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Abstract—Phasor measurement units (PMUs) are time synchronized sensors primarily used for power system state estimation. 

Despite their increasing incorporation and the ongoing research on state estimation using measurements from these sensors, 

estimation with imperfect phase synchronization has not been sufficiently investigated. Inaccurate synchronization is an 

inevitable problem that large scale deployment of PMUs has to face.  
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I. INTRODUCTION 

In recent years, phasor measurement units (PMUs) [1] have become increasingly important in power system state 

estimation. The traditional supervisory control and data acquisition (SCADA) system has a low reporting rate and 

requires complex nonlinear state estimation, since the SCADA measurements, e.g., the power flow and power 

injections, are nonlinear functions of the system states (complex bus voltages). PMUs provide synchronized phasor 

measurement, which results in linear models for state estimation. Their sampling rate is much higher, enabling real-

time estimation of the power system’s state and fast response to abnormalities. There has been ongoing research on 

state estimation using PMUs . Most of the recent work directly combines the SCADA data with data from PMUs 

and uses weighted least-squares (WLS) estimation and similar methods. One important issue with this approach is 

that the SCADA measurements are not synchronized, and the sample rates of SCADA and PMUs are different, 

causing the time skewness problem. Typically, PMUs use a global positioning system (GPS) radio clock, which 

sends a one pulse per second (1 pps) synchronization signal . Currently, the deployment of PMUs is limited due to 

various reasons. Optimal placement of PMUs has recently been investigated to permit installation of a minimum 

number of PMUs . However, without enough PMUs, their advantage in linear measurements and high reporting rate 

cannot be fully exploited, and traditional low-sample-rate nonlinear measurements still have to be used for full 

system state estimation. Large-scale deployment of PMUs inevitably result in the use of PMUs from multiple 

vendors. However, due to different standards, protocols, and designs, the synchronization of PMUs from different 

vendors is a problem. According to , the clocks of PMUs need to be accurate standard needed by each device 

performing synchro phasor  measurement. The accurate and consistency of all PMUs, regardless of their makes and 

models, is important for large-scale PMU deployments . However, a test shows that   PMUs from multiple vendors 
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can yield errors of about 47 ms in time synchronization. In addition, in large-scale deployments, PMUs with 

alternative but less accurate synchronization mechanism may be used. These alternative synchronization 

mechanisms may include the Precision Time Protocol (PTP) as defined in IEEE-1588 standard, or time signal radio 

stations, e.g., WWVB located in Colorado, U.S.. According to the IEEE-1588 standard, instead of purely using a 

GPS radio clock for each of the devices, only the “masters” are equipped with global clocks. The “slaves” use local 

clocks, and a sync message is transmitted from a “master” to its “slaves” every few seconds.. As a general model, in 

this paper, we consider different PMUs are synchronized every seconds and use imperfect local clocks between 

consecutive synchronizations. When the PMUs are not perfectly synchronized, the traditional measurement model 

which considers the phase mismatch resulting from dissynchronization as additive noise is no longer accurate. In 

fact, as our numerical example suggests, if the synchronization error and/or the time between consecutive 

synchronizations increase, the traditional estimation methods will deteriorate significantly. To mitigate this problem, 

we introduce a new model for state estimation with consideration of PMU phase mismatch. We propose estimation 

algorithms based on alternating minimization (AM) and parallel Kalman filtering (PKF) for estimation using the 

static and  dynamic models, respectively. The estimation algorithm based on the static model is simple and robust 

and does not require any assumptions on the dynamics of the states and phase mismatch. The filtering approach is 

preferable for tracking time-varying phase mismatches under the standard dynamic state space model, as it is less 

computationally intensive. Numerical examples demonstrate that our proposed algorithms provide more accurate 

state estimates when the PMUs are imperfectly synchronized. The estimation performance remain satisfactory when 

the synchronization error increases. We conclude that, when a sufficient number of PMUs are employed and the 

mismatches are small, our methods can largely compensate for the errors resulting from imperfect time 

synchronization. Dynamic security assessment (DSA) provides system operators with important information, e.g., 

transient security of a specific operating condition (OC) under various contingencies. Given a knowledge base, 

decision trees (DTs) can identify the attributes and the thresholds that are critical to assessing the transient 

performance of power systems. With the advent of synchrophasor technologies, a significant amount of effort has 

been directed towards online DSA, by using PMU measurements directly for decision making . Upon a disturbance, 

by applying pre-determined decision rules to the PMU measurements of critical attributes, DTs can give security 

classification decisions in real-time. Previous studies on PMU measurement-based online DSA implicitly assume 

that wide area monitoring systems (WAMS) provide reliable measurements. However, in online DSA, PMU 

measurements can become unavailable due to the unexpected failure of the PMUs or phasor data concentrators 

(PDCs), or due to loss of the communication links. Recently, it has been widely recognized that PMU failure can be 

an important factor that impacts the performance of WAMS. For example, AESO’s newest rules on implementing 

PMUs  require that the loss or malfunction of PMUs, together with the cause and the expected repair time, has to be 

reported to the system operator in a timely manner. In the report [8], the deployment of redundancy is suggested by 

PMU manufacturers to reduce the impact of single PMU failure. Loss of PMUs has also been taken into account 

when designing WAMS and PMU placement [9]. Moreover, the delivery of PMU measurements from multiple 

remote locations of power grids to monitoring centers could experience high latency when communication networks 

are heavily congested, which could also result in the unavailability of PMU measurements. Therefore, it is urgent to 
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design DT-based online DSA approaches that are robust to missing PMU measurements. Intuitively, one possible 

approach to handle missing PMU measurements is to estimate the missing values by using other PMU 

measurements and the system model. However, with existing nonlinear state estimators in supervisory control and 

data acquisition (SCADA) systems, this approach may compromise the performance of DTs. First, the scan rate of 

SCADA systems is far from commensurate with the data rate of PMU measurements, and thus using estimated 

values from SCADA data may result in a large delay for decision making. Second, SCADA systems collect data 

from remote terminal units (RTUs) utilizing a polling approach. Following a disturbance, it is possible that some 

post-contingency values are used due to the lack of synchronization, which can lead to inaccurate security 

classification decisions of DTs. It is worth noting that future fully PMU-based linear state estimators can overcome 

the aforementioned limitations; but this is possible only when there is a sufficient number of PMUs placed in 

system. With this motivation, data-mining based approaches are investigated in this paper, aiming to use alternative 

viable measurements for decision making in case of missing data. DTs built by the classification and regression tree 

(CART) algorithm, missing data can be handled by using surrogate. However, a critical observation in this study is 

that when PMU measurements are used as attributes, most viable surrogate attributes have low associations with the 

primary attributes. Clearly, the accuracy of DSA would degrade if surrogate is used. This is because a DT is 

essentially a sequential processing method, and thus the wrong decisions made in earlier stages may have significant 

impact on the correctness of the final decisions. Thus motivated, this paper studies applying ensemble DT learning 

techniques, including random subspace methods and boosting, to improve the robustness to missing PMU 

measurements. 

II. RELATED STUDY 

He et al. [1] proposes a data mining framework for online dynamic security assessment using decision trees and a 

boosting technique is developed, with the following multi-stage processing. In the offline training stage, classifiers 

consisting of multiple simple decision trees are built based on a given collection of training data. In the near real-

time update stage, the simple decision trees together with their voting weights are updated when new data are 

available, enabling a smooth tracking of the changes of decision regions. In the online DSA stage, real-time phasor 

measurements are used to locate the current operating condition into a decision region and obtain timely security 

decisions. 

Kumar et al. [2] proposes a decision tree (DT)-based systematic approach for cooperative online power system 

dynamic security assessment (DSA) and preventive control. This approach adopts a new methodology that trains 

two contingency-oriented DTs on a daily basis by the databases generated from power system simulations. Fed with 

real-time wide-area measurements, one DT of measurable variables is employed for online DSA to identify potential 

security issues, and the other DT of controllable variables provides online decision support on preventive control 

strategies against those issues. A cost-effective algorithm is adopted in this proposed approach to optimize the 

trajectory of preventive control. The paper also proposes an importance sampling algorithm on database preparation 

for efficient DT training for power systems with high penetration of wind power and distributed generation. 

Kamwa et al. [3] investigate this trade-off between the accuracy and the transparency of data mining- based models 

in the context of catastrophe predictors for power grid response-based remedial action schemes, at both the 
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protective and operator levels. Wide area severity indices (WASI) are derived from PMU measurements and fed to 

the corresponding predictors based on data-mining models such as decision trees (DT), random forests (RF), neural 

networks (NNET), support vector machines (SVM), and fuzzy rule based models (Fuzzy_DT and Fuzzy_ID3). It is 

observed that while switching from black-box solutions such as NNET, SVM, and RF to transparent fuzzy rule-

based predictors, the accuracy deteriorates sharply while transparency and interpretability are improved. 

Meliopoulos et al. [4] provides a methodology to characterize the accuracy of PMU data (GPSsynchronized) and 

the applicability of this data for monitoring system stability via visualization methods. GPS-synchronized equipment 

(PMUs) is in general higher precision equipment as compared to typical SCADA systems. Conceptually, PMU data 

are time tagged with precision better than 1 microsecond and magnitude accuracy that is better than 0.1%. This 

potential performance is not achieved in an actual field installation due to errors from instrumentation channels and 

system imbalances. Presently, PMU data precision from substation installed devices is practically unknown. On the 

other hand, specific applications of PMU data require specific accuracy of data. Applications vary from simple 

system monitoring to wide area protection and control to voltage instability prediction and transient stability 

monitoring. 

Rather et al. [5] highlights the importance of power systems data analytics and their potential applications. Firstly, 

it introduces the fundamental of decision tree algorithm, followed by the latest state-of-the-art of decision tree 

algorithms applied to power systems. Classification and regression tree (CART), is a decision support tool which 

uses a binary tree-like graph or model to reveal the hidden relationship between inputs and outputs. The mainstream 

of data mining algorithm applied to power system, decision tree (DT), also named as classification and regression 

tree (CART), has gained increasing interests because of its high performance in terms of computational efficiency, 

uncertainty manageability, and interpretability. 

Sun et al. [6] describes an online dynamic security assessment scheme for large-scale interconnected power systems 

using phasor measurements and decision trees. The scheme builds and periodically updates decision trees offline to 

decide critical attributes as security indicators. Decision trees provide online security assessment and preventive 

control guidelines based on real-time measurements of the indicators from phasor measurement units. 

Vittal et al. [7]  Says that a data mining approach using ensemble decision trees (DTs) learning is proposed for 

online dynamic security assessment (DSA), with the objective of mitigating the impact of possibly missing PMU 

data. Specifically, multiple small DTs are first trained offline using a random subspace method. In particular, the 

developed random subspace method exploits the hierarchy of wide-area monitoring system (WAMS), the locational 

information of attributes, and the availability of PMU measurements, so as to improve the overall robustness of the 

ensemble to missing data. Then, the performance of the trained small DTs is re-checked by using new cases in near 

real-time. In online DSA, viable small DTs are identified in case of missing PMU data, and a boosting algorithm is 

employed to quantify the voting weights of viable small DTs. The security classification decision for online DSA is 

obtained via a weighted voting of viable small DT’s. 

III. BACKGROUND ON DTS 

A decision tree is a tree-structured model that maps the measurements of the attributes to a predicted value . In a DT, 

a test on an attribute (thus called the primary attribute of the internal node) is installed at each internal node and 
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decides which child node to drop the measurements into. Further, each leaf node of the DT is assigned a predicted 

value, and the measurements are thus labeled with the predicted value of the leaf node which it sinks into. The path 

from the root node to a leaf node specifies a decision region in the attribute space corresponding to that leaf node. 

Specifically, the length of the longest downward path from the root node to a leaf node is defined as the height of a 

DT. 

DECISION TREE 

Decision tree, also named as classification and regression tree (CART), is a decision support tool which uses a 

binary tree-like graph or model to reveal the hidden relationship between inputs and outputs. It was first developed 

by Breiman et al. in the 1980s and was firstly introduced into the field of power systems by Wehenkel et al. in 1989. 

Fig. 1 shows the architecture of data mining applications to power system. Sufficient amount of data are collected 

from power system which is used as the learning database. Data mining engine plays a significant role to find out 

important patterns that are hidden in the learning database followed by the evaluation and interpretation of the 

created model. Thereafter, online data is obtained from the system and used to predict the classification or the target 

value of the output. Finally, actions of control or protection are suggested or automatically taken if necessary. 

 

 

Fig 1. Architecture of data mining in power systems 

 

 

Fig. 2. A simple (a) classification tree and (b) regression tree. 

 

As shown in Fig. 2, given a set of attributes (i.e. A, B, C,…) as input predictors of case n, the target value (i.e. 

Discrete or Continuous) of the case can be predicted by dropping the case downward along a path of “if-then” 
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questions from the root node to a terminal node of a DT. The DT is classification tree (CT) if the target is a discrete 

class, while it is regression tree (RT) if the target is a continuous value. The vector of predictors can be composed of 

both numerical variables (e.g. A) and categorical variables (e.g. B). Variables are called numerical variables if their 

measurements are real numbers, while called categorical variable if it takes values from a finite set which may not 

have any natural ordering. 

IV.  APPLICATIONS OF DECISION TREE IN POWER SYSTEMS 

4.1 SECURITY ASSESSMENT 

Among the many other applications of DT in power systems, security assessment is the most versatile . With the 

help of DT, the information regarding scenarios of power system (e.g. operating conditions, contingencies, 

topologies, voltage and power etc.) can be expressed as a model to assess and predict the security states of scenarios 

from a vector of input attributes. DT is first introduced to assess the transient stability of a simple electric power 

system. Later, transient stability assessment is carried out for a real power system, i.e. EDF System in France, by 

enhancing the reliability of DTs for seen and unseen cases . In , new methods are proposed to reduce the probability 

of missed alarms by adjusting the prior probabilities and misclassification costs of unstable cases, and also to reduce 

the probability of false alarms by incremental tree development scheme. To evaluate the overall transient stability 

assessment for a large-scale power system, multi-contingency tree is first presented in a more compact and easier 

fashion compared with single-contingency trees.  

 DT is first used to assess the security of a median island power system with high penetration of renewable 

energy, taking the wind speed and solar radiation as candidate attributes. In, a DT based method for the optimal 

dispatch of primary reserve services considering security margins as constraints is tested on Crete power system in 

Greece. 

DT is first adopted for online dynamic security assessment (DSA) for a large scale power system (Entergy system in 

USA) in a practical approach. This scheme builds and periodically updates DTs offline to decide critical attributes as 

security indicators. Then DTs provide online DSA and operation guidelines based on real-time measurements from 

WAMS. The security of current scenario is voted by a whole path of DTs instead of just by terminal nodes to 

improve the robustness of DTs.DT was used especially for voltage security assessment for AEP system in USA 

based on the information of the past and forecast 24-h ahead operating conditions. Hourly updated DTs by including 

newly predicted system conditions, and multiple optimal DTs, corrective DTs are proposed for robustness 

improvement.   

 

4.2 PREVENTIVE AND CORRECTIVE CONTROL  

Continuously growing demand for electricity has forced modern power systems to operate closer to secure operating 

limits. Also, the increasing penetration of large scale renewable energy may impact power grids by bringing more 

uncertainties to grid operations. DT is a suitable tool to provide emergency control of power system in terms of its 

high efficiency, interpretability and uncertainty manageability.  

In , DT is used to determine the reserves of Crete Island system in Greece. Then online preventive control is 

suggested with optimization on the cost of load shedding and the cost of spinning reserves. In , the application of DT 
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for online steady state security assessment of Hellenic system in Greece is presented. The DTs extract the relevant 

information regarding line loading and voltage level and express them in terms of controllable values, i.e. generator 

bus voltage, active power generation and transformer taps. Preventive and corrective control strategies are suggested 

with respect to these controllable values. 

 

4.3 PROTECTION  

Some early explorations use the DTs to trigger the protection in real time, using a short window of post-fault curves 

(rotor angle, speed and acceleration  and R-Root relay , in progress to train a DT model, which can predict whether 

system insecurity/instability or even system collapse is going to occur before it really happens. Some uncertain 

factors in the network composed of fault duration, fault location, system operating conditions and network topology 

are considered to test the robustness of the created DTs, but the reliability still can not meet the standard of industrial 

application. In , the sensitivity of prediction accuracy is demonstrated for online transient stability assessment. It is 

found that the prediction accuracy is increasing when the power system is getting more close to the system collapse. 

 

4.4 FORECASTING, ESTIMATION, AND IDENTIFICATION  

CT and RT usually combine with unsupervised learning techniques to forecast the load consumption, to estimate the 

variables, and to identify the parameters in power systems.  Figueiredo et al. deals with the load forecast issue of 

EDP (Portuguese Distribution Company). Firstly, unsupervised learning (clustering) is used to obtain partitions of 

historical data into a set of consumer classes, then supervised learning (DT) is adopted to describe each class by 

rule-based classifications and create a DT model to assign consumers to the existing classes. The objective is to find 

the relevant knowledge about how and when consumers use electricity. 

 

4.5 FAULT DIAGNOSIS  

DT is one of the strong tools in power system fault diagnosis because of its ability to process and analyze the time-

series signal. In , DT is used in fault diagnosis of power distribution lines, both discrete attributes (operating states) 

and continuous attributes (voltage and current) are included in the predictors in order to deal with the variance of 

fault resistance and the noise of measurement. In , a decision tree-based method is proposed to detect High 

Impedance Fault in distribution feeders using attributes of RMS and harmonics of current and voltage so as to 

reduce sampling rate of protection relays. 

V. CONCLUSION 

The paper highlights the importance of power systems data analytics and their potential applications. Firstly, it 

introduces the fundamental of decision tree algorithm, followed by the latest state-of-the-art of decision tree 

algorithms applied to power systems.  In this paper the importance decision tree to reduce the impact of missing 

PMU data is also discussed. Moreover, advantages and weakness of decision tree algorithm are discussed. 
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