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Abstract

For an Electrical Vehicle, the power is delivered from the battery pack to the electric
motor through the use of power converter. Many research projects has been conducted
in improving the efficiency of traction inverters. Inverter topologies are categorized
based on the number of voltage levels of the inverter output phase voltage. The
conventional 2-level Voltage Source Inverter (VSI) is commonly used as a traction
inverter due to its simple structure. Due to the recent trend in utilizing higher DC-
link voltage in traction motor drives to achieve a higher power rating, multi-level
inverters are gaining attention to replace the conventional VSI in EV powertrain.
Multi-level voltage source inverters (MLVSI) has been widely adopted in the high-
power converters and medium-voltage drives. There are four major categories of
MLVSI: the Flying Capacitor (FC), Neutral Point Clamped (NPC), Cascaded and
Hybrid. The power rating of the MLVSI increases with the increase of inverter levels,
but the size, number of switching devices, cost and control difficulty also increases.
Due to the above reasons, 3-level NPC can be a good solution for traction inverters.
Due to the structure and control limitation, Diode Clamp NPC suffers from uneven
loss distribution and neutral point voltage balancing issues. This issue can be resolved
with Active Clamped NPC (ANPC). In this thesis, the design, simulation, prototyping

and testing of a 7T0kw 3-level ANPC traction is introduced.
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Chapter 1

Introduction

1.1 Background and Motivation

For any technology, there is a tipping point in time when its path towards market
dominance is a certainty. Electric vehicles are certainly a technology that will become
dominant over their predecessor, the internal combustion vehicles. For an EV, the
power is delivered from the battery pack to the motor through the use of power
converters. There are many losses associated with this process. When current passes
through conductors, it creates losses in the form of heat. And higher currents result
in a higher power loss, and thus a lower efficiency in the powertrain. This thesis
is focused on improving the efficiency of the electrical powertrain, in particular, the
efficiency of the power converter. The design, prototyping, and testing of an 70kW
ANPC traction inverter is explained in this thesis.

Compare with the convectional 2-level VSI that is wildly adopted by auto-makers
such as Tesla, the ANPC is able to operate at a much higher voltage level. And for

the same power rating, higher voltage results in a lower current, thus results in better
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efficiency. The ANPC is able to operate at high efficiency when the motor operates
at low speed and low torque, unlike the convectional inverters that usually have
an efficiency worse than 70% at this condition. The vehicles also benefit from lighter
and thinner cables, lower weight, lower manufacturing cost, higher power throughput,
faster charging, and more efficient motors. In a comparison of cost, ANPC is usually
more expensive due to the additional components. However, considering the savings
in the cost of battery, filters, and heatsink results in an almost equal price for the
two structures. In terms of reliability, although the higher number of components
in ANPC increases the failure rate, the intrinsic fault-tolerance of ANPC structures
compensates for the low reliability. Using the ANPC, we can improve the overall

efficiency of the vehicles and save energy for our future generations.

1.2 Contributions

The main contributions of this thesis are summarized as:

1. An in-depth literature review of the existing 2-level and multi-level VSI. The
structure and control technique of 2-level VSI, 3-level NPC and ANPC are
discussed in details. The algorithms for Sinusoidal Pulse Width Modulation

(SPWM) and Space Vector Pulse Width Modulation (SVPWM) is summarized

and compared.

2. A comprehensive analysis and comparison of 2-level VSI, 3-level NPC and
ANPC in traction application. An analytical method for calculating the in-

verter power loss is proposed, and the results are verified in MATLAB/Simulink
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and PLECS simulation. The comparison focuses on the efficiency, output cur-

rent /voltage THD, system cost, stress across switches and system reliability.

3. A detailed drive cycle simulation model is proposed. The model is build in MAT-
LAB/Simulink, and the performance of 2-level VSI, 3-level NPC and ANPC in

the drive cycle analysis are compared.

4. A detailed design procedure for a 70kW 3-level ANPC is proposed. The design
procedure can be implemented to any inverter systems with both busbar and
PCB as the current carrying medium. An analytical method for calculating
the voltage overshoot during switch turn-OFF transient is proposed. Finite ele-
ment analysis for calculating the stray inductance, current density and thermal

performance is discussed in details.

5. A discussion of the low power preliminary testing. The method for handling

faults in the DSP controller and results for output voltage THD is discussed.

1.3 Thesis Structure

This thesis is organized as follows:

Chapter 2 provides a comprehensive literature review of the existing 2-level and
multi-level VSI. This chapter focus on the structure and control of 2-level VSI, 3-
level NPC and ANPC. Two popular pulse width modulation methods are discussed:
SPWM and SVPWM. Four modulation scheme of 3-level ANPC is discussed and com-
pared, they are Diode-clamped ANPC modulation, Same-side modulation, Opposite-

side modulation and Full-path modulation.
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Chapter 3 presents a comprehensive analysis and comparison between the 2-level
VSI, 3-level NPC and ANPC in traction application. In this comparison, Silicon
Carbide MOSFET, Gallium Nitride MOSFET and Silicon IGBT are employed. An
analytical method for calculating the power loss is discussed in detail. A power loss
simulation is built in MATLAB/Simulink and loss curves from the device datasheets
are utilized by the PLECS. A permanent magnet synchronous motor is used as the
load. The performance of each inverter topology is investigated in different load
conditions and switching frequencies. Moreover, a vehicle model is employed to study
the performance of each inverter topology for different drive cycles.

Chapter 4 presents a detailed design procedure of a 7T0kW 3-level ANPC. A de-
tailed components selection includes semiconductor, capacitor, gate driver and sensors
is first discussed. Next, the design of the ANPC power PCB is introduced. The com-
munication loop of the inverter is analysed and an analytical method for calculating
the voltage overshoot is proposed. The analysis and simulation of stray inductance,
current density and PCB thermal performance is conducted in ANSYS using the PCB
CAD model. Finally, the creepage/clearance and PCB coating method is discussed.

Chapter 5 presents the assembly process and low power preliminary testing of the
first prototype. Results for gate driver fault detection and inverter output voltage
THD is also discussed in this chapter.

Chapter 6 concludes the overall contribution of this thesis. Proposed future work

with higher power testing plan is also discussed in this chapter.



Chapter 2

Introduction to Multi-Level Inverters

for Traction Applications

2.1 Conventional Two-level Three-phase Voltage Source
Inverters

This chapter presents the the structures and control methods for 2-level VSI, 3-
level NPC and ANPC. Two pulse width modulation techniques are discussed: Sinu-
soidal Pulse Width Modulation (SPWM) and Space Vector Pulse Width Modulation
(SVPWM). SPWM is the simplest PWM scheme used in adjustable speed drives.
Compare with SVPWM, SPWM results in reduced DC-link voltage utilization with-
out 3rd harmonic injection and greater output THD. Hence, SVPWM are most widely
used for controlling traction inverters 1, 2]. 3-level inverter in traction application
has attracted special attention for the last few decades. For the same DC-link voltage,

the power rating of the switching devices in 3-level inverters are lower than 2-levle
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VSI, and this results in a lower switching losses especially in high switching frequen-
cies [3]. 3-level inverters also produce a lower total harmonic distortion (THD), and

lower EMI emission [4].

2.1.1 Structures of Two-level Three-phase Voltage Source In-

verters

Inverter topologies are categorized based on the number of voltage levels of the in-
verter output phase voltage. The conventional 2-level VSI is commonly used as a
traction inverter due to its simple structure, as shown in Figure 2.1. There are 6
switches in total in a 2-level VSI, and each inverter leg has 2 switches [5]. Laminated
busbar has been commonly used in electric vehicle traction inverters. It connects the
DC power source, DC-link capacitor, and semiconductor devices. A DC/DC boost
converter can be connected between the DC input and the inverter to step-up the

input DC voltage to the desired value before it connects to the inverter [6].

< % o ‘s%
£ &
E == — B C_
A B
;8
sk
Z

Figure 2.1: Two-level voltage source inverter.

Three-phase IGBT and MOSFET power modules have been wildly adopted for

6
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the automotive industry. Semiconductor manufactures are able to produce 2-level
traction power modules with upto 200KW power rating, and having a break-down
voltage of upto 1200V [7]. Compared with discrete power semiconductors, using

power modules improves the inverter power density and reliability.

Capacitor Positive Busbar <= Capacitor Bank Housing

Capacitor Negative Busbar

Capacitor Bank
Negative Terminals

Capacitor Bank
Positive Terminals

Figure 2.2: The components of a typical film capacitor bank.

The DC-link capacitor is used to provide low impedance path for high frequency
ripple current, and decouple the stray inductance effect from the DC voltage source to
the power module [8], [9]. Electrolytic capacitors and film capacitors are commonly
used in traction inverters. The two types of capacitors have different energy densities
and current ripple capabilities [10]. The electrolytic capacitors offers a better capac-
itance per volume and a cheaper price. However, its lifetime is shorter than a film
capacitor, and many studies have focused on replacing the electrolytic capacitors with
film capacitor to improve the system reliability [11], [12]. A typical structure of a film
capacitor bank is shown in Figure 2.2 [13]. The capacitor cores are sandwiched in
between the capacitor’s positive and negative busbars, and the rest of the space inside
the capacitor bank housing is filled with epoxy resin to secure the components inside,

and provide electrical isolation [14]. Tt is desirable to have a capacitor bank with a

7
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lower equivalent series inductance (ESL) to reduce the voltage overshoot across the

semiconductor device, and to minimize the electromagnetic interference (EMI).

2.1.2 Control of Two-Level Three-Phase Voltage Source In-

verters

The switching pattern of the power semiconductors are generated using pulse width
modulation (PWM) techniques. The two most popular PWM techniques will be
discussed in this section, namely the sinusoidal PWM (SPWM) and space vector
PWM (SVPWM).

DC |
{ EM
AC
PWM generation abc 0
i - dq
Iy Resolver or
encoder
[Pl }—(D—
[P )—

HEE
Iq

Figure 2.3: Closed loop current control scheme of an EM.

Figure 2.3 shows the closed loop current control for an electrical motor (EM) [15].
The three phase currents are sampled with at least two current sensors, and then
converted into its dq currents. The electrical phase angle used in the abc to dq trans-

formation calculation is converted from the mechanical position of the motor shaft,



M.A.Sc. Thesis — Yicheng Wang McMaster University — Electrical Engineering

which is usually sampled from a resolver or encoder. Sometimes, the encoder and
resolver will provide the mechanical speed of the motor instead. Then the mechan-
ical speed needs to be converted to the electrical phase angle first. The sampled dq
current values are compared with the reference values, and the errors are passed to
two PI controllers. The output voltage reference of the PI controllers are used for the
PWM generations.

Due to the switching effect of the inverter, the output phase current will have
total harmonic distortion (THD). The current harmonics are undesirable since it
contributes to the copper losses in the motor winding, and creates torque ripple.
Many factors contributes to the inverter current THD such as the inverter topology,

switching frequency, load condition and modulation techniques.

ML
AT

Figure 2.4: Sinusoidal Pulse Width Modulation for 2-level VSI.

Sinusoidal Pulse Width Modulation

SPWM has been wildly implemented in the industry for inverter control due to its

simplicity [16]. Back in the days, SPWM was implemented using analog circuits.
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Thanks to the advancement of the microcontroller unite (MCU) and digital signal
controller (DPS), the software implementation of SPWM has became the industry
standard. The SPWM for 2-level VSI is a carrier based modulation technique. As it
can be seen from Figure 2.4, the SPMW consists of 3 sinusoidal modulating waves and
one high frequency triangular carrier wave. At every switching cycle, the modulating
wave is compared with the carrier wave to determine the switching states of each
switches. The three modulating waves (Vi,a, Ving, Vinc) are 120 degrees out of phase
to each other, and their frequencies determine the fundamental frequency of the
inverter output AC waveform. The carrier wave V,,. is usually a triangular wave, and
its frequency determines the switching frequency of the inverter. The modulating

signals can be expressed as:

Uma = MgSin(wt)
2w

Ump = Mgsin(wt — ?) (2.1.1)

, T
Ume = Mgsin(wt + ?)

Vina Ver
o ANACNACNANE
N TN NV
Vgl_ [ | | [ B
0 | ] >
0 | ! >

Figure 2.5: SPWM gating signals and output phase voltage.

10
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In a 2-level VSI, there are six switches in total, and 2 switches in each inverter
leg as shown in Figure 2.1. In each inverter leg, the top and bottom switches (S;
and Sy, S3 and Sy, S5 and Sg) are complementary, and they can not be switched on
at the same time. Otherwise, a short circuit will occur on the input DC link. The
gating signal (V; and Vi) for switches Sy and S in inverter phase A leg is shown in
Figure 2.5. When the phase A modulating wave (V},,4) is larger than the carrier wave
(Ver), Si is switched on and Ss is switched off, and the resulting inverter output phase
A voltage (Vay) is equal to the DC-link voltage Vpe; when the phase A modulating
wave (V;,4) is less than the carrier wave (V,,), Sy is switched off and S, is switched on,
and the resulting inverter output phase A voltage (Vay) is equal to 0 [17]. Similarly

for phase B and phase C, and the switching pattern is summarized in Table 2.1 [18§].

Table 2.1: 2-level VSI SPWM switching pattern

Vina > Ve | 51 ON, Sy OFF | Vyn = Ve
Phase A Viua < Vi | Sy OFF, Sy ON | Viy = 0

Ving > Vo | S5 ON, Sy OFF | Vpy = Vpe
Phase B Vg < Ver 53 OFF, 54 ON Veny =0

Vine > Vo | S5 ON, Sg OFF | Voy = Vpe
Phase C Voo < Vo | Ss OFF, S5 ON | Ve = 0

The inverter output line-to-line voltage V4 is shown in Figure 2.6, and the line-

to-line voltage for all three phases can be calculated using the equation:

Vap = Van — VN
Vee = Ven — Von (2.1.2)

Vac = Van — Ven

The amplitude modulation index m, and frequency modulation index my can be

11
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\j

Vas (L CIETEIACT TII1 4 2vee
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Figure 2.6: SPWM output phase voltage and line-to-line voltage.

calculated using equations:

Vin
Mg = V
or (2.1.3)
m f— &
T

Where Vm and Vcr is the amplitude of modulating waves and carrier wave re-
spectively. f.. and f,, is the frequency of the carrier wave and modulating waves
respectively. The magnitude and the fundamental frequency of the inverter line-to-
line voltage can be controlled by m, and f,, independently.

The linear modulation range is defined as when (m, <= 1), and over modulation

is defined as when (m, > 1). The amplitude of the line-to-line voltage fundamental

12
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Vi1 can be calculated using equation:

Vi = 0.612m,Vpe, Linear Modulation when m, <=1 (
2.1.4)

Vi = 0.78Vpe, Over Modulation when m, > 1

The maximum amplitude of the line-to-line voltage in linear modulation and
over modulation are 0.612Vpe and 0.78Vpe respectively. Despite the simplicity of
SPWM, the biggest draw back is the maximum output line-to-line voltage is limited
to 0.612Vpe at linear modulation, and operating at over modulation increases the

output THD significantly.

Sinusoidal Pulse Width Modulation with Third Harmonic Injection

In order to improve the DC bus supply voltage utilization, the Third Harmonic In-
jection SPWM (THISPWM) was developed to improve the inverter performance [19).
In THISPWM, a common mode 3rd harmonic content, vs, is added into each mod-
ulation signals shown in (2.1.1). And the modulation signals for THISPWM can be

expressed as:

Uma, THI = Mg Sin(wt) + vs
. 2
Umb, THI = Mgsin(wt — —) + v

3 (2.1.5)

. 2T
Ve, THT = Mgsin(wt + ?) + v3

1
Where, vs = ésm(&ut)

The resulting modulating signal appears as saddle-like shape as shown in Figure

13
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2.7 [20]. The magnitude of the modulating signals are decreased after the 3rd har-
monic injection, but there are two maximum points at each half fundamental period

s 27
at 5 and 3

A
1150 . v Vma
L v Vima, THI
V
0.1671/-~-¥ '3 Py
N >
/3 2n/3 T

Figure 2.7: Phase A modulating signal for THISPWM.

In order to stay within the linear modulation, the peak of the THISPWM modu-
lating signals are equal to 1 at the maximum modulation index. At %, the maximum
modulation index (Mg maerrr) calculated using equation (2.1.5) is 1.155. And the

inverter line to line voltage is increases by 15.5% compared to SPWM, while the THD

is not increased [21].

Space Vector Pulse Width Modulation

SVPWM has become the industry standard for traction inverter control. Compare
with SPWM, SVPWM requires intensive computation with a fast, reliable, and precise
DSP controller for the digital implementation of this modulation technique [22].

From Figure 2.1, if we use letter P to denote the upper switch in a leg is ON,

14



M.A.Sc. Thesis — Yicheng Wang McMaster University — Electrical Engineering

and letter O to denote the upper switch is OFF. Then the three upper switches in
the three legs of the inverter will give us eight switching states as shown in 2.2. For
example, for the switching state of [OPO], top switch in leg A (S;) is OFF, leg B top
switch (S3) is ON, and top switch in leg C S5 is OFF. Note for the switching state of
[OOO] and [PPP], the top switches of all three legs are OFF and ON respectively.
And this results in a open circuit in all 3 inverter legs, and the inverter output 3-phase
voltages is 0. In contrast, the rest of the six switching states enable the inverter to
produce 3-phase voltages at the output. The eight switching states can be represented
by eight stationary vectors in the vector diagram as shown in Figure 2.8. The two
switching states ([OOO] and [PPP]) that produces zero output voltage forms two
zero vectors that are located in the center. The rest of the six switching states form
six active vectors that are 60° out of phase with each other. These six active vectors
forms a hexagon in the space vector diagram, and the hexagon is divided into six
sectors (Sector I to Sector VI). Each sector is enclosed by two active vectors and the

zero vectors are located in the center.

SECTOR Il SECTORII
V, Vi
- > a
OPP POO
SECTOR IV SECTOR VI

oo Veop
Vs secTorv Ve

Figure 2.8: Space vector diagram of a 2-level VSI.
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Table 2.2: SVPWM space vectors and switching states

Space Vector Switching States | On-state Switch
[PPP] S1, 53,55
Zero Vo =0
Vector
[00O0] So, 5S4, S¢
‘/1 = % VDC €j0 [POO] 51,54,86
‘/2=§VD063% [PPO] 81753,56
Active Vs =3 Ve e [OPO] S, 53, 6
Vector .
V4:§VDC el [OPP] Sa, 53,55
Vs=2Vpoels [00OP] S, S4, S5
Vo=2Vpoels [POP] St, 51, Ss

Consider the switching state [POO] for vector V;, when switch Sy, Sy, S is ON,
phase A is connected to the positive DC source, phase B and C are connected to the
negative of the DC source. considering the inverter is connected to a symmetrical
load, then the equivalent circuit is shown in Figure 2.9. From the voltage divider

circuit indicates that Viy = % Voo, Ven = Von = —% Vbe.

Figure 2.9: Equivalent circuit for switching state POO.
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To transform the 3-phase abc phase voltage into the rotating complex space vector,

the Clark Transformation is used:

v X ) . Van
a 2 3 T3
== Ven (2.1.6)
vl Slo g -4
Ven

The space vector is then calculated using equations:

V=V,+3Vs
2 ) o 4
V= g[VAN 6]0+VBN 6]% + Ven 6]%] (2.1.7)

Where €’ =cosx + j sinx

And the vector V; can be calculated as:

. 1 - 27 1 s 2T
Vi=3[5Voe @ =5 Voo e — 5 Voo el ]

(2.1.8)

Wl Wl

2
3
D

C ejO

‘/1:

The rest of the active vectors can be calculated using the same equations, and
they are summarized in Table 2.2.

The output of the PI controllers in Figure 2.3 is the reference dq voltage Vs
and V,,.s. Using the inverse Park Transformation, the dq voltage references can be

transformed in to its af values:

Viaref B cos(0) —sin(0)| | Vires (2.1.9)

VB res sin(0)  cos(0) Vires

17
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Where 6 is the reference electrical angle. The reference vector in Figure 2.8 can

be calculated using equation:

‘/;ef - Va,ref + jvﬁ,ref (2110)
V;
SECTOR |
ref
0» » V1
Vo

Figure 2.10: Reference vector in Sector I.

The reference vector rotates in the complex space with an angular speed of w =
2n f., where f. is the inverter output voltage fundamental frequency. The voltage
reference vector can be reconstructed on the average by using the eight possible
switching states of the inverter. The reconstruction is done by sampling the reference
voltage at a given period Ts and computing periods of time to be in certain states so
that on the average, the reference voltage is attained. At each sector, the reference
voltage can be approximated by using the two adjacent active vectors and the zero

vectors. In Figure 2.10, the reference voltage within a sampling period at sector I is
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reconstructed using equations:

VierTs = Vily + Va1, + Vo1
(2.1.11)

Ts=T,+T,+Tp

Where T is the sampling period, T,, T, and Ty are the dwell time for voltage

vector Vi, V5 and V. The dwell time at Sector I can be calculated using equations:

\/ETS‘/;‘Ef ™
T,= ———sin(=—0
3T Vier . s
T, = Msm(g) 0<6<— (2.1.12)
\% 3
TO - Ts Ta - Tb
TV 1TV T T T T T T V.o T T TV TV
looo; POO |  PPO ! PPP | PPO ! POO | 000 |
Van| i i i i :
| | | | | |
| | | | | | | :
b | | | | | !
Veu! ! — o
L | | | | |
| | I I | |
| | | | | | | |
L : L o
VCN: | | ! ! :
! ! ! ! | !
| | | | | | | :
| | | | | | | |
| | | | | | | |
Var ! ! ! |
AB | | | |
| ! ! |
ih R U Ts P To Ty P Ta | To :
4 2 | 2 2 2 2 4!

e e

Figure 2.11: Seven-segment switching sequence in Sector I.

The switching sequence shall be designed to minimize the number of switching
per sampling period [23]. Figure 2.11 illustrates a typical seven-segment switching

sequence in Sector I. The switching sequence within a sampling period is: V) — V; —
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Vo = Vo = Vo — Vi — V. The transition from each segment to the next only
requires two switches in the same leg to be turned ON and OFF [24]. For example,
from the first segment to the second, only the top switch from inverter phase A leg
is switched ON, and the bottom switch is switched OFF. Table 2.3 summarizes the
seven-segment switching sequence for all six sectors. Note that in the odd number of
sectors, the lower number of the two adjacent vector is selected first, but in the even
number of sectors, the higher number vector is selected first. For example, in Sector
I, Vi(POO) is selected before Vo(PPO); in Sector 11, V3(OPO) is selected before
Vo(POO). By selecting vectors in this way, the number of switching per sampling
period in the even number of sectors are minimized.

Table 2.3: Seven-segment switching sequence for all six sectors

Space Vector

Sector
1 2 3 4 5 6 7

I 000 | POO | PPO | PPP | PPO | POO | OOO

II 000 | OPO | PPO | PPP | PPO | OPO | OOO

II1 000 | OPO | OPP | PPP | OPP | OPO | OOO

vV 000 | OOP | OPP | PPP | OPP | OOP | OOO

\4 000 | OOP | POP | PPP | POP | OOP | OOO

VI 000 | POO | POP | PPP | POP | POO | OOO

When the end of the reference vector in Figure 2.8 is right on the circle, the modu-
lation index is maximum, which equals to 1. At maximum modulation index, the max-

imum output line-to-line RMS voltage using SVPWM is Vi maz,svmr = 0.707Vpe,
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and compare with SPWM, this is 1.155 times larger, which is equivalent to 3rd order

harmonic injection in SPWM method [25].

2.2  Multi-level Inverters

2.2.1 Structures of Multi-Level Inverters

Multi-level voltage source inverters (MLVSI) has greatly increased in popularity in
recent years [26, 27, 28|, and they utilize array of switches and capacitors to gener-
ates multi-level voltage output. Due to the voltage and current limits of semicon-
ductors, MLLVST has been developed in order to reach high voltage and high power
with available devices, and improve the quality of output voltages |[29]. It has been
widely adopted in the high-power converters and medium-voltage drives [30],[31]. The
MLVSI is able to operate at high efficiency when the motor operates at low speed and
low torque, unlike the convectional 2-level VSI that usually have an efficiency worse
than 70% at this condition. The vehicles also benefit from lighter and thinner cables,
lower weight, lower manufacturing cost, higher power throughput, faster charging,
and more efficient motors. In a comparison of cost, MLVSI is usually more expensive
due to the higher number of components. However, considering the savings in the cost
of battery, filters, and heatsink results in an almost equal price compare with 2-level
VSI. In terms of reliability, although the higher number of components increases the
failure rate, the intrinsic fault-tolerance of MLVSI structures compensates for the low
reliability

There are four major categories of multi-level VST as shown in Table 2.4. The
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Netural Point Clamped Multi-level was first developed in 1973 [32], and the diode-
clamped inverter was first introduced in early and mid 1990s [33]. Cascaded H Bridge
(CHB) is a good solution for applications require separate DC sources [34], but to
extract separate connections from the battery pack in a electric vehicle is not feasible
[35]. The control for CHB needs to take in consideration of balancing the inverter
cells, which increases the control complexity [36, 37]. The flying Capacitor (FC)
inverters was first introduced in 1992. In order to produce n levels, the FC generally
requires 3(n-1) number of capacitors. FC offers low THD, but the biggest drawback
is the large number of capacitors, and a complex pre-charging circuit and voltage
balancing control algorithm is required to balance the capacitors voltage 38, 39.
Comparing the space, weight and complexity of control, NPC and ANPC are more
suitable for traction application [40].

Compare with 2-level VSI, MLVSI is able to operate with higher voltage and
power, but the control and and voltage balancing problem is inherent to MLVSI [41].
The detailed comparison between them is discussed in Chapter 3. In this section, the
3-level Neutral Point Diode Clamped VSI and 3-level Neutral Point Active Clamped
is discussed in details.

Table 2.4: Four categories of multi-level voltage source inverter

Multi-level Voltage Source Inverter
1. Flying Capac- | 2. Neutral Point | 3. Cascaded 4. Hybrid
itor (FC) Clamped (NPC)
Stacked FC Diode Clamp Cascaded H | NPC+CHB
Bridge (CHB)
Active Clamp Asymmetric Cascade  NPC
CHB Bridge
T-type Modular Multi-
level Converter
(MMC)

22



M.A.Sc. Thesis — Yicheng Wang McMaster University — Electrical Engineering

3-Level Neutral Point Clamped Inverter

T 2 8
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Figure 2.12: Structure of 3-level NPC.

A 3-level Neutral Point Clamped (3LNPC) inverter is shown in Figure 2.12. Two
conventional 2-level half bridge cells are stacked together to form a NPC phase leg,
and two clamping doides are connected to the neutral point. It consists of 12 switches
and 6 diodes in total, and each leg has 4 switches and 2 clamping diodes [42]. There
are two DC-link capacitors in a 3L-NPC, one is connected between the positive (P)
and the neutral (N), and the other one is connected between N and the negative
(O). Each capacitor has half of the DC-link voltage (*3<) across it. Due to the
structure and control limitation of the inverter, the NPC has intrinsically uneven loss
and current distribution for each switch on the phase leg. The DC-link neutral point
voltage balancing is still a major concern and considered as a disadvantage from a
control standpoint. The voltage level at the neutral point can significantly fluctuate
when the voltage across the two capacitors are not balanced. This causes over voltage

stress on the semiconductors and capacitors [43].
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Inner switch S,» and S,3 in Figure 2.12 experiences more stress than the two
outer switches within in a sampling period. The uneven power loss distribution each
switching device in NPC may limit the system power capacity and decrease system

reliability. The power loss of each switching device in 3-level NPC is derived in [44].

3-Level Active Neutral Point Clamped Inverter

Phase B
Phase C .-

e

mln

Figure 2.13: Structure of 3-level ANPC.

A 3-level Active Neutral Point Clamped (ANPC) inverter is shown in Fig. 2.13,
where the clamping diodes in the NPC are replaced by fully controlled switches (i.e.,
MOSFET or IGBT) [45]. It consists of 18 switches in total, and each leg has 6
switches. Compare with NPC, the problem with the uneven stress distribution for

each switch can be solved by a proper control.

High-level Neutral Point Clamped Inverter

The structure of 4-level and 5-level NPC is shown in Figure 2.14. In general, for a

m-level NPC, there are 6(m—1) number of switches, 3(m—1)(m—2) clamping diodes,
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and (m — 1) DC capacitors. The number of components increases substantially with
the voltage levels, and the inverter structure becomes very complex. The voltage
balancing issue is almost unattainable with higher level. 3-level NPC is widely used
in medium-voltage (MV) industries, while the practical use of 4 or higher level NPC

inverters are not common [46].

4-level 5-level

Figure 2.14: Structure of 4-level and 5-level NPC.

2.2.2 Control of Multi-Level Inverters

In this section, two popular SPWM techniques and SVPWM technique are discussed.

In-phase Disposition Pulse Width Modulation

In-phase Disposition (IPD) is a carrier based level-shifted SPWM technique [47]. In-
phase Disposition for 3-level NPC is shown in Figure 2.15, the two carrier waves

(Vop1and Vo) are in phase. V. is level shifted by +0.5, and the signal goes from 0 to
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1; Vo is level shifted by —0.5, and the signal goes from 0 to -1. The three sinusoidal

modulation waves (V,,a, Vinp and V,,c) are 120 degrees out of phase to each other.

Figure 2.15: IPD SPWM.

Figure 2.16 shows the gating signal generation for inverter phase A leg. The two
pairs of complementary switches in leg A are: S,; and S,3; S.o and S,4. When the
modulating signal V,,, 4 is larger than V., the top switch S, is switched ON, and the
bottom switch Sg3 is switched OFF.When the modulating signal V,,,4 is larger than

V.ra, the top switch Sy is switched ON, and the bottom switch S,4 is switched OFF.

Alternate-phase Opposition Disposition Pulse Width Modulation

The alternate-phase Opposition Disposition (APOD) is a carrier based level-shifted
SPWM technique. APOD for 3-level NPC is shown in Figure 2.17, the two carrier
waves (V.1 andV,.) are 180° out of phase with each other. V.4 goes from 0 to 1, and
Vera goes from 0 to -1. The three sinusoidal modulation waves (V,,4, Vg and Vo)
are 120 degrees out of phase to each other.

Figure 2.18 shows the gating signal generation for inverter phase A leg. When the
modulating signal V,,, 4 is larger than V., the top switch S, is switched ON, and the

bottom switch S,3 is switched OFF.When the modulating signal V;,, 4 is larger than
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Figure 2.16: IPD SPWM gating signal generation and inverter output voltage.

Vcr] VmA VmB VmC

Vcr2

Figure 2.17: APOD SPWM.

V.2, the top switch S, is switched ON, and the bottom switch S,4 is switched OFF.

The two pairs of complementary switches in leg A are: S, and Su3; Sa2 and Su4.
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Vcr1 Vcr2 VmA

VAAAvv.
Ve I \

Vo T
VYV 0

Figure 2.18: APOD SPWM gating signal generation and inverter output voltage.

Space Vector Modulation of a 3-level NPC Inverter

Three possible switching states for one leg of a NPC is shown in Table 2.5. Compare
with the conventional 2-level SVPWM, the 3-level has an extra switching state "O"
besides the "P" and "N" [48]. The "O" corresponds to a 0 terminal voltage, while
the "P" and "N" produce +Vpc and —Vpe respectively. The space vector diagram
is shown in Figure 2.19. There are 27 switching states in 3-level NPC, and they
corresponds to 19 active space vectors and 3 Zero space vectors in the sapce vec-
tor diagram. These active space vectors are categorized into small vectors, medium
vectors, and large vectors based on their magnitude [49]. Zero vector (V) has three
redundant switching states, each small vector (V; ~ V4) has two redundant switching

states, each medium (V7 ~ Vi5) and large vector (Vi3 ~ Vig) only has one switching
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states. These redundant switching states have different effect on the neutral point

voltage, and it creates the flexibility with voltage balancing at the neutral point [50].

Table 2.5: Switching states of 3-level NPC

Switching | Device Switching Status in leg A | Terminal
State Sa1 Sa2 Sa3 Saa Voltage
P ON | ON | OFF OFF Vbe
O OFF | ON | ON OFF 0
N OFF | OFF | ON ON —Vbe
SECTOR Il
Vg
V. V.
PN 0PN PoN
SECTOR Il SECTORI
Vo 0PO PPO Vi
NPO NON/%Ry, v, A\ OON ON
Vi orr \/ v, NNN vi\/ Poo Vis
NPP NOO PPP 000 ONN PNN
Vo
00P \§ Vs Ve / POP
Vio NNO ONO Viz
Nop PNO
SECTOR IV SECTOR VI
Vi Vi Vig
NNP ONP PNP

SECTORV

Figure 2.19: Space vector diagram of 3-level inverter.

The space vector diagram is divided into six sectors (Sector I to Sector VI), and
each sector is divided into 4 regions. The four regions in Sector I are shown in Figure
2.20. At each sector, the reference voltage can be approximated by using the three

adjacent active vectors. When the reference vector falls into region 3 as shown in
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V14
PPN

ppp Vo A ONN PNN

SECTORI I

Figure 2.20: Space vectors of 3-level inverter in Sector 1.

Figure 2.20, active vectors Vi, V5 and V7 can be selected to estimate V,..;. Based on

the volt-second balancing principle, the following equations can be concluded:

‘/iTa + ‘/7Tb + ‘/2Tc = V;“efTs
(2.2.1)

T,+T,+1T. =T,

Where T,, T, T. are the dwell time for vectors Vi, V7 and V5 respectively. The

dwell time can be calculated using the following equations:

To = Ts[1 — 2my,sin(0)]

T, = T[—1+ Qmasin(g +6)]

(2.2.2)
T
T. =Tl — 2masm(§ —0)]
‘/ref
Mg = V33—l
Ve
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Where m, is the modulation index. In the o — 3 plane, V,.; can be expressed as:

Vier = Va + Vi

Vg = Vrefsz’n(ﬁ)

(2.2.3)
Vi = Viegcos(0)
Solving equations 2.2.2 and 2.2.3, the dwell time can be expressed as
23V,
n:mu-%f]
T = Ty[—1+ %Cwa ; %)1 (2.2.4)
3 Vi
L=T0 = (Vo= 2]
To simplify the expression, we can define the following variables:
x = 2V3Vy
Vbe
y = %C(va + %) (2.2.5)
3 Vi
2= e )
And the dwell time in Sector I region 3 can be simplified as:
T, = (1 — X)T;
T, = (—14+Y)T, (2.2.6)

T, = (1— 2)T,

The dwell time for all four of the regions are summarized in Table 2.6.
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Table 2.6: Switching states of 3-level NPC

Region T, Ty T.
1 Vb (1 — Y)Ts ‘/2 XTs ‘/1 ZTs
3 Vi | A=—X)T, | V7 | ((1+Y)T, | Vo | (1= 2T,
i V[T [ Vu| C1+X)T | V7 | 27T,

Small and medium vectors have effects on the voltage level at the Neutral point,
while zero and large vectors has no effect. The effect of smaller vectors have the
dominant effect, and it can be categorized as P-type and N-type small vectors [51].
Selecting the P-type small vector will cause the neutral point voltage V to rise, while
the N-type makes it to decline. The effect of medium vectors is undefined, therefore
only the small vectors are used for voltage balancing. To minimize the effect of small
vectors on the neutral-point voltage deviation, the dwell time shall be divided evenly
for N-type and P-type small vectors during a sampling period [52]. In the same time,
the switching transition from one switching state to the next one shall only involve
two switches, and the transition for V,.; moving from one sector (or one region) to
the next one requires minimum numbers of switching [53], [54].

There are two cases for the 7-segment switching sequence design. Case 1 is when
the reference voltage is in region 2 or 4. There are only one small vector within
these two regions, and the dwell time of the switching states should be distributed
evenly for selecting the P-type and N-type small vectors. For example, when V.. is
in region 4 of Sector I, the three vectors selected are V5, V7 and Vi4. The total dwell
time for Vap (PPO) and Vo (OON) should be both Z=. And the switching sequences
is: Voy — Vo — Viu = Vop — Viu — Vo — Vo This satisfies the rules mentioned

above.
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Case 2 is when the reference voltage is in region 1 or 3. There are two small
vectors within these two regions. As shown in Figure 2.21, the two regions can be
further divided in to 4 subregions 1,, 15, 34, 35. When the reference vector is in region
1, or 3,, the dwell time of V; is larger than V5 (T, > T.), and V; is referred to as
dominant small vector. The dwell time is equally divided between V1p and Viy to
minimize the voltage deviation [55|, [56]. For example, when V,.f is in region 3, of
Sector 1, the total dwell time for V;p (POO) and Vi (ONN) should be both %, and

the switching sequence is: Viy — Voy — Vi = Vip = Vi — Von — Vin.

V14
PPN

ppp Vo \"A ONN PNN

SECTORI I

Figure 2.21: Region 1 and 3 in Sector 1.
The switching sequence for all of the regions in Sector I is summarized in Table
2.7. Tt can be seen the transition from region 1, to 1, only one switching is required

to switch from ONN to OON. And the transition from region 1, to 2;, no switching

is required. Thus, this switching sequence satisfies the rules mentioned above.
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Table 2.7: 7-segment switching sequence in Sector I

Segment 1, 1, 3a 3p 2 4

1 Viv | ONN | Vo | OON | Viny | ONN | Vo | OON | Viny | ONN | Von | OON
Von | OON | Vy | OOO | Vo | OON | V7 | PON | Vi3 | PNN | V7 | PON
Vo 1000 | Vip | POO | V7 | PON | Vip | POO | V7 | PON | Vi4 | PPN
Vip | POO | Vop | PPO | Vip | POO | Vap | PPO | Vip | POO | Vop | PPO
Vo 1000 | Vip | POO | V7 | PON | Vip | POO | V7 | PON | Vi4 | PPN
Von | OON | Vy | OO0 | Vo | OON | V7 | PON | Vi3 | PNN | V7 | PON
Viv | ONN | Vo | OON | Vixy | ONN | Vo | OON | Vi | ONN | Von | OON

N W | W N

SVPWM algorithm of 3-level NPC Inverter

During each sampling period, the sector and region of the reference voltage is first
calculated, then the dwell time is calculated based on the position of the reference
vector. And finally the switching sequence is selected.

To determine the sector for the reference voltage, the following equation can be

used [23]:

N = sign(Vs) + 2sign{V,sin(60°) — Vzsin(30°) } +4sign{V,, — sin(60°) — Vzsin(30°)}

(2.2.7)

Where sign is the Signum function, and N is the variable used to determine the

sector number. The sector number can be determined based on the following look-up
table:

Table 2.8: Sector loop-up table

Sector | T |IT|IIT | IV | V| VI
N 311 5% 4 6 2

To determine the regions of reference vector in any sector, the following equations
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can be defined:

a = sign{% -V, - \/TEVB}

Vi 3
b= sign{—% +Vy — \/?—V,g} (2.2.8)

V3

= sign{Vs — *=Vic}

And the regions can be determined based on the following loop-up table:

Table 2.9: Region loop-up table

Region a b ¢
1 lor0 - -
2 -1 1or0 -
3 -1 -1 lor0
4 -1 -1 -1

After the position of the reference is determined, the dwell time and switching

sequence can be determined using Table 2.6 and Table 2.7.

Modulation scheme of 3-level ANPC

There are two neutral current paths presents in the 3-level ANPC. The first one is
formed by S5 and S5, and the other one is formed by S3 and Sg. The neutral point
voltage can be clamped by taking these two current paths [57|. There are four popular
modulation schemes for 3-level ANPC, and each one utilizes a unique current path
to clamp the neutral voltage [58]. The gating signals for each switch under the four
modulation schemes are shown in Figure 2.22. The complementary switch pairs are
different for each scheme, and the current stress is also different.

Figure 2.22a shows the Diode-clamped ANPC (DNPC) modulation scheme. The

inverter simply operates as a 3-level NPC in this case. Switch S5 and Sg will be kept
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Figure 2.22: The gating signals for four popular modulation schemes: (a)
Diode-clamped ANPC modulation scheme, (b) Same-side modulation scheme, (c)
Opposite-side modulation scheme, and (d) Full-path modulation scheme.
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OFF at all time, and the neutral current passes through their anti-parallel diodes
instead. S; and S3 forms a complementary switch pair, and S5 and S, forms another
pair. For the positive half cycle of the inverter, S; and S5 are operating at the
switching frequency while Sy is kept at ON and Sy is kept at OFF. This is reversed
for the inverter negative half cycle. The neutral current path is determined by the
load current direction. Switch S; and S3 generates both switching losses during the
positive half cycle, but for the negative half cycle, S5 generates mostly conduction
while S generates no loss since it is being turned OFF. This unbalanced current
stress also applies to the other complementary switch pair, just like the 3-level NPC.

Figure 2.22b shows the Same-side clamping (SSC) modulation scheme. The three
complementary switch pairs are: S7 & S5, So & S5, and Sy & Sg. Switch S, and
Ss operates at line frequency while the rest of the switches operate at the switching
frequency for each half cycle. S; and S3 generates mostly conduction loss, while
the rest switches generates both switching loss and conduction losses. S; and Sg
experience the most stress since they are kept ON for half of the cycle while their
complementary switches are kept OFF. For SSC, ANPC takes the top neutral current
path for the upper cell commutation, and the bottom neutral current path for the
lower cell commutation.

Figure 2.22¢ shows the Opposite-side clamping (OSC) modulation scheme. The
OSC complementary switch pair is the same as SSC. S5 and S35 operates at switching
frequency for the entire time, while the rest of the switches operates at line frequency
the entire time. The OSC choice of neutral path is opposite as SSC. For OSC, ANPC
takes the bottom neutral current path for the upper cell commutation, and the upper

neutral current path for the lower cell commutation.
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Figure 2.22d shows the Full-path clamping (FPC) modulation scheme. The upper
and lower neutral current path is utilized together in parallel at the neutral switching
state for the FPC. The switching pattern for S3 and S5 is the same, and in comple-
mentary to Sy; the switching pattern for S, and Sg is the same, and in complementary
to Sy. Sy & Sg and S3 & S5 are kept ON during the neutral switching state, while
Sy and Sy are kept at OFF. Since all of the switches are operating at the switching
frequency for half of the fundamental period, the conduction loss is reduced compare

to the rest of the modulation scheme.

2.3 Summary

This chapter provides a review on the existing 2-level and multi-level inverter topolo-
gies and a comparison of each inverter for traction application. The structure of 2-level
VSI, 3-level NPC and ANPC is discussed. The algorithm of SPWM and SVPWM for
both 2-level VSI and 3-level NPC and ANPC are discussed in details.
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Chapter 3

Analysis and Study of 2-Level and
3-Level Voltage Source Inverters for

Traction Applications

This chapter presents a comprehensive analysis and comparison between the 2-level
VSI, 3-level NPC, and 3-level ANPC inverters in traction inverters. In this com-
parison Silicon Carbide MOSFET, Gallium Nitride MOSFET and Silicon IGBT are
employed. An analytical method for calculating the inverter power loss is also pre-
sented. Simulation results are conducted using MATLAB/Simulink and PLECS at
different operating conditions. A permanent magnet synchronous motor is used as
the load. The analysis and comparison have been conducted at different operating
points regarding the speed and torque. The performance of each inverter topology
is also investigated at different switching frequencies for these operating conditions.

Moreover, two drive cycle analyses are also studied and included in this chapter.
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3.1 Introduction

Recently, the progress in the development of SiC transistors [59] and GaN devices has
brought a wide range of transistors in higher voltage and higher current classes, both
in discrete packages and modules [60]|, [61]. This is due to the increasing demand for
high efficiency and high power density traction inverters.

Most of today’s traction inverters operate at a 400-800V battery voltage, and
the trend is moving to a higher voltage DC-link |62]. 2020 Porsche Taycan and
2020 Aston Martin Rapide E have both adopted 800V DC-link, and many other auto
manufactures are following this trend. Higher DC-link voltage enables faster charging
time and makes modern electric vehicles more practical for long-range travel. At the
same output power, a higher voltage will result in a lower current flowing through
the inverter and the motor. A smaller current usually results in a higher inverter
and motor efficiency which leads to higher overall efficiency in the powertrain [63].
Moreover, a smaller current allows a smaller conductor size which reduces the system
cost and weight. However, a higher DC-link voltage results in higher voltage stress on
the semiconductor devices. In recent developments, many conventional 2-level VSI
are replaced with 3-level inverters in traction application to reduce the voltage stress
on the semiconductor devices and decrease the voltage and current THD [64],[65]. But
the 3-level inverter has a more complex structure with more components. Therefore,
the inverter cost is usually higher for the 3-level inverter |66], |67]. A review of
the multilevel inverter structures and control techniques in electric transportation
applications is presented in [68] and [69].

MOSFET has the natural ability to conduct current bidirectionally, while IGBT

needs anti-parallel diodes to conduct the current in the reverse direction. Due to the
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fact that MOSFETs have lower conduction loss than diodes, the anti-parallel diode
with MOSFET only conducts during the dead-time to prevent the shoot-through. On
the other hand, the anti-parallel diode with IGBT provides the negative current path
for the IGBT. As a result, the total conduction loss using a MOSFET-based inverter is
less than that of an IGBT-based inverter. The switches that are chosen in this chapter
are summarized in Table 3.1. The voltage ratings of commercially available SiC and
GaN MOSFETs are limited to 1700V and 650V, respectively. Connecting multiple
SiC and GaN MOSFETSs in series can achieve a higher voltage rating. However,
it leads to the increased power loss, complexity, cost, as well as reduced reliability.
Although GaN devices offer higher efficiency, higher power density, and the ability
to operate at higher switching frequencies [70], the current limit for commercially
available GaN MOSFETs is 60A. Thus, multiple switches are needed in parallel to
achieve a higher current capability.

In this chapter, the 2-level VSI, 3-level NPC and 3-level ANPC inverter topologies

will be compared based on the following performance criteria:

1. Number of switching components including the total number of switches and

diodes,

2. Switch selection including voltage and current ratings and the cost of the switch-

ing devices,
3. Power loss analysis and inverter efficiency,

4. Output line to line voltage and phase current THD.
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Table 3.1: Selected switches

Switch Type Part Name Manufacture | Voltage Rating (V) | Current Rating (A) | Price (USD)
SiC MOSFET CAB450M12XM3 CREE 1200 450 $906
SiC MOSFET C3M0015065K CREE 650 120 $42
Si IGBT FF450R12KE4P INFINEON 1200 450 $110
Si IGBT FF450R07ME4 B11 INFINEON 650 450 $153
GaN MOSFET GS66516B GaN SYSTEMS 650 60 $51

3.2 Switch Selection

The selection of the switches is based on a traction inverter with the parameters
listed in Table 3.2. The performance of each switch is investigated in 10KHz and
100KHz switching frequencies. operating at high switching frequency results in high
motor efficiency, fast control response, lower motor torque ripple and smaller filter
size [71]. Most of the commercial traction inverter operates at 10-30 KHz switching
frequency due to the increase of switching loss at higher switching frequency. The mo-
tor parameter is based on a off-the-shelf motor designed by the company BorgWarner

72].

Table 3.2: System Parameters

DC-Link Voltage (V) Ve 800

Rated Output Power (KW) Pt 200
Switching Frequency (kHz) fsw | 10, 100

PMSM Pole Pair P 5

PMSM d-axis Inductance (mH) Ly 0.88

PMSM g-axis Inductance (mH) L, 0.88

PMSM Phase Resistance (ohms) R, 0.03

PMSM Rated Phase Current (Arms) | I qteq 400
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3.2.1 Device Voltage rating

In 2-level VSI, the maximum voltage across each switch at steady-state equals the
DC-link voltage. However, it is 4 of the DC-link voltage for 3-level NPC and 3-level
ANPC. At transient operation, the parasitic inductances of the busbar, cables, and the
DC-link capacitor create a voltage spike at switching-off actions [73]. Consequently,
the voltage rating of the switches should be higher than the transient spikes. As a
result, for 800V DC-link voltage, 1200V switches are used for 2-level VSI, and 650V
switches are used for 3-level NPC and 3-level ANPC.

3.2.2 Number of Switches

Table 3.3 summarizes the costs for each 3-level NPC and ANPC inverter option. The
price listed includes the semiconductor devices, clamping diodes, and gate drivers.
SILICON LABS SI8271AB-ISR is chosen as the gate driver. To estimate the cost
of gate drivers, the retail price of the evaluation board is used as a reference. The
evaluation board SI8273ISO-KIT is based on the reference design provided in the gate
drive IC technical reference manual [74]. The gate driver IC only has the strength
to drive a single switch. The evaluation board SI8273ISO-KIT has one gate driver
circuitry, and each costs $28.67 USD.

Single diode with forward current ratings around 450A is generally expensive and
bulky. For example, APTDF400U120G from MICROCHIP TECHNOLOGY has a
footprint of 62mm by 81mm, and it’s priced at $92 USD. Therefore, 6 of IDW75D65D1
from INFINEON are connected in parallel to achieve a 450A forward current rating.
The unit price for the clamping diode is $4 USD.

For the 2-level VSI, both Si IGBTs and SiC MOSFETs are half-bridge modules.
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Table 3.3: Switch Selection for 2-level VSI

Option | Topology Switch Type Total Cost (USD)
1 9. Level 1200V SiC MOSFET $2,851
2 1200V Si IGBT $502
3 650V SiC MOSFET $3,536
4 NPC 650V Si IGBT $1,779
5) 650V GaN MOSFET $6,836
6 650V SiC MOSFET $5,040
7 ANPC 650V Si IGBT $1,893
8 650V GaN MOSFET $9,954

Each inverter uses 1 switch module at each leg, and 3 switch modules in total.

Options 3 to 5 in Table 3.3 are for NPC. The 650V Si IGBT is in half-bridge
modules with 450A current rating. Thus, 2 Si IGBT modules are used per phase
and, hence, 6 modules for the 3-phases. The SiC and GaN MOSFETs are in discrete
packages. To satisfy the rated system phase current of 400A, multiple discrete SiC
and GaN switches are required to be connected in parallel to increase the current
capability. The current capability of each 650V SiC MOSFET is 120A, and 4 of such
switches are connected in parallel to achieve 480A of current capability. The current
capability of each 650V GaN MOSFET is 60A, and 7 of such switches are connected
in parallel to achieve 420A current capability. In practice, connecting 4 or 7 discrete
switches in parallel is impractical, but for the sack of comparison, this configuration
is analysed in theory. As the technology evolves, the current limit of semiconductors
will become larger and larger. The total number of discrete SiC MOSFETs used in
option 3 is 48; the total number of Si IGBT modules used in option 4 is 6; the total
number of GaN MOSFETs used in option 5 is 84.

Options 6 to 8 in Table 3.3 are for ANPC. The total number of discrete SiC
MOSFETs used in option 6 is 72; the total number of Si IGBT modules used in
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option 7 is 9; the total number of GaN MOSFETs used in option 8 is 126.

As it can be noticed from Table 3.3, the most expensive option is ANPC using
GaN; the second is NPC using GaN; the third is ANPC using SiC. The cheapest
option is 2-level VSI using 1200V IGBT.

3.3 Power Loss Calculation

Fig. 3.1 shows the current and voltage waveforms of a switch during a switching
period. Where vy, is the voltage across the switch and 74, is the current going
through the switch. I, is the average phase current of the inverter and V,, is the

switch turn-on voltage.
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.
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Figure 3.1: Switch voltage and current transient during a switching period.

3.3.1 Switch Power Loss
Switching Loss

During switch turn on period, switch current first rises from 0 to [,,, and then voltage
drops from V; to V,,. During switch turn off period, voltage first rises from V,, to

V4, and then currents drops from I, to 0. The switch turn-on time 7, and turn off
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time T, are calculated as follow:

Ton =ty + tfu (3 5 1)

Toff =ty + tf’L

Where t,; is the current rise time, ¢y, is the voltage fall time, ¢, is the voltage rise
time, and ty; is the current fall time. The switching energy of the device is calculated

as:

Eqw = 0.5Vgion (Ton + Toys) (3.3.2)

Average switching power loss (Py,) is the product of switching energy (Fg,) and
switching frequency ( fq,):

Psw == swfsw (333)

From the device datasheet, the switching energy is usually given as a function of
current at a specific junction temperature (77) and the blocking voltage (V). The

switching energy at any temperature and voltage (E,1(7})) is calculated as [75]:

Esw(TthZ)‘/l
EqT;)=p——F"—
( J) B &‘/2
ﬁ = alTjQ + blT] + C1 (334)

a= aQTjQ—l—bgTj + ¢

Where « is the voltage coefficient; [ is the temperature coefficient and ay, by, ¢y, as, ba, o

can be obtained through curve fitting.

46



M.A.Sc. Thesis — Yicheng Wang McMaster University — Electrical Engineering

Conduction Loss

The average switch conduction loss is calculated as:

ton
Pcond = Ionv;m? (335)

Where o is the duty cycle. It is assumed that the switch current during the
conduction period is constant. The current value I,, is used to estimate V,,, from the
datasheet. This relation is given by the device datasheet at two junction temperatures
Ty and T,. The voltage at any temperature (V,,(7;)) can be calculated using the

weighted average method:

T —1T; T, — 1T,
Vo (T:) = Vo, (T L Vo (Ty) = 3.3.6
< J) ( Q)Tl_T2+ ( 1)T1_T2 ( )
3.3.2 Diode Power Loss
Conduction Loss
The average diode conduction loss Pp onq is calculated as:
PD,cond = ijftdead—time (337)

Where V; is the diode forward voltage; Iy is the diode forward current and
tdead—time 1S the switch dead-time. The same weighted average method from equa-

tion 3.3.6 can be used to calculate the diode voltage at any junction temperature.
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Reverse Recovery Loss

The reverse recovery energy of the diode is calculated as:

E,y = 0.25Q,|Vs| (3.3.8)

Where @), is the reverse recovery charge and Vp is the maximum negative voltage
across the diode during diode turn-off. The diode reverse recovery energy (E,.) can
be found in the device datasheet at specific currents. The diode reverse recovery

power loss is calculated as:

P, = rrfsw (339)

On the device datasheet, the diode reverse recovery energy is usually given as a
function of current at a specific junction temperature and voltage. The same method
from equation 3.3.4 can be used to calculate the diode reverse recovery energy at any

temperature and voltage.

3.4 Simulation Results

The inverter models are built in MATLAB/Simulink and used to calculate the output
THD. The loss is calculated in PLECS using the manufacturer device datasheet.
SPWM modulation is used for 2-level VSI and IPD PWM modulation is used for
NPC and ANPC.

In 2-level VSI, currents going through each of the switches are identical; power
loss and generated heat are intrinsically balanced across each switch in the same

inverter leg. However, it is not balanced for 3-level NPC and 3-level ANPC. During
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the positive phase A current, S, and S,3 generate mostly conduction loss and low
switching loss due to the lagging current. The power losses of the clamping diodes
and switches D.1, D.o, S5, Sue are evenly distributed.

The simulation is run at four motor operating conditions: low-speed low-torque,
low-speed high-torque, high-speed low-torque and high-speed high-torque. The per-
formance of each topology listed in Table 3.3 is investigated at 10kHz and 100kHz
switching frequencies.

At motor low speed and low torque conditions, the speed and torque of the motor
are 300RPM and 100Nm respectively, and the results are shown in Fig. 3.2a. At
10kHz switching frequency, both 3-level ANPC using SiC MOSFET and using GaN
MOSFET produce efficiency over 99%, and SiC MOSFET has slightly better effi-
ciency. 2-level inverter using Si IGBT has the worst efficiency of 84.8%. At 100kHz
switching frequency, 3-level ANPC using GaN MOSFETs has the best efficiency. Both
of the 2-level options produce low efficiency at high switching frequency, and the Si
IGBT option only has an efficiency of 34%.

At motor low speed and high torque condition, the speed and torque of the motor
are 300RPM and 800Nm respectively, and the results are shown in Fig. 3.2b. The
results are similar to the low speed and low torque condition. The 3-level ANPC using
SiC MOSFETs and GaN MOSFETs are the two most efficient options at 10kHz and
100kHz switching frequencies respectively. The 2-level inverter using Si IGBTS is not
able to sustain a reasonable junction temperature at 100kHz switching frequency, thus
its efficiency is not recorded. As seen from the results, 2-level VSI is very inefficient

at high switching frequency.
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At motor high speed and low torque condition, the speed and torque of the mo-
tor are 2000RPM and 100Nm, respectively. The results are shown in Fig. 3.2c. At
10kHz switching frequency, 3-level ANPC using both SiC MOSFETs and GaN MOS-
FETs produce efficiency over 99.8%, and SiC MOSFET has slightly better efficiency.
At 100kHz switching frequency, the 3-level NPC using SiC MOSFET has the best
efficiency at 99.4%.

At motor high speed and high torque condition, the speed and torque of the motor
are 2000RPM and 800Nm, respectively, and the results are shown in Fig. 3.2d. All
of the options offer great efficiency above 95%, except for the 2-level inverter using
Si IGBTs at 100 kHz, which only has an efficiency of 69.4%. The two most efficient
options at 10kHz and 100kHz switching frequencies are the 2-level VSI using SiC
MOSFETs and 3-level NPC using SiC MOSFETS, respectively.

It can be seen from the results that all of the 3-level options using SiC and GaN
MOSFETs offer efficiencies higher than 93% at all motor conditions and at both high
and low switching frequencies.

At 10kHz switching frequency, the average loss of clamping diode is large than the
active switch. By replacing the clamping diodes with the active switches in 3-level
NPC, the 3-level ANPC results in a better efficiency. At 100kHz switching frequency,
the switching loss of the active switches is increased significantly, and the efficiency

of 3-level ANPC is almost equal to or slightly higher than the 3-level NPC.
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Figure 3.2: Efficiency results for each inverter topology at 10kHz and 100kHz under
four motor operating conditions: (a) motor low speed and low torque, (b) motor low
speed and high torque, (c¢) motor high speed and low torque, and (d) motor high
speed and high torque.
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3.4.1 Drive Cycle Simulation
Drive Cycle Simulink Model

A 2015 Spark EV system-level model is developed in MATLAB/Simulink as shown
in Fig. 3.3. The model consists of multiple blocks including driver, motor control,
motor, final drive, wheel, chassis and battery. The parameters of the vehicle are
provided by Argon National Laboratory (ANL)[76], and they are listed in Table 3.4.

Table 3.4: 2015 Spark EV Parameters

Vehicle Mass (K;) 1432 Motor Inertia (K, * m?) 0.05
Tire Radius (m) 0.2945 Battery Capacity (Ah) 54
Final Drive Raio 3.9 Vehicle Height (m) 1.59
Final Drive Inertia (K, * m?) 0.01 Vehicle Length (m) 1.41
Ratio of Vehicle Mass on Driven Axles | 0.64 | Aerodynamic Drag Coefficient (N2/K, «m) | 0.326
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Figure 3.3: Drive Cycle Simulink block.

The vehicle reference speed and the sample time is stored in a look-up table. The

data is sampled every 0.02 seconds. The reference speed is converted to meters per
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second and then feed to the Driver block.

The Driver block is shown in Figure 3.4. Inside the driver block is a simple PID
controller. The error between the reference speed and the feed-back simulated speed
is feed into the PID controller, and the output is the torque requested by the driver.

The requested torque is then feed into the motor control block.

a »

drive_cycle

> PID(s)
- > trg_dmd

chas_spd

T_PID_adjusted

Figure 3.4: Driver Simulink block.

The Motor Control block is shown in Figure 3.5. Two speed-torque curve of
the motor is stored in a look-up table, and the maximum and minimum torque is
calculated depending on the vehicle speed. The requested torque from the driver is
split into propelling torque and break torque. The propelling torque is limited to
the no slip torque and maximum torque at the current speed. The brake torque is
a combination of friction breaking and regenerative braking. The regenerative brake
torque is limited by the motor minimum torque.

The Motor block is shown in Figure 3.6. The efficiencies of the motor and inverter
is stored in two efficiency tables. The efficiency is calculated based on the motor
speed and torque. The propelling and regenerative power is calculated and saturated
by the mechnical power. Motor current is calculated based on the electrical power

and battery terminal voltage.
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W

Figure 3.5: Motor Control Simulink block.
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Figure 3.6: Motor Simulink block.

The Final Drive block is shown in Figure 3.7. In this block, the motor speed,
torque to wheel and final drive inertia is calculated based on the final drive ratio.

The Wheel block is shown in Figure 3.8. In this block, the wheel force and rolling
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Figure 3.7: Final Drive Simulink block.

force is calculated by dividing torque by the size of the wheel.

X

F_wh (Wheel Force Out)

Figure 3.8: Wheel Simulink block.

The Chassis block is shown in Figure 3.9. The rolling force, grade force and aero
force is calculated as the total loss. The net force is calculated and speed is calculated
based on the Newton’s law through a integrator.

The Battery block is shown in Figure 3.10. Battery SOC is calculated based on
the battery current, battery capacity and initial SOC. The charging and discharging

resistance from the equivalent battery model is calculated based on the look-up tables.
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Figure 3.9: Chassis Simulink block.

Battery Open Circuit Voltage (OCV) is also calculated based on the battery SOC-
OCYV curve. The battery terminal voltage is calculated based on the OCV and voltage

across the equivalent resistance.

Drive Cycle Simulation Results

The motor in the model is replaced with the 200kW motor in Table 3.2, and the model
is tuned so that the vehicle driving behaviour matches the experimental data provided
by ANL. The motor and motor drive are modelled as efficiency maps and stored as
3D look-up tables. The input of the 3D look-up tables are motor speed and torque,
and the output is the efficiency. To analyze the efficiency of each inverter topology
listed in Table 3.3, the battery state-of-charge (SOC) for each drive cycle is recorded.
Two standard drive cycles are used for this simulation: Urban Dynamometer Driving
Schedule (UDDS) and Highway Fuel Economy Test (HWFET). For each of the drive
cycle simulations, the switching frequency is set to 100kHz, and the performance of

each inverter topology is inspected from the battery SOC at the end of the drive
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Figure 3.10: Battery Simulink block.

cycle.

The UDDS drive schedule simulates city driving condition [77], and the initial
battery SOC is set to 38%. The battery SOC for each inverter topology is shown in
Fig. 3.11, and the battery SOC at the end of the simulation for each inverter topology
is shown in Table 3.3. ANPC using SiC MOSFETs is the most efficient, and 2-level
VSI using Si IGBT is the least efficient. Almost 5% battery capacity can be saved by
using ANPC with SiC MOSFETS instead of the 2-level structure with SI IGBTs.

The HWFET drive schedule simulates highway driving with a total driving dis-

tance of 10.26 miles, and the average vehicle speed is 48.3 mph. The initial battery
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Figure 3.11: Simulation of battery SOC for different topologies in UDDS drive cycle.

SOC is set to 63%. The battery SOC for each inverter topology is shown in Fig. 3.12.

NPC using SiC MOSFETs is the most efficient, and 2-level VSI using Si IGBT is the

least efficient. Almost 20% battery capacity can be saved by using ANPC with SiC

MOSFETS instead of the 2-level structure with SI IGBTs.
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Figure 3.12: Simulation of battery SOC for different topologies in HWFET drive cycle.
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The battery SOC at the end of simulation and the SOC drop for the drive cycle
for each inverter topology are shown in Table 3.5. All of the multilevel inverters have
significant advantages over the 2-level VSI for both city and highway driving. ANPC
and NPC have similar efficiency for both of the drive cycles at 100kHz switching
frequency as shown in Figure 3.2. The SOC drop for ANPC is slightly lower than
NPC for all three type of switches. The 2-level VSI with IGBT has the worst efficiency
for both drive conditions.

Table 3.5: Battery SOC at the end of simulation and SOC drop for the drive cycle

UDDS HWFET
Inverter Topology Switch Type Final SOC | ASOC' | Final SOC | ASOC
1200V SiC MOSFET | 33.026% | 4.974% | 36.085% | 26.915%
1200V Si IGBT 31.513% | 6.487% | 34.782% | 28.218%
650V SiC MOSFET | 35.159% | 2.841% | 45.015% | 17.985%
NPC 650V Si IGBT 34.194% | 3.806% | 43.318% | 19.682%
650V GaN MOSFET | 34.995% | 3.005% | 44.887% | 18.113%
650V SiC MOSFET | 35.161% | 2.839% | 45.011% | 17.989%
ANPC 650V Si IGBT 34.201% | 3.799% | 43.321% | 19.679%
650V GaN MOSFET | 35.102% | 2.898% | 44.945% | 18.055%

2-Level

3.4.2 Inverter Output Current and Voltage THD Simulation

The total harmonic distortion (THD) of the output phase current and line to line
voltage is shown in Table 3.6.

As can be seen from the results, both the current and voltage THD for the 3-level
inverters are lower than the 2-level VSI. The difference of current THD is not signif-
icant, and both the 2-level VSI and the 3-level inverter offer reasonably low output
current THD at all operating conditions. However, the voltage THD is improved by

33% to 50% by using the 3-level inverter.
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Table 3.6: Output THD comparison

Motor Condition | Inverter Topology | Current THD (%) | Voltage THD (%)
2 Level 10kHz 2.8 321
Low Speed 3 Level 10kHz 2.3 214
Low Torque 2 Level 100kHz 2.2 421
3 Level 100kHz 0.94 217
2 Level 10kHz 0.44 255
Low Speed 3 Level 10kHz 0.37 166
High Torque 2 Level 100kHz 0.3 273
3 Level 100kHz 0.21 172
2 Level 10kHz 6.49 87.1
High Speed 3 Level 10kHz 2.94 41.3
Low Torque 2 Level 100kHz 2.13 86.3
3 Level 100kHz 1.26 41.3
2 Level 10KHz 1.16 62.6
High Speed 3 Level 10kHz 0.75 32.6
High Torque 2 Level 100kHz 0.34 76
3 Level 100kHz 0.2 34.2

3.5 Summary

An overview of the performance for each 2-level, 3-level NPC and 3-level ANPC

inverters are shown in Fig. 3.13, and is summarized as follow:

1. The 3-level NPC and ANPC have lower output THD than 2-level VSI due to

the additional output voltage levels.

2. The 2-level VSI with SiC MOSFETS offers the best inverter efficiency when the
motor operates at high torque and low switching frequency. When the motor
operates at low speed, ANPC with SiC has the best efficiency at both low and
high switching frequencies. ANPC with GaN has the best efficiency when the

motor is operating at high torque and with a high inverter switching frequency.

3. The 3-level inverter has additional switching devices compared to 2-level VSI.
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When a fault occurs to a switch in a 3-level inverter, the inverter is still able
to operate as a 2-level VSI, and the low readability caused by the additional

components can be compensated by this property.

4. The system cost of the 3-level inverter is more than 2-level VSI. NPC and ANPC
have uneven power loss distribution across each active switching component and
the cooling system needs to incorporate it. Additional gate drivers, DC-link

capacitors and larger, more complex busbars also increase the system cost.

5. The blocking voltage of any switch in the 2-level inverter is equal to the DC-link

voltage, while it is 3 of the DC-link voltage for the 3-level structures.

6. The 3-level NPC and ANPC can save more battery energy compare with the
2-level VSI.

Low Inverter Loss at
Low fsw

Low Inverter Loss at

Reliability High fsw
Lower System Cost Low Output THD
Lower Inverter Cost Lower dV/dt
OSi IGBT 2-Level O SiC MOSFET 2-Level @Si IGBT 3-Level

@ SiC MOSFET 3-Level ©@ GaN MOSFET 3-Level

Figure 3.13: Performance overview of different inverter topologies.
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Chapter 4

Design of a 7T0kW 3-Level Active
Neutral Point Clamped (ANPC)

Inverter for Traction Applications

4.1 Introduction

The advantage of 3-level NPC and ANPC is discussed in Chapter 3. The inverter effi-
ciency and output THD of the 3-level topologies are improved significantly compared
to the conventional 2-level VSI. The average loss of the active switches in ANPC is
lower than the clamping diodes in NPC at 10kHz of switching frequency, and the
resulting efficiency of the ANPC is higher than NPC. The active switches in ANPC
creates flexibility in the capacitor voltage balancing, and the uneven loss distribu-
tion problem inherited from NPC can also be improved by using ANPC as discussed
in Chapter 2. Due to the reasons mentioned above, a 3-level ANPC is chosen for

prototyping.
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In this Chapter, the detailed design procedure of a 70kW 3-level ANPC is dis-
cussed. The specifications of the inverter is listed in Table 4.1. The minimum DC-
link voltage of the inverter is 800V, and the design will be capable for 900V. The
continuous power rating of the inverter is 70kW, and the 10 second overload power
rating is 120kW. The first section will discuss the component selection, and followed
by the design and simulation of the proposed design.

Table 4.1: ANPC Inverter Parameters

DC-link Voltage Ve 800V

Continuous Power Rating P.ontinous | T0kW

Overload Power Rating (10 second) Perioad | 120kW
Load Power Factor pf 0.9

Inverter Housing Ambient Temperature Tomb 100°C

4.2 Components Selection

4.2.1 Switch Selection

Based on the inverter parameters listed in Table 4.1, the maximum output line-to-line

voltage VB mazsom Can be calculated using the equation:

VAB,ma:L",svm = O-7VDC
(4.2.1)

= 560V

Consider the load power factor as 0.9, the output rms phase current (/,,,s) using

SVPWM can be calculated using the equations:

P
V3Vap

I,nscOSP = (4.2.2)
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Where P is the output power. Using the equations above, the rms current at
continuous and overload power rating are 109A and 188A respectively. For ANPC,
the voltage across each switch is half of the DC-link voltage. During the switching
off transition, the stray inductance present in the communication loop causes voltage
overshoot across the switches. And the voltage rating of the switches needs to be
large enough to prevent breakdown due to the voltage overshoot. The voltage rating
for all of the selected switches are larger than 650V.

Around 30 off-the-shelf semiconductor products are summarized and compared.
Due to the package size, only discrete switches are considered. Most of the power
modules has a large package size, and using those will decrease the power density of
the inverter dramatically. From the analysis discussed in Chapter 3, SiC and GaN
MOSFETs are considered to get the best possible inverter efficiency. The short-list of
the best candidates are shown in Table 4.2 [78, 79, 80, 81, 82, 83|. Those switches are
from companies like Cree, Infineon, ROHM, ST Micro, United SiC and GaN Systems.

Table 4.2: Short list of available switches

Part Number C3M0015065K | IMZA65R027M1H | SCT3030ALHR | SCTW90N65G2V | UJ4C075018 K4S GS66516T
Total number of switches 18 36 36 36 36 36
Manufacture CREE Infineon ROHM ST Micro United SiC GaN Systems
Technology SiC MOSFETs SiC MOSFETs SiC MOSFETs SiC MOSFETs SiC MOSFETs | GaN MOSFETs
Voltage Rating (V) 650 650 650 650 750 650
Current Rating (A) 120 59 70 119 81 60
Ris.on (mOhms) 15 27 30 18 18 25
Rise time (ns) 32 1.2 11 38 35 12.4
Fall time (ns) 15 8.4 27 16 21 22
Maximum Operating Temperature (C°) 175 150 175 200 175 175
Extended Price (USD) 540 1080 1512 720 610 1512

Some of the important parameters are compared. The drain to source resistance
Rys on determines the conduction loss, and larger Rgson will decrease the inverter
efficiency [84]. The rise and fall time determines the minimum switching time, and

also affects the voltage overshoot [85]. The maximum operating temperature is also
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a very important specification, it affects the cooling design and the safety and fault-
tolerant of the inverter. UJ4C075018K4S from United SiC is selected for this ANPC
inverter. Two of this device is connected in parallel to increase the current capacity.
It offers a small R4s on, larger breakdown voltage and at a cheaper price. Another
important reason for choosing this product is because it is well stocked on distributors
like Digikey. Due to the global pandemic, many products in Table 4.2 are in shortage,

and backorder for some of those are as long as 16 months.

4.2.2 Gate Driver Selection

The selected MOSFETSs typical output characteristics at 7;=175° is shown in Figure
4.1, the current capability increases with the increase of gate source voltage Vizg. From
the MOSFETs data sheet, the maximum Vgg is 20V. Since the stray inductance in
the gate path will cause voltage overshoot, there should be some room left for the

Vigs. Therefore 15V is selected for the MOSFETs gate source turn-on voltage.

160

- = =Vgs=9V

—_—Vgs =8V

120 1 — —vgs=7v ===
— - =Vgs=6.5V L=
— - Vgs=6V L2 1
g VgS :55\£ If/ - —

Drain Current, I5(A)
@®
S

:
|

0O 1 2 3 4 5 6 7 8 9 10
Drain-Source Voltage, Vips (V)

Figure 4.1: UJ4C075018K4S typical output characteristics at 7;,=175°.

The equivalent gate drive circuit can be seen from Figure 4.2. Rgpint is the
gate driver internal pull-up resistance, it has a value of 0.7 ohms from the device

datasheet. After the gate output pin, there is a common resistance R¢ com for the
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two parallel MOSFETs, and its value is 0.5 ohms. Each MOSFETs also has a gate
resistance R¢ ¢, connected in series with the MOSFETSs gate pin, and its value is 0.25
ohms. Rgcom and Rg e, are placed on the gate driver PCB. Rg y: is the internal
gate resistance in the MOSFETs gate pin, and its value is 4.5 ohms. A small gate
resistance provides better EMI suppression with high efficiency, and a small delay

time, and less switching loss.

RG,tot
T
| -i I RG,ext | RG,int
| RGD,int | RG,ext,com 4\/\/\/_|_
G'—’\N\/—|—|-’\N\/— :::::: $s
| Gate | | Gate A |
|_oriveric ;| priverpcs __ __ |

Figure 4.2: Equivalent gate drive circuit.

The peak gate current during turn ON can be calculated using equations:

RG,ezt + RG,int

5 = 3.5750hms

RG,Total = RGD,int + RG,com +
Vs

RG,Total

(4.2.3)
= 4.24

1

Texas Instruments UCC21750 is chosen for the gate driver [86]. This is a isolated
drive with a drive strength of 10A, therefore no output current buffer is required,
and the footprint for the gate driver circuitry is reduced. This gate driver IC has
the strength to drive any 2 parallel switches from Table 4.2, therefore, if the selected

switch needs to be replaced, this gate driver design can be kept as same. It also has
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fast DESAT over-current protection with 200ns response time. Some other features
includes: input deglitch filter, 4A internal active miller clamp, AEC-Q100 qualified for
automotive application and a maximum operating temperature of 150°. The features
of the gate driver is summarized in Table 4.3.

Table 4.3: UCC21750 features

Features Value
Isolation rating B5.7kV,ms
SiC MOSFETs peak voltage 2121 Vi,
Drive strength 10A
DESAT protection response time 200 ns
Internal miller clamp current rating 4A
Soft turn-off current during fault 400mA
Reset type Software reset
Operating junction temperature -40° to 150°

4.2.3 Capacitor Selection

The DC-link capacitor is used to provide low impedance path for high frequency ripple
current, to provide reactive power and reduce the emission of the electromagnetic
interference (87, 88]. Electrolytic capacitors and film capacitors are commonly used in
the inverter DC link. These two types of capacitors have different energy densities and
current ripple capabilities [89]. The electrolytic capacitors offer higher capacitance
per volume, and they are lower in price. However, their lifetime is shorter than the
film capacitors. Many studies have focused on replacing the electrolytic capacitors
with film capacitors to improve the system reliability [90, 91].

The techniques for determining the size of the DC-link capacitor for 2-level VSI
have been discussed in [92, 93, 94|. Calculating the capacitor sizing for ANPC can

be done in a similar way. From the space vector diagram shown in Figure 2.19, at
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the maximum modulation index, the ANPC only utilizes large vectors. The capacitor
ripple is at maximum and the ANPC operates as a 2-level VSI. In Sector I as shown
in Figure 2.20, the two large vectors are Vi3 (PNN) and Vi4 (PPN). The equivalent
circuits for these two switching states are shown in Figure 4.3. For both switching
states, the voltage at the midpoint V is not affected, both upper capacitor C; and

lower capacitor C5 charge and discharge at the same time.

P P
=C; Ial =C; ibl Ial
Vpe == Z Motor Vpe == z Motor
=C, ibl iCl =GC, icl
(O] O]
Large Vector Vi3 Large Vector Vy,
(PNN) (PPN)

Figure 4.3: Equivalent circuits for switching states PNN and PPN.

When the modulation index is small, and small vector are utilized, the voltage
unbalance issue causes voltage ripple. However, the large vector has a dominant
effect on the voltage ripple, and the size of the capacitors shall be considered at the
maximum modulation index.

The rms capacitor ripple current can be expresses as [95]:

Tap = In 32%[4\/3(40032925 +6) — 97 M (cos2¢ + 1)] (4.2.4)

Where I is the output phase current amplitude, ¢ is the power factor angle and
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M is the modulation index. Capacitor ripple current is a function of power factor and

modulation index, and Figure 4.4 illustrates this dependence.

leap (Arms)
3

Figure 4.4: Capacitor rms current ripple is a function of modulation index M and
load power factor coseo.

Figure 4.4 is considered for DC-link voltage of 800V, and rms output phase current
of 188A. The maximum rms capacitor ripple current is 83.77A, the corresponding

modulation index is 0.65 and power factor is 0.95. The capacitor voltage ripple using

SVPWM can be calculated using [96]:

InM

v v 8v/3
capripple = Ctotalfsw 16

)eos ¢ + 5—7TM] (4.2.5)

_96v3, 1087 —81V3

(6 51 167

Where Cq is the total DC-link capacitor required to achieve the desired voltage
ripple, and f,, is the switching frequency. The voltage ripple increases with the
decreasing of switching frequency, the worst case shall be considered at the minimum

switching frequency. 10kHz switching frequency is considered as the worst case. The

69



M.A.Sc. Thesis — Yicheng Wang McMaster University — Electrical Engineering

rule of thumb DC-link capacitor voltage ripple tolerance is less than 5% [97], and for

800V DC-link voltage, the maximum voltage ripple shall be 40V.

N N w
o (&) o

Ctotal (UF)
S o

pf 04 0 M

Figure 4.5: Minimum capacitance required for the desired voltage ripple is a
function of modulation index M and load power factor cose.

The minimum capacitance required for the desired voltage ripple is a function
of power factor and modulation index, and Figure 4.5 illustrates this dependence.
Based on the design parameters mentioned above, the total capacitance shall be at
least 29.6uF. And the upper (C) and lower (Cy) capacitance shall be at least 60uF.
Considering even current distribution and decrease the current density at the ca-
pacitor leads, 9 of MKP1848580704K2 manufactured by VISHAY are connected in
parallel for each upper and lower capacitor, and the total number is 18. Each one has
a capacitance of 8uF, and the rated voltage and rms current are 700V and 8.5A re-
spectively [98]. Compared with using a single capacitor, this arrangement decreases

the total capacitor equivalent series resistance (ESR). The current are distributed
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evenly across each capacitor leads, this decrease the maximum current density dra-
matically, and hot spot due to concentrated current density is avoided. The detailed

arrangement and current density analysis is discussed in the next section.

4.2.4 Sensor Selection

In order to implement voltage balancing on the DC-link capacitors, 2 voltage sensors
are needed. Texas Instruments [SO224BDWYV is chosen. The output bandwidth
(BW) is upto 275KHz, which is large enough to capture the high frequency dynamics
of the voltage ripple. Some other features include reinforced isolation, 0.3% linear

error, single supply and a maximum working temperature of 125°.

4.3 ANPC Power PCB Design

The schematic of phase A leg is shown in Figure 4.6, and the layout design is dupli-
cated for the other phase legs. The 18 capacitors are placed on the left side of the
board. There are 3 capacitors on each row, and 2 rows in each inverter phase leg.
The 36 MOSFETs are placed on the right side of the capacitors. Each row has 6
MOSFETs and 2 rows in each inverter leg.

The 3D view of the ANPC inverter power PCB design is shown in Figure 4.7.
The MOSFETs pins are bent 90°, and the body of the MOSFETs are screwed onto
the heatsink on the bottom of the housing. During assembly, the MOSFETs are first
mounted onto the housing, and then the power PCB is mounted onto the housing on
top of the MOSFETs. Once the MOSFETs and power PCB are both secured onto the
housing, the MOSFETs are then soldered onto the PCB. MOSFETs mounting holes on
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Figure 4.6: Schematic of ANPC power PCB phase A leg.

the power PCB are used to pass through the screw driver to unscrew the MOSFETs
from the housing. The location of these holes on the PCB has very little current
goes through, and they do not affect the current density on the PCB. However, the
temperature rise is slightly affected due to the reduced copper area on the PCB. The
detailed current density and temperature finite element analysis (FEA) is discussed
in detail at later section.

The DC-input connectors are placed on the left side of the capacitors. The top
and bottom connectors are connected to the positive and negative of the DC input
power supply. The connector in the middle is connected to the neutral point of the
inverter, its purpose is to utilize two DC-sources during the initial testing. For initial
testing, two DC-sources will be used, one supplies DC voltage to the top leg, and
the other one to the bottom leg of the inverter. By doing this, the balancing of the

neutral voltage can be ignored. For normal operation, a single DC supply is connected

to the top and bottom connectors, and the middle one is not used. The output AC
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Figure 4.7: 3D view of ANPC power PCB.

connectors are placed on the right side of the board. The power PCB has multiple
layers, thus through-hole connectors are selected to ensure the connection of multiple
layers. REDCUBE 7461103 manufactured by Wurth is chosen for the connectors.
The current rating of the connector is 160A4,.,,s, and the temperature rating is upto

150°C' [99]. The size of the PCB is 206mm by 267mm.

4.3.1 PCB Layer Stack

The power PCB has six layers in total, and the copper weight of each layer is 60Z.
Figure 4.8 shows the connections between capacitors and MOSFETS in the inverter
phase A leg. The upper MOSFETS (Su1, Sa2, Sas, ) are placed in the same row,
and lower MOSFETSs (Su3, Sas, Sas, ) are place in the same row below the upper

MOSFETs. The two parallel switches are placed next to each other, and as close as
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Figure 4.8: ANPC phase A MOSFET and capacitor connections.

possible to minimize the stray inductance in the gate path. The connection of each
MOSFETs are shown as the coloured lines in Figure 4.8. Each line represents a layer
on the PCB as shown in Figure 4.9, adn the connection is done using polygon pours.

The size of the polygon pours at each layer is maximized to achieve optimum thermal

dissipation.

Layer 1 (+DC layer) —» AC output layer

Layer 2 (-DC layer) <«—— AC output layer
Layer 3 (Neutral layer) AC output layer

Layer 4 (Top switch layer) S
Layer 5 (Bottom switch layer) —<—
Layer 6 (Signal layer) AC output layer

Figure 4.9: ANPC power PCB layer stack.

The purple line shows the connection from top capacitors to switch S,;, and this
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is on the first layer. The second layer is used for connecting the bottom capacitors
to switch (S,4) as shown in cyan line. The current direction in these two layers
are opposite to each other, and placing them in adjacent layers increases the mutual
inductance, thus the total stray inductance is reduced. The brown line indicates the
connection of the neutral path, and it’s placed on the third layer. The red line shows
the connection between switch S,;; to Si2, and the blue line shows the connection
from switch S,3 to Sg4. Similarly, these two connections are placed on two adjacent
layers (Layer 4 and Layer 5) to reduce the total stray inductance, since the current
direction in these two layers are opposite. The AC output connection utilizes space
on layer 1, 2, 3 and 6 as shown in green line. since the polygon pour on layer 4 and 5
extends all the way to the edge of the PCB, no AC output connections are made in
these two layers.

The connection between the gate driver to the MOSFETs are placed in the last
layer. The gate driver connectors are placed closely to the MOSFETs to reduce the
stray inductance in the gate path. Since the current density in each layer is high
around the MOSFET pins, surface mounted connectors are used. Using through
hole connectors will increase the total stray inductance and cause worse thermal
performance.

The polygon pours in all six layers are shown in Figure 4.10.

4.3.2 Simulation and Analysis of ANPC Power PCB

The PCB design procedure is shown in Figure 4.11.
First, the power switching devices and DC-link capacitor are chosen based on the

inverter topology and power rating. The components selection has been explained
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Layer 1 (+DC layer) Layer 2 (-DC layer) Layer 3 (Neutral layer)

Layer 4 (Top switch layer) Layer 5 (Bottom switch layer) Layer 6 (Signal layer)

Figure 4.10: ANPC power PCB polygon pours in each layer.

in previous section. In the second step, the voltage overshoot analysis is conducted.
The maximum allowed PCB polygon pour stray inductance is calculated analytically
to ensure that the voltage spikes do not exceed the switch breakdown voltage. This
value is then used as a guideline for the PCB layout design. In the next step, the
stray inductance of the proposed design is calculated to ensure that it is less than
the threshold value calculated in the previous step. After satisfying the overshoot
conductions, the next two steps indulge the busbar thermal aspects by estimating the
maximum current density and the maximum temperature rise. This is accomplished
by importing the 3D model into FEA models. ANSYS Maxwell is used for this
purpose. Finally, the coating methods for the PCB are discussed, and the best method

is selected to meet the clearance and creepage requirements.
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Power device & capacitor selection

Calculating maximum allowable
polygon inductance Lpoiygon max

PCB stray inductance analysis

Stray inductance < Lyqiygon max 2

PCB current density and
distribution analysis

PCB Temperature rise analysis

Acceptable temperature rise?

PCB coating/sealing to meet
clearance and creepage
requirments

Figure 4.11: ANPC power PCB design procedures.

Voltage Overshoot and the Maximum Allowable Stray Inductance Analysis

Stray inductance that is present in the power converter commutation loop causes
voltage spike across the semiconductor devices during the switch turn-off transient
[100]. The source of stray inductance comes from three parts: the DC-link capacitor
equivalent series inductance, the PCB polygon pour, and the semiconductor device

self inductance. The voltage spike increases if the total stray inductance gets higher,
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and this can cause failure of the switching devices if the breakdown voltage of the
device is exceeded.

Considering the 3-ANPC is operating in the Same-side modulation scheme, the
gating signals for all 6 switches in phase leg A is shown in Figure 2.22b. During the
negative half cycle, Sy & Sg are operating at the switching frequency, while S; & Sy
are kept at OFF, and S3 & S5 are kept at ON. The switching states are summarized
in Table 4.4 [101]. During negative half cycle, the inverter is switching between state

N and O~. Two commutation loops can be found as shown in Figure4.12.

Table 4.4: 3-level ANPC switching states for Same-side modulation scheme

Inverter State | Sy | Sy | S3 | S4 | S5 | S | Phase Voltage
P 11,1001 +0.5Vpy
O+ o1 1]0]|1]|1 0
O~ o0 1011 0
N O] 0]O0[1]11]0 —0.5Vpy

The smaller commutation loops is marked as pink, and it goes through the lower
capacitor, Sg and S;. The bigger commutation loop is marked as green, and the
current goes through the lower capacitor, S5, S, S3 and S;. When S3 and S5 are ON,
Sy is in parallel with Sg. The drain to source voltage of Sy follows Sg even S is kept
at OFF. The parasitic inductance resonates with the output capacitance of Sy [102].
The larger loop involves more components, and it contains more stray inductance
than the smaller loop. Therefore, as long as the overshoot caused by the total stray
inductance in the larger loop does not exceed the threshold value, the smaller loop
will also be satisfied [103]. The stray inductance from each components in the larger

is summarized in Table 4.5.
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Figure 4.12: Equivalent circuit used in the overshoot analysis and calculation of
PCB polygon pour stray inductance limit.

The total loop stray inductance can be calculated using equations:

Lloop :Lcap + 4st + Lpoly
Lpoly :LN + LO + Lbottom + Ltop - 2Ltop—bottom + 2Ltop—O (43]‘)

o 2Lt0p—N - 2L0—bottom + 2LN—bottom — 2LO—N

Where L, is the total stray inductance of the PCB polygon pour connection.
The sign of the mutual inductances are determined by the direction of current flow

through each polygon pours. When the direction of current flow is the same in two
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Table 4.5: Larger commutation loop stray inductance components

Components Stray inductance Symbol
Lower Capacitor Capacitor ESL Leap
MOSFETs MOSFETs ESL Ly
Top Switches Connection Ly,
Bottom Switches Connection Lyotiom
Neutral Switches Connection Lo
PCB Negative Switches Connection Ly
Polygon Mutual between Top and Bottom Liop—bottom
Pour Mutual between Top and Neutral Liop-0
Inductance Mutual between Top and Negative Liop—n
Mutual between Neutral and Bottom | Lo_pottom
Mutual between Negative and Bottom | Lx_pottom
Mutual between Neutral and Negative Lo_n

polygons, the sign of the mutual inductance is positive; and if the current flow is in the
opposite direction between them, then the sign of the mutual inductance is negative.
The voltage drop across the switch Vi, during the turn off transient is calculated as:

di,

1
sz:_v Loo_
3 Voo + Lol 5y

| (4.3.2)

Where %\ is the current rate of change. During the transition between switching
state N to O, the current going through S, reduces from the phase current 7, to 0
within the switch current fall time. The voltage across each active switch is %VDC. The
maximum allowable stray inductance to keep Vj, lower than the switch breakdown
voltage can be calculated using Equation 4.3.2 and parameters from Table 4.6. And
the calculated theoretical maximum PCB polygon pour stray inductance Ly, maz 15

31nH. This number is then used as a guideline for the PCB layout design.
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Table 4.6: Parameters for determining the maximum allowable PCB polygon stray

inductance
Parameter Symbol Value
Capacitor ESL Lcap 3nH
MOSFETs ESL L, 5nH
DC link Voltage Vpe 800V
MOSFETs Voltage Rating Vsw,maz 750V
MOSFETs Current Fall Time tall 28ns
Overload peak phase current | iy overioadpear | 188A

of the polygon pour is calculated using ANSYS

Maxwell.

of overshoot will not cause the breakdown of the switches.

Stray Inductance Simulation, Current Density and Current Distribution

After the proposed PCB design shown in Figure 4.7 is modelled, the stray inductance
The simulation results
is shown in Table 4.7. And the total stray inductance of the PCB polygon pour
connection Ly, is calculated as 11nH using Equation 4.3.1. This value is less than

the 31nH maximum allowed value calculated in the previous section, and the amount

Table 4.7: PCB polygon pour stray inductance

Components Symbol Value

Top Switches Connection Liop 7.9nH
Bottom Switches Connection Lyoitom 26.7nH
Neutral Switches Connection Lo 37.1nH
Negative Switches Connection Ly 19.3nH
Mutual between Top and Bottom Liop—vottom | 8.9nH
Mutual between Top and Neutral Liop-0 4.8nH
Mutual between Top and Negative Liop—n 2.2nH
Mutual between Neutral and Bottom | Lo_porom | 21.1nH
Mutual between Negative and Bottom | Lxy_pottom | 7.7nH
Mutual between Neutral and Negative Lo_n 20.3nH
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The proposed PCB design shown in Figure 4.7 conducts both DC and AC currents.

The polygon that connects the DC input to the capacitors conducts DC currents, and
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the polygon that connects the capacitors and MOSFETs conducts AC current. Hence,
both DC and AC current densities are analysed using 3D FEA models.

For the DC analysis, the current distribution between the DC input connectors
and the capacitors are investigated [104]. For this analysis, the PCB is shorted at
the capacitor terminals, and the DC connectors are injected with DC current. The
amount of current injected is the root mean square (rms) value of the inverter input
current, I, .ms. The injected current is calculated in Equation 4.3.3 assuming that
the inverter is controlled with SVPWM. The injected current is a function of the
inverter output phase rms current I, ,,s, modulation index m,, and power factor

cosf [95].

2v/3
Iin,rms = Ia,rms \/_\/_ma(025 + 00329) (433)
s

The DC current density simulation result is shown in Figure 4.13. The maximum
current density is 1.14A /mm?, which is much lower than the rule of thumb 5A /mm?
[105]. Since the top row of capacitors are closer to the DC connectors on the top
left corner, so the current is more concentrated on the top left corner of the PCB.
However, since the maximum current is small, this distribution is acceptable, and the
thickness of the PCB is able to dissipate the heat generated by this contraction of
current.

For the AC analysis, the current distribution between the capacitors and the
MOSFETSs is investigated. The PCB is shorted at the AC terminals, and the amount
of current injected is equal to the capacitor rms current. The injected current is
calculated in Equation 4.3.4 assuming that the inverter is controlled with SVPWM.

The injected current is a function of the inverter output phase rms current I, s,
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Figure 4.13: DC current density analysis.

modulation index m,, and power factor cosf [87].

Leaprms = Larms 55—2[4\/3(400529 +6) — 91mm,(cos26 + 1)] (4.3.4)

The AC current density simulation result is shown in Figure 4.14. The maximum
current density is 0.89A /mm?. For each leg of the inverter, the current travels mostly
in the area between the two row of MOSFETs. Therefore, all the mounting hoses as
shown in Figure 4.7 are located outside of this area. The current is contracted around
the MOSFETs pins, this is normal for through hole components. The type of polygon
connection type is a key factor for determining the maximum current density around
the MOSFETs pins.

Figure 4.15 shows the two common types of polygon pour connection. For the
relief connection shown on the left, the polygon and the soldering pad have an air gap
in between. And for the direct connection shown on the right, the polygon extends all
the way to the solder pad. The relief connection offers better current density, and the

heat caused by the current density contraction around the pad can be dissipated by
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Figure 4.14: AC current density analysis.

Relief Connect Direct Connect

Figure 4.15: Polygon pour connection type.

the polygon more efficiently. However, the copper thickness for this PCB is 60Z, and
using direct connection will make the soldering of the MOSFETs extremely difficult.
The heat applied by the soldering iron will be absorbed by the surrounding polygon
quickly, and the pad will not be heat up enough to melt the solder. For this reason,
the relief connection is used, and the maximum current density is slightly increased,

but still way less than 5A /mm?.

84



M.A.Sc. Thesis — Yicheng Wang McMaster University — Electrical Engineering

PCB Thermal Analysis

The PCB temperature rise is simulated in ANSYS CFD at two conditions. The PCB
thermal performance at the T0kW continuous power rating is analysed using steady-
state thermal analysis, and the 120kW (10s) overload power condition is analysed

using transient thermal analysis as shown in Figure 4.16.

A B
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2 @ engneeringData 4 2 @ Engineering Data v
3 | @) Geometry v o4 3 |6 Geometry v i
4 | @ Model >, 4 @ Model L
5| @R setwp v . o5 @ setup ¥ 4
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7 | @ Results & 7 @ Results v .
Electric Steady-State Thermal
- E
B s ema
w2 & EngineeringData P
3 @ Geometry v .
4 @ Model -,
*5 @& sewp v .
-} Hj Solution v o
7 Q Results v oa

Transient Thermal

Figure 4.16: ANSYS CFD solver set-up for steady-state and transient thermal
simulation.

For both analysis, the ambient temperature is set to 85°C, and the film coefficient
of free air is set to 1W/m2C to simulate the worst case scenario. The result of the
steady-state thermal analysis is shown in Figure 4.17.

For the 70kW continuous power rating, the maximum temperature of the PCB at
steady-state is 122°C. And for the 10s transient thermal analysis of 120kW overload
condition, the maximum temperature increases to 132°C. FR4 is commonly used as
PCB insulation layer. Normal FR4-T(G150 has a glass transient temperature of 150°C,

this is the temperature for which the FR4 starts to deform, and this is considered as
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112.28 Min

Figure 4.17: Polygon pour connection type.

the absolute maximum working temperature. For this PCB design, FR4-TG170 is
used as the insulation layer. Tt has a increased glass transient temperature of 170°C
[106]. For the maximum PCB temperature of 132°C at the worst case scenario, using
FR4-TG170 allows a room of 38°C, this ensures the proper functioning of the PCB

even without active cooling applied.

Clearance, Creepage Distance and Insulation of the PCB

Clearance and creepage distance are the minimum distances to prevent a short circuit
between two live conductors. As shown in Figure 4.18, the creepage distance is the
shortest path between two conductive materials measured along the surface of an
isolator. Clearance distance is the shortest distance between two conductive materials
measured through the air. Clearance and creepage distance depend on the operating
voltage, pollution degree, and insulation material. Pollution degree classifies the
amount of dust and moisture present in the equipment operating environment [107].
Pollution degree affects the clearance and creepage distance significantly. If the PCB

operates in a moisture and debrided environment, the current can track along the
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PCB surface and create a short-circuit. Pollution degree ratings are defined by safety
standards developed by organizations such as Underwriters Laboratories (UL) and
International Electrotechnical Commission (IEC). Traction inverters generally fall
under pollution degree 2. To protects the electronic device from corrosive chemical

species, an ALD protective coating can be applied to the PCB.

— Clearance

........ Creepage : :
% Insulator :

Insulated Surface

Figure 4.18: Clearance and creepage distance.

4.4 Summary

A comprehensive ANPC power PCB design procedure is presented in this Chapter.
A detailed components selection based on the inverter specifications is discussed first,
then the detailed analysis of the voltage overshoot, current density and distribution,

and temperature rise are discussed.
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Chapter 5

Experimental Implementation and
Validation of a 3-Level ANPC

Prototype

5.1 Introduction

Due to the global pandemic, the lab access and equipments are limited, and the exper-
imental test setup is not constructed for high power testing. The ANPC power PCB,
gate driver PCB, PCB components, and the inverter housing are sourced from many
different manufactures, and the shipping for varies parts are delayed. The low power
test setup was constructed for maximum 30V DC-link voltage and three 100hms 500W
resistors are used as the resistive load. The test setup utilizes a Texas Instruments
TMS320F28377D dual-core microcontroller which is attached to a custom-built con-
trol board. This control board handles all signal conditioning between the DSP and

the mechanical components so that the suitable signals at the correct voltages are
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input and output for the DSP.

5.2 Inverter Assembly

The first step for the inverter assembly process is to assemble the gate driver PCB.

Figure 5.1: Gate driver PCB.

A stencil is used for applying the solder paste onto the soldering pads. The solder
paste used is SMD291AX10T5 manufactured by CHIPQUIK [108], this no clean solder
paste has a melting point of 183°. This allows a low reflow temperature to protect the
components during the soldering process, and it is also high enough so that the solder
joint does not liquefy during normal operation. The recommended reflow profile is
shown in Figure 5.2, and this temperature curve is programmed into the reflow oven

for the soldering process. The finished PCB is shown in Figure 5.1.
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Figure 5.2: SMD291AX10T5 recommended reflow temperature profile.

The next step is to screw the MOSFETSs onto the cooling block that is located at
the bottom of the inverter housing as shown in Figure 5.3. For the low power testing,
only one of the two parallel MOSFETs are used to avoid any issues associated with the
current sharing of the two parallel MOSFETs. Special calibration in the gate driver
and gating signal connection is needed later to synchronize the two MOSFETS. If
the two MOSFETs are not turned ON or turned OFF at the same time, the entire
phase current could go through a single MOSFETs and damage it [109]. After the
MOSFETs are soldered

After the MOSFETs are mounted onto the housing, the leads are bent 90°, then
the power PCB is placed on top of the MOSFETSs as shown in Figure 5.4. The final
step is to placed the gate driver PCB on top of the power PCB, and the gate driver

PCB is mounted onto the standoffs on the inverter housing.
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Figure 5.4: Mounting the power PCB onto the inverter housing.
5.3 Low Power Resistive Preliminary Testing

The preliminary low power testing setup is shown in Figure 5.5. The gating signals
are connected to the gate driver using jumper wires as a temporary solution, since

the shipping of the custom designed controller board is delayed. The gating signals
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and the fault detection connection is connected to an available controller board that

is based on the same DSP IC as shown in Figure 5.6.

Gate Driver
DC Supply

ANPC
Inverter
Assembly

Resistive
Load

Gating
Signal Input
Pins

Figure 5.6: Controller used in the preliminary low power testing setup.

5.3.1 Fault Detection

The DESAT protection pin of each gate driver is triggered from 1 to 0 when a over
current is detected. On the gate driver, the FAULT pin of all the gate drivers in

the same phase leg is ANDed with an AND gate. If a fault is detected on any gate
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driver in a phase leg, the AND gate for that phase is triggered from 1 to 0. There are
three AND gates in total, and each one is used as an external interrupt to trigger a
shut down in the control software. The shut down will turn off all of the MOSFETs
once the interrupt is triggered. There are two methods for the control software to
implement this shut down. The first method is to change the CMPA registers of all
EPWM gating signals to 0, this configures the duty cycles of all EPWM signals to
0% as shown in Figure 5.7. The signals are captured by setting a fall edge trigger on
the Fault signal on the oscilloscope. The red signal is the Fault pin measured from
the gate driver, and the blue curve is the inverter line to line voltage Vsp. The time
between a fault is detected and the MOSFETs being shut down for this method is
1.072us. The problem with this method is that the duty cycle of the EPWM signals
are set at the next switching period, and as the witching frequency decreases, this
shut down delay increases.

The other method is to use the Trip-Zone Submodule (TZ) on the TMS320F28377D
DSP controller [110]. TZ provides a software forced tripping, it support for one-shot
trip (OSHT) for major short circuits or over-current conditions. Upon a fault con-
dition, EPWM signals can be forced to LOW right away. The time between a fault
is detected and the MOSFETs being shut down for this method is 0.559us as shown
in Figure 5.8. This method results in a faster reaction time when a over current is
detected. Once the Fault is cleared, the TZ resister can be configured to allow the
EPWM signals to bypass the trip zone, and this allows the signals to get back to

normal operation without recompiling or re-upload the code to the DPS controller.
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Figure 5.7: Shut down by changing the duty cycles of all EPWM gating signals to
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Figure 5.8: Shut down using the Trip-Zone Submodule.
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Table 5.1: Low power testing parameters

DC-Link Voltage 30V
Resistive Load 10ohms
Switching frequency 10kHZ
Modulation Technique | Full-path clamping IPD SPWM
Controller TT TMS320F28377D

5.3.2 Low Power Output Voltage and THD

The low power experimental testing parameters are shown in Table 5.1. The DC-link
voltage is 30V, and the load are three 10ohms, 500W rated resistive load. Full-path
clamping ITPD SPWM modulation is implemented using the TMS320F28377D DSP
controller. The three phase line voltages (Vap,Vse and Via) at modulation index of

0.9 is shown in Figure 5.9.
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Figure 5.9: Inverter output line voltages (Vap,Vpc and Vi4) at modulation index of
0.9.

The transition of the phase voltage (Vo) from modulation index (m,) of 0.1 to 0.9

is shown in Figure 5.10, and the transition of the line voltage (V45) from modulation
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index (mg) of 0.1 to 0.9 is shown in Figure 5.11.
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Figure 5.10: Transition of phase voltage V4o from modulation index of 0.1 to 0.9.
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Figure 5.11: Transition of line voltage Vap from modulation index of 0.1 to 0.9.

The waveforms are recorded using Tektronix MDO3000 oscilloscope. The sam-

pling frequency of the oscilloscope is 2.5MS/s, and 100K data points are sampled. The
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sampled data is imported into Matlab for calculating the THD, and 50 fundamental
cycles are used as the window for calculating the THD. The fundamental frequency is
500Hz, which is equivalent to 6000RPM for a motor with 5 pole pairs, and the switch-
ing frequency is 10kHz. The phase-A phase voltage V4o and its harmonic spectrum
at modulation index of 0.9 is shown in Figure 5.12, and the THD is 68.06%. The

phase voltage contains 3 voltage levels as shown in the waveform.
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Figure 5.12: Harmonic spectrum phase voltage of V0.

The line voltage V4p and its harmonic spectrum at modulation index of 0.9 is
shown in Figure 5.13. The THD is 42.01%, and it is smaller compared to the phase
voltage. The Line voltage has 5 voltage levels as shown in the waveform.

The frequency modulation index m; can be calculated as 20. The significant
harmonic order and its magnitude for the phase and line voltage are listed in Table

5.2 and 5.3 respectively.
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Figure 5.13: Harmonic spectrum phase voltage of Vjp.

Table 5.2: Harmonic order and magnitude for phase voltage at m, = 0.9.

Harmonic Order | V3 oT HD
mp—4 | 16M 10.4%

my—1] 197 5.2%
my 207 | 47.8%
my+1| 217 4.4%

my+ 4| 247 | 12.25%

It can be observed that the line and phase voltage have both even and odd har-
monic orders around my and 2my, but line voltage has no harmonic contents at those
two exact frequencies. The largest harmonic in the phase voltage is the 20" (my),
and the largest harmonic in the line voltage is 39™ (2m; — 1).

In order to investigate the effect of switching frequency on voltage THD, the same
experiment is conducted at 20kHz switching frequency. The resulting phase and
line voltage THD are 69.4% and 40%. The phase voltage THD is increased slightly

while the line voltage THD is decreased compared to 10kHz switching frequency. The
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Table 5.3: Harmonic order and magnitude for line voltage at m, = 0.9.

Harmonic Order | VygT HD
my—4 | 16M 9.1%
my—1 | 19 5.6%
my+1 | 217 4.3%
my+4 | 24" ] 10.95%
2my —5 | 35" 9.8%
2m; — 1| 39 13.6%
2my+ 1| 41" 10.4%
2my +5 | 45" 10.2%

effect of switching frequency will be more significant to the output current THD when
driving a motor load, as it shown in the simulations in Chapter 3. The high power
set up with motor load is in construction, and the current THD will be investigated
when the setup is ready.

In order to investigate the effect of fundamental frequency on voltage THD, the
same experiment is conducted at various fundamental frequencies. The range of
fundamental frequencies is from 83.3Hz to 833.3Hz, which corresponds to a mechanical
speed from 1000RPM to 10000RPM for a motor with 5 pole pairs. The modulation
index is kept at 0.9 constant, and the switching frequency is 20kHz. The results of
the measured and simulated voltage THD is shown in 5.14.

Both the line and phase voltage THD improves with the increase of fundamental
frequency, but the change is not significant. The measured THD is close to the
simulation results.

In order to investigate the effect of modulation index on voltage THD, the same
experiment is conducted at various modulation index. For this experiment, the fun-
damental frequency is 500Hz, and the switching frequency is 20kHz. The measured

and simulated THD results are shown in Figure 5.15.
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Figure 5.14: Measured and simulated voltage THD at various fundamental
frequencies.
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Figure 5.15: Measured and simulated voltage THD at various modulation index ma.

The modulation index has a significant effect on both the line and phase voltage
THD. The quality of the output voltage increases drastically with the increase of the

modulation index. The rate of change for the THD is large when the modulation
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index is small, and it becomes smaller and smaller as the modulation index gets

larger. The measured THD is close to the THD results from simulation.

5.4 Summary

The inverter assembly process and preliminary testing results is presented in this
chapter. Due to the global pandemic, the lab access and equipments are very limited.
The preliminary testing is only performed with 30V maximum DC-link voltage and
resistive load. The high power testing with motor load will be performed once the
equipments are available. The preliminary testing is able to verify the proper working

of the gate driver PCB, power PCB and control algorithm.
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Chapter 6

Conclusions and Future Work

This thesis focus on the design and performance of a T0kW 3-level ANPC traction
inverter. An overview of the existing traction inverter topologies and various modula-
tion techniques are presented to give an overview of the operation principle of traction
inverters. A comprehensive analysis and comparison of 2-level VSI, 3-level NPC and
ANPC in traction application is presented. The simulation results shows that the
3-level ANPC provides better efficiency even when the motor is running at low speed
and low torque, and the output THD is improved drastically. The voltage stress of
the switching device is reduced in an ANPC, and the reliability of the inverter is
improved. Furthermore, the drive cycle simulation shows that the 3-level ANPC can
save upto 20% battery energy compare with the 2-level VSIL.

A detailed design procedure for a 70kW 3-level ANPC is proposed in this thesis.
The component section highlights some key considerations for selecting the switch,
gate driver, capacitor and various sensors. The DC-link capacitor usually takes the
largest volume within a inverter, and to increase the power density of the inverter,

an analytical calculation for determining the capacitance value and its current stress
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is provided in this thesis. The switch is selected carefully based on the drain to
source resistance, current and voltage ratings, the rise and fall time and the maximum
operating temperatures. The device selected for building the prototype is not the
optimum solution, but it is well stocked on distributors like Digikey, unlike many
products that are in shortage due to the global pandemic. The gate driver selected
has the strength to drive two parallel MOSFETs, and it also has the protection
features.

The 3-level ANPC power PCB design focus on reducing the stray inductance
in the commutation loop. An analytical method for determining the voltage over-
shoot is presented in this thesis, and the stray inductance is simulated using ANSYS
MAXWELL. The components layout plays a key role in the stray inductance, and
the design of the polygon pour ensures a balanced current distribution across each
DC-link capacitors. The current density of the PCB and its effect on the PCB ther-
mal performance is simulated in ANSYS Workbench. Both steady-state thermal and
transient thermal analysis are conducted to ensure a safe operating temperature at
both continuous and overload condition. Finally, the inverter assembly process and

the preliminary low power testing results are presented.

6.1 Future Work

An immediate next step in this research includes the design and construction of
a high-power experimental testing setup to allow back-to-back motor testing. The
simulation results for the output THD and efficiency analysis discussed in Chapter
3 can be tested and verified. The setup will allow us to derive the combined motor

inverter efficiency in the full load range at different frequencies. Various algorithms
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will be tested for the neutral point voltage balancing and loss distribution balancing
among semiconductor devices.

Next step also includes operating the ANPC when a fault occurs to test the fault
tolerant of the ANPC. The fault tolerant arability of the ANPC is very important
considering system availability, safety and reliability. Control algorithms will be tested
to keep the neutral point voltage balanced and stable during both open circuit and
short circuit fault.

Lastly, the future work also includes implementing other multi-level inverter topolo-
gies that are mentioned in Chapter 2, and compare their performance with the 3-level
ANPC. The results will produce a guideline for selecting the optimum multi-level in-

verters for the EV powertrain.
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