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Abstract 
In the following article, results of the investigation on the effect of feeding 
subsynchronous currents from the electric grid in the generator are pre-
sented. In the end, torsional oscillations of the shaft train are excited, which 
can reach very high amplitudes in case of resonance. In time with the tor-
sional oscillations, the synchronous generated voltage induced in the stator 
winding oscillates, which leads to the feed of subsynchronous currents from 
the generator into the electrical network. The focus is directed to the effect of 
these currents in the system “generator-grid”. Therefore, different analytical 
approaches to subsynchronous power excitation are presented and evaluated. 
In particular, the analytical equations of generator power generated by sub-
synchronous electric currents are derived. This article shows that, in addition 
to the damping properties in dealing with torsional oscillations, the interac-
tion between the grid frequency, the natural electrical grid frequencies and 
the mechanical torsional natural frequencies is also important. 
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1. Introduction 

Due to the steady increase, see Figure 1, of converters and converter systems in 
the German transmission grid, e.g. due to the steady expansion of offshore wind  
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Figure 1. Increasing number of frequency converters in Germany (Source: BMWI). 

 
farms and solar power, it is necessary to deal with the grid based excitation of 
torsional oscillations of the turbo sets by sub-synchronously fed-in currents. It is 
to be expected that there will be an increase of sub-synchronous feeding 
processes through frequency converters into the transmission grid in the future. 
These processes will then lead to subsynchronous power oscillations between the 
grid and the generator, which in turn may excite subsynchronous torsional nat-
ural frequencies of the turboset shaft trains. This problem is currently being in-
vestigated and discussed in Germany, e.g. within an expert committee under the 
leadership of the VGB PowerTech e.V. A decisive question here is the ability of 
frequency converters to excite or to damp torsional oscillations. For this purpose, 
extensive simulations, which include both grid models and turboset models, are 
carried out by the grid operators. The central criterion for deciding whether the 
turboset of a power plant could be affected by the connection of a frequency 
converter is the value of the “Unit Interaction Factor” (UIF).  

If the value of the UIF is below 0.01, there is no risk of negative effects on the 
turbo set by switching on a frequency converter. The UIF itself is calculated ac-
cording to [1] [2] as follows, see Equation (1): 

2

UIF 1 gdc

g tot

SCMW
MVA SC

 
= ⋅ − 

 
                       (1) 

Herein mean:  

dcMW : DC nominal power of the frequency converter, 

gMVA : Nominal apparent power of the generator, 
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totSC : Short-circuit capacity at the DC commutation node including the ge-
nerator, 

gSC : Short-circuit capacity at the DC commutation node without the gene-
rator. 

2. Effect of the Feed in of Sub-Frequency Currents on the  
Generator Power 

The starting point for the following considerations is the definitions of the cur-
rents and voltages of the SSR feed-in model according to Figure 2. Based on this 
model, the generator power at the terminals is first derived in a single-phase 
state and then extended to the three-phase state. 

The currents and voltages shown in Figure 2 have the following meaning: 
Single-phase stator voltage with the grid frequency Nf :  

( ) ( )ˆ sin N uu t u tω ϕ= ⋅ ⋅ +  mit 2N Nfω = ⋅ ⋅π  

Single-phase stator current with the grid frequency Nf : 

( ) ( )ˆ sin N ii t i tω ϕ= ⋅ ⋅ +  mit 2N Nfω = ⋅ ⋅π  

Sub-frequency current with the frequency 1SSRf , which is fed from the grid 
and flows into the generator: 

( ) ( )1
1 1 11

ˆ e sinSSR t
SSR SSR SSRSSRi t i tα ω ϕ− ⋅= ⋅ ⋅ ⋅ +   

with 1 12SSR SSRfω = ⋅ ⋅π  and 1 damping factorSSRα =    

Due to the excited torsional oscillations, angular oscillations of the generator 
rotor occur with a natural torsional frequency 2SSRf . This additionally induces a 
voltage in the stator winding, which produces a sub-frequency current with the 
frequency 2SSRf : 

( ) ( )2
2 2 22

ˆ e sinSSR t
SSR SSR SSRSSRi t i tα ω ϕ− ⋅= ⋅ ⋅ ⋅ +   

with 2 22SSR SSRfω = ⋅ ⋅π  and 2 damping factorSSRα =  

The used index “1” (cause) or “2” (effect) shall only allow a differentiation  
 

 
Figure 2. Basis of the SSR feed-in model. 
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between these two states at this point. Furthermore it was assumed that the cur-
rent 2SSR rmsi  opposite to the current 1SSR rmsi  flows. This state occurs if the con-
dition 2 1 180SSR SSRϕ ϕ∆ = +   is fulfilled, where 2SSRϕ∆  a part of the phase angle 

2SSRϕ  represents. Starting from Figure 2 the single-phase power p(t) is now 
formed at a generator terminal e.g. of phase u: 

( ) ( ) ( ) ( ) ( )
( ) ( )

( )

( ) ( )
( )

( ) ( )
( )1 2 3

1 2

1 2

u u u

u SSR SSR

SSR SSR

p t p t p t

p t u t i t i t i t

u t i t u t i t u t i t

 = ⋅ + + 
= ⋅ + ⋅ + ⋅


 

             (2) 

In the following, each summand from Equation (2) is calculated individually 
to ensure clarity. 

( ) ( ) ( ) ( ) ( )

( ) ( )
1

1 ˆˆ cos cos 2
2

cos cos 2

u u i N u i

rms rms rms rms N u i

p t u t i t u i t

u i u i t

ϕ ϕ ω ϕ ϕ

ϕ ω ϕ ϕ

 = ⋅ = ⋅ ⋅ ⋅ − − ⋅ ⋅ + + 

= ⋅ ⋅ ∆ − ⋅ ⋅ ⋅ ⋅ + +
    (3) 

Equation (3) describes the mean value of the instantaneous power as a func-
tion of ( )cos ϕ∆  and the double line frequency power oscillation. 

( ) ( ) ( )
( ) ( )

( )

( )
( ) ( )( )

( )

1

1

1

2 1

1 1 1

1 1 1

1 1

1 1 1

1

ˆˆ e sin sin
1 ˆˆ e cos
2

cos

e cos

cos

SSR

SSR

SSR

u SSR
t

SSR N u SSR SSR

t
SSR N u SSR SSR

N u SSR SSR

t
rms SSR rms N SSR u SSR

N SSR

p t u t i t

u i t t

u i t t

t t

u i t

α

α

α

ω ϕ ω ϕ

ω ϕ ω ϕ

ω ϕ ω ϕ

ω ω ϕ ϕ

ω ω

− ⋅

− ⋅

− ⋅

= ⋅

= ⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ +

= ⋅ ⋅ ⋅ ⋅ + − ⋅ −

− ⋅ + + ⋅ + 
= ⋅ ⋅ ⋅ − ⋅ + −

− + ⋅ ( )( )1u SSRt ϕ ϕ + + 

     (4) 

Equation (4) contains the fluctuating power component with the frequency 

1SSRf , which is fed from the grid and excites the generator rotor to torsional os-
cillations. 

( ) ( ) ( )
( ) ( )

( )

( )
( ) ( )( )

( )

2

2

2

3 2

2 2 2

2 2 2

2 2

2 2 2

2

ˆˆ e sin sin
1 ˆˆ e cos
2

cos

e cos

cos

SSR

SSR

SSR

u SSR
t

SSR N u SSR SSR

t
SSR N u SSR SSR

N u SSR SSR

t
rms SSR rms N SSR u SSR

N SSR

p t u t i t

u i t t

u i t t

t t

u i t

α

α

α

ω ϕ ω ϕ

ω ϕ ω ϕ

ω ϕ ω ϕ

ω ω ϕ ϕ

ω ω

− ⋅

− ⋅

− ⋅

= ⋅

= ⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ +

= ⋅ ⋅ ⋅ ⋅ + − ⋅ −

− ⋅ + + ⋅ + 
= ⋅ ⋅ ⋅ − ⋅ + −

− + ⋅ ( )( )2u SSRt ϕ ϕ + + 

    (5) 

Equation (5) represents the fluctuating power component, which is generated 
by the excited torsional oscillations of the generator rotor and fed into the grid. 
This process takes place with the frequency 2SSRf . The addition of the terms 
from Equations (3)-(5) leads to the sum in Equation (6): 

       
( ) ( ) ( ) ( ) ( )

( ) ( )
( )

( ) ( )
( )

( ) ( )
( )1 2 3

1 2

1 2

u u u

u SSR SSR

SSR SSR

p t p t p t

p t u t i t i t i t

u t i t u t i t u t i t

 = ⋅ + + 
= ⋅ + ⋅ + ⋅


 
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( ) ( )
( ) ( )( )

( ) ( )( )
( ) ( )( )

( ) ( )( )

1

2

1 1 1

1 1

2 2 2

2 2

cos cos 2

e cos

cos

e cos

cos

SSR

SSR

rms rms eff eff N u i

t
rms SSR rms N SSR u SSR

N SSR u SSR

t
rms SSR rms N SSR u SSR

N SSR u SSR

u i u i t

u i t

t

u i t

t

α

α

ϕ ω ϕ ϕ

ω ω ϕ ϕ

ω ω ϕ ϕ

ω ω ϕ ϕ

ω ω ϕ ϕ

− ⋅

− ⋅

= ⋅ ⋅ ∆ − ⋅ ⋅ ⋅ ⋅ + +

+ ⋅ ⋅ ⋅ − ⋅ + −
− + ⋅ + + 

+ ⋅ ⋅ ⋅ − ⋅ + −
− + ⋅ + + 

   (6) 

By feeding in subsynchronous currents, components with new frequencies in 
the power components are created in the single-phase total power, see Equation 
(6), which lie below and above the line frequency, namely 1N SSRω ω− , 1N SSRω ω+ , 

2N SSRω ω− , 2N SSRω ω+ . In the following, only terms with subsynchronous fre-
quencies will be considered more closely. The excitation of a torsion natural 
frequency 2SSRf  of the shaft train takes place exactly when the following condi-
tion is fulfilled: 
● 1 2 1 2.N SSR SSR N SSR SSRresp f f fω ω ω− = − =  
◯ 2SSRf : excited subsynchronous torsional natural frequency of the shaft train. (7) 

This is a necessary condition. In addition, the following optional condition of 
the system consisting of the turboset and the electrical grid shall apply:  
● 2 2.N SSR Nef N SSR Nefresp f f fω ω ω− = − =  
◯ Neff : existing natural grid frequency of the electrical grid.            (7a) 

The combination of Equation (7) with Equation (7a) then results in Equation 
(7b): 

2 1 1N SSR Nef N N SSR Nef SSR Nefω ω ω ω ω ω ω ω ω⇒ − = ⇔ − + = ⇔ =      (7b) 

From Equation (7b) it can be deduced that the currents fed into the generator 
from the grid occur with a sub-frequency grid natural frequency.  

2.1. Extension to a Three-Phase System 

The next step is the extension of the single-phase to the three-phase view under 
respect of the 120˚ electrical phse shift. The starting point for this is Equation (6). 
Under the assumption that the current and voltage amplitudes are the same in 
each case, which differs only by the corresponding phase angles, Equation (8) is 
obtained: 

( ) ( ) ( ) ( ) ( )

( ) ( )( )
( )

( ) ( )( )
( )

( ) ( )( )
( )

( ) ( )
( )

1 2 3, , , , , ,

1 2 , ,

1 2, , , , , ,

cos cos 2

cos cos 2 120

u v w u v w u v w

SSR SSR u v w

SSR SSRu v w u v w u v w

p t p t p t

rms rms rms rms N i

rms rms rms rms N

p t u t i t i t i t

u t i t u t i t u t i t

u i u i t

u i u i t

ϕ ω ϕ

ϕ ω

 = ⋅ + + 

= ⋅ + ⋅ + ⋅

= ⋅ ⋅ ∆ − ⋅ ⋅ ⋅ ⋅ +

+ ⋅ ⋅ ∆ − ⋅ ⋅ ⋅ ⋅ +


 

( )
( ) ( )

120

cos cos 2 240 240

i

rms rms rms rms N iu i u i t

ϕ

ϕ ω ϕ

+ +

+ ⋅ ⋅ ∆ − ⋅ ⋅ ⋅ ⋅ + ° + +

 



 

( ) ( )( )
( ) ( )( )

1
1 1 1

1 1

e cos

cos

SSR t
rms SSR rms N SSR SSR

N SSR SSR

u i t

t

− ⋅ + ⋅ ⋅ ⋅ − ⋅ + −
− + ⋅ + + 

α ω ω ϕ

ω ω ϕ
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( ) ( )( )

( ) ( )( )

1
1 1 1

1 1

e cos 120 120

cos 120 120

SSR t
rms SSR rms N SSR SSR

N SSR SSR

u i t

t

− ⋅ + ⋅ ⋅ ⋅ − ⋅ + ° − −
− + ⋅ + + + 



 

α ω ω ϕ

ω ω ϕ
 

         

( ) ( )( )
( ) ( )( )

( ) ( )( )
( ) ( )( )

1

2

1 1 1

1 1

2 2 2

2 2

e cos 240 240

cos 240 240

e cos

cos

SSR

SSR

t
rms SSR rms N SSR SSR

N SSR SSR

t
rms SSR rms N SSR SSR

N SSR SSR

u i t

t

u i t

t

− ⋅

− ⋅

+ ⋅ ⋅ ⋅ − ⋅ + ° − −
− + ⋅ + + + 

+ ⋅ ⋅ ⋅ − ⋅ + −
− + ⋅ + + 



 

α

α

ω ω ϕ

ω ω ϕ

ω ω ϕ

ω ω ϕ

 

          

( ) ( )( )
( ) ( )( )

( ) ( )( )
( ) ( )( )

2

2

2 2 2

2 2

2 2 2

2 2

e cos 120 120

cos 120 120

e cos 240 240

cos 240 240

SSR

SSR

t
rms SSR rms N SSR SSR

N SSR SSR

t
rms SSR rms N SSR SSR

N SSR SSR

u i t

t

u i t

t

− ⋅

− ⋅

+ ⋅ ⋅ ⋅ − ⋅ + ° − −
− + ⋅ + + + 

+ ⋅ ⋅ ⋅ − ⋅ + ° − −
− + ⋅ + + + 



 



 

α

α

ω ω ϕ

ω ω ϕ

ω ω ϕ

ω ω ϕ

 

After transforming and reducing the equation, the final result is: 

( ) ( )
( )( )
( )( )

1

2

1 1 1

2 2 2

3 cos

3 e cos

3 e cos

SSR

SSR

rms rms

t
rms SSR rms N SSR SSR

t
rms SSR rms N SSR SSR

p t u i

u i t

u i t

− ⋅

− ⋅

= ⋅ ⋅ ⋅ ∆

 + ⋅ ⋅ ⋅ ⋅ − ⋅ − 
 + ⋅ ⋅ ⋅ ⋅ − ⋅ − 

α

α

ϕ

ω ω ϕ

ω ω ϕ

  (8) 

The first summand in Equation (8) stands for the stationary power compo-
nent. The second summand describes the subsynchronous power oscillation, 
which is generated in the generator by the sub-frequency currents fed from the 
grid. The third summand contains the subsynchronous power oscillation, which 
is emitted from the generator into the grid. The damping factor α is of decisive 
importance here, since it determines whether the power oscillation is stationary 
with sub-synchronous power oscillations or whether the sub-synchronous power 
oscillations decay over time. 

2.2. Variation in Time of the Three-Phase Power 

To illustrate the effects of the power oscillations caused by the sub-frequency 
currents fed into the system, a corresponding scenario is shown in Figure 3 and 
Figure 4. Figure 3 shows the power oscillation for 500 time cycles, Figure 4 
shows the same scenario for a section of 100 time cycles. Here the process of 
frequency modulation is clearly visible. The power oscillates with an active pow-
er of 0.7 p.u. The sub-synchronous active power fed into the generator from the 
50 Hz grid is 0.05 p.u. with a frequency of 33 Hz and a damping factor of 0.003. 
The sub-synchronous active power fed into the 50 Hz grid from the generator is 
0.04 p.u. with a frequency of 17 Hz and a damping factor of 0.002. Furthermore, 
a frequency of 1.0 p.u. was used, with 0.7 p.u., with 0.05 p.u. and with 0.04 p.u. 

2.3. Selected Boundary Conditions for the Excitation 

Taking Equation (8) into account, various excitation cases for 3-phase operation 
using the frequency ratios are presented below.  
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Figure 3. SSR power oscillation via 500 time cycles in p.u. 

 

 
Figure 4. SSR power oscillation via 100 time cycles in p.u.  
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Case a) 1SSR Nefω ω=  using Equation (7), (7a) and (7b): 

( ) ( ) ( ) ( ) ( )

( ) ( )( )
( )

( ) ( )( )
( )

( ) ( )( )
( )

( )
( )( )

1 2 3, , , , , ,

1

1 2 , ,

1 2, , , , , ,

1 2 1

2

3 cos

3 e cos

3

u v w u v w u v w

SSR

SSR SSR u v w

SSR SSRu v w u v w u v w

p t p t p t

rms rms

t
rms SSR rms SSR SSR

rms SSR r

p t u t i t i t i t

u t i t u t i t u t i t

u i

u i t

u i

α

ϕ

ω ϕ− ⋅

 = ⋅ + + 

= ⋅ + ⋅ + ⋅

= ⋅ ⋅ ⋅ ∆

 + ⋅ ⋅ ⋅ ⋅ ⋅ − 

+ ⋅ ⋅


 

( )( )2
2e cosSSR t

ms Nef SSRtα ω ϕ− ⋅  ⋅ ⋅ ⋅ − 

    (10) 

From Equation (10) it can be seen that the excitation of the shaft train to tor-
sional vibrations by feeding a sub-frequency power oscillation with a torsional 
natural frequency 2SSRω  of the shaft train. Furthermore, the sub-frequency 
power oscillation fed into the grid oscillates with a grid natural frequency Nefω . 

Case b) 1 2SSR SSR SSRω ω ω= = : 

( ) ( ) ( ) ( ) ( )

( ) ( )( )
( )

( ) ( )( )
( )

( ) ( )( )
( )

( )
( )( )

1 2 3, , , , , ,

1

1 2 , ,

1 2, , , , , ,

1 1

3 cos

3 e cos

3

u v w u v w u v w

SSR

SSR SSR u v w

SSR SSRu v w u v w u v w

p t p t p t

rms rms

t
rms SSR rms N SSR SSR

rms SSR

p t u t i t i t i t

u t i t u t i t u t i t

u i

u i t

u i

α

ϕ

ω ω ϕ− ⋅

 = ⋅ + + 

= ⋅ + ⋅ + ⋅

= ⋅ ⋅ ⋅ ∆

 + ⋅ ⋅ ⋅ ⋅ − ⋅ − 

+ ⋅ ⋅


 

( )( )2
2 2e cosSSR t

rms N SSR SSRtα ω ω ϕ− ⋅  ⋅ ⋅ − ⋅ − 

    (11) 

The two subsynchronous summands in Equation (11) add each other with the 
same frequency, so that in this case there is an amplification of the subsyn-
chronous power components up to a continuous excitation.  

Case c) 1 1SSR N Nefω ω ω= − : 

( ) ( ) ( ) ( ) ( )

( ) ( )( )
( )

( ) ( )( )
( )

( ) ( )( )
( )

( )

( )( )

1 2 3, , , , , ,

1

1 2 , ,

1 2, , , , , ,

1 1 1

2

3 cos

3 e cos

3

u v w u v w u v w

SSR

SSR SSR u v w

SSR SSRu v w u v w u v w

p t p t p t

rms rms

t
rms SSR rms Nef SSR

rms SSR r

p t u t i t i t i t

u t i t u t i t u t i t

u i

u i t

u i

α

ϕ

ω ϕ− ⋅

 = ⋅ + + 

= ⋅ + ⋅ + ⋅

= ⋅ ⋅ ⋅ ∆

 + ⋅ ⋅ ⋅ ⋅ ⋅ − 

+ ⋅ ⋅


 

( )2

2

2 2e cosSSR

Nef

t
ms N SSR SSRtα

ω

ω ω ϕ− ⋅

  
  ⋅ ⋅ − ⋅ −      



 

( )

( )( )
( )( )

1

2

1 1 1

2 2 2

3 cos

3 e cos

3 e cos

SSR

SSR

rms rms

t
rms SSR rms Nef SSR

t
rms SSR rms Nef SSR

u i

u i t

u i t

α

α

ϕ

ω ϕ

ω ϕ

− ⋅

− ⋅

= ⋅ ⋅ ⋅ ∆

 + ⋅ ⋅ ⋅ ⋅ ⋅ − 
 + ⋅ ⋅ ⋅ ⋅ ⋅ − 

         (12) 

The boundary condition introduced in Equation (12) leads to the fact that 
both the power oscillation fed subfrequently into the generator has a grid normal 
frequency 1Nefω  as well as the subfrequent power oscillation fed into the grid 
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with a grid natural frequency 2Nefω  exists. 
Case d) 2SSR N Nefω ω ω= − : 

( ) ( ) ( ) ( ) ( )

( ) ( )( )
( )

( ) ( )( )
( )

( ) ( )( )
( )

( )
( )( )

1 2 3, , , , , ,

1

1 2 , ,

1 2, , , , , ,

1 1 1

3 cos

3 e cos

3

u v w u v w u v w

SSR

SSR SSR u v w

SSR SSRu v w u v w u v w

p t p t p t

rms rms

t
rms SSR rms N SSR SSR

rms SS

p t u t i t i t i t

u t i t u t i t u t i t

u i

u i t

u i

α

ϕ

ω ω ϕ− ⋅

 = ⋅ + + 

= ⋅ + ⋅ + ⋅

= ⋅ ⋅ ⋅ ∆

 + ⋅ ⋅ ⋅ ⋅ − ⋅ − 

+ ⋅ ⋅


 

( )( )2
2 2e cosSSR t

R rms Nef SSRtα ω ϕ− ⋅  ⋅ ⋅ ⋅ − 

   (13) 

Equation (13) shows that the sub-synchronous power oscillation fed into the 
grid under this assumption occurs with a grid natural frequency. 

2.4. Evaluation of the Results 

The feed in of sub-frequency currents from the grid into the generator of a con-
ventional turboset can excite the shaft train involved to torsional oscillations, see 
[3]. This depends largely on the prevailing frequency conditions. The excited 
torsional oscillations induce synchronous generated voltages in the generator 
stator which in turn lead to sub-frequency currents. Each of the generated 
sub-frequency currents causes in turn subsynchronous power oscillations which 
are superimposed on each other. Whether these power oscillations remain un-
changed in their effects as a function of time or decay with time depends on the 
damping factor. 

3. Conclusion 

Since several decades it is well-known that grid faults are able to excite tor-
sional oscillations of turbo set shaft trains, see [4] [5] [6] [7]. By the imple-
mentation of an increasing number of converter systems to the grid, the 
exciation mechanism will change and become more complex. According to 
this, deeper investigations in all directions are necessary, e.g. measurements of 
torsional oscillations during operation ([8] [9]), but also theoretical simulations of 
the system “Grid-Converter-electrical Generator”, see [3]. In general, the interac-
tion between the grid frequency, the natural electrical grid frequencies and the 
mechanical torsional natural frequencies has to be considered in a more effective 
way. One important question in general will be, if the well-known protection 
systems ([10]) for turbo sets are able to deal with the new grid situation without 
any restrictions. 
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