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Abstract: In the context of constructing new power systems, distribution networks are increasingly 

incorporating distributed resources such as distributed photovoltaic (PV) systems, decentralized wind turbines 

(WT), and new types of energy storage system (ESS), which may lead to prominent issues such as voltage 

overruns and reverse heavy overloads in the distribution network. While distributed resources are valuable 

for voltage regulation, their regulation characteristics vary with their operation means, and the randomness 

and volatility of renewable power generation will also influence the optimization and regulation of voltage in 

the distribution network. This paper proposes a multi-time scale reactive power optimization and regulation 

method for distribution networks in a multi-source interactive environment. Firstly, the voltage regulation 

characteristics of distributed PV systems, decentralized ES, and distributed WT are analyzed. Based on this 

analysis, then a multi-time scale voltage optimization scheme for distribution networks using MPC method is 

proposed, which optimizes the voltage regulation strategies for each distributed resource in a rolling manner. 

Furthermore, an event-triggered real-time voltage zoning control strategy based on voltage sensitivity is 

proposed to address the real-time sudden voltage overlimit problems. The modified IEEE 33-node system is 

used to verify the performance of proposed method, simulation results indicate that the issue of voltage 

overruns at distribution network nodes has been improved, and the intraday rolling optimization yields results 

that are more realistic compared to the day-ahead optimization method. 

Keywords: distribution network; distributed energy resources; model predictive control; voltage 

zoning control strategy  

 

1. Introduction 

With the growing problem of climate change, energy transition on a global scale has become a 

common goal for governments and energy companies. The rapid development of renewable energy 

generation technologies such as PV and WT, and the continuous expansion of their installed capacity 

have provided new development opportunities for power systems [1–3]. However, the stochastic and 

fluctuating nature of PV power generation has brought significant impacts on the voltage stability of 

distribution networks, which has become an important challenge in the current grid operation 

management [4–7]. 

The output power of PV and wind turbine power generation is greatly affected by weather 

conditions, for example, the intensity of sunlight, cloud cover, and weather changes can lead to 

drastic fluctuations in PV power generation [8,9]. This volatility not only affects the stability of power 

supply, but also directly affects the voltage level of the distribution network, leading to voltage 

fluctuations, overruns, and other distribution network voltage problems [10,11]. For distribution 

system with a high proportion of distributed resources, a sudden increase or decrease in power 

generation can lead to dramatic fluctuations in system voltage level. If the power generation 

increases, it may lead to grid voltage overruns; conversely, a decrease in power may lead to a voltage 
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drop, which in turn affects the normal operation of power equipment and the performance of power-

using equipment. Traditional voltage regulation methods such as adjusting transformer taps and 

using capacitor banks [12,13] have limited effect in coping with the volatility of renewable energy 

power generation, the stochastic nature of PV and wind turbine power generation makes the voltage 

regulation more complex and difficult, especially in the case of drastic changes in renewable energy 

power generation, the traditional regulation equipment may not be able to respond in time, which 

affects the stability of the voltage of the power grid [14,15]. 

In recent years, the use of distributed resources such as PV, WT, and ES systems to effectively 

regulate the voltage of the distribution network has received extensive attention and research, 

through the active and reactive regulation of distributed PV power, WT, ES and other flexible 

resources, to achieve dynamic adjustment of the voltage and improve the flexibility and adaptability 

of the distribution network. Ref. [16] assesses various reactive control modes and ranks them 

according to the Voltage Regulation Index, instances of over-voltage, maximum and average voltage 

levels, as well as their effects on the PV hosting capacity of the distribution system. Ref. [17] 

introduced a novel voltage regulation approach for a distributed energy resource (DER) inverter that 

utilizes a parabolic droop curve. This method optimizes the speed and flexibility of DER inverters by 

restoring grid voltage more slowly when the voltage deviation is minor and more quickly when the 

voltage deviation is significant. Ref. [18] develops an iterative quadratic constrained quadratic 

programming model aimed at minimizing voltage deviations while maximizing the active power 

output of DERs in a three-phase unbalanced distribution system. Ref. [19] proposes a coordination 

control strategy that integrates the use of on-load tap changer (OLTC) transformers and PV inverters 

(PVI) within a microgrid to regulate the voltage of the examined distribution feeder. Ref. [20] presents 

a bi-level mixed-scale strategy designed to utilize multiple resources for enhancing voltage stability 

in the presence of uncertainties. 

Considering the stochastic and fluctuating nature of renewable energy generation such as 

distributed PV and WT, some literatures have used model predictive control (MPC) methods to 

establish a multi-time scale voltage optimization and regulation model, which is used to 

accommodate short-term forecast errors in renewable energy generation For example, Ref. [21] 

introduces a reactive power control strategy that leverages power predictions from WT applicable to 

the distribution network. Ref. [22] presents an effective coordinated control strategy that integrates 

controllable devices with varying time response scales within low-voltage distribution networks. Ref. 

[23] proposes a strategy aimed at optimizing the economy and security of daily operations in the 

distribution network by incorporating the active support of distributed PV systems and ES systems 

for day-ahead intra-day co-optimization. However, most of these literatures only consider reactive 

regulation of PV inverters or active regulation of ES, and less research is carried out from the 

perspective of integrated active-reactive joint regulation of multiple distributed resources, in addition 

to paying less attention to short-term fluctuations of voltage and emergencies in real-time time-scale 

grids. For example, in Germany, where the installed capacity of PV systems is huge, a PV-induced 

voltage fluctuation event occurred in Bavaria in April 2018, when the PV generation system in the 

region experienced a sharp drop in PV power from 80% of full power to 20% in less than 10 minutes 

due to fast-moving overcast clouds [24]. This sharp fluctuation caused the voltage in the distribution 

network to instantly decrease beyond the safety range of the lower voltage limit, causing the voltage 

in some areas to fall below the standard range. Therefore, how to analyze the voltage regulation 

characteristics of different resources such as decentralized WT, distributed PV, ES, etc., and 

comprehensively utilize multi-source interaction and synergy in order to adapt to short-term 

fluctuations in voltage and sudden overruns in the grid is still a difficult point that requires further 

research. 

Based on the above research challenges, this paper proposes a day-ahead, intraday and real-time 

multi-timescale reactive voltage optimization and regulation method for distribution networks based 

on the friendly interaction and synergy of multiple distributed resources, with the following specific 

innovations: 
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1. The active-reactive joint voltage regulation mechanism of distributed photovoltaic inverters, 

doubly-fed wind turbines and distributed energy storage units is analyzed, based on which a 

day ahead, intraday and real-time multi-timescale distribution network reactive voltage 

optimization and regulation method is proposed. Firstly, for the day-ahead stage, the objective 

is to minimize the total system network loss and node voltage deviation based on short-term 

prediction of renewable outputs and loads, and the active-reactive resources of PV, WT and ES 

units are comprehensively utilized to regulate the voltage; and then for the intraday stage, 

considering the short-term prediction uncertainty, the results of the ultrashort-term power 

prediction are used to realize the rolling optimization of active and reactive compensation for 

each distributed resource, and dynamically adjusting active and reactive outputs of distributed 

resources in response to the dynamic adjustment of active and reactive power output of 

distributed resources to cope with power changes. 

2. In order to solve the short-term fluctuation and sudden overrun of voltage in the grid, an event-

triggered real-time voltage zoning control strategy based on voltage sensitivity is proposed, 

which calculates the reactive-voltage sensitivity and active-voltage sensitivity between 

distributed resources and overrun nodes, and establishes the “active first, reactive later” 

distributed voltage zoning control strategy, and establishes the “active first, reactive later” 

distributed voltage zoning control strategy. The distributed resource partitioning control model 

of “active first - reactive second” is established, and the nodes with high sensitivity are 

prioritized to call the regulating resources to realize real-time fast voltage regulation. 

2. Background: Distributed Resource Regulation Mechanism 

2.1. PV Inverter Based Voltage Regulation Mechanism 

In medium and low voltage distribution networks, due to the large number of distributed PV 

systems, voltage overruns may occur at certain nodes close to the PV systems during peak PV output 

times [25,26]. When the voltage exceeds the upper limit, the PV system can help regulate the grid 

voltage by either reducing the active power supplied by the PV systems or by adjusting the reactive 

power through the PV inverters (assuming no curtailment of PV generation). The voltage regulation 

mechanism of the PV inverter is specifically shown in Figure 1: where the upper half-circle arc 

indicates the available capacity of the PV inverter PVS , and the point A  indicates the maximum 

active power that can be generated when the PV is running, and its corresponding inverter reactive 

capacity is ,max1 ,max1[ , ]PV PVQ Q− +  ; when the PV active output is cut down to the point B , i.e.,

,maxPV PVP P= , the corresponding inverter reactive capacity changes to ,max 2 ,max 2[ , ]PV PVQ Q− + . 

Considering that the PV inverter power factor should not be too low, in Figure 1, min  is the power 

factor angle corresponding to the minimum power factor. 

,maxPVP

,max1PVQ+ ,max 2PVQ+,max1PVQ−,max 2PVQ−

,maxPVP

PVP

PVQ

O

A

min

PVS

B

 

Figure 1. Voltage regulation mechanism of PV inverter. 
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The formula for the adjustable reactive power capacity of the PV inverter can be obtained by 

combining Figure 1: 

 
( ) ( )

,max

2 2

PV PV PV

PV PV PV

P P P

Q S P

 = − 



= −


 (1) 

where ,maxPVP
 is the maximum active power of PV, PVP  is the power curtailment of PV, PVP  is 

the active power of PV after regulation, PVS  is the capacity of PV inverter, which is generally set as 

1~1.1 times of the rated active power of PV, and PVQ  is the maximum adjustable reactive power of 

PV after regulation of active power. 

2.2. Regulation Mechanism of ES 

ES batteries can both store and release electrical energy, so in voltage regulation, ES has more 

regulation options compared to PV [27,28]. The voltage regulation mechanism of ES is shown in 

Figure 2, and the difference with PV is that the variation curve of the ES inverter is a whole circle, 

which can be used for reasonable charging and discharging of ES within the range of ,min ,max[ , ]PV PVP P
 

. When the initial active power is at A, the corresponding reactive power regulation range of the ES 

is , ,[ , ]PV ini PV iniQ Q− +
; when the ES is charging, the active curve of the ES moves from A to B, and the 

reactive power of the ES changes along with the active power, and when it reaches the maximum 

value of the charging capacity of the ES at ,maxPVP
, the corresponding reactive power regulation range 

of the ES is ,max ,max[ , ]PV PVQ Q− +
; when the ES is discharging, it is similar to charging, and the active 

curve of the ES moves from  A to C, and the adjustable range of the reactive power changes 

accordingly, and the calculation formula is the same as that of the PV. The calculation formula is also 

similar to that of PV: 

 ( ) ( )
2 2

ES ES ESQ S P= −  (2) 

where ESP  is the active power stored after charging and discharging the ES, ESS  is the capacity of the 

PV inverter, and ESQ  is the adjustable reactive power range of the ES inverter under the current 

active power. 
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Figure 2. Voltage regulation mechanism of ES. 

2.3. Voltage Regulation Mechanism of Doubly-Fed Wind Turbine 

The voltage regulation mechanism of a Doubly-Fed Induction Generator (DFIG) is illustrated in 

Figure 3. As shown, the greater the active power output of the DFIG, the smaller the range of 

adjustable reactive power. Moreover, for a given active power, the DFIG's ability to release reactive 

power is less than its ability to absorb reactive power. The DFIG does not always operate at its rated 

state. If Maximum Power Point Tracking (MPPT) is not considered in certain situations, i.e., if the 

principle of active power priority is not adopted, the reactive power regulation capability can be 

improved by reducing the active power output. The dashed line in the figure represents the reactive 

power limit range on the stator side of the DFIG, while the solid line represents the total reactive 

power limit range of the Wind Turbine Generator (WTG). It is evident that most of the reactive power 

comes from the stator side, with the rotor side having a very limited adjustable reactive power range 

[29,30].  

Considering that the reactive power on the stator side is constrained by the currents on both the 

stator and rotor sides, its adjustable range of reactive power can be expressed as follows: 

 

2 2
2

,max

,min

1

33

2 2 1

m s rs m

s

s s

L U IU P
Q

L L s

   
= − − −     −  

 (3) 

 

2 2
2

,max

,max

1

33

2 2 1

m s rs m

s

s s

L U IU P
Q

L L s

   
= − + −     −  

 (4) 

where sL  and mL  are the stator inductance and excitation inductance respectively; ,maxrI
 is the 

maximum value of rotor side current, s  is the slew rate, 1  is the synchronous rotational angular 

velocity; sU  is the effective value of stator voltage. And the two equations can be seen from the DFIG 

stator side in the absorption of reactive power and the release of reactive power when the adjustable 

range of different. 
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Assume that the maximum active power for which the grid-side converter is designed is ,maxcS , 

and the reactive power range of the grid-side converter is: 

 

2

2

,min ,max
1

m

c c

sP
Q S

s

 
= − −  

− 
 (5) 

 

2

2

,max ,max
1

m

c c

sP
Q S

s

 
= −  

− 
 (6) 

The adjustable reactive power range of the DFIG can be determined by considering both the 

stator side reactive power limit and the grid-side converter reactive power limit: 

 ,max ,max ,maxg s cQ Q Q= +  (7) 

 ,min ,min ,ming s cQ Q Q= +  (8) 

Limit of wind turbine 

reactive power

Limit of reactive power 

on the stator side

/WPP kW

/
W

P
Q

kW

 

Figure 3. Voltage regulation mechanism of WT. 

3. Proposed Scheme: Multi-Timescale Voltage Control Strategies for Distribution Networks 

In this section, we firstly introduce the proposed multi-timescale reactive power control 

framework for distribution system, then formulate the optimization model of day-ahead and 

intraday timescale, and lastly we propose the event-triggered real-time voltage zoning control 

strategy based on voltage sensitivity to solve the short-term fluctuation and sudden overrun of 

voltage.  

3.1. Multi-Timescale Reactive Power Control Scheme for Distribution Networks  

MPC is a fuzzy predictive control theory used in the optimization and regulation of dynamic 

systems [31,32]. The basic idea is to predict the future behavior of the system by combining the 

measured data at the current moment in order to optimize the control action in a future period of 

time. Considering the uncertainties that may exist in the input data, this control method optimizes 

its own prediction results by rolling iterations and feedback of the prediction results over multiple 

single time intervals. At each time interval the MPC builds a new optimization model based on the 

current operating parameters, so the set iteration length affects the MPC output results, and if the 

iteration length is shortened, the data sampling rate needs to be increased at the same time as the 

MPC accuracy is improved. MPC acts on the stochastic system by means of unfixed feedback control 

values. Through intra-day rolling optimization, the system is able to automatically generate an 
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optimization model that gradually approaches the optimal control strategy by continuously reducing 

the error. 

In the operation and control of distribution networks, the uncertainty of renewable energy 

power outputs means that the day-ahead optimal model may not achieve system optimization during 

intra-day operation. Therefore, the MPC method can be adopted to develop more effective strategies 

for multi-source interactive distribution networks. Considering the uncertainty of distributed new 

energy resources, this approach calculates the active and reactive regulation strategies of these 

resources in the distribution network and compares the roles of different distributed resources in the 

voltage regulation process. By utilizing the principles of model predictive control to coordinate the 

varying voltage regulation capabilities of each distributed resource, the method effectively addresses 

voltage overrun issues in the distribution network. With its multi-step optimization and prediction 

capabilities, MPC can determine a multi-scale voltage optimization model for distribution networks 

in a multi-source interactive environment. 

The multi-timescale reactive power control framework based on MPC method for distribution 

system is shown in Figure 4, which includes day-ahead prediction optimization, intra-day rolling 

optimization, and real-time voltage control. Intra-day rolling optimization uses the active and 

reactive power data of distributed resources obtained from day-ahead predictions to continuously 

perform feedback iterations. The day-ahead optimization layer aims to reduce network losses and 

maintain voltage stability, with a time scale of 1 hour, coordinated by the distributed resource voltage 

regulation model in Section 2.2. The intra-day rolling optimization layer operates on a 15-minute time 

scale, focusing more on voltage stability control and the uncertainty of distributed resource output. 

Real-time voltage control, building on the previous layers, operates on a 5-minute time scale to keep 

voltage limits within the optimal operating range. 

00:00 06:00 12:00 18:00 24:00

09:00 10:00 11:00 12:00 13:00

Scheduling cycle：24h

Scheduling 

duration：1h

Day-ahead 

optimization forecasts
· Scheduling cycle：24h

· Scheduling duration：15min

· Formulated 24 hours in advance

Intraday rolling 

optimization

11:00 11:05 11:10 11:15 11:20

Real-time voltage 

control

Intraday rolling 

optimization curve

Scheduling cycle：4h

Scheduling cycle

：5min

Scheduling 

duration：15min

Scheduling 

duration：5min

Day-ahead optimization 

forecasts curve

· Scheduling cycle：4h

· Scheduling duration：15min

· The results were taken 15 minutes 

before execution

· Scheduling cycle：5min

· Scheduling duration：5min

· The results were taken 5 minutes 

before execution

 

Figure 4. Multi-timescale reactive power control framework for distribution system. 

(1) Objective function 

In order to maintain the stable operation of the distribution network, the day-ahead optimization 

model takes the optimal operation of the system as the objective, therefore the optimization objective 
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function is modeled as minimizing the branch loss and voltage deviation of the distribution network, 

which is formulated as follows 

 1 1 , 2 ,

1

min
T

loss t i t ref

t j i

F W P W U U
=  

 
=  +  − 

 
    (9) 

where ,loss tP  denotes the line loss, ,i tU
 denotes the voltage of node i at time slot t, 

refU
denotes the 

reference voltage, which is generally set to 1,   and   denote the node set and branch set, 

respectively, and 1W  and 2W  are the weight coefficients. 

(2) Constraints 

There are the following constraints that need to be satisfied during the optimization: 

1) Power flow constraints 

For each node i, 
,i tP  and 

,i tQ  denote the active and reactive power injected into the node at the 

time slot t ; for each line 
i jl − , 

-i jG  and 
i jB −

 denote the conductance and conductance of the line 

respectively, 
,i j tP−

denotes the active power flowing through the line at time slot t, and ,i j t − denotes 

the difference in the phase between the end and the beginning of the line. iЄ  is the set of all nodes 

connected with node i. In this paper, the polar coordinate form of the power flow model is used: 

 , , , , ,( cos sin )i t i t j t i j i j t i j i j t

j i

P U U G B − − − −



= +
Є

 (10) 

 
, , , , ,( sin cos )i t i t j t i j i j t i j i j t

j i

Q U U G B − − − −



= −
Є

 (11) 

 2

, , , , , , , ,( cos ) sini j t i t i t j t i j t i j i t j t i j t ijP U U U G U U B − − − −= − −  (12) 

 , PV, , , , , , , , , ,+ + cha dis

i t i t WT i t ES i t ES i t load i tP P P P P P= − −  (13) 

 
,min , ,maxi i t iU U U   (14) 

 ( ) ( )
2 2

max

, ,ij t ij tI I  (15) 

where , ,PV i tP  and , ,WT i tP  denote the PV and WT output of node i at time slot t, , ,

cha

ES i tP  and , ,

dis

ES i tP  denote 

the charging and discharging power of node i at time slot t, , ,load i tP denotes the user load of node i at 

time slot t, 
,miniU  and 

,maxiU  denote the upper and lower voltage limits of the distribution node i, 

,ij tI and 
max

,ij tI denote the current on the branch i j−  and the maximum value allowed. 

3) PV operation constraints 

 
max

PV,m, PV,m,0 ,t t PVP P m     (16) 

 
2 2

, , , , ,PV m t PV m t PV m PVP Q S m+   ,  (17) 

where , ,PV m tP  is the predicted active power of PV node m, ,PV mS  is the capacity of the grid-connected 

PV converter, and , ,PV m tQ  is the reactive power regulation strategy, with upper and lower bounds

max, ,m tQ and min, ,m tQ , respectively: 

 
2 2

max, , , , ,m t PV m PV m tQ S P = −  (18) 

 
2 2

min, , , , ,m t PV m PV m tQ S P = − −  (19) 

4) WT operation constraints 

 
max

, , , ,0 ,WT n t WT n t WTP P n     (20) 

 
2 2

, , , , , ,WT n t WT n t WT n WTP Q S n+     (21) 
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where , ,WT m tP  is the active power generation at the WT node n; ,WT mS  is the capacity of the grid-

connected converter for WT, and , ,WT n tQ  is the reactive power regulation strategy, and according to 

models given by Eqs. (3)-(8), the reactive power of WT is constrained by: 

 
,min ,min ,max ,max

, , , , , , , , , ,

s c s c

WT n t WT n t WT n t WT n t WT n tQ Q Q Q Q+   +  (22) 

5) ESS operation constraints 

 , , 1,cha dis

k t k t t +    (23) 

 , , , , , , , ,= cha cha dis dis

ES k t ES k t k t ES k t k tP P P +  (24) 

 
,max ,max

, , , , , ,0 + , ,dis dis cha cha

ES k t ES k k t ES k k t ESP P P t k       (25) 

 ES, , ES, , 1 , , cha , , dis/ ,cha dis

k t k t ES k t ES k tE E P P t −= + −   (26) 

 
min max

, , , ,C k k ES k t C k kE SOC E E SOC     (27) 

 ( )
2

2 2

, , , , ,( ) ( )ES k t ES k t ES kP Q S+   (28) 

where ,

cha

k t  and ,

dis

k t  are binary variables representing the charging and discharging state of the k-

th ES unit respectively, , ,

cha

ES k tP  and , ,

dis

ES k tP  are the charging and discharging power of the ES unit k 

at the time slot t, 
,max

,

cha

ES kP Pc,max,t  andPf,max,t  
,max

,

dis

ES kP  are the upper limits of the charging and 

discharging power, , ,ES k tP  and , ,ES k tQ  are the active and reactive power issued or absorbed by the 

k-th ES at time slot t, ,ES kS  is the inverter capacity, and ,C kE  denotes the maximum capacity of the 

ES battery, min

kSOC  and max

kSOC  denote the minimum and maximum state of charge, respectively. 

3.3. Intra-Day Rolling Optimization Model 

Based on the day-ahead optimization results, the intraday rolling optimization model shortens 

the forecast time scale to cope with the fluctuation of renewable energy output. Therefore, the 

renewable energy outputs are forecasted and updated with a time resolution of 15 minutes, and the 

day-ahead optimization dispatch value is used as a reference value to calculate the regulation 

strategy of DERs in the control time horizon (4 hours) in a rolling manner.  

When performing the intraday rolling optimization, the day-ahead operation plan of distributed 

resources must be followed, so the intraday objective function is to minimize the voltage deviation 

value and the penalty of distributed resource output regulation, which is formulated by: 

 ( ) ( )2 1 , 2 , , , ,min +
PV WT ES

in in active in reactive

i t ref i t i t i t i t

i i

F Z U U Z P Q 
   

=  − +      (29) 

where 
,

in

i tU  denotes the voltage of node i at time slot t of intraday stage, ,

in

i tP  and ,

in

i tQ  denote the 

active and reactive output correction compared with day-ahead optimization results of DERs, ,

active

i t  

and ,

reactive

i t  are the corresponding penalty coefficients, and 
1Z  and 

2Z  are the weight coefficients. 

(2) Constraints 

In addition to power flow constraints, the following operation constraints of DERs also need to 

be satisfied: 

 
max

PV,m, PV,m, PV,m,0 + ,in

t t t PVP P P m      (30) 

 ( ) ( )
2 2

, , PV,m, , , PV,m, ,+ +in in

PV m t t PV m t t PV m PVP P Q Q S m +    ,  (31) 

 
max

, , WT,m, , ,0 + ,in

WT n t t WT n t WTP P P n      (32) 
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 ( ) ( )
2 2

, , WT, , , , WT, , ,+ +in in

WT n t n t WT n t n t WT n WTP P Q Q S n +    ,  (33) 

 ( ) ( ), ,

, , , , , , , cha , , , , ,= + /in cha in cha cha dis in dis dis

ES k t ES k t ES k t k t ES k t ES k t k t disP P P P P    − +   (34) 

 
,max ,max

, , , , , ,0 + , ,in dis dis cha cha

ES k t ES k k t ES k k t ESP P P t k       (35) 

 ES, , ES, , 1 , , ,in in in

k t k t ES k tE E P t−= +   (36) 

 
min max

, , , ,

in

C k k ES k t C k kE SOC E E SOC     (37) 

 ( )
2

2 2

, , , , , , ,( ) ( + )in in

ES k t ES k t ES k t ES kP Q Q S+    (38) 

where , ,

in

PV m tP  and , ,

in

PV m tQ  are the active and reactive output correction compared with day-

ahead optimization results of PV, similarly, , ,

in

WT n tP  and , ,

in

WT n tQ  are the active and reactive output 

correction of WT, and 
,

, ,

in cha

ES k tP , 
,

, ,

in dis

ES k tP  and , ,

in

ES k tQ  are the active and reactive output correction of 

ES.  

3.4. Real Time Control Model 

For voltage fluctuations and over-limits in a short period of time in the real-time stage, the 

optimization method is not used to solve the regulation instructions of each distributed resource, in 

this paper the ‘event-triggered’ voltage partition control strategy is directly used to obtain the control 

signal. And in order to further improve the rapidity and effectiveness of the distributed resource 

response to the voltage over-limit node, the distributed resource regulation priority is determined 

based on the active power-voltage sensitivity and reactive power-voltage sensitivity. 

For each node in the system, the power-voltage sensitivity is used to measure the effect that a 

power change at one node has on the voltage at another node, as shown in equation (27): 

 
, ,

, , , , , ,

, ,

,
i t i t

P i j t Q i j t

j t j t

U U
S S

P Q

 
= =
 

 (39) 

where , , ,P i j tS , , , ,Q i j tS are the active-voltage sensitivity and reactive-voltage sensitivity between 

nodes i and j respectively, representing the change in voltage of node i when node j changes unit 

active power and reactive power, ,i tU  is the voltage change amount of the node i, ,j tP  and ,j tQ  

are the active and reactive power change amount of the node j  at time slot t. , , ,P i j tS  and , , ,Q i j tS  can 

be calculated from the modified equation of power flow calculation. 

The distribution system can allocate the amount of active and reactive power to be regulated 

based on the power-voltage sensitivity between different distributed resource nodes to nodes of 

voltage violations. Nodes with higher sensitivity are better at voltage regulation. During the 

regulation process, nodes with voltage violations are adjusted according to the descending order of 

power-voltage sensitivity, which means DER nodes with high sensitivity being regulated first. Once 

the capacity of high sensitivity nodes is exhausted, regulation proceeds to lower sensitivity nodes. In 

addition, the regulation process also follows the voltage regulation strategy of “reactive power 

followed by active power, renewable power followed by energy storage system”, the specific strategy 

is shown in the figure below: 

In the figure, the horizontal coordinate represents the current node voltage value, 
minU  and 

maxU  represents the upper and lower limits of system voltage, min

bestU  and max

bestU  represent the upper 

and lower limits of the optimal voltage interval. The vertical coordinate represents the amount of 

active and reactive power that needs to be regulated by the system under the current voltage level. 

When the node voltage is not in the optimal voltage range, a “node with voltage violations” event is 

triggered, and the vertical coordinate corresponding to the current voltage level is the amount of 

active and reactive power to be regulated by multiple DERs. From Figure 5, we can observe that the 
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control area is divided into several different zones according to voltage intervals, and each zone 

corresponds to a corresponding distributed resource adjustment strategy, which is shown in Figure 

6: 

100

-100

0

PV100% + ES95%

Active power(%)

Reactive power(%)
Voltage

Voltage

0

ES5%

System lower limit System upper limit

Best operation 

state

Reactive power regulation 
Combined regulation of 

active and reactive power

       

PV100% + WT100%

+ Initial ES

1U 2UminU maxU5U 6U 7Umin

bestU max

bestU

 

Figure 5. Event-triggered real-time voltage zoning control strategy. 
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Figure 6. Control process under multi-source interaction environment. 
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For each voltage interval in the voltage partitioning control strategy of Figures 5 and 6, the order 

of regulation of distributed resources is determined based on the active-voltage sensitivity or 

reactive-voltage sensitivity calculated in Eq. (39), and when the regulation capacity of all distributed 

resources is utilized, then it is transferred to the next interval, and so on. 

4. Case Study 

4.1. Basic Data 

As shown in Figure 7, a modified IEEE 33-node distribution system is used here with the 

distribution of distributed resources. The PV output, wind power output, and load for a typical day 

are used as the base data for the analysis, as illustrated in Figure 8. The PV power moment is from 

8:00 to 16:00, and the wind power is out all day, based on this parameter the distribution network is 

optimized. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 20 21 22

23 2524

G

26 27 28 29 30 31 32 33

35kV/10kV PV PV PV PV

PV

PV

PV PV

ES ES

ES

ES

WP

WP

 

Figure 7. Schematic diagram of IEEE33 nodes. 

 

Figure 8. PV total output, WP total output, and total load curve in typical day. 

The voltage specification of reference node 1 is set to 1, and a 5% prediction error is considered 

between short-term power prediction and ultrashort-term power prediction, and the relevant 

parameters for the PV, energy storage, and wind power systems are presented in Table 1 below. 
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Table 1. Parameters related to distributed resources. 

Distributed resource Access node Capacity/kVA 

PV 

4, 11, 24 500 

13, 20, 30 800 

17, 28 1000 

ES 8, 15, 22, 32 200 

WT 14, 31 750 

4.2. Day-Ahead Optimization Results Analysis 

Figures 9–11 show the typical regulation curves for PV, energy storage, and wind power over 

one day, and from these figures, we can obtain the following information: (1) From 0:00 to 7:00 time 

slots, higher wind power output results in higher node voltages, but these do not exceed the upper 

voltage limit. To keep voltage stability, WT reduces active power and releases reactive power to lower 

the voltage; (2) From 8:00 to 15:00 time slots, as PV output significantly increases (see Figure 8), the 

voltage at PV nodes and adjacent nodes exceeds limits. To address this problem, PV nodes reduce 

voltage by decreasing active power and releasing reactive power, while energy storage discharges to 

lower the voltage and absorbs reactive power to balance it in the grid; (3) From 16:00 to 24:00 time 

slots, reduced PV and wind power output combined with increased load leads to voltage dropping 

below the lower limit. During this period, PV and storage absorb reactive power, and ESS charging 

and other actions help increase grid voltage. 

 Time/h

Max active power/kW

Real active power/kW

Real reactive power/kVar

 

Figure 9. PV power on node 4. 
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 Time/h

Real active power/kW

Real  reactive power/kVar

 

Figure 10. ES power on node 8. 

 Time/h

Max active power/kW

Real active power/kW

Real reactive power/kVar

 

Figure 11. WP power on node 14. 

To evaluate the effectiveness of the proposed MV optimization control methods proposed in this 

paper, the following control schemes are compared: 

(1) No optimization or control is applied, serving as a baseline for comparison with other control 

strategies. 

(2) Based on the day-ahead optimization objective, the MV distribution grid is optimized at the 

day-ahead scale using 24-hour PV, wind, and load data for a typical day predicted from historical 

data. The resulting regulation scenarios and voltage regulation effects for each distributed resource 

are shown in Figure 9, Figure 10, Figure 11 and Figure 12. 

Figure 12 shows the results of the distribution network node voltage distribution with and 

without MPC, where the average voltage of the 33 nodes is displayed. Simulation results indicate 

that, before applying optimization control, during periods of high PV output, the power injected by 

nodes exceeded the load power, causing many nodes—especially PV nodes—to exceed voltage limits, 
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resulting in poor voltage quality. After applying the voltage control strategy described in this paper, 

the voltage at each node remains within the set range of 0.95–1.05 p.u., achieving effective voltage 

regulation. 

 

Figure 12. Comparison chart of voltage of the distribution network before and after adjustment based 

on day-ahead strategy. 

4.3. Intraday Optimization Results Analysis 

In this paper, a 5% prediction error is considered between short-term power prediction and 

ultrashort-term power prediction, then based on the optimization of day-ahead optimization results, 

the active and reactive power regulation amounts of distributed resources are adjusted based on 

ultrashort-term power prediction data, the comparison of day-ahead and intraday active and reactive 

power outputs for each distributed resource at 12:00 is shown in Table 2. 

Table 2. Active and reactive power regulation strategies before and after correction. 

node 
Predicted 

output/kW 

Pre-calibration 

reactive power 

strategy/kVar 

Pre-correction 

meritorious 

strategy/kW 

Actual  

output/kW 

Post-calibration 

reactive power 

strategy 

/kVar 

Post-correction 

credit strategy 

/kW 

Inverter 

Configuration 

Capacity 

/kVA 

4 427.44 -433 213.72 454.35 -433.01 227.17 500 

11 427.44 433 213.72 454.35 433.01 227.17 500 

13 664.26 -72.1 332.13 706.07 -81.24 353.04 800 

17 830.32 -141.5 415.16 882.59 -150.9 441.29 1000 

20 664.26 -332.85 332.13 706.07 -356.7 353.04 800 

24 427.44 -254.4 213.72 454.35 -271.43 227.17 500 

28 830.32 -392.88 415.16 882.59 -408.91 441.29 1000 

30 664.26 -320.21 332.13 706.07 -348.7 353.04 800 

14 279.7 32.3895 50.6 299.4 29.9738 54.71 750 

31 160 32.3874 50.6 156.9 29.9724 54.71 750 

8 - 186.39 -72.51 - -62.66 189.93 200 

15 - 176.35 -94.34 - -91.87 177.65 200 

22 - 83.6 -95.16 - -95.04 83.5 200 

32 - 140.37 -138.85 - -138.78 140.31 200 

Furthermore, in order to verify the proposed intraday optimization model is applicable for 

scenarios under different prediction errors, the comparison results under different prediction errors 

are analyzed, Figures 13-15 show the changes of the regulation amount of typical distributed resource 

nodes under prediction errors of 2%, 5% and 10%. 
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 Time/h

Uncertainties 2%

Uncertainties 5%

Uncertainties 10%

 

Figure 13. Changes in the amount of PV regulation on node 4. 

 Time/h

Uncertainties 2%

Uncertainties 5%

Uncertainties 10%

 

Figure 14. Changes in the amount of ES regulation on node 8. 
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 Time/h

Uncertainties 2%

Uncertainties 5%

Uncertainties 10%

 

Figure 15. Changes in the amount of ES regulation on node 14. 

Form Figures 13-15, we can obtain that the amount of PV nodes’ active regulation increases with 

the increases of uncertainty when performing active regulation, leading to fluctuations in the 

corresponding reactive regulation based on day-ahead predictions. And for energy storage nodes, 

due to uncertainties, the voltage at each node may experience some fluctuations from the day-ahead 

prediction. To maintain voltage stability, energy storage needs to be adjusted accordingly. As shown 

in the figure, the energy storage regulation curve within the day does not exhibit significant 

fluctuations compared to the day-ahead. For wind power nodes, with increasing uncertainty, the 

active power regulated by wind power first increases and then decreases, displaying a trend different 

from that of PV. 

4.4. Real-Time Control Results and Strategy Analysis 

In order to verify the performance of proposed event-triggered real-time voltage zoning control 

strategy, assuming that at 12:00, the PV output at node 4 increases suddenly, causing the voltage to 

exceed the safe operation range. This subsection analyzes how the voltage regulation strategies for 

each distributed resource change under different voltage conditions at node 4. 

 

Figure 16. Sensitivity of the remaining nodes to the 4-node. 
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Figure 16 shows the active-voltage sensitivity and reactive-voltage sensitivity of the remaining 

distributed resource nodes in the 33-node distribution system with respect to node 4. Nodes closer to 

node 4 in the topology exhibit higher sensitivity and provide better regulation for node 4. Therefore, 

priority is given to these nodes for voltage regulation. Based on the corrected active-reactive strategy 

in Table 2, the remaining adjustable active and reactive power for each distributed resource is 

calculated, and the results are shown in Table 3. 

Table 3. Real-time adjustable active and reactive power. 

Node 
Post-calibration reactive  

power strategy /kVar 

Post-correction 

credit strategy 

/kW 

Inverter 

Configuration 

Capacity /kVA 

Adjustable reactive  

power capacity/kVar 

Adjustable active 

capacity /kW 

4 -433.01 227.17 500 [-12.4,878.42] 227.17 

11 433.01 227.17 500 [-878.42,12.4] 227.17 

13 -81.24 353.04 800 [-636.65,799.13] 353.04 

17 -150.9 441.29 1000 [-746.46,1048.26] 441.29 

20 -356.7 353.04 800 [-361.19,1074.59] 353.04 

24 -271.43 227.17 500 [-173.98,716.84] 227.17 

28 -408.91 441.29 1000 [-488.45,1306.27] 441.29 

30 -348.7 353.04 800 [-369.19,1066.59] 353.04 

14 29.9738 54.71 750 [-778,718] 54.71 

31 29.9724 54.71 750 [-778,718] 54.71 

8 -62.66 189.93 200 [-110.54,235.86] 100 

15 -91.87 177.65 200 [-81.34,265.07] 100 

22 -95.04 83.5 200 [-78.16,268.24] 100 

32 -138.78 140.31 200 [-34.42,311.98] 100 

The optimal voltage interval is set to [0.99,1.01], assuming that the voltage at node 4 is 1.03U =

, and the regulated power at each node is obtained as shown below: 

 

Figure 17. Real-time reactive power regulation. 

As shown in Figure 17, the voltage at node 4 exceeds the optimal voltage limit, but only the 

reactive power of each distributed resource is used for voltage regulation. After the reactive power 

from PV and WT is adjusted, ES nodes participate in regulation based on their sensitivity. In the 

figure, only ES at nodes 32 and 8 are involved in voltage regulation, while nodes 15 and 22 do not 

participate since they have lower sensitivity. 

5. Conclusions 

In this paper, we propose a day-ahead, intraday and real-time multi-time scales reactive power 

optimization and regulation method for distribution networks in a multi-source interactive 
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environment, aiming to address problems of voltage violations and renewable energy output 

uncertainty via considering the regulation strategies of PV, WT and ESS. Through the numerical 

results, we can demonstrate that: the proposed voltage optimization and control scheme has a good 

performance in improving voltage level and reducing line losses by integrately optimizing the active 

and reactive power output strategies. Besides, the proposed intraday optimization model is 

applicable for scenarios under different prediction errors, and the power-voltage sensitivity based 

real-time voltage control has a good performance in fast response to the real-time sudden voltage 

overlimit problems. In the future, we will continue to work on the following two challenges: first, 

deciding the best voltage intervals of the real-time voltage zoning control strategy through 

optimization model; second, utilizing the DERs of low-voltage area to achieve a wider range of 

resource complementarity and collaborative optimization.  
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