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Abstract

Design and Testing of a Permanent Magnet Synchronous Motor Drive System with a Novel

Power Electronics Converter

Tamanwée Payarou, Ph.D.

Concordia University, 2022

Several technologies have been applied to electric vehicles (EVs) to achieve high performance
in terms of mileage, speed, and efficiency. However, technological advances and customer
demand are constantly revolutionizing the transportation sector. From the conventional internal
combustion engine (ICE) vehicles, transportation has reached the area of hybrid electric vehicles
(HEVs) and has moved towards fuel cell electric vehicles (FCEVs). Throughout this revolution,
electric machines (EMs) made considerable progress. While the ICEs are phasing out because of
their efficiency limitations and negative environmental impact, the EMs will remain the
fundamental component of EVs. Hybrid topologies have been adopted and optimized by the
industry to address several challenges related to efficiency, mileage, and ecology. However, the
green transportation trend will undoubtedly lead to dominance of battery and fuel cell electric
vehicles. Efficient high-speed EMs and their associated power electronics and control are

therefore needed to replace and transcend ICEs.

The requirement of high-speed EMs that can replace and surpass the ICE in terms of efficiency
versus speed range requires associated power electronic converters that can drive the EMs through
their operating envelopes. The new generation of EVs will be more demanding in terms of power,
integration to the grid, efficiency, mileage; ruggedness and size reduction of power electronics
interfaces and machines. The aim is to reduce the overall cost/weight of EVs and optimize energy

efficiency across the entire drivetrain.

This research proposes and validates a new step-by-step design method for EV drivetrain
design and testing. The proposed method is based on analytically obtaining feasible drivetrain
parameters from the torque-speed curve and battery nominal voltage specifications. A case study
based on a 2010 Toyota Prius motor is used to validate the proposed approach for its ability to
estimate feasible parameters that can be matched using finite element analysis (FEA) software.

The proposed method's ability to estimate IPMSM parameters from a given SPMSM is validated



experimentally. This method allows machines and drive specialists to work in parallel on the

drivetrain component design and speed up the whole drivetrain design process.

A novel integrated multipurpose power electronics interface (IMPEI) designed for PHEVs and
EVs is proposed to provide a solution to the increasing need for integration and grid support of
EVs. The IMPEI is analyzed, designed, prototyped, tested, and compared with several other
integrated power electronics interfaces (IPEIs) and with conventional power electronics interfaces
(CPEI) in this work. The proposed IMPEI and different other topologies are compared in terms of
configuration, device count, cost, and efficiency, using the BMW i3 as the benchmark application.
The design requirements of the IMPEI are presented and discussed, including modes of operation,
switch and passive element sizing, and ratings. The results of experiments in propulsion,
regenerative braking, and single-phase and three-phase V2G and G2V are presented. The
experimental efficiency analysis and comparison are carried out in the propulsion, V2G, and G2V

modes.

The proposed analytical drivetrain design approach is used to size the drivetrain of a Renault
Twizy. In this design, the IMPEI is used as a drive inverter. The potential fuel economy of the
IMPEI-based Renault Twizy drivetrain is investigated based on experimental and simulation data.
The IMPEI is sized and simulated in PSIM software to obtain its efficiency map throughout the
operating envelope. The designed PMSM efficiency map is obtained from JMAG software.
However, the mechanical system efficiency map is obtained practically throughout a drive cycle

in Aachen city in Germany. A fuel economy analysis is also carried out in this work.

A comparison of commonly used test benches is provided, followed by the details on the test
bench used to obtain the experimental results throughout the thesis. The main components of the
test bench are described. Also, a regenerative braking analysis of high-speed permanent magnet
synchronous motors (PMSMs) during emergency conditions is presented. Overloading the electric
machine during regenerative braking in emergency conditions using field-oriented control (FOC)

is investigated.
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Iys A RMS grid current ripple

Ipgs A Rated current of the power electronics switch
Ig A Q-axis stator current

Loms A Phase RMS current

I A Peak rated current of the machine

is A Stator current

J kg. m? Inertia

kgt - Lamination stacking factor

l m Flux path length

L H Total LCL filter inductance

Lagppsm H D-axis inductance of the optimized SPMSM
I —— H Q-axis inductance of the optimized SPMSM
Layppism H D-axis inductance of the optimized [IPMSM
- H Q-axis inductance of the optimized [IPMSM
Ly H Inverter side filter inductance

L, H Grid side filter inductance

Ly H D-axis inductance

Leg H Equivalent LCL filter inductance

I m Magnet length

Lmax H Maximum value of the total inductances in the LCL filter
Lnin H Minimum value of the total inductances in the LCL filter
L, H D-axis inductance

Lg H Stator inductance

m, - Modulation index

Monax - Desired maximum modulation index

N - Number of winding turns

Npg, r/min Calculated speed at S,-.;

Ngp r/min Base speed of the motor (elec.)

P - Pole pair number

p - Derivative operator

XViii



pf

Prout

PTSn

F.

P cond(piode)
P cond(switch)
Pq

P;

Piosses

Pout

P sw(Diode)

p sw(Switch)

pf

£ =

£ £ 222 2 2 =

Power factor

Mechanical output power

Total power loss of the nt" switch
Permeance coefficient

Diode conduction losses
Transistor conduction losses
Developed power

Input power of the drive inverter
Total losses of the drive inverter
Output power of the active front end converter
Diode switching losses

Transistor switching losses

Power factor

Power dissipated by the device
Reluctance

Damping resistance

Rotor resistance

Apparent power

Saliency ratio

Maximum ambient temperature
Charge time

Discharge time

Electromagnetic torque

Rated torque of the machine
Calculated torque at S,.¢
Maximum junction temperature
Nominal battery voltage

Battery voltage during the battery charge

Battery voltage during the battery discharge

XiX



VDCCharge

VDCCharge
VbComax
VDCmax
VIMPEI
Vll,rms
Vph,rms
Vee

Vce (sat)
Va

Vdc
Vdiode

Vg
VI MPEIs

Vo

VPES

NMpMsm
Ocs

0;
Osa

A

afipmMsm

0 O B B < € £ £ £ < <K<K <K<K KK KK KLKCKK LK K<KKL

°C/W

°C/W
°C/W

Whb-turns

DC bus voltage during the charging operation

DC bus voltage of the active front end during charging mode
Fully charged battery voltage

Fully charged battery voltage

Inverter phase voltage

Line to line RMS voltage

Phase to neutral RMS voltage

DC bus voltage

Transistor saturation voltage

D-axis stator voltage

Source dc link inverter input voltage

Diode voltage drop

Grid phase voltage

RMS inverter voltage ripple

Maximum available per-phase peak fundamental voltage
Rated voltage of the power electronics switch
Q-axis stator voltage

Reverse blocking voltage

Back iron width

Stator tooth width

D-axis stator reactance

Q-axis stator reactance

Efficiency of the IMPEI

Machine efficiency

PMSM efficiency

Case to sink thermal resistance

Junction to case thermal resistance

Sink to ambient temperature thermal resistance

Per-phase magnet flux-linkage of the IPMSM to be designed

XX



A

afspMsm
Aq f
Aq

Aq

U

Whb-turns
Whb-turns
Whb-turns
Whb-turns
H/m

Wb

rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s

Per-phase magnet flux-linkage of the optimized SPMSM
Per-phase magnet flux-linkage

D-axis flux-linkage

Q-axis flux-linkage

Permeability of the material

Air gap flux

Electrical speed of the rotor (mech)
Bases speed of the motor (mech.)
Resonance frequency

Maximum speed of the motor (mech.)
Maximum speed of the motor (elec.)
Synchronous speed of the motor (elec.)
Base speed of the motor (elec.)

Critical speed of the motor (elec.)

XXi



List of Abbreviations

AFEC Active front end converter

APEI Advanced power electronics interface
BEV Battery electric vehicles

CPEI Conventional power electronics interface
DOE US Department of Energy

DTC Direct torque control

EV Electric vehicles

EM Electric machine

EPA Environmental protection agency

FCEV Fuel cell electric vehicles

FHV Full hybrid vehicle

FOC Field-oriented control

G2V Grid-to-vehicle

HEV Hybrid electric vehicles

ICE Internal combustion engine

ICEV Internal combustion engine vehicles

KE Kinetic energy

M Induction motor

IMPEI Integrated multipurpose power electronics interface
IPEI Integrated power electronics interface
IPMSM Interior or inset permanent magnet synchronous motor
ISG Integrated starter generator

MHV Mild hybrid vehicle

MPEI Multipurpose power electronics interface

NEDC New European driving cycle

NSI Nine-switch inverter

PE Power electronics

PEI Power electronics interface
PES Power electronics switches

XXii



PEVs
PHEV
PM
PMSM
RE

SoC
SPIC
SPMSM
SVPWM
V2G
WLTP
WTT
pHV
AFEC

Plug-in electric vehicles

Plug-in hybrid electric vehicles

Permanent magnet

permanent magnet synchronous motor
Renewable energies

States of charge

Single-phase integrated charger

Surface permanent magnet synchronous motor
Space Vector PWM

Vehicle-to-grid

Worldwide harmonized light vehicle test procedure
Well-to-tank

Micro-hybrid vehicle

Active front end converter

XXiii



Chapter 1. Introduction

This chapter presents an overview of electric vehicles (EVs) and a state-of-the-art in the
electrical transportation area. The type of electric vehicles and their drivetrain elements are
discussed. Electric machine testing facilities are also discussed. This chapter is organized as
follows: Section 1.1 presents a brief introduction to electrical transportation. In section 1.2, types
of EVs are introduced. Section 1.3 discusses the available power electronics interfaces in EVs
followed by a discussion on integrated power electronics interfaces (IPEIs) in section 1.4. The
research problem statement and motivation are presented in sections 1.5 and 1.6, respectively. The
research objectives are in section 1.7, and thesis organization is presented in section 1.8.

Contributions of this study are presented in section 1.9.

1.1. Transportation Electrification

The issues of sustainability and emission reduction, on the one hand [1] - [4], and the
availability of cleaner energy sources and advancements in battery technologies, on the other hand
[5] - [7], are revolutionizing the field of transportation. Traditional internal combustion engine
vehicles (ICEVs) have been found to be inefficient and polluting when compared to hybrid
electric vehicles (HEVs), battery electric vehicles (BEVs), and fuel cell electric vehicles (FCEVs)
[8] - [10]. According to the US Department of Energy (DOE), electric motors in EVs convert over
75% of electrical power from the grid into usable power at the wheels. In comparison, about
12% - 30% is achieved by ICEVs when converting the energy stored in the gasoline into motion
[11]. The electrification stages of the transportation are summarized in Fig. 1-1 based on the
electrical power in the drivetrain. The ICEV has only an alternator for charging the battery after
starting the engine. By replacing the alternator with an integrated starter generator (ISG), the
conventional ICEV becomes a micro-hybrid vehicle (uWHV) where the ICE is the only power
source. The ISG 1is used to help start the engine and charge the battery when the vehicle is
running. The efficiency gain is about 5 to 15%. For mild hybrid vehicles (MHVs), the ICE is the
dominant power source. As motor's electrical power is increased, a 30 to 50% increase in
efficiency can be achieved. Some practical examples of MHVs are Honda Civic Hybrid and
Hyundai Sonata Hybrid. For full hybrid vehicles (FHVs) such as Toyota Prius, Chevrolet Volt,
and Ford Escape, the efficiency increase can reach 50 to 100% compared to ICEVs. Plug-in
hybrid electric vehicles (PHEVs) differ from FHVs in their increased battery capacity, driving

range, and external charging capability [12].
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Fig. 1-1. Electrification stages of the transportation.

Nowadays, BEVs and plug-in HEVs (PHEVs) are widely used because of their energy
efficiency and environmental friendliness, and they are regarded as promising solutions for
sustainable transportation [13]. Gas, coal, oil, solar, wind, biomass, and nuclear energy can be
used to reduce PHEVs' reliance on oil [12]. The advancements of battery technology and the
vehicle-to-grid (V2G) approach, aimed at transforming BEVs and PHEVs into "virtual power
plants" [14], make them the automotive industry's future. The same conclusion was reached in [8]
and [15] despite the authors emphasizing that fuel cell electric vehicles (FCEVs) are excellent
competitors to PHEVs due to their cleanliness and refill time, comparable to ICEVs. However,
FCEVs are not widely used due to issues with the availability of FCEV infrastructure [14]. In
addition, when well-to-tank (WTT) emissions are considered, FCEVs have the highest emissions

due to hydrogen production [16].

1.2. Type of Electric Vehicles

Several types of EVs are encountered in the literature. Fig. 1-2 summarizes the available EV
types in terms of energy source and cleanliness. EVs can be categorized into two main groups;
power and energy sources-based. The basic EV is the BEV, where the only energy source is the
battery. The combination of elements from the two main groups results in HEVs. This is done by
taking advantage of each of the sources. The fundamental definition of HEV is presented as an
EV with at least two onboard energy/power sources [17]. The energy sources are listed as
batteries, flywheels, etc. The power sources are internal combustion engines (ICEs), fuel cells,
batteries, and ultracapacitors. As a result of the combination, some HEVs are cleaner than others
because of the nature of their dominant source of energy/power. The predominant type of HEV's

combines the ICE and the battery storage system. The battery is used for starting the vehicle and
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Fig. 1-2. EV architecture.
for the regenerative braking. The battery is charged through a generator coupled to the ICE. This

method of recharging the battery is not efficient.

To increase the performance of HEVs, PHEVs were introduced as a modified form of HEVs
with external charging capability, higher fuel economy, higher efficiency, and longer range in
pure electric propulsion mode. Therefore, they have a higher energy density battery pack that can
be charged internally and externally. However, they are not as clean as FCEVs, which use fuel
cells as an alternative power source to the ICE. Some of the advantages of FCEVs are direct
energy conversion without combustion, quietness, robustness (no moving parts), fuel flexibility,
and low air pollution [17]. From a user point of view, the advantages and limitations of each EV

type are listed in Table 1-1 [12], [17].



Table 1-1. Drivetrains of HEVs and FCEVs.
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Table 1-1 shows that while the ICE is phasing out from the electrical transportation area, the

electric machines (EMs) are establishing their unavoidable presence. The current and future
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challenge is to improve the performance of EMs for efficiency and operating range. The power
electronics interfaces required to drive the higher performance electric machines should be

developed and tested.

1.3. Power Electronics Interfaces

Power electronics interface (PEI) in electric vehicles is used to name any power electronics
circuitry used in an EV drivetrain to interface the battery to the EM or the grid to the battery.
PEIs are one of the most important components of EV systems. Topologies presented in
[18] - [21] and control strategies discussed in [22] - [24] that can provide better interfaces and
improve EVs’ performance are being investigated in areas of power electronics and control.
Fig. 1-3(a) shows that the most common PEIs in BEVs and PHEVs are three-phase inverters,
DC-DC converters, and onboard chargers (AC-DC converters). The three-phase inverter is used
for propulsion and regenerative braking. The bidirectional DC-DC converters regulate the DC
voltage, and the plug-in onboard charger is used to charge the car while parked. It can be seen
that the system is cascaded. In terms of efficiency, an ideal electric vehicle's drivetrain should
have a single-stage interface between the battery and the inverter. In a cascaded system,
efficiencies are multiplied, resulting in a lower overall efficiency of the drivetrain [25]. One of
the conventional EV drivetrains is depicted in Fig. 1-3(a). As can be seen, charging the battery
necessitates an AC-DC conversion stage first, followed by a DC-DC stage. A two-stage
conversion is required for propulsion and regenerative braking as well. The battery is sized for
drive operation in the single-stage configuration shown in Fig. 1-3(b), and its voltage can be as
high as 400 V in most modern EVs [26], and [27]. 800 V EV drivetrains are now available [28],
and their fast charging capabilities are being investigated [29], and [30]. The weight and control
complexity of the PEI can be reduced by sizing the battery for the drive operation. A study in
[31] compared a battery-powered inverter (T1) to a battery cascaded to the inverter via a
bidirectional DC-DC converter (T2) and found that T1 is less complex, has a lower cost, and is
smaller than T2. However, T2 topology can provide lower voltage distortion and improved
power factor performance by properly controlling its variable DC bus voltage. T1 has higher
efficiencies at high speeds, while T2 has higher efficiencies at low speeds while partially loaded.
Based on the discussion above, the DC-DC interface between the battery and the propulsion
inverter can be removed to improve the drivetrain efficiency, particularly at high speeds and full

loads.
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Fig. 1-3. BEV drivetrain architectures: (a) conventional, (b) single-stage BEV drivetrain.

The main disadvantages of the conventional BEV drivetrain configurations are the limited
charging capability of the onboard charger, the amount of space it occupies, as well as its weight
during propulsion. To minimize the weight and size of the additional components, onboard
chargers in conventional EVs are designed with limited charging capability [32]. This limits the
charging rate of the EV. Also, the plug-in onboard charger acts as a "free traveling passenger"
during propulsion. The same is true for the three-phase inverter during charging while the car is
parked. The charger and inverter can be integrated to reduce the number of components and the
amount of space occupied by PEIs in EVs. Furthermore, some PEI components can be reused in

other modes of operation, resulting in an integrated PEI (IPEI).
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1.4. Integrated Power Electronics Interfaces

Integrated onboard chargers are being adopted as a solution for compact, small-scale, and
low-volume EV drivetrains. They provide high-power onboard charging by reusing some
drivetrain components [32]. The feasibility of integrating EV chargers and the propulsion
inverter as integrated (bidirectional) battery chargers has been investigated in the literature
[33] - [40]. On the one hand, some of the proposed solutions only support single-phase charging
[33], [41], while others support three-phase charging [42] and [43]. Furthermore, some of them
only provide vehicle-to-grid (V2G) operation [34], [44], and [45], while others provide both
V2G and grid-to-vehicle (G2V) operations [46] and [47]. The work in [32], and [48] - [51]
provides an overview on onboard chargers and integrated chargers. The available integrated
topologies can be grouped into two categories: those that aim to reduce the number of power
electronics switches (PESs) and those that aim to reduce the number of passive elements (mostly
inductors by using the winding of the propulsion motor). The available integrated topologies
offer a trade-off solution between desired modes of operation (propulsion, regenerative braking,

V2G, and G2V), cost, component stress, switch count, and active and passive element count.

1.5. Problem Statements

The summary in Table 1-1 shows that the ICE is phasing out from the transportation area
while the EMs are establishing their unavoidable presence. The new generation EMs should
provide the same or better performance as ICE in terms of torque-speed ranges and efficiency.
The current and future challenges will be to improve the performance of EMs in terms of
efficiency and operating range. EVs’ drivetrain components should be designed and tested. Also,

the designed PEIs should be matched with EMs for better efficiency.

Designing and testing EVs is time-consuming because of the iterations involved in the electric
machines (EMs) and their power electronics (PEs) designs. Most of the time, both designs are
done sequentially by using the output of the machine design step for proper sizing of its PEIs.

This makes the whole EV drivetrain design and testing time-consuming and iterative.

For the new generation of EVs, the available PEIs required to drive the EMs don’t have
operational flexibility. They are mainly designed for a few tasks: propulsion, regenerative
braking, charging, and sometimes grid support. New generation EVs should be able to turn into

"virtual power plants" as needed. This translates to an EV's ability to perform V2G and G2V
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operations in urban and rural areas while using various energy sources, both with and without a
charging station. Hence, the whole EV drivetrain should be developed and tested to validate the

EMs’ operating ranges and capabilities.

1.6. Motivation

Electrical transportation is going through an irreversible transformation and focuses on
integrating renewable energies (REs) and eco-friendly alternative fuel sources into the EV
drivetrain. Vehicles are evolving from non-eco-friendly to mild eco-friendly to eco-friendly by
adopting different strategies to improve performance. The EM is one of the main elements of
EVs. Hence, while the EMs evolve to meet the market requirement, compatible PEIs should be
developed to run them. Also, assumingly, IPEIs will be required to allow V2G and G2V

operations to support the grid in times of high load or stress.

Designing EMs to meet certain requirements is sometimes more challenging than coming up
with ideas to improve their performance, especially in EVs applications where volume and
weight are the most significant constraints. Available design steps that enable both the drive and
machine design engineers to be on the same page during the whole process are not available in

the literature.

In addition, EM test facilities are not always available and cannot always thoroughly test the
EMs. In fact, for high-speed EM test facilities, the requirements are many, very challenging, and
require a higher level of technology for the test bench design, EMs alignment, and testing.
Having a reference high-speed test bench will not only allow machine testing but also decrease
the risks related to unexpected issues during acceleration, field weakening, and regenerative

braking.

1.7. Objectives
This research aims to:
» Investigate the parameters requirement of a PMSM given the torque-speed envelope and the
battery voltage. It will focus on estimating the key parameters of the PMSM that will serve
as a reference for machine design engineers as well as drive engineers in their design

process. It will speed up the overall design and testing processes. This includes



o developing the EV drivetrain design criteria that provide equations for estimating the
required parameters for a given EV drivetrain specification, and
o validating the proposed EV design criteria for surface and interior PMSMs.

* Propose an IPEI that will provide current EV drivetrains with onboard grid flexibility and
expanded modes of operation while maintaining an acceptable trade-off between operation
modes, component count, cost, grid flexibility, and efficiency. This includes

o proposing a novel integrated multipurpose PEI (IMPEI) for EVs and PHEVs, and
o designing, comparing, prototyping, and validating the modes of operation of a novel
IMPEI.

* Validate and test the proposed PMSM-based EV drivetrain design by testing and

characterizing the designed PMSM and the associated IPEI This includes
o developing a high-speed test bench with its associated control and coordination, and

o characterizing the prototyped high-speed PMSM and its associated IMPEL.

1.8. Thesis Organization

This thesis is organized as follows.

Chapter 1 presents an introduction to electrical transportation and the type of EVs. Different
power electronics interfaces available in EVs are discussed. The research problem statement, the
motivation, and the objectives are listed, and followed by the research and the thesis

organization.

Chapter 2 proposes a novel, fast, and systematic process which provides valuable insight into
the EV drivetrain component parameters (EMs and PEs) before finalizing the design. It allows
EM design and drives engineers to work in parallel and speed up the EV drivetrain development
process. The proposed method estimates the key parameters such as magnet flux linkage, the d-q
axes inductances, and motor terminal voltages and currents based on the drive requirements in
terms of torque-speed envelope and battery terminal voltage. New equations have been
developed for determining IPMSM parameters from a feasible SPMSM design. A case study
based on a 2010 Toyota Prius motor has been performed to show the feasibility of the proposed
approach. Design steps and performance characteristics are discussed using simulation and finite
element analysis (FEA) software. Practical validation has been performed on a SPMSM and a

IPMSM motor.
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Chapter 3 proposes, describes, designs, compares, and validates the modes of operation of a
novel IMPEI designed for the new generation of BEVs and PHEVs. The IMPEI is a
reconfigurable PEI that integrates the onboard charger with the drive inverter allowing the same
interface to be used for various modes of operation such as propulsion, regenerative braking,
V2@, and G2V with grid flexibility. For each mode of operation, the IMPEI is reconfigured into
a previously existing topology. The operating principle and coordination of the IMPEI in its
various modes are explained. Based on component count, operating modes, and control
complexity, a comparison between the proposed IMPEI and recently proposed IPEIs is provided.
The specifications of the BMW i3 drivetrain components are used as the benchmark for

comparing sizing, cost, and efficiency.

Chapter 4 investigates the drive cycle analysis of the Renault Twizy’s drivetrain using the
proposed IMPEI. Sizing the drivetrain components using the design criteria proposed in Chapter
2 has been discussed. The efficiency maps of the main drivetrain components have been

discussed, followed by the estimation of the Renault Twizy drivetrain fuel economy.

Chapter 5 discusses the commissioned dynamometer used to test machines with varying power
ratings and speed ranges throughout this thesis. The main components of the test bench are
described. This chapter also studies current handling during regenerative braking operation of

high-speed PMSMs in emergency conditions.

Chapter 6 presents the conclusion and future works.
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Chapter 2. A Methodology for Electric Vehicle Drivetrain Design

2.1. Introduction

The electrification of transportation made permanent magnet (PM) motors more popular than
induction motors [52] and [53]. Also, the requirement of high-speed EMs that can replace and
surpass the ICE in terms of efficiency versus speed range requires associated PE converters that
can drive the EM through its operating envelope. Designing EMs to meet some requirements is
challenging, especially in EV application where volume and weight are the biggest constraints
[54] and [55]. For the drive specialists, the focus is on the input and output behaviors in terms of
voltage, current, torque, and speed. Internal characteristics of EMs are used for the design of the
controller [56]. However, for PMSM design specialists, many aspects are considered before
coming up with a final design based on given specifications. Fig. 2-1 shows different design
aspects of PMSMs based on their electromagnetic, structural, and thermal considerations. It is a
summary of the design steps mentioned in [52], [57] - [62].

As can be seen from Fig. 2-1, determining the final design based on given specifications is a
time-consuming process. This results in delaying the other processes that depend on the EM’s
design process, e.g., designing PEIs. However, designing the PEs without the machine parameters
in hand leads to improper sizing of PE devices. Available design steps that enable both the drive
and the machine design engineers to be synchronized during the whole drivetrain design process
are the subject of this chapter. For given specifications in terms of torque and speed requirements
and the available battery voltage, the equations for evaluating the torque-speed envelope of a

PMSM as well as its current and speed-voltage limits can be summarized using the equations

below.
Vg = Rsig + pAg + wsdy, 2.1)
Vg = Rsig + pAq — wsdq, (2.2)
Aa = Laiq + Agf (2.3)
Aq = Lqiq, (2.4)
T, = ;P[Aafiq + (Ld — L@)igiq], (2.5)
p= %, (2.6)
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where v, and v, are respectively the g- and d-axes stator voltages, R; is the stator resistance, 4,
and A, are respectively the g- and d-axes flux-linkages, i, and iy are respectively the g- and
d-axes currents, L, and Ly are the g- and d-axes inductances, P is the number of pole pairs, p is
the derivative operator. 4,5 is the per-phase magnet flux-linkage and T, is the electromagnetic

torque. By neglecting R from equations (2.1) and (2.2) at steady state, we have,

vg = —Xqiq 2.7
vy = Xalg + wshas, (2.8)
vi+vE<V2, (2.9)

2 2
2+ K—z] i +“’§f:f ]2 < L%] , (2.10)
i2+i2<1?, (2.11)
X4 = wslyg, (2.12)
X, = wsly, (2.13)
ws = Pw, (2.14)
V, = 0.577m,V,. (SVPWM), (2.15)
Aag = Laich, (2.16)
ig (i +icp)? <1, @.17)

V2/(wsly)” Vo /(@sLla)?

where X, and X are respectively the g-axis and d-axis reactances, I is the peak rated current of
the machine, wy is the electrical synchronous speed of the motor, I, is the maximum available
per-phase peak of the voltage fundamental component from the DC link, V. is the inverter input
voltage, m, is the modulation index, and i, is the characteristic current. It is the equivalent
armature current required to generate A,. Equations (2.10) and (2.11) represent the voltage and
current limits for various speeds in the iy — i, plane. The voltage limit equation can be rewritten
as in (2.17). From (2.17), since the terminal voltage and machine parameters are assumed
constant, it is evident that as w, increases to the limit, T, goes to zero to keep the constraints of
current limit, i.e., To— 0, i; — 0, (2.18). Therefore, producing power at infinite speed is possible

ifiy = —iqp, and I = i.y. This leads to the infinite speed criteria at constant power in (2.19).
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Power rating
Voltage/current magnitude
Efficiency

A 4
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Machine type
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Air gap length
Electric and magnetic loading

!

Machine parameters
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Stator and rotor dimensions
Winding layout
Number of turns and insulations

Materials
Lamination steel
Magnet material type and orientation
Conductors

Rotor retention and adhesives

Thermal and cooling method

v

Predicted results
Back EMF and flux distribution
Rated and peak torque/power
Torque vs. speed curve
Losses and efficiency

Desired
performance
achieved?

Yes

Optimization End

No

Fig. 2-1. Typical electric machine design approach.

VOZ

(ig+ip)? <——m,
a ch (wsLd)z

(2.18)

Aaf = Lgls . (2.19)

Therefore, to meet some given specifications, the key parameters Vy, Is, Ly, Lgq, and 445 have to
be found for solving the above equations. These parameters have to remain unchanged or within
acceptable tolerances after all the electromagnetic, thermal, mechanical analyses, and
optimizations. Also, these key parameters are the same parameters required by drive engineers for
sizing the PEs as well as for the control algorithm design. This approach, therefore, sets the
common ground which both groups can work on in parallel to speed up the design and testing

processes of the EV drivetrain.

This novel drivetrain design approach sets the design steps based on the drivetrain

specifications and investigates the parameter requirements for PMSMs and their associated
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power electronic interfaces (PEIs), given the torque-speed envelope and battery specifications.
The obtained parameters such as of inductances, magnet flux, number of poles, and topology
serve as a reference for machine design engineers as well as drive engineers in their switching
frequency selection and devices’ rating process. It will enable the estimation of the PEI
requirements and speed up the overall drivetrain design, emulation, and testing processes. This
chapter is organized as follows; the PMSM model is presented in this section. The proposed
analytical process for design parameter requirements of the PMSMs and their associated PEI are
investigated in section 2.2. FEA-based verification of designed parameters and their results are
shown in sections 2.3 and 2.4. Experimental results and practical validation are discussed in

section 2.5. The conclusions are drawn in section 2.6.

2.2. Proposed Analytical Process for the Drivetrain Design
The proposed analytical design process is discussed using the specifications for the 2010
Toyota Prius, which are summarized in Table 2-1 as a benchmark. All calculations and

estimations performed by the proposed method are based on these inputs.

Table 2-1. Technical Specifications of 2010 Toyota Prius.

Symbol Parameter Value
Rated output power 60 kW

Motor Rated torque 207 Nm

(PMSM) Maximum speed 13500 r/min
Number of poles 8

DC Bus Nominal voltage 650V

Based on the data in Table 2-1, the base speed (w;) of the motor is 289.85 rad/s (ng, = 2768
r/min). The corresponding electrical speed (wyp) 1s 1159.42 rad/s. The maximum speed (Wymax)

1s 1413.72 rad/s.

The proposed synchronized drivetrain design process provides SPMSM and [IPMSM data.
Since solving equations related to IPMSM is complex, the proposed process is organized so that

the IPMSM design steps come after determining feasible SPMSM drivetrain parameters.

2.2.1. Design equations for the SPMSM

SPMSMs are not good candidates for high-speed operations due to mechanical constraints and
power factor limitation. However, for the proposed approach, calculating the SPMSM parameters
is crucial and facilitates the estimation of the corresponding IMPSM parameters. The following

equations provide the input data and are initial parameter estimation steps for designing an
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SPMSM associated with its drive inverter that meets the design requirements. It is assumed that a

space vector PWM (SVPWM) scheme is used to generate the drive inverter’s terminal voltage.

V, = 0.577 Vb,nom Momax » (2.20)
Vo
Vphrms = ok (2.21)
Vll,rms = Vphrms ‘/E , (2.22)
Pm,out = \/§Vll,rms Lrms Mm pf: (2.23)
Pm,out
Loms (2.24)

\/§ Vll,rms NMm pf ’

where V, is the peak-phase-fundamental output voltage from the drive, V} 0 1s the nominal
voltage of the battery, My, 4, is the maximum modulation index, Vpp r-ms 1s the phase to neutral
RMS voltage available from the drive, Vj; ;s 1s the line to line RMS voltage available from the
drive, Py, oy¢ 1s the machine’s rated output power, pf is the machine’s power factor, 1,, is the
machine’s efficiency, and I,.,,s is the phase RMS current in the machine. The battery nominal
voltage is given as Vj, 0 = 650 V. The modulation index is limited to the linear region with
Mpyax = 0.95 to compensate for the deadtime associated loss, voltage drop across the PESs,
parasitic impedance, voltage drop across Rg, and filter (if any) voltage drops. The remaining

parameters to be determined are, therefore Aqf, Ly and L,. With the assumption that the

machineisa SPMSM Ly = L, = Lg, I; = V2I,,s, and I; = 0 at rated condition.

Tor = 15P I Agf, (2.25)
Ter
of = T3P (2.26)
Aq
Ly = T,f (2.27)

where T, is the rated torque. For the SPMSM, equation (2.17) becomes (2.28), and the base
speed can be calculated using (2.29).

V02

) .2
K oA e

v, 1

Wgp = ———=.
YL 2+ 1E,

(2.29)
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Let I, = Al;, where A is a constant. A =1 for I., = I;, A > 1 for I., > I, and A < 1 for
I, < I;. Equation (2.29) becomes,

L ! o 1 (2.30)
Wsp =T F———=7"Tpx" :
P LNT+ A7 LsIB

where B = V1 + A2 . Including (2.25) and (2.26) in (2.27), L can be calculate as follows,

L.= L (2.31)
S 1.5PLl.,° '
Then, (2.30) becomes,
_15P,1  1.5PV, A | 232
wsb - Ter B ch — Ter B S ( . )
Equation (2.32) can be expanded by adding the equation for I, as follows,
1.5PV, A [ 2P 1
Wep = 0 —( mout )—. (2.33)
Ter B \/§ Vll,rms Mm pf
Equation (2.33) can be simplified as follows,
_15PV,A C 534
O = Ty Bpf (239
where C is a constant. Solving (2.34) for pf, gives
f 1.5PV, C A (235)
pf = —_. .
Ter Wsp B

Equation (2.35) embeds much information. Assuming that the power rating of the machine
(speed and torque) and the battery voltage are fixed, as is the case in many designs, then A and B
are the only parameters that can be modified to improve the power factor at the rated speed. The
selection of the pole numbers does not affect the power factor since there is a torque term in the

denominator which is directly proportional to the pole number.
For the special case where I, = I, @Wymay = ©, A =1, and B = /2. The achievable power
factor can be calculated using (2.36). At the rated operation, the obtained pf is 72.90%.

1.5pV, C
\/iTer wa .

Pfucn=1) = (2.36)
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For the case where I, # I; and wy,qy # ©, the achievable power factor can be calculated
using (2.37).
A
pf = kE’ (2.37)

where k is the parameter representing all the constant terms in (2.35). In this case, k = 1.0309.

The calculated drive specifications are summarized in Table 2-2.

Table 2-2. Drive Specifications with SVPWM Technique.

Symbol Parameter Unit
Nm (assumed) 97.00 %
v, 356.30 v
Vohrms 251.14 v
Vitrms 436.37 v
c 81.84 A
Pfug=19 72.90 %

The effect of the A parameter on the power factor of the machine is illustrated in Fig. 2-2. It can
be seen that in terms of pf, the best option is to select I, to be greater than I; (A > 1). This
reduces the drivetrain current requirement and, therefore, the ohmic losses. For this case, having
a greater A factor helps achieve higher power factors. In the following discussions, the case

A <1 is ignored.

From equation (2.26), the magnet flux linkage A, is related to the I; which is directly
proportional to pf. Therefore, improving the pf increases Aqr, which in turn increases v,.
Fig. 2-3 illustrates the vector diagram of a SPMSM for two pf conditions. It can be seen that for
achieving the exact base speed specifications at a higher pf, I, > I;;. As a result, the

pf = cos(¢) is improved.

The effect of the A parameter on the constant power speed range (CPSR) is illustrated in
Fig. 2-4. The torque-speed and power-speed envelopes at different A factors show that the A
factor affects the pf of the machine and the CPSR. As the A parameter increases, the power
factor increases, and the CPSR ratio decreases. In the considered case, the CPSR ratio is selected
to be at least 4.88. This translates to an A factor of 1.24 and a power factor of about 0.80. The
speed at which the power is zero is known as the critical speed (wg.,;), which can be calculated

from (2.17) by setting i; = 0 and iz = is.
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} A=15

L Vo
s +ticp < oL, (2.38)
The relationship between wg.,; and wgy, is therefore as follows.
Wscri B
—_— = 2.39
Wgp A-1 ( )
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To find the developed power (P;) at any speed greater than wy,,, the following power equation

1s derived.
P; =T,w,=1.5P Islafa)r =1.5 Is/lafws. (2.40)

By deriving I; from (2.17) and substituting it into (2.11), equation (2.40) can be rewritten as

follows,

N

C

where
2

2
B? V2 2B2V2

C, = 1—(—) 12C=—( 2 ) and C3 = —= .
1 24 §2 2 24L12 ) 37 44212

Equation (2.41) can be used to plot the power-speed curve. It can also be used to find wg,q, bY

solving equation (2.42).

2
fr ) and P. is the rated power of the machine. Solving equation (2.42)

where C, = C3 — (1 o
SAgf

provides twg, and T Wgnax-

_ _C4 + C42_ - 4‘6162

w?, = 7 : (2.43)
2 _C4, - \/ CZ - 4‘6162
WZmax = . (2.44)
2C,

2.2.2. Design Equations for the IPMSM
In SPMSM design calculations, the steps were simplified with L; = L,. However, in IPMSMs,
the saliency ratio is not unity, Ly < L,. Solving equations (2.13) and (2.14) for Ly, L, and A,f by
keeping equation (2.22) in mind for the constant power operation during flux weakening is more
complex. The IPMSM’s designs that meet the design specifications are derived from the obtained

SPMSM parameters using the following equations.

s, =4 (2.45)



Iese = m, (2.46)
Nsbs,
c= m; (2.47)
Aafipusu = AafspusuAclest » (2.48)
Lajpusu = LaspusnAc » (2.49)
Larpmsm = LaspusnSr (2.50)
Lsipmsm = Issprsmlest (2.51)
where 1, Fipmsm is the per-phase magnet flux linkage of the IPMSM to be designed, 1, Fopmsm is

the per-phase magnet flux linkage for the optimized SPMSM, S, is the saliency ratio, A, is the
attenuation constant, which is 0 < A, < 1, I is the factor that takes care of the change in the
power factor, Iosc > 1, and ny,, and T, are respectively the calculated speed and torque values

at S, # 1. The steps for getting the IPMSM parameters are summarized by the flowchart shown
in Fig. 2-6.

2.2.3. Design Flowchart

The flowchart in Fig. 2-6 summarizes the essential steps for determining the SPMSM and
IPMSM drivetrain parameters. The algorithm starts with the mechanical and electrical
requirements. In this step, the required torque, rated and maximum speed, and available DC bus
voltage are obtained (Table 2-1). The pole number of the PMSM is selected at this stage.
Table 2-3 shows valuable information on PMSMs used in commercial EVs. It can be a reference

for choosing the pole number and the maximum speed.

Table 2-3. Overview of EV motors [63].

Electric vehicles Year Number of slots/poles Maximum speed (r/min)
Jaguar [-Pace 2019 48/8 13000
Tesla Model 3 2017 54/6 18100
Chevy Bolt 2016 72/8 8810
BMW i3 2013 72/12 11400
Nissan Leaf 2010 48/8 10400
Toyota Prius IV 2017 48/8 17000
BMW 225xe 2016 48/8 14000
Audi A3 e-tron 2014 24/16 6000
Chevy Volt Gen 1 2010 72/12 9000
Toyota Prius III 2010 48/8 13500
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The desired efficiency at the rated power is then selected, and the A parameter is defined. For
the A parameter, an initial value of 1.1 is preferred since the speed in EV motors is limited. A = 1
results in an infinite speed with a low power factor. A loop function that increments the A value at
each iteration can be used to obtain the maximum speed. The increment value needs to be selected
for the accuracy of the results. An increment value of 0.000001 has been used in this study. The
output of this step is summarized in Table 2-4. It can be seen that the required base and maximum
speeds are obtained. The power factor at the rated condition has been improved from 0.73 to 0.8.
The torque-speed and power-speed envelopes are shown in Fig. 2-5. For the stop condition, the

base speed can also be used in the algorithm instead of the maximum speed.

The proposed algorithm provides insight into high power factor PMSM requirements by
exploiting equation (2.37). Hence, one can select a power factor and calculate the A parameter
from the following equation,

2
Ao | P (2.52)
k? —pf?
Using (2.52) to find A based on the specified pf will remove the iteration process. Hence, for a

power factor of 0.9, A = 1.79. Then, the maximum achievable speed is 2211.50 rad/s instead of
5654.90 rad/s at pf = 0.8. Choosing the power factor is, therefore, a tradeoft.

Table 2-4. SPMSM Drive Specifications for @y qx-

Symbol Desired Calculated Unit
A - 1.23 -
B - 1.59 -
C - 115.74 A
k - 1.03 -
pf - 80.02 %
Ls = Lsgppiom - 144.69 A
Ieh - 177.96 A
/1af = AafSPMSM - 0.24 Whb-turn
Ls = Lagppsn - 1.34 mH
Cy - —-917.95 -
C, - —3.95x10"¢ -
Cs - 5.87x10%° -
C, - 3.06x10%° -
Wsp 1159.40 1159.40 rad/s
Wsmax 5654.90 5654.90 rad/s
Weri - 7954.60 rad/s
T, 207.00 207.00 Nm
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Fig. 2-5. Estimated toque-speed and power speed operating envelopes of 2010 Toyota Prius drivetrain SPMSM.
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The equivalent IPMSM parameters for the rated power operation are obtained directly from the
SPMSM parameters, as illustrated by the flowchart in Fig. 2-6. These steps, as proposed, don’t
require iterations. It starts by selecting S, and calculating the resultant torque and base speed.
The currents I, and I are taken from the SPMSM data (Table 2-4). The base speed in r/min
(ngp) is obtained from wg;,. The possible parameters for the 2010 Toyota Prius motor are
summarized in Table 2-5. It can be seen that the base speed and the torque values match the
design requirements. Same torque and base speed values have been obtained for both SPMSM
and IPMSM designs. The maximum speed of the SPMSM has been increased by 1/A..
Therefore, the CPSR ratio of the IPMSM compared with the one of the SPMSM has increased
from 4.88 to 7. The current limit circle and voltage limit ellipses are illustrated in Fig. 2-7. Also,
the power-speed and torque-speed curves are given in Fig. 2-8. This provides valuable insight
about the control design and testing. The drive inverter can be designed and sized using the
information in Table 2-2. The motor's basic design can be obtained by matching the data in
Table 2-5. Optimization can be performed afterward. In addition, the emulation as proposed in
[64] can be used to test the drive inverter and the controller prior to prototyping the motor.
Hence, this way of systematically estimating the drivetrain parameters enables the EV drivetrain

components to be designed and tested in parallel.

Table 2-5. IPMSM Drive Specifications.

Symbol Desired Calculated Unit
Sy 2.37 2.37 -
Ngps, - 1955.1 r/min
Teq, - 2717.75 Nm
Iost - 1.05 -
A - 0.70 -
Aafipmsm - 0.17 Wb-turn
Laprsm - 897.13 pH
L - 2126.20 pH
dIPMSM
Ter pmism 207 206.97 Nm
Nsbsripasm 2767.86 2768.00 r/min
L pysy - 152.65 A

2.3. IPMSM Base Design Through FEA and Parameters Validation

In this section, an IPMSM is designed using the parameters obtained in section II. Instead of
running several trial and error cases to obtain the required torque-speed envelope as done
conventionally, here, the process is to match the required characteristic current, d-axis

inductance, g-axis inductance, and magnet flux linkage. Fig. 2-9 shows a flowchart that can be

26



sk 2 932‘A 480 13 1’{1

8289

M 1252

6734 6216 5698

12572 &%

513

®
pon % g7 _e\®

51.8 —

9V

Current ellipse
Voltage-speed ellipses @base speed
Voltage-speed ellipses @ max speed
(&> Constant torque curves

~ 414, B 2.6~ ’

8 - \

\@\‘ ‘46‘61?\17
~

‘q .
IO\

AN 5
G, Ve S 23
6 \ \
N \

o—,—0

TTs1g

Fig. 2-7. Voltage-speed ellipses for nb and nmax, current limit ellipse, and constant torque curves for the designed

IPMSM.
250 T T T T T T T T ]00
200 - 80
£ 150 - e e Y 60
Z
o
5
5 100 |- - 40
50 |- =20
O 1 L 1 1 L 1 1 L 0
0 2755 5510 8265 11020 13775 16530 19285 22040 24795 27550
Speed (r/min)

Power (kW)
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used to match the parameters via a machine design software. The flowchart uses information

embedded in equations (2.34) - (2.39) to match the parameters obtained from step 1.
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Pg

Wtb = N Bmaxksel” (257)
R
Wbl N 2BmaxkstL ’ (258)

where F; is the permeance coefficient, [, is the magnet length, g is the air gap length, C,, is the
flux concentration factor, R is the reluctance, N is the number of turns, ¢, is the air gap flux,
Bpax 18 the maximum flux density, kg, is the lamination stacking factor, wy,;, is the stator tooth
width, wy,; is the back iron width, [ is the flux path length, and u is the permeability of the

material.

A 2010 Toyota Prius motor is simulated using an FEA software [65]. Fig. 2-10 shows the
isometric view of the designed IPMSM. The information obtained from step 1 (current, voltage,
and pole number) is used as a drive input to JMAG, and the flowchart in Fig. 2-9 is used to tune
the machine parameters to match the precalculated values of Agf, Lg,and Lg. The obtained
parameters from JMAG and the estimated parameters are compared in Table 2-6. It can be seen
that the parameters match closely, and the required rated torque and base speed are obtained.
Perfect matching of all parameters is not required since terms in (2.53) - (2.58) are interrelated.
The torque-speed and efficiency maps of the designed motor are illustrated in Fig. 2-11. As can
be seen, the designed PMSMs can deliver the rated torque of 207 Nm at 2800 r/min during
motoring operation and can reach 13400 r/min as per the requirements. These results are
obtained by simply matching the analytically calculated parameters without any optimization.
Therefore, the design can be optimized afterward based on specific requirements. However, the

optimized parameters should not deviate too much from the ones obtained in Table 2-5.

Table 2-6. Parameter Comparison.

Symbol Calculated Designed Unit
Aafipmsm 0.17 0.17 Whb-turn
La;prsm 0.897 0.898 mH
I —— 2.126 2.227 mH
Ter 1pmsm 206.97 206.82 Nm
Nsbsripusm 2768 3080 r/min
P 152.65 159.81 A
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2.4. A Parameter Validation through a Design Case A =1 using JMAG

2.4.1. Validation using Analytical and FEA Designs

A case study for A = 1 has been investigated in this section to validate the drivetrain design
process. The base speed (n,) is 3400 r/min, the rated torque is (T,) is 20 Nm, and the
maximum speed i8S (N4 ) 18 10000 r/min. The nominal battery voltage of the car is 96 V. The
design steps of the proposed approach as illustrated in the previous sections have been used.
Table 2-7 summarizes the drive specifications. The outputs from design step I (analytical
calculations) and design step II (parameter matching using FEA) for SPMSM and IPMSM are
summarized in Table 2-8 and Table 2-9, respectively. The later tables show that the parameters
are feasible and can be closely matched using JMAG FEA software. The voltage and current
limit circles for the SPMSM are shown in Fig. 2-12(a). The corresponding torque-speed and
power-speed curves are shown in Fig. 2-12(b). For the IPMSM, the voltage limit ellipse and the
current limit circle are shown in Fig. 2-13(a), and the corresponding torque-speed and power-

speed curves are shown in Fig. 2-13(b).

Table 2-7. Drive Specifications with SPWM Technique.

Parameter Value Unit
Nm (assumed) 0.95

v, 43.20 \%
Von,rms 30.55 \'%
Vll,rms 52.91 Vv
P out 7.12 kW
pf 0.74

Loms 110.52 A
T, 20.1 Nm
ny, 3402 r/min

Table 2-8. Comparison for SPMSM.

Analytical (Step I) Designed (Step II)
I, [A] 156.30 156.27
Aqp [Wh-turn] 0.0214 0.0207
L, [mH] 0.137 0.132
L, [mH] 0.137 0.132

Table 2-9. TABLE Design parameters Comparison for IPMSM (Sr = 1.83).

Analytical (Step I) Designed (Step II)
I [A] 161.13 162.49
Aqp [Wh-turn] 0.017 0.019
L, [mH] 0.106 0.114
Ly [mH] 0.193 0.191
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Fig. 2-13. IPMSM, (a) voltage-speed ellipses for n;,, and n,,,, and current limit circle, (b) torque-speed and power-

speed curves (S,=1.83).

Designed SPMSM and IPMSM motors using JMAG software are shown in Fig. 2-14 and
Fig. 2-15, respectively. The obtained characteristics meet the requirements in terms of rated
torque and base speed. It can be seen that the toque-speed and power-speed curves obtained
analytically and via the FEA software are perfectly matching. Fig. 2-14(c) and Fig. 2-15(c) show
that the power after the base speed is not dropping. In fact, it increases because of the increased

power factor.

2.4.2. Drive Cycle Validation

The IPMSM parameters obtained from JMAG and summarized in Table IV are used in
MATLAB Simulink to simulate the whole drivetrain (designed IPMSM and its associated drive
inverter) and its operating modes. For control purposes, the decoupled speed and torque control

method proposed in [66] for IPMSM drives is used. The remaining parameters are summarized
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in Table 2-10. Simulation results are shown in Fig. 2-16. It can be seen that the designed [PMSM
can be accelerated up to 10000 r/min within the torque-speed envelope with the well-known
field-oriented control (FOC) algorithm in the constant torque and power regions. The
regenerative braking results show that the designed machine has the same torque-speed
characteristics in the generating mode. These results validate once more the parameters obtained

analytically (Step I) and through JIMAG (Step II).

Table 2-10. Other Parameters Used in the Simulation.

Parameters Description Designed (Step IT)
R, [Q] Stator resistance 0.004
J [kg. m?] Inertia 0.05
B [Nms/rad] Friction coefficient 0.001
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2.5. Practical Validation of the Proposed Method

In this section, the proposed methodology is applied to calculate the parameters of an 8 hp
SPMSM and an IPMSM designed to have identical characteristics. Fig. 2-17(a) and Fig. 2-17(c)
show the rotors of the SPMSM and IPMSM, respectively. Fig. 2-17(b) shows the stator used for
both rotors. The specifications of the PMSMs are summarized in Table 2-11.

Table 2-11. Technical Specifications of the SPMSM and IPMSM.

Parameter Value
Rated output power 6 kW
Motor Rated speed 1300 r/min
(PMSM) Rated torque 44 Nm
Number of poles 4
DC Bus Nominal voltage 300V

To validate the applicability of the proposed method for estimating the IPMSM parameters
from the corresponding SPMSM, the SPMSM has been tested to obtain its parameters;
Lg,Lg, Rg, and Ay (Table VIII). The obtained line-to-line back electromotive force (Emf) is
192.5 V and the stator resistance (R;) is 0.37 . Based on [67], the V) ;s should be close to the
Emf for unity power factor operation. Hence, the parameters V, = 157.87 V, V}; ;s = 193.34 V,
C =25.34 A, and k = 1 are obtained using SVPWM technique with a modulation index of
0.91. Since the calculations are based on an ideal SPMSM without losses, the efficiency is
assumed 100% at the rated condition. The A parameter is calculated using (2.52). The remaining
parameters are calculated using the chart in Fig. 2-6. and listed in Table VIII. The experimental
results have been taken, using the setup in Fig. 2-18, at zero speed (locked rotor) and at several
other points by controlling the speed of the dynamometer and varying I; and I, of the PMSM to
operate on the current and voltage limit using [68]. It can be seen from Table 2-12 and Fig. 2-19

that the calculations and the experimental data obtained from the SPMSM match.

Parameters for the equivalent IPMSM have been calculated by following the proposed
flowchart in Fig. 2-6. A saliency ratio S, = 3.78, obtained experimentally, has been used. The
calculated and experimental parameters are summarized in Table 2-13. Here, a mismatch
between the estimated and the practical parameters Ly, Lg, and A, has been observed. Since
the stator is kept the same, this mismatch is due to the IPMSM rotor manufacturing constraints
and tolerances. The obtained torque-speed curves are shown in Fig. 2-20. The rated torque was

practically obtained at speed current values however, a voltage boost is required to match the
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Fig. 2-17. Tested PMSM motors: (a) SPMSM rotor, (b) IPMSM rotor, and (¢) common stator.
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Fig. 2-18. Experimental setup.
base speed. These practical constraints should be considered by adding some margins around the

desired base speed and rated torque.

Table 2-12. SPMSM Drivetrain Parameters.

Symbol Desired Calculated Measured Unit
A - 15.80 - -
B - 15.83 - -
Lsgpmsm - 25.38 25.17 A
Aafspmsm - 0.58 0.58 Wb-turn
Lagpmsn - 1.4 1.54 mH
C, - —3.99x10% - -
C, - —2.22x1014 - -
Cs - 6.01x10° - -
C, - 5.96x10° - -
Wgp 272.13 272.13 272.27 rad/s
Wseri - 291.10 - rad/s
T., 44.00 44.10 44.0 Nm
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Table 2-13. IPMSM Drive Specifications.

Symbol Desired Calculated Measured Unit
Ngps, - 1276.8 - r/min
Teq, - 44.68 - Nm
Lest - 1.002 - :
Ac - 0.98 - -
Aafipmsm - 0.57 0.62 Whb-turn
Lasppsm - 1.4 2.02 mH
L - 5.2 7.56 mH
dIPMSM
Ter 1pmsm 44 44.0 44 4 Nm
Nsbsr pmsm 1300 1300.1 1186 r/min
L paism - 25.42 23.5 A
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2.6. Summary

This chapter has proposed a new step-by-step design method for EV drivetrain design and
testing, considering the PMSM and its drive inverter specifications. From the torque-speed curve
and battery nominal voltage information, feasible parameters were obtained analytically. A new
set of equations have been developed in this chapter for calculating IPMSM parameters from
feasible SPMSM parameters. Estimating the parameters beforehand was found to be crucial
since it provides both drive and machine designers the ability to foresee the feasibility of the
specifications and their effects on the rating of the drive system. Also, this step provides feasible
machine parameters; voltage and current which are the input to FEA software and emulating
setups. A case study based on a 2010 Toyota Prius motor validated this method for its ability to
estimate feasible parameters that can be matched using FEA software. The obtained
experimental results validated the ability of the proposed method to estimate [IPMSM parameters
from a given SPMSM. Therefore, for design, using the FEA software, and practical testing of the
drivetrain point of view, it can be concluded that the proposed method has the ability to speed up
the EV drivetrain design, emulation, and testing by providing initial guidelines allowing

machines and drive specialists to work in parallel on the drivetrain components design.
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Chapter 3. A Novel Integrated Multipurpose Power Electronics Interface for
EVs

3.1. Introduction

A novel integrated multipurpose power electronics interface (IMPEI) for the new generation
of plug-in electric vehicles (PEVs) and plug-in hybrid electric vehicles (PHEVs) is proposed in
this chapter. The design of the IMPEI, comparison of the IMPEI with existing topologies, and
validation of the modes of operation is provided. The IMPEI is a reconfigurable power
electronics interface (PEI) that integrates the onboard charger with the drive inverter allowing
the same interface to be used for various modes of operation such as propulsion and regenerative
braking as well as vehicle-to-grid (V2G) and grid-to-vehicle (G2V) operations with grid
flexibility. For each mode of operation, the IMPEI is reconfigured into a previously existing
power converter topology. The principles of operation and coordination of various modes of
operation of the IMPEI are explained in this chapter. Based on component count, operating
modes, and control complexity, a comparison of the IMPEI and recently proposed integrated
PEIs (IPEIs) is provided. Specifications of BMW i3 are used as the benchmark for comparing

size, cost, and efficiency. This chapter discusses and validates experimental results.

3.2. The novel Integrated Multipurpose Power Electronics Interface

The detailed circuit of the proposed IMPEI is shown in Fig. 3-1(a). The originality of the
proposed topology is its ability to use only one integrated interface to perform all tasks (V2G,
G2V, propulsion, and regenerative braking). The IMPEI is an interface consisting of the
multipurpose PEI (MPEI) and the filter. The IMPEI consists of nine power electronic switches
(switches s1 — s6 and s1’ — s3’), and the filter consists of three capacitors (C1, C2, and Co),
two contactors (K1 and K2), and an inductor (Lo). The IMPEI can be used in BEV drivetrains,
Fig. 3-1(b) as well as in PHEV drivetrains, Fig. 3-1(c). It is also a reconfigurable interface that
can be modularized. For instance, the IMPEI's nine switches can be easily packed and used as a

single power module to implement the IMPEI.

3.3. Operating Modes
3.3.1. BEYV Operation of the IMPEI
The equivalent PEIs for each mode of operation, as illustrated in Table 3-1, are shown in

Fig. 3-2. To simplify the equivalent PEIs, continuously ON switches are represented by a short,
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Fig. 3-1: (a) Proposed integrated multipurpose power electronics interface (IMPEI), (b) IMPEI-based BEV, (c)
IMPEI-based PHEV.

and the ones that are continuously OFF are omitted. Fig. 3-2(a) illustrates the equivalent PEI
during the propulsion and regenerative braking modes. This well-known equivalent PEI is
obtained by keeping S1, S3, and S5 continuously ON and controlling the remaining switches.
Field-oriented control (FOC) as presented in [69] and [12] can be used to generate the PWM

signals.
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Table 3-1: State of Switches during each operation mode.

Operating Modes
Swi Single-Phase DC Three-Phase
witches -
Propulsion and. V2G-G2v V2G-G2V V2G-G2v V2G-G2V
Regenerative Braking

Sl ON PWM PWM PWM PWM
S3 ON PWM OFF PWM PWM
S5 ON PWM PWM PWM PWM
NS PWM PWM PWM PWM PWM
S3 PWM PWM OFF PWM PWM
S5’ PWM PWM PWM PWM PWM
S2 PWM ON ON ON ON
S6 PWM ON OFF ON ON
S4 PWM ON ON ON ON
K1 ON OFF OFF ON ON
K2 ON/OFF ON ON OFF OFF
Figure Fig. 3-2(a) Fig. 3-2(b) Fig. 3-2(c) Fig. 3-2(d)

Fig. 3-2(b) shows two equivalent configurations of the MPEI during single-phase G2V and
V2G: the full-bridge active front end converter (AFEC) based bi-directional AC-DC converter
on the left (Fig. 3-2(b1)) and the half-bridge AFEC based bi-directional AC-DC converter on the
right (Fig. 3-2(b2)). Both of them can also be configured to operate as single-stage or two-stage
AC-DC converters. The equivalent configurations obtained with IMPEI during single-phase
V2G and G2V are well-known in terms of their applications and their control, [70] and [71]. The
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Fig. 3-2. Proposed integrated multipurpose power electronics interface (IMPEI). (a) equivalent PEI for propulsion
and regenerative braking, (b) equivalent PEI for level 1 and 2 V2G and G2V, (c) equivalent PEI for DC charging,
(d) equivalent PEI for three-phase V2G and G2V, and (e) IMPEI configuration for series-parallel PHEV.
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choice between single-stage and two-stage along the advantages and disadvantages are discussed
in [72]. The IMPEI allows its user to switch between all these configurations only by swapping
the control scheme. The IMPEI can be controlled for Level-1 and Level-2 V2G and G2V
operations. For Level-1 V2G and G2V modes, configurations shown in Fig. 3-2(b) can be used.
Both of them offer two-stage conversion allowing both DC and AC side regulations. Depending
on the power demand, the AC side of the full-bridge configuration (Fig. 3-2(b)) can be
reconfigured into an interleaved or a paralleled half-bridge AC-DC converter. The DC-DC side
will ensure that DC currents are pushed or pulled from the battery. During this mode of
operation, switches s2, s4, and s6 are turned continuously ON, bypassing the driving motor.
Level 2 chargers are oftboard because of their relatively larger size compared to level 1 onboard
chargers. In the proposed IMPEI, since the current requirement in EVs during the propulsion
mode is most of the time higher than its requirement during the onboard charging mode, the
ratings of the devices in terms of current capability are mainly selected for propulsion operation.
Therefore, they can be used for higher power V2G and G2V operations. Hence, the configuration
and the control strategy used in level 1 V2G and G2V operations can be reused without
modification for the level 2 V2G and G2V operations. This feature makes the IMPEI-based
EV/PHEVs more integrated and flexible in voltage levels and charging requirements. More

discussion regarding the device sizing is provided in section III as a case study.

Fig. 3-2(c) shows the equivalent configuration (Interleaved DC-DC Converter) of the MPEI
for DC charging. The DC source can be PV panels. DC fast charging nowadays is commercial.
High power rated DC chargers are offboard, and most of them use three-phase inputs to generate
a high DC link voltage [73]. Applications from renewable energy such as solar EV chargers are
not thoroughly considered in most EVs/PHEVs designs. The proposed IMPEI can be turned into
multiphase boost/buck converters to obtain higher efficiency, lower ripple output voltage, and
better transient performance. This ability of the IMPEI allows both onboard DC fast charging
and the use of renewable energy as a charging source. This results in a more sustainable
transportation and enables the use of the EV battery as storage. This configuration can be
controlled as an interleaved DC-DC converter. More details on interleaved DC-DC converters

regarding the control and design can be found in [74] and [75].
Fig. 3-2(d) illustrates the IMPEI equivalent configuration during three-phase G2V and V2G.
The switches S2, S4, and S6 are OFF, and the remaining are controlled for AC to DC power
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conversion. The control strategies for three-phase AFECs are well-known in the literature [70].
This operation mode is found in heavy-duty HEVs and some fast-charging stations. It is not
commonly seen in personal and passengers' PHEVs because most households run on a single-
phase, and the additional weight three-phase onboard chargers may add to the EV weight. The
IMPEI offers the possibility of a single-phase onboard charger and three-phase operation,

allowing flexibility on power sources.

Therefore, the proposed topology is a reconfigurable PEI, which makes it possible to use the
same interface for different operating modes by reconfiguring the IMPEI in an already existing
topology for this mode. These equivalent configurations with IMPEI are possible since the
G2V/V2G and the propulsion operation cannot happen simultaneously in PEVs and PHEVs. The
equivalent PEIs obtained are well-known, [72] and [76]. Hence, any control strategy developed or
available in the literature can be implemented. Therefore, this chapter will not focus on control
strategies; however, it will use the existing control strategies along with the IMPEI switch states

in Table 3-1 to validate the concept theoretically and experimentally.

3.3.2. PHEV Operation of the IMPEI

The proposed MPEI has a unique feature enabling it to be used in a PHEV configuration
without any modification in its architecture. Fig. 3-2(e) shows the series-parallel PHEV using the
IMPEL The ICE and the electric motor can be operated simultaneously or independently
depending on the driving regime for efficient energy utilization. For parallel operation, the power
flow during each operation mode is illustrated in Fig. 3-3. The lower six switches are used for
start-up (Fig. 3-3(a)), acceleration (Fig. 3-3(b)), regenerative braking (Fig. 3-3(d)), and parking
(Fig. 3-3(e)). During these operating modes, the equivalent circuit is similar to the one depicted in
Fig. 3-2(a). However, the upper six switches are used for recharging the battery with the ICE
during the high-speed cruising operation of the PHEV Fig. 3-3(c)). In this mode, the equivalent
circuit is similar to the three-phase G2V (Fig. 3-2(d) and Fig. 3-3(f)). Here, the generator is used
instead of the grid. The principle of the series PHEV operation using the IMPEI is based on
generating two groups of three-phase waveforms from the single common DC bus. Available
control strategies for controlling both motors simultaneously in this configuration are discussed

and validated practically in [77] - [79].
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Fig. 3-3. Power flow in IMPEI based PHEV. (a) starting, (b) passing, (c) cruising, (d) braking, (e) parking, and
(f) three-phase charging.

3.3.3. Comparison Between the IMPEI and the Nine-Switch Inverter (NSI)
The proposed topology has nine switches; however, configuration, control, and operating
modes are not similar to the existing nine-switch topology ( [77] - [79]). The reasons why the

proposed IMPEI topology is not equivalent to the nine-switch inverter (NSI) are given below.

3.3.3.1. Topology
The fundamental difference between the two topologies is that there are two additional
capacitors, two contactors, and one inductor in the proposed IMPEI topology (Fig. 3-4(a)) when
compared to the NSI (Fig. 3-4(b)). These additional components provide a substantial increase in

in the number of possible operating modes, grid connection flexibility, and power capability.
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3.3.3.2. Operating modes
The operating modes of the NSI as reported in the literature are summarized below from Fig.
3-5(a) to Fig. 3-5(d). In Fig. 3-5(a), two motors are connected to the NSI and can be controlled
simultaneously at different speeds and torques. In Fig. 3-5(b), a multiphase motor/open winding
motor is connected to the NSI. The motor can be also controlled by applying the proper control
strategy. In Fig. 3-5(c), the NSI is connected to a motor and to a grid. This is a microgrid
configuration. In Fig. 3-5(d), two grids are connected to the NSI. This configuration is used as a

frequency converter.

The IMPEI apart from being able to operate in the modes depicted in Fig. 3-5 without any
modification can also operate in the modes shown in Fig. 3-2. By using the IMPEI, several
important additional modes of operations that cannot be achieved by the NSI are made possible.
To do so, a new switching configuration is proposed. Fig. 3-2(a) shows the equivalent circuit for
propulsion and regenerative braking. The lower six switches are used. The upper 3 switches are
kept turned ON always. Fig. 3-2(b1) adds two additional modes which are single-phase G2V and
V2G using a two-stage conversion: the AC-DC stage using the full-bridge configuration and the
DC-DC stage. Here, the contactors are used to provide the hardware reconfiguration allowing the
IMPEI to connect to 120 V and 240 V grids. The upper six switches are used in this mode as well

to control the power flow while the lower three switches are kept ON continuously. Fig. 3-2(b2)
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micro-grid configuration, (d) grids interfacing.

adds two additional modes of operation by using the half-bridge configuration in the AC-DC
conversion stage. The DC-DC part is similar to Fig. 3-2(b1). The configuration in Fig. 3-2(b2)
uses a lesser number of switches as compared to the one in Fig. 3-2(b1) and has a higher voltage
boosting capability. Fig. 3-2(¢c) is the equivalent configuration for DC interleaved charging from a
DC source which can be a DC power supply or photovoltaic system having a different voltage
rating. Here the upper six switches are used while the lower three switches are kept ON. The same
configuration is used for the three-phase grid-to-vehicle (G2V) and vehicle-to-grid (V2G), which
are two additional modes, Fig. 3-2(d). Therefore, an additional ten (10) operating modes have

been added by the IMPEI thanks to its reconfiguration ability.

It can also be seen that the longer commutation paths involved in NSI modes of operation due
to the generation of two sets of three-phase voltage and current waveforms are avoided in the
proposed IMPEIL This is done by adopting a new switching configuration where the IMPEI
operates like the conventional 6-pack inverter (CPEI). Table 3-1 summarizes the states of

switches in the IMPEI modes as discussed above. It can be seen that although the IMPEI has a
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layout similar to nine switch inverters but with different load voltages, it is still controlled as a
regular 6-pack voltage source converter. In terms of configuration (device count), application,

modes of operation, and control, the IMPEI and the NSI are different.

3.3.4. Other BEV Configurations Using the IMPEI

Several other BEV configurations using the IMPEI are still possible using the proposed
IMPEI and control. Moreover, all control strategies used for NSI can be used when needed
without a change in the hardware. Fig. 3-6 shows a few possible configurations of the BEV
drivetrains using the IMPEIL Fig. 3-6(a) depicts the situation when two motors are coupled in
series. Motor 2 is of open windings type, which can be used for V2G applications. It can also be
used as the launch assist to motor 1 during starting and acceleration. It can also be dedicated to the
regenerative braking application. Fig. 3-6(b) illustrates a four-wheel drive using the IMPEIL In
this configuration, motor 1 is the main drive motor, and motor 2 can be used for the same
functions as in Fig. 3-6(a). Finally, Fig. 3-6(c) depicts an interesting configuration that uses a six-
phase machine or an open winding machine. The flexibility in the IMPEI allows controlling the
coupled motor using the proper control strategies or as a regular three-phase machine by shorting
the rotor terminals (turning sl, s3, and s5 continuously ON). The realizations of the depicted

operation may require additional components.

3.4. Coordination

This IMPEI offers easy coordination and switching between the operating modes mentioned
in the previous section. The change in the mode of operation is done only by swapping the control
strategies after the design is completed, as shown in Fig. 3-7. Hence, the driver can charge the EV
using the available power source. Moreover, an automatic swapping algorithm can be developed

for selecting the operating mode based on the charging connector type.

3.5. IMPEI Design Chart

Here, the focus is on selecting the type and rating of PESs, considering the battery voltage
level and the operating modes. On the one hand, it is reported in the literature that the practical
EV battery voltage is from 100 V - 800 V. Voltages in the range of 100 V —200 V is commonly
used in Hybrid Electric Vehicles (HEVs) and Plug-in HEVs (PHEVs). However, 400 V — 800 V
voltage range is used in Battery EVs (BEVs) [30]. There are also BEVs with battery voltages less
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Fig. 3-7. Coordination diagram of the IMPEI.

than 100 V, 100 V, e.g., Renault Twizy-80, and BEVs with battery voltages in the range of
200 V - 400 V, e.g., Tesla Model 3 and Audi e-Tron. For EV chargers, depending on the source
voltage level, there are DC, level 1 (120 V), level 2 (240 V), and three-phase (208 V - 600 V)

chargers.

Depending on the operating modes desired to be included in the IMPEI the design

considerations are illustrated in Fig. 3-8. The practical limits consider the linear duty ratio range

48



(0.25 to 0.9 for AC-DC conversion stage and 0.25 to 0.8 for DC-DC conversion stage during V2G
and G2V), power level, and experimental BEVs data in [80]. The minimum requirement for V2G

and G2V operation is expressed by (3. 1).

VDC > \/EVgrid > (3- 1)

where Vp¢ is the DC bus voltage of the active front-end converter and Vg4 is the phase rms or
line rms voltages for single-phase and three-phase grids respectively. For proper controllability,

Vpe > 1.15 V2V, is used [81].

The equivalent PEIs are designed and simulated in MATLAB Simulink to verify the voltage
ranges. Here, only MOSFET and IGBTs are considered because they are widely used in EV
drives. New PESs with wide bandgap (WBG) semiconductor materials, such as silicon carbide
(SiC) and gallium nitride (GaN), can be used as well. The ranges I to VI are defined based on the
number of feasible equivalent PEIs and the battery voltage range. For instance, IMPEI can only
offer level 1 charging using the full-bridge AFEC converter for any design specifications in the
range I. However, for design specifications in region II, IMPEI can offer level 1 and level 2
charging using the best between the half-bridge and the full-bridge AFECs. In this region, a
proper decision between the MOSFET and IGBT is required for better efficiency. All equivalent
PEIs for level 1 and level 2 can be used in region III. The selection between PEIs will depend on

the performance and power level.

Region IV unveils all the abilities of the IMPEI; level 1, level 2, and three-phase charging are
possible. This range is well suited for current BEVs in the market. In region V, charging in level 1

using the full-bridge AFEC-based charger is not feasible based on the selected modulation ranges.
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Fig. 3-8. IMPEI design chart.
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However, level 2 and three-phase charging remain practical. Region V is the ideal range for
800 V battery EVs and heavy-duty EVs. Here, the advantage of fast charging can be exploited,
[29] and [30]. In region VI, three-phase and level 2 charging (using half-bridge AFEC) are still
feasible; however, three-phase charging may be preferable based on the power level. IGBTs are

the preferred PESs in this region.

Regarding the PESs selection for the IMPEI, the graph in Fig. 3-8. provides guidance based
on DC bus voltage requirements. For IMPEI design, device current and voltage ratings are
decided based on the highest current and voltage required for operation in the selected modes.
Choosing between the MOSFET and IGBT or WBG semiconductor materials is a "gray area"
specific to the application [82]. Optimization is required in rating, cost, size, speed, and thermal
requirements to select the PES type properly. IGBTs are most commonly used for propulsion
inverters having less than 20 kHz switching frequencies, while MOSFETs are used for the
charging circuitry. The WBG semiconductors have higher power density and efficiency and can

operate at higher voltages and frequencies [16].

3.6. Comparative Study

3.6.1. PEI Comparison: Configuration and Devices Count

A component count comparison is provided in Table 3-2, where the IMPEI is compared with
three other PEIs. The first PEI is a conventional PEIs for BEVs with its onboard charger
(Fig. 3-9). This PEI can be easily implemented and controlled. It has separate PEIs for propulsion
and grid interface. The second PEI is the advanced power electronics interface (APEI) proposed
in [83] and illustrated in Fig. 3-10. It has an integrated BEV drivetrain consisting of a DC-DC
converter, an onboard battery charger, and an inverter. The third PEI is the single-phase integrated
charger (SPIC) using a quasi-Z-source network proposed in [51] (Fig. 3-11). The latter has the
three-phase motor used for propulsion integrated into it. Table 3-2 shows the comparison data

between the four PEIs.

The capacitor across the battery has been neglected in the four configurations for comparison
purposes. The required components for a minimal realization of each PEI are considered resulting
in a device count range. For instance, depending on the power level under consideration, four
PESs can be used for the DC-DC section of the APEI instead of eight PESs, even though eight
PESs are preferred. The advantage of using eight PESs instated of four is discussed in [83]. It can
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Fig. 3-11. Single-phase integrated charger using quasi-Z-source network (SPIC). Updated from [51].
be seen that the SPIC has an overall lower switch count (PESs and contactors) followed by the
IMPEI. These two configurations use additional two contactors for operating mode change. These
contactors are not hard switched. The change of mode occurs at zero current. They are designed to
carry the full current during the selected mode of operation. The CPEI, APEI, and IMPEI have a

comparable number of capacitors. The SPIC, however, has the largest number of inductors and
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capacitors. The PEIs that have the lower total number of components are the CPEI and the IMPEI.

The APEI has the largest component count.

In terms of operation, the IMPEI and CPEI have the battery directly connected to the inverter,
making them the PEIs that use fewer components during propulsion, regenerative braking, V2G,
and G2V modes. The other two have the DC-DC bidirectional converter between the battery and
the inverter. This makes them more efficient at low speed and light load. However, the CPEI and

the IMPEI types of PEIs are the preferred choices for high speed and full load operations [31].

Table 3-2: Device Count Comparison for Various PEIs.

CPEI APEI SPIC IMPEI
Total number of PESs 12 12-16 7 9
Total number of capacitors 1 1 3 1-2
Total number of inductors 2 3 4 34
Total number of contactors 0 0 2 2
Total number of components 15 16-20 16 15-17
. PESs 6 12-16 7 9
Number of components in -
propulsion and regenerative Capacitors 0 L 2 0
braking modes Inductors 0 2 2 0
Stages 1 2 2 1
PESs 6 10-14 7 6-9
Number of components in Capacitors 1 | 3 1
single-phase V2G and G2V Inductors 2 3 34 2
Stages 2 2 2 2
PESs NA NA NA 9
Three-phase V2G and G2V Capacitors NA NA NA 0
Inductors NA NA NA 3
NA= Not Applicable

In terms of control, the CPEI offers the most straightforward control architecture. It has a
separate PEI and control for propulsion and regenerative braking and another separate PEI and
control for V2G and G2V. The IMPEI and the CPEI have a single conversion stage for the
propulsion and regenerative braking and two conversion stages for V2G and G2V. However, the
SPIC and APEI have two conversion stages for all the modes, which makes them the ones with a
more complex control structure. Although the IMPEI has a layout similar to nine switch inverters,
it is controlled as the CPEIL It uses the same control algorithms as the CPEI, except that some
switches have to be kept ON, as illustrated in Table 3-1. This makes the IMPEI less efficient
compared to CPEL

On the other hand, the IMPEI has grid flexibility and is reconfigurable. This allows it to

interface with different sources: single-phase, three-phase, and DC without change in the
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hardware. It can also be used in a PHEV as shown in Fig. 3-3. The IMPEI offers more compact
designs and operating modes than the APEI and SPIC drivetrains.

Regarding reliability and safety, IPEIs such as APEIL, SPIC, and IMPEI are less reliable
compared to CPEI because a fault during charging mode may impact the propulsion mode. The
integration of power electronics interfaces is therefore a trade-off. IMPEI offers more flexibility
during fault conditions compared to APEI and SPIC. For instance, a short circuit on the DC bus
can be eliminated by opening the continuously conducting switch in the IMPEI. Moreover, in a
case where the middle leg is defective, the configuration in Fig. 3-2(b2) can be used for V2G and
G2V operations, while the two healthy legs can be used to drive the EV to the repair shop. To
solve this reliability issue, the switches in the IPEIs should be designed to allow modularity. If
packaged in module form, IMPEI's nine switches can be easily replaced in the event of a fault

without labor-intensive work and reduced down time.

3.6.2. Device Sizing and Cost
a- Design Specifications
Sizing of the PEIs to meet the propulsion and grid interface requirements of the BMW 13 2016
is described in this section. The specifications of BWM i3 2016 as per the FY2016 annual

progress report [84] are summarized in Table 3-3.

Table 3-3: Technical specifications. BMW i3 2016 (120 Ah).

Specifications

Rated output power 125 kW
Motor Rated torque 250 Nm

Rated speed 4000 r/min

Max speed 11400 r/min

Voltage 360 V
Battery Energy 22 kWh

DC current 530 A for full torque
Charger On-board 3.7kW/16 A/240 V
DC bus Capacitor 475 uF, 450 V
IGBT Module (Infineon FS800R07A2E3) 650 VDC, 800 A/1600 A peak
Current sensors LEM HC5F700 700 A

The battery in the BMW 13 is selected to match the operating voltage of the motor. This
configuration is similar to the CPEI and the IMPEIL. The APEI and the SPIC require a DC-DC
conversion stage. On the other hand, based on the battery nominal voltage, it can be seen that the

IMPEI is in region IV (Fig. 3-8). The included modes consist of single-phase, split-phase, and
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three-phase V2G and G2V. For the CPEI, APEI, and SPIC, V2G and G2V operations at 240 V is
considered for the charger sizing. The parameter design for the SPIC and APEI can be found in
[51] and [83], respectively. It has been assumed that the DC bus in the SPIC and APEI has a
voltage level compared to that of the battery. Hence, the devices used for the DC-DC conversion
stage in the SPIC and APEI are rated for 600 A. This current rating could increase if there is a

significant mismatch between the battery and the DC bus voltages.

b- Passive Elements Sizing
The LCL filter, which is shown in Fig. 3-12(a), is selected for the grid interface. Most
assumptions and calculations are based on [85] and IEEE-519 standard. To keep the comparison
simple, a maximum grid current of 30 A is assumed in V2G and G2V modes for the IMPEI,
APEI, SPIC, and CPEI. This provides the IMPEI with 10 kW charging capability in three-phase
V2G and G2V. From the transfer function obtained in Fig. 3-12(b), the following equation can be

derived.
g 1 -
Uimper  SL(1 4+ 52CLey)’ (-2)
where L = Ly + L, and Lgq = LL1+LL2 . The resonance frequency f.. is selected to obey (3. 3). fy
1 2

and f; are the grid frequency and the switching frequency, respectively.

1
Wres = === 2T fres; fg K fres L fs - (3.3)
CLeg

For this application, the switching frequency is kept at 10 kHz for the single-phase and the
three-phase operating modes. f.. is selected to be at least ten times higher than f; and two times
less than f;. The reactive power capability of the filter capacitor is limited to 5% of the rated

apparent power of the charger. The value of the LCL capacitor is obtained as follows.

0.05S$

Cf=m' (3.4)

where V; is the RMS phase voltage and S is the apparent power.

The maximum value of the inductances in the LCL filter is calculated using (3. 5) to ensure

that the voltage drop on the filter is less than 20% of the grid voltage.
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3. 5)

The minimum value of the inductance is obtained by evaluating the transfer function (3. 2) at

the switching frequency as follows.

1

2
w 19_5<1 _ w3
$Vimpels wrzes

< Lonin» (3. 6)
)

where wg = 27fs, Wres = 2T fres, I = 30 A. I, is the RMS grid current, Iy is the RMS grid
current ripple, Viypgis 1s the RMS IMPEI voltage, and L =1L, + L,. For practical

implementation, Iy = 0.0031, and V;ypgs = 0.9V, have been used. For the IMPEI, the value of
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the LCL components should be selected to meet the requirements for all the modes of operation
under consideration. For this study, single-phase (120 V and 240 V) and three-phase (208 V) G2V
and V2G modes are considered. The value of L = 2 mH has been selected. L; and L, are kept
equal. A capacitor of 10 pF is selected to satisfy (3. 3) and (3. 4) under the considered modes of
operation. The series passive damping resistance (R ) of the capacitor is calculated using (3. 7) to
be 2.3Q. The Bode plot of the designed LCL filter with and without R is shown in Fig. 3-13.

o 1
27 3Cwes

3.7)

For the DC link capacitor size, (3. 8) has been used. Py, is the output power, Vpcrippie is the

allowable ripple voltage on the DC bus, and Vp i 1s the minimum DC link voltage.

P
Cf > out .
ang VDCmL'n VDCripple

3. 8)

For the propulsion mode, the DC capacitor across the battery terminals is sized to limit the
ripple voltage on the DC bus and provide a low impedance paths for ripple current caused by
output inductance of the load as well as the PWM frequency of the inverter and the DC bus
voltage. The capacitor in Table 3-3 is used as a reference. The high-frequency inductor of the
buck converter in level 1 and level 2 V2G and G2V modes is sized to operate in continuous

conduction mode (CCM) mode. The components sizing is provided in Table 3-4.

c- Cost Analysis
The rating of individual components and their cost are given as a reference in Table 3-4. The
calculations have been performed to obtain the size of the passive elements that meets the
requirements. For verification purposes, MATLAB Simulink simulations have been performed to
ensure the validity of the device rating for all the modes; propulsion and charging modes (single-
phase, split-phase, and three-phase). The selection of components is based on the drive and

charger specifications and the required modes of operation.

The cost is provided in per unit based on the North American market and on companies which
offer customized products. The modules have been preferred over the discrete components, when
available, to lower the cost and reduce the footprint. This is the case for the CPEI and the SPIC
drive inverters, where a single device is used. Whereas for the IMPEI and APEI, discrete single-

leg IGBTSs have been selected. The device manufacturers can easily overcome this limitation since
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three-level three-phase inverter modules, which are more complex, are now available for

commercial use. Inductor model 195C30 from Hammond Manufacturing are selected for the LCL

filter. For the IMPEI, the filter is the only additional component required to perform V2G and

G2V. One can state that part of the IMPEI filter components can use the space that the CPEI

charging circuitry would have used for its heatsink and PESs.

The chart in Fig. 3-14 shows a comparison where it can be seen on the one hand that the total

cost of developing the IMPEI is about 58% higher than the CPEIL This is due to the unavailability

of modular semiconductor components to implement the 9-switch configuration and the line filter

components to include three-phase charging in the operating modes of the IMPEL

Table 3-4: Sizing and Cost Comparison.

CPEI IMPEI APEI SPIC
Unit Extended | Extended | Extended | Extended
Device and Specifications Price Cost Cost Cost Cost
(Scaled) (Scaled) (Scaled) (Scaled) (Scaled)
IGBT 6-pack module: 650 V, 800 A 4.63 4.63 - - 4.63
IGBT single-leg module: 1200 V, -
200 A 1.03 6.15 5.13 0.51
IGBT single-leg module: 650 V, -
200 A 0.75 - 3.00 -
. Current sensors: 700 A 0.70 2.10 2.10 2.10 2.10
Drive I capacitor: 470 uF, 630 V 0.10 0.10 0.10 0.10 0.19
Capacitor: 3300 uF, 630 V 0.76 - 0.76 0.76 0.76
DC-DC inductors: 1 mH, 400 A 3.00 - - 6.00 -
DC-DC inductors: 1 mH, 800 A 6.00 - - - 12.00
AC contactor: 800 A 5.00 - - - 5.00
DC contactor: 600 A 0.93 - 0.93 - -
IGBT 6-pack module: 600 V, 30 A 0.21 0.21 - - -
Custom high frequency inductor: 10 - -
mH, 30 A 0.13 0.13 0.13
Capacitor: 3300 uF, 630 V 0.76 0.76 - - -
Charger | LCL filter capacitor: 10 uF, 450 V 0.05 0.05 0.15 0.05 0.10
LCL filter inductor: 1 mH, 30 A 0.64 1.28 3.83 1.28 1.28
Voltage sensor: 500 V 0.23 0.68 1.13 0.68 0.68
Current sensor: 30 A 0.03 0.06 0.12 0.09 0.09
Contactor: 30 A 0.44 - 0.44 - -
Total 10.00 15.84 19.19 27.34
Single-phase 120V 120 V 120V 120V
30A 30A 30A 30A
. . 240V 240V 240V 240V
Safe charging modes Split-phase 30 A 30 A 30 A 30 A
208 V
Three-phase NA 30 A NA NA

On the other hand, the APEI and the SPIC are more expensive by 92% and 173%,

respectively. This is due to the high current requirement of inductors used in their DC-DC
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converters, and due to the AC contactors for the SPIC. From the V2G and G2V points of view,
the IMPEI has a 50% increase in power capability. It can offer single-phase and three-phase V2G
and G2V onboard. The CPEI, APEI and SPIC do not feature three-phase charging. For instance,
adding three-phase charging to the CPEI will require additional heatsinks (space and weight),
switches, and passive elements (LCL filters) that will bring the overall cost comparable to the
IMPEL Even with this, the CPEI will not be able to offer the same modes of operation as the
IMPEI Therefore, sizing the IMPEI for 30 A V2G and G2V operations is cost-effective. For
heavy-duty electric vehicles where space is not a limitation, the onboard charging capability can

be increased up to the current handling capability of the PESs by selecting proper filter devices.

mCPEI mIMPEI mAPEI mSPIC

‘J—‘-..l_

Drive cost  Charger cost  Total cost  Single-phase  Split-phase  Three-phase

(pu) (pu) (pw) charging charging charging
(kW) (kW) (kW)

Fig. 3-14. Comparison chart between the CPEI, APEI, SPIC, and IMPEL.
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Fig. 3-15. Spider chart for the CPEI, APEI, SPIC, and IMPEL
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The IMPEI, apart from its gain in the charging capability, has everything onboard without
requiring dedicated circuitry for V2G and G2V modes. This makes the IMPEI-based EV able to

charge from many sources with or without a charging station.

The chart in Fig. 3-15 compares the IMPEI to other IPEIs, with the CPEI serving as the
baseline. Table 3-3 and Table 3-4 have been used to estimate the size and cost of the components.
Advantages of MIPEI over other IPEIs are emphasized. As can be seen, the IMPEI is the most
flexible of the IPEIs, with up to ten modes of operation (propulsion, regenerative braking, single-
phase V2G, single-phase G2V, split-phase V2G, split-phase G2V, three-phase V2G, three-phase
G2V, DC V2G, and DC G2V). In spite of this this flexibility, IMPEI has a 50% increase in V2G
and G2V capabilities compared to CPEI, APEI, and SPIC. In terms of component count, the
IMPEI is comparable to the SPIC. All IPEIs have comparable efficiencies. Depending on the
mode of operation, the IMPEI has the highest efficiency among the IPEIs and is 1 to 2 percent

less efficient than the CPEI Detailed efficiency comparison is provided in the following sections.

3.6.3. Drive Cycle Efficiency Comparison

To quantify the losses due to additional conducting switches, theoretical efficiencies of the
designed IMPEI and CPEI are compared in propulsion mode at different power levels. An
analytical study of a drive cycle is performed using the thermal model of the selected PESs in
PSIM simulation software. As per Table 3-4, the selected IGBT for the IMPEI is
2MBI800XNF120-50. For the CPEI, 2MBIS00XNF120-50 and FS800R07A2E3 IGBTs have
been used. The CPEI simulated with 2MBIS800XNF120-50 is indexed as CPEI and the one
simulated with FS800R07A2E3 is named 13 since the same IGBT model is used in the BMW-i3
2016. The developed models of the IMPEI and the CPEI included the selected PESs datasheet
specifications and the thermal circuit. The conduction and switching losses across each IGBT and
its internal diode are measured and used to compute the PEIs losses (Pjysse5)- The efficiency is
calculated as per (3.9), where P, is the power delivered by the battery, and the losses are as

denoted by equations (3. 10) - (3. 14).

P;,, — P,
Efficiency = mP—losses, (3.9)

i
Plosses = Pcond(Diode) + Pcond(Switch) + Psw(Diode) + Psw(Switch) ’ (3- 10)
Pcond(SWitch) = Vece(sat) I, (3.11)
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where P onq(switcn) 15 the transistor conduction losses, Py (switcn) 1S the transistor switching

losses, Pcond(piode) 18 the diode conduction losses, and Py, (pioge) 18 the diode switching losses.

The diode turn-on losses are neglected. Vio(sq¢) 1S the transistor saturation voltage, I. is the

collector current, and E;.,. is the reverse recovery energy loss. E, ¢ and E,,;, are the transistor turn-

off and on energy losses, respectively. Vy;,4e 15 the diode voltage drop, ;04 15 the diode forward

current, V.. is the DC bus voltage, Vi is the reverse blocking voltage, and fj,, is the switching

frequency. The values of parameters are constantly updated from the device database in PSIM

software by monitoring the device temperature and the collector current.

A surface PMSM (SPMSM) is considered for simulation. The parameters of a 125 kW motor

are estimated based on [86]. Obtained parameters are summarized in Table 3-5, and the torque-

speed envelope is shown in Fig. 3-16. The drive is controlled using FOC technique.

Table 3-5: Estimated Machine Parameters.

Parameters Value
Number of Poles 12
Magnet Flux Linkage 0.0454 Wb-turns
D-axis Inductance 74.27 uH
Q-axis Inductance 74.27 uH

The ECE drive cycle, which is shown in Fig. 3-17, has been used to investigate the

efficiencies at different power levels. The analysis of the losses in each device showed that
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Fig. 3-17. Drive cycle efficiency comparison chart (simulation results).

switches S1, S3, and S5 (continuously turned ON) have only conduction losses. These losses were
equal to the conduction losses in the corresponding switches S1°, S3°, and S5°. On average, it has
been observed that PES losses in the IMPEI are 10%s higher than the losses in the CPEIL At
different power levels, this ratio may change due to the change in the conduction losses. This ratio
has been practically investigated in section 3.7 of this chapter. In terms of efficiency, Fig. 3-17
shows that the highest efficiency is obtained with the 13 module. The efficiency difference
between the IMPEI and the CPEI using the same module ranges from 0.3% to 1% on average for

the entire drive cycle.

3.7. Experimental Validation
3.7.1. Experimental Setup
The experimental setup in this work is designed to allow the usage of the same control

algorithms and devices to test and compare the IMPEI and the CPEI Hence, a 48 kVA IMPEI in
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Fig. 3-18 is developed for the proof of concept. The prototyped IMPEI is 60 A for propulsion
mode and 30 A maximum grid current for G2V and V2G operations at 120 V, 240 V, and 208 V.
This prototype is built using a total of six SKM75GB12V PESs. Passive components with similar
specifications to Table 3-4 are taken from the laboratory. The CPEI of the exact specifications as
the MPEI is obtained by bypassing the three upper switches of the IMPEIL To emulate the battery,
a bidirectional programable power supply (California Instruments, model MX30-3PI) terminal
voltage is set to 360 V and connected to a series resistance of 0.5 €. The developed experimental
setup is shown in Fig. 3-19. A digital power meter, YOKOGAWA 2533, is used to measure the
AC single-phase and three-phase powers, while the DC power is calculated using the DC voltage
and current readings from FLUKE-289 and FLUKE-376 FC, respectively. More details on the
prototyped IMPEI is provided in Appendix A.
3.7.2. Propulsion and Regenerative Braking Modes

a- Propulsion and Regenerative Braking

For this mode of operation, FOC is used to control a 5 hp PMSM in propulsion and
regenerative braking modes. The motor was first brought up to 1200 r/min and then to zero r/min
by applying the regenerative braking. The current limit for the controllers is set to 16 A
(ig max = 0 A,igmax = 16 A). The experimental results (motor current, motor speed, battery
voltage, and battery current) are shown in Fig. 3-20. It can be seen that expected results of 1200
r/min, 16 A limits, positive battery current during propulsion, and negative battery current during
regenerative braking are obtained with the FOC technique. This validates the operation of the
IMPEI in propulsion and regenerative braking modes using the same control as the CPEI. The

real-time implementation of this control is provided in Appendix B and C.

b- Efficiency Comparison

For experimental efficiency comparison, the 5 hp SPMSM is brought to 1350 r/min by using a
150 hp dynamometer set in speed control mode. The SPMSM is controlled in torque mode. With
this configuration, several torque values were applied to the dynamometer. Results for IMPEI
and CPEI are obtained from the hardware setup, however, experimental results for the APEI of a
similar power rating are taken from [83]. Here, the comparison is based on the power level.
Fig. 3-21 shows the efficiency of the IMPEI and CPEI at several states of charges (SoCs). The
assumed nominal and fully-charged voltages of the battery are 360 V and 390 V respectively. It
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can be seen in Fig. 3-21 that there is an efficiency drop between the CPEI and the IMPEI. This

efficiency drop is in the range of 1% under the considered SoCs and power levels. The observed
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Fig. 3-20. Practical battery voltage and current, motor speed and phase current.

efficiency difference between the IMPEI and the CPEI is because the upper three PESs in the
IMPEI are kept continuously ON. The APEI's battery voltage is 200 V, and the DC link voltage is
400 V [83]. Hence, comparing the efficiencies of the APEI, the CPEI, and the IMPEI at several
power points in Fig. 3-21(a), it can be seen that the APEI has the lowest efficiency because of its

cascaded nature and its higher number of PESs.

3.7.3. Three-phase V2G and G2V Modes

The IMPEI is controlled using FOC. The real-time implementation of this controller is
provided in Appendix D. The equivalent circuit of this mode and the PESs status are illustrated in
Fig. 3-2(d) and Table 3-1, respectively. Fig. 3-22 and Fig. 3-23 show the experimental results for
G2V and V2G, respectively at 208 V. The obtained efficiencies in G2V and V2G modes are
summarized in Table 3-6 along with the input powers at the measured efficiencies. The CPEI
cannot provide this mode of operation as per Fig. 3-9. However, for efficiency studies, CPEI

results are provided to evaluate the losses due to additional PESs in the IMPEL

64



98.0

— o -
95.0 ¢ e
£ 920
2
8
5 89.0
=
m —#@— CPEI
86.0 4‘/—
—+— IMPEI . *
—
83.0 —t— APEI
80.0
0 500 1000 1500 2000 2500 3000 3500 4000 4500
PEI inverter output power (W)
(a)
98.0
—n
o —
g 96.0
& 94.0
-g == CPEI === MPEI
E 92.0
m
90.0
0 500 1000 1500 2000 2500 3000 3500 4000 4500
PEI inverter output power (W)
(b)
98.0
—_ il
S — O —e
< 96.0 ¢
Iy
5 940
2 —#8— CPEIl —+— IMPEI
= 920
90.0
0 500 1000 1500 2000 2500 3000 3500 4000 4500
PEI inverter output power (W)
(c)

Fig. 3-21. Experimental PEIs efficiency comparison at different battery voltages (SoC): (a) rated voltage (360 V),
(b) partially discharged (375 V), and (¢) fully charged (390 V).

Table 3-6: Efficiency in Three-Phase G2V and V2G Modes.

G2V (9.1 kW) V2G (9.7 KW)
IMPEI 94.6% 96.1%
CPEI 95.2% 97.0%
Drop 0.6% 0.8%
Loss ratio 1.12 1.30

Table 3-6 shows that continuously conducting PESs in the IMPEI result in a less than 1%
efficiency drop at full G2V and V2G capability of the IMPEL
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3.7.4. Single-phase V2G and G2V Modes

The two configurations in Fig. 3-2(b) have been used to evaluate and validate these modes of

operation. Due to the limitation in the available grid capability in terms of protection (circuit
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breaker rating), the current drawn from or fed to the grid is limited to 12 A in this experiment.
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Fig. 3-22. Experimental three-phase G2V results: battery voltage and current, grid voltage and current (phase a).
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a- Full-bridge configuration at 120 V
Results for G2V and V2G operations are shown in Fig. 3-24 and Fig. 3-25, respectively. DC
bus voltage, battery current, and grid voltage and current of the IMPEI in both modes are shown.

Efficiencies are summarized in Table 3-7. The input power levels are indicated as well. Power
factors of 0.99 and 0.98 are obtained in G2V and V2G modes, respectively. The modeling and
NormHi-Res Edge(Q) CH1 £
1.25MS/s Auto
: f10ms/div

[ 10.0 AaivBtE

= 200 Ve B8
1 blain =125 k

2021/12/28 06:40:40
1 -

YOKOGAWA. 9
opped 3
B 100 Ve BT [T

Battery Current

10 A/div

St

DC Bus Voltage :

| 200 V/div
Grid Voltage

100 V/div

~ Grid Current
20 A/div

Edge(Q) CH1 £
uto

Fig. 3-24. Experimental G2V results with single-phase full-bridge AFEC at 120 V: battery voltage and current, and
grid voltage and current.
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control of the IMPEI in Level-1 and Level-2 V2G and G2V based on [70] is presented in

Appendix E. The real-time implementation of this controller is provided in Appendix F.

Table 3-7: Efficiency in Single-Phase 120 V G2V and V2G Modes using Full-Bridge Configuration.

G2V (1.3 kW) V2G (2.0 kW)
IMPEI 82.3% 85.7%
CPEI 83.7% 86.5%
Drop 1.4% 0.8%
Loss ratio 1.08 1.06

As shown in Table 3-7, the difference in efficiency between the IMPEI and the CPEI is

negligible and decreases as the power increases.

b- Half-bridge configuration at 120 V

Results for G2V and V2G operations of the IMPEI are shown in Fig. 3-26 and Fig. 3-27,
respectively. Obtained efficiencies in G2V and V2G modes are summarized in Table 3-8. The
input power at the measured efficiencies is also provided. The real-time implementation of this

controller is provided in Appendix E.

Table 3-8: Efficiency in Single-Phase 120V G2V and V2G Modes using Half-Bridge Configuration.

G2V (1.3 kW) V2G (2.0 kW)
IMPEI 85.1% 92.7%
CPEI 85.6% 93.0%
Drop 0.5% 0.3%
Loss ratio 1.03 1.04

Table 3-8 shows that the half-bridge configuration is more efficient than the full-bridge
configuration. The power factors are 0.99 and 0.98 in G2V and V2G modes, respectively.

c- Full-bridge configuration at 240 V

To realize this mode, a transformer is used to generate 240 V from 120 V. The current drawn
from or fed to the grid is limited to 7.5 A. Results for G2V and V2G operations of the IMPEI are
shown in Fig. 3-28 and Fig. 3-29, respectively. The real-time implementation of this controller is
provided in Appendix E. Obtained efficiency in G2V and V2G modes are summarized in
Table 3-9. The input power at the measured efficiencies is also provided. The power factor is 0.98
in G2V mode and 0.92 in V2G mode. The efficiency difference between the CPEI and the IMPEI
is similar to that obtained in Table 3-7. The distortion observed on the grid current is caused by

the added transformer and the variable autotransformer to generate 240 V from a 120 V grid.
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Fig. 3-27. Experimental V2G results with single-phase half-bridge AFEC at 120 V: battery voltage and current, and
grid voltage and current

Table 3-9: Efficiency in Single-Phase 240 V G2V and V2G Modes using Full-Bridge Configuration.

G2V (1.5 kW) V2G (2.2 kW)
IMPEI 87.2% 90.3%
CPEI 88.8% 91.0%
Drop 1.6% 0.7%

Loss ratio 1.14 1.08
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3.8. Summary

The integrated multipurpose power electronics interface (IMPEI) designed for PHEVs and
EVs was analyzed and compared to several other integrated power electronics interfaces (IPEIs)
and the conventional power electronics interface (CPEI) in this chapter. Analyses and
measurements have revealed that the IMPEI has the highest flexibility in modes of operation and
can be reconfigured to interface with various grid systems in both vehicle-to-grid (V2G) and grid-
to-vehicle (G2V) modes. This is accomplished by using the flexible IPEI topology and its
associated control strategies. The IMPEI and other topologies were compared in terms of
configuration, device count, cost, and efficiency, using BMW i3 as the benchmark application.
The design requirements are presented and discussed including modes of operation, switch and
passive element sizing, and ratings. According to the findings of this study, the IMPEI, among
other IPElIs, has a low switch count, more flexibility in operating modes (propulsion, regenerative
braking, single-phase and three-phase V2G and G2V), and high efficiencies. It has also been
demonstrated that the IMPEI is cost-effective and easy to implement. The results of experiments
in propulsion, regenerative braking, and single-phase and three-phase V2G and G2V were
presented. The experimental efficiency analysis was also carried out in the propulsion, V2G, and
G2V modes. The difference in efficiency between the IMPEI and the CPEI was quantified. This
chapter validates the IMPEI concept and demonstrates that the IMPEI's reconfigurability offers an

acceptable trade-off in terms of charging capability, grid flexibility, efficiency, and cost.
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Chapter 4. Drive Cycle Analysis of Renault Twizy
4.1. Introduction

This chapter investigates the drive cycle efficiency and fuel economy of the Renault Twizy
drivetrain using a new motor and the IMPEI inverter proposed in Chapter 3. Pictures of the
Renault Twizy are shown in Fig. 4-1. The load requirement of the drivetrain is illustrated in
Fig. 4-2. The base speed is (n,) is 3400 r/min, the rated torque is (T,) is 20 Nm, and the max
speed 1S (Ny45) 1S 10000 rpm. The machine is required to operate at a constant power in the field
weakening region. The nominal battery voltage of the car is 96 V. For this EV, the main drivetrain
components are shown in Fig. 4-3. As shown in Fig. 4-3, there are four main components of the
Twizy electric drive namely; the battery, the inverter (power electronics), the electric motor, and
the mechanical system. To evaluate the potential fuel economy of the Twizy measured in

kWh/100 km or liter/100 km, two methods can be used: a direct method and an indirect method.

The direct method consists of running the EV and measuring the net battery energy used and
the traveled distance. Since the fuel economy of the EV depends on the type of drive cycle (city,
highway, mountain, etc.), this method requires driving the EV over long distances and under
various terrain and weather conditions (temperatures). This method is, therefore, expensive and
time-consuming. For proper fuel economy analysis, EV Dynamometers can be used by applying
standardized test procedures that combine different drive cycles, terrain, and weather conditions
such as the new European driving cycle (NEDC), the worldwide harmonized light vehicle test

procedure (WLTP), and the environmental protection agency (EPA) test.

The second method is based on the efficiencies of the aforementioned main drivetrain
components at each operating point. This leads to battery, inverter, electric motor, and mechanical
system efficiency maps. This method is mainly used for estimation. The efficiency data is
primarily available from design software and can also be obtained experimentally. This method

also provides more information on the drivetrain.

This chapter analyses the Twizy EV drivetrain using the IMPEI and a new IPMSM. The
newly designed drivetrain is investigated for potential fuel economy and drive cycle efficiency
using direct and indirect methods. It is assumed that the mechanical system remains unchanged
and the battery pack is already selected. Therefore, the motor and its inverter have to be designed.

For this, the motor and its power electronics have been designed using the proposed approach and
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(a) (b)
Fig. 4-1. Renault Twizy: (a) diagonal view, (b) top view [107].
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Fig. 4-2. Torque/power-speed requirement of Renault Twizy.
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Fig. 4-3. Main drivetrain components of Renault Twizy.
PEI in Chapter 2 and Chapter 3, respectively. The IMPEI proposed in Chapter 3 serves as the

drive inverter and the charger for the Twizy.
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To be on the safe side, the m,,,, is selected to be 0.9. The rated conditions are chosen as
3500 r/min and 21 Nm. 10100 r/min has been selected to be the maximum speed at the rated
power. The obtained feasible parameters for a ten pole SPMSM are listed in Table 4-1. The
estimated torque-speed and power-speed operating envelopes are shown in Fig. 4-4. The voltage-
speed circles for the base and maximum speeds, the current limit circles, and the constant torque
curves for the designed SPMSM are shown in Fig. 4-5. As discussed in Chapter 2, the SPMSM

parameters serve as the base for calculating the equivalent IPMSM parameters.

Table 4-1: SPMSM Drive Specifications.

Parameters Desired Calculated Unit
v, - 49.85 \Y%
Vonrms - 35.25 v
Vitrms - 61.06 \Y%
A - 1.43 -
B - 1.75 -
C - 102.97 A
k - 1.00 -
pf - 82.05 %
Is = Lsgppiom - 125.49 A
I - 180.14 A
Aar = Aafspmsm - 0.0223 Whb-turn
Ls = Laspprsn - 123.91 uH
C, - —2149.30 -
C, - —2.02x10%7 -
Cs - 1.20x10'?! -
Cy - 6.73x101° -
Wgp 1832.6 1832.60 rad/s
Wsmax 5288.3 5288.30 rad/s
Wseri - 7362.10 rad/s
T, 21 21.01 Nm

For the IPMSM design, concentrated windings have been chosen over distributed windings
because of the advantages listed in Table 4-2. To reduce the effect of the significant harmonic
content, which usually results in increased eddy current losses, present in the magnetomotive
force (MMF), soft magnetic composite (SMC) materials have been used in the stator. Since this
type of winding leads to a low saliency ratio, using the conventional IPMSM magnet layout is not
feasible. Also, laying the magnets on the surface of the rotor is not good for high-speed

operations. Therefore, the spoke type IPMSM was selected.
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Table 4-2: Concentrated versus Distributed Windings [12].

Concentrated Windings Distributed Windings
End turn length short non-overlapping long overlapping
Slot fill factor high (0.5 ~ 0.65) low (0.35 ~ 0.45)
Copper loss small large
Working harmonic higher order fundamental
MMF harmonics large small
Even harmonics present absent
Saliency ratio small large
Power density relatively small large
PM loss large small
PM usage large small
Suitable PM location surface or slightly imbedded surface or interior
Convenience in winding easy complex
Mutual inductance small large
Fault tolerance high low
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The equivalent parameters for the IPMSM are calculated using a saliency ratio of 1.02. The
obtained parameters are summarized in Table 4-3. They meet the design requirement. The
estimated torque-speed and power-speed operating envelopes of the spoke type IPMSM with
concentrated windings are shown in Fig. 4-6. The corresponding voltage-speed ellipses for the
base and maximum speeds, current limit circle, and constant torque curves for the designed
IPMSM are shown in Fig. 4-7. The initial steps for the Twizy drivetrain design are therefore
completed. The main parameters needed in the design of the specified Twizy motor using the
FEA software are obtained. This provide the efficiency map of the motor. Also, the power

electronics can be designed and tested from this point onward to obtain the efficiency map.
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Fig. 4-6. Estimated toque-speed and power speed operating envelopes of Twizy SPMSM.
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Table 4-3: IPMSM Drive Specifications.

Symbol Desired Calculated Unit
Sy - 1.02 -
Ngpg, - 3496.10 r/min
T,,, - 20.99 Nm
Iest - 100.16x1072 -
A, - 99.7x1072 -
Aafipmsm - 0.0223 Whb-turn
La;prsu - 123.54 pH
L - 126.02 pH
qdIPMSM
Ter1pmsm 207 20.99 Nm
Nsbsripasm 2767.86 3501.00 r/min
| F— - 125.69 A

4.2. IMPEI Efficiency Map

This section designs and evaluates the efficiency of the IMPEI drive inverter. Based on the
information provided in Table 4-1 and Table 4-3, devices in the IMPEI can be selected. The
device current rating is selected so that (4. 1) is matched.

Ipgs = 1.5 I 4.1

IPMSM *

MOSFETs are selected for this application because of the voltage level of the drive. For the
voltage rating of the PESs, the fully charged battery voltage (Vp¢,, ) is assumed to be 10%
higher than its nominal value. Therefore, the PESs voltage rating is based on (4. 2).

Vpgs = 1.5 Vpe, 4.2

Since the IMPEI also serves as a charger, the DC bus voltage during charging should be
considered. Based on the IMPEI design chart, which is shown in Fig. 3-8, only level 1 charging
can be included in the modes of operation of the IMPEI due to the battery voltage level. Hence,

using (3. 1), the DC bus voltage during the charging operation (Vp¢ crarge) can be estimated.

Equation (4. 2) becomes

VPES > 1.5MAX { VDCmax’ VDC(;harge} ) 4.3

Table 4-4: IMPEI Specifications.

Parameters Specifications
Ipgs >188.53 A
VbCmax 105.6 V
VDC_Charge 195.15V
Vpes >292.74V
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For the specifications in Table 4-4, IXFH100N30X3-ND MOSFET has been selected. This
MOSFET has a drain to source voltage of 300 V with a current capability of 100 A at 25°C
junction temperature. Based on the datasheet, this PES is able to carry its rated current up to
60° C junction temperature. The maximum value of its drain to source resistance at 25° C as per
the datasheet is 13.5 mQ with a typical value of 10.6 mQ. At 60° C, it is between 14.84 mQ and
18.90 mQ.

To meet the design specifications, three IXFHIO00N30X3-ND MOSFETs have been paralleled
to form a switch having a 300 V drain to source voltage withstanding capability and 300 A rating.
By doing so, the typical value of the drain to source resistance has been decreased to 3.53 mQ.

The following formula approximates the required heatsink thermal resistance [87].

I —Ta
Q

O, < —(0jc + 0.s)

4.4
where Oy, is the sink to ambient temperature thermal resistance, 0. is the junction to case
thermal resistance, and 6. is the case to sink thermal resistance. T; is the maximum junction
temperature, and T, is the maximum ambient temperature. Q is the power dissipated by the
device. For simulation, the Wakefield-Vette (127709) heatsink having a value of 0, =

0.85° C/W at natural convection is used. Since the practical heatsink will have a blower fan

connected to it, O5, will reduce. This will increase the heatsink efficiency.

PSIM simulation software has been used to estimate the losses of the designed IMPEI
throughout the operating envelope of the Twizy motor. The drivetrain circuit layout as well as the
control, are illustrated in Fig. 4-8. PESs in Fig. 4-8.a are constituted by three parallel
IXFH100N30X3-ND MOSFETs. The settings of individual IMPEI PESs are shown in
Fig. 4-9. Almost all the available information in Fig. 4-8.a is taken from the datasheet. The
PMSM parameters are taken from Table 4-3. The control of the drive provided in Fig. 4-8.b is
based on [66].
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Fig. 4-8. PSIM schematics of the Twizy drivetrain with the IMPEI: (a) drivetrain circuit, (b) PMSM control diagram
including field weakening.
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Fig. 4-9. Switch settings.

The operating envelope is obtained by accelerating the motor from zero to its maximum
speed. The selected moment of inertia of the drivetrain is /| = 0.00179 kg.m?. The obtained
results are shown in Fig. 4-10. It can be seen that the maximum speed is obtained in Fig. 4-10(a)
and that the controller is able to transition from the maximum torque per ampere (MTPA) region
into the field weakening region as shown in Fig. 4-10(b) and Fig. 4-10(c). Also, the commanded
iq and i, are perfectly tracked, as depicted in Fig. 4-10(d). This validates the ability of the
controller to help run the drivetrain at the desired operating point for recording the efficiency of

the IMPEL

To plot the efficient map of the IMPEI, efficiencies at serval operating points have to be
recorded. For this purpose, at each incremental speed of 500 r/min, the torque is increased from
zero to the maximum possible torque. The maximum possible torque is obtained at the point
where the speed cannot be held constant by the controller. This usually happens in the field

weakening region where the torque developed by the motor is lower than its rated torque.

A case study at the base speed has been performed to investigate the losses of the IMPEL
Fig. 4-11 shows the loss measurement process at the rated speed. The motor has been brought to
the desired speed as depicted in Fig. 4-11(a). Then, the load torque is increased linearly from zero
to the rated torque, as shown in Fig. 4-11(b). The torque related to the friction and windage has
been neglected by setting the friction coefficient to zero. Recorded losses of the PESs in the
IMPEI have been summed to obtain the total loss of the PESs, as illustrated in Fig. 4-11(c). The
instantaneous current waveforms are plotted in Fig. 4-11(d). The losses of each switch in the A-
phase leg (S1, S14, and S4) have been analyzed to validate the accuracy of the model. For S1,
results are shown in Fig. 4-12. From Fig. 4-12(a) and Fig. 4-12(c), it can be seen that there is
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Fig. 4-10. Operating envelope: (a) speed, (b) electromechanical torque, (¢) instantaneous phase currents, and
(d) control currents using the FOC.

Current (A)

neither diode conduction nor switching losses. This is expected since the MOSFETs are selected
to have a forward diode bias voltage higher than the product of the drain current and the ON
resistance. Also, the switching losses are absent since S1 is always kept turned ON, as seen in
Fig. 4-12(d). The only losses in S1 are the switch conduction loss, as depicted in Fig. 4-12(b) and
Fig. 4-12(e).

For S14, which is the middle switch, the losses are depicted in Fig. 4-13. As seen from
Fig. 4-13(d), extra switching losses have been observed as compared to S1. Similar results have
been observed in Fig. 4-14(d). These losses are negligible due to the selected switching frequency.

Therefore, the total losses in S1 and S14 are mainly due to conduction losses.
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Fig. 4-12. Loss evaluation at the rated condition for switch S1: (a) diode conduction loss, (b) switch conduction loss,
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To calculate the efficiency of the IMPEI at each operating point, the shaft power of the motor

has been used. The developed formula is as follows.

Tewm

NIMPEI =

)

ToWm + Yn=123456,143652(Pre,) 4.5

where nyvpgr 1s the efficiency of the IMPEI, and Pr is the total power loss of the nth switch.

This equation is possible since the used PMSM model has only negligible ohmic losses. These
losses can be assumed as the IMPEI losses due to parasitic elements and system wiring
encountered in any practical system. Using the battery power or the inverter output power requires
filtering, which can affect the results' accuracy. Hence, using this equation, the efficiency at
several operating points has been recorded and plotted as a map, which is depicted in Fig. 4-15.
Fig. 4-15(a) shows the entire map with efficiency range from 0 to 100%. Fig. 4-15(b) is the

zoomed version of Fig. 4-15(a). These data points will be used for the Twizy drivetrain efficiency

estimation.
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4.3. Machine Efficiency Map

To validate the drivetrain methodology proposed in Chapter 2, the motor has been designed
by a motor design specialist using finite element analysis (FEA) software. The motor parameters

obtained from JMAG are compared to the estimated ones in Table 4-5.

Table 4-5: Parameter comparison between the estimated and FEA results.

Parameters Estimated FEA Units
Ly 0.123 0.103 mH
L, 0.126 0.106 mH
Aas 0.022 0.02 Wb-turn
I 125.69 169.70 A

The FEA parameters are obtained after several rounds of modifications that facilitate the
prototyping. Hence, there is a bit of a mismatch between the estimated and the FEA results. This
was expected, and the IMPEI was sized accordingly. Table 4-5 shows that sizing the IMPEI to
have a current rating of at least 1.5 times the calculated current is very useful in this approach.
From the provided machine efficiency data, the efficiency map of the designed Twizy motor is
obtained as depicted in Fig. 4-16 using MATLAB software. It can be said that the designed motor
has higher efficiencies at high-speed high-torque region.
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Fig. 4-16. Designed PMSM efficiency map.
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4.4. Mechanical Efficiency Map

This section evaluates the efficiency of the mechanical system from the electric motor shaft to

the EV wheels including the gearbox. For this, Twizy has been tested over a distance of 50 000

km in various weather conditions and drive cycles. Data in several operating points have been

recorded during the test. Table 4-6 shows the summary of the data provided by the industry

partner (Stackpole International). The energy column has been calculated using (4. 6).

m Torque Speed Time

Energy [kWh] = 30 1000 4.6
Table 4-6: Practical Mechanical System Load spectrum in Aachen Drive Cycle.
Percentage Torque Distance traveled Time Speed Fuel economy Energy
[Nm] [km] [h] [r/min] kWh/100km [kWh]

14.40% -4.98 7200.209 1028.60 956.97 -7.13 -513.34
10.22% 7.68 5109.489 729.93 956.97 10.99 561.78
9.27% -11.31 4636.774 662.40 956.97 -16.19 -750.77
4.49% -4.98 2247.132 149.81 956.97 -3.33 -74.76
3.97% 7.68 1982.968 86.22 2050.65 7.17 142.19
3.70% 14.01 1850.886 59.71 314433 14.88 275.43
3.65% 7.68 1823.080 121.54 2050.65 10.99 200.45
3.49% 14.01 1743.135 37.09 5331.69 16.64 290.11
3.19% 14.01 1595.412 69.37 2050.65 13.08 208.69
3.15% -11.31 1572.819 50.74 314433 -12.01 -188.95
2.92% 7.68 1461.592 47.15 3144.33 8.16 119.23
2.85% -4.98 1426.834 62.04 2050.65 -4.65 -66.34
2.55% 20.34 1275.634 27.14 5331.69 24.16 308.23
2.34% 7.68 1169.621 24.89 4238.01 7.25 84.82
2.33% 14.01 1166.145 77.74 2050.65 20.06 233.89
2.08% -11.31 1037.539 26.60 4238.01 -12.87 -133.53
2.07% 33 1034.063 26.51 4238.01 37.55 388.32
1.88% 33 938.478 19.97 5331.69 39.20 367.90
1.85% 14.01 922.836 23.66 4238.01 15.94 147.13
1.77% -11.31 886.340 38.54 2050.65 -10.56 -93.60
1.46% 20.34 729.927 31.74 3144.33 29.12 212.55
1.46% 33 729.927 23.55 314433 35.05 255.85
1.41% 7.68 707.334 18.14 4238.01 8.74 61.82
1.41% 20.34 707.334 22.82 314433 21.60 152.82
1.21% 14.01 603.059 86.15 956.97 20.06 120.96
1.17% 26.67 587.417 12.50 5331.69 31.68 186.11
1.04% -4.98 517.901 16.71 3144.33 -5.29 -27.39
1.03% -11.31 514.425 10.95 4238.01 -10.68 -54.94
1.00% 20.34 498.783 12.79 4238.01 23.15 115.45
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0.70% 26.67 349.322 11.27 314433 28.33 98.96

0.70% 33 347.584 15.11 314433 47.24 164.21
0.69% -4.98 345.846 8.87 4238.01 -5.67 -19.60
0.65% 26.67 323.253 8.29 4238.01 30.35 98.11
0.55% 20.34 276.330 18.42 2050.65 29.12 80.47
0.49% 20.34 245.047 35.01 956.97 29.12 71.36
0.47% -4.98 232.881 4.95 4238.01 -4.70 -10.95
0.44% 33 222.454 31.78 956.97 47.24 105.10
0.30% 26.67 149.461 6.50 314433 38.18 57.07
0.26% 26.67 130.344 18.62 956.97 38.18 49.77
0.25% 7.68 125.130 2.28 5331.69 7.80 9.76

0.24% -4.98 119.917 2.18 5331.69 -5.06 -6.06
0.22% 26.67 109.489 7.30 2050.65 38.18 41.80
0.21% -11.31 104.275 1.90 5331.69 -11.48 -11.97
0.12% 33 60.827 4.06 2050.65 47.24 28.74
0.07% -11.31 34.758 2.32 956.97 -7.56 -2.63
0.00% 33 1.738 0.03 6425.37 40.37 0.70

0.00% 14.01 0.000 0.00 5331.69 0.00 0.00

0.00% 20.34 0.000 0.00 5331.69 0.00 0.00

0.00% 26.67 0.000 0.00 5331.69 0.00 0.00

It can be seen from Table 4-6 that the EV uses regenerative braking to restore the energy back
to the battery and increase the mileage. The highest torque value during the regenerative braking
operation is 11.31 Nm. However, for propulsion, 33 Nm was possible. In terms of drive cycle
regimes, as shown in Fig. 4-17, 58% of this drive cycle was in propulsion mode. This
corresponds to 5239.74 kWh energy consumption. The remaining was 42% in regenerative
braking mode, which corresponds to 1954.84 kWh energy generation. Therefore, over a distance
of 49855.75 km, net energy of 3284.95 kWh was consumed by the mechanical system. This
results in 6.59 kWh/100km fuel economy for the mechanical system.

To evaluate the whole Twizy drivetrain fuel economy, the fuel economy map of the
mechanical system is required. Hence, data in Table 4-6 was processed by calculating the fuel
economy at each operating point. The obtained new data is shown in Table 4-7. The highlighted
data in Table 4-7 is obtained by averaging the data of the operating points which have more than
one data. The obtained fuel economy map of the mechanical system is shown in Fig. 4-18. It can
be seen that at low torque values, the mechanical system of Twizy has excellent fuel economy.

The lowest fuel economy is obtained at low speeds and full torque.
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Fig. 4-18. Fuel economy map of the mechanical system.

Table 4-7: Fuel economy data [kWh/100km]

Speed [r/min]

Torque [Nm] 5331.69 423801 3144.33 2050.65 956.97
33 392 37.55 39 47.24 47.24
26.67 31.68 3035 31.28 38.18 38.18
20.34 24.16 23.15 25.42 29.12 29.12

14.01 16.64 15.94 14.88 16.02 20.6
7.68 7.8 7.81 8.16 9 10.99
-4.98 5.06 527 5.29 4.65 11.24
-11.31 -11.48 12.14 12.01 10.56 16.12

4.5. Battery Efficiency

So far, the efficiency of the mechanical system, the electrical motor, and the drive inverter are
known. The missing component is the battery efficiency which is complex to evaluate. In fact,
two terms are generally used to discuss the efficiency of the battery; energy efficiency and charge

efficiency. Energy efficiency refers to the ratio between the energy used during discharge and the
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energy used for charging it back to the same state of charge. It can be expressed using the

following formula.

VbattyiIbattys Tdis

Eerr =100 4.7

bl
Vbattcharlbattchar Tchar

where Eqrr is the energy efficiency of the battery, Vyqre,,. and Ipqee,,  are, respectively, the
battery voltage and current during the battery discharge. Vpaee,, .. and Ipaee,, . are, respectively,
the battery voltage and current during the battery charge. T;s and T, are, respectively, the time
required to discharge and charge the battery back to its original state. This efficiency is typically
about 70% to 80%. This shows that more energy is used to recharge the battery. This is due to the
battery voltage level during charging and discharging.

Practically, the charge efficiency, also known as the Ampere-hour (Ah) efficiency, is used for
calculations during design steps. It is defined as the ratio between the Ah used during discharge
and the Ah used for charging it back to the same state of charge. It can be expressed using the

following formula.

Ibatty;s Tdis

Cepr = 100 4.8

3
Ibattchar Tchar

where C,f is the charge efficiency. This efficiency is around 90% to 95%.

For the drive cycle efficiency analysis, the E,f¢r is used since it considers the voltage drop
across the battery's internal resistance. To ease the calculation process, 100% E,¢f is used during
propulsion mode, and 70% E,f; is used during regenerative braking. Therefore, the drive cycle
efficiency is estimated using (4.9). Since the mechanical system fuel economy is known, the
drivetrain fuel economy (FEp,ivetrain) 18 €stimated by multiplying the mechanical system fuel

economy with the efficiencies of other components as follows.

FEmech-p

— 0.7FEech-rB NiMPEI NPMSM > 4.9
NIMPEI NPMSM

FEprivetrain =

where FE,oc 1S the mechanical system fuel economy obtained in section 4.3, and npysp 1s the
efficiency of the motor obtained in section 4.2. FEocn—p and FE,,c.cn_rp are respectively the
FE hech during propulsion and regenerative braking. These two modes of operation don’t occur

simultaneously. When |FE,ech—p| > 0, |[FEnecn—rp| = 0 and vice versa.

89



4.6. Twizy Drivetrain Load Spectrum for Aachen Drive Cycle and Fuel Economy

To obtain the load spectrum of the Twizy drivetrain using the Aachen drive cycle,
equation (4.9) is applied to Table 4-6. The drivetrain efficiency of the Twizy is estimated as
shown in Table 4-8. The operating modes that are not in the range of the designed motor and

IMPETI are discarded, i.e., assumed to have zero kilometers and zero energy.

Table 4-8: Estimated Partial Twizy Load spectrum in Aachen Drive Cycle.

Frequenc Torque Speed Distance ~ Shaft Energy mMpysy  MimpEI Eerr Energy at the

y [Nm] [r/min] [km] [kWh] [%] [%] Battery [kWh]

14.40% -4.98 956.97 7200.21 -513.34 90.87 98.52 0.7 -321.70

10.22% 7.68 956.97 5109.49 561.78 93.17 97.84 1 616.27
927%  -11.31 956.97 4636.77 -750.77 93.90 96.66 0.7 -477.01
4.49% -4.98 956.97 2247.13 -74.76 90.87 98.52 0.7 -46.85
3.97% 7.68 2050.65 1982.97 142.19 94.29 98.90 1 152.47
3.70% 14.01 3144.33 1850.89 275.43 96.12 98.62 1 290.55
3.65% 7.68 2050.65 1823.08 200.45 94.29 98.90 1 214.95
3.49% 14.01 5331.69 1743.13 290.11 96.62 98.81 1 303.86
3.19% 14.01 2050.65 1595.41 208.69 95.49 97.90 1 223.23
3.15%  -11.31 3144.33 1572.82 -188.95 95.78 98.65 0.7 -124.97
2.92% 7.68 3144.33 1461.59 119.23 94.98 99.18 1 126.58
2.85% -4.98 2050.65 1426.83 -66.34 92.03 99.29 0.7 -42.43
2.34% 7.68 4238.01 1169.62 84.82 95.36 99.48 1 89.41
2.33% 14.01 2050.65 1166.14 233.89 95.49 97.90 1 250.19
2.08%  -11.31 4238.01 1037.54 -133.53 96.09 99.17 0.7 -89.07
1.85% 14.01 4238.01 922.84 147.13 96.41 98.56 1 154.84
1.77%  -11.31 2050.65 886.34 -93.6 95.16 98.28 0.7 -61.27
1.46% 20.34 3144.33 729.93 212.55 96.13 96.91 1 228.16
1.41% 20.34 314433 707.33 61.82 96.13 96.91 1 66.36
1.41% 7.68 4238.01 707.33 152.82 95.36 99.48 1 161.09
1.21% 14.01 956.97 603.06 120.96 94.02 95.76 1 134.34
1.04% -4.98 3144.33 517.90 -27.39 92.96 99.51 0.7 -17.74
1.03%  -11.31 4238.01 514.42 -54.94 96.09 99.17 0.7 -36.65
0.69% -4.98 4238.01 345.85 -19.6 93.51 99.68 0.7 -12.79
0.55% 20.34 2050.65 276.33 80.47 95.43 95.83 1 87.99
0.49% 20.34 956.97 245.05 71.36 93.47 92.65 1 82.40
0.47% -4.98 4238.01 232.88 -10.95 93.51 99.68 0.7 -7.14
0.25% 7.68 5331.69 125.13 9.76 95.66 98.68 1 10.34
0.24% -4.98 5331.69 119.92 -6.06 93.95 99.50 0.7 -3.97
021%  -11.31 5331.69 104.27 -11.97 96.33 99.19 0.7 -8.01
0.07%  -11.31 956.97 34.76 -2.63 93.90 96.66 0.7 -1.67
0.00% 14.01 5331.69 1.74 0.7 96.62 98.81 1 0.73
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Throughout this partial drive cycle, the total traveled distance becomes 43098.71 km, and the
total energy at the shaft is 1019.33 kWh. The net battery energy is 1942.49 kWh. The fuel
economy is therefore obtained to be 4.51 kWh/100 km.

To get the fuel economy that covers the whole Aachen drive cycle, the operating modes that
are not in the range of the designed motor and IMPEI and PMSM are obtained by extrapolating
the IMPEI and PMSM efficiency map data using Excel.

Table 4-9: Estimated Full Twizy Load Spectrum in Aachen Drive Cycle.

Frequency Torque Speed Distance Shaft Npmsmy  NIMPEL E.r;r  Energy at the
[Nm] [r/min] [km] Energy [%] [%] Battery
[kWh] [kWh]
14.40% -4.98 956.97 7200.209 -513.34 90.87 98.52 0.7 -321.70
10.22% 7.68 956.97 5109.489 561.78 93.17 97.84 1 616.27
9.27% -11.31 956.97 4636.774 -750.77 93.90 96.66 0.7 -477.01
4.49% -4.98 956.97 2247.132 -74.76 90.87 98.52 0.7 -46.85
3.97% 7.68 2050.65 1982.968 142.19 94.29 98.90 1 152.47
3.70% 14.01 314433 1850.886 275.43 96.12 98.62 1 290.55
3.65% 7.68 2050.65 1823.08 200.45 94.29 98.90 1 214.95
3.49% 14.01 5331.69 1743.135 290.11 96.62 98.81 1 303.86
3.19% 14.01 2050.65 1595.412 208.69 95.49 97.90 1 223.23
3.15% -11.31 314433 1572.819 -188.95 95.78 98.65 0.7 -124.97
2.92% 7.68 314433 1461.592 119.23 94.98 99.18 1 126.58
2.85% -4.98 2050.65 1426.834 -66.34 92.03 99.29 0.7 -42.43
2.55% 20.34 5331.69 1275.634 308.23 96.68 96.78 1 329.43
2.34% 7.68 4238.01 1169.621 84.82 95.36 99.48 1 89.41
2.33% 14.01 2050.65 1166.145 233.89 95.49 97.90 1 250.19
2.08% -11.31 4238.01 1037.539 -133.53 96.09 99.17 0.7 -89.07
2.07% 33.00 4238.01 1034.063 388.32 93.20 96.20 1 433.11
1.88% 33.00 5331.69 938.478 367.9 94.00 92.80 1 421.75
1.85% 14.01 4238.01 922.836 147.13 96.41 98.56 1 154.84
1.77% -11.31 2050.65 886.34 -93.6 95.16 98.28 0.7 -61.27
1.46% 20.34 314433 729.927 212.55 96.13 96.91 1 228.16
1.46% 33.00 314433 729.927 255.85 92.80 90.00 1 306.33
1.41% 20.34 314433 707.334 61.82 96.13 96.91 1 66.36
1.41% 7.68 4238.01 707.334 152.82 95.36 99.48 1 161.09
1.21% 14.01 956.97 603.059 120.96 94.02 95.76 1 134.34
1.17% 26.67 5331.69 587.417 186.11 95.80 94.80 1 204.93
1.04% -4.98 314433 517.901 -27.39 92.96 99.51 0.7 -17.74
1.03% -11.31 4238.01 514.425 -54.94 96.09 99.17 0.7 -36.65
1.00% 20.34 4238.01 498.783 115.45 96.39 97.70 1 122.59
0.70% 26.67 314433 349.322 98.96 95.10 94.10 1 110.58
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0.70% 33.00 314433 347.584 164.21 92.80 90.00 1 196.61

0.69% -4.98 4238.01 345.846 -19.6 93.51 99.68 0.7 -12.79
0.65% 26.67 4238.01 323.253 98.11 95.40 96.90 1 106.13
0.55% 20.34 2050.65 276.33 80.47 95.43 95.83 1 87.99
0.49% 20.34 956.97 245.047 71.36 93.47 92.65 1 82.40
0.47% -4.98 4238.01 232.881 -10.95 93.51 99.68 0.7 -7.14
0.44% 33.00 956.97 222.454 105.1 88.00 83.20 1 143.55
0.30% 26.67 314433 149.461 57.07 95.10 94.10 1 63.77
0.26% 26.67 956.97 130.344 49.77 91.50 88.50 1 61.46
0.25% 7.68 5331.69 125.13 9.76 95.66 98.68 1 10.34
0.24% -4.98 5331.69 119.917 -6.06 93.95 99.50 0.7 -3.97
0.22% 26.67 2050.65 109.489 41.8 97.80 95.80 1 44.61
0.21% -11.31 5331.69 104.275 -11.97 96.33 99.19 0.7 -8.01

0.12% 33.00 2050.65 60.827 28.74 99.10 94.90 1 30.56
0.07% -11.31 956.97 34.758 -2.63 93.90 96.66 0.7 -1.67
0.00% 14.01 5331.69 1.738 0.7 96.62 98.81 1 0.73

0.00% 20.34 5331.69 0 0 96.68 96.78 1 0.00

0.00% 26.67 5331.69 0 0 95.80 94.80 1 0.00

0.00% 33 6425.37 0 0 0.00 0.00 1 0.00

Hence, throughout this full drive cycle, the total traveled distance becomes 49855.75 km, and
the total energy at the shaft is 3284.95 kWh. The net battery energy is 4517.90 kWh. The fuel
economy is therefore obtained to be 9.06 kWh/100 km.

To get the equivalent fuel economy in terms of fuel (gasoline) consumption in ICEVs, the

conversion formula in the equation (4. 10) can be used [88].
11/100 km = 89 kWh /100 km . 4.10
This results in a 0.6 [/100 km to 1.02 [/100 km. This fuel economy range is feasible. The
Renault Twizy 2017 data in [89] shows that the fuel economy is 0.7 [/100 km.
4.7. Prototyped Drivetrain Components

The prototyped IMPEI is shown in Fig. 4-19. More details are provided in Appendix G. The
designed PMSM for Renault Twizy is being prototyped. The frame of the motor being prototyped
is illustrated in Fig. 4-20, the rotor drawing in Fig. 4-21 and the motor stator in Fig. 4-22.
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Fig. 4-19. Prototyped MOSFET-based IMPEL

Fig. 4-21. Rotor drawing of the motor being prototyped (all dimensions in mm).
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Fig. 4-22. Stator of the motor being prototyped 4

4.8. Summary

In this chapter, the potential fuel economy of the drivetrain of the Twizy EV, based on
experimental and simulation data, has been investigated. From the drivetrain specifications in
terms of battery nominal voltage, base speed, maximum speed, and rated torque, the proposed
method in Chapter 2 has been used to estimate the size and parameters of the motor and of the
drive inverter. The proposed IMPEL in Chapter 3, has been sized and simulated in PSIM software
to obtain its efficiency map throughout the operating envelope. The designed PMSM efficiency
map is obtained from JMAG software. However, the mechanical system efficiency map is
obtained practically throughout a drive cycle in Aachen city in Germany. The fuel economy

analysis provided results that are close to reality.
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Chapter 5. High-Speed Test Bench Development and Regenerative Braking
Study of High-Speed PMSMs

5.1. Introduction

This chapter presents a dynamometer for testing machines with various power ratings and
speed ranges. The test bench's main components are described. Also, a study on current handling
during regenerative braking operation of high-speed PMSMs in emergency conditions is also

presented.
5.2. High Speed Machines Test Bench Development

5.2.1. Machine Test Benches

The schematics of the commonly used test benches are shown in Fig. 5-1 to Fig. 5-4. The
main components are the dyno motor and its power electronics, the test motor and its power
electronics, the power supply, the instrumentation (sensors and transducers), the control, and the

protection.

The test bench in Fig. 5-1 is the basic test bench that enables testing motors. When in
motoring mode, the dyno motor is powered through the diode rectifier. This configuration doesn’t
allow power flow in the reverse direction. Hence, to run the test motor in motoring mode, a
resistive load is required to dissipate the power generated by the dyno motor. This type of test
bench usually employs DC motors as dyno motors. Regenerative braking is not possible with this

test bench configuration.

For test benches that use induction machines (IMs) as dyno motors, the configuration shown
in Fig. 5-2 is used primarily. This configuration allows the control of the IM in motoring and
generating modes and performs regenerative braking when required. The chopper circuitry

maintains the DC bus below a threshold by chopping the excess power into a resistive load.

Fig. 5-3 shows a test bench configuration found in modern motor test facilities. It is more
efficient than the test benches in Fig. 5-1 and Fig. 5-2. It uses AFECs to regulate the DC bus
voltage. With this configuration, the generated power from the dyno or test motor in generating
mode is fed back to the grid. This configuration draws losses when the system is operated at
steady state. With separated AFECs, this test bench configuration has a DC bus voltage flexibility

and can be used with drive inverters having different power ratings.
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1- Dyno motor

2- Torque transducer
3- Test motor

4- Encoder

5- Main disconnect breaker

6- Control 9- Rectifier
7- Dyno motor inverter

8- Variable Load

Fig. 5-1. Conventional test bench layout: option 1.

1- Dyno motor 5- Main disconnect breaker 9- Rectifier

2- Torque transducer 6- Control 10- Active front-end rectifier

3- Test motor 7- Dyno motor inverter 11- Secondary disconnect breaker
4- Encoder 8- Test motor inverter 12- Chopper

The configuration in Fig. 5-4 is the modified version of the test bench configuration in

Fig. 5-3. It has a reduced number of PEIs but doesn’t have the DC bus voltage flexibility. In this

configuration, only one AFEC is required. This AFEC will supply the losses during the steady
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1- Dyno motor

2- Torque transducer
3- Test motor

4- Encoder

5- Main disconnect breaker
6- Control

7- Dyno motor inverter

8- Test motor inverter

9- Active front-end rectifier
10- Active front-end rectifier
11- Secondary disconnect breaker

Fig. 5-3. Conventional test bench layout: Option 3.
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1- Dyno motor

2- Torque transducer
3- Test motor

4- Encoder

5- Main disconnect breaker
6- Control

7- Dyno motor inverter

8- Test motor inverter

9- Active front-end rectifier

state operation and the required power during transient conditions. This reduces the cost, size, and

coordination of the setup. Table 5-1 summarizes the practical machine test benches.
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Table 5-1: Motor test bench comparison table.

Advantages Limitations

Option 1 (Fig. 5-1) e Less expensive. It uses fewer e Limited to one quadrant at a time: The
components. dyno motor can only run in motoring
e Low control complexity. Only mode while the test motor is in

the dyno inverter needs to be generating mode.
controlled. e Not efficient: The power generated by
e Simple implementation and the test motor is dissipated as heat

testing. through the load.
Option 2 (Fig. 5-2) e Offers four quadrant operation. e Not efficient: The power from the dyno

motor during generating mode is
dissipated as heat through the chopper

circuitry.
Option 3 (Fig. 5-3) o Offers four quadrant operation. e Expensive: AFECs are expensive.
e Relatively efficient. e Complex coordination and protection

because of the increased number of PEIs
in the system.

e Bulky: Each PEI should be sized for the
full power rating of the motor.

Option 4 (Fig. 5-4) e Offers four quadrant operation. e Required a DC-DC conversion stage
e Most efficient. when the drive inverters do not have the
e Relatively simple coordination same voltage ratings.

and control.

5.2.2. Commissioned High-Speed Machine Test Bench

The developed test bench is shown in Fig. 5-5. Fig. 5-5(a) shows the schematic layout of the
developed dyno system, highlighting the bidirectional power flow. It can be seen that a DC power
supply is used to power the inverters of the dyno and the test motors. Fig. 5-5(b) shows the
physical system, which is similar to the ones shown in Fig. 2-18, and Fig. 3-19. This test bench
has the same layout as the one depicted in Fig. 5-4. It has two main parts; the dyno motor side,
which is fixed, and the test motor side, which is flexible. The test motor side can be brought up or
down to facilitate the vertical alignment. With the help of the side adjustment screws, as depicted
in Fig. 5-6, the test motor can be aligned horizontally. The clamps shown in Fig. 5-6 are used to

lock the test motor once aligned. This test bench is commissioned for the following tasks:

e Torque-speed curve measurements. This data is obtained by controlling the torque
from the test motor while running the dyno motor at a constant speed. The opposite is

also possible.
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Fig. 5-5. Commissioned test bench: (a) schematic layout, and (b) physical system.
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Fig. 5-6. Work area of the 150 hp dyno.

e Torque-angle curve measurements. For PMSMs, the data is obtained by locking the
rotor at several positions and applying the full current to the motor using a controller.
FOC is suitable for this purpose.

e Back-EMF measurements. This data is obtained by spinning the test motor (PMSM) to
a predetermined speed (usually its rated speed) and measuring the motor's open
terminal voltage.

e Rated operation validation: This test is performed by bringing the test motor to its
rated speed and applying the rated torque. This helps validate the efficiency of the
motor and the cooling requirement.

o Efficiency measurements. With this test bench, the efficiency of the test motor can be
obtained at the desired operating point. The efficiency of its driving inverter as well
can be measured. The test allows the generation of motor and inverter efficiency maps.
The drivetrain’s efficiency can be obtained. It can also perform the fuel economy
analysis.

¢ Driving and regenerative braking tests: This test allows for testing and validating EV

drivetrains components and control.

The specifications of the components in the test bench are summarized in Table 5-2.
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Table 5-2: Specifications of the components in the developed test bench.

Description Specification
Rated torque: 150 hp
T-T Electric Rated voltage: 575 V
Dyno motor Four pole induction motor Rated current: 153 A '
Base speed: 2200 1/min
Maximum speed: 6700 1r/min
Maximum speed 10 000 r/min

Torque transducer Himmelstein MCRT Model: 2904T (5-3) Torque: 565 Nm
Rated DC bus voltage: 850 V
Applied Power System INC. Maximum voltage rating: 1200V

Dyno motorinverter b 641120 SixPac Rated current: 100A

Switching frequency: 20 kHz

Power rating: 30 kVA

Maximum voltage: 400 V DC, AC

Current @ 400V DC: 60 A

Power rating: 48 kVA

Option 1: IGBT-based IMPEI Maximum DC bus voltage: 800 V
Rated current: 60 A

AFEC California Instruments Mx30-3pi
programmable power supply

Test motor inverter
Power rating: 50 kVA
Option 2: MOSFET-based IMPEI Maximum DC bus voltage: 250 V
Rated current: 200 A
Maximum operating speed: 8000 r/min

Encoder for the dyno Wachendorff WDGI 58B (Optical) Pow§r supply: 5-30V DC ’
motor Maximum pulse per revolution: 25000
Resolution: 1500 PPR
Maximum operating speed: 12000 r/min
Encoder for the test Model H25Absolute Encoder Nominal speed: 8000 r/min
motor Gray coded Power supply: 5 -28 V DC

Resolution: 12 bits
Nominal current: 200A
Supply voltage: 15.75V
Current sensors LEM LF 210-S Nominal sensitivity: 0.5 mA/A
Linearity error: 0.05 % of nominal current
Bandwidth: 100 kHz
Sampling frequency 50 kHz
Controller APAL-RT OP4510 Reconfigurable digital and analog
input/outputs

From Table 5-2, it can be seen that the dyno inverter has a current rating lower than the rated
current of the dyno motor. Also, the used bidirectional power supply has a voltage capability
lower than the DC bus voltage required to supply the rated voltage of the dyno motor. These are
the main limitations of this testbench. Therefore, this test bench cannot be used at its full power

with this configuration. For the coordination during the test, the dyno motor is controlled using
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direct torque control (DTC) or V/F control strategies. The closed loop V/F control is preferred for
tests such as the back-EMF measurement, while the DCT is selected when the dyno motor
controls the torque. However, the test motor (PMSM) is controlled using FOC.

5.2.3. Discussion on Increasing the Power and Speed Range of the Test Bench

With the commissioned test bench, the testing capability is reduced to almost 50 hp with a
maximum speed of 6700 r/min. A 100 hp ABB ACS800 drive has been commissioned as an
alternative drive for motors of higher power ratings. For the speed range over 6700 r/min,
however, the test bench has to be modified, and a gearbox is required. The industry partner
(Stackpole International) proposed two types of gearboxes. These gearboxes are depicted in
Fig. 5-7. Based on the space and mechanical constraints, the gearbox cannot be mounted on the
dyno side of the test bench. Hence, the test bench after modification will be similar to the one
depicted in Fig. 5-8. It can be seen that the addition of the gearbox to the test bench necessitates
another torque transducer. This adds another mechanical constraint related to the alignment of the
whole system. Based on the size of the gearboxes and the limited effective area as depicted in
Fig. 5-6 and Fig. 5-8, It was concluded that the available test bench with the gearbox would not be
able to accommodate the standard 112 motor frame like the one used in prototyping the designed

PMSM.

5.3. Regenerative Braking Case Study in High-speed PMSMs.

The use of regenerative braking in EVs is gaining importance nowadays. The market is
irreversibly transitioning to EVs. In conventional vehicles, the braking energy is lost in the form
of heat due to friction loss. The introduction of EVs opens the door to regenerative braking, which
utilizes the kinetic energy generated by the motor during the braking process to recharge the
battery of the EV. Therefore, recovering the braking energy has been proved to be a practical
approach for improving the driving range of an EV [90] - [93]. In regenerative braking, the motor
acts as a generator, and the kinetic energy is recovered by applying the proper switching schemes
to the power converter switches. This energy can be used to charge the battery of the EV or stored

in an ultracapacitor bank [94] - [96].

102



¥ N
N
b
o (. X
N

-\
. 3
-
=
(a) (b)
Fig. 5-7. Gearboxes from the industry partner (Stackpole International) (a) parallel axis, and (b) co-axial.
Motor (6) :40-50 cm Test Motor Dyno Rating
Gearbox!1 (9) : 32 cm (parallel-axial, ratio: 13) Gearbox1 (ratio: 13): 10 000 rpm, 20 Nm  769.2 rpm, 260 Nm
Gearbox?2 (9) 2 300 i (Co-axial aiee 7 1) Gearbox2 (ratio: 21): 10 000 rpm, 20 Nm 476.2 rpm, 420 Nm
Torque transducer (10)  :24 cm 150 hp dyno: 2200 rpm, 508 Nm
Couplings x3 : 12 cm
Encoder (5) :6-9 cm
Required Bench Length : 114 -127 cm
Practical sizes : 89 cm (150 hp dyno)

o ©

5- Encloder 7 & 10- Torque transducers 0- Gearbox
6- Twizy motor 8- Dyno motor

Fig. 5-8. Required test bench components for speeds more than 6700 r/min.

The regenerative braking strategies can be slightly different depending on the type of electric
machine used in propulsion. Transportation electrification made PM motors more popular than
induction motors [97] and [98]. PM machines have a faster response than IMs because of lower
inertia due to the absence of a rotor cage. They also have higher efficiency since they have no
rotor losses and magnetizing currents. They require a lower kVA rating of the PEI due to their

higher power factor. For automotive applications with weight and size constraints, PM machines
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have smaller physical sizes, offer more accessible heat extraction features, and have a more
straightforward operation in field weakening, constant power range, and regenerative braking
thanks to FOC. The FOC provides smooth drive transitions into and out of the flux-weakening
mode, fast response, and automatic adjustment to changes in the DC source voltage [53] and [99].
PMSMs are used in a vast number of EVs available in the market. The braking strategies in a
PMSM-based EV can be divided into two categories, as described in Fig. 5-9. The difference

among these categories is the braking technique.

The non-regenerative braking dissipates the kinetic energy in the form of heat. It is used in
light vehicles and during low-speed operations of the EMs. Among the non-regenerative braking
techniques are mechanical braking, where the friction force is used to stop the EV; dynamic
braking using a resistor to dissipate the energy, and FOC braking where the losses are dissipated
in the drivetrain components (EM and drive inverter) [100], and [101]. Plugging, also known as
reverse voltage braking, is used in extreme conditions. It is also a non-regenerative braking
technique. In plugging braking, the motor is halted by changing the phase sequence of the three-
phase voltages of the EM [100] - [103]. This braking technique is the source of surge currents in

the drivetrain that can damage the whole system.

The regenerative braking, however, stores the energy back into the battery for later use.
However, it is not effective in low-speed regions. Several techniques have been developed in the
literature to harvest energy during regenerative braking, among which are the speed control-
based, torque control-based FOC, and the maximum energy recovery switching scheme (MERSS)
[104] - [106]. In terms of energy recovery efficiency, the study in [106] revealed that the MERSS

outperforms the FOC in terms of regenerative braking efficiency. However, getting good

| PMSM-Based EV Braking Techniques |

— T

Non Regenerative Braking Techniques | | Regenerative Braking Techniques |

\4 l A A 4

Mechanical Electrical

Electrical & Plugging Braking Field Oriented Maximum Energy Recovery
Mechanical Techniques Control (FOC) Switching Scheme (MERSS)

VAR LN

Phase Sequence FOCin Speed | | FOCin Torque
Change Control Mode | | Control Mode

Friction Dynamic FOC

Fig. 5-9. EV braking strategies.
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Fig. 5-10. Stopping distances in an emergency situation-updated from [108].

efficiencies with the MERSS depends on the proper duty cycle selection. This conclusion is
preliminary and more study is required to compare both regenerative braking strategies.
Nevertheless, the FOC and the MERSS-based controllers can effectively control the amount of

regenerated energy. Therefore, the current can be handled more safely.

Using regenerative braking techniques in EVs to gain extra miles shouldn’t compromise the
safety of the driver and the passengers. In fact, during an emergency, an EV has to be able to stop
in a few seconds. The chart in Fig. 5-10 shows the braking distance concerning the driving speed.
It can be seen that in an emergency situation, the car has to break in less than 5 seconds.
Assuming an electrical machine running at 10000 r/min as the one designed in Chapter 4, the

kinetic energy generated by regenerative braking can be expressed as,

KE :%]wz, (D

where KE is the kinetic energy, J is the inertia of the system in kg m?,

and w is the angular
velocity in rad/s. It can be seen that the available KE varies with the square of the velocity.

Therefore, the question is, how fast can an electric motor absorb this amount of energy more
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safely? Here comes the necessity of handling the surge current during regenerative braking. Most
manufacturers prefer mechanical braking or hybrid braking for safety reasons and the lower cost

associated with the development of such a system.

5.3.1. Simulink Case Study of Regenerative Braking

The Twizy motor designed in Chapter 4 is used for this case study. The obtained results are
shown in Fig. 5-11. The first plot shows the terminal voltage of the machine, the second plot
depicts the current of the machine. The third one shows the speed, and the last one shows the
power and torque of the machine. It can be seen that the acceleration time from 0 to 10000 r/min
is around 5s. The toque curve shows that full torque is applied from zero to 3400 r/min, which is
the base speed. After the base speed, the constant power control is used to keep the control
command within the operating envelope of the selected IPMSM. Therefore, throughout the
acceleration process, the maximum available torque within the operating envelope of the selected
IPMSM is applied to ensure that the motor accelerates as fast as possible. This prevents

overloading the machine and provides good performance of the drive.

After the reference speed is reached, the motor must overcome only the load torque and the
losses due to friction and windage. This explains the decrease in torque. During regenerative
braking, the maximum available negative torque within the operating envelope of the IPMSM is
applied to ensure that the motor brakes as fast as possible with regenerative braking. Effectively,
the motor is able to brake in 2.8 seconds. During this period, the product of speed and torque
results in a negative power, which means that the motor during the regenerative braking, behaved

like a generator and captured the braking energy. This energy can be stored back in the battery.

It can be seen that the transitions from zero speed to maximum speed and back to zero speed
are smooth and there is no surge of current. The controlled current over the illustrated drive cycle
does not exceed the designed IPMSM current rating. This shows how effective the FOC is in
terms of regulating the current applied to the machine. Therefore, a proper FOC control algorithm
is the key to avoiding surge currents during regenerative braking. A braking time of 2.8 seconds is
acceptable based on the chart in Fig. 5-10, However, this time may be too long in critical
situations. Mechanical brakes can assist in emergency cases where the PMSM can only apply the

rated torque.
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Fig. 5-11. Drive and regenerative braking of the high-speed IPMSM

5.3.2. Overloading the Electrical Machine During the Regenerative Braking

Electric machines can be loaded more than their ratings depending on the thermal time
constant. This principle can be used during emergencies. In the case of EVs, electric machines can
be overloaded during emergency braking situations. This section investigates this principle using
the FOC. In the first result presented in Fig. 5-11 (casel), both the accelerating and braking
torques are of the same magnitude, and so are the limits of the current. Recalling equation (2.5),

the electromagnetic torque is strongly related to the current magnitude.
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Fig. 5-12. Regenerative braking scenarios in the current plane, (a) conventional regenerative braking using FOC, (b)
increasing the current limit (scenario 1), and (c¢) increasing the current limit (scenario 2).

For high-speed PMSMs where operating in the field weakening region is required, increasing
the current limit during regenerative braking and forcing the control to operate inside the current

limit circle (2.11) leads to two scenarios:

e Keeping the maximum available d-axis current during the propulsion mode (Idp)

equals the initial d-axis current during regenerative braking (I, , ). The resulting g-axis
current (I, ) during the transition from the propulsion mode to the regenerative
braking mode can be obtained using equation (2.11). This is illustrated in Fig. 5-12(b).
Based on equations (2.7) and (2.8), the g-axis voltage (vq) during the transition
remains unchanged, while the d-axis voltage vy will be proportional to I, ,. This

violates the voltage limit circle described in equation (2.9). This scenario is, therefore,

not feasible.

e Keeping the maximum available g-axis current during the propulsion mode (qu)
equals the initial g-axis current during regenerative braking (I, ). The resulting d-axis
current (5, ) can be obtained following the equation (2.11). Fig. 5-12(c) illustrates
this scenario. In this case, the flux is weakened based on equations (2.7) and (2.8).
This reduces the g-axis voltage and creates room for increasing I, , to operate at the

intersection of the current limit circle and the voltage limit ellipse (2.10). Increasing

I, . increases the braking torque allowing the EV to stop faster.

drb
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Fig. 5-13. Drive and emergency regenerative braking of the high-speed IPMSM.

The second scenario is implemented in a new case study. The current limit during acceleration
is kept unchanged, while the current limit during regenerative braking is 1.5 times the rated
current to increase the braking torque. Fig. 5-13 shows the simulation results using the
specifications of the designed high-speed PMSM. It can be seen that the braking torque increased
by a factor of 1.5. This results in 2.3 seconds braking time, which is less than the braking time

observed in case 1 by approximately 18.4%. It can be seen that the control is very smooth and
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Fig. 5-14. Drive and emergency regenerative braking of the high-speed IPMSM.

does not result in a surge current. The current limit and voltage limits were not violated and the

transition from the first current limit circle to the second one is smooth.

A second simulation has been performed to maximize the regenerative braking efficiency by

reducing the stator current, Fig. 5-14. This is done by controlling the increase in I, since its
contribution to the torque production is negligible. The applied I , was constrained to stay in the

current circle used for propulsion while I, , was constrained by the regenerative braking current
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circle. (Ig,, = sqre((1.51)% — (1'51drb)2)' Same braking time was obtained with an overall
lower stator current magnitude. This theoretically validates the applicability of this technique for
braking EVs during emergencies and handling the surge current. However, in practice, each
machine has its overload capability, which can be the most significant limitation of this braking
approach. The associated power electronics, as well, have to be able to handle the overloading

current.

5.4. Summary

This chapter presented a description of the test bench used to obtain the experimental results
throughout the thesis. A short comparison of commonly used test benches is provided, followed
by the details on the commissioned test bench. The main components of the test bench are
described. Also, a regenerative braking analysis of high-speed PMSMs during emergency
conditions is presented. It has been concluded that overloading the electrical machine during
regenerative braking in emergency conditions using FOC is a feasible approach that can reduce
the braking time of EVs. However, the rating of the individual drivetrain components should not

be exceeded.
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Chapter 6. Conclusion and Future Works

6.1. Conclusion

The following can be stated based on the work presented in this thesis.

Chapter 1 reviewed the state-of-the-art technology used for transportation electrification. This
showed that the BEVs, PHEVs, and FCEVs are the future of electrified transportation.
Drivetrains of EVs available in the market are described and compared. The main advantages and
limitations of each drivetrain configuration are provided to guide EV selection. Regarding the
PEIs, it is concluded that IPEIs can offer onboard charging with grid support capabilities. The
trend in the main components of EV drivetrains revealed that EMs are replacing some ICEs, and
PMSMs are the preferred candidates. Hence, the need for EMs that can provide similar or better
performance compared to ICEs over a wide range of speed and torque became evident. Also, the
requirement of a matching PEI is established for better drivetrain performance. It is found that the
available design steps that synchronize the drivetrain design are not adequately investigated in the
literature. This resulted in a trial-and-error approach between the motor designers and the drive

specialists on how to select the ratings of the drivetrain components.

To solve this issue of lack of common ground in the EV drivetrain design, Chapter 2 proposed
a new step-by-step design method for EV drivetrain design and testing, considering the PMSM
and its drive inverter specifications. Using the torque-speed and battery nominal voltage
information, feasible parameters are obtained analytically. A new set of equations have been
developed for calculating IPMSM parameters from feasible SPMSM parameters. This way of
estimating the parameters beforehand is found to be crucial. It provides both drive and machine
designers the ability to foresee the feasibility of the specifications and their effects on the rating of
the drive system. Also, this step provides feasible machine terminal parameters, current, and
voltage which are the input to FEA software and the emulating setups. Many case studies have
been performed through this thesis to test and validate the proposed method. A theoretical case
study based on a 2010 Prius validated this method for its ability to estimate feasible parameters
that can be matched using FEA software. Experimental validation has been performed on twin
PMSMs where the IPMSM parameters are calculated as a known SPMSM. Based on FEA,

simulations, and experimental results, it has been concluded that the proposed method can speed
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up the EV drivetrain design, emulation, and testing by providing initial guidelines allowing

machines and drive specialists to work in parallel on the drivetrain components design.

To take advantage of the V2G opportunity, which allows for grid support during emergencies
or revenue generation by selling energy, Chapter 3 proposed an integrated multipurpose power
electronics interface designed for PHEVs and EVs. This novel IPEI has been analyzed and
compared to several other IPEIs and the CPEI Analyses and measurements have revealed that the
IMPEI has the highest flexibility in modes of operation and can be reconfigured to interface with
various grid systems in vehicle-to-grid (V2G) and grid-to-vehicle (G2V) modes. This is
accomplished using the flexible IPEI topology and its associated control strategies. The IMPEI
and other topologies are compared in terms of configuration, device count, cost, and efficiency,
with the BMW i3 as the benchmark application. The design requirements are presented and
discussed including modes of operation, switch and passive element sizing, and ratings.
According to the findings of this study, the IMPEIL, among other IPEIs, has a low switch count,
more flexibility in operating modes (propulsion, regenerative braking, single-phase and three-
phase V2G and G2V), and high efficiencies. It has also been demonstrated that the IMPEI is cost-
effective and easy to implement. The results of experiments in propulsion, regenerative braking,
and single-phase and three-phase V2G and G2V are presented. The experimental efficiency
analysis is also carried out in the propulsion, V2G, and G2V modes. The difference in efficiency
between the IMPEI and the CPEI is quantified. This chapter validates the IMPEI concept and
demonstrates that IMPEI's reconfigurability offers an acceptable trade-off in terms of charging

capability, grid flexibility, efficiency, and cost.

In Chapter 4, the potential fuel economy of the drivetrain of the Twizy EV, based on
experimental and simulation data, is investigated. The drivetrain components in this chapter,
mainly the PMSM, and the drive inverter, are designed based on the proposed steps in Chapter 2
and Chapter 3. The drivetrain specifications include the battery nominal voltage, base speed,
maximum speed, and rated torque. The proposed IMPEI in Chapter 3, has been sized and
simulated in PSIM software to obtain its efficiency map throughout the operating envelope. The
designed PMSM efficiency map is obtained from JMAG software. The mechanical system
efficiency map is obtained practically throughout a drive cycle in Aachen city in Germany. The

fuel economy analysis provided results that are close to reality.
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Chapter 5 focussed on describing the test bench used to obtain the experimental results
throughout this thesis. A short comparison of commonly used test benches is provided, followed
by the details on the commissioned test bench. This chapter analyzes the regenerative braking of
high-speed PMSMs during emergency conditions. It is concluded that overloading the electrical
machine during regenerative braking in emergency conditions is a safe and feasible approach that
can reduce the EV braking time by using FOC. However, the rating of individual drivetrain

components should not be exceeded.

6.2. Future Works
Based on the acquired experience, this section proposes improvements and future research

works as follows:

e The IMPEI has been designed, tested, and compared throughout this work. However, this
work focussed on the IMPEI as an individual component of the drivetrain. Analyzing the
efficiency of the IMPEI along with the other powertrain components will provide a complete
picture with more insight into the effect of the IMPEI switches that are turned ON
continuously.

e The designed drivetrain in Chapter 4 can perform fuel economy analysis using the worldwide
harmonized light vehicles test procedure (WLTP) on a practical Renault Twizy. This will
provide fuel economy data that can be used for comparison.

e Throughout this work, the IMPEI has been designed and tested for 96 V and 400 V DC
buses. Since the new trend in EVs is to use 800 V drivetrains for their fast charging
capabilities, the IMPEI can be designed and tested for its modes of operation at 800 V.

e Test the prototyped motor and validate its parameters and operating envelopes.
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Appendix A: More Details of the Prototyped IMPEI

—

(b)
Fig. A-1. IMPEI views: (a) side view and (b) front view.
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(b)
Fig. A-2. IMPEI views: (a) top and (b) front view (custom gate drivers based on MORNSUN QC962-8A).
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(b)
Fig. A-3. IMPEI busbar layout: (a) negative polarity and (b) positive polarity.
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(b)
Fig. A-4. IMPEI: (a) insulation sheets, (b) snubber capacitors.
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Fig. A-5. Prototyped (a) LCL filter and (b) current (LASS5P) and voltage (LV20-P) sensors.



Fig. A-6. 10 mH inductor for the DC-DC operation.
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Appendix B: PMSM Control Diagram without the Feed Forward Terms
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Fig. B-1. FOC control scheme of PMSM
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Fig. B-2. Block diagram of the PMSM speed loop
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Fig. B-3. Block diagram of the PMSM q-axis current loop
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Fig. B-4. Block diagram of the PMSM d-axis current loop
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Appendix C: Real-time FOC for Propulsion and Regenerative Braking.

In this section, the blocks used for implementing the FOC control as well as the protection

circuit have been expanded sequentially.

1 1
sm Drive RB sc_Drive_RB
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Fig. C-1. FOC control: (a) real-time model, (b) inside the “sc_Drive RB” block (this block represents the command
panel).
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Fig. C-2. FOC control: (a) inside the “sm_Drive RB” block (This block represents the process loaded on the FPGA.
The systems in this block run in real-time), (b) inside the “PMSM_Ctrl” block.
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Fig. C-4. FOC control: (a) inside the “Test Motor Trip System” block (this block turns OFF the gating pulses once
the preset safe operating ranges of voltage and current are exceeded), (b) inside the “Current_trip” block, and
(c) inside the “SVPWM_ Block” block.
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Fig. C-5. FOC control: (a) inside the “encoder” block (the encoder is a grey coded absolute encoder), (b) inside the
“Processingl” block, and (c) inside the “PLL2” block.
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Appendix D: Real-time Controller for Three-phase V2G and G2V

In this section, the blocks used for implementing the three-phase V2G and G2V real-time

control as well as the protection circuit have been expanded sequentially.

sm IMPE| 3Ph V2G G2V sc_IMPEI_3Ph_V2G_G2V
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—

id
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- (D

= @
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[1.585.8]

[39 1885]

I;l . -0\0 —=
L .—b1 -0
nable Slot 3

(b)

Fig. D-1. Three-phase V2G and G2V control: (a) real-time model, (b) inside the “sc_ IMPEI 3Ph_V2G_G2V” block
(this block represents the command panel).
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(b)
Fig. D-2. Three-phase V2G and G2V control: (a) inside the “sm_ IMPEI 3Ph_V2G_G2V” block (this block
represents the process loaded on the FPGA. The systems in this block run in real-time), (b) inside the
“AFE_Control” block.

The “Test Motor Trip_System” block is similar to the one discussed in Appendix B in Fig. C-
4.(a) and Fig. C-4.(b).
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Fig. D-3. Three-phase V2G and G2V control: (a) inside the “PLL & Measurements” block, (b) inside the “VDC
Regulator” block, and (c) inside the “Current Regulator” block.

These control blocks have been inspired by the work in presented by Patrice Brunelle (2021).
Three-Phase AC-DC-AC PWM Converter, MATLAB Central File Exchange. Retrieved June 2,

2022. (https://www.mathworks.com/matlabcentral/fileexchange/34272-three-phase-ac-dc-ac-pwm-converter).

136



Appendix E : Modeling and Control of the IMPEI in Single-phase V2G and
G2V

The following discussion is based on the “Control of Power Electronic Converters and

Systems” Edited by Frede Blaabjerg in [70].

1. Diagram of the IMPEI in level 1 and 2 V2G and G2V
Ldc

'ESS:

'ESS!

Hile

2. AC-DC control using DQ frame

The condition to ensure power transfer: v}, > v2v;,

The mathematical model of the AC-DC converter is as follows.

di _ Ry 11
at LT L L
dvdc
= Vae + ————ige -
dt (C1 + )R, a (C1 +Cy) ac

Assuming a PWM modulation technique and that (C; + C,) can maintain V. constant,
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lge = Mige,

where m is the modulation index. We have

[vdc] + Lf Vs -

ldvdc“ _ 1
(C1 + Cz) (G + CZ)RL

3. Transformation stationary reference frame to rotating frame

X X i
[ d] = T[ a], with T = [ coswt Smwt] where TT™ 1 =1,
Xq Xp —sinwt coswt

1 [cosa)t —sinwt
sinot cosot

Xq = Xsinwt,
X = Xsin(wt —90)’

di R m 1
Ly

i~ eI

alel =2 —é[ﬁzﬂ vac+ -]
P S P 1 e e M Yl Ko
Gl =[] - el v o )

Using the chain rule

Vs,

d [ d [ dri
— -1 .d =—T"1 .d -1 .d
dt (T [Lq]) dt T [Lq] +T dt [lq] ’

d [ d [ dri
—(T71 .d =T—T"1 .d -1 .d
Tdt (T [lq]) TdtT [lq] + 1T dt [lq] ’
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TiT‘l —w coswt sinwt] [—sinwt —coswt] _ [O —a)]
dt —sinwt coswtll coswt —sinwt ’
gl _ [0 —w][ia]_Rr -1 [ld] 1
[ ] o ” ] m L' [mq]”dC+LfTT [vq]'
dig] [_Rr
ac|_| Lr [ ] _Lyma,
di, | Rf| Lf Ly Lmql7ac”
—_ )
acl |
4. Laplace Transform
(. R it 1 1
J Slg = Lf lg Cl)lq Lf Va Lf MmguVgc -
I ] Rs 1 1
kSlq:_wld_Elq +E q ;mquc.
(LfS + Rf)ld = a)Lfl + Vg —MyVgc -
(Lfs + Rf)l —olfig + vy —myvg, .
; wLsiq Va Mg Vqc
lg = + - .
C!)Lfld Uq mquc

qu T (Lps +Ry) ’ (Lrs + Ry) - (Lps+Ry)

5. Decoupling equations

myg = —mg +—wlsiy .
Vac
1 .
kmq =-mg——wlsiy.
Vac
We have
wLei 1% v 1
P i M. o ( L+ —waiq>.
C!)Lfld vq Vac ( i(,l,)L ld)
Vac !
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_ oL, N Vg N myVge ol
f = — oLsig N Vg N My Vac N wlsig .

lq

P = Vg n myVqc
Vg My Vac

= + .

6. Control Diagram

ig(wly)

+ Vy

PWM

vs > of
Vg —>

af >
. Is »of
iy —»

o —>

7. Current Loop

Both currents loops have the same dynamics. V; and V; are treated as disturbances.

Hs) = i 1 1/R;
, = — N = — = — =7 .
s my V40 T my P70 T sLe + Ry Vae =7 +sLe/R; %
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kb + —> —> >
= S I+ 5(TgtTy)| | syt Ry
Hfi’l (S) Hiyy (S) H,; (S)

G is the inverter gain, Td and Ts are dead time delay and the sampling time.

. K!' sKL+K' K1+ sT; K}
K,ﬁ+—1= P I _ i ( l)'Ti:l'
S S S K}

The close loop TF of the current loops is as follows,

Hp1 () Hiny () Hi (s)

T; (s) = : .
& 1+ Hb (8) Hiny (8)H; (s)
For design, T; = ;—f ,G = vi
f dc
K{/R;
I () s(1+s(Ty+Ty)) K{/R;
i (s) = - = . ,
b K{/R; s(1+s(Ty +T,)) + K} /Ry
s(1+s(Ty +Ty))
ki K
T (s) = Ry B (Ta + TRy
lx s+52(Ty + Ty) + K} 2ps L1 K}
(Tq +Ts)  (Tq + TRg

For a second order system,

( B K[i
“n T Ty + TR,
Y N —

\ 4(Ty + T)K!

The damping coefficient can be calculated as follows,
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The controller gains can be calculated using the following equations.

Ki — Rf
! 4(Td + TS)ZZ '

Ly

Ki=TiKl = —————,
d o 4(Td + TS)ZZ

The bandwidth of the system can be calculated as follows,

8. Voltage Loop

For the voltage loop, the transfer function is obtained as follows,

m
| _T L
| f [ ]
ldvdcl | m 1 [ [Vac * Lf Us

€ +C) €+ )R

dvge m ) 1
dt  (Ci+Cp) s (C,+CHR, %

For the small signal representation, v4, = V2V, and M = v& = \/% .
dc

By introducing the perturbation, we have,
Vac = Vac + Vac
is=1I+1,
m=M+m,

d(Vdc + ﬁdc) _ (M + ﬁ\l)

= Is + i) = =~ (Vae + Dac),
dt (C1+C2)(S+l5) (Cl+Cz)RL( dC+de)
dVy.
=0,
dt
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dDg, 1
= I + i) (M + M) — ———— (Ve + Dac),
dt (Cl + Cz) ( S I'S)( m) (Cl + Cz)RL( dc vdc)
(IM + i M+ I;m + i,m) ! % ! D
ST T ST ST T + COR, % (G + CR,, ¢

dVg.

dt  (CL+Cy)
The DC and AC quantities can be separated as follows by ignoring the second order quantities

(A0ac _ LM + I 1 R
= — v ,
dt C,+C, (C,+C)HR, %
0 IM 1 v
TG +C, (Ci+CHR, ¥

By proceeding with ac quantities, we have,
1

dbg. 1M+ Igm .
dt G +C,  (CL+C)R; %
Using the Laplace transformation,
R 1 R M+ Igm
PR R, TGN G
<s+ 1 )% B i.M B I;m _
(CL+CR,) % C,+C, C+C,

The transfer function can be obtained as below,

M

Cl + CZ _ MRL
4L s(G+CIR + T

(€, + CR,

Dy 1 MR, 1 R,
Tyue(8) = == — == .
Ve ig V2s(Ci+CHR, +1 2s(Ci+CR, +1

The block diagram of the system can be obtained as shown in the Fig. bolow.
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The closed loop transfer function is obtained as follows,
T (s) = Hp1($)Tix (s)Hy ()
= 1+ Hp;(s)Hiny (s)Hi (s)
By designing the controller to cancel the dominant pole,
T, = (C1 + )Ry,
KR,
s 2
T, (s) = 1+st  _ KI'R, _ K/'R,
x K'R, 2s(1+st)+ KPR, s?t+2s+K/R,’
s 2
I+ 1+ st
K/'R,
T; (S) = L ’
l 2 + Z + ﬂ
$%+ s -
(
KR,
On= T,
LZ = TK/R,
ZZ
K} ==,
! TR,
C, + )T
K =T,K¥ = M

T
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Appendix F : Real-time Controller for Single-phase V2G and G2V

In this section the blocks used for implementing the single-phase V2G and G2V real-time

control as well as the protection circuit have been expanded sequentially.

sm_IMPEI_1Ph_V2G_G2V sc_IMPEI_1Ph_V2G_G2v
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L 1 [Enable]>

[E—
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Fig. F-1. Single-phase V2G and G2V control: (a) real-time model, (b) inside the “sc IMPEI 1Ph V2G G2V” block
(this block represents the command panel).
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Fig. F-2. Single-phase V2G and G2V control for full-bridge AFEC configuration at 120 V: (a) inside the “sm_
IMPEI 1Ph V2G G2V block (this block represents the process loaded on the FPGA. The systems in this block
run in real-time), (b) inside the “AFE_Control2” block (this block implements the control for the full-bridge AFEC).
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Fig. F-3. Single-phase V2G and G2V control for full-bridge AFEC configuration at 120 V: inside the “+ve
reference For Buck -->-ve reference For Boost <--1” block (this block implements the DC-DC stage control of the
IMPE]).

(@ (b)

Fig. F-4. Single-phase V2G and G2V control: (a) controller gains for half-bridge AFEC configuration at 120 V, (b)
controller gains for full-bridge AFEC configuration at 240 V.

The blocks presented here are used for both half-bridge and full-bridge AFEC configurations.

The trip levels as well as the PI gains have been adjusted for each mode.

147



Appendix G : MOSFET-Based IMPEI

Fault indicator and alarm 4
Gating pulses display
=
e
Temperature display

(b)
Fig. G-1. MOSFET-Based IMPEI: (a) back side of the IMPEI and (b) IMPEI enclosure.
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Fig. G-2. MOSFET-Based IMPEI: (a) inside view, IMPEI during test.
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