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Background and motivation
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Fig. 1. Elements of the modern system.

Modern power grid

Higher penetration of 
NCRG

More participation of ESS

Better monitoring and 
communication
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Background and motivation

Fig. 2. Wind projects map*.

(*) Source: https://www.awea.org/

Wind 
energy

90,550 MW of 
operating wind 

capacity.

7,017 MW of 
new wind 

capacity added 
in 2017

Wind energy 
provides more 
than 30% in 
four states
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Fig. 3. Utility-scale solar project map*. 

Solar 
energy

7,200 major 
projects, , 

nearly 83 GW 
of capacity.

More than 31 
GW currently 

operating.

More than 50 
GW under 

development.

Background and motivation

(*) Source: https://www.seia.org/research-resources/major-solar-projects-list
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Background and motivation

Electromechanical oscillations

Power 
plant 
failure

Congestion in 
transmission 
lines

Instability and 
system blackout
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Background and motivation

Source: B. Kroposki et al., "Achieving a 100% Renewable Grid: Operating Electric Power Systems with Extremely High Levels of 
Variable Renewable Energy," in IEEE Power and Energy Magazine, vol. 15, no. 2, pp. 61-73, March-April 2017.

Fig. 4. Representation of coupling in power systems.
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o H. Silva-Saravia, H. Pulgar-Painemal, D. Schoenwald, Enabling Utility-scale Solar PV Plants for Electromechanical Oscillation Damping, IEEE Transactions on Power
Systems, 2019, (In preparation)

o H. Silva-Saravia, H. Pulgar-Painemal and J. M. Mauricio, "Flywheel Energy Storage Model, Control and Location for Improving Stability: The Chilean Case," in IEEE
Transactions on Power Systems, vol. 32, no. 4, pp. 3111-3119, July 2017.

EIR Model & 
Control

• Enabled Flywheel energy storage model and control for power system analyses.

• Enabled Utility-Scale PV plants to control oscillation without curtailment.
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EIR Model & 
Control

• Enabled Flywheel energy storage model and control for power system analyses.

• Enabled Utility-Scale PV plants to control oscillation without curtailment.

Performance & 
Coordination

• Replaced the traditional targeted damping ratio by utilizing the physical meaning 

of energy in a new performance index.

• Developed a pioneer disturbance-adaptive coordination of damping controllers 

to improve performance in systems with multiple inter-area oscillations.
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EIR Model and Control

579 MW Solar Star, Rosamond, California

Beacon Power's flywheel energy storage plant in 
Stephentown, New York.
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Enabling utility-scale solar PV plant 
for electromechanical oscillation damping



Enabling utility-scale solar PV plant for electromechanical oscillation damping
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Fig. 6. System phase portrait for PV solar plant injection 
equal to: (a) maximum power, and (b) reduced power and 
modulation.

Fig. 5. SMIB system with a PV solar plant.
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Enabling utility-scale solar PV plant for electromechanical oscillation damping

Fig. 7. State-space trajectories for the proposed 
step-down modulation. Fig. 8. (a) Machine speed and (b) PV power.
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Enabling utility-scale solar PV plant for electromechanical oscillation damping

Figure 9: Aggregated PV system topology.

Fig. 11. Typical PV panel characteristics: (a) current, and 
(b) power as a function of the PV voltage.Fig. 10. PV plant model for electromechanical simulations.
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Enabling utility-scale solar PV plant for electromechanical 
oscillation damping

Fig. 12. Block diagram of the step-down modulation control.

Fig. 13. Flow chart calculation for the switches.
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Enabling utility-scale solar PV plant for electromechanical oscillation damping

Fig. 14. Two-area 
system with PV plant.

Table 1. Performance comparison for inter-area mode.

Fig.15. (a) Panel voltage and (b) PV output power for 
both voltage control strategies.

Filter and voltage strategy comparison
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Enabling utility-scale solar PV plant for electromechanical oscillation damping

Fig. 16. Speeds comparison: (a) No control, (b) SDM with 
under voltage strategy and (c) SDM with over voltage 
strategy.

Table 2. Power limit for different irradiance levels.

Fig. 17 Model comparison for different irradiation level: (a) 
Pmpp = 100 MW, (b) Pmpp = 60 MW.

Filter and voltage strategy comparison Limitations WECC PV model
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Enabling utility-scale solar PV plant for electromechanical 
oscillation damping

Fig. 20. WECC system with utility-
scale PV generation.

Fig. 18. Eigenvalues of 
WECC system.

Fig. 19. Control 
performance during 
oscillation: (a) Machine 
speed and (b) PV power
injection for curtailment 
DC and (c) Power 
injection for SDM control.
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Summary
Contributions:

• This chapter proposes a novel method to enable damping control in utility-scale PV plants.

• The Step-down modulation technique does not require curtailment and only activates key PV 
plants for the control.

• The control design and model limitations of a standard PV model are discussed.

Enabling utility-scale solar PV plant for electromechanical oscillation damping
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Flywheel energy storage model,
control  and location for improving stability:

The Chilean case
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Flywheel energy storage model, control  and location 
for improving stability: The Chilean case

FES:
• High power density
• High energy density
• High number of cycles (life span)
• High efficiency
• Fast response

Lack of electromechanical model
Switching between local 

actuators
Lack of controls and analysis for 

power system stability
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Fig. 21. FES configuration: (a) Flywheel parallel array, (b) FPAE

Flywheel energy storage model, control  and location 
for improving stability: The Chilean case

Model topology

Proposed topology
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Proposed FES model

Fig.22. Comparison of FPAE variables response between the 
proposed and full detailed electromagnetic models

Fig. 23. FPAE model and control

Flywheel energy storage model, control  and location 
for improving stability: The Chilean case
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When a flywheel plant is connected to the buses, actual 
inter-area eigenvalue shows high agreement with 
respect to CI:

Location Eigenvalue f [Hz] Sigma[%]
No FES −0.012 + 𝑖𝑖𝑖.297 0.37 0.53

Parinacota −0.243 + 𝑖𝑖𝑖𝑖𝑖𝑖 0.39 9.9
P.Almonte −0.303 + i2.324 0.37 12.0
Tarapaca −0.303 + i2.𝑖𝑖9 0.36 13.1
Collahuasi −0.293 + i2.293 0.36 12.7
Lagunas −0.295 + i2.𝑖𝑖𝑖 0.36 12.𝑖
N.Victoria −0.294 + i2.𝑖𝑖𝑖 0.36 12.𝑖
El Abra −0.𝑖𝑖3 + i2.319 0.37 12.1

Tocopilla −𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐+ 𝐢𝐢𝟐𝟐.𝟐𝟐𝟐𝟐𝟐𝟐 𝟎𝟎.𝟑𝟑𝟓𝟓 𝟏𝟏𝟑𝟑.𝟏𝟏
Andes −0.139 + i2.294 0.37 6.0

Inter-area oscillation:
𝜆𝜆 = −0.012 + 𝑗𝑗𝑖.297
𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 = 0.37 [Hz]
𝜎𝜎 = 0.53%

NCIS dynamic analysis

Table 3. Inter-area mode for different FES plant locations

Fig. 24. Controllability map

Flywheel energy storage model, control  and location 
for improving stability: The Chilean case
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Generators speed when flywheel plant is installed in two locations:

Inter-area oscillation:
𝜆𝜆 = −0.012 + 𝑗𝑗𝑖.297
𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 = 0.37 [Hz]
𝜎𝜎 = 0.53%

Fig. 25. Generators 
speed after a 64 
(ms) short circuit in 
Crucero busbar

Flywheel energy storage model, control  and location 
for improving stability: The Chilean case

NCIS dynamic analysis

Fig. 24. Controllability map
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Summary
Contributions:

• A comprehensive electro-mechanical model for a flywheel plant has been derived.

• When applied to the NCIS, at the optimal location, the damping ratio of the inter-area mode is
increased from 0.53% to 13.1%.

• The proposed controllability index does not strongly depend on operational conditions.

Flywheel energy storage model, control  and location 
for improving stability: The Chilean case
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Performance Evaluation and Coordination

Fig. 26. The event on 9 
February 2006, inter-
area oscillations after 
power plant outage 1.2 
GW in Spain.

Source: integrating High Levels of Variable Renewable Energy into Electric Power Systems. NREL 2018.
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Dynamic performance index
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Dynamic performance index
Multi-machine system analysis

Kinetic energy

Action
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Action

Dynamic performance index

Total action

Fig. 27. Kinetic energy and total action.

Minimum total action provides “optimal” 
dynamic performance

Total action sensitivity (TAS)

• Assume that a damping 
control device is installed in 
the system. The dynamics of 
this controller are fast and can 
be represented as a 
proportional gain θk

With:

and
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Dynamic performance index
Simulation results and analysis

Fig. 28. 3-machine, 9-bus system.

• The location of an equivalent 100 MW 
BESS is studied at buses 4, 7 and 9 using 
the speed of generators 1, 2 and 3 as 
feedback signal, respectively.

• The control gain is increased from 0 to 50 
in steps of 5.

Traditional eigenvalue 
sensitivity analysis: 3-machine 

system
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Dynamic performance index

Fig. 29. Eigenvalue plot of the IEEE 9-bus system for 
prospective locations of BESS by increasing control gain: 
(a) changing θ4, (b) changing θ7, (c) changing θ9.

Table 4. Eigenvalue sensitivities.

Simulation results and analysis

Traditional eigenvalue 
sensitivity analysis: 3-machine 

system
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Dynamic performance index

Fig. 30. System kinetic energy for different initial 
disturbances (a) 𝛥𝛥ω1

0, (b) 𝛥𝛥ω2
0, (c) 𝛥𝛥ω3

0.

Table 5. Total action sensitivities.

Simulation results and analysis

Oscillation energy: 3-machine 
system
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Dynamic performance index

Fig. 31. System eigenvalues of the IEEE 39-bus test 
system

Fig. 32. IEEE 39-bus test system.

Simulation results and analysis

Oscillation energy: 39-bus 
system
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Dynamic performance index

Table 6. Total action sensitivities for 
short-circuit at bus 12 in the IEEE 39-
bus system.

Fig. 33. System kinetic energy of the IEEE 39-bus system after a 
64 ms short-circuit at bus 12.

Simulation results and analysis Oscillation energy: 39-bus 
system
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Dynamic performance index
Summary

Contributions:

• This chapter describes an oscillation energy analysis to identify the best actuator/location
in systems with multi-mode oscillation problems.

• The proposed  energy-based index measures the system dynamic performance by combining 
all system eigenvalues rather than the study of a dominant mode or an arbitrary operational 
benchmark for damping ratios.

• Several applications of the total action can be applied in control tuning, control allocation 
and planning.
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Adaptive coordination



Adaptive coordination
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Support on left foot

Support on right foot

Disturbance adaptation

Supervisory/centralized 
agent

Switching between 
local actuators



Adaptive coordination

43

Switching formulation for damping controllers
(on/off)

(on/off)

(on/off) (on/off)(on/off)

(on/off)

(on/off)
Fig. 35. Prony fit to July 4, 2012 Palo Verde 
event, Big Eddy - Malin FreqLFD Hz.

Different fault locations excite different modes, 
which can be tackle by a subset of EIR-based 

damping controllers.

Real (1/s)

Imag (rad/s)Local 
mode

Inter-area 
mode

Supervisory/centralized 
agent

Switching between 
local actuators

Fig. 34. Adverse behavior example.

Fig. 36. WECC system with EIR-based DC.
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Switching formulation for damping controllers

Examine the linearized power system equations

With Is the vector of input signals from different damping controllers

Matrix of damping control gains Switching matrix Deactivates the k-th
damping controller

Activates the k-th damping 
controller

EIR-based 
damping 
controller
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Switching formulation for damping controllers

The closed loop matrix becomes

For a given switching combination q we can get

Total action of the q switching combination

Kinetic energy of the q switching combination



To enhance the system dynamic performance, the best combination of: 
that minimizes the total action must be found

Adaptive coordination

46

Adaptive switching

Binary integer programming 
problem

For a given initial 
disturbance Subject to:

Proposed solution:

discrete space continuous space



Adaptive coordination
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Implementation

Fig. 37. Proposed adaptive coordination of damping controllers.
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Case study

Fig. 38. WECC system eigenvalues.

Fig. 39. Active power loop of k-th EIR. Fig. 40. WECC system
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Case study: preliminary results

Table 7. Estimated change of total action.

Two disturbance cases are analyzed: 
Case I: disturbing SG69
Case II: disturbing SG29

Case I

Case II

Fig. 40. WECC system
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Adaptive coordination

Table 7. Estimated change of total action.

Case study: preliminary results Case I: disturbing SG69

Fig. 41. Parametrization for 
disturbance in speed of SG69.

Fig. 42. Kinetic energy of WECC for 
disturbance at SG69
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Adaptive coordination

Table 7. Estimated change of total action.

Case study: preliminary results Case II: disturbing SG29

Fig. 43. Parametrization for 
disturbance in speed of SG29.

Fig. 44. Kinetic energy of WECC for 
disturbance at SG29
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Adaptive coordination
Case study: On-line implementation

Fault occurs

PMU monitoring
Centralized 

control
EIR-based 

damping control

𝑡𝑡 = 0

Fault is 
cleared

𝜏𝜏𝑎𝑎Sensor 
delay

𝑥𝑥0(𝜏𝜏𝑎𝑎)

Computation 
time

Communication 
delay

Communication 
delay

Initial 
conditions 
are sent

Switching 
signals are 

sent

𝑡𝑡′ = 0 𝜏𝜏𝑏𝑏
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Adaptive coordination
Case study: On-line implementation

Fig. 45. WECC energy for short-circuit at bus 30. Fig. 46. Rotor speed deviations of the WECC for short-
circuit at bus 30 for: (a) base case, (b) proposed control 
with delay τb1 and (c) proposed control with delay τb2.

Typical times:
PMU data is transmitted at 20 ms

Communication delay ranges 
between 69 and 113 ms

Computation time depends on 
computer processor
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Summary
Contributions:

• This chapter describes novel  disturbance-adaptive coordination of damping controllers to 
improve system dynamic performance.

• The proposed approach switches on/off damping controllers and by using the information of 
excited modes and their energy effect in grid rather than arbitrarily targeted modes.

• The proposed coordination is robust against communication and sensor delay.

Adaptive coordination
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Dynamic performance reinforcement planning
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Optimal location of EIRs
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Performance under variation of wind power

Based on preliminary 
evaluations, it can be 
assumed constant

Fig 30.  Kinetic energy and total action.

Is a random variable

The dynamic performance index is a random variable as well

Optimal location of EIRs
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“Find optimal locations in the 
system to install EIRs-based 
damping controller that would 

improve the power system dynamic 
performance”

Chance-constrained 
optimization

Where,
• With X0 the set of 

initial disturbances.

• the set of 
possible locations. 

”

Optimal location of EIRs
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Random input

Random total 
action (estimated)

Optimal location

Monte Carlo 
simulation

Chance-constrained 
optimization

Optimal location of EIRs
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Case study: preliminary results

1000 MW”

30% of wind 
penetration

Fig. 47. IEEE 39-bus system with 
wind generator.

Fig. 49. Parameterized total action for different ESS locations.

Fig. 48. Eigenvalue trajectories for the 
parameterized case without ESS.

Optimal location of EIRs
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Case study: stochastic analysis

Monte Carlo 
simulation

Fig. 50. (a) Wind speed-power characteristic, (b) Weibull 
distribution of the wind speed, (c) pdf of the wind power.

Fig. 51. Estimated total action. 

Optimal location of EIRs



63

Case study: stochastic analysis

1000 MW”

Fig. 47. IEEE 39-bus system with wind generator.

Table 8. Disturbances and probabilities of 
optimal location for each disturbance.

Table 9. Total 
probabilities.

Optimal location of EIRs
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Case study: stochastic analysis

1000 MW”• The proposed approach performs 
better than traditional optimization 
methods.

Fig. 47. IEEE 39-bus system with wind generator.

Table 10. Methods comparison.

Optimal location of EIRs
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Summary
Contributions:

• This chapter describes a novel  approach to guarantee the optimal location of EIR-based 
damping controllers under wind power variability.

• This method benefits from the treatment of disturbance probabilities  to avoid inefficient 
location solutions observed in traditional formulations.

.

• The linear estimation of the total action drastically reduces the computation time without 
affecting the accuracy of the solution.

Optimal location of EIRs



66

Effect of spatial correlation of wind farms
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• Power flows are now affected by the 
variability of wind generation among the 
system.

• System stability needs to be guaranteed 
under all generation scenarios.

Effect of spatial correlation of wind farms
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Effect of spatial correlation of wind farms

• Power flows are now affected by the 
variability of wind generation among the 
system.

• System stability needs to be guaranteed 
for all generation scenarios.

• There exist correlation between the wind 
speed of different wind farms.

• The use of correlation in the scenario 
generation avoids unrealistic cases. 
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Fig. 52. Time series for wind speed at two measurement 
stations (Oregon-Nevada).

Fig. 53. Dispersion plot of wind speed at two locations 
(Nevada-Utah).

Effect of spatial correlation of wind farms

𝜏𝜏 = 0.37 𝜏𝜏 = 0.3𝑖
Kendal correlation coefficient
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Fig. 54. DFIG active and reactive power loops.

Fig. 55. Wind speed-power characteristic and wind 
speed distribution.

Effect of spatial correlation of wind farms
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Fig. 56. Correlated wind speed at WT33 and WT30 
generated from Gaussian copula.

Fig. 57. Correlated wind speed at WT33 and WT30 
generated from t-copula.

Effect of spatial correlation of wind farms
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Fig. 58. (a) pdf resulting from Gaussian copula. (b) pdf 
resulting from t-copula Fig. 59. 179-bus WECC model 

with WTs.

Effect of spatial correlation of wind farms

10% wind power
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Fig. 59. 179-bus WECC model 
with WTs.

Effect of spatial correlation of wind farms

10% wind power

Fig. 60. Cumulative density function for different correlations.
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Summary
Contributions:

• This chapter analyzes the effect of spatial correlation of nearby wind farms on the power 
system dynamic performance.

• The results show that disregarding correlation between the wind speed of geographically 
closed wind farms leads to overestimation of critical probabilities, which can result in 
misguided planning.

• The results based on the expected value of the total action are robust against the 
dependence structures studied in this work

Effect of spatial correlation of wind farms
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Conclusions
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 Modeling and control of EIRs: 

 This dissertation introduces a new control strategy to enable utility-scale PV plants 

to provide damping control.

 This dissertation develops an electromechanical model of a FES for power system 

stability studies.

 Performance evaluation and coordination:

 This dissertation defines a new dynamic performance measure, replacing the 

traditional targeted damping ratio.

 This dissertation designs a fault-adaptive coordination of EIR-based damping 

controllers. 



Conclusions
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 EIR location for planning: 

 This dissertation introduces the problem of dynamic performance reinforcement 

planning and solve it in a probabilistic framework

 This dissertation studies the effect of spatial correlation of wind farms in the power 

system stability.
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