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 

Abstract—The rotor structure varies with different types of wind 

power induction generator (WPIG), which leads to their different 

dynamic behaviors during power system disturbances. This paper 

proposes a generic implementation framework of explicit damping 

torque analysis to investigate the damping mechanisms of power 

system integrated with induction generator based wind power 

generation, so that the essential difference and inner connection 

between two main types of WPIG (i.e., DFIG and FSIG) in 

damping power system oscillation can be revealed. The linearized 

models which can represent DFIG and FSIG as well as three 

transitional wound rotor generators are established to facilitate 

the analytical comparison analysis. Phillips-Heffron system 

linearized model is employed to derive an explicit expression of 

damping torque contribution from main dynamic components of 

WPIGs. In the paper, 16-machine 5-area NYPS-NETS example 

system is used for the demonstration of proposed framework and 

comparison analysis. Both damping effectiveness and robustness 

of different WPIGs are extensively examined under multiple 

operating status, in order to provide useful guidance to system 

planner for the real-time operation of induction generator based 

wind generation.  

Index Terms—Damping torque analysis, DFIG, FSIG, model 

transformation, Phillips-Heffron model, wind power generation. 

I.  INTRODUCTION 

A.  Background and Motivation  

NDUCTION generator based wind power generation has 

been dominating the wind market since the rise of wind 

power industry at the end of last century and will be 

continuously in a favorable position for large-scale grid 

connection given its lower cost and more mature technology 

compared with other wind generation for the foreseeable future 

[1]. Fixed-speed induction generator (FSIG-Type 1 Wind Gen 

Model) and doubly-fed induction generator (DFIG-Type 3 

Wind Gen Model) are two main types of induction generator 

adopted for wind power generation especially considering the 

fact that DFIG is the most frequently-used technology to date.  

    The increasing penetration of wind power generation has 

significantly affected power system dynamics, e.g., system 

inertia, which has become smaller but more changeable 

depending on the wind penetration conditions. Moreover, due 

to the difference in rotor structures and excitation principles, 
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FSIG and DFIG possess different dynamic behaviors during 

system disturbances and hence impact the power system 

dynamics differently, which has posed a big challenge for the 

real-time system operation and therefore deserves a careful 

investigation.  

B.  Literature Review 

    The impact of the integration of FSIG and DFIG on power 

system oscillation stability have been extensively examined 

from early this century. A comprehensive study regarding the 

influence of FSIG on power system oscillation is presented in 

[2] by modal analysis, which considers multiple impact factors 

including length of transmission interface, load condition, wind 

penetration level and wind farm configuration etc. It is 

concluded that in most cases FSIG introduces a negative 

damping to the system and additional reactive power 

compensation could mitigate the negative impact of FSIG on 

oscillation stability. This conclusion is supported by modal 

analysis in [3] but contradicted by [4]. Compared with FSIG, 

DFIG is comparatively new and has a more flexible control in 

active and reactive power, and thus most of research efforts are 

devoted to the grid connection study of DFIG in recent decade. 

Various case studies have been implemented to address 

different aspects of DFIG in affecting the oscillation stability 

such as integration method [4]-[9], inertia or other sensitivity 

based approach [10][12], reactive power/voltage control [13]-

[17], operating condition [18], virtual inertia control [19]-[21], 

additional damping control [22]-[32] and external energy 

storage system [33][34].  

    It can be seen from the above review that: 1. Most of the 

existing research is actually case-by-case observation by using 

the two common ‘computation’ methods (modal analysis & 

time domain simulation), and thus the essential reason for 

inconsistent study results with different preconditions cannot be 

effectively and convincingly investigated by these two ‘black 

box’ methods. No proper theoretical method is seen so far to 

clearly reveal the essential damping mechanism of power 

system oscillation stability as affected by FSIG and DFIG; 2. 

Most of the published research tends to study the grid impact of 

FSIG and DFIG separately and there is no systematic analytical 

theory to compare the damping effectiveness and robustness of 

these two wind power induction generators (WPIGs) and dig 

deeper information about their essential difference and inner 
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connection in affecting power system oscillations, which will 

certainly provide a better understanding of their individual 

damping mechanisms.  

C.  Contribution and Structure of This Paper 

    Taking account of the points above, a generic methodology 

to analyze the damping mechanisms of different WPIGs is 

proposed in this work, with the aim of giving a physical insight 

that how the different rotor structures and excitation systems of 

FSIG and DFIG affect their damping mechanisms. The major 

contributions of the work can be summarized as follows: 1. A 

generic and explicit analytical method for damping torque 

analysis of different WPIGs is proposed, which is based in 

frequency domain but capable of providing deeper 

understandings about damping mechanisms than modal 

analysis. Although the focus of this paper is on FSIG and DFIG 

and the comparison of their different excitation systems, the 

proposed method can accommodate the case of DFIG with 

external damping controllers and also it can be further 

developed to assess the full-converter decoupled generator 

(Type 4 Wind Gen Model), which will be addressed in the 

future work; 2. Two typical linearized models and explicit 

transfer functions of WPIGs (i.e., DFIG and FSIG) are 

established to facilitate the detailed investigation and 

comparison of damping mechanisms; 3. Unlike above-

mentioned numerical comparison (case-by-case study), a purely 

analytical comparison of damping mechanisms between 

different WPIGs is implemented and their essential difference 

and inner connection in damping mechanisms are revealed. 

Some significant empirical conclusions regarding damping 

effectiveness and robustness of the two typical WPIGs have 

been rigorously proved in an analytical manner for the first time. 

    The rest of paper is organized as follows. In Section II, a 

general implementation framework of explicit damping torque 

analysis of Phillips-Heffron model based multi-machine power 

system is presented. Hence, the closed-form solution of 

damping torque contribution from the main internal dynamic 

components of wind generators to each synchronous generator 

can be derived. Then in Section III, the explicit linearized 

models of different WPIGs are proposed to accommodate the 

analytical comparison on the impact mechanisms of DFIG and 

FSIG, where FSIG is treated as a special case of DFIG with 

rotor side short-circuit (i.e., rotor voltage equal to zero). In 

Section IV, the proposed methodology is demonstrated in a 16-

machine test system and then employed to testify the 

conclusions of comparison analysis from Section III under 

different wind penetration conditions. Time domain simulation 

is employed to prove the accuracy of the proposed methodology 

in frequency domain. 

II.  GENERIC IMPLEMENTATION FRAMEWORK OF EXPLICIT 

DAMPING TORQUE ANALYSIS OF PHILLIPS-HEFFRON MODEL 

BASED MULTI-MACHINE POWER SYSTEM WITH WPIGS 

Based on the derivation in Appendix A, the explicit Phillips-

Heffron linearized model of a multi-machine power system 

considering the algebraic interface equations of WPIGs can be 

established in (1), where state variables ( ∆𝜹,

∆𝝎, ∆𝑬𝒒
′
 and ∆𝑬𝒇𝒅 ) and matrix elements 

( 𝝎𝟎, 𝑴,𝑫,𝑲𝟏~𝑲𝟔, 𝑻𝒅𝟎, 𝑲𝑨 and 𝑻𝑨 ) of synchronous 

generators (SGs) are defined in Chapter 3.1 of [35], ∆𝒔, ∆𝑬𝒅 

and ∆𝑬𝒒 is the vector of variation of slip and direct/quadrant-

axis electromotive force of WPIGs, and the rest elements 

(𝑲𝝎𝟏, 𝑲𝝎𝟐, 𝑲𝝎𝟑, 𝑲
𝑬𝒒
′
𝟏
, 𝑲

𝑬𝒒
′
𝟐
, 𝑲

𝑬𝒒
′
𝟑
, 𝑲𝑬𝒇𝒅𝟏

, 𝑲𝑬𝒇𝒅𝟐
 and 𝑲𝑬𝒇𝒅𝟑

) 

are calculated in Appendix A. According to (1), it can be noted 

that: 1. The linearized model presented in (1) is an open-loop 

system with ∆𝒔, ∆𝑬𝒅 and ∆𝑬𝒒  as its control variables, since the 

internal dynamics of WPIGs is not included. Hence, (1) is also 

named system-side linearized model in this paper; 2. Only the 

state variables of induction generator (∆𝒔, ∆𝑬𝒅 and ∆𝑬𝒒) have 

a direct impact on the system damping and other state variables 

(e.g., state variables of DFIG converter controllers) affect 

system via ∆𝒔, ∆𝑬𝒅 and ∆𝑬𝒒. For FSIG, ∆𝒔 does not directly 

contribute to the system damping either since FSIG rotor is a 

closed circuit and thus physically separate from the grid. 

However, to keep a consistent form for the demonstration of  
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Fig. 1.  System-side linearized model diagram of power system integrated with 

WPIGs.     
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Fig. 2.  Representation of WPIG internal dynamics in frequency domain. 

    

WPIG, ∆𝒔  can be retained in (1) but with 𝐾𝜔1 = 𝐾
𝐸𝑞
′
1
=

𝐾𝐸𝑓𝑑1 = 0. The linearized model in (1) is illustrated by Fig. 1 

in frequency domain and 𝑝 is the frequency domain operator.  

    The internal dynamics of WPIG includes that of induction 

generator and converter controllers (if DFIG), which can be 

described by a set of first-order differential equations. In 

frequency domain, these equations can be converted and 

presented in the form of a SIMO controller as shown in Fig. 2, 

which will be explained in details in Section III. The input of 

the controller (∆𝑉𝑤) is terminal voltage associated with WPIG 

bus, and the outputs of the controller (∆𝑠, ∆𝐸𝑑  and ∆𝐸𝑞) are 

three state variables of WPIG as mentioned in (1). Without 

losing generality, the transfer function is written in a general 

format as 𝐺𝑊𝑃𝐼𝐺(𝑝) = [𝐺𝑠(𝑝), 𝐺𝐸𝑑(𝑝), 𝐺𝐸𝑞(𝑝)]
𝑇

, which can 

represent any type of WPIG. The full representation of 

𝐺𝑊𝑃𝐼𝐺(𝑝) will be derived in Section III based on the internal 

dynamics of different types of WPIG.     

    Fig. 1 and Fig. 2 form a closed-loop linearized system with a 

clear physical insight. If any system disturbance happens 

(represented by ∆𝑉𝑤), there should be a dynamic response from 

WPIG (reflected by ∆𝑠, ∆𝐸𝑑 and ∆𝐸𝑞). Then ∆𝑠, ∆𝐸𝑑  and ∆𝐸𝑞 

will in turn impact SGs and hence the system according to Fig. 

1. It can be seen that the internal dynamics (i.e., 𝐺𝑊𝑃𝐼𝐺(𝑝)) of 

WPIG determines its dynamic response and plays a critical role 

in the dynamic interaction. Therefore, different internal 

dynamics is actually considered to be the major cause for 

different types of WPIG to have different damping mechanisms, 

which is carefully compared and investigated in this work. 

    Based on the models given in Fig. 1 and Fig. 2, a generic 

implementation framework of damping torque analysis to 

evaluate the damping torque contributions from different 

internal dynamic components of WPIGs and their impact on the 

system critical oscillation mode is proposed as follows. 

    The forward path from ∆𝒔 , ∆𝑬𝒅  and ∆𝑬𝒒  to the 

electromechanical oscillation loop of SGs can be obtained from 

Fig. 1  

{
 
 

 
 𝑭𝒘𝒔(𝑝) = 𝑲𝑭(𝑝) [(𝒑𝑻𝑨 + 𝑰)

−𝟏𝑲𝑨𝑲𝒇𝒅𝟏 + 𝑲𝑬𝒒
′ 𝟏] − 𝑲𝝎𝟏

𝑭𝒘𝑬𝒅(𝑝) = 𝑲𝑭(𝑝) [(𝒑𝑻𝑨 + 𝑰)
−𝟏𝑲𝑨𝑲𝒇𝒅𝟐 + 𝑲𝑬𝒒

′ 𝟐] − 𝑲𝝎𝟐

𝑭𝒘𝑬𝒒(𝑝) = 𝑲𝑭(𝑝) [(𝒑𝑻𝑨 + 𝑰)
−𝟏𝑲𝑨𝑲𝒇𝒅𝟑 + 𝑲𝑬𝒒

′ 𝟑] − 𝑲𝝎𝟑

 (2) 

where 𝑲𝑭(𝑝) = 𝑲𝟐[(𝑝𝑻𝒅𝟎+𝑲𝟑) + (𝑝𝑻𝑨 + 𝑰)
−𝟏+𝑲𝑨𝑲𝟔]

−𝟏 , 

and 𝑭𝒘𝒔(𝑝), 𝑭𝒘𝑬𝒅(𝑝)  and 𝑭𝒘𝑬𝒒(𝑝)  are three 𝑚 × 𝑙  matrices, 

assuming there are totally 𝑚 SGs and 𝑙 WPIGs in the system. 

Hence, the electric torque provided by the main dynamic 

components of WPIGs to electromechanical oscillation loop of 

SGs is 

                {

∆𝑻𝒘𝒔 = 𝑭𝒘𝒔(𝑝)𝑮𝒔(𝑝)∆𝑽𝒘          

∆𝑻𝒘𝑬𝒅 = 𝑭𝒘𝑬𝒅(𝑝)𝑮𝑬𝒅(𝑝)∆𝑽𝒘   

∆𝑻𝒘𝑬𝒒 = 𝑭𝒘𝑬𝒒(𝑝)𝑮𝑬𝒒(𝑝)∆𝑽𝒘   
                         (3) 

where ∆𝑻𝒘𝒔 , ∆𝑻𝒘𝑬𝒅  and ∆𝑻𝒘𝑬𝒒  include the electric torque 

contribution of WPIGs to all SGs and thus are 𝑚-dimention 

vectors, and ∆𝑻𝒘 = ∆𝑻𝒘𝒔 + ∆𝑻𝒘𝑬𝒅 + ∆𝑻𝒘𝑬𝒒 . It can be 

revealed that all three dynamic components have their 

independent system channels to contribute to the system 

damping torque, which together forms the total damping impact 

∆𝑻𝒘  of WPIGs.  If the 𝑖𝑡ℎ  eigenvalue 𝜆𝑖  is the critical 

oscillation mode in the system, ∆𝑽𝒘 should be equal to 𝛄𝒊𝒌∆𝜔𝑘 

(see Appendix B). Equation (3) can be further factorized to 

torque contribution of dynamic components of each WPIG to 

each SG, and hence the electric torque provided by different 

dynamics of the 𝑗𝑡ℎ WPIG to the 𝑘𝑡ℎ SG can be written as 

             {

∆𝑇𝑤𝑠𝑘𝑗 = 𝐹𝑤𝑠𝑘𝑗(𝜆𝑖)𝑮𝒔𝒋(𝜆𝑖)𝛄𝒊𝒋𝒌∆𝜔𝑘        

∆𝑇𝑤𝐸𝑑𝑘𝑗 = 𝐹𝑤𝐸𝑑𝑘𝑗(𝜆𝑖)𝑮𝑬𝒅𝒋(𝜆𝑖)𝛄𝒊𝒋𝒌∆𝜔𝑘
∆𝑇𝑤𝐸𝑞𝑘𝑗 = 𝐹𝑤𝐸𝑞𝑘𝑗(𝜆𝑖)𝑮𝑬𝒒𝒋(𝜆𝑖)𝛄𝒊𝒋𝒌∆𝜔𝑘  

               (4) 

where subscript 𝑘  and 𝑗  denote the 𝑘𝑡ℎ  row and 𝑗𝑡ℎ  column 

element of corresponding matrices for 𝐹𝑤𝑠𝑘𝑗(𝜆𝑖),  𝐹𝑤𝐸𝑑𝑘𝑗(𝜆𝑖) 

and 𝐹𝑤𝐸𝑞𝑘𝑗(𝜆𝑖), and the 𝑗𝑡ℎ row of corresponding matrices for 

𝑮𝒔𝒋(𝜆𝑖) , 𝑮𝑬𝒅𝒋(𝜆𝑖) , 𝑮𝑬𝒒𝒋(𝜆𝑖)  and 𝛄𝒊𝒋𝒌 . As the electric torque 

contribution from the 𝑗𝑡ℎ WPIG is the linear superposition of 

each main dynamic component, ∆𝑇𝑤𝑘𝑗 = ∆𝑇𝑤𝑠𝑘𝑗 + ∆𝑇𝑤𝐸𝑑𝑘𝑗 +

∆𝑇𝑤𝐸𝑞𝑘𝑗 . Similarly, ∆𝑇𝑤𝑘 = ∑ ∆𝑇𝑤𝑘𝑗
𝑙
𝑗=1 , which is the 𝑘𝑡ℎ 

element of ∆𝑻𝒘.  

    Then the variation of the 𝑖𝑡ℎ  eigenvalue 𝜆𝑖  caused by 

insertion of WPIG dynamics can be assessed by employing 𝑆𝑖𝑘, 

the sensitivity of 𝜆𝑖  with respect to the electric torque 

coefficient (see Appendix C) 

∆𝜆𝑖  = ∑ 𝑆𝑖𝑘𝑇𝐶𝑤𝑘
𝑚
𝑘=1 = ∑ 𝑆𝑖𝑘 ∑ 𝑇𝐶𝑤𝑘𝑗

𝑙
𝑗=1

𝑚
𝑘=1           

         = ∑ 𝑆𝑖𝑘 ∑ (𝑇𝐶𝑤𝑠𝑘𝑗 + 𝑇𝐶𝑤𝐸𝑑𝑘𝑗+𝑇𝐶𝑤𝐸𝑞𝑘𝑗)
𝑙
𝑗=1

𝑚
𝑘=1            (5)                                                                                                             

where 𝑇𝐶𝑤𝑘   and 𝑇𝐶𝑤𝑘𝑗  are the electric torque coefficients of 

∆𝑇𝑤𝑘  and ∆𝑇𝑤𝑘𝑗 , and 𝑇𝐶𝑤𝑠𝑘𝑗 , 𝑇𝐶𝑤𝐸𝑑𝑘𝑗  and 𝑇𝐶𝑤𝐸𝑞𝑘𝑗   are the 

coefficients of each main dynamic component in (4) 

respectively. 

    On the basis of the derivations above, the generic 

implementation framework of damping torque analysis of 

multi-machine power system with WPIGs is established. It can 

be seen that if closed-form solution of the WPIG transfer 

function is given, by substituting (2) into (4) and (5), both the 

damping torque contributions of WPIG dynamics components 

and eigenvalue variation should have an explicit expression, so 

that the damping mechanism of WPIGs can be easily examined 

and revealed. Therefore, the following comparison analysis will 

be carried out based on the proposed framework. 

III.  ANALYTICAL COMPARISON ON DAMPING MECHANISMS OF 

DIFFERENT TYPES OF WPIGS 

    In the presented implementation framework of damping 

torque analysis, the external damping contribution channels for 

different types of WPIGs are quite similar as shown in (2) and 

(3), and hence their transfer functions (internal contribution 



 

channels) become a crucial part of comparison analysis, which 

are derived and investigated in this section. To facilitate the 

comparison and understanding of their damping mechanisms, a 

five-step model transformation from DFIG to FSIG are 

employed, in which FSIG is treated as a special case of DFIG. 

In addition to DFIG and FSIG, three transitional wound rotor 

generator models are proposed for comparison purposes and the 

corresponding linearized models are established. 

A.  Step 1: Detailed DFIG Model  

    Since the grid-side converter (GSC) controller of DFIG does 

not really affect the damping of system oscillation [10][36][37], 

its dynamics is ignored in this study. The linearized model of 

DFIGs considering the dynamics of both induction generator 

and rotor-side converter (RSC) controller is established in (6), 

where 𝑴𝒘  is the inertia time constant, 𝑫𝒘  is the damping 

coefficient, 𝑿𝒑𝒔𝟏, 𝑿𝒑𝒔𝟐, 𝑿𝒒𝒔𝟏 and 𝑿𝒒𝒔𝟐 are the state variables of 

RSC Integral Controllers given by Fig. D1 in Appendix D, and 

𝑲𝒑𝒔𝑰𝟏 , 𝑲𝒑𝒔𝑰𝟐 , 𝑲𝒒𝒔𝑰𝟏  and 𝑲𝒒𝒔𝑰𝟐  are relevant parameters of 

Integral Controllers. The explicit form of rest elements 

(𝑲𝟏𝒘~𝑲𝟏𝟑𝒘, 𝑲𝒔, 𝑲𝑬𝒅
, 𝑲𝑬𝒒 , 𝑲𝑿𝒑𝒔𝟏 , 𝑲𝑿𝒑𝒔𝟐 , 𝑲𝑿𝒒𝒔𝟏  and 𝑲𝑿𝒒𝒔𝟐 ) in 

(6) is given in Appendix E. As the study focus is on the 

induction generator and RSC basic control, there is no 

additional damping control imposed to the RSC controller. The 

linearized model can also be illustrated in frequency domain as 

shown in Fig. 3. According to Fig. 3, the transfer functions 

mentioned in previous section can be extended to their full 

explicit representation as in (7). 

    It can be noted from Fig. 3 that: 1. The damping contributions 

of ∆𝒔, ∆𝑬𝒅 and ∆𝑬𝒒 to the system mainly consist of two parts, 

i.e., the dynamics of induction generator and RSC Integral 

Controller, which can be easily differentiated and split. In (7), 

the induction generator dynamics part of transfer functions 

includes the items associated with  𝑲𝑬𝒅
 and 𝑲𝑬𝒒

, and the RSC 

controller dynamics part of transfer functions is associated with 

RSC controller parameter 𝑲𝒑𝒔𝑰𝟏, 𝑲𝒑𝒔𝑰𝟐, 𝑲𝒒𝒔𝑰𝟏 and 𝑲𝒒𝒔𝑰𝟐. That 

is to say, by setting these RSC controller parameters to zero, the 

damping effect of RSC dynamics is removed.; 2. ∆𝑬𝒅 and ∆𝑬𝒒 

have completely separate internal damping contribution 

channels due to the adoption of decoupled power control of 

DFIG. ∆𝑬𝒅 is related to the P-Control and ∆𝑬𝒒 is related to the 

Q-Control; 3. The damping contribution of ∆𝒔 is only affected 

by its own dynamics and  ∆𝑬𝒅 as the rotor motion is mainly 

determined by the active power control.    
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Fig. 3.  WPIG-side linearized model diagram (internal dynamics of DFIG). 
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∆𝒔̇
∆𝑬̇𝒅
∆𝑬̇𝒒

∆𝑿̇𝒑𝒔𝟏

∆𝑿̇𝒑𝒔𝟐

∆𝑿̇𝒒𝒔𝟏

∆𝑿̇𝒒𝒔𝟐]
 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
−𝑴𝒘

−𝟏𝑫𝒘 𝑴𝒘
−𝟏𝑲𝟏𝒘 𝟎 𝟎 𝟎 𝟎 𝟎

𝟎 𝑲𝟐𝒘 𝟎 𝑲𝟑𝒘 𝑲𝟒𝒘 𝟎 𝟎
𝟎 𝟎 𝑲𝟓𝒘 𝟎 𝟎 𝑲𝟔𝒘 𝑲𝟕𝒘

𝟎 𝑲𝒑𝒔𝑰𝟏𝑲𝟖𝒘 𝟎 𝟎 𝟎 𝟎 𝟎

𝟎 𝑲𝒑𝒔𝑰𝟐𝑲𝟗𝒘 𝟎 𝑲𝒑𝒔𝑰𝟐𝑲𝟏𝟎𝒘 𝟎 𝟎 𝟎

𝟎 𝟎 𝑲𝒒𝒔𝑰𝟏𝑲𝟏𝟏𝒘 𝟎 𝟎 𝟎 𝟎

𝟎 𝟎 𝑲𝒒𝒔𝑰𝟐𝑲𝟏𝟐𝒘 𝟎 𝟎 𝑲𝒒𝒔𝑰𝟐𝑲𝟏𝟑𝒘 𝟎 ]
 
 
 
 
 
 
 

×

[
 
 
 
 
 
 
 
∆𝒔
∆𝑬𝒅
∆𝑬𝒒
∆𝑿𝒑𝒔𝟏
∆𝑿𝒑𝒔𝟐
∆𝑿𝒒𝒔𝟏
∆𝑿𝒒𝒔𝟐]

 
 
 
 
 
 
 

+

[
 
 
 
 
 
 
 
 
𝑴𝒘
−𝟏𝑲𝒔

𝑲𝑬𝒅

𝑲𝑬𝒒

𝑲𝒑𝒔𝑰𝟏𝑲𝑿𝒑𝒔𝟏

𝑲𝒑𝒔𝑰𝟐𝑲𝑿𝒑𝒔𝟐

𝑲𝒒𝒔𝑰𝟏𝑲𝑿𝒒𝒔𝟏

𝑲𝒒𝒔𝑰𝟐𝑲𝑿𝒒𝒔𝟐]
 
 
 
 
 
 
 
 

∆𝑽𝒘(6) 



 

{
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

𝑮𝑬𝒅(𝑝) = {𝑰 − (𝑝𝑰 − 𝑲𝟐𝒘)
−𝟏 [

𝑲𝟑𝒘𝑲𝒑𝒔𝑰𝟏𝑲𝟖𝒘

𝑝
+
𝑲𝟒𝒘 (

𝑲𝒑𝒔𝑰𝟐𝑲𝟏𝟎𝒘𝑲𝒑𝒔𝑰𝟏𝑲𝟖𝒘

𝑝
+ 𝑲𝒑𝒔𝑰𝟐𝑲𝟗𝒘)

𝑝
]}

−𝟏

    

× (𝑝𝑰 − 𝑲𝟐𝒘)
−𝟏

[
 
 
 
 

𝑲𝑬𝒅
+
𝑲𝟑𝒘𝑲𝒑𝒔𝑰𝟏𝑲𝑿𝒑𝒔𝟏

𝑝
+

𝑲𝟒𝒘 (
𝑲𝒑𝒔𝑰𝟐𝑲𝟏𝟎𝒘𝑲𝒑𝒔𝑰𝟏𝑲𝑿𝒑𝒔𝟏

𝑝
+ 𝑲𝒑𝒔𝑰𝟐𝑲𝑿𝒑𝒔𝟐

)

𝑝

]
 
 
 
 

𝑮𝑬𝒒(𝑝) = {𝑰 − (𝑝𝑰 − 𝑲𝟓𝒘)
−𝟏 [

𝑲𝟔𝒘𝑲𝒒𝒔𝑰𝟏𝑲𝟏𝟏𝒘

𝑝
+
𝑲𝟕𝒘 (

𝑲𝒒𝒔𝑰𝟐𝑲𝟏𝟑𝒘𝑲𝒒𝒔𝑰𝟏𝑲𝟏𝟏𝒘

𝑝
+ 𝑲𝒒𝒔𝑰𝟐𝑲𝟏𝟐𝒘)

𝑝
]}

−𝟏

× (𝑝𝑰 − 𝑲𝟓𝒘)
−𝟏

[
 
 
 
 

𝑲𝑬𝒒 +
𝑲𝟔𝒘𝑲𝒒𝒔𝑰𝟏𝑲𝑿𝒒𝒔𝟏

𝑝
+

𝑲𝟕𝒘 (
𝑲𝒒𝒔𝑰𝟐𝑲𝟏𝟑𝒘𝑲𝒒𝒔𝑰𝟏𝑲𝑿𝒒𝒔𝟏

𝑝
+ 𝑲𝒒𝒔𝑰𝟐𝑲𝑿𝒒𝒔𝟐

)

𝑝

]
 
 
 
 

𝑮𝒔(𝑝) = (𝑝𝑴𝒘 + 𝑫𝒘)
−𝟏 [𝑲𝒔 + 𝑲𝟏𝒘𝑮𝑬𝒅(𝑝)]                                                                     

(7) 

                                                                                                                                     

 

B.  Step 2: DFIG Model without RSC Dynamics 

    Normally, the damping effect of RSC Integral Controllers 

(converter-side dynamics) is limited compared with the RSC 

Proportional Controllers. In Step 2, converter-side dynamics is 

not taken into account for the damping analysis and thus the 

first transitional generator model is obtained. Hence, (6) is 

reduced to three first-order equations associated with ∆𝒔, ∆𝑬𝒅 

and ∆𝑬𝒒 only.  

[

∆𝒔̇
∆𝑬̇𝒅
∆𝑬̇𝒒

] = [
−𝑴𝒘

−𝟏𝑫𝒘 𝑴𝒘
−𝟏𝑲𝟏𝒘 𝟎

𝟎 𝑲𝟐𝒘 𝟎
𝟎 𝟎 𝑲𝟓𝒘

] [

∆𝒔
∆𝑬𝒅
∆𝑬𝒒

] 

                            + [

𝑴𝒘
−𝟏𝑲𝒔

𝑲𝑬𝒅

𝑲𝑬𝒒

] ∆𝑽𝒘                                                                       (8) 

    The diagram of the linearized model in (8) only includes the 

left part of Fig. 3 (generator-side dynamics). However, the 

explicit form and value of elements in (8) remain the same as in 

(6). As discussed in Step 1, the transfer functions of this 

transitional generator model should become 

{

𝑮𝑬𝒅(𝑝) = (𝑝𝑰 − 𝑲𝟐𝒘)
−𝟏𝑲𝑬𝒅

                             

𝑮𝑬𝒒(𝑝) = (𝑝𝑰 − 𝑲𝟓𝒘)
−𝟏𝑲𝑬𝒒                              

𝑮𝒔(𝑝) = (𝑝𝑴𝒘 + 𝑫𝒘)
−𝟏 [𝑲𝒔 + 𝑲𝟏𝒘𝑮𝑬𝒅(𝑝)]

                   (9) 

Equation (9) can be also simply obtained by setting 𝑲𝒑𝒔𝑰𝟏 =

𝑲𝒑𝒔𝑰𝟐 = 𝑲𝒒𝒔𝑰𝟏 = 𝑲𝒒𝒔𝑰𝟐 = 𝟎 in (7). 

    It can be revealed from Fig. 3 that although dynamics model 

(Integral Controllers) of RSC controller is removed and only 

the RSC algebraic model (Proportional Controllers) is retained 

in this step, the basic configuration of linearized model and 

damping contribution channels is not changed. In other words, 

the decoupled structure of damping contribution of ∆𝑬𝒅  and 

∆𝑬𝒒 is not determined by the controller dynamics of RSC but 

actually by offset items of rotor voltage (or named offset rotor 

voltage) in RSC controller, which is intensively studied in the 

next step. 

C.  Step 3: DFIG Model with Offset Rotor Voltage Only  

    On the basis of Step 2, by setting all the parameters of PI 

controllers of RSC to zero, the second transitional generator 

model is established. Due to the only existence of offset rotor 

voltage in RSC, both the rotor dynamic equations associated 

with ∆𝑬𝒅  and ∆𝑬𝒒  are eliminated ( 𝑲𝑬𝒅
= 𝑲𝑬𝒒 = 𝑲𝟐𝒘 =

𝑲𝟓𝒘 = 𝟎), and only rotor spin dynamics is retained in this 

linearized model. Equation (8) becomes  

                    ∆𝒔̇ = −𝑴𝒘
−𝟏𝑫𝒘∆𝒔 +𝑴𝒘

−𝟏𝑲𝒔∆𝑽𝒘                    (10) 

The diagram of the linearized model in (10) only includes the 

left upper corner of Fig. 3 (rotor spin dynamics). Based on the 

diagram, the transfer function of the second transitional 

generator model is derived to be 

                       𝑮𝒔(𝑝) = (𝑝𝑴𝒘 + 𝑫𝒘)
−𝟏 𝑲𝒔                         (11) 

    It can be seen from (10) that the elimination effect of the 

offset rotor voltage has removed the ‘original’ dynamics of 

induction generator associated with ∆𝑬𝒅 and ∆𝑬𝒒 and the ‘new’ 

generator-side dynamics of DFIG presented in Step 1 and 2 are 

actually brought by the RSC algebraic model (Proportional 

Controllers) in a decoupled manner. This finding can be also 

proved by the explicit elements in Appendix E. The key 

elements of generator-side dynamics 𝑲𝟐𝒘 and 𝑲𝑬𝒅
 are mainly 

affected by the RSC P-Control algebraic model and 𝑲𝟓𝒘 and 

𝑲𝑬𝒒 are mainly affected by the RSC Q-Control algebraic model, 

after the introduction of offset rotor voltage. In contrast, 𝑲𝒔 and 

𝑲𝟏𝒘  are determined by the induction generator parameter as 

well as the steady-state operating status, which are not changed 

by the introduction of either RSC controller or offset rotor 

voltage.  

D.  Step 4: DFIG Model with Constant Rotor Voltage 

    Similar to Step 3, the effect of RSC PI controllers is ignored 

and rotor circuit is still wound in Step 4. The third transitional 

wound rotor generator model with constant rotor voltage output 

(sometimes also called open-loop control of RSC converter) is 

proposed in this step. As the rotor voltage output remains 



 

constant, the offset items of rotor voltage are removed and 

hence the ‘original’ generator-side dynamics is reflected. As a 

result, the configuration of the linearized model is changed to 

Fig. 4 and the linearized equations become 

[

∆𝒔̇
∆𝑬̇𝒅
∆𝑬̇𝒒

] = [
−𝑴𝒘

−𝟏𝑫𝒘 𝑴𝒘
−𝟏𝑲𝟏𝒘 𝟎

𝑲𝟐𝒘 𝑲𝟑𝒘 𝑲𝟒𝒘

𝑲𝟓𝒘 𝑲𝟔𝒘 𝑲𝟕𝒘

] [

∆𝒔
∆𝑬𝒅
∆𝑬𝒒

] 

                            + [

𝑴𝒘
−𝟏𝑲𝒔

𝟎
𝑲𝑬𝒒

] ∆𝑽𝒘                                                    (12)                                                                        

where the elements of state matrix have been renumbered due 

to the change of state matrix configuration in this case and their 

explicit forms are given in Appendix F.  Compared with the 

elements in Appendix E, most elements in (12) are changed and 

determined by steady-state value of variables (e.g., 

𝑲𝟐𝒘, 𝑲𝟒𝒘, 𝑲𝟓𝒘 and 𝑲𝟔𝒘 ). 𝑲𝒔  and 𝑲𝟏𝒘  remains the same as 

indicated previously. 
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Fig. 4.  WPIG-side linearized model diagram (internal dynamics of DFIG with 

constant rotor voltage or FSIG). 

    It can be demonstrated from Fig. 4 that the ‘original’ 

generator-side dynamics has three significant features: 1. re-

coupling of ∆𝑬𝒅  and ∆𝑬𝒒  represented by 𝑲𝟒𝒘  and 𝑲𝟔𝒘 ; 2. 

Feedback support from ∆𝒔  to ∆𝑬𝒅  and ∆𝑬𝒒  represented by 

𝑲𝟐𝒘  and 𝑲𝟓𝒘 ; 3. The removal of 𝑲𝑬𝒅
 owing to DFIG d-q 

reference frame setting. Therefore, the damping mechanism of 

the third transitional generator model has been dramatically 

changed, which is also reflected by the transfer functions in (13), 

where all three transfer functions include 𝑲𝒔  and 𝑲𝑬𝒒 , and 

hence are coupled with each other.  

 

E.  Step 5: FSIG Model 

    In particular condition, if constant rotor voltage in Step 4 is 

equal to zero, the third transitional wound rotor generator model 

becomes FSIG with the rotor circuit closed. As a result, the 

same linearized model ((12) and Fig. 4), transfer functions (13) 

and damping mechanisms can be applied to FSIG. However, it 

is worthy to mention that ∆𝒔 of FSIG does not have a direct 

impact on the system damping as stated in Section II due to the 

closed physical structure of rotor, although the damping 

contribution from ∆𝒔 is normally very small. 

    By implementing the step-by-step model transformation 

analysis demonstrated above, essential difference and inner 

connection between DFIG and FSIG in their damping 

mechanisms of oscillation stability have been clearly revealed. 

The main points from the comparison analysis are summarized 

as follows:  

1. The damping contributions of DFIG dynamics are essentially 

from the RSC control, which can be divided into two parts, i.e., 

the ‘new’ induction generator dynamics (related to RSC 

Proportional Controllers) and RSC controller dynamics (related 

to RSC Integral Controllers). The former represented by the 

RSC algebraic model normally accounts for the major part of 

the total damping contributions of DFIG. 

2. The existence of the offset rotor voltage in RSC not only 

enables the decoupled PQ control of DFIG, but also establishes 

the decoupled structure of internal damping contribution 

channels of DFIG. 

3. FSIG featured by the ‘original’ induction generator dynamics 

can be treated as a special case of DFIG model only when the 

open-loop control of RSC is applied. In this case, the damping 

contributions of FSIG only comes from the ‘original’ generator 

dynamics and are mainly determined by generator parameters 

and changeable steady-state value of variables as proved by 

Appendix F. The damping contributions channels of internal 

dynamics are coupled with each other.  

    Therefore, based on the main points from the comparison of 

damping mechanisms of DFIG and FSIG, it can be rigorously 

concluded that the damping effect of DFIG is more robust since 

it is mainly determined by generator parameters and RSC 

controller parameters as proved by Appendix E. On the contrary, 

the damping impact of FSIG is comparatively limited and less 

controllable especially in the changing conditions due to the 

characteristic of ‘original’ induction generator dynamics.  

    By substituting the detailed format of transfer functions of 

DFIG and FSIG derived in (7)(9)(11)(13) into (4) and (5), the 

proposed damping torque analysis can be carried out. 

{
 
 

 
 
𝑮𝑬𝒅(𝑝) = {(𝑝𝑰 − 𝑲𝟑𝒘)

−𝟏 − 𝑲𝟐𝒘(𝑝𝑴𝒘 + 𝑫𝒘)
−𝟏𝑲𝟏𝒘 − 𝑲𝟒𝒘(𝑝𝑰 − 𝑲𝟕𝒘)

−𝟏 × [𝑲𝟓𝒘(𝑝𝑴𝒘 + 𝑫𝒘)
−𝟏𝑲𝟏𝒘 + 𝑲𝟔𝒘]}

−𝟏 

             × {𝑲𝟐𝒘(𝑝𝑴𝒘 + 𝑫𝒘)
−𝟏𝑲𝒔 + 𝑲𝟒𝒘(𝑝𝑰 − 𝑲𝟕𝒘)

−𝟏 × [𝑲𝟓𝒘(𝑝𝑴𝒘 + 𝑫𝒘)
−𝟏𝑲𝒔 + 𝑲𝑬𝒒]}                                 

𝑮𝒔(𝑝) = (𝑝𝑴𝒘 + 𝑫𝒘)
−𝟏 [𝑲𝒔 + 𝑲𝟏𝒘𝑮𝑬𝒅(𝑝)]                                                                                                                                   

𝑮𝑬𝒒(𝑝) = (𝑝𝑰 − 𝑲𝟕𝒘)
−𝟏 [𝑲𝟓𝒘𝑮𝒔(𝑝) + 𝑲𝟔𝒘𝑮𝑬𝒅(𝑝) + 𝑲𝑬𝒒

]                                                                                                        

    (13) 

 

IV.  CASE STUDY 

    To demonstrate the proposed implementation framework and 

validate the findings from the analytical comparison, 16-

machine and 68-node NYPS-NETS power system is employed 

and shown in Fig. 5. The models and parameters of the test 

system are given in [38]. For demonstration purposes, a WPIG-

based wind farm is planned to be connected to node 15 of the 

system. The connecting location could be any other nodes in the 

system, which does not affect the demonstration and validation. 

The model as well as a typical set of parameters of the WPIG 

are provided in Appendix D.  

A.  Base Case Comparison Study 

    There are totally four inter-area oscillation modes in this test  
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Fig. 5.  Diagram of 16-machine 68-bus NYPS-NETS test system integrated 
with a WPIG. 

 

system and the selection of critical mode would not actually 

affect the validation of the proposed method and general results 

from the analytical comparison. Hence, the 31st eigenvalue 𝜆31 

is selected to be the system critical inter-area oscillation mode 

in the case study here for demonstration purposes. Before the 

internal dynamics of the WPIG is taken into account, the initial 

value of this critical inter-area oscillation mode is 𝜆31
(0) =

−0.1558 + 𝑗3.3940, which is calculated from state matrix of 

the open-loop system presented in (1). Then due to the limited 

length of the paper, only two WPIG models (i.e., detailed DFIG 

model and FSIG model) are demonstrated here.  

    By adopting (2), the forward paths from the main dynamic 

components (∆𝑠, ∆𝐸𝑑  and ∆𝐸𝑞 ) of the DFIG or FSIG to the 

electromechanical oscillation loop of SGs are obtained and 

compared in Table I. It can be seen from Table I that the DFIG 

has one more external damping contribution channel than FSIG 

due to the introduction of different algebraic models in (2) 

brought by different rotor structures, but the sum of the 

weightings of the external damping contribution channels for 

the DFIG and FSIG are approximately equal as a whole. 

    The internal dynamics (transfer functions) of the DFIG and 

FSIG is computed by using (7) and (13) respectively and 

compared in Table II. 

 

 
TABLE I 

COMPARISON ON NORM OF FORWARD PATHS (EXTERNAL DAMPING 

CONTRIBUTION CHANNELS) OF DFIG AND FSIG TO ELECTROMECHANICAL 

OSCILLATION LOOP OF SGS 

 DFIG MODEL FSIG MODEL 
|𝑭𝒘𝒔( 𝜆31)|  |𝑭𝒘𝑬𝒅( 𝜆31)|  |𝑭𝒘𝑬𝒒( 𝜆31)|  

|𝑭𝒘𝑬𝒅( 𝜆31)|  |𝑭𝒘𝑬𝒒( 𝜆31)|  

G1 0.0031 0.0104 0.0151 0.0117 0.0154 

G2 0.0034 0.0116 0.0245 0.0130 0.0248 

G3 0.0043 0.0147 0.0283 0.0165 0.0287 

G4 0.0067 0.0228 0.0502 0.0256 0.0508 

G5 0.0041 0.0142 0.0341 0.0160 0.0345 

G6 0.0057 0.0193 0.0376 0.0217 0.0382 

G7 0.0062 0.0209 0.0380 0.0234 0.0385 

G8 0.0038 0.0131 0.0285 0.0147 0.0289 

G9 0.0014 0.0052 0.0298 0.0058 0.0301 

G10 0.0011 0.0036 0.0081 0.0041 0.0082 

G11 0.0020 0.0070 0.0194 0.0079 0.0196 

G12 0.0005 0.0017 0.0046 0.0020 0.0047 

G13 0.0003 0.0010 0.0020 0.0012 0.0021 

G14 0.0001 0.0002 0.0011 0.0003 0.0011 

G15 0.0000 0.0000 0.0004 0.0000 0.0004 

G16 0.0000 0.0001 0.0011 0.0001 0.0011 
TABLE II 

COMPARISON ON TRANSFER FUNCTIONS (INTERNAL DAMPING CONTRIBUTION 

CHANNELS) OF DFIG AND FSIG 

DFIG MODEL ∆𝑉𝑤𝑥 ∆𝑉𝑤𝑦  

𝑮𝒔(𝜆31) -0.0037 - j0.1560 -0.0009 - j0.0381 

𝑮𝑬𝒅(𝜆31) 0.0454 - j0.0049 0.0111 - j0.0012 

𝑮𝑬𝒒(𝜆31) 1.1412 - j0.1217 0.2786 - j0.0297 

FSIG MODEL ∆𝑉𝑤𝑥 ∆𝑉𝑤𝑦  

𝑮𝒔(𝜆31) -0.0074 - j0.0072 -0.0018 - j0.0018 

𝑮𝑬𝒅(𝜆31) 0.2208+  j0.0098 0.0539 + j0.0024 

𝑮𝑬𝒒(𝜆31) -0.0907 - j0.2901 -0.0221 - j0.0708 

Table II clearly demonstrates that the main difference of 

damping mechanisms between the DFIG and FSIG actually lies 

in their internal damping contribution channels especially in 

𝑮𝑬𝒅(𝜆31) and 𝑮𝑬𝒒(𝜆31). Also, since the transfer functions of 

RSC integral controllers are less than 1% of each corresponding 

transfer function of DFIG， they are not listed in Table II 

separately.  

    Then the eigenvalue variation caused by the introduction of 

the DFIG or FSIG main dynamics components are estimated by 

(5) and shown in Table III. 
TABLE III 

EIGENVALUE VARIATION BROUGHT BY MAIN DYNAMIC COMPONENTS OF 

DFIG AND FSIG 

 ∆𝜆31
𝐷𝐹𝐼𝐺  ∆𝜆31

𝐹𝑆𝐼𝐺 

∆𝑠 -0.0008 + j0.0005 0 

∆𝐸𝑑 -0.0005 - j0.0007 -0.0016 - j0.0029 

∆𝐸𝑞 -0.0248 - j0.0443 -0.0067 + j0.0061 

Total -0.0261 - j0.0446 -0.0082 + j0.0032 

Based on Table III, the estimation of the critical eigenvalue 

after the insertion of the DFIG or FSIG dynamics can be 

obtained 

         𝜆31𝑒𝑠𝑡
𝐷𝐹𝐼𝐺 = 𝜆31

(0) + ∆𝜆31
𝐷𝐹𝐼𝐺 = −0.1819 +  𝑗3.3494     (14a) 

         𝜆31𝑒𝑠𝑡
𝐹𝑆𝐼𝐺 = 𝜆31

(0) + ∆𝜆31
𝐹𝑆𝐼𝐺 = −0.1640 +  𝑗3.3972     (14b) 

To verify the results in (14), the eigenvalue of the closed-loop 

system including the DFIG or FSIG dynamics is calculated to 

be 

                       𝜆31
𝐷𝐹𝐼𝐺 = −0.1822 +  𝑗3.3496                   (15a) 

                       𝜆31
𝐹𝑆𝐼𝐺 = −0.1640 +  𝑗3.3975                   (15b) 

    Therefore, by comparing the results of (14) and (15), the 

implementation framework of damping torque analysis is 

validated. It can be summarized from the above comparison 

analysis that: 1. Both DFIG and FSIG play a positive role in 

damping power system oscillation for this study case owing to 

the positive damping impact from each dynamic component; 2. 

Given the same system network and loading condition, the 

external damping contribution channels of the DFIG and FSIG 

tend to be roughly equal. The difference in the total damping 

effectiveness is essentially brought by their different internal 

damping contribution channels. 

    Time domain simulation is also carried out for verification of 



 

the proposed damping torque analysis. A three-phase short-

circuit fault is applied to node 1 at 0.2𝑠 and cleared at 0.3𝑠. G5 

and G15 are the main generators related to the critical 

oscillation mode. Hence, the power angle difference between 

G5 and G15 is plotted in Fig. 6. 

 
Fig. 6.  Observation of G5-G15 power angle curve with different types of WPIG 
models. 

 

Fig. 6 shows that the non-linear simulation results align with 

the eigenvalue estimation from frequency domain analysis in 

Table III and (14). The damping contribution from the FSIG is 

quite limited, which does not make a notable change to the 

power oscillation curve compared with the case of open-loop 

system. The damping effect of the DFIG is better although it 

has a slightly bigger initial oscillating amplitude. 

B.  Comparison Study under Different Wind Penetration 

Conditions 

    The damping torque analysis to compare damping 

effectiveness in a single wind speed condition is demonstrated 

above. In this subsection, the damping robustness of DFIG and 

FSIG will be further assessed and compared under different 

wind penetration conditions. To simulate the intermittence of 

the wind power in the real case, the power output of DFIG and 

FSIG is set in a range from the cut-in power 0.2𝑝. 𝑢. to the 

rating power 2.0𝑝. 𝑢.. As G5 is the main related synchronous 

generator for the critical oscillation mode, the total damping 

torque provided by the dynamic components of DFIG and FSIG 

to G5 is computed by (4) respectively under different wind 

power levels in Fig. 7. Then the real part of critical eigenvalue 

of the closed-loop system considering DFIG and FSIG 

dynamics and open-loop system without any WPIG dynamics 

are calculated and displayed in Fig. 8.  

 
Fig. 7.  Comparison on total damping torque provided by DFIG and FSIG under 

different wind power output levels. 

 
Fig. 8.  Comparison on the real part of critical eigenvalue of DFIG and FSIG 

connected systems under different wind power output levels. 

 

It can be demonstrated by results in Fig. 7 and Fig. 8 that: 

1. Although the damping of open-loop system (calculated from 

(1)) decreases with the increasing wind power, both DFIG and 

FSIG dynamics contribute a positive damping torque to the 

critical oscillation mode in this case. Generally, the damping 

effectiveness of FSIG is limited when compared with DFIG in 

the same loading condition. 

2. The damping torque contribution of DFIG and FSIG in Fig. 

7 is in exact proportion to their impact on critical eigenvalue 

variation in Fig. 8 (i.e., the difference between ‘open-loop 

system’ and two ‘closed-loop systems’). 

3. DFIG shows more robustness in damping contribution than 

FSIG under different wind penetration conditions as it is 

indicated in Section III that the damping effect of DFIG is 

mainly determined by generator parameters and RSC control 

while that of FSIG is affected by generator parameters and 

changing FSIG operating point. Hence, once the generator is 

designed, FSIG shows less robustness of damping effect. 

V.  CONCLUSIONS 

    This paper presents a generic implementation framework of 

explicit damping mechanism analysis for the Phillips-Heffron 

model based power system integrated with induction generator 

based wind power generation. On the basis of proposed 

methodology, a comprehensive comparison between two 

typical WPIGs (i.e., DFIG and FSIG) is implemented, in which 

the explicit linearized models and transfer functions of different 

WPIGs are established to enable the detailed investigation of 



 

their damping mechanisms. Then the main findings rigorously 

derived from the analytical comparison and validated by the 

designed numerical comparison in the case study can be 

concluded in the following: 1. The damping effect of DFIG 

mainly determined by induction generator parameters and RSC 

control (‘new’ induction generator dynamics plus RSC 

controller dynamics) is more robust under different wind 

conditions and also more effective if the RSC control 

parameters are properly tuned; 2. The damping effect of FSIG 

determined by induction generator parameters and changeable 

FSIG operating point (‘original’ induction generator dynamics) 

is comparatively limited and less robust in the changing wind 

conditions; 3. The inner connection between DFIG and FSIG is 

that DFIG will degenerate to FSIG and lose its advantageous 

properties in damping mechanism if open control of RSC is 

applied. The presented work can effectively facilitate the 

system planner’s understanding of different dynamics of DFIG 

and FSIG in a complex operational environment. 

VI.  APPENDIX 

A.  Derivation of Equation (1) 

Node 1

Multi-

machine 

Power 

System

Node 2

Node L

wV

WPIG

LI2

LI1

LX1

LX2

wLX

wI

2V

1V

LV

 
Fig. A1.  Diagram of multi-machine power system connected with a WPIG. 

 

    Provided that the multi-machine power system is not yet 

connected with a WPIG, the network equation should be 

                  [

0
0
𝑰̅𝒈

] = [

𝑌̅11 𝑌̅12 𝒀̅𝟏𝟑
𝑌̅21 𝑌̅22 𝒀̅𝟐𝟑
𝒀̅𝟑𝟏 𝒀̅𝟑𝟐 𝒀̅𝟑𝟑

] [

𝑉̅1
𝑉̅2
𝑽̅𝒈

]                        (A1) 

where 𝑽̅𝒈 and 𝑰̅𝒈 is the vector of terminal voltage and current 

associated with SGs. After the WPIG is connected, according 

to Fig. A1, the network can be written as 

          

{
 
 

 
 [
0
0
] = [

𝑌̅11
′ 0

0 𝑌̅22
′ ] [

𝑉̅1
𝑉̅2
] + [

𝐼1̅𝐿
𝐼2̅𝐿
] + [

𝒀̅𝟏𝟑
𝒀̅𝟐𝟑

] 𝑽̅𝒈

𝑰̅𝒈 = [𝒀̅𝟑𝟏 𝒀̅𝟑𝟐] [
𝑉̅1
𝑉̅2
] + 𝒀̅𝟑𝟑𝑽̅𝒈                  

                 (A2) 

where 𝑌̅11
′  and 𝑌̅22

′  exclude 𝑋12 = 𝑋1𝐿 + 𝑋2𝐿 . Since [
𝐼1̅𝐿
𝐼2̅𝐿
] =

[
𝑗(𝑋1𝐿 + 𝑋𝑤𝐿) 𝑗𝑋𝑤𝐿

𝑗𝑋𝑤𝐿 𝑗(𝑋2𝐿 + 𝑋𝑤𝐿)
]
−𝟏

([
𝑉̅1
𝑉̅2
] − [

1
1
] 𝑉̅𝑤), it obtains 

                   [
𝑉̅1
𝑉̅2
] = 𝒀̅𝒘

−𝟏 ([
1
1
] 𝑉̅𝑤 − 𝒀̅𝑳 [

𝒀̅𝟏𝟑
𝒀̅𝟐𝟑

] 𝑽̅𝒈)                  (A3) 

where 𝒀̅𝒘 = 𝑰 + [
𝑗(𝑋1𝐿 + 𝑋𝑤𝐿) 𝑗𝑋𝑤𝐿

𝑗𝑋𝑤𝐿 𝑗(𝑋2𝐿 + 𝑋𝑤𝐿)
] [
𝑌̅11
′ 0

0 𝑌̅22
′ ] 

and 𝒀̅𝑳 = [
𝑗(𝑋1𝐿 + 𝑋𝑤𝐿) 𝑗𝑋𝑤𝐿

𝑗𝑋𝑤𝐿 𝑗(𝑋2𝐿 + 𝑋𝑤𝐿)
]. By substituting (A3) 

into the second equation of (A2), it should have 

   𝑰̅𝒈 = [𝒀̅𝟑𝟏 𝒀̅𝟑𝟐]𝒀̅𝒘
−𝟏 [

1
1
] 𝑉̅𝑤 

         + (𝒀̅𝟑𝟑 − [𝒀̅𝟑𝟏 𝒀̅𝟑𝟐]𝒀̅𝒘
−𝟏𝒀̅𝑳 [

𝒀̅𝟏𝟑
𝒀̅𝟐𝟑

]) 𝑽̅𝒈                         (A4) 

By linearizing (A3), it gives 

             [
∆𝑽𝟏
∆𝑽𝟐

] = 𝒀𝒘
−𝟏 (𝒀𝑰∆𝑽𝒘 − 𝒀𝑳 [

𝒀𝟏𝟑
𝒀𝟐𝟑

] ∆𝑽𝒈)                 (A5) 

where ∆𝑽𝟏 = [∆𝑽𝟏𝒙 ∆𝑽𝟏𝒚]𝑻 and same form applies to other 

variables. 𝒀𝑰 = [
1 0 1 0
0 1 0 1

]
𝐓

, 𝒀𝒘
−𝟏 and 𝒀𝑳 are the expanded 

form of 𝒀̅𝒘
−𝟏  and 𝒀̅𝑳  respectively. Equation (A4) can be also 

linearized to be 

∆𝑰𝒈 = [𝒀𝟑𝟏 𝒀𝟑𝟐]𝒀𝒘
−𝟏𝒀𝑰∆𝑽𝒘 

         + (𝒀̅𝟑𝟑 − [𝒀𝟑𝟏 𝒀𝟑𝟐]𝒀𝒘
−𝟏𝒀𝑳 [

𝒀𝟏𝟑
𝒀𝟐𝟑

]) ∆𝑽𝒈                    (A6)                                                                                                 

As 𝐼𝑤̅ = −(𝐼1̅𝐿 + 𝐼2̅𝐿) and 𝑉̅𝐿 = 𝑉̅𝑤 − 𝑗𝑋𝑤𝐿𝐼𝑤̅ , it can have 

                             𝐼𝑤̅ = 𝑌̅1𝑉̅𝑤 + 𝒀̅𝟐 [
𝑉̅1
𝑉̅2
]                               (A7) 

where  𝑌̅1 = −
𝑗(𝑋1𝐿+𝑋2𝐿)

𝑋1𝐿𝑋2𝐿+𝑋2𝐿𝑋𝑤𝐿+𝑋𝑤𝐿𝑋1𝐿
 and 𝒀̅𝟐 =

𝑗[𝑋2𝐿 𝑋1𝐿]

𝑋1𝐿𝑋2𝐿+𝑋2𝐿𝑋𝑤𝐿+𝑋𝑤𝐿𝑋1𝐿
. (A7) can be linearized to be 

                       ∆𝑰𝒘 = 𝒀𝟏∆𝑽𝒘 + 𝒀𝟐 [
∆𝑽𝟏
∆𝑽𝟐

]                               (A8) 

By substituting (A5) into (A8) and eliminating [
∆𝑽𝟏
∆𝑽𝟐

], it gives 

     ∆𝑰𝒘 = (𝒀𝟏 + 𝒀𝟐𝒀𝒘
−𝟏𝒀𝑰)∆𝑽𝒘 − 𝒀𝟐𝒀𝒘

−𝟏𝒀𝑳 [
𝒀𝟏𝟑
𝒀𝟐𝟑

] ∆𝑽𝒈      (A9) 

As the standard algebraic linearized model of a WPIG can be 

written as ∆𝑰𝒘 = 𝑪𝒘∆𝑿𝒘 + 𝑫𝒘∆𝑽𝒘 , where ∆𝑿𝒘 =
[∆𝑠 ∆𝐸𝑑 ∆𝐸𝑞]𝑇, By eliminating ∆𝑰𝒘, (A9) becomes 

     ∆𝑽𝒘 = (𝒀𝟏 − 𝑫𝒘 + 𝒀𝟐𝒀𝒘
−𝟏𝒀𝑰)

−𝟏[𝑪𝒘∆𝑿𝒘 

                +𝒀𝟐𝒀𝒘
−𝟏𝒀𝑳 [

𝒀𝟏𝟑
𝒀𝟐𝟑

] ∆𝑽𝒈]                                                  (A10) 

By substituting (A10) into (A6), ∆𝑽𝒘 is eliminated 

∆𝑰𝒈 = [𝒀𝟑𝟏 𝒀𝟑𝟐]𝒀𝒘
−𝟏𝒀𝑰(𝒀𝟏 − 𝑫𝒘 + 𝒀𝟐𝒀𝒘

−𝟏𝒀𝑰)
−𝟏𝑪𝒘∆𝑿𝒘 +

(
𝒀̅𝟑𝟑 − [𝒀𝟑𝟏 𝒀𝟑𝟐]𝒀𝒘

−𝟏𝒀𝑳 [
𝒀𝟏𝟑
𝒀𝟐𝟑

] + [𝒀𝟑𝟏 𝒀𝟑𝟐]𝒀𝒘
−𝟏𝒀𝑰

(𝒀𝟏 −𝑫𝒘 + 𝒀𝟐𝒀𝒘
−𝟏𝒀𝑰)

−𝟏𝒀𝟐𝒀𝒘
−𝟏𝒀𝑳 [

𝒀𝟏𝟑
𝒀𝟐𝟑

]
)∆𝑽𝒈   

                                         (A11) 

Then the reference frame transformation from x-y to d-q is 

applied to (A11). After substituting the linearized form of the 

synchronous generator equation 𝑽̅𝒈 = 𝑬̅𝒒
′ − 𝒋𝑿𝒅

′ 𝑰̅𝒈 − 𝒋(𝑿𝒒 −

𝑿𝒅
′ )𝑰̅𝒒 into (A11) under d-q frame,  ∆𝑽𝒈 in (A11) is eliminated 

and (A11) should have the form 

        ∆𝑰𝒈 = 𝑹𝜹∆𝜹 + 𝑹𝑬𝒒′∆𝑬𝒒
′ + 𝑹𝑰𝒒∆𝑰𝒒 + 𝑹𝑿𝒘∆𝑿𝒘        (A12) 

Hence, ∆𝑰𝒈 is converted to ∆𝑰𝒅 and ∆𝑰𝒒, and (A12) becomes 

∆𝑰𝒅 = 𝑹𝜹𝒅∆𝜹 + 𝑹𝑬𝒒′ 𝒅∆𝑬𝒒
′ + 𝑹𝑰𝒒𝒅∆𝑰𝒒 + 𝑹𝑿𝒘𝒅∆𝑿𝒘 

∆𝑰𝒒 = 𝑹𝜹𝒒∆𝜹 + 𝑹𝑬𝒒′ 𝒒∆𝑬𝒒
′ + 𝑹𝑰𝒒𝒒∆𝑰𝒒 + 𝑹𝑿𝒘𝒒∆𝑿𝒘 

                                                                                      (A13) 

Finally, (A13) is substituted into the following linearized model 

of multi-machine power system given in (A14) [35] and hence 

the form of Eq. (1) can be derived.  



 

∆𝜹̇ = 𝝎𝟎∆𝝎 

∆𝝎̇ = 𝑴−𝟏(∆𝑻𝑬 − 𝑫∆𝝎) 

∆𝑬̇𝒒
′
= 𝑻𝒅𝟎

−𝟏(−∆𝑬𝑸 + ∆𝑬𝒇𝒅) 

∆𝑬̇𝒇𝒅 = (−∆𝑬𝒇𝒅 − 𝑲𝑨∆𝑽𝒈)𝑻𝑨
−𝟏 

                                                                                          (A14) 

where ∆𝑻𝑬 = ∆𝑰𝒒𝑬𝒒𝟎
′
+ 𝑰𝒒𝟎∆𝑬𝒒

′
+ ∆𝑰𝒒(𝑿𝒒 − 𝑿𝒅

′ )𝑰𝒅𝟎 

+𝑰𝒒𝟎(𝑿𝒒 − 𝑿𝒅
′ )∆𝑰𝒅, ∆𝑬𝑸 = ∆𝑬𝒒

′
− (𝑿𝒅 − 𝑿𝒅

′ )∆𝑰𝒅  

and ∆𝑽𝒈𝒅 = 𝑿𝒒∆𝑰𝒒, ∆𝑽𝒈𝒒 = ∆𝑬𝒒
′
− 𝑿𝒅

′ ∆𝑰𝒅. 

    The above derivation can be extended to accommodate the 

case of multiple WPIGs.  

B.  Derivation of 𝜸𝒊𝒌 

    According to the algebraic equation of the linearized model 

of a multi-machine power system with WPIGs, it can obtain 

                                ∆𝑽𝒘 = 𝑪𝑽𝒘𝑿𝒈∆𝑿𝒈                               (B1) 

where ∆𝑿𝒈 is the vector of state variables associated with SGs. 

If 𝜆𝑖  and 𝒗𝒊  is the 𝑖𝑡ℎ  eigenvalue and associated right 

eigenvector of state matrix in (1), it can have 

                   ∆𝑿𝒈 = ∑
𝒗𝒊𝒈𝑎𝑖

𝑝−𝜆𝑖

𝑛
𝑖=1  , ∆𝜔𝑘 = ∑

𝑣𝑖𝑘𝑎𝑖

𝑝−𝜆𝑖

𝑛
𝑖=1                (B2) 

where 𝒗𝒊𝒈 is the vector inside 𝒗𝒊 corresponding to ∆𝑿𝒈, and 𝑣𝑖𝑘 

is the element of 𝒗𝒊 corresponding to ∆𝜔𝑘 (angular speed of the 

𝑘𝑡ℎ SG). Based on (B1) and (B2), the relationship between ∆𝑽𝒘 

and ∆𝜔𝑘 can be derived. 

  ∆𝑽𝒘 = 𝑪𝑽𝒘𝑿𝒈 (
∑

𝒗𝒊𝒈𝑎𝑖

𝑝−𝜆𝑖

𝑛
𝑖=1

∑
𝑣𝑖𝑘𝑎𝑖

𝑝−𝜆𝑖

𝑛
𝑖=1

⁄ )∆𝜔𝑘 = 𝛄𝒊𝒌∆𝜔𝑘    (B3) 

C.  Derivation of 𝑆𝑖𝑘 

    The sensitivity of 𝜆𝑖  with respect to the electric torque 

coefficient can be computed to be 

                             𝑆𝑖𝑘 =
𝜕𝜆𝑖

𝜕𝑇𝐶𝑤𝑘
= 𝑤𝑖𝑘𝑣𝑖𝑘                           (C1) 

where 𝑤𝑖𝑘  is the element of 𝜆𝑖  associated left eigenvector 𝒘𝒊 

corresponding to ∆𝜔𝑘. 

D.  DFIG/FSIG Models and Parameters 

D.1 Induction Generator Parameters 

𝑀𝑤 = 3.4𝑠, 𝐷𝑤 = 0, 𝑅𝑟 = 0.0007, 𝑋𝑠 = 0.0878, 𝑋𝑟 =
0.0373, 𝑋𝑚 = 1.3246, 𝑋𝑟3 = 0.05, 𝑋𝑠𝑠 = 𝑋𝑠 + 𝑋𝑚 , 𝑋𝑟𝑟 =
𝑋𝑟 + 𝑋𝑚, 𝑃𝑤 = 2.0𝑝. 𝑢. , 𝑉𝑤 = 1.015𝑝. 𝑢.    
D.2 Converter Control System Model and Parameters 
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Fig. D1.  Configuration of RSC control system model of DFIG. 

 

RSC controller parameters: 

𝐾𝑝𝑠𝑝1 = 𝐾𝑞𝑠𝑝1 = 0.2, 𝐾𝑝𝑠𝑝2 = 𝐾𝑞𝑠𝑝2 = 1,  

𝐾𝑝𝑠𝐼1 = 𝐾𝑞𝑠𝐼1 = 12.56𝑠
−1, 𝐾𝑝𝑠𝐼2 = 𝐾𝑞𝑠𝐼2 = 62.5𝑠

−1   

E.  Explicit Form of Elements in Equation (6), (8) and (10) 

𝑲𝟏𝒘 = 𝑰𝒔𝒅𝟎 +
𝑿𝒓𝒓𝑬𝒒𝟎

𝑿𝒎
𝟐 −𝑿𝒔𝒔𝑿𝒓𝒓

, 𝑲𝟐𝒘 =
𝑲𝒑𝒔𝒑𝟐𝑿𝒔𝒔

𝑿𝒔𝒔𝑿𝒓𝒓 − 𝑿𝒎
𝟐
(𝑰 + 𝑲𝒑𝒔𝒑𝟏|𝑽𝒘𝟎|), 

𝑲𝟑𝒘 =
𝑲𝒑𝒔𝒑𝟐𝑿𝒔𝒔

𝑿𝒓𝒓
, 𝑲𝟒𝒘 = −

𝑿𝒎
𝑿𝒓𝒓

, 𝑲𝟓𝒘 =
𝑲𝒒𝒔𝒑𝟐𝑿𝒔𝒔

𝑿𝒔𝒔𝑿𝒓𝒓 −𝑿𝒎
𝟐
(𝑰 + 𝑲𝒒𝒔𝒑𝟏|𝑽𝒘𝟎|), 

𝑲𝟔𝒘 = −
𝑲𝒒𝒔𝒑𝟐𝑿𝒔𝒔

𝑿𝒓𝒓
, 𝑲𝟕𝒘 =

𝑿𝒎
𝑿𝒓𝒓

, 𝑲𝟖𝒘 =
𝑿𝒓𝒓|𝑽𝒘𝟎|

𝑿𝒔𝒔𝑿𝒓𝒓 − 𝑿𝒎
𝟐
, 

𝑲𝟗𝒘 =
𝑿𝒔𝒔𝑿𝒓𝒓

(𝑿𝒎
𝟐 − 𝑿𝒔𝒔𝑿𝒓𝒓)𝑿𝒎

(𝑰 + 𝑲𝒑𝒔𝒑𝟏|𝑽𝒘𝟎|),𝑲𝟏𝟎𝒘 = −
𝑿𝒔𝒔
𝑿𝒎

, 

𝑲𝟏𝟏𝒘 =
𝑿𝒓𝒓|𝑽𝒘𝟎|

𝑿𝒎
𝟐 − 𝑿𝒔𝒔𝑿𝒓𝒓

, 𝑲𝟏𝟐𝒘 =
𝑿𝒔𝒔𝑿𝒓𝒓

(𝑿𝒔𝒔𝑿𝒓𝒓 −𝑿𝒎
𝟐 )𝑿𝒎

(𝑰 + 𝑲𝒒𝒔𝒑𝟏|𝑽𝒘𝟎|), 

𝑲𝟏𝟑𝒘 = −
𝑿𝒔𝒔
𝑿𝒎

, 𝑲𝒔 =
𝑿𝒔𝒔𝑬𝒅𝟎[𝑽𝒘𝒙𝟎 𝑽𝒘𝒚𝟎]

(𝑿𝒎
𝟐 − 𝑿𝒔𝒔𝑿𝒓𝒓)|𝑽𝒘𝟎|

 

𝑲𝑬𝒅 = −
𝑲𝒑𝒔𝒑𝟏𝑲𝒑𝒔𝒑𝟐𝑿𝒔𝒔𝑰𝒔𝒒𝟎[𝑽𝒘𝒙𝟎 𝑽𝒘𝒚𝟎]

𝑿𝒓𝒓|𝑽𝒘𝟎|
 

𝑲𝑬𝒒

=
𝑲𝒒𝒔𝒑𝟐𝑿𝒔𝒔 [−

𝑿𝒓𝒓|𝑽𝒘𝟎|
𝑿𝒔𝒔𝑿𝒓𝒓 − 𝑿𝒎

𝟐 +𝑲𝒒𝒔𝒑𝟏 (𝑰𝒔𝒅𝟎 −
𝑿𝒓𝒓|𝑽𝒘𝟎|

𝑿𝒔𝒔𝑿𝒓𝒓 − 𝑿𝒎
𝟐 )] [𝑽𝒘𝒙𝟎 𝑽𝒘𝒚𝟎]

𝑿𝒓𝒓|𝑽𝒘𝟎|
, 

𝑲𝑿𝒑𝒔𝟏 = −
𝑰𝒔𝒒𝟎[𝑽𝒘𝒙𝟎 𝑽𝒘𝒚𝟎]

|𝑽𝒘𝟎|
, 𝑲𝑿𝒑𝒔𝟐 =

𝑲𝒑𝒔𝒑𝟏𝑿𝒔𝒔𝑰𝒔𝒒𝟎[𝑽𝒘𝒙𝟎 𝑽𝒘𝒚𝟎]

𝑿𝒎|𝑽𝒘𝟎|
, 

𝑲𝑿𝒒𝒔𝟏 = (−
𝑰𝒔𝒅𝟎
|𝑽𝒘𝟎|

+
𝑿𝒓𝒓

𝑿𝒔𝒔𝑿𝒓𝒓 − 𝑿𝒎
𝟐
) [𝑽𝒘𝒙𝟎 𝑽𝒘𝒚𝟎], 

𝑲𝑿𝒒𝒔𝟐 =
𝑿𝒔𝒔

𝑿𝒎|𝑽𝒘𝟎|
[𝑲𝒒𝒔𝒑𝟏 (𝑰𝒔𝒅𝟎 −

𝑿𝒓𝒓|𝑽𝒘𝟎|

𝑿𝒔𝒔𝑿𝒓𝒓 − 𝑿𝒎
𝟐
) −

𝑿𝒓𝒓
𝑿𝒔𝒔𝑿𝒓𝒓 −𝑿𝒎

𝟐
 ] 

                [𝑽𝒘𝒙𝟎 𝑽𝒘𝒚𝟎]. 

where the subscript 0 denotes the steady-state value of 

variables, d-q denotes the WPIG reference frame and x-y 

denotes the system reference frame (applicable to Appendix F). 

F.  Explicit Form of Elements in Equation (12) 

𝑲𝟏𝒘 = 𝑰𝒔𝒅𝟎 +
𝑿𝒓𝒓𝑬𝒒𝟎

𝑿𝒎
𝟐 −𝑿𝒔𝒔𝑿𝒓𝒓

, 𝑲𝟐𝒘 = 𝑬𝒒𝟎, 𝑲𝟑𝒘 = 𝑲𝟕𝒘 =
𝑹𝒓𝑿𝒔𝒔

𝑿𝒎
𝟐 −𝑿𝒔𝒔𝑿𝒓𝒓

, 

𝑲𝟒𝒘 = 𝒔𝟎, 𝑲𝟓𝒘 = −𝑬𝒅𝟎, 𝑲𝟔𝒘 = −𝒔𝟎,𝑲𝒔 =
𝑿𝒔𝒔𝑬𝒅𝟎[𝑽𝒘𝒙𝟎 𝑽𝒘𝒚𝟎]

(𝑿𝒎
𝟐 − 𝑿𝒔𝒔𝑿𝒓𝒓)|𝑽𝒘𝟎|

, 

𝑲𝑬𝒒 =
𝑹𝒓𝑿𝒎

𝟐 [𝑽𝒘𝒙𝟎 𝑽𝒘𝒚𝟎]

(𝑿𝒎
𝟐 − 𝑿𝒔𝒔𝑿𝒓𝒓)|𝑽𝒘𝟎|

. 
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