ABSTRACT

LIANG, XINYU. Wide Band-gap Medium Voltage Electrical Vehicle Fast Charger Design and
Optimization. (Under the direction of Dr. Srdjan M. Lukic).

As the climate issue severe due to the increasingly carbon emission, the sales of electric vehicles
(EV) in the US and around the world has present a substantial growth. Consequently, there will
be a push for the expansion of electric vehicle supply equipment (EVSE) that enable efficient use
of such vehicles. One of the main obstacle preventing the EVSE expansion is the installation and
maintenance costs where the bulky and expensive service transformer takes most of the cost drivers.
With ever increasing vehicle battery capacity, there will be a need for higher-power EV chargers in
order to keep the charging time as short as possible. However, as the power levels required for fast
charging increase, the requirements for the supporting low-voltage power grid would also increase
together with the associate installation costs of such fast charging system. With the emerging of the
solid-state transformer (SST) concept as well as the maturity of the wide-band gap (WBG) devices
especially SiC switching devices, we have the opportunity to build a direct medium-voltage (MV) EV
fast charger, where the service transformer can be eliminated which substantially outperforms the
state-of-the-art fast chargers. The MV fast charger is designed to reduce the size and the weight of the
existing system by tenfold and improves the system efficiency from 92% to over 96% - a reduction in
losses of over 50%. Comprehensive design process including component selection, control scheme
as well as the more product oriented startup procedure and EV communication are shown in this
dissertation providing a design guide for not limited to the similar direct MV fast charger design. The
developed MV fast charger has been fully tested at its rated power with a 97.6% efficiency after the
optimization. Besides, the developed MV fast charger has also been tested with the Nissan Leaf EV
for the field demo with the developed startup procedure and communication interface. During the
development, several innovations have been discovered and filed including the predictive control for
the series-interleaved multi-level three-level-boost (TLB) converter for the power factor correction
(PFC) function which fulfill the vacant in the multi-level TLB predictive current control. Another
innovation is the active-NPC type dual-active-bridge (DAB) converter which provides a fully soft-
switching topology suitable for the SST which takes the advantage of doubling the blocking voltage
compared to the full bridge/half bridge type DAB converters. Further innovation based on the
active-NPC type DAB converter is the single stage ANPC type ac/dc converter. Taking the advantage
of ANPC’s fully soft-switching characteristic, an ac/dc converter using this topology is proposed
to eliminate the boost type topology for the PFC function which is hard-switching and quite lossy.
Giving the increasing charging power requirement for the dc fast charger, a next generation dc
fast charger is proposed and developed with a new specification of 350kW rated power with a 3-

phase 12.47 kV input side voltage. The next generation dc fast charger use the newly developed



10 kV SiC Mosfet provided by CREE, which is still in engineering sample stage. Comprehensive
device characterization has been done and proper optimization has been done based on the device
parameters obtained by the characterization testing.
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CHAPTER

1

INTRODUCTION

1.1 Motivation

“Range anxiety”, an often-cited reason people dont buy electric vehicle (EV) has been eased through
two technology advance over the past decade. The rstimprovement is the maturity of the battery
technology and EV manufacture. Compared to the EV pioneer models like Nissan Leaf and BMW i3
whose full charge range is limited to 100 miles, the newly released EV models after space optimization
and better batteries the fully charged range has been increase to more than 250 miles comparable
to the interior combustion vehicle see Fig. 1.1 .

The second improvement helping to solve the “Range anxiety” is the spreading process of the
electric vehicle supply equipment (EVSE). Through the end of 2016, over 2 million electric cars were
deployed worldwide and over 860,000 were sold in 2017 to date. Correspondingly, over 110,000 fast
chargers were publicly available globally in 2016 and the number is expected to increase sixfold by
2025. Take the USA as an example, currently there are 51,161 EV charging outlets including privately
owned and 5,995 of them are DC fast charging outlets

Geographically, a lot of countries has setup targets to development substantial amount of EVSE
especially DC fast chargers for the public usage. For example, China plans to develop 4.3 million
private EVSE outlets and 0.5 million public chargers for cars by 2020. European Union plans install
8 million charges in the same time frame where 800,000 of them are publicly accessible. Similarly,
India plans to develop 175,000 to 227,000 charging points and 10% of which are designed to be fast



Figure 1.1 Miles of range for the state-of-art EVs.

Figure 1.2 Estimated number of publicly accessible chargers (millions).



chargers. In 2020, Japan is promised to install 2 million standard chargers and 5000 fast chargers
across the country. Finally in USA, DOE and DOT partnering on the development of a 2020 vision
for a national network of fast charging stations.

Figure 1.3 Geographical distribution of the 2016 stock of EVSE outlets by charger type.

Besides the government policies, giant vehicle manufacturers like Volkswagen are also actively
pushing forward the EVSE's deployment. The well-known Electrify America National Investment
Plan is proposed by Volkswagen to invest $2 billion over the next 10 years in Zero Emission Vehicle
infrastructure and education programs in the U.S. In detail, $1.2 billion will be invested in states
other than California (in $300 million increments over four 30 month cycles). In the rst cycle (Q1
2017 through Q2 2019): $250 million for charging infrastructure, $25 million for Public Education
initiatives and $25 million for operational costs. By then, approximately 240 charging station sites
(each including 4-10 150 kW and 320 kW individual DC fast chargers) located along high-traf ¢
corridors between 16 metropolitan areas will be installed or development. And 300  + community-
based charging station sites will be installed in 16 target metropolitan areas. Chargers at these
locations will include a mix of Level 2 and /or DC Fast Chargers from 50 to 150 + kW.

For the state-of-art DC fast chargers, the single-port dc fast charger (DCFC) unit cost is ranging
from $1,000 to $4,000. At the same time, the installation cost for a SOA DCFC unit is in the range from
$8500 to $50820 (based on 111 DCFC units deployed until 2013 and including estimates obtained
for another 50 + DCFC sites that were planned but not installed). The main cost drivers includes:
requirement for new electric service; surface material under which electrical wiring  / conduit was
installed; distance from the power source to the service transformer and from the service transformer
to the charger; permits and engineering drawings.

1.2 Opportunities and Objectives

The solid state transformer (SST) based medium voltage (MV) recti cation has garnered a great
deal of attention and has been extensively investigated due to several advantages including high
ef ciency and power management capability [Sheld. As the prevalence of the renewable energy,



the usage of the SST based MV recti cation has been extended into the wind turbine, photovoltaic,
battery storage and electrical vehicle applications [Yul4] which is shown in Fig. 5.1d. The MV
SST serves as an interface between the medium voltage AC and the low voltage DC Recently, the
invention of wide band-gap(WBG) devices especially silicon carbide (SiC) devices enables the SST
based MV recti er to operate in a higher switching frequency with substantial reduction in losses

and signi cant improvement in power density. As one of the main bene ciary of the maturing SST
technology [Jall13 and boosting device manufacturing, electric vehicle fast charger applying MV
recti er con guration is seeing a 40% cost reduction compared to the traditional solutions [Mail2].

Figure 1.4 Hybrid grid connected by SST.

Compared to the traditional SOA dc fast charger, the SST based medium voltage (MV) fast charger
directly takes the medium voltage as the input which eliminates the bulky service transformer. As a
result, substantial installation and maintenance costs are saved and the ef ciency is boosted due by
reducing one of the energy conversion stage. An investigation has been done by EPRI which shows
that taking the “Utility Direct Fast Charger” (MV fast charger), the installation cost can be reduced
by half or even more, shown in Fig. 1.5.

Besides the cost reduction, the new WBG SiC switching devices would potentially boost the
converters switching frequency to more than 50 kHz compared to the 1-5kHz silicon based IGBT
devices used in the SOA dc fast chargers. The main bene ts brought by a higher switching frequency
is a better shaped current and voltage ripple which requires smaller passive components (inductors,
capacitors) to mitigate. Furthermore, the better thermal performance of the SiC devices makes it can
operate at higher temperature compare to the traditional Si IGBTs. As a result, the cooling system
volume could potentially be reduced as well. A design rendering of the MV fast charger is compared
to the market available dc fast charger from ABB plus a dedicated service transformer which is
shown in Fig. 1.6. From the gure we can conclude that more than 10 times volume reduction is
achieved due to the SST approach and the WBG devices.



Figure 1.5 Installation cost comparison between MV fast charger and SOA dc fast charger provided by
EPRI.

Figure 1.6 Volume, weight and ef ciency comparison between the SOA dc fast charger and the MV fast
charger.



Based on the bene ts and motivation shown above, we proposed the WBG MV fast charger
adopting the SST concept which convert the medium ac voltage from the utility directly into low
dc voltage to charge the EV battery. Taking the concept advantages and the better performance
of the SiC switching devices, the proposed fast charger requires no additional service transformer
and takes less space by operating in a higher switching frequency. A modular approach is adopted
such that the proposed idea could t to any combination of the input medium voltage level and the
output power deliverables.

1.3 Outline of the Thesis

The outline for the rest of this dissertation is as follows. In Chapter 2, detailed design process has
been shown to construct the MV fast charger, where component selection, initial control scheme
design are included. To make the prototype have higher technical readiness, the designed of the
EV communication interface device and also the startup process are also included. Initial testing
results have been shown in this chapter. Based on the experimental results, we proposed several
optimization plans to both boost up the ef ciency as well as improve the performance. Chapter 3
describes the rst optimization innovation to replace the initial designed dual-loop power factor
correction (PFC) control with a predictive control that is suitable for the series-interleaved multi-cell
connected three-level boost (TLB) converter. Detailed performance analysis are included in this
chapter with simulation and experimental results for the validation. Chapter 4 describes another
optimization innovation by replacing the dc  / dc stage unidirectional NPC converter with an active-
NPC type dual-active-bridge (DAB) converter such that we can achieve all switches soft switching
compared to the previous design where the NPC converter's inner switch can not achieve zero-
voltage-switching (ZVS) at any condition. Simulations and experiments are shown here to validate
the performance of this optimization. In the preliminary version of this dissertation, future works are
shown in Chapter 6 which includes two major work in the future. One is inherit from the active-NPC
type DAB converter, given the converter has the advantage to achieve full soft switching, a single
stage converter is proposed to eliminate the boost PFC stage for the original design which is hard
switching. Another major work is to construct a MV fast charger which take three phase 12.47 kV as
the input and deliver 850 V dc to the battery at the peak power 350 kW which meets the requirement
for the next generation fast charging. 10 kV SiC Mosfet from CREE is used in this prototype which is
still in the engineering sample stage and is aiming to the market in the near future. Detailed switch
characterization is made and the design is based on the switch property and behaviors.
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CHAPTER

2

WBG MV FAST CHARGER

2.1 Design Speci cations

With ever increasing vehicle battery capacity, there will be a need for higher-power EV chargers in
order to keep the charging time as short as possible. Most state-of-the-art 50 kW EV fast chargers
add up to 100 miles of range in about 30 minutes, while the 145 kW Tesla’s Superchargers can add
up to 170 miles in 30 minutes. However, as the power levels required for fast charging increase,
the requirements for the supporting low-voltage power grid would also increase together with the
associated installation costs of such fast charging system. Supplying these fast chargers directly
from medium-voltage lines would create substantial bene ts in terms of system size reduction and

ef ciency gains.

EV fast chargers are currently available on the market from many manufacturers, including
ABB, Delta, Schneider Electric, Eaton, and others (see Table 2.1). These chargers are rated for 50
kW and designed to connect to a three-phase 208 V or 480 V power supply, which is usually not
readily available in public installations. A dedicated service transformer is therefore required to
step down the distribution system medium voltage and provide three-phase supply to the charger.
With the service transformer's ef ciency of 98.5%, the ef ciency of these 50 kW fast charger systems
is approximately 93%. Both the fast charger and the transformer have substantial size and weight
which adds cost and complexity to the installation of the system, as both the charger and the
transformer are commonly installed on a concrete foundation. Additionally, installation of fast



chargers in seismically active areas of the US require seismically restrained concrete foundations
for both the transformer and the fast charger, further increasing the installation costs. The resultis a
complex and expensive system that requires signi cant infrastructure.

With the advancement and maturity of storage systems used in electric vehicles, the storage
capacity, and therefore the range of electric vehicles is increasing while the vehicle cost is dropping.
Tesla vehicles all have an electric range of over 200 miles, with battery packs exceeding 50 kWh.
General Motors and other manufacturers are producing their own electric vehicles with competitive
pricing and range also exceeding 200 miles. With these trends in place, the power of the fast chargers
needs to increase well beyond 50 kW to provide the convenience that is inherent in refueling
conventional vehicles at the gas stations. This was also recognized by the recent (July 2016) White
House's announcement of executive actions aimed at increasing the charging infrastructure in the
USA. Fast chargers capable of delivering 350 kW have been identi ed as one of potential long-term
goals[Houl6].

As a result of these trends and initiatives, higher power chargers are being built and deployed.
Tesla has started deploying their upgraded 145 kW Superchargers throughout the country, while
the GOtthard FASTcharge initiative in Switzerland has recently installed the rst 150 KW charger,
designed by EVTECH AG. The new 150 kW DC fast chargers have also been announced for 2017
and 2018 by both the CHAdeMO association and the CharlN initiative, respectively, and 350 kW
chargers were announced by both groups as a part of their long-term goals. The ef ciency of both
the Tesla's and the EVTECH's chargers do not exceed 93% while still requiring bulky Low-Voltage
service transformers to provide 208 /480 V three-phase input, which itself has an ef ciency below
99%. The ef ciency of the entire system is therefore approximately 92%. Apart from the reduced
ef ciency, the overall size, weight and the installation cost of such a system is even higher than that
of a 50 kW fast charger.



Table 2.1 State-of-Art fast charger basic speci cations.

Delta Eaton ABB Schneider Electric

Manufacturer and Model EV DC Quick Charger [Del13]  DC Quick Charger [EAT14] Terra 53 [ABB14] EVlink DC Quick Charger [Elel5]

Rated Power 50kW 50kW 50kW 50kW
176-240 Vac
Input AC Voltage 408652 Vo 208 Vac 480 Vac 480 Vac
200-500 Vdc
Output DC Voltage 50-500 Vdc Up to 400 Vdc 50-500 Vde 50-500 Vdc
Peak ef ciency 94% - 95% -
Power Factor >0.98 - >0.96 -
Dimensions 900 1700 600 1117.6 1676.4 450.9 525 1900 760 900 1700 600
W H D(mm)
Weight 1422 Ibs (645 kg) 770 Ibs (350 kg) 880 Ibs (400 kg) 1617 Ibs (734 kg)
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Based on the state-of-art and the development trend of the EV fast charger. We proposed the
speci cations of the medium voltage fast charger which will feature 2.4kV AC input, and 250-450V
DC output and will meet or exceed these speci cations: 50kW output, 5kV isolation capability, 95%
ef ciency, power density exceeding 1 kW /dm3, and current THD <2% at full load. Design will be
ruggedized for utility installation, with all necessary protections.

2.2 Topology Selection

An extensive analysis of three unidirectional SST concepts, suitable for directly interfacing 400 V dc to
medium-voltage ac distribution systems is givenin  [Rot14b]. Due to the relatively high input voltage
(2.4 kV ac), a modular approach to design needs to be adopted if commercially available Silicon
Carbide (SiC) devices are to be used. Based on the published data, four prospective modular MV
converter topologies (shown in Fig. 2.1) are selected and some of their basic features are summarized
in Table 2.2.

(@ (b)

(© (d)

Figure 2.1 Topology candidates.

Due to its high power density, high ef ciency, low cost, low number of switches and expected
high reliability, the Multi-Cell Boost (MCB) topology with three input-series-output-parallel (ISOP)-
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Table 2.2 Basic features of selected MV fast charger modular topology candidates.

Metric Matrix MMC [GMO03] IUT[Lai05] MCB[MMO09] FREEDM SSTBhalQ]
MOSFETs 96 24 18 48
MOSFETSs for PFC N A 12 6 24

Switch utilization Very Poor Good Best Poor

HF Transformer Modules 1 1 3 6

connected dc / dc converter modules, shown in Fig 2.1(d), is nally adopted for implementing the fast
charger. By using this topology, the losses can be reduced by 40%, compared to the state-of-the-art
solution with low-frequency transformer and three-phase recti ers [Rot14b].

From the control standpoint, the MCB topology has an advantage over the other topology can-
didates, since it simultaneously enables independent control of input and output stages, relatively
simple control strategy for dc bus capacitor voltage balancing and the reduction of the input and
output inductors by interleaving the input 3-level boost converters and the NPC converters at the
output. Due to the interleaving on the input side, the effective switching frequency seen by the
input inductor increases 6 times. This enables the reduction of switching frequency (for the same
input current ripple as in the non-interleaved case) and therefore the reduction of switching losses
in the boost converters. However, the reduction of the boost converters switching frequency will
be limited by the input current THD requirement. The ISOP con guration of the MCB topology
modules provides signi cant scalability in the input voltage and the output power ratings.

2.3 Component Selection

Each dc/ dc module of the adopted MCB topology consists of a 3-level boost converter, dc-link
capacitors, NPC inverter, high-frequency transformer and output diode recti er.

2.3.1 Semiconductor devices selection

In order to reduce potential risks involved with using non-quali ed devices, and to enable faster
module deployment, one of the design decisions was to use 1.2 kV off-the-shelf SiC devices. The
comparative summary of some basic features of the considered Si Diodes for the input side medium
voltage recti cation is given in Table 2.3, the comparative summary of features of the considered
SiC MOSFETs is given in Table 2.4 and the summary for the SiC diodes is given in Table 2.5. All tables
are color coded, where green tones mean better properties. The conditions for which the values are
valid are shown in parentheses.

12



Table 2.3 Basic features of prospective Off-the-Shelf Si high-voltage diode.

. VEIV] Ir[ Al
Diode Package | Vgr[V] ‘ Ie[A] T,=125C.1. = 20A | T,= 160 C Vi = Vgamax Rihic[K=W] ‘

SEMIKRON

SkNa2z4g | E42(Stud)

SEMIKRON

Skna4746 | E43(Stud) (Te = 106 C)

SEMIKRON 100

SkNatoz45 | 44 (Stud) (T = 102 C)

POWEREX

R7004403xxuA | R70 (Stud)
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Table 2.4 Basic features of prospective Off-the-Shelf SiC MOSFETSs.

; Ip[A] Rpson[m ] Qs[nC] Eon[mJ] Eorr[mJ] Vinic
Transistor Package | + Zo0c | T,2150C | Vou=B80OV | Vo= 600V | Voo =600V | [K2W]
CREE TO-247 60 43 161 1.10 0.24
C2M0025120D Single (I = 50A) (Ip = 50A) (I, = 50A) :
ST Microelectronics TO-247 34 90 105 0.35
SCT30N120 800V Single (Ip = 20A) (Ip = 20A) (Ip = 20A)
106
ROHM TO-247 0.36
; (Vps = 400V, ~ 0.44
SCH2080KE Single Iy = 10A) (Ip = 30A)
CREE Half-bridge 0.4
CAS120M12BM2 (isolated 5kV) (Ip = 50A)
Microsemi Half-bridge 021
APTMC120AM20CT1AG | (isolated 4kV) ’
Microsemi Half-bridge 75 0.90 0.5 05
APTMC120AM55CT1AG | (isolated 4kV) (Ip = 40A) (I =50A) | (Ip = 50A) :
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Table 2.5 Basic features of prospective Off-the-Shelf SiC diodes.

Diode Package T —F1oo c | i=125C, Qc[nC] T,=175C, Rihjc[K=W]
c- Ir = 50A Vi = 1200V
198
CREE TO-247 80 _
C4D40120D Dual (2 40) 2.15 (I = 40A, g:23
GeneSiC TO-247 75 23
GB50SLT12-247 Single ’ 3000 max.
Global Power TO-247 90 21 173
GDP50P120B Single ’ (Vr = 1200V)
Global Power TO-247 207
GDP60Z120E Single (Vg = 1200V)
Rohm TO-247
SCS240KE2C Dual
Microsemi SOT-227 200
APT2X50DC120J| Dual, isolated 2.5kV (Ie = 50A,Vg = 600V)
Microsemi SOT-227
APT2X60DC120J Dual, isolated 2.5kV
Microsemi SOT-227
APT40DC120HJ | (Graetz,isolated 2.5kV)
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Although both non-isolated and isolated devices are considered, a slight advantage was given
to the isolated devices due to their better thermal properties. The switching losses in the isolated
MOSFET module from Table 2.4 were experimentally determined from double pulse tests using the
circuit shown in Fig. 5.3a, since the loss data was not available for the entire current range from the
data sheet. The results obtained at VDS voltage of 600, 700, 800 and 900 V are shown in Fig. 2.3. As
can be seen from Fig. 2.4, the APTMC120AM55CT1AG has the lowest total switching losses, among
the tested devices and it is therefore selected to be used in the MCB module.

Figure 2.2 Device evaluation circuit.

In total, 3 of these SiC power modules are needed to construct one MCB module. Similarly,
SiC Power diodes APT2X60DC120J are selected since they exhibit the lowest conduction losses,
combined with the good thermal properties, high voltage isolation of 2.5 kV RMS and relatively low
leakage current. Since each diode module contains 2 diodes, 2 diode modules are required to con-
structthe MCB module. For the output recti er stage, 1.2 kV SiC diode bridge module APT40DC120HJ
is selected. The selected semiconductor modules and in the MCB topology is shown in Fig. 2.5

2.3.2 Passive components& sensors selection

The input and output inductors and the high frequency transformers were custom designed for the
application where two design iterations have conducted to optimize the performance.

For the rst design iteration , the input inductor was made by using 2 stacked sendust cores
MS-520026-2, with 100 turns of 8 AWG litz wire. The measured open-circuit inductance was 1.1 mH,
and the inductance at 20 A current was around 960 H.

The output inductor was made by using single Kool M core 0077908A7, with 61 turn of 10 AWG
litz wire. The measured open-circuitinductance was 140 H, and the inductance at 40 A current was
approximately 76 H . The output inductor was undersized as it heated up to 100  C during tests.

16
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Figure 2.3 Switching power waveforms for Microsemi and CREE modules at (a) 600 V, (b) 700V, (c) 800V,
(d) 900 V testing conditions.
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Figure 2.4 Turn ON / OFF energies waveforms for Microsemi and CREE modules at (a) 600 V, (b) 700V, (c)
800V, (d) 900 V testing conditions.

Figure 2.5 Switching Device Selection for the MCB Topology.
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The electrolytic capacitors LNC2H222MSEG of 2200 F =500V were selected as the dc bus capac-
itors. Two capacitors are connected in series to support the full voltage of 800 V. An additional Im
capacitor of 1 F was connected in parallel with the series connection of the electrolytic capacitors
in order to decouple the parasitic inductance of the capacitors and connecting wires.

The high-frequency transformer was made by using 4 N87 SIFERRIT material toroid cores, with
the transfer ratio of 17:12 turns of 8 AWG litz wire. Both windings are wound in a single layer in
order to reduce the parasitic capacitance within and between the windings. The primary and the
secondary were completely interleaved. In order to determine the transformer parameters, the
transformer was tested with the AP Instruments' Model 300 Frequency Response Analyzer, as shown
in Fig. 2.6. The transformer equivalent circuit was also shown in Fig. 2.6.

Figure 2.6 Transformer characterization setup and circuit.

Based on the transformer model, primary side and secondary side frequency response can be
modeled. Additionally, voltage transfer ratio response with the transformer coupling capacitance
between the primary and secondary side can be modeled as well.

LyCps?+RyCps+1

Y,(s) = 2.1
1(8) LyL Cps3+(RyCpL +LyRGp)s2+Lys+Ry (2.1)
LHCSSZ+RHCHS+1
Yz(S): (22)
LHL CSS‘?""(RHCSL +LH RCS)82+ LHS+ RH
V. CsCpslys2+C
V2 _ spsbH S 2.3)

Vi Cs(Cs+ Cps)Lns2+ Cs
The measurement results based on the testbench shown in Fig. 2.6 can be curve tted according to
the modeled transfer functions and the determined parameters are shown in Table 2.6.
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Table 2.6 HF transformer parameters.

Turnsratio L [ H] Ly[mH] Cp[pF] Cs[pF] Cps[pF]
17:12 6.1 3.0 24.1 47.7 3115

In future iterations of system design, both inductors will be further optimized for better thermal
performance and to further reduce losses and volume. The transformer leakage inductance needs
to be carefully adjusted in order to ensure the soft switching of the outer NPC switches for the
desired load current range. The transformer leakage inductance required for the soft switching was
determined by simulations in PSIM.

For the second design iteration , new MPP cores 0055868A2 from Magnetics have been selected
for the input and output inductors to obtain the lowest core losses. And the transformer leakage
inductance needs to be carefully adjusted in order to ensure the soft switching of the outer NPC
switches for the desired load current range. The inner NPC switches can not achieve soft switching
due to the intrinsic voltage sharing of the NPC topology which will be further discussed in Chapter 4
The transformer leakage inductance required for the soft switching was determined by simulations
in PSIM which is shown in Fig. 2.7. Finally, the leakage inductance is determined to be 30 H.

Figure 2.7 Control scheme of the MV fast charger.
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Due to the better predictive PFC control performance described in Chapter 3, the allowable dc
bus voltage swing can be larger. As a results, Im capacitor bank which possess a better |l factor
replaced the bulky electrolytic capacitors. 9 of the TDK MKP1848S Im capacitors were in parallel
to form a 180 F capacitor bank. The parameter comparison between the Im and electrolytic
capacitors are shown in Table 2.7.
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Table 2.7 Parameter comparison between the electrolytic and the Im capacitor banks.

Electrolytic Capacitors

Film Capacitors

Layout
| Dimension | 288mm  192mm 135mm | 190mm 125mm 126mm |
| Volume | 7.461L | 2.991L |
| Fill Factor | 75% | 85% |
|  Capacitance | 1100 F | 180 F |
| ESR | 200m | 0.72m |
| Loss at Rated Power | 33.3W | 0.01W |
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The input voltage sensor is selected as LEM DV 2800/ SP4, input current sensor as LEM IT 60-S,
output voltage sensor as LEM LA 55-P and the output current sensor is LA 100-P. The hardware with
the re ned passive components is shown in Fig 2.8.

Figure 2.8 50kW MV fast charger hardware with re ned passive components and sensors.

2.4 System Modeling and Control Strategies

2.4.1 Dual-loop PFC control

Since the MV fast charger is taking substantial amount of power from the grid, a PFC function is
essential to prevent the utility grid from polluted. The most widely used approach is the so-called
“dual loop control” as shown in Fig. 2.9(a), where the bus voltage regulator is active as the inner
loop which gives the input current level reference from a Pl compensator. Then the input current
reference is compared with the input current in the outer current loop where another Pl compensator
is used. In order to decouple the two loop from interacting between each other, the inner voltage
loop bandwidth is designed to be at least 10x to 20x smaller than the outer current loop. Since the
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previous research has shown that the multi-cell TLB converter has the same average model to the
single boost topology, the PFC control principle is the same of the single switch boost where the
relationship between the input current and the input  / output voltage as well as the duty cycle is
shown in Fig. 2.9(b) and the input current and input voltage relationship is,

(@ (b)

Figure 2.9 Control diagram and s-domain relationships of the traditional dual loop PFC control.

ln(s) _ 1 He®)+ a
Vin(®) Ry Ho(s)+ - @4

where Ry = ,Vrie”f
From the transfer function we can see that ideally desirable current should follow the input voltage
Ho(s)* v
He(S)+ o8

to be or as close as to be 1. Thus a high low frequency gain compensator H(s) is needed. However,

shape which shows a pure resistive property to the grid which means the component needs

since the input inductor value is designed to be relatively small from the previous section, the
compensator design is not trivial to guarantee both very high low frequency gain and enough phase
margin to make sure the system is stable. The problem can be seen from the initially testing result
shown in Fig. 2.10

Shown in the above gure, the zero-crossing region of the input current deteriorates badly mainly

due to the insuf cient gain from the compensator. A feed-forward method is usually adopted in

this situation to improve the zero-crossing region deteriorations  [Sch86]. As shown in Fig. 2.11, the
input voltage and the output voltage are sensed and their quotient is fed forward to the output of

the compensator. Thus the transfer function of 2.4 changes into,

Iin(s) _ i HC(S)
Vin(s) Ry Hc(s)+ 5

(2.5)
The equation 2.5 shows that even though the feed-forward could eliminate the load component

from the transfer equation, it is not simplify the transfer function into % and the the control is still
relying on the low frequency gain of the compensator. A detailed tunning diagram has been shown
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