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Abstract—Traditionally voltage control in distribution power 

system (DPS) is performed through voltage regulating devices 

(VRDs) including on load tap changers (OLTCs), step voltage 

regulators (SVRs), and switched capacitor banks (SCBs). The 

recent IEEE 1547-2018 from March 2018 requires inverter fed 

distributed energy resources (DERs) to contribute reactive power 

to support the grid voltage. To accommodate VAR from DERs, 

well-organized control algorithm is required to use in this mode 

to avoid grid oscillations and unintended switching operations of 

VRDs. This paper presents two voltage control strategies (i) static 

voltage control considering voltage-reactive power mode (IEEE 

1547-2018), (ii) dynamic and extensive voltage control with 

maximum utilization of DER capacity and system stability. 

Further, effective time-graded control is implemented between 

VRDs and DER units to reduce the simultaneous and negative 

operation. The proposed voltage control strategies are tested in a 

realistic 140-bus southern California distribution power system 

through extensive time-domain simulation studies. The results 

show that voltage quality in a distribution system is effectively 

achieved through the proposed voltage control strategies with a 

significantly reduction in the number of switching operations of 

VRDs. In addition, proposed voltage control strategies increase 

reliability and security of the DPS during unexpected failures.   

 
Index Terms—distribution system voltage control, voltage 

regulating devices, distributed energy resources, reactive power 

control. 

I.  INTRODUCTION 

ISTRIBUTION power system plays an important role in 

the electrical power system as a mean to deliver power to 

the customers. The penetration of distributed energy resources 

such as wind and solar photovoltaic (PV) generation has been 

steadily increasing from 238 GW in the year 2010 to 941 GW 

in 2017, and the trend is continuing, through advanced energy 

and control technologies, with improved efficiency, reliability 

of power and CO2 reduction [1], [2]. Regardless of their 

benefits, DERs can cause voltage instability in DPS due to 

their intermittent power generation [3]. Conventionally, 

distribution system voltage is regulated through OLTCs, SVRs 

and SCB/SIBs, etc. However, operation of these units is 

challenged by DER-rich distribution systems in view of 
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various issues by increased working frequency that impacts 

cost as they get ware out much quickly. Therefore, grid 

operators are demanding voltage support from smart inverter 

fed DER units via reactive power control, which has been 

advised by IEEE 1547-2018 from March 2018[4].  

Over the years, considerable research has been conducted in 

the area of reactive power control of DER units with respect to 

the modes of operation including (i) constant power factor 

mode, (ii) voltage-reactive power mode, (iii) active power-

reactive power mode, and (iv) constant reactive power mode 

[4], [5]. The various autonomous voltage control strategies for 

the inverters applied to DER units are detailed in [6]. The 

control strategies are analyzed in the various real distribution 

systems in United States using OpenDSS. It shows that 

volt/VAr control is most effective and regulate the voltage 

caused by DER generations. However, it does not detail the 

response time for the reactive power support from inverter 

unit. The study in [7] proposed the non-linear reactive power 

control in DER units for increasing the penetration of DER 

units in DPS. It has calculated the required reactive power 

from DER active power generation and impedance of the line.  

The authors of [8] tested the voltage support to the grid 

through an automated predetermined active and reactive 

power support function from a battery energy storage system, 

beyond the standards It has showed that the proposed strategy 

has achieved grid stability with power balancing in high 

penetration PV/wind.   The study in [9] proposed the voltage 

droop based autonomous reactive power control, it provides 

reactive power support to the grid based on change in grid 

voltage. X. Zhao et al reviewed the various functions used in 

the modern smart inverter unit and discussed the reactive 

power control strategies for the reliable operation of high DER 

penetrated power system [10]. Even though, various studies 

have been done regarding autonomous reactive power control 

in DER units, still several researches are required including: 

(i) response time for DER-reactive power support to the grid, 

since it is essential in practical applications in view of stability 

of the grid and protection devices employed in the system, (ii) 

maximizing the reactive power support to the grid considering 

safety voltage region of the distribution system.  

Several studies have addressed the grid voltage support in 

coordination with VRDs including OLTC, SVR, SCB, static 

VAR compensator (SVC), static synchronous compensator 

(STATCOM), dynamic VAR compensator (DVC) and DER 

units [11]-[18]. In addition, utilities employed these devices in 

their distribution system to improve the voltage stability, 
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VRDs can be employed either individually or in coordinated 

operation. Article [11] reported that DER units can be 

effectively utilized to support the grid voltage within their 

capacity limit. The study in [12] investigated the interaction of 

synchronous machine fed distribution generation units and 

voltage regulators in a realistic medium voltage feeder. 

Authors of [13] analyzed the voltage control issues in 

distribution system with OLTC, SCB and DER units. The 

study in [14] has detailed the parallel operation of an 

autonomous OLTC control and autonomous solar PV reactive 

power control for controlling grid voltage in the PV-rich DPS 

in Germany. It investigated the unintended OLTC switching 

operations with different reactive power control strategies in 

PV and concludes that voltage-reactive power mode showed a 

less impact on the number of unintended OLTC switching 

operations. Study [15] shows that the coordinated operation of 

remote monitoring based OLTC control and autonomous PV 

reactive power control in Taiwan power grid mitigates the 

impacts of voltage quality due to the high PV penetration in 

the system. Reference [16] investigated the online voltage 

control strategy for an Australian grid containing voltage 

regulating devices and DER units. The combined autonomous 

(local) and centralized voltage control through the reactive 

power control of DER units is discussed in [17]. It has showed 

that local control of DER unit follows the IEEE 1547-2018 

guidelines and if the reactive power is further available 

(estimated based on apparent power limit) then it is instructed 

by centralized control system to provide the available reactive 

power support. It is observed that the autonomous and remote 

control of DER units requires to support the grid takes 

minimum 3s-90s after the voltage variations, restricted by the 

IEEE guidelines in view of grid oscillatory behavior, and 

protection devices. In summary, present literatures generally 

focus on the control of VRDs and DER units through 

online/remote communication control for the better grid 

operation. In addition, several studies have suggested to 

incorporate the additional voltage regulators such as SVC, 

STATCOM and DVC units in the DER-rich distribution 

systems to regulate the grid voltage. Further, utilities have 

followed the IEEE 1547-2018 regulations in their DER units. 

Nevertheless, in view of cost and placement of voltage 

regulating devices, the utilities are requiring: (i) autonomous 

or minimum communication and time-graded operation of 

VRDs and DER units, (ii) maintain the grid voltage quality 

without adding the further voltage regulators such as SVC, 

STATCOM, DVC, etc. 

This paper aims to secure the high DER penetration power 

distribution through the coordinated operation of voltage 

regulating devices and DER units by investigating the 

performance of the devices in a practical situation. The main 

contribution of this paper includes (i) extensive utilization of 

DER reactive power without affecting active power 

generation; which reduces the number of switching operation 

of OLTC, SVRs and improves the voltage quality without 

additional STATCOM, DVC units (ii) reduction of the grid 

voltage oscillations and system losses, (iii) it has discussed the 

response time of DER- reactive power support to the grid 

considering voltage stability and protection devices employed 

in the system, (iv) time-graded operation among the VRDs 

and DER units, which improves the reliability and avoids 

extra expenses in view of measurement and communication 

infrastructure, (v) dynamic and maximum grid voltage support 

during disturbances including active power and load 

fluctuations, (vi) maintain the voltage quality during 

unexpected natural, physical and cyber-attacks on the 

distribution power system.  

A.  Problem Description and Importance of Work 

The increased penetration of DERs in distribution power 

systems imposes challenges to the grid operators in view of 

maintaining voltage security, voltage stability and grid 

flexibility of the system. It is required that system should able 

to maintain the voltage within the safety margin (i.e. voltage 

security) during the disturbances; if any voltage violation 

occurs then the system is not able to meet increased demand 

for active and/or reactive power and lead to shutdown of a 

total (or significant part) power distribution system. In 

addition, transient and steady state voltage stability of a high 

DER penetrated power distribution is a major concern due to 

the increased physical and cyber-security threads on smart 

meters and smart inverter units. 

The recent change in IEEE 1547-2018 calls participation of 

DER units to support the grid voltage. Commonly, voltage-

reactive power mode is preferred among the grid operators to 

provide the reactive power support to the grid. In this mode, 

each DER unit can support reactive power to the grid with 

respect to the maximum of 44% of their capacity and it 

follows the curve as shown in Fig.1a and eqn (1).  

By following the voltage-reactive power curve (IEEE 1547-

2018), it is noted that light penetration (e.g. less than 20%) of 

the DERs in the distribution system has less impact on 

supporting the grid voltage due to the minimum reactive 

power support. In case of high DERs penetration (e.g. more 

than 75%), the same support could produce grid oscillatory 

behavior and generate voltage transients in the system. This 

paper follows the method to support the reactive power to the 

grid based on the DERs penetration in the distribution system. 

The reactive power support is limited through active power 
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Fig. 1 Grid voltage support through reactive and active power control of DER units per IEEE 1547-2018 
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generation and apparent power of the DER units. Also, 

reactive power support is following the non-linear sensitivity 

matrix (i.e. change in voltage Vs change in reactive power 

curve) of a certain distribution system. This paper proposes a 

hysteresis based wide bandwidth control in DER units to 

support the reactive power to the grid which reduces the high 

computational and hard process tuning of the controllers; also 

reduce the grid oscillatory actions.  In addition, with the delay 

time of the OLTC, SVR, SCB, DER-reactive power support 

set properly, autonomous coordination can be achieved.   

The proposed method can provide benefit to the utilities in 

view of maintaining the voltage quality without adding the 

further voltage regulating devices and reduce the mechanical 

maintenance of OLTC and SVRs. In addition, the research 

findings from this paper shall be useful for the grid operators 

and policy makers for the safe operation of the DPS. 

B.  Organization of the Paper 

Section II discusses the control strategy, operation and 

practical limitations of conventional voltage regulating 

devices and DER units. The proposed grid voltage control 

strategies are discussed in section III. To understand the effect 

of the proposed voltage control strategies, a realistic 140-bus 

southern California distribution power system is simulated in 

Matlab/Simulink and the results are discussed in section IV. 

Concluding remarks are summarized in section V.  

II.  VOLTAGE CONTROL AND OPERATION OF VRDS AND DERS  

A.  DER Unit 

Smart inverter fed DER unit is considered as a grid voltage 

regulator, which supplies both inductive and capacitive 

reactive power by controlling the phase angle of the ac current 

relative to the ac voltage. As per IEEE1547-2018, DER unit 

can supply the reactive power of 44% of the unit capacity with 

the constrains of minimum 20% active power generation 

required, whereas 10% active power generation in the unit can 

support 22% reactive power to the grid as framed by (1) which 

is applicable during less than 20% active power generation 

[4]. 

0.44 . .    
-

0.2 . .
g

p u active power generation
Q

p u


=       (1) 

Figure 1a, and Figure 1b shows the voltage and active 

power based reactive power control strategies of DER units, 

respectively. Further, constant power factor mode and constant 

reactive power mode control strategies are applicable to the 

DER units. Based on these control strategies, during 

operational voltage region (< 0.88 p. u to 1.10 p. u) that DER 

unit can provide maximum of 44% reactive power support to 

the grid between 1s and 90s to maintain the grid voltage. 

However, less than 3s is not usually permitted by the local 

grid operators to avoid oscillatory actions. The reactive power 

capability of DER unit can be utilized to the greatest possible 

extent during the abnormal voltage range (< 0.88 p. u or >1.10 

p.u) and it should be reverted within 5s after the fault 

clearance. In addition, curtailment of active power generation 

is required based on voltage-active power control mode 

(shown in Fig.1c) to regulate the grid voltage through DER-

smart inverter controller. A flowchart indicating the grid 

voltage support through DER unit is shown in Fig. 2 It is 

noted that DER unit can be disconnected from the grid if the 

active power generation is less than 0.05 p.u. during faulty 

conditions. Nevertheless, DER units must follow the fault-ride 

through procedure discussed in ref [4]. The DERs reactive 

power can be controlled through autonomous (local) control 

system or it can be remotely controlled by grid operators 

through centralized control. Remote control provides precise 

voltage control in the system; however, it requires 

communication and measurement complexities. Further, the 

remote-controlled system could be much concern in view of 

cybersecurity issues. 

The influencing factors for the time delay in reactive power 

controller at DER units are discussed below, 
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Typically, grid protection devices and fault-spot-detection 

algorithms are following the dynamics of synchronous 

generator (SG) where the excitor time constant is about 1s as 

defined by damper and excitation windings [19]. The grid-tied 

converter does not have such windings in the structure, and it 

supports reactive power to the grid through power converter 

and its control system. Presently, in order to mimic the 

synchronous generator dynamics, a time constant (equal to the 

SG-excitor time constant) is selected for the reactive power 

controller in the grid-tied converter for the suitable operation 

of conventional protection devices. 

ii. stability of the distribution power system 

Stability of the grid is determined by several factors and one 

of the most promising influence is rate of change of reactive 

power support during disturbances. Fast response of the 

reactive power controller diminishes first cycle transients; 

however, it increases the grid oscillatory actions in the 

subsequent cycles due to the closed positive feedback loop 

[20]. Therefore, a time constant is selected in consideration of 

transient current decay which is determined by the resistance 

and reactance of a certain distribution system. This time 

constant is estimated by dividing the reactance to resistance in 

the distribution system.  

B.  Switched Capacitor/Inductor Bank 

Switched capacitor bank can provide capacitive reactive 

power to the grid; likewise, inductor bank can provide 

inductive reactive power. Like reactive power control in DER 

units, switching of SCB can be operated through either manual 

or autonomous modes (voltage or time based). In both modes, 

repeated switching is limited due to the electrical trapped 

charges within the capacitor units. Therefore, minimum 

discharging time is mandated, and it could be 60s to 360s for 

the distribution system capacitor banks [21], [22]. In case of 

voltage based autonomous mode, dead band and counter 

setting are designed such that SCB/SIB is not switched during 

the voltage transients or less voltage dips. In addition, 

intentional time delay (0s to 60s) is planned in consideration 

of other voltage regulating devices like OLTC, DER units, etc. 

Further, operational time delay (i.e. counter setting/dead band) 

is set at 0s to 10 s. These banks are connected to the grid 

through vacuum circuit breaker that produces voltage 

transients during switching. Therefore, capacitor banks are 

typically controlled manually or via time-based autonomous 

control in DPS to reduce the number of switchings, 

mechanical maintenance, and interaction among the other 

VRDs, and DER units. 

C.  On Load Tap Changer and Step Voltage Regulator 

On load tap changers and step voltage regulators are used 

to regulate the grid voltage during voltage dip/voltage sag. 

Generally, OLTC is connected near the substation to regulate 

the voltage, whereas SVRs are connected downstream of the 

distribution feeders. Similar to voltage based autonomous 

SCB control unit, dead band, counter setting and intentional 

time delay is designed in OLTC/SVR control unit to reduce 

unintended operations. The operational time delay in SVR 

units are typically set as minimum compared to OLTC unit. 

The tap selection and tap transition units are employed in both 

units and (i.e. motor drive mechanism) requires 5s to 10s to 

make one tap change operation [23], [24]. Further, intentional 

time delay can be varied from 1s to 360s to avoid tap changing 

operation during transients and is, commonly set at about 30s - 

60s by grid operators. Further, voltage dead band is selected 

based on the location of the unit and loads. The tap timer is 

controlled through reset logic includes and (i) instantaneous 

reset, (ii) integrating reset, (iii) delay reset, and (iv) delay 

freeze reset. In addition, line drop compensation (LDC) 

algorithm is implemented to estimate the voltage drop at the 

end of the distribution circuit. The typical control logic 

employed in the OLTC/SVR unit is shown in Fig. 3 [23].  

Table.1 indicates different time delay ranges for different 

mechanisms that are used to achieve coordination and stability 

of the entire control system. 

Based on the practical limitations, instantaneous voltage 

support to the grid is not feasible through OLTC, SVR, or 

SCBs. In case of DER units, dynamic and full range of 

reactive power support is not permitted in the voltage region 

between 0.88 p. u and 1.1 p. u through IEEE guidelines. It can 

provide the static and minimum reactive power support (i.e. 

reactive power support is limited by 44% of the unit capacity, 

and it can respond after 3s-5s from the voltage variation) to 

the DPS during the aforesaid voltage region. However, voltage 

supplied at the distribution system, as defined by ANSI C84.1 

is between 0.95 p. u and 1.05 p. u [25]. 

III.  PROPOSED GRID VOLTAGE CONTROL STRATEGIES 

Two voltage control strategies are proposed in DER units 

to ensure voltage quality in DPS and reduce the number of 

VRD switching operations. Furthermore, time-graded control 

is employed in between SCB, OLTC, SVR and DER units for 

the increased utilization of DER units. 

A.  Static Voltage Control Strategy 

The proposed static voltage control aims to reduce grid 

oscillations as compared to the conventional IEEE1547-2018 

method. This strategy controls the voltage in DPS based on 

IEEE voltage-reactive power curve; and reactive power 

response time (1s - 90s) is selected in view of practical 

Table 1. Time delays corresponding to DER and VRD units 
DER Unit 

Time delays 
SCB Time delays [21], [22] 

SVR/OLTC 

Time delays [23], [24] 

DER – VRDs 

Coordination Time delays 

*Synchronous 

generator 

dynamics (τs) 

**Transient 

current decay 

(τt) 

***Auxiliary 

time constant 

(τa) 

Intentional 

time delay 

Operational 

time delay 

Mandatory 

discharging 

time 

Intentional 

time delay 

Operational 

time delay 

****Grid 

measurements 

time constant 

(τm) 

Proposed control strategy 

Static 

voltage 

control 

Dynamic and 

extensive 

voltage control 

~1s ~1s - 5s ~2s 1s - 60 s 0s - 10s 60s – 360s 30s - 360 s 4s - 10s ~2s - 5s τs + τt + τm τs + τt + τa+ τm 

*  depends on synchronous generator excitation time constant  ** depends on R/X ratio of a power distribution. 

*** depends on local DER unit data processing from grid parameters **** depends on distance (impedance) between DER and VRD unit 
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constrains such as synchronous generator dynamics and 

transient current decay of a DPS. Grid voltage-oriented vector 

control system or one cycle control can be employed in smart 

inverter to control the active and reactive power delivery of 

the DER units. However, supplying inductive or capacitive 

reactive power from the DER units follows the hysteresis 

based wide bandwidth control strategy proposed in Fig. 4. In 

this proposed strategy, provision of inductive reactive power is 

returned when bus voltage is reduced to 0.98 p. u, instead of 

1.02 p. u as followed in IEEE 1547-2018. Likewise, capacitive 

reactive power is returned at 1.02 p.u. instead of 0.98 p.u., 

subsequently, it reduces the grid oscillatory actions since it 

minimizes the number of DERs switching operations through 

the operated bandwidth. A suitable time-delay is maintained 

between DER and VRD units for maximizing the voltage 

support from DER units and avoid unintended switching 

operations of VRDs. It depends on DER-reactive power 

controller time constant and distance (i.e. impedance) between 

DER and VRD units. If more SVR units are connected in the 

system, then the minimum time delay from one SVR unit to 

the next one is 15s and it is continually added [26]. In case 

more SCBs are connected in the system, then all the SCBs are 

operated through time-based autonomous control based on 

projected load profile as discussed in this paper. If the SCBs 

are to be connected through voltage-based autonomous 

control, then preference will be given to SCBs than SVR units 

by setting suitable time-delays considering DER-reactive 

power switching. The reference voltages for the VRD and 

DER units are taken from their locations; therefore, remote 

communication and measurement infrastructure are avoided. 

The proposed control strategy reduces the number of VRD 

switching operations compared to the conventional voltage 

control method (i.e. IEEE 1547-2003/2013). Also, it can 

reduce the grid oscillations compared to IEEE 1547-2018. 

This control strategy can be applied to  the currently employed 

DER units in the utilities without violating IEEE 1547-2018 

regulations. 

B.  Dynamic and Extensive Voltage Control Strategy 

The dynamic and extensive voltage control strategy in DER 

units provide reactive power support to the grid based on DER 

unit capacity and active power generation. It provides dynamic 

voltage support to the grid during DER active power 

variations and reduces the number of VRD switching 

operations compared to the proposed static voltage control, 

and IEEE 1547:2018 strategies. Further, it increases the 

reliability of DPS during unexpected failures though the 

extensive utilization of DER-reactive power support. The 

proposed voltage control strategy comprises of: (i) dynamic 

reactive power control (RPC) block, (ii) static RPC stage-I, 

and (ii) static RPC stage-II blocks. The dynamic RPC injects 

instantaneous reactive power support to the grid during active 

power variations in DER units. Possibility of dynamic reactive 

power support is presented in subsequent subsection. Static 

RPC stage-I is similar to the proposed static voltage control 

strategy, it follows the IEEE voltage-reactive power 

characteristics and provides grid support during unexpected 

changes in loads and short time faults. If the support is 

continually required and the grid voltage is away (e.g. < 0.95 
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Fig. 5a Overall block diagram of the proposed DER voltage control strategies 
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p. u or > 1.05 p. u) from the stipulated bandwidth then control 

is switched into the static RPC stage-II mode. In this mode 

DER unit provides maximum available reactive power to the 

grid in view of DER unit capacity and active power 

generation. This control strategy can provide both voltage 

stability and grid flexibility to the DPS. The transient voltage 

stability and grid flexibility is attained through dynamic RPC 

block and steady state voltage stability is achieved by static 

RPC stage-I and stage-II blocks. This control strategy might 

violate the current IEEE 1547-2018 regulations in view of 

maximum usage of reactive power support, however utilities 

can get more benefits by this control strategy including 

voltage quality improvement and reduction in number of 

switching operations of OLTC and SVR units. 

The coordination between dynamic RPC, static RPC stage-I 

and static RPC stage-II is implemented based on time delays 

and grid voltage as shown in Fig. 5a. It is inferred that that 

dynamic RPC is neither employed with time delay nor 

controlled by grid voltage, but it instantaneously supports 

reactive power to the grid whenever DER active power 

variation is occurred through droop control technique. The 

active power variation is estimated by comparing the normal 

(projected through weather forecasting) and current active 

power generation. The static RPC stage-I provides reactive 

power support to the grid when the grid voltage goes either 

greater than 1.02 p.u. or less than 0.98 p.u. (based on IEEE 

1547 std). In addition, it follows the time delay considered by 

synchronous generator and transient current decay time 

constants. In case of static stage-II, it is enabled after the static 

RPC stage-I by adding the required time delay considering 

grid measurements. In addition, it triggers when the grid 

voltage goes either greater than 1.05 p.u. or less than 0.95 p.u. 

as it is considered as a safety voltage margin of the system. 

The stage-II reactive power support follows the nonlinear Q-V 

curve presented in [27], which can be more efficient and 

accurate in view of stability of the system.  

(i) Possibility of dynamic reactive power support from DERs 

 Conventionally, dynamic reactive power support from DER 

units is restricted in view of time constants related to 

synchronous generator dynamics and transient current decay. 

In highly DER-penetrated distribution system, voltage 

transients are mostly due to the sudden change in DER active 

power generation (e.g. cloudy transients in solar PV). If one 

can mitigate voltage transients due to the DER units then it 
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Fig. 5c. Control diagram of proposed dynamic and extensive voltage control strategy  
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Fig. 5b. Extensive Reactive power support with active power of 0.5 p. u 
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can certainly increase voltage quality and grid flexibility of the 

system. It is noted that synchronous generator dynamics is 

similar for the normal and abnormal generation in DER units. 

Therefore, if one can dynamically mitigate voltage transients 

due to the active power variation then it cannot be affecting 

synchronous generator dynamics. Similarly, transient current 

decay is not a concern by injecting dynamic reactive power 

during the active power variation in DER units since reactive 

power is not controlled by closed feedback loop. Equation (2) 

shows the change in voltage at point of common coupling 

(PCC) of the DER unit as a function of active (P) and reactive 

power (Q) delivery [28] 

DER DER

PCC

PCC

P R Q X
V

V

  +  
        (2) 

where 

PCCΔV → change in voltage at PCC 

DERΔP → change in active power generation in the DER unit 

DERΔQ → change in reactive power delivery in the DER unit 

R → resistance between DER connected bus and main station 

X →  reactance between DER connected bus and main station 

The voltage variation at PCC can be mitigated by supplying 

required reactive power from DER unit and it is based on, 

DER DER

R
Q P

X

 
  −   

 
         (3) 

The active power variation of a DER unit can be obtained 

by comparing current active power generation and normal day 

generations. The R/X value is constant, it depends on line 

parameters (i.e. Thevenin equivalent impedance of the bus 

from the main power station) and is not load dependent. 

Although, resistance of the line is temperature dependent 

which changes during loading, it is considered as negligible. If 

one can dynamically calculates active power variation, then 

dynamic reactive power support is achievable during the 

active power variation in DER units. In addition, this dynamic 

reactive power support can be utilized to mitigate the capacitor 

switching transients through suitable control system. 

(ii) Reactive power support during unbalanced grid voltage  

The amount of negative sequence voltage present at the 

PCC with respect to positive sequence is called as voltage 

unbalanced factor. The unbalanced current generation 

algorithm is employed as a portion of the proposed voltage 

control strategies for handling the unbalanced voltage 

conditions. Also, reactive power support from DER unit is 

estimated based on positive and negative sequence voltage 

leads to reduce the imbalance in the grid voltage.  

It is well known that controlling DER positive and negative 

sequence output current could compensate the PCC 

unbalanced voltage. According to the instantaneous power 

theory, positive and negative sequence of the DER output 

current reference is calculated by [29], 

* *

* 1 2

2

DER DER
DER pcc

pcc

k P jk Q
I V

V

+ +

+

 
− =

 
 

         (4) 

( ) ( )* *

* 1 2

2

1 1
DER DER

DER pcc

pcc

k P j k Q
I V

V

− −

−

− + −
=

 
 
 
 

      (5) 

where  
*

DER
P →  average active power reference.   

*

DERQ →  average reactive power reference. 

pccV + → positive sequence voltage at PCC   

pccV − →  negative sequence voltage at PCC 

1

  

  

positive sequence activepower
k

Total active power
=  

2

  

  

positive sequence reactivepower
k

Total reactive power
=    

During unbalanced condition, total DER active power to the 

grid is,  

( ) ( )* *

pcc pcc DER DERP V V I I+ − + −= +  +         (6) 

From (6), the oscillated active power is calculated as 

( ) ( )* *

pcc DER pcc DERV I V IP
+ − − +=  +         (7) 

It is desired to obtain zero active power oscillation that is 

essential during unbalanced voltage condition, therefore (7) is 

modified into, 

( ) ( )* * 0pcc DER pcc DERV I V I+ − − + +  =         (8) 

Substitute 
*

DERI +
 and 

*

DERI −
 in (8) then calculate the factors 

k1 and k2,  

( )
1 2 2

1

1 pcc pcc

k
V V− +

=
−

            (9) 

( )
2 2 2

1

1 pcc pcc

k
V V− +

=
+

            (10) 

The average active and reactive power reference are 

calculated with help of dc link voltage controller (active power 

controller) and proposed reactive power controller in the DER 

unit, respectively. It is given below. 
* *

DER d pccP I V +=                (11) 

* *

DER q pccQ I V +=                (12) 

The PCC positive and negative sequence voltage are 

calculated with the help of three phase PLL system and 

corresponding current reference are generated by (4) and (5).  

These current references are further processed with inner 

current controllers and generates gate signals for the smart 

inverter through PWM modulators.  

The input voltage to the proposed reactive power control is 

obtained based on positive and negative sequence voltages, 

which further minimize the imbalance in the grid voltages. 

_control reactivepower pcc pccV k V k V+ + − −=  +         (13) 

1k k− += −  , k+  varies from 0 to 1.  

Where k+ and k− are the normalized factors to balance 

between the positive and negative sequence voltages. The 

proper selection of these factors helps to increase the voltage 

balance among the phase voltages. The selection of k+
value 

is based on the practical constrains is given below.  
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( )

+

+ +

+

k =1;                     n 0.02

k = 1> k > 0 ;      0.02 < n < 1

k =0;                     n=1

 
  
 
 

 

 where 
pcc

pcc

V
n

V

−

+
=  (14) 

 The proposed voltage control strategy may not able to 

provide complete regulation of voltage unbalance at PCC in 

the three-wire system. However, it reduces the voltage 

unbalance and neutralize the active power oscillations during 

unbalanced voltage conditions 

IV.  RESULTS AND DISCUSSIONS 

A 12.47 kV Southern California distribution power system 

is used to investigate the proposed voltage control strategies in 

both MATLAB-Simulink and conduct time-domain 

simulations with one-day realistic load and solar generation 

profile (time resolution of 60 seconds). Also, ETAP 

simulation software is used for power losses estimation and it 

verifies the Matlab/Simulink results. The voltage-dependent 

load model is designed for increasing the accuracy of the 

system. The active and reactive power consumption of the 

load is designed such that it varies during the changes in bus 

voltage over the consideration of active and reactive power 

coefficients. Active and reactive power coefficients are 

considered as 1.38 and 3.22, respectively. In case of PV 

model, grid connected PV array model is created with external 

control. The active power is externally controlled by the real-

time output power data and reactive power control is designed 

by the proposed control algorithm.  

The total length of the system is 5.306 miles and the 

recorded peak load is 17.53 MVA, where the average power 

factor of the system is 0.798 (lagging). The overall R/X ratio 

of the system is calculated as 1.77. The circuit contains 140 

buses and a substation transformer equipped with an OLTC. 

Further, one SVR and one SCB rated at 1000 kVAr are 

located at Bus-7 and Bus-121, respectively to regulate the 

system voltage. The SCB is operated through time-based 

control during the peak load period. The SVR is modelled by 

incorporating 33 taps in the series winding, and each tap 

change can vary the voltage in the amount of 0.00625 p. u in 

the system., whereas OLTC is established with 16 taps. The 

intended time delay is set at 30s and it is considered during 

initial tap change only. The selection and transition time of 

each tap change is selected as 5s, and instantaneous reset 

timer/counter logic is followed in the LTC - SVR unit. The 

accepted voltage bandwidth is selected for the SVR unit is 

between 0.98 p.u. and 1.02 p.u. However, voltage bandwidth 

for OLTC unit is selected at 5% variation with the reference 

voltage of 1 p.u., and intentional time delay is set at 60s. 

Fifteen solar units each rated at 200 kW is located at the 

different zones of the system and voltage-reactive power 

control mode characteristic is modelled in these units. 

Therefore, the capacity of DER penetration is estimated as 

20.5% in the distribution system.  The specified operating 

voltage limits for the test system are within ±5% from a 

nominal voltage (1 p.u). The test system, load profile and solar 

generation profiles are presented in Fig. 6. The solar power 

generation profile is the same for all the units; however, power 

generation in all units is shifted by several seconds in 

consideration of moving clouds. Furthermore, time constants 

of synchronous generator dynamics, transient current decay, 

and auxiliary time constant in DER unit are considered as 

1.5s, 1s, and 2s, respectively. The entire system is simulated 

for a day (24*60*60s) with the conventional and proposed 

voltage control strategies and the results are presented in Fig. 

7 through Fig. 16.  

A.  Conventional Grid Voltage Control through VRDs 

The switching of SCB is operated through time-based 

control and it is switched ON during peak load period, i.e. 

between 14h and 22 h. The initial tap position of OLTC and 

SVR is assumed to be at tap-0. The solar units generate the 

maximum power of 0.78 p.u. and they intermittently deliver 

power to the grid. In this control strategy, these solar units are 

not allowed to regulate the grid voltage through reactive 

power control (IEEE 1547:2003). The simulated results are 
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Fig.7. Conventional grid voltage control through VRDs 
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shown in Fig. 7. It is inferred that; (i) these VRDs are not 

operated during the momentary voltage sag; therefore, quality 

of the grid voltage is disturbed during this period, (ii) length of 

time that bus voltages are outside the accepted voltage 

bandwidth is high; sometimes it may heavily impact the 

load/generator connected in it (especially doubly fed induction 

machines), (iii) it increases the number of switching 

operations of both SVR (249 tap changes) and OLTC units (5 

tap change) during sudden fluctuations in load and DERs 

active power generation; it increase the wear and tear of the 

VRD units and leads to an increase in maintenance costs.  

B.  Proposed Static Grid Voltage Control 

In this control strategy the solar units follow the IEEE 

1547:2018 guidelines in view of maximum support and it 

follows the control strategy shown in Fig. 4. The control for 

the VRDs are similar to the previous method. The simulated 

results for this proposed static voltage control strategy is 

shown in Fig. 8 and Fig. 9. It is inferred that this strategy 

reduces the number of switching operations of VRD units (i.e. 

SVR tap changes reduced to 136 from 249) and the time 

outside the accepted voltage bandwidth. It reduces the 

switching of solar inverter (DER) units to provide reactive 

power to the grid, which ultimately reduces the grid 

oscillatory behavior (shown in Fig. 9). However, it does not 

provide dynamic grid voltage support during active power 

variations in DER units. Further, reactive power support from 

DER units are limited with the capacity of 44%, which may 

impact the voltage quality during huge load changes, active 

power variations and grid faulty conditions, etc.  

C.  Proposed Dynamic and Extensive Voltage Control 

In this voltage control strategy, DER unit can provide 

dynamic and extensive voltage support to the grid. Reactive 

power delivery of DER unit is limited by the unit capacity and 

their active power generation. Therefore, it can provide 

maximum reactive power support during minimum power 

generation. In this control, extensive capacitive reactive power 

is supplied when the voltage goes to below 0.95 p.u., likewise, 

extensive inductive reactive power is supplied when the 

voltage goes to greater than 1.05 p.u., it increases the reactive 

power support. The simulated results for the proposed control 

strategy are shown in Fig. 10. It is inferred that DER units 

 
(a) bus voltage 

 
(b) reactive power 

Fig.9. Comparison of static voltage control strategies 

 

 

 

 
Fig.8. Grid voltage control through proposed static voltage control 

 
 

 

 

 
Fig.10. Grid voltage control through dynamic and extensive voltage control 

 



0885-8977 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2020.2965107, IEEE
Transactions on Power Delivery

 10 

connected in bus 21 (G1-G3) supplies inductive reactive 

power to the grid between 0h and 4h (shown in Fig. 10) 

because of SVR and OLTC units are initially set as zero, and 

total load of the system during aforesaid period is minimum 

(about 40% - 60% of the peak load). Nevertheless, DER units 

(G7 – G15) support capacitive reactive power to the grid 

during the periods in view of system losses and maintain the 

voltage in the buses. From the results, it shows that the 

proposed dynamic and extensive control strategy is a suitable 

option among the voltage control methods since, (i) it 

significantly reduces the switching operations of VRDs, (ii) it 

minimizes the percentage of time that bus voltages outside the 

stipulated bandwidth, (iii) it supplies instantaneous reactive 

power support to the grid during momentary active power 

variations, which increase the voltage quality in the network, 

and finally (iv) it reduces the grid oscillatory behavior without 

any remote control system. The comparison of active power 

losses of the test system with respect to the voltage control 

strategies are given in Fig.11 and Table. 2. It confirms that the 

proposed dynamic and extensive control method conserve the 

active power of about 9.15%, and 11.7% compared to IEEE 

1547-2018 and conventional grid voltage control method 

(IEEE 1547-2003), respectively. The comparison of voltage 

control strategies with respect to sudden change in load and 

active power generation is discussed below. 

(i) Case1: Sudden increase in load 

Load connected in the buses between B10 and B88 is 

intentionally increased as shown in Fig.12a and results are 

analyzed through different voltage control methods. The fault 

is injected at 32778s (i.e. 9.105 h) and results are shown in 

Fig. 12b. It is inferred that during conventional voltage control 

bus voltage is back to the safety region through SVR and 

OLTC units; it takes about 104s to reach the voltage safety 

region. In case of static voltage control, DER unit reacts after 

2.5s from the voltage variation and primarily pullback the bus 

voltage to 0.935 p.u. considering reactive power utilization by 

IEEE 1547, then it waits for SVC to operate and it takes 50s to 

pullback the voltage to the safety region. In case of extensive 

control, the available DER unit reactive power is utilized and 

pullback the voltage to the safety region within 4.5s. 

Furthermore, it is observed that SVR and OLTC units are not 

operated during this control.  

(ii) Case2: Sudden reduction in load 

In this case, load connected in the buses between B10 and 

B43 is intentionally reduced as shown in Fig.13a and result 

are given in Fig. 13b. In conventional voltage control 

strategy, voltage is increased to 1.10 p.u. and continued about 

34s, which is very harmful in the DER rich network. Also, 

bus voltage is outside the safety margin about 58s. In case of 

DER static voltage control method, voltage transients reach to 

1.09 p.u. and voltage is continued for 10s in the outside safety 

region. However, dynamic and extensive voltage control 

Table.2 Comparison of active power losses in the test system 

Grid voltage control strategies 

Power 

Losses 
(kWh/day) 

Percentage of 

Losses* 
(%) 

Conventional grid voltage control 

(IEEE 1547-2003) 
242.38 6.646 

IEEE 1547-2018 (proposed static 

voltage control) 
235.409 6.455 

Proposed dynamic and extensive 
voltage control 

213.864 5.864 

*with respect to the total load (active power) of the system ≈ 3646.76 

kWh/day 

 

(a)  (b)  

Fig.13. Grid voltage control methods during sudden drop in load profile (a) load profile, (b) bus voltage 

 

(a)  (b)  

Fig.12. Grid voltage control methods during sudden increase in load profile (a) load profile, (b) bus voltage 

 

 
 (a) total active power from main station 

 
(b) active power losses 

Fig.11. Comparison of active power losses of the system with respect to grid voltage control strategies 
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strategy reduces the voltage transients and suddenly pullback 

the bus voltage to the safety region within 2.5s. Further, it 

reduces the voltage outside the stipulated bandwidth in the 

network. 

(iii) Case3: Variation in DER active power generation. 

Fig.14b shows the substation voltage at different voltage 

control methods during variation in active power generation 

in DER units (shown in Fig. 14a). From the results, it is 

observed that during conventional voltage control the 

substation voltage profile is varied according to the DER 

active power output and goes outside the accepted voltage 

limit in several periods. In case of static control, substation 

voltage profile is improved compared to the conventional 

method, however, bus voltage is close to outside of the safety 

voltage region, also voltage variation is high. But dynamic 

and extensive voltage control improves the voltage profile in 

substation compared to other voltage control methods and 

maintain the voltage quality during variation in DER active 

power generation. Likewise, DER units (G1-G6) connected in 

the test system is intentionally tripped at 10.2778h (37000s) 

and the results are given in Fig. 15. It shows that dynamic and 

extensive voltage control strategy suddenly pullback the bus 

voltage to the safety region when compared to other grid 

voltage control methods.  

The proposed control strategy provides more reactive power 

support to the grid when DER penetration is higher in the 

power distribution. Therefore, it could ignore the use of 

additional capacitor banks and voltage regulators in the future 

system when the load is increased. However, reactive power 

support from the DER unit should considers V-Q relationship 

of a power distribution for maximizing the efficiency and grid 

stability. The proposed dynamic and extensive control is 

tested with 41% DER penetration power distribution and 

results are given in Fig. 16. It verifies that the number of 

switching operations of OLTC (1) and SVR (58) is reduced in 

comparison with less DER penetration (21%) power 

distribution. 

Considering above scenarios, the proposed method can 

provide grid voltage support to prevent the system from 

tripping during cyber-attack on smart meters and active 

power controller in DER units. In case of cyber-attack on 

active power in DER unit, the proposed method has a feature 

that provide instantaneous reactive power support considering 

active power variations. Therefore, during the cyberattack on 

active power (i.e. active power may reduce to certain 

value/zero) the proposed control could provide equivalent 

reactive power to the grid for maintaining the grid voltage. 

The cyber-attack on smart meter could connect or disconnect 

the loads in the power distribution. During the attack, the 

proposed dynamic and extensive voltage control take efforts 

to maintain the voltage at the stipulated bandwidth (< 0.95 p. 

u to 1.05 p. u) without affecting the active power generation. 

Fig. 12 and Fig. 13 shows the simulation results for the 

sudden increase and reduction in load, respectively (i.e., it is 

considered as cyber-attack on smart meter). 

 In addition, the proposed voltage control increases the 

voltage security of the system through maintaining the bus 

voltages in the specified voltage limits during the various 

power quality disturbances. It also improves the transient and 

steady state voltage stability of the system which increase the 

system availability.  

V.  CONCLUSION 

This paper has presented two voltage control strategies in 

DER units for the effective voltage regulation and security in a 

realistic California distribution power system. The practical 

limitations of the voltage regulating devices are studied, and 

the effective time-graded control is implemented to reduce the 

simultaneous and negative operation of VRDs and DER units. 

The static voltage control strategy provides voltage support to 

(a)  (b)   
Fig.15. Grid voltage control methods during variation in DER active power (a) DER-active power, (b) Bus voltage 

 

 
Fig. 16. VRDs switching with higher DER-penetration (41%) in a test system 

(a)  (b)  

Fig.14. Grid voltage control methods during variation in DER active power (a) DER-active power, (b) Substation voltage 
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the grid as per IEEE 1547:2018 regulations and it reduces the 

switching operations of VRDs and reduces the grid oscillatory 

actions. In case of dynamic and extensive voltage control 

strategy, it massively reduces the switching operations of 

VRDs and improve the voltage quality in the power 

distribution compared to other voltage control methods. The 

time-domain simulation results revealed that the reliable and 

security can be achieved in the distribution power system 

through the practice of dynamic and extensive voltage control 

strategy. 
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