
 

 

 

 

 

  

 

 



 

 

 

 

 

  



 

 



 

 

 

 

https://www.scopus.com/authid/detail.uri?authorId=22434123300&amp;eid=2-s2.0-84883017556
https://scholar.google.com/citations?user=F_yaERoAAAAJ&hl=en&oi=ao
https://scholar.google.com/citations?user=F_yaERoAAAAJ&hl=en&oi=ao


 

 

 

 

 

 

 



 

 



 

 



 

 

 

 

 

 

 

 

 

https://scholar.google.ro/citations?user=F_yaERoAAAAJ&hl=en&oi=ao


 

 

 

 

 

 

 



 

 



 

 



 

 

 ( )       ⏟    
 

     (     )⏟          
 ̃

 ̃

 ̃



S
dtp

T
P

T

d

2~4
4/

0

 

Vdc

Lf

Cf

Circuit 

decuplare

P P+p
~

p
~

Invertor
Zg

P

p
~

P+p
~

t

2P

T/2 T
2P/π

-2P/π



 

 

 ̃           

        

     

  
         

     

  
     (     )

             √      (  )

        
√   

 
   (  )  

 

 
√

  

   
   (     )     

     (  )      
  

  

   
   ( )

                
  

    
 

        
√ 

 
   (  )  

 

 
√

  

  
   (     )       (  )      

  
  

  
   ( )

                     

                     



 

 

    √    
       

  (  )  

 (  )      (  )  
 

   

    (     )      ( )  

φ



 

 

φ





















22221
2

LL

Ld
o

LL

Lo
A

XR

XC
jV

XR

RV
I



 
22

2222

1

44

2
LL

LdLLdo
A

XR

XCXRCV
I










 

 

 
2

.].[

2

.].[

.].[.].[

2

.].[

2

.].[

2

.].[.].[

.].[1

44

2
upLupL

upLupdupLupLupdupo

upA
XR

XCXRCV
I






.].[.].[1 45
2

1
upLupA XI 

 

 


2.].[

1 tg

tg
X upL




0 0.2 0.4 0.6 0.8 1
0.5

1

1.5

cos(ϕ)

I a
1

 [
p
.u

.]

0.96

XL - inductive

XL - capacitive
1.12

 



 

 

φ

φ

φ  



 

 



 

 

  ( )      ∑
     

     
 

    
       

ω



 

 

  ( )  ∑
      

     
 

       

ω

  ( )      ∑
     

     
 

    
      

       

ω



 

 

  ( )  
     

       

    ( )  
    (              

   )      

  (       )

  ( )  
  

  

     (      )

    ( )      ( )   (              )

    ( )  
     

      

            

    
         

   

    ( )       (  
    )     



 

 

   ( )        

  (  √    )



 

 

 

 μ



 

 

100[%] ~ 
dc

dc

I

I
RF



 

 

,



 

 



 

 

             



 

 

. 



 

 



 

 

 



 

 

    

   
     

   
 

   
  

   

 

    



 

 



 

 



 

 



 

 



 

 

                     



 

 

Δ

 KePf
Tt

L

/
1






 

 



 

 

 

Frecventa 

retea

Control 

primar

Control 

secundar

Control 

tertiar

Limitare 

deviatie (Δf)

Activare

Preluare 

sarcina

Preluare 

sarcina

Eliberare 

rezerva

Eliberare 

rezerva 

Restabileste frecventa 

nominala (f0)

Activare

df/dt ≈ ΔPG/H

Cluster 1

MG2

DG1

DG2

primary

primaryMG1

DG1

DG2

primary

primary

Stiff grid

Primary cluster

Tertiary

Secondary

Primary SG/Tertiary Cluster

Secondary Cluster

Tertiary SG

Secondary SG

Cluster 2



 

 

Local loads, 

generators

Lf

Cf

Vdc

Idc

PCS control

ZG

T3

T4

T5

T6

T1

T2
KG

iOabc

vOabc

KGon

MGSG

iLabc

vGabc

PCC

BESS 

management

BMS

Battery 

SOC
Communication line

MGCC

vGfd

vGfq

iGd
*

iGq
*

+
iOd

*

iOq

-

+

-

vcd

vcq

iId
*

iIq
*

GVd

+

-

+

-

iId
*

iIq
*

Ref. 

voltages

(I) 

vOd
*

vOq
*

ENi

ENi

V-controller 

(G)

QG
*

f-controller 

(G)

PG
*

+

Ʃ

Vdc

÷

÷

6

T1-T6

vOq

vOd

Dα

vcβ

sn_cs

iOq
*

ENi

+

+

+

iLcd iLcq

iOd

abc

dq

iOd

iOq

vOd

vOq

iLq

iLd

vGabc

vGd

vGq

iLabc

vOabc

iOabc

Dβ

vcα

PLL &

Transfer 

I ↔ G

ENi

KGon

fG

VG

sn,cs

VG

fG

Local load 

compensation

iLd

iLq

snG, csG

sn,cs

dq

αβ

S

V

P

W

M

Ref. 

currents

(G)

PG
* QG

*

GVq

GId

GIq

Ʃ
LPF

abc

dq

abc

dq

abc

dq

Ʃ

Ʃ

Ʃ

Ʃ

LPF

εId

εIq

εVd

εVq



 

 

 
 


,...12,6

2

1

2 2

2
)(

h

hIiI
pIIdq

hfs

sk

s

k
ksG



22

**

*

3

2

GfqGfd

GfqGGfdG

Gdq
vv

vQvP
i





 

LcdqGdqOdq iii  **
 



 

 

LLdqLcdq kii   

 
 


,...12,6

2

1

2 2

2
)(

h

hViV
pVVdq

hfs

sk

s

k
ksG



)(
)(

)(
)(

,,

2

,,
sG

ksks

ksk

sf

sf
sG LPF

PLLiPLLp

PLLiPLLp

r

fPLL










22

2

2
)(

cfcf

cf

LPF
ss

sG





  

δ

skkk
sf

sP
sG dfSOCpf

G
f 




)(

)(
)(

*

1



 

 

 

Δ



 

 

 



 

 



 

 



 

 

v
o
[V

]
P

O
[k

W
],

 Q
O

[k
V

A
r]

i O
a
b

c[
A

]
v

O
a
b

c[
V

]

PoQo

F
re

q
u

en
cy

 [
H

z]
V

O
a
(r

m
s)
[V

]

Time[s]

Island (SG -open) ENi=1

G - mode I - mode

v
O

a
[V

],
 v

G
a
[V

]

grid recovery (SG – close) ENi =0

I - mode G - mode

synchronization

Qo

Po

P
O

[k
W

],
 Q

O
[k

V
A

r]
i O

a
b

c[
A

]
F

re
q

u
en

cy
 [

H
z]

V
O

a
(r

m
s)
[V

]

Time[s]

vOa vGa



 

 



 

 



 

 



 

 

     MGRR

R

d

MG
DsMfTDsTMf

sT

sP

sf
sG











0

2

0

1

)(

)(
)(

λ

 



 

 

Δ Δ



 

 



 

 



 

 



 

 



 

 



 

 

       
  

  

       
   

  
   

  

Lfscrfsc

Filter

Csc

rsc

SC
Tc1

Tc2

Isc

Lf

Cf

T3

T4

T5

T6

T1

T2

MG

VSG 

Control

SC-ESS 

Control

Cdc

VdcVdc

Idc

Vdc

io

vo

Vsc

Vsc

Isc



 

 

        
     

  
        

   

  

   

t

fMG

t1 t3

P1

P2

PIR

t

f0

df/dt ≈ ΔP/(2H)

ΔP

PG

PMG

Δfdyn

t2



 

 

   

 

Active power/frequency restoration

+

-

1/(2H)
1

s

KD

- Δω +

ω0
+

ωVSGPm

Po

÷

÷

+

-
Kf2

1

s

 f2

Tm

Te

SOC 

Control

vo,dq

*
+

-

Voltage 

controller 

GV(s)

io,dq

*

io,dq

+

-

Current 

controller 

GI(s)

vc,dq

vo,dq

εv,dq εi,dq

÷

Vdc

SV-

PWM

Ddq T1-T6dq/

αβ



 

 

           √      

      

 

Isc
*

-
Isc

+
PI2

Vf

Vsc

+

- Vc
÷

Vdc

Dc
P

W

M

Tc1-Tc2
PI1

Vsc0

-
Vsc

+
PI3

Pm

Vdc
*

-
Vdc

+



 

 

Vc

-
Vo

+

 V2

ΔV +

Δf +

Pc

+

P*

dq reference 

current 

generation

io,dq
*

fc

-
fo

+

 f2

Kf

+

KV

Qc

+

Q*

+

+

+

Inertial 

response

io,dq

+
-

Current 

controller

vc,dq

÷

Vdc

SV 

PWM

Ddq T1-T6
io,dq

*

dq/

αβ



 

 

SC

DG1

PMGLI

ESSn

Utility 

Grid

Kg

ig

vg

DSO

MGLI

Remote 

control
Passive and 

Smart Loads

PL

DGm

ESS1

…………...

…………...

PDG1 PDGm

PESS1 PESSn

MG communication line

MG power line

PCC



 

 

  ( )      
   

 
 ∑

     

   (   )
 

      

  ( )      
   

 
 ∑

     

   (   ) 

      

  

.

Lfscrfsc

Csc

rsc

Tc1

Tc2

Isc

Lf

Cf

T3

T4

T5

T6

T1

T2

MGLI control

(I-mode; G-mode)

Cdc

Vdc

Idc

Vdc

io

vo

Vsc

Vsc

Isc

ZG

Utility 

grid

PCC

MG 

lines

Kg

ig

vg

SC-ESS VSC Grid/MG

Kg

Comm.MG 

units

vo,dq

*
+

-

Voltage 

controller 

I-mode

io,dq1

*

io,dq

+ -

Current 

controller 

vc,dq

vo,dq

÷

Vdc

SV-

PWM

Ddq T1-T6dq/

αβ

OPm

Grid PQ 

controller 

+

-

io,dq2

*

io,dq

*

Pg
*,Qg

*

Pg,Qg

GV(s) GI(s)

GPQ(s)



 

 

δ δ

Qo

-

+

KQ

V0

+

+

V

KV2
1

s

 V2

ωVSG

Po
*

Po
-

Kf2
1

s

 f2

+

dq reference 

voltage 

generation

vo,dq

*

Qo
*

VSG-based  

I-mode 

control 

to 

MGSIs

SC SOC 

Controller

Vsc

-

+Vsc
*

vo,dq

*
+

-

Voltage 

controller 

I-mode

io,dq1

*

io,dq

+ -

Current 

controller 

vc,dq

vo,dq

÷

Vdc

SV-

PWM

Ddq T1-T6dq/

αβ

OPm

Grid PQ 

controller 

+

-

io,dq2

*

io,dq

*

Pg
*,Qg

*

Pg,Qg



 

 

   ( )      
   

 



 

 

U/Un

t[s]30 0.625

0.85

1

0.15

1.1

Stay connected

May discconect



 

 

        (        
       

 
)  (         )⏟                      

   

 ω

,



 

 

Δωi
Ʃ

+

ωVSG

ωi φi
+

sin

cos

Xsg

ci
+

-
cg

si

ON 

delay-td1

ZCD

GC1

0: I-mode

1: G-mode

ENsync

LPF
fg

atan2
(vGq, 
vGd)

sin

cos

sg, cg

vgd

vgq

s,c

OPm

si, ci

PIsync

abc

dq

vg ωg φg1

s

Vg
LPF

1

s

X

PIPLL Ʃ
+

ω0

+Δωg

LPF
fi

Grid 

connection 

requirements
fg

Vg

ON 

delay-td2

ENsync

GC2

fg

fi

abs
<

Δfs
GC2

Z-1

OPm

1

0

Waiting time before 

reconnection 

Minimum time for 

synchronization 

+

-

Vg

Vi

<

+

-
ΔVs

abs

P
L

L
 G

-m
o

d
e

G
ri

d
 s

y
n

ch
ro

n
iz

at
io

n
G

ri
d

 

m
o

n
it

o
ri

n
g



 

 

δ

    ( )          
    

             

    
             

   ( )       ( )      ( )  (        
       

 
)  

              

                 

      
     

      

MGLI (I-mode)

ωVSG

Pm

Po
-

+
VSG

+ + ωMG

SC

kf2/s
 f2

Gcom(s)

GPLL(s)
θg

Gsync(s)

Δωi

ENsync

∑Pk
k MGSIs

 f2
'

PL k
+ -

Po

θg
'

MGLI (G-mode)

Pm

Po
-

+

ωMG=ωg

SC

kf2/s
 f2

Gcom(s)

∑Pk

k MGSIs

 f2
'

PL

k

+ -

-

Pg
*
+

-
GVSC(s)

iod
*

Po
GP(s)

Pg



 

 

    (    
 

    
)  (    

   

 
)  

  

    

δ

      [  (      )      ( )      ( )]

    ( )     

  ( )      (    
   

 
)

⋅

 ⋅

⋅

⋅



 

 

  



 

 

⋅



 

 

MGSI2

MGLI

MGSI1

 dSPACE 

DS1103

Lf

Cf

io

vo

Vdc

Lf

Cf

T1

T2Lf

Cf

io

vo

 dSPACE 

DS1103

Vdc

io

vo

 dSPACE 

DS1103

Vdc

C
A

N
 B

u
s 

5
0

0
k

b
it

/s

Controllable 

load

+

-

650V

+

-

650V

=

=

Bidirectional    

DC-DC converter

S
C

 p
ac

k

Isc

Vsc

Lfsc

FQPC – grid 

emulator

KMG

ig

vg

KMGon



 

 



 

 

P
V

S
G
 [

k
W

],
 

Q
V

S
G
 [

k
V

A
r]

V
V

S
G
 [

V
]

M
G

 F
re

q
u

e
n

c
y

 [
H

z
]

Time [s]

Load OFF VSI-2 ON Load ON Load OFF Load ON VSI-2 OFFLoad ON

Case 1 Case 2 Case 3

P

Q
V

M
G

S
I1

[V
]

V
M

G
S

I2
[V

]

Time [s]

P
M

G
S

I2
 [

k
W

],
 

Q
M

G
S

I2
 [

k
V

A
r]

P

Q

P
M

G
S

I1
 [

k
W

],
 

Q
M

G
S

I1
 [

k
V

A
r]

Q

P

 
f 2

 [
H

z]
 

V
2
 [

V
]

Time [s]



 

 

P
L
 [

k
W

]

Time [s]

P
V

S
G
 [

k
W

],
 

Q
V

S
G
 [

k
V

A
r]

V
V

S
G
 [

V
]

M
G

 F
re

q
u

en
cy

 [
H

z]

Time [s]

P

Q

V
M

G
S

I1
[V

]
V

M
G

S
I2

[V
]

P
M

G
S

I2
 [

k
W

],
 

Q
M

G
S

I2
 [

k
V

A
r]

P
M

G
S

I1
 [

k
W

],
 

Q
M

G
S

I1
 [

k
V

A
r]

Time [s]

P

Q

P

Q

 
f 2

 [
H

z]
 

V
2
 [

V
]

Time [s]



 

 



 

 



 

 



 

 



 

 

U/Un

t[s]5

0.3

1

0 0.5

Stay connected May disconnect

Test voltage profile

LVRT curve



 

 



 

 

 Δ

 

Δ

Δ

Δω



 

 

Δ



 

 

,



 

 

   
  

 

  
  



 

 



 

 

  

  ( )  ∑         (   )        

         

     √    
  

   
 

   
   
  

   

  
          (        )

        [
                          

                          
]  

 

 

 ( )       ( )

PAL
*

Vg

RL

PI

D0DFF

DC

Iga

+

-

+

+
x
÷

x
÷

Iga
*

 Δf

+

+

fpll

fref +

-

 δfext

+

+

+

 δPext

PAL
*d/dt Kd

Kp

DH(t)igh
*=0

PR DFT-h
hmax Ih, δh

Harmonic 

duty cycles 

calculation
ig

+
-

D0



 

 

 



 

 



 

 

Δ Δ

Time [s]

h3 h5 h7 h9

Load ON

D
u

ty
 c

y
cl

e
F

re
q

u
en

cy
 [

H
z]

P
A

L
 [

W
]

I g
m

(h
) 
[A

]

Time [s]

h3 h5 h7 h9

Load ON

D
u

ty
 c

y
cl

e
F

re
q

u
en

cy
 [

H
z]

P
A

L
 [

W
]

I g
m

(h
) 
[A

]

 



 

 



 

 

              

               



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.entsoe.eu/
http://www.anre.ro/ro/legislatie/norme-tehnice/racordare-la-retele-de-interes-public
http://www.anre.ro/ro/legislatie/norme-tehnice/racordare-la-retele-de-interes-public
https://consultations.entsoe.eu/system-development/entso-e-connection-codes-implementation-guidance-d-4/user_uploads/5---igd-on-rocof.pdf
https://consultations.entsoe.eu/system-development/entso-e-connection-codes-implementation-guidance-d-4/user_uploads/5---igd-on-rocof.pdf


 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1002/9781118029039

