
ABSTRACT 
 
ALRUSHOUD, ASMAA. Zonal Volt/VAR Control for High PV Penetration Distribution 
Systems. (Under the direction of Dr. Ning Lu). 
 

Recently the distribution system is experiencing a paradigm shift towards an increased 

share of inverter-based resources (IBRs) integration. The intermittency of IBRs e.g. 

(Photovoltaics), results in multifaceted challenges in distribution system planning and voltage 

control. As the IBR penetration increases, the conventional voltage control scheme using 

utility-owned control devices, such as capacitor banks, on-load tap changers (OLTC) and step-

type voltage regulators (SVRs) cannot handle the voltage regulation due to significant 

uncertainties introduced by the IBRs. Although IBRs’ variable power outputs can cause larger, 

more frequent voltage fluctuations than passive loads, the superb real and reactive power 

regulating capability of IBRs also makes them potential high-quality voltage control resources. 

This dissertation first presents an optimal-capacity-based (OCB) PV allocation method 

to assess the amount of photovoltaics that can be accommodated on a distribution feeder before 

disrupting the normal operational conditions, commonly referred to hosting capacity. An 

optimal PV size selection process is presented to determine the PV size for each household 

based on cost benefit studies. Thus, the randomness in PV capacity allocation method is 

replaced by the optimal PV capacity allocation method. The impact of PV capacity allocation 

methods on hosting capacity assessment is shown to be significant. 

The second part of this dissertation discusses the zonal Volt/VAR control (VVC) 

scheme for regulating voltage in unbalanced 3-phase distribution systems using reactive power 

support from IBRs. First, an IBR-zone identification methodology is developed for dividing 

load nodes on a distribution feeder into IBR zones so that each IBR zone consists of a collection 

of nodes with strongly correlated voltage-load sensitivities whereas nodes in different zones 



are weakly correlated. Then, based on the voltage-load sensitivity, a distributed, priority-list 

based zonal IBR control scheme is developed to correct voltage violations in its local zone as 

a non-optimization based IBR control. Also, the unbalanced nature of distribution feeders is 

accounted for by treating each phase separately.  

Then, the zonal VVC scheme is extended to include the utility-owned control devices. 

A two-stage zonal Volt/VAR control scheme is presented for coordinating IBRs with utility-

owned voltage regulators (VR) to regulate voltage in unbalanced 3-phase distribution systems. 

IBRs are used in the first stage to regulate voltage changes continuously and VR are used in 

the second stage to regulate large voltage deviations. An online VR tuning strategy is 

developed for controlling the VR set-points. This control scheme can reduce excessive tap 

changes and avoid large voltage changes without retrofitting existing VR controllers. The 

proposed two-stage control uses real-time voltage measurements from a limited number of 

critical nodes to reduce communication and sensing needs. Results show that the performance 

of the proposed method in terms of computing speed, voltage control results, and average 

numbers of VR tap changes are satisfactory. 
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Chapter 1 . Introduction 

1.1. Distributed Generation Integration in Distribution Networks 

Renewable energy sources has witnessed a substantial growth over the past decade 

worldwide. Integration of renewable energy sources is motivated by its economic and 

environmental benefits, for instance, utilizing of free available energy sources such as solar 

and wind, reducing electricity cost, reducing CO2 gas emission, maintaining environmental 

and sustainable goals and increasing reliability and resiliency of the electric grid [1]. 

Integration of Photovoltaic (PV) systems is preferable by utilities in several situations due to 

its fast cost reduction curve and ease of deployment into the grid.  

The surpassing reduction in PV panel cost has increased the PV installation in the 

electric grid worldwide. Solar Energy Industries Associations (SEIA) has reported that U.S. 

installed 13.3 gigawatts (GW) of solar PV capacity in 2019 to reach 77.7 GW of total installed 

capacity. Residential PV capacity added more than 2.8 GW installation, 15% up from 2018 

with an expectation to reach high percentages by the mid-2020s, as shown in Figure 1-1 and 

Figure 1-2 [2]. According to the International Energy Agency (IEA) prediction, that by 2050 

the solar PV will contribute to 16% of the world`s electricity with residential rooftop PV 

representing 20% of that total PV capacity [3]. Therefore, the distribution networks will 

experience more than usual behind-the-meter (BTM) PV installations and more operational 

and structural issues may occur. Additionally, distribution network planning is becoming more 

complicated as new renewable technologies are integrated into the existing electric grid. 
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Figure 1-1. Solar PV installation and pricing in the US [2] 

Figure 1-2. US PV installation forecast 2010-2025E [2] 
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1.2. Voltage Control in Distribution Systems 

The electric power distribution system has traditionally been operated passively with 

unidirectional power flow from large power plants to the customers through distribution 

systems. Thus the typical voltage profile across the distribution system experiences a continual 

drop from the primary substation to the remote end with flow of real and reactive power from 

the higher to the lower voltage levels. The main function of voltage control in distribution 

systems is to maintain the steady state service voltages and power factors within an acceptable 

range at all time. The national standard for utility voltage tolerance in North America is ANSI 

C84.1 and it states that the primary service voltage of distribution systems should always be 

maintained at any location within the range of ∓5% of the nominal value [4].  

Voltage control in distribution systems relies solely on the traditional voltage control 

devices like capacitors, on-load tap changers (OLTC) and line step voltage regulators (SVRs) 

[5], as shown in Figure 1-3. To maintain the desired voltage levels indicated by [4], OLTCs 

and SVRs can be used to directly control the voltage by operating a tap change, or through 

reactive power flow from the switched/fixed capacitors placed at strategic locations along the 

feeder. The utility-owned assets are tuned and operated during long-term off-line planning 

stages based on the assumption that the power flows in one direction only. Voltage and reactive 

power control (i.e. Volt/VAR control) involves proper coordination between the utility-owned 

equipment in the distribution system to maintain an acceptable voltage profile at all locations.  
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Figure 1-3. Distribution feeder control devices [6] 
 

The tap-changing control and ON/OFF switching controls of the OLTCs/SVRs and 

switched capacitors are dependent on random fluctuations in the load variation and it can be 

performed either locally or remotely. Many Distribution Network Operators (DNOs) operate 

OLTC/SVR and switched capacitors locally through the utilization of controllers triggered by 

local measurements. For the control of OLTC/SVR, a voltage set point and a bandwidth are 

selected and based on a time delay, a tap change operation is commanded to either buck or 

boost the voltage at its regulating point. As for the switched capacitors, voltage, reactive power 

or time based-controllers can be used to switch in or out its reactive power flow.  

On the other hand, utility-owned assets can be controlled remotely due to the 

development of a distribution management system (DMS) and deployment of supervisory 

control and data acquisition (SCADA) system. Volt/VAR control (VVC) in DMS based 

distribution systems can be categorized into: off-line control setting and real-time control 

setting [7].  

Off-line control presented in [7] and in [8], such that the authors aim to find the on/off 

status of capacitors and tap position of OLTC at each hour in the next day based on a one day-
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ahead load forecast such that the total feeder loss can be minimized. Whilst, the real time 

control in [9] aims to control the capacitor and OLTC based on real time measurements and 

coordination principles suggestions.  

Although the primary goal of VVC is to keep voltages within an acceptable range, it 

can pursue other secondary objectives. Some of these secondary objectives are listed as 

follows: 

• Distribution feeder total power loss minimization, presented in [8] and [10]. 

•  Minimization of control actions and total costs, presented in [7] and [11]. 

• Minimization of power demand, or so called conservation voltage reduction (CVR), 

through reducing voltage magnitudes into the minimum allowable in order to 

reduce the power demand, especially for peak-shaving purposes [12]. 

 
 1.3. PV Integration Impacts on Distribution Systems 

Distribution networks are designed to work with unidirectional power flow, so as the 

PV penetration increases, bi-directional power flow may occur and cause potential impacts to 

the grid. Due to the increased adoption of BTM PV, severe technical challenges are raised in 

multiple areas and a disruption of the normal distribution system operation may occur. A high 

PV penetration can potentially lead to voltage rise, thermal limits of components, voltage 

unbalance, network losses and the reduced effectiveness of protection devices [13]. Moreover, 

the conventional voltage control scheme cannot handle the voltage regulation due to significant 

uncertainties and external disturbances introduced by the PV such as a sudden cloud cover, 

which potentially can cause various voltage related problems like fast voltage fluctuations and 

sudden voltage rise and drops violating ANSI limits [4]. These possible problems needs detail 
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attention when high number of PV generators is integrated into the distribution system. In this 

dissertation, the focus will be on two fundamental reasons for raising technical challenges. 

I. Voltage Violations 

As the BTM PV penetration increases, distribution networks could experience 

overvoltage issues at the point of common coupling (PCC) during high PV generation and light 

load demand, as shown in Figure 1-4. Thus, the extra on-site generation near certain loads 

produced by the PV systems may cause voltage rise beyond the acceptable standard limits. PV 

integration could potentially cause both over-voltage and under-voltage violations, though the 

over-voltage violation is more common due to voltage rise. 

 

Figure 1-4. Voltage profile with and without PV 
 

II. Voltage Fluctuations 

Additionally, the intermittency in PV generation may contribute to some level of 

volatility in the system voltage, as shown in Figure 1-5. Voltage fluctuations and fast transients 

due to fast changes in the weather conditions (i.e., shading event) may have negative effects 

on the traditional voltage regulation equipment already present in the feeder like capacitors, 

OLTC and SVRs resulting in an increased number of capacitor switching and regulator tap 

changes, thus wearing the equipment and increasing the system losses [5]. Some voltage-
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related problems may be avoided by using the spare reactive power control capabilities of the 

PV smart inverter. Therefore, a new voltage control scheme is called for to benefit from the 

DERs in distribution systems as voltage control devices and coordinate them with conventional 

voltage regulation schemes in order to accommodate the increase in PV system integration and 

maintaining utility-owned control devices` lifespan [14]. 

 

Figure 1-5. Voltage profile with PV in a cloudy day 
 

 

1.4. Solar PV Smart Inverters Volt/VAR Control Capability 

PV solar systems employ inverters to transform dc power from solar panels into ac 

power for injecting into the power grids. Inverters that perform multiple functions in addition 

to real power production are known as “smart inverters” [15, 16]. Interestingly, these PV smart 

inverters have volt/var capability which enable them to regulate the voltage at the point of 

common coupling by injecting and absorbing reactive power (var). The inverters' capability of 
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injecting or absorbing var is limited by their rated capacity. Let the inverter`s rated apparent 

power be S and its rated real power capacity P. Thus the reactive power capacity for the inverter 

as a time dependent quantity will be the remaining of the inverter`s rated apparent power as 

follows [17]: 

𝑄𝑄(𝑡𝑡) = �𝑆𝑆2 − 𝑃𝑃(𝑡𝑡)2                                                     (1.1) 

Due to their fast sub-second response capability in providing VVC, PV inverters have 

emerged as effective Volt/VAR controllers to deal with rapid variations in the distribution 

system. The recently released IEEE 1547-2018 [14] standard declares that the DERs should be 

capable of providing voltage regulation for the main grid by changing reactive power output. 

Thus, some voltage violations may be mitigated by utilizing the spare reactive power control 

capabilities of the PV inverter. Therefore, new voltage control schemes can be developed to 

utilize from the DERs in distribution systems as voltage control devices.  

A common approach for distribution system VVC is to formulate an optimal reactive 

power flow problem that can be solved in either a centralized or distributed fashion [8, 12, 18, 

19, 20] . A centralized approach assumes that a centralized controller has full observability and 

controllability of all controllable devices (including utility-owned VVC device and DERs 

inverters). Thus, by determining the on/off status or computing the optimal set-points of those 

devices, one can achieve the optimization objectives such as minimizing voltage fluctuations, 

losses, the number of switching, or operation costs. Some of the technical methods for solving 

centralized VVC problem include dynamic programming [8], mixed-integer quadratically 

constrained programming (MIQCP) [12] and mixed integer linear programming (MILP) [18].  

Although centralized VVC has the advantage of achieving global optimal with superior 

performance on controlling voltage within operational limits at both the local and system 
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levels, it has a high reliance on the availability of high-quality, wide-band 2-way 

communication networks and wide deployment of sensor/actuator on DERs inverters and 

utility VVC devices, making large-scale implementation cost prohibitive.  

Because voltage issues can be best resolved at the place where a voltage violation 

occurs, optimization-based, distributed VVC approaches draw increasing attention in recent 

years. The distributed control methods employ low-bandwidth communication links for data 

exchange between units to achieve control objectives using maximum available resources. 

These distributed approaches include alternating direction method of multipliers (ADMM) 

considering the continuous relaxation of the discrete variables [20] and distributed decision 

making [19]. More detailed literatures can be found in Chapter 3 and Chapter 4. 

1.5. Research Motivations and Objectives 

PV installations in power distribution systems has been increasing rapidly in the recent 

years and utilities are experiencing higher contribution to steady-state and transient voltage 

violations. The future distribution grid should have a proper infrastructure to facilitate the 

integration of inverter-based PV systems without introducing severe impacts on the grid. 

However, the design of such infrastructure requires thorough studies and clear identification 

of potential impacts. Thus, detailed PV impact studies are crucial for utilities that are planning 

to increase the PV penetration in their distribution networks. Therefore, determining the 

amount of PV that a distribution feeder can accommodate without violating its normal 

operational conditions, namely PV hosting capacity study [21] is increasingly critical in 

distribution system planning studies. These studies are required in order to identify the 

potential impacts on the feeder and the hosting limit capacity allowed on the feeder.   
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When the total PV on the feeder is near or above this upper limit, severe impacts may 

begin to occur [21]. The California “Rule 21” for integration of PV systems [21] limits the PV 

penetration level to 15% of the yearly maximum load, and the majority of utilities follow that 

guideline. However, some networks can accommodate more than 15% of PV penetration 

without any observable effects on the system operation. Therefore, more studies are required 

in order to identify the maximum possible PV penetration limit that can take advantage of the 

full capacity of the network. 

Traditionally, distribution systems operation and planning studies are performed on the 

basis of a snapshot power flow for assessing the state of the system at a specific time instance 

like maximum and minimum loading condition. In order to perform a more detailed time 

domain study, quasi-static time series (QSTS) simulation, supported by software such as 

OpenDSS [22], can provide the capability to see the dynamic behavior of the system. QSTS 

simulation can capture the variability of load and solar sources and their effect on voltage 

levels, overloading, and voltage regulator operation by performing consecutive power flow 

solutions. In this dissertation, proper methodologies and approaches have been derived for 

distribution planning and control to analyze the potential impacts of high PV penetration into 

the distribution grids via QSTS simulation. In Chapter 2, a methodology has been proposed to 

obtain the PV hosting capacity, and the potential factors that could influence the PV hosting 

capacity has been identified. 

The PV penetration level is already coming to the point where limitation of PV 

connection is in question, thus advanced control systems should be considered in order to avoid 

the high cost of network reinforcements needed to integrate additional PV in the absence of 

advanced control. In many cases, the main limiting factor is voltage violations [23]. Therefore 
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it is straightforward to make use of PV smart inverters for voltage support and analyze the 

impact this control has on the distribution system voltage profile.  

Moreover, the majority of research presented in the literature has formulated 

distribution system VVC as an optimal reactive power flow problem that can be solved in 

either a centralized or distributed optimization based approaches [8, 12, 18, 19, 20] which has 

significant computational cost to solve its objective functions such as minimizing active power 

losses or voltage fluctuations. Also, optimization-based approaches require a full real-time 

visibility of the whole distribution feeder which can be achieved through state estimation 

algorithms. State estimations conventionally require online weighted-least-squares or similar 

optimization, using an online circuit model and can be computationally intensive, which is not 

satisfied by the current state of distribution feeders [25]. The current research has been limited 

to small IEEE test systems [26, 27, 11] or/and small balanced distribution systems [28, 12], 

therefore the scalability has not been tested for large unbalanced distribution feeders with 

hundreds of load nodes and PV smart inverters. 

 Although optimization-based control could provide the best performance if it is 

applied on small-scale distribution system, whilst large-scale distribution systems with 

hundreds or thousands of nodes that supply unbalanced loads could be beneficial to utilize a 

fast and robust control. Therefore, in this dissertation, we focus on fast distributed reactive 

power control schemes to reduce the runtime without the need for sophisticated compute 

engines. This enables VVC at grid-edge on a full-size utility feeder possible.  

As mentioned earlier, as the PV penetration increases, the conventional voltage control 

scheme cannot handle the voltage regulation due to voltage rise problems caused by reverse 

power flow during high PV generation and low demand periods resulting in an increased 
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number of voltage regulator tap changes and reducing the equipment`s lifetime. Therefore, 

proper coordination between the conventional VVC devices and reactive power support from 

PV smart inverters is crucial to maintain acceptable power quality limits and minimize the tap 

change operations for the regulating devices. In this dissertation, we focus on real-time 

coordinative control with limited feeder observability to mitigate voltage rise and reduce tap 

change operations of the voltage regulating devices in heavily PV penetrated feeders. 

1.6. Dissertation Organization 

The main contributions of this dissertation are contained in Chapters 2, 3 and 4. In 

Chapter 2, an optimal-capacity-based (OCB) PV allocation method is proposed to evaluate PV 

hosting capacity. An optimal PV size selection process introduced in Chapter 2 is used to 

determine the PV size for each household based on cost benefit studies. The PV optimal size 

study is conducted based on load characteristics and customer payment mechanism Time of 

Use (TOU) rates. This will allow each household to select a PV system that minimizes their 

monthly bill. Different PV allocation methods for hosting capacity calculation are first 

compared using the IEEE 123-bus system as a benchmark. An actual distribution feeder in 

North Carolina area is used to validate the results in realistic distribution systems. The 

simulation results show that the impact of PV capacity allocation methods on hosting capacity 

assessment is significant. 

In Chapter 3, a zonal volt/var control scheme is proposed that utilizes the voltage 

control capability of BTM PV smart inverters in distribution systems and dispatches them as 

aggregated and controllable resources to provide voltage services. First, voltage sensitivity 

analysis is used to characterize the corresponding dependencies between voltage magnitude 

changes and the reactive power injections at a PV node. Then, distribution system is divided 
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into weakly coupled zones based on voltage sensitivity correlations. Fast incremental 

clustering method is applied to the voltage sensitivity results to identify and group the similarly 

affected nodes with respect to voltage magnitude changes to create the zones. A zonal rule-

based voltage control is implemented in each zone to tackle over/under voltage violations with 

the utilization of PV smart inverters reactive power support. The voltage of each zone is 

controlled independently due to the weak coupling among the different zones. Simulation 

results show that the proposed control can maintain the voltage in the distribution system 

within limits and solves faster than the centralized controller. 

In Chapter 4, a two-stage coordinated zonal Volt/VAR control (VVC) scheme is 

presented for regulating voltage in unbalanced 3-phase distribution systems using inverter-

based resources (IBR) and utility-owned voltage regulators (VRs) for voltage rise mitigation 

and relief voltage regulators tap changes with limited feeder observability. The first stage of 

control is the reactive power support from PV smart inverters where a large distribution 

network is partitioned into non-overlapping, weakly-coupled zones based on correlations 

between nodal voltage sensitivities. The second stage of control is from voltage regulators 

where we propose an online VR tuning strategy for voltage regulators` voltage reference set-

point to mitigate voltage rise and reduce excessive tap changes. The proposed two-stage 

coordinative VVC is implemented utilizing only real-time voltage measurements from critical 

nodes obtained from proposed Monte Carlo analysis. Simulation results on actual distribution 

feeder show that the proposed zone-based Volt/VAR control method maintains system 

voltages within their operational limits while reducing the number of tap change operations 

without major changes of the existing distribution feeder architecture.  

Finally, conclusion of this study and the future work is detailed in Chapter 5. 
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Chapter 2 . Impacts of PV Allocation Methods on Distribution Planning Studies 

This chapter presents a new method for assessing the amount of photovoltaics that can 

be accommodated on a distribution feeder before disrupting the normal operational conditions, 

commonly referred to hosting capacity. An optimal-capacity-based (OCB) PV allocation 

method is proposed to evaluate PV hosting capacity [29]. We first use load allocation method 

to allocate realistic load profiles to each load node down to each household. Instead of 

randomly assigning the installed capacity of PV to each household, the optimal size of PV for 

each house is first calculated based on the annual load profiles. Different PV allocation 

methods for hosting capacity calculation are first compared using the IEEE 123-bus system as 

a benchmark. An actual distribution feeder in North Carolina area is used to validate the results 

in realistic distribution systems. The simulation results show that the impact of PV capacity 

allocation methods on hosting capacity assessment is significant.  We also investigate the zonal 

allocation method for weak zone identification to address the cluster phenomena in technology 

diffusion.   

2.1. Introduction 

Behind-the-meter (BTM) installation of photovoltaic (PV) in power distribution 

systems has been increasing rapidly in the recent years. When the penetration increases, 

adverse impacts such as more frequent large voltage variations, longer duration of over- or 

under- voltage events, greater voltage unbalances, and thermal loading of distribution 

transformers and lines can occur. Therefore, determining the amount of PV that a distribution 

feeder can accommodate without violating its normal operational conditions, namely PV 

hosting capacity study [21] is increasingly critical in distribution system planning studies. PV 

hosting capacity can be interpreted as an upper limit of PV sizes that the feeder can host that 
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poses no risk to the network. Hosting capacity is normally feeder specific and can assessed by 

running quasi-static, continuing power flow studies [30, 31]. Utility feeder models are used to 

determine the feeder topology. Load allocation methods are used to determine the load profiles 

on each load node. Voltage, load flow, operation statistics of the voltage regulation devices are 

calculated to estimate the severity of violation events. 

The hosting capacity is defined relative to the adverse impacts being introduced by the 

PV on the system. The PV hosting capacity can be evaluated relative to number of criteria such 

as the following [21]: 

1. Voltage: Over-voltage, voltage deviation, and voltage imbalance. 

2. System loading: thermal overloads. 

3. System protection: total fault current contribution, increased fault current, 

unintentional islanding and reduction of reach for distance relays. 

4. Power quality: total harmonic voltage distortion and harmonic magnitudes. 

5. System control: increased duty of voltage regulators and capacitor banks. 

Although several criteria, such as voltage, current, power quality and protection, are 

used to evaluate PV hosting capacity, the widely used criterion is voltage violations [32, 33]. 

Thus, over-voltage criterion is adopted in this chapter for evaluating hosting capacity because 

it is one of the major concerns of the utilities and an important limiting factor to how much PV 

generation can be supported on a feeder. 

2.1.1. Literature Review 

In the literature, several approaches for determining PV hosting capacity have been 

proposed [21, 30-39]. In [34], presented a method for assessing the maximum allowable PV 

generation on low voltage feeders. It assumed an evenly distributed PV and Load which is 
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unrealistic in actual distribution feeders. In [35], a simplified feeder model was utilized to 

derive mathematical equations, but it does not represent actual circuit conditions. In [36] three 

PV location scenarios were investigated: even distribution of PV panels, aggregation of panels 

at the beginning of the feeder, and aggregation of panels at the end of the feeder. This method 

is specific to the feeder under test and doesn’t account for the stochasticity of potential PV 

locations. A method presented in [37] determines the maximum allowable PV injection prior 

any voltage violations. This method uses an analytical approach based on voltage sensitivity 

to estimate the maximum allowable power that distributed generators can inject; however, it is 

applicable to balanced three-phase systems which is not the case in distribution systems. An 

hourly stochastic analysis approach is proposed to solve a mathematical formulation for the 

hosting capacity problem formulated in [38]. 

It follows from the previous consideration that the hosting capacity depends on many 

key factors such as the size of the integrated PV system, the location of the PV systems along 

the feeder and feeder characteristics like feeder topology and system loading. However, 

previous studies [32, 33, 21] showed that certain factors have a higher influence on the hosting 

capacity identification. For instance, it has been shown in [32] that the voltage criteria are the 

first ones to reach the limit. Therefore, evaluating the hosting capacity from the voltage limit 

perspective is a reasonable approach.  

Moreover, the size, location and distribution of the PV systems are found to be the main 

key factors that affect the hosting limit in a certain feeder [21]. Electric Power Research 

Institute (EPRI) has conducted the most thorough research in this area [21], [39], [40]. EPRI 

proposed a stochastic analysis framework that simulates a large variation of PV deployment 

scenarios [13]. The stochastic analysis captures the uncertainty in the size and location of future 
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PV installations by populating PV deployment scenarios in a random fashion. In EPRI studies, 

for each PV deployment, the size of PV system at each customer location is randomly drawn 

from the residential or commercial PV distribution curves, depending upon the customer type 

[41], and the location is randomly selected from the pool of all load nodes provided by the 

distribution feeder. 

In this chapter, the PV hosting capacity is calculated using the stochastic analysis 

framework developed by Electric Power Research Institute (EPRI) [21].  

2.1.2. Contribution 

Due to the recent installation of smart meters into the residential sector, yearly or longer 

household profiles has become available describing its consumption characteristics. So, in our 

study, we established a smart meter data base to represent the typical household load profiles 

in a region. Then, based on the feeder head load profiles, which are normally available to the 

utilities through SCADA measurements, a load allocation procedure [42] is carried out. This 

allows us to assign a number of households’ profiles down to each load node. An optimal PV 

size selection process is used to determine the PV size for each household based on cost benefit 

studies. This will allow each household to select a PV system that minimizes their monthly 

bill. Thus, the randomness in PV capacity allocation method is replaced by the optimal PV 

capacity allocation method. This method assumes that the selection of a BTM PV system is a 

rational decision made by the household owners to maximize their benefits. 

The primary contribution of this chapter is to correlate the residential load 

characteristics with the rooftop PV capacity selection. We demonstrated that the distribution 

grid can host more PV systems if households can select PV systems based on their consumption 

patterns as well as retail rate structures. Also, we demonstrated that when randomly allocating 
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PV and PV capacity throughout the grid, PV hosting capacity estimation tends to under-

estimate the PV hosting capacities.  In addition, in cluster‐based diffusion of a new technology, 

customers’ acceptance rate can be higher in one neighborhood than another [43]. Thus, zonal 

allocation methods are more realistic than randomly allocate PVs to the whole feeder. 

Therefore, we develop a zonal based analysis method to identify the weaker zones.   

The rest of this chapter is organized as follows. Section 2.2 describes the optimal PV 

sizing method and the methodology followed to determine PV hosting capacity. PV hosting 

capacity simulation results for different PV allocation methods are presented in Section 2.3 as 

well as the zonal-based analysis. Section 2.4 summarizes the chapter. 

2.2. PV Hosting Capacity Calculation Methodology 

This section introduces the simulation setup and the modeling methods. Subsection 

2.2.1 describes feeder setup used and load databases. Subsection 2.2.2 introduces the load 

allocation method. PV optimal sizing selection method is presented in subsection 2.2.3. 

Subsection 2.2.4 describes PV hosting capacity calculation. 

2.2.1. Feeder Setup and Load Data Preparation 

In this study, IEEE 123-bus feeder [44] (see Figure 2-1) and an actual feeder (see Figure 

2-2) have been used. The IEEE 123-bus feeder has 91 residential load nodes at 4.16 kV voltage 

level and the real life distribution feeder has 48 residential load nodes at 24 kV voltage level. 

The original feeder data contains only a peak load at each node. Thus, a load allocation method 

introduced in [42] is applied to generate load profiles at each load node and determine the total 

number of houses at each node. In order to conduct a time-series study, every load node on the 

feeder needs to be modeled down to the residential home level at 1-minute resolution. 
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Figure 2-1. IEEE 123-bus feeder topology [44] 
 

 
Figure 2-2. Actual distribution feeder topology 

 
 

A load profile database is established to construct nodal load profiles using two data 

sources. The first source is from Pecan Street website [45]. The data is minute by minute 

collected at Austin, Texas from July-August 2015. The second data source is provided by a 
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utility at 30 minutes resolution. In Figure 2-3, a few examples of the house load profiles in our 

load pool are shown. 

 

 

2.2.2. Load Allocation Method 

A bottom-up approach has been used to allocate weekly residential load profiles to 

every load node on a test feeder [42]. According to the data sheet, let the number of load nodes 

is NL and the peak load at the ith load node be Pi. For every load node, randomly draw weekly 

load profiles from the load pool and add them up until the aggregated load is bounded by Pi 

upper and lower ranges as shown in Figure 2-4. The following stop criteria is used for the 

allocation process:  

                          1.03 × 𝑃𝑃𝑖𝑖 ≥  max (∑ 𝑃𝑃𝑖𝑖,𝑘𝑘) >  0.97 × 𝑃𝑃𝑖𝑖
𝑁𝑁𝑖𝑖,𝑘𝑘
𝑘𝑘=1                              (2.1) 

𝑘𝑘 ∈ �1, … ,𝑁𝑁𝑖𝑖,𝑘𝑘�    𝑖𝑖 ∈ {1, … ,𝑁𝑁𝐿𝐿} 

Where 𝑁𝑁𝑖𝑖,𝑘𝑘 is the number of houses at node 𝑖𝑖  and 𝑃𝑃𝑖𝑖,𝑘𝑘  is the weekly load profile of 

house 𝑘𝑘 at load node 𝑖𝑖. By repeating the process for all load nodes in the test feeder, the test 

feeder has been prepared to perform time series studies and each load node has a number of 

houses allocated to it. 

Figure 2-3. Sample house load profiles 
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2.2.3. PV Optimal Sizing Selection Method 

Because each household has its unique consumption characteristics, the house owner 

who wants to install PV on his rooftop will most likely consider optimizing the PV systems to 

either minimizing monthly bill or maximizing revenues when providing grid services. The 

wide deployment of smart meters makes household yearly load profiles available and 

accessible to homeowners. Thus, a cost-benefit based method has been conducted to find the 

optimal PV size for a specific house using yearly household load profiles and Time of Use 

(TOU) tariff of Duke Energy in North Carolina for the year 2018 [46] as inputs. The TOU 

prices are shown in Table 2.1. A demand charge of 13$/kW is considered. Optimality is defined 

as the PV size with the greatest annual net benefits, as shown in Figure 2-5.  

In this chapter, the benefits is defined as the amount of savings in utility bills between 

two cases, with and without PV under Duke’s TOU rates and demand charges. We also assume 

that the back feeding PV power is not paid under this rate structure.  

The levelized annual PV cost, 𝐶𝐶 can be expressed as:   

Figure 2-4. Aggregated nodal load profile 
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                                             𝐶𝐶 = 𝑘𝑘𝑃𝑃𝑃𝑃(𝑎𝑎𝑃𝑃𝑃𝑃.𝑃𝑃𝑃𝑃𝑃𝑃)                                                            (2.2) 

 𝑘𝑘𝑃𝑃𝑃𝑃 = 𝑖𝑖(1+𝑖𝑖)𝑦𝑦

(1+𝑖𝑖)𝑦𝑦−1
                               (2.3) 

Where 𝑎𝑎𝑃𝑃𝑃𝑃 is the PV capital cost of $1000/kW and 𝑘𝑘𝑃𝑃𝑃𝑃 capital recovery factor with 

lifetime 𝑦𝑦 = 20 years and discount rate  𝑖𝑖 = 8%. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5. Optimal PV sizes for three houses 
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Table 2-1. Duke Energy ToU Rates 
 

 
 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

2.2.4. PV Hosting Capacity 

PV Hosting capacity is defined as the maximum amount of PV that a feeder can 

accommodate before adverse impacts occur on a distribution feeder [21]. This value will be 

dependent on the feeder characteristics, PV size and location, monitoring criteria, and load. 

The overvoltage criterion is generally the primary concern of the power system utility and this 

is the criteria that will be used throughout this chapter to determine PV hosting capacity. The 

overvoltage caused by PV output can be a major limiting factor to how much PV generation 

Season Load Type Period TOU 
Rate  
($/kWh) 

Summer 
(June-September) 

Off-Peak 9 PM -11AM 0.07063 
Partial-Peak 11 AM -1 PM 

& 
6 PM -8 PM 

0.11996 

Peak 1 PM -6 PM 0.23507 
Winter 
(October-May) 

Off-Peak 8 PM -6 AM  
& 
1 PM -5 PM 

0.07063 

Partial-Peak 9 AM -12 PM 
 & 
5 PM -8 PM 

0.11708 

Peak 6 AM -9 AM 0.22356 
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Figure 2-6. TOU rate for DUKE for summer (left), winter (right) 
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capacity can be supported on a distribution system. In order to find the PV hosting capacity, 

we utilized a modified version of the stochastic analysis framework that was developed by 

EPRI for determining the impacts of PV systems on a distribution circuit as shown in Figure 

2-7. The modification that was added is a step to determine the optimal PV size for each 

residential house prior performing the hosting capacity. Instead of randomly drawing PV sizes 

from distribution curves (residential/commercial), a unique and optimal PV size can be found 

for every house on every load node on a distribution feeder. Note that by selecting an optimal 

PV size for each household, the reverse flow of PV generation can be reduced. 

The methodology to systematically simulate stochastic PV deployment scenarios is 

described in Figure 2-7. We selected 100 PV deployment scenarios (i.e.𝑀𝑀 = 100). Each 

scenario is unique in the order that PVs are deployed and the maximum nodal voltage is 

recorded for each scenario by performing time series power flow. The location of the PV 

systems are also different in each scenario, which is the main random variable.  

For a particular PV deployment scenario, the PV penetration level is increased from 

0% - 100% in a step of 5% (i.e.𝑁𝑁 = 20). The PV penetration is the ratio between total PV 

installed capacity in a feeder (kWp) and the maximum real power on the feeder. 
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The procedure used to determine the PV hosting capacity is summarized as follows: 
 

Table 2-2. Main steps for PV hosting capacity methodology 
 

Step 1: Process load data sources to create load pool whether it is 
1-mintue / 30-mintue resolution data. 

Step 2: Perform load allocation method for all load nodes to 
match the feeder head load profile with the household 
load profiles in the load pool.  This step will prepare the 
nodal load profiles for running quasi-static power flow 
simulations. 

Step 3: Run optimal PV size selection algorithm for each 
household to determine the optimal PV size for each 
house on the feeder based on the net annual benefits 
calculated using the Duke Energy ToU prices. 

Step 4: Perform stochastic analysis framework to determine PV 
hosting capacity using the voltage violation criterion. 

 
 
 

Figure 2-7. Stochastic analysis framework 
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2.3. Simulation Results and Analysis 

The analysis is performed in OpenDSS, an open-source system simulation software 

developed by EPRI [23].  OpenDSS is controlled through the COM interface by MATLAB. 

MATLAB is used for creating and iterating through each PV scenario as well as for the analysis 

of the results. OpenDSS is used to solve the time series power flow for each case. IEEE 123-

bus feeder and an actual distribution feeder provided by a local utility were used in the 

simulation process. In subsection 2.3.1, PV hosting capacity is calculated and compared under 

multiple PV allocation methods. Subsection 2.3.2 investigates the zonal-based analysis. 

Subsection 2.3.3 presents a comparison of PV hosting capacity with optimal PV allocation 

under different rate structure. Subsection 2.3.4 investigates the impacts of reactive power 

support from PV inverters on PV hosting capacity. 

2.3.1. PV Hosting Capacity under multiple PV allocation 

The load allocation method applied to the IEEE 123-bus feeder have allocated 647 

houses with weekly profiles to all load nodes aggregated to a substation load peak at 2.42 MW, 

and for the actual feeder it has 1573 houses with a substation load peak at 5.8 MW. A week is 

considered in this study with multiple PV load shapes simulating different types of weather 

conditions (sunny, cloudy, partially cloudy) thus creating more realistic scenarios, as shown in 

Figure 2-8.  
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Then, for every house, an optimal PV size was calculated based on its annual load 

profile. Stochastic analysis was performed to populate different PV deployments with optimal 

PV sizes and random locations starting from 5% PV penetration to 100%. In each PV 

deployment, a maximum bus voltage was recorded and a total of 2000 power flow (i.e. 20 

penetration level * 100 scenario) is run to simulate the different created scenarios. The PV 

hosting capacity was calculated based on overvoltage criterion under multiple PV sizing 

methods. As shown in Figures (2-9)-(2-11), PV hosting capacity under optimal-capacity-based 

(OCB), randomly assigned, and standardized PV allocation methods are presented for the 

actual distribution feeder. In Figure 2-9 (the OCB case), the maximum voltage profile reaches 

a point where voltage violations decreases as the PV penetration increases until it settled to an 

acceptable voltage (with no violation) under 100% PV penetration with 6.1 MW of PV 
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installed. As opposed to randomly assigned and standardized PV allocation methods, the 

maximum voltage rises as the PV penetration increases where it settled to unacceptable voltage 

under 100% PV penetration. Also, the minimum hosting capacity is 1.6 MW for randomly 

assigned and standardized PV allocation methods and it is 2.04 MW for OCB approach 

resulting in an increased capacity for PV without affecting the operational conditions.   

 

 

 
 

 
 
 

Figure 2-9. PV hosting capacity with OCB PV allocation 

Figure 2-10. PV hosting capacity with random PV allocation 
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In Figure 2-12, a comparison between the three PV allocation methods under multiple 

PV penetration levels is presented. Here, the PV penetration is defined as the percentage of 

customers with PV systems. Thus, 100% PV penetration represents that all customers on the 

actual feeder has a PV system. It can be seen that when the PV penetration level is low, all PV 

allocation method have relatively close maximum voltage profiles. When the PV penetration 

level is high, the randomly assign and standardized PV capacity allocations will over-estimate 

the voltage violation limiting possible future PV installation as compared with the OCB 

approach. 

Figure 2-11. PV hosting capacity with standard 10kW PV allocation 



 

30 
 

 

 
 
2.3.2. Zone-Based Analysis 

In a community, the installation of rooftop PV systems exhibits zonal characteristics 

because of the social contacts among neighbors. To model this phenomena in PV technology 

diffusion process, we applied a zonal PV allocation method in the distribution planning study.  

The IEEE 123-bus feeder is first divided into 10 zones using Proximity Analysis, as shown in 

Figure 2-13. Note that the number of zones can vary depending on the feeder topology, load 

types, and the length of the feeder. For each zone, 100% customers with PV systems is assumed 

and the voltage profile within that zone is recorded under different PV capacity allocations and 

then the voltage change between the case with no PV in the zone with the PV case is presented 

in Figure 2-14 
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From the results as shown in Figure 2-14, it can be observed that the OCB PV allocation 

method yields smaller voltage changes compared with random or 1-size PV allocation 

methods. Also, zonal voltage changes are correlated to electrical connection between zones 

Figure 2-13. Zones topology for IEEE 123-bus feeder 
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and load characteristics. Criterions can be set up to identify the zones that can host more PVs 

or less PVs in order to increase the overall hosting capacity on the feeder. As expected, if a 

zone is located further away from the substation or a voltage regulator, voltage changes 

increases. Thus, we can use this method to identify the zones that are more vulnerable to 

voltage violations with concentrated PV installations 

2.3.3. Results Comparison between Different Rate Structures 

In this section, other rate structures will be used to obtain the optimal PV size and 

explore the potential impacts on the annual net benefits and eventually on the grid PV hosting 

capacity. TOU rate designed by PG&E in California [47] will be used, as shown in Figure 2-

15 and Table 2.3. The optimal PV selection method obtains two different PV sizes for the same 

house under North Carolina and California TOU rates. It can be concluded from Figure 2-16 

that the annual net benefits under California rate is higher than North Carolina rate by 50% 

and yields a larger PV size selection. The PV hosting capacity remains the same under both 

rates for the actual test distribution feeder. 
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Table 2-3. PG&E TOU rate in California 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Figure 2-16. Optimal PV size for a house under North Carolina and California TOU rates 
 

 
2.3.4. PV Hosting capacity with Reactive power support from the PV inverters  

In the previous PV hosting capacity calculations, PV systems are operated under a unity 

power factor setting to maximize its real power generation. A smart inverter can be utilized to 

regulate the voltage at the point of interconnection by varying the output of the inverter. For 

this subsection, each inverter is sized such that its total apparent power S can reach up to 110% 

of its rated real power capacity P, which increases the amount of reactive power Q that can be 

provided, as shown in (2.4): 
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                                            𝑄𝑄 = √𝑆𝑆2 − 𝑃𝑃2                                                      (2.4) 

Thus the use of PV inverters for voltage support can be assessed and the impact this 

control has on the distribution network hosting capacity can be calculated. For PV hosting 

capacity calculation, the optimal PV sizes under North Carolina TOU rate are used. The PV 

penetration is the ratio between total PV installed capacity in a feeder (kWp) and the maximum 

apparent power on the feeder. 

The results from Subsection 2.3.1 shown that the hosting capacity for the actual 

distribution feeder test was calculated to be 2.04 MW which represents 33% of the maximum 

apparent power on the feeder. It can be seen that after this amount of PV penetration, the grid 

will observe some overvoltage violations. The load allocation method has allocated 1573 

houses to this feeder with a substation load peak at 5.8 MW. Therefore, the impact of having 

only a certain percentage of total inverters utilizing Volt/Var capability is studied. The results 

are shown in Table 2.4. It can be seen that with only half of the inverters on the feeder 

injecting/absorbing reactive power, the maximum hosting capacity has been met. Therefore, 

smart inverter have been demonstrated to show that it can participate in eliminating 

overvoltage violations and regulating the voltage at the point of interconnection. 
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Table 2-4. PV Hosting Capacity with inverters utilizing Volt/VAR 
 

% Of Inverters with 

Volt/VAR control 

Number of 

Inverters 

PV Hosting 

capacity (MWp) 

PV Hosting 

capacity ( % ) 

0 0 2.04 33% 

30 472 4.025 65% 

50 787 6.158 105% 

70 1102 6.158 105% 

100 1573 6.158 105% 

 
 
2.4. Conclusions 

Our simulation results demonstrate that it is of great importance for distribution 

planning engineers to apply optimal PV sizing and zonal allocation methods to identify the PV 

hosting capacity.  Installing large PV systems in weaker zones will decrease the overall PV 

hosting capacity. Adding voltage regulation devices or letting customers choose an optimal 

size can alleviate the voltage violations.   

When the PV penetration level is high, the ongoing PV capacity allocation methods, 

i.e. randomly assigning PV capacities or use a fixed PV capacity regardless or residential load 

characteristics will over-estimate the voltage violation and under-estimate the PV hosting 

capacity.  Such approaches will limit future PV installation as compared with the OCB 

approach. Dividing a feeder into zones can also facilitate the PV hosting capacity study by 

addressing the clustering phenomena in the technology diffusion process. We expect the new 

considerations introduced in this chapter will assist utility engineers improving PV hosting 

capacity studies and developing zonal based voltage control methods. Also, TOU rate 

structures have a big impact of the PV selection process for a household and more savings can 

be achieved. Smart inverters utilizing Volt/Var control shown to effectively regulate the 



 

36 
 

voltage at their point of interconnection allowing more PV installations and increasing the 

hosting capacity of the distribution feeder.  
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Chapter 3 . Zonal Volt/VAR Control Mechanism for High PV Penetration Distribution 

Systems 

3.1. Introduction 

In recent years, inverter-based distributed energy resources (DERs), such as rooftop 

photovoltaics (PV) systems are drawing increasing attention for their superb capabilities of 

regulating real and reactive power outputs. This chapter presents a zonal Volt/VAR control 

scheme that coordinates Photovoltaic (PV) inverters for providing voltage regulation on 3-

phase unbalanced distribution feeders [48]. Voltage sensitivity studies are conducted to 

uncover the dependency between nodal voltage changes and the reactive power injections at 

nodes with smart PV inverters. A fast incremental clustering method is developed to divide the 

distribution feeder into weakly coupled zones based on correlations of nodal voltage 

sensitivities. Because each zone is weakly coupled, voltage of each zone can be controlled 

independently. Thus, in each zone, a rule-based voltage controller will dispatch PV smart 

inverters to provide reactive power control for correcting the over/under voltages. Simulation 

results on actual distribution feeder show that the proposed zone-based Volt/VAR control 

method maintains system voltages within their operational limits while reducing the runtime 

of the Volt/VAR controller from tens of second to a couple of milliseconds compared with 

centralized, optimization-based Volt/VAR control methods. 

3.1.1. Literature Review 

In the literature, inverter-based resources (IBRs) voltage regulation (VR) schemes in 

distribution networks are categorized into central [49], local [50, 51, 52] and distributed [53, 

54]. Centralized methods, formulated as global optimization problems, normally require full-

network observability and rely on high-bandwidth communication infrastructures for 
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monitoring and control. Local control strategies, aiming at regulating the voltage at a specific 

node, require only local measurements. Distributed control methods, allowing coordination 

among devices, employ low-bandwidth communication links for a limited amount of data 

exchange between units to achieve a joint control objective at the least cost using all resources 

available at the time. 

In this chapter, we will use the distributed IBR voltage control approach to develop a 

zonal IBR voltage regulation algorithm that uses a voltage sensitivity based partition method 

to dispatch small-scale PV units for providing voltage regulation services. The main idea is to 

divide a large distribution network into non-overlapping weakly-coupled IBR zones so that 

voltage control of the entire network can be effectively achieved by controlling the voltage 

inside each IBR zone. 

In the literature, methods for partitioning a distribution networks into smaller zones 

have been reported. In [28], Biserica et al. proposed a zoning method based on k-means 

clustering algorithm for ancillary services in distribution networks with distributed generation. 

In [55], Ding et al. divided the distribution network into several sub-communities based on the 

spectral clustering algorithm to provide voltage control. An affinity propagation clustering 

algorithm is employed in [56] by Li et al. to divide the distribution network and proposes a 

distributed Volt/VAR control method to minimize power loss. In [57], Zhao et al. proposed a 

network partition method based on a community detection algorithm to perform zonal voltage 

control. Also, particle swarm optimization (PSO) is applied to achieve optimal control by 

minimizing the amount of active/reactive power control in clusters. Network partitioning 

algorithm based on binary particle swarm optimization (BPSO) was presented by Li et al in 

[26] to provide two-stage decentralized optimal reactive power dispatch. A power network 
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partition method based on power flow tracing and agglomerative algorithm for reactive power 

control is presented by Gong et al in [27]. 

In the aforementioned approaches, when applying clustering algorithms to achieve 

network partition, a distance metric is needed for describing the relationships among nodes in 

the distribution network. The distance metric was defined by a modified electrical distance 

based on the impedance distance, reactive power-voltage magnitude sensitivity, and 

modularity index in [55], [56, 27, 26], and [57], respectively. However, to implement zonal 

voltage control, all those approaches are optimization-based approaches, resulting in a 

significant computational cost being paid to minimizing active power losses or voltage 

fluctuations within each voltage control zone. Also, the current research has been limited to 

small IEEE test systems [55, 56, 57, 26, 27], or/and small balanced distribution systems [28, 

55, 57], making it hard to scale up to large, unbalanced distribution feeders with hundreds or 

thousands of load nodes that supply a mix of 1-phase, 2-phase, and 3-phase unbalanced loads. 

To avoid the use of optimization in distributed controller design, in this chapter, we propose a 

rule-based distributed reactive power control scheme that clusters small-scale residential PV 

inverters as coherent groups. This allows us to use them as aggregated and controllable 

resources for providing voltage regulation services. Voltage sensitivity analysis is done to 

uncover the corresponding dependencies between voltage magnitude changes and the reactive 

power injections at a PV load node in order to partition the distribution system into the coherent 

groups. 

3.1.2. Contribution 

In this paper, we propose a rule-based, distributed IBR voltage control scheme to 

reduce the runtime to milliseconds without the need for sophisticated compute engines. This 
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enables IBR voltage control at grid-edge on a full-size utility feeder possible. The contributions 

of the chapter are summarized as follows. First, we developed an IBR-zone identification 

methodology for dividing load nodes on a distribution feeder into IBR zones so that each IBR 

zone consists of a collection of nodes with strongly correlated voltage-load sensitivities 

whereas nodes in different zones are weakly correlated. Second, based on the voltage-load 

sensitivity, a distributed, priority-list based zonal IBR control scheme is developed to correct 

voltage violations in its local zone as a non-optimization based IBR voltage control. This 

greatly simplified the control algorithm and shortened the computation speed. Third, the 

unbalanced nature of distribution feeders is accounted for by treating each phase separately.   

A centralized control presented in [58] has been used as a benchmark case to compare 

the results of the proposed zonal-based control using an actual 3-phase unbalanced distribution 

feeder. The simulation results demonstrate that the proposed algorithm significantly reduces 

the running time while showing comparable performance with the centralized optimization-

based control approach.  

The remainder of this chapter is organized as follows. Section 3.2 presents zone-based 

voltage regulation method. Section 3.3 illustrates the simulation results of the proposed 

methods. Section 3.4 summarizes the chapter. 

3.2. Zone-based IBR Voltage Regulation Method 

In this section, the zone-based IBR voltage regulation method is presented. Subsection 

3.2.1 describes the voltage-load sensitivity analysis. Clustering method for IBR zone 

identification is presented in subsection 3.2.2. Zone-based Volt/VAR control mechanism is 

described in subsection 3.2.3. Finally, in subsection 3.2.4, a centralized Volt/VAR control is 

presented as a benchmark case. 
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3.2.1. Voltage-Load Sensitivity Analysis 

Voltage sensitivity analysis is essential for understanding the corresponding 

dependencies between voltage magnitude changes and the P and Q injections at a DG bus. In 

the literature, voltage sensitivities can be calculated either using the Jacobian matrix after 

solving a Newton Raphson power flow [59] or using power flow simulation results [60]. In 

[60], it considers the current operating conditions of the network and two power flows with a 

small change in the reactive power at the bus of interest. In this chapter, we use the power flow 

based voltage-load sensitivity matrix (VLSM) calculation method introduced in [60] to 

calculate the VLSM with respect to reactive power changes, 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄, expressed as   

                                    𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄 =

⎣
⎢
⎢
⎡
q1,1 q1,2 … q1,N

q2,1 q2,2 … q2,N

⋮
qN,1

⋮
qN,2

⋱
…

⋮
qN,N⎦

⎥
⎥
⎤
                                      (3.1) 

The jth column of 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄 is calculated as  

                     𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄(: , 𝑗𝑗) = �
𝑞𝑞1,𝑗𝑗
⋮

𝑞𝑞𝑁𝑁,𝑗𝑗

� =
𝑃𝑃𝑖𝑖,𝑗𝑗
𝑄𝑄− 𝑃𝑃𝑖𝑖

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

∆𝑄𝑄𝑗𝑗
      ∀ 𝑖𝑖 ∈ 𝑁𝑁,∀ 𝑗𝑗 ∈ 𝑁𝑁                (3.2) 

where 𝑁𝑁 is the number of load nodes; 𝑉𝑉𝑖𝑖𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is the base voltage at load node 𝑖𝑖 for a 

given power flow case;  ∆𝑄𝑄𝑗𝑗 is the reactive power perturbation at node 𝑗𝑗; 𝑉𝑉𝑖𝑖,𝑗𝑗
𝑄𝑄  is the voltage at 

node 𝑖𝑖 when perturbing node 𝑗𝑗 by  ∆𝑄𝑄𝑗𝑗. It should be noted that 𝑁𝑁 represents the number of 

single-phase load nodes on a feeder, i.e., one 3-phase load node is represented as three single-

phase load nodes. 

3.2.2. Clustering Method for IBR Zone Identification 

Distribution feeders are inherently unbalanced because line transposition is usually not 

used and phase loading is always fluctuating [61]. In actual distribution feeders, loads on 
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different phases are changing all the time due to unpredictable factors such as customer 

consumption characteristics and weather conditions. Moreover, the amount of unbalanced 

voltage drop depends on many factors, such as network loading level, load distribution, line 

length, phase geometry and conductor type [61]. Consequently, all three phases need to be 

represented and treated differently. Therefore, we group loads on the same phase first before 

clustering, as shown in Figure 3-1.  

 

Figure 3-1. Distribution feeder IBR zone clustering process 
 

In principle, an IBR zone consists of load nodes with highly-correlated nodal voltage 

changes. To determine the number of IBR zones in a feeder and identify the number of load 

nodes in each IBR zone, we apply the fast incremental clustering (FIC) method for clustering 

load nodes using 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄  computed at different loading conditions. FIC is a non-iterative 

algorithm [62] for classifying data one-by-one in a sequential manner. Thus, each load node is 

considered only once and after the classification of a load node is completed, its membership 

to a cluster will not change. This kind of analysis is beneficial with large datasets which is the 

case for distribution feeders with more than one thousand buses. 
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Because FIC relies on the order in which the data is processed, we first sort the load 

nodes in ascending order according to their distance to the substation before FIC is applied. 

This sorting is necessary because voltage sensitivity increases with distance. 

At each time interval t, compute  𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄  and calculate the mean and the standard 

deviation of the jth column of 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄 , as 𝜇𝜇𝑗𝑗 and 𝜎𝜎𝑗𝑗 . Then, compute the voltage sensitivity 

correlation matrix, 𝐂𝐂𝐐𝐐 as  

                             𝐂𝐂𝐐𝐐 =

⎣
⎢
⎢
⎡

1 𝑐𝑐1,2 … 𝑐𝑐1,𝑁𝑁

𝑐𝑐2,1 1 … 𝑐𝑐2,𝑁𝑁

⋮
𝑐𝑐𝑁𝑁,1

⋮
𝑐𝑐𝑁𝑁,2

⋱
…

⋮
1 ⎦
⎥
⎥
⎤
               (3.3) 

                𝑐𝑐𝑚𝑚,𝑛𝑛 =
1
𝑁𝑁
��

𝑞𝑞𝑖𝑖,𝑚𝑚 − 𝜇𝜇𝑚𝑚
𝜎𝜎𝑚𝑚

� �
𝑞𝑞𝑖𝑖,n − 𝜇𝜇n

𝜎𝜎n
� 

𝑁𝑁

𝑖𝑖=1

      ∀ 𝑚𝑚 ∈ 𝑁𝑁,∀ 𝑛𝑛 ∈ 𝑁𝑁                       (3.4) 

where 𝑐𝑐𝑚𝑚,𝑛𝑛  is the Pearson correlation coefficient [62] for evaluating the correlation 

between any two columns, 𝑚𝑚 and 𝑛𝑛, in 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄. The values of the correlation coefficients 𝑐𝑐𝑚𝑚,𝑛𝑛 

range between -1 and 1, where “-1” represents a negative correlation, “0” represents no 

correlation, and “1” represents a positive correlation [62]. The correlation matrix 𝐂𝐂𝐐𝐐  is a 

symmetric matrix with a dimension of (𝑁𝑁 × 𝑁𝑁) and 𝑐𝑐𝑗𝑗𝑗𝑗 = 1. Thus the number of coefficients 

needed to construct this matrix equal to 𝑁𝑁×(𝑁𝑁−1)
2

.   

The mean voltage sensitivity correlation coefficient between a new load node 𝑙𝑙 and the 

𝑚𝑚𝑘𝑘 load nodes in an existing IBR zone 𝑘𝑘, 𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙,𝑘𝑘 is calculated as 

                             𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙,𝑘𝑘 =
1
𝑚𝑚𝑘𝑘

.�𝑐𝑐𝑙𝑙,𝑥𝑥

𝑚𝑚𝑘𝑘

𝑥𝑥=1

      ∀ 𝑘𝑘 ∈ 𝐾𝐾                                            (3.5) 

where x is the index of the load node inside IBR zone 𝑘𝑘 and  𝐾𝐾 is the total number of 

IBR zones.  
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If  𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙,𝑘𝑘 calculated for all 𝐾𝐾 zones are below the correlation threshold, 𝛼𝛼, a new IBR 

zone will be created. Otherwise, put node 𝑙𝑙  into an existing IBR zone with the 

maximum 𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙,𝑘𝑘 . Because FIC groups load nodes by comparing  𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙,𝑘𝑘 to 𝛼𝛼, increasing 𝛼𝛼 

will increase the number of IBR zones. The process of FIC is summarized in Algorithm 1. 

The fast incremental clustering method is summarized as follow: 

Table 3-1. Fast Incremental Clustering Algorithm 
 

Algorithm 1: Fast Incremental Clustering 
1: Set the number of IBR zones to be 𝐾𝐾 = 1 and select a 

correlation threshold, α. 
2: Place node 1 into IBR zone 1. 

3: Compute the correlation matrix 𝐶𝐶𝑄𝑄 using (3.3). 

4: for node l=2…N 

5:     Use (3.5) to calculate 𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙,𝑘𝑘 for all 𝐾𝐾 IBR zones.  

6:     if max
𝑘𝑘∈𝐾𝐾

 (𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙,𝑘𝑘) ≥ 𝛼𝛼 

7:         Place l in the zone having maximum 𝑚𝑚𝑐𝑐𝑐𝑐𝑙𝑙,𝑘𝑘. 

8:     else 

9:         𝐾𝐾 = 𝐾𝐾 + 1 

10:         Place l in the new IBR zone 𝐾𝐾. 

11:     end 

12:                  𝑙𝑙 = 𝑙𝑙 + 1 

13:                  end 
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3.2.3. Zone-based Volt/VAR Control Mechanism 

After all 𝑁𝑁 nodes on a feeder are grouped into 𝐾𝐾 zones using the method developed in 

subsection 3.2.2, for voltage violations inside a IBR zone, we can use IBR resources inside 

that zone to alleviate or remove those violations because all nodes inside a IBR zone are highly-

correlated. This will also allow us to prioritize IBR resources inside an IBR zone based on 𝑐𝑐𝑚𝑚,𝑛𝑛, 

which is an indicator for how effective the nodal reactive power injection at node 𝑚𝑚 is for 

regulating the voltage on node  𝑛𝑛 . The priority-list based dispatch is straightforward and 

computationally efficient comparing to the optimization-based IBR resource dispatch.  

At every time step 𝑡𝑡, if any voltage violations are detected in IBR zone k, the 𝑘𝑘th IBR 

zone controller will be in voltage corrective mode (see Point 1 in Figure 3-2), and will identify 

the extreme load node 𝑟𝑟 , which is the node with the highest over-voltage, 𝑉𝑉𝑟𝑟,𝑘𝑘
+ (𝑡𝑡), or the lowest 

under-voltage, 𝑉𝑉𝑟𝑟,𝑘𝑘
− (𝑡𝑡) and compute its extreme voltage violation, ∆𝑉𝑉𝑟𝑟(𝑡𝑡), as   

 

∆𝑉𝑉𝑟𝑟(𝑡𝑡) = � 
 𝑉𝑉𝑟𝑟,𝑘𝑘

+ (𝑡𝑡) − 𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥     𝑠𝑠. 𝑡𝑡.   𝑉𝑉𝑟𝑟+(𝑡𝑡) = max
𝑥𝑥∈𝑚𝑚𝑘𝑘

𝑉𝑉𝑥𝑥  
  

𝑉𝑉𝑚𝑚𝑖𝑖𝑛𝑛 − 𝑉𝑉𝑟𝑟,𝑘𝑘
− (𝑡𝑡)   𝑠𝑠. 𝑡𝑡.   𝑉𝑉𝑟𝑟−(𝑡𝑡) = min

𝑥𝑥∈𝑚𝑚𝑘𝑘
𝑉𝑉𝑥𝑥

                          (3.6) 

 

where 𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥  and 𝑉𝑉𝑚𝑚𝑖𝑖𝑛𝑛  is the predetermined nodal voltage upper and lower limit, 

respectively. 
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Figure 3-2. IBR-based voltage correction process 
 

Then, the required reactive power, ∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡), for correcting ∆𝑉𝑉𝑟𝑟(𝑡𝑡) can be calculated 

as 

∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) = ∆𝑃𝑃𝑟𝑟(𝑡𝑡)
 𝛼𝛼 .𝑅𝑅𝑟𝑟,𝑟𝑟

                                                  (3.7) 

where 𝑞𝑞𝑟𝑟,𝑟𝑟  is the voltage-reactive power sensitivity at node 𝑟𝑟  from the 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄 . 

Because all the load nodes within a zone are highly correlated at  𝛼𝛼  correlation level, the 

correction of the largest nodal voltage violation will let all other nodal voltages inside the IBR 

zone return to the normal range. Note that when ∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) is positive/negative, the system 

requires reactive power injection/absorption.  

To regulate the voltage at node 𝑟𝑟 in the 𝑘𝑘thIBR zone, all node 𝑥𝑥 in IBR zone 𝑘𝑘 will be 

assigned a priority based on 𝑐𝑐𝑥𝑥,𝑟𝑟 (∀ 𝑥𝑥 ∈ 𝑚𝑚𝑘𝑘) calculated by (3.4) in the descending order. Thus, 

a distributed, priority-list based zonal IBR control scheme is developed. Let 𝑃𝑃𝑉𝑉𝑘𝑘 represent the 

priority list in the in 𝑘𝑘thIBR zone, which consists of a set of 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄 ranked nodes indexed 
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by 𝑝𝑝𝑘𝑘, where 𝑝𝑝𝑘𝑘 ∈ [1 𝑚𝑚𝑘𝑘]. The controller dispatch from the node on the top of the priority list 

in a sequential manner until ∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) is met or all the resources within the zone are exhausted. 

If the node does not contain a smart inverter, the controller would go to the next node on the 

priority list. 

To avoid voltage oscillations caused by the sudden drop of reactive power supply, a 

voltage return band,  [(𝑉𝑉𝑚𝑚𝑖𝑖𝑛𝑛 + 𝜀𝜀𝑑𝑑) , (𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥 − 𝜀𝜀𝑢𝑢)],  is defined, where 𝜀𝜀𝑢𝑢  and 𝜀𝜀𝑑𝑑  are the two 

voltage return margins. If voltage at the extreme node 𝑟𝑟 returns to the idle zone (see point 2 in 

Figure 3-2), the IBR controller will do nothing; if the voltage returns to the reset zone (see 

point 3 in Figure 3-2), the IBR controller will return smart inverters 𝐷𝐷𝑘𝑘 to the unity power 

factor mode based on the reversed priority list where we will use (3.6) and (3.7) to 

calculate ∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡). This will reset IBRs back to unity power factor based on the reversed 

priority list.  

The zonal Volt/VAR control algorithm is summarized in Algorithm 2. 

 

 

 

 

 

 

 

 

 

 



 

48 
 

Table 3-2. Zone-based Volt/VAR Control 
 

Algorithm 2: Zone-based Volt/VAR Control 
1: At time 𝑡𝑡, run power flow simulation. Set 𝑝𝑝𝑘𝑘 = 0,𝐷𝐷𝑘𝑘 = 𝑚𝑚𝑘𝑘. 
2: for 𝒌𝒌 = 𝟏𝟏:𝑲𝑲 
3: if 𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥 ≥ 𝑉𝑉𝑟𝑟,𝑘𝑘

+  ≥ 𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥 − 𝜀𝜀𝑢𝑢 or 𝑉𝑉𝑚𝑚𝑖𝑖𝑛𝑛 + 𝜀𝜀𝑑𝑑 ≥ 𝑉𝑉𝑟𝑟,𝑘𝑘
−  ≥ 𝑉𝑉𝑚𝑚𝑖𝑖𝑛𝑛  

4:   The 𝑘𝑘thIBR zone controller is in idle mode. 
5: else if 𝑉𝑉𝑟𝑟,𝑘𝑘

+ > 𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥  or  𝑉𝑉𝑟𝑟,𝑘𝑘
− < 𝑉𝑉𝑚𝑚𝑖𝑖𝑛𝑛 

6: The 𝑘𝑘thIBR zone controller is in voltage corrective mode. 
7: else if 𝑉𝑉𝑟𝑟,𝑘𝑘

+ < 𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥 − 𝜀𝜀𝑢𝑢  or  𝑉𝑉𝑟𝑟,𝑘𝑘
− > 𝑉𝑉𝑚𝑚𝑖𝑖𝑛𝑛 + 𝜀𝜀𝑑𝑑 

8: The 𝑘𝑘thIBR zone controller is in reset mode. 
9: end if. 
10: Calculate  ∆𝑉𝑉𝑟𝑟(𝑡𝑡) and ∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) using (3.6) and (3.7) 
11: Rank all nodes based on 𝑐𝑐𝑥𝑥,𝑟𝑟 in descending order to obtain 𝑃𝑃𝑉𝑉𝑘𝑘. 
12:    while ∆𝑸𝑸𝑹𝑹𝑹𝑹𝑹𝑹 > 𝟎𝟎 
13: if in corrective mode and 𝒑𝒑𝒌𝒌 < 𝒎𝒎𝒌𝒌 
14: 𝑝𝑝𝑘𝑘 = 𝑝𝑝𝑘𝑘 + 1  
15: Select node 𝑃𝑃𝑉𝑉𝑘𝑘(𝑝𝑝𝑘𝑘)  
16: if this is a PV node  
17: 𝑄𝑄𝑃𝑃𝐿𝐿(𝑝𝑝𝑘𝑘) = 𝑄𝑄𝑃𝑃𝑃𝑃,𝑟𝑟𝑚𝑚𝑡𝑡𝑅𝑅𝑑𝑑,  𝑓𝑓𝑙𝑙𝑎𝑎𝑓𝑓�𝑃𝑃𝑉𝑉𝑘𝑘(𝑝𝑝𝑘𝑘)� = 1  
18:  else 𝑄𝑄𝑃𝑃𝐿𝐿(𝑝𝑝𝑘𝑘) = 0  
19: end if  
20: Update ∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅 = ∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑄𝑄𝑃𝑃𝐿𝐿(𝑝𝑝𝑘𝑘) 
21: else if in corrective mode and 𝑝𝑝𝑘𝑘 ≥ 𝒎𝒎𝒌𝒌 
22: Resources exhausted so 𝑝𝑝𝑘𝑘 = 𝑚𝑚𝑘𝑘 and let the 𝑘𝑘thIBR zone controller idle. 
23: else if in reset mode 
24:  if 𝑓𝑓𝑙𝑙𝑎𝑎𝑓𝑓�𝑃𝑃𝑉𝑉𝑘𝑘(𝐷𝐷𝑘𝑘)� = 1 
25:       Update ∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅 = ∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑄𝑄𝑃𝑃𝐿𝐿(𝐷𝐷𝑘𝑘) 
26:        𝑄𝑄𝑃𝑃𝐿𝐿(𝐷𝐷𝑘𝑘) = 0, 𝑓𝑓𝑙𝑙𝑎𝑎𝑓𝑓�𝑃𝑃𝑉𝑉𝑘𝑘(𝐷𝐷𝑘𝑘)� = 0 
27:  end if 
28: 𝐷𝐷𝑘𝑘 = 𝐷𝐷𝑘𝑘 − 1 
29: else if in reset mode and 𝐷𝐷𝑘𝑘 = 𝟎𝟎  
30:  Let 𝑘𝑘thIBR zone controller idle. 
31: end if  
32: end while 
33: end for 
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3.2.4. Centralized Volt/VAR Control Benchmark Case 

A centralized optimal Volt/VAR control (CVVC) method introduced in [58] is used as 

a benchmark case for comparing the performance of the zonal Volt/VAR control method. In 

the CVVC method, the controller requires full visibility of the real-time voltage at each node 

as well as the real-time 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄 . The 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄  is calculated using the same procedure described 

in subsection 3.2.1, except that it is re-calculated every 5 minutes to reflect the real-time load 

and PV generation levels. Therefore, many power flows are run at the beginning of each control 

cycle which occurs every 5 minutes. Real-time load and PV generation measurements or 

estimates at each node are used as inputs to the power flow calculations. A linear optimization 

minimizes the cost of control actions and enforces voltage constraints at each node using 

voltages estimated by the 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄 . 

The CVVC optimization is formulated as 

min
𝑑𝑑∈𝐷𝐷

(∑𝐶𝐶𝑑𝑑(𝑄𝑄𝑑𝑑+,𝑄𝑄𝑑𝑑−))                                                    (3.9) 

𝑄𝑄𝑑𝑑,𝑚𝑚𝑖𝑖𝑛𝑛 < 𝑄𝑄𝑑𝑑+ −  𝑄𝑄𝑑𝑑− < 𝑄𝑄𝑑𝑑,𝑚𝑚𝑚𝑚𝑥𝑥 ∀𝑑𝑑 ∈ 𝐷𝐷                        (3.10) 

𝑉𝑉𝑚𝑚𝑖𝑖𝑛𝑛 < 𝑉𝑉𝑗𝑗 +  ∑ (∆𝑄𝑄𝑑𝑑 × qj,d)𝑑𝑑∈𝐷𝐷 < 𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥  ∀𝑗𝑗 ∈ 𝑁𝑁                (3.11) 

∆𝑄𝑄𝑑𝑑 =  𝑄𝑄𝑑𝑑+ −  𝑄𝑄𝑑𝑑− − 𝑄𝑄𝑑𝑑0                            (3.12) 

𝐶𝐶𝑑𝑑(𝑄𝑄𝑑𝑑+,𝑄𝑄𝑑𝑑−) = 𝑐𝑐𝑑𝑑 × (𝑄𝑄𝑑𝑑+ +  𝑄𝑄𝑑𝑑−)  ∀𝑑𝑑 ∈ 𝐷𝐷               (3.13) 

where 𝑄𝑄𝑑𝑑+  and  𝑄𝑄𝑑𝑑−  are the decision variables represent injection and absorption of 

reactive power for each inverter 𝑑𝑑 in the entire set of inverters on the circuit, 𝐷𝐷. Note that since 

this is a centralized method, we consider all inverters at once rather than limiting to the 

inverters in one zone at a time. Reactive power is limited in (3.10) to the remaining inverter 

capacity after considering the active power output and (3.11) enforces voltage constraints. The 

expected voltages after control are estimated using the voltage sensitivities. The change in 
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reactive power ∆𝑄𝑄𝑑𝑑 is the difference between the new net reactive power injection and the 

initial reactive power injection 𝑄𝑄𝑑𝑑0  at the beginning of the control cycle which was used in the 

initial power flow, as shown in (3.12).  

The algorithm is implemented in Python and the optimization is solved using the Ipopt 

solver through pyomo. The minimum and maximum voltage limits are set to the .951 and 1.049 

pu respectively. These limits are slightly inside the ANSI limits to allow for up to 0.001 pu 

voltage error which can be introduced by the VLSM-based voltage approximation. The 

reactive power cost is chosen to reflect a cost of $0.01 per kvar × hour, and is scaled to kvar × 

5-minutes because the optimization is carried out every 5 minutes. All inverters have the same 

cost in this case. Therefore, the most effective inverters to address the voltage issues based on 

the VLSM will be dispatched in order to solve all voltage issues with the minimum amount of 

reactive power. 

3.3. Simulation Results and Analysis 

A three-phase unbalanced actual distribution feeder model representing a real circuit 

located in North Carolina is selected to verify the effectiveness of the proposed methods. The 

topology of the feeder is shown in Figure 3-3. The feeder includes 1388 nodes, 415 of which 

are load nodes. The feeder load disaggregation algorithm presented in [42] has been used to 

allocate 1-min resolution daily residential load profiles from Pecan Street [45] to every load 

node on a test feeder. This step is important to give each load node a realistic individual load 

profile and will prepare the nodal load profiles for running quasi-static power flow simulations. 

The analysis is performed in OpenDSS, an open-source system simulation software developed 

by EPRI [23]. The disaggregation algorithm allocates 1024 households to the feeder with a 

feeder load peak at 3.52 MW.  
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Figure 3-3. Actual distribution feeder topology 
 

To model high-PV penetration scenarios, we assume that each household has a 5 kW 

PV system connected to it. At the feeder level, the PV installation is 5.12 MW. We assume 

that each inverter can inject and absorb reactive power and is sized such that its total apparent 

power 𝑆𝑆 can reach up to 110% of its rated active power capacity 𝑃𝑃.  

The maximum real-time PV penetration situation is considered as the most critical 

scenario because it withstands the most severe voltage variations as seen in Figure 3-4. Thus, 

we will use the 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄 results at the highest PV penetration and it will not be updated through 

the weekly simulation. Note that the PV penetration is defined as the percentage of the peak of 

the aggregated PV output to the peak load on the feeder. 
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Figure 3-4. Voltage-load sensitivity under different PV penetrations scenarios. 
 

3.3.1. IBR Zone Identification 

FIC was performed for various PV generation and load levels reflecting variable 

operation conditions and it generated a stable number of clusters. In Figure 3-5, we evaluate 

the impact of different values of correlation threshold 𝛼𝛼 on the number of IBR zones identified 

in each phase and have the following observations: 

• For each phase, the number of IBR zones can be different, demonstrating the 

needs for treating each phase separately. This can also be demonstrate by the fact 

that if 𝛼𝛼 ≤ 0.92, all nodes on a phase can be clustered into a single IBR zone.  

• When α increases, the number of IBR zones increases. Increasing the number of 

IBR zones will increase the number of zonal IBR controllers but will achieve 

higher voltage variations correlation level within each zone. 
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Figure 3-5. Impact of 𝜶𝜶  on the number of IBR zones. 
 
 

We will be comparing zonal voltage control results under two correlation thresholds. 

At 92%, where each phase is considered as a zone by itself summing to 3 zones, and at 96%, 

where each phase is divided into two zones summing to 6 zones. The proposed zones 

boundaries under 92% correlation threshold are shown in Figure 3-6. It should be noted that 

three-phase load nodes are equipped with three single-phase inverters and in this case each 

inverter will belong to a different zone according to the phases. So in Figure 3-6, at the top of 

the feeder where most of the load nodes are three-phase nodes, each inverter will be belong to 

a zone according to its phase which cannot be shown graphically. 
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Figure 3-6. IBR zones identification on a distribution feeder (𝜶𝜶 = 𝟗𝟗𝟗𝟗%)   
 
 
 

3.3.2. Zonal Volt/VAR Control Performance  

In this section, two cases (i.e., 3-zone and 6-zone) are used to compare the number of 

IBR zones on the zonal IBR controller performance. In both cases, set 𝑉𝑉𝑚𝑚𝑖𝑖𝑛𝑛 = 0.951 p.u. and 

𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥 = 1.049 p.u., which are within the ANSI limits. As shown in Fig. 3.7, where each color 

curve represents voltage profile of a load node, dividing the feeder into 3 or 6 IBR zones results 

in similar performance where both controller regulate the voltage profile within the ANSI 

limits at similar computational time. 
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Figure 3-7. Comparison of daily voltage profiles. 
 
 
 
3.3.3. Comparison with the CVVC algorithm 

In Figure 3-8, the reactive power absorption needed from phase A smart inverters (from 

8 a.m. till 5 p.m.) to correct voltage violations at node 411 Phase A (𝑖𝑖. 𝑒𝑒.  𝑉𝑉𝑟𝑟,1
+ ) is shown for 

zonal and centralized control. It can be seen that the zonal control estimates near optimal 

reactive power absorption during voltage corrective mode which validates the effectiveness of 

proposed control scheme. Also, when the controller is in return mode, the zonal control 

underestimates its Q absorption reduction as compared with the centralized controller and that 

is expected because there is a return voltage band within the zonal controller logic. A 

comparison has been carried out for with and without voltage return margins, where we show 
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that the introduction of the voltage return band can reduce the voltage oscillations but 

underestimate the required 𝑄𝑄 reduction. The results also show that 𝜀𝜀𝑢𝑢 = 0.001 𝑝𝑝. 𝑢𝑢. yields the 

best performance. 

 
 

Figure 3-8. Node 411 voltage profile and reactive power compensation. 
 
 

In Figure 3.9 (a), we show a violin plot for the full distribution of the maximum voltage 

for the whole week for the three cases, namely the base case (no control), the zonal control 

case (3-zone), and the centralized control. The plots show that the zonal voltage control 

algorithm can maintain the voltage profile within desired limits under time varying condition 

with similar performance as that of optimization based methods. In Figure 3.9 (b), we show a 

violin plot for comparing the total reactive power absorption for both zonal and centralized 

control. The results show that the proposed control is robust and can estimate adequately the 

required reactive power compensation needed to mitigate voltage issues over extended periods 

of time without updating the clustering scheme or the 𝑉𝑉𝑉𝑉𝑆𝑆𝑀𝑀𝑄𝑄. 
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Figure 3-9. Comparisons of (a) the maximum voltage and (b) 𝑸𝑸 absorption. 
 
 
3.3.4. Computational Speed 

In Figure 3-10, we compare the runtime of the proposed algorithm with the 

optimization based methods. For the optimization based centralized control, the boxplot 

represents the time to calculate the VLSM and to solve the optimization objective function. 

The runtime for the zone-based priority-list IBR control is consistently at approximately 2 

milliseconds, while the runtime of the optimization-based approach ranges between 73 to 171 

seconds with an average of 138 seconds. The results are obtained using an Intel i7-4790 CPU 

processor.  
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Figure 3-10. Runtime comparison between the centralized and zonal IBR control. 
 

 
3.4. Conclusion 

In this chapter, we presented a zone-based IBR control algorithm. First, the feeder load 

nodes are divided into IBR zones per each phase based on voltage reactive power sensitivity. 

Next, a priority list is obtained in each IBR zone by ranking each node according to its IBR 

regulation capability. The priority list enables a non-optimization based IBR control approach 

for correcting over/under voltage violations inside each zone using local smart inverters. Due 

to the weak coupling among different IBR zones, we can effectively locate the most efficient 

smart inverters for correcting voltage violations without significant altering voltage profiles in 

other IBR zones. The proposed method is tested on an actual distribution feeder. Our results 

show that it is effective for dividing the distribution feeder into IBR zones for maintaining 

zonal voltage within desired limits using local resources. Comparisons with a centralized-

based, optimization based Volt/VAR control show that the zonal Volt/VAR control gives near 

optimal reactive power compensation. 
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Chapter 4 . A Two-Stage Coordinative Volt/VAR Control Scheme for High IBR 

Distribution Systems using Measurements at Critical Nodes 

This chapter presents a two-stage zonal Volt/VAR control scheme for coordinating 

inverter-based resources (IBRs) with utility-owned voltage regulators (VRs) to regulate 

voltage in unbalanced 3-phase distribution systems. First, correlations between nodal voltages 

are derived from nodal voltage sensitivity studies. Then, the feeder is partitioned into non-

overlapping, weakly-coupled voltage control zones based on nodal voltage correlations.  IBR 

are used in the first stage to regulate voltage changes continuously and VR are used in the 

second stage to regulate large voltage deviations.  An online VR tuning strategy is developed 

for controlling the VR set-points. This control scheme can reduce excessive tap changes and 

avoid large voltage changes without retrofitting existing VR controllers. The proposed two-

stage control uses real-time voltage measurements from a limited number of critical nodes (less 

than 3.9% of total nodes) to reduce communication and sensing needs. Simulations are 

conducted using actual distribution feeder topologies and smart meter data. Results show that 

the performance of the proposed method in terms of computing speed, voltage control results, 

and average numbers of VR tap changes are satisfactory. 

4.1. Introduction 

In power distribution system, conventional Volt-VAR control (VVC) relies mainly on 

utility-owned voltage control devices, such as capacitor banks, on-load tap changers (OLTC) 

and step-type voltage regulators (SVRs). In recent years, distribution systems with high-

penetration of inverter-based resources (IBRs), primarily photovoltaic (PV) systems, have seen 

a dramatic increase in the number of switching of Volt-VAR devices, significant shortening 

equipment lifespan [63]. Although IBRs’ variable power outputs can cause larger, more 
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frequent voltage fluctuations than passive loads, the superb real and reactive power regulating 

capability of IBRs also makes them potential high-quality Volt-VAR control resources. 

However, because the distributed nature of IBRs, it is essential that a coordinative Volt-VAR 

control scheme is developed so that they can work with conventional Volt-VAR devices in 

harmony to maintain nodal voltages within operational limits and reduce losses. 

4.1.1. Literature Review 

A common approach for distribution system VCC is to formulate an optimal reactive 

power flow problem that can be solved in either a centralized or distributed fashion [64-69, 

12]. A centralized approach assumes that a centralized controller has full observability and 

controllability of all controllable devices (including utility-owned VVC device and IBRs). 

Thus, by determining the on/off status or computing the optimal set points of those devices, 

one can achieve the optimization objectives such as minimizing voltage fluctuations, losses, 

the number of switching, or operation costs. 

There has been an abundant research on centralized approaches to solve VVC problem 

in the literature. In [64] presents a bi-level mixed integer programming approach that controls 

system’s legacy voltage control devices and coordinates their operation with smart inverter 

control. Authors in [12] formulate the operation planning problem as a mixed-integer 

quadratically constrained programming (MIQCP) problem which is solved using advanced 

branch-and-cut techniques. A centralized controller based on Model Predictive Control (MPC) 

has been proposed in [65] for the purpose of voltage control in distribution networks. In [66], 

sequential quadratic programming method is integrated with the branch and bound approach 

to provide a coordinated voltage control for the smart distribution grid with the presence of 

distributed generation (DG). Also, many heuristic optimization algorithms are developed to 
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determine the control actions [67, 68, 69]. A genetic algorithm is used in [67, 68] to determine 

the optimal control of distribution voltage with coordination of distributed generation and 

utility-owned assets, whilst in [69] a Particle Swarm Optimization (PSO) is used for optimal 

reactive power dispatch.  

Although centralized VVC has the advantage of achieving global optimal with superior 

performance on controlling voltage within operational limits at both the local and system 

levels, it has a high reliance on the availability of high-quality, wide-band 2-way 

communication networks and wide deployment of sensor/actuator on IBRs and utility VVC 

devices, making large-scale implementation cost prohibitive.  

Because voltage issues can be best resolved at the place where a voltage violation 

occurs, optimization-based, zonal VVC approaches draw increasing attention in recent years. 

First, a distribution network is partitioned into non-overlapping zones. The partition methods 

include K-means clustering, spectral clustering, affinity propagation clustering, community 

detection, binary particle swarm optimization (BPSO), and power flow tracing and 

agglomerative algorithms [28, 55, 56, 57, 26, 27]. In [70, 71], the distribution feeder is broken 

into several zones based on the service area and operation reach of a regulating device to reduce 

the complexity and minimize the usage of the voltage regulators. Then, after the partitioning 

of the distribution feeder, the abovementioned literatures decompose the VVC optimization 

problem into sub-problems, each optimizing the control actions inside a VVC zone. 

However, the aforementioned optimization-based zonal VVC approaches still require 

real-time observability of the whole distribution feeder which can be achieved using state 

estimation. The main challenge in distribution state estimation is that the lack of redundant, 

synchronized, and statistical characterized real-time data in current distribution feeders [72]. 
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Another main drawback in the existing approach (e.g., [26], [70, 71],) is that the optimization 

algorithm yields the optimal tap-position instead of the voltage set-point plus a bandwidth used 

for controlling OLTC/SVRs, adding retrofit costs in field implementation. Thus, although the 

optimization-based control approach can achieve satisfactory results on small-scale 

distribution system [28, 55, 57] and/or small IEEE test feeders [55, 56, 57, 26, 27], its 

implementation cost is still prohibitively high in distribution systems with hundreds or 

thousands of nodes supplying unbalanced loads with high-penetration of IBRs. 

It follows from the previous consideration that robust real-time voltage control is 

preferable for large-scale distribution feeders. In [73], presented a real-time control 

coordination technique between OLTC and DG where the distribution network is partitioned 

into two regions based on voltage sensitivity indices: one region is assigned to the OLTC for 

voltage regulation, and the DG regulates the voltage of the second region. Real-time voltage 

regulation scheme between the PV inverter, battery energy storage system (BESS) and VR is 

proposed in [74]. An online voltage control strategy based on substation-centered distribution 

management system (DMS) is proposed in [75] and it minimized the operational conflicts by 

prioritizing the operations of DG, OLTC and VR. In the previous literatures, the control 

strategies were developed with one or a handful of DGs deployed on the distribution feeder 

and it could be challenging to extend these strategies to a heavily PV penetrated feeders with 

hundreds of small-scale PV installations. 

4.1.2. Contribution 

In this chapter, we propose a zonal VVC control mechanism as a follow-up paper of 

[48]. In this chapter, we developed a two-stage, coordinative zone-based VVC algorithm to 

operate utility-owned VCC devices in conjunction with IBRs. First, correlations between nodal 
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voltages are derived from nodal voltage sensitivity studies. Then, the feeder is partitioned into 

non-overlapping, weakly-coupled voltage control zones based on nodal voltage correlations. 

IBRs are used in the first stage to regulate voltage changes continuously and VRs are used in 

the second stage to regulate large voltage deviations.  An online VR tuning strategy is 

developed for controlling the VR set-points. This control scheme can reduce excessive tap 

changes and avoid large voltage changes without retrofitting existing VR controllers. The 

proposed two-stage control uses real-time voltage measurements from a limited number of 

critical nodes (less than 3.9% of total nodes) to reduce communication and sensing needs.  

The contributions of the chapter are summarized as follows. 

• Developed a critical node identification method to minimize the monitoring and 

communication needs. 

• Developed a coordinative VVC control algorithm that uses IBRs to cope with fast, 

quick voltage variations while using conventional VVC devices to cope with larger 

voltage excursions using measurements from critical nodes. 

• VVC control signals are compatible to what are used by conventional VVC devices 

(i.e., voltage set-point, bandwidth and time delays).  

• Developed a computation-lite, priority-list based zonal IBR control scheme for 

correcting voltage violations in each IBR zone.  

• Developed an online tuning strategy for the voltage regulators to adjust their voltage 

set-points in order to ride through voltage fluctuations caused by variable generation 

resources while maintaining voltage within desired operational limits. 
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4.2. Conventional VVC Control Mechanism 

Conventional voltage regulators (VR), such as SVR and OLTC, are autotransformers 

equipped with a load tap changing mechanism for regulating voltage at their secondary-sides 

[76]. A typical tap changer can provide a total regulation range of ±10% of the nominal voltage 

with 16 steps up and 16 steps down. This results in 0.625% change per step or 0.75 V change 

per step on a 120 V voltage base.  

As shown in Figure 4-1, there are three adjustable control settings: voltage reference 

set point, 𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡𝑃𝑃𝑅𝑅 deadband, 𝐷𝐷𝐷𝐷𝑃𝑃𝑅𝑅  and time delay, 𝑡𝑡𝑑𝑑𝑃𝑃𝑅𝑅 [77]. The secondary voltage of a voltage 

regulator (VR), 𝑉𝑉𝑃𝑃𝑅𝑅,2 needs to be maintained within  

𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡𝑃𝑃𝑅𝑅 −
𝐷𝐷𝐷𝐷𝑃𝑃𝑅𝑅

2
≤ 𝑉𝑉𝑃𝑃𝑅𝑅,2 ≤ 𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡𝑃𝑃𝑅𝑅 +

𝐷𝐷𝐷𝐷𝑃𝑃𝑅𝑅

2
                                                (4.1) 

Normally in a long radial distribution feeder, an OLTC is located at the feeder head, 

usually inside a primary substation, as shown in Figure 4-1. A few SVRs are deployed in a 

cascade fashion to regulation voltage along the feeder. Coordination between the OLTC and 

the cascaded SVRs is achieved by time coordination [70, 71, 75], i.e. by setting up different 𝑡𝑡𝑑𝑑 

to ensure that VVC actions are taken sequentially. In the example given in Figure 4-1, we 

set 𝑡𝑡𝑑𝑑𝑂𝑂𝐿𝐿𝑂𝑂𝑂𝑂 < 𝑡𝑡𝑑𝑑𝐵𝐵𝑃𝑃𝑅𝑅1 < 𝑡𝑡𝑑𝑑𝐵𝐵𝑃𝑃𝑅𝑅2.  

VR has a load drop compensation (LDC) feature for regulating voltage at a remote load 

center node instead of regulating the SVR secondary voltage. Although we did not use LDC 

to develop our method in this paper, the method can be readily extended to include LDC. 
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Figure 4-1. Simplified distribution feeder 
 
 

Conventional VVC devices are tuned and operated assuming one-directional power 

flow, i.e. voltage drops are one-directional. However, IBRs can inject power into the 

distribution feeder, causing voltage to increase in the IBR nodes. Thus, even if the secondary 

voltage of a VR is within range, the voltages of the downstream nodes may exceed the voltage 

operation.  

As shown in Figure 4-2, the settings of a VR are: 𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡 = 122 𝑉𝑉 and 𝐷𝐷𝐷𝐷 = 4 𝑉𝑉. When 

there is no PV in the downstream nodes, all nodal voltages are within the operation limits; 

when there are PV installed on the downstream nodes, voltages at the end nodes will exceed 

the upper operation limit. In the next section, we will introduce the 2-stage coordinative VVC 

for managing the voltage violations in a time-coordination manner that exploits the fast 

reactive power regulating capability of the IBRs and allow the IBR-based VVC to be 

seamlessly integrated into the existing VVC control framework.  
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Figure 4-2. Voltage profile with and without PV downstream an SVR 
 

4.3. Two-Stage Coordinative VVC Methodology 

An example is shown in Figures 4-3 and 4-4 to illustrate the proposed 2-stage 

coordinative VVC algorithm. Note that we use critical nodes (nodes highlighted in purple) to 

reduce the communication and measurement needs. The critical nodes are defined as nodes 

where extreme voltages (i.e., the nodes with the highest or lowest voltages in each zone) are 

most likely to be observed. They can be identified by analyzing smart meter data or through 

extensive simulations (see Section 4.3.1).   

To correct voltage violations locally, the feeder is partitioned into 𝐾𝐾 IBR control zones 

(𝐾𝐾 = 5 in Figure 4-3) and 𝐺𝐺  VR control zones (𝐺𝐺 = 4 in Figure 4-4). There is one IBR 

controller inside each IBR control zone. The controller receives voltage measurements from 

the critical nodes its control zone. The VR control zones are defined by the service area and 

operational reach by the VR. There is one VR controller inside each VR control zone. The VR 
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controller can be installed on a VR device (i.e., a SVR or an OLTC). The VR controller 

receives measurements from the VR device and the critical nodes inside its zone.  

 

Figure 4-3. IBR Control Zones 
 
 

 
 

Figure 4-4. VR Control Zones 
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The time coordination between the IBR and VR zones is shown in Figure 4-5. 

 

 
 

Figure 4-5. Time Coordination between IBR and VR zones 
 
 

In the first stage, a priority-list based reactive power dispatch algorithm is executed 

with a time step of 1-minute (i.e., ∆𝑡𝑡 = 1 minute) to decide which IBR in the IBR zone will 

provide the required reactive power support. The first-stage control objective is to continuously 

regulate the local voltage violations using the superb reactive power regulating capability of 

IBRs. 

In the second stage, the VR controller determines the set-point i.e., ( 𝑉𝑉𝐵𝐵𝑅𝑅𝑡𝑡) for the SVR 

or the OLTC at a time step of 2-minute (i.e., ∆𝑇𝑇 = 2  minute). The second-stage control 

objective is to remove voltage deviations that cannot be compensated by IBRs.  

The time coordination between the upstream and downstream VR devices are done by 

the time delay settings, as shown in the zoom-in plot in Figure 4-5. The time-coordination of 

the two-stage coordinative VVC exploits the fast reactive power regulating capability of IBRs 

to effectively reduce the number of switching of VR devices without depleting the IBR reactive 

power regulation capability.  

In the next few subsections, the critical node identification method, the partition of 

VVC zones, and the first stage and the second stage control algorithms will be presented. 
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4.3.1. Critical Nodes Identification 

There are two approaches to identify the critical nodes on a distribution feeder: statistic-

based and model-based. The statistic-based approach can be used if voltage measurements at 

each load nodes on the feeder are available. If nodal voltage measurements are not available, 

a modeling based approach has to be used to identify the critical nodes. In this chapter, we 

present a model-based approach using Monte-Carlo simulation.  

In the first step, disaggregate the yearly feeder-head profile (normally available to 

utilities) to each load node using method introduced by Wang et. al in [42]. Then, generate 

yearly PV outputs from solar irradiance data in the area. 

In the second step, run a yearly quasi-static power flow (365 days at 1-minute interval) 

on the test feeder with the targeting PV penetration to obtain the hourly feeder voltage 

distribution. Then, identify hours where voltage violations are most likely to occur.  Note that 

the PV penetration is defined as the percentage of the peak of the aggregated PV output to the 

peak load on the feeder. As shown in Figure 4-6, sampling cases between 9 a.m. and 8 p.m. 

can capture most cases that cause voltage problems. 
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Figure 4-6. Hourly nodal voltage distribution 
 

In the third step, randomly sample PV and nodal load profiles for the hours identified 

in Step 2 and run power flow study. Run this process 𝐶𝐶 times. In each run, record the highest 

and the lowest voltage nodes in each IBR and VR control zone as the critical nodes for each 

zone.  

In the fourth step, according to the rate of occurrence threshold, 𝑇𝑇𝑇𝑇 divide all critical 

nodes into high- and low- occurrence nodes by 

𝑿𝑿 = [𝑥𝑥1, … , 𝑥𝑥𝑢𝑢, … , 𝑥𝑥𝑈𝑈]     𝑠𝑠. 𝑡𝑡.      𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃(𝑥𝑥𝑢𝑢) =
𝑐𝑐𝑥𝑥𝑢𝑢
𝐶𝐶

× 100% ≥ 𝑇𝑇𝑇𝑇                  (4.2) 

𝒀𝒀 = [𝑦𝑦1, … ,𝑦𝑦𝑤𝑤, … ,𝑦𝑦𝑊𝑊]    𝑠𝑠. 𝑡𝑡.      𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃(𝑦𝑦𝑤𝑤) =
𝑐𝑐𝑦𝑦𝑤𝑤
𝐶𝐶

× 100% < 𝑇𝑇𝑇𝑇                  (4.3) 

where 𝑈𝑈 and 𝑊𝑊  is the total number of the high and low occurrence critical nodes, 

respectively, 𝑐𝑐𝑥𝑥𝑢𝑢 and 𝑐𝑐𝑦𝑦𝑤𝑤 is the total number of times that 𝑥𝑥𝑢𝑢 and 𝑦𝑦𝑤𝑤 was recorded as critical 

from the 𝑐𝑐 runs, respectively. 
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In the fifth step, determine the final set of the critical nodes for each IBR and VR control 

zone. First, all nodes in 𝑿𝑿 are considered as critical nodes. To decide if a node in 𝒀𝒀 is a critical 

node, a voltage difference test (VDT) is conducted as follows.  

Denote all the Monte Carlo runs where  𝑦𝑦𝑤𝑤  was identified as a critical as  𝑉𝑉𝑤𝑤{𝑖𝑖𝑤𝑤}, 

where 𝑖𝑖𝑤𝑤 = 1 …  𝐼𝐼𝑤𝑤 and 𝐼𝐼𝑤𝑤 is the total number of runs in 𝑉𝑉𝑤𝑤. Calculate the voltage difference 

between node 𝑦𝑦𝑤𝑤 and all critical nodes in 𝑿𝑿 for all  𝐼𝐼𝑤𝑤 runs in 𝑉𝑉𝑤𝑤, we have 

 

∆𝑉𝑉𝑦𝑦𝑤𝑤 =

⎣
⎢
⎢
⎢
⎢
⎡𝑉𝑉𝑦𝑦𝑤𝑤 

 𝐿𝐿𝑤𝑤{1} − 𝑉𝑉𝑥𝑥1 
 𝐿𝐿𝑤𝑤{1} ⋯ 𝑉𝑉𝑦𝑦𝑤𝑤 

 𝐿𝐿𝑤𝑤{𝑖𝑖𝑤𝑤} − 𝑉𝑉𝑥𝑥1 
 𝐿𝐿𝑤𝑤{𝑖𝑖𝑤𝑤}    ⋯ 𝑉𝑉𝑦𝑦𝑤𝑤 

 𝐿𝐿𝑤𝑤{ 𝐼𝐼𝑤𝑤} − 𝑉𝑉𝑥𝑥1 
 𝐿𝐿𝑤𝑤{ 𝐼𝐼𝑤𝑤}

⋮
𝑉𝑉𝑦𝑦𝑤𝑤 

 𝐿𝐿𝑤𝑤{1} − 𝑉𝑉𝑥𝑥𝑢𝑢
 𝐿𝐿𝑤𝑤{1}

⋮
𝑉𝑉𝑦𝑦𝑤𝑤 

 𝐿𝐿𝑤𝑤{1} − 𝑉𝑉𝑥𝑥𝑈𝑈 
 𝐿𝐿𝑤𝑤{1}

⋱
⋯
⋮
⋯

⋮
𝑉𝑉𝑦𝑦𝑤𝑤 

 𝐿𝐿𝑤𝑤{𝑖𝑖𝑤𝑤} − 𝑉𝑉𝑥𝑥𝑢𝑢 
 𝐿𝐿𝑤𝑤{𝑖𝑖𝑤𝑤}

⋮
𝑉𝑉𝑦𝑦𝑤𝑤 

 𝐿𝐿𝑤𝑤{𝑖𝑖𝑤𝑤} − 𝑉𝑉𝑥𝑥𝑈𝑈 
 𝐿𝐿𝑤𝑤{𝑖𝑖𝑤𝑤}

⋱
⋯
⋮
⋯

⋮
𝑉𝑉𝑦𝑦𝑤𝑤 

 𝐿𝐿𝑤𝑤{ 𝐼𝐼𝑤𝑤} − 𝑉𝑉𝑥𝑥𝑢𝑢 
 𝐿𝐿𝑤𝑤{ 𝐼𝐼𝑤𝑤}

⋮
𝑉𝑉𝑦𝑦𝑤𝑤 

 𝐿𝐿𝑤𝑤{ 𝐼𝐼𝑤𝑤} − 𝑉𝑉𝑥𝑥𝑈𝑈 
 𝐿𝐿𝑤𝑤{ 𝐼𝐼𝑤𝑤}

⎦
⎥
⎥
⎥
⎥
⎤

  (4.4) 

 

For the existing critical node 𝑥𝑥𝑢𝑢 , calculate the maximum voltage difference between 

𝑦𝑦𝑤𝑤 and 𝑥𝑥𝑢𝑢  in all  𝐼𝐼𝑤𝑤 runs as 

∆𝑉𝑉𝑦𝑦𝑤𝑤
𝑚𝑚𝑚𝑚𝑥𝑥( 𝑥𝑥𝑢𝑢 ) = 𝑚𝑚𝑎𝑎𝑥𝑥 �∆𝑉𝑉𝑦𝑦𝑤𝑤(1,1:  𝐼𝐼𝑤𝑤 )�                                            (4.5) 

 Then, obtain the smallest ∆𝑉𝑉𝑦𝑦𝑤𝑤
𝑚𝑚𝑚𝑚𝑥𝑥 in existing critical nodes in 𝑿𝑿 by 

∆𝑉𝑉𝑦𝑦𝑤𝑤
𝑚𝑚𝑖𝑖𝑛𝑛 = 𝑚𝑚𝑖𝑖𝑛𝑛 �∆𝑉𝑉𝑦𝑦𝑤𝑤

𝑚𝑚𝑚𝑚𝑥𝑥(1:𝑈𝑈)�                                                        (4.6) 

Let ∆𝑉𝑉𝑡𝑡ℎ  be the voltage threshold that determines whether or not a less-frequently 

occurred critical nodes should be included to the critical load list. If ∆𝑉𝑉𝑦𝑦𝑤𝑤
𝑚𝑚𝑖𝑖𝑛𝑛 < ∆𝑉𝑉𝑡𝑡ℎ, node 𝑦𝑦𝑤𝑤 

will not be considered in the final critical node set. Otherwise, it will.  

Note that VDT is conducted to assess the voltage difference between a low-occurrence 

critical node and the high-occurrence critical nodes in the same IBR or VR zone. If the voltage 

difference is minimal, then there is no need to include 𝑦𝑦 as a new critical node. This will 
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significantly reduce the number of critical nodes and improve the computational speed in 

practice 

For example, set ∆𝑉𝑉𝑡𝑡ℎ = 0.001 𝑝𝑝.𝑢𝑢.  Assume there are two high-occurrence critical 

nodes and one low-occurrence node (with only 4 occurrences). The two high-occurrence 

critical nodes are considered as critical nodes. Assume that the voltage differences between the 

low-occurrence node and the two critical nodes are  

            ∆V1 =  � 0.0018 0.0018          0.0017       0.0017
4.1 × 10−4 3.8 × 10−4 4.5 × 10−4 4.4 × 10−4

�. 

Then, we have 

∆𝑉𝑉1𝑚𝑚𝑚𝑚𝑥𝑥 = � 0.0018
4.5 × 10−4� 

∆𝑉𝑉1𝑚𝑚𝑖𝑖𝑛𝑛 = 4.5 × 10−4 < ∆𝑉𝑉𝑡𝑡ℎ = 0.001 𝑝𝑝.𝑢𝑢. 

Thus, this low-occurrence node will not be considered as a critical node. The flow chat 

for the critical node selection process is presented in Figure 4-7. 
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Figure 4-7. Critical nodes selection process flowchart 
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4.3.2. First-stage IBR-based Zonal VVC 

This sub-section presents reactive power support from IBRs smart inverters zone-based 

VVC [48], introduced in Section 3.2 under Zone-based Voltage Regulation Method. Voltage-

load sensitivity analysis and clustering method for IBR zone identification presented in 

Sections 3.2.1 and 3.2.2 are carried out to obtain 𝐾𝐾 IBR zones for the first stage of control. 

After all 𝑁𝑁 nodes on a feeder are grouped into 𝐾𝐾 zones, for voltage violations at the 

critical nodes 𝑿𝑿 = [𝑥𝑥1, … , 𝑥𝑥𝑢𝑢, … , 𝑥𝑥𝑈𝑈] obtained from Section 4.3.2 inside an IBR zone, we can 

use IBRs inside that zone to alleviate or remove those violations because all nodes inside an 

IBR zone are highly-correlated. 

In real-time operation, at time 𝑡𝑡, voltage measurements 𝑽𝑽�𝑘𝑘,𝑢𝑢(𝑡𝑡) (∀𝑢𝑢 ∈ 𝑈𝑈) at critical 

nodes in each IBR zone are sent to the IBR controller. As shown in Figure 3-2, if voltage 

violations are detected at critical nodes in the 𝑘𝑘th IBR zone, the 𝑘𝑘thIBR zone controller will 

identify extreme critical node 𝑟𝑟 , which is the critical node with the highest over-

voltage,  𝑉𝑉𝑟𝑟,𝑘𝑘
+ (𝑡𝑡),  or the lowest under-voltage,  𝑉𝑉𝑟𝑟,𝑘𝑘

− (𝑡𝑡)  and compute its extreme voltage 

violation, ∆𝑉𝑉𝑟𝑟(𝑡𝑡), as   

∆𝑉𝑉𝑘𝑘,𝑟𝑟(𝑡𝑡) = � 
max
𝑢𝑢∈𝑈𝑈

𝑽𝑽�𝑘𝑘,𝑢𝑢 − 𝑉𝑉1_𝑚𝑚𝑚𝑚𝑥𝑥     𝑖𝑖𝑓𝑓 max
𝑢𝑢∈𝑈𝑈

𝑽𝑽�𝑘𝑘,𝑢𝑢 ≥ 𝑉𝑉1_𝑚𝑚𝑚𝑚𝑥𝑥 

𝑉𝑉1_𝑚𝑚𝑖𝑖𝑛𝑛 − min
𝑢𝑢∈𝑈𝑈

𝑽𝑽�𝑘𝑘,𝑢𝑢     𝑖𝑖𝑓𝑓 min
𝑢𝑢∈𝑈𝑈

𝑽𝑽�𝑘𝑘,𝑢𝑢 ≤ 𝑉𝑉1_𝑚𝑚𝑖𝑖𝑛𝑛
                     (4.7) 

where 𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥,1 and 𝑉𝑉𝑚𝑚𝑖𝑖𝑛𝑛,1 is the predetermined first-stage nodal voltage upper and lower 

limit, respectively. Then, the required reactive power, ∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡), for correcting ∆𝑉𝑉𝑟𝑟(𝑡𝑡) can be 

calculated as 

∆𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) = ∆𝑃𝑃𝑟𝑟(𝑡𝑡)
 𝛼𝛼 .𝑅𝑅𝑟𝑟,𝑟𝑟

                                                           (4.8)     

Note that only voltages measurements at the critical nodes in an IBR zone are needed 

as inputs to the IBR controller to enact reactive power support from IBRs, where the method 
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introduced in section 3.2.3 and in [48] requires voltage measurements from all nodes in the 

IBR zone. The control mechanism presented in section 3.2.3 is adopted here. 

4.3.3. Second-stage VR-based Zonal VVC 

In the second-stage operation, at time 𝑇𝑇, each VR controller 𝑓𝑓 (∀𝑓𝑓 ∈ 𝐺𝐺) monitors its 

secondary voltage,𝑉𝑉𝑔𝑔,2(𝑇𝑇) and voltage at the critical nodes, 𝑽𝑽�𝑔𝑔,𝑢𝑢(𝑇𝑇) (∀𝑢𝑢 ∈ 𝑈𝑈)  in its zone. Let 

𝑉𝑉2_𝑚𝑚𝑚𝑚𝑥𝑥 and 𝑉𝑉2_𝑚𝑚𝑖𝑖𝑛𝑛 be the predetermined second-stage nodal voltage upper and lower limits, 

respectively. The extreme voltage change at time 𝑇𝑇, ∆𝑉𝑉𝑔𝑔,𝑢𝑢(𝑇𝑇) be calculated as 

 

∆𝑉𝑉𝑔𝑔,𝑢𝑢(𝑇𝑇) = �
max
𝑢𝑢∈𝑈𝑈

�𝑽𝑽�𝑔𝑔,𝑢𝑢(𝑇𝑇)� − 𝑉𝑉𝑔𝑔,2(𝑇𝑇)           𝑖𝑖𝑓𝑓 max
𝑢𝑢∈𝑈𝑈

�𝑽𝑽�𝑔𝑔,𝑢𝑢(𝑇𝑇)� ≥ 𝑉𝑉2_𝑚𝑚𝑚𝑚𝑥𝑥

𝑉𝑉𝑔𝑔,2(𝑇𝑇) − min
𝑢𝑢∈𝑈𝑈

�𝑽𝑽�𝑔𝑔,𝑢𝑢(𝑇𝑇)�           𝑖𝑖𝑓𝑓 min
𝑢𝑢∈𝑈𝑈

�𝑽𝑽�𝑔𝑔,𝑢𝑢(𝑇𝑇)� ≤ 𝑉𝑉2_𝑚𝑚𝑖𝑖𝑛𝑛

          (4.9) 

  
Then, the VR voltage set-point at time 𝑇𝑇, 𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡

𝑔𝑔 (𝑇𝑇) is calculated as 

𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡
𝑔𝑔 =

⎩
⎪⎪
⎨

⎪⎪
⎧mean

𝑢𝑢∈𝑈𝑈
𝑽𝑽�𝑔𝑔,𝑢𝑢(𝑇𝑇),                                  𝑖𝑖𝑓𝑓  max

𝑢𝑢∈𝑈𝑈
�𝑽𝑽�𝑔𝑔,𝑢𝑢(𝑇𝑇)� < 𝑉𝑉2_𝑚𝑚𝑚𝑚𝑥𝑥

                                                            𝑎𝑎𝑛𝑛𝑑𝑑  min
𝑢𝑢∈𝑈𝑈

(𝑽𝑽�𝑔𝑔,𝑢𝑢(𝑇𝑇)) > 𝑉𝑉2_𝑚𝑚𝑖𝑖𝑛𝑛  

𝑉𝑉𝑔𝑔,2(𝑇𝑇) − max �∆𝑉𝑉𝑔𝑔,𝑢𝑢(𝑇𝑇), 𝐷𝐷𝐵𝐵𝑔𝑔
2
�       𝑖𝑖𝑓𝑓max

𝑢𝑢∈𝑈𝑈
�𝑽𝑽�𝑔𝑔,𝑢𝑢(𝑇𝑇)� ≥ 𝑉𝑉2_𝑚𝑚𝑚𝑚𝑥𝑥

𝑉𝑉𝑔𝑔,2(𝑇𝑇) + max �∆𝑉𝑉𝑔𝑔,𝑢𝑢(𝑇𝑇), 𝐷𝐷𝐵𝐵𝑔𝑔
2
�        𝑖𝑖𝑓𝑓min

𝑢𝑢∈𝑈𝑈
�𝑽𝑽�𝑔𝑔,𝑢𝑢(𝑇𝑇)� ≤ 𝑉𝑉2_𝑚𝑚𝑖𝑖𝑛𝑛

           (4.10) 

 

Note that in (4.10), ∆𝑉𝑉𝑔𝑔,𝑢𝑢(𝑇𝑇) is compared with 𝐷𝐷𝐵𝐵𝑔𝑔 

2
 to ensure the voltage set-point is 

adjusted to compensate the extreme voltage change.  

A VR set-point tuning process is illustrated in Figure 4-8. It can be seen Figure 4-8, at 

time 𝑇𝑇1, the VR controller observes a voltage rise. Because there is no voltage violations in the 

VR zone, the VR controller will assign a new set-point, 𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡
𝑔𝑔 (𝑇𝑇1), to avoid an unnecessary tap 

change. At time 𝑇𝑇2, the maximum voltage at critical nodes exceeds 𝑉𝑉2_𝑚𝑚𝑚𝑚𝑥𝑥, the controller will 
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calculate 𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡
𝑔𝑔 (𝑇𝑇2) using (4.10), consequently lead to a tap change in order to bring 𝑉𝑉𝑔𝑔,2(𝑇𝑇2) 

back within 𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡
𝑔𝑔 ± 𝐷𝐷𝐵𝐵𝑔𝑔

2
. Note that a time delay, 𝑡𝑡𝑑𝑑

𝑔𝑔, is used when executing the VR tap change. 

 

 

Figure 4-8. VR voltage set-point tuning process 
 
 

To coordinate the voltage regulation between VR and IBR controllers, we set 

𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥,1 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑥𝑥,2 − ∆𝑉𝑉                                                          (4.11) 

where ∆𝑉𝑉  is a voltage margin. Also, let 𝑡𝑡 < 𝑇𝑇  so that the IBR control will be 

implemented in a faster pace. Those settings allows the IBR controllers to take the first-stage 

actions for correcting the local voltage excursions while the VR controllers will correct large, 

system-wise voltage deviations.  

 
4.4. Simulation Results 

In this section, simulation results and discussion associated with the proposed voltage 

control strategy in an actual distribution feeder is presented. 
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4.4.1. Distribution Feeder Set-up 

A 12.47 kV three-phase unbalanced actual distribution feeder model representing a real 

circuit located in North Carolina is selected to verify the effectiveness of the proposed methods. 

The topology of the feeder is shown in Figure 4-9. The feeder includes 1283 nodes, 370 of 

which are load nodes. The feeder load disaggregation algorithm presented in [42] has been 

used to allocate 1-min resolution residential load profiles from Pecan Street [45] to every load 

node on a test feeder. This step is important to give each load node a realistic individual load 

profile and will prepare the nodal load profiles for running quasi-static power flow simulations. 

The disaggregation algorithm was applied to the distribution feeder and it has allocated 427 

households aggregated to a substation load peak at 1.82 MW.  

To model high-PV penetration scenarios, each household has a 5 kW PV system 

connected to it summing to a total 2.135 MW of PV installation. It is assumed that each inverter 

is sized such that its total apparent power S can reach up to 110% of its rated active power 

capacity P. Also, we assume that each PV system is equipped with a smart inverter that can 

inject and absorb reactive power. 

 

Figure 4-9. Topology of test distribution feeder 
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4.4.2. IBR Zones Identification 

We performed FIC at multiple randomly sampled PV and nodal load profiles during 

the hours identified in Figure 4-6 to observe the voltage sensitivity correlations effect on the 

number of generated clusters during different operation conditions. As shown in Figures 4-

10,4-11,4-12, load nodes on different phases (i.e., phase 𝑎𝑎 , 𝑃𝑃 , and 𝑐𝑐 ) are clustered using 

multiple correlation thresholds 𝛼𝛼 under 1000 different PV/load scenario.  

There are different numbers of IBR zones on different phases, so each phase needs to 

be treated separately. FIC generated a stable number of clusters up to  𝛼𝛼 ≤ 0.96 . When 

using 𝛼𝛼 ≥ 0.97 to cluster load nodes, the number of nodes in a cluster may vary for different 

operation conditions.  

This shows that the correlation between voltage and reactive power is consistent for 

nodes on the same phase under a wide range of operation conditions as long as we don’t use 

an extremely high 𝛼𝛼. In this paper, we choose 𝛼𝛼 = 0.96, which results in one IBR zone in 

phase b and two IBR zones in phase a and c, respectively. The IBR zones are shown in Figure 

4-11. 

 

Figure 4-10. Impact of the correlation threshold on the number of clusters under multiple 
PV/load conditions for phase a nodes 
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Figure 4-11. Impact of the correlation threshold on the number of clusters under multiple 
PV/load conditions for phase b nodes 

 

 

Figure 4-12. Impact of the correlation threshold on the number of clusters under multiple 
PV/load conditions for phase c nodes 
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Figure 4-13. IBR zones identification on a distribution feeder (𝜶𝜶 = 𝟗𝟗𝟗𝟗%)   
 

4.4.3. Critical Nodes Selection 

From the previous section, and for the first-stage control, 5 IBR zones were identified 

under α=0.96 as shown in Figure 4-13. The utility-owned assets include an OLTC at the feeder 

head, one three-phase SVR and two single-phase SVRs, separating the feeder into 4 VR zones, 

as shown in Figure 4-14. The OLTC/SVR are based on single phase auto-transformers. 
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Figure 4-14. VR zones and selected critical nodes 
 
 

For every control zone identified above, critical nodes will be selected as explained in 

Section 4.3.1. The Monte Carlo simulation has been run for 10,000 (i.e.,𝐶𝐶) under different 

scenarios for nodal load and PV sampled between 9am and 8pm , as shown in Figure 4-6, to 

capture the possible operation conditions that will cause voltage problems. The rate of 

occurrence threshold, 𝑇𝑇𝑇𝑇 has been set to 5%, separating the critical nodes into high- and low- 

occurrence nodes 𝑿𝑿 and 𝒀𝒀. Voltage threshold ∆𝑉𝑉𝑡𝑡ℎ is set to be equal to 0.001 p.u. The results 

for IBR and VR zones are presented in Table 4-1 and Table 4-2. 

 

Table 4-1. IBR Zones Critical Nodes 
 

IBR Zone X Y Final nodes 
1 4 16 4 
2 2 13 2 
3 4 32 9 
4 4 7 6 
5 2 32 11 

Total nodes 16 100 35 
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Table 4-2. VR Zones Critical Nodes 
 

VR Zones Regulators X Y Final nodes   
1 1.a 3 7 3 

1.b 5 8 5 
1.c 4 7 6 

2 2.a 4 6 4 
3 3.a 3 15 3 

3.b 4 30 11 
3.c 2 32 11 

4 4.a 3 7 3 
Total nodes 28 112 46 

 

A sensitivity study is performed to quantify the impact of Monte Carlo run times has 

on the number of identified critical nodes. The number of Monte Carlo simulations 𝐶𝐶 has been 

varied from 10,000 up to 60,000. Figure 4-15 shows the total number of identified critical 

nodes for both control stages and it can be seen that the first set of 10,000 run is able to capture 

90% of the total critical nodes and IBR and VR zones stabilized after 30,000 run. It should be 

noted that since the VR control zones overlap with IBR zones as shown in Figures 4-13 and 4-

14, the identified critical nodes needed for IBR-based VVC (stage 1) is a subset from the 

critical nodes needed for VR zones (stage 2). 51 critical nodes are selected as shown in Figure 

4-14, representing 3.9% of all nodes. 

 



 

83 
 

 

Figure 4-15. Number of selected critical nodes vs the number of Monte Carlo runs 
 

4.4.4. Coordinated Voltage Control Performance 

The proposed coordinated voltage control will be enacted based on voltage violations 

at the selected critical nodes only as explained in section 4.3, so during the simulation, voltages 

at critical nodes only are assumed available from the power flow results. To test the 

performance of the proposed 2-stage, coordinative VVC, the following metrics are used: the 

number of voltage violations,𝑁𝑁𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂, the total number of tap changes of all VR devices, 𝑁𝑁𝑃𝑃𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂, 

and the total reactive power output of all IBR inverters, 𝑄𝑄𝐼𝐼𝐵𝐵𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂.   

In the base case, only the utility-owned assets are used for voltage control, i.e. 

OLTC/SVR are operating under its local control with single voltage set point. For the base 

case, the voltage set point (𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡  ) for OLTC/SVR is 123 V with ∓2 𝐷𝐷𝐷𝐷  and time delays 

between 30 to 60 seconds which is a typical time delays used by utilities.  

The reactive power support from smart inverters will be implemented every  𝑡𝑡 = 1 𝑚𝑚𝑖𝑖𝑛𝑛 

with 𝜀𝜀𝑢𝑢 = 0.001 𝑝𝑝.𝑢𝑢. [48]. The VR tuning strategy adjusts 𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡 every 𝑇𝑇 = 2 𝑚𝑚𝑖𝑖𝑛𝑛. During the 

proposed VR tuning strategy, 𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡 is adjusted to reflect and compensate the voltages at critical 

nodes during voltage rise with ∓2 𝐷𝐷𝐷𝐷 and time delays between 1 to 2 minutes i.e. 𝑇𝑇𝐷𝐷𝑂𝑂𝐿𝐿𝑂𝑂𝑂𝑂 =

1 2 3 4 5 6
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75 𝑠𝑠𝑒𝑒𝑐𝑐 ,  𝑇𝑇𝐷𝐷𝐵𝐵𝑃𝑃𝑅𝑅2 = 𝑇𝑇𝐷𝐷𝐵𝐵𝑃𝑃𝑅𝑅3 = 90 𝑠𝑠𝑒𝑒𝑐𝑐 ,  𝑇𝑇𝐷𝐷𝐵𝐵𝑃𝑃𝑅𝑅4 = 105 𝑠𝑠𝑒𝑒𝑐𝑐 . We set 𝑉𝑉2_𝑚𝑚𝑚𝑚𝑥𝑥 = 1.049 𝑝𝑝.𝑢𝑢.  and 

𝑉𝑉2_𝑚𝑚𝑖𝑖𝑛𝑛 = 0.97 𝑝𝑝.𝑢𝑢. which are within the ANSI limits. 

To evaluate the impact of ∆𝑉𝑉  (voltage margin introduced in (4.11)) on voltage 

coordination between the VR device and IBRs, we tested four ∆𝑉𝑉 settings: 0, 0.002, 0.004, and 

0.006 V. The results of a winter month, where most voltage regulations are observed, are 

presented in Table 4-3 to demonstrate the performance of the proposed algorithm. The 

simulation time step is 1 minute.  

As shown in Table 4-3, if the IBRs do not provide voltage regulation at the base case, 

although the voltage regulators act frequently (with a single voltage set-point 𝑉𝑉𝑠𝑠𝑅𝑅𝑡𝑡), voltage 

violations still persist. This can also be seen in the voltage profile shown in Figure 4.16 (a). 

The results in Table 4-3 also show that a larger ∆𝑉𝑉 can significantly reduce the tap changes 

but increase the reactive power outputs of the IBRs. This is because by setting up a larger ∆𝑉𝑉, 

we shift more voltage regulation tasks from the VR devices to the IBRs so that voltage 

fluctuations are mainly taken care of by the local IBR devices.  

 

Table 4-3. Simulation Results Summary for a Winter Month 
 

Cases 𝑵𝑵𝑽𝑽
𝑻𝑻𝑻𝑻𝑻𝑻 𝑵𝑵𝑽𝑽𝑹𝑹

𝑻𝑻𝑻𝑻𝑻𝑻 𝑸𝑸𝑰𝑰𝑰𝑰𝑹𝑹
𝑻𝑻𝑻𝑻𝑻𝑻 (kvarh) 

Base case 769,182 1157 N.A. 

Proposed ∆𝑽𝑽 = 𝟎𝟎 708 388 -4,685 

Proposed ∆𝑽𝑽 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟗𝟗 560 291 -7,423 

Proposed ∆𝑽𝑽 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 450 271 -9,583 

Proposed ∆𝑽𝑽 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟗𝟗 149 204 -17,237 
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The cumulative effect of the proposed control is shown in Figure 4-16 (b), where the 

voltages at all nodes within the feeder are maintained within ANSI limits through only 

monitoring the critical nodes with ∆𝑉𝑉 = 0.006 𝑝𝑝.𝑢𝑢. and reducing the total number of tap 

change operations. Also, the proposed first-stage control (i.e. reactive power compensation 

from IBRs) is capable of estimating the required reactive power support from PV smart 

inverters when voltage violations exist and reset the smart inverters back to unity power factor 

when the voltages return within proper limits, as shown in Figure 4-17. The total reactive 

power contribution by each IBR zone inverters for a winter month is shown in Figure 4-18. 

Note that (4.8) depends on is the voltage-reactive power sensitivity, 𝑞𝑞𝑟𝑟,𝑟𝑟 , at critical 

node 𝑟𝑟 to estimate the reactive power required. In general, voltage sensitivities with respect to 

reactive power are dependent on current system state. However, in this chapter it is found that 

voltage sensitivities deviations between winter day scenario (low load and high PV) and 

summer day scenario (high load and high PV) is within 5%. Thus, during real-time operation, 

we envision that IBR controllers could have a database with voltage-reactive power 

sensitivities calculated offline corresponding to seasonality loading changes or if any 

distribution system reconfiguration occurred. 

 The effect of two-stage coordinative VVC on regulators` tap change operations is 

shown in Figure 4-19, where it reduced the tap change operations significantly from the base 

case.  
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Figure 4-16. Monthly voltage profiles (a) Base case (b) proposed control case 
 
 

 

Figure 4-17. Reactive power support from IBR zones for a month 
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Figure 4-18. Reactive power contribution by IBR zones for winter month 
 
 
 

 
 

Figure 4-19. VR tap changes for winter month 
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The monthly tap change for each VR zone at the base and proposed coordinative 

voltage cases are shown in Figure 4-20. 

 

 
Figure 4-20. Tap change operations for (a) the base case, (b) the 2-stage VVC case with 

∆𝑉𝑉 = 0.006 𝑝𝑝.𝑢𝑢. 
 

 
4.5. Conclusion 

In conclusion, we demonstrate that the proposed two-stage, zonal Volt/VAR control 

scheme for coordinating inverter-based resources (IBR) with utility-owned voltage regulators 

(VR) can effectively reduce the number of tap changes of the VR devices while maintaining 

nodal voltages within the operation limit. By dividing the distribution network into IBR and 

VR control zones, different voltage control targets can be selected for IBR and VR control 

zones in order to share the voltage regulation between IBR and VR. In addition, by letting the 
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response capability of IBR for responding to fast voltage fluctuations.  Finally, we proposed 

an online set-point tuning mechanism to further avoid excess tap changes. To minimize sensing 

and communication needs, only real-time voltage measurements from a limited number of 

critical nodes (less than 3.9% of total nodes) are used as the inputs of the algorithm. In online 

application, neither optimization nor the feeder model is needed, making the computing time 

negligible. This also allows the algorithm to be deployed on grid edge computation platforms. 

Our future work will be focused on extending the algorithm to high-DER penetration 

subtransmission networks.  
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Chapter 5 . Conclusions and Future Work 

5.1. Conclusions 

This dissertation was motivated by analyzing the problems brought by the increasing 

PV penetration in distribution feeder. The research work has been developed in two sub-areas: 

studying the impacts of multiple PV allocation method on distribution planning studies such 

as PV hosting capacity calculation and zonal Volt/VAR control. The work in each sub-area is 

summarized as follows: 

A. Impacts of PV Allocation Methods on Distribution Planning Studies  

In Chapter 2, a new optimal-capacity-based (OCB) PV allocation method was 

presented to evaluate PV hosting capacity. At the consumer level, an optimal PV size can be 

obtained based on a cost-benefit study that correlates the residential load characteristics with 

the rooftop PV capacity selection. Thus at a feeder level, more PV capacity can be hosted 

compared with the random and 1-size PV allocation methods. 

When the PV penetration level is high, the ongoing PV capacity allocation methods, 

i.e. randomly assigning PV capacities or use a fixed PV capacity regardless or residential load 

characteristics will over-estimate the voltage violation and under-estimate the PV hosting 

capacity. Such approaches will limit future PV installation as compared with the OCB 

approach. Our simulation results demonstrate that it is of great importance for distribution 

planning engineers to apply optimal PV sizing and zonal allocation methods to identify the PV 

hosting capacity. Also, TOU rate structures have a big impact of the PV selection process for 

a household and more savings can be achieved.  
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B. Zonal-based Analysis and Control in Distribution Systems 

In Chapter 3, a zone-based IBR reactive power control algorithm is presented. First, 

the feeder load nodes are divided into IBR zones per each phase based on voltage reactive 

power sensitivity. Next, a priority list is obtained in each IBR zone by ranking each node 

according to its IBR regulation capability. The priority list enables a non-optimization based 

IBR control approach for correcting over/under voltage violations inside each zone using local 

smart inverters. Due to the weak coupling among different IBR zones, we can effectively locate 

the most efficient smart inverters for correcting voltage violations without significant altering 

voltage profiles in other IBR zones. The proposed method is tested on an actual distribution 

feeder. Our results show that it is effective for dividing the distribution feeder into VR zones 

for maintaining zonal voltage within desired limits using local resources. Comparisons with a 

centralized-based, optimization based Volt/VAR control show that the zonal Volt/VAR control 

gives near optimal reactive power compensation. 

A two-stage zonal Volt/VAR control scheme is presented in Chapter 4 for coordinating 

inverter-based resources (IBRs) with utility-owned voltage regulators (VR) to regulate voltage 

in unbalanced 3-phase distribution systems. For smart inverters reactive power support, the 

distribution network is divided into IBR zones based on voltage sensitivity assessment. As for 

VRs, the distribution system is divided into VR zones based on the regulating territory of a 

voltage regulator. An online VR tuning strategy is presented to ride through voltage rise while 

maintaining acceptable voltage profile within a VR zone. The voltage control scheme is 

implemented utilizing only real-time voltage measurement from critical nodes obtained from 

the proposed Monte Carlo simulation. This significantly reduces the need for extensive 

monitoring and communication infrastructure. The proposed method is tested on an actual 
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distribution feeder. Simulation results show that the proposed coordinated voltage control can 

maintain the voltage in the distribution system within desired limits while reducing regulators 

tap change operations significantly compared with a local control of voltage regulators with a 

fixed voltage set point. 

5.2. Future Work 

The future work will be focused on coupling the optimal PV sizing method with energy 

storages to further increase the possible savings on a household level. Also, analyze the 

possible impact that energy storages can have on increasing the PV hosting capacity in a 

distribution system.  

The current work performance of the zonal IBR reactive power control scheme and the 

two-stage zonal Volt/VAR control scheme presented in Chapters 3 and 4 are validated via a 

quasi-static time series power flow simulation tool with an assumption of no communication 

delays between the zonal controllers (i.e., VR and IBR controllers), smart inverters and critical 

nodes. As future work, it is beneficial to validate the zonal VVC schemes in a hardware-in-

the-loop (HIL) platform using actual communication protocols. Also to analyze the effect of 

communication failures and how it will impact the zonal VVC performance. As a mitigation 

strategy for communication failures, smart inverters with local Volt/VAR control can be 

investigated. However, further research is needed to adjust the Volt/VAR slope settings for 

smart inverters and coordinate them to provide voltage regulation services. 
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