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Abstract—This paper studies the characteristics of 

subsynchronous oscillation (SSO) power propagation in power 

systems with a large-scale wind farm integration. Based on the 

instantaneous power theory, a novel definition of SSO power is 

proposed to characterize its propagation. The SSO power contains 

both DC power components and AC power components. Utilizing 

SSO power, SSO propagation is quantitatively studied in single 

oscillation source systems, and further studied in multiple 

oscillation sources systems. Theoretical analysis reveals that in 

addition to the recognized impact of line impedance, power flow 

also affects SSO power propagation significantly. Hence, 

propagation impact factor is proposed for the determination of the 

dominant influencing element. To reveal SSO power propagation 

paths in a network, shunt coefficients of DC power components 

and AC power components are expressed respectively. Test cases 

under different operating conditions and a practical case are 

carried out to demonstrate analysis and conclusions in this paper. 

 
Index Terms—power system, wind farm integration, SSO power, 

power propagation, impact factor, shunt coefficient. 

 

I. INTRODUCTION 

T is well known that the emerging type of subsynchronous 

oscillation (SSO) caused by wind farms integrated power 

grid has become one important challenge for power system 

stable operation [1-3]. Studies have shown that SSO may occur 

when wind turbine generators (WTGs) are connected to series 

compensations or weak AC networks [4-5]. 

In 2009, the first WTGs related SSO event appeared in Texas, 

USA. It was caused by the interaction between the control of 

doubly-fed induction generator (DFIG) and fixed series 

compensation, leading to tripping of numerous WTGs and 

damage to their crowbar circuits [6-7]. In 2015, SSOs, 

originated from large-scale wind farms in the northern area of 

Xinjiang, China, propagated to the turbo generators more than 

300km away through multiple voltage levels [8-9]. It is thus of 

great importance to study the propagation characteristics of 
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SSO, which can deepen the understandings of SSO propagation 

mechanism and provide a basis for the monitoring and control. 

The generation mechanism of SSO caused by grid-connected 

wind farms has been intensively studied in recent years. 

Research suggests that the intrinsic mechanism of SSO in series 

compensated DFIG based wind farm systems is the negative 

damping characteristics of DFIGs at subsynchronous 

frequencies [10-12]. The oscillations originated from 

permanent magnet synchronous generator (PMSG) based wind 

farms can spread to turbo generators in distant grids [5], [13]. 

This SSO generation is due to the capacitive impedance 

characteristics with negative resistance of the PMSGs’ 

controllers at subsynchronous frequencies. When PMSGs are 

connected to weak AC grid, an electrical resonant loop will be 

formed, and SSO will occur due to the negative damping effect. 

Existing literature on the SSO propagation generally 

concentrates on i) studying the propagation mechanism of SSO 

[14], ii) defining the concept of subsynchronous power [15-18], 

iii) identifying the influencing elements of SSO propagation [19] 

and iv) determining the propagation path of SSO [20]. Gong Y 

et al. find that the oscillating current propagates along the 

weakly damped channel in the synchronous generator-based 

system [14]. The concept of subsynchronous power using 

conventional power theory based on the average value is 

proposed in [15]. The defined subsynchronous power is applied 

to the real-time determination of wind farms contributing to 

SSO. [16] proposes a framework to identify the origin of SSO 

through sub/super-synchronous power flows. In terms of 

instantaneous power definition, Akagi et al. introduced the 

instantaneous power theory in the early 1980s, based on the 

instantaneous value, applied to non-sinusoidal circuits and 

various transition processes [17-18]. Wen Z et al. propose an 

oscillation propagation factor, obtained only by the system 

transfer function matrix, which can represent the propagation 

characteristics of SSO [19]. In [20], the shunt coefficient which 

can characterize the SSO propagation path is proposed. This 
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coefficient represents the propagation path of subsynchronous 

current, which is completely determined by system impedance 

frequency characteristics. 

Because SSO has a great impact on the stable operation of 

wind integrated power systems, further research on SSO 

propagation mechanism is required. The concept of 

subsynchronous power proposed by [15] is applied to SSO 

source detection. This method is easy to implement and requires 

limited computational burden. However, the AC power 

components at the subsynchronous and supersynchronous 

frequencies are not included. The sub/super-synchronous 

power flows in [16] didn’t consider the power generated by the 

voltages and currents having dissimilar frequencies. In practice, 

AC power components have a great impact on SSO propagation 

and thus, they need to be pinpointed in defining SSO power. In 

terms of elements affecting propagation and propagation paths, 

previous research only considers system impedance frequency 

characteristics. In SSO events, long-distance and cross-voltage-

level propagation of SSO is obviously beyond traditional 

cognition, which thinks SSO propagation is a local issue. 

Besides, oscillation propagation has been previously analyzed 

only in single oscillation frequency source systems [14-15, 19-

20]. The propagation mechanism of multiple oscillation sources 

considering the coupling effects of different frequency 

components has not yet been studied. 

To fill the research gap, this paper studies the characteristics 

of SSO power propagation in wind integrated power systems. 

The novel definition of SSO power including both DC 

components and AC components is proposed based on the 

three-phase instantaneous power theory. It also considers the 

supersynchronous power component in the asymmetrical 

operation system. By using the fundamental frequency power 

flow propagation for reference, SSO propagation mechanism is 

studied from the perspective of power flow and impedance 

characteristics. Thus, the impact factor and shunt coefficient are 

proposed to analyzing the propagation of the components in 

SSO power. Test cases are conducted on systems with single 

oscillation source and multiple oscillation sources. 

The major contribution of this paper is as follows: (1) 

Considering the AC power component and asymmetrical 

system operation deepens understandings of SSO power. (2) 

The SSO propagation characteristic with multiple oscillation 

sources in wind farms is revealed based on the definition of 

SSO power. (3) This paper has found that the propagation is 

affected by both power flow and line impedance characteristics, 

which is different from the traditional understanding. 

The remainder of this paper is organized as follows. Section 

II defines SSO power with a single oscillation source. Then the 

expression of SSO power is further studied in Section III. 

Section IV analyzes elements affecting SSO power propagation 

and defines the SSO propagation impact factor and propagation 

shunt coefficient. Section V verifies the obtained conclusions 

by the theoretical analysis by time-domain simulations. Brief 

conclusions are drawn in Section VI. 

II. THE SSO POWER WITH A SINGLE OSCILLATION SOURCE 

A. Building SSO propagation principle model 

Based on analyzing post-fault data of SSO events in wind 

integrated power systems, WTGs, with negative damping effect 

or external periodic disturbances, output oscillation energy to 

the system. According to the oscillation energy flow method 

[21], the component producing energy has a negative 

contribution to the damping and is considered as the oscillation 

source. Therefore, the wind farm outputting oscillation energy 

is simplified as an oscillation source when we building the 

principle model. Under small disturbance, the oscillation 

phenomenon will appear in the wind farm, and the oscillation 

divergence speed is related to system damping. Thus, the 

influence of system damping is reflected in the equivalent 

model of the wind farm. 

Fig.1. shows two combinations of fundamental and 

subsynchronous frequency power sources. u0, i0 are the 

fundamental voltage source and current source; uSS, iSS are the 

subsynchronous voltage source and current source. To express 

SSO power more concisely, this paper adopts two voltage 

sources in series in Fig.2. 

SSu

0u

 

0i SSi

 
(a) (b) 

Fig. 1.  Combinations of power sources 

The principle model of a wind farm integrated system with a 

single oscillation source is shown in Fig.2. The equivalent wind 

farm is in the dotted box. The network part is simplified to make 

the expression of SSO power concise to analyze the SSO 

propagation characteristics. u0(t) is the voltage source with 

frequency ω0 which represents wind farm outlet fundamental 

frequency voltage, uSS(t) is the voltage source with frequency 

ωSS, representing the internal oscillation source of the wind 

farm. u(t) is the voltage of the system’s PCC. There are n 

transmission lines after the PCC. The ending node voltage of 

the lth line is ul(t) and the current of the lth line is il(t). 
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Fig. 2.  SSO propagation principle model with a single oscillation source 

The three-phase fundamental and subsynchronous frequency 

voltages are shown in (1). Then, the three-phase fundamental 

and subsynchronous frequency currents of the lth branch of the 

system’s PCC can be expressed by (2). 
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 (2) 

Where U0, I0 are the fundamental frequency voltage and current; 

USS, ISS are the subsynchronous frequency voltage and current; 

θ0, α0 are the phase angles of fundamental frequency voltage 

and current; θSS, αSS are the phase angles of subsynchronous 

frequency voltage and current; σ is the damping of SSO. 

Then, the PCC’s three-phase voltages and the lth branch’s 

three-phase currents can be obtained in (3). 
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B. Expression of instantaneous power 

The three-phase instantaneous power at the starting point of 

the lth line is in (4). 
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Taking phase A instantaneous power as an example, it can be 

obtained by substituting (3) into (4), where ωSUP = ω0 + ωSS and 

ωSUB = ω0 ‒ ωSS. 
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 (5) 

Mainly the oscillation component contained in the 

instantaneous active power affects the power grid. When the 

subsynchronous frequency matches the natural frequency of the 

shaft modes, resonance is produced, which will reduce the 

shaft’s fatigue life and even endanger the safety of the generator 

set. Thus, three-phase instantaneous active power is the key 

research topic on the SSO propagation mechanism. 

The instantaneous power theory based on instantaneous 

value is used to analyze the three-phase instantaneous power in 

systems with SSO. According to the three-phase instantaneous 

power theory, three-phase instantaneous active power is the 

sum of the instantaneous power of each phase, equal to the 

three-phase instantaneous power, shown in (6). The 

instantaneous reactive power in each phase does not contribute 

to the total instantaneous power in the three-phase circuit. 
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 (6) 

Equation (6) indicates that power components with 

frequencies of 2ω0, 2ωSS and (ω0 + ωSS) contained in the single-

phase instantaneous power are cancelled because of phase 

symmetry. The frequency of the subsynchronous power 

component and the frequency of the subsynchronous voltage or 

current complement each other, where the sum is ω0. This result 

is consistent with analyses on practical SSO event [4]. 

C. Definition of SSO power 

As shown in (6), three-phase instantaneous active power 

consists of four items, which physical meanings are explained 

as follows. The first item is the instantaneous active power 

generated by the fundamental frequency current and voltage, i.e. 

the rate at which electric field forces, produced by the 

fundamental frequency voltage, do work on electric charges 

that make up the fundamental frequency current. The second 

and third items are the power fluctuation with a frequency of 

(ω0 ‒ ωSS), caused by the interaction of fundamental frequency 

components and subsynchronous frequency components. The 

second item is the rate at which electric field forces, produced 

by the subsynchronous frequency voltage, do work on electric 

charges that make up the fundamental frequency current. The 

physical meaning of the third item is similar to that of the 

second item. The fourth item is the active power component 

completely related to the subsynchronous voltage and current. 

This paper defines SSO power in (7) as the last three items in 

(6) related to the subsynchronous voltage and current generated 

by the SSO source. 
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 (7) 

The SSO power includes not only the DC component but also 

the AC component at (ω0 ‒ ωSS). When the damping of the SSO 

component is negative, the magnitude of the SSO power 

increases. When the damping is equal to 0, the magnitude of 

SSO power does not change with time. When the damping is 

positive, the magnitude of SSO power decays to zero. 

The above analysis is based on the three-phase symmetrical 

operating state. When the system is in an asymmetrical 

operating state, the power components of frequencies 2ω0, 2ωSS 

and (ω0 + ωSS) contained in the single-phase instantaneous 

power cannot be cancelled due to phase asymmetry. There are 

also supersynchronous components in the SSO power. The case 

of asymmetrical operation will be analyzed in the following part. 

D. SSO Power during Asymmetrical Operation 

Unbalanced loads can cause three-phase voltage unbalance. 

Voltage unbalance is a recognized power quality parameter that 

measures the asymmetry degree of system operation. Three-

phase voltage unbalance factor ε is expressed in (8). 
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 (8) 

Where UN is the RMS value of the negative sequence of the 

three-phase voltage and UP is the positive sequence; U0a, U0b 

and U0c are phase voltage vectors; a = ‒1/2 + j 3 /2. 

Take the power components in the third item of (5) as an 

example (with frequencies of ωSUP and ωSUB). When the system 

is in an asymmetrical operating state, they can be expressed by 

(9) and (10). 
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Where φa, φb and φc are three-phase voltage phase angle 

deviations caused by asymmetrical operation. As shown in (9) 

and (10), the supersynchronous components pSUP(t) are ISSe-σt 

times of the three-phase negative voltage sequence component. 

The subsynchronous power component pSUB(t) are ISSe-σt times 

of the positive sequence component. The magnitude ratio of 

pSUP(t) to pSUB(t) can be expressed by (11). 
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Equation (11) shows that the ratio is proportional to the three-

phase voltage unbalance factor ε, which is generally smaller 

than 4% according to power quality regulation. Therefore, SSO 

power is dominated by the subsynchronous frequency 

component during asymmetrical system operation. 

III. SSO POWER WITH MULTIPLE OSCILLATION SOURCES 

The coupling relationship among wind farms with different 

parameter settings may cause multiple oscillation frequencies 

in SSO power. This phenomenon may affect the characteristics 

of SSO power propagation. When there are multiple frequency 

oscillation sources in the system, assuming that there are n 

different frequency sources, the three-phase oscillation 

frequency voltages and currents at the PCC are (12). They are 

obtained according to the circuit superposition principle. 
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Where ωSSk is the kth oscillation source’s frequency; USSk, ISSk 

are the magnitudes of the kth oscillation source voltage and 

current; θSSk, αSSk are the phase angles of the kth oscillation 

frequency voltage and current; σk is the damping of the kth 

oscillation component. 

According to the SSO power definition in Section II, SSO 

power with n oscillation sources is shown in (13). 
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Compared with the expression of SSO power with a single 

oscillation source, the power components, generated by the 

interaction between different oscillation frequency components, 

are added to the SSO power. Two oscillation sources with 

frequencies of ωSS1 and ωSS2 are taken as an example in (14). 

Compared with (7), the AC component with a frequency of 

(ωSS2 ‒ ωSS1) is added to SSO power. Since the fundamental 

frequency voltage is much larger than oscillation frequency 

voltage, the AC components with frequencies of (ω0 ‒ ωSS1) and 

(ω0 ‒ ωSS2) are still the main components in SSO power. 

Therefore, the SSO power with multiple sources can be 

approximated by (15), equal to the sum of the SSO power 

generated by each oscillation source separately. 
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When a system with multiple oscillation sources is in an 

asymmetrical operating state, the conclusion for a single 

oscillation source is still applicable. The ratio of the 

supersynchronous component (ω0 + ωSSk) to the subsynchronous 

component (ω0 ‒ ωSSk) does not exceed the three-phase voltage 

unbalance factor ε. The SSO power is mainly composed of 

subsynchronous components at the frequencies of (ω0 ‒ ωSSk). 

IV. SSO POWER PROPAGATION CHARACTERISTICS 

When the network is complex, there will be multiple 

propagation paths for SSO power. The propagation mechanism 

of AC component in SSO power is the main concern. From the 

definition of SSO power in (7), the AC component contains two 

items pSS_AC1(t)e-σt and pSS_AC2(t)e-σt. The two items’ magnitudes 

are affected by different elements. If we can obtain the 

quantitative relationship between the two items, we will know 

the element mainly affecting the SSO power propagation. After 

that, by obtaining the shunt coefficients of pSS_AC1(t) and 

pSS_AC2(t) based on their dominant elements, the AC SSO power 

on each branch can be calculated. Thus, the SSO propagation 

characteristics in a system are clarified. This section studies the 

influencing elements and propagation paths of SSO power. 

A. SSO power propagation influencing elements 

By analyzing the system with a single oscillation source 

shown in Fig.2, the influencing elements of AC and DC 

components included in the SSO power are studied respectively. 

(1) The influencing elements of AC power component 

The AC component is the power fluctuation that causes harm 

to the power grid. Equation (7) shows that the magnitude of the 

AC component is determined by USSI0 and U0ISS. Wind farm 
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output voltage U0 and oscillation source voltage USS have small 

fluctuation ranges under different working conditions. Thus, I0 

and ISS determine the magnitude of the AC power components. 

In the following qualitatively analysis of influencing elements, 

the damping σ are not included. 

The fundamental current I0 is proportional to the fundamental 

active power flow. The fundamental voltage U0 does not change. 

So, I0 is mainly related to the fundamental power flow. The 

subsynchronous current ISS is analyzed next. The 

subsynchronous voltage drop on the lth branch is shown in (16). 

 
   

( ) ( ) ( )

cos cos

SS SS lSS

SS SS SS lSS SS lSS

u t u t u t

U t U t   

  

   
 (16) 

The voltage magnitudes at two terminals of the branch USS 

and UlSS are close. The magnitude is assumed to be USS, which 

is reasonable because the voltage drop on the line in the 

practical power system is small. 

The magnitude of the voltage drop can be expressed by (17). 

 2 sin
2

SS lSS
SS SSU U

  
   

 
 (17) 

Thus, the magnitude of the subsynchronous current can be 

expressed by (18). 

  2 sin
2

SS lSS
SS SS SSI U Z

 


 
  

 
 (18) 

Where Z(ωSS) is the impedance of RLC line at SSO frequency 

ωSS. Equation (18) indicates that the magnitude of SSO current 

is mainly affected by line impedance. 

From the above analysis, the magnitude USSI0 of pSS_AC1(t) is 

mainly affected by power flow. SSO power propagating in the 

branch will increase as the fundamental power flow in this 

branch increases. The magnitude U0ISS of pSS_AC2(t) is mainly 

affected by line impedance. The smaller the line impedance is 

at ωSS, i.e. the closer the line resonant frequency is to ωSS, the 

more the SSO power propagates in the branch. 

(2) The influencing elements of the DC power component 

Equation (18) indicates that ISS is mainly affected by line 

impedance. Therefore, USSISS of the DC component in the SSO 

power is affected by line impedance. 

In summary, the propagation of AC components is affected 

by both power flow and line impedance, but the propagation of 

DC component is only related to the line impedance. 

B. Impact factor of SSO power propagation 

This subsection compares the capabilities of these two 

elements influencing SSO power propagation. The impact 

factor of SSO power propagation is proposed to quantitatively 

determine which influencing element has a dominant impact 

under different operating conditions. The magnitude ratio of 

pSS_AC1(t) to pSS_AC2(t) in (7) is proportional to the ratio of line 

impedance at ωSS to line impedance at ω0, as shown in (19). 

 
 

 
1 0

1 0 2 0

2 0 0

= =
SSt t SS SS

SS SS SS SS

SS SS

ZA U I
A U I e A U I e

A U I Z

 




   ， ，  (19) 

Therefore, the impact factor IFSS of SSO power propagation 

is defined as the ratio of line impedance at ωSS to line impedance 

at ω0, as shown in (20). 

    0=SS SSIF Z Z   (20) 

During the subsynchronous range from 2.5Hz to 50Hz, the 

frequency impedance characteristic of a RLC transmission line 

is shown in Fig.3. The lowest point of the curve is at line 

resonance frequency. When ωSS is in the frequency range of 

green area, line impedance at ωSS is bigger than that at ω0. 

Otherwise, line impedance at ωSS is smaller. 

When line impedance at ωSS is bigger than that at ω0, IFSS is 

greater than 1 and pSS_AC1(t) is dominant in SSO power. In this 

situation, SSO power propagation is mainly affected by power 

flow. When the resonant frequency of the line is close to ωSS, 

the line impedance at ωSS is close to 0 and ISS is relatively large. 

In this case, IFSS is close to 0 and SSO power is mainly 

composed of pSS_AC2(t). SSO power propagation is mainly 

affected by line impedance. The summary of the impact factor 

is in Table I. 
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Fig.3  Frequency impedance characteristic of a RLC transmission line 

TABLE I 
THE IMPACT FACTOR OF SSO POWER PROPAGATION 

Impact 
Factor 

Line impedance 
The SSO power 

magnitudes 
The dominant 

influencing element  

1SSIF   
0( ) ( )SSZ Z   

1 2SS SSA A  Power flow 

1SSIF   
0( ) ( )SSZ Z   

1 2SS SSA A  Line impedance 

C. Shunt coefficient of SSO power propagation 

The shunt coefficient of SSO power propagation is proposed 

considering the aforementioned two influencing elements. The 

coefficient can quantitatively characterize SSO propagation 

path. In another word, the shunt coefficient of a branch is the 

ratio of the SSO power through this branch to the sum of SSO 

power through all branches. Each branch has its own shunt 

coefficient. The value of SSO power through a branch can be 

calculated by this coefficient. The propagation paths of the DC 

and AC components are studied as follows. 

(1) The shunt coefficient of the DC component in SSO power 

Since the propagation of DC component is determined by 

line impedance, the shunt coefficient of the DC component is 

defined in (21), where Zl(ωSS) is the impedance of the lth branch 

at ωSS. 

    
1 1

n n
l l i

dc SS SS l SS i SS

i i

KP I I Z Z 
 

    (21) 

(2) The shunt coefficient of the AC component in SSO power 

From the previous analysis on the impact factor, the 

magnitude of pSS_AC1(t) is determined by power flow. The 

magnitude of pSS_AC2(t) is determined by line impedance. 

Therefore, shunt coefficients of these two can be expressed in 

(22). Pl
0 is the fundamental active power on the lth branch. 
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    1 0 0 0 0 2

1 1 1 1

n n n n
l l i l i l l i

SS SS l SS i SS

i i i i

K I I P P K I I Z Z 
   

      ，  (22) 

The magnitudes A1 and A2 of pSS_AC1(t) and pSS_AC2(t) at PCC 

can be expressed by (23). The damping σ is not included 

because it will be cancelled in the calculation. 

 1 0 0 2 0 0

1 1

n n
i i

SS SS SS SS

i i

A U I U I A U I U I
 

    ，  (23) 

The phase difference between pSS_AC1(t) and pSS_AC2(t) in (7) 

is (θ0 ‒ α0) + (θSS ‒ αSS). (θ0 ‒ α0) is the angle between the 

fundamental voltage and the fundamental current at PCC, i.e. 

the power factor angle ψ0. (θSS ‒ αSS) is close to 90° because the 

transmission line is generally inductive. The magnitude of the 

AC power component through the lth branch can be gained by 

(24). 

    
2 2

_ 1 1 2 2 0 2 2 0sin cosl l l l l l

SS ACA K A K A K A     (24) 

Then, the shunt coefficient KPl
ac of the AC component in 

SSO power is defined as the ratio of the AC component through 

the lth branch to the sum of the AC components through all 

branches. The KPl
ac definition is shown in (25). 

    

   

2 2

1 1 2 2 0 2 2 0_

2 2

_ 1 1 2 2 0 2 2 0

1 1

sin cos

sin cos

l l l l ll

SS ACl

ac n n
i i i i i i

SS AC

i i

K A K A K AA
KP

A K A K A K A

 

 
 

 
 

  

 (25) 

The calculation of shunt coefficient can reveal the 

propagation characteristics of different oscillation frequency 

components in the SSO power. The propagation path of DC 

component can be used in SSO source detection. The 

propagation path of AC component can guide SSO mitigation 

strategies. 

D. Propagation with multiple oscillation sources 

From (15), SSO power with multiple oscillation sources is 

approximated as the sum of the SSO power with each single 

oscillation source. The impact factors vary at different 

oscillation frequencies, so are the shunt coefficients. Therefore, 

by using the superposition theorem, we can study the 

propagation characteristics with multiple oscillation sources by 

studying each oscillation frequency component’s propagation. 

V. CASE STUDIES 

In this section, two representative systems are established to 

validate the proposed SSO power propagation characteristics. 

Time-domain simulations are built on PSCAD/EMTDC.  

A. Single oscillation source simulation 

DFIG
Line 2

0.69kV/

35kV

35kV/ 

345kVRL35 XL35

ZL345

ZL345

Line 3

DFIG-based wind farm

Series compensated 

Line 1

RL345 XL345 C Equivalent 

AC system

DFIG

 
Fig.4  The system model of a DFIG-based wind farm connected to the grid 

through a series compensation line 

Considering practical SSO events, a single oscillation source 

system model is shown in Fig.4. DFIGs are connected to the 

grid through 0.69kV/35kV transformers. The power from the 

wind farm is transmitted through a 35kV/345kV step-up 

transformer and a series-compensated line. After that, two lines 

with the same impedance are connected to two equivalent AC 

systems. The DFIG-based wind farm consists of 1000 identical 

DFIGs with a rated power of 1.5 MW. The impact of power 

flow and line impedance on SSO power propagation is studied. 

Besides, an asymmetrical system operation state is simulated. 

(1) Impact of power flow (IFSS > 1) 

Lines 2 and 3 send 1000 MW and 500 MW of fundamental 

frequency active power respectively. The series compensation 

is installed on the transmission line at 10s. Then the SSO occurs 

in the system. In this case (IFSS = 1.7), the line resonance 

frequency is away from the SSO frequency (ωSS = 7Hz). 

Fig.5(a) shows the phase A current of Line 1 and its WFFT 

spectrum result. Fig.5(b) shows the three-phase instantaneous 

active power and its WFFT spectrum result. The frequency of 

the subsynchronous component in the instantaneous active 

power and the frequency of the subsynchronous current 

complement each other, where the sum is equal to 50Hz. The 

power output from the wind farm propagates to Lines 2 and 3. 

After series compensation is installed, the power starts to 

oscillate and its oscillation amplitude increases gradually. From 

Fig.5(b), the SSO power at 43Hz (ω0 ‒ ωSS) is propagating in 

the system. Line 2 transmits 51.8MW more SSO power than 

Line 3. The line that delivers more fundamental frequency 

active power transmits more SSO power. The shunt coefficients 

KP2
ac and KP3

ac of the two lines are calculated to be 0.66 and 

0.34 by substituting system parameters into (25). The 

simulation results are 0.66 and 0.34, consistent with theoretical 

shunt coefficients KP2
ac and KP3

ac. 
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(a)  Line 1 phase A current and its WFFT spectrum analysis 
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(b)  Three-phase instantaneous active power and its WFFT spectrum analysis 

Fig.5  Impact of power flow on SSO power with a single oscillation source 

(2) Impact of line impedance characteristics (IFSS < 1) 

To study the impact of line impedance on SSO power 

propagation, the fundamental power flow is maintained the 

same. Line 3 installs a series capacitor and its resonant 

frequency becomes close to the SSO frequency and IFSS = 0.1. 

The simulation results are shown in Fig.6. Although Line 3 

transmits 500MW less fundamental power than Line 2, the SSO 

power through Line 3 is 94.4MW more than that through Line 

2. When the resonant frequency of Line 3 is close to the SSO 
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frequency, the impedance of Line 3 at the SSO frequency is 

much smaller than that at the fundamental frequency, where 

Z(ω0) is 10.4 times bigger than Z(ωSS). In this case, the line 

impedance characteristic plays a leading role in SSO power 

propagation. The ratio of AC SSO power on Line 3 to the total 

AC SSO power of the two transmission lines is 0.83, consistent 

with the theoretical result KP3
ac. 
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(a)  Line 1 phase A current and its WFFT spectrum analysis 
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 (b)  Three-phase instantaneous active power and its WFFT spectrum analysis 
Fig.6  Impact of line impedance on SSO power with a single oscillation source 

 

(3) Influence of asymmetrical operation 

The three-phase voltage is set to 10% unbalance by adjusting 

the three-phase load. The simulation results before and after the 

adjustment are shown in Fig.7. In addition to the power 

component with an oscillation frequency of 43Hz (ω0 ‒ ωSS), 

there are also the two power components of 57 Hz (ω0 + ωSS) 

and 14Hz (2ωSS). The amplitude ratio of the 57 Hz power 

component to the 43Hz power component is close to 10%, 

which is consistent with the theoretical analysis. 
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(a)  Three-phase instantaneous active power 
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 (b)  WFFT spectrum analysis of the active power 

Fig.7  Impact of asymmetrical operation on SSO power 

B. Multiple oscillation sources simulation 

Time-domain simulations are conducted on a system of two 

PMSG-based wind farms connected to a weak power grid, 

shown in Fig.8. Both wind farms contain 400 PMSGs with the 

rated power of 5MW. The PMSGs are connected to the 35kV 

bus through 0.69/35kV transformers. Then, the wind power is 

transmitted to the 345kV substation through the 35kV Line 1. 

After that, two transmission lines (Line 2 and Line 3) with the 

same impedance are connected to the AC systems. 

PMSG-based 

wind farm 2
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Fig.8  System model of a PMSG-based wind farm connected to a weak grid 

(1) Influence of power flow (IFSS > 1) 

Line 2 and Line 3 are set to send 2300MW and 1700MW of 

fundamental frequency active power respectively. Two 

subsynchronous currents (ωSS1=10Hz and ωSS2=16Hz) are 

injected into the two wind farms respectively to excite the SSO 

at 10s. The impact factors of the two oscillation frequency 

components are both larger than 1 (IFSS1=15.4 and IFSS2=9.2).  
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(a)  Line 1 phase A current and its WFFT spectrum analysis 
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(b)  Three-phase instantaneous active power and its WFFT spectrum analysis 

Fig.9  Impact of power flow on SSO power with multiple oscillation sources 

Fig.9 shows simulation results with two oscillation sources 

before and after the disturbance. The output of the active power 

on each line diverges rapidly and develops into an undamped 

oscillation. The subsynchronous active power mainly contains 

two components with oscillation frequencies of 34Hz and 40Hz. 

The frequencies of the oscillation power and those of the 

currents are complementary. By analyzing different oscillation 

frequency components, we can find that the propagations of 

34Hz and 40Hz power components are both dominated by 

power flow. There are 600MW more fundamental frequency 

power flow, 75.9MW more 34Hz SSO power component, and 

89.7MW more 40Hz SSO power component on Line 2. Two 

frequency power components’ shunt coefficients vary because 
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line impedances and subsynchronous current amplitudes vary 

at different frequencies. Theoretical results for the different 

frequency power components through Line 3 are 0.41 (34Hz) 

and 0.39 (40Hz), consistent with simulation results. 

(2) Influence of line impedance characteristics (IFSS < 1) 

In this case, the impact of line impedance characteristics on 

the SSO power is studied. The fundamental power flow is 

maintained the same and Line 3 installs a series capacitor and 

its resonant frequency is 10Hz. The impact factors of two 

oscillation frequency components are both smaller than 1 

(IFSS1=0.03 and IFSS2=0.2, when ωSS1=10Hz, ωSS2=16Hz). 

Simulation results in Fig.10 show that Line 3 transmits 

64.8MW more SSO power component at 34Hz and 94.1MW 

more SSO power component at 40Hz than Line 2, while Line 3 

transmits 600MW less fundamental power. It verifies that these 

two SSO power components are dominated by line impedance. 

Line 3’s shunt coefficient theoretical results are 0.59 (34Hz) 

and 0.63 (40Hz), consistent with simulation results. 
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(a)  Line 1 phase A current and its WFFT spectrum analysis 
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(b)  Three-phase instantaneous active power and its WFFT spectrum analysis 

Fig.10  Impact of line impedance on SSO power with multiple oscillation 

sources 

C. Practical case verification 

The theory in this paper is applied in a practical case as 

follows. In the northern area of Xinjiang, China, sustained 

power oscillations at subsynchronous frequency originated 

from direct-drive PMSG based wind farms and spread far to the 

external power grids. Because of the propagation of SSO power, 

the nearby turbogenerators were stimulated intense torsional 

vibration. The one-line diagram of this system is illustrated in 

Fig.11, which simplifies the main grid in Xinjiang to highlight 

the issue concerned [5]. 

As shown in Fig.11, PMSG based wind farms located in 

MWest, MEast and NMH are connected to SB substation 

through 220kV long-distance transmission line. Then the wind 

power is transmitted to Hami substation through 220kV double 

circuit lines, where the voltage is stepped up to 750kV. In 750 

kV grid, there are two thermal power plants and a HVDC 

transmission line connected to the TS substation. Other parts of 

this grid are simplified to Gird A, B and C without showing 

their subordinate lower voltage grids. 
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Fig.11  One-line diagram of the practical case in Xinjiang suffering SSO 

Under a normal condition, the fundamental frequency power 

flow is shown in Fig.11. During a SSO event observed under 

this operation condition of the system, the oscillatory active 

power with a frequency of 26.95Hz started to diverge and soon 

entered in a state of sustained oscillation. According to the 

theory in this paper, the impact factor of the oscillation 

frequency is smaller than 1, because the transmission lines in 

this system have no series compensation. SSO power 

propagation in this practical case is mainly affected by line 

impedance. 

Theoretical results of the shunt coefficient of each 

transmission line are listed in Table II. It shows that most of the 

SSO power propagated to the thermal power plants connected 

to TS. This is consistent with the real phenomenon that the 

turbine generators in this thermal power plants were stimulated 

intense torsional vibration. 
TABLE II 

THE SHUNT COEFFICIENTS OF SSO POWER PROPAGATION 

Hami to Grid A Hami to Grid B Hami to TS 
TS to 

HVDC 

0.048 0.094 0.858 0.012 

TS to Thermal 

power plant 1 

TS to Thermal 

power plant 2 
TS to Grid C 

0.517 0.263 0.208 

VI. CONCLUSION 

This paper has presented a new definition of SSO power and 

revealed the SSO propagation characteristics by discussing the 

dominant influencing element and calculating the propagation 

paths. This paper has shown that SSO power contains 

subsynchronous components and DC component when the 

system is operating symmetrically. It also contains 

supersynchronous components in system asymmetrical 

operation. The propagation of AC components in the SSO 

power is affected by both fundamental frequency power flow 

and line impedance. The dominant influencing element is 

determined by the relationships between line impedances at 

oscillation and fundamental frequencies. The shunt coefficient 

is proposed to calculate the propagation path of the SSO power. 

Analysis with multiple oscillation sources indicates that the 

propagation paths of different frequency components in the 

SSO power are various in the same network. The correctness of 

the theoretical analyses is verified with both single oscillation 

source and multiple oscillation sources. 
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