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SUMMARY

This paper is motivated by the recent incidents of sub-synchronous oscillations that occurred in high
wind penetration areas such as ERCOT, Oklahoma, and Northern China. In particular, we propose a
framework to analyze the root causes of such oscillation, as well as possible remedial actions that
operators could take. The theory is based on the eigenvalue sensitivity analysis for series-compensated
power network integrated with DFIG-based wind turbine. Studies on eigenvalue sensitivities with
respect to system parameters and operating conditions are performed for oscillation modes within sub-
synchronous frequency range. Highly sensitive parameters as well as operating conditions for each
oscillation mode are identified. Potential parameter adjustment strategies are proposed. Numerical
simulations based on realistic DFIG models show the efficacy of the proposed analysis at pinpointing
the root causes of sub-synchronous oscillations.
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Introduction

Wind energy has been undergoing significant growth around the world, bringing new challenges to
system operators. One of the challenges recently faced by operators is the sub-synchronous oscillation
(SSO) due to integration of wind farms through series-compensated transmission lines, which would
cause voltage and power oscillations and eventually damage system stability. In October 2009, the
Electric Reliability Council of Texas (ERCOT) reported a SSO event in wind-integrated system,
triggered by a single line-to-ground fault [1]. A recent National Renewable Energy Laboratory (NREL)
report [2] also presents several SSO curves recorded by wind power plants of Oklahoma Gas and
Electric Company (OG&E). This type of phenomenon is generally referred to as sub-synchronous
control interaction (SSCI) [3], which is primarily caused by fast action of controllers of doubly-fed
induction generator (DFIG).

Increasing amount of research efforts has been taken to investigate wind farm SSO. Electromagnetic
transient simulations [4], frequency scan [5], as well as modal analysis [6] are performed, qualitative
impact of wind speeds, compensation levels and controller parameters are investigated. Several
mitigation control strategies are proposed in [7], [8]. However, there has not been rigorous analysis of
system parameters and operating conditions’ impact on wind farm SSO. In order to optimally mitigate
future SSO incidents, it is prudent for system operators to identify important model and control
parameters that are likely to induce wind farm SSO.

This paper offers a first-of-its-kind thorough analysis of system eigenvalue sensitivities with respect to
parameters in series-compensated power network integrated with DFIG-based wind turbine.
Relationship between system parameters and wind farm SSO is clearly presented. This work could
potentially help future works in designing mitigation control for SSO in wind-integrated systems.

Proposed Analytical Framework of Parameter-Induced Wind Farm SSO

Figure 1. IEEE first benchmark model with DFIG-based wind turbine

In this Section, we propose a rigorous approach to analysing the sensitivity of system eigenvalues with
respect to the wind farm parameters and network parameters. We present the framework by using
IEEE first benchmark model [9] integrated with a 100MW DFIG-based wind farm, as shown in Figure
1. However, this framework is generalizable towards other systems as well. Five parts of system
dynamics are considered: namely drive train torsional dynamics, induction generator dynamics, DFIG
converter control dynamics, DC-link dynamics, and network electromagnetic dynamics.

The wind turbine torsional system is modelled by a two-mass system shown as follows [10]:
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where J,, and J represents inertia of wind turbine and generator, respectively; D and K are system
damping and stiffness, respectively; z,, and zare wind turbine mechanical torque and generator



electrical torque, respectively; @, and o, are rotating speed of wind turbine and generator rotor,

respectively; A@ is the angle difference between wind turbine and generator rotor.
A 4" order dynamic model [11] is adopted for induction generator dynamics:
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wherev,, v, v, ,V, aregenerator stator and rotor voltages on g and d axis, respectively; i oo Iy
are generator stator and rotor currents on g and d axis, respectively; r,r are stator and rotor
resistances, respectively; X _, X, , X,, are stator, rotor and mutual inductances, respectively; o, o,

o, are d-g frame rotating speed, generator rotor speed, and system synchronous speed, respectively.

qs '’ Ids

Series-compensated transmission line is modelled as follows [12]:
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where Land C are transmission line inductance and series capacitor, respectively; i, , i, are inductor
currents on g and d axis, respectively; v, , v, are capacitor voltages on ¢ and d axis,

respectively; E , E, are infinite bus voltages on g and d axis, respectively.

The following first-order model describes dynamics of capacitor in the dc link between rotor side
converter (RSC) and grid side converter (GSC) [6]:

dvpe
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where P, , P, are RSC and GSC real power, respectively; C is the DC-link capacitor; v, is the
voltage across DC-link capacitor.

Pr - Pg = VDCCDC

DFIG converter control loops are shown in Figure 2.
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Figure 2. Control loops of DFIG grid side converter (left) and rotor side converter (right)
The complete nonlinear model can be expressed as x= f(X,p), which can be linearized as

Ax = A(X", p)Ax , where Ais the state matrix of the linearized model, p is the set of system
parameters, X denotes the steady-state solution of the system, which can be solved from steady-state
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system equations f(x, p) =0. It is clear that change of system parameters and steady-state solutions
would affect eigenvalues of state matrix A, and further influence system oscillation behaviour. This
paper presents eigenvalue sensitivity study on wind farm SSO in order to explore the relationship
between system parameters and eigenvalues of system state matrix.

Eigenvalue Sensitivities and Simulation Results

Since wind farm SSO is related with eigenstructure at sub-synchronous frequency, a powerful
analytical tool to trace the impact of different parameters and operating conditions on the oscillation is
through eigenvalue sensitivity analysis. The basic idea is presented below.

Let A bean nxn matrix, and let 1 be A’s simple eigenvalue with corresponding right and left
eigenvectors x and y. Suppose A is perturbed to A= A+ A, and consequently A is perturbed to
A=2+84.1f |SA |l,= ¢ is sufficiently small, then
y' (A)X

T

y X
This implies that, given left and right eigenvectors of current system state matrix, by perturbing
system state matrix through small modifications on system parameters or steady-state operating
conditions, one can obtain eigenvalue sensitivities with respect to parameters and operating conditions.
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The computational advantage of taking the above approach for eigenvalue sensitivity is obvious:
instead of obtaining parameter sensitivities by re-calculating system eigenvalues every time a
parameter is perturbed, this approach only needs eigenvalues and eigenvectors of the original system,
which saves time on eigenvalue calculation.

The above sensitivity analysis is performed on the test system shown in Figure 1. The following
system parameters are implemented: wind farm parameters: current wind speed = 5.6 m/s, current
generator rotor speed = 338.5 rad/s, number of turbines in wind farm = 100; Induction generator
parameters: rated power = 2 MW, rated voltage = 690 V, Rs = 0.0049 pu, R, = 0.0055 pu, X;s = 0.0924
pu, X;r = 0.0996 pu, Xy = 3.9530 pu; torsional system parameters: Jy = 209.21 kgm? Jg = 41.842
kgmz, K =3097.2 Nmrad, D = 1.5 pu; DC-link parameters: Cpc = 14000 pF, Vpc = 1200 V; series-
compensated network parameters: transformer reactance X, = 0.03 pu, line inductance L = 0.0015 pu,
line resistance = 0.0224 pu, series compensation level = 52.38%; RSC controller parameters: Kqs =
0.0001, Tqs = 0.025, Kjgr = 0.0001, Tgr = 0.0025; K. = 0.0001; T+ = 0.05; Kqr = 0.0001; T, = 0.005;
GSC controller parameters: Kqg = 0.1, Tog = 2, Kigg = 1, Tigg = 0.1, Kypc = 0.1, Type = 2, Kigg = 1, Tigg
=0.1.

Table 1 shows eigenvalues and natural frequencies related to sub-synchronous modes of the test

system. System modes without sub-synchronous frequencies are beyond the scope of this paper and
therefore not presented in the table.

Table 1. Test System Eigenvalues and Natural Frequencies Related to Sub-synchronous Modes

Eigenvalue 1.31 + 138.63i -4.59 + 50.84i -1.39 + 7.34i
g 1.31 - 138.63i -4.59 - 50.84i -1.39 - 7.34i
Frequency (Hz) 22.06 8.09 1.17

The eigenvalue sensitivities of three SSO modes with respect to system parameters as well as
operating conditions are presented in Figure 3. Eigenvalues corresponding to 22.06 Hz mode is
sensitive to network parameters and DFIG grid side controller parameters; eigenvalues corresponding
to 8.09 Hz mode is sensitive to DFIG parameters and network parameters; while eigenvalues
corresponding to 1.27 Hz mode is sensitive to torsional system parameters, network parameters and
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DFIG GSC controller parameters. It can be seen that network inductor and capacitor values are of high
sensitivities in all three modes, and parameters in current control loops of DFIG converter controllers
have higher sensitivities compared with those in torque control loops. In all three oscillation modes,
DFIG rotor speed has significant influence on the corresponding eigenvalues. Since in DFIG-based
wind farm, rotor speed is directly related to wind speed, this sensitivity result coincides with the
phenomenon that SSO in wind-integrated systems tend to happen under certain wind speed condition.

Eigenvalue Sensitivities for 22.06 Hz Mode
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Figure 3. Eigenvalue Sensitivities Related to Sub-Synchronous Modes

Simulation Results Before Tuning Controller Parameters
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Figure 4. Simulation Results Before and After Tuning DFIG Controller Parameters

This result of sensitivity analysis can be applied to guide system parameter adjustment for SSO
mitigation. In Table 1, eigenvalues corresponding to 22.06 Hz mode have positive real parts,
indicating unstable oscillations in the test system. According to sensitivity analysis, this mode is
highly sensitive to system series compensation level as well as gains in DFIG GSC control loops.
Therefore, the oscillation is expected to be damped down by properly adjusting these parameters.
Figure 4 shows the simulation results and FFT analysis of the oscillation before and after tuning gains
in GSC current control loop. It can be seen that by tuning adjustable parameters which is sensitive to
unstable oscillation mode, the corresponding eigenvalue can be effectively moved towards negative
direction.

For the purpose of SSO mitigation, system parameters and the amount of adjustment should be
selected carefully. According to Figure 3, sensitivities of a certain parameter on different oscillation
modes may have different signs, meaning by tuning parameter in a certain direction, eigenvalues of
some oscillation modes can be moved left, while eigenvalues of the other modes may be moved right.
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In order to keep all the eigenvalues negative and stabilize the system, control strategies which can
make well balance among all the oscillation modes should be expected.

Conclusions

This paper presents a framework for analysing the root causes and potential remedial actions
associated with SSO in high wind penetration systems. The proposed eigenvalue sensitivity analysis
allows for identifying the impact of different model parameters on the occurrence of wind farm SSO.
As a direct outcome of this analysis, we propose an intuitive visualization of the parameter
sensitivities on system sub-synchronous oscillation modes. This could help system operators to design
mitigation control strategies in an optimal way. Highly sensitive parameters as well as operating
conditions for each oscillation mode are identified. Potential problems for parameter adjustment
strategies are proposed. Simulations are performed in order to verify the results of sensitivity analysis.
Future work will focus on the mitigation control for SSO in wind-integrated systems and validation of
the control performance in large realistic systems.
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