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Market

1.2 (7)

2005 2007 GridWise

(Consumer Behavior Studies)

( 10 ) (DOE)

The EV Project 2012 3
(8)

EV PHEV Vehicle to Grid (V2G)

1.3 ,
(9) 2006 11

10,900 MW ( 4,892 MW) 1500
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1.3 (9)

Red Electrica Espana (CE-

CRE) 48 10

15 1

12%, 3 20%, 5 30%

Secure level (Wind Secure Level Assessment Tool: WSAT)

Secure Wind Level (SWL) 24

2020 20% 1

20% 1990 20% 20-20-20

2010
(10)

(KEPCO)

2011 5
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2

2000 10%

12 95%

2020 ( ) (11)

2020 15%

(Ultra High Voltage: UHV)

2012 4 12 5

2017 75,785 MW (12)

10% 21.14%

9.14% 10.14% (13)

UHV

(14, 15) 2

1.4 (4)

(16)

(Fault Ride Through: FRT)
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1.4 (4)
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30% 1
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FRT

(19)

(Smart Meter: SM)

EMS

DR AMI

(20)

PV (Photovoltaic Generation)

PV (Advanced-Photovoltaic Generation System: Ad-

PV systems) Ad-PV systems (1) (2)

( ) (3) ( ) (4)

option ( ) 4

EMS

(1) EMS (2)

(3) DR

2010

2010 10 (22 kV) 3,000 kW

NAS 3,000 kW (6.6 kV) 1,000 kW

NAS 1,000 kW 100 kW

(Static Var Compensator: SVC)

(Load Ratio control Transformer: LRT) (Step Voltage

Regulator: SVR ) SVC
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ANSWER (Active Network Systems With
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2020
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EV CO 6.7%
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1.
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1.1.2 – –
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Generator) (Battery)
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Home Appliances
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Converter
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Bidirectional
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1.5

(Current Transformer: CT)

30
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PDCA

(Plan-Do-Check-Act )
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B
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TV
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PV
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Web
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(29) 1.1

B
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(3) B

700 24 7 26

2

12

3 1.8

3

3

2 V 3

kV kV kV
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kVA kVA kVA kVA kVA kVA
(30)

3 100 V 200 V
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100 V

100 V
200 V

1.8 3

(Power Disturbances) (31)

(32, 33, 34, 35, 36) IEC, IEEE Counseil International des Grands

Réseaux Électriques (Cigre)

IEC

–

( )

IEEE

–

Cigre

–

1.2

IEEEstd. 1159-1995

90% 110%

1

10% 90% 1

80% 90% 30

110% 180% 30 3
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1.2

Stability ( )

Under Voltage ( )
Over Voltage ( )
Voltage Sag ( )
Voltage Swell ( )
Phase Shift ( )
Flicker ( )
Frequency Fluctuation ( )

Reliability ( )
Momentary Interruption ( )
Temporary Interruption ( )
Sustained Interruption ( )

Waveform ( )

Transient ( )
Voltage Unbalance ( )
Harmonics Voltage ( )
Harmonics Current ( )
Notch ( )

110% 140% 3 1 110%

120% 1 110% 120%

3 10%

3 1 10% 1

0

( 50 Hz 60 Hz)

120

1.2

3

1.9 [ ] 3

[A] (a)
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Load1 

Load2 vL2

vL1

0.5I0
Secondary side of 

Distribution transformer

105 V

105 V

r

r

Household consumer

0.5I0

0.5 pu

0.5 pu

(a)

Load1 

Load2 vL2

vL1

0.6I0
Secondary side of 

Distribution transformer

105 V

105 V

r

r

Household consumer

0.4I0

0.6 pu

0.4 pu

0.2I0

(b)

1.9 3 (a) (b)

(1.1)

Load1 Load2 Load1

0.6 pu Load2 0.4 pu (38)

(b) Load1 Load2

(1.2)
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1.3 (42)

[kVA] [m ]

5 95
10 40
20 16

(1.1) (1.2)

1

3

3
(39, 40, 41) 3

1.3 6600 V-210/105 V
(42)

2 1 / 5000

5 kVA 1 1.3 5 kVA

109 W ( )

4.32 W ( ) 3

4.32 W ( )

1 5.43 MWh
(43)

5195 5 kVA 5195
(44) 3

(1.3)

66
(45) 13
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With High-quality power consumption With Low-quality power consumption
Higher electricity price

Three-Phase Three-Wire Distribution Systems

Single-Phase Three-Wire Distribution Systems

1.10

1.10

(Power Factor

Correction: PFC) (46)

1.1.3

2020 50%,

5,000 200 (47) 1.4

PHV EV HV (48) 2012 PHV EV

0.57% 2020 15

20% HV 2012 16.5%

20% 8 1.11 EV HV PHV
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1.4 PHV EV HV (48)

2011 2012 2020 ( ) 2030 ( )
PHV EV 0.36% 0.57% 15 20% 20 30%

HV 13.4% 16.5% 20 30% 30 40%

0

2

4

6

8

10

12

14

16

18

2011 2012 2020
( )

2030
( )

E
V

PH
V

[
]

HV/PHV EV

1.11 EV HV PHV (49)

(49) 2012 HV PHV 287 EV

5 6 2020 EV 207

PHV EV (1) (100

150 km) (2) EV (20 / kWh) (3)

(1) (2)

(3)

1.12
(52) (1)

(2) (3)

3

DC-DC
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1.12

(Japan Hydrogen & Fuell Cell Demonstration Project: JHFC)

GHG (Green House Gases) (50)

(Well to Wheel: WtW) 1 km [MJ/km] 1 km

CO [g-CO /km] ( )

2 MJ/km 147 g-CO /km

1.1 MJ/km 88 g-CO /km

1990

1990
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2 3

192 48 360 V

24 kWh i-MiEV 88 22

330 V 16 kWh

(Battery Management System: BMS) (51) BMS

8

SOC (State of Charge)

SOH (State of Health)

SOC

SOC SOC

SOC

SOC

Vehicle to Home (V2H)

Leaf to Home (53, 54, 55, 56) 1.14 EV

1.5 EV

EV EV (G2V) (V2H) 2

(AC-DC) (DC-DC) (

) EV

1.13 V2H EV

EV

EV
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PWM 
rectifier

Utility 
Grid LS

Bidirectional battery charger

Electric Vehicle
(EV)

Home Appliances

Bidirectional
dc-dc converter

Battery-charging operation

Battery-discharging operation

1.13 V2H

EV

(V2G)

EV

V2H V2G

EV

4

4

24 kWh 1
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1.5 EV

EV

AC 200 V
AC 0–36 A
CHAdeMO

DC 50–500 V
6 kW

Max 90%
99%

DC 150–450 V
DC 0–30 A

3
AC 100V, 200V

AC 0–30 A
6 kW

Max 85%

LEAF to 
Home

EV Power 
Station

Zero 
Emission

NISSAN

6kW

5kW

4kW

3kW

2kW

1kW

0

PCS

300W

300W
150W

1500W

1000W

1000W 200W

2000W

HEMS

1.14 LEAF to Home

EV

100 V

8 EV 200 V

4

(12 kWh) ( 21 ) 1

4000

10

Leaf to Home 80%

V2H CO

22% (57)
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1.2

3

1.

2.

3.

1.3

6

1

2

(1) (2) (3) (4)

(5) 5 (58, 59, 60)

Single-Phase EV/PHEV Bidirectional Battery Charger Single-

Phase Bidirectional Battery Charger

Multi-Function Bidirectional Battery

Charger

3

3 PWM DC-DC
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- PI

PSIM

4 3

3

1 (63)

0.9 3

3

PWM

40% 3

37% 0.9

5

4

15.3%

6
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2

5 (58, 59, 60)

4 Insulated-Gate Bipolar Transistor (IGBT)

Single-Phase Bidirectional Battery Charger

6 IGBT 3

Multi-Function Bi-directional Battery Charger

Bidirectional Battery Charger

2.1

(1) (2) (3)

(4) (5) 5

2.1 (1)

(2)

(3)

(4) AC

DC (5)

2.1 (a)

(On-board charger) 8

i-MiEV 16.0 kWh 200 V 15 A

7 3 kW
(64) Leaf 3.6 kW 200 V 15 A

24 kWh 8 (65) Model S
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2.1

AC DC

On-board 
charger

AC power

DC power

Battery

Outlet
1

Battery
DC power

Off-board 
charger

Utility Grid
3

AC power

(a) On-Board Battery Charging System

(b) Off-Board Battery Charging System

2.1

10 kW 200 V 40 A 85 kWh 11
(66)

(b) (Off-board charger)

30 80%

(Rapid Charger) (67)

44 kW GS YUASA 50 kW 20 kW 50 kW

25 kW 44 kW 50 kW ,

CHAdeMO ABB
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20 kW 22 kW CHAdeMO IEC

V2H EV

(Controller Area Network: CAN PLC)

2.2 (a)

(b)
(68, 69) (c)

(70, 71)

(c)

DC-DC

2.3 (a)

(Contact Battery Charger)

SAE IEC CHAdeMO

(a) IEC61851-1

2010 SAE J1772

IEC (Type1) (Type2) (Type3) 2011 7

(CDV) 2010 7

IEC61851-23 9 IEC61851-24

IEC62196-3 2012 11

(IS)

/ Regulated ( SAE )

No-Regulated (

) 2 (1)

CAN (2) SAE PLC (3) SAE In-Band
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3
Motor

Motor
Inverter

Bidirectional 
DC-DC 

Converter
Battery 

Pack

3
Rectifier

Input 
Filter

On-board Charger

3
Grid

(a)

(b)

3
Motor

Motor
Inverter

Bidirectional 
DC-DC 

Converter
Battery 
Pack

Input 
Filter

Integrated 
On-board 
Charger

3
Grid

(c)

Motor
Inverter

AC motor Extra hardware 
component Household 

outlet
Li-ion
Battry

2.2 (a) (b) (
) (c) ( )
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Motor Inverter

Battery

Battery charger

Inverter

(b) Contactless Battery Charging System

Inlet

Plug

Connector
Outlet

(a) Contact Battery Charging System

2.3

3 ( )

(SAE )

(b) (Contactless Battery Charger)

3 (1)

(2) (3) (72, 73) (b)

2

(74, 75)

AC AC
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DC DC

(76)

10 15 1.8 9 km

G2V HEMS V2H

Vehicle to Renewables(V2R)
(77)

(77, 78, 79)

AC

DC

DC

2.2

2.2.1 Single-Phase Bidirectional Battery Charger

4

Single-Phase Bidirectional Battery Charger

2.4 Single-Phase Bidirectional Battery Charger

240 V S S

S S DC-DC

Leaf Volt

3.3 kW

,

PI

PI
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(2.1)

(2.1)

PWM

(2.2)

(2.3)

2.2 Kisacikoglu

Single-Phase Bidirectional Battery Charger Single-

Phase Bidirectional Battery Charger

2.5
(80) (a) 1

=0

(b) 2 (a)

=0

(c) 3

=0 (d) 4

(c) =0

(e) 5 1 3

(f) 6
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2 3

2.2 7 8

1 6

2

2.3

2.4 PWM

(81)

(2.4)

(2.5)

DC-DC

(2.6)

DC-DC 2.4

(2.7)

2.6 2.6

(2.8)
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+
vdc

Vdc* +

PIQ* +

PI P
Q

S1~S4iC*
i*

Q

LC
S1

S2

S3

S4

Cdc

S5

S6

Lf

Cf Vbat

vS

D1

D2

D3

D4

D5

D6

iC idc iconv

icap

ibat

vdc

P
Q

iC
vS

iC
vS

P

iP*

iQ*

2.4 Kisacikoglu Single-Phase Bidirectional Battery Charger

2.2 Kisacikoglu Single-Phase Bidirectional Battery Charger

Operation number Active power Reactive powr Operation mode of the Charger
1 Zero Positive Inductive
2 Zero Negative Capacitive
3 Positive Zero Charging
4 Negative Zero Discharging
5 Positive Positive Charging and inductive
6 Positive Negative Charging and capacitive
7 Negative Positive Discharging and inductive
8 Negative Negative Discharging and capacitive
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(c) Charging (d) Discharging

(a) Inductive operation (b) Capacitive operation

(e) Charging and inductive operation (f) Charging and capacitive operation

IC

VS VC

jXCICIC

VS

VC
jXCIC

IC VS

VC
jXCIC IC VS

VC
jXCIC

IC
VS

VC

jXCIC

VS

VC
jXCICIC

2.5

(2.9)

(2.10)

(2.9) (2.10) 1

2



2.2. 39

2.3

,

,

(2.11)

,

(2.11) ,

(2.12)

(2.12)
(82) 2.4 (82) 2.5

3 kVA 3 3 kW

6 2.12 kW -2.12 kvar

2 -3 kvar

3 (Total Harmonic Distortion:THD) 5%
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5

4
3

2

1

0

-1

-2
-3

-4
-5

Vdc-ripple_max

Vdc-ripple_min

icap>0

Vdc

1 ms

2.6

2.4 2.4

Item Symbol Value

Grid voltage 240 V
AC inductor 1.5 mH

DC link capacitor µ
DC capacitor voltage 500 V

Filter capacitor µ
Filter inductor µ

Switching frequency of
dc-dc converter 40 kHz

2.5

Operation mode Active power Reactive power Rated power Simulation time
Mode3 3 kW 0 kvar 3 kVA 0-2 s
Mode6 2.12 kW -2.12 kvar 3 kVA 2-4 s
Mode2 0 kW -3 kvar 3 kVA 4-6 s
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2.2.2 Multi-Function Bi-directional Battery Charger

6 3 Multi-

Function Bi-directional Battery Charger

2.7 Zhou Multi-Function Bi-directional Battery Charger

3 240 V

120 V S S 3 (Grid-side

converter) S S DC-DC (Battery-side converter)

90

180 V 360 V 3

3 H

2.8 3 H

H 3 (1)

(2) (3)

(4) 4 240 V LA

LB PWM 120 V

LA LN LB LN

LN 120 V 50%

120 V 5 kW 240 V 10 kW

DC-DC

DC-DC

DC-DC (1) (2) (3)

(Ground Fault Interrupter:GFI)

ADC

PI

(Proportional and Resonant (PR) Controlller)
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EMI (Electro Magnetic Interference: ) EMI

EMI

Multi-Function Bi-directional Battery Charger V2G

V2H 3 2.9 Zhou Multi-Function Bi-directional

Battery Charger 2.10 Zhou

Multi-Function Bi-directional Battery Charger

PI

(a) V2G V2G

MPPT (Maximum Power Point Tracking: )

V2G

PLL (Phase-Locked Loop)

V2G

(2.13)

V2G (2.13)

1 2 1

(2.13)

(2.14)

(2.14)

PR (84)

(2.15)

(Harmonics Compensation: HC) PR (PR+HC)
(85) PR+HC

(2.16)
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(b) V2H V2H

120 V

PR

V2H

(2.17)

PR (2.17) 2 V2H

(2.17) 2

V2G

PR+HC V2H PR

(c) H

PR PLL

V2G V2H

V2G

V2H

THD 3.7% AC 120 V 5 kW THD

1.2%

120 V V2G PR+HC PI

PR+HC 9 PI

V2H 120 V 5 kW 240 V

10 kW
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Q1

Q4

Q3

Q2Q6

Q5

vDC
CDC

Q7

Q8

LN LA LB

120 V

Ground fault 
interrupter

Battery

Battery-side 
converter

Grid-side 
converter

120 V

240 V

relay

Utility
Grid

2.7 Zhou Multi-Function Bi-directional Battery Charger

Q1

Q4

Q3

Q2Q6

Q5

vDC

CDC

VN

Q1

Q4

Q3

Q2

vDC1

CDC1VN
CDC2vDC2

(a) (b)

L1 240 V
AC 
GridL1 C1

L2

L1 C1

L1 C1

L2

240 V
AC 
Grid

C1

2.8 (a) 3 (b) H

ifQ1

Q4

Q3

Q2Q6

Q5

vDC

CDC

VN

L

Cf

L Load

iL

ic LA

LB

LAB

Vab

2.9 Zhou Multi-Function Bi-directional Battery Charger
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Real 
power

PLL

iL*

iL
GC(s)

Gf(s)

VDC 2LS

1

2rL

if
0.5Cfs

ic iL

Vab

Power Stage

(a)

Van*

Van

GC(s)

Gf(s)

VDC sL
1

rL

if ic Van

VanPower Stage

(b) 

iL

sCf

1
GPI(s)

Vdc*
GPI(s)

PLL

GC(s) VDC

Vab sCf

sL
1

rL

if
ic

(RLoadcdcs+1)Vdc*
Vab* RLoadiL Vdc

iL*

(c) 

Power Stage

Vab

Vab

2.10 Zhou Multi-Function Bi-directional Battery Charger
(a) V2G (b) V2H (c)
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2.3

2.11 Kisacikoglu 3

2.11

200 V

Load1 Load2

,

, , ,

2.13 Zhou

Zhou

Powersim PSIM

PSIM 2.13 Zhou

Load1 Load2

3

, 60 Hz
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LC

iC
Q1

Q2

Q3

Q4

Cdc

Q5

Q6

Lf

Cf Vbat

vS

Load 1

Load 2

Feeder1

Neutral Line

Feeder2

n1 n2 iS1

iS2n2

vL1

vL2

iL1

iL2

Pole-mounted 
distribution transformer Home appliances

Single-Phase EV/PHEV Bidirectional Battery Charger

0

i

t

iLn

iLn(=iL1 iL2)

0

v

t

0

i

t

iS1

iS2

vL1

vL2

L2

L1

2.11 Kisacikoglu 3

iSn

L

if1
Q1

Q2

Q3

Q4

Cdc

Q7

Q8

Lf

Vbat

vS

Load 1

Load 2

Feeder1

Neutral Line

Feeder2

n1 n2 iS1

iS2n2

vL1

vL2

iL1

iL2

Pole-mounted 
distribution transformer

Home 
appliances

Multi-Function Bi-directional Battery Charger

Q5

Q6

Cf

Vn=0

0

i

t

iSn iLn

ifn

ifn if2

iLn

2.12 Zhou
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80 A

200 V

50 A

50 A

30 A

20 A

0

vL1, vL2

iS1 iS2

iL1
iL2

if1 if2

iSn, iLn ifn

ibat

17 ms

0

0

0

0

0

2.13 Zhou



49

3

2

3

3
(86)

3 PWM
(87, 88, 89) 1

1

3.1

PWM 1

3.1

3 Feeder1

Feeder2 Load1 Load2

“

40 ” (38)

[VA]

[VA]

(3.1)
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5 kVA

1 pu 40% Load1 0.6 pu Load2

0.4 pu

Case1 Case3 Case1

Case2

EV Case3

EV

6600 V, 5.0 kVA, 60 Hz 105 V, 24 A

( 360 V)

Q Q 3

PWM Q Q DC-DC

3 PWM 3
(40, 41) 4

DC-DC

3 PWM

DC-DC Q Q OFF

DC-DC

Q OFF Q 3

PWM

(87, 88, 89) PI

(90, 91, 92, 93, 94)

1
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vS

iL1105V, 24An1 n2

vL2

vL1

iL2

iL1

iL2

iS1

vS

RL1

RL2

LL1

LL2

6600V
5kVA
60Hz

iSC1

Cf1

iSC2iSC3
iS2

i1 i2

Lf1

LS1

Q1

Q4

Q3

Q2 Q6

Q5

LS2

Vbat

n2

vDC

vDC

CDC

Q8

Q7

ibat

iLS2

Cf2

Feeder1

Feeder2

Neutral line
Load1

Load2

r

PI

Triangular wave

Q7, Q8
*ILS2

iLS2

PI controller in 
d-q coordinates

vDC

0.5
iL1

iL2

PI
IPVDC*

iDC
* iS* i1*

i2* PI controller in 
d-q coordinates

dqvS
1/4 cycle

delay 

vdv
v vq

S =2 fS
Ss

1= 0Vq*

i1

i2PLL

Q1

Q2

Q3

Q4

Q5

Q6

Triangular wave

2cos S

PI

3.1
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3 PWM

3.2

(3.2)

1

(3.3)

(3.4)

(3.5)

(3.6)

(3.6)

(3.7)

(3.6) (3.7) , (3.7)

1 2

3 PWM
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(3.11)

(3.8)

,

3 PWM

(3.9)

(3.4) (3.9) 1

3 (3.7)

1

(3.10)

(3.10)



54 3

PLoad1+PLoad2PS

iSn=0

iSC1 Q1

Q2

Q3

Q4

Cdc

Q7

Q8

Lf

Vbat

vS

Load 1

Load 2

Feeder1

Neutral Line

Feeder2

n1 n2 iS1

iS2n2

vL1

vL2

iL1

iL2

Pole-mounted 
distribution transformer Home appliances

Q5

Q6

iSC3

iLn

iSC2

Cf2

r

Three-leg PWM rectifier

Bidirectional dc -dc converter

ibat

Pbat

3.2

(3.11)

(3.11)
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dqvS

1/4 cycle
delay 

vdv

v vq
=2 fS

s
1= 0Vq* PI S

3.3 PLL

,

3 PWM

(3.12)

(3.4) (3.12) 1

3 PWM 0

(3.10)

1

3.1 Phase Locked loop (PLL)
(95, 96, 97, 98) 3.3 PLL

1/4 PLL

- q 0
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3 PWM

PI (99)

- (100) -

- 3.1

1/4

(3.13)

PLL -

(3.14)

(3.15)
(3.15)

(3.16)

(3.16) -

(3.17)
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i1* id1
*

iq1
*

1/4 cycle
delay

dq

i1 id1

iq1

PLLvS

PI

PIdq
dq vu

S St

1/4 cycle
delay

i1*

i1

S

3.4 -

(3.18)
(3.18)

(3.19)

(3.19) (3.13) -

3.4 Q Q 3 PWM -

1/4

PLL -

- PWM

-

PI

3.2

PSIM 3.1

Load1 Load2 0.6 pu,

0.8 0.4 pu 0.9

Load2 0.8 pu 0.9 Load1 0.6 pu,
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0.8 0.27 pu, 0.97

–5 A

360 V 13 20 0.075 C 300 V

16 0.062 C

PI =0.3,

=0.02 s

3.2.1

3.5 3

(a) Load1 Load2

1 DC-DC

–5 A

–5 A

5%

4.0% THD (102)

(3.20)

THD 5%

THD 2.0% 3.2%

(3.7)

(b) (a)

1 DC-DC

5 A

5 A 4.2%

THD 4.8% 2.9%

(3.7)

(c)

DC-DC 3.5(a) (b)

1
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3.1 3.1
Item Symbol Value

Load1 (large load condition) 5.8 mH
( 0.6 pu, power factor 0.8 ) 2.9
Load1 (small load condition) 5.8 mH
( 0.27 pu, power factor 0.97 ) 8.0

Load2 6.3 mH
( 0.4 pu, power factor 0.9 ) 4.9

Filter inductor 0.46 mH
Filter capacitor µ

Switching inductor for
three-leg PWM rectifier 1.0 mH

DC capacitor µ
DC-capacitor voltage 385 V
Switching inductor for

bidirectional dc-dc converter 3.3 mH

Filter capacitor for
bidirectional dc-dc converter µ

Battery voltage 360 V
Battery current 5 A

Internal resistance of battery 72 m
Switching frequency 10 kHz

Dead time µ

THD 2.2% 4.1%

(3.10)

12 A ,

37%

3.6 Load1 0.6 pu 0.27 pu Load2

(a)

,

0.99

400 V
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(b) Load1 0.6 pu

0.27 pu Load2

, 0.99

400 V

40%

400 V

3.7 (a)

0

–5 A 160 ms

5% (b)

5 A 130 ms

5%

400 V

1

3.2.2
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(3.21)

(3.22)

3

PWM 3

(103)

(3.23)

( =1, 2, 3)

(=24 A)

3.5(a) (b)

20.3 A,

15.7 A 10.5 A (4.27) 0.97 pu

1 pu
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0
50A

0
200V

0
50A

0
50A

500V

0
10A

vDC

iSC1iSC2 iSC3

iL1
iL2

iS1, iS2

vL1, vL2

ibat

17ms

0

vDC

iSC1iSC2 iSC3

iL1
iL2

iS1, iS2

vL1, vL2

17ms

vDC

iSC
1

iSC2

iSC3

iL1 iL2

iS1, iS2

vL1, vL2

ibat

17ms
(a) (b)

(c)

0
50A

0
200V

0
50A

0
50A

500V

0

3.5 (a) (b)
(c)
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0
50A

0
200V

0
50A

0
50A

370V
385V
400V

-5.5A
-5A

vDC

ibat

iS1, iS2

iSC2 iSC3
iL2

4.7%

iSC1

vL1, vL2

50msLoad1: 0.6 pu 0.27 pu

-4.5A

3.6%

iL1

vDC

ibat

iS1, iS2

iSC2 iSC3
iL2

4.7%

iSC1

vL1, vL2

50msLoad1: 0.6 pu 0.27 pu

3.6%

iL1

0
50A

0
200V

0
50A

0
50A

370V
385V
400V

5.5A
5A

4.5A

(a)

(b)

3.6 (a)
(b)
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50ms

0
50A

0
200V

0
50A

0
50A

360V
380V
400V

0

-10A
Battery charging 

operation was started.

iSC3iL2 iSC1

vL1, vL2

vDC

ibat

iS1, iS2

iL1

50ms

0
50A

0
200V

0
50A

0
50A

360V
380V
400V

iSC3iL2 iSC1

vL1, vL2

vDC

ibat

iS1, iS2

iL1

Battery discharging 
operation was started.

0

10A

iSC2

iSC2

(a)

(b)

3.7 (a)
(b)
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3.3

3.3.1

3.1 6600 V

210 V 3.8

210 V 5.0 kVA

60 Hz 105 V 24 A

3.1

DSP (TMS320C6713 225 MHz) 3.2

DSP PEV

A/D 12 bit 0.1 ms DSP

DSP

DC-DC PWM

3 PWM 6-in-1 IGBT

PM50RSA060 DC-DC 2-in-1 IGBT

CM100DY-24A 3.9

60 300 V

HX0300-25

3.3.2

3.10 3 (a)

DC-DC

0.98 0.99 THD 2.8% 4.4%

–5 A

–5 A

2.1%

(b) DC-DC
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210V
6kVA
60Hz

A/D PWM
(TSW=0.1 ms)

DSP(TMS320C6713)

12-b
Gate signals

vs iL1 iL2

vDC

i1 i2

iLS2

iL1105V, 24An1 n2

vL2

vL1

iL2

iL1

iL2

iS1

RL1

RL2

LL1

LL2

iSC1

Cf1

iSC2iSC3
iS2

i1 i2

Lf1

LS1

Q1

Q4

Q3

Q2 Q6

Q5

LS2

n2

vDC

vDC

CDC

Q8

Q7

ibat

iLS2
Cf2

Feeder1

Feeder2

Neutral line
Load1

Load2

vCf2

vS

vS

i3

i1

i2
Battery
for EV

3.8

(a) Battery charging operation (b) Battery discharging operation

Vbat=300 V

r=72 m

Vbat R=60 

3.9

0.99 THD 6.7%

5.7%

5 A

5 A 4.7%

THD
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3.2
DSP

CPU TMS320C6713-225 MHz
RAM 64 kword (32 bit )
RAM 2 Mword (32 bit )

Flash ROM 256 kword (16 bit )
PEV

3 PWM
PWM 20 ns µ

8 ch
4 ch

AD 12 bit
µ
5 V

(c) DC-DC

0.99 THD 4.1% 5.1%

12 A

37%

1

EV

3.3.3

(3.24)
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3.10(a) (b)

20.8 A, 15.5 A

9.9 A (4.27) 0.96 pu

31%

1 pu

pu
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0
200V

0
50A

0
50A

0
50A

vL1, vL2

iS1, iS2

iL1 iL2

iSC2iSC1 iSC3

vDC

0

500V

0
10A

17 ms

vL1, vL2

iS1, iS2

iL1 iL2

iSC2iSC1 iSC3

vDC

17 ms

ibat ibat

vL1, vL2

iS1, iS2

iL1 iL2

iSC2iSC1 iSC3

vDC

17 ms

(a) (b)

(c)

0
200V

0
50A

0
50A

0
50A

0

500V

3.10 (a) (b)
(c)
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3.4

PWM

3

PWM 3 PWM

1

1

1 pu

pu

4
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4

3
(61)

(86)

(104, 105)

(106)

0.9

3 PWM 3

4.1

4.1

,

3 PWM
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4.2 1.0 0.9

(a) 1.0

1.0

(b) 0.9
(63) 0.9

, 0.9

1.0

0.9

4.1

(4.1)

PLL

(4.2)
Low-Pass Filter (LPF) (4.2) 2 LPF

(4.3)

(4.4)
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(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

4.1 0.5

LPF

(4.10)
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iL1105 V, 24 An1 n2

vL2

vL1

iL2

iL1

iL2

iS1

RL1

RL2

LL1

LL2

6600 V
5 kVA
60 Hz

iSC1

Cf1

iSC2iSC3
iS2

i1 i2

Lf1

LS1

Q1

Q4

Q3

Q2 Q6

Q5

LS2

Vbat

n2

vDC

vDC

CDC

Q8

Q7

ibat

iLS2

Cf2

Feeder1

Feeder2

Neutral line
Load1

Load2

r

vCf2

vS

vCf2

vS

iDC

PI controllers in 
d-q coordinates

vDC

0.5

iL1

iL2

PI
IP

VDC*

iS
* i1

*

i2
*

PI controllers in 
d-q coordinates

dqvS

1/4 cycle
delay 

vdv

v vq
=2 fS

s
1= 0Vq*

i1

i2

PLL

Q1

Q2

Q3

Q4

Q5

Q6

Triangular wave
PI

PI

Triangular wave

Q7, Q8
*ILS2

iLS2

iSpISp

2 sin St

iSq
K

Moving 
Average 

LPF
0.5

iL

iL1

iL2

S= St

vCf2

iLS2 VL 2cos St

Pbat
iSbat

iSbat

KiSq

cos St
sin St

2 cos St
2 cos St

2 cos St

cos St
sin St

*

4.1

Im

Re
L

LILqI

LpI SbatI
SI LV

CI•

Im

Re
L

cos-10.9

LILqI

LpI SbatI

SI

LV

SCI
CI

LqKI

•

SCI

(a) (b)

4.2 (a)
1.0 (b) 0.9
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(4.11)

LC

(4.12)

,

(4.13)

(4.10) (4.13) 0.9

3 PWM
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(4.10)

0.9

(4.14)

(4.12)

(4.15)

,

3 PWM

(4.16)

(4.10) (4.16) 1

3 PWM 0

(4.14)

0.9
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4.1.1

3 PWM

1.0 0.9

3 1.0 3 PWM

(4.17)

0.9

(4.18)

4.3 1.0 0.9 3

PWM (a)

1.0 0.9 3 PWM

1.0

3.67 kVA 1.80 kW

3.19 kvar 0.9

2.03 kVA 1.80 kW 0.94 kvar

(b) 1.0 0.9 3

PWM

1.0 3.24 kVA

1.80 kW 2.69 kvar 0.9

2.38 kVA 1.80 kW 1.56 kvar
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(a)

Secondary-side 
voltage

Instantaneous 
power

Active power 
components of 
Instantaneous power

0

4 kW

0

0

4 kvar

6 kVA

0

200 V vL vL

5 ms

pSC_1.0
pSC_0.9

pSCa_0.9

pSCr_1.0 pSCr_0.9

pSCa_1.0

pSCr_1.0 pSCr_0.9

pSCa_0.9pSCa_1.0

pSC_1.0 pSC_0.9

5 ms

Reactive power 
components of 
Instantaneous power

(b)

4.3 1.0 0.9 3 PWM
(a) (b)

1.0

3.19 kvar 3.67 kVA 0.9

1.56 kvar

2.38 kVA

3 PWM 51%

35%

4.1.2

0.9

4.4

0.9 3 PWM

(4.13)
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(4.19)

385 V

(4.20)

(4.21)

(4.22)

(4.23)

4.1.1 W var V µ

V

(4.24)

4.4 A
(107)

(4.25)

µ A

350 V

(4.26)
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t

t

VDC

TS/2

VDC- VDC

vDC

VDC+ VDC

pC
~

t0 t0+TS/4

t0+TS/8

t

t

VDC

TS/2

vDC

pC
~

t0

t0+TS/4

t0+3TS/8

VDC- VDC

VDC+ VDC

(a)

(b)

4.4 0.9 3 PWM
(a) (b)

h
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95618 h 11
(109, 110) 11

10 (111, 112)

4.2

4.1

Load1 Load2 0.6 pu, 0.8

0.4 pu 0.9

Load2 0.4 pu

0.9 Load1 0.6 pu, 0.8

0.27 pu, 0.97

PI =0.3, =0.02 s

4.2.1

4.5 4

(a) Load1 Load2

0.9

DC-DC

–5 A

5%

3.1%

THD 1.4% 0.8%

(4.9)

(b) (a)

0.9

DC-DC

5 A

3.9% THD

2.3% 3.0%
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4.1 4.1
Item Symbol Value

Load1 (large load condition) 5.8 mH
( 0.6 pu, power factor 0.8 ) 2.9

Load1 (small load condition) 5.8 mH
( 0.27 pu, power factor 0.97 ) 8.0

Load2 6.3 mH
( 0.4 pu, power factor 0.9 ) 4.9

Filter inductor 0.46 mH
Filter capacitor µ

Switching inductor for
three-leg PWM rectifier 1.0 mH

DC capacitor µ
DC-capacitor voltage 385 V

Switching inductor for
bidirectional dc-dc converter 3.3 mH

Filter capacitor for
bidirectional dc-dc converter µ

Battery current 5 A
Internal resistance of battery 72 m

Switching frequency 12 kHz
Dead time µ

(4.9)

(c)

DC-DC 4.5(a) (b)

0.9 THD

1.9% 1.4%

12 A

45%

4.6 Load1 0.6 pu 0.27 pu Load2

(a)

,
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0.9

2.0%

(b)

,

0.9

1.1%

40%

2.0%

4.7 (a)

0

–5 A 17 ms

5%

(b)

5 A

10 ms 5%

400 V 1

0.9

4.2.2

3
(103)

(4.27)

( =1, 2, 3)

(=24 A) (4.27) 3
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0.97 pu

16.7 A, 6.68 A 10.6 A 0.71 pu

4.2

27%

4.1.1
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0
50A

0
200V

0
50A

0
50A

500V

0
10A

vDC

iSC1
iSC2 iSC3

iL1
iL2

iS1, iS2

vL1, vL2

ibat

17ms

0
vDC

iSC1 iSC2 iSC3

iL1 iL2

iS1, iS2

vL1, vL2

ibat

17ms

vDC

iSC1 iSC2
iSC3

iL1 iL2

iS1, iS2

vL1, vL2

(a) (b)

(c)
17ms

0
50A

0
200V

0
50A

0
50A

500V

0

4.5 (a) (b)
(c)
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0
50A

0
200V

0
50A

0
50A

370V
385V
400V

-5.5A
-5A

vDC

ibat

iS1, iS2

iSC2 iSC3

4.7%

iSC1

vL1, vL2

50msLoad1: 0.6 pu 0.27 pu

-4.5A

2.0%

iL2

iL1

vDC

ibat

iS1, iS2

iSC2 iSC3iL2

4.0%

iSC1

vL1, vL2

50msLoad1: 0.6 pu 0.27 pu

1.1%

iL1

0
50A

0
200V

0
50A

0
50A

370V
385V
400V

5.5A
5A

4.5A

(a)

(b)

4.6 (a)
(b)
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50ms

0
50A

0
200V

0
50A

0
50A

370V
385V
400V

0

-10A
Battery charging 

operation was started.

iS1, iS2

iSC2 iSC3iL2

iL1

iSC1

vL1, vL2

vDC

ibat

50ms

0
50A

0
200V

0
50A

0
50A

370V
385V
400V

0

10A

Battery discharging 
operation was started.

iS1, iS2

iSC2 iSC3iL2

iL1

iSC1

vL1, vL2

vDC

ibat

(a)

(b)

4.7 (a)
(b)
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4.2

[pu]

(PF=1.0) 0.97
(PF=0.9) 0.71

4.3

4.1 6600 V

210 V 4.8

210 V 5.0 kVA 60 Hz

105 V 24 A

4.1

3 DSP (TMS320C6713 225MHz)

A/D 12 bit

µ DSP DSP

DC-DC PWM

3 PWM 6-in-1 IGBT

PM50RSA060 DC-DC 2-in-1 IGBT

CM100DY-24A 3

3.9 60

300 V HX0300-25

4.3.1

4.9 4 (a)

DC-DC

0.9 THD 2.0%
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210V
6kVA
60Hz

A/D PWM
(TSW=83.3 s)

DSP(TMS320C6713)

12-b
Gate signals

vs iL1 iL2

vDC

i1 i2

iLS2

vCf2

iL1105V, 24An1 n2

vL2

vL1

iL2

iL1

iL2

iS1

RL1

RL2

LL1

LL2

iSC1

Cf1

iSC2iSC3
iS2

i1 i2

Lf1

LS1

Q1

Q4

Q3

Q2 Q6

Q5

LS2

n2

vDC

vDC

CDC

Q8

Q7

ibat

iLS2
Cf2

Feeder1

Feeder2

Neutral line
Load1

Load2

vCf2

vS

vS

i3

i1

i2

vCf2

Battery
for EV

4.8

–5 A –5 A

1.1%

(b) DC-DC

0.9 THD 4.5% 4.3%

5 A

5 A 3.4%
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(c) DC-DC

0.9

THD 2.7% 2.0%

12 A

43%

4.10 Load1 0.6 pu 0.27 pu Load2

(a)

,

0.9

1.9%

(b)

,

0.9

2.0%

40%

2.0%

0.9

4.3.2

3 PWM
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(4.28)

4.9(a) (b)

15.5 A, 5.95 A 10.1 A

0.66 pu

45% 4.3

32%

3 0.6 pu 0.8 0.4 pu

0.9

4.3.3

4.4 3.1

6-in-1

IGBT module

3 PWM 6-in-1 IGBT module

600 V 30 A PM30CSJ060 600 V 20 A PM20CSJ060

Kemet PEH200YL4150M PEH200YT4220M (113, 114)

6-in-1 IGBT module 600 V 20 A 30 A

3

33% 3

3 PWM 150.2 cm 940 g

3 PWM 112.1 cm 645 g
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vDC

iS1, iS2

vL1, vL2

ibat

17ms

iL2iL1

iSC1 iSC2 iSC3

vDC

iS1, iS2

vL1, vL2

17ms

iL2iL1

iSC1 iSC2iSC3

0
50A

0
200V

0
50A

0
50A

vDC

iS1, iS2

vL1, vL2

ibat

17ms

iSC1 iSC2 iSC3

iL2iL1

0
10A

0

500V

(a) (b)

(c)

0
50A

0
200V

0
50A

0
50A

0

500V

4.9 (a) (b)
(c)
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vDC

ibat

50ms

iS1, iS2

Load1: 0.6 pu 0.27 pu

iSC1 iSC2 iSC3

vL1, vL2

iL2
iL1

0
50A

0

0

0
50A

370V
385V
400V

200V

50A

2.0%

vDC

ibat

50ms

iS1, iS2

Load1: 0.6 pu 0.27 pu

iSC1 iSC2 iSC3

vL1, vL2

iL2iL1

0
50A

0

0

0
50A

370V
385V
400V

-4.5A
-5A

200V

50A

1.9 %

-5.5A

5.5A
5A

4.5A

4.3%

(a)

(b)

4.10 (a)
(b)
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4.3

[pu]

(PF=1.0) 0.96
(PF=0.9) 0.66

4.4 3
(113, 114)

3

6-in-1 IGBT module 6-in-1 IGBT module
600 V 600 V
30 A 20 A

33.3 cm 1 = 33.3 cm 33.3 cm 1 = 33.3 cm
60 g 1 = 60 g 60 g 1 = 60 g

µ µ
450 V 450 V

58.5 cm 2 = 117 cm 78.8 cm 1 = 78.8 cm
430 g 2 = 860 g 585 g 1 = 585 g

4.4

0.9

32%

5
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5

4

(90, 91, 92, 93, 94) 4

3 4

2 (115)

0.9 4

4

5.1

5.1

5.1 PLL

1/4

- q 0

5.1
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(5.1)

3

1

Load1 Load2

(5.2)

(5.3)

Feeder1 Feeder2

(5.4)

(5.5)

(5.5)

0.9
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6600 Vrms

5 kVA
60 Hz

iL1105 Vrms
n1 n2

vL2

vL1

iL2

iL1

iL2

iS1

RL1

RL2

LL1

LL2

iSC1

Cf1

iSC2iSC3
iS2

i1

Lf1

LS1

Q1

Q4

Q3

Q2 Q6

Q5

LS2

Vbat

n2

vDC

vDC

CDC

Q8

Q7

ibat

iLS2
Cf2

Feeder1

Feeder2

Neutral line
Load1

Load2

r

vCf2

vS

vS

i3

i1

i2

vCf2

iLS2
iCf1a iCf1b

i2

PI controllers in 
d-q coordinatesvDC

iL1

iL2

PIVDC*
iS*

dqvS
1/4 cycle

delay 

vdv
v vq

=2 fS

s
1= 0Vq

*
Phase-Locked Loop (PLL)

Q1

Q2

Q3

Q4

Q5

Q6

Triangular wave
PI

PI

Triangular wave

Q7 or Q8
*ILS2

iLS2

2cos St

2sin St

K

Moving 
Average 

LPF

S= St

i1
i2

iSC2
*

iSC1*

GC

icf1a

icf1b iSC2

iSC1

v

0.5
IP ISp

cos St
sin St

DC-capacitor Voltage Control
iSq

iSp

PI controllers in 
d-q coordinates

5.1
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LC

LC

LC (118)

LC

(119, 120) 5.2 LC

(5.6)

5.2

(5.7)

90

(5.8)
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Grid
Lf1

Cf1
Lf1

vL2 Cf1
Lf1

i1

i3

i2

iSC1

iSC3

iSC2

iCf1a

iCf1b

LC filter Smart charger

vL1

5.2 LC

(5.9)

3 PWM

(5.8) 0.9

(5.10)
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(5.11)

(5.12)

5.3

(5.12)

(a)

2.03 kVA 1.95 kVA

0.087 kVA (b)

2.38 kVA 2.47 kVA 0.088 kVA

0.9

5.2

PSIM 4.1

4 Load1 Load2

0.6 pu, 0.8 0.4 pu 0.9

Load2 0.4 pu 0.9 Load1

0.6 pu, 0.8 0.27 pu, 0.97
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0

200 V

0

1 A

0

0.15 kVA

0

5 kVA

5 ms 5 ms(a) (b)

vL vL

iCf1a_0.9 iCf1b_0.9

pCf1a_0.9 pCf1b_0.9pCf1_0.9

iCf1a_0.9 iCf1b_0.9

pCf1a_0.9 pCf1b_0.9pCf1_0.9

pSC_0.9_PWM+LCpSC_0.9_PWM

pSC_0.9_PWM+LC pSC_0.9_PWM

Secondary-side 
voltage

Filter-capacitor 
currents

Instantaneous 
power flowing to 
filter capacitors

Instantaneous 
power flowing to 
the PWM rectifier 
before and after 
LC filtering

5.3 3 PWM
(a) (b)

5.2.1

5.4 5

(a) Load1

Load2

0.905

DC-DC

–5 A

2.9% THD 5%

THD 1.1% 0.8%

5.4(b)

,

0.904 DC-DC
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5 A

3.7% THD 2.4% 2.3%

5.5 Load1 0.6 pu 0.27 pu Load2

(a)

,

0.9

2.5%

(b)

,

0.9

2.4%

40%

2.5%

5.6 (a)

0

–5 A 17 ms

5%

(b)

5 A

21 ms 5%

400 V 1

0.9
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5.1

[pu]

(PF=1.0) 0.97

0.70
(PF=0.9)

5.2.2

3 1.0

0.9

(4.27) 3

0.97 pu

16.6 A,

6.60 A 10.6 A 0.70 pu 5.1

28%

4
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vL1, vL2

vDC

iSC1
iSC2 iSC3

iS1, iS2

ibat

iL1

0
200V

0
50A

0

0
50A

0

500V

10A
0

50A

17ms

vL1, vL2

vDC

iSC1 iSC2
iSC3

iS1, iS2

ibat

iL1

17ms

iL2

iL2

(a)

(b)

0
200V

0
50A

0

0
50A

0

500V

10A
0

50A

5.4 (a) (b)
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0
50A

0
200V

0
50A

0
50A

370V
385V
400V

-5.5A
-5A

vDC

ibat

iS1, iS2

iSC2 iSC3iL2

iL1

4.7%

iSC1

vL1, vL2

50msLoad1: 0.6 pu 0.27 pu

-4.5A

0
50A

0
200V

0
50A

0
50A

370V
385V
400V

4.5A
5A

vDC

ibat

iSC2 iSC3iL2

4.3%

iSC1

vL1, vL2

50msLoad1: 0.6 pu 0.27 pu

5.5A

iL1

2.5%

2.4%

iS1, iS2

(a)

(b)

5.5 (a)
(b)
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0
50A

0
200V

0
50A

0
50A

360V
380V
400V

0

-10A
50msBattery charging 

operation was started .

iS1, iS2

iSC2 iSC3iL2

iL1

iSC1

vL1, vL2

vDC

ibat

0
50A

0
200V

0
50A

0
50A

360V
380V
400V

0

10A

50msBattery discharging 
operation was started .

iSC2 iSC3iL2 iSC1

vL1, vL2

vDC

ibat

iS1, iS2

iL1

(a)

(b)

5.6 (a)
(b)
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5.3

5.1 6600 V

210 V 4 4.8

210 V 5.0 kVA 60 Hz 105 V 24 A

4.1

3 DSP(TMS320C6713 225 MHz)

A/D 12 bit

µ DSP DSP

DC-DC

PWM

3 4

5.3.1

5.7 5 (a)

DC-DC

0.9 THD 1.4% 1.1%

–5 A

–5 A 1.6%

(b) DC-DC

0.9 THD 4.9% 3.9%
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5 A 5 A

4.1%

5.3.2

3 PWM

(5.13)

5.7(a) (b)

20.8 A, 15.5 A

9.9 A (4.27) 0.96 pu 5.7

15.3 A, 5.68 A 10.3 A

0.65 pu

46% 5.2

32%

4

3.2 DSP (TMS320C6713

225MHz) DSP

timer0 read() timer1 read()

=timer0 read() =timer1 read()

(121)

(5.14)

µ

µ
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µ 5.3

15%

4
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0
200V

0
50A

0
50A

0
50A

17 ms

vL1, vL2

iS1, iS2

iL1 iL2

iSC2iSC1 iSC3

vDC

ibat

0

500V

10A
0

17 ms

vL1, vL2

iS1, iS2

iL1 iL2

iSC2iSC1 iSC3

vDC

ibat

(a)

(b)

0
200V

0
50A

0
50A

0
50A

0

500V

10A
0

5.7 (a) (b)



5.4. 111

5.2

[pu]

(PF=1.0) 0.96

0.65
(PF=0.9)

5.3
[µ ]

67.4
( 4 )

57.0
( )

5.4

0.9 3

32%

4

15%
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6

3

3

10

3

3

PSIM

4

0.9

32%

5

3

32% 4
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15%

(122)

(123)

V2H

3

3

5000

66
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