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김 찬 기 



“  To control the HVDC converter according to the phase of AC network  ” 

Purposes of VSC HVDC PLL 

V 

Exact Phase! 

State Condition Control 
Ø Gain Tuning/Control Zero  
Ø Freezing/Disable/Mode 
Ø Blocking 
Ø Command/Limiter Changing 
Ø Stability Up  

 =
 ∶ 	 	 	 	 , 1 ,  ,  +  ∶ 	 	 	  + 2 + 

 

 = ∆∆ =  +  +  +  



PLL Requirements 
 
u Among controller functions 
 - Firstly, Active state 
 - Start Up 
u Control or Idling 
  
u PLL Temporary Blocking 
 - FRT(Fault Ride Through) 
 - Transient Stability 
 - Sag/Swell, Voltage Stability  
 - 1-phase fault/3-phase fault  
 - Islanding 
 - Singularity Instability 
u Blocking or Freezing 
 
 u PLL Robust 
 - Harmonic Stability 
 - TOV 
 - Pos./Neg. Sequence 
 - Super-synchronous Stability 
 - Sub-synchronous Resonance 
 
u PLL Monitoring 
 - Theta and Voltage à AC network 
 - Control Freezing or Trip  

Synchronous  
Machine 

Converter PLL 

Theta (Angle) Controlled Controlling 

Stability of AC network Passive Active 

Operation With inertia No inertia 

Temporary Blocking Impossible Possible 

Weak Load Operation Impossible Possible 

Operation Range(Hz) > 0.01 (AVR) > 100  



SSAD : Sub-synchronous Activity Detection 

CID : Converter Islanding Detection 

Tap Limits : Tap action inhibits for long term Overvoltage 

Urgent Blocking 

Non-Urgent Blocking 

Temporary Fault 
Clearance – no Blocking 

Voltage 
Calibration 

SSAD 

Line 
Winding 

Overvoltage 

Valve 
Winding 

Overvoltage 

AC 
Undervoltage 

C I D 

Tap Limits 

∙ 

∙ 

· 

DC 
Overcurrent 

Converter 
Differential 

Limb 
Overcurrent 

Valve Reactor 
Differential 

AC 
Overcurrent 

Asymmetry 
(1st and 2nd) 

DC 
Unbalancing 

DC 
Undervoltage 

DC 
Overvoltage 

Ilw 

Vlw 

TAP Position 

 Elw 

 IR 

 IVW1 

 IL1 

 IL2 

 Id1  Vd1 

 Id2 

 Vd2 
HSSAD ∙ 

HSSAD : Higher Super-synchronous Activity Detection 

Phase 
Detection 

Resistor 
Overload 

Earth Fault Detector : Inhibit the de-blocking 

Earth Fault 
Detector 

① 

② 

③ 

④ 



 =  ( + ) =  +  	  =  ∙ ()  −  =   −  	
 =  −  ( −  ∙  ) 

 = ( − ) +  

Phase Locked Loop(PLL) 

  =  ( + )   =  ( + ) 
  +  ×  ( + )  =   ⊗ () 

12 [cos  −   +  −  + cos(  +   + ( + ))] 

  =  cos  −   +  −   Gain : ,	Low pass filter : 2 x    =  ( + )   =  cos  −   : DC term  

  = [cos  −   +  −  + cos(  +   + ( + ))] 

X 

   
  

  () 
() 

() 
 

() LPF 

 =  +  =  	 =  −   

 =  + 2   =  sin  −     = ( − ) 
 =  −  ( −  ∙  ) 



 ( + )  () () 

 () () 

()() ()() 

	(
+) 

  

1 
 ( − )  () () 

 () () 

()() ()() 

	(
−) 

  

1  
 = −  ∙   +   ∙  	
    	=  ( − ) 
  −  =   ∙   −   ∙   

  −  =   ∙   +   ∙   

 =   ∙   +   ∙  	
     =  ( − ) 

  = −2   +   +  +  +    −  +  − 	() = − ( + ) ∙  ( + ) +  ( + ) ∙  ( + )	
+ 2   +   +  +  +    −  +  − 	

Phase Locked Loop(PLL) 

2 ×  	  		 	 → 	 									  

  −   < (%) 
1% ∶ 	±13.980.1% ∶ 	±4.4  

 ∆ = ∆ 



X 

   
  

  () 
() 

()  
() () =  ∙  ()   =    −       

  = (() −  ∙ () )   +   = () 
 +  =  

 =   +   
  =    =  

  = ()()(())dt + () 
  = ∆   = 0  0 = ∆   = ∆() lim→{ ∆()} =  

= (() −   ) 

Case 1 
Phase Step up 

X   () 
() 

()  
() 
1 

 =  ∙    =  +    = ∆ ∙  +    =  ∙ () ∙ () 

Phase Locked Loop(PLL)-1st order loop 



  = 2∆t   =  2∆t = 2∆ 

lim→{ ∆ − 2∆ ()} = ∆ 

Case 2 
Frequency Step-up 

  = 2∆  ∙  +  
  = 2∆   

  =  ∙ 2∆  ∙ 1 −  	 ∙ () 

Phase Locked Loop(PLL)-1st order loop 



X 

   
  

  () 
() ()  

() () =  +  = [] + []   =  =  	1 +  	 =  + [] 
  = ()() 

  = ∆ ∙  + []   = ∆ ∙ () ∙ () 
  = ∆    = 2∆    = 2 ∙ 2̇  

  = 2∆ ∙ (1 − ()) ∙ () 
  = 4̇[] ∙ (  +   − 1) ∙ () 

  = 2∆ ∙  + []   = 2 ∙ 2̇ ∙  + [] 

  =     =   
Phase Locked Loop(PLL)-1st order loop 

(Phase Jump) (Frequency Jump) (Frequency Ramp) 



  =  +  
  =   +  +   +  =  +  +  =  + 2 +  

 =    = 12 () = ( + 2) + 2 +  

X 

   
  

  () 
() ()  

() () =  +  = [] + []   =  + []   =  +  +    =  +   

(lag filter) (lead-lag filter) (PI filter) 

  =   +  +  +   +  +  =  +  + (1 + ) +  

 =    = 1 + 2     = / + / + 2 +   

Phase Locked Loop(PLL) - 2nd order loop 



  =  +  =   +  +   +  = [ + 1] + [ + 1] 
  = 2 +  + 2 +   =    = 2    =  + 2 +  

  =  +  =   + 11  =  + 1  

  = ∆θ  ∙  + 2 +    = ∆ ∙  ∙ () 
  = (  1 −  − 1 −   ( 1 − )) :  < 1

 
						1 −  	 ∶ 	 = 1                                                   (ℎ   − 1 − 1 −  ℎ (  − 1)) :   > 1  

Case 1 
Phase Step up 

Phase Locked Loop(PLL) - PI controller 

lim→[ ∆θ  ∙  + 2 + ] = 0 



Phase Locked Loop (PLL) - PI controller 

  = 2∆f ∙  + 2 +    = 2∆f ∙  ∙  () 
  =

1 −     1 −   ∶ 	 < 1
 

						 	 ∶ 	 = 1                             1 −  ℎ (  − 1)  :  > 1    

Case 2 
Frequency Step up 

lim→[ 2∆f ∙  + 2 + ] = 0 

  = 2 ∙ 2π̇  ∙  + 2 +    = 4π̇ (1 − ) ∙  () 
  = (  1 −  + 1 −   ( 1 − )) :  < 1

 
						 	 ∶ 	 = 1                                                       (ℎ   − 1 + 1 −  ℎ (  − 1)) :   > 1  

Case 3 
Frequency Ramp 

lim→[ ∙ 4π̇  ∙  + 2 + ] =  ∙ 4̇  



Phase Locked Loop (PLL) 

Lock Range  

 

  

Hold-in Range  

Pull-in Range  

              

Pull-out Range  

 =  − ∆  =  − ∆  =  − ∆  =  − ∆  =  + ∆  =  + ∆  =  + ∆  =  + ∆ 

Hold range : the frequency range over which an PLL can maintain phase tracking 

Pull-in range : the range within which an PLL will always become locked 

Pull-out range : the dynamic limit for stable operation of an PLL 

Lock range : the frequency range within which a PLL locks within one single beat note  

 

∆ ∆ ∆ ∆ 



Hold Range : Frequency offset of input that causes a phase error of  ∆ ± 

→   = ∆ (0) ∆ = ± 	( = ±2) 
→{ ∙  + [()] ∙ ∆ } = ∆(0)   =  + [()] ∙ ∆  

 =  ± ∆ () = ±∆ () = ∆  

∆ = ± ∆ = ± ∆ = ∞ 
(lag filter) (lead-lag filter) (PI filter) 

Lock Range : Locks within one single beat note  ∆ 

  
() 

∆  =   (∆)  

 (∆) ≥ ∆ 

 
 

() 
∆  (∆)  

 (∆) ≤ ∆ 

∆
±  :  	 				±  :  	 	±  : 	 																 	 

∆ = ±2  = 1 = 2 
Lock-in time : one cycle 

Phase Locked Loop(PLL) 





   

  

   

  +   +   
1        

∆ 

 =  ( − )   
   =  

(steady-state) 

 =  −  : 	∆ ≪ 1 

 ∶ 	 	 	 	 , 1 ,  ,  +  ∶ 	 	 	  + 2 + 
 

 = −   +  () 
 =    +  () 

= − ()   +  () () =  ( − ) 
=  ()   +    () =  ( − ) 

3 Phase Locked Loop (PLL) 

` 

V a V b V c 

` 

V V 

` 

V d 

V q 

  

 
 

   
 

    A B 

 ( + ) ∙   +   12 [  − ) + ( −  +  (+) + ( +  )] 
 	 	 ∶ 	  



   

  

   

  +   +   
1        

∆ 

 =  ( − )   
   =  

(steady-state) 

 =  −  : 	∆ ≪ 1 3 Phase Locked Loop (PLL) – ANS (Amplitude Normalization Scheme) 

1 + + 
 +   

1 Sin(x) V ∆ ∆ ∆ ∆  ∆ 
 = ∆∆ =  +  +  +   = ∆∆ =  +  +  +  

V is gain  
    in dynamic behavior 
ANS is decoupling function 

∆̇ =  ( )  = ∆  =   

Frequency ramp 

tan() tan( ) 



   

  

   

  ()  +   
1        

∆ 

 = ( − )   
   =  

(steady-state) 

3 Phase Locked Loop (PLL) – ANS (Amplitude Normalization Scheme) 

   = ( − ) 
2  =

   : 	 > 0																									
   :  > 0	 	 ≥ 0 
   :  > 0	and	 < 0	 +2 	 ∶ 	  = 0	 	 > 0													− 2 ∶  = 0	 	 < 0														0 ∶  = 0	 	 = 0									

 

 +  =  ( − ) 
 =  ( − )  =  ( − ) 



  =  +  =   + 1 +   + 1 = [ + 1] + [ + 1] 
  = [ + 1] + [ + 1] = 2 +  + 2 +  

 =   

 = 2  

 = 0 ∶ 	  = 0						 = 0 ∶  = ∞											 = ∞ ∶  = 0											 =  ∶  = 																	 = ∞ ∶ 	 = ∞													   =  + 2 +  

1 + + 
 +  

1 Sin(x) V ∆ ∆ ∆ ∆  ∆ 
3 Phase Locked Loop (PLL) – ANS (Amplitude Normalization Scheme) 

 +  

Active 

Mode 



3-Phase Locked Loop (PLL) - Harmonics 

() = 1 −   
MAF (Moving Average Filter): Linear Phase Filter,  

Pass the DC component and blocks Frequencies of integer multiples of (1/) 
Filtering Capability à Up Slow down Dynamics à Large phase delay    =  : T is PLL sampling time and grid harmonic is unknown  à DC and All harmonics    = /6 or T/2 : odd-order harmonics and non-triple odd harmonic.  

   

  

 
  

  +   +   
1        

∆  
  

  
In-Loop Filter 

[ 1 + 1 ∙  +  ]  +  +   

MAF+PI controller PID controller + 	 	 																		 −  +  						 − 	  



 = 1 +  = 1 +  ∙  =  ∙  +  =  ∙  () 

   

  

   +   
1 

   
    

 
  

+ 
+ + 

 −  
 −  

 

 
        

- 
   

1 × 
+ − × 1 

 − + 

   
   −   

 
 
  

 =  =  +  +  

 =   =  +  +  

 =  =   

By B. Berger, EPE, 2001 

DC offset  à Instability 

3-Phase Locked Loop (PLL) - DSOGI 



3-Phase Locked Loop (PLL) 

 +   
 +   

Active 

Disable 

   

  

   

  +   +   
1        

∆ 

 =  ( − )   
  =  

(steady-state) 

 =  −  : 	∆ ≪ 1 

  

+ 

 +   
 +   

( +  ) 
Double PI controller ( +  )∶   

 , ( + ) , ( + )  :   

Tracking frequency ramp with Zero error 
Negative gain margin – ANS : vital 
Low loop gain(voltage low) : instability 
(voltage low : voltage sag) 



3 Phase Locked Loop (PLL) – (Modified SRF-PLL : Quasi PI controller) 

 = ∆∆ =  +  +   = ∆∆ =  +  +  +   = ∆∆ =  +  +  +  

(−) 

(−)   

   

  

  

  
1 

       

∆  
 
   + 

+ 

  
+ + 

  +  
∆ ∆  

1     

∆  
  

+ 
+  

∆ 

No-Zero 



3-Phase Locked Loop (PLL) – Adaptive frequency estimation loop 

   

  

  

  
1 

       

∆  
  

  + 
+ 

  
+ +  

 +  11 + () 
V  	ℎ 	  ( 	 ) 																																																															 

IEEE Golestan! 



3 Phase Locked Loop (PLL) – (Modified SRF-PLL-Quasi-Double PI controller) 

   

  

  

  
1 

       

∆  
   =  

(steady-state) 

+ 

+ 

  
+ +  +   +   

1 + 1 Frequency Detector 

( +  )∶   

Tracking frequency ramp with Zero error 
Negative gain margin – ANS : vital 
Low loop gain(voltage low) : instability 

Tracking frequency ramp with Zero error 
Negative gain margin – ANS : recommended 
Low loop gain(voltage low) : stability 

   ∙  =  	  

 	  

+ + 

= 3 x TST   
(Transient Stability Time) 3 = 0.05 = 5% 



   
 
   

 

̇ 
  

+ 

+ 

+ 

+ 

X 

X 

+ 

X 

X 

+ 

1 

1 
1 

 

 

+ 

+ 

+ 

+ 

+ 

 

 ̇ 

 

 

 

  
 () 
 () 

 =  ()  =  +     =   

   =   

+ 

3 - Frequency Locked Loop (FLL)  



()  
  

() 
 =  +    =  +   +  +   

 =  +  ∙  () +  +  ∙ () 
 = ∠[  + ]  = ∠[  + ] 

() = ∠[ ()()() + ()] 

1 + + 
 +   

1 ∆ 
∆ ∆ ∆  ∆ + + 

 (()) 
+  (∆)) 

() = ()() + ()  () = ()()() + ()  

Grid Synchronization Loop Self Synchronization Loop 

Self Synchronization Loop 

Grid Synchronization Loop 

3-Phase Locked Loop (PLL) – Self and Grid Synchronization Loop 

() = ∠[ ()() + ()] 
positive feedback 

negative feedback 

: virtual impedance 



() = ∠[ ()()() + ()] () = ()() + ()  () = ()()() + ()  

 =  +  ∙  () +  +  ∙ () 
Grid Synchronization Loop Self Synchronization Loop 

1 + + 
 +   

1 ∆ 
∆ ∆ ∆  ∆ + + 

 (()) 
+  (∆)) 

Self Synchronization Loop 
(positive feedback) 

Grid Synchronization Loop 
(negative feedback) 

3-Phase Locked Loop (PLL) – Self and Grid Synchronization Loop 

 =  ∙ ∙ () +  ∙  ∙ ()  ⊗ ∙ ∙ () ∙  ∙ ()   = sin( +  − ) + sin() 
  −  = − ()   ∶ 	 	 	:	  

=  > 80% ∶ 70% >  (20 > 2)72% ∶ 70%  



Pre-fault 

Post-fault 

a 

b 

 +  =    

         

−   −  
c 

e 

    

 	+  	 ≤   

 + =   =    
 +  = −   

−  < −(  ) = −  

Pre-fault Condition Post-fault Condition 

2. Transient Instability 

Instability Condition Steady-State 

−  = −  







State Condition Control 

 =
 	 ∶  	 																																																 ∶ 	   ∶ 	0	   																																				: 	0	  ∶  	 																										 ∶   	 	( ∶  	 )	 	 	  = 0 ∶ 1 																																																														

 

 =  	 				 ∶ 	+1		  		 ∶ 										0		 	 ∶ −1 	 				 ∶												→   	  

  =
 	 ∶  	 ∶ 	  0	  		+1	( 	 )−1	(  	 ) 												  ∶ 	  	 	  ∶ 	   						

 





 +   
 +   

Active 

Freezing Double PI controller 

 +   
 +   

Active 

Disable Double PI controller 

 =  	  

 	 =  

 =     
 

Controller-2 - State Condition Control 



  

  	   

Reference 

Active 

State 
Condition 

Reference – State Condition Control  

 

 

 
Start-up Fault Ride Through 





Ø To protect HVDC system 
        - Overvoltage, Thermal, Current 
   
Ø To coordinate the stability of the system 
       -Frequency, Generator, Inertia 
       -Voltage, Reactive Power 
 
Ø To coordinate the Trip and Block signals  
      - Test, Trip, Block 

   
  

  

   

 =
	 	 	 	 								 	ℎ 	 								  			 ∶   										  	 ∶ 0																 

	 =  	 																							 	 	  	 ∶  	 					  	 ∶																			→   	 																						  

Limiter (2) – State Condition Control 

  =
	 ∶ 	   	 	 												 ∶ 	 	 									 	 									 	 														 	1	 	 	 						 	2	 	 	 										

 







3-Phase Locked Loop (PLL) – Time Delay effect (1) 

 =    +  +  −  ( + ) 
 =   +  +  =   +  ∙   −   +  ∙  ( ) 

 =  + 2  +  − 2  
 =  ∙   +  −  ∙   +   

Va1 

Va1 

Va1 

Va1 

Vb1 

Vc1 

  

Va2 

Va2 

Va2 

Va2 

Vc2 

Vb2   

1[ ]	60 ∶ 	 ∆ ∶ 	 20.450 ∶ 	 ∆ ∶ 	 18			 
[]	60 ∶ 	 ∆ ∶ 0.850 ∶ 	∆ ∶ 0.6	 

[ 	= 0 ]    	ℎ   

= 0  = 1 = 0 
 A  B 

Negative sequence 



3-Phase Locked Loop (PLL) - D/Q control effect -  =  

 
 

 +  =  +  +  
  

( + +) 

  () 

( + −) 
( − +) 
( + −) 

 =   +  −  +   

 =  + 2  +  − 2  Sideband effect 





3-Phase Locked Loop (PLL) – Time Delay effect (2) 

 =    +  +  −  ( + ) 

0 0.02 0.04 0.06 0.08 0.1
100-

50-

0

50

100
100

100-

Va2 t( )

Vb2 t( )

Vc2 t( )

0.10 t
0 0.1 0.2 0.3 0.4 0.5

200-

100-

0

100

200
200

200-

Vdd t( )

Vqq t( )

0.50 t
sin ω0 t×( )

0 0.1 0.2 0.3 0.4 0.5
200-

100-

0

100

200
200

200-

Vdd t( )

Vqq t( )

0.50 t
sin ω0 t×( )

 =    +  +  +  ( + )  ∶ 	 20: 1   	 ∶ 0 → −34.185				 ∶ 100 → 93.975			 

 =    +  +  −  ( + )  =    +  +  +  ( + ) 

0 0.1 0.2 0.3 0.4 0.5
200-

100-

0

100

200
200

200-

Vdd t( )

Vqq t( )

0.50 t
sin ω0 t×( )

0 0.1 0.2 0.3 0.4 0.5
200-

100-

0

100

200
200

200-

Vdd t( )

Vqq t( )

0.50 t
sin ω0 t×( )

 = 	  

120Hz 



3-Phase Locked Loop (PLL) – unbalance condition 

 =   + [ + 6 cos() −  − 2 3 sin()]  = −  + [ − 2 3 cos() −  + 2 sin()]  =    +  () 
 =  ()  =  1 +   ( − 23) 

 =   −  − [ −   (    −     )	+ +  (    −  ()   )] 

 =  1 +   ( + 23) 

 =    −  − [ − 2 3   +  +  + 6   +  ] 
 = (−) −  ( − 2 3 ) + ( + 6 ) ∙   +  −  ( 13  +  −  )  

(= )  = − ( −   ) + ( +  ) ∙   −  (   +  −  )  

unbalance 



3-Phase Locked Loop (PLL) – Voltage offset 

 	 ∶ 	 					 		 	/	 	ℎ  									 	 	 											 
 	 		 	 		  

 	 					 	 ℎ 								  

 =   +   =   +   =    − 23 +   =    + 23 +   = −   −  +   +  () 
 =  +  ( + )  = 23 ( +  +  )  = 13 ( − )  =  +    = − ()  ≅ cos( + )  = −  

 =   +  



− ( + )   +  +  ( + ) ( + ) 
3-Phase Locked Loop (PLL) - D/Q control effect -  =  

−12 [  + ) + ( +  −  (−) + ( −  )] 12 [  + ) + ( +  +  (−) + ( −  )] 
 ≠   (−) + ( −  )]  ≠  

V V 

V q 

  

  +  )] 
 =    +  −  ( + ) =   ( + ∆) +  ∙   +  −  ∙  ( + ) 

 ∙   −  () =  () 

= 	[ () + ) +  (  − ∆) +  ]  =    +  +  ( + ) =    + ∆ +  ∙   +  +  ∙  ( + ) = 	[ ) + ( − (  − ∆) + ( )] 
 ∙   +  () =  () 

Harmonic amplification and super-synchronous sub-synchronous  

 =   =   = 0 



3-Phase Locked Loop (PLL) - D/Q control effect -  =  and   =  

 
 

 
 

 +  =  +      
( +) 

 

 +  =  +  +  
 

 
( +) 
( −) 

   



3-Phase Locked Loop (PLL) - D/Q control effect -  =  

 
 

 +  =  +  +  
  

( + +) 

  () 

( + −) 
( − +) 
( + −) 



E Z Z V  fault 
load PCC 

Voltage Sag Type A, B, C, D, E, F, G 

Ø Fault Type 
§ Single Phase Ground Fault (SLG) 
§ Phase-Phase Fault (LL) 
§ Double Phase Ground Fault(LLG) 
§ 3 Phase Fault (3P) 
Ø Transformer Winding 
§ Type 1 : Yn-Yn 
§ Type 2 : without Zero sequence 
       Y-Y(no ground), ∆-∆, D-Zig 
§ Type 3 : D-Y, Y-D, Y-Zig 
Ø  Load Connection 
§ Y-Connected 
§ Delta-Connected 

 =  +  



 = ℎ  = −12 ℎ −  32 ℎ 

 = −12ℎ +  32 ℎ 

 = ℎ  = −12 −  32  

 = −12 +  32  

 = ℎ  = −12 −  32 ℎ 

 = −12 +  32 ℎ 

 = ℎ  = −12 ℎ −  32  

 = −12ℎ +  32  

 =   = −12 ℎ −  32  

 = −12ℎ +  32  

 = ℎ  = −12 ℎ −  112 (2 + ℎ) 

 = −12ℎ +  112 (2 + ℎ) 

 = 13 (2 + ℎ) 

 = −16 (2 + ℎ) −  32 ℎ 

 = −16 2 + ℎ  +  32 ℎ 

Sag Type A Sag Type B Sag Type C 

Sag Type D Sag Type E Sag Type F 

Sag Type G 

 
 

 ℎ ℎ ∶ 0.1~0.9	  	ℎ 					 = 3 ∶ ℎ 	 	,, ∶ 		 	 													 



 = ℎ  = −12ℎ −  32 ℎ  = −12ℎ +  32 ℎ 

 = ℎ  = −12 −  32   = −12 +  32  

 = ℎ  = −12 −  32 ℎ 

 = −12 +  32 ℎ 

 = ℎ  = −12ℎ −  32   = −12ℎ +  32  

 =   = −12ℎ −  32   = −12ℎ +  32  

 = ℎ  = −12ℎ −  112 (2 + ℎ) 

 = −12ℎ +  112 (2 + ℎ) 

Sag Type A Sag Type B 

Sag Type C Sag Type D 

Sag Type E Sag Type F 

 
 

  
 

 

 
 

 
ℎ 

ℎ 

 
 
 

ℎ 

ℎ 
ℎ ℎ 

ℎ 
ℎ 

 
 
 

ℎ 

ℎ 
 

 
 ℎ 

ℎ ℎ ℎ 
ℎ ℎ 



 = 13 (2 + ℎ)  = −16 (2 + ℎ) −  32 ℎ  = −16 2 + ℎ  +  32 ℎ 

Sag Type G 

 
 
 

ℎ ℎ 
ℎ ℎ 
ℎ 

 = ℎ  = −12 ℎ −  32 ℎ 

 = −12ℎ +  32 ℎ 

Sag Type A 

 
 

 ℎ  = ℎ	 = 0			 
Sag Type A 

 = ℎ  = −12 −  32  

 = −12 +  32  

Sag Type B 

 
 

 ℎ  = ℎ + 23 									 = −(1 − ℎ)3  

Sag Type B 

3-phase fault 

Single-phase fault 
(with ground point) 

ℎ 



 = ℎ  = −12 −  32 ℎ 

 = −12 +  32 ℎ 

 = ℎ  = −12 ℎ −  32   = −12ℎ +  32  

Sag Type C 

Sag Type D 

 
 

 
ℎ 

 
 
 

ℎ 
ℎ 

ℎ 

ℎ 
ℎ 

 = 1 + ℎ2 												 = (1 − ℎ)2 							 
Single-phase fault 

(with ground point) 

 = 1 + ℎ2 									 = −(1 − ℎ)2  

Double-phase fault 
(with ground point) 

Single-phase fault 
(with ground point) 

Double-phase fault 
(with ground point) 





 = ℎ	 = 0			 Sag Type A  = ℎ + 23 									 = − 1 − ℎ3 		 = −1 − ℎ3 					 

Sag Type B  = 1 + ℎ2 												 = (1 − ℎ)2 							 
Sag Type C  = 1 + 2ℎ3 												 = (1 − ℎ)3 										 = 	1 − ℎ3 												 

Sag Type E 

 = 1 + ℎ2 									 = −(1 − ℎ)2  

Sag Type D  = 1 + 2ℎ3 									 = −(1 − ℎ)3 			 
Sag Type F  = 1 + 2ℎ3 							 = (1 − ℎ)3 				 

Sag Type G 

 =    =    =  +     =  −    = 12 ( + ) 
 =      = 1 ∶  													0 <  < 1 ∶ 			 =  ∶  	  

Re 

Im   

Re 

Im 

  
Re 

Im    

   

  



Type Space	vector Zero	sequence	voltage         B 1 − 23 
56 − 3 1 − 23   −3    +  − ( − 1)23  

D 1 −  
56 − 3 1 −    0 

F 3(1 − )3 −   
56 − 3 1 −   1 − 3  0 

Single	Phase	Voltage	Dip	Characteristics 

Type Space	vector Zero	sequence	voltage         C 1 −  (1 − ) 3 1 −    0 
E 3(1 − )3 −   (1 − ) 3 1 −   1 − 3  

3    +  − ( − 1)23  

G 
3(1 − )3 −   (1 − ) 3 1 −   1 − 3  0 

	Double	Phase	Voltage	Dip	Characteristics 

n : 1,2,3 (a phase, b phase, c phase)  

Singularity Instability 



Type Space	vector Zero	sequence	voltage         
H 1 -   −   +  − ( − 1)23  

I* 1 -   2   +  − ( − 1)23  

I** 
4(1 − )3  (1 − ) 3 43 1 −    

12   +  − ( − 1)23  

n : 1,2,3 (a phase, b phase, c phase)  Singularity Instability 

∗ ∶ 0 < ℎ < 14 ∗∗ ∶ 	 14  < ℎ <  

Swell Type H 

 
 

 

 

 
ℎ ℎ ℎ 

ℎ 
 

ℎ 
 

ℎ 
Swell Type I 



 =  +   2 +   2 +   2 +   2 +   2  


= 32

      −
−−−−

−  − −
  

	 = 23   −  	 = − 23   +  	 = 23   −   = − 23   +  
 

AC Network Faults à    Positive Sequence = Negative Sequence ▶ Unstable! 

Singularity Instability 

Singularity Instability à “	 is Zero”  



Singularity Instability Condition (Positive sequence = Negative sequence) 

	 = 0 	 = 0 	 = 0 

	 = 0 	 = 0 	 = 0 

	 =  	 = −12 	 = −12 
	 = 12 	 = 12 	 = 0 

	 = 0 	 = −12  3 	 = +12   3 
	 = 12 	 = −12 	 = 0 

	 =  	 = 0 	 = 0 
	 = 12 	 = −12 	 = 0 

	 = 0 	 =  33  	 =  33  
	 = 13 	 = −13 	 = 0 

	 = 23 	 = −13 	 = −13   
	 = 13 	 = 13 	 = 0 

Sag Type F Sag Type G 

Sag Type D Sag Type E 

Sag Type A Sag Type C 







 	 	 = 	 		 	 	 	 	 = []≈  		 	 ≈  :  	  

SCR (Short Circuit Ratio) 

Operating Characteristics,  
Physical size,  
Cost of machine 

Generator 
x

x

(a) Ld

x

x

(b) Lq

x

x

(c) L'd

x

x

(d) L'q

x

x

(e) L''d

x

x

(f) L''q

After Faults 

* Flux Change 

* Inductance Change 

* Time Constant Change 

* Sub-transient Current 

* Transient Current 

* Steady-state Current  

 =    

 ∶  	  :   	  :  	  :   	  

  : Protection Relay 

  : Voltage Control 

 
 

  

  
 
 

 



    =  −   =  ∗ − ∗− =  (  +   − )  = −    = − +    
()+ 2 −   + ( + ) = 0 (2 − )−4( + ) ≥ 0 − −   + ( 2)≥ 0 

 = 2 −  ± 4 −  −  

 ≤ 2  ≤ 4 

 =  +  = ∗	 Q 

P 2 
4 

 =  ∅1 + ∅ ∙ 2  =  ∅1 + ∅ ∙ 2  = 11 +  ∅ ∙ 2 



EacZs

Qc Zc Zf Z1

 =   =  (ℎ 	 	 ( ))	(	  )  

 = ( ) =  ∙  = 1 ∙  = ( 1 + 1) ∙   

1.0

SCR_Angle = -75

DOV

SCR0.3 10.0

3.3

0.6

DOV

SCR_Angle0

1.4 SCR =2.5

90

Inv

Rect



EacZs

Qc Zc Zf Z1

 =   =  (ℎ 	 	 ( ))	(	  )  

 = ( ) =  ∙  = 1 ∙  = ( 1 + 1) ∙   

1.0

SCR_Angle = -75

DOV

SCR0.3 10.0

3.3

0.6

DOV

SCR_Angle0

1.4 SCR =2.5

90

Inv

Rect



 =  −  = 1 ∙  = ( 1 + 1 + 1 + 1) ∙    = 1 + 1  =  −  +   
CSCR(Critical Short Circuit Ratio), CESCR 

1.8

0

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.2   0.4    0.6   0.8    1.0   1.2    1.4   1.6    1.8    2.0

B

B'

4.5(3.96)

2.0(1.46)

3.0(2.461)

SCR=4.5

SCR=1.5(ESCR=0.96)

XC=0.15 p.u.,    =18˚
QC=Qd=0.54Pdn at VL=1.0 p.u.

DC Current (p.u.)

DC Power
AC Volts

SCR = 1.5

SCR = 2.0

SCR = 3.0

 
(Maximum Available Power)  

 =  =  ∙ ( ∙ ) 
 = 1 ∙  =  0.5~0.6 
 =  2.50.6 = 2 

 ∶  	 	 	 	  



 =  ℎ 	∑   = ∑  ∙   ∑  ∑   = ∑  ∙   (∑   )  

WSCR(Weighted SCR) 

 = ∑    

CSCR(Composite SCR) 

 =   + ∑ ( ∙ ) ,  = ∆∆ 
SCR with Interaction Factor  =  + ∑  (),  

Inverter Interaction Level SCR 

 = , (, + ∑ , ∙  )∈, , , = ,, (,,) 
Site Dependent SCR 

  =  , + ∑ (  ∙ ), ,   =  =   
Multi-Infeed Effective SCR 



SCR  =  4 
 
SCR  =  2 
 
SCR  = 1.5  

 =	 =  =  

Voltage Stability 



()  () 
 

AC Source 

=1 

SCR = 2 

=1 
Y=2 

Z=0.5  = 1  = 11 + 1 

=3 

SCR = 4 

=1 
Y = 4 

Z=0.25  = 1  = 11 + 1 
=2 

SCR = 3 

=1 Y = 3 

Z=0.33  = 1  = 11 + 1 
=0.33 =1 

=1 =1 

=1 =0.5 

 + =2 

 =  +  

 + =3  + =4 

AC Load 



 =0 

SCR = 1 

=1 
Y = 1 

Z=1  = 1  = 11 + 1 
=0.5 

SCR = 1.5 

=1 Y = 1.5 

Z=0.66  = 1  = 11 + 1 
 = ∞ =1 =1 =2 

SCR = 0.6 

=1 
Y = 0.6 

Z=1.66  = 1  = 11 + 1 

=0.5 

SCR = 1 

=1 Y = 1 

Z=1  = 1  = 11 + 1 
=1 =1 

=2 =-0.5 =-2 

=0 =0 =-0.4 =-2.5 

 + =1.5  + =1 

 +  + =1  + =0.6 
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SCR=2 



0 1 2 3
0

0.5

1
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0
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V Id( )
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SCR=4 
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SCR=1.5 

0 0.5 1 1.5
0
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SCR=1 
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∠ 
∠  ∠ 

 =  ∙ 	  =  ∙ 	  =  ∙ 	()  ≈  ∙( − )  −  = ∗ ≈ ∗   

  =  + 		=  +  ∗ =  −    

X 
- 

+ + 

- 
X X 

∗ + 

- 

       

  

Controller Power Model 

To maintain the angle constant, using PLL 
Closed loop is needed, to guarantee P = ∗   

 = ∗ +    
  

 

Origin of Grid Forming Inverter 

Origin of GFM 

	 
  

∗ ∗ 
∗  

X 
- + ∗ ∗ Virtual 

Impedance 

 +   



 +  = ∗ = [ −  ]∗ 
= [ −  ] 
=   −  () 

 =    −  cos( + ) 
 =    −  sin( + ) 
 = ( + ) [  −   +  ]  = ( + ) [−   + ( −  )] 

 =    =    
 =  [( −  )] =  −    

 =  ( −  ) =  −     =  [−( )] = −   

Q 

P 

 

Q 

P  

 X  

   = 0			 =  ∶ 	 = ,  =  

 = 0			 =  ∶ 	 = ,  =  

 =  +  	 

X/R Ratio and Power Equation 



X 
- 

+ + 

- 
X X 

∗ + 

- 

       

  

Controller Power Model 

Origin of Grid Forming Inverter 

∆  = 2  = 2  

X 
- 

+ + 

- 
X X 

∗ + 

- 

      

 12   
∗ 

 = 12  + 2 + 1∗ −=
2 2  + 2 + 1   = 2  + 2 + 1 =  + 2 +  

  = 2
 =  2
 =  2

 

 5% ≈ 3 = 3 2  +  = 3 2  



  = − − ∗ −   = ∗ +(∗ − ) 
 =  +  

 
p 

Grid Forming  →  

  = 1∗ () − () 

 = ∗ −  −     = ∗ 
 =  +  

 
p 

Grid Following  →  

  = 1() − () 
 

∆ 

 (<5ms)  

  (>0.5s) 

  	  (1s) 

Converter Region 

 = − −  +    = − + ∗ − ( − ) 

  = − +   = − +  

  ∶ 7~10  	 ∶ 0.1~0.3 ∶ 0.05  

 
() 

 
 

 	  



∠ 
∠ 

∠  ∠ 

 ∠ = ∠ − ∠ ∙ ∠ 
∠ = ∠ −  ∠0∠  

 =  −   =  +  	

∠ = ∠ ∙ ∠ 

 = ∗	
=  	 	1	ℎ 	3	ℎ 	 	   

= (ℎ 	  ) +  	   
=

(ℎ 	  ) +  	 		 	∆	 	∆ 	  

∠ =  =  −  ∠0  

= ℎ 	 ()  	 ( 	 	 	 	)   



+ 
- 

  +  =  −  Machine Dynamics 

 =  −   
Controller DC/AC 

Converter 

 

   

Virtual Synchronous Machine 

DC/AC Solar Cell ∗  Converter   

 

 
Matching Control 



 

DC/AC 
Converter 

 

Droop based Control 

Power  
Calculation 

 

 

 

 

 

 

  
 

DC/AC 
Converter 

 

FERC Orders Control 

 
Calculation 

 

 

 

 

 

 
  
		 



  + 

- 

 

DC/AC 
Converter 

 (∅) 
Controller 
   = (, ) 

Oscillator Dynamics 
Virtual Oscillator Control 



1  +   X 
abc 

d/q X 
    

 =  +   ∠ ( +   ) ∙  

    

+ 

+ + 

+ 

 
 ∙  ∙ (	) 

  =

 =  ()  =  () =1/SCR = Converter Rating =  	
 

=

 	 	   =

  	 → ∞ → 	 	 →    

Grid Following Inverter 

Freezing 



  =

 =  ()  =  () =1/SCR = Converter Rating =  	
 

= 	 	   =   → 				→ 	∞    

1 1 + 	 abc 
d/q X 

    

 =  +  ∠ ( +  ) ∙  

    

+ 

+ + 

+ 

 
  ∙  ∙ () 

X 

  ∶ 	 ∑		:   	 	 →  	  

Grid Forming Inverter 

Freezing 



Q 

P 

∆  

X 

X 

PI 

PI 

  

  

 

 
+ 

− 

+ − 

 =  +   

 =   =  .	 
 =   −    

 
 

∠∆ 
PLL		Reference	  =   

AC network 

∆, ∆, ∆, ∆ 

Grid-Following (Voltage-Following) 
Current Forming (Active Power Forming)    



 

X 

X 

PI 

PI 

  

  

 

 
+ 

− 

+ − 

 =   +   
 =   =  .	 

 =    −    
  

 
∠∆ 

PLL		Reference	 = st.  
AC network 

∆, ∆, ∆, ∆ 

Q 

P 
∆ 

Grid-Forming (Voltage-Forming) 
Current Following (Reactive Power Forming)    

 





∆ = ∆(∆ ± ∆ ) ( )  Vo
lta

ge
 S

tr
en

gt
h 

Frequency Strength 

SCR : 1.5 

Infinite Bus SCR > 4 

 = ∆ ∙ ∙ ∆2 ∙ ∆  

∆ = (, ( )) 
∆  	&	( ) 

P, Q, V,  Droop 

Fixed P-Q 

Fixed P-V 

GFM 

GFL 

Synchronous Compensator 

ESS 

ℎ 	 +  	 	() 	 + ℎℎ 	 () 	 + 	  	 .  

Droop  
Control variable 

Conversion 
=

∆ →  −  ∶ 	① ∆ →  −  ∶ ②	∆ →  −  ∶ ③	∆ →  −  ∶ ④  

③ ④ 

① ② 

② ③ 

 	 		
( +	  +  )  	 		
( +  +  ) 

DC Grid 



∠ 

∠ 
 ∠   ∠∅ ∠ =  ∠ −  ∠∅∠  

(∠) =  −   ∠ − ∅  (∠) = ∠ 

 ∠ 	ℎ 	 	ℎ	 ∠∅	ℎ  

∅ = ∅ 
Controller 

AC network 

(∠) =  −   ∠ −   

∠ = ∠ ∙  ∠ +  ∠∅ 
 =    ∠ 

∠ 
∠  ∠∅ 
(∠) = ∠ 

AC network 

Controller 

Grid Following Inverter 

Grid Forming Inverter 



∠ 
∠ 

∠  ∠ 

 ∠ = ∠ − ∠ ∙ ∠ 
∠ = ∠ −  ∠0∠  

 =  −   =  +  	

∠ = ∠ ∙ ∠ 

 = ∗	
=  	 	1	ℎ 	3	ℎ 	 	   

= (ℎ 	  ) +  	   
=

(ℎ 	  ) +  	 		 	∆	 	∆ 	  

∠ =  =  −  ∠0  

= ℎ 	 ()  	 ( 	 	 	 	)   





()  
  

() 

   

 
() 

+ 

- 

  

E 

 
() () 

 

  =  ∙     = 1 +  ∙     =  ∙ 1 +  ∙    = 1 +  ∙  
 = ()1 + () ∙ () ∙  + 	()1 +   ∙   	 ∙  Extended SCR-Plus 



 =  (ℎ 	 	 ( ))	(	  ) = 1 
[Power ratio and Inverse impedance] 

 =   +  	 	 + ( 	 )(	  )  

 =  ∙  +  ∙  + ∙  + + + ( ) 

Voltage stability, Power Ratio 
MVA, dV/dI   Inertia, MVA, df/dt  

  =  −  ∙  ∙ ∆∆∆∆	∶	 
 	 	∶	

 





  =  −  ∙  ∙ ∆∆∆∆	∶	 
 	 	∶	

 

 =  ± ∠	 ±∠  

 =  ∙   + ∙   + ∙   + + + () 

 	  

Active component : 
GFM(HVDC, FACTs, ESS), 
GFL(HVDC, FACTs, ESS), 

CSC FACTs, ESS      

Passive component :  
Gen, TL, S.C,  
Base HVDC 

GFM 

GFL 



   

    

=
∗  	 	∗  		 				∗ 	 	  								∗ 	 	 					∗ 	 	 														∗ 	 	 														∗ 	 	 			∗  	

 

=

∗  	 	∗  		 				∗ 	 	  								∗ 	 	 					∗ 	 	 														∗ 	 	 														∗ 	 	 			∗  	
 +	

∗  	∗  	 					∗  	 									∗  	 									∗ /	∗  	 			
 

 	    	  









Thank You !! 


