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ABSTRACT

For long enough, whole automobile industry has utilized internal combustion engines (ICE)
to drive the public and private transport system. Consequently, toxic emissions owing due
to exhaustive petroleum and gasoline fuel consumption, have raised serious health concerns
and resulted in environmental pollution. According to world health organization (WHO)
report, nation wise, India stands fourth in contributing to total percentage of global COs
emissions with a figure of 7%. Moreover, amongst the list of top ten most polluted cities of
world, nine cities are situated in India. This is largely accounted by the population density,
energy requirement, localisation of various industries and emissions from transport. India is
dedicated to curtail its greenhouse gas (GHG) emissions by 35% from 2005 — 2030. Electric
vehicles (EV) are going to dominate the automobile market in near future, which requires
that everyone should have easy access to the facility to charge their vehicles. Anticipating an
exponential growth in electric vehicles /hybrid electric vehicles (EV/HEV) in near future, the
requirement of domestic and bulk charging stations with varying power ratings, is evident.
Fluctuating fuel prices, frequent and costly vehicular maintenance and health concerns, have
paved way for use of cleaner energy source in form of batteries to propel the automotive
drive system. However, capacitive nature of batteries, results in drawing non- sinusoidal and
harmonic rich current from utility grid resulting in humongous burden on the distribution

transformer and malfunctioning of other connected equipment nearby.

However, international standards for power quality (PQ), such as IEEE — 519 and
ITEC — 61000 — 3 — 2 impose stern restrictions on any such solutions, which leads to poor
PQ. Thus, a power factor correction stage to comply with this standard becomes absolutely
mandatory and requires to be the part of any EV charging solution. Contrary to the
growth of type EV’s globally, the Indian EV sector observes great opportunity in EV charger
solutions for small two wheelers (2 — W) and three wheelers (3 — W) since almost 80% of
total vehicle population is accounted to them. Moreover, the power requirements and system
architecture vary widely with different types of vehicles owing to different capacity of EV
battery and charging voltages and current. Thus, in light of varying battery ampere hour
(Ah) and kilo watt hour (kWh) capacity, the EV battery charger solution is not unique.
Moreover, since the single phase AC utility supply switches are rated to a maximum current
rating of 16A, the charging solution for EV batteries in four wheelers (4 — W) and public

transport require a battery charger power from three phase AC mains supply.

This work presents battery charging solutions for various types of transport starting from
(2—W), (3—W), (4—W) and e-buses. The work is segmented in two parts. The first part
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aims to maintain good PQ indices at input AC mains by shaping sinusoidal current and
regulating the DC link voltage. Thus, this power factor correction (PFC) solution adheres
to the international standard of power quality such as I EC' — 61000 —3 — 2. The second part
is a DC-DC converter with transformer isolation, which imbibes the constant current (CC)
and constant voltage (CV) algorithm for charging the EV battery. The practical converters
for EV chargers are categorised according to the type of EV, such as 2 - W, 3 —-W, 4 - W

and e-buses.

For small 2 —W and 3 — W, the input current shaping can be achieved by operating the
PFC inductor in discontinuous inductor conduction mode (DICM) or continuous inductor
conduction mode (CICM). The DICM control uses single voltage loop and provides a sim-
ple control structure. However, EV’s with larger battery capacity requires larger charging
current and shorter charging duration, therefore the control of front end PFC is CICM to
limit the current stress in the switching devices and reduced electromagnetic interferences.
This work investigates both DICM and CICM control for achieving power factor correction
at input mains. Moreover, since the modern day EV chargers are intended to facilitate
charging of EV batteries with different nominal voltages, the buck-boost PFC converters
with PFC feature are proposed and investigated for wide range output voltages. A unique
variable DC link algorithm is proposed, which not only provides wide output voltage, but
in addition it reduces the switching loss in back end DC-DC inductor-inductor-capacitor

(LLC) resonant converter.

Moving forward, EV chargers for 3 — W and 4 — W using boost converters and their
variations along with LLC resonant converter are proposed. Comprehensive analysis with
clear research objective of higher efficiency and small package is carried out in this work.
Detailed design and experimental validation of various boost PFC based topologies like
bridgeless, semi-bridgeless, interleaved and totem pole boost are presented in this work.
Furthermore, three phase EV chargers for 4 — W are investigated and design is extended for
wide output voltage, typically 200V — 1000V to cover entire range of e-buses. Lastly, bi-
directional capability of proposed fully controlled EV charger is presented to demonstrate EV
chargers ability to perform vehicle to home (V2H) and vehicle to grid (V2G) applications.
The presented work aims to provide best in class efficiency, hence back end DC-DC converters
with zero voltage switching (ZVS) features such as half bridge-LLC (HB-LLC) converter,
full bridge-LLC (FB-LLC) converter and three level phase shifted half bridge converter
(3L-PSHBC) along with synchronous rectifiers (SR) are designed, developed, analysed and

presented in detail.
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verter and synchronous FBLLC resonant converter based E'V charger at line

frequency.|

[Fig.

6.46 Simulated steady state performance of a 3kW interleaved boost converter

and synchronous FBLLC resonant converter based F'V charger at switching

frequency showing synchronous gate pulses of FBLLC converter.|

[Fig.

6.47 Simulated PQ 1ndices of a 3kW 1interleaved boost converter and syn-

chronous FBLLC resonant converter based EV charger at (a) 185V,,,,, (b)

220V,ms and (b) 275V,

[Fig.

6.48 Simulated transient state performance of a 3kW interleaved boost con-

verter and synchronous FBLLC resonant converter based EV charger: (a)

Load transient performance and (b) Transient line performance.|

[Fig.

6.49 Simulated steady state performance of a 3kW semi-bridgeless boost con-

verter and synchronous FBLLC resonant converter based IV charger at line

frequency.|

[F1g.

6.50 Simulated P(Q indices of a 3kW semi-bridgeless boost converter and syn-

chronous FBLLC resonant converter based EV charger at (a) 190V,,,s, (b)

220V, and (b) 265V,

[Fig.

6.01 Simulated transient state performance of a 3kW semi-bridgeless boost

converter and synchronous FBLLC resonant converter based EV charger: (a)

Load transient performance and (b) transient line performance.|

[Fig.

6.52 Steady state performance of a 3kW semi-bridgeless boost converter based

EV charger. Experimental waveforms of v, s, i1, and Vi, at: (a) 220V,

and at 1.5kW output power, (b) 220V,,,s and at 3kW output power, (c)

185V,.,s and at 1.5kW output power, (d) 185V,,,s and at 3kW output power

and (e) expanded view of i7;, and V1, demonstrating CICM operation.|

[Fig.

6.03 Full load steady state waveforms of synchronous FBLLC resonant con-

verter based EV charger at 220V/,,,s. Experimental waveforms of: (a) and (b)

Gate drives and drain to source voltages of primary and synchronous MOS-

FET’s showing ZVS, (c¢) and (d) Vi, ir,, Vo and Vo showing low turn-off

current.|

[Fig.

6.54 Dynamic load performance of semi-bridgeless boost converter from 1.5k

to 3kW. Experimental wavetorms ot v, 1, i7,, and V..

[Fig.

6.55 PQ figures and efliciency ot a semi-bridgeless boost converter based EV

charger at 1.5kW output power for input voltages of (a) 185V, (b) 220V, (c)

277V and at 3kW output power for input voltages of (d) 185V, (e) 220V and

() 277V
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6.06 Comparison of efliciency ot front-end boost converter and semi-bridgeless

boost converter at 1.5kW and 3kW and at input voltages of (a) 185V,.,.,, (b)

220V,ms and (¢) 277V, s

[Fig.

6.07 Comparison of input current 'I'HD of front-end boost converter and semi-

bridgeless boost converter at 1.5kW and 3kW and at input voltages of (a)

185V, 1, (D) 220V,1s and (¢) 277 Vorns

[Fig.

6.08 Simulated steady state performance ot a 3kW bridgeless boost converter

and synchronous FBLLC resonant converter based [V charger at line fre-

quency.|

[Fig.

6.09 Simulated PQ indices of a 3kW bridgeless boost converter and syn-

chronous FBLLC resonant converter based EV charger at (a) 185V,,,,, (b)

220V, and (b) 275V,

[Fig.

6.60 Simulated transient state performance of a 3kW bridgeless boost con-

verter and synchronous FBLLC resonant converter based EV charger: (a)

Load transient performance and (b) Transient line performance.|

[Fig.

6.61 Compensated Bode plot PFC-BLB boost converter.|

[Fig.

6.62 Full load steady state line trequency waveforms of BLLB and synchronous

FBLLC resonant converter based EV charger at 220V,.,,,. Experimental wave-

forms of: (a) v, is, V, and [, (b) vs, is, Vs and iy, (¢) vs, ts, Vipn and iy,

(d) s, is, Vipn, Lsp, (€) Vs, 15 and BLB gate drives, (f) v, is, V, and Vg, (g)

vs, I, and BLB inductor currents and (h) v,, 7, and BLB inductor currents.|

[Fig.

6.63 Full load steady state switching frequency wavetorms of BLB and syn-

chronous FBLLC resonant converter based EV charger at 220V,.,,.. Experi-

mental waveforms of: (a) Vi, i1, V1 and Vi, (b) Vio, ir,., Vi1 and Vi, (c)

Primary and synchronous gate drives of FBLLC converter, (d) v, and ZVS

of synchronous rectifier, (e) is1, Vysr1, Vigsr2 and ip,, (f) Vie, ir,, Ver and V,,

(g) vs, Iy, V, and V. and (h) AC ripple content in I, V, and V.|

Fig.

6.64 Transient load wavetorms of BLB and synchronous FBLLC resonant

converter based EV charger at 220V}, from (a) and (b) 50% - 100% and

100% - 50% with respect to input current, 7, (c¢) and (d) 100% - 50% and

50% - 100% with respect to resonant current, 7r,.|

[F1g.

6.65 'Iransient line wavetorms of BLB and synchronous FBLLC resonant con-

verter based EV charger at 541 and 50A during voltage change over from (a)

220V, s £0 300V, mss (D) 300Vms £0 220Vomss (€) 220Voms £0 150V,ms, and (d)

150V, to 220V,

187

[Fig.

6.66 CV-CC and CC-CV transition of BLB and synchronous FBLLC convert-

ers based BV charger.|

188

[Fig.

6.67 PQ indices of BLB and synchronous FBLLC resonant converter based

EV charger at 54V and at varying load during input voltages of : (a) - (e)

230Vome: (F) - (3) 185Voms and (K) - (0) 298V,ms ]
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[Fig. 6.68 Pertormance indices of BLB and synchronous FBLLC converter based

EV charger at varying line voltages. Variation of (a) PF, (b) THD and (c)

efficiency.|

[Fig. 6.69 Simulated steady state performance of a 3kW BL1TPBC and synchronous

FBLLC resonant converter based EV charger at line frequency.|

[Fig. 6.70 Simulated steady state performance ot a 3kW BLTPBC and synchronous

FBLLC resonant converter based EV charger at line frequency|

[Fig. 6.71 Simulated PQ indices of a 3kW BLTPBC and synchronous FBLLC reso-

nant converter based EV charger at (a) 185V, (b) 220V,.,,s and (b) 275V,,..|

[Fig. 6.72 Simulated transient state performance of a 3kW BLTPBC and syn-

chronous FBLLC resonant converter based EV charger: (a) Load transient

performance and (b) Transient line performance.|

[Fig. 6.73 Steady wavetorms of BLI'PBC and synchronous FBLLC resonant con-

verter based EV charger at 220V,,,;. Experimental waveforms of: (a) v,, 1,

V, and [, at 54V and 55.5A output, (b) v, is, V, and I, at 48V and 62.5A

output, (¢) vy, 1, ir; and V, at 54V and 55.5A output and (d) v, is, V, (AC

coupling mode) and [, (AC coupling mode) at 54V and 55.5A output|

[Fig. 6.74 Experimental wavetorms of v, 1, V, and [, at 220V, and 54V output

during dynamic load transient from (a) 100% - 80% (55.5A4 — 45A4), (b) 80%

~100% (45A — 55.54), (¢) 54% - 100% (354 — 55.54) and (d) 54% - 100%

(55.54 — 35A)]

[Fig. 6.75 Experimental wavetorms ot v, 72,, V, and [, at tull load and 54V output

during dynamic supply voltage transient from (a) 230V, - 185V, (b)

185V,ms ~ 230Vormss (€) 230Voms - 295Voms and (d) 205Voms - 230Voms]

[Fig. 6.76 kExperimental waveforms of v,, 1,, V, and [, showing AC voltage de-rating

during AC voltage change over from: (a) 185V,,,s - 100V, and (b) 100V,

- 185‘/;ms|

[Fig. 6.77 CC/CV mode of BLTPBC and synchronous FBLLC converters based

EV charger during: (a) Constant load current of 55.5A (CC mode) and (b)

constant output voltage of 54V (CV mode).|

[Fig. 6.78 Start-up transients of BLI'PBC and synchronous FBLLC converters

based EV charger during: (a) Constant load current of 62.5A4 (CC mode)

and (b) constant output voltage of 54V (CV mode).|

[Fig. 6.79 Short circuit performance of BLI'PBC and synchronous FBLLC con-

verters based EV charger during: (a) Short circuit from full load at 54V and

55.5A and (b) release of short circuit mode.|

[Fig. 6.80 PQ indices of BLI'PBC and synchronous FBLLC resonant converters

based EV charger varying load during output and input voltages of : (a) - (e)

54V and 230V,ms, (1) - (§) 54V and 185V,ms, (K) - (0) 54V and 300V, and

(p) 43V and 230V, |

XXVil



[F1g.

6.81 Comparison of BLI'PBC and synchronous FBLLC resonant converters

based EV charger at varying line voltages and load. Variation of (a) Efficiency,

(b) TID, (¢) PF and (d) DPF

[Fig.

6.82 Comparison of BLIPBC and synchronous FBLLC resonant converters

based EV charger at varying output voltages of 54V and 48V'. Variation of

(a) Efficiency, (b) THD, (¢) PF and (d) DPF |

[Fig.

6.83 Simulated line frequency steady state pertormance of a 4kW BLTPIBC

and synchronous FBLLC resonant converter based E'V charger.|

[Fig.

6.84 Simulated P() indices of a 4kW BLTPIBC and synchronous FBLLC

resonant converter based EV charger at (a) 190V,,,s, (b) 220V,,,, and (c)

275V |

[Fig.

6.85 Simulated transient state performance of a 4kW BLTPIBC and syn-

chronous FBLLC resonant converter based EV charger: (a) Load transient

performance and (b) Transient line performance.|

[Fig.

6.86 Steady state performance ot a 2kW BLTPIBC and synchronous FBLLC

resonant converter based EV charger showing :(a) PFC action with waveforms

of v, 15, V, Iy, (b) interleaving phenomenon with waveforms of v, g, i1,

iri2, (¢) zoomed view of i1, i1;2 showing 180 deg phase shift, (d) regulated

DC link voltage with waveforms Vs, Vdc; Z.Lz‘la iLiQ and (e) i87 V;ica iLz’l and iLi2-|

[F1g.

6.87 Switching frequency pulses of a 2kW BLTPIBC and synchronous FBLLC

resonant converter based EV charger showing (a) Vi, Ve and V,,; with

respect to vs, (b) expanded view of (a) when duty cycle is greater than 50%

and when v, s negative, (c¢) expanded view of (a) when duty cycle is less than

50% and when v, is positive, (d) Vi1, Vipin, Vopio, Vo when duty cycle is

greater than 50% and when v, is positive and () Vi1, Vo1, Vopi2, Vg When

duty cycle is less than 50% and when v, is negative.|

210
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6.88 Experimental wavetorms of v,, 74, V,, and [, at 54V output and at 2k

output power during dynamic supply voltage transient from (a) 220V, -

275V, s, (b) 275V,s - 220V,0s, (¢) 220V,s - 185V, and (d) 185V, -

220Vms |

[Fig.

6.89 Experimental waveforms of v, 12,, V, and [, at nominal 220V, and at

54V output during dynamic load transient from (a) 1kW - 2kW and (b) 2kW

- 1kW ]

[Fig.

6.90 PQ indices of a 2kW BLTPIBC and synchronous FBLLC resonant con-

verter based EV charger at (a) 185V,,,s and 1kW, (b) 220V,,,s and 1kW,

(¢) 295V, s and 1kW, (d) 185V, and 2kW, (e) 220V,,,s and 2kW and (f)

295V and 2EW |

212

[Fig. 7.1 Circuit configuration of EV Chargers for 4 — W and e-buses using single

| IV T [RLLC l
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[Fig. 7.2 Circuit configuration of EV Chargers tor 4 — W' and e-buses using two

| oY T [RLLC l

215

[Fig.

7.3 Circuit configuration of EV Chargers for 4 — IV and e-buses using back-

| ]:5:] S 1:]: ]:EE::] EZ T l:f:“[.fl AL :] BI_EEWIIBQWI

215
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7.4 Switching states of single switch Vienna rectifier during positive current

through a phase and during switching pattern of switches 51, Sy and S3 as:

(a) 0,0,0, (b) 0,0.1, () 0,10, (d) 0,11, () L,0,0, () L,0,1, (g) L,1,0 and (1)

TI1]

[Fig.

7.5 Switching states of a two switch Vienna rectifier during positive current

through a phase and during switching pattern of switches 51, S5 and Sg as:

(a) 0,0,0, (b) 0,0.1, () 0,10, (d) 0,11, () L,0,0, () 10,1, (g) 1,10 and (1)

TIT]

[Fig.

7.6  Switching states of Vienna rectifier using back to back switches during

positive current through a phase and during switching pattern of switches 5;

Sy and S¢ as: (a) 0,0,0, (b) 0,01, (C) 0,1,0, (d) 0,1,1, (e) 1,0,0, (f) 1,0.1, (g)

1,1,0 and (h) 1,1,1.

[Fig.

7.7 Operating modes of a 3L-PSFBC showing: (a) Positive voltage across

transformer(b) - (e) zero voltage across transformer and ZVS of switch, Sy, (f)

Negative voltage across transformer, (g) - (j) zero voltage across transformer

and ZVS of switch, Sg and (k) repetition of nest switching cycle.|

222

[Fig.

7.8 (ain characteristics of a 5.8kW HBLLC converter based three phase KV

charger.|

[Fig.

7.9 Control of single switch Vienna rectifier.|

[Fig.

7.10 Control of two switch and back to back switches Vienna rectifier.|

226
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[Fig.

7.11 MATLAB model of EV charger based on single switch Vienna rectifier

HBLLC converters.

232

[F1g.

7.12 MATLAB model of EV charger based on two switch Vienna rectifier

[ HBLLC converters.

232

[Fig.

7.13 MATLAB model of EV charger based on Vienna rectifier using back to

back switches and 3[.-PSHBC

233

[Fig.

(.14 Experimental prototype of EV charger based on back to back switches

based Vienna rectifier and 3[.-PSHBC|

233

[Fig.

7.15 Simulated steady state performance of single switch Vienna rectifier and

HBLLC resonant converter based three phase EV charger at line voltage of

415V demonstrating: (a) Steady state performance at line frequency and (b)

sSteady state performance of HBLLC converter at switching frequency.|

[Fig.

7.16 Simulated transient state performance of single switch Vienna rectifier

and HBLLC resonant converter based three phase EV charger during: (a)

Load transients and (b) line voltage transients|
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7.17 Simulated PQ indices of single switch Vienna rectifier and HBLLC res-

onant converter based three phase EV charger at line to line voltages of (a)

320V,ims, () 415V, and (¢) 480V, ms ]

236

[Fig.

(.18 Simulated steady state performance ot two switch Vienna rectifier and

HBLLC resonant converter based three phase EV charger at line voltage of

415V demonstrating steady state performance at line frequency.|

237

[Fig.

7.19 Simulated transient state performance of two switch Vienna rectifier and

HBLLC resonant converter based three phase EV charger during: (a) Line

voltage transients and (b) Load transients.|

238

[Fig.

7.20 Simulated PQ indices of two switch Vienna rectifier and HBLLC resonant

converter based three phase EV charger at line to line voltages of (a) 320V,

(b) 415V,s and (c¢) 480V,,s.|

238

[Fig.

(.21 Simulated steady state performance of Vienna rectifier using back to

back switches and 3L-PSHBC based three phase EV charger at line voltage

of 415V demonstrating steady state pertormance at line frequency.|

239

[Fig.

7.22 Simulated steady state performance of Vienna rectifier using back to back

switches and 3L-PSHBC based three phase EV charger showing: (a) phase

shifted operation (b) ZVS of switch, S7 and gate pulses, V7, Vis, V9, and

Vg10 along with ||

239

[F1g.

7.23 Simulated transient state performance of Vienna rectifier using back to

back switches and 3L-PSHBC based three phase EV charger during: (a) Line

voltage transients and (b) Load transients.|

241

[Fig.

7.24 Simulated PQ indices of Vienna rectifier using back to back switches

and 3L-PSHBC based three phase EV charger at line to line voltages of (a)

320V, mes (D) 415Voms and () 430V

241

[Fig.

(.25 Steady state performance of £V charger based on Vienna rectifier using

back to back switches and 3L-PSHBC. Experimental waveforms at 415V,

showing: (a) Sinusoidal line currents and line-line voltage, ts4, 7, Zsc, Vae ab

54V and 100A output voltage and current, (b) is,, s, tsc, Vae at 48V and

120A output voltage and current, (¢) Ve, isq, V, and [, at 54V and 100A

output voltage and current, (d) v, is, V, and [, at 48V and 120A output

voltage and current and (e) Output voltage and current ripples in AC coupling

mode at 54V and 100A output voltage and current.|

243

[Fig.

7.26 Dynamic load performance of 'V charger based on Vienna rectifier using

back to back switches and 3L-PSHBC at line to line voltage ot 415V and

during step load change from (a) 10A - 90A (10% - 90%), (b) 90A - 10A

(90% - 10%), (c¢) 100A - 50A (100% - 50%) and (d) 50A - 100A (50% - 100%).| 244

[Fig.

7.27 Peak voltage undershoot and overshoot in proposed EV charger based

on Vienna rectifier using back to back switches and 3L-PSHBC during step

load change from (a) 50A to 100A and (b) 100A to 50A. |
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[Fig. 7.28 Dynamic line performance of EV charger based on Vienna rectifier using |
| back to back switches and 3L-PSHBC at output voltage and current ot 54V |
| and 1004 and during step change in rms line to line voltage from (a) 415V - |
| 320V, (b) 320V - 415V, (c) 415V - 480V, (d) 480V - 415V, (e) 320V - 480V |
| and (f) 480V - 320V 246

[Fig. 7.29 Short circuit performance of EV charger based on Vienna rectifier using |
| back to back switches and 3L-PSHBC during (a) Application of short circuit |
| at an output voltage and current of 54V, 100A and (b) release of short circuit |
I condition.| 247

[Fig. 7.30 Start-up performance of EV charger based on Vienna rectifier using back |
| to back switches and 3[-PSHBC. 248

[Fig. 7.31 'I'wo phase operation of KV charger based Vienna rectifier using back |
| to back switches and 3L-PSHBC during (a) Balanced two phase and (b) |
| unbalanced two phase.| 248

[Fig. 7.32 PQ indices of EV charger based on Vienna rectifier using back to back |
| switches and 3L-PSHBC at halt load and during load and phase voltages ot |
| (a) 185V, s, 54V, (b) 240V,.,,.s, 54V, (c) 277V, s, 54V, (d) 185V, 48V, (e) |
| 240V, s, 48V and (f) 277V,,,,s, 48V | 249

[Fig. 7.33 Variation of input current THD with varying line voltage and load mea- |
| sured in (a) R phase, (b) Y phase and (c) B phase.| 250

[Fig. 7.34 Kfficiency variation of IV charger based on Vienna rectifier using back |
| to back switches and 3L-PSHBC at varying line voltages and load.| 250

[Fig. 8.1 Circuit configuration of bidirectional EV Charger for G2V and G2H |
| applications.| 254

[Fig. 8.2 Operating modes of CLLC converter in forward mode. Equivalent circuit |
| during: (a) M1, (b) M2, (¢) M3, (d) M4, (e) M5, (f) M6, (g) M7 and (h) M8.| 255

[Fig. 8.3 Operating modes of CLLC converter in backward mode. kquivalent |
| circuit during: (a) M1, (b) M2, (c) M3, (d) M4, (e) M5 and (f) M6.| 256

[Fig. 8.4 Equivalent circuit of CLLC converter in forward mode.| 258

[Fig. 8.5 Equivalent circuit of CLLC converter in backward mode.| 258

[Fig. 8.6 Operating modes of bipolar modulation based single phase inverter show- |
| ing: (a) Mode-1 (M1), (b) Mode-2 (M2) and (c) switching waveforms.| 259

[Fig. 8.7 Gain frequency characteristics of CLLC converter in forward (G2V) and |
| backward (V2G/V2H) directions.| 262

[Fig. 8.8 Control of bidirectional CLLC converter in G2V mode.| 265

[Fig. 8.9  Control of bidirectional CLLC converter in V2G mode.| 265

[Fig. 8.10 Control of single phase mverter.| 265

[Fig. 8.11 MATLAB model of bidirectional CLLC converter.| 266

[Fig. 8.12 MATLAB model of inverter for V2G and V2H .| 266
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. 8.13 Experimental prototype of bidirectional EV charger.|

267

[Fig

. 8.14 Simulated steady state performance of bidirectional CLLC converter dur-

ing (a) forward mode and (b) demonstrating ZVS during forward mode.|

268

[F1g

. 8.15 Simulated steady state performance of bidirectional CLLC converter dur-

ing (a) backward mode and (b) demonstrating ZVS during backward mode.|

269

kg

. 8.16 Simulated transient pertormance of bidirectional CLLC converter during

mode change |

270

[F1g

. 8.17 Simulated pertormance of single phase inverter. Wavetorms showing

(a) Steady state waveforms, (b) bipolar modulation with zoomed view, (c)

performance during load transients and (d) PQ indices of AC output voltage

and current.

[Fig

. 8.18 Experimental wavetorms of CLLC converter during positive direction of

power flow. Waveforms showing (a) Primary and secondary resonant currents

and primary gate pulses, (b) - (d) demonstrating ZVS of primary switches,

(e) - (f) regulated output voltage and current, (g) output voltage and current

in AC coupling mode and (h) demonstrating 1k output power.|

[F1g

. 8.19 Experimental wavetforms of CLLC converter during reverse direction ot

power flow. Waveforms showing (a) Primary and secondary resonant currents

and secondary gate pulses, (b) regulated DC link voltage (c) - (e) demonstrat-

ing ZVS in reverse direction of secondary switches and (f) delivering 231V A

at 92.49% efficiency.|
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Fundamental harmonic approximation
capacitor-inductor- inductor-capacitor
Half bridge dual active bridge

Full bridge dual active bridge

Half bridge capacitor-inductor- inductor-capacitor

Full bridge capacitor-inductor- inductor-capacitor
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HBPSZVS
IC

VRLA
HBDAB
FBDAB
HBDAB
3L-PSHBC
SPS

CSC

SOC

ESR

STM

ISR

VCO

T1

EVBC
CLA

ZCS

AH

PIV

RHP
ADC

PI

PCB

ILB

BLB
HEMT
BLTPBC
BLTPIBC
ACM

Half bridge phase shifted zero voltage switching
Integrated circuit

Valve regulated lead acid

Half bridge dual active bridge

Full bridge dual active bridge

Half bridge dual active bridge

Three level phase shifted half bridge converter
Sim-power systems

Canonical switching cell

State of charge

Equivalent series resistance

State transition matrix

Interrupt service routine

Voltage controlled oscillator

Texas instruments

EV battery charger

Control law accelerator

Zero current switching

Ampere-hour

Peak inverse voltage

Right half plane

Analog to digital conversion

Proportional integral

Printed circuit board

Interleaved boost

Bridgeless boost

High electron mobility transistors

Bridgeless totem-pole boost converter
Bridgeless totem-pole interleaved boost converter

Average current mode
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Usay Ushy Usc

s

isas Lsbs Isc

Vi

Ve

I

Vo

Ciac; Cacr; Caez, Caes Caea
L’i7 Li17 L’i27 Lia7 Lib7 L’ic
C,

Cy

Ly, Los

Cip, Cins Cop

Ch

Chy

Cr,Cr1,Cpy

Ly, L1, L

L., Lini, Lo
Ty, Th, Too

Vo, Vg2, Vg3, Via
Ry,

R,

N

ULiy YLily YLi2y VLias VLibsy ULic

Z.Lr

iLm

itx

Ver

Ver, Vort, Vore

LIST OF SYMBOLS

Input single phase AC mains supply voltage (V)
Input three phase AC mains supply voltage (V)
Input single phase AC mains supply current (A)
Input three phase AC mains supply current (A)
Rectified AC voltage (V)

DC link voltage (V)

Battery charging current (A)

Output voltage of EV charger (V)

DC link capacitors (uF')

PFC inductors (mH)

Output capacitor (uF)

Filter capacitor (uF)

Filter inductor (mH)

Filter capacitors (uF")

PFC capacitor (nF)

DC blocking capacitor (uF')

Resonant capacitor (nF')

Resonant inductor (uH)

Magnetising inductor (uH)

High frequency transformer

Gate drives (V)

Equivalent resistance on DC link (£2)

Load resistance(S)

Turns ratio

PFC inductor current

Resonant current

Magnetising current

Current through transformer primary winding
Voltage across the capacitor

Voltage across the resonant capacitor
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