
 

 

ABSTRACT 

SHEN, ZHAN. Centralized and Decentralized Volt/Var Control Schemes for FREEDM Sys-
tem. (Under the direction of Dr. Mesut E. Baran). 

 

This study first investigates the impact of high-penetration residential photovoltaics (PV) 

on power distribution systems, both Green Hub-type and Future Renewable Electric Energy 

Delivery and Management (FREEDM)-type power distribution systems. Voltage varies dur-

ing daily operation as the load and PV profile changes. In order to meet the requirement of 

system normal operation, Volt/Var Control (VVC) schemes are proposed in both centralized 

and decentralized fashion. The objective of VVC is formulated as minimizing system power 

loss while regulating voltage profile within acceptable limits. The centralized VVC scheme is 

a two-phase control scheme where gradient based Phase I control targets at regulating vol-

tages and linear programming (LP)-based Phase II optimization aims at minimizing power 

loss. Compared with the heavy computational burden and dependence on communications 

infrastructure, decentralized control can achieve a system-wide optimization goal as well as 

parallel computation and a weaker requirement for communications. The proposed Dantzig 

Wolfe (DW)-based decentralized VVC partitions the original large-scale optimization prob-

lem into smaller subproblems.  

The proposed centralized and decentralized VVC schemes are tested on the FREEDM 

IEEE 34 node test feeder and the FREEDM Notional System, respectively. Improvements 

have been made for each control scheme. Based on the simulation result, it is clear that both 

proposed schemes can achieve the optimization goal of minimizing power loss while main-

taining voltages within the feasible region. When comparing the control effect between 



 

 

centralized and decentralized VVC schemes, although the control effect of DW-based decen-

tralized VVC is not as good as centralized VVC, it can still provide acceptable results.   
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 CHAPTER 1. Introduction 

1.1 Background 

With the appearance of Distributed Renewable Energy Resources (DRER) in power dis-

tribution systems, the conventional system operating and control schemes are facing new 

challenges. In order to resolve the new issues, it is necessary to do an in-depth impact study 

to determine all potential problems during daily systems operations.  

As a critical application in distribution automation, Volt/Var Control (VVC) provides 

voltage regulation within specified tolerances and achieves a system-wide optimization goal. 

In the conventional distribution system, since the substation is assumed to be the only source 

of the whole feeder, voltage will drop gradually from the substation toward the end of the 

feeder. Voltage-regulating devices are needed to boost the voltage throughout the system. 

However, in the distribution system where high-penetration DRERs are presented, the VVC 

scheme will deal with unforeseeable system conditions and responses. Therefore, it is neces-

sary to design new control schemes to meet the needs of the new circumstances.  

In addition, by employing smart devices, it is possible to implement the traditional cen-

tralized VVC scheme in a decentralized manner. By partitioning the original large-scale 

optimization problem into smaller subproblems, local slave control will be able to process its 

own subproblem in parallel, which can reduce the computational burden and save time. In-

stead of collecting information from the whole system and sending it to the central controller, 

the requirements of information exchange and the dependency of control applications on the 
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communications infrastructure will be greatly reduced, thus saving capital investment on 

communications, too. 

1.2 Outline 

Chapter II gives the definition of a smart distribution system, a Green Hub system, and a 

FREEDM system, as well as new enabling technologies that make smart distribution systems 

possible. The testbeds that have been developed at the FREEDM System Center are intro-

duced. Then, a literature survey is conducted on the topic of the impact of renewables on 

distribution systems. Potential steady state impacts are mentioned, and standard investigation 

approaches are followed. Then, the steady state impact of a high penetration of residential 

photovoltaics (PV) on the Green Hub-type and FREEDM-type of both testbeds is demon-

strated. Simulation results are presented and analyzed. Because of daily voltage variation and 

emerging new devices, it is necessary to develop a new VVC strategy for FREEDM-type dis-

tribution systems. 

Chapter III proposes a two-phase centralized VVC scheme after investigating the poten-

tial centralized control strategies for a power distribution system. The objective of VVC is 

formulated as: to minimize system power loss while regulating the voltage profile within ac-

ceptable limits. Gradient-based phase I control targets regulating voltages when a voltage 

violation exists. Then, starting with a feasible operating condition, linear programming (LP) -

based phase II optimization aims to minimize the power loss within the feasible region. Im-

provements have been proposed together to guarantee the accuracy of linearization and check 

its optimality. The proposed centralized VVC scheme is then tested on the FREEDM IEEE 

34 node test feeder.  
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Chapter IV proposes a Dantzig Wolfe (DW) -based decentralized VVC scheme after 

comparing the pros and cons of centralized and decentralized control. The DW decomposi-

tion scheme shows its advantage in partitioning large-scale LP problems that are in “block 

angular” form into smaller subproblems. After DW decomposition, the new formation of 

problems can be solved in an iterative process where at each step the subproblems are solved 

separately. The master problem, which consists of the coupling constraints, will be solved by 

the revised simplex method. Two test feeders are used to check the effectiveness of the pro-

posed decentralized control scheme. Improvements in accuracy are also presented.  

Chapter V summarizes the present work and proposes future work regarding the im-

provements and an application-decentralized VVC scheme. 
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 CHAPTER 2. Impact of High Penetration PV on 

a Smart Distribution System 

This chapter introduces the concept of smart distribution systems, Green Hub systems, 

and FREEDM systems. The structure of the main enabling components, such as a solid-state 

transformer (SST) and distributed PV systems, are also presented briefly in this chapter. Af-

ter defining the broader picture, the two test systems that will be used later are presented. The 

Residential Notional System and the IEEE 34 System are modified to be the Green Hub sys-

tem and the FREEDM system in the PSCAD. 

A high-penetration PV impact study will also be evaluated on the Green Hub-type distri-

bution system and the FREEDM-type distribution system in this chapter. In order to evaluate 

the capability of accommodating renewable energy in both conventional and smart distribu-

tion systems, the actual daily load and PV profiles are obtained and simulated on the test 

systems. The Cloud passage scenario is also considered to show how system voltage re-

sponds to the sudden change in real power generation. By analyzing the daily voltage 

variation, the necessity of developing a VVC strategy for FREEDM-type smart distribution 

systems becomes obvious. 

2.1 Basic Concept of Smart Distribution Systems 

The electric power system has been undergoing substantial changes by adopting more 

types and a higher penetration of DRER. Many emerging technologies, such as PV systems, 

microturbines and distributed energy storage devices (DESD), have an inverter interface with 
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the distribution systems, and provide possibilities for “smarter” intelligent operations of the 

power system. In the past several years, the idea of the smart grid has gained increasing visi-

bility. Lots of works on investigating the structure, capability, and features of the smart grid 

have been presented [1]-[4]. Then, the U.S. government has mandated the transformation of 

the existing electric grid into a smart grid through the Energy Independence and Security Act 

of 2007 (EISA07) and the American Recovery and Reinvestment Act of 2009 (ARRA09). 

The smart grid is then defined as an electric system that uses information, two-way, cyber-

secure communications technologies, and computational intelligence in an integrated fashion 

across the entire spectrum of the energy systems from generation to consumption of the elec-

tricity [1]. In order to make it clear, a comparison is made between a conventional power 

distribution system and a smart distribution system [1], [2]. 

1) The substation is the only source in the conventional distribution system, while the 

smart distribution system can use power from renewable distributed generation (DG), 

as well as DESD. 

2) A unidirectional flow of energy from the source to the customers is used in the con-

ventional distribution system, while a bidirectional power flow may occur in a smart 

distribution system. 

3) The conventional system structure is not flexible, while plug-and-play devices, such 

as electric vehicles (EVs) and islanding operation of a certain part of the distribution 

system are enabled in the smart distribution system. 
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4) Customers have limited information and no opportunity to contribute to the conven-

tional system, while they are informed and encouraged to actively enable better 

energy conservation in the smart distribution system. 

5) Real-time monitoring and control are limited in the conventional distribution system. 

However, with the application of smart meters and inverter-based devices, utilization 

of instant measurement could optimize energy flow to reduce losses and lower cost. 

The integration of secure communications and control across the smart distribution 

system promotes interoperability and open systems and increases safety and opera-

tional flexibility. 

The basic objectives of a smart grid are to improve reliability, promote the high-

penetration of renewable resources, create dynamic islanding, and improve generation effi-

ciencies [4]. In order to qualify as a smart grid, some new features need to be implemented. 

EISA07 defines eight philosophies of the smart grid: distribution energy resources (DER) 

and peak-shaving, demand response, self-healing, sensing, consumer devices, optimizing dis-

tributed assets, islanding and advanced tools, as shown in Figure 2-1. 
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Figure 2-1 Eight philosophies of the smart distribution system 

 
 
 

2.1.1 Enabling Technologies and New Devices 

Compared with conventional systems, there are several new electronics-based devices in-

troduced in the FREEDM system. PV is the renewable energy resource that is utilized, and 

SST is an inverter-based transformer used to connect the DGs to the main distribution feeder. 

2.1.1.1 Solid-State Transformer (SST) 

As discussed previously, an inverter-based transformer is required to accommodate the 

large number of DESDs and DRERs. SST is a power-electronics device that does much more 

than a step-down transformer. An important objective of using STTs in the FREEDM system 

is to achieve compatibility and flexibility [5]. The use of SSTs separates the grid side para-

meters from the secondary side, so that the system stability is strengthened because the low-

voltage side is strongly decoupled from the grid.  
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In the FREEDM system, all the loads on phase A are supplied through 200 kilovolt-

amperes (kVA) SSTs. These SSTs are modeled based on the new prototype SST being de-

veloped at the FREEDM System center [5]. The topology of the SST is shown in Figure 2-2. 
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Figure 2-2 Topology of the Solid State Transformer [6] 

 
 
 
The model structure of the SST is shown in Figure 2-3. The SST is rated as single-phase 

input voltage 60 hertz (Hz), 7.2 kilovolts (kV), output voltage 60Hz, 240/120 volts (V), 1 

phase/3 wires. The SST consists of: a high-voltage high-frequency cascaded H-Bridge alter-

nating current/direct current (AC/DC) rectifier that converts 60Hz, 7.2kV AC to three 

cascaded 3.8kV DC buses; three high-voltage high-frequency DC-to-DC converters that con-
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vert 3.8kV to 400V DC bus and a voltage source inverter (VSI) that inverts 400V DC to 

60Hz, 240/120V, 1 phase/3 wires. An SST has the features of load voltage regulation, vol-

tage sag compensation, fault isolation, power factor correction, harmonic isolation, and DC 

output. Each SST can manage the fault currents on both the low voltage and high voltage 

sides. Its large control bandwidth provides the plug-and-play feature for distributed resources 

to rapidly identify and respond to changes in the system [7]. Besides, another main feature of 

an SST is that it can automatically work under a per-unit power factor without receiving any 

control commands. Therefore, all the reactive load inquires on the secondary side will be 

provided by the corresponding SSTs. When receiving reactive power injection commands 

from the control center, SSTs can also perform as Var compensation devices and inject reac-

tive power based on needs. Therefore, in the FREEDM system, there is no need to use 

conventional voltage regulation devices, such as voltage regulators (VR), Load Tap Changers 

(LTCs), or capacitor banks (CAPs). 

 
 
 

 

Figure 2-3 SST average model structure 
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In order to have a three-phase 69/12kV substation SST, three single-phase SST models 

have been used in delta/wye connection, as shown in Figure 2-4. These single-phase SST 

models are basically the same models as the original SST model except that the voltages 

measured at the power stage have been scaled down from 69/12kV to 12/7.2kV and the vol-

tage signals calculated by the controllers have been scaled up from 12/7.2kV to 69/12kV in 

order to make the original design usable. 

 
 
 

 

Figure 2-4 Three-phase substation SST 
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2.1.1.2 PV System 

In the smart distribution system, DRER is one of the key components. Here, PV systems 

are connected to the distribution feeder via SSTs to minimize the disturbances generated when 

connecting or disconnecting PV systems. Figure 2-5 shows the topology of the PV system. A 

boost DC/DC converter is used to increase the output voltage of the PV array to 500V. Then, 

the PV system is connected to the grid through a single-phase DC-to-AC inverter. A simple 

proportional-integral (PI) controller is used to regulate the DC bus voltage. A PV array is oper-

ated at the maximum power point (MPP) under all conditions, and it can generate AC output 

current in phase with the AC utility grid voltage since PV has a power-electronics interface [8]. 

Also, we assume that the power conversion efficiency is close to 100%. 

 
 
 

 

Figure 2-5 Topology of the PV array 

 
 
 
The PV units simulated are residential grid-connected-type and provide about 100% of 

the residential load in this simulation. PVs are non-dispatchable and designed to deliver the 

maximum available power. An average model-based PV model has been adopted to represent 

these PVs. 
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2.1.2 Concept of the Green Hub System 

In a conventional distribution system, magnetic transformers are used to connect DRERs 

to the distribution feeder, as shown in Figure 2-6. Traditionally, distribution systems are de-

signed by assuming that the substation is the only energy source. With the presence of 

DRERs, unexpected problems, which will be explained later in this chapter, may occur. As 

the penetration level of the DRERs gets higher, the problems become more severe. There-

fore, it is necessary to find a better approach to accommodating and utilizing the DRERs with 

high penetration. 

 
 
 

 

Figure 2-6 Single-phase customer load and DRER connection in Green Hub System 

 
 
 

2.1.3 Concept of the FREEDM System 

The FREEDM system is a new smart distribution system that facilitates seamless integra-

tion of high-penetration DRERs and DESDs with the existing power grid. Motivated by the 

success of the Internet, the architecture of the FREEDM system is proposed as a roadmap for 

a future automated and flexible electric-power system in Figure 2-7 [5], [9]-[11]. As ex-

plained in [11], residential class DRER, DESD, and loads are connected to the system 
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through a revolutionary, highly efficient power-electronics-based intelligent energy man-

agement (IEM) subsystem. Each IEM will have bidirectional energy flow control capability 

allowing it to provide key plug-and-play features and isolate the system from faults on the 

user side. An intelligent fault management (IFM) subsystem will be used to isolate potential 

faults in the 12kV primary circuit and provide the reconfiguration capability and unprece-

dented power quality to the users. The brain of the FREEDM system will be provided by the 

Distributed Grid Intelligence (DGI) software embedded in each IEM and IFM. The 

FREEDM system will be connected to the traditional grid through a higher power IEM.  

 
 
 

 

Figure 2-7 Architecture of the FREEDM system [6] 

 
 
 
As presented in [5], three key technologies are critical in the information Internet: the 

plug-and-play interface, an information router that directs information to the right place, and 

an open-standard operating system. However, none of these is available in today’s power 
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grid. The proposed FREEDM system is a power distribution system that interfaces with resi-

dential customers and industrial customers with the following features: 

1) The first key feature is a plug-and-play interface that includes both a 400V DC bus 

and a conventional 240V AC bus, as shown in Figure 2-8. This plug-and-play inter-

face also contains an open-standard-based communications interface so that any 

device coupled to the grid will be recognized as soon as it is connected. 

2) The second feature is an energy router or an IEM device that connects to the 12kV 

AC distribution bus and supports the regulated 120V AC or 400V DC bus. In the 

FREEDM system, SST plays the role of the energy router. 

3) The third key feature is an open-standard-based operating system, called DGI. This 

feature is embedded into the IEM device. 

 
 
 

 

Figure 2-8 Interface of a future customer in the FREEDM system [9] 
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By merging advanced power-electronics technology and information technology to form 

a future distribution power grid, the proposed FREEDM system should be able to [11]: 

• Have a new delivery interface that allows plug-and-play of any DRER or DESD, at 

anytime and anywhere; 

• Have a communications infrastructure backbone that allows the real-time manage-

ment of Load, DRER, and DESD through DGI software; 

• Have the capability of being isolated from the main grid and operate in islanded 

mode; 

• Have high power quality and reliability; 

• Have improved overall system efficiency and power factor correction. 

The connection of a single-phase customer load and PV with the presence of SST in the 

FREEDM system is shown in Figure 2-9. Since SSTs are single-phase, all customer loads, 

regardless of whether they are originally delta or Y connections, will be connected ground to 

phase via SST. 

 
 
 

 

Figure 2-9 Single-phase customer load and DRER connection with the presence of SST in the FREEDM system 
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To make it clear, the differences between a conventional distribution system, a Green 

Hub-type distribution system, and a FREEDM-type distribution system are summarized 

in Table 2-1.  

1) A substation is designed as the only source in conventional distribution systems and no 

DRERs are connected at the residential level. However, DRERs are available in both the 

Green Hub-type distribution system and the FREEDM-type distribution system. There-

fore, transformers are needed in order to accommodate the DRERs.  

2) Traditional magnetic transformers are utilized as distribution transformers in the Green 

Hub-type distribution system, while SSTs are used in the FREEDM-type distribution sys-

tem. As described above, SSTs can inject reactive power according to the commands 

received from the control center. So, there is no need for conventional control devices, 

such as CAPs, VRs, and LTCs, in the FREEDM-type distribution system.  

3) The control and regulation devices in conventional and Green Hub-type distribution sys-

tems are the same, but they differ from the FREEDM-type distribution system. 

 
 
 
Table 2-1 Differences between conventional, Green Hub-type, and FREEDM-type distribution systems 

 
Conventional Green Hub FREEDM 

Trans No Magnetic SST 
PV No Yes Yes 

Conv Control Yes Yes No 
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2.2 Testbeds Developed at the FREEDM System Center 

In the following text, the Residential Notional System and the IEEE 34 node test feeder 

testbeds, which were developed at the FREEDM System Center for research purposes, will 

be presented. The nature of these two feeders is the same, both are distribution feeders. By 

adding the DRERs—in our case, PV—to the conventional system, the two feeders will be-

come Green Hub system. By replacing the conventional magnetic transformers with SSTs, 

the backbone of these systems will be basically FREEDM system, where the functionality of 

IEM, IFM and DGI will be embedded.  

The most common type of distribution system for serving residential loads is the radial-

type. Therefore, our focus in this study is radial-type distribution systems. In these test sys-

tems, high-penetration PV systems are considered as DRERs. The installation capacity of PV 

is 100% of the peak local load at each customer end. Due to the daily load and PV generation 

variation, voltages along the feeder also vary and may cause problems in normal operations 

of the distribution system. Therefore, the impact of high-penetration PV systems on the smart 

distribution system is investigated below, and the necessity for VVC strategy development 

will be discussed, too.  

2.2.1 Residential Notional System 

The Residential Notional System is developed based on the actual residential distribution 

circuit in Progress Energy’s service area. The original system has two 15kV class feeders that 

operate at 12.47kV nominal voltage. Each feeder has about 200 line segments. To facilitate 

the development of a notional system that can be simulated easily without the loss of detail, a 
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compromise has been made by lumping together the loads connected to sections of the feed-

ers. In order to investigate the issues being brought up by the high penetration of PV systems, 

each customer has a roof-top PV system. It is assumed that each PV system can generate up 

to the maximum load of the residential unit. The Residential Notional System is modeled in 

PSCAD.  

Generation I of the Residential Notional System utilizes a magnetic transformer to ac-

commodate PV systems, which is a so-called Green Hub-type Residential Notional System. 

Later, SSTs will be used to replace the magnetic transformer and make the Residential No-

tional System a FREEDM-type system, which is called the Residential Notional System II in 

the text below. Figures 10 and 11 show the single-line diagram of the implemented system. 

Detailed data for the Residential Notional System is given in Appendix A. 

1) Base value: Base voltage along the main distribution feeder is 12kV, so the 

per-phase base voltage is 6.9282kV. Set the base capacity to be 10 megavolt-amperes 

(MVA), Table A-1 shows all of the base values that are used in the Residential No-

tional System.  

2) Loads: The Residential Notional System is a three-phase unbalanced distribu-

tion feeder. Table A-2 contains the load data for the Residential Notional System. 

3) Line sections: The original system’s line data is provided in Table A-3. If we 

divide all the resistance and inductance by its corresponding line length, it becomes 

clear that all the lines are of the same type. The line’s positive/zero resistance and in-

ductance per kilometer is shown in Table A-4. 
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4) Substation transformer: The substation transformer data of the Residential No-

tional System is shown in Table A-5. The rated voltage of the substation transformer 

is 69kV/12kV. 

5) Capacitor banks: There are four fixed CAPs in the Residential Notional Sys-

tem, and the detailed data is shown in Table A-6. 

Then, the one-line diagram of the Green Hub-type Residential Notional System, named 

Residential Notional System I, is shown in Figure 2-10, where the substation and distribution 

transformers are all conventional magnetic transformers. 
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Figure 2-10 One-line diagram of Residential Notional System I 

 
 
 
In order to make Residential Notional System I into a FREEDM system, the distribution 

transformers are all replaced by SSTs and the substation transformer is still a conventional 

magnetic transformer. With the presence of SSTs, there is no need for conventional control 

devices, so all the CAPs are removed from the system. The one-line diagram of Residential 

Notional System II is shown in Figure 2-11. 
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Figure 2-11 Single-line diagram of Residential Notional System II 

 
 
 

2.2.2 IEEE 34 Node System 

IEEE 34 node test feeder is an actual feeder located in Arizona with nominal voltage of 

24.9kV. It is characterized by its long line length and heavy peak load. An in-line distribution 

transformer, between node 832 and 888, steps down the voltage to 4.16kV for a short section 

of the feeder. There are two VRs connected between node 814-850 and node 852-832, and 

two CAPs connected at node 844 and 848 individually. These Var compensation and voltage 

regulation devices are needed to maintain a good voltage profile. 
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IEEE 34 system is an unbalanced system with both “spot” and “distributed” loads. How-

ever, since single-phase conventional transformers or SSTs are going to be used to connect 

loads and PVs to the primary feeder, all the loads are modified to be the Y connection. 

Similarly, as a Residential Notional System, Generation I of the IEEE 34 system utilize 

magnetic transformers to accommodate PV systems, which is a so-called Green Hub-type 

IEEE 34 system. Later, SSTs will be used to replace the magnetic transformer and make the 

IEEE 34 system a FREEDM-type system, which is called IEEE 34 Gen II in the following 

text. Figures 12 and 13 show the single-line diagram of the implemented IEEE 34 system. 

Detailed data for the IEEE 34 system is given in [12], [13]. 

Several changes have been made to the original IEEE 34 node system: 

1) Instead of connecting directly to the primary feeder, all the loads are now connected 

via conventional transformers (24.9kV L-L/240V L-N rating) or SSTs (7.2kV L-

L/240V L-L rating). 

2) PVs, with installation capacity the same as local peak loads, are connected at the sec-

ondary side of the distribution transformer. 

3) Conventional control devices (VRs and CAPs) are removed in the IEEE 34 node sys-

tem II 

Detailed data for the IEEE 34 Node System is given in Appendix B, which includes: 

1) Base value: Base voltage along the main distribution feeder is 24.9kV, so per-

phase base voltage is 14.2760kV. Set base capacity to be 10MVA, and Table A-7 

shows all the base values that are used.  
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2) Loads: As stated before, instead of using “spot” loads and “distributed” loads, 

all the loads are represented as Y connections at the corresponding nodes. Table A-8 

is the aggregated load data in the IEEE 34 node system. 

3)  Line sections: There are six types of lines in the IEEE 34 node system: 300, 

301, 302, 303, 304, and 200. Table A-9 shows the line impedance and susceptance for 

each type. Line types 300, 301, 302, 303, and 304 work under the 24.9kV voltage 

level, and type 200 works under 4.16kV voltage level. Types 300, 301, and 200 are 

three-phase distribution lines, but types 302, 303, and 304 are single-phase conduc-

tors, where type 302 is connected to phase A and types 303 and 304 are connected to 

phase B. Table A-10 gives the sending and receiving node to which each line is con-

nected, the line length, and the line type. 

4) Voltage Regulator and Transformer: There are two VRs in the system, con-

nected between nodes 814 and 850 and between nodes 852 and 832. They are 

modeled as LTC transformers with three different taps that can work independently 

for three phases. The impedance of VR is chosen to be the same as shown in Table A-

11. There are two types of transformers in the original IEEE 34 node system. The 

rated voltage of substation transformer is 69kV/24.9kV and for transformer 832 is 

24.9kV/4.16 kV. The impedances of these two transformers are shown in Table A-12.  

5) Capacitor Banks: There are two fixed CAPs in the IEEE 34 system, with the 

detailed data shown in Table A-13. 

For the Green Hub-type IEEE 34 node system, which is named IEEE 34 system I, substa-

tion and distribution transformers are all conventional magnetic transformers. All 
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conventional control devices, two VRs, and two CAPs, are still kept in the system. The one-

line diagram of IEEE 34 System II is shown in Figure 2-12. 

 
 
 

 

Figure 2-12 One-line diagram of IEEE 34 System I 

 
 
 
In order to make the IEEE 34 I system into a FREEDM system, distribution transformers 

are all replaced by SSTs. CAPs and VRs are all removed. The substation transformer is still a 

conventional magnetic transformer. The distribution transformer that is connected between 

852 and 832 is removed. The one-line diagram of IEEE 34 system II is shown in Figure 2-13. 

One may notice that the primary feeder line to line voltage in the IEEE 34 II system is 

12kV instead of 24.9kV. The reason is that the physical SST developed in the FREEDM sys-

tem center is with fixed rating (7.2kV L-L/240V L-L). So all the customer loads are resized 

accordingly to guarantee that the real and reactive power consumed is the same as in original 
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IEEE 34 system. The substation transformer is therefore changed from 69kV L-L/24.9kV L-

L to 69kV L-L/12kV L-L, and the distribution transformer between node 832 to 888 with a 

rating of 24.9kV L-L/4.16kV L-L is removed. Therefore, the primary feeder voltage of node 

888 and 890 is now 12kV L-L instead of 4.16kV L-L. Finally, all the feeder lengths are mod-

ified based on the new voltage level so that the per-unit impedance of each line section 

remains the same. 

 
 
 

 

Figure 2-13 One-line diagram of IEEE 34 System II 

 
 
 



26 
 
 

 

 

2.2.3 Conventional Voltage Regulation Rules in the Distribution 

System 

Voltage regulation is an important subject in electrical distribution engineering. It is the 

utility’s responsibility to keep the customer’s voltage within specified tolerances. In the con-

ventional distribution system, since substation is assumed to be the only source of the whole 

feeder, voltage will drop gradually from the substation toward the end of the feeder. There-

fore, additional voltage-regulating devices are needed to boost the voltage throughout the 

system. The devices provide voltage supports that can be classified as follows [14]: 

1) Source or sinks of reactive power, such as shunt capacitors, shunt reactors, and static 

Var compensators (SVC)  

2) Line-reactant compensators, such as series capacitors  

3) Regulating transformers, such as LTC transformers and boosts 

Usually, distribution substations are equipped with LTC transformers that operate auto-

matically under load or with separate VRs that provide bus regulation [15]. As loads 

increase, the regulating apparatus boosts the voltage at the substation to compensate for the 

voltage drop in the distribution feeder. In the case where customers are far from the substa-

tion or where the voltage drop along the primary circuit is excessive, additional regulators or 

capacitors located at selected points provide supplementary regulation. Conventional control 

schemes of VRs and CAPs are simple local measurement-based schemes. Figure 2-14 illu-

strates the typical application of these two kinds of devices. 
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Figure 2-14 Voltage regulators and capacitor banks used on a distribution feeder 

 
 
 

2.2.3.1 Voltage Regulator 

Feeder VRs are used extensively to regulate the voltage at each feeder separately to main-

tain a reasonably constant voltage at the point of utilization. They are either induction-type or 

step-type VRs. 

Step-type VRs can be either station-type or distribution-type. A station-type VR can be 

single-phase or three-phase and can be used in substations for bus voltage regulation or indi-

vidual feeder voltage regulation. Distribution-type VRs can be only single-phase and is pole-

mounted on overhead primary feeders. Step-type VRs are autotransformers with many taps in 

the series winding. Most regulators are designed to correct the line voltage from a 10% boost 

to a 10% buck. 

In addition to its autotransformer component, a step-type regulator also has two other ma-

jor components: the tap-changing mechanism and the control mechanism. Ordinarily, each 

VR is equipped with the necessary controls and accessories so that the taps are changed au-

tomatically under load by a tap changer, which responds to a voltage-sensing control to 
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maintain a predetermined output voltage. It also provides the ability to adjust the line drop 

compensation by selecting the resistance and reactance settings. 

VRs located in the substation or on a feeder are used to keep the voltage constant at a fic-

titious regulation or regulating point without regard to the magnitude or power factor of the 

load. The regulation point is usually selected to be somewhere between the regulator and the 

end of the feeder. A VR uses local measurements (current and voltage) to adjust the voltage 

at its terminals by varying its taps. A VR is controlled by a VR relay and has two control op-

tions: 

1) Regulate the voltage at its terminals, or 

2) Regulate the voltage at a remote point down the feeder.  

This is achieved through a “line-drop compensation” scheme, which involves estimating the 

voltage at the remote target point by using the current measurement. Figure 2-15 illustrates 

this scheme [15]. 

 
 
 

 

Figure 2-15 Voltage regulator mechanism [15] 
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LTC measures the local voltage and current and then transfers to a relatively low voltage-

level circuit to calculate the voltage at regulating point (𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ). The voltage-regulating relay 

(VRR) is used to control tap changes. As illustrated in Figure 2-16, this relay has the follow-

ing three basic settings that control tap changes: 

• Set voltage (SV): It is the desired output of the regulator. It is also called the set point 

or band center. 

• Bandwidth (BW): The VR controls monitor the difference between the measured and 

the set voltages. Only when the difference exceeds one-half of the BW will a tap 

change start. 

• Time delay (TD): It is the waiting time between the time when the voltage goes out of 

the band and when the controller initiates the tap change. Longer TDs reduce the 

number of tap changes. Typical TDs are 10 to 120 seconds. 

VRR compares the voltage 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉with the set point, if the difference between 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  and the 

set voltage exceeds half of the BW, the timer starts counting. When the timer reaches the TD, 

it sends commands to move the taps up or down.  
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Figure 2-16 VR controls TDs with respect to set voltage and bandwidth 

 
 
 

The VR typically has 32 tap positions (±16), which correspond to a range of ±10% of the 

transformer-rated voltage. In other words, each step is 0.625% of the rated voltage. The LTC 

is a mechanical device. Typically, the amount of time needed to move from one position to 

the next is 1 to 2 seconds. In a large power system, especially for long-feeder systems, more 

than one VR is installed. An improper TD setting will result in unnecessary tap changes, 

which may shorten the lifetime of the VRs. The most common way to coordinate them is to 

set a longer TD for the VRs that are further from the substation or in lower-voltage networks. 

The first VR’s TD should be between 30 and 60 seconds [16]. The further VRs could range 

from 30 to 120 seconds.  

In the two testbeds introduced above, there are two VRs in the IEEE 34 node system and 

no VRs in the Residential Notional System. The VRs in the IEEE 34 node system are con-

nected separately between 814-850 (VR1) and 852-832 (VR2). According to the control 

setting discussed above, the VR control scheme in the IEEE 34 system is designed as shown 
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in Table 2-2. Both VRs have the same setting voltage (122V) and bandwidth (+/-1V). The 

time costs for the tap to move from one position to the next position is set to be 1 second, 

which is called “time per step” (T/S). The philosophy of the operating sequence is that VR2 

will wait until the operation of VR1 finishes. Since each step costs 1 second and the maxi-

mum steps needed for a VR to move from flat start to extreme setting is 16 steps, the 

difference between the TDs of VR1 and VR2 should be longer than 16 seconds. Therefore, 

the TDs of VR1 and VR2 are set to be 30 seconds and 60 seconds, respectively. 

 
 
 

Table 2-2 Voltage regulator control scheme adopted in the IEEE 34 System 

 
VR1 VR2 

SV(V) 122 122 
BW(V) +/-1 +/-1 
TD(s) 30 60 
T/S(s) 1 1 

 
 
 

2.2.3.2 Capacitor Banks 

The reactive power of the load could be supplied by substation or by capacitors in the 

conventional distribution system without DRERs. Installed capacitors could offset the reac-

tive power demand of the load and, thus, reduce the current and boost the voltage at the 

points where they are installed. CAPs can be either series or shunt into the circuit. A series 

capacitor directly offsets the inductive reactance of the circuit, while a shunt capacitor can 

change the power factor of the load [15]. 
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There are two ways for CAPs to be connected to the system: fixed or switched. Fixed ca-

pacitors are placed to provide the minimum voltage boost needed during normal loading. The 

limit of a fixed capacitor is an excessive leading power factor and a voltage rise in case of a 

light load, as shown in Figure 2-17. Therefore, fixed capacitors are sized to meet the mini-

mum reactive load.  

Switched capacitors provide the extra voltage boost needed during heavy load conditions. 

They can be switched as a block or in several consecutives steps as the reactive load increas-

es and, thus, need to be switched off during light load conditions to prevent overvoltage 

conditions and avoid power loss due to excessive reactive power compensation. Figure 2-18 

demonstrates the daily operations of fixed and switched CAPs. As shown in the figure, fixed 

capacitors are only sized to meet the minimum amount of reactive power needed, and 

switched CAPs can be switched in gradually as the load increases and switched off as the 

load decreases. 
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Figure 2-17 The effects of a fixed capacitor on the voltage profile of: (a) a feeder with a uniformly distributed 
load, (b) at heavy load, and (c) at light load [14] 
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Figure 2-18 Operations of the fixed and switched capacitors to meet the daily reactive power demands [14] 

 
 
 
There are two types of control for switched shunt capacitors. One is manual control, 

which can be employed at distribution substations. The other one is simple rule-based control 

schemes, which include time-switched, voltage-controlled, current-controlled, voltage-time 

combined controlled, voltage-current combined controlled, and temperature-controlled CAPs 
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[14]. The time-switch control is the least expensive one. Figure 2-19 illustrates two of the 

most commonly used capacitor control types in different areas.  

 
 
 

 

Figure 2-19 Control schemes for switched capacitor banks [14] 
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In the two testbeds introduced above, there are two fixed CAPs in the IEEE 34 node sys-

tem and four fixed CAPs in the Residential Notional System. 

2.3 Impact Study of High-Penetration PV on the Distribu-

tion System 

Electric-power distribution systems have traditionally been designed assuming that the 

primary substation is the sole source of power. With the merging and application of DRER to 

distribution systems, the power source is introduced into the distribution system causing un-

expected operating conditions. As one of the fastest developing renewable energy sources, 

PV technology is widely adopted at both the residential and commercial levels. However, PV 

output varies throughout the day and may be intermittent depending on the environment—

solar radiation at the location where the PV is installed. From a control point of view, PV can 

have a significant impact on system voltages, power quality, operations of control devices, 

and power losses [17]. In addition, these effects vary with the size and location of PV genera-

tion, the method of voltage regulation and control, and the inherent characteristics of the 

distribution networks. Therefore, it is necessary to address the impact of PV on the system 

before it can be applied to the system.  

2.3.1 Potential Steady State Impact of Renewables and Litera-

ture-Proposed Investigation Approach 

The PV integrated in the FREEDM system is residential-scale, is installed on the custom-

er’s roof, and is connected to the secondary side of the distribution transformer. Dr. 

Katiraei’s recent paper looked into both the steady state and the dynamic impact of utility-
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scale PV generators on distribution systems [18]. As Dr. Katiraei addressed in the paper, res-

idential-scale PV requires a system-wide impact study, which may not be feasible from an 

economic standpoint. Therefore, very few papers have an in-depth discussion of a real situa-

tion that may occur in a distribution system with high residential PV penetration. In Dr. Liu’s 

work [19], the impact of high-penetration PV on distribution system voltage performance is 

presented, giving an investigative approach. In her paper, PV itself can work under different 

control conditions, such as providing only reactive power, controlling voltages, or controlling 

the total service power factor. Therefore, different PV operating modes, together with differ-

ent penetration levels and conventional system voltage regulating status will result in a 

different voltage profile in the test system. However, IEEE P1547.7 does not recommend al-

lowing the DRERs to actively regulate the utility voltage [20]. The research objective of the 

FREEDM System Center is to create a “smart” distribution system that utilizes SSTs instead 

of conventional control devices, such as VRs or CAPs. 

The IEEE P1547.7 gives a general outline of the potential impact that DRER, not limited 

to PV, may have on the system’s steady-state performance. However, the limitation of the 

guide is that it only applies to DRER technologies of aggregate capacity of 10MVA or less 

that are interconnected with an area External Power Supply (EPS) at a typical primary or 

secondary distribution voltage. 

The understanding of the steady-state performance of the area EPS is essential to ensure 

that the proposed DRER is applied appropriately while taking into account existing DRERs. 

When considering the effect the addition of DRER has on the steady-state performance of the 

area EPS, the steady-state performance of the DRER and the connected loads must also be 



38 
 
 

 

 

considered. Modeling and simulation software are most often used to conduct system impact 

studies. In our case, PSCAD/ EMTDC is chosen to be the platform of modeling and simula-

tion, and the structure of each electronic device was introduced in the previous chapter.  

The steady impact study for distribution studies is typically done by addressing power 

flow, and potential steady-state impacts that need to be investigated include the following 

categories: 

1) Reverse power flow under high penetration scenarios. 

2) Changes in feeder voltage, including voltage rise and unbalance. 

3) Interaction with CAPs, LTC transformers, and VRs. 

4) Reactive-power flow fluctuations due to operation of switched CAPs. 

5) Change in power losses, where a relatively large reverse power flow may increase 

losses. 

To be specific, a result of the load-flow study is the data required to perform a more de-

tailed voltage analysis, including the analysis of voltage drop, voltage unbalance, and voltage 

sags or swells. The ANSI C84.1 [21] standard defines the recommended service and utiliza-

tion voltage limits for 120V level, which is accepted by most utilities.  
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Figure 2-20 ANSI C84.1 voltage range for 120V level [21] 

 
 
 
As indicated in Figure 2-20, the Range A service voltage range is the primary feeder vol-

tage that needs to be well regulated under normal operating conditions. The voltage range of 

each category is shown in Table 2-3, where +/-5% is followed in this work. 

 
 
 

Table 2-3 Voltage range for 120V level 

 

Service Utilization 
Min Max Min Max 

Range A (Normal) -5% +5% -8.3% +4.2% 
Range B (Emergency) -8.3% +5.8% -11.7% +5.8% 
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Besides maintaining the required voltage level, voltage unbalance, sags, and swells are all 

important aspects of voltage study. One of the features of a distribution system is unbalanced 

loading. With a single-phase DRER applied to the distribution system, voltage unbalance 

studies are needed to determine the level of unbalance between phases. The installation of  a 

single-phase DER or a three-phase DER on unbalanced circuits should be modeled using a 

three-phase power flow analysis tool to identify any complications that might arise on the 

circuit. 

A voltage sag and swell study looks at the potential for DRER to produce or affect tem-

porary voltage excursions. Voltage rise and variation may also occur because of PV output 

intermittency. The study should consider the Area EPS configuration, DRER interconnection 

configuration and equipment, and DRER characteristics. The study should also reflect the 

impact of DRER under varying expected topologies and loading conditions. Voltage issues 

often occur because of the addition of DRER on the electrical distribution system.  

Reverse power flow happens when PV generation offsets the feeder load, which is very 

likely during sunny noon time in a high-penetration case. Care must be taken to examine re-

laying and metering to ensure that any possible reverse power flow will not trip the feeder or 

provide erroneous load readings to the system operators. This condition could be caused by 

installing a number of smaller units rather than a single large unit [21]. In addition to substa-

tion equipment, feeder equipment such as automatic circuit reclosers and VRs must also be 

evaluated to ensure the maintenance of proper service to the customers on the circuit. Note 

that uni-directional VRs will mis-operate when the generation exceeds the load beyond the 
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VRs. These units should be replaced with bi-directional VRs when the generation may ex-

ceed the load at any time during the year. 

Voltage variation has a direct impact on the operation of voltage-controlled devices, such 

as VR, LTC, and voltage-controlled CAPs. Usually, there are limited operation times set for 

these devices within a certain time period. Frequent operations will shorten the expected life 

cycle and increase maintenance requirements for these devices. When the VR is uni-

directional and reverse power flow happens, a more serious voltage rise may be caused by 

the unintentional operation. Consequentially, due to the frequent operation of CAPs, reactive 

power flow fluctuates, which may even affect the power flow of the sub-transmission and 

transmission systems. 

Additional power injection provided by distributed PV will also change the line losses. 

For low-to-moderate penetration levels, line losses tend to decrease until they reach a mini-

mum. However, high penetration may cause line losses to increase [18]. 

In this chapter, the steady-state impact study of high-penetration residential PV on a 

smart distribution system will be investigated following the guidelines provided in IEEE 

1547.7. The study involved simulating varying operating conditions of the feeder and deter-

mining how the voltages vary under these different conditions. Based on the study’s results, 

the necessity of the VVC strategy development is justified. 

2.3.2 Impact Study of High-Penetration PV on Green Hub-Type 

and FREEDM-Type Residential Notional Systems 

In order to decide the normal operation conditions that may take place, the actual load 

and the PV daily profile are obtained. The average residential load data of November 1999 is 
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provided by Progress Energy, and the real-power output of the rooftop PVs in the FREEDM 

System Center on a typical sunny day in November 2010 is also recorded. The resolution of 

the load profile is 30 minutes, and the resolution of the PV profile is 5 minutes. The raw data 

is analyzed and represented in per-unit (p.u.) form. As shown in Figure 2-21, the residential 

load usually has two peaks: one is in the morning but the heaviest load happens after work. 

The energy requirement pattern mainly depends on customer characteristics. PV starts to 

produce real power from 7:45 a.m. until 6:15 p.m. During noon time when customer needs 

are quite flat and the sun’s radiation is sufficient, PV real power generation exceeds the load 

consumption from 11:00 a.m. to 4:00 p.m., which results in a reverse power flow and poten-

tially high voltage. 

 
 
 

 

Figure 2-21 Daily load and PV profile 
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lated by scaling the PV and loads. 

1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 24:00
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Time

Lo
ad

&
PV

(p
u)

Daily load & PV profile

 

 
load
PV



43 
 
 

 

 

C1) High load, no PV (kld=1, kpv=0) 

C2) High load, medium PV (kld=1, kpv=0.5) 

C3) Medium load, medium PV (kld=0.5, kpv=0.5) 

C4) Medium load, high PV (kld=0.5, kpv=1) 

C5) Medium load, no PV (kld=0.5, kpv=0) 

Actual loads and PV output are expressed as a percentage of the peak load or its installa-

tion capacity. The ratio of kld=1 and kpv=1 means that the loads are the heaviest and the PVs 

are giving out their maximum real power. A ratio of kld=0.5 and kpv=0.5 means that loads 

and PVs equal 50% of their peak load or installation capacity. And a ratio of kpv=1 means 

that the PVs are not generating any real power. 

Case 1 represents the peak load condition without any PV generation around 7:00 p.m. 

Case 2 represents a heavy-load condition with certain PV real power output, like at 5:30 p.m. 

Case 3 is the crossing point when the customer’s needs equal the PV generation, such as at 

11:00 a.m. and 4:00 p.m. Case 4 is the most severe situation that can happen in a convention-

al distribution feeder when the difference between PV generation and load consumption is at 

its maximum, such as at 2:00 p.m. Case 5 represents most of the day when the load is mod-

erate and there is no PV generation, from 12:00 a.m. to 6:00 a.m. Out of these five cases, 

case 1 and case 4 are the two extreme operating conditions during normal operations. Case 1 

may result in a severe voltage drop and a low-voltage profile at the end of the feeder, while 

case 4 may cause high voltage. 

In the following study, several assumptions have been made: 
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1) The substation transformer has no voltage regulation capability, and the source vol-

tage is set to be 1.0 p.u. in all cases. 

2) VRs and CAPs are kept in the Green Hub-type distribution system. All conventional 

control devices are removed from the FREEDM-type distribution system. 

3) Each load bus has solar PV connected to it with the installation capability the same as 

the peak real power of its corresponding load. 

4) Since the fixed-load model in PSCAD has certain dynamic behaviors, all the loads are 

represented using resistance and inductance instead of using a fixed load. The loads 

are distributed evenly on the secondary side of the distribution transformer.  

Figure 2-22 shows the load connection in the Green Hub-type system and the FREEDM-

type system in the PSCAD simulation platform. As indicated in the figure, all the loads, no 

matter whether they were delta- or Y-connected originally, are modeled per phase and distri-

buted evenly on the two windings of the secondary side of the distribution transformer. PV 

with the same size as the corresponding load is connected at the secondary side of the distri-

bution transformer, too. The difference between the Green Hub-type system and the 

FREEDM-type system is that the Green Hub-type distribution system utilizes magnetic trans-

formers as a distribution transformer and conventional control devices to regulate voltages. 

The distribution transformers in the FREEDM-type distribution system are SSTs. As an intel-

ligent power electronics device, the SST also plays the role of voltage regulation and Var 

compensation so there is no need of conventional control devices in the FREEDM-type dis-

tribution system. The application of SST makes the distribution system be a FREEDM-type 

smart distribution system. 
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Figure 2-22 Load connection in PSCAD (1) Green Hub-type system, and (2) FREEDM-type system 
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As described above, the difference between Residential Notional System I (a Green Hub-

type distribution system) and Residential Notional System II (a FREEDM-type distribution 

system) lies in the distribution transformers that connect the loads and the primary feeder. In 

Residential Notional System I magnetic transformers are used, while in Residential Notional 

System II SSTs are applied. Besides, conventional voltage-control devices are kept in Resi-

dential Notional System I, while they are removed from Residential Notional System II. 

2.3.2.1 Impact Study of Residential Notional System I 

According to the detailed data given in previous sections, Residential Notional System I 

is modeled in PSCAD and the implemented simulation model is shown in Figure 2-23. 
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Figure 2-23 PSCAD implementation of Residential Notional System I 

 
 
 
Figure 2-24 shows the voltage profiles of the two feeders on a phase basis based on the 

PSCAD-based simulations. Note that the first nine nodes in the figure (on the x-axis) corres-

pond to the first feeder, and nodes 10-16 correspond to the second feeder. 

As expected, under heavy load conditions with no PV (case 1), the load profile is lowest 

and the profile improves with even modest PV compensation (case 2). With full PV compen-

sation under a normal load (case 3), the voltage profile is even higher and is quite flat (a low 

voltage drop on the feeder). When the PV generation exceeds the load under normal condi-

tions (case 4), it pushes the voltages even higher; the voltage profile is flat, and some parts 
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turn slightly upward, rather than downward. Clearly, the voltage issue in C1 is the most se-

vere since many nodes in each phase are lower than 0.95 p.u. Note also that the voltage rise 

resulting from high PV generation in C5 is not severe and does not cause any voltage viola-

tions in Residential Notional System I. 
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Figure 2-24 Comparison of phase voltages (p.u.) under different system operating conditions 
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To better assess the voltage variation (VV) at each node during these operating condi-

tions, Figure 2-24 shows the VV under the different operation conditions considered. The 

VV for each node is calculated using the following equation:  

 𝑉𝑉𝑉𝑉𝑖𝑖 = 𝑀𝑀𝑀𝑀𝑀𝑀(𝑉𝑉𝑖𝑖𝑖𝑖 ) −𝑀𝑀𝑀𝑀𝑀𝑀(𝑉𝑉𝑖𝑖𝑖𝑖 ) (2.1) 

where 𝑖𝑖 is the node number, and 𝑉𝑉𝑖𝑖𝑖𝑖  is the node voltage under operation condition x. As Fig-

ure 2-25 illustrates that VV on the first feeder is especially high and about 10% toward the 

end nodes of the first feeder. Given that PV output is quite intermittent and can change 

quickly (e.g., cloud conditions), this much VV may not be acceptable (e.g., flicker concerns). 

 
 
 

 
Figure 2-25 Voltage variation (in p.u.) along feeder for all three phases 
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where 𝑖𝑖 is the node number and 𝑦𝑦 represents phases A, B, and C. Figure 2-26 shows the VU 

profile for the test system. As the figure illustrates, the VU increases with loading and is 

highest during heavy loading (condition C1), about 0.04 p.u. Hence, power injection from 

PVs tends to decrease the VU. For example, having some PV during heavy loading (case C2) 

helps improve the VU considerably, as comparing the profiles of C1 and C2 indicates. Unfor-

tunately, the intermittent nature of PV can makes the VU vary considerably during heavy 

loading conditions. In order to investigate the effect of PV intermittency on the feeder vol-

tage, the cloud-passage effect on PV output and the system voltage profile is investigated.  

 
 
 

 

Figure 2-26 Voltage unbalance along feeder under different system operating conditions 
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created to test the system response in the following. The cloud transient is simulated by a de-

crease in solar irradiation from 1000W/m2 to 300W/m2 over a 7-second period of time. Then, 

after 1 second, the cloud is assumed to pass by with an increasing rate of 350W/m2/sec.. The 

solar radiation profile used is shown in Figure 2-27. 

 
 
 

 

Figure 2-27 Solar radiation profile due to the passage of clouds 
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Figure 2-28. Note that the installation capacity of the PVs at node 4 is 20.02kW for phase A, 

10.01kW for phase B, and 85.47kW for phase C, respectively. 

 
 
 

 

 

 

Figure 2-28 Terminal voltage and PV real-power variation during cloud passage at node 4 
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Note that the PV real-power output change follows the change in solar radiation and the 

VV follows the PV real-power output change. Due to the intermittency, the most severe vol-

tage drop is about 0.03 p.u. in phase C. The effect is considerably higher and may even effect 

the control decision, which will be discussed in detail in later chapters. 

The results show that high-penetration PV on a feeder will affect the VV on a feeder. PV 

will, in general, improve the voltage profile and reduce both voltage drop and the VU. How-

ever, due to the PV’s sensitivity to cloud cover, the VV can be excessive. 

2.3.2.2 Impact Study of Residential Notional System II 

By replacing the conventional magnetic-distribution transformers with SSTs, Residential 

Notional System I turns into Residential Notional System II. The PSCAD implementation of 

Residential Notional System II is shown in Figure 2-29. 
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Figure 2-29 PSCAD implementation of Residential Notional System II 

 
 
 
As introduced earlier, one of the main features of SST is that it can automatically work 

under a per-unit power factor without receiving any control commands. Therefore, all the 

reactive load inquiries on the secondary side will be provided by their corresponding SSTs. 

Based on the PSCAD simulations, Figure 2-30 shows the voltage profiles of the two feeders 

on a phase basis. Note again that the first nine nodes of the figure (on the x-axis) correspond 

to the first feeder and nodes 10-16 correspond to the other feeder. 

As expected, reducing the apparent load will result in a better voltage profile than will 

Residential Notional System I under the same system operating conditions. Besides, the im-
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pact of PV real-power output to the system voltage profile is of the same trend as in Residen-

tial Notional System I. The voltage profile is the lowest under heavy-load conditions with no 

PV (case 1) and improves with even modest PV compensation (case 2). With full PV com-

pensation under a normal load (case 3), the voltage profile is even higher and quite flat with a 

very low voltage drop on the feeder). When the PV generation exceeds the load under normal 

conditions and reverse power flow occurs (case 4), it pushes the voltages even higher. Then, 

the voltage profile is flat and some parts turn slightly upward, rather than downward. Note 

also that the voltage rise in this case is not severe and does not cause any voltage violation. 

Compare the same operating conditions between Residential Notional System I and Resi-

dential Notional System II. The voltage profile in the conventional system under heavy 

loading condition (case 1) is far lower than the lower voltage limits. The lowest voltage in 

Residential Notional System I is only about 0.91 p.u. in phase A. While in Residential No-

tional System II, the lowest voltage is 0.94 p.u. in phase C, and the voltage in phases A and B 

are all within range A. In another extreme case, the reverse power-flow case 4, the voltage 

profile is quite flat in both Residential Notional System I and Residential Notional System II. 

Fortunately, high voltage over the upper limits doesn’t happen with this system structure, but 

attention still needs to be paid since the reverse power flow is not a usual case in the distribu-

tion system. 
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Figure 2-30 Comparison of phase voltages (p.u.) under different system operating conditions 
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Equation (2.1) is used, then, to assess the VV at each node during these operating condi-

tions. Figure 2-31 shows the VV under the different operation conditions considered. As 

illustrated, the VV on the first feeder is still high, about 8% on phase C toward the end nodes 

of the first feeder. The fluctuation is improved compared with 10% on phase C in Residential 

Notional System I. Phase A is quite flat around 4% to 5% in Residential Notional System II, 

while phase A is almost the same pattern as phase C in Residential Notional System I. The 

fluctuation in phase B also decreases here.  

 
 
 

 

Figure 2-31 Voltage variation (in p.u.) along the feeder 
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flat along the feeder. However, although the voltage difference in case 3 is the smallest, it 

still has the same trend as the other cases in Residential Notional System I. The main reason 

is that not only is the real power needed equal to the PV output, but also the reactive power is 

provided by SST directly.  

 
 
 

 

Figure 2-32 Voltage unbalance along the feeder under different system operating conditions 
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Figure 2-33 Terminal voltage and PV real-power variation during cloud passage at node 4 
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Note that the PV real-power output change follows the change in solar radiation, and the 

VV follows the PV real-power output change. Due to the intermittency, the most severe vol-

tage drop is about 0.03 p.u. in phase C, the same VV as in Residential Notional System I. 

This demonstrates that the intermittency of PV generation is kind of a critical issue in both 

the Green Hub-type system and the FREEDM-type system. 

Overall, the results show that high-penetration PV on a feeder will affect the VV on a 

feeder. Together with new enabling technology, such as SSTs, the system voltage profile will 

be greatly improved when residential high-penetration PV is presented. Voltage drop and the 

VU issue will be relieved, too. However, high voltage during reverse power flow and the VV 

during cloud passage are issues to which attention needs to be paid. 

2.4 Conclusion 

In this chapter, the key features of the smart distribution system, the concept of Green 

Hub and FREEDM systems are introduced. Then, the new enabling technologies that make 

the distribution system “smart” are presented. Two testbed systems, modeled from realistic 

existing feeders with detailed data, are discussed and modified to be Green Hub-type and 

FREEDM-type distribution systems, respectively. The main difference between the two dis-

tribution systems is that the Green Hub-type system uses magnetic transformers as 

distribution transformers and conventional control devices to regulate voltages; the distribu-

tion transformers in the FREEDM-type distribution system, on the other hand, are SSTs. As 

an intelligent power-electronics device, the SST also plays the role of VR and Var compensa-

tion so conventional control devices are not needed in the FREEDM-type distribution 

system. 
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A literature survey has been conducted on the topic of the impact of renewables on distri-

bution systems. Potential steady-state impacts are mentioned, and standard investigation 

approaches are followed. Then, the steady-state impact of high penetration of residential PV 

on the Green Hub-type and the FREEDM-type of both testbeds is demonstrated in the second 

part of this chapter. The results show that when high-penetration PV appears in the distribu-

tion system, conventional voltage regulation devices cannot respond quickly enough. Also, 

the voltage profile along the distribution feeder needs to be regulated within acceptable lim-

its. In order to deal with the new distribution system structure and new voltage regulation 

devices, Volt/Var control strategy needs to be developed for the FREEDM-type distribution 

system. 
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 CHAPTER 3. A Centralized Volt/Var Control 

Scheme for the FREEDM System 

3.1 Introduction 

This section describes the motivation for a VVC; commonly used VR and Var compensa-

tion devices are also listed here. Different from conventional distribution systems, the 

concept of the FREEDM system, a smart distribution system that accommodates DRER and 

SST, is presented. Instead of conventional VVC devices, SSTs are going to provide the Var 

injections requested by VVC applications. In order to justify the necessity of developing 

VVC for FREEDM systems, a comprehensive impact study of high-penetration PV is con-

ducted followed by the IEEE standard. 

3.1.1 Overview of Volt/Var Control 

Power distribution systems may experience both over-voltage and under-voltage viola-

tions during daily operations [14]. In a conventional distribution system, the substation is 

usually viewed as the sole source for the whole system. Therefore, current flows through the 

transformer and line impedance causes voltage drops, which reduce the voltage magnitude 

from a maximum value nearest to the substation to a minimum value at the farthest end of the 

circuit, as shown in Figure 3-1. As loading conditions change, the voltage profile along the 

feeder also changes accordingly. Without VVC, over-voltage can be experienced under a 

light load condition, and under-voltage can happen during a heavy load. 
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Figure 3-1 Voltage profile of a radial system (a) one-line diagram of the feeder, and (b) voltage profile 

 
 
 
As one of the main criteria to justify system performance, voltages at the customer ter-

minals in the system have to be within acceptable limits. As illustrated in Figure 2-20 and 

Table 2-3, the recommended service voltage range A by ANSI C84.1 [21] standard is +/-5% 

of the nominal value. Therefore, VVC will work on regulating system voltage within accept-

able limits in normal daily operations. VVC is achieved by supplying or absorbing reactive 

power to keep voltage within normal range under different system operation conditions. The 

complete list of the means required to do voltage regulation is found in [14], [15]: 

1) Use of generator VRs 

2) Application of voltage-regulating equipment in the distribution substations 

3) Application of capacitors in the distribution substation 

4) Balancing the loads on the primary feeders 
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5) Increase of the feeder conductor size 

6) Changing the feeder sections from single-phase to multiphase 

7) Transferring loads to new feeders 

8) Installing new substations and primary feeders 

9) Increasing the primary voltage level 

10) Application of VRs on the primary feeders 

11) Application of shunt capacitors on the primary feeders 

12) Application of series capacitors on the primary feeders 

In short, the ways to regulate voltage can be classified in three categories: 

1) Var compensation, such as reactive generators or shunt capacitors 

2) Direct voltage regulation, such as VRs or LTCs 

3) Modifying the feeder characteristics, such as series capacitors 

In past decades, comprehensive investigations have been performed on the VVC topic, 

and a lot of conventional control methods have been proposed [24]-[29]. Typically, VVC is 

performed in an integrated manner in both flattening the voltage profile over the feeder and 

achieving system-wide optimization goals, such as minimizing the power loss/electrical de-

mand/energy consumption of the system. 

Nowadays, many power venders, such as COOPER and ABB [30], [31], provide conven-

tional centralized VVC applications. Taking the COOPER Volt/Var management system as 

an example, the VVC application monitors real-time voltages, watts, and Vars from LTCs, 

regulators, capacitors, medium-voltage sensors, and additional monitoring points, such as 

customer meters, as shown in Figure 3-2. Using this real-time set of analog measurements, 



66 
 
 

 

 

the VVC application, which sits at the control station, will trigger a control period during 

which the VR devices are assigned an operational cost.  

 
 
 

 

Figure 3-2 COOPER VVC application illustration [30] 

 
 
 
It is mentioned in many articles that a VR periodically (every 15 min.) receives the state 

of the power system [29]. According to an ABB report [31], the operating frequency can be 

adjusted based on customer needs, and the VVC also retains 15-minute circuit-load history 

for all circuits and all switching activity. Loss-performance reporting analyzes circuit loss 

performance over extended periods of time (month, quarter, year), thus promoting effective 

tuning for optimum efficiency. The user-friendly interface and a sizable keypad enables easy 

operation at any time of day.  
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3.1.2 Volt/Var Control in the FREEDM System 

With the integration of high-penetration DRERs and SSTs in the FREEDM system, the 

system’s performance and voltage profile will differ from conventional distribution systems. 

In order to investigate the needs for doing VVC in the FREEDM system, an impact study of 

high-penetration residential PV on a smart distribution system was investigated in the pre-

vious chapter following the guidelines provided in IEEE 1547.7. 

The test system that is going to be used in this centralized VVC proposal is the IEEE 34 

node test feeder, which is characterized by its long line length and heavy peak load, as intro-

duced in Chapter 2. The one-line diagram of the IEEE 34 system is shown in Figure 3-3. In 

order to convert the conventional IEEE 34 system into a FREEDM system, several changes 

have been made: 

1) Instead of connecting directly to a primary feeder, all the loads are now connected via 

SSTs. 

2) PVs with the same installation capacity as local peak loads are connected at the sec-

ondary side of the distribution transformer. 

3) Conventional control devices (VRs and CAPs) are removed.  
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Figure 3-3 IEEE 34 node test feeder 

 
 
 
In the study, various load and PV profiles are adopted in order to show the challenge in 

regulating voltages in a normal power system’s daily operations. With the presence of over-

voltage and under-voltage, VVC is necessary to keep the distribution feeder’s voltage within 

acceptable limits and, at the same time, achieve some system-wide optimization goal. 

3.2 A Centralized Volt/Var Control Scheme 

In this section, the VVC problem will be formulated, and potential solution approaches 

will be presented. A two-phase centralized VVC based on gradient and linear programming 

methods is proposed. Then, the VVC application is tested using the FREEDM IEEE 34 sys-

tem, and the control effect is analyzed based on the simulation result. 
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3.2.1 Volt/Var Control Problem 

As the investigation above on the impact study of high-penetration PV on the smart dis-

tribution systems indicate, a VVC is necessary in order to adjust the system voltage profile, 

regardless of the conditions under which the system is operating, while at the same time 

achieving a system-wide optimization goal. In the following discussion, the objective of the 

VVC is selected as minimizing system-power loss while keeping the voltages within limits. 

In a smart distribution system, no conventional VR or Var compensation devices are in-

volved; only SSTs are used as control devices. The VVC problem itself is basically an 

optimal power flow (OPF) problem in the following form: 

 
 
 

𝑚𝑚𝑚𝑚𝑚𝑚𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �𝐺𝐺𝑖𝑖𝑖𝑖 [𝑉𝑉𝑖𝑖2 + 𝑉𝑉𝑗𝑗2 − 2𝑉𝑉𝑖𝑖𝑉𝑉𝑗𝑗 cos⁡(𝛿𝛿𝑖𝑖 − 𝛿𝛿𝑗𝑗 )] (3.1) 

subject to:  

 𝑔𝑔(𝑥𝑥,𝑢𝑢) = 0 (3.2) 

 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑉𝑉 ≤ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  (3.3) 

 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  (3.4) 

The objective function (3.1) is the summation of the line loss of each line section in the sys-

tem, where 𝐺𝐺𝑖𝑖𝑖𝑖  is the conductance of the line between bus 𝑖𝑖 and bus 𝑗𝑗. 

The equality constraint (3.2) is the power mismatch equation: 

 �
∆𝑃𝑃𝑖𝑖 = 𝑃𝑃𝑖𝑖

𝑠𝑠𝑠𝑠 − 𝑃𝑃𝑖𝑖(𝑥𝑥) = 0
∆𝑄𝑄𝑖𝑖 = 𝑄𝑄𝑖𝑖

𝑠𝑠𝑠𝑠 − 𝑄𝑄𝑖𝑖(𝑥𝑥) = 0
� (3.5) 

where 𝑥𝑥 is the state variable and 𝑢𝑢 is the control variable. 
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 �
𝑃𝑃𝑖𝑖
𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑔𝑔𝑔𝑔 − 𝑃𝑃𝑙𝑙𝑙𝑙

𝑄𝑄𝑖𝑖
𝑠𝑠𝑠𝑠 = 𝑄𝑄𝑔𝑔𝑔𝑔 − 𝑄𝑄𝑙𝑙𝑙𝑙

� (3.6) 

and  

 �
𝑃𝑃𝑖𝑖(𝑥𝑥) = 𝑉𝑉𝑖𝑖�𝑉𝑉𝑗𝑗 (𝐺𝐺𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖𝑖𝑖 + 𝐵𝐵𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑖𝑖𝑖𝑖 )

𝑄𝑄𝑖𝑖(𝑥𝑥) = 𝑉𝑉𝑖𝑖�𝑉𝑉𝑗𝑗 (𝐺𝐺𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝑖𝑖𝑖𝑖 − 𝐵𝐵𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖𝑖𝑖 )
� (3.7) 

where 𝑃𝑃𝑔𝑔𝑔𝑔  and 𝑃𝑃𝑙𝑙𝑙𝑙  are the real power generation and real load, respectively, at bus 𝑖𝑖, 𝑄𝑄𝑔𝑔𝑔𝑔  and 

𝑄𝑄𝑙𝑙𝑙𝑙  are the real power generation and real load, respectively, at bus 𝑖𝑖.  

The inequality constraint (3.3) on the state variable enforces the system voltage limita-

tions on all nodes throughout the system. The inequality constraint on the control variable 

indicates that the actual reactive power injection by each SST should be within its capacity 

limitation. 

In the FREEDM system, SSTs are connected with every load and are capable of regulat-

ing the secondary side voltage. Therefore, the voltage doesn’t need to be as tight as indicated 

in [21] on the primary side of the SST. The VVC problem formulation in this work not only 

aims to regulate the voltage, but also to minimize the system power loss. 

In addition, with the presence of a great number of unbalanced loads in the distribution 

feeders, load balance becomes important for reducing power loss and mitigating power flow 

overloading. Therefore, in the future, phase balancing also needs to be considered as a factor 

in reducing the distribution system’s power loss. In one of the early works, Dr. Baran pro-

posed a network reconfiguration scheme to keep the phase balanced [32]. The problem is 

formulated in the form of a minimal spanning tree. Both of the objectives, loss reduction and 

load balancing, will be satisfied by changing the status of the sectionalizing switches. Fol-
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lowing a similar problem formulation, Dr. Nicolae introduced a neural network in conjunc-

tion with a heuristic method, which enables different reconfiguration switches to be turned on 

or off and connected consumers to be switched between phases to keep the phases balanced 

for the combined problem [33]. As more renewable resources are integrated into the distribu-

tion network, it becomes very difficult to achieve load-balancing with conventional network 

reconfiguration methods by changing the status of line switches, because of the intermittency 

of renewables. In order to resolve the problem, Dr. Lin proposed a loop power controller to 

be applied, instead of the open-tie switch, for the control of real power and reactive power 

flows by adjusting the voltage ratio and phase-shift, according to branch impedance and load 

imbalance so that the load balance of the distribution feeders could be obtained [34]. It 

claims that the distribution feeder pair with LPC can improve controllability and operational 

flexibility of the distribution system, mitigate voltage fluctuation with fast reactive power 

compensation, control the real and reactive power flow, reduce power system loss with im-

proved load-balancing of the distribution system, and enhance system robustness for 

integration with more renewable energy.  

Nowadays, the problem of phase-unbalancing is solved using two methods: the reconfi-

guration method and the rephasing strategy. In the reconfiguration technique, the 

unbalancing problem can be solved by the switches present in the network. To improve the 

efficiency of the network in the rephrasing technique, the loads of all three phases of the 

network should be appropriately distributed among the phases. Methods of creating a balance 

in the phases of the distribution feeders are resolved using the trial-and-error method, the 

mixed integer programming technique, and intelligent methods. Recently, Dr. Hooshmand 
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proposed a new method based on bacterial-foraging oriented by the particle swarm optimiza-

tion algorithm (BF-PSO) [35]. The objective function includes the neutral voltage of the sup-

supporting feeder, the rephasing cost, the voltage drop, and the line losses. The four objec-

tives are made fuzzy and then integrated as the fuzzy multi-objective function. The 

effectiveness of BF-PSO in finding the optimal rephasing strategy in the radial and meshed 

networks is demonstrated by comparing the control results with other intelligent methods. 

3.2.2 A New Two-Stage Centralized Volt/Var Control Scheme 

3.2.2.1 Candidate Approaches 

In order to solve the VVC problem, intensive literature research has been done. The VVC 

problem is a type of OPF problem, which has a long history of development. The goal of 

OPF is usually to find the optimal settings for a given power system such that a certain objec-

tive function can be achieved while system limitations are satisfied. Many articles and 

textbooks have an in-depth discussion of the OPF problem [36]-[40]. The formation of OPF 

is usually:  

 minf(𝑥𝑥)
x∈R𝑛𝑛

 (3.8) 

subject to:  

 𝑔𝑔(𝑥𝑥) = 0 (3.9) 

 𝑥𝑥 ≤ 𝑥𝑥 ≤ 𝑥𝑥 (3.10) 

 ℎ ≤ ℎ(𝑥𝑥) ≤ ℎ (3.11) 
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The objective function of OPF would be: 

1) Minimize generation cost 

2) Minimize total power generation  

3) Minimize electrical losses 

4) Minimize shift of generation 

5) Minimize bus voltage derivation 

6) Minimize generation emission 

7) Minimize number of control actions 

The non-linear equality constraint of OPF is usually a power-balance function: 

 �
𝑣𝑣𝑖𝑖�𝑣𝑣𝑗𝑗 [𝐺𝐺𝑖𝑖𝑖𝑖 cos�𝜃𝜃𝑖𝑖 − 𝜃𝜃𝑗𝑗 � + 𝐵𝐵𝑖𝑖𝑖𝑖 sin�𝜃𝜃𝑖𝑖 − 𝜃𝜃𝑗𝑗 � − 𝑃𝑃𝑖𝑖 = 0

𝑣𝑣𝑖𝑖�𝑣𝑣𝑗𝑗 [𝐺𝐺𝑖𝑖𝑖𝑖 sin�𝜃𝜃𝑖𝑖 − 𝜃𝜃𝑗𝑗 � + 𝐵𝐵𝑖𝑖𝑖𝑖 cos�𝜃𝜃𝑖𝑖 − 𝜃𝜃𝑗𝑗 � − 𝑄𝑄𝑖𝑖 = 0
� (3.12) 

The inequality constraints of OPF would be: 

1) Generation limits: 𝑃𝑃 ≤ 𝑃𝑃 ≤ 𝑃𝑃, 𝑄𝑄 ≤ 𝑄𝑄 ≤ 𝑄𝑄 

2) Voltage limits: 𝑉𝑉 ≤ 𝑉𝑉 ≤ 𝑉𝑉 

3) Angle difference constraint: −π
4
≤ 𝜃𝜃𝑖𝑖𝑖𝑖 ≤

π
4
, 𝜃𝜃𝑖𝑖𝑖𝑖  is the angle difference between bus i 

and bus j 

4) Transmission line limits: 𝑆𝑆𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑖𝑖𝑖𝑖  from bus i to bus j 

5) Security constraints: such as 𝑉𝑉𝑘𝑘 ≤ 𝑉𝑉𝑘𝑘  (with line 𝑛𝑛𝑛𝑛 out) ≤ 𝑉𝑉𝑘𝑘 , 

𝑆𝑆𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑖𝑖𝑖𝑖  (with line 𝑛𝑛𝑛𝑛 out) ≤ 𝑆𝑆𝑖𝑖𝑖𝑖  , which means OPF would prevent the post-

contingency voltage on bus k or the post-contingency flow on line ij from exceeding 
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their limits for an outage of line nm. A system that is operated so that it can withstand 

any single failure is called secure, and the additional constraints to ensure that any 

single failure does not result in overloads are called security constraints [36]. 

The control variables of OPF would be: 

1) Real/ reactive power generation 

2) Generator voltage 

3) LTC transformer tap position 

4) Phase shifter 

5) Switchable capacitors and reactors 

6) Reactive power injection for a static Var compensator 

According to different selected objective functions and constraints, the optimization 

problem can be classified generally into the following categories [37]: 

1) A linear problem where both objectives and constraints are in linear form with conti-

nuous control variables 

2) A non-linear problem where either objectives or constraints or both are non-linear 

with continuous control variables 

3) A mixed-integer linear problem where control variables are both discrete and conti-

nuous 

Due to the complexity of the OPF problem, various solution approaches have been pro-

posed to solve the problem more reliably. Dr. Allen Wood [40] indicates that almost every 

mathematical programming method can be applied to this problem. It takes researcher and 
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developer decades to test and justify each solution approach. The most promising schemes 

are: 

1) Gradient method 

2) Newton method 

3) Linear programming method 

4) Quadratic programming method 

5) Interior point method 

6) Intelligent methods, such as genetic algorithms and particle swarm optimization 

The gradient method will find the direction of maximum increase in the objective func-

tion, and the negative of the gradient will serve as the update direction while additional step-

size search steps are also necessary to determine the best update length. However, the func-

tional inequality constraints, such as the bus voltage on the PQ bus (i.e., load bus), are 

difficult to handle; the method can become very time-consuming or practically impossible at 

some point [37], [38], and [40]. Although a penalty method can be used to consider the in-

equality constraints in the objective function, it has very little effect on the algorithm [39]. 

Since the Newton method has the second derivative information built into it, it does not 

have difficulty converging and can handle the inequality constraints, as well. The difficulty 

with the Newton method arises because near the limit the penalty is small. So the optimal 

solution tends to allow the variable to float over its limit. Besides, handling inequality con-

straints is very difficult in either the gradient or Newton approach [38]. 

The LP method is one of the fully developed methods now in common use. It can easily 

handle inequality constraints as long as the problem to be solved can be made linear without 
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suffering a loss of accuracy. Non-linear objective functions and constraints can also be han-

dled in a linearized fashion. The main advantages of a linear programming optimal power 

flow (LPOPF) solution are the reliability of the optimization, the ability to quickly recognize 

problem infeasibility, the capability to easily accommodate operating limits, and the tenden-

cy to converge rapidly. However, the number of segments resulting from LP affects the 

solution’s speed and precision. If the segment sizes are large, some issues may arise [36] and 

[37]. 

Quadratic programming can also be applied to solve the OPF problem with proper im-

provements. Because of the non-convexity of the OPF problem, Dr. Lavaei proposed a 

convex relation for the classical OPF problem and pointed out that under a sufficient condi-

tion, the OPF problem is equivalent to a convex problem. The dual of OPF is a semi-definite 

program, and a sufficient condition guarantees that the duality gap is zero. A globally optimal 

solution of the OPF problem is recoverable from a dual optimal solution [41] and [42]. 

The interior-point method is essentially an LP method. Compared to other well-known 

LP methods, the interior-point method maintains their accuracy while converging more 

quickly. However, the interior point method in general suffers from poor initial, termination, 

and optimality criteria and, in most case, is unable to solve nonlinear and quadratic objective 

functions [37].  

Obviously, in the VVC problem formulation, both the objective function and the equality 

constraints are non-linear. In the following, a two-phase optimization scheme is proposed 

using both the gradient method and the LP method to better achieve the goal. As presented 

previously, the gradient method has difficulty in handling inequality constraints, and there is 
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a good chance that the LPOPF cannot return feasible solutions if the starting point is out of 

the feasible region. Therefore, the gradient method is used to find the feasible operating point 

before minimizing the power loss. After the feasibility search, an LP-based OPF is applied to 

minimize the power loss within the feasible region.  

3.2.2.2 Proposed Scheme 

With all the potential mathematical approaches introduced earlier, Dr. Potkonjak pro-

posed an algorithm-selection method in [43]. The VVC problem can then be classified in two 

parts: the first is to regulate the voltage within acceptable limitation, and the second is to find 

the minimum power loss within the feasible region. As discussed above, the gradient method 

performs well when dealing with non-linear optimization with only equality constraints. It 

can be utilized to force the voltage back into the feasible region when the initial system’s op-

erating condition is not feasible. After the feasibility search, the original VVC problem can 

be linearized into the standard formation of LP. Thus, both equality and inequality con-

straints can be handled. Therefore, in the following two-phase problem, a centralized VVC 

scheme will be proposed: 

1) Phase I: Gradient-based feasibility search 

2) Phase II: LP-based power-loss minimization 

3.2.2.2.1 Phase I: Gradient-based feasibility search 

In the smart distribution system, the only control variable is reactive power injection at 

each node to which SSTs are connected. Therefore, if the original system’s operating condi-

tion is not within the feasible region, typically voltage violation, the reactive power injection 
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should be adjusted so that voltages can be forced back into the required operating range. 

Then, the objective of the feasibility search is: 

 minf(𝑥𝑥) = �𝑤𝑤𝑖𝑖(𝑉𝑉𝑖𝑖−𝑉𝑉𝑙𝑙𝑙𝑙 )2 (3.13) 

subject to:  

 𝑔𝑔(𝑥𝑥) = 0 (3.14) 

where 𝑤𝑤𝑖𝑖  is the weight factor. When a voltage violation happens at node i, 𝑤𝑤𝑖𝑖 = 1. Oth-

erwise, set 𝑤𝑤𝑖𝑖 = 0. 

Now, apply the Lagrangian function and the gradient method. Then, the minimum of the 

Lagrangian function  

 ℒ = 𝑓𝑓 + λ𝑔𝑔 (3.15) 

can be found when the following criteria set is satisfied: 

 �
∂ℒ
∂𝑥𝑥
� = �

∂𝑓𝑓
∂𝑥𝑥
� + [

∂𝑔𝑔
∂𝑥𝑥

]𝑇𝑇λ = 0 (3.16) 

 �
∂ℒ
∂𝑢𝑢
� = �

∂𝑓𝑓
∂𝑢𝑢
� + [

∂𝑔𝑔
∂𝑢𝑢

]𝑇𝑇λ = 0 (3.17) 

 [
∂ℒ
∂λ

] = 𝑔𝑔 = 0 (3.18) 

where 𝑥𝑥 is the vector of the state variables and 𝑢𝑢 is the vector of the control variables. 

Then, from the first equation of a necessary condition (3.16), we can find λ 

 λ = −([
∂𝑔𝑔
∂𝑥𝑥

]𝑇𝑇)−1 ∂𝑓𝑓
∂𝑥𝑥

 (3.19) 

By substituting λ back into the second necessary condition (3.17), the gradient can be ob-

tained: 
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 ∇𝑓𝑓 =
∂𝑓𝑓
∂𝑢𝑢

= −[
∂𝑔𝑔
∂𝑢𝑢

]𝑇𝑇λ (3.20) 

Since reactive power change is more sensitive to voltage change than to angle, the coupl-

ing can be neglected. Therefore, the equality constraint only considers the reactive power 

mismatch: 

 𝑔𝑔(𝑥𝑥) = 𝑄𝑄𝑖𝑖
𝑠𝑠𝑠𝑠 − 𝑄𝑄𝑖𝑖(𝑥𝑥) = 0 (3.21) 

And the state variables consist of only voltages 𝑥𝑥 = [𝑉𝑉]. 

Then,  

 
∂𝑓𝑓
∂𝑥𝑥

= [
∂𝑓𝑓
∂𝑉𝑉

] = �
2𝑤𝑤2(𝑉𝑉2−𝑉𝑉𝑙𝑙𝑙𝑙 )

:
2𝑤𝑤𝑛𝑛(𝑉𝑉𝑛𝑛−𝑉𝑉𝑙𝑙𝑙𝑙 )

� (3.22) 

where  

𝑤𝑤𝑖𝑖 = �0, if no voltage violation exists at node 𝑖𝑖
1, if the voltage is out of limits

� 

And ∂𝑔𝑔
∂𝑥𝑥

   considers only the right lower part of a full Jacobian matrix, which is the sensi-

tivity of voltage with respect to reactive power variations: 

 ∂𝑔𝑔
∂𝑥𝑥

= [
∂∆𝑄𝑄
∂𝑉𝑉

] (3.23) 

and 

 
∂𝑔𝑔
∂𝑢𝑢

= [
∂∆𝑄𝑄
∂𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

] (3.24) 

where ∂𝑄𝑄
∂𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

 is an identity matrix. 

Then after we obtain the gradient, 𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛
𝑠𝑠𝑠𝑠  can be updated using 
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 𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛
𝑠𝑠𝑠𝑠 = 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜

𝑠𝑠𝑠𝑠 − γ∇𝑓𝑓 (3.25) 

where γ is the update step size of the steepest gradient. 

Then, the feasible operating-point search step is as follows: 

1) Run the distribution power flow (DPF) to get the initial system operating condition. 

2) Check convergences to see if all voltages are within the limitations. If yes, there is no 

need to do a feasible operating-point search; just exit the loop. Otherwise, process the 

next step. 

3) Solve for the gradient 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 using the method proposed. 

4) Update the control variables.  

5) Go back to step 2 to update the state variable by the rerun DPF. 

Then, the flowchart of the feasibility search iteration is: 
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Figure 3-4 Flowchart of feasibility search 

 
 
 
Since the feasibility search will end when the voltages are feasible, the final operating 

condition might be very close to the boundary of the feasible region. Therefore, in order to 

check for optimality, we can increase the reactive power injection of each SST by a ratio, say 

25% more of the result recommended by the feasibility search. If the initial start point of the 

power-loss minimization is more inside the feasible region, there is a chance that the optimal 

point may end up better. 

3.2.2.2.2 Phase II: LP-based power-loss minimization 

After the feasibility search, an LP-based OPF is used to minimize system power loss 

within the feasible region.  
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 min𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �𝐺𝐺𝑖𝑖𝑖𝑖 [𝑉𝑉𝑖𝑖2 + 𝑉𝑉𝑗𝑗2 − 2𝑉𝑉𝑖𝑖𝑉𝑉𝑗𝑗 cos⁡(δ𝑖𝑖 − δ𝑗𝑗 )] (3.26) 

subject to:  

 𝑔𝑔(𝑥𝑥,𝑢𝑢) = 0 (3.27) 

 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑉𝑉 ≤ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  (3.28) 

 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  (3.29) 

where 𝑥𝑥 = �𝜃𝜃𝑉𝑉� are the state variables of the system, and 𝑢𝑢 = [𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 ] are the control variables. 

The equality constraint is a power mismatch equation (3.5). Obviously, both the objective 

function and the equality constraints are non-linear. In order to use LP to solve the problem, 

first we need to make the problem formulation linear with respect to both the state and con-

trol variables. 

The linearized objective function is shown as follows: 

 ∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �
∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝜃𝜃

∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝑉𝑉

∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

� �
∆𝜃𝜃
∆𝑉𝑉

∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆
� = 𝑐𝑐 �∆𝑥𝑥∆𝑢𝑢� (3.30) 

where ∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

   is a zero vector. The elements in the linearized vector can be calculated using 

power-flow equations. 

The linearized equality constraint is shown as follows: 

 ∆𝑔𝑔 =

⎣
⎢
⎢
⎢
⎡∂∆𝑃𝑃𝑖𝑖
∂𝜃𝜃

∂∆𝑃𝑃𝑖𝑖
∂𝑉𝑉

∂∆𝑃𝑃𝑖𝑖
∂𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

∂∆𝑄𝑄𝑖𝑖
∂𝜃𝜃

∂∆𝑄𝑄𝑖𝑖
∂𝑉𝑉

∂∆𝑄𝑄𝑖𝑖
∂𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆⎦

⎥
⎥
⎥
⎤
�
∆𝜃𝜃
∆𝑉𝑉

∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆
� = [𝐽𝐽�|�𝐻𝐻] �∆𝑥𝑥∆𝑢𝑢� (3.31) 
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where �
∂𝑃𝑃𝑖𝑖
∂𝜃𝜃

∂𝑃𝑃𝑖𝑖
∂𝑉𝑉

∂𝑄𝑄𝑖𝑖
∂𝜃𝜃

∂𝑄𝑄𝑖𝑖
∂𝑉𝑉

� is the Jacobian matrix that can be calculated directly by taking partial de-

rivatives. 

After linearization, the original VVC problem is now in the following form: 

 min∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑐𝑐 �∆𝑥𝑥∆𝑢𝑢� (3.32) 

subject to:  

 [𝐽𝐽�|�𝐻𝐻] �∆𝑥𝑥∆𝑢𝑢� = 0 (3.33) 

 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑉𝑉 ≤ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  (3.34) 

 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  (3.35) 

where 𝑐𝑐 = [∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙∂𝜃𝜃
∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝑉𝑉

∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

], 𝐽𝐽 is the Jacobian matrix, and 𝐻𝐻 = �

∂∆𝑃𝑃𝑖𝑖
∂𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆
∂∆𝑄𝑄𝑖𝑖
∂𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

�. 

Clearly, the new problem formulation is an LP problem, which can be solved using an LP 

solver. By substituting the linearize problem into an LP solver, an update of control variables 

∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆  will be obtained to lower the power losses. The new control variables 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛  can be 

updated using: 

 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜 + ∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆  (3.36) 

Then, update the state variable by rerunning DPF, and try to determine whether the following 

criteria are satisfied: 

 ∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 < 𝜀𝜀 (3.37) 

or  
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 𝑉𝑉 ≤ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  or 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑉𝑉 (3.38) 

or  

 ∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 > 0 (3.39) 

The first criterion indicates that the iteration can be terminated when the update of the 

control variable is small enough. The second criterion enforces the voltage limitation. The 

third criterion means that when the change of power loss is positive, the objective starts to 

increase and the iteration should be ended. No matter which one is satisfied first, the optimal 

point is said to be achieved. Otherwise, continue to update the control variables and form LP 

using the new state variables. 

However, as indicated above, the LP method can only be used when the original problem 

to be solved can be linearized without a loss of accuracy. Since the problem is highly non-

linear, the linearization may lose accuracy and drift away from the actual DPF result when 

the update of the control variable is too large for each step. In order to deal with different 

system topologies and various operating conditions, improvements of the LPOPF are re-

quired. 

Applying LP to a non-linear problem is an approximate approach, and there is a mis-

match between the actual DPF result and the LP-approximated result. As shown in Figure 

3-5, with a certain update of the control variables, the LP solver will return an approximate 

solution 𝑦𝑦𝑎𝑎𝑎𝑎𝑎𝑎 . On the other hand, after updating the reactive power information at each node 

and running DPF, we can get an exact solution 𝑦𝑦∗. It is clear that, if the update of control va-

riables is too large, the linearization may lose accuracy and drift away from the actual DPF 
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result. In addition, if the current operating point is close to the limitation boundary, there is a 

good chance that 𝑦𝑦𝑎𝑎𝑎𝑎𝑎𝑎  will go out of the boundary when the update step is too large.  

 
 
 

 

Figure 3-5 Demonstration of the difference between the actual problem and a linearized approximate problem 

 
 
 
Thus, it is necessary to determine the proper maximum update of control variables for 

each step, so that the LP returned result is reliable and trustworthy and still feasible. There-

fore, the criteria used here to determine whether the LP solution is good enough are: 

 %
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

=
|∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓|

∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
< 𝜀𝜀% (3.40) 

and 

 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑉𝑉 ≤ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  (3.41) 
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where ∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  is the actual power-loss reduction that resulted from DPF, and 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the LP-

returned power-loss reduction.  

If the criteria is not satisfied, then update the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  for each iteration using 

 ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ∗ 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  (3.42) 

where 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  is the decrease ratio and satisfies 0 < 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 < 1. 

Until both criteria are satisfied, the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  can be used as a limitation for the maximum 

update step for each LP iteration.  

There are two approaches that involve a ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  search in the LPOPF: One is to deter-

mine the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 first before performing the power-loss minimization; the other is to include 

∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  in the inner loop of the LPOPF. 

Then, the approach of LPOPF with ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  determined first is: 

1) Start with an initial feasible point 𝑦𝑦𝑜𝑜  given by the gradient base feasibility search and 

an initial ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 . 

2) Run the DPF to get the state variables. 

3) Form the linearized objective function by calculating the 𝑐𝑐 matrix. 

4) Form the linearized equality constraint by calculating [𝐽𝐽�|�𝐻𝐻]. 

5) Set up the inequality constraints. 

6) Solve the LP problem using the MATLAB solver “linprog.” 

7) Perform the convergence check for the ∆𝑄𝑄𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  search. If the criteria are satisfied, 

process the next step. Otherwise, update the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  settings and reset all. Go back to 

the same initial feasibility point in step 1 again. 

8) Run the DPF to get the state variables. 
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9) Form the linearized objective function by calculating the 𝑐𝑐 matrix. 

10) Form the linearized equality constraint by calculating [𝐽𝐽�|�𝐻𝐻]. 

11) Set up the inequality constraints with the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  that guarantees the accuracy of a li-

near approximation. 

12) Solve the LP problem using the MATLAB solver “linprog.” 

13) Perform a convergence check for power-loss minimization. If the criteria are satis-

fied, save the current settings as the optimal point. Otherwise, update the control 

variables and rerun DPF in step 8 until the criteria are satisfied. 

Then, the flowchart of LPOPF with the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  search is: 
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Figure 3-6 Flowchart of LPOPF 
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The full version of the gradient and the LP-based VVC is demonstrated in Figure 3-7. 

 
 
 

 

Figure 3-7 Flowchart of the two-phase VVC 

 
 
 
The second optimization approach that combines the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  search and power-loss mi-

nimization is also proposed here; it is going to be called back and forth LPOPF (BF LPOPF).  

The basic idea of BF LPOPF is: 

1) Start with an initial feasible point 𝑦𝑦𝑜𝑜 , given by the gradient-based feasibility search, 

and an initial ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 .
0  
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2) Run the DPF to get the state variables. 

3) Form the linearized objective function by calculating the c matrix. 

4) Form the linearized equality constraint by calculating [𝐽𝐽�|�𝐻𝐻]. 

5) Set up the inequality constraints. 

6) Solve the LP problem using the MATLAB solver “linprog.”  

7) Update the control variables. Run the DPF to get the new state variables 𝑦𝑦𝑖𝑖 . 

8) Check to see whether 𝑦𝑦𝑖𝑖  is feasible or not. If yes, check to see if current ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  is 

small enough. The optimal is said to be achieved if ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  is small enough. Other-

wise, save 𝑦𝑦𝑖𝑖  as the new initial feasible point 𝑦𝑦𝑛𝑛𝑛𝑛𝑛𝑛𝑜𝑜 , save ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖  and the new Q 

limitation, ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 _𝑛𝑛𝑛𝑛𝑛𝑛
0 , then go back to step 2. If the optimal is not reached, update 

∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖 , and go back to step 1. 

The process can be illustrated better by Figure 3-8. 
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Figure 3-8 Procedure demonstration of BF LPOPF 

 
 
 
Then the flowchart of BF LPOPF is: 
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Figure 3-9 Flowchart of BF LPOPF 

 
 
 
According to Dr. Stott [44], since power-loss minimization is strongly non-separable, it is 

quite unlikely that those mathematical approaches proposed above will have good conver-

gence to accurate minimum-loss solutions. Therefore, although the method proposed in this 

article aims at minimizing power loss, there is no guarantee that the optimal point found is 

the global minimum. 
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3.3 The FREEDM IEEE 34 Test System and Result Analysis 

As introduced above, several changes have been made in the IEEE 34 system to make it a 

FREEDM system that accommodates DRERs and SSTs. One of the main features of an SST 

is that it can automatically work under a per-unit power factor without receiving any control 

commands. Therefore, all the reactive load inquiries on the secondary side will be provided 

by the corresponding SSTs. When the VVC application starts to minimize power loss and 

maintain voltages within limitations, the SSTs are going to receive the command to inject 

reactive power into the system or draw reactive power from the system. Under different sys-

tem operating conditions, the VVC will return different reactive power commands. 

3.3.1 System Operating Conditions Without VVC 

For the FREEDM IEEE 34 system without a VVC, an SST provides the reactive power 

demanded by the loads; therefore, the initial system condition is with a real load only. Use 

phase A as an example to show the voltage profile at the original system operating condition. 

Note that although the IEEE 34 system has 34 nodes, some of the feeders are only single-

phase; therefore, the total number of nodes for phase A is only 30. 
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Figure 3-10 The voltage profile of phase A without VVC 

 
 
 
Clearly, the lowest voltage in the system is only 0.8518 p.u., which is far below the lower 

voltage limitation. Also, the real power flowing through the substation is also measured, and 

the power loss for each phase can be calculated using the following equation: 

 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 −�𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  (3.43) 

Then, the power loss in the system without VVC is documented in Table 3-1. 

 
 
 

Table 3-1 Power loss without VVC 

 
Pa(kW) Pb(kW) Pc(kW) 

Power flow through the substation 698.0123 658.2004 669.2435 
Total load 606.0002 584.0000 578.9995 

Original power loss 92.0122 74.2004 90.2440 
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3.3.2 The Simulation Results of a Feasibility Search 

Since the voltages are not feasible, the gradient-based feasibility search starts take action. 

The goal of the feasibility search is to force the voltage back into its limitations. Therefore, 

the minimum voltage along the feeder is the main concern. In Figure 3-11, the iteration time 

with its corresponding minimum voltage is documented to show the performance of the fea-

sibility search. 

 
 
 

 

Figure 3-11 The iteration of the feasibility search 

 
 
 
Clearly shown in Figure 3-11, 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  increases as the iteration proceeds and finally reaches 

the acceptable value after 36 iterations. The new power-flow information measured at the 

primary side of each SST with a feasible operating condition is shown in the following table. 

As shown in Figure 3-12, the SSTs are required to provide a huge amount of reactive power 
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to boost the voltage. Note that there are only 12 loads connected to phase A, which means 

that there are only 12 SSTs. That is why only 12 injections are required. 

 
 
 

 
Figure 3-12 The reactive power injection after the feasibility search 

 
 
 
The new voltage profile of phase A in p.u. along the feeders after the feasibility search is 

shown in Figure 3-13. 

 
 
 

 
Figure 3-13 The voltage profile of phase A after the feasibility search 
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Now, the minimum voltage in the system is 0.9514 p.u. All of the voltages are within the 

feasible region, which demonstrates that the gradient-based feasibility search works properly. 

Similar to the original operating condition, the power flowing through the substation is 

documented to calculate the power loss in Table 3-3. As expected, the power loss is much 

higher than the original case because of the huge reactive injection from the SSTs to boost 

the voltage. The total amount of required reactive power from the SSTs is also documented. 

 
 
 

Table 3-2 Power loss after feasibility search 

 
Pa(kW) Pb(kW) Pc(kW) 

Power flow through the substation 855.3208 775.8523 815.8465 
Total load 606.0012 584.0033 578.9917 
Power loss 249.3196 191.8490 236.8548 

 
Qa(kVar) Qb(kVar) Qc(kVar) 

Total reactive power injection 877.4249 787.4649 847.439 
 
 
 

3.3.3 The Simulation Result of Power-Loss Minimization 

There are two approaches to involve the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  search in the LPOPF. One is to deter-

mine the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  first before processing the power-loss minimization. The other is to include 

the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  in the inner loop of LPOPF. 

3.3.3.1 LPOPF Simulation Result 

After the feasible operating point is determined, it’s time to run the LP-based OPF to mi-

nimize the power loss within the feasible region. The first step is to determine the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  so 
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that the new update operating points resulting from LP and DPF will be close enough and the 

voltage violation is avoided. 

With an initial ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 5kVar, and an update ratio of 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.6, the percentage of 

power-loss mismatch is calculated using: 

 %
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

=
|∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓|

∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
< 𝜀𝜀% (3.44) 

Another main criterion of the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  search iteration is to guarantee that with a certain 

update of the reactive power injection, the voltage is still feasible.  

The ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  search iteration result is documented in Figure 3-14. The left-hand axis 

shows 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  in the system, and the right-hand axis is the value of 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

. As expected, a larger 

∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  has a better chance of resulting in a voltage violation. As ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  decreases from the 

initial setting of 5kVar in the first iteration to 1.08kVar in the 4th iteration, the 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  resulting 

from the iteration is increasing. The % 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

 grows from 28.26% to 30.17%, which is not too 

large a difference. As long as the LP returned power-loss reduction and the DPF-given re-

sults are in the same direction and the orders of magnitude are the same, the LP 

approximation is said to be accurate enough to solve the original nonlinear optimization 

problem. 
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Figure 3-14 Iteration of the limitation search 

 
 
 
Therefore, from the ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  search result, ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 1.8kVar is the largest ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 that 

can be accepted. However, if ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  is set to be 1.8kVar, only one update can maintain the 

voltage within the feasible region. So, in the following LPOPF, the conservative approach, 

setting ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  to a small enough value, is used to make sure we can achieve the best system 

operating conditions not only when the power loss is minimized, but also when the voltages 

are still feasible. If ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  is small, it will require more iterations to get to the optimal oper-

ating point, but the results will be more accurate. 

In the following, ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 0.2kVar   is used as the maximum update of control variables 

per iteration. Then, the LPOPF gives the optimization result as shown in Figure 3-15. The 

left-hand axis shows the total system power loss, and the right-hand axis is the minimum vol-
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tage in the system. As Figure 3-15 shows, the system power loss lessens in the optimization 

iteration process, and, at the same time, the minimum voltage also decreases. 

 
 
 

 

Figure 3-15 The iteration of the power-loss minimization 

 
 
 
The optimal operating point that is returned by the LPOPF is documented. Figure 3-16 

shows the reactive power needed from the SSTs in phase A to achieve the optimal point. 
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Figure 3-16 Reactive power injection after the LPOPF 

 
 
 
The voltage profile of phase A in p.u. along the feeders of the optimal point is shown in 

Figure 3-17. 

 
 
 

 
Figure 3-17 The voltage profile of phase A after the LPOPF 
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Then, the use of the power flow through the substation and the total load to calculate the 

power loss, are documented in Table 3-3. The total required reactive power from the SSTs is 

also documented. 

 
 
 

Table 3-3 Power loss after LPOPF 

 
Pa(kW) Pb(kW) Pc(kW) 

Power flow through the substation 841.4338 766.4906 808.1505 
Total load 606.0013 584.0024 578.9930 
Power loss 235.4325 182.4882 229.1575 

 
Qa(kVar) Qb(kVar) Qc(kVar) 

Total reactive power injection 841.4245 739.4645 822.2356 
 
 
 
The power-loss reduction for each phase is then calculated using the difference between 

the power loss of the initial feasible point and the final optimal point. 

 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 _𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 _𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 _𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  (3.45) 

Then, we calculate the percentage of power-loss reduction using the following equation: 

 %𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 _𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 _𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 _𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 _𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 (3.46) 

The comparison of all power losses during the optimization is documented in Table 3-4. 

 
 
 

Table 3-4 Power loss comparison 

Power loss (kW) Pa(kW) Pb(kW) Pc(kW) 
Original 92.0122 74.2004 90.244 

After feasibility search 249.3196 191.849 236.8548 
After LPOPF 235.4325 182.4882 229.1575 
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Table 3-4 Continued 

Reduction 13.8871 9.3608 7.6973 
Percentage of reduction 0.0557 0.0487925 0.032498 

 
 
 
Similarly, as we calculated the power-loss reduction, we can also calculate the reduction 

of reactive power provided by the SSTs: 

 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 _𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 _𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 _𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  (3.47) 

Then, the percentage of power-loss reduction can be calculated using the following equation: 

 %𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 _𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 _𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 _𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 _𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 (3.48) 

The comparison of the total reactive power injection from the SSTs during the optimiza-

tion is documented in Table 3-5. 

 
 
 

Table 3-5 Reactive injection comparison 

Total reactive power injection Qa(kVar) Qb(kVar) Qc(kVar) 
After feasibility search 877.4249 787.4649 847.439 

After LPOPF 841.4245 739.4645 822.2356 
Reduction 36.0004 48.0004 25.2034 

Percentage of reduction 0.0410 0.0609 0.0297 
 
 
 
The result indicates that the proposed centralized VVC scheme can successfully control 

the voltages and minimize the power loss to a practical level. Table 3-4 and Table 3-5 show 

the reactive power needed to boost the voltage to a feasible point and the reactive power 
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needed at the optimal point. As indicated, the power loss is reduced by about 10%, on aver-

age, from Phase I to Phase II, which is a considerable reduction in reality. 

3.3.3.2 The BF LPOPF Simulation Result 

In order to justify the optimization result, apply BF LPOPF to the feasible system operat-

ing condition we got from Phase I. The optimal operating point that is returned by the BF 

LPOPF is shown in Figure 3-18, where the reactive power needed by the SSTs is indicated. 

 
 
 

 

Figure 3-18 The reactive power injection after the BF LPOPF 

 
 
 
The voltage profile of phase A in p.u. along the feeders after the BF LPOPF is shown in 

Figure 3-19. 
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Figure 3-19 The voltage profile of phase A after the BF LPOPF 

 
 
 
Then, the use of the power flow through the substation and the total load to calculate the 

power loss are documented in Table 3-6. The total required reactive power from the SSTs is 

also documented. 

 
 
 

Table 3-6 Power loss after BF LPOPF 

 
Pa(kW) Pb(kW) Pc(kW) 

Power flow through substation 842.2164 767.0796 808.7269 
Total load 606.0014 584.0025 578.9929 
Power loss 236.2150 183.0771 229.7340 

 
Qa(kVar) Qb(kVar) Qc(kVar) 

Total reactive power injection 843.5695 742.3245 824.1241 
 
 
 
Use the same real-power reduction calculation equations presented previously to get the 

result for the BF LPOPF in Table 3-7. 
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Table 3-7 Power loss reduction and comparison 

Power loss (kW) Pa Pb Pc 
Original 92.0122 74.2004 90.2440 

After feasibility search 249.3196 191.8490 236.8548 
After BF LPOPF 236.2150 183.0771 229.7340 

Reduction 13.1046 8.7719 7.1208 
Percentage of reduction 0.0526 0.0457 0.0301 

 
 
 
The comparison of the total reactive power injection from the SSTs during the optimiza-

tion is documented in Table 3-8. 

 
 
 

Table 3-8 Reactive injection reduction and comparison 

Total reactive power injection Qa(kVar) Qb(kVar) Qc(kVar) 
After feasibility search 877.4249 787.4649 847.4390 

After BF LPOPF 843.5695 742.3245 824.1241 
Reduction 33.8554 45.1404 23.3149 

Percentage of reduction 0.0386 0.0573 0.0275 
 
 
 
Similarly, as in the previous approach, the BF LPOPF can successfully maintain the vol-

tages within acceptable limits and minimize power loss to a practical level. Table 3-8 and 

Table 3-9 show the reactive power needed to boost the voltage to a feasible point, and the 

reactive power needed at the optimal point. As indicated, the power loss reduces by about 

10%, on average, from Phase I to Phase II, which is a considerable reduction in reality. 

3.3.3.3 Check for Optimality Using the LPOPF 

It is probable that the optimal point found is not the global minimum point. Especially in 

our case, the initial point of power-loss minimization is the result of the feasibility search, 
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which is usually close to the boundary of the feasible region. We may want to start with an 

initial point that is further inside the feasible region. For example, in the following test we 

magnify the suggested reactive power injection returned by the feasibility search by 25% 

more. Then, the new initial point of Phase II will be as shown in Figure 3-20. 

 
 
 

 

Figure 3-20 25% more reactive power injection after the feasibility search 

 
 
 
The voltage profile of phase A in p.u. along the feeders after injecting 25% more reactive 

power is shown in Figure 3-21. From the comparison with the original feasibility search re-

sult, it is clear that with more reactive power injected, the operating condition is farther from 

the boundary of the feasible region. 
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Figure 3-21 The voltage profile of phase A after injecting 25% more reactive power 

 
 
 
Then, the use of the power flow though the substation and the total load to calculate pow-

er loss is documented in Table 3-9. The total required reactive power from the SSTs is also 

documented. 

 
 
 

Table 3-9 Power loss for 25% more reactive power injection 

 
Pa(kW) Pb(kW) Pc(kW) 

Power flow through the substation 943.0851 839.1845 897.4367 
Total load 606.0012 584.0033 578.9917 
Power loss 337.0839 255.1812 318.4450 

 
Qa(kVar) Qb(kVar) Qc(kVar) 

Total reactive power injection 1096.796 984.333 1059.2657 
 
 
 
Then, the power-loss minimization iteration by the LPOPF is shown in Figure 3-22. The 

left-hand axis shows the total system power loss, and the right-hand axis is the minimum vol-

tage in the system. As the iteration progresses, the power-loss decreases from 896.9040kW to 

711.6275kW, while the minimum voltage decreases from 0.9613 p.u. to 0.9503 p.u. 
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Figure 3-22 The power-loss minimization iteration 

 
 
 
The new optimal point with minimum power loss given by the LPOPF is documented, 

and the reactive power-injection requirement is shown in Figure 3-23. 

 
 
 

 
Figure 3-23 The reactive power injection after the LPOPF 

 
 
 

The voltage profile of phase A in p.u. along the feeders after the LPOPF is shown in Fig-

ure 3-24. 
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Figure 3-24 The voltage profile of phase A after the LPOPF 

 
 
 
The use of the power flow through the substation and the total load to calculate the power 

loss is documented in Table 3-10. The total required reactive power from the SSTs is also 

documented. 

 
 
 

Table 3-10 Power loss after LPOPF 

 
Pa(kW) Pb(kW) Pc(kW) 

Power flow through the substation 858.3426 778.7734 841.3613 
Total load 606.0031 584.0037 578.9876 
Power loss 252.3395 194.7698 262.3737 

 
Qa(kVar) Qb(kVar) Qc(kVar) 

Total reactive power injection 899.9852 721.9287 894.0945 
 
 
 
Using the same real-power reduction calculation equations presented previously to get 

the results for the LPOPF of the optimality check, the results are documented in Table 3-11. 
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Table 3-11 Power loss reduction and comparison 

Power loss (kW) Pa Pb Pc 
After feasibility search 337.0839 255.1812 318.4450 

After LPOPF 252.3395 194.7698 262.3737 
Reduction 84.7444 60.4114 56.0713 

Percentage of reduction 0.2514 0.2367 0.1761 
 
 
 
The comparison of the total reactive power injection from the SSTs during the optimiza-

tion is documented in Table 3-12. 

 
 
 

Table 3-12 Reactive injection reduction and comparison 

Total reactive power injection Qa(kVar) Qb(kVar) Qc(kVar) 
After feasibility search 1096.7960 984.3330 1059.2657 

After LPOPF 899.9852 721.9287 894.0945 
Reduction 196.8108 262.4043 165.1712 

Percentage of reduction 0.1794 0.2666 0.1559 
 
 
 
As shown in Table 3-11 and Table 3-12, the LPOPF, under the condition of injecting 

25% more reactive power required by the feasibility search, can also successfully maintain 

the voltages within acceptable limits and minimize the power loss to a practical level. With 

25% more reactive power injection compared to the feasibility search result, the power loss 

reduction is larger because the starting point is further inside the feasible region. As indicated 

in Table 3-11, there is about a 22%, on average, power-loss reduction from Phase I to Phase 

II. 
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3.3.3.4 Check for Optimality Using the BF LPOPF 

Start with the new feasibility point, which is with 25% more reactive power injection in-

dicated by the feasibility search, and apply the BF LPOPF to see how it works. Then, the BF 

LPOPF iteration is shown as in Figure 3-25. As the iteration progresses, the power loss de-

creases from 843.0211kW to 710.7568kW while the minimum voltage also decreases from 

0.9597 p.u. to 0.9500 p.u. 

 
 
 

 

Figure 3-25 The power-loss minimization iteration 

 
 
 
Then, the new optimal point with minimum power loss given by the BF LPOPF is docu-

mented. The reactive power injection requirement is shown in Figure 3-26. 
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Figure 3-26 The reactive power injection after the BF LPOPF 

 
 
 
The voltage profile of phase A in p.u. along the feeders after the BF LPOPF is shown in 

Figure 3-27. 

 
 
 

 

Figure 3-27 The voltage profile of phase A after the BF LPOPF 
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Then, using the power flow through the substation and the total load to calculate power 

loss is documented in the following table. The total required reactive power from the SSTs is 

also documented. 

 
 
 

Table 3-13 Power loss after BF LPOPF 

 
Pa(kW) Pb(kW) Pc(kW) 

Power flow through the substation 858.5770 779.0001 842.1739 
Total load 606.0033 584.0036 578.9872 
Power loss 252.5737 194.9965 263.1867 

 
Qa(kVar) Qb(kVar) Qc(kVar) 

Total reactive power injection 900.8553 723.0883 891.969 
 
 
 
Using the same real-power reduction equations presented previously to get the result for 

the LPOPF of the optimality check, the results are documented in Table 3-14. 

 
 
 

Table 3-14 Power loss reduction and comparison 

Power loss (kW) Pa Pb Pc 
After feasibility search 337.0839 255.1812 318.4450 

After BF LPOPF 236.2150 183.0771 229.7340 
Reduction 100.8689 72.1041 88.711 

Percentage of reduction 0.2992 0.2826 0.2786 
 
 
 
The comparison of the total reactive power injection from the SSTs during the optimiza-

tion is documented in Table 3-15. 
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Table 3-15 Reactive injection reduction and comparison 

Total reactive power injection Qa(kVar) Qb(kVar) Qc(kVar) 
After feasibility search 1096.7960 984.3330 1059.2657 

After BF LPOPF 900.8553 723.0883 891.969 
Reduction 195.9407 261.2447 167.2967 

Percentage of reduction 0.1786 0.2654 0.1579 
 
 
 
As shown in Table 3-14 and Table 3-15, the BF LPOPF, under the condition of injecting 

25% more reactive power required by the feasibility search, can also successfully maintain 

the voltages within acceptable limits and minimize the power loss to a practical level. With 

25% more reactive power injection compared to the feasibility search result, the power-loss 

reduction is larger because the starting point is further inside the feasible region. As indicated 

in Table 3-15, the average power-loss reduction from Phase I to Phase II is about 28%. 

3.3.3.5 Results Comparison and Analysis 

In order to compare the power-loss minimization results given previously, Table 3-16, 

which includes the power loss per phase, the reactive power injection per phase, and the min-

imum voltage information, is given. 

 
 
 

Table 3-16 Optimal point power loss comparison for all the test cases 

 

Original Qinj 25% more Qinj 
LPOPF BF LPOPF LPOPF BF LPOPF 

Pla(kW) 235.4325 236.215 252.3395 252.5737 
Plb(kW) 182.4882 183.0771 194.7698 194.9965 
Plc(kW) 229.1575 229.734 262.3737 263.1867 

Qinja(kVar) 841.4245 843.5695 899.9852 900.8553 
Qinjb(kVar) 739.4645 742.3245 721.9287 723.0883 



116 
 
 

 

 

Table 3-16 Continued 

Qinjc(kVar) 822.2356 824.1241 894.0945 891.969 
Vmin 0.95 0.95 0.9503 0.95 

 
 
 
Then the total system power loss and reactive power injection are calculated as the sum-

mation of three phase values. As shown in Table 3-17, the minimum power loss achieved by 

applying the LPOPF with the original feasibility search result as the initial point provides the 

best solution, which is with a total system power loss of 647.0782kW and a total reactive 

power injection of 2403.1246kVar.  

 
 
 

Table 3-17 Total power loss comparison 

  
Pl_total(kW) Qinj_total(kVar) 

Original 
Qinj 

LPOPF 647.0782 2403.1246 
BF LPOPF 649.0261 2410.0181 

25% 
more Qinj 

LPOPF 709.483 2516.0084 
BF LPOPF 710.7569 2515.9126 

 
 
 
From the results comparison in Table 3-16 and Table 3-17, starting with the same feasi-

ble point, LPOPF and BF LPOPF returned optimal points that are quite close to one another, 

and there is no significant difference. However, when starting with different feasible points, 

the optimal points may differ, which means that there is no guarantee that the returned op-

timal point is the global optimal. From the scenario that has been completed, directly 

utilizing the feasibility search result as the initial feasible starting point for power-loss mini-

mization will give us a better optimal point. 



117 
 
 

 

 

3.4 Conclusion 

In this chapter, the potential centralized control strategies for power distribution systems 

are investigated and the applications are presented. Based on the new feature of the 

FREEDM-type smart distribution grid, a new two-phase centralized VVC scheme is pro-

posed. The objective of the VVC is formulated as minimizing system power loss while 

regulating the voltage profile within acceptable limits. Phase I control is then targeted at re-

gulating voltages when a voltage violation exists. The feasibility search is based on the 

gradient method to find the steepest decent update direction. Then, based on a feasible oper-

ating condition, the Phase II optimization is aiming at minimizing the power loss within the 

feasible region. Since the adopted optimization scheme is LP-based, it is necessary to make 

sure the linearization doesn’t lose accuracy. Therefore, the limitation of the reactive power 

change step size is added as an improvement, so that the VVC-returned update system status 

will not drift away from the actual system response. Another improvement made here is the 

BF LPOPF, where the back and forth method is adopted to find the optimal operating point. 

The proposed centralized VVC scheme is then tested on the FREEDM IEEE 34 node test 

feeder. In order to check the optimality with different initial feasible conditions, an additional 

test is made with 25% more reactive power injections. The result shows that LPOPF has a 

better performance than BF LPOPF. The optimization result with a starting point at the origi-

nal feasible point is better than that with 25% more reactive power injections. Based on the 

simulation result, it is clear that the proposed scheme can achieve the optimization goal of 

minimizing power loss while maintaining voltages within the feasible region. 
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 CHAPTER 4. A Decentralized Volt/Var Control 

Scheme for the FREEDM System 

4.1 Introduction 

A radial feeder is the most common topology for a low-voltage distribution network. A 

radial network leaves the substation and passes electricity through long distribution lines and 

cables to the terminal customer. Given the inherent nature of the distributed power grid, field 

devices and remote terminal units (RTU) usually make operation and control decisions based 

on local measurements. However, when dealing with system-wide optimization problems, 

such as a VVC, a central operator is necessary to collect any excessive information from 

RTUs and coordinate their operations. The existing Distribution Management System (DMS) 

is based on this centralized control architecture: data acquisition through the Supervisory 

Control and Data Acquisition (SCADA) system, centralized decision-making, and the trans-

mission of control decisions to the field equipment [45]. As indicated in Figure 3-2, the DMS 

system in centralized control fashion usually sits at the substation, communicates with all the 

field devices, and makes decisions based on system-wide information. The legacy SCADA 

system is typically built using a star topology in which data is exchanged directly between 

the control center and remote field devices. The vertical control approach usually is com-

posed of a control master and multiple slave RTUs. Meter slave RTUs are programmed to 

report their measurements periodically and act as a database. Control and operational deci-

sions will be made accordingly at the central controller and sent to control or protection 
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devices, such as CAPs, LTC transformers, relays, and circuit breakers. The information ex-

change of centralized hierarchical control is demonstrated in Figure 4-1.  

 
 
 

 

Figure 4-1 Illustration of centralized control 

 
 
 
The development and implementation of new power electronics devices and advances in 

communications and computer technologies raise opportunities to control DRERs in power 

distribution systems. At the same time, the needs for decentralized control are becoming crit-
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ical as the power system and prevailing constraints increase in size. With the appearance of 

smart processors, virtual sub-areas can be established by grouping several RTUs together. 

You can follow a different direction in forming those virtual clusters, such as electric dis-

tance or similar characters. Once the sub-areas are formed, instead of communicating with all 

of the RTUs, the central SCADA now only needs to exchange information with the slave 

processors, which work on achieving the optimization goal within their own areas. A central 

master is needed to eliminate any boundary mismatches between sub-areas. The topology of 

decentralized control is demonstrated in Figure 4-2. 

 
 
 

 

Figure 4-2 Illustration of decentralized control 



121 
 
 

 

 

Distinctions among centralized, decentralized, and distributed types of control strategy 

are obvious. In order to find the optimal operating point by utilizing centralized control, the 

central controller needs system-wide information, and the optimization problem is large-scale 

and time-consuming. Decentralized control is indeed a master-slave control where the origi-

nal problem is partitioned into smaller subproblems. Each subproblem is processed by slave 

controller in its own area. The master controller is working on eliminating the mismatches 

among the sub-areas and coordinating them to achieve the system-wide optimization goal. In 

distributed control, there is no master controller to coordinate the performance of the sub-

areas. Each local agent aims at the optimal in its own area and exchanges information with its 

neighbors. Generally speaking, distributed control is designed to be able to operate properly 

in the presence of limited, sometimes unreliable, communications links, and often in the ab-

sence of a central control mechanism [46]. 
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Figure 4-3 Illustration of distributed control 

 
 

 
4.1.1 Pros and Cons of Centralized and Decentralized Control 

Traditional approaches to the centralized monitoring and control of the power system 

would not only need high-performance computers to meet rigid time requirements but would 

also need to build up expensive and complicated communications networks to transmit local 

measured data to the central control center [46]. Any failure occurring in the system would 

result in insufficient information being received by the VVC central controller and would, 

thus, inhibit the making of proper control decisions accordingly. Besides, due to the depen-
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dency of centralized VVC on the communications infrastructure, power system control and 

management is more vulnerable to potential security attacks. Therefore, the drawback of cen-

tralized control is apparent in accommodating renewable energy in a distribution network. 

Centralized control is insufficient to deal with the increasing uncertainty and complexity in 

future power-system applications as more DRER units appear [47]. 

Decentralized control usually is made up of a number of processors that are closely 

coupled within a small physical space. Compared with centralized control, communications 

links in decentralized control are relatively short, and the dependence of control on the com-

munications infrastructure is also less. Since the originally large-scale problem is 

decomposed into multiple smaller subproblems, the computation time needed is greatly re-

duced as a result. However, since the sub-areas also aim to achieve the same system-wide 

optimization goal as centralized control, the master controller needs information from each 

slave controller. Given the possibility that the sizes of subproblems may be different and 

processing time is unpredictable, the master problem may need to wait a little to receive the 

sub-area data. 

In comparison, the reliability of the communications network is not as crucial in distri-

buted control. When communication delays are hard to predict and unreliable, distributed 

control can be used instead of centralized or decentralized control. Distributed control can 

not only save a large amount of capital investment in communications networks, but it also 

limits the effect of local operations within the related local area. In distributed control, each 

agent can communicate with its neighbors and make decisions autonomously, which reduces 

the complexity in each distributed controller. However, since each sub-area agent is working 
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only on its own objective and there is no master coordinator present, it is not possible for all 

of the sub-areas to solve a common problem. 

In the FREEDM-type distribution system where every load is connected via an SST, in-

stead of utilizing conventional VVC devices, such as LTC, VR, and CAPs, the SSTs are used 

as Var resources to regulate system voltages while achieving system-wide optimization 

goals. With high PV penetration, SSTs are used at each load node to accommodate PVs into 

the primary distribution feeder. Since the load condition of a distributed system is usually 

unbalanced, the SSTs are installed per phase so they can be dispatched separately to meet 

different needs in each phase. Therefore, control variables and operation limits are much 

more important than in a conventional distributed system since each load node is now capa-

ble of providing and absorbing reactive power. Thus, the complexity and uncertainty of a 

centralized VVC optimization problem in the FREEDM system is much more challenging. In 

addition to the heavy computational burden, the accuracy and response time of a centralized 

VVC is highly dependent on the communications infrastructure since the central controller 

will need to make decisions by utilizing all of the system information. Fortunately, with the 

appearance of smart meters and microprocessors embedded in the SSTs as RTUs in the 

FREEDM system, residential-level devices can be used to correct any voltage violation in 

their local area. 
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4.1.2 Literature Review on Potential Decentralized Control Ap-

proaches and Applications 

Typically, all the mathematical methods mentioned in the previous chapter can be used to 

solve the subproblems after the problem is partitioned into a cluster of subproblems [48]. The 

potential approaches for decentralized VVC can be classified into two categories: 

1) Traditional mathematical methods, such as the gradient-projection algorithm, quadrat-

ic programming, augmented Lagrange method [48], [49], and Dantzig Wolfe. 

2) Evolutionary algorithms, such as a genetic algorithm (GA), particle swarm optimiza-

tion (PSO), and graph theory [50]-[52]. 

A recent application of decentralized algorithms is on economic dispatch. By applying a 

consensus algorithm, Dr. Chow proposed a distributed decision-making procedure where the 

local controller constantly reports its information state to the consensus manager, and the 

consensus manager negotiates with the neighboring agents on the communications network 

[47]. After the negotiation iterative process, the state parameters of all local controllers will 

reach the same value. A multi-agent-based distributed control approach is proposed in Dr. 

Baran’s paper [53], which considers the sensitivity of voltage with respect to the reactive 

power injection. The optimization problem is solved in a distributed manner by decomposing 

the original problem into smaller subproblems, each assigned to a particular agent. The su-

pervisory subproblem is needed to ensure that the distributed solution will converge to the 

optimal point. Similar to Dr. Baran’s problem formulation, the impact of control actions of 

different kinds of control devices is studied first in Dr. El-Saadany’s recent work [54]. After 

the impact study, a two-way communications-based distributed control is proposed for all 
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agents to achieve a common objective. Each control agent has its own objective and con-

straints regarding the preferences and capabilities of the device. The local controller is then 

grouped with its neighbors in Dr. Klump’s paper to form reactive support groups [55]. In this 

case, rather than considering all devices as potential destinations for reactive control messag-

es, each node is associated with a reactive support group. A voltage-coupling index algorithm 

is adopted to achieve the control goal where the voltages within the same group are highly 

coupled with each other. 

Evolutionary algorithms also demonstrate their strengths in solving a large-scale non-

linear optimization problem. Dr. Michalewicz’s paper provides an overview of these algo-

rithms and a set of numerical optimization test cases [52]. As one of the more promising 

solution approaches, PSO has drawn a lot attention. The state-of-the-art and mathematical 

techniques of PSO are described in detail in [50], [51]. As a highly non-separable problem, 

there is no guarantee that a global optimum can be found for VVC by any conventional me-

thod. PSO, on the other hand, has shown particular promise for the problems for which there 

is no specialized method available or all specialized methods give unsatisfactory results. 

Very limited PSO applications on power system operations and control are available. In [56], 

Dr. Yoshida gives an insight discussion on applying PSO for VVC when considering a vol-

tage-security assessment, and indicates the possible use of PSO to solve mixed-integer non-

linear optimization problems. In Dr. Sharma’s [57] recent research, PSO is utilized to solve a 

reactive power optimization problem to minimize power losses in a transmission network. 

The proposed method is successfully applied on the IEEE 6 bus system. In another recent 

work [58], Dr. Swarnkar applies improved PSO to a distributed system for the solution of 
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combined economic emissions dispatch problem. The proposed scheme is tested on the IEEE 

30 system and compared with other evolutionary computation techniques to demonstrate its 

advantage in handling the optimal power-flow problem.  

Discussions are still ongoing on the distributed VVC schemes. The main challenge to ap-

plying the distributed algorithm is to partition the original large-size optimization problems 

into subproblems while identifying the coupling between subproblems and feed this informa-

tion back to a coordinate master station. 

In the previous chapter, the centralized VVC problem is formulated and made linear with 

respect to both state and control variables, which results in a large-scale LP problem. In Dr. 

Kleinberg’s recent paper, the portions of the network served by the same source or sources of 

reactive power flow are grouped into common areas once positive power-flow directions are 

established. Then, the distributed power flow and distributed state estimation techniques are 

investigated for distribution system analysis [59]. Following a similar problem-solving pro-

cedure, the DW decomposition method draws the author’s attention. Since the DW concept 

was proposed by Dr. George B. Dantzig and Dr. Philip Wolfe in the 1960s, the DW decom-

position method, which can reduce the dimension of the problem in a very effective way by 

separating it into several subproblems coordinated by a master problem, has been used to 

solve large-scale LP problems [60], [61]. The DW concept has already been applied to the 

economic dispatch and unit commitment problems [62]-[66]. 
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4.2 Proposed DW-based Decentralized Control Scheme 

Previously, centralized VVC was solved in a two-phase fashion, where a gradient-based 

feasibility search will first force all the voltage within the acceptable limit and the LP algo-

rithm will try to minimize the system power loss within the feasible region. In the same way 

as the previous problem formulation (3.1), the objective of Volt/Var optimization is to mi-

nimize the real power loss while keeping voltages within acceptable limits. 

𝑚𝑚𝑚𝑚𝑚𝑚𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �𝐺𝐺𝑖𝑖𝑖𝑖 [𝑉𝑉𝑖𝑖2 + 𝑉𝑉𝑗𝑗2 − 2𝑉𝑉𝑖𝑖𝑉𝑉𝑗𝑗 cos⁡(𝛿𝛿𝑖𝑖 − 𝛿𝛿𝑗𝑗 )] 

subject to:  

𝑔𝑔(𝑥𝑥,𝑢𝑢) = 0 

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑉𝑉 ≤ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  

In this chapter, the DW decomposition method will be applied to the second phase of the 

VVC to bring down the already made linear VVC optimization problem into subproblems. 

After decomposition of the original LP problem, parallel processing of the subproblems be-

comes possible, which will greatly reduce the computational burden and the dependence of 

the control application on the communications infrastructure. In the following, a decentra-

lized control scheme based on DW decomposition will be proposed and explained in detail. 

Simulation test results will be presented for the FREEDM IEEE 34 system and the FREEDM 

Residential Notional System. 
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4.2.1 The DW Decomposition Scheme 

Large-scale LP problems usually have some special structural form that can be exploited 

to develop efficient computational procedures. One common structure is where there are a 

number of separate activity areas that are linked through common resource constraints. Con-

sider an LP problem of the form: 

 𝑚𝑚𝑚𝑚𝑚𝑚𝑀𝑀1x1 + 𝑀𝑀2x2 + ⋯+ 𝑀𝑀𝑛𝑛𝑥𝑥𝑛𝑛  (4.1) 

subject to: 

 𝐿𝐿1𝑥𝑥1 + 𝐿𝐿2𝑥𝑥2 + ⋯+ 𝐿𝐿𝑛𝑛𝑥𝑥𝑛𝑛 ≤ 𝑏𝑏0 (4.2) 

 �

𝐴𝐴1𝑥𝑥1 ≤ 𝑏𝑏1
𝐴𝐴2𝑥𝑥2 ≤ 𝑏𝑏2

…
𝐴𝐴𝑛𝑛𝑥𝑥𝑛𝑛 ≤ 𝑏𝑏𝑛𝑛

� (4.3) 

 𝑥𝑥1, 𝑥𝑥2 … 𝑥𝑥𝑛𝑛 ≥ 0 (4.4) 

where 𝑥𝑥1, 𝑥𝑥2 … 𝑥𝑥𝑛𝑛  are vectors of the dimensions 𝑛𝑛1,𝑛𝑛2 …𝑛𝑛𝑛𝑛 , respectively, and 𝑏𝑏1, 𝑏𝑏2 … 𝑏𝑏𝑛𝑛  are 

vectors of the dimensions 𝑚𝑚1,𝑚𝑚2 …𝑚𝑚𝑛𝑛 , separatelyrespectively. If the LP problem is put into 

standard form: 

 𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑇𝑇𝑥𝑥 (4.5) 

subject to: 

 𝐴𝐴𝐴𝐴 ≤ 𝑏𝑏 (4.6) 

 𝑥𝑥 ≥ 0 (4.7) 

where 𝑥𝑥 = [𝑥𝑥1, 𝑥𝑥2 … 𝑥𝑥𝑛𝑛 ], 𝑐𝑐 = [𝑀𝑀1,𝑀𝑀2 …𝑀𝑀𝑛𝑛 ], 𝑏𝑏 = [𝑏𝑏1; 𝑏𝑏2; … ; 𝑏𝑏𝑛𝑛], and the matrix 𝐴𝐴 are in a 

special “block angular” structure [67]: 
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 𝐴𝐴 =

⎣
⎢
⎢
⎢
⎡
𝐿𝐿1 𝐿𝐿2 … 𝐿𝐿𝑛𝑛
𝐴𝐴1

𝐴𝐴2

⋯
𝐴𝐴𝑛𝑛⎦
⎥
⎥
⎥
⎤

 (4.8) 

The block angular structure can be clearly illustrated in Figure 4-4. 

 
 
 

 
Figure 4-4 Block angular structure 

 
 
 
A problem in this form can be solved by the DW decomposition method, which solves 

subproblems separately in each iteration. The subproblems are LP problems within their own 

area. The objectives of the subproblems vary from iteration to iteration and are determined 

by the master coordinator based on the results from previous iterations. The master problem 

eliminates mismatched information between subproblems so that the overall optimization 

problem will be solved ultimately. The equations above can be rewritten in a more general 

form: 
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 𝑚𝑚𝑚𝑚𝑚𝑚�𝑀𝑀𝑖𝑖𝑥𝑥𝑖𝑖

𝑛𝑛

𝑖𝑖

 (4.9) 

subject to:  

 

 
�𝐿𝐿𝑖𝑖𝑥𝑥𝑖𝑖

𝑛𝑛

𝑖𝑖

≤ 𝑏𝑏0 (4.10) 

 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖 ≤ 𝑏𝑏𝑖𝑖  (4.11) 

 𝑥𝑥1, 𝑥𝑥2 … 𝑥𝑥𝑛𝑛 ≥ 0 (4.12) 

This may be viewed as a problem of minimizing the objective of 𝑛𝑛 different linear pro-

grams that are independent except for the first set of constraints. This way a large linear 

optimization problem can be converted into 𝑛𝑛 smaller ones of the following type: 

 𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑀𝑀𝑖𝑖 − 𝜔𝜔𝑖𝑖𝐿𝐿𝑖𝑖)𝑥𝑥𝑖𝑖  (4.13) 

subject to:  

 𝐴𝐴𝑖𝑖𝑥𝑥𝑖𝑖 ≤ 𝑏𝑏𝑖𝑖  (4.14) 

 𝑥𝑥𝑖𝑖 ≥ 0 (4.15) 

These subproblems are coordinated by a master problem, which provides them with a 

simplex multiplier 𝜔𝜔𝑖𝑖  from the dual solution. At each iteration, the structure of the subprob-

lems is invariant, changing only the multiplier. The subproblems are optimized at the end of 

each iteration, and their answers are sent to the master problem. The answer consists of reac-

tive power exchanges at each stage in all border buses with tie lines. Since the subproblems 

are decoupled, the individual reactive power flows may differ in any border bus at any stage. 
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The master problem, which includes the overall objective function and all linking constraints, 

must eliminate those infeasibilities.  

If at the ith iteration, the current optimal solution for a subproblem 𝑛𝑛 is 𝑥𝑥𝑛𝑛𝑖𝑖 , then the full 

control variable vector is: 

 𝑥𝑥𝑖𝑖 = [𝑥𝑥1
𝑖𝑖 , 𝑥𝑥2

𝑖𝑖 … 𝑥𝑥𝑛𝑛𝑖𝑖 ] (4.16) 

while the master problem will have a weighted factor 𝜆𝜆𝑖𝑖  corresponding to that returned con-

trol variable vector. 

Using the accumulated answers of the previous solution of subproblems, the ith optimal 

solution can be written in this form: 

 𝑥𝑥𝑖𝑖∗ = 𝜆𝜆1𝑥𝑥1 + 𝜆𝜆2𝑥𝑥2 + ⋯+ 𝜆𝜆𝑖𝑖𝑥𝑥𝑖𝑖 = �𝜆𝜆𝑖𝑖𝑥𝑥𝑖𝑖
𝜆𝜆

 (4.17) 

At each iteration, the master problem will collect all the optimal solutions for each sub-

problem to generate the full control variable vector while generating a corresponding 

weighted factor. All of the previous control variable vectors and weighted factors are needed 

to obtain the current optimal solution as indicated in the equation above. The key information 

for the master problem in the iterative process can be seen in Table 4-1. 

 
 
 

Table 4-1 Iteration information for master problem 

Iteration Weights 
Solution returned 

by subproblems 
Current optimal 

1 𝜆𝜆1 𝑥𝑥1 𝑥𝑥1
∗ = 𝜆𝜆1𝑥𝑥1 

2 𝜆𝜆1, 𝜆𝜆2 𝑥𝑥1, 𝑥𝑥2 𝑥𝑥2
∗ = 𝜆𝜆1𝑥𝑥1 + 𝜆𝜆2𝑥𝑥2 



133 
 
 

 

 

Table 4-1 Continued 

3 𝜆𝜆1, 𝜆𝜆2, 𝜆𝜆3 𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥3 𝑥𝑥3
∗ = 𝜆𝜆1𝑥𝑥1 + 𝜆𝜆2𝑥𝑥2 + 𝜆𝜆3𝑥𝑥3 

4 …. …. …. 

 
 
 
Therefore by taking into account the complicating constraints, the master problem is de-

fined as [67]: 

 min
λ
�(PL,i + PL,ij )λp
λ

⁡ (4.18) 

Subject to  

 

 
� Li𝑥𝑥𝑖𝑖∗ ≤ b0 (4.19) 

 �λi
λ

= 1 (4.20) 

 λi ≥ 0 (4.21) 

Where PL,i is the objective of the 𝑖𝑖𝑖𝑖ℎ subproblem, and PL,ij  is the mismatch between sub-

area 𝑖𝑖 and 𝑗𝑗. 

Since the control variable variation information is passed to the master problem from 

each subproblem and is already a constant vector, the unknowns with which we need to deal 

are the weights. Substitute the equation in the first equality constraint to get the following 

form: 

 �𝐿𝐿𝑖𝑖𝑥𝑥𝑖𝑖
𝜆𝜆

∗ 𝜆𝜆𝑖𝑖 ≤ 𝑏𝑏0 (4.22) 
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where the answers of the subproblems are considered to be fixed parameters, but adjustable 

according to their weights,  𝜆𝜆𝑖𝑖 , at each iteration. Therefore, in the master problem, the original 

control variable is no longer the control variable, but is the constant parameters for the 

weights. The objective function consists of the estimation of the individual objective plus the 

import/export mismatch. The first equality constraint ensures the global feasibility of indi-

vidual sensitivity in the border bus. The second equality constraint is called convexity, or the 

unified equation, because it ensures the feasibility of the individual sets of answers in the 

master problem. 

The solution procedure of the DW decomposition method is an iterative process between 

the master problem and the subproblems, as shown in Figure 4-5. 

 
 
 

 

Figure 4-5 Iterative procedure of the Dantzig-Wolfe method [46] 

 
 
 
The DW method can reduce, in a very efficient way, the dimensions of the problem by 

breaking down the original large-scale LP optimization into smaller subproblems. Besides 
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the potential advanced mathematics including the pre-solve techniques, matrix-scaling, pric-

ing, and sparse matrix-handling resulting from applying DW decomposition [68], another 

attractive feature of the partitioned problem is the relatively straightforward potential for a 

parallel computational version. 

4.2.2 Decomposition of VVC Problem Using DW 

Before doing any mathematics operations on the original formulation, there are several 

assumptions to simplifying the optimization process:  

1) Bus voltage angles are assumed to remain constant during the optimization process. 

2) Voltage varies only with respect to reactive power variation, therefore, the Jacobian 

matrix is decoupled. 

3) The load remains constant during control. 

Due to those assumptions, the VVC problem in P-Q decoupled form is: 

 𝑚𝑚𝑚𝑚𝑚𝑚𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �𝐺𝐺𝑖𝑖𝑖𝑖 [𝑉𝑉𝑖𝑖2 + 𝑉𝑉𝑗𝑗2 − 2𝑉𝑉𝑖𝑖𝑉𝑉𝑗𝑗 cos⁡(𝛿𝛿𝑖𝑖 − 𝛿𝛿𝑗𝑗 )] (4.23) 

subject to:  

 ∆𝑄𝑄𝑖𝑖 = 𝑄𝑄𝑖𝑖
𝑠𝑠𝑠𝑠 − 𝑄𝑄𝑖𝑖(𝑥𝑥) = 0 (4.24) 

 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑉𝑉 ≤ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  (4.25) 

 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 ≤ 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  (4.26) 

 
In the centralized VVC, the original problem is linearized with respect to both state va-

riables and control variables, but in this decoupled formulation, it is only linearized with 

respect to system voltages. For a distribution system with n nodes, the objective function is 
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linearized by calculating the partial derivative of the original problem with respect to voltag-

es at buses 𝑖𝑖 and 𝑗𝑗 for every feeder: 

 ∆𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �
∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝑉𝑉1

∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝑉𝑉2

 …  
∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝑉𝑉𝑛𝑛

� [

∆𝑉𝑉1
∆𝑉𝑉2
⋮
∆𝑉𝑉𝑛𝑛

] = 𝑀𝑀[∆𝑉𝑉] (4.27) 

where 

 

⎩
⎪
⎨

⎪
⎧∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝑉𝑉𝑖𝑖

= 2𝐺𝐺𝑖𝑖𝑖𝑖 [𝑉𝑉𝑖𝑖 − 𝑉𝑉𝑗𝑗 cos⁡(𝛿𝛿𝑖𝑖 − 𝛿𝛿𝑗𝑗 )]

∂𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
∂𝑉𝑉𝑗𝑗

= 2𝐺𝐺𝑖𝑖𝑖𝑖 [𝑉𝑉𝑗𝑗 − 𝑉𝑉𝑖𝑖cos⁡(𝛿𝛿𝑖𝑖 − 𝛿𝛿𝑗𝑗 )]
� (4.28) 

Loss sensitivities are re-evaluated at the current operating state of the system at the end of 

every iteration in the optimization process. Hence, the real power-loss increment ∆𝑃𝑃𝐿𝐿 is re-

lated to the bus voltages changes.  

The control variables of the system are the reactive power generation at the nodes where 

the SSTs are connected. Generally, variations in reactive power injections are represented as 

a function of voltage fluctuations at the same bus. So, sensitivities with respect to the control 

variables are calculated. Then, the relationship between the voltage variation and changes of 

reactive power injections are written as follows: 

 ∆𝑄𝑄 = [
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

]∆𝑉𝑉 = 𝐽𝐽∆𝑉𝑉 (4.29) 

Then, the linearized Volt/Var optimization problem in general form is as follows: 

 𝑚𝑚𝑚𝑚𝑚𝑚∆𝑃𝑃𝐿𝐿 = 𝑀𝑀∆𝑉𝑉 (4.30) 

subject to:  
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 ∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 ≤ ∆𝑄𝑄 = 𝐽𝐽∆𝑉𝑉 ≤ ∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚  (4.31) 

 ∆𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ≤ ∆𝑉𝑉 ≤ ∆𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  (4.32) 

Where ∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚  and ∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚  are the lower and upper limitation of the step change of reac-

tive power injection at each iteration. ∆𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  and ∆𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚  are the lower and upper limitations, 

respectively, of voltage variation at each iteration. The control variables for this optimization 

are the reactive power injection from the SSTs. The inequality constraints are for the nodes 

where the SSTs are connected. Note that not all nodes in the power distribution system are 

connected with loads and SSTs; thus, not all nodes are capable in reactive power injections. 

Therefore, at the nodes where no SSTs are available, the lower and upper limitation of the 

reactive power variation should be set to a very small value so that they can be ignored.  

In order to apply DW decomposition to the inequality constraint, equation (4.31) is mod-

ified to the following form: 

 �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

−
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

� ∆𝑉𝑉 ≤ �
∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

−∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 � (4.33) 

In the DW decomposition method, system equations have to be decomposed according to 

the relationships among control areas in the system. DW partitions the system-wide goal into 

small subproblems based on a linearized formulation. The constraints that represent the links 

between bus voltages within a specific area will form a subproblem. Any bus within an area 

that has a link to buses outside that area forms a linking constraint (LC). Then, the solution 

procedure is based on the decomposition of system equations according to the available 

number of areas in the power system [46]. 
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Given the inherent characteristics of a power distribution network, the radial topology 

can be naturally partitioned into different control areas by grouping the nodes on the same 

feeder. As shown in Figure 4-6, the main feeder can form a sub-area, while all the laterals 

themselves can be viewed as coupled with the main feeder at the common coupling node. 

Therefore, the linearized LP problem can be easily turned into a form to which the DW de-

composition technique can be applied. 

 
 
 

 

Figure 4-6 Real-life implementation of VVC in a parallel fashion 

 
 
 
Given an 𝑛𝑛 node system, suppose there are 𝑛𝑛𝑛𝑛 control areas. Each area has its own con-

trol center, which is responsible for finding the optimal operating point of that area. For area 

number 𝑖𝑖, let 𝐼𝐼𝑖𝑖  represent the number of internal buses and 𝐶𝐶𝑖𝑖  represent the number of coupl-

ing buses with the other areas.  
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 𝑚𝑚𝑚𝑚𝑚𝑚
∂𝑃𝑃𝐿𝐿
∂𝑉𝑉1

∆𝑉𝑉1 +
∂𝑃𝑃𝐿𝐿
∂𝑉𝑉2

∆𝑉𝑉2 + ⋯+
∂𝑃𝑃𝐿𝐿
∂𝑉𝑉𝑛𝑛𝑛𝑛

∆𝑉𝑉𝑛𝑛𝑛𝑛  (4.34) 

subject to:  

 𝐿𝐿1∆𝑉𝑉1 + 𝐿𝐿2∆𝑉𝑉2 + ⋯+ 𝐿𝐿𝑛𝑛𝑛𝑛 ∆𝑉𝑉𝑛𝑛𝑛𝑛 ≤ 𝑏𝑏0 (4.35) 

 

⎣
⎢
⎢
⎡ 𝐴𝐴1

𝐴𝐴2

⋯
𝐴𝐴𝑛𝑛𝑛𝑛 ⎦

⎥
⎥
⎤
�

∆𝑉𝑉1
∆𝑉𝑉2
⋮

∆𝑉𝑉𝑛𝑛𝑛𝑛

� ≤ �

𝑏𝑏1
𝑏𝑏2
⋮
𝑏𝑏𝑛𝑛𝑛𝑛

� (4.36) 

 ∆𝑉𝑉𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 ≤ ∆𝑉𝑉𝑖𝑖 ≤ ∆𝑉𝑉𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑖𝑖 = 1, … ,𝑛𝑛𝑛𝑛 (4.37) 

where 𝐿𝐿𝑖𝑖  is the coefficient matrix that corresponds to linking constraints of area 𝑖𝑖 and 𝐴𝐴𝑖𝑖  is a 

coefficient matrix that corresponds to the subproblem 𝑖𝑖 of area 𝑖𝑖.  

The left-hand side ratio matrix of equality constraints is now in block angular form. The 

DW decomposition scheme can then be applied to the equality constraints to partition the 

original large-scale LP into multiple smaller ones that are coordinated by a set of coupling 

constraints. Following the general DW decomposition technique, the subproblems can be 

written in the following form: 

 𝑚𝑚𝑚𝑚𝑚𝑚⁡(𝑀𝑀𝑖𝑖 − 𝜔𝜔𝑖𝑖𝐿𝐿𝑖𝑖)∆𝑉𝑉𝑖𝑖  (4.38) 

subject to:  

 𝐴𝐴𝑖𝑖∆𝑉𝑉𝑖𝑖 ≤ 𝑏𝑏𝑖𝑖  (4.39) 

 ∆𝑉𝑉𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 ≤ ∆𝑉𝑉𝑖𝑖 ≤ ∆𝑉𝑉𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑖𝑖 = 1, … ,𝑛𝑛𝑛𝑛 (4.40) 

And the master problem is then in the following form: 

 𝑚𝑚𝑚𝑚𝑚𝑚
𝜆𝜆

�(𝑃𝑃𝐿𝐿,𝑖𝑖 + 𝑃𝑃𝐿𝐿,𝑖𝑖𝑖𝑖 )𝜆𝜆𝑖𝑖
𝜆𝜆

⁡ (4.41) 
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subject to:  

 �𝐿𝐿𝑖𝑖∆𝑉𝑉𝑖𝑖∗ ≤ 𝑏𝑏0 (4.42) 

 �𝜆𝜆𝑖𝑖
𝜆𝜆

= 1 (4.43) 

 𝜆𝜆𝑖𝑖 ≥ 0 (4.44) 

4.2.3 Decentralized VVC Scheme 

After DW decomposition, the new formation of the problem can be solved in an iterative 

process where at each step the subproblems are solved separately. The master problem, 

which contains the coupling constraints, will be solved by the revised simplex method.  

Given an initial feasible state and targeted voltage regulation range (±5% derivation 

from rated value), the upper and lower bounds of voltage variation can be easily determined 

using the following set of equations. 

 �
∆𝑉𝑉𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 = 1.05 − 𝑉𝑉𝑖𝑖
∆𝑉𝑉𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 = 0.95 − 𝑉𝑉𝑖𝑖

� (4.45) 

At any steady-state operating point, the sensitivity Jacobian matrix of reactive power with 

respect to system voltage can be calculated: 

 ∆𝑄𝑄 = 𝐽𝐽∆𝑉𝑉 (4.46) 

where:  
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⎩
⎪
⎨

⎪
⎧

𝜕𝜕∆𝑄𝑄𝑖𝑖
𝜕𝜕𝑉𝑉𝑗𝑗

= 𝑉𝑉𝑖𝑖(𝐺𝐺𝑖𝑖𝑖𝑖 sin𝜃𝜃𝑖𝑖𝑖𝑖 − 𝐵𝐵𝑖𝑖𝑖𝑖 cos𝜃𝜃𝑖𝑖𝑖𝑖 )

𝜕𝜕∆𝑄𝑄𝑖𝑖
𝜕𝜕𝑉𝑉𝑖𝑖

= −2𝑉𝑉𝑖𝑖𝐺𝐺𝑖𝑖𝑖𝑖 + �𝑉𝑉𝑗𝑗 (𝐺𝐺𝑖𝑖𝑖𝑖 sin𝜃𝜃𝑖𝑖𝑖𝑖 − 𝐵𝐵𝑖𝑖𝑖𝑖 cos𝜃𝜃𝑖𝑖𝑖𝑖 )
𝑗𝑗≠𝑖𝑖

� (4.47) 

At each iteration, there is a certain range to limit the step change of reactive power injec-

tion for each SST: 

 ∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 ≤ ∆𝑄𝑄 = 𝐽𝐽∆𝑉𝑉 ≤ ∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚  (4.48) 

This can also be written in the following form: 

 � 𝐽𝐽−𝐽𝐽� ∆𝑉𝑉 ≤ �
∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

−∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 � (4.49) 

 
By identifying the coupling constraints and inner constraints for each subproblem, the Ja-

cobian matrix can then be modified to be block angular form; therefore, all the information 

needed for each subproblem is now available. The subproblems can then be solved indivi-

dually. If the initial optimal solution for the ith subproblem is represented by ∆𝑉𝑉𝑖𝑖0, then the 

initial optimal solution for the primal problem is: 

 ∆𝑉𝑉0 = [∆𝑉𝑉1
0,∆𝑉𝑉2

0 …∆𝑉𝑉𝑛𝑛𝑛𝑛0 ] (4.50) 

Substitute the optimal solution in the following equation to get the reduced cost for the 

current iteration: 

 Redcost𝑖𝑖 = 𝑀𝑀𝑖𝑖∆𝑉𝑉𝑖𝑖 − 𝛼𝛼𝑖𝑖  (4.51) 

where 𝛼𝛼0 = 0 at the first iteration and will be updated in the simplex tableau for the follow-

ing iterations. 

Convergence check to see whether the reduced cost is small enough: 
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 Redcost0 < 𝜀𝜀 (4.52) 

If the criteria is satisfied, the current solution found is the optimal. Otherwise, it means 

the current solution is not optimal. In order to find the optimal solution, the revised simplex 

method is used to solve the master problem by forming the simplex tableau to determine 

which column will exit the basis and which one will enter.  

Assume 𝐿𝐿 is a matrix of size 𝑚𝑚 × 𝑛𝑛, which means there are 𝑚𝑚 linking constraints in the 𝑛𝑛 

node system. The right-hand side (RHS) of linking constraints, 𝑏𝑏0, is an 𝑚𝑚 × 1 vector. Simi-

lar to the simplex method, introduce slack variables into each linking constraint to convert 

the inequality constraints to equality and calculate a starting basis. The corresponding basis 

of the master linking constraints is an identity matrix of size 𝑚𝑚 × 𝑚𝑚. 

 𝑆𝑆0 = 𝐼𝐼𝑚𝑚×𝑚𝑚 = �
1 ⋯
⋮ ⋱ ⋮
0 ⋯ 1

� (4.53) 

Since the unified equation is already equality-constrained, there is no need to introduce a 

slack variable. At the first iteration, there is only one weighted factor, 𝜆𝜆1. By considering the 

ratios for weight factors at the initial point, the starting basis of the master problem is an 

identity matrix of size (𝑚𝑚 + 1) × (𝑚𝑚 + 1). 

 𝐵𝐵0 = �𝑆𝑆 0
0 𝜆𝜆1

� = �
1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 1

� (4.54) 

By considering the unified equality constraint, the structure of coupling constraints for 

the master problem is shown in Figure 4-7. 
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Figure 4-7 Matrix illustration of coupling constraints 
 
 
 
Then, the column that is going to enter the basis, named entering column (EC), can be 

generated using the following equation: 

 𝐸𝐸𝐸𝐸 = �𝐿𝐿∆𝑉𝑉
0

1
� (4.55) 

where EC is an (𝑚𝑚 + 1) × 1 vector. 

For the initial point, the ratio vector is simply a 1 × (𝑚𝑚 + 1) zero vector. Then, the for-

mation of a simplex tableau is shown in Figure 4-8. 
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Figure 4-8 Structure of simplex tableau 

 
 
 

where 𝐵𝐵−1 is the inverse of the current basis, RHS is the right-hand side of the relaxed equal-

ity constraint, and EC is the entering column calculated using the equations. 

The ratio vector is initialized as a zero vector and will be updated in the simplex tableau 

for the iterations that ensue. The reduced cost is calculated using the equation in (4.51). 

Since the current optimal doesn’t satisfy the convergence criteria, the column that is 

going to the exit basis needs to be determined. In order to find the pivot element, another pa-

rameter is needed: 

 𝜃𝜃 = RHS EC⁄  (4.56) 

where 𝜃𝜃 is an (𝑚𝑚 + 1) × 1 vector and each element is calculated by dividing the element’s 

RHS by the corresponding one in the EC. 

The rule to pick up the pivot element is to find the smallest positive element in 𝜃𝜃. After 

pivoting the chosen element, the corresponding EC element will become 1 and all the other 
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elements in the EC will be 0. At the same time, a new weight is generated at the correspond-

ing RHS, and the ratio vector is updated, too. At this point, a security check is necessary to 

make sure that the unified equation is satisfied: 

 �𝜆𝜆𝑖𝑖
𝜆𝜆

= 1 (4.57) 

In order to better illustrate the pivot process, a fake example is used here. For an optimi-

zation problem with three linking constraints, the 𝐵𝐵−1  of the initial table will be a 4 × 4 

matrix where the first three columns correspond to the linking constraints and the fourth col-

umn corresponds to the unified equation with respect to 𝜆𝜆𝑖𝑖 . For the first iteration, since there 

is only one weight, the RHS of the weight is 1. Then, with the given RHS vector and EC, 𝜃𝜃 

can be easily calculated using the equation. As a result, the smallest positive element in 𝜃𝜃 can 

be determined. The corresponding element in EC will be the pivot element, which is also the 

column for the exit basis. The decision-making process is illustrated in Figure 4-9(a). 

Once the pivot element is found, the simplex tableau needs to be pivoted with respect to 

the exit column by adopting the Gaussian Elimination method. After the pivot, the pivot ele-

ment in EC will be 1 and all the other elements in the EC will be 0, where the corresponding 

row in the matrix 𝐵𝐵−1  is now named 𝜆𝜆2 . Following the security check 𝜆𝜆1 = 0.9 and 𝜆𝜆2 =

0.1, so the equation is satisfied. At the same time, the ratio vector is updated where the in-

formation of 𝜔𝜔 and 𝛼𝛼 are now available to update the subproblem. 
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Figure 4-9 Pivot process illustration: (a) original simplex tableau, and (b) simplex tableau after pivot 
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If the equality constraint is satisfied, we can process the following step. Otherwise, there 

must be something wrong in the iterative process. In the following, the objective function of 

the master problem needs to be updated with 𝜔𝜔 and 𝛼𝛼, the new objective is defined as:  

 𝑚𝑚𝑚𝑚𝑚𝑚(𝑀𝑀 −𝜔𝜔𝜔𝜔)∆𝑉𝑉 − 𝛼𝛼 (4.58) 

which means that the ratio of the objective function is updated using the following equation: 

 𝑀𝑀𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜 − 𝜔𝜔𝜔𝜔 (4.59) 

Then, the objective for each subproblem can be determined accordingly using the new master 

objective function and returns to the iterative process where the optimal for each subproblem 

needs to be found. 

The flowchart of the DW optimization is: 
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Figure 4-10 Flowchart of the DW optimization 
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After applying the DW technique to solve the originally large-scale LP in a decomposed 

and parallel fashion, the expected variations of voltage in order to minimize system power 

loss are returned. Therefore, the corresponding reactive power injection change can be calcu-

lated using the following equation: 

 ∆𝑄𝑄 = 𝐽𝐽∆𝑉𝑉 (4.60) 

Note that the voltage variation vector contains the voltage of every node in the power dis-

tribution system. Therefore, the calculated reactive power variation vector also contains the 

step-change information for all the nodes. But not all nodes are connected to SSTs; thus, 

some of them cannot inject reactive power, so ∆𝑄𝑄 also contains information with respect to 

those non-SST nodes. So, the SST nodes need to be identified from ∆𝑄𝑄: 

 ∆𝑄𝑄 = [∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 ,∆𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ] (4.61) 

Then the current reactive power injection at the node where the SSTs are connected can 

be updated using the following equation: 

 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜 + ∆𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆  (4.62) 

The new reactive power information at each node will be updated and result in a new sys-

tem operating point. A convergence check needs to be done to minimize power loss. If the 

criteria are satisfied, save the current settings as the optimal point where the lowest power 

loss can be achieved within the feasible voltage range. Otherwise, go back to the DW optimi-

zation solver to find a new optimal until the criteria are satisfied. The full version of the DW 

decomposition-based VVC optimization process is shown in Figure 4-11. 
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Figure 4-11 The DW decomposition-based VVC optimization 
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As shown in Figure 4-11, a parallel computation of subproblems is now possible given 

the fact that the original large-scale optimization problem is now partitioned into smaller 

subproblems using the DW decomposition technique. Under the guidance of a master prob-

lem, the subproblems will work on regulating voltages within their own areas while 

achieving the system-wide optimization goal. The parallel computation process based on DW 

decomposition is highlighted in Figure 4-11. In real-life implementation, the master proces-

sor would sit at the substation to perform as a part of the distribution automation system. 

While slave processors can sit at their own control areas and monitor the instant system state 

variables and save to local disk. In a control cycle, slave processors will first find a tempo-

rary optimal with respect to the current subproblem objective. Those temporary optimals will 

then be passed to the master processor to determine whether the system-wide goal can be 

achieved. In case a boundary mismatch occurs, the master processor will find new objective 

ratios for each sub-area and send them back to the slave processors. The whole process is 

shown in Figure 4-6, in which the black solid line represents the power grid and the blue sol-

id line represents the communications link between the master processor and the slave 

processors. Slave processors are responsible for collecting system information, such as node 

voltages and the real and reactive power at each node. After determining its own optimal, the 

information sent by each slave processor to the master processor is voltage variations. When 

the new objective ratio is established, the master processor will send the new ratio back to 

each slave processor. Therefore, the communications infrastructure here should be able to 

provide two-way information flow. Figure 4-12 is provided here in order to illustrate the in-

formation exchange better. 
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Figure 4-12 Information exchange of the real-life implementation 

 
 
 
As shown in Figure 4-12, once the system-wide optimization goal is reached, the master 

processor will send the optimal reactive power injection settings for each subproblem back to 

each local controller. Then, the reactive power command will be received by all the SSTs 

throughout the system to regulate the voltage within acceptable limits while minimizing the 

system’s power loss. 

4.3 Decentralized VVC Test Results and Analysis 

In order to show the effectiveness of the DW-based decentralized VVC optimization, the 

FREEDM IEEE 34 Node test feeder and the Residential Notional System are used. Given the 
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different characteristics of those two test systems, the different control effect will be demon-

strated later. 

Assume that the dispatch time interval for the VVC application is 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 _𝑖𝑖𝑖𝑖𝑖𝑖 . Each time the 

VVC application receives a new set of measurements, the decentralized VVC will work on 

regulating the voltage profile and minimizing system losses. Let 𝑡𝑡𝑣𝑣𝑣𝑣𝑣𝑣 _𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  represent the re-

sponse time for the VVC application to finish finding the optimal point and send back the 

control commands. The system operating condition within 𝑡𝑡𝑣𝑣𝑣𝑣𝑣𝑣 _𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  is assumed to be the 

same. Therefore, the VVC performs as a deterministic control scheme every time it’s called.  

As shown in Figure 4-13, the two series loading scenarios are considered in the follow-

ing: 

1) Case 1: Heavy load conditions. Using the same load condition as in the centralized 

VVC, which is the given default peak load of the IEEE 34 Node system. 

2) Case 2: A 10% load increase. Assume that the next system status measured results 

from a 10% load increase, compared to the previous system operating condition. 

In the following study, the initial status of the SSTs in the heavy load condition is set to 

the default value, where the primary side measurements of the SSTs are the unit power fac-

tor. As shown in the centralized VVC, a heavy load with no reactive power injection from the 

SSTs will result in an extremely low voltage in the FREEDM IEEE 34 node system. After 

voltage regulation and power-loss minimization of the VVC application, the first test case 

will provide a baseline for the next operation. Therefore, in the following test case, although 

the real power load increases by about 10%, the measured voltage profile will not drop below 
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the targeted voltage limitation. Details about the test results will be provided and discussed in 

the rest of the chapter. 

 
 
 

 

Figure 4-13 Illustration of the control dispatch scheme 

 
 
 

4.3.1 Test on the FREEDM IEEE 34 Node System 

In the following, the DW decomposition method is applied to the VVC optimization of 

the FREEDM-type IEEE 34 system, where the constraints need to be formed in block angu-

lar form. The system is decomposed according to the properties of the designated areas in the 

power network. Buses that are controlled by the same control center are said to be within the 
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same area. Constraints that represent links between bus voltages within a specific area will 

form a subproblem. Any bus within an area that has a link to buses outside the area will form 

the linking constraints. 

Take Phase A of the IEEE 34 system as an example. There are one main feeder and five 

lateral feeders, which will result in six subsystems. The initial partition of the system is illu-

strated in Figure 4-14. Then, each control area has one control center, which is responsible 

for the Volt/Var optimization and control of that area. 

 
 
 

 

Figure 4-14 Partition of Phase A of IEEE 34 

 
 
 
For area 𝑖𝑖, let 𝑁𝑁𝑖𝑖  resend the total number of buses, where 𝐵𝐵𝑖𝑖  buses are not connected to 

other areas, and let 𝐶𝐶𝑖𝑖  represent the number of buses linking with other areas. Based on the 

system structure above, the following bus data can be easily obtained: 
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Table 4-2 Bus information after Area partition of Phase A of the IEEE 34 system 

Area # 𝑁𝑁𝑖𝑖  𝐵𝐵𝑖𝑖  𝐶𝐶𝑖𝑖  

1 18 13 5 

2 3 2 1 

3 2 1 1 

4 1 0 1 

5 4 3 1 

6 1 0 1 

 
 
 
In order to organize the constraints in block angular form, first put the linking buses at 

the beginning and then put the buses within each area as a sequence [69], [70]. The new se-

quence is better illustrated in Figure 4-15. Note that there is only one node in both area 4 and 

area 6. Therefore, the only node is a linking node and can be moved to the top of the matrix 

as a linking constraint. For areas 4 and 6, there is no inner node for their own areas. The me-

thod to deal with those areas will be described later. 
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Figure 4-15 Phase A of the IEEE 34 system in block angular form 
 
 
 
Based on the area partition, the VVC optimization that aims at minimizing system loss 

while regulating voltages can be written in a more explicit fashion, as shown in Figure 4-16. 

According to the problem formulation in equation (4.30), the following equation can be 

reached: 
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Figure 4-16 The IEEE 34 explicit matrix expression: (a) objective, and (b) constraints 
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As shown in Figure 4-16 (a), the partition of the objective is based on area, where the siz-

es of the objective vectors and the control variable vectors are marked in the figure. Both of 

those vectors are in the size of 𝑁𝑁𝑖𝑖 . When looking at the constraint matrix, since there are 10 

linking nodes, the set of linking constraints are in the size of 10 × 29, where 29 is the total 

number of buses in the whole system. The size of the inner constraint of the  ith area is in the 

form of 𝐵𝐵𝑖𝑖 × 𝑁𝑁𝑖𝑖 . As a result of the row movement on the left-hand side of the inequality con-

straint, the sequence of the right-hand side needs to be adjusted accordingly. As a result, the 

reactive power step change limits correspond to those linking constraints is moved upwards 

to the top of the matrix and is of the size 10 × 1. The right-hand side of  the ith area is in the 

form of 𝐵𝐵𝑖𝑖 × 1. Note that both the constraint matrix and right-hand side of those areas that 

have only one node are null. 

As indicated in equation (4.48), in order to consider the upper and lower limits of the 

reactive power step change for each iteration, the original inequality constraint of:  

∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝐽𝐽∆𝑉𝑉 ≤ ∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚  

can be written as: 

� 𝐽𝐽−𝐽𝐽� ∆𝑉𝑉 ≤ �
∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

−∆𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 � 

Similarly as before, the constraints related to the linking nodes will be moved upwards, 

and the inner constraints within each area need to be grouped together to put the left-hand 

side matrix in block angular form. As a result, the number of both linking constraints and in-

ner constraints will be double those of the original. 
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Note that subproblems 4 and 6 don’t have inner inequality constraints. Therefore, the on-

ly constraint that needs to be considered for those two areas is voltage limitation, which 

shows them in the following form: 

𝑚𝑚𝑚𝑚𝑚𝑚∆𝑃𝑃𝐿𝐿𝐿𝐿 = (𝑀𝑀𝑖𝑖 − 𝜔𝜔𝑖𝑖𝐿𝐿𝑖𝑖)∆𝑉𝑉𝑖𝑖  

subject to:  

∆𝑉𝑉𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 ≤ ∆𝑉𝑉𝑖𝑖 ≤ ∆𝑉𝑉𝑖𝑖𝑚𝑚𝑚𝑚𝑥𝑥  

where 𝑖𝑖 corresponds to the areas that only have a linking node. All other areas remain in the 

same formulation as the equation. 

4.3.1.1 Case 1: Simulation and Result Analysis of Peak-Loading Condition 

As indicated in Chapter 3, given a limitation on the step size of the LP update, in order 

for the LP solver to convergence and meet all the limitations on the control variables, the ini-

tial starting point of the iteration should be a feasible operating point. Therefore, similar to 

the centralized VVC, a feasibility search needs to be finished, first to guarantee that the de-

centralized VVC starts at a feasible solution, and the ∆𝑄𝑄 limitation search is also necessary to 

make sure that the linearization is still accurate after a certain update is applied to the control 

variables. 

Because of the approximation of linearization, the actual system response may differ 

from the linearized estimation. Therefore, it is necessary to check the mismatch between the 

actual DPF result and the estimated linearization result. A similar study in the centralized 

VVC is explained in detail in Figure 3-5. In the decentralized VVC, the result returned by the 

DW solver is compared with the MATLAB embedded LP solver result in every iteration to 

check the performance of the DW decomposition approach. The comparison of the ∆Qupdate  
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of phase A in the first iteration is given in Table 4-3. Besides, the first iteration with an ad-

justed reactive power limitation (∆Qlimit = 0.4kVar) in the LPOPF is also provided. As ex-

explained earlier, the update of the reactive power injection is calculated using ∆Q = J∆V   in 

the decentralized VVC. Therefore, all the nodes have a corresponding ∆Q although some of 

them may not have SSTs and may not be capable of injecting reactive power. On the other 

side, ∆Q is directly given as part of the optimal solution in centralized VVC only for the SST 

nodes. This is why the no-load node ∆Q is not available in centralized VVC. 

As indicated in the table, the step-change limitation of the first iteration is ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =

0.4𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 . Therefore, the upper and lower limitations for ∆𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠    are 1.2 × 10−4  p.u. and 

−1.2 × 10−4 p.u., respectively. The scheme used to limit the effect of a no-load node divides 

the ∆𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  by a large ratio, and the ratio used here is 100. As a result, the upper and lower 

limitations for the no-load node are 1.2 × 10−4 p.u. and −1.2 × 10−4 p.u., respectively. In 

order to distinguish the no-load node from the SST node, the node where the SSTs are avail-

able is marked in red. From the results shown in the following table, all the returned results 

from both the DW and LP solvers satisfy the step-change limitation of the reactive power 

injection. However, the ∆𝑄𝑄𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢  of two nodes, nodes 830 and 854, are different from each 

other. This may be caused by the different numerical approaches adopted by the DW and LP 

solvers. The results from both the DW and LP solvers are considered acceptable. 
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Table 4-3 Comparison of DW and LP returned ∆Q of phase A in the first iteration 

Node #  dQ_min dQ_max dQ_lp_a dQ_dw_a dQ_LPOPF_a 
802 -1.20E-06 1.20E-06 -1.20E-06 -1.20E-06 N\A 
806 -1.20E-06 1.20E-06 -1.20E-06 -1.20E-06 N\A 
808 -1.20E-06 1.20E-06 1.20E-06 1.20E-06 N\A 
812 -1.20E-06 1.20E-06 1.20E-06 1.20E-06 N\A 
814 -1.20E-06 1.20E-06 1.20E-06 1.20E-06 N\A 
850 -1.20E-06 1.20E-06 1.20E-06 1.20E-06 N\A 
816 -1.20E-06 1.20E-06 1.20E-06 1.20E-06 N\A 
824 -1.20E-06 1.20E-06 1.20E-06 1.20E-06 N\A 
828 -1.20E-06 1.20E-06 1.20E-06 1.20E-06 N\A 
830 -1.20E-04 1.20E-04 1.20E-04 7.05E-05 -1.20E-04 
854 -1.20E-06 1.20E-06 1.20E-06 7.05E-07 N\A 
852 -1.20E-06 1.20E-06 -1.20E-06 -1.20E-06 N\A 
832 -1.20E-06 1.20E-06 -1.20E-06 -1.20E-06 N\A 
858 -1.20E-04 1.20E-04 -1.20E-04 -1.20E-04 -1.20E-04 
834 -1.20E-04 1.20E-04 -1.20E-04 -1.20E-04 -1.20E-04 
860 -1.20E-04 1.20E-04 -1.20E-04 -1.20E-04 -1.20E-04 
836 -1.20E-04 1.20E-04 -1.20E-04 -1.20E-04 -1.20E-04 
862 -1.20E-06 1.20E-06 -1.20E-06 -1.20E-06 N\A 
818 -1.20E-06 1.20E-06 1.20E-06 1.20E-06 N\A 
820 -1.20E-04 1.20E-04 -1.20E-04 -1.20E-04 -1.20E-04 
822 -1.20E-04 1.20E-04 -1.20E-04 -1.20E-04 -1.20E-04 
888 -1.20E-06 1.20E-06 -1.20E-06 -1.20E-06 N\A 
890 -1.20E-04 1.20E-04 -1.20E-04 -1.20E-04 -1.20E-04 
864 -1.20E-04 1.20E-04 -1.20E-04 1.20E-04 -1.20E-04 
842 -1.20E-06 1.20E-06 -1.20E-06 -1.20E-06 N\A 
844 -1.20E-04 1.20E-04 -1.20E-04 -1.20E-04 -1.20E-04 
846 -1.20E-06 1.20E-06 -1.20E-06 -1.20E-06 N\A 
848 -1.20E-04 1.20E-04 -1.20E-04 -1.20E-04 -1.20E-04 
840 -1.20E-04 1.20E-04 -1.20E-04 -1.20E-04 -1.20E-04 

 
 
 
Based at a feasible starting point and the step-change limitation ∆𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 0.4𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘, the 

DW-based decentralized power-loss minimization iteration is documented in Figure 4-17. 

The left-hand axis shows the total system power loss, and the right-hand axis is the minimum 



163 
 
 

 

 

voltage in the system. As optimization iteration progresses, both the system power loss and 

voltage decrease until one of the stopping criteria is satisfied. 

 
 
 

 

Figure 4-17 Iteration of the DW decentralized power-loss minimization 

 
 
 
In order to compare the system voltage profile at the starting feasibility point and after 

the DW-based decentralized VVC, Figure 4-18 is presented. As shown in the figure, the gra-

dient-based feasibility search brings the voltage back into the feasible region first, where the 

lowest system voltage has been boosted to 0.9508 p.u. Then, the DW-based decentralized 

VVC starts to reduce system power loss while maintaining the voltage profile within accept-

able limits. 
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Figure 4-18 Voltage profile comparison of phase A 
 
 
 
The reactive power injection at each node to which SSTs are connected is illustrated in 

Figure 4-19. The blue bar is the reactive power injection needed to boost the voltage back 

into the feasible region, and the red bar is the reactive power injection at the optimal system 

operating point. 

 
 
 

 

Figure 4-19 Reactive power injection comparison of phase A 
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Similarly, as in the centralized VVC, the power loss is calculated and documented in all 

of the optimization stages from the original situation where no VVC is available. As shown 

in Table 4-4, as well as in the voltage profiles, the power loss is low in the original system 

condition. Then, a huge reactive power injection is needed to boost the voltage back into the 

feasible region. At the same time, the system power loss increases dramatically. Then, the 

DW-based decentralized VVC will work to bring the power loss down. 

 
 
 

Table 4-4 Power loss reduction and comparison 

Power loss (kW) Pa Pb Pc 
Original 92.6352 74.3043 91.1090 

After feasibility search 250.5614 191.2031 244.8659 
After DW 244.5613 189.8552 242.1170 
Reduction 6.0001 1.3479 2.7489 

Percentage of reduction 0.023947 0.00705 0.011226 
 
 
 
A comparison of the total reactive power injection from the SSTs is also documented in 

Table 4-5. 

 
 
 

Table 4-5 Reactive power injection comparison 

Total Reactive Power Injection Qa(kVar) Qb(kVar) Qc(kVar) 
After feasibility search 873.7130 790.4567 853.0967 

After DW 859.3620 782.3018 845.7590 
Reduction 14.3510 8.1549 7.3377 

Percentage of reduction 0.0164 0.0103 0.0086 
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At this point, both the centralized VVC and the decentralized VVC on the IEEE 34 node 

test feeder have been finished. It is necessary to compare the control effect of these two dif-

ferent approaches. Figure 4-20 and Figure 4-21 are provided here to show the voltage pro-

profiles and the reactive power injection along phase A. As shown in Figure 4-20, the voltag-

es in both cases satisfy the “range A” requirement. At some remote nodes, the voltages of the 

centralized VVC are lower than in the decentralized VVC. 

 
 
 

 
Figure 4-20 Compare the voltage profile of centralized VVC with decentralized VVC 

 
 
 
At the same time, the reactive power injection at each SST is also documented in Figure 

4-21. The result reflects quite different injection needs at each location. For example, the 

reactive power injection is about 25kVar more at node 858 in the decentralized case than in 

the centralized one; but, on the other hand, the reactive power injection is about 15kVar 

higher at node 848 in the centralized case. 
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Figure 4-21 Compare the final injection of the centralized VVC with the decentralized VVC 

 
 
 
What’s more, the power loss and the reactive power injection at each phase are compared 

in Table 4-6. As shown in the table, the total power loss is about 29kW less in the centralized 

VVC, and the required reactive power injection is about 84kVar less. Therefore, the control 

effect of the centralized VVC is better compared to the decentralized approach. The potential 

reason causing this difference may be: In the centralized VVC, the full Jacobian matrix is 

used where the effect of the reactive power injection on both voltages and thetas (𝜃𝜃) are con-

sidered. But in the decentralized VVC, a decoupled Jacobian matrix is adopted, and, thus, the 

linearization may lose more accuracy. Therefore, the control effect of the decentralized VVC 

is not as precise as the centralized VVC. 

 
 
 

Table 4-6 Compare power loss and reactive power injection of centralized VVC with decentralized VVC 

Power loss (kW) Pa Pb Pc Ptotal 
Centralized VVC 235.4325 182.4882 229.1575 647.0782 

Decentralized VVC 244.561 189.855 242.117 676.5335 
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Table 4-6 Continued 

Total reactive power injection (kVar) Qa Qb Qc Qtotal 
Centralized VVC 841.4245 739.4645 822.2356 2403.1246 

Decentralized VVC 859.362 782.302 845.759 2487.4228 
 
 
 

4.3.1.2 Case 2: Simulation and Results Analysis in Case of 10% Load In-

crease 

Once the optimal point is found, the deterministic optimization of the VVC is finished. 

However, the system loading condition varies in daily operations. The VVC application in 

reality is usually dispatched every 15 minutes to track the new system operating conditions 

and find a new optimal. The next time the SCADA system monitors system information and 

sends data to the VVC, assume that the loads increase by about 10% along the feeder. Before 

the new reactive power injection command is determined and sent to the SSTs, the system 

voltage with the previous reactive power injection but the new real-power load will result in 

different values than the previous optimal operating condition, which is shown in Figure 

4-22. 
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Figure 4-22 Voltage profile comparison of phase A 

 
 
 
As shown in the figure, the new system minimum voltage drops to 0.9364 p.u., which is 

below the lower voltage limitation. Therefore, a new feasibility search procedure is triggered 

to force the system voltage back, and more reactive power is needed in each node to satisfy 

the voltage requirements. The new reactive power injection needed for the 10% more loading 

condition is shown in Figure 4-24. Based on the new feasible point, the DW-based decentra-

lized VVC will work on minimizing the system power loss again to reach a new optimal 

operating point. The optimization iteration is documented in Figure 4-23. It takes 69 itera-

tions to bring down the power loss while keeping the voltages within limitations. 
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Figure 4-23 Iteration of the DW decentralized power-loss minimization 

 
 
 
Then, the new reactive power injection needed for the new optimal operating point is 

shown in red in Figure 4-24. In order to make a comparison with the initial feasible point, the 

reactive power injection needed to boost the voltage back into the feasible region is demon-

strated in blue in the same figure.  
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Figure 4-24 Reactive power injection comparison of phase A 

 
 
 
The voltage profile is compared for the whole optimization procedure in Figure 4-25. The 

voltage profile with a 10% real-power load increase but the old reactive power injection from 

the previous optimization is shown in blue as a base line. The green line is the new feasible 

operating point after the voltages are boosted back into the feasible region. Starting with the 

new feasible point, the DW-based decentralized VVC brings down the system power loss as 

much as possible while guaranteeing that the voltage is still within acceptable limits. A new 

optimal operating point will be reached finally. 
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Figure 4-25 The voltage profile comparison of phase A 

 
 
 
Power losses for all three phases are documented in Table 4-7. And the comparison of the 

total reactive power injection from the SSTs is shown in Table 4-8. As expected, a load in-

crease will require more reactive power to maintain system voltages. As a result, the system 

power loss is also higher than with lighter loading. 

 
 
 

Table 4-7 Power loss reduction and comparison 

Power loss (kW) Pa Pb Pc 
10% load increase 269.5252 208.2977 271.1598 

After feasibility search 382.0260 313.9724 440.5504 
After DW 364.6112 302.6420 396.4498 
Reduction 17.4148 11.3304 44.1006 

Percentage of reduction 0.0456 0.0361 0.1001 
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Table 4-8 Reactive power injection comparison 

Total reactive power injection Qa(kVar) Qb(kVar) Qc(kVar) 
After feasibility search 1158.2191 1051.1969 1236.9508 

After DW 1102.7262 1046.3535 1141.7862 
Reduction 55.4929 4.8434 95.1646 

Percentage of reduction 0.0479 0.0046 0.0769 
 
 
 
For centralized VVC, there is only one central processor that is responsible for collecting 

all the information throughout the whole system and making decisions based on the system-

wide information. Due to the heavy burden, a high-performance computer is usually adopted 

at the central control station. At the same time, all the measurements should be able to be 

passed to the central processor, which requires a communications network that can cover the 

whole power grid. The instant measurements of the system state variables will be sent to the 

central processor each time the VVC is dispatched. Once the control decision is made, the 

commands will be sent back to each SST. Therefore, in one control action, there is only a 

one-round information exchange.  

Considering both the computation and communications burdens, the decentralized VVC 

breaks the original large-scale problem down into smaller ones and processes them in parallel 

at local processors while the master processor is only responsible for coordinating and elimi-

nating mismatches. Therefore, the computational effort that is required at each processor is 

much lighter than in the centralized VVC. Each time the VVC is dispatched, a slave proces-

sor is responsible for collecting instant measures and sending back control commands to the 

local controllers. The procedure is similar for the centralized VVC; it is just accomplished by 

slave processors within their own control areas. However, because of the coordination needs, 
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information exchanges between the master processor and the slave processors may take place 

multiple times. Although the information exchanged between master processor and slave 

processors is only ratios, the multiple communications needed is also an extra burden com-

pared with the centralized VVC. An in-depth study needs to be conducted in case real 

communications links are available. 

4.3.2 Test on the FREEDM Notional System 

In order to show the general applicability of the DW-based decentralized VVC, an addi-

tional test is going to be implemented on the FREEDM Residential Notional System. In order 

to illustrate the system structure clearly, a general figure can be drawn. As indicated in Fig-

ure 4-26, there are two main feeders connected to the substation. Since the substation node is 

assumed to be a slack bus, those two feeders can be deal with separately. In another words, 

they can be viewed as two different systems. 

 
 
 

 

Figure 4-26 The Residential Notional System structure 
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Given the positive and zero sequence resistance and inductance, it is important to decide 

the line model that is going to be used in the distribution power flow. According to Dr. Kerst-

ing’s line model suggestion [71], two models are used here to present both a full-line model 

and a decoupled-line model. 

1) Full-line model for power system simulation: 

𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠 =
1
3 �

2𝑍𝑍1 + 𝑍𝑍0 𝑍𝑍0 − 𝑍𝑍1 𝑍𝑍0 − 𝑍𝑍1
𝑍𝑍0 − 𝑍𝑍1 2𝑍𝑍1 + 𝑍𝑍0 𝑍𝑍0 − 𝑍𝑍1
𝑍𝑍0 − 𝑍𝑍1 𝑍𝑍0 − 𝑍𝑍1 2𝑍𝑍1 + 𝑍𝑍0

� (4.63) 

2) Decoupled model for decentralized VVC 

𝑍𝑍𝑝𝑝𝑝𝑝𝑝𝑝 = �
𝑍𝑍1 0 0
0 𝑍𝑍1 0
0 0 𝑍𝑍1

� (4.64) 

With different line models, the distribution power flow of the peak load condition gives 

totally different state variables, as shown in Table 4-9. In case the full-line model is used, the 

voltage at phases A and C decreases along the feeder, but the voltage at phase B rises ap-

proaching the end of the feeder. When mutual impedance is neglected in the decoupled line 

model, the voltage drop occurs from the substation toward the remote customers. 

 
 
 

Table 4-9 State variables resulting from two different line models (a)𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠   and (b)𝑍𝑍𝑝𝑝𝑝𝑝𝑝𝑝  

Zseq 
      Node # Va Theta_a Vb Theta_b Vc Theta_c 

0 1 0 1 -120 1 120 
1 0.9830 -2.8652 1.0014 -121.7865 0.9855 118.6190 
2 0.9804 -2.9681 1.0001 -122.1924 0.9870 118.5358 
3 0.9803 -2.9400 0.9994 -122.2520 0.9874 118.4922 
4 0.9805 -2.9425 0.9993 -122.2424 0.9872 118.4635 
5 0.9784 -4.3988 1.0052 -122.1403 0.9749 117.9969 
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Table 4-9 Continued 

6 0.9771 -5.5831 1.0052 -122.4701 0.9657 117.0769 
7 0.9770 -6.2256 1.0023 -122.8624 0.9609 116.2245 
8 0.9769 -6.2721 1.0021 -122.8945 0.9606 116.1689 
9 0.9766 -6.3473 1.0019 -122.9654 0.9603 116.0989 

 

Zpos 
 Node # Va Theta_a Vb Theta_b Vc Theta_c 

0 1 0 1 -120 1 120 
1 0.9881 -2.3475 0.9912 -121.8465 0.9908 118.1742 
2 0.9873 -2.5227 0.9900 -122.1259 0.9903 118.0357 
3 0.9873 -2.5283 0.9898 -122.1680 0.9901 118.0078 
4 0.9873 -2.5321 0.9898 -122.1699 0.9901 117.9919 
5 0.9831 -3.4330 0.9884 -122.4477 0.9870 117.3662 
6 0.9790 -4.3597 0.9858 -123.0556 0.9831 116.4816 
7 0.9764 -4.9750 0.9835 -123.6031 0.9801 115.7652 
8 0.9762 -5.0196 0.9833 -123.6435 0.9799 115.7162 
9 0.9760 -5.0928 0.9830 -123.7151 0.9796 115.6455 

 
 
 
Also, power flow information is extracted for both cases and listed in Table 4-10. Due to 

the heavy coupling between phases in the full-line model case, not only the voltage raise in 

phase B, but also the power loss of that phase decrease. Besides the phase difference, the to-

tal power loss in the full-line model case is about 126.7kW, while it is only about 100kW in 

the decoupled case. 

Given the difference between the results of these two line models, assumptions are made: 

1) The full-line model’s distributed power flow is used to represent the actual system 

status. 

2) The decoupled line model VVC is used to determine the control signal. 
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Table 4-10 Real power resulting from different line models 

Zseq A B C 
Ptotal (kW) 3083.851 2433.54 2405.48 
Psub (kW) 3140.093 2427.414 2482.068 
Ploss (kW) 56.2426 -6.1256 76.5884 

Zpos A B C 
Ptotal (kW) 3083.851 2433.54 2405.48 
Psub (kW) 3137.291 2444.152 2442.248 
Ploss (kW) 53.4396 10.612 36.7677 

 
 
 
In reality, the VVC application performs as an open loop control. At the beginning of a 

deterministic control, system information will be measured and sent to the VVC center. 

Then, after the control decision is made, the control command will be sent back to the local 

control devices. There is no feedback as to how the system performs after the adjustment, 

according to the VVC control command. As an improvement and additional validation, a 

feedback test will be added in the following scenario. After the control decision is made 

based on the decoupled line model VVC, the returned control command will be used in the 

full-line model distributed power flow. A comparison will be made between the expected 

system status in the VVC and the actual system response. The validation procedure is dem-

onstrated in Figure 4-27. 
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Figure 4-27 Information exchange for close loop control verification 

 
 
 
In the following, feeder 1 is used to show the control effect of the decentralized VVC. 

Similar to the FREEDM IEEE 34 system, the systems themselves are naturally partitioned 

into different groups, which make the DW decomposition possible. There are two subgroups 

in feeder 1, as shown in Figure 4-28. 

 
 
 

 

Figure 4-28 Partition feeder 1 into sub-areas 
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Take feeder 1 as an example and apply DW-based decentralized VVC. The total node 

number in each sub-area, the number of inner nodes, and the number of coupling nodes is 

shown in Table 4-11. 

 
 
 

Table 4-11 Bus information after area partition of phase A of feeder 1 

Area # 𝑁𝑁𝑖𝑖  𝐵𝐵𝑖𝑖  𝐶𝐶𝑖𝑖  

1 4 3 1 

2 5 4 1 

 
 
 
Put the linking buses at the beginning and then the inner buses for each sub-area; the con-

straints can be organized in block angular form as shown in Figure 4-29. 

 
 
 

 

Figure 4-29 Phase A of the Residential Notional System in block angular form 



180 
 
 

 

 

In the following, the same manipulation is performed on the inequality constraint to 

transfer the upper and lower bounds of the inequality constraint to be upper bound only. The 

DW-based decentralized VVC is applied similarly. 

4.3.2.1 Case 1: Simulation and Result Analysis of Peak Loading Condition 

Different from the FREEDM IEEE 34 system, the line length of the FREEDM Residen-

tial Notional System is short and the load is comparably light. Given the default peak load 

condition, the voltage profile of the original system’s operating condition without the VVC is 

already within acceptable limits. In this case, there is no need to do a feasibility search and 

the application automatically goes to power loss minimization. Similarly, the voltage profile 

of the initial status is optimized after the VVC is compared and is shown in Figure 4-30. Al-

though the original voltage profile is already quite good, the VVC can still improve the 

voltage by boosting it by about  0.005 p.u. 

 
 
 

 

Figure 4-30 Voltage profile comparison of phase A 
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Based on the already feasible point, the DW-based decentralized power loss minimization 

iteration is documented in Figure 4-31. The left-hand axis shows the total system power loss, 

and the right-hand axis is the minimum voltage in the system. As the optimization iteration 

progresses, the system power loss decreases and the voltage increases until the optimal point 

is found. 

 
 
 

 

Figure 4-31 Iteration of the DW-decentralized power loss minimization 
 
 
 

The reactive power injection needed for the optimal operating point is shown in Figure 

4-32. 
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Figure 4-32 Reactive power injection after DW 

 
 
 
The power loss in the original system operating condition and the optimal point are do-

cumented and shown in Table 4-12. The total reactive power injection needed for all three 

phases is also mentioned in the table.  

 
 
 

Table 4-12 Power loss reduction and reactive power injection 

Power loss (kW) Pa Pb Pc 
Original 53.4396 10.6120 36.7677 

After DW 53.1212 10.5708 36.5801 
Reduction 0.3184 0.0412 0.1876 

Percentage of reduction 0.005958 0.0038824 0.0051023 
Total reactive power injection Qa(kVar) Qb(kVar) Qc(kVar) 

After DW 211.2000 237.6000 237.6000 
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As explained earlier, in order to do additional validations and check on how the actual 

system responds after being adjusted according to the expected VVC reactive power injection 

commands, the returned reactive power injection setting is now passed to the full line model 

distribution power flow simulation and the new state variables are documented in Table 4-13. 

As expected, the voltage profiles for all three phases rise with the reactive power injection. 

 
 
 

Table 4-13 Full-line model power flow result with decoupled VVC returned reactive power injection 

Node # Va Theta_a Vb Theta_b Vc Theta_c 
0 1 0 1 -120 1 120 
1 0.9855 -2.8927 1.0046 -121.8421 0.9890 118.5961 
2 0.9830 -2.9966 1.0037 -122.2595 0.9910 118.5134 
3 0.9830 -2.9680 1.0033 -122.3296 0.9918 118.4716 
4 0.9833 -2.9717 1.0033 -122.3213 0.9917 118.4421 
5 0.9819 -4.4321 1.0094 -122.2057 0.9794 117.9660 
6 0.9815 -5.6208 1.0103 -122.5438 0.9711 117.0432 
7 0.9820 -6.2669 1.0080 -122.9401 0.9670 116.1921 
8 0.9820 -6.3136 1.0079 -122.9724 0.9668 116.1367 
9 0.9817 -6.3889 1.0077 -123.0431 0.9665 116.0667 

 
 
 
What’s more, the power losses are also compared between the full-line model distributed 

power flow and the decoupled line model VVC results. As indicated in Table 4-14, the ex-

pected power loss reduction resulted from the VVC is about 0.6kW. However, the returned 

result from the distributed power flow with the full-line model is with a 5.25kW increase. 

The result indicates that there may be mismatches between the actual system response and 

the VVC expected improvement. Therefore, it is necessary to make sure that the simulation 

model is as accurate as possible. 
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Table 4-14 Power loss comparison for full and decoupled line cases with the same reactive power injection 

 
Ploss (kW) A B C Ptotal 

Zseq 
Initial status 56.2426 -6.1256 76.5884 126.7054 

With Qinj from Zpos based VVC 60.5374 -1.5477 72.9644 131.9541 

Zpos 
Initial status 53.4396 10.6120 36.7677 100.8193 

After VVC 53.1212 10.5708 36.5801 100.2721 
 
 
 

4.3.2.2 Case 2: Simulation and Result Analysis in Case of 10% Load In-

crease 

A similar loading condition change is also considered for the FREEDM Residential No-

tional System, assuming that the load measured after 15 minute increases is about 10%. The 

new system operating point and the decentralized VVC response is documented in Figure 

4-33. As the results indicate, with the previous optimal reactive power injection and the new 

loading condition, the system voltage decreases but is still within acceptable limits. Based on 

the new starting point, another power loss minimization is applied and the new DW result is 

also shown in the figure. 
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Figure 4-33 Voltage profile comparison of phase A 
 
 
 
The power loss minimization iteration is documented in Figure 4-34. As the power loss 

decreases, the minimum system voltage increases. The result shows that the decentralized 

VVC can help improve system voltage, as well as reduce power loss. 
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Figure 4-34 Iteration of DW decentralized power loss minimization 

 
 
 
A comparison of the different reactive power injections needed for different loading con-

ditions is shown in Figure 4-35. Then, the new reactive power injection needed for the new 

optimal operating point is shown in red and the previous reactive power injection is shown in 

blue. 
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Figure 4-35 Reactive power injection comparison of phase A 

 
 
 
The power loss for the 10% load increase and the new optimal point is documented and 

shown in Table 4-15. The total reactive power injection needed for all three phases is also 

mentioned in the table.  

 
 
 

Table 4-15 Power loss reduction and reactive power injection 

Power loss (kW) Pa Pb Pc 
10% load increase 64.5459 12.8197 44.3954 

After DW 64.5107 12.8262 44.4029 
Reduction 0.0352 -0.0065 -0.0075 

Percentage of reduction 0.000545 -0.00051 -0.00017 
Total reactive power injection Qa(kVar) Qb(kVar) Qc(kVar) 

After DW 256.0000 288.0000 288.0000 
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4.4 Conclusion 

In this chapter, the general concept about centralized, decentralized, and distributed con-

trol is presented at the beginning. Compared with the heavy computational burden and 

dependence on communications infrastructure, decentralized control can achieve a system-

wide optimization goal, as well as parallel computations and a weaker requirement for com-

munications. With the appearance of the advanced power electronics devices, it is possible to 

break down the original centralized control into smaller subproblems and process them at 

local slave controllers. In this case, the master controller will only work to eliminate boun-

dary mismatches between sub-areas. Under the guideline of a decentralized control concept, 

a DW-based decentralized VVC scheme is proposed in this chapter. 

By adopting the same problem formulation and linearization idea as centralized VVC, 

DW shows its advantage in partitioning large-scale LP problems into smaller subproblems. 

By rearranging the sequence of inequality constraints, the original Jacobian matrix can be put 

into a “block angular” form, which can be handled by the DW-decomposition scheme. After 

DW decomposition, the new formation of the problem can be solved in an iterative process 

where at each step, the subproblems are solved separately. The master problem, which con-

tains the coupling constraints, will be solved by the revised simplex method.  

In order to check the effectiveness of the proposed decentralized control scheme, two test 

feeders are used here: the FREEDM IEEE 34 node test feeder and the FREEDM Notional 

System. An accuracy check is also conducted within the DW solve iteration to make sure that 

the DW returned result is close enough to the LP solver’s result. By comparing the centra-

lized and decentralized VVC control effect on the FREEDM IEEE 34 node system, it is clear 
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that the decoupled assumption may result in less power loss reduction. Also, the actual sys-

tem response and the VVC expected improvement are compared for the FREEDM Notional 

System. The results show that it is necessary to model the VVC in a more accurate way. Af-

ter all, although the control effect of the DW-based decentralized VVC is not as good as 

centralized VVC, it can still help to regulate system voltages, as well as to minimize power 

losses. 
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 CHAPTER 5. Conclusion and Future Work 

5.1 Conclusion 

With the appearance of DRER in the conventional power distribution network, the origi-

nal system operation and control schemes are facing new challenges that have never been 

raised before. In order to investigate the potential issues for accommodating high-penetration 

renewables, two testbeds are modeled in the FREEDM system center. By connecting load 

and PV via the SSTs to the primal distribution feeder, conventional voltage regulation devic-

es can also be removed since the SST itself can perform as a continuous-type reactive power 

resource. Under the new circumstance, there is an urgent need to find new VVC schemes that 

can deal with both renewables and the SSTs that spread everywhere in the distributed net-

work. 

The main contributions of this work include: 

1) Impact studies of high-penetration residential-level PV are conducted. Daily opera-

tional conditions, including the heavy load condition and the reverse power flow 

condition, are considered thoroughly under the guidance of 1547.7. Besides, the 

cloud-passage scenario is also studied. Given the daily voltage variation of the 

testbed, it is necessary to develop new VVC strategies that can deal with the new 

enabling devices. 

2) The objective of the VVC is formulated as minimizing system power loss while regu-

lating the voltage profile within acceptable limits. In the following, a two-phase 

centralized VVC scheme is proposed. Phase I control is then targeted at regulating 
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voltages when a voltage violation exists. The feasibility search is based on the gra-

dient method to find the steepest recent update direction. Then, based on a feasible 

operating condition, the phase II optimization is aiming at minimizing the power loss 

within the feasible region. Improvements have been made to make sure the lineariza-

tion is accurate. The optimality check is also conducted to demonstrate different VVC 

performances with different initial feasible points.  

3) As a continuous study, a DW-based decentralized VVC scheme is proposed by adopt-

ing the same problem formulation and linearization idea as centralized VVC. The 

DW decomposition scheme can effectively reduce the size of the optimization prob-

lem by partitioning large-scale LP problems into smaller subproblems. The 

effectiveness of the proposed decentralized control scheme is tested on two test feed-

ers.  

5.2 Future work 

The proposed decentralized VVC scheme is only applied to the power loss minimization 

stage (Phase II) of VVC optimization. Given the inherent nature of the radial-type distribu-

tion feeder, it is also possible to break down the gradient-based feasibility search (Phase I) of 

the VVC optimization.  

From an application perspective, the centralized VVC program, realized in MATLAB, is 

already embedded in the PSCAD simulation platform. An online control scenario has already 

been implemented and demonstrated in the FREEDM annual site visit. Similarly, the decen-

tralized VVC will also need to be implemented in the same way. Figuring out how to realize 
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parallel computations and distribute the subproblems to different servers requires in-depth 

hands-on experience. 

As indicated in the VVC problem formulation, the loading balance becomes an important 

factor in reducing the power loss as more DRERs appear in the already unbalanced distribu-

tion network. Therefore, in the future, the elimination of imbalance should be considered as 

another objective of the VVC optimization problem. Unlike the traditional network reconfi-

guration method, which is achieved by changing the status of the sectionalizing switches, the 

control variables will still be the reactive power that can be dispatched from each SST. 
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Appendix A Residential Notional System Datasheet 

Table A-1 Base value for Residential Notional System 

 
3-phase per-phase 

Vbase(kV) 12 6.9282 
Sbase(MVA) 

 
10 

Zbase 
 

4.8 
 

Table A-2 Load data for Residential Notional System 

load # PL A(kW) 
IQL A 

(kVAR) PL B(kW) 
IQL B 

(kVAR) PL C(kW) 
IQL C 

(kVAR) 
Ld1 57.75 81.62 165.55 110.11 112.42 66.99 
Ld2 532.07 273.35 734.83 364.99 338.8 173.25 
Ld3 0 0 141 68 14.63 7.7 
Ld4 20.02 10.01 10.01 1.54 85.47 43.12 
Ld5 651.42 332.64 171.71 80.08 100.1 56.98 
Ld6 544.39 278.74 56.98 29.26 254.1 120.12 
Ld7 145.53 74.69 112.42 57.75 245.63 120.12 
Ld8 597.52 304.92 510.51 253.33 733.81 386.54 
Ld9 535.15 272.58 530.53 261.8 520.52 264.88 

Ld10 32.725 28.028 25.564 26.334 50.743 34.804 
Ld11 455.84 189.651 715.176 325.094 841.841 353.661 
Ld12 235.081 112.959 207.438 98.945 196.119 93.709 
Ld13 319.396 145.222 317.856 141.603 95.326 39.578 
Ld14 15.862 8.701 0 0 0 0 
Ld15 357.665 168.553 207.207 105.798 59.598 35.266 
Ld16 499.576 232.617 424.424 187.957 846.461 364.133 
Ld17 168.938 55.363 608.839 271.887 227.227 87.549 

 

Table A-3 Line data for Residential Notional System 

Line R1 (ohm) R0 (ohm) L1 (H) L0 (H) C1 (F) C0 (F) Length (km) 
1 0.1502 0.8004 0.0017 0.0067 1E-15 1E-15 7.141 
2 0.0618 0.3294 0.0007 0.0027 1E-15 1E-15 2.939 
3 0.0546 0.2910 0.0006 0.0024 1E-15 1E-15 2.596 
4 0.0366 0.1949 0.0004 0.0016 1E-15 1E-15 1.739 
5 0.0851 0.4536 0.0009 0.0038 1E-15 1E-15 4.047 
6 0.0978 0.5209 0.0011 0.0043 1E-15 1E-15 4.647 
7 0.0919 0.4898 0.0010 0.0041 1E-15 1E-15 4.37 
8 0.0075 0.0399 0.0001 0.0003 1E-15 1E-15 0.356 
9 0.0261 0.1389 0.0003 0.0012 1E-15 1E-15 1.239 
10 0.0711 0.3786 0.0008 0.0032 1E-15 1E-15 3.378 
11 0.0476 0.2534 0.0005 0.0021 1E-15 1E-15 2.261 
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Table A-3 Continued 

12 0.0050 0.0268 0.0001 0.0002 1E-15 1E-15 0.239 
13 0.0439 0.2342 0.0005 0.0019 1E-15 1E-15 2.089 
14 0.1197 0.6379 0.0013 0.0053 1E-15 1E-15 5.6913 
15 0.0593 0.3160 0.0007 0.0026 1E-15 1E-15 2.819 
16 0.0186 0.0990 0.0002 0.0008 1E-15 1E-15 0.883 
17 0.0667 0.3553 0.0007 0.0030 1E-15 1E-15 3.17 
 

Table A-4 Line type parameter for Residential Notional System 

R1 (ohm/km) R0 (ohm/km) L1 (H/km) L0 (H/km) 
0.021035 0.112089 0.000234 0.000933 

 

Table A-5 Substation transformer information for Residential Notional System 

substation voltage 69kV/12kV 
transformer capacity 30MVA 

transformer winding type delta/wye 
transformer impedance 0.19 

neutral reactor 0.315 Ω 
 

Table A-6 Capacitor data for Residential Notional System 

Cap # Connected to IQL A(kVAR) IQL B (kVAR) IQL C (kVAR) 
C1 5 400 400 400 
C2 8 200 200 200 
C3 12 400 400 400 
C4 17 400 400 400 

 
 

Appendix B IEEE 34 Node System Datasheet 

Table A-7 Base values for IEEE 34 System 

 
3-phase per-phase 

Vbase(kV) 24.9 14.3760217 
Sbase(MVA) 

 
10 

Zbase 
 

20.667 
 

Table A-8 Load data for IEEE 34 System 

# connected to P_a Q_a P_b Q_b P_c Q_c 
1 860 36 24 40 26 130 71 
2 840 27 16 31 18 9 7 
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Table A-8 Continued 

3 844 144 110 135 105 135 105 
4 848 20 16 43 27 20 16 
5 890 150 75 150 75 150 75 
6 830 17 8 10 5 25 10 
7 806 0 0 30 15 25 14 
8 810 0 0 16 8 0 0 
9 820 34 17 0 0 0 0 

10 822 135 70 0 0 0 0 
11 824 0 0 5 2 0 0 
12 826 0 0 40 20 0 0 
13 828 0 0 0 0 4 2 
14 856 0 0 4 2 0 0 
15 858 7 3 2 1 6 3 
16 864 2 1 0 0 0 0 
17 834 4 2 15 8 13 7 
18 836 30 15 10 6 42 22 
19 838 0 0 28 14 0 0 
20 846 0 0 25 12 20 11 

 

Table A-9 Line type for IEEE 34 System 

300 
   Z= 1.3238+ 1.357i 0.2109 + 0.5965i 0.2051 + 0.4616i 

 
0.2109 + 0.5965i 1.3385+ 1.3313i 0.2124 + 0.5026i 

 
0.2051 + 0.4616i 0.2124 + 0.5026i 1.3266 + 1.3521i 

B= 5.0983 -1.5211 -0.6242 

 
-1.5211 5.3492 -0.9921 

 
-0.6242 -0.9921 4.8714 

 
301 

   Z= 1.9157 + 1.4282i 0.2336 + 0.6431i 0.2273 + 0.5256i 

 
0.2336 + 0.6431i 1.9318 + 1.4094i 0.2352 + 0.5699i 

 
0.2273 + 0.5256i 0.2352 + 0.5699i 1.9188 + 1.4246i 

B= 4.906 -1.4267 -0.5975 

 
-1.4267 5.1337 -0.3799 

 
-0.5975 -0.3799 4.7005 
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Table A-9 Continued 

301 
   Z= 1.9157 + 1.4282i 0.2336 + 0.6431i 0.2273 + 0.5256i 

 
0.2336 + 0.6431i 1.9318 + 1.4094i 0.2352 + 0.5699i 

 
0.2273 + 0.5256i 0.2352 + 0.5699i 1.9188 + 1.4246i 

B= 4.906 -1.4267 -0.5975 

 
-1.4267 5.1337 -0.3799 

 
-0.5975 -0.3799 4.7005 

 
303 

   Z= 0+ 0i 0+ 0i 0+ 0i 

 
0+ 0i 2.7799 + 1.4804i 0+ 0i 

 
0+ 0i 0+ 0i 0+ 0i 

B= 0 0 0 

 
0 4.2463 0 

 
0 0 0 

 
304 

   Z= 0+ 0i 0+ 0i 0+ 0i 

 
0+ 0i 1.9216 + 1.4213i 0+ 0i 

 
0+ 0i 0+ 0i 0+ 0i 

B= 0 0 0 

 
0 4.3692 0 

 
0 0 0 

 
200 

   Z= 0.0369 + 0.0378i 0.0058 + 0.0166i 0.0057 + 0.0128i 

 
0.0058 + 0.0166i 0.0373 + 0.0371i 0.0059+ 0.0140i 

 
0.0057 + 0.01288i 0.0059 + 0.0140i 0.0370+ 0.0377i 

B= 182.6574625 -54.49664912 -22.36329523 

 
-54.49664912 191.6464897 -35.54409677 

 
-22.36329523 -35.54409677 174.5282865 
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Table A-10 Line parameters for IEEE 34 System 

# From To Length Type # From To Length Type 
1 800 802 2580 300 17 834 860 2020 301 
2 802 806 1730 300 18 834 842 280 301 
3 806 808 32230 300 19 836 840 860 301 
4 808 810 5804 303 20 836 862 280 301 
5 808 812 37500 300 21 842 844 1350 301 
6 812 814 29730 300 22 844 846 3640 301 
7 814 850 1 VR 23 846 848 530 301 
8 816 818 1710 302 24 850 816 310 301 
9 816 824 10210 301 25 852 832 1 VR 

10 818 820 48150 302 26 854 856 23330 303 
11 820 822 13740 302 27 854 852 36830 301 
12 824 826 3030 303 28 858 864 1620 303 
13 824 828 840 301 29 858 834 5830 301 
14 828 830 20440 301 30 860 836 2680 301 
15 830 854 520 301 31 862 838 4860 304 
16 832 858 4900 301 32 888 890 10560 200 
 

Table A-11 Voltage regulator parameter for IEEE 34 System 

814 - 850 Ph-A Ph-B Ph-C 
R - Setting 2.7 2.7 2.7 
X - Setting 1.6 1.6 1.6 
852 - 832 Ph-A Ph-B Ph-C 
R - Setting 2.5 2.5 2.5 
X - Setting 1.5 1.5 1.5 

 

Table A-12 Transformer parameters for IEEE 34 System (a) substation trans (b) distribution trans 

Z= 2.48+19.84i 0+ 0i 0+ 0i 

 
0.00 2.48+19.84i 0+ 0i 

 
0+ 0i 0+ 0i 2.48+19.84i 

 
Z= 0.057+ 0.1224i 0+ 0i 0+ 0i 

 
0+ 0i 0.057+ 0.1224i 0+ 0i 

 
0+ 0i 0+ 0i 0.057+ 0.1224i 
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Table A-13 Capacitor data for IEEE 34 System 

Cap # Connected to IQL A(kVAR) IQL B (kVAR) IQL C (kVAR) 
1 844 100 100 100 
2 848 150 150 150 
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