ABSTRACT

LUO, YUKUN. FPGA Based High Bandwidth Motor Emulator for Interior Permanent Magnet
Machine Utilizing SiC Power Converter. (Under the direction of Igbal Husain).

A high bandwidth (> 20 kHz) motor emulator for IPM machine, utilizing FPGA based
high fidelity motor model and hybrid model predictive controller (MPC), voltage source
power converter, and fast-switching SiC devices, is presented in this dissertation. The
bandwidth achieved far exceeds that of existing Motor Emulator (ME) solutions that can only
emulate fundamental current and only few orders of harmonic content. The developed ME
uses an MPC based control strategy with a unique gate stitching strategy that synchronizes
the inverter switching state with the ME switching state for accurate representation of
the emulated motor currents in the physical inverter hardware output. The MPC-gate
stitching hybrid algorithm avoids the need for excessively high switching frequency of the
ME converter. The developed high bandwidth ME can emulate up to the switching ripple
current of the Inverter Under Test (IUT) of which the current slope can change up to 6
times within one switching period when using SVM. The FPGA based fast iterating online
motor model is another key component which along with the high performance ME current
regulation algorithm can accurately emulate the motor current. The high bandwidth also
allows the use of a small line inductor which reduces the size and cost of the ME system. The
FPGA implementation and control strategy are given in the dissertation. Simulation and
experiment results are provided to verify the high bandwidth current emulating capability.

To demonstrate the superiority and flexibility of the motor emulator, advanced motor
control techniques are also investigated in this dissertation. Moreover, the details of the
motor modeling and FPGA system design methodology are discussed in corresponding
chapter.



© Copyright 2021 by Yukun Luo

All Rights Reserved



FPGA Based High Bandwidth Motor Emulator for Interior Permanent Magnet Machine
Utilizing SiC Power Converter

by
Yukun Luo

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Electrical Engineering

Raleigh, North Carolina
2021

APPROVED BY:

Wensong Yu Srdjan Lukic

Jun Liu Igbal Husain
Chair of Advisory Committee



DEDICATION

To my parents
Jianwu Luo
Lin Zhou

i



BIOGRAPHY

Yukun Luo received the B.S. degree in applied physics from the Huazhong University of
Science and Technology, Wuhan, China, in 2015 and the M..S. degree in electrical engineering
from the North Carolina State University, Raleigh, NC, USA, in 2017. He is currently working
toward the Ph.D. degree with the FREEDM Systems Center, North Carolina State University,
Raleigh, NC, USA. His research interests include design of high-performance embedded

systems for power electronic systems and electric motor control.

1ii



ACKNOWLEDGEMENTS

First of all, I would like to sincerely thank my advisor Dr. Igbal Husain for his support and
guidance. I feel extremely fortunate to have the opportunity to pursue my Ph.D. degree
under Dr. Igbal Husain’s supervision. His professional knowledge and wisdom enlightened
me and taught me what true academic research means. I feel very proud to be one of his
students.

[ would also like to acknowledge Dr. Wensong Yu, whose technical insights have been
critical in my research. I am very thankful for Dr. Srdjan Lukic and Dr. Jun Liu for their
service on my doctoral committee, and their guidance and suggestion on my research.

I would like to thank all my friends in FREEDM systems center: Siyuan Chen, Dakai
Wang, Dr. Hao Tu, Siye Cen, Dr. Xinyu Liang, Fei Teng, Luowei Wen, Dr. Hui Yu, Dr. Chi
Zhang, Dr. Hao Feng, Dr. Li Yang, Dhrubo Rahman and all the others. You make my Ph.D.
life much easier than it would have been without you. In particular, I would like to thank
Dr. M A Awal for all the good discussions and collaborations. It is lucky to have you both as
a friend and a colleague.

Last but not the least, I would like to thank my parents Jianwu Luo and Lin Zhou, my
girlfriend Min Zhang, and my cat Doupi for their unconditional support and love, especially
during the difficult time of COVID-19.

iv



TABLE OF CONTENTS

Listof Tables . . . ... Vil
ListOf FIgUres . .. . . . e Viii
Chapterl INTRODUCTION . .. .. e e 1
1.1 MEDenItioN . ... 3
1.2 Motivations . . .. .. e e 4
1.3 Proposed System OVEeIVIEW . . . . . .. ot 6
Chapter2 HIGHFIDELITY ELECTRIC MOTOR MODELING .. .............. 10
2.1 IdealIPMModel. . . ... ... 10
2.2 Non-ideal IPMModel . . ... ... . . . 12
2.3 Realtimelmplementation ... ........... ... . .. . . ... ... 16

Chapter3 MOTOR DRIVE CONTROL WITH HIGH FIDELITY MOTORMODEL .. 21

3.1 Typical Motor Drive Current Controller Structure . . . .. ............... 21
3.2 Low Speed Optimization: 6th Harmonic Current Suppression . ......... 24
3.3 High Speed Optimization: Rotor Position Compensation . . ............ 26
3.4 PMFluxParameterMismatch . . . ........ ... .. .. . . 27

Chapter4 HIGHPERFORMANCE ME CURRENT CONTROLLER & GATE STITCH-

ING MODULATION SCHEME . ... ... e 29
4.1 MECurrentControllerDesign. . . . ... .. i e 29
4.2 Controller Performance Analysis . . . . ... .. . i 35
4.3 Gate Stitching Modulation Scheme . ... .......... ... ... ... ... .... 37
4.4 Simulation & Experiment . . . ... ... 39
4.4.1 SimulationResult . . ... . . . .. 40
4,42 ExperimentalResult . ......... ... . .. . . ... .. . . 41
Chapter5 FPGADESIGN METHODOLOGY FOR HIGH PERFORMANCE POWER
ELECTRONICS APPLICATION . . . . .o e 47
5.1 FPGAPIlatform & DesignToolchain . . ............ ... ... .. ....... 49
5.2 Design Methodology . ... .. .. ... .. ... 51
5.3 Detailed Implementation . . ... ....... .. . ... 57
5.4 \Verication & Performance Analysis . .. ........ .. .. ... . ... . . ... .. 60
Chapter6 SUMMARY & FUTUREWORK . ... ... . .. . i 62
6.1 SUMMANY . . . ot e 62
6.2 Future Work . . ... . 64
ReferENCES . . . . 65



Chapter7 FPGACONTROLLERPCBDESIGNTIPS. . ... ... ... ... ... .....

Chapter8 VARIABLES

Chapter9 ACRONYMS

Vi



Table 2.1
Table 4.1

Table 5.1
Table 5.2
Table 5.3

Table 8.1

Table 9.1

LIST OF TABLES

Back-EMF FFT result of General Motor IPM machine . . .......... 13
ME Simulation and Experiment Parameters . . .. ............... 33
Comparison between different type of FPGA implementation . . . . .. 50
Comparison of internal AXlinterface . . ... ................... 51
Comparison of resource utilization and latency for online motor model

DloCK. . . . 52
A summary of common meteorological variables and their abbrevia-

tionsin alphabeticalorder. .. ........ ... ... ... ... ... . ... ... 73
A summary of acronyms used in alphabetical order. . . . ... ....... 75

vii



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4
Figure 1.5

Figure 2.1
Figure 2.2
Figure 2.3

Figure 2.4
Figure 2.5
Figure 2.6

Figure 2.7
Figure 2.8

Figure 2.9

Figure 2.10

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4

Figure 3.5

LIST OF FIGURES

Average historical CO2 emission values and adopted CO2 standards
for new passenger cars in the EU. All CO2 values refer to New Euro-
pean Driving Cycle (NEDC) measurements (1)
Variable power factor back-to-back power hardware-in-the-loop test-

ing method for traction inverter. (a) Vector diagram showing the
principle. (b) Experimental result of 100 kVar. (c) Topology for the
back-to-back testingsetup. . .......... ... ... ... .. . .. 3
Drivetrain system for electric vehicle in a power hardware-in-the-

loop con guration with a motor drive and subsystem to be emulated. 5

ME architecture with FPGA implementation overview. . ......... 7
Electrical topology for ME. . . . . . .. ... .. . 8

12
13

The measured per phase back-EMF data and its spectrum. . ... ...

Digitally reconstructed permanent magnet ux in dgq synchronous
reference frame. Note: the angle range of 0to 2 is scaled to 12-bit
resolution (0t04095). .. ... . . . . . .
B of NdFeB magnet according to PM temperature. .. ...........
2D look-up tables for inductance according to motor current (a)  Lg4
variation against iy and iq. (b) L, variation against ig andig.......
Proposed resistor based PWM voltage edge sensing circuit. . . . . . ..
Proposed diode based PWM voltage edge sensing circuit. . .. ... ..
Comparison between the motor model from PLECS and the motor
model implemented in FPGA. (a) Result from ideal motor model
implemented in FPGA. (b) Result from native ideal motor model
fromPLECS. ... ... . .
Resolver emulation experimental results with zoomed view to indi-
catethedelay. . . ... . .
The decoded phase angle by the RDC IC on IUT controller. . . ... ..

14
15

19

20
20

Pl-based current controller for IPM motor with feedforward decou-
plingterms. . . . .. ...
Bode plot for the open-loop response with different K, value. . . . ..
Fundamental frequency 100 Hz, i, step change from -100 A to -200 A,
iq step change from 250 A to 500 A, (a) K, with apparent inductance,
(b) K, with incremental inductance. . . . .....................
Bode plot for the open-loop response with and without the resonant
controllercomponent. . . .. ... ...
Fundamental frequency 25 Hz, i, holds steady at-10 A, i a hold steady
at 25 A: (a) Without resonant controller; (b) with resonant controller.

23

24

26

viii



Figure 3.6

Figure 3.7

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7

Figure 4.8
Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12
Figure 4.13

Figure 5.1
Figure 5.2

Figure 5.3

Fundamental frequency 1000 Hz, i, step changes from -400 A to -
600 A, iq step changes from 75 A to 50 A: (a) Without phase angle

compensation; (b) With phase angle compensation. .. .......... 27
Fundamental frequency 1000 Hz, i, step changes from -400 A to -600

A, iq step changes from 75 A to 50 A: (a) With 10% PM ux mismatch;

(b) Without PM uxmismatch.. .. .......... ... ... .. ....... 28
Equivalent circuit of the system for MPC design. . . .. ........... 30
ME current controller and modulation architecture. . ........... 31
Sequential diagram for hybrid MPC implementation. . .......... 32
Equivalent system model for small signal analysis. . ............ 36
Compensated open-loop response Gg, (s) of the MPC for different
parasiticresistance R;. ... ....... ... ... .. e 37
Disturbance rejection response Y (s) of the MPC for different para-
siticresistance Ry. . ... .. .. e 38
Disturbance rejection response Yy, = i, (S)=Vv(s) of the MPC with and
without the IUT pulse voltage feedforward. . . . .. .............. 39
Gate stitching modulationscheme. .. ...................... 40
Simulation results with 3-phase current and reference under multiple
transients and online enable /disable of gate stitching strategy. (a)
During 0 to 0.005 sec the fundamental current is controlled to be

zero. Step changes in igy, iy and motor speed re ected at 0.01 sec.

(b) Magni ed view during transients of phase current and enable &

disable of gate stitching. . . .......... ... .. ... . . ... . ... ... 41
Scope waveform of all four operating point. Current: 10 A/ div for (a)

and (c); 20 A/ div for (b) and (d), voltage: 200 V/div, time: 1 ms/ div.

CH1, CHS3, CH4: 3-phase current, CH5: Vpg of ME, CH6: Vpg of IUT.

(&) 15A, 200Hz (3000 rpm). (b) 35 A, 200Hz (3000rpm). (c) 15 A, 400

Hz (6000rpm). (d) 35 A, 400Hz (6000rpm). .. ................ 42
Comparison between current reference and current feedback with

FFT analysis. (a) 15A, 200Hz (3000 rpm). (b) 35 A, 200Hz (3000 rpm).

(c) 15 A, 400Hz (6000rpm). (d) 35 A, 400Hz (6000rpm). . ........ 43
ME stepchangeresponse. . ... .. ... ..., 45
Within  t of 253 s, there are 36 pulses in the Vs of ME SiC device.

The active time of the gate stitching is labelled in the waveform. No

spike in phase current at the edge of IUT Vpg. The time divisionis50 s. 46
Work ow of proposed FPGA design methodology for rapid prototyp-
inginpowerelectroniCs. . ... ... 48
Example code snippet with HLS pragma for resource utilization opti-

MIZation (2). . . . . o 49
Co-simulation setup in Simulink environment, with the source for

different blocks labelled. ... ...... ... ... .. ... . .. .. . .. ... 52



Figure 5.4

Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8

Figure 7.1

Figure 7.2

Figure 7.3

The con guration menu in System Generator for DSP can be accessed
by double-click the red Xilinx icon in Fig. 5.3. The target device, sys-
tem constraints, and export preference can be de ned in this menu. 53

ZYNQ-7000 design block diagramforME. . . .. ................ 54
Subsystem sequence andruntime. . ... ......... .. . .. .. ... 55
ZYNQ-7000 resource utilizationreport.. . . ......... ... .. .. ... 56
Placed and routed design in ZYNQ-7000 SoCchip. . ............ 58

The traces of the four differential signals for Ethernet RJ45 connector
with impedance matching to minimize propagation delay among the

channels. . .. ... . . . 70
The local ground planes to sandwich the high speed Ethernet signal

IrACES. . . . 71
The current sensor layout with appropriate isolation barrier. . . . . .. 71



CHAPTER

1

INTRODUCTION

Nowadays, due to the worsened air pollution and more extreme global climate change,
countries around the world are pushing to phase out pure internal combustion engine
(ICE) vehicles. China, France, Germany, UK and California state in US have all announced
national or state level plans to strictly limit the CO2 emission by passenger vehicle or
even ban ICE vehicle new car sales and manufacturing within the coming decades. The
Figure 1.1 presents the adopted CO2 standards for new passenger cars in the EU ( 1). This
kind of high level policy change means great opportunities and challenges for automobile
manufacturers around the globe in this electri cation era. However, the performance bottle
neck of the chemical battery means battery electric vehicle (BEV) still cannot replace ICE
vehicle under all circumstances. Therefore, there are many other electri cation solutions
like HEV (Hybrid EV), PHEV (Plug-in Hybrid EV) and HFCV (Hydrogen Fuel Cell Vehicle).
Among the most popular category (HEV /PHEV), depending on the position and power
rating of electric motor, there are 5 sub-categories. PO: The electric motor is connected with
the internal combustion engine through a belt, on the front end accessory drive (15-30
kW, 48-300 V). P1: The electric motor is connected directly with the crankshaft between
the internal combustion engine and the transmission (15-30 kW, 48-300 V). P2: Electric
motor located between engine and transmission with additional clutch to enable pure



Figure 1.1: Average historical CO2 emission values and adopted CO2 standards for new
passenger cars in the EU. All CO2 values refer to New European Driving Cycle (NEDC)
measurements (1)

electric drive mode (15-80 kW, 48-300 V). P3: Electric motor located after the output of
transmission (15-50 kW, 48-300 V). P4: Electric motor integrated into secondary axle which
is not driven by the engine (15-100 kW, 48-300 V). As shown above, with so many technical
vehicle electri cation solutions, the electric motor's role in the vehicle drivetrain system is
more and more crucial.

Inthe development process of electric drivetrain for hybrid and electric vehicles, hardware-
in-the-loop (HIL) test, R-L load test, and dyno test bench are widely used for design vali-
dation and testing. However, all of the above testing methods have their respective short-
comings. The signal level HIL testbed take the gate signals from the motor controller as
inputs and then generate phase current and resolver angle signal as outputs. The motor and
inverter power stage is simulated by the model in the HIL equipment. Although this method
is very exible, the complicated non-ideal and parasitic characteristics of the motor drive
power stage are not taken into consideration. The R-L load test with a physical inverter and
power supply can introduce actual power ow in the system. However, high power and
variable power factor test require large power supply and different combinations of resistor



(a) (b)

(©)

Figure 1.2: Variable power factor back-to-back power hardware-in-the-loop testing
method for traction inverter. (a) Vector diagram showing the principle. (b) Experimen-
tal result of 100 kVar. (c) Topology for the back-to-back testing setup.

and inductor. A variable power factor back-to-back inverter test method has been proposed
earlier, as dipicted in Figure 1.2, but the method doesnt go far enough to accurately emulate
the motor currents in an EV powertrain where the non-linearities of the IUT and motor are
not taken in account ( 3). Although the dyno test bench is the best set-up to evaluate the
real operation condition of motor drive system, there are still some drawbacks. First, for
a dyno set-up, all the drivetrain components should be physically built to set the testbed.
Secondly, the the speed dynamics of the dyno set-up maybe limited by the high inertia of
the dyno.

1.1 ME De nition

The power hardware-in-the-loop (PHIL) setup with increasing adoption in power and
energy area (4) would be suitable for motor emulator (ME) application. Photovoltaic (PV)



inverter system emulators using PHIL setup have been reported in ( 5; 6). While in (7), a
battery emulator utilizing PHIL setup is presented. ME which combines the advantages

of signal level HIL testbed and full-scale dyno setup is an ef cient, cost-effective, and
rapid testing method for evaluating a motor drive system. The ME should be capable of
simulating the terminal electrical characteristics of an actual motor. Since the motor model

is embedded in the software, ME can emulate any type of motor, suchas IM ( 8;9), SRM
(10), axial ux SPM ( 11) and PMSM (12; 13; 14), under any operating condition in a more
controlled manner. A megawatt-scale ME has been reported in (  15). However, the available
ME reported in the literature so far are of limited current control bandwidth below 1.5
kHz which does not replicate the actual motor currents along with their high frequency
components ( 8;9; 10; 11; 12; 13; 14; 16; 17; 18; 19). Since the majority of the EV traction
inverters are running at a switching frequency between5 kHz and 10 kHz, low bandwidth
ME could only emulate fundamental frequency current. The inability to emulate harmonic
current introduced by device switching and electric machine nonlinear parameters means
these low bandwidth MEs can only be used for inverter validation, rather than testing
powertrain control algorithms and motor design. The bandwidth limitation of conventional

ME mainly come from the relatively low switching frequency of IGBT devices (around 20
kHz) and an inaccurate motor model due to slow iteration of differential equations that
describe the electrical and mechanical subsystems of electric motor. The need for a higher
bandwidth ME is even more critical now as SiC traction inverters with switching frequency
exceeding 20 kHz and electric machine speeds exceeding 18,000 rpm are being introduced
by the automotive manufacturers.

A complete electric vehicle drivetrain system is shown in Figure 1.3 which consists of a
motor drive inverter, a motor and transmission system, and the vehicle load model. We
propose a power hardware-in-the-loop (PHIL) system which can emulate the real world load
for an electric vehicle motor drive inverter. The load pro le of the inverter is determined by
the electric motor and vehicle model.

1.2 Motivations

With the avaibility of high frequency and high power rated SiC type WBG devices and pow-
erful FPGA control platform, fast switching and high bandwidth power electrics converters
such asinverter (20) and recti er ( 21) have been reported. Therefore, itis possible to replace
the IGBT in traditional ME with fast switching SIC MOSFETs. However, the real challenge of



Figure 1.3: Drivetrain system for electric vehicle in a power hardware-in-the-loop con gu-
ration with a motor drive and subsystem to be emulated.

a high bandwidth ME is that the high frequency switching ripple current of a three-phase
VSI motor drive contains abundant harmonics content ( 22). Thus, even with the relatively
fast switching SiC MOSFETSs, the traditional control method would not necessarily yield
good results, especially considering the trend of increasing motor drive switching frequency
and motor fundamental frequency. In this dissertation, we report a customized hybrid
model predictive control method and a novel modulation scheme called gate stitching
implemented using FPGA and SiC converter to advance the ME technology. This integrated
control and modulation strategy improves the system control bandwidth without the need

for excessively high switching frequency from the ME power stage. It is worth noting that
the gate stitching concept is rstintroduced in our previouswork ( 23), but it was not tested
experimentally.

A high bandwidth ME concept has been proposed earlierin ( 24), but the use of a DSP
based controller constrained the iteration speed of the motor model at high speeds which
limited its accuracy. Additionally, the low switching frequency for the IUT and large line
inductance used pose limitations for its use in a real world application. The topology and
control scheme have also not been revealed in (24).



In this dissertation, a faster switching SiC based high control bandwidth and rapid
FPGA based motor model iteration ME system is presented. The gate stitching modulation
strategy, proposed in this dissertation, to synchronize the switching states of the IUT and
the ME to avoid current spikes in the system is the key to the high control bandwidth. The
contributions of this dissertation are as follows: (1) The ME system topology, MPC based
current controller, and discrete-time model formulations are presented in detail; (2) a new
gate stitching modulation strategy has been proposed and experimentally veri ed; (3) the
performance of the MPC controller have been evaluated for ME current regulation both in
simulation and experiment; (4) FPGA design methodology for high performance power
electronics application with short development time has been illustrated.

1.3 Proposed System Overview

The detailed system architecture of the proposed emulator separated between the IUT and
the ME is shown in Figure 1.4. Ideally, the ME should operate like a VSl in the current control
mode. The current command for the ME is generated by the embedded fast iterating motor
model, which takes the PWM terminal voltage of IUT as input. Also, the electric torque
output from the motor model combined with the vehicle powertrain mechanical model can
be used to calculate the speed and angle position of the motor. The position information is
then transmitted to the IUT controller for FOC control via resolver emulation circuit. One of
the key criteria for a well designed ME testbed is that the ME setup should be non-intrusive,
which means the connection between IUT and ME should be limited to three phase power
connection and position sensor interface. In this case, the position sensor for the IUT is
the resolver. Although, the ME presented in ( 25) uses PLL to sense the phase angle, it is
not suitable for traction motor drive application. It is worth noting that since both the IUT
and the ME are trying to control the current in the system, to ensure stability the control
bandwidth of one subsystem (ME) should be much higher than the other subsystem (IUT)
(26). Although, both IUT and ME are controlling the current in the system, the current

commands from IUT ( i and iq’IUT ) are only the average values. While for the ME, the

d,IluT

current commands ( i and iq’ME) are generated by the motor model in (1), they would

dME
contain harmonics components caused by the switching of IUT.

As depicted in Figure 1.4, the ME testbed contain three major parts.



Figure 1.4: ME architecture with FPGA implementation overview.

Power Stage & Sensor Solution

The coupling network between the IUT and ME can be L or LCL; a comparison between
the two type of networks appearin ( 27). In this dissertation, the L interface is selected for
the system due to the fact that LCL network require more complicated controller structure
which could reduce the system emulation bandwidth. Also, the LCL resonance would
deteriorate system stability. The inductor value in the dissertation is set to be small to
achieve high system dynamic thanks to the high bandwidth current controller. It is worth
noting that the inductance of the target motor should only be larger or equal to the actual

line inductance, shown as L | in Figure 1.4. Several different power conveter topologies
are avialable to implement the power stage of ME. Two-level six-switch converter ( 12;
13), modular multiphase multilevel converter with special modulation scheme ( 14; 28),
interleaving converter with special inductor design(  16; 29), or even modular-multilevel
converter (MMC) ( 8) are among the options. In this dissertation, the conventional two-level
VSI topology, shown in Figure 1.5, is used for the ME implementation and validation of
the novel gate stitching strategy which can synchronize the switching states of IUT and



Figure 1.5: Electrical topology for ME.

ME. The two isolated DC source for IUT and ME provide the opportunity to emulate the
high frequency ripple current when compared to the shared single DC source solution.
The zero sequence current in the shared DC bus topology ( 30; 31) could compromise the
ripple current tracking accuracy. Also two separate DC source enable the adjustment of ME
DC bus voltage to achieve larger operation range for target motor ( 24). It can be seen later
section VI that even with the most basic topology, the novel gate stitching strategy, together
with the model predictive control, can ensure a good current tracking capability.

To ensure high emulation delity, the sensors' performance for the ME is crucial. The
IUT PWM voltage sensing is done in two steps. The rstis to sense the DC bus voltage of IUT,
which is of relatively slow dynamics, using conventional resistor divider based DC voltage
sensing solution. The bandwidth and delay of the DC bus voltage sensing is 100 kHz and 3.7

srespectively. The second step is to sense the logic level of PWM voltage, which has high
dynamics and requires dedicated comparator based circuit, shown in Fig.  ?? The isolation
between the comparator output and the FPGA pins is done by the optical ber. The FPGA
can sample the logic level of PWM voltage at 200 MHz, while the total delay is 64 ns. On the
other hand, the current sensor for the ME is decisive for the current emulation error. In this
application, the ACS732 series automotive grade galvanically isolated current sensor IC
from Allegro is selected. The particular IC provides 1 MHz bandwidth and only 200 ns of
propagation delay. Although the shunt based current sensor could provide theoretically
higher bandwidth, but the additional circuits needed for conditioning and isolation would
deteriorate the performance with respect to both bandwidth and propagation delay, and
hence, complicate the design.
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