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Onboard level-1 and level-2 battery chargers are widely utilized in electric vehicles
(EVs) for home overnight or office daytime charging. However, onboard level-1 and
level-2 chargers suffer from power limitations and long charging time. On the other
hand, high-power off-board chargers are utilized for fast charging, but they are bulky,
expensive and require comprehensive evolution of charging infrastructures. Onboard
chargers integrated with the propulsion systems of EVs provide a promising solution
for fast charging of EV battery packs without contributing to additional weight and
burden on the vehicle. This dissertation presents integrated charging systems, using
the propulsion machine and its inverter for onboard battery charging. The proposed
integrated onboard chargers do not need any modification of the propulsion systems

to implement onboard battery charging. The integrated charging approaches are

highly practical and applicable for commercial EVs in market. Initially, a single-



phase propulsion-machine-integrated onboard charger is introduced and developed,
which is capable of power factor correction (PFC) and battery voltage/current
regulation without any bulky add-on passive components. The machine windings are
utilized as mutually coupled inductors for PFC, and the inverter along with the
machine windings constructs a two-channel interleaved boost converter. The input
current ripple cancellation effect of the interleaved circuit is analyzed in detail, and
the operation principles of the charging systems are presented. The feasibility of the
single-phase integrated charger is proved by experimental results. Then, two
approaches for three-phase propulsion-machine-integrated onboard charging are
introduced and investigated. In the first approach, the charger topology is composed
of a three-phase six-switch power electronics interface and the propulsion system.
The proposed interface, mainly consisting of semiconductors, has small size and high
power density, enabling onboard installment. The detailed operation modes of the
topology are presented. In addition, the control-oriented modeling of the charging
system is conducted, and a control system is designed to enable both the unity PFC
and the battery voltage/current regulation. A 3.3kW prototype is designed, developed
and tested for the validation of the proposed concept. The second approach is based
on a three-phase three-switch power electronics interface, which is intended to be an
even smaller interface. The power density of the three-switch interface increases by
40% in comparison to the first approach. The modeling and control strategy of the
charging system are investigated and presented. A 5kW prototype is designed and

built to validate the charging system and its control strategy.
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Chapter 1: Introduction

The battery chargers for electric vehicles (EVs) can be divided into three power
levels: level 1, level 2 and level 3 [1], [2]. The level 1 and level 2 chargers are
generally used to charge the battery packs of EVs at home or office. The level 3
chargers are commonly installed in charging stations, such as parking lots and
shopping centers [3]. Alternatively, based on the installation location, the EV battery
chargers can be sorted as on-board and off-board chargers. The onboard chargers
usually utilize the level 1 or level 2 single-phase charging. On the other hand, the
level 3 charging is usually adopted for the off-board chargers. Typically, all these
chargers are composed of two stages: a AC-DC stage for rectifying the grid AC
voltage with power factor correction (PFC) and a DC-DC stage for battery

current/voltage regulation [4]-[6].

1.1 Motivation

The onboard and off-board battery chargers for an EV are illustrated in Figure 1.1.
Conventional onboard and off-board chargers have their own advantages and
challenges. Using conventional level-1 and level-2 onboard chargers, it takes a long
time (between 4 to 20 hours) to fully charge a typical 24kWh EV battery pack [3], [7]
due to their charging power limitations. The typical power levels for level-1 onboard
chargers are 1.4kW and 1.9kW. The typical power levels of level-2 onboard chargers
are 3.3kW and 6.6kW [8]. Three-phase off-board chargers have the capability of DC
fast charging of EVs [9]-[12]. It takes around 30min to fully charge a typical 24kWh

battery pack using a 40kW three-phase off-board charger [13]. However, three-phase



off-board chargers are large, expensive and require a comprehensive evolution of

charging infrastructures.

Conventional Off-board Charger

3-¢ Grid
3¢ = pcpc
Filter Converter Converter

EMI AC-DC i

:r _____________ Propulsion System | i. _ ﬁ

3-¢ DC-DC |
Inverter || | Converter i HV

|

|

|

|

|

AY
/1

Battery

Auxiliary
LV Battery

1 |
i ——

EMI ‘ PFC | |DC-DC DC-DC

Figure 1.1. Conventional power electronics interfaces for an electric vehicle.

The typical propulsion system of an EV is composed of a propulsion machine, an
inverter, an optional DC-DC converter, and battery packs. All these components are
rated at high power, comparable to the level 3 battery charging power levels.
Generally, commercial EVs utilize three-phase AC machines, which are mainly
induction machines (IM) or permanent magnet synchronous machines (PMSM) for
electric propulsion, such as the 310-kW IM for Tesla Model S, the 115-kW IM for
Toyota Rav4 EV, the 80-kwW PMSM for Nissan Leaf, and the 111-kW PMSM for

Chevy Volt [14]-[16]. In a three-phase propulsion system, the bidirectional three-



phase inverter should be designed at the same power level as the propulsion machine.
The inverter enables the energy flow from the battery to the propulsion machine in
propulsion mode and back to the battery via regenerative braking [14]. Since the
battery voltage has a wide range of variations in charging mode, a bidirectional DC-
DC converter is optionally utilized to regulate the DC-link voltage of the inverter
(typically 360 V or 720 V [17]), which is designed to be higher than the peak voltage
over the propulsion machine considering the overall efficiency of the propulsion
system.

A propulsion-machine-integrated onboard charger not only provides high-power
charging without substantial addition of cost and weight, but also simplifies the

evolution of high-power charging infrastructures.

1.2 Challenges of integrated onboard chargers

The challenges in enabling propulsion-machine-integrated onboard chargers are
addressed as follows.

1. Applicable to commercial EVs in market. The topologies of integrated
chargers should be applicable to commercial EVs in market. The integrated
charging approach should not require the access to the inaccessible terminals of EVs,
such as the neutral point of the machine windings. Moreover, no multi-phase
propulsion systems, such as six-phase or nine-phase propulsion systems, should be
allowed to do integrated charging for EVs for the reason that only three-phase
propulsion systems are utilized in the commercial EVs. In addition, the specially-
designed multi-phase machines and multi-phase inverters increase the cost and

complexity of the overall system.



2. Maintain high efficiency. Integrated onboard chargers should maintain
high efficiencies as conventional chargers. No contactors should be used to
rearrange the connection of the machine windings and the inverter in transition from
charging mode to propulsion mode since the usage of contactors causes additional
large power loss. Moreover, rearrangement of circuits increases the system
complexity and reduces the system reliability.

3. No rotation of the propulsion machine during charging. In charging mode,

the rotor of the propulsion machine is not allowed to rotate.

1.3 Proposed Approaches and Contributions

1.3.1 Single-Phase Integrated Charger

Single-phase integrated charging approaches have been investigated in previous
research. The integrated charging approaches in [18]-[23] require the access to the
normally inaccessible neutral point of the machine windings for battery charging, and
the integrated charger in [24] need the access to the inaccessible middle points of
machine windings for battery charging. In fact, other than the phase-terminals of
the machine and the two terminals of the DC-link capacitor, other terminals, such
as the neutral point and the mid-points of machine windings, are inaccessible for
the traditional there-phase propulsion systems of EVs in market. The traditional
propulsion machines have to be specially designed to provide access to the
aforementioned inaccessible terminals. Thus, the existing integrated chargers are
not applicable for EVs in market.

The integrated chargers in [25]-[27] utilize the six-phase or nine-phase

propulsion systems, which are rarely applied in commercial EVs. The integrated



chargers in [28] use contactors to rearrange the connection of the machine windings
and the inverter for integrated charging, resulting in low efficiency. An integrated
topology was proposed in [29], but the rotor would rotate when the system were
affected by a small disturbance. The integrated chargers in [30], [31] use specially-
designed split-winding machines to enable integrated charging, and the propulsion
machine would rotate if the parameters have tiny deviations from the theoretical
values. The existing integrated charging approaches, mostly for single-phase
integrated charging [32]-[35], are complex and usually require access to the
inaccessible points of propulsion systems.

To solve these limitations, a novel single-phase integrated onboard charger is
proposed, which is composed of an add-on passive diode bridge and the propulsion
system. As illustrated in Figure 1.2, a diode bridge is connected between a phase
terminal of the propulsion machine (phase A for example) and the negative terminal
of the inverter’s DC-link. The proposed scheme is applicable for any three-phase AC
propulsion system and only needs access to phase terminals (A, B, C) of propulsion

machines, which is feasible for all the commercial EVs in the market.

34 P
Traction Cﬂ’c 'Optlonaljj—

Converter : L=
_|K} ‘ {7 & 1 T Battery
[ ot "
|

.

EMI
filter

Figure 1.2. Proposed single-phase integrated charger using propulsion system.

15t Contributions: The first practical single-phase propulsion-machine-integrated

onboard charger for EVs is proposed, investigated and implemented. The proposed



integrated charging method only needs an add-on diode bridge, which is connected to
two terminals of an EV propulsion system to construct the single-phase integrated
charger. Bulky passive components, such as large PFC inductors and DC-link
capacitors, are not required. There is no need for rearrangement of the circuit in
transition from the propulsion mode to the charging mode. The proposed method
reduces the cost of implementing high-power integrated charging and significantly

reduces the size of the integrated charging system.

1.3.2 Three-Phase Integrated Chargers with a Six-Switch Interface

For the three-phase integrated charging, a few approaches have been proposed
before in literature [8], [36]. These approaches have similar limitations as previous
single-phase ones. In [37], a three-phase integrated charging approach using two
PMSMs was proposed. The neutral point of the machine windings is needed for
integrated charging, and propulsion systems have to be modified to provide the
neutral point as an accessible external terminal.

In [38], a three-phase integrated charging approach was proposed. A contactor
was introduced to reconfigure the connection of machine windings. However, the
contactor, between the machine windings and the power mains, causes additional
power loss and increases the control complexity.

The three-phase integrated chargers in [39] require specially-designed split-
winding electric machines to construct the charging circuit. The two half-windings
of each phase are in opposite space distribution, which cancel the torque in each

phase. Thus, there is no torque generation during charging. However, the



midpoints of machine windings are not accessible for conventional EV propulsion
systems.

The three-phase integrated chargers proposed in [40] suffer from torque
generation in charging mode. In order to solve this issue, the integrated chargers
using multiphase machines were proposed in [41]. However, special multiphase
machines and multiphase inverters are required. These integrated charging
approaches are not suitable for the EVs, where conventional three-phase
propulsion systems dominate.

Table 1.1 summarizes the state-of-the-art three-phase integrated charging
approaches, which are categorized into three types based on the method of

integration. The limitations of each type are analyzed as well.

2nd Contribution: A practical three-phase integrated onboard charger with six-
switch interface is proposed for three-phase onboard charging. The proposed three-
phase six-switch power electronics interface, mainly composed of semiconductors, is
connected between one phase-terminal of the propulsion machine and the negative
terminal of the battery pack, as shown in Figure 1.3. The propulsion machine is
utilized as three coupled inductors, and the power switches of the inverter are utilized
to construct the integrated charger. The configuration of the integrated charger is
simple, directly connecting the three-phase interface to two terminals of the
propulsion system. Additionally, a control strategy is designed and implemented for

the proposed system.



Table 1.1

State-of-art high-power integrated chargers
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Figure 1.3. Schematic of the proposed three-phase integrated charger for EVs.

1.3.3 Three-Phase Integrated Chargers with a Three-Switch Interface

To further reduce the size and weight of the integrated charger, an integrated

three-phase onboard charger with three-phase three-switch interface was proposed.



The three-phase interface is only composed of power semiconductors without any
bulky inductor or capacitor (except the small size input EMI filter). The machine
windings serve as coupled inductors for the integrated charging system.

3rd Contribution: A three-phase integrated charger with three-switch interface is
proposed for three-phase onboard charging. The three-phase interface only needs
three active power switches, simplifying the system and further reducing the size of
the integrated charger. Furthermore, a control strategy is proposed and implemented,
enabling the control of the input current, machine-winding currents and the battery
voltage.

Compared with the traditional integrated chargers, the proposed single-phase and
three-phase propulsion-machine-integrated chargers possess all the following
advantages:

(i) integrated onboard battery charging,

(ii) onboard single-phase / three-phase interface of small size,

(iii) no need for machine/inverter rearrangement,

(iv) no need for access to inaccessible points of machine windings,

(v) no rotation of propulsion machine during charging.

1.4 Overview

The contents of this dissertation are divided into five chapters to discuss the
integrated chargers for EVs. In Chapter 2, the operation principles and the design of
the first proposed single-phase integrated onboard charger are presented. The
electrical model of the propulsion machine is discussed to derive the equivalent

inductances of the machine windings in the battery-charging mode. The steady-state



analysis of charging operation is also presented. In addition, experimental results are
provided for validation of the single-phase integrated charger. In Chapter 3, the three-
phase integrated onboard charger with six-switch interface is investigated. The
operation modes and steady-state characteristics are theoretically analyzed based on a
comprehensive modeling of the circuit. Moreover, the control strategy of the three-
phase integrated charger is discussed. A proof-of-concept prototype is developed to
verify the three-phase integrated charging and the proposed control strategy.

In Chapter 4, the three-phase integrated charger with six-switch interface is
investigated. The operational modes of the integrated charger are discussed in detail.
The design of the cascaded control strategy is provided based on the small signal
modeling of the circuit. Furthermore, a prototype is developed for validation of the
proposed integrated charger and its control strategy. Chapter 5 presents the
conclusions and the future work of the propulsion-machine-integrated onboard

chargers for EVs.
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Chapter 2: Single-Phase Propulsion-Machine Integrated Charger

The topology of the proposed single-phase propulsion-machine integrated
onboard charger is shown in Figure 2.1. The propulsion machine serves as a three-
winding mutually-coupled inductor for energy storage and ripple cancellation. The
machine windings and the inverter construct a two-channel interleaved boost
converter. The diode bridge along with the propulsion system develops an AC-DC
PFC converter, capable of output voltage/current regulation.

One of the three-phase inverter bridges, S1/S2 bridge for example, is connected to
the positive terminal of the diode bridge rectifier. In this case, the S1/S; bridge is

disabled, while the other two bridges, S3/Ss and Ss/Se, are utilized to develop an

S Ss

— Cael
>

interleaved boost converter.

1-¢
Grid

B’

‘_’ A , HV
C Batt.

Figure 2.1. Proposed single-phase integrated onboard charger using propulsion system.

In propulsion mode, the high-voltage (HV) battery pack provides the propulsion
power through three-phase inverter to the propulsion machine as shown in Figure
2.2(a), and the add-on diode bridge has no impact on the inverter operation. In

charging mode, the grid ac line voltage is rectified by the diode-bridge as shown in

11



Figure 2.2(b), and the machine windings along with the inverter develop a two-
channel interleaved boost converter, capable of PFC and output voltage/current
regulation. S; and S are kept open in charging mode. The body diode D> is reverse
biased by the positive output voltage of the diode bridge rectifier. As for Dy, it only
turns on to charge the output capacitor during the start-up when the output capacitor
voltage is lower than the input voltage. In steady state, D1 is reverse biased since the
output voltage is higher than the input voltage, due to the boost operation of the
converter. Considering the total harmonic distortion (THD) requirement of a grid, the

converter is operated in the continuous conduction mode (CCM).

83 S5
D, ﬁg}Dg 4@05

B’ 4 =

4k c Batt.

(@) '
3, "}
D; D;

1-¢
Grid

, Cdc’ —_
B -~

c’ Batt.

S, Ss
8 4
r 3 F 3 D, D,
(b)
Figure 2.2. Operation modes of single-phase integrated onboard charger with propulsion

machine: (a) propulsion mode; (b) charging mode.
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2.1 Electrical Model of Propulsion Machine

PMSMs are dominant propulsion machine options for EVs [42]-[44], due to the
advantages in terms of high power density, high efficiency and light weight/volume
ratio [45]. Usually, the round-rotor structure is utilized for high-efficient operation at
high rotating speeds (1500rpm-14000rpm or even higher), which is the case for EV
applications [15]. Therefore, the integration theory is focused on the propulsion
system using a round-rotor PMSM. In fact, the proposed approach is simply

extendable to any other ac propulsion machine.

The general mathematical model of a three-phase PMSM [46] is utilized based on
two assumptions that: the magneto-motive forces (MMF) of stator windings are
sinusoidally distributed in the air gap; and hysteresis effects and the eddy current are
neglected. Park’s transformation is utilized to convert the stationary-frame quantities
to rotating-frame quantities, which simplifies the analyses of three-phase electrical
model [47]. Figure 2.3(a) presents a conceptual cross-sectional view of a 3-phase, 4-
pole PMSM along with two reference frames (a-b-c frame and d-q frame). In this
model, &r is the rotor angle between a-axis and g-axis in radians; w=d6,/dt is the
angular velocity of rotation in rad/sec; Py is the number of pole pairs; and 6. = Pi6r
is the electrical angle between a-axis and g-axis. The corresponding three-phase
electrical model is illustrated in Figure 2.3(b). ia, ib and ic are instantaneous phase
currents; va, Vb and vc are the instantaneous phase voltages; Rs is the machine-winding
resistance; Laa, Lob and Lec denote the a-axis, b-axis and c-axis self-inductances of

machine windings; and Lan, Lac and Lnc denote mutual inductances describing the
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coupling effects among the machine windings. In a stationary condition, the initial

electrical angle, &, is assumed to be n/2, and the d-axis is aligned with the a-axis.

(@) (b)
Figure 2.3. (a) Cross section of a PMSM; (b) simplified electrical model of a PMSM.

Based on the d-q equivalent circuit model of a PMSM, the three-phase self and
mutual inductances can be derived with respect to the d-axis and g-axis equivalent

inductances, Lq and Lq [48], in Eq. (2.1) — Eq. (2.6).

L, =L, +L cos(26,) 2.1)
L, =L, +L, cos(26, + 2?”) 2.2)
L. =L, +L,cos(26, —2?7[) (2.3)
L,, =—M, +L, cos(26, - %”) (2.4)
L. =—-M,+L, cos(26,) (2.5)
L. =-M,+L, cos(26, + 2?7[) (2.6)

where, the average inductance Ls is equal to 1/2(Lq+Laq); the inductance fluctuation Ly
is equal to 1/2(Lq-Lq); the average mutual inductance M:s is equal to -(Lab+Loc+Lac)/3;

and the electrical angle between a-axis and g-axis &e is equal to P6:.
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In the model of the propulsion machine, the electrical dynamic equations in terms

of instantaneous phase voltages va, Vs and v are derived as,

Va = RSia + a/la (27)
v, =R, + %% (28)
ot
. 04
V., =R, +— 2.9
ot (2.9)

where, Za, b, and A are stator flux linkages, subject to Eq. (2.10) — Eq. (2.12).

A, =L i, +L i, +L i +A4. (2.10)
A‘D = Labia + I—bbib + Lbcic + /?’mb (2-11)
A =L 0, + L0 +L i+ (2.12)

where, Ama, Amb, and Amc are the flux linkages of rotor permanent magnets.
According to Kirchhoff's Current Law (KCL), the instantaneous phase currents
are subject to Eq. (2.13).
I, +i,+i.=0 (2.13)
Hence, substituting Eq. (2.1) - (2.6) and Eq. (2.13) into Eq. (2.7) - (2.12), the

instantaneous phase voltages va, Vs and vc can be derived as Eq. (2.14) - (2.16).

) Ol (2.14)
v, =R, +L—=
a s'a Liat
] Ol Ol
v, =Ri, +L —2+L,—% 2.15
b s'b Zé’t 381: ( )
] Ol Ol
v.=Ri +L —+L,—2
c s'c 28t Lzat (216)

where, L1, L2 and L3z are equivalent inductances in terms of L4, Lq and M,
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5 1

Ll:ZLd _ZLq+MS (217)
1 1

L2 :ELd +5Lq+|\/ls (218)
3 3 2.19

LSZZLd_ZLq (2.19)

Therefore, the mutual effect exists between the machine windings of phase-B and
phase-C; however, it has no influence on the machine winding of phase-A. The phase
voltages are subject to Eq. (2.20).

vV, +VvV, +v, =0 (2.20)

For round-rotor PMSMs, the d-axis equivalent inductance L is theoretically equal
to the g-axis equivalent inductance Lq. In this case, L1 and L are equal to Laa+Ms, and

Lz is equal to 0. Thus, Eq. (2.21) - (2.23) can be obtained based on Eqg. (2.14) - (2.16).

. oi
=Ri +(L, +M )%
Vo =Ryl + (Loa + M) — (2.21)
. i
Vo = Ry, + (Lo + MS)E*’ (2.22)
v, = Rii, +(L,, + MS)% (2.23)

Equations (2.21)-(2.23) indicate that in a stationary condition the machine
winding of each phase serves as a discrete inductor with the equal inductance as
LaatMs. The phase currents are functions of multiple independent variables to give

which, partial derivatives are used to derive the equations.

2.2 Charging Operation Using Propulsion Machine

In charging mode, the switching operation is similar to that of a two-channel
interleaved boost with two discrete inductors or one inversely coupled inductor [26].

The interleaved bridges (S3/Ss and Ss/Sg) operate with 180-degree temporal phase
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shift. However, in comparison to conventional interleaved boost converters, the
proposed converter has 120-degree spatial out-of-phase distributed machine windings
(La, Lo, Lc), which result in different steady-state equivalent inductances in different
switching states. During one switching period, there are four switching states (I)-(1V),
as shown in Figure 2.4.

CCM operation is selected for the inductor currents. For high power-level
applications, CCM operation is more suitable for the converter considering the
current stresses of the components. In many EVs (such as Prius Hybrid, Camry
hybrid, Fusion hybrid and Nissan Leaf EV), a bidirectional DC-DC converter is
designed between the three-phase inverter and the battery to regulate the DC-link
voltage of inverter when the battery voltage is lower than its rated voltage due to low
SoC (state of charge) [8], [49] - [51]. In charging mode, this optional bidirectional
DC-DC converter serves as a buck converter to step down the DC-link voltage of the

inverter when the battery voltage is lower than the peak input AC voltage.

()
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Figure 2.4. Switching states (1)~(IV) in the charging mode.
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2.2.1 Switching States

Based on the switching duty cycle (D), the steady-state operation is categorized
into two cases: (i) 0<D<0.5, in which V,<2Vin<2V,; and (ii) 0.5<D<1, where
Vo>2Vin. When 0<D<0.5, the circuit operation has a periodical switching sequence of
(O-D-(1-(1n-(N. Machine-winding currents and switches corresponding to

different switching states are illustrated in Figure 2.5.
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Figure 2.5. Current waveforms of the integrated charger with PMSM (round rotor)

during charging 0<D<0.5.
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When 0.5<D<1, the switching sequence changes to (I)-(1V)-(1)-(1V)-(I).
Machine-winding currents and switches corresponding to different switching states

are illustrated in Figure 2.6.

{34
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Figure 2.6. Current waveforms of the integrated charger with PMSM (round rotor)

during charging 0.5<D<1.
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In State I, the switch, S, is turned on; and the diode of the second channel, Ds,
conducts the inductor current.

{Va _Vb :Vin (224)
Va—Ve :Vin _Vo (2.25)
where, Va, Vb and V. are the voltages at the phase terminals A, B and C of the
machine; Vac and V, are the input and output voltages of the interleaved boost

converter. Using Eq. (2.20), Eq. (2.24) and Eq. (2.25), the phase voltages in State |

can be derived in Eq. (2.26) — Eq. (2.28).

2V, =V,
V. =—'3 (2.26)
| V, +V,
b — 3 (227)
V. -2V
L =—-0 3 : (2.28)

According to Eqg. (2.21) - (2.23), the machine-winding currents can be represented

as Eq. (2.29) - Eq. (2.31), ignoring the machine-winding resistance (Rs=0).

o, V-V,
ot 3(L,+M,) (2.29)
_8ib' _ VetV (2.30)
ot 3(L,+M,) '
A ey A2 (2.31)
ot 3(L,, +M,)

Hence, in a round-rotor PMSM, the equivalent machine-winding inductance is
three times the sum of self-inductance and mutual-inductance. For 0<D<0.5,
(Vo<<2Vin<2Vy), ia and —ip increase linearly, and —ic decreases linearly. For 0.5<D<1

(2Vin<Vo), ia and —ic decrease linearly, and —ip increases linearly.
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In State Il, the switch Se, is turned on; and the diode, D3, conducts the inductor
current. In this state: va"'=va', vp''=v¢!, ve!'=wp!. For a round-rotor PMSM, the machine-

winding currents can be expressed as,

o v, -V,

a (2.32)
ot 3(L,+M,)
0" V-2, 0.3
ot 3(L,+M,) '
oi." V., +V,
Tt 3(L,+ M) (2:34)

State 111 only exists when 0<D<0.5. It occurs between State | and State 1. In this
state, both transistors of two legs, S4 and S, are turned off; and diodes of two legs, D3

and Ds, conduct currents.

{va -V, =V, -V, (2.35)
Va—Ve :Vin _Vo (2.36)
yielding,

v = 2(Vi, —V,) (2.37)

: 3

m_ o _ ViV,

Vo =V, T3 (2.38)

For a round-rotor PMSM, ia, —ip and —ic decrease linearly due to their equivalent

discrete inductor. In this state, the slope of ia is twice the slopes of —ip and —ic.

Oy’ _ 2(Vip = Vo)

ot 3(L.+M))
S S 2

ot ot 3(L,+M,)

(2.39)

(2.40)
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State IV only exists when 0.5<D<1. It happens right between Mode | and Mode
I1. In this state, both switches, S4 and Sg, are turned on; diodes, Dz and Ds, are reverse

biased. The same voltage, Vac, appears across the stator windings.

{va —v, =V, (2.41)

n

Va—Ve :Vin (2.42)

Thus, the phase voltages can be derived as,

vV 2V, (2.43)
V"
3
V.
Vo =Vo =— (2.44)
3
In the particular case of a round rotor, the phase currents can be written as,
oy v, (2.45)
ot 3(L,+M,)
iy oy,
ot ot 3(L,+M, (2.46)

2.2.2 Steady State Analyses

Since the rectified input current [iin| is equal to ia, based on Eq. (2.29) and Eq.

(2.39), the input current ripple |4iin| for 0<D<0.5 can be derived as,

. V. -V 2V, —V.)
Al |=—"—2 DT =——-"—27(0.5-D)T
NN AL M) 3(Laa+Ms)( ) (2.47)

For 0.5<D<1, the input current ripple can be found from Eg. (2.29) and Eq.

(2.45),
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N, -V ,
——i "0 _(1_D)T=——1"(D-05T
3(Laa+Ms)( ) 3(Laa+Ms)( ) (2l48)

|Aiy| = -
Therefore, the steady-state output-to-input voltage gain Ay can be derived as,
A="=1"5 (2.49)

The output-to-input voltage gain is the same as that of a conventional interleaved

boost converter. The input current ripple can be written as,

_ _ 2.50
D{-2D) Vin ,0<D<0.5 ( )
_ 1-D  3(L, +M)f
|Ai,| = v
(2D-1)—» __ 05<D<1
3(L, + M) f (2.51)

Seen from Eg. (2.50) and Eq. (2.51), the input current ripple is suppressed by the
equivalent inductance equal to the sum of self-inductance and mutual inductance of
machine windings.

On the other hand, the current ripples of phase-B and phase-C currents are the
same due to the symmetric operation condition of two interleaved channels. The

current ripples can be quantified in Eq. (2.52).

D(2-D) Vv

n___ 0<D<05
N 1-D 3L +M)f (2.52)
b,c=
2-D)— o 05<D<1
3(Laa + Ms) fs (253)

In steady state, the input power is equal to the output power with an equivalent

load resistance, R.. Thus, the RMS value of the input current is derived as,

PSR 2.54
"~RV, @-DyR (259
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Thus, the maximum value and minimum value of rectified input current can be

calculated based on the average input current li, and the input current ripple |4iin|, for

0<D<0.5, as
R I ot s VA
, 2 (1-D)’R, 1-D 6(L,, +M)f,
Liai 1 D 1-2D
Linmin = lin == | Al | = _ _
In,min n 2| II’1| [(l— D)Z RL 1_ D 6(Laa + MS) fs ]\/m (2.56)

For 0.5<D<1, the maximum value and minimum value are expressed as,

Ll +E|Aia|=[ 1 . 20-1 (2.57)
' 2 (1-D)’R,  6(L, +M)T,
|n min — __| | L 2b-1 ]Vin (258)

(1-D)’R, 6(Laa+M3)fS

For comparison, the maximum and minimum input currents of the traditional

single-channel boost converter are shown in Eq. (2.59) - Eq. (2.60).

1 2.59
Iin,max =lip + E (Alin) = [m Lf] Vin ( )
s
1
Linmin = Iin — 5 (Alip) = [m Lf] Vin (2.60)
s

The effectiveness of ripple cancellation can be represented as the normalized

current ripple, y(D), expressed as a function of duty cycle in Eq. (2.61) — Eq. (2.62).

go D <05 (2.61)
(D)=l _|2-D
A, —22D Dlos <D<1 (2.62)

The current cancellation effect of two channels can reduce the input current ripple.
As shown in Figure 2.7. For the conventional interleaved boost converter, the

normalized current ripple, y(D), in terms of duty cycle is represented as,
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1—2D (2.63)
|Aiin|_ 1_D,O<DS0.5

|Ai, | ~)2D -1

y(D) =

05<D<1 (2.64)

The normalized input current ripple of the conventional single-channel boost
converter is 1 since the input current ripple is the same as the inductor current ripple.
In comparison to a conventional interleaved boost converter, the proposed converter
has smaller normalized current ripple (or higher effective ripple cancellation) in the

entire range of duty cycle. The full cancellation of the input current ripple occurs at

D=0.5.
P ‘El‘ —_—A— Smgle—channel boost ) a’
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Figure 2.7. Effectiveness of the input current ripple cancellation for a boost converter,
a conventional interleaved boost converter, and the proposed integrated propulsion

machine charger.
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2.2.3 Control Strategy

The control strategy of the integrated charger is developed to satisfy two
requirements: the unity PF and less than 5% THD. The controller is composed of two
closed loops: (i) the input current inner loop to shape the sinusoidal input line current;
(i) the output voltage/current outer loop to regulate the output voltage/current, as
shown in Figure 2.8. The inner loop shapes the steady-state phase-B and phase-C
currents (Ip and Ic) through a phase locked loop (PLL) to follow the trajectory of the
line voltage. The outer loop regulates the magnitude of the phase currents
corresponding to output voltage/current. The PWM block is implemented by using
DSP TMS320F28335 from Texas Instrument with the internal ePWM modules,
which compares the signal from the PI controller with the produced triangle
waveforms to generate two PWM signals. These two PWM signals are sent to
switches S4 and S6 with 180-degree phase shift. The pulse widths of the PWM
signals are determined by the duty cycles.

Due to the symmetry of the two-channel interleaved converter, the steady-state
currents in phase-B and phase-C windings are split equally (Ib=I.=1/2|lin|), even
though their instantaneous values might not be equal.

For a battery load, there are two charging modes: the constant current (CC)
charging and constant voltage (CV) charging. The CC and CV charging are enabled
by the controller of the proposed integrated charger. To achieve the CC mode
charging, the reference battery charging current is sent to the outer loop controller,

which regulates the output charging current. To achieve the CV mode charging, the

27



reference battery voltage is sent to the outer loop controller, which regulates the

battery voltage.”
HYV Batt.
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Figure 2.8. Schematic of the closed-loop control for the integrated charger.

2.2.4 Electromagnetic Effect of the Propulsion Machine

In battery charging mode, given the phase-B and phase-C currents flowing
directions, the vector-sum of the stator magnetic flux due to phase-B and phase-C
currents would be in the direction of the A-axis, according to the right-hand rule,
which is aligned with phase-a magnetic flux. Therefore, the overall vector-sum of the
three-phase stator magnetic flux is in the direction of the A-axis. As a result, the rotor
is stationary with an electrical angle (6¢) equal to z/2 due to the electromagnetic force
in the direction of a-axis. Figure 2.3 illustrates the rotor condition of a 3-phase, 2
pole-pairs (P=2) PMSM during charging, where the rotor angle (6r) is equal to the

angle between the d-axis and the g-axis (z/2P). The theoretical analysis is applicable
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for the machine with any number of pole-pairs. Here, a machine with 2 pole-pairs is
utilized as shown in Figure 2.3.

Based on the Park transformation [16], the equivalent inductor currents in d-axis
(ie) and g-axis (iq) can be expressed in terms of machine-winding currents (ia, ib, ic)

and electrical angle (6e),
. 2. . . .. 27, . . 27
iy =5 [i,sin 6, +i,sin(6, Y ) +i.sin(6, 3 )] (2.65)

ly

2. . 2w, . 2
= 5[|a cos @, +i, cos(6, — ?) +i; cos(6, + ?)] (2.66)

The produced electromagnetic torque Te can be represented as,
T =34 0, + (L —L,)i’sin(20
e _E[ mla cos e+§( q d)la Sln( e)] (267)

The initial electrical angle is set to be z/2 before the charging mode begins.
During the charging mode, the current in phase B has the same phase angle as the
current in phase C. The current in phase A is the sum of the currents in phase B and
phase C machine windings. The electromagnetic torque, generated by the magnetic
flux of the permanent magnets and the machine-winding currents, will force the rotor

to be locked in alignment with A-axis.

2.3 Experimental Results

To verify the proposed theory, a 3-kW prototype based on a propulsion system is
developed. The circuit board is shown in Figure 2.9. A 220-Vms, 3-phase round-rotor
PMSM s utilized as coupled inductors during charging. The propulsion system
utilizes a three-phase inverter module with six IGBTs. The Chroma 63212 DC

electronic load is utilized to test the circuit. The CC mode and CV mode of this
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electronic load can emulate the CC-CV charging process very well. Thus, the
electronic load can be used to validate the feasibility of the proposed integration
scheme.

Although the propulsion machine and the inverter are designed from the
perspective of machine driving, the parameters are naturally applicable to battery
charging. The self-inductance of each PMSM machine winding is 1.2mH, and the
mutual-inductance between two machine windings is 0.5mH. These inductance
values are typical values of the PMSM, widely applied in EVs. For an interleaved
boost converter operating at the switching frequency of 15kHz, the inductance values

allow the converter to operate in CCM operation.

L

X Auxiliary

Ihverter
Power Supply

Figure 2.9. Proposed single-phase integrated onboard charger using PMSM.

As for the capacitor Cqc, the capacitance, 3.3mF, is selected based on the voltage
ripple requirement for the propulsion mode. The proposed integrated charger utilizes
the DC-link capacitor of the propulsion system without any add-on large capacitor.

The DC-Link capacitor is designed based on the requirement of the voltage ripple in
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the propulsion mode. Generally, a large capacitance is selected for the DC-link
capacitor. Thus, the capacitance of the DC-link capacitor can fully meet the
requirement of 2nd harmonic oscillation during integrated charging mode. Therefore,
it is not expected to influence the battery health and lifetime. This capacitance is large
enough to balance the instantaneous power difference when energy is transferred
from the DC side to the AC side within a voltage ripple limit on the DC-link capacitor.
In battery charging mode, the energy is transferred in the opposite direction, and the
voltage ripple can meet the same requirement as set in the propulsion mode. Thus,
capacitor Cqc can be directly used in the charging mode. The component parameters

of the single-phase integrated charger are listed in Table 2.1.

Table 2.1
Component parameters of the single-phase integrated charger
Device Part # Value # of device
PMSM AKM62M 3.6kW/220V,rms/ 1
3-phase

Diode bridge GBPC3506W 35A/420V,rms 1
rectifier

IGBT in FGL60N100 NA 6
inverter

DC capacitor LGW2W561 3.3mF 6
PFC controller TMS320F28335 NA 1
Current sensor  LTS25-NP NA 3
Voltage sensor LV20-P NA 2

The output voltage is regulated from 340 V to 420 V, based on the rated voltage

of EV battery. The IGBT-based inverter is used to construct the interleaved boost
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charger with the switching frequency of 15kHz during charging. The switching
frequency is selected based on the specifications of the IGBT in the inverter. The

overall performance of the prototype is presented in Table 2.2.

Table 2.2
Performance of the single-phase integrated charger prototype

Parameters Symbol Value Unit
Input ac voltage Vin,rms 90~240 V
Input ac current lin,rms 13.6 A
Input frequency fac 60 Hz
Switching frequency fs 15 kHz
Output dc voltage Vo 340~420 \Y/
Equivalent resistive load RL 58.8 Q
Maximum output power Po 3 kw
Power factor PF 0.98

Input current total THD 3.96 %

harmonic distortion

Maximum efficiency E 93.1 %

Figure 2.10 shows the waveforms of the input line voltage, phase-B current and
phase-C current when the input current is 10A and the output power is 2kW. The
rectified input current is evenly shared between the phase-B and the phase-C machine
windings. Figure 2.11 shows waveforms of phase-B current, phase-C current and
switch gating signals when the duty cycle is higher than 0.5. The waveforms validate
the theoretical analyses of each switching state. The current ripples in phase-B and
phase-C machine windings have frequency the same as the switching frequency. Due
to the large inertia of the rotor, the high frequency ripples cause no vibrating around

A-axis. Furthermore, the electromagnetic torque exerted on torque in one switching
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period is zero because the current ripples in phase-B and phase-C windings are the
same with 180 degree phase-shift. The experimental results have also proved that
there is no rotor vibration around A-axis in battery charging mode. In Figure 2.10 and
Figure 2.11, there is a small amount of unbalanced current between the phase-B and
phase-C machine-winding currents. In the test, the unbalanced current amount is less
than 0.8A, resulting in very limited uneven thermal dissipation between the two
interleaved channels. This small unbalanced current does not affect the feasibility of
the proposed integrated charger, and current balancing techniques can be applied to
reduce the unbalancing currents [52], [53].

Figure 2.12 shows the waveforms of the input line current, input line voltage and
output voltage at full load. The input voltage is 240V ms. The output voltage is
regulated at 420V. The efficiency reaches 93.1% at 3kW output power.

Figure 2.13 illustrates the efficiency curves for 120Vims and 240Vms input
voltages at different loading conditions. The efficiencies are calculated by measuring
the input current, the input voltage, output current and output voltage at different
power levels for Vin=120V ms and Vin=240V ms. The efficiency curves are obtained
based on the calculated efficiencies. By measuring the RMS values of the input
voltage, input current, output current, and output voltage for each component in the
circuit, the power losses of each component can be measured.

Figure 2.14 shows the loss breakdown of the proposed integrated charger with

input voltage Vin = 240V rms, Output voltage Vo = 420V and output power Po = 3kW.
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Figure 2.10. Experimental waveforms of input voltage (Vin), phase-B current (Ip) and
phase-C current (Ic) of the proposed integrated charger. Y-axis (from top to bottom):
Ch2 = Vi, 250 V/div; Ch4 = I 5A/div; Chl = Iy 5A/div; X-axis: time 10 ms/div.
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Figure 2.11. Experimental waveforms of phase-B current (lIv), phase-C current (Ic),
gate voltage of S4 (Vsagate) and gate voltage of S6 (Vs gate) at D>0.5. Y-axis (from top
to bottom): Ch4 = I 2A/div; Ch2 = Ip 2A/div; Ch3 = Vsagate 25V/div; Chl = Vsg gate
25V/div, X-axis: time 40 ps/div.
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Figure 2.12. Experimental waveforms of the input current (lin), input voltage (Vin),
and output voltage (Vac) at Vinrms =240 V, linrms = 13.6 V, Vac =420V, Po=3kW; Y-
axis (from top to bottom): Ch3 = Vg 250 V/div; Ch2 = Vi, 250 V/div; Ch4 = lin 20
Aldiv; X-axis: time 20 ms/div.
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Figure 2.13. Conversion efficiency of the integrated charger prototype at different
input voltage (Vin = 120Vrms and Vin = 240Vrms) and different output powers (Po =
600W ~ 3kW).
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Figure 2.14. Loss breakdown at input voltage (Vin = 240V,rms), output voltage (Vo =
420V) and output power (Po = 3kW).

Figure 2.15 shows the waveforms during the transient process from 30% load to

70% load. The output voltage is kept as 400V during the transient process. The

experimental results show that the control strategy perfectly regulates the output

voltage during the load transient.
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Figure 2.15. Experimental waveforms of the transient process (30% load to 70% load),

including the input current (lin), input voltage (Vin), and output voltage (Vac) at Vin,rms

=240V, linyms = 4.3 V - linyms = 8.5V, Vac = 400 V; Y-axis (from top to bottom): Ch2
= Vin 500 V/div; Ch3 = Vg 250 V/div; Ch4 = lir 20 A/div; X-axis: time 10 ms/div.
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Due to the power loss on the propulsion machine, the efficiency is slightly lower
than the other single-phase battery chargers. Instead of utilizing the propulsion
machine, the traditional single-phase chargers use optimally designed inductors,
which cause less power loss. Table 2.3 shows the comparison between the proposed
integrated charger with other conventional single-phase battery chargers, i.e. the two-
stage battery charger with single-channel boost PFC converter and the two-stage
battery charger with interleaved boost PFC converter. In terms of cost, the integrated
charger costs much less than other battery chargers since only a diode-bridge is
required for the proposed integrated charger.

Based on the analysis of the input current ripples and Figure 2.6, the proposed
integrated charger has the minimum input current ripple in comparison to the other
traditional battery chargers. Furthermore, the inductances of the propulsion machines
are relatively higher than the inductances of the traditional battery chargers [34],
resulting even less input current ripple. The comparison with the traditional battery

chargers is presented in Table 2.3.

Table 2.3
Comparison to other single-phase battery chargers
Proposed Charger with Charger with
Integrated single-channel interleaved boost
Charger boost PFC [3] PFC [3]
Components | Diode Bridge Two stage Two stage system
system (PFC+LLC)
(PFC+LLC)
Size Very Small Large Large
Efficiency | 93.1% 94.5% 95.0%
Cost Very low Medium High
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Figure 2.16 compares the harmonics between the proposed integrated charger and
the EN61000-3-2 Class D Limits (A) based on the experimental results at full load. It
shows that the THD of the proposed integrated charger is compliant with the
EN61000-3-2 standard. Figure 2.16 also shows the comparison between harmonics
orders of the proposed integrated charger with those of the bridgeless boost PFC
converter and the interleaved bridgeless boost PFC converter based on the data from

literature [34].
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Figure 2.16. Harmonics orders at full load, compared against the EN61000-3-2
standard, the bridgeless boost PFC converter, and the interleaved bridgeless boost

PFC converter.

As for the startup process of the converter, different startup strategies provide
different transient behaviors. The reference value for the controller gradually
increases at a slow rate during the startup process to limit the transient input current.

Figure 2.17 shows the transient waveforms at the time of startup.
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Figure 2.17. Experimental waveforms of the startup process, including the input
current (lin), input voltage (Vin), and output voltage (Vac); Ch2 = Vin 250 V/div; Ch3 =
V4 500 V/div; Ch4 = li, 20 A/div; X-axis: time 20 ms/div.

2.4 Summary

In this chapter, a single-phase integrated onboard charger using the propulsion
system of an EV is proposed. With only one add-on passive diode bridge, the
charging topology utilizes the propulsion machine and the inverter to form a two-
channel interleaved boost converter, capable of PFC and battery current/voltage
regulation. The steady-state analyses of PMSM model and the switching states are
presented. Equivalent inductance and ripple cancellation effectiveness of the
integrated charger is higher than conventional interleaved boost converters.
Electromagnetic analyses indicate the stationary condition of rotor during steady-state
charging. A 3kW prototype using a 3-phase round-rotor PMSM is built and tested to
verify the proposed integrated scheme. A nearly unity PF and 3.96% THD of input

current are acquired at full load with 93.1% efficiency.

39



Chapter 3: Three-Phase Integrated Charger with Six-Switch
Interface
The structures of the single-phase integrated charging system and the three-phase

integrated charging system are shown in Figure 3.1.

; . Propulsion System | ;
1 3-¢ DC-DC :
] Inverter || |Converter| _| | | HVY ||
! and !
! —|K} Cae | | Battery |
! 1o 7 !
| : 1 1 |
! { . | Diode !
% i F|Iter_ Bridge %
| i Onboard Interface i
. EVOnboard System
T
1-¢ Grid
(@)

‘""'""’::::::::::::::::::::::::::::::: ””””””””””

Propulsion System |

3-¢ |[| DC-DC

Inverter || |[Converter|| _| || HV
N
—|K} Cdc | Battery

1

{ Filterq 3¢
| Interface
Onboard Interface

(b)
Figure 3.1. Schematics of the single-phase integrated charger (a) and the three-phase

integrated charger (b).
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In comparison to the single-phase integrated charger, three-phase integrated
charger can achieve battery charging with much higher power level. The interface of
the single-phase integrated charger is a diode bridge, while the interface for the three-
phase integrated charger is a buck-type three-phase circuit, mainly composed of

semiconductors.

3.2 Topology of Three-Phase Integrated Charger

The integrated charger in this chapter consists of a three-phase six-switch
interface and the propulsion system of an EV. The Proposed three-phase six-switch
interface is shown in Figure 3.2. There are six switches and six diodes in the interface.

At the DC side, no diode is needed to connect between the p and n points.

Figure 3.2. Proposed three-phase six-switch interface for three-phase integrated
charger.
The proposed topology of the three-phase integrated onboard charger with six-
switch interface is shown in Figure 3.3. The positive terminal of the interface is
connected to one of the propulsion machine’s phase-terminals (phase-A used in

Figure 3.3), while the negative terminal of the interface is connected to the negative
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terminal of the inverter’s DC-link. The integration scheme is applicable to all
traditional three-phase AC machine propulsion system, where access to machine
phase terminals (A, B, C) is available. In addition, the converter is operated in
continuous current mode (CCM).

According to the analysis in Chapter 2.1, in stationary condition (6.=x/2), each
phase serves as a discrete inductor with the equivalent inductances Lpn, which is
expressed as, Lo, + M. Therefore, in stationary condition (6e=r/2), the mutual effect
appears between phase-B and phase-C; however, it has no influence on phase a. The

equivalent inductance of the machine-windings is derived in Eq. (3.1).

Three-phase Interface Propulsion System

Figure 3.3. Proposed topology power electronics interfaces for a plug-in electric
vehicle.

Ly, = %(Laa + M,) (3.2)

Therefore, the equivalent inductance of the machine can be derived base on the
self-inductance and the mutual inductance. The total torque on the rotor can be
analyzed according to Eq. (2.67). Given the flowing directions of the currents i, and ic
during charging, the vector of the sum stator magnetic flux would be in the direction

of A-axis. As a result, the rotor is stationary with an electrical angle (&e) equal to /2
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because the electromagnetic force is in the direction of A-axis. The force generated
by the magnetic flux of the permanent magnets and the stator phase currents enforce
the electrical angle to be locked at z/2, where the rotor is aligned with a-axis.

Therefore, there is no movement of the rotor during charging.

3.3 Operation Principles of Three-Phase Charging

In each gird period, there are 12 sectors with 30 degrees phase intervals. In each
sector, two largest line-to-line mains voltages are selected to form the output voltage.
The time intervals of the line-to-line voltages are calculated based on the modulation
ratio and the input phase voltages. The division of 12 sectors in a grid period is shown

in Figure 3.3 [58].

3.3.1 Modulation Scheme

The voltage steps in a switching period of sector I are shown in Figure 3.4.

voltag
3 .

Va-

1:2:3:4:5:6:7-8:9:10-11:12:

Figure 3.4. Division of 12 sectors in a gird period.
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Switching-loss optimized modulation scheme is utilized to obtain the minimum
and stair-shaped voltage steps during transition of operation modes, resulting in the
minimum switching loss.

The same duty ratio is sent to both the switches in a bridge legs. The conduction
of the upper switch or lower switch is determined by the input voltage. The duty

ratios for bridge legs are calculated as,

VNpk

where, M is the modulation ratio, ranging from 0 to 1; v; is the input phase voltage; &;
is the corresponding phase duty ratio. Table 3.1 provides the selected line-to-line

mains voltages and the effective duty ratios for each sector [58].

Table 3.1
Applied line-to-line voltages and its corresponding intervals for each sector
Sector Voltage (interval)
1,7 Vac (oc) Vg (0b)
2,8 Vac (da) Vac (db)
3,9 Vec (db) Vac (da)
4,10 Vec (5¢) Vea (da)
5,11 Vea (da) Vac (5¢)
6,12 Vea (6b) Vea (5¢)

3.3.2 Operation Modes

For each sector, there are 6 operation modes. Due to the symmetry of the 12
sectors, the sector | from 0-30 degree is discussed here as an example. As it can be

seen from Figure 3.4, the input mains phase voltages have relation as Va>0>Vp>Vc¢in
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the sector I. The line-to-line voltages Vac and Vag are utilized to form the output
voltage. The switching actions for each bridge leg are shown in Figure 3.5. The
corresponding six operation modes of the circuit are shown in Figure 3.6. All the

switches have the same switching frequency due to the EMI consideration.
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Figure 3.6. Operation modes of the proposed integrated charger.

In mode |, switches S1 and Se are turned on. The voltage Vpn is equal to the

voltage Vac. The switches Sio and Si1 are turned on. The voltage over La and Ly is
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Vac, while the voltage over La and L¢ is Vo- Vac. Thus, the current variations of the

inductor currents iLa and the L, are expressed as,

dt 2L, (33)

dt 2L, (34)

In mode 1l, switches S; and S4 are turned on. The voltage Vpn is equal to the
voltage Vag. The switches Sipand switch Si: are turned on. The voltage over the La
and Ly is Vag, while the voltage over La and Lc is Vo- Vag. Thus, the current variations

of the inductor currents iLa and i» are expressed as,

% — Vac (3.5)
dt 2Ly, '

diLc - _ Vo — Vg (3 6)
dt 2Ly, '

In mode 111, all the switches in three-phase buck stage are turned off. The voltage
Vpn is equal to 0. The switches Sio and Si: are still on. The voltage over the La and Ly
is 0, while the voltage over La and L is -Vo. iwb circulates in a current loop though the
inductors Ly and La. The current iLa flows thought the body diode Dsg. The current

variations of the inductor currents iLa and iv» are expressed as,

dipp

b _ 3.7
= const. (3.7)
dip Vo

dt ~ 2Ly, (38)

In mode 1V, all the switches in three-phase buck stage are turned off. The voltage

Vpn is equal to 0. The switches Sg and Si» are still on. The voltage over La and Ly is -
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Vo, while the voltage over La and L is O. i.c circulates in a current loop though the

inductors L. and La. The current iLa flows thought the body diode Dsg. The current

variations of the inductor currents iLa and i are expressed as,

dii, W

dt 2Ly, (39)
diyc

ke _ 3.10
dt const. ( )

In mode V, the switches S; and Ss are turned on. The voltage Vpn is equal to the
voltage Vag. The switches Sg and Si» are turned on. The voltage over La and Ly is Vo—
Vag, While the voltage over La and L¢ is Vas. Thus, the current variations of the

inductor currents iLa and i can be expressed as,

dity, Vo —Vag

dt 2Ly (3.11)
dipc _ Vap
dt 2Ly, (3.12)

In mode VI, the switches S1 and Se are turned on. The voltage Vpn is equal to the
voltage Vac. The switches Sg and S12 are turned on. The voltage over La and Ly is Vo -
Vac, while the voltage over La and Lc is Vac. Thus, the current variations of the

inductor current iLa and the inductor current i, are expressed as,

disy _ Vo= Vac

dt 2Ly (3.13)
diLc _ VAC
kT (3.14)
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3.3.3 Inductor Current Ripple

The inductor current iLa is the sum of inductor current i, and ic. The inductor
current iLa is directly applied to form the mains current. Thus, the ripple of the
inductor current can directly affect the mains currents. Due to the symmetry of the
sectors in terms of the voltage Vpn, the ripple of the inductor current iLa can be
calculated based on one sector. The sector I is applied to calculate the ripple of the
inductor current iLa based on the operation modes. It is expressed as,

V,|D, — 0.5|T

_ 2
(—V,V, +2V.%) + 2

(3.15)

Aiy, =
L 2L Vpk

where, T is the switching period; D; is the duty ratio of the interleaved boost stage.

The input phase voltages Va and V. are subject to,

Vo = Vapiccos(6),0 < 6 < =7 (3.16)

V, = Vyprcos (9 — gn), 0<6< %n (3.17)

Based on Eq. (3.15), the inductor current ripple Ai,, is a function of the duty ratio
D2. When D3 is equal to 0.5, this ripple is the minimum with the other parameters as
constants. The interleaved boost stage needs to be controlled to ensure the minimum
inductor current ripple in order to minimize the size of the input filter and the EMI

filter. Thus, the duty ratio of the interleaved boost stage is fixed at 0.5.

3.4 Modeling of Three-Phase Charging System

In order to analyze the stability of the system, the equivalent model is derived for

the proposed integrated charger system.

49



3.4.1 Equivalent Circuit

In each sector, the three-phase interface shows similar dynamic performance as a
buck-type DC-DC converter equipped with an input filter under a variable input
voltage. The three-phase interface can be modeled as an equivalent buck converter.
Although the waveforms of the two interleaved channels have 180 degree phase shift,
the average current of the two interleaved channels are the same. Thus, the
interleaved boost stage can be modeled as a conventional boost converter with an
equivalent inductance L.

The entire integrated charger system has a similar dynamic behavior to a non-
inverting buck-boost converter. The equivalent circuit of the system is shown in
Figure 3.7. For simplicity, only a single stage input filter is considered without

damping resistor.

Figure 3.7. Equivalent circuit of the proposed integrated charger.

The buck-type rectifier is a current source converter. The modulation ratio of the

three-phase interface is defined based on the input current and the inductor current,

M = vk (3.18)
I,

where, Iy, is the peak value of the input current; and I, is the inductor current.

Considering input power is equal to the output power,
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3
> Unpiclnpr = D,'1,U, (3.19)

where, Upyy is the peak value of the input voltage; D," is equal to 1-D,; I, is the
inductor current; and U, is the output voltage. Thus, the modulation ratio can be

derived as,

M=3 (3.20)
2 UNpk

where, Uy, is the peak value of the input voltage.

According to Eqg. (3.18), the input mains current is directly formed by regulating
the inductor current. Thus, the input current of the equivalent circuit is equal to the
mains currents of the three-phase interface because the modulation of the equivalent

buck switch Sz in Figure 3.6 provides the same input current as the mains current.

leq = Inpk (3.21)

Assuming the components are ideal and there is no power loss, the equivalent

circuit is constructed assuming equality of input and output power and energy

conservation principle. Assuming that the input power of the equivalent circuit is the

same as the input power of the three-phase buck interface, the equivalent voltage can
be derived as,

3
teg == Unp (3.22)

For the input filter, the energy stored in the equivalent filter inductor and the
equivalent filter capacitor should be the same as the energy stored in the three phase

filter.
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1 3 5
Ere =5 Crn(ua® +up® +uc?) = 2 Cralnp  (3:23)

1
Efc = Ecequeqz (3.24)

Combing Eq. (3.22) and Eqg. (3.24), the equivalent capacitance can be derived as,

2
Coq = §Cf,N (3.25)

Similarly, by using the principle of energy conservation, the equivalent
inductance can be derived as,

3
Leg =5Lgn (3.26)

According to Eq. (3.25) and Eqg. (3.26), the resonant frequency of the equivalent

input filter would be same as the resonant frequency of the three phase input filter.

3.4.2 Small Signal Model

Based on the equivalent models, the small-signal equivalent model of the circuit

can be obtained, as shown in Figure 3.8.
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Figure 3.8. Small-signal model of the equivalent circuit.

According to the small signal model, the open-loop transfer function of inductor

current to modulation ratio is derived as,
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LegMI
LegCeqS? - %t

- % _ Ua, Uc1Da (3.27)

L
S LeqCeqs?+—2M?+1

For the output voltage, the open-loop transfer function of the output voltage to

modulation ratio is derived as,

Lo MI
— ) LyyCops? — 4 %541
e Yo _Uabz A Uab,
W = L LoaCodl CoL Loal M2
T Ly Cags® + eqU§q°52+( oLeqM2+Co)s+ L +lI]—‘; (3.28)

3.4.3 Control Strategy

The controller is composed of two closed loops: the input inner current loop to
regulate the inductor current; and the output voltage outer loop to regulate the output
voltage. The feed forward of the output voltage is introduced in the control loop to
improve the dynamic performance during charging. The schematic of the control

strategy is shown in Figure 3.9.
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Figure 3.9. Control strategy of the proposed integrated charger.
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For the inner current loop, the schematic of the current closed loop is shown in

Figure 3.10.
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Figure 3.10. Schematic of the inner current close loop.

L

The PI controllers are applied in both the inner current loop and the output voltage

loop. The transfer function of the PI compensator is expressed as,

k:
G =k + ?l (3.29)

where, k,, and k; are the coefficients of the compensator. The closed loop bode plots

of the inner current loop are shown in Figure 3.11.
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Figure 3.11. Bode plot of the inner current control.
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The bandwidth is set at 1.3 kHz. The phase margin is larger than 50 degrees,
which is sufficient for stability of the system. The k; is designed to be 0.05, while the
ki is selected to be 10.

For the outer voltage loop, the bandwidth is much smaller than the bandwidth of
the inner current loop. The inner current loop can be considered as a gain for
designing the outer voltage loop. The bandwidth is set as 5Hz. For the PI voltage
controller, the kp is selected as 2 x 1077 and kj as 1 x 10>, The phase margin is larger

than 50 degree, which is enough to ensure system stability. The bode plots of the

outer voltage loop are shown in Figure 3.12.
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Figure 3.12. Bode plot of the outer voltage control.
3.4.4 Influence of the Machine Inductance

The equivalent machine inductance Ln of the commonly used machine in EVs

ranges from 1mH to 200mH [20]. In order to analyze the influence of the Ly on the
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system, the bode plots of the inner current loop and the outer voltage loop are given

with different L, values, as shown in Figure 3.13 and Figure 3.14.
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Figure 3.13. Bode plot of the inner current loop with different Ly values.
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Figure 3.14. Bode plot of the outer voltage loop with different Lm values.
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Figure 3.13 and Figure 3.14 show that the bandwidths of the control loops
decrease with increasing the machine inductance. In order to further analyze the
influence of Ln on the system, the root locus of the control-to-inductor-current
transfer function and the control-to-output-voltage transfer function are plotted with
Lm varying from 1mH to 22mH. Figure 3.15 shows the variation of dominant pole of
the transfer functions under L, variation for the inner current loop.
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Figure 3.15. Root locus of the inner current loop with different L values.

Figure 3.16 shows the variation of dominant pole of the transfer functions under

Lm variation for the outer voltage loop.
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Figure 3.16. Root locus of the outer voltage loop with different L values.

According to Figure 3.16, the dominant poles move towards the imaginary axis
when Ly increases. The shift of poles increases the system setting time and response
time, which is consistent with the results of bode plot. The dominant poles are always
on the left hand plane, ensuring the system stability.

The machine inductance does not affect the stability of the system. Bandwidths of
control loops are slightly influenced when different propulsion systems are
connected. The proposed topology is applicable to majority of machine drive systems

with different propulsion machines.
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3.5 Experimental Results

To verify the proposed theory, a 3.3-kW add-on interface was designed and
developed, which was utilized as the test bed in conjunction with a 3.6-kW
propulsion system, as shown in Figure 3.17. The 3-phase round-rotor PMSM is
utilized as a three-winding coupled inductor in charging mode. Each phase winding
has 1.2-mH self-inductance and 0.5-mH mutual-inductance between each two phase
windings. The propulsion system utilizes a 3.6-kW three-phase inverter module with

six IGBTs.

Figure 3.17. Test bed for the proposed three-phase integrated onboard charger.

A 60-Hz AC power source is utilized to emulate the single-phase grid interface.
An electronic load is used to emulate the battery in experimental test. The output
voltage is regulated from 280 V to 420 V, based on the rated voltage of EV battery
packs. The switching frequency of the inverter and the three-phase interface are both

set at 20 kHz. The overall performance of the test bed is presented in Table 3.2.
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Table 3.2

Performance of the three-phase integrated charger

Parameters Symbol Value Unit
Input ac voltage Vac,rms 120 \
Input frequency fac 60 Hz
Switching frequency fs 20 kHz
Output dc voltage Vo 280~420 \/
Maximum output Po 3.3 kwW
power

Power factor PF 0.99

Total harmonic THD 4.77 %
distortion

Maximum efficiency Esf 92.6 %

Figure 3.18 shows the waveforms of the input phase current (ia), input phase
voltages (Va and Vp) and output voltage at Vo=291V. The input voltage is 120V rms.
Figure 3.19 shows the waveforms of the input phase current (ia), input phase voltages
(Va and Vp) and output voltage at Vo=400V. The input voltage is 120V ms. The
efficiency curve at different loading conditions is illustrated in Figure 3.20. The
maximum efficiency is 92.6%.

The gating signals have voltages levels of +15V during the on-state and -10V

during the off-state.
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Figure 3.18. Experimental waveforms at Vin=120V,rms, V,=291V, including input
phase-A current (ia), input phase-A voltage (Va), input phase-B voltage (Vc), and
output voltage (Vo).
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Figure 3.19. Experimental waveforms at Vin=120V,rms, V,=400V, including input
phase-A current (ia), input phase-A voltage (Va), input phase-B voltage (Vc), and
output voltage (Vo).
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Figure 3.20. Efficiency curve of the proposed three-phase integrated onboard charger.

3.6 Summary

In this chapter, a three-phase integrated onboard battery charger using the
propulsion system of an EV is proposed and designed. By connecting a three-phase
six-switch interface to the propulsion system, the charging topology utilizes an AC
propulsion machine and its inverter as a two-channel interleaved boost converter for
PFC. The charger switching states are presented for steady-state analyses. The
influence of machine inductance on the stability of the system is analyzed by using
the bode plot and root locus plots. The proposed integrated architecture is verified
through a 3.3-kW proof-of-concept test bed and a 3-phase round-rotor PMSM. A
nearly unity PF and 4.77% THD is acquired at 3.3 kW charging with 92.6%

efficiency.
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Chapter 4: Three-Phase Integrated Charger with Three-Switch
Interface

To further reduce the size and weight of the three-phase integrated charger, an
integrated three-phase onboard charger with a three-switch interface is proposed. The
proposed integrated charger consists of a three-phase three-switch interface and the
propulsion system of an EV. The proposed three-switch interface is developed based
on the traditional three-phase three-switch AC-DC buck converter [59].

The three-phase interface is only composed of power semiconductors without
bulky DC-link inductor and capacitor (except the small size input filter), significantly
reducing the size and weight of the three-phase interface. The small size of the three-
phase interface facilitates its onboard installment on EVs. At the DC side of the
interface, no diode is needed to connect between the two terminals. Moreover, there
are only three switches in the three-phase interface, which simplify the size of gate
drive circuit and cooling requirements, further reducing the system size. The

proposed three-phase interface is shown in Figure 4.1.

Figure 4.1. Proposed three-phase three-switch interface for three-phase integrated

charger.
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As for the control strategy, either the input current or the DC-link current can be
regulated in a three-phase buck-type rectifier [60]. However, the DC-link current
control slows down the system and deteriorates the dynamic performance of the input
current, while the input current control ignores the current ripple of the DC-link
inductor, resulting in higher input current ripple and lower THD. Compared with
traditional three-phase buck-type converters, the proposed two-stage buck-boost
integrated charger has two control variables, the duty cycle of the inverter and the
modulation index of the three-phase interface.

Thus, a cascaded control strategy is designed and implemented. The first cascaded
control regulates the machine-winding currents and the output voltage of the drive
system stage, while the second cascaded control modulates the input filter inductor
current and the input filter capacitor voltage of the three-phase interface. Thus, the
input current, machine-winding currents and the battery voltage can be regulated
simultaneously, reducing the machine-winding current ripple and improving the input

current dynamics at the same time.

4.1 Basic Operational Principle

Figure 4.2 shows the topology of the charger with the three-phase interface stage
and the drive system stage. The voltage between the p and n points is the intermediate

voltage, Vpn.
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Three-phase Interface Propulsion System

Figure 4.2. Proposed topology of the three-phase integrated charger with three-switch

interface.

For the three-phase interface, the modulation index is defined as,

I
M = NPk (4.1)
I,

where, Iy, is the peak value of the input phase current, and I,, is the output current of
the three-phase interface.

In steady state, the duty cycle of the interleaved boost stage, D, and the
modulation index of the three-phase rectifier stage, M, are subject to the Eq. (4.2),

MY
1-D  Vypk

(4.2)

where, Vy,\ is the peak voltage of the input phase voltage, and V;, is the battery

voltage. The phase modulation index can be calculated as,

V;

6l'_M

= 4.3
Vuow (4.3)

where, v; is the input phase voltage; §; is the phase modulation index. (i indicates

phase A, phase B or phase C.)

65



For the three-phase interface, one grid period is divided into 12 sectors with each

sector having 30 degrees [47]. As shown in Figure 4.3, the three-phase voltage vector

is indicated as an arrow, which rotating in anti-clockwise direction.

N’(hase B o

Phase (7{\‘*15‘54__,/"

Figure 4.3. Division of 12 sectors during a gird period.

In each sector, two highest line-to-line voltages are selected to form the
intermediate voltage, Vpn. Table 3.1 shows the line-to-line voltages and corresponding
intervals for each sector [61]. For example, in Sector 1, the line-to-line voltages Vac
and Vag are selected. The switching sequences of the switches Q1 - Q3 are shown in
Figure 4.4. The symmetric switching sequence is selected to minimize the switching

loss [59].
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Figure 4.4. Switching actions and voltage steps during a switching period in Sector 1.

For the drive system stage, the switches S1 and S2 of the inverter are kept off all
the time. The switches S3 — S6 construct two power channels of an interleaved boost
converter, which operate with 180 degree phase shift. The operational modes for

Sector 1 are shown in Figure 4.5.
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Figure 4.5. Operational modes of the circuit in Sector 1.

68



The current flowing directions are marked in Figure 4.5. In mode Ill and mode
IV, the three switches in the three-phase interface are all off. The machine-winding
current i, flows through the body diode Dsy.

In mode I, switches, Q1 and Qs, in the interface stage are turned on with the
voltage over p and n points, Vpn, equal to line-to-line voltage, Vac. In the propulsion
system stage, switches, S4 and Ss, are turned on. The voltage over machine-winding
inductors, La and Ly, is equal to Vac, while the voltage over machine-winding
inductors, La and L, is equal to Vo - Vac. Thus, the slopes of machine-winding

currents, ip and ic, are derived as Eq. (4.4) and Eq. (4.5).

Vi 4
dt 2Ly, |
% . Vo =Vac (4 5)
dt 2Ly, |

In mode I, switches, Q1 and Q, in the interface stage are turned on with the
voltage between p and n points, Vpn, equal to the line-to-line voltage, Vag. In the
propulsion system stage, switches, Ssand switch Ss, are turned on. The voltage over
machine-winding inductors, La and Ly, is equal to Vas, while the voltage over
machine-winding inductors, La and L., is equal to Vo - Vas. Thus, the slopes of

machine-winding currents, i and ic, are derived as Eq. (4.6) and Eq. (4.7).

ay __ Vac "

dt 2Ly, (4.6)
% _ Vo= Vap (4 7)
dt 2Ly, '
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In mode I11l, all the switches in the interface stage, Q1 - Qs, are turned off, but the
switches in the traction inverter, S4 and Ss, are turned on. The voltage between p and
n points, Vpn, equal to 0. The voltage over machine-winding inductors, La and Ly, is
equal to 0, while the voltage over machine-winding inductors, La and L, is equal to -
Vo. The machine-winding inductor current, i», circulates through a loop, which is
formed by the machine-winding inductor Ly, the switch Ss4, the body diode Dsz, and
the machine-winding inductor La. The machine-winding inductor current, ic, flows
thought the switch Ss. The slopes of machine-winding currents, i» and ic, are derived

as Eq. (4.8) and Eq. (4.9).

di
2= const. (4.8)
dt
L 4.9
dt = 2L, (4.9)

In mode 1V, all the switches in the interface stage, Q1 - Qs, are turned off with the
voltage between p and n points, Vpn, equal to 0. The switches Sz and Se are turned on.
Thus, the voltage over machine-winding inductors, La and L, is equal to 0, and the
voltage over machine-winding inductors, La and Ls, is equal to -V,. The machine-
winding inductor current, ic, circulates through a loop, which is formed by formed by
the machine-winding inductor L, the switch Se, the body diode Dsz, and the machine-
winding inductor La. The machine-winding inductor current, ip, flows thought the
switch Ss. The slopes of machine-winding currents, i, and ic, are derived as Eq. (4.10)

and Eq. (4.11).

di, Y, (4.10)




di,
— = const. (4.11)
dt
In mode V, switches Qi1 and Q: in the interface stage are turned on with the
voltage between p and n points, Vpn, equal to the line-to-line voltage, Vag. In the
propulsion system stage, switches, S3 and Se, are turned on. The voltage over
machine-winding inductors, La and Lc, is equal to Vag, and the voltage over machine-
winding inductors, La and Ly, is equal to Vo - Vag. The slopes of machine-winding

currents, ip and ic, are derived as Eq. (4.12) and Eq. (4.13).

L _ Lol 4.12
dt 2Ly, (4.12)
L lw 4.13
dt 2L, (4.13)

In mode VI, switches Q1 and Qs in the interface stage are turned on with the
voltage between p and n points, Vpn, equal to the line-to-line voltage, Vac. In the
propulsion system stage, switches, Sz and Se, are turned on. The voltage over
machine-winding inductors, La and L, is equal to Vac, and the voltage over machine-
winding inductors, La and Ly, is equal to Vo, - Vac. The slopes of machine-winding

currents, i and ic, are derived as Eq. (4.14) and Eq. (4.15).

L _ Lo~ e 4.14
dt 2Ly, (4.14)
Lo Lac 4.15
dt 2Ly, (4.15)
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The phase-A machine-winding current, ia, is the sum of the phase-B machine-
winding current, ip, and phase-C machine-winding current, ic. Based on the analysis
of operation modes, the current ripple of the phase-A machine winding, Ai,, can be

derived as Eq. (4.16).

Ai, = L (=Vyvpg + 20,2 + M (4.16)
2LpnVipk 2Lpn
where, T is the switching period.
Table 4.1 lists the switching states and related voltages for each mode.
Table 4.1
Switching states and related voltages for each mode

Mode | Mode Il Mode I11
Three-phase interface Qlon Q3on [Qlon Q2on | Qloff Q2 off
stage Q2 off Q3 off Q3 off
Vpn Vac Vas 0
Drive system stage S4 on S5on|S4on S5o0n |[S4on S50n

S3off S6off | S3off S6off | S3off S6 off
Voltage over La & Lb Vac Vas 0
Voltage over La & Lc Vo- Vac Vo- Vas Vo

Mode IV Mode V Mode VI
Three-phase interface Qloff Q2off [ Qlon Qloff | Q2off Qlon
stage Q3 off Q3 off Q3 off Q3 off
Vpn 0 Vas Vac
Drive system stage S3on S6on|S3on S3on |S6on S3o0n

S4 off S5off | S4off S4off | S5off S4off
Voltage over La & Lb -Vo Vo- Vas Vo- Vac
Voltage over La & Lc 0 Vas Vac
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In charging mode, the current flow into the phase-A machine winding and is
evenly distributed between the other two machine windings. Based on the machine-
winding currents, the sum of the stator magnetic flux is in the direction of a-axis.
Thus, the electromagnetic force is aligned with the a-axis, and the rotor is stationary
with the electric angle as m/2 during battery charging mode. According to the Park
transformation, the equivalent currents in d-axis (ia) and g-axis (ig) of the propulsion
machine can be derived as Eq. (4.17) and Eq. (4.18), respectively, in terms of

machine-winding currents (ia, ib, ic) and electrical angle (Ge).

iy = g[ia sin @, +i, sin(é, —2—7[) +i, sin(6, +2—”)] (4.17)
3 3 3
i, = 2[i, c0s 6, +i, cos(d, - ) +i, cos(d, + 2] (4.18)
3 3 3
The generated electromagnetic torque, Te, can be derived as Eq. (4.19).
(4.19)

3., . 1 .
T, = E[ﬂ,mla cos 6, 5 (L, —Ly)izsin(26,)]
According to Eq. (4.19), the electromagnetic torque is forced to be zero, and the

electrical angle is equal to /2 in charging mode.

4.2 Control Strategy of the Integrated Charger

In this system, both the duty cycle and the modulation index can be utilized to
control the system. The duty cycle of the interleaved boost stage is set as constant 0.5,
while the modulation index of the three-phase interface stage is utilized to regulate
the input filter inductor current and the input filter capacitor voltage. The control

strategy is shown in Figure 4.6.
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Figure 4.6. Control strategy of the integrated charger with three-switch interface.

There is an output voltage controller for the integrated charger. The cascaded

control strategy is analyzed in detail in the following.

4.2.1 Control-Oriented Modeling

First, the small signal model of the circuit has to be built for the control strategy.
The three-phase integrated charger can be considered as an equivalent buck-boost
DC-DC converter circuit [62]. The equivalent circuit is the same as the circuit shown
in Figure 3.6.

Based on the principle of energy conservation and power equality, the equivalent
filter capacitance and equivalent filter inductance are quantified as Eqg. (3.25) and Eq.
(3.26). The equivalent input voltage is quantified as Eqg. (3.22). The small signal

model of the circuit is derived as Eq. (4.20) - (4.23).
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dt E'Ucf (420)
dvgs M I 1
— - lm+ i 4.21
o Coq - Coq Coq (4.21)
dij M Ve . D' _ V.
= Lm——+2 4.22
T Lmvcf+ LM LvO+Ld (4.22)
dv; I, . D' 1
0= Ld+—g 7y (4.23)

e T - Ta

The small signal model of the circuit can be derived based on this model.

4.2.2 Design of Cascaded Control for Three-phase Interface

The multiloop cascaded control for three-phase interface is shown in Figure 4.7.
The inner loop is used to control the input filter capacitor voltage. The intermediate
loop is used to regulate the input filter inductor current. The outer loop is utilized to

control the battery voltage.
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Figure 4.7. Multiloop cascaded control for three-phase interface.

For the inner capacitor voltage controller, the modulation index to input filter

capacitor voltage transfer function, vacf(s), is derived based on the small signal

model as Eq. (4.24).

Iy L MU
—ILLCS3—(MCUNeq +%)sz—[#+1L(1—D)2]s

Gonvg, (s) =L = (4.24)

LCCeqs*+

LCeq LC L  MZ2 (1-D)?
= s3+[(1—D)ZCeq+E+M2C]SZ+( ' )s+

RLeq R Legq
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The controller of the capacitor voltage control, K¢(s), is designed as a PI

controller.

k.
Ker(s) = kper + ‘ch (4.25)

where, the k, is selected as -0.3, and k;¢ is selected as —6000.

Figure 4.8 shows the bode plot of the uncompensated and compensated system.
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Figure 4.8. Bode plot of the input filter capacitor voltage control loop.

For the intermediate inductor current control, the transfer function of the

modulation index to the input filter inductor current, G (s), is derived as Eq.

UCfiLf

(4.26).

Gyepip,(S) = —= (4.26)
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The dynamics of the input filter capacitor voltage control is taken into
consideration when designing the controller of the input filter inductor current
control.

The filter inductor current controller, K, ¢(s), is design as a PID controller.

(15 (1+5)

S S
1+ ) (145
CUpl (Upz

K r(s) = kcm( ) (4.27)

where, the k., is designed as -10, w,, is selected as 10>, wp1 is selected as 10°, w, is
selected as 10°, and w,; is selected as 5 x 10°.

Figure 4.9 shows the bode plot of the uncompensated control path and the

compensated control path.

----- uncompensated
compensated

---------
A e
.........
.....
-
.o
-~

o
o
T

agnitude (dB)

-~
-
- . .
-
e -
.~ -
-

S 100k

1
=
ul
o

[ER
(00
o

Feeeeeaaaa..
. S eee

(o)
o

(deg)

Phase

W N
S
S o

BRALE LT TP

2“.”....”.

|
Qf

10°

10*

Frequency (Hz)

10° 10°

Figure 4.9. Bode plot of the input filter inductor current control loop.
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For the output voltage control of the three-phase interface stage, the input filter

inductor current to the output voltage transfer function, G (s), is derived as Eq.

VolLf

(4.28).

3

VNeqLleqCeqS?—ILMLeg+Vneq

(4.28)

!

Gy i (s) =2 =
Vol MV
olLf 7o nLes?+(MCVyeq :’ff)s+[ e :IL(1—D)2]

~
~

The output voltage controller, K,, ;. .(s), is designed as a Pl controller.

oiLf
1
Koin (8) = ke + ki - (4.29)

where, k,, is selected as 0.01, and k; is selected as 0.1.

Figure 4.10 shows the bode plot of the uncompensated control path and the

compensated control path.
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Figure 4.10. Bode plot of the input filter inductor current control loop.
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4.4 Experimental Results

To verify the proposed integrated charger and the design of the control strategy, a
5kW proof-of-concept prototype is designed and developed at the Maryland Power
Electronics Laboratory (MPEL).

The three-phase power grid is emulated by a three-phase 60-Hz AC power supply.
Considering the variation of EV battery voltage during charging, the tested output
voltage ranges from 295V to 410V. The overall performance of the prototype is

presented in Table 4.2.

Table 4.2
Performance of prototype

Parameters Symbol Value Unit
Input ac voltage Vac,rms 120 \Y
Input frequency fac 60 Hz
Output dc voltage Vo  295~410 \
Maximum output power Po 5 kwW
Power factor PF 0.99

Total harmonic distortion THD 4.82 %
Maximum efficiency Est 93.2 %

Figure 4.11 shows the waveforms of the input current, input voltage, and the
battery voltage at Vo,=318V. The experimental results verify the feasibility of the
proposed integrated charger. Due to the relatively high inductance of propulsion
machine, the machine-winding current ripple is measured to be as low as 2A, which is

only 10% of the peak current value, restricting the core loss from the propulsion
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machine. Compared with the inductor current ripple of traditional battery chargers,

the machine-winding current ripple of the proposed approach is much less.
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Figure 4.11. Waveforms of three-phase integrated onboard charger (CH1: input
phase-B current, I, 10A/div; CH2: output voltage, Vo, 100V/div; CH3: input phase-
B voltage, Vne, 100V/div; CH4: input phase-C current, Inc, 10A/div) at Vin=120V,rms,
Vo=318V.
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Figure 4.12 shows the waveforms of the input current, input voltage, and the

battery voltage at Vo,=380V.
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Figure 4.12. Waveforms of three-phase integrated onboard charger (CH1: input
phase-B current, I, 10A/div; CH2: output voltage, Vo, 100V/div; CH3: input phase-
B voltage, Vne, 100V/div; CH4: input phase-C current, Inc, 10A/div) at Vin=120V,rms,

Vo=380V.

Figure 4.13 shows the waveforms of the input current, input voltage, and the

battery voltage at full power and V,=410V.
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Figure 4.13. Waveforms of three-phase integrated onboard charger (CH1: input
phase-A current, Inc, 20A/div; CH2: output voltage, Vo, 100V/div; CH3: voltage
phase-C voltage, Vnc, 500V/div; CH4: input phase-C current, Inc, 20A/div) at
Vin=120V,rms, V,=415V.

It is shown that the input phase current is in phase with the corresponding input
phase voltage. The experimental results verify the feasibility of the proposed

integrated charger.

Figure 4.14 shows the waveforms of gating signals for the switches S4 and Se in
the propulsion system stage, the waveform of phase-B machine-winding current, and
phase-C machine-winding current. The gating signal of the switch S4 has 180 degrees

phase shift to the gating signal of the switch S6 in the propulsion system stage.
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Figure 4.14. Switching waveforms (CH1: gating signal for switch Sa, Vess, 25V/div;
CH2: gating signal for switch Se, Vass, 25V/div; CH3: phase-C machine-winding
current, l¢, 5A/div; CH4: phase-B machine-winding current, I, 5A/div).

Correspondingly, the phase-B machine-winding current has 180 degrees phase
shift to the phase-C machine-winding current in the propulsion machine. The
experimental results are consistent with the theoretical analysis of the operation

modes in the propulsion system stage.

Figure 4.15 shows the waveforms of gating signals for the three switches in the
interface stage and the waveform of phase-B input current. The voltage levels of the

gating signals are +15V during the on-state and -10V during the off-state.
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Figure 4.15. Switching waveforms (CH1: gating signal for switch Q1, Veo1, 25V/div;
CH2: gating signal for switch Qz, Veqe, 25V/div; CH3: gating signal for switch Qs,
Vo3, 25V/div; CH4: input phase-B current, Inp, 5SA/diV).

The experimental results are consistent with the theoretical analysis of the
operation modes in the interface stage.

To verify the stability of the control system, Figure 4.16 is provided to show the
transient process at rated voltage levels when the input currents changed from 7A to
3.5A then back to 7A at Vin=120V ms, Vo=410V. The output voltage is kept as 410V
during the transient process. The experimental results show that the input phase

current is in phase with the corresponding input phase voltage.

In Figure 4.16, the system took 15 millisecond and 16 millisecond to reach the

steady state when the load changed from full load to half load and from half load to
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full load, respectively. The experimental results of load transient are consistent with

the theoretical bandwidth of 350Hz as designed.

On the other hand, the input phase-B current stays sinusoidal during all the load
transient process. It means that the bandwidth of input filter inductor currents is at
least 10 times higher than 350Hz, which is consistent with the 4.5 kHz bandwidth of

the input inductor current as designed.
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Figure 4.16. Transient waveforms (CH1: phase-B input voltage, Vnn, 250V/div; CH2:
output voltage, Vo, 100V/div; CH4: input phase-B current, In, 5A/div) at
Vin:].zov,rms, Vo:410V.
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The efficiency curve of the proposed integrated charger is shown in Figure 4.17.

The peak efficiency is measured as 93.2%.
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Figure 4.17. Efficiency curve of the proposed integrated charger.

The loss breakdown is provided for the circuit at input voltage (Vin = 110V rms),

output voltage (Vo = 410V), and full load (Pout = 5kW), as shown in Figure 4.18.

100
~ 80
=3
@ 60
o
-
a 40
=
g
’ I
0 .
Switches i |n Dlodesm Inverter Input f||ter Motor Misc.
interface interface loss

Figure 4.18. Loss breakdown at Vin = 120V mms, Vo = 410V, and Pout = 5SKW.
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The miscellaneous power loss mainly contains the power loss caused by PCB
traces, gate drives, etc. Due to the utilization of SiC semiconductors, the interface has
less power loss than that of the inverter. The loss breakdown shows that majority of
power loss is caused by the propulsion system, including the propulsion machine and

the inverter.

4.5 Summary

In this chapter, a three-phase integrated onboard battery charger is introduced,
investigated and designed for EVs. The integrated charger consists of a three-phase
three-switch interface and the EV’s propulsion system. The machine and the inverter
serve as a two-channel interleaved boost converter. A dual cascaded control strategy
is proposed and designed for the integrated charger. The proposed control strategy
regulates the input current, the machine-winding current and the output voltage
simultaneously. The small signal model is derived, and the design of controller is
provided. A 5kW proof-of-concept prototype is built and tested. A 0.99 PF and 4.82%

THD are obtained at 5kW with efficiency as 93.2%.
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Chapter 5: Conclusion and Future Work

5.1 Conclusions

This work for the first time proposed and successfully demonstrated practical
propulsion-machine-integrated charging approaches for EVs.

A single-phase propulsion-machine-integrated charger was developed. The
machine windings of the propulsion machine were utilized as PFC inductors in the
charging mode. Thus, there were no bulky inductors in the interface. The components
required for the battery charging were simplified as one diode bridge, significantly
reducing the size of the charging system. The theoretical analysis and experiments
were carried out to validate the functionality of the proposed approach. The PF was
measured as 0.98, and the THD of the input currents was measured as 3.96%. A peak
efficiency of 93.1% was obtained in test.

Then, two three-phase integrated solutions were introduced. In the first three-
phase approach, a six-switch interface was proposed, developed and designed for
three-phase integrated charging. The add-on device for the integrated charging is the
three-phase interface, which mainly consists of semiconductors and EMI filters. Thus,
the size of the interface is much smaller the three-phase offboard chargers, and
onboard setting of the interface can be applied, greatly reducing the size and cost of
three-phase battery charging. The feasibility of the proposed approach was verified by
theoretical analysis and experimental results. A 3.3KW prototype was construct,
achieving the PF as 0.98, the THD of the input current as 4.77%, and a peak

efficiency of 92.6% in experiments. The power density of the interface is 31W/in®.
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The second three-phase integrated onboard charging approach aimed at further
reducing the size of the system. The count of transistors is reduced to three,
simplifying the gate driving circuit and the charging topology. The size of the
interface can be further reduced, and the power density of the interface increases by
40%. The proposed topology was proved to be feasible by experimental results. A
three-phase three-switch interface was proposed and designed. A 5kW prototype was
built with the power density of the interface increased to 52W/in%. The THD of input
currents is 4.82%, and the PF is 0.99. The peak efficiency was measured as 93.2% at

5kW.

5.2 Future Work

Although multiple propulsion-machine-integrated charging approaches for EVs
are thoroughly investigated and successfully demonstrated, the research of this topic
is not exhaustive. There are several advancements that can be made to further
enhance the performance of the integrated chargers. The following areas could benefit

from further investigations.

5.2.1 Novel Control Algorithms

One benefit of the integrated onboard charger is that both the switches in the
interface and the switches in the inverter can be controlled to regulate the currents and
voltages of the charger. There are two degrees of freedom available for the design of
the charger control system. Therefore, the dynamic performance of the integrated
charger can be enhanced compared to the traditional three-phase off-board chargers

that usually have only one degree of freedom. A beneficial extension of this work
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would be to develop novel control strategies to improve the dynamic performance
under transient operation. The switches in interface could be utilized to control the
input voltage and input current, while the switches in inverter could be exploited to
regulate the output voltage and the machine-winding currents. Due to the ability to
ensure stability and robustness against various circuit parameters, the sliding mode
control (SMC) could be a potential choice. In addition, multivariable optimization
control could be applied to control the input parameters and output parameters
simultaneously in transient processes. Developing novel control algorithms,
improving the dynamic performance of the integrated chargers can further enhance

the value of proposed system.

5.2.2 Wide-Band-Gap Devices for Improved Efficiency

To increase the power level of three-phase integrated onboard charger above
10kW, the insulated gate bipolar transistors (IGBTS) are preferred to build the power
interface rather than the power MOSFETSs due to the much lower on-state voltage
drop and smaller chip sizes of IGBTs at the same current and voltage ratings.
However, IGBTs suffer from tail-current effect during turn-off, resulting in relatively
long turn-off time and limited switching speed. The drawbacks constrain the
application of IGBT and the performance of IGBT-based integrated charger of high
power levels.

The emerging wide-band-gap (WBG) power semiconductors provide a promising
solution to further improve the performance of three-phase integrated chargers. Due
to the high voltage and current ratings, the Silicon Carbide (SiC) switches have the

adequate competency to be adopted for power devices. The critical breakdown
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strength of SiC material is approximately 10 times than that of traditional Si material.
In addition, the thickness of drift layer in SiC transistors is one-tenth the thickness of
the drift layer in comparable Si transistors. The SiC characteristics can lead to
dramatic reductions in electrical resistance and switching loss in power devices.
Moreover, SiC has three times higher band gap width and thermal conductivity than
Si, which enables SiC transistors to operate at high temperatures reducing cooling
requirements and improving power density of converter.

Thus, a significant avenue for future work is to perform a thorough evaluation for
potential use of full SiC power modules or hybrid SiC power modules to improve the
performance of three-phase integrated onboard chargers. Full SiC power modules use
SiC material to fabricate the switching devices, which can be built with or without
freewheeling diodes, thus increasing the switching frequency and efficiency at the
same time.

Hybrid SiC power modules provide a cost-effective solution for industrial-scale
applicability of the integrated chargers. The power modules combine IGBT switches
with the SiC schottky free-wheeling diodes to leverage the low cost of traditional
IGBT switches and the low power loss of SiC diodes. The combination could reduce
the overall module switching losses by 30% with no change of gate drive circuits.
Since the SiC chip area is relatively small, the replacement of traditional IGBTs
modules by hybrid SiC modules causes moderate impact on the overall cost of the
integrated chargers.

Therefore, the application of WBG power modules open up significant

performance improvements for integrated chargers in the next-generation EVs and
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could greatly facilitate the advancement of integrated chargers towards industrial-

scale applicability.

5.2.3 Impact on Lifetime of Propulsion Machine

Another focus of future work could be to comprehensively analyze the impact of
integrated charging operation on the propulsion machine. In charging mode, the
machine windings of a propulsion machine serve as coupled inductors. The
propulsion machines are used both in propulsion mode and charging modes of EVs,
resulting in prolonged operation period of propulsion machines. However, to our
knowledge, the impact of integrated charging on propulsion machines is not
thoroughly investigated by researchers before. Thus, development of methodology to
evaluate the impact of integrated charging on propulsion machines would be a
significant contribution to the advancement of the integrated charging techniques.
Finite element analysis (FEA) could be conducted on the propulsion machine in
charging mode in terms of current distribution, electromagnetic field distribution,
temperature distribution, and strain distribution. Based on FEA results, a
mathematical model for lifetime of propulsion machines could be derived to quantify
the impact of integrated charging. It would be practically illustrative to conduct the

analysis on commercial propulsion machines and estimate the impact on lifetime.
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