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 Feeder automation is one of the major functions of the distribution automation system 
(DAS) of Taiwan Power Company (Taipower). Feeder automation reduces the customer 
outage duration when a fault contingency occurs in a distribution feeder. In feeder automation 
operation, the feeder terminal unit (FTU) measures and monitors the voltage and current 
sensors of distribution line switchgear in real time. To propose the service restoration strategy 
for more efficient feeder automation, an inference mechanism using a colored Petri net (CPN) is 
employed to derive appropriate switching operations by considering the operational constraints 
of a distribution system. A CPN model for feeder automation that includes automatic line 
switches and circuit breakers is proposed for fault detection, isolation, and restoration (FDIR). 
To demonstrate the effectiveness of the proposed methodology, the computer simulation of a 
Taipower distribution system with 18 feeders is carried out. The results show that the proposed 
CPN model can be applied efficiently for the FDIR of the distribution system.

1. Introduction

 Traditionally, electric utilities detect power outages of distribution systems via customer 
contact about outages. The distribution dispatch control center then sends a crew to visit the 
site of an open breaker or blown fuse, and switches are operated to isolate the fault and restore 
the service. Owing to rapid load growth and the delay in the construction schedule for new 
substations and feeders, some transformers and feeders do not have enough reserve capacity 
for non-interrupted load transfer. In particular, service restoration in a distribution system is 
difficult when a fault occurs in summer.
 To solve the above problem, Taiwan Power Company (Taipower) has had an active 
distribution automation system (DAS) since 1991. The overcurrent relay of the feeder terminal 
unit (FTU) of the automatic line switch identifies the fault location when a permanent fault 
occurs on a primary feeder. An FTU is a smart device that detects power failures and transmits 
the power quality information needed for the operation of the distribution system to the central 
control unit. It does this by measuring, monitoring, and controlling data from the voltage and 
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current sensors of distribution line (22.8/11.4 kV) switchgear in real time. On the basis of the 
fault flags of the FTU, the master station of the DAS issues a command to open the boundary 
line switches to isolate the faulted zone. The upstream service is then restored by closing the 
feeder circuit breaker (FCB). The unfaulted but out-of-service zones are restored by closing the 
open-tie switch if the supporting feeder and main transformer have enough reserve capacity. 
Fault detection, isolation, and restoration (FDIR) is considered to be one of the major functions 
of feeder automation to improve service reliability. In Taipower, the goal of FDIR is to reduce 
the average service restoration time from 58 min to less than 5 min for a contingency occurring 
on a distribution feeder.(1) 
 In FDIR, switching operation strategies are usually determined by the volume of real-
time data. Without an effective decision support tool, distribution dispatchers can only rely 
on their past experience in devising operating strategies based on the real-time data they 
receive. A colored Petri net (CPN),(2–7) which is an extended model of Petri nets, is a graphical 
and mathematical modeling method with a powerful inference mechanism for describing 
information processing systems that are characterized as being concurrent, asynchronous, 
distributed, parallel, nondeterministic, or stochastic. Compared with Petri nets, the token 
set of a CPN, which is a vector, contains more information and represents more states of a 
system. Many interesting applications of CPNs in the power field have been reported, such as 
repair scheduling and dispatching of large-scale contingencies in distribution systems,(8) load 
balancing of distribution systems,(9–11) optimal switching operations for the service restoration 
and loading balancing of distribution systems,(12) and temperature-adaptive load transfer of 
distribution systems.(13)

 In this study, an inference mechanism of switching operations based on a CPN approach 
is applied to determine the strategy of service restoration. The real-time data of the DAS, 
including the status of FCBs and automatic switches, and overcurrent fault flags reported by 
FTUs are considered in the mechanism.
 The remainder of this paper is organized as follows. Section 2 briefly describes the 
function of FDIR for feeder automation. Section 3 describes the operational rules of the feeder 
automation of Taipower that are used in this study. Section 4 illustrates the CPN models 
of FDIR. Section 5 provides simulation results. Finally, Sects. 6 and 7 respectively give a 
discussion and conclusions.

2. FDIR

 To improve operational efficiency in terms of the system average interruption duration index 
(SAIDI) and system average interruption frequency index (SAIFI), Taipower launched the DAS 
as shown in Fig. 1. When a permanent fault occurs, the FCB and the overcurrent relays of all 
upstream FTUs are tripped. The fault flags of FTUs are transmitted to the master station of the 
DAS via an optical fiber network. Once the fault is located, switches on both sides of the fault 
are opened to isolate the faulted zone as the first step of FDIR. With the faulted service zones 
of the feeder isolated, the upstream service is then restored by closing the FCB. Downstream 
service restoration is a more complicated procedure than upstream restoration because multiple 
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sets of switching combinations should be decided by the DAS. The supporting feeder and 
main transformer with the largest reserve capacity are considered for load transfer before the 
corresponding open-tie switch is closed.
 The master station consists of the supervisory control and data acquisition (SCADA) 
function for substations and distribution system automation, a topology process, an outage 
management system, and real-time data servers.(1) The master station is implemented with a 
distributed client/server structure. Field data are collected from the substations via DNP3.0 over 
a TCP/IP LAN to the substation.
 A remote terminal unit (RTU) not only monitors the parameters of the main transformers 
such as the statuses of circuit breakers, currents, voltages, and real/reactive power but also polls 
the downstream FTUs along the feeders in the substation. The data of all FTUs are collected 
and processed by the substation RTU and forwarded to the master station. The RTU isolates the 
faulted service zones, verifies the isolation, and recloses the FCB based on the feeder topology, 
which is downloaded from the master station. The processes of fault isolation and upstream 
service restoration are accomplished within 20 s. The next 20 s are used to compute the reserve 
capacity of the supporting feeders and propose the strategy of switching operations to the 
distribution dispatchers for downstream service restoration.
 To effectively create the CPN model and efficiently perform the FDIR procedure and post-
event recovery in a distribution system, the topology process is executed to determine the 
energization status of automatic switches on a feeder under abnormal operating conditions. 
The inference mechanism of the CPN used to perform the FDIR function is based on the 
configuration of distribution feeders, SCADA data from the RTU and FTU, and Taipower’s 
switching operation rules. Figure 2 illustrates a flowchart of the proposed inference mechanism 
of the CPN for FDIR.

Fig. 1. (Color online) Configuration of DAS in Taipower.
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3. Operational Rules for Feeder Automation of Taipower

 The section introduces the operating rules used in Taipower’s DAS.(14)

1. Restore power to most customers as soon as possible in out-of-service unfaulted areas.
2.  Restore power to critical customers that provide emergency services with a high priority.
3. Minimize number of switching operations for FDIR.
4.  Distribution network remains in the open-loop status after service is restored.
5. Switching strategy does not overload distribution facilities.
 In this article, Taipower’s operational rules for FDIR are applied to derive the switching 
strategy after a permanent fault is located and is isolated by automatic line switches. The 
operational rules should be executed before the transitions of the CPN model are enabled.
 When a permanent fault occurs on a feeder, the overcurrent relay detects the fault and FTUs 
send fault flags to the DAS. Automatic line switches are opened to isolate the outage service 
zones, and the upstream service zones are then restored by closing the FCB. For the downstream 
restoration, the following operation rules are applied to perform the switching operation for 
service restoration.(15)

3.1 Restoration for a feeder fault

Rule1: Unfaulted but-out-of-service zones are restored by closing an open-tie switch, and the 
loadings of downstream service zones are then transferred to the other supporting 
feeder. The supporting feeder and main transformer should have enough reserve 
capacity to support the outage service zones.

Rule2: The DAS executes load shedding based on the service priority of customers before 
the interrupted load transfer is performed when the supporting main transformer has 
insufficient reserve capacity.

Fig. 2. Flowchart of the proposed inference mechanism of the CPN for FDIR.
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3.2 Restoration for a feeder outlet fault

Rule3: The supporting feeder with the largest reserve capacity is chosen for the load transfer of 
the entire interrupted feeder.

Rule4: The DAS executes partial load transfer for the outage feeder when the supporting feeder 
has insufficient reserve capacity.

Rule5: Rule2 is applied for fault restoration when the supporting main transformer has 
insufficient reserve capacity.

 The open-tie switch that connects the downstream service zones is considered as a potential 
line switch to be operated. The DAS chooses the candidate open-tie switch of the supporting 
feeder with the largest reserve capacity to execute load transfer. The supporting feeder in the 
same substation has a higher priority for interrupted load transfer to minimize the impact of 
outage of a distribution system.

4. Colored-Petri-Net-Based Modeling of FDIR

 CPNs, an extension of high-level Petri nets, are applied for modeling complex systems 
with a dynamic process. CPNs, different from traditional Petri nets, add another dimension to 
tokens, which are characterized by an attached color to represent different functions. In this 
study, various token colors are represented as the statuses of circuit breakers and automatic 
line switches (two-way and four-way switches). An attached color is assigned to each token of 
a CPN. These different token colors can then be used to determine which transition of the CPN 
model can operate. The state of a CPN, i.e., a marking, consists of many tokens positioned at 
individual places. In the FDIR procedure, the initial marking is determined by the statuses of 
circuit breakers and automatic line switches. The formal definition of a CPN can be found in 
Ref. 15.
 In this study, the dynamic property is utilized to model the processes of FDIR. The design 
consideration and the definitions for the CPN modeling of FDIR are based on the topology of 
the distribution network. Figure 3 shows a simple distribution feeder with automatic two-way 

Fig. 3. (Color online) Simple distribution feeder with automatic two-way line switches.
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line switches to illustrate the inference mechanism of the CPN model for FDIR. The FDIR 
based on the CPN model for the system shown in Fig. 3 is depicted in Fig. 4. 
 In Fig. 4, each place can be marked by attaching a data value (token color). In the CPN 
model of Fig. 4, the data values of five place nodes (P0, P1, P7, P8, and P9) for the FDIR 
process and five place nodes (P2, P3, P4, P5, and P6) for the circuit breaker and automatic 
line switches are illustrated in Tables 1 and 2, respectively. For instance, the state of place R1 
(P1) indicates that the DAS performs the FDIR process of feeder automation. Four-way and 

Fig. 4. (Color online) FDIR model of the test system based on a CPN.

Table 1
Place nodes for the states of the FDIR process.
Places Token colors Description

P0 P0_NF Non-fault on a feeder
P0_F Fault on a feeder

P1

P1_F Fault on a feeder
P1_FD Fault detection process
P1_FI Fault isolation process
P1_UR Upstream service zone restoration
P1_DR Downstream service zone restoration

P7 P7_complete FDIR process is completed

P8 P8_wt_remove Power failure is not removed
P8_remove Power failure is removed

P9 P9_OPSW_open Open-tie switch is opened for power recovery
P9_ISSW_close Boundary line switches are closed
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two-way automatic line switches are respectively installed in the underground and overhead 
distribution systems for fault isolation and service restoration as shown in Fig. 5. For four-

Table 2
Place nodes for the states of circuit breaker and automatic line switches.
Places Token colors Description

P2
P2_nf_close 1. CB without overcurrent flag

2. CB is closed

P2_f_open 1. CB with overcurrent flag
2. CB is tripped

P3, P4, P5, P6

(Two-way automatic line 

switch)

P*_nf_close 1. SW without overcurrent flag
2. SW is closed

P*_nf_open 1. SW without overcurrent flag
2. SW is opened

P*_f_close 1. SW with overcurrent flag
2. SW is closed

P3, P4, P5, P6

(Four-way automatic line 

switch)

P*_nf_open_open
1. SW without overcurrent flag
2. SW1 is opened
3. SW2 is opened

P*_nf_open_close
1. SW without overcurrent flag
2. SW1 is opened
3. SW2 is closed

P*_nf_close_open
1. SW without overcurrent flag
2. SW1 is closed
3. SW2 is opened

P*_nf_close_close
1. SW without overcurrent flag
2. SW1 is closed
3. SW2 is closed

P*_f_close_close
1. SW with overcurrent flag
2. SW1 is closed
3. SW2 is closed

*: place node number

Fig. 5. (Color online) Automatic line switches: (a) four-way line switch and (b) two-way line switch.

(a)

(b)
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way line switches, two load break switches (LBSs) are installed to enable remote control of the 
connection and disconnection of the primary line sections shown in Fig. 5(a). The LBSs SW1 
and SW2 are respectively located in near upstream service zones and downstream service zones 
to execute the fault isolation process. The command of the overcurrent flag is sent to the DAS 
master station when a permanent fault occurs. The five token colors for a four-way line switch 
consist of the status of the overcurrent flag, SW1, and SW2. The three token colors for a two-
way line switch are represented as the status of the overcurrent flag and SW. The DAS performs 
FDIR and power recovery processes for feeder automation during a contingency. Based on 
Fig. 5, Table 3 illustrates the token colors of the CPN model for the FDIR and power recovery 
processes.
 When a transition is enabled, the color tokens are removed from input places, and appropriate 
tokens based on the FDIR and power recovery operation rules are added to output places. 
The available reserve capacities of the potential supporting feeders and main transformers 
are evaluated on the basis of the loadings of the supporting feeders and the main transformer 
collected from FTUs and the RTU of the DAS before the transition nodes of the CPN model 
are enabled. For instance, a permanent fault occurs on the distribution feeder between switches 
SW2 and SW3 in Fig. 3. The reserve capacities of the supporting feeder and the supporting main 
transformer must be evaluated before the candidate open-tie switch SW4 closes. The transition 
T4 is then activated and the token color of place P6 for switch SW4 changes from P6_nf_open 
to P6_nf_close (Table 3). If the supporting main transformer has insufficient reserve capacity 
to execute the load transfer, the partial loading of the main transformer must be transferred 
to another feeder and then open-tie switch SW4 is closed. When the faulted feeder section is 
repaired, place P8 receives a token and transition T5 is enabled. The DAS performs the power 
recovery processes. The sequence is switched back to the pre-fault configuration when the fault 
is cleared. Open-tie switch SW4 closes (enabling transition T6), then boundary line switches 
SW2 and SW3, which isolate the faulted zone, are closed (transition T7 is enabled).

5. Case Study

 In this section, an FDIR simulation of Taipower’s distribution system is performed. The 
one-line diagram of the test system is illustrated in Fig. 6. The CPN model is developed in C++ 

Table 3
Token colors of CPN model for FDIR and power recovery processes.



Sensors and Materials, Vol. 33, No. 4 (2021) 1281

Fig. 6. (Color online) One-line diagram of the study system.
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Fig. 7. (Color online) CPN model for Case A.

and run on a personal computer (Intel Core i7 4.6 GHz) to perform the FDIR strategy. Reserve 
capacities of the main transformer that are sufficient and insufficient are chosen to simulate the 
switching operation of FDIR. In the following subsections, the notation (X, Y) represents the 
operations of opening switch X then closing switch Y to maintain the open-loop distribution 
network.

5.1 Case A: Fault on feeder outlet (with enough reserve capacity to support main 
transformer)

 In this case, a fault occurs on the outlet of feeder LC34, and the CPN model is developed 
using the topology of feeder LC34 shown as Fig. 7. The fault is detected by the statuses of 
the circuit breaker and line switches along feeder LC34. Circuit breaker CB8 is tripped and 
line switch S41-1 is opened after the fault is detected. Circuit breaker CB8 is closed when the 
isolation process is confirmed. The DAS then performs load transfer from LC34 to two of the 
supporting feeders, LR31 and LC36, based on their reserve capacities for downstream service 
restoration. Table 4 illustrates the reserve capacity margins of the faulted feeder, supporting 
feeder, and main transformer. The reserve capacity of supporting feeder LC36 is larger than that 
of LR31, and the main transformer MT4 has enough reserve capacity to take over the loading of 
the faulted feeder LC34. The loading (176.5 A) of LC34 is transferred to feeder LC36 by closing 
switch SW41-2 for downstream restoration.
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5.2 Case B: Fault on feeder outlet (without enough reserve capacity for main 
transformer)

 The same scenario as case A except with insufficient reserve capacity on MT4 is applied to 
the test system in Fig. 6. The loading of the main transformer MT4 is assumed to be 450 A and 
the reserve capacity margin of MT4 is reduced to 154 A, which is not enough to support the 
loading of LC34 (176.5 A). To solve the problem, part of the loading of LC38 is transferred to 
LR35 by executing the switching operation (S60-2, S63-2) to provide more reserve capacity for 
MT4. After that, switch S51-2 closes to restore the power service of feeder LC34.

5.3 Case C: Multiple line faults

 In Case C, a massive storm inflicts damage to low-lying distribution rooms and some 
faults occur in zone L2 of feeder LB31 and the outlet of feeder LB32 in Fig. 6. The faults are 
isolated by opening switches S2-2 and S3-1 for the L2 fault and opening circuit breaker CB2 
for the outlet fault of feeder LB32. For the L2 fault, the unfaulted but out-of-service zone L3 is 
transferred from feeder LB31 to LB34. For the outlet fault of feeder LB32, the whole loading of 
feeder LB32 is transferred to feeder LB35. As a result of this operation, the main transformer 
MT2 has insufficient reserve capacity for the operation of load transfer. Therefore, part of the 
loading of LB36 is transferred to LR36 by executing the switching operation (S31-2, S33-2) to 
provide more reserve capacity for MT6. After that, the switching operations (S3-1, S4-1) are 
performed and switch S28-2 is closed to restore the services of L2 and feeder LB32. 

6. Discussion

 The novelty of this study is the application of the inference mechanism of switching 
operations based on the CPN approach to determine the strategy of service restoration. The 
real-time data of the status of FCBs and automatic switches, and overcurrent fault flags reported 
by FTUs are considered in the mechanism. To perform the FDIR function, the inference 
mechanism of the CPN is based on the configuration of distribution feeders, SCADA data from 
the RTU and FTU, and Taipower’s switching operation rules. Compared with the traditional 
Petri net models, the proposed CPN model significantly reduces the computing time and 
memory required to derive suitable switching operations of FDIR.

Table 4
Reserve capacities of the supporting feeder and main transformer.
Feeder/Main transformer Load current (A) FRCM/TRCM*

LC34 176.5 273.5
LC36 186 264
MT4 380.7 223.3
LR31 223 227
MT5 385.4 218.6

*Feeder reserve capacity margin (FRCM) = 450 A load current
*Transformer reserve capacity margin (TRCM) = 604 A load current
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7. Conclusions

 Feeder automation reduces the customer outage duration when a fault contingency occurs 
in a distribution feeder. In feeder automation operation, the FTU measures and monitors 
the voltage and current sensors of distribution line switchgear in real time. In this article, an 
inference mechanism based on a CPN is proposed to derive the switching operations of FDIR 
in a distribution system. Taipower’s operation rules are incorporated into the CPN model and 
the inference mechanism to derive the switching strategy based on the operating regulation. 
The inference mechanism integrated with the operation rules is applied to find the restoration 
strategy for fault detection and isolation, and service restoration of distribution systems. To 
demonstrate the effectiveness of the proposed methodology, a Taipower distribution system 
with 18 feeders is investigated in a computer simulation. According to the computer simulation, 
the proposed methodology provides an effective tool for distribution dispatchers to execute 
feeder automation of a distribution system. The outage duration can be reduced and the system 
reliability improved by the inference mechanism based on the CPN when a fault occurs on a 
feeder.
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