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SUMMARY 

 

One of the main drawbacks of existing wide-area oscillation damping controllers (WADC) 

is their limited adaptive capability to the varying operating conditions of a power system. An 

adaptive WADC using a measurement-driven transfer function model is proposed in this 

paper. The proposed WADC utilizes the latest collected ring-down measurements to build a 

transfer function model of the controlled power system in the closed-loop environment, and 

updates its parameters to capture the variations in system’s operating condition. In this paper, 

a case study performed using a two-area four-machine system demonstrates the performance 

of the proposed adaptive WADC. Furthermore, the proposed adaptive WADC has been 

implemented on a hardware testbed. The advantages of the proposed adaptive WADC over a 

non-adaptive WADC have also been demonstrated. 
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1. Introduction 

Low-frequency oscillations are a significant issue limiting the power transfer capability 

across tie-lines and deteriorating power system security due to potential low-damped or even 

undamped oscillations  [1-2].  Typically, local oscillation modes can be damped by power 

system stabilizers (PSS) on generators using local feedback signals. However, for inter-area 

modes, local signals are not optimal and a wide-area damping control (WADC) utilizing 

remote signals is preferable, due to limited observability of an inter-area mode using local 

signals. Although many designs of WADCs have been proposed, one of the main drawbacks 

of these WADCs is their limited adaptive capability to the varying power system operating 

conditions, since they are usually designed based on offline studies using dynamic system 

models [3-4]. The Western Electricity Coordinating Council (WECC) separation event in 

1996 demonstrated that the damping ratio of the North-South inter-area mode kept decreasing 

when the system was undergoing consecutive events/disturbances [5]. With an adaptive 

oscillation damping controller, capturing those significant variations in system operating 

condition, system separation may have been prevented. 

The wide deployment of Phasor Measurement Units (PMUs) enables measurement-driven 

approaches for the design of damping controllers, thus overcoming the disadvantages of the 

circuit model-based approach. For example, it is feasible to derive a measurement-based 

transfer function model that describes the oscillatory behaviors of a power system, and use 

that model for damping control design [6-7]. This transfer function model can be periodically 

updated to track variations in system’s operating condition and make the WADC adaptive [8]. 

However, one challenge in the design of an adaptive WADC is to identify the open-loop 

system model (without WADC) in the closed-loop environment (with WADC). In other 

words, the identification of the transfer function model is on the basis of measurements under 

closed-loop operating conditions. Reference [9] proposes an approach based on ambient 

signal and deadband to address this issue. The deadband inside the WADC is used to 

eliminate the WADC’s control effect temporarily to enable an open-loop system model 

identification using ambient signal. Reference [10] presents another approach which 

periodically injects probing signal into the control loop and estimates the controller gains. 

However, the ambient signal or probing signal might not be strong enough, and it is easy to be 

interfered by measurement errors or other small disturbances during normal operation, such as 

generation re-dispatch.  

Compared with probing and ambient signals, ring-down measurements are much easier to 

be collected because they can be measured during large disturbances such as line trips, 

generation trips, etc. This paper proposes a new approach for an adaptive WADC that 

identifies the system model including the controller in the loop, using ring-down 

measurements. Considering as an example a generator excitation system being the actuator of 

the WADC, the required system transfer function model is divided into two parts. One is the 

transfer function between the voltage set-point of the generator exciter and the generator 

terminal voltage, which can be easily determined based on the generator and exciter models. 

The other is the transfer function between the generator terminal voltage and the system 

response, which can be identified using the generator terminal voltage as a pseudo probing 

signal.  

In the next section, an adaptive WADC is proposed that updates its control parameters 

online to accommodate variations in system’s operating condition. A case study using a two-

area four-machine system demonstrates the effectiveness of the proposed approach. Finally, 

the proposed adaptive WADC is implemented and demonstrated on a hardware testbed, which 

emulates a reduced WECC system.  
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2. Adaptive WADC using measurement-driven model  

2.1 Overview of the approach 

Fig. 1 shows the overall architecture of the adaptive WADC. The adaptive WADC is 

designed to damp a critical inter-area oscillation mode by providing supplementary damping 

control signal through the generator excitation system. The entire power system is represented 

by a simple, low-order transfer function model with the generator (actuator) bus frequency as 

the output signal. The identified system model is used to update the WADC parameters [11]. 

The online model identification is triggered by system events including generation trip, load 

shedding, and topology changes due to line trip, etc. These system events can be detected by 

existing situational awareness functions based on wide-area measurements. Upon a system 

event, the transfer function model will be updated when the ring-down data collection is 

completed.  

 
Fig. 1 Adaptive WADC using transfer function model derived from measurements 

2.2 Transfer function model identification using ring-down data 

The closed-loop system structure with the WADC is shown in Fig. 2. The WADC input 

signal  is the frequency difference between a local bus and a remote bus in this study, since 

it has better observability. Vref is the voltage reference of the excitation system, while Vt is the 

machine terminal voltage. Since the wide-area control signal VWADC is added to Vref, the 

controlled system model should be identified between Vref and . Considering that 

 depends only on the generator and exciter structure, it remains the same under 

different operating conditions and can be identified off-line. The transfer function model 

between Vt and  (  ) can be identified using online ring-down measurements. In 

this paper, the generator terminal voltage Vt is selected as the input of the transfer function 

model , while the bus frequency difference  is selected as the output.  

 

Fig. 2 System structure with wide-area damping controller 
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2.3 WADC structure 

A lead-lag structure, which consists of a filter, a washout block, two lead-lag blocks, and 

a gain block, is adopted for WADC in this paper [12]. Fig. 3 illustrates the block diagram of 

the WADC.  and  are the time constants of the lead-lag structure;  is the gain of 

WADC;  is the time constant of the washout block which is usually set to be 10s to remove 

direct current component in the feedback signal. The modulation amplitude of WADC is 

limited within [-0.05p.u., 0.05p.u.] as labeled Vmax and Vmin in Fig. 3. It is obvious that the 

time constants and gain are the key parameters that determine the controller performance. 

These control parameters can be updated online based on the identified transfer function 

model [11]. 

 
Fig. 3 WADC structure 

3. Case study in two-area four-machine system 

A two-area four-machine system is selected as the study system [13]. The target 

oscillation mode is the inter-area oscillation between Area 1 (left) and Area 2 (right), with 

0.55Hz oscillation frequency and 8% damping ratio. Fig. 4 shows the diagram of the study 

system with an adaptive WADC. The controller input is the frequency difference between Bus 

6 and Bus 10. The controller output is added to the exciter of generator 3, which has highest 

controllability of the target mode based on residue analysis.  

 

Fig. 4 Diagram of study case with WADC 

Starting from the original operating condition, a 100 MW generation decrease occurs on 

generator 1 to emulate a generator trip disturbance. The ring-down data collected after this 

disturbance is used to design WADC.  Later on, by applying a few consecutive disturbances, 

including line trip, generation trip and load shedding, the system operating conditions are 

varying and different from the base case. Moreover, the identified system model indicates that 

the oscillation frequency is changed to 0.49Hz and damping ratio is reduced to 0.81%. 

However, the controller parameters do not updated accordingly, referred to as non-adaptive 
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WADC. Fig. 5(a) shows the non-adaptive WADC performance under a temporary three-phase 

fault. The fault is applied to the line between Bus 7 and Bus 8, and is cleared after 50 ms 

without any line trip. When the system is controlled with the non-adaptive WADC, the 

oscillation in the frequency difference between the two areas is growing and the system is not 

stable under this situation. On the contrary, the adaptive WADC is able to identify system 

model using the ring-down data collected from the latest disturbance, and update its 

parameters accordingly. The performance of the adaptive WADC is tested under the same 

temporary three-phase fault. Fig. 5(b) is the frequency difference between the two areas when 

system is controlled with the adaptive WADC using updated parameters. Compared with no 

WADC, the system with the adaptive WADC is stable under the temporary fault. 
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(a) Non-Adaptive WADC performance (b)Adaptive WADC performance 

Fig. 5 Performance of non-adaptive and adaptive WADC 

4. WADC implementation and experiments on hardware testbed  

The proposed approach for the adaptive WADC is further validated on the Hardware 

Testbed (HTB) at The University of Tennessee, Knoxville (UTK). This HTB is a unique test 

platform, which emulates large-scale power systems by interconnecting modular and 

reprogrammable power electronic converters in a reconfigurable structure [14-15]. The 

converters, also called emulators, can be programmed and controlled in real time to mimic the 

behaviors of various generation sources (e.g., synchronous machine, solar, and wind), 

transmission lines, loads, energy storages, HVDC, and other components in power systems 

with scalable ratings. The framework of the HTB is illustrated in Fig. 6.  

Presently, a reduced WECC system with 60% renewable penetration is emulated on the 

HTB. This system is reduced from the 240-bus WECC system using DYNRED tool [16]. 

Wind machines are connected to Bus 3 and Bus 4, while solar generation is connected to Bus 

6. The target mode is the inter-area oscillation between north and south [17]. Two cases, a 

winter and a summer case are created to test the proposed WADC, as shown in Fig. 7. The 

oscillation frequency is 0.425Hz with 9.01% damping ratio in the winter case without the 

WADC, while the oscillation frequency is 0.521Hz with 8.64% damping ratio in the summer 

case without the WADC. A WADC is designed to damp this inter-area oscillation mode. 

Based on residue analysis, Generator at Bus 2 is selected to execute WADC control 

commands, and the frequency difference between Bus 2 and Bus 7 (f2 – f7) is chosen as the 

WADC wide-area feedback signal. Using the ring-down measurements after a generation trip 

disturbance, the transfer function model can be identified, and the WADC parameters can be 

determined for both winter case and summer case, as shown in Table I.  
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Fig.6 UTK’s Hardware Testbed 

 
(a)Winter case (b)Summer case 

Fig. 7 Reduced four-area WECC system  

Table I Controller parameters in different cases 

 T1 T2 Kw 

Winter 0.302 0.302 21.18 

Summer 0.399 0.235 7.20 

 

The WADC is firstly tuned and tested for the winter case. As shown in Fig. 8(a), the 

WADC improves the damping ratio of the oscillations. Next, the summer case is tested under 

two scenarios, 1) WADC with parameters tuned for the winter case (considered as a non-
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adaptive controller with outdated parameters) and 2) WADC with updated parameters tuned 

for the summer case (considered as an adaptive controller). As shown in Fig. 8(b), with the 

WADC designed for the winter case, a 1.169 Hz oscillation mode will be excited, and the 

system becomes unstable. However, when using the adaptive WADC designed with ring-

down measurements, the damping ratio is increased to 13.66% and the local oscillation mode 

is not excited.  

 

 
(a)Winter case (b)Summer case  

Fig. 8 WADC control effect 

5. Conclusion and future work 

An adaptive WADC using a measurement-driven transfer function model is proposed in 

this paper. This transfer function model can be identified and updated using ring-down 

measurements with the WADC in the loop. The WADC can be tuned online based on this 

transfer function model to improve its adaptive capability. A case study in Kundur’s test grid 

has demonstrated the performances of the proposed adaptive WADC. Furthermore, an 

adaptive WADC using measurement-driven approach is designed and demonstrated on a 

hardware testbed, where a reduced 4-area WECC system is emulated. The test results 

illustrated that a WADC with outdated parameters designed for a winter case will result in 

system instability when the system is emulated for a summer case. However, an adaptive 

WADC with updated parameters improves the system’s oscillatory behavior. Future work 

may focus on 1) impact of measurement noise/error, 2) impacts of signal latency and 

communication failure, and 3) coordination of multiple oscillation modes for the WADC 

design.  
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