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Seminar 8: Bidirectional converters for energy storage and recovery (March 22)

Seminar 9: Cell voltage measurements, protection circuits modules (PCM) and balancing strategies (March 23)
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Energy Storage Seminar
with batteries and ultra-capacitors

TOPICS:

Seminar 7.- An introduction to energy storage applications 

Seminar 8.- Bidirectional converters for energy storage and recovery
Charge (energy storage) and discharge (energy recovery) circuits

- Control strategies
- One-Leg converter
- DAB converter

Seminar 9.- Cell voltage measurements, protection circuits modules (PCM) and balancing strategies
• Protection circuits (PCM)
• Balanced circuits

- Active with switched capacitor
- Active with additional current 
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+

-

Vbus

Ibus

Bidirectional 

converter

- One-leg

- DAB

Protection

Circuit

Module

PCM

Battery

or

Ultra-capacitor

Bank

Balanced 
   - switched capacitor

   - current balance

Bidirectional Converters

Bidirectional converters for energy storage and recovery
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+

-

BAT
vbat

+

-

BIDIRECTIONAL 

ENERGY

STORAGE

MODULE

vbus

+

-

ibus

DC 

BUS

Bidirectional Converters

Batteries or ultra-capacitors

Bidirectional converters for energy storage and recovery
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vbus

+

-

ibus

+

-

vbat

ibat

rL

L
iL

T1

T2

icbus

Cbus

A

Bidirectional One-Leg Converter

It is important consider 
parasitic resistance (inductor, 
Mosfet, Diodes,…)

Bidirectional converters for energy storage and recovery



M
a
n

u
e

l 
R

ic
o

-S
e
c
a
d

e
s
 (

O
R

C
ID

-I
D

:o
rc

id
.o

rg
/0

0
0
0

-0
0
0
2
-5

3
7
2
-0

3
3
0
 )

 M
o

n
d

a
y
, 

A
p

ri
l 

1
1
, 

2
0
1
6

6

vbus

+

-

ibus
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-

vbat

ibat

Cbus

A B C

Bidirectional Three-Leg Converter

One-Leg

Bidirectional converters for energy storage and recovery
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Lcbusbus iii 

LS ii 1

02 Si

dt

du
Ci bus

buscbus 

busA uu 

LL
L

batbus ir
dt

di
Luu 

batL ii 

(1a)

(2a)

(3a)

(4a)

(5a)

(6a)

(7a)

vbus

+

-

ibus

+

-

vbat

ibat

rL

L
iL

icbus

Cbus

A

iS2=0

iS1

Equivalent circuit during T1 = ON

Bidirectional One-Leg Converter Bidirectional converters for energy storage and recovery
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01 Si

LS ii 2

dt
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Ci bus

buscbus 
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bat ir
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(1b)
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Equivalent circuit during T2 = ON
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Bidirectional One-Leg Converter Bidirectional converters for energy storage and recovery
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Lcbusbus idii
~~~


LS idi
~
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LS idi
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(1c)
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Average equivalent circuit

Bidirectional One-Leg Converter Bidirectional converters for energy storage and recovery
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OPERATION POINT

Lbus IDI 

LS IDI  )1(2

busA UDU 

LLbatbus IrUUD 

batL II 

LS IDI 1

Lcbusbus idii
~~~
 (1c)

LS idi
~~

1  (2c)

LS idi
~

)1(
~

2  (3c)

busA udu ~~  (5c)

LL
L

batbus ir
dt

id
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batL ii
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Average equations versus steady-state equations

(1d)

(2d)

(3d)

(4d)

(5d)

(6d)

Bidirectional One-Leg Converter Bidirectional converters for energy storage and recovery
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Lbatbus 
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42

OPERATION POINT

Bidirectional One-Leg Converter Bidirectional converters for energy storage and recovery
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Bidirectional One-Leg Converter Bidirectional converters for energy storage and recovery
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BIDIRECTIONAL

POWER

CONVERTER

UbusUbat

Feedforward

+
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d̂

dDd ˆ

Lbat ii
~



REGULATION SCHEMA

D

D

Lbus iDi
~~


d
maxd

mind

Bidirectional One-Leg Converter Bidirectional converters for energy storage and recovery
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1

2

3

4

 48
5

1
 busbus vi

0

0

Vbus [V]

Ibus [A]

OFF

53

OFF

60

48

43

20

+1-1

60 W

53 W

43 W

20 W

BAT

CHARGE

BAT

DISCHARGE

Implementation of control strategy in an experimental prototype

Bidirectional One-Leg Converter Bidirectional converters for energy storage and recovery
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BIDIRECTIONAL ONE-LEG CONVERTER

Initial 25 V

ON/OFF
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STATE 0

STATE 1

STATE 3 STATE 2STATE 2

Vbus

Ibus

Iload

NO LOAD

48 V (nom) 51.8 V

PV-SOLAR
40 W

(ENERGY STORAGE)

47 V

LED LAMP
60 W

(ENERGY RECOVERY)

 -0.8 A

 0.2 A

CHARGE OF BUS 

CAPACITOR

OFF

25 V

0.1 0.2 0.4 0.5
TIME [S]
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Lcbusbus idii
~~~
 (1c)

LS idi
~~

1  (2c)

LS idi
~

)1(
~

2  (3c)

busA udu ~~  (5c)

LL
L

batbus ir
dt

id
Luud

~
~

~~  (6c)

batL ii
~~

 (7c)

dt

ud
Ci bus

buscbus

~
~

 (4c)

Lbus idi
~~
 (1)

LL
L

batbus ir
dt

id
Luud

~
~

~~  (2)

TRANSFER FUNCTION (BUS CURRENT VERSUS DUTY CYCLE)
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Lbus idi
~~


LL
L

batbus ir
dt

id
Luud

~
~

~~  busL
bus

batbus ir
dt

id
Ludud

~
~

~~2 

busbusbus iIi ˆ~


If linearize this equation around the operating point:

batbat Uu ~

busbusbus uUu ˆ~ 

dDd ˆ
busbus Uu ~

  dUDIrUD
dt

dd
IL

iDr
dt

id
DL

batbusLbusbus

busL
bus

ˆ23
ˆ

ˆ
ˆ

2 


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  dUDIrUD
dt

dd
IL

iDr
dt

id
DL

batbusLbusbus

busL
bus

ˆ23
ˆ

ˆ
ˆ

2 


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



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
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
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


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Laplace 

transformation
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Bidirectional One-Leg Converter

 
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bus
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bus
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231 2

1

D

I
rUUD bus

Lbatbus 

Considering operating point conditions: 
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Bidirectional converters for energy storage and recovery
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 

bus

batbus

IL

UUDD
zero






2

bus

bat

V

V
DD




2
min

L

r
pole L

In the operation region always >0

Bidirectional One-Leg Converter

bus

bat

IL

UD
zero






bus

bat
cero

U

U
DD Approach:

Bidirectional converters for energy storage and recovery
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Re

Im

z2

Charging the battery

Discharging the battery

L

r
p l
1

bus

bat

IL

UD
z

·

·
1 

bus

bat

IL

UD
z

·

·
2 

Pole (x) and Zero (o) position according operation point
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Bidirectional One-Leg Converter

Step response (± 1 A and 10 Hz)

DC bus voltage = 42 V

DC battery voltage = 12  ± 4 V

Bidirectional converters for energy storage and recovery

+1 A

-1 A
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Square wave (± 1 A and 10 Hz)

Ibus_ref

DC battery voltage fluctuation 12 ±4 V

Bidirectional One-Leg Converter Bidirectional converters for energy storage and recovery
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