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Abstract

Due to recent developments in current-soruce inverter technology the topology becomes more attractive
for use in electric aircraft. However recent studies have shown that electric aircraft are unlikely to be able
to operate at high voltages due to the insulation derating, meaning that higher current solutions should
be evaluated. In this paper a design is presented that is intended to operate at high currents and lower
voltage in order to investigate what influence this shift in operating point has on the functionalit of the
inverter. Different design elements are discussed and motivated, including the topology, component
selection, and current control methods. After validating the functionality through experimentation the
discovered issues are explained and discussed. The design will be shown to be functional, although
some of these issues do limit its performance.
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Nomenclature

Abbreviations
Abbreviation Definition
BD BiDirectional
CSI Current Source Inverter
DPT Double Puse Test
EMI ElectroMagnetic Inteference
FET Field Effect Transistor
FOC Field Oriented Control
GaN Gallium-Nitride
HEMT High-Electron-Mobility-Transistor
IMMD Integrated Modular Motor Drive
RB Reveres Blocking
SiC Silicon-Carbide
SVPWM Space Vector Pulse Width Modulation
VSI Voltage Source Inverter
WBG Wide-BandGap




Introduction

When looking at inverters throughout history, the preferred or dominant topologies have been changing
constantly. This change comes both from the development in semiconductors that make up these
topologies and from wider application of power inverters in different industries. In recent times the
most common type of inverter would be some form of a Voltage Source Inverter (VSI), which would
consist of an array of switches closing and opening the input DC voltage to the output. This input DC
voltage would be held stable by DC link capacitors.

e I
E

O SO

deded L

(a) Voltage Source Inverter (VSI)

(b) Current Source Inverter (CSI)

Figure 1.1: Different core inverter concepts CSI and VSL

There exists a different version that works similar yet opposite, the Current Source Inverter (CSI).
This inverter works in the same manner except has a constant DC voltage at its input, held stable by a
DC link inductor. This poses some extra requirements on the switches, as they would need to be Reverse
Blocking (RB). This would restrict the possible switch choice to ones that only work at low switching
frequencies, making it only really suitable for grid applications. It is possible to use no single switch,
but have faster switches like IGBT or FET’s in series with a diode to provide the RB. This helps increase
the switching frequency to the level of VSI, but at an efficiency penalty from the diodes forward voltage.

This efficiency penalty can be reduced massively by replacing that diode with another switch in
anti-series. This increases the switch count and thus also the complexity of the inverter. There also
exist an unconventional type of switch in the form of a monolithic bidirectional GaN transistor that
has BD capabilities without performance penalties[1], which could be used in future designs once the
technology has matured. But CSI’s have also been shown to have many other advantages.

ElectroMagnetic Interference (EMI) Especially when using Wide BandGap (WBG) switches (which
have rise and fall times in the nanoseconds) EMI is an import consideration, as high quantities of
EMI can cause various problems, like signal integrity issues, ground leakage current and even
bearing failures[2]. Compared to VSI, the CSI produces less EMI [3, 4, 5].

dv/dt issues Those WBG rise and fall times when applied in a VSI cause a high change in voltage on
the output. These abrupt voltage changes have been shown to cause unneccesary stresses on
components, most famously the motors themselves [6].

1



11. Application Context 2

Fault tolerance While both CSI and VSI have ways in which it can fail quite spectacularly, the way they
fail and the consequences of the failure could not differ more. A CSI is plagued by over-voltage
failures when the DC link current loop is broken, which can cause the switches to break if no
protection is implemented. When a VSI fails it is due to over-current failures, which occur after
the DC link capacitor is shorted. This can cause both the switches in the loop to break, but in
some cases the current can also short through the motor. In this case the current can actually
demagnetise the motor[7].

DC-link reliability As discussed above, a VSI requires DC link capacitors to function. The problem
is that capacitors have been shown to be a major reliability concern[8]. As inductors seem to be
much more predictable in their reliability, for safety critical designs the CSI is preferable [9].

1.1. Application Context

One field where CSI could be particularly beneficial would be electric aircraft. The loss in efficiency is
easily offset by the decreased EMI, Increased fault tolerance and lower size and mass, as well as the
higher temperature capabilities making it easier to cool in compact designs. The only real hiccup is that
the maximum input voltage of the inverter is limited by the voltage rating of individual switches. This
is particularly bothersome as at high altitudes this voltage rating derates significantly[10]. This might
be fixed by making an Integrated Modular Motor Drive (IMMD) and wiring the converters in series.
Further research required.

As electric aircraft motors tend to be, you know, expensive, this design will focus on the nearest scaled
version of this in the form of a drone motor. The motor used is the MN501-KV240, as its parameters
have been extracted previously [11]. The motor is pictured in Figure 1.2, and its parameters are listed in
Table 1.1.

Table 1.1: Motor Parameters for the Tmotor MN501-KV240[11]

MNb501-KV240

Parameter Symbol  Value Unit
Phase Resistance R; 425 mQ
Phase Inductance Lg 11.29 uH

Pole Pairs p 14

Back-Emf Constant k&, 0.0398 Vrad's
Speed Nrpm 20.000 rpm

Figure 1.2: The MN501-KV240 motor
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Figure 1.3: CSI system overview

1.2. Design Goals & Methodology

Due to the voltage limitations the system will be running at higher currents to match the desired output
power. Usually higher voltage is preferred as higher currents will require larger (and thus heavier
cables) in the vehicle. As this is the road less travelled, the goal of this thesis is to design a 1kW CSI that
can be used in a laboratory setting to see what issues come up when voltage is limited.

1.2.1. Analysis

Many of the requirements for the inverter are derived from the motor it drives, their parameters shown
in Table 1.1. From these requirements the system shown in Figure 1.3 is built in MATLAB and Simulink.
The important design choices in this stage mainly concern the topology, the value for the output capacitor
and the evaluation of speed and current control methods, discussed in Chapters 2 to 4 respectively.

1.2.2. Design and Implementation

For component selection a different simulation tool is used, LTspice, as it is better suited for transient
responses and individual component analyses and modelling. This is discussed in Chapter 3. The model
was also useful to evaluate what kinds of protection circuits are necessary and which ones perform the
best, also shown in Chapter 3.

From this point the schematic and PCB design is done using Altium designer.



CSI motor drive topology and
modulation

. . .
: ]

(a) Switch + Diode (b) Switch + Switch (c) Switch + Switch
RB Switch Single Gate BD switch Dual Gate BD switch

Figure 2.1: Three possible switch types in CSI topologies

2.1. Switches

As mentioned in the introduction, current-source converters have some exotic switch requirements. It
needs to facilitate Reverse Blocking (RB), as it would otherwise allow for the output capacitors (shown
in Figure 1.1b) to be shorted through the switches. This requirement can be solved in a few different
ways. The original way to deal with this was to use a Gate Turn-Off Thyristor, or GTO [12]. These
switches traditionally had a maximum switching frequency of about 1kHz due to the relatively high
turn-off time, making it unsuitable for usage in high power density applications.
With IBGT and MOSFET technology maturing the GTO was replaced. However, neither of the new
switches were capable of blocking reverse voltages effectively. To remedy this they were placed in
series with a diode to form a hybrid RB switch, pictured in Figure 2.1a. As discussed previously, this
introduces a significant conduction loss compared to the VSI equivalent. The next improvement on this
issues is the bidirectional (BD) switch. Placing 2 transistors in anti-series allows for conduction and
blocking in both direction, reducing the conduction losses significantly (but still being twice that of a
VSI). This switch also brings added complexity. Figure 2.1c features the form that works with the basic
Hé6 topology, shown in Figure 2.2. As this switch does not provide RB when both switches are open,
the commutation procedure requires first the top switch to close before the bottom switch, using the
bottom switch as a diode. This means both switches need to be driven separately. For topologies where
this is not required (which will be discussed in Section 2.2), a third variant is available with only one
gate signal. This switch pictured in Figure 2.1b is likely to be the most beneficial, as it has the lower
conduction loss that comes with the BD design while minimising on the required driving signals.

As a clarification, for all symbols in this paper that represent a transistor the symbol for galliumn
nitride high-electron-mobility transistors (GaN-HEMT) are used. This does not insinuate that each of
these switches must be GaN-HEMT, but in the final design this type of switch is used and to simplify

4



2.2. Topology 5

Figure 2.2: CSI H6 topology using hybrid RB switches

the rest of the figures this symbol was used everywhere.

2.2. Topology

In this section the topologies H6, H7 and H8 will be discussed. These are chosen as moving from one to
the other creates an intuitive sense of how each new topology reinforces a shortcoming of the one before.
There do exist topologies that could prove to be even more advantageous than the ones listed here, but
as this thesis is an initial voyage into the current-source converter world the performance of the listed
topologies is deemed to be adequate. Especially as the higher performing CSI topologies tend to be
significantly more complex, whereas the H8 topology is only a little more complicated. The main metric
for complexity used in this comparison will be number of gate signals required. This is because higher
number of (independent) gate signals will always be more complicated to drive, and in cases where all
are required to function without fault a higher number also indicate a lower reliability. Below each

2.2.1. H6

The H6 topology is what would typically be referred to as a "classic" CSI. Especially the variant shown
in Figure 2.2. As mentioned in Section 2.1, the use of hybrid RB switches in this topology causes a major
efficiency penalty due to the increased conduction losses due to the diodes forward voltage. The variant
using the BD switches from Figure 2.1c is shown in Figure 2.3. Compared to the RB variant this one has
much lower conduction losses (while still more than VSI).

However this one now poses a new challenge: Due to the fact that both switches need to be controlled
independently to provide reverse blocking during commutation, this topology requires a grand total
of 12 separate driving signals. Due to the increased complexity of this variant often the RB variant is
preferred as it only requires six different signals.

Section 2.2 shows the modulation scheme for the RB variant, and the BD variants is shown in
Figure 2.3b. In these figures the gray area after each transition indicates overlap

2.2.2. H7

Pictured in Figure 2.4, the H7 topology incorporates a seventh switch Sy that short the DC link inductor,
as well as a diode Dg that prevents current from flowing from the switching legs through S;. This
allows for the switches to commutate with deadtime instead of overlap as the DC link current is shorted
through S7 during commutation. Using dead-time then means that the switches no longer require
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Figure 2.6: All states during one switching period

explicit RB during commutation which then allows for the use of single gate BD switches. Compared to
the BD variant of H6, the use of BD switches decrease conduction losses. Furthermore the single gate
BD switch means that the complexity is only increased slightly as the number of required signals goes
from six to seven.

A consequence of this reduction of complexity is that the inclusion of Dg is necessary, as otherwise
the output capacitors would be shorted through S; when it closes. Dg, being a diode, again increases
conduction losses significantly. Granted it would not be as much as the RB variant of H6, but it would
be preferred to have the efficiency of BD H6 with the simplicity of H7.

For the H7 the modulation strategy is shown in Figure 2.4b. Here it is shown that S is engaged
during commutation. The gray areas in this figure represent the overlap of the other switches with S7.
Note that as the other switches only switch once S7 is closed, S7 is the only switch experiencing any
kind of switching losses.

2.2.3. H8

This section will be kept a little brief as the H8 topology is the one picked for this project, and will be
discussed in depth. Compared to the H7, the change is subtle. The circuit is completely identical, except
for the inclusion of switch Sg, which is positioned in anti-parallel to Dg. This has the function that while
Sg is not driven (open) the circuit has the same function as H7, but after commutation Sg closes to allow
a low resistance path for the current that would otherwise travel through Dg. Right before commutation
Sg opens once again to make sure the output capacitors are not shorted once Sy closes. Effectively Sg is
complementary to Sy with dead-time.

The H8 modulation strategy is similar to H7, and can be seen in Figure 2.4b. The addition of Sg
is shown to be on between commutations, with a deadtime between it and S;. The states during one
switching period are illustrated in Figure 2.6.

2.3. Space Vector Modulation

Conceptually, SVPWM for CSl is similar to VSI. The voltages or currents are switches such that the
average on or through each phase is approximately the reference voltage/current. Methodically though
they differ significantly. The most fundamental difference comes from the fact that in a VSI every leg is
independently generating a voltage to match the reference. The function of reaching a reference voltage
is achieved by having either the top switch or the bottom switch on for a specific period at any given
time (except during commutation). This averages then out to this reference voltage. Modulating current
is different as there always need to be one leg that supplies current and one that sinks current. This
difference results in a SVPWM scheme that is simpler in its implementation as only three switches are
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actually switched in any sector.
Figure 2.7 pictures the space vector diagram for the CSL In Sector 1 the current will flow from Phase A
into Phase B and Phase C. To achieve this S; is kept on permanently, and S¢ and S, are used to reach

I and I respectively, alternating between the two to reach the right angle for the reference current.
To reach the right amplitude a zero vector is required. For this there are 2 options depending on the
topology. H6 can use Sy to short the current back into Phase A. H7 and H8 can both use Sy as the zero
vector as it shorts the DC link current. Using Sy has the added benefit that it is already used during
commutation. To calculate the right timings the following equations are used[13]:

I
my = —L @.1)
Ia
k-1
T=my-sin [T = [0 - =D} 1, 2.2)
6 3
k-1
T2=ma-sin(f+(9—( )”))-Ts (2.3)
6 3
Iy=T,-T-T» (2.4)
T 3
=S += 2.5
To=>+ 8T0 (2.5)
1 1
=T, +T> + ETOTnl = ZT() (2.6)
1
T2 =Ta — gTO (2.7)
1
Tus =Ta + gTO (2.8)
1
Toa =Tp — gTo (2.9)
Ts =Ty + 5T (2.10)
Te=T, — jITO. 2.11)

Here T; and T, represent the time S and S, spent on during one switching period. Tj is the zero
vector time, k represents the sector number and 0 is the angle. The values correspond with the the
diagram in Figure 2.5b. The values for T, and T, are computed simply by adding dead time and overlap
toT,.
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Figure 2.7: CSI Space Vector Modulation




Design of H8 CSI based motor drive

As this design is a first foray into CSI driven motor control, the most important aspact in this design is
keep the design simple and measureable, while still allowing for testing and measuring of advanced
techniques. In this chapter first the critical components are introduced. Later the critical subcircuits
are laid out and explained. Then the microcontroller platform is introduced, while explaining how
the control system functions. In Table 3.1 the requirements for the CSI are introduced. It’s values are
derived from either the motor specifications (Table 1.1,[11]) or based on what is required for state of the
art motor control.

Table 3.1: CSI requirements

CSI operating parameters

Parameter Symbol Value Unit
DC Voltage Vbe 50 V
DC Current Ipc 30 A
Switching Frequency fow 100 kHz
Fundamental Frequency fi 4.6 kHz

3.1. Component Selection
3.1.1. Switch

For the switch first the technology is selected. For our switch it would be great if the on-state drain-source
resistance (Rps(on)) is as low as possible. This is even more important for this design than a conventional
inverter as the switches are in anti-series thus doubling conduction losses, and due to the derating
issue[10] the inverter will be run at a higher current. The second important feature is the switching loss.
Power density is crucial when designing anything for aerospace applications, and increasing switching
frequency (and thus switching losses) decreases passive component size and weight.

These requirements combined with the relaxation that for the initial prototype input voltage will
be limited, point towards using Gallium-Nitride (GaN) switches. GaN technology features low on
resistance and high switching capabilities. Their downsides are few, but the biggest is that switches
generally do not feature a high voltage rating. If this would be required Silicon Carbide (S5iC) would be
preferred. These switches come with a higher voltage rating at the cost of lower switching frequencies,
higher switching energy and higher Rpg(on)[14].

Having selected the technology the next step is to find a switch with a suitable voltage and cur-
rent rating in convenient packaging. The selected switch is the GS61008T, pictured in Figure 3.1. Apart
from the adequate voltage and current ratings, this switch is particularily convenient due to the top
mounted cooling that allows for simpler PCBs for cheaper prototyping and the symmetrical package is

1
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2 (Gate) B ¢ / B 4 (Gate)
3 (Source)

(b)

@)

Figure 3.1: GS61008T GaN HEMT and footprint [15]

Figure 3.2: CSI equivalent circuit in stationary reference frame

ideal when wiring 2 switches in anti-series. The package is shown in Section 3.1.1. The gate is accessible
on a pin from both sides.

3.1.2. Filter Capacitor

When driving current through an inductor (or a RL circuit), generally voltage is used as the input as
current already is what needs to be controlled. If current is forced directly through an inductor there
will be a huge voltage overshoot (depending on the %). It is analogous to applying voltage directly on a
capacitor, the inrush current will be massive. A way to mitigate this for the capacitor is that an inductor
is put in series with the capacitor to resist the rate of change of the current. In the driving inductor
scenario the equal circuit is to put a capacitor in parallel with the RL circuit. This dampens the voltage
increase, and also gives a high frequency path for the current so the actual motor windings receive only
the fundamental frequency.

Analysing the equivalent circuit with added filter capacitors, the transfer function becomes

Zc(s) = % (3.1)
ZR,,1.(s) = Rs + sLs (3.2)
s _ 78 ZC(S)
I(s) = ICSI(S)ZQ(S) 7 L) (3.3)
s 1
Gols) = =) _ L,C (3.4)

1
LsC

IEg(s) 52+ SIZ—SS +

To evaluate how this circuit responds to a change in capacitance, the system is analysed using the
motor parameters and the resulting bode plot is shown in Figure 3.3. As can be analytically expected,
with a higher capacitance the resonance peak moves to lower frequencies and the peak decreases in
magnitude. The sharp peak from the lowest capacitance corresponds a very long settling time. This is
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clearly visible in Figure 3.4. The larger capacitance, while decreasing the ringing, does not help the
settling time. The settling time i long as there is little to no damping in the system as that is provided
by the phase resistance, which is measured to be only 45mQ[11]. To get an idea of what is necessary
for the system to become critically damped, which would be the fastest response without ringing, first
Equation (3.4) is rewritten into the pole-zero format Equation (3.5)

Grls) = —— 1 (3.5)

(3.6)

From this the requirement for a critically damped system can be given by

Ls
R, = 2\/; (3.7)

From this formula it is determined that for a critically damped circuit the resistance should be
increased. This is usually not an enticing prospect as this will directly cause significantly higher
conduction losses. Picking a higher capacitance reduces the required resistance, but due to space and
cost constraints this is not always viable. For this thesis a middle route is picked. By going for 66uF, the
required resistance is only about 0.8Q), and using a virtual resistance it is possible to achieve critical
damping without any extra losses[16]. This ended up being outside of the scope for this project, but
parasitic resistance did turn out to be enough for some low power running. This approach and others
are discussed in Section 4.2

3.1.3. Gate Driver

Added benefit to the GS51008T switch is the simple gate driving requirements, and the possibility to use
the AHV85110. This gate driver is remarkable as it allows for full isolation with incorporated isolated
power supply. This results in a simple and compact design that allows for cheap manufacturing, while
maintaining performance and isolation requirements in high voltage and high power applications. An
example of the entire driver circuit is shown in Figure 3.6. Apart from the IC these components can be
imperial size code 0402 so they take barely any space.
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Figure 3.5: The AHV85110 gate driver[17]

GND
= I
E GND_I  OUTPU
—— SEL OUTPD
o EN 3|
EN E\\,I.M 3 BN oUTSS_3
PW 4 -
PWM VDRV ™ OUTSS 2
VDRV ~ 5] VDRV VSEC
o GND_2 OUTSS_L
Lur|  AHVSSILOKNHLU

GND

Figure 3.6: AHV85110 driving circuit schematic

———_ Gate

Source



3.2. Gate Driver 15

1
NetC11.1

1
NetiC5_11

12
Netcs.12

Figure 3.7: AHV85110 Circuit PCB footpring

3.2. Gate Driver

After the choice for the driver is made the circuit is designed, as shown in Figure 3.6. The circuit is
adapted form the APEK85110KNH-01-T-MH board by GaN systems, a schematic is shown in [17].
Adaptations to the G561008T were done by changing the value of Csgc, labeled C4 and C5 in Figure 3.6,
to suit the output capacitance of the switch. This circuit allows for the output voltage to be bipolar. In
this particular circuit the zener diode limits the positive gate-source voltage to 6.2 volts, and sets the low
state voltage to be about -3V. The final PCB layout is shown in Figure 3.7.

The main disadvantage of this circuit (and using this gate driver) is that if the gate driver encounters a
fault state the designed safe state is to keep the switch open [17]. This is the logical choice for a VSI but
in the case of a CSI it can damage the switches. Due to this effect the overvoltage circuit introduced in
Section 3.4.1 is crucial.

3.3. Position Sensing

For any kind of speed control some version of position (or speed) sensing is required. Measuring angle
also allows for Field Oriented Control (FOC). In terms of requirements the chosen position sensing
method would require a high enough bandwidth to represent the correct position at higher speeds, and
the accuracy of the angle estimation should be high enough. The last part is especially important for
motor with high pole pair count. The method chosen for this project is to estimate the angle based on
using a 2-axis hall effect sensor. This is chosen for 2 primary reasons: Firstly the picked chip (MLX90380)
is designed for this specific application and thus values high bandwidth and high accuracy in its design.
The second reason is that this concept allows for relatively simple implementation. Compared to an
angle encoder based on a encoded disk, axially mounting a magnet to an existing motor that was
designed to be used with sensorless control. The solution for axially mounting a magnet involved a
simple 3D printed mount, and is shown in Figure 3.8. Later on this solution was shown to have some
problems as the response proved to be slightly non-linear. This did not limit the performance of the CSIL.

3.4. Protection

As with most power converters, CSI topologies require adequate fault protection. The CSI requires no
output shortcircuit protection like a VSI would[7]. In fact the CSI requires a lot of opencircuit protection,
as the current from the DC link always needs a path to take. This and other protections will be discussed
in this chapter.

3.4.1. Overvoltage

Overvoltage in this design is tackled in 2 ways: prevention and intervention. The prevention part is
done by hardware logic circuitry to check whether or not the input signals will cause an open circuit
state to occur, and will Sy closed in such a scenario. Intervention happens when a overvoltage occurs.
Every switch has a circuit that both clamps the voltage to keep it from reaching dangerous levels and
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Figure 3.8: 3D printed magnet mount

signals the controller that an overvoltage event.

3.4.2. Prevention
To prevent overvoltage, Equation 3.8 must hold always true. In this formula each switch is a logical 1
when it is closed, and a logical 0 when it is open.

(51 + S5 + 55) . (54 + S¢ + Sz) +S,=1 (3.8)

Open circuit occurs when no high side or no low side switches are closed. If this condition is not
met, S7, which in a safe state short the DC input, should not open. This is done by first using 2 OR gates
with three inputs, to generate signal SH and SL. These signals are for the high and low side respectively,
and are high when a switch is closed and low when all switches are open. Then signals SH and SL are
fed into an AND gate to generate signal Signal Closed (SC). Finally this signal is connected to an AND
gate with nERR (inverted error) to create signal nDIS, which when high allows S7 to open, and when
low keeps it closed, overriding the S7 PWM signal.

3.4.3. Mitigation and detection

In Figure 3.9 the overvoltage circuit is depicted. During normal operation the majority of the voltage
is over Ry, until that voltage reaches the breakdown voltage of D, in this case 54 V. At that point it
starts conducting more and when the voltage rises further the voltage over D; rises, causing current to
flow through the optocoupler. The optocoupler is a 2 channel one that is wired such that the signal is
transmitted when the voltage hits a certain amplitude, regardless of polarity. This in combination with
the bidirectional TVS diodes ensures that both switches are protected from overvoltage, and that the
bidirectional capabilities of the circuit are preserved.

O ’—J
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s, 1 1

54V 1MQ

b 10V 10kQ 100nF T

. x

Figure 3.9: An TVS based overvoltage mitigation and detection circuit
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Figure 3.10: Safety logic circuit

3.5. Fault detection

For added safety the most critical devices were selected to include a fault signal. These devices include
the gate drivers, output voltage ADC devices and input current sensor. This fault signal was controlled
to be of the inverted type, meaning that a fault would be a low state and the all good a high state. This
was combined with the enable signal in a wired-AND network. This means that the network has a weak
pull up, and all devices on the network that want to drive the signal do so with a open-drain output. So
if everything is good the signal is high due to the pull up, but the entire line gets pulled down when one
device encounters an error. This method of fault handling was chosen to be able to string many devices
together without ending up with a massively complex PCB. The downside of this method is that there
is not way to actually find out which device caused the fault. This was mitigated by running 5 seperate
fault lines. 1 for each phase leg and its gate drivers, 1 for Sy and Sg and their gate drivers, and 1 for
the sensors.This meant that each fault line only handled at max 4 devices at the time, and actually also
meant that each line handled 1 PCB in my design. This design is presented in Figure 3.11.

3.6. Controller

The DSP used in this design is the TMS320F28379D, on the launchpad evaluation board LAUNCHXL-
F28379D. The main reasons for this choice are that it is a popular controller for similar applications,
which means that there exist many tools and resources that help with controller design and it can be
programmed straight from MATLAB. It features modules for PWM generation that are convenient for
inverters. Regrettably this was also what made implementation difficult as the modulation is made
specifically with VSI in mind. The PWM is synthesized using a carier wave and a threshold value. The
controller allows 2 of these values. This means that the output waveform can switch states 4 times when
using a triangle carrier wave. Looking back at Figure 2.5b, S7 switches output states 6 times. This means
that an extra complex solution is required, where the first value is changed mid cycle. An example from
the official C2000 documentation [18] is presented in Figure 3.12.
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System transfer function and
controller

In this chapter a deeper analysis is performed on the system as a whole. Following the system analysis
some control methods will be introduced and considered for both controlling the current and for speed
control. As the goal of this design is to get a working system, and not necessarily one that needs to
reach some particular performance metric, the decision for these control methods will mostly be guided
by ease of implementation, and not performance.

4.1. System Analysis

This section aims to analyse the dynamics of the plant (passive electronics, motor dynamics) and use
these findings to identify key parameters to use when designing the control loop.

In Section 3.1.2 the passive circuit of the system is analysed, and a block diagram version of the
passive circuit is presented in Figure 4.1. The input signal of the model is the current output from the CSI,
in a stationary reference frame. Ideally for control and simplicity it would be useful if the system has a
unit gain. This is true for the DC-gain, and as the frequency is expected to be below the peak in Figure 3.3
the system will be at unit gain during a quasi-static state. However at higher than this frequency or in-
creasing rapidly the resonance in the system can cause instability. This is further discussed in Section 4.2.

4.2. Current Control

Current control in a CSI ensure that the requested current from the speed controller is put through the
motor. In bode plot terms this means that the response should be unity for the entire bandwidth. The
major challenge is that the system requires a filter capacitor. The inductor in the motor and the filter
capacitor have a resonance frequency that causes instability at the higher end of the bandwidth. The
effect that this has is that increasing the size of the capacitor dampens this peak but also decreases the
resonance frequency. There are many ways of tackling this issue, but here three common methods will
be discussed:

Direct Control By far the simplest control scheme, essentially assumes that the open loop response

I 5

s
CsI A I

®
A=

Figure 4.1: Electrical model
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Figure 4.2: Alternative current control bode plots

of the system is sufficient. This control requires no sensors as there is no feedback, and is the
simplest to implement because there is nothing to implement. Compared to the other schemes it
lacks any form of dampening capabilities.

Virtual Resistor This method addresses the amplitude of the resonance peak. By carefully selecting a
capacitor value and modulating the output current in such a way that the voltage on the motor
terminals acts as if a dampening resistor is introduced, it is possible to a simple yet robust controller.
Compared to the Direct Control it requires feedback in form of current sensors and may require
larger than expected filter capacitors[16]. In Figure 4.2a the bode plot from [16] is shown for both
the open-loop and closed-loop response.

Pole placement In the situation that increasing capacitance on the output is not possible and/or the
system needs to function at a high bandwidth it is possible to do pole placement in such a way
that not only increases the bandwidth of the system but also dampens that resonance peak. In
[19] a version of this method is shown that does not require any additional voltage sensing. In
Figure 4.2b the bode plot from [19] is shown for both the open-loop and closed-loop response.

As mentioned previously the purpose for this design is to make a basis for further research. With that
in mind the direct control is chosen but the system is designed in such a way that future modification to
test the other methods is possible. The expected effect of choosing this basic form of control is that the
speed will be limited until the electric frequency is about 3 tenths of the resonance frequency [16].

4.3. Speed Control

For the speed control the current loop is assumed to be a unit gain. Again as direct current control is
used this will only be true at lower speeds and quasi-static states, so the performance of speed control is
not expected to be excellent, just easy to implement and stable. Furthermore the motor is only modelled
as an inertia and no resistance. The simplified system model is presented in Figure 4.3. The speed
control is handled by a PI controller, and the PI constants are calculated using a simple bode plot method.
From the block diagram the transfer function is calculated and written in Equation (4.1). wp depicts the
bandwidth of the system, and it is equal to the proportional gain divided by the inertia, Equation (4.2).
After choosing a bandwidth and a dampening factor C, the proportional and integral gains K, and K;
are calculated using equations (4.2) and (4.4).
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For this application a bandwidth of 250 rad /s is chosen and a dampening of 1.



Experiments and Validation

Due to the complexity in designing a motor controller, after production of the CSI all its different
functions should be evaluated in a manner where each separate feature can be tested in its entirety
before moving on. The first test will be a Double-Pulse Test (DPT) which tests the gate driving circuitry,
the switching performance, and in case those do not work properly, it will test the safety circuitry.
After this the modulation scheme of the CSI is tested by attaching the encoder of the motor and scoping
the gate signals. If the test is successful the gate signals should be as expected for the entirety of the
rotation.

Next the previous 2 functions are combined to see if the CSI can synthesize current into a static load. If
this goes well a motor is connected to see if open loop spinning is possible.

For the last test the encoder is used to test if the closed loop speed control is possible.

5.1. DPT
5.1.1. Methodology

In the industry the DPT is a common test to measure a converters switching performance. The circuit
usually looks like Figure 5.1a in a VSI, where the top diode represents the body diode for the top switch.
The working principle is that during a initial pulse the switch is turned on and current through the
inductor will build up. Then the switch turns off and the current flows through the diode, remaining
constant. then the switch is turned on and off again. During the last switches the current iy and voltage
vg4s are measured. These when multiplied give the switching power loss. The ideal waveforms in this
circuit are presented in Figure 5.1c.

For the CSI the previous circuit should not be used, as the fundamental mechanics of a CSI dictate
that the input current remains constant and the voltage can fluctuate. The circuit in Figure 5.1b is the
equivalent version for a CSL In this case the gate signal is inverted compared to the VSI test. In the CSI
test the switch first turns off, blocking current through the switch and sending it through the capacitor
and diode. When the switch turns on the current flows through the switch, but the capacitor remains
charged as the diode blocks reverse current. Then the switch is turned off and on again, once more
measuring v4s and iz. The ideal waveforms are presented in Figure 5.1d.

For the H8 configuration that is chosen the only switch experiencing switching losses is Sy, so the
DPT will be performed only with that switch. The diode can be Dg and the output capacitor will be
the filter capacitors, connected through S, and S3 (see Figure 5.2). These switches are chosen as they
are physically the furthest from S7, resulting in a worst case measurement. The CSI DPT method is
discussed in [20], although it has been adjusted to fit this topology.

5.1.2. Simulation

This test is first simulated using LIspice, in combination with the gate driver circuitry. The results
are depicted in Figure 5.3. One notable feature in this plots are the big overshoots, which can cause
unnecessary strain on the switches or require those switches to be rated to be higher than necessary.
The cause of this overshoot is explained in Chapter 6.

22



51 DPT

23

Vs

Vid

+

i
C_) Vdc
+

(a) VSI DPT circuit

Y
VaslVl

uA]/

VpsV]

llA) /‘_l/\—

I
60 80 100 120 140
Time [us]

(c) VSI DPT waveforms

Ugs

VsVl

ch

VosM

101l

l
+
Uds +
<§ H»— O¢
Yig B
(b) CSI DPT circuit

0 20 40 60 80 100 120 140

Time [us]

(d) CSI DPT waveforms

Figure 5.1: VSI and CSI circuits and waveforms

94|

(a) DPT current path when S7 is open.

r

(b) DPT current path when Sy is closed.

Figure 5.2: The path the current takes during a CSI DPT



5.2. Modulation 24

Table 5.1: CSI requirements

DPT parameters
Parameter Symbol Value Unit
Capacitor Voltage Vp 10 V
DC Current Ipc 5 A
Capacitance Cr 33 pF
Pulse on-time T 66 s
CSI DPT Drain-Source voltage CSI DPT Drain Current
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Figure 5.3: DPT CSI simulation waveforms

5.1.3. Result

The results of the DPT test are shown in Figure 5.4. The peaks in Figure 5.3 are still present and have
exacerbated, and the current waveform also depicts major ripples. It should be noted that this is after
adding a RC snubber to the switch to aid dampening the voltage ripple. In Figures 5.4c and 5.4d the
transients are zoomed in on and the calculated on and off losses are presented.

5.2. Modulation

The modulation is quickly evaluated by measuring the gate signals at a known angle. For repeatability
the signals are measured during commutation, and are shown in Figure 7.2. There are 2 major difference
between this and the diagram in Figure 2.5b: Sy is inverted so that the failure state of this signal shorts
the DC link and prevents an overvoltage, and S, features a spik in the same spot as S,. This is a
consequence of a limitation from the used C2000 processor.

5.3. Current Control

As a test to see if the currents are synthesized as intended, the system is first evaluated at standstill. The
electric angle is set to 0, Ipc is set to 1A and m, is set to 0.8. The result for all three phases is presented
in Figure 5.6. As expected phase A reaches 0.8 A, and both Band C are at 0.4 A.

After the current amplitude modulation is verified to work properly at no speed, an artificial angle
signal was generated at 28 Hz. This test was done for 2 reasons: to evaluate if the converter is able to
produce a proper sinusoid, and to see what the actual pole-pair count is of the motor as this was not
specified in its documentation. The motor speed was measured to be 2Hz, so the pole-pair count was
determined to be 14. The current of phase A was measured and displayed in Figure 5.7
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Figure 5.4: DPT CSI measurement waveforms

5.4. Speed Control

To evaluate the speed control of the motor drive the controller is fed a stair case reference signal. This
allows for multiple setpoints to be evaluated and shows the difference in performance as speed increases.
The chosen input waveform is shown in Figure 5.8, and consists of 9 different setpoints ranging from
500 to 2500 rpm, with a step size of 250 rpm. In the same figure the measured speed response is plotted.
What is notable in this response is that the response is consistent until about 1500 rpm, after which the
overshoot flattens out and after 2000 rpm the controller is not able to reach the speed setpoint. This has
to do with 2 issues that are explained in Chapter 6, one that limits the possible input current and anothe
one that limits the modulation index. These meant that this test had to be performed with severely
limited modulation index at a low input current, resulting in a low torque on the rotor.

Another part of the speed control worth analysing is how it compares to the simulated version.
This comparison is shown in Figure 5.9. Quite obviously, the simulation predicts a many times quicker
response than reality. Again this is probably an effect of the simple nature of the speed control, as it
assumes unity response from the speed control and there has been no analysis for disturbance rejection
or any effect of the back-emf. That being said the control features acceptable overshoot and keeps the
speed stable. The high frequency ripple visible is more than likely an effect from a non-linearity in the
angle from the rotor position sensor.
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Figure 5.6: Phase currents through the motor for Ipc = 1A, m,; = 0.8, 6, = 0 and w, = 0, measured with a current probe.
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Figure 5.7: Phase A current, Ipc = 1A, m; = 0.8 and f, = 28, measured with a current probe.
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Issues

The purpose of this project has been to build a prototype of a CSI with high current capacity, in order to
see if there are any problems that would make the chosen concept unsuitable. In this chapter various of
these problems will be discussed and explained, starting off with the most important one, nicknamed
"The Diode Problem".

6.1. The Diode Problem

As hinted at before in Chapter 5, when performing the DPT, an overshoot was seen. This overshoot
is many times worse than predicted, and it caused the overvoltage protection circuit to kick in when
trying to do a DPT at higher currents.

Now conventionally, overshoot is cause by 2 things working in tandem. Something has a steep
increase in either current or voltage, which injects high frequencies into a circuit. Secondly poor circuit
design can cause the circuit to be more vulnerable to these high frequencies due to high parasitics in the
system.

In this case this conventional explanation did not hold water. The circuit was adapted to increase
the gate resistances on S;7 to be around one hundred times larger, without noticeable impact on
the ripple and overshoot. Secondly an RC snubber was introduced. This reduced the ringing sig-
nificantly but again did nothing for the overshoot. The overshoot appears to be caused by something else.

"When you have eliminated the impossible, whatever remains, however improbable, must be the
truth." [21, p. 26]. After the effects from the switching of S; were ruled out, the only plausible device that
could cause these issues is the diode Dg. Diodes do have a mechanism that could cause an overshoot,
the forward or reverse recovery. However this diode is of the Schottky variety, which are widely used in
power electronics mainly due to the absence of this effect.

It appears that this effect is still present in diodes, only when driving it with voltage the effect is
not visible. In Figure 6.2 the ideal characteristic from a diode is shown. At low voltage the current is
nearly 0, so the resistance is also high. The mechanism that changes this resistance is driven by voltage,
so when S7 suddenly closes, the current ramps up at the same speed through Dg. The voltage has no
time to build up over the diode, causing it to conduct while still moving from the high resistance to
the low resistance region. So when the current ramps up and is forced through the diode the high
resistance means that a voltage spike is introduced over the diode until it is in full forward conduction.
This is a fundamental flaw with the H7 or H8 topology as described in this thesis. While changing
components can definitely mitigate this overshoot, doing so without compromising on efficiency or size
will be challenging to say the least. Here are a few suggestions on how to cope with this phenomenon:

Passive solution There may be space in the design to find a solution in the form of a parallel circuit
could absorb this overshoot. It is recommended to attempt this with either just passive components,
or using the fast reaction capabilities of a TVS diode. While attempting a solution the use of
normal diodes was unsuccessful as other diode just had the same issue.

28
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Active solution In this design the input current was assumed and regulated to be constant. More
advanced topologies can be considered where the input current is modulated to ZCS when
commutating, which fully eliminates the overshoot.

Design around it During testing it appeared that the overshoot was not a function of voltage or rise
time, but mainly one of rise amplitude. Therefore if the output voltage increases substantially
the overshoot becomes lower in relation. Likely though this means that a higher DC bus voltage
would be necessary.

For this design this flaw meant that the input current was ultimately limited to a few amps, as any
higher would cause an immediate overvoltage event.

6.2. The Front End

This CSI was designed without what is commonly referred to as "The Front End". In the context of a CSI
the front end acts as a voltage to current converter. If a CSI is to be used in any kind of electric vehicle a
proper front end will be required as most if not all energy storage solutions (like batteries or power
cells) have a constant voltage on the output, not a constant current. For this prototype the choice was
made to replace the front end with a lab bench power supply. However, from experimentation it has
become clear that the current control on these devices was not designed to maintain a proper output
current but rather to limit current to a maximum setpoint. In practise it means that at high current
modulation the input current would become an offset sinusoid at 50Hz, with its amplitude increasing
rapidly and quickly causing the overvoltage due to "The Diode Problem". The current waveform is
shown in Figure 6.3.
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Figure 6.3: Measured DC link current with a sinusoid, picture taken shortly before the system crashed.

6.3. Layout

The last main issue of the design concerns its layout. Now compared to the previous issues this one
did not actually limit any performance. However it is something that was not done properly in this
design and may have caused issues at higher speed. In the first months of this design some decisions
were made that eventually made proper layout for a CSI very difficult. For instance the decision to give
every switching leg a seperate PCB is something that makes more sense for a VSI than for a CSI. The
better solution may be having all the top switches and bottom switches together, on 2 separate PCBs. In
[23] the motivation behind this concept is explained pretty clearly, but basically it allows for the filter
capacitors to sit closer to the switches, reducing the path inductance compared to the chosen solution.



Conclusion

7.1. Reflection

Figure 7.1: The final design of the inverter

Before reflecting on the design let us first state the design goals once again:

“The goal of this thesis is to design a 1kW CSI that can be used in a laboratory setting to see what issues
come up when voltage is limited”

Due to the proven functionality shown in Chapter 5 and the discovery of the major issues discussed in
Chapter 6, it is fair to say that this goal has been accomplished. It is easy to get lost in the fact that the
speed and torque are both limited to about 10% of the design spec, but for a first attempt at such an
unconventional type of converter these flaws are only to be expected. Combining the gained knowledge

and the benefit of this new CSI development platform, its only reasonable to say that the project was a
success.
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Measured gate signals during commutation
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Figure 7.2: The measured gate signals during commutation. Measured with a logic probe

7.2. Future work

As discussed in Chapter 6, 3 main issues have come up with this design. Besides this for scaling up a
few other consideration or alterations can be made in the second version.

Modular Drive Much of the initial appeal from the CSI is that it can be used in a modular fashion
constructed around a motor without adding a significant amount of bulk to the package. This
modularity is the main piece of the puzzle that cannot be evaluated by improving the existing
design, and should be definitely included in the next version.

Advanced Control Electronics The actual control of the motor (while analysed to an advanced extent)
was very simple as no real power transfer was used in this system. The main problem in including
the designed control scheme was the limitations of the microcontroller, so moving to a more
advanced system (like FPGA based processing) should definitely yield positive results.

Resonance Front-end It has become apparent that a proper front-end is critical in any future design,
however a special mention should be made for the resonance type of front-end. A topology that
could incorporate such a front-end could have the potential to achieve full ZCS/ZVS operation
and also could require smaller DC link components.

IMS packaging The current temperature management strategy can be summed up as "just put a big
heatsink on it". In fact as input current was limited no heatsink was needed during testing. Higher
power density can be achieved by using an IMS PCB, which features a thick layer of alumnium
that can sink much of the generated heat and dissipated the heat much more effectively.
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PCB design documentation

This Appendix contains the design files generated using Altium Designer. First the mainboard is
presented, and then the seperate switching leg PCB.

35



Ce54 b —
Cé64| :
C6414 o=
i
()

5
Z

.[:621 | e

Cé631 1

Cél ¢ n-=
g

O
=
A

0

(3
iy

9 2 o @ I
SO
3=
0)

\0
SRERREREIRE
()

—

Nl

ci1
-

NS

D4
L1 ]
©SC0 Il
ogd

|8 =5
0ol N,
= ERROY

S H -l

R28

T
0
Y

B v

9] ‘
SR

G5

{o2]
(5]
=

Current Source Inverter V1 - Main Board

Project: IEHO1TH
Onno Twisk

=]
FRRRRERF
szoi-awa M €0

820 e, i
o e

| I—

= 0
b
=

Ci0 o »

el 1

841 1

Z

Sy W
- lclse en .
II IO\

VCZ
> .wq

o)/}
<o

| s+o
geoiwe

|5,]0 [2 %)

° =
LR LY

74 WV C77 on ¥
“C' .gT Cn gn

+Td
iy

| +92
8Lolwe
©

i’ cco
Lt

5

ﬂiiiiiii s

wswa DY €0 Zoiawa BB 2SO
) =0

[T/
0+3

64 A ad by cw
I

[ ] 49 SHI T e

6+

ewzitay ow
T

¥ C80 ¢n
o=y







€10

+30d

-3a

C24

(6] SU01
< 3R]z —

- - - -
ut u2 hN 8 BB
. w N =
O 0 0D -
R . B..3..8
T2 [:55 \ & AN g §§
ng , [ ] Cs4 , [ ] R26C26 ﬁ o1 Csagn . ! [371 bﬂ e 1 Cr4gn o ! C779ﬂ . ! ng n
o -
§ g I : ] 8g []'m[] g
N °© @ 229 SR 5.5 sg:) S
_ O ] — o1
Omm ; : 5 o l?l'l NN N
8
(e}
; Z 4 o ) o o ©
J4 J1 10 Py
. . 21 8 J2 . J3 - S5
2
S o _ — 58
g 631 lo -
[ =
\0
o & 0131
L]
oy o ]
ey — — €3 — — o0 — — %2
- e 689 ~ oy 89 - e
R
— — cs ot
12 = s
- N m <+
. |- s )
) + + g
% < - o —_ _ —_
ggg — +€D © S— — E¥D 0 -
o _ e €9 _ o W —_ 1@
= ~ R 9T wa B “ow
€ — ooz 1< I - < | ey zwd e ow
20w T ce 2 it 3
—c5 _ P -
L1- N__D Q o o
"% I~ = N
— o w (]
- 2 2 N
— el =l 5 =l 2 5=l |
) < _— @ e —_—
[24
Q (2] ~N
— > Q N S
— [S) — —
=27 +Z7
sl 1 I g
2] < m (&)

Project: IEHO1TH | | |

Onno Twisk







8 7 6 5 + 4 3 <SCH -q'WG NO>| 1 2 | 1
Dwe. N0 | Rev sir.

THIS DOCUMENT AND THE DATA DISCLOSED HEREIN OR REVISION \ DESCRIPTION \ DATE \ APPROVED
HEREWITH IS THE PROPERTY OF ALTIUM LIMITED AND MAY ‘ ‘ ‘
BE FREELY DISTRIBUTED IN WHOLE. NO RIGHTS ARE
RESERVED OR EXPRESS OR IMPLIED WARANTEE GIVEN.
PhaseA PhaseB PhaseC
Chassis
A A A
DC+ o L1+ Ll- HC S1
U_linADC HC
MA4470MTR24 1inADC SchDoc @
DC+
74650173R 74650173R 7465017&% EE’{:".‘,L" Curencel 7461101
A Dlde 1= patA out
nfit
(] DIAG PhaseA
) U
1 Va HC A
B30202C-M3_4W VoutADC.SchDoc @ A
PhaseA PhaseB PhaseC @, CLK_IN ™ CLK_IN Vi [ A N\
<<
A A A ot biac 74650173R
! A ! ! c He(D— = DVa Lo o o [ [ ]
' ' ' ] DATA_OUT V-L— PhaseB
| | | s
[ [ - [
! ! —#—cg——Lc o | c11 Vb HC 5
| | = |
| N % N | LK N VoutADC.SchDoc @ 5 B
o
| | | T ==———1 D CLK.IN V+ [ A\
| | |
J J J nfit 1 piac 74650173R
d) DV pata out \ N PhaseC
Cl14 HC i
SMP253MA4470MTR24
He Ve HC A
VoutADC.SchDoc @ C
KN ek v — = AW
Chassis nfit 1 DIAG T74650173R
Dven 4 pata out V- [
S2
HC HC
DC-_in @ DC-
Iy 7461101
C15
SMP 4470MTR24
DC- 2- L2+
74650173R 74650173R 74650173R
Chassis
7~
j3
2
U_Communication =
Communication.SchDoc é
D Va EN U_Safety
= { > Va EN [ o—=—n & z
D_Vb CLK_IN Safety.SchDoc s}
DVen { > Vb CLK [ ———=—— v
= { > Ve
e ldc a nfit nERR
{ > nERR TODO: EN—D nflt nERR [ ————
-Reconsider Y-cap amount and =—- > EN PROJECT *
placement (not important) L APPROVALS DATE .
U_Power ENG: * ’um c
N2 overSchDoc (=D * PROJECT REVISION: :
- Layout not the best for parasitics in K
H8 ° 0
REFERENCE DOCUMENTS *
BOM: <BOM DOC NO>
ASSYDWG: _ASSY DWG NO> SIZE |CAGE CODE |DWG NO. REV
FABDWG.  _FAB DWG NO> 2?2?77 <SCH DWG NO>
PCBDWG:  <pCB DWG NO> SCALE: ‘FILE NAVE Shoet].SchDoc SHEET | OF 19

8 7 6 5 + 4 3 | 2 1




V+

R1
RT0603BRDO07511HK

Admittedly messy schematics, but they also represent the components layout, which is quite complicated

IC1
6 ——C21 DIAG
DCDC_OUT DCDC_IN = 100nF DIAG
DCDC_HGND DCDC_GND 2 = R2 1
HLDO_IN DIAG = \/\/\/—1 +5
& —— NC LDO_OUT = 47k -T-
R3 Ny HLDO_OUT VDD ;
10.2k _T_ng tNP CLKIN —5 CLKIN |
nE NN DOUT —5 [ DATA OUT
HGND GND
—y o N
AMC3336DWER
o =—C26 ——=C27
Ra A R | wF
§RT0603BRD07499KL
— —
GND
>
Title
Size Number Revision
A4
Date: 10/28/2024 | Sheet of
File: C:\Users\..\VoutADC.SchDoc | Drawn By:
3 4




=

= . .

“,:) N N

3 C29 C30 j—czs

1uF [ inF IC2 - 100nF
N 21 DCDC_OUT  DCDC_IN g DIAG
. 5 DCDC_HGND DCDC_GND [—j7mrad—R5 ] DIAG
L R6 5 T 100nF*—4] HLDO_IN DIAG [—> 5
~ = —— NC LDO_OUT —> 47k S
> HLDO_OUT VDD
R7 ERJ-3EKF10RO0V oct?ozslmnw — g INP CLKIN é CLK_IN |
INN DOUT [ DATA_OUT
LRMAP5930B-R0O006FT L R8 , X 8 | HGND GND -2
- AAAY, - AMC3306MOSDWE N >
CRISSERFIORUVY ——C35 ——C36
\ 4 R 1wF

3 am

=1 =

g GND

=3

(@]
Title
Size Number Revision
A4
Date: 10/28/2024 | Sheet of
File: C:\Users\..\linADC.SchDoc | Drawn By:

1 2 3 4




1 3 ‘ 4
IC3 +5 IC4 +5
2 i 2|
ENd LA vee AT =N 1A vee 2T
20 [ o 20 ENc 2 [ o nov
31y ea 18 311y A 8
+5 (I ) SV V) L] oa ey I
IC5 +5 T nRST 5] 55 5B [ 16] nRST 5] %8 5B [ 16]
Cen N 1158 vee L8 ~ » » » » ' ENaL 6| 5 o |HE nRST ENIL 6| 5 o |EH nRST
2 7 ENc Ao Lo Lo Lo T, L END 7 4 ENcL nfit 7 4 nOVL
= 3y Y e C37 C38 c39 c40 ca1 ca2 — 3A 5Y |2 e e %A 5Y == T
2A 3A |-2_END 100nF_| 100nF ] 100nF | 100nF_] 100nF | 100nF 3B 4B = n 3B 4B =5 n
416ND 2y poENa - ? = 9 1ay  4a |2 9 1ay a2
[ L 10| o 4y ENbL 10| o 4y nfltL
— SN74LVC3G07DCUT o
) GND SN74AS804BDW SN74ASB04BDW
2
S Ic6 +5 GND GND
4 SH 11 j=A+B+C+D vop |41
21 A K=E+F+G+H 3 SL
S3___3 = 2_S2 i
B H NAND Latching
S1_4 1_S6 nflt
c G
5[ [
6 9
»—=— NC_1 E
71 vss NC 2 B :|—=
| CD4072BM96G4 GND
GND ic7 5 —
> L 1i1a vee _%Tnow_ - Add falstad link
6 ENeL 3] 1B 1C > - improve legibility
== 2A N - Add status LED
ENIL 4 | on ac 11|
6 9 _nRST
2y 3A |——TEon
8 7] 6o sy |B_DERR
— SN74F1IDR
GND
AND Gate to sum errors
J1A J2A J3A J4A
1 ql il 1
w1 st - w1 S5 N
i_ 3 ENa &_ 3 _ENb ﬁ_ 3 ENc é_ 3 _ENi 1c8 e
5 5 5 5 H 1 | 8]
5 nov | 5 nov |5 nov =5 nov — ig vcis = %  RecetButon
DIS_3 3 - u
-7—7—|||-GND -7—7—|||-GND -7—7—||I-GND -7—7—||I-GND Z éT\ID 222 5 NERR———— Rese‘B“mn'st;gT
43045-0829 43045-0829 43045-0829 43025-0829 oy AR
LEDS
1B 128 3B 4B LEDs.SchDoc
. . . nERR
2| 2 4 2| 2 s6 2|2 52 3| 257 Final disable logic novL = NERR
[ = [ = [ = [ it % Efcl)tl\il_
-4_ 4 nDIS -4_ 4 nDIS -4_ 4 nDIS -4_ 4 nDIS The input dim should be
fitted with a NAND
6 6 6 6 gate, meaning that [nDIS Title
ﬁ_ e i_ w a_ w3 é_ o function is inverter (still
8 8 8 8 disables but disabled (or
i_ ALY 3_ \UBIRY &— Weley &— LY safe state) means closed Size Number Revision
43045-0829 43045-0829 430450829 43045-0829 -
Date: 10/28/2024 | Sheet of
File: C:\Users\..\Safety.SchDoc | Drawn By:
" | ; !




4
+5
N
R9
10k
R10
CRST 2 4
10k
— [
~ ol @
c1 Tl
430473035826
| 104F
GND ’}—‘
g <
GND
Title
Size Number Revision
A4
Date: 10/28/2024 | Sheet of
File: C:\Users\..\ResetButton.SchDoc | Drawn By:
2 4




3
+5
45
©
u2D
8 SN74LVC3G04DCUT o
> ——cis
u2c u2B U2 I} 100nF
SN74LVC3G04DCUT SN74LVC3G04DCUT SN74LVC3G04DCUT 5
< o
GND
R20 =
GND
RC0805FR-07330RL RC0805FR-07330RL RC0805FR-07330RL
DS1 DS2 DS3
\:(LTST-CNOKRKT \:(LTST-CJJOKSKT \:(LTST-C170KSKT
GND
Title
Size Number Revision
A4
Date: 10/28/2024 | Sheet of
File: C:\Users\.\LEDs.SchDoc | Drawn By:
4




EN input
SCH-0008-5.SchDoc

+5

-I_—D Power '
*

(|
Clock Input
SCH-0008-5.SchDoc
+5
-I_—D Power '

'I**" ll**" !I*’“ ll*‘*" !I*‘*"

Va Output
SCH-0009-3.SchDoc

> Power ' ‘
{ > Data_in (]

Vb Output
SCH-0009-3.SchDoc

{ > Power ' ‘
1 > Data_in (]

Ve Output
SCH-0009-3.SchDoc

> Power ' ‘
i > Data_in (]

Idc Output
SCH-0009-3.SchDoc

> Power ' ‘

> Data_in (]

nError Output
SCH-0009-3.SchDoc

i > Power '

)

{ > Data_in -

Title

Size Number Revision
A4

Date: 10/28/2024

File: C:\Users\..\Communication.SchDoc




3 4
A
12V to 5V
conversion,
5V to 12V might
be a bit more
practical for v2? VBRV 15
R16 17
RC0805FR-071KL ERJBENF2700V
D2
o~ o
VBRV \.ETsT 170GKT \E‘?T 170GKT
B1100-13-F 3 \JILTST-C1706 \JILTST-C1706
s = -
_I__lrvvv\ 8 694106301002
744206 — —
GND GND GND
VDRV VDRV U1 +5 +5
Tl v vour BT
. ENSV_ 3 py FB & FBSV -
c3 C2 C16
§ GRM21BR61E106MAT3L GND.|||_”_5 sS GND j—“l-GND | CL32A107MPVNNNE
R11
VDRV | OBOSSPIIKAKE e 12
CRCW080578K7FKEA
— LMZ12002TZX-ADJ/NOPB —
GND GND
VDRV 5
-
R12 ~
CRCW080534KO0FKEA LRr13 ——c17
SERJ-6ENF5621V _[ 1nF
o~
EN 5V FB_5V
) IR15
$CRCWO08054K53FKEA $ERJ-6ENF1071V
1 1 Title
GND GND
Size Number Revision
A4
Date: 10/28/2024 | Sheet of
File: C:\Users\..\Power.SchDoc | Drawn By:

4




2 3 4
L1 Ul
° N-I T 3 1 veer Data Out |- Data out
C1 C2 Cc3 4
10uF 10uF | 100nF —— NC
= g 1 Housing Pin 2
GND 2 Housing Pin VEER __l_
—  AFBR-2624Z =
GND GND
Title
Size Number Revision
Ad
Date: 10/28/2024 [ Sheet of
File: C:\Users\..\SCH-0008-5.SchDoc | Drawn By:
2 4




4
L1 Ul
[ Power I‘ I‘ I‘ VCCT Data In
C1 C2 C3
10uF 10p4F [ 100nF
VEET
_T_= GND
GND GND
AFBR-1624Z
Title
Size Number Revision
Ad
Date: 10/28/2024 [ Sheet of
File: C:\Users\..\SCH-0009-3.SchDoc | Drawn By:

4




: Bunyepy g H




O 000000

e o000 o0
uoooo
oo

OOOOO

H_%
=1




Use

Us

U4

=
~

J2

HCN-

SWN

HCN+

sdn






8 7 6 3 <SoHgWe NS T 2 | 1
Owe. N0 | Rev] sii.
THIS DOCUMENT AND THE DATA DISCLOSED HEREIN OR REVISION \ DESCRIPTION \ DATE \ APPROVED
HEREWITH IS THE PROPERTY OF ALTIUM LIMITED AND MAY ‘ ‘ ‘
BE FREELY DISTRIBUTED IN WHOLE. NO RIGHTS ARE
RESERVED OR EXPRESS OR IMPLIED WARANTEE GIVEN.
6+
-
PTH-M3
EN| Is the ENable signal for the gate HCN+
drivers. In this case its mainly used as a
fault pin
I . : BD_High
DI e ikt s i R
legs, and with a nand gate on the input -
stage. This is because the ideal safe state > Power Data_out > Vpwm_high = OVh
> Vpwm_low B afety.SchDoc
L vout nov f—"
J1A
nDIS DIS
1St GHb SH g = — Vin
2 SH SCH-0008-5.SchDoc i
> Power Data_out EN EN
3 _EN +5 +5
4 _nDIS % S
R3 R4 p SWN
470 10k
T72448-0008 S
<l 3 “'m SCH-0008-5.SchDoc
z ¥
< > Power Data_out BILCMS
BD_Low
J1B BD.SchDoc
i_ 5 nov > Vpwm_high =
6 > Vpwm_low %"
i——| +5 oLb ovl
7|7 SCH-0008-5.5chDoc Safety.SchDoc
- [I-ono nDIS — Vin
g_ 8 > Power Data_out DIS
+———| VDRV st s . nov [ nov
3
-
172448-0008 EN EN — > Vout
U_Shunt
V2 Note: Shunt.SchDoc
- (_SaN can b;- placed closer to the gate
driver circuitry =
=
o
ICN-
o
&
HCN- g
PTH-M3 5
=
)
z
[¢]
v
APPROVALS DATE BROlECH :
: um
Zi: * PROJECT REVISIONSbBﬁsg
B TITLE
REFERENCE DOCUMENTS *
BOM: <BOM DOC NO>
ASSYDWG: ASSY DWG NO> SIZE |CAGE CODE |DWG NO. REV
FABDWG.  _FAB DWG NO> B | 77?222 <SCH DWG NO>
PCBDWG:  <pCB DWG NO> SCALE: ‘FH.E NAVE 7051 evel.SchDoc SHEET | OF g
8 7 6 3 2 | )




2 3 4
IC1 s —@ Parameter Set
nbIS 1A v |4 S ~ Q1
Vpwm_high g B vee 5 +5 c2 D
&P | L Gate high HC Gl
— SN74LVC1G08DBVRG4 — SCH-0007-5.SchDoc
GND e EN Gate_hi G2 GS61008T
GND ——— > EN @ Gate
s T > PWM * s
I > VDRV -
DIS . VDRV Source [
R1 H(i ) Parameter Set
0 Gate low Source
SCH-0007-5.SchDoc
~ VDRV, ' Source [ ) o2 s
vpwm low 1 R2 2 % I\:’/VI?I':IIV LY
0 N =N (| Gate [—Gate_low G2 |—
Gl
HC
D
GSGlOOE-TG) Parameter Set

Low

Title
Size Number Revision
Ad
Date: 10/28/2024 | Sheet of
File: C:\Users\.\BD.SchDoc | Drawn By:
2 3 4




3 4
Ll
\/0
R8
8.0SMDJ54CA M
R9 +5
L 2 a1 vee %T
CROGOS-FX-ZOOlELFI ¢l Vol E_m
o~ 7 Cc2 V02 3
D2 R10 & A2 GND 1
SMCJ10CA 1 Ul -
10k ——C1 GND
_| 100nF
Ll
Vout
Title
Size Number Revision
A4
Date: 10/28/2024 | Sheet of
File: C:\Users\..\Safety.SchDoc | Drawn By:
3 4




J2

In

o§T
£
N
w_|

142-0701-801

Parameter Set

Out

Title

Size Number Revision
Ad

Date: 10/28/2024 | Sheet of

File: C:\Users\..\Shunt.SchDoc | Drawn By:

4




2 3 4
Gate >
GND S
;l IC1 ﬂ 10
5+ GND_1 OUTPU | 5F | R2 p——— Source >
EN =— SEL OUTPD 0
EN S o EN OUTSS_3 2.2
[ PWM VDRV 5 IN OUTSS_2 g
| VDRV = 5 VDRV VSEC [—
GND_2 OUTSS_1 [—
C3
- 1uF AHV85110KNHLU 2STEG
GND
Title
Size Number Revision
Ad
Date: 10/28/2024 [ Sheet of
File: C:\Users\..\SCH-0007-5.SchDoc | Drawn By:
2 3 4




2 3 4
L1 Ul
° N-I T 3 1 veer Data Out |- Data out
C1 C2 Cc3 4
10uF 10uF | 100nF —— NC
= g 1 Housing Pin 2
GND 2 Housing Pin VEER __l_
—  AFBR-2624Z =
GND GND
Title
Size Number Revision
Ad
Date: 10/28/2024 [ Sheet of
File: C:\Users\..\SCH-0008-5.SchDoc | Drawn By:
2 4




	Abstract
	Preface
	Nomenclature
	Introduction
	Application Context
	Design Goals & Methodology
	Analysis
	Design and Implementation


	CSI motor drive topology and modulation
	Switches
	Topology
	H6
	H7
	H8

	Space Vector Modulation

	Design of H8 CSI based motor drive
	Component Selection
	Switch
	Filter Capacitor
	Gate Driver

	Gate Driver
	Position Sensing
	Protection
	Overvoltage
	Prevention
	Mitigation and detection

	Fault detection
	Controller

	System transfer function and controller
	System Analysis
	Current Control
	Speed Control

	Experiments and Validation
	DPT
	Methodology
	Simulation
	Result

	Modulation
	Current Control
	Speed Control

	Issues
	The Diode Problem
	The Front End
	Layout

	Conclusion
	Reflection
	Future work

	References
	PCB design documentation

