends
on the product that is being manufactured.

4.1 Standards

To ensure high quality of the inverter and to fulfil safety regulations, the inverter should be tested
according to certain standards. SS-EN 61800-5-1 is one example of a standard that describes in detail
which tests are needed for a regular inverter and under what circumstances the inverter should be
tested. To certify a product an external third-party checks that the product is tested according to any
relevant standards. During the certification process it is important to consider replacement
components, such as transistors from different manufacturers. Only the specific components
present during the certification process are certified, and if a replacement is needed for some reason
and it was not in the original certification the inverter needs to be recertified.

4.2 Number of samples to test

Often every single unit goes through some sort of testing throughout the manufacturing process. By
testing a unit in stages starting with the PCB, many early defects can be found. This reduces the total
cost of the defect units as less components are wasted. Note that if the process has been proven
reliable, after enough testing, it may be more profitable to not test every unit. The standards do not
explicitly state that every unit must be tested, but a customers may demand it.

4.3 PCBA
The first tests often include optical and X-ray inspection of the PCBAs. These tests can reveal
structural faults, such as a bad solder or incorrect positioning of a component [37].

In-Circuit-Testing (ICT) is a useful testing method for PCBAs to ensure the functionality of the board.
The PCBA is placed in a bed of nail fixture, which have several needle-like probes that physically
connect to the PCB. Depending on the tests that are being performed the probes can either measure
or supply power or signals to the board to activate certain functions. This kind of testing require the
designer of the PCB to have made test points on the PCB where the testing should take place [37].

4.4  Finished product

The finished product is tested according to the standards. These tests include e.g. faulty
components, EMC, cooling, and more. Note that many of these tests may not be needed for the
production phase. For many tests the power should flow through the inverter for an extended
period of time, requiring the cooling system to be fully installed. Testing can take up more time than
the development of the product, it is therefore important to have an efficient test procedure and
consider what fraction of the total units that need to be fully tested for high volume production. To
make this decision, manufacturing quality, customer requirements and testing cost need to be
considered.

4.5 Production

After the product passed the certification tests according to the different standards, it is important
to reduce the number of tests per unit. The full list of tests from the standards can be used as a
starting point and from which tests should be removed depending on the product. In high volume
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production, every test that can be avoided is a reduction of manufacturing costs. Exactly which tests
that can be removed depends on the product and reliability of the manufacturing process.

4.6 Examples of test equipment

X-ray: Used to inspect PCBAs and solder joints.

Optical inspection: Used to inspect PCBAs, where images of the PCBA are compared to
pictures of known working samples.

Bed of nails: Test pins connect to different test points on the PCB to test the functionality of
the PCBA. The test pins can provide set voltage levels to test both hardware and software of
the installed components.

Insulation tester: Test the insulation between parts in the inverter.

Motor test bench: The inverter is connected to a motor, which is connected to a generator
to create a breaking torque. This setup can be used to load the inverter.

Power analyzer: Map the inverters efficiency under different load conditions.

EMC chamber: A chamber in which radiated emissions can be measured.

Vibration table: Test how vibrations affect the inverter.

Climate chamber: Vary the temperature and humidity to test the inverter in different
conditions.

Static discharge tester: Test that the inverter can handle a static discharge on parts that are
exposed.

Kelvin measurement: Measure the contact resistance of important joints.
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5 Design considerations

When designing a product there are always trade-offs as cost, performance, and manufacturability
need to be considered. This section explains some of the important parameters that must be
considered when designing an inverter.

5.1 Semiconductor

The first parameter that needs to be considered when deciding on a semiconductor is the operating
voltage. The semiconductor needs to be able to handle the operating voltage and have a margin to
withstand overvoltage during switching events. IGBTs generally have higher voltage ratings than
MOSFETs and are used for applications with high voltage levels. MOSFETs have faster switching
characteristics and lower switching losses, which makes them well suited in an application where
switching frequency is important. With wide bandgap semiconductors the voltage rating of MOSFETs
have been increased to over 1200 V and can therefore handle a DC-link voltage of at least 800V
depending on the inverter design.

When the voltage rating of a device increases the conduction losses also increase. Due to this, it is
important to choose an appropriate voltage rating for the component to keep the losses as low as
possible.

5.2 Switching frequency

A higher switching frequency results in more switching losses, but with the benefit of less ripple in
the output current for a fixed output filter or load. For a fixed current ripple, the output filter or load
can be reduced in size if the switching frequency increases. Therefore, it is a trade-off between
multiple parameters when deciding on a switching frequency. The choice of semiconductor becomes
more important the higher the switching frequency.

In switched converters where the switching frequency is in the audible range, noise can often be
heard and can give a negative experience for the user. By selecting the switching frequency above 20
kHz the audible noise can be reduced.

5.3 Stray inductance
Stray inductance is usually an unwanted inductance Vimnd)
in an inverter that cause voltage overshoots and
increased losses. Stray inductance is due to stored
energy in the magnetic field around e.g. a
conductor. When the current path is broken the
energy is transferred from the stray inductance to V

other elements in the circuit, since energy cannot

disappear. These elements are usually capacitive

elements, which means the voltage rises when the

energy increases. It is important to consider the

amount of energy stored in the stray inductance

and where this energy is transferred and dissipated

during a switch or fault event. If the parasitic Figure 5-1: Overshoot of the voltage across a switch
transistor when opening the switch carrying a current

capacitive elements are not enough a snubber may 1/t flows in a conductor with a certain(stray)

be needed. The combination of an inductive and inductance.

capacitive element can also cause unwanted ringing

in the circuit, which may require a snubber to

dampen the ringing.
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The design and placement of the components inside i i

the inverter directly affects the stray inductance. One
example of a design rule is to keep loop areas as small
as possible. It is also good practice to place the DC-
link capacitors close to the full bridge to further
reduce the stray inductance that affects the
semiconductor switches.

In rare cases the stray inductance can be used in a
design instead of installing a dedicated inductor. This
can be the case when working with e.g. high
frequencies.

Figure 5-2: Ringing caused by capacitive and inductive

5.4 Cooling elements.

Most of the heat is generated in the semiconductors. Cooling of these components is important and
with the low thermal mass of semiconductors the thermal coupling between the semiconductor and
heatsink must be good enough to handle peak losses. This is as the temperature in the
semiconductor package can increase rapidly if the thermal coupling is poor. The heatsink is a larger
mass compared to the semiconductors and acts as a filter, making the temperature more stable
during variations in losses.

Liquid cooling is most suitable to cool high power inverters as the generated losses are large and are
focused to a small area. Liquid cooling is also of high interest if volume of the inverter is important. A
liquid cooling system with electrically insulated heatsinks can share the cooling loop with other
components.

5.5 Integration of electric machine and inverter

Integration of the electric machine and inverter can be a cost-efficient solution as the case can be
shared by both components. This also makes a more compact design possible. As a result of the
integration the cables between the inverter and electric machine can be shortened, reducing cost.
With shorter cables the filtering effect is reduced since the stray inductance is reduced. This can
increase the stresses on the insulation of the electric machine, causing increased wear. The reason
for the increased wear is that the insulation experiences a larger dV/dt as the switching events are
not filtered the same amount as with longer cables. A lower filtering effect may also cause increased
EMI between the inverter and electric machine.
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