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Abstract— With increasing photovoltaic (PV) penetration in 

low voltage (LV) distribution networks, voltage violation during 

the peak PV generation period is one of the main power quality 

concerns. To minimize the PV power curtailment caused by 

voltage violations, this paper proposes a new approach utilizing 

one dynamic voltage restorer (DVR) at the secondary of existing 

urban distribution transformer as a continuous voltage 

compensator with an accompanying control algorithm. The 

voltage compensation algorithm controls the DVR in real-time to 

prevent over-voltage and under-voltage at all network nodes, 

thereby maximizing PV injection and preventing equipment 

damage. The controller uses the equivalent line impedance of 

network to estimate the average voltage of load points without the 

need for any communication links for measuring load voltages. In 

this approach, the fixed tap changer of the distribution 

transformer is also optimally adjusted to minimize the DVR 

rating using a proposed offline optimization method. Simulation 

results on IEEE LV test feeder prove the ability of the DVR in 

maintaining all network node voltages within the allowable range 

in peak demand and peak PV generation periods with the benefit 

of injecting only a small amount of active and reactive power to 

the system, in contrast to alternative algorithms. 

 
Index Terms—Communication-less control, Dynamic voltage 

restorer, Low voltage distribution network, Optimal tap setting, 

Photovoltaic penetration, Power quality, Voltage regulation 

 

I. INTRODUCTION 

RADITIONALLY, low voltage (LV) grids are designed to 

operate satisfactorily especially during peak demand 

periods to avoid high voltage drops and to keep voltage 

magnitudes within standard limits across the network. Thus, in 

order to prevent unacceptable under-voltage, the distribution 

transformer tap changer is usually set in the range of +2% to 

+5%. However, in recent years the photovoltaic (PV) uptake 

has been increasing with the growth of 60% per annum [1]. 
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Therefore, with this range of tap settings, high local PV power 

injections that normally coincide with low demand periods 

cause increasing incidence of over-voltage in the network 

based on current standards, as reported in [2-4]. For example, 

the Australian standard ‘AS 61000.3.100: steady state voltage 

limits in public electricity systems’ defines the allowable range 

of +6% to -6% for 240 V and a preferred range of +6% to -2% 

for 230 V nominal voltage [5]. In addition to these violations, 

over-voltage brings safety and protection issues as well as the 

likelihood of damaging equipment or reducing its lifetime [6]. 

This is an ongoing problem that becomes more probable as PV 

penetration in Australian distribution networks increases [7-9]. 

IEEE standard for grid-connected PVs suggests that PV 

inverter should be disconnected if its terminal voltage passes 

an upper limit [10]. This practice increases the amount of 

curtailed renewable energy due to over-voltage incidents, 

resulting in a reduction of PV penetration and related benefits. 

Some approaches are investigated in literature to solve this 

problem associated with PVs. One approach is the on-load tap 

changer (OLTC) in which an appropriate secondary voltage 

level is maintained by stepping between multiple tap settings 

automatically [11, 12]. The main disadvantages of this 

approach are limited voltage taps, discrete operation, 

intentional time delay to prevent unnecessary tap changes 

during transient voltage fluctuations and inability to mitigate 

three-phase unbalance. Another method is the local active 

power curtailment (APC) which is used to reduce the voltage 

rise and prevent PV inverters from tripping [3, 13]. The 

drawback of this strategy is curtailed renewable energy 

generation unless storage devices are utilized to store the 

excess PV energy, which introduces high investment costs [14, 

15]. Single-point or distributed reactive power (Q) injection is 

also performed for voltage compensation using devices such as 

static VAR compensators (SVC) and distribution static 

synchronous compensator (D-STATCOM). The latter one has 

the advantage of fast response time and consequently, 

providing dynamic voltage control in distribution systems 

[16]. It is important to note that generally single-point voltage 

compensation is less effective than distributed compensation 

[17]. Nonetheless, the cost of distributed compensators, which 

may require coordination for more effective compensation 

during various system conditions, is high [18, 19]. Another 

similar method is power factor control (PFC) in which Q is 

injected through distributed generation (DG) units [20-23]. 

Nevertheless, for Q injection, DG units require a higher VA 

capacity or the amount of their active power (P) injection may 
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need limiting. Q injection, however, increases losses, reduces 

network P capacity and is not very effective in voltage 

regulation because the X/R ratio of line impedances in LV 

grids is not high [24]. Finally, trying to solve the problem at 

the consumer side using automatic voltage regulators at 

individual load points is not a cost effective solution. 

For implementing the aforementioned approaches, various 

methods are proposed which can generally be categorized as 

follows: 1) Centralized methods that require a wide and costly 

range of communication links and extensive systems for 

coordinating different devices in the network. Smart inverters 

are mainly rely on this type of information exchange [3, 20-

22]; 2) Semi-coordinated [12] and 3) Decentralized methods 

that require reduced or no communication links to control DG 

units locally while coordinating every unit with no or a limited 

number of network devices [14, 25]. The latter methods have 

the benefit of faster response to local voltage variations [16]. 

However, it is neither economical nor technically favorable to 

use methods that mainly rely on communication links because 

of their vulnerability to interruptions that compromises 

algorithm reliability. 

With reference to the shortcomings noted in the literature 

review, this paper proposes the utilization of a dynamic 

voltage restorer (DVR) to manage voltage issues in LV 

distribution systems without a centralized or semi-coordinated 

controller. DVR is a series compensator which is mainly 

placed at sensitive loads to regulate the voltage tightly and 

rapidly [26, 27]. Compared to SVC, D-STATCOM and PFC, it 

requires much lower device rating for the same level of 

voltage regulation. Moreover, the flexibility and effectiveness 

of the DVR and the recent advances in its design including 

storage-less ac-ac converter [28], double dc link [29], fault 

current-limiting [30], integrated DVR-ultra capacitor [31] and 

transformer-less [32] designs make it more cost-effective and 

justifiable for application in LV distribution systems. The 

proposed compensation approach in this paper can be applied 

to existing distribution systems for real-time voltage 

compensation using local information only. This local control 

approach can prevent both over-voltage and under-voltage and 

their associated issues including PV power curtailment. 

Therefore, the main contribution of this paper includes: 

 A new approach using DVR series voltage compensation at 

the secondary of a distribution transformer to deal with 

over- and under-voltage at all nodes in a LV network. This 

approach offers a state of the art technology with online and 

continuous voltage regulation without the need for 

communication links, which is currently not available in LV 

networks. This is achieved by injecting only small amounts 

of P and Q to the system in contrast to present methods. 

 A new real-time algorithm for estimating average deviation 

of downstream node voltages for the compensation purpose. 

 A new optimum fixed tap setting for distribution 

transformer with minimal DVR rating requirement, through 

an efficient offline optimization approach that uses only two 

extreme load levels obtained from annual profile data. 

The paper is organized as follows. Section II illustrates the 

proposed system configuration and control algorithm. The 

optimal tap adjustment and load flow analysis are discussed in 

Sections III and IV, respectively. Simulation results, followed 

by relevant conclusions are presented in Sections V and VI. 

II. CONTINUOUS VOLTAGE COMPENSATION ALGORITHM 

In the proposed application, the DVR is connected in series 

with the network at the secondary of the distribution 

transformer. It pulls the voltage up or down at its downstream 

side, thereby compensating load voltages. Since load voltage 

profiles in an LV network usually have a good positive 

correlation at each time window, the proposed algorithm 

maintains load voltages within the permissible range as 

discussed in Section V. The converter structure can either 

include an injection transformer or be transformer-less. The 

isolation transformer provides galvanic isolation and simplifies 

the converter topology to have one DC-link as well as making 

protection equipment less complex [33]. As discussed in 

Section V, the low output voltage level of DVR reduces the 

cost and volume of this low-frequency injection transformer. 

In the same section, it is illustrated that the converter needs a 

low rating and low cost power supply and storage unit for P 

injection requirement of the algorithm. Moreover, the 

protection of DVR in an LV network is simpler due to the very 

low short-circuit level at the LV side. Usually, DVRs are 

equipped with a shunt breaker for bypassing the DVR once a 

fault condition is detected [33]. 

Since LV grids are usually unbalanced and have different 

phase characteristics, the algorithm is developed and applied 

per phase. The control system of the DVR measures some 

local electrical data including bus voltage at the DVR 

upstream side as well as the DVR branch current as depicted in 

Fig. 1. In this figure, the distribution network is replaced with 

an equivalent circuit and T is the setting of the tap changer. Ve 

is the network equivalent voltage that is the estimation of the 

average of load point voltages all over the network by the 

proposed method. The aim of the proposed control algorithm 

is to regulate the magnitude of Ve to the pre-specified value of 

1 per unit (pu) in order to minimize bus voltage deviations in 

all three phases and all loading conditions of the network over 

the entire year. 

 
Fig. 1.  Per-phase plot of proposed structure for LV grid voltage regulation. 

Since demand and generation vary with time, the proposed 

algorithm estimates the deviation of Ve in real-time, based on 

which, the DVR voltage is adjusted continuously to regulate 

downstream bus voltages. The local information available for 

DVR controller are the DVR phasor current I1 and the 

transformer secondary phasor voltage Vt with the magnitude 

equal to 1+T pu. Therefore, Ve can be estimated as: 

e et DVR 1 ,
j j jj j  V V V Z I  (1) 
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where VDVR is the DVR phasor voltage and  a,b,cj  

indicates the three phases. Ze is the equivalent line impedance 

for the downstream network, which is obtained offline. 

Various methods are proposed in literature for calculating Ze 

which are either very analytical [34] or based on the maximum 

voltage not the average voltage of load points [35]. For the aim 

of regulating average voltage deviation, an averaging method 

for estimating this impedance is developed as given in (2) 

which uses the results of the load flow analysis considering a 

uniform loading at all load points. As shown in Section V, 

since this value represents the equivalent impedance of the 

network seen from DVR point, our estimation is also accurate 

for general non-uniform loads in a distribution network. 

 e 1 1 ,
j

j j jj j
i

i B

N



 Z V V I  (2) 

where N is the number of load points, B includes load point 

bus numbers, and V1 and Vi are the first and i-th bus phasor 

voltage, respectively. The phase unbalance of the three-phase 

system is also improved when the proposed control algorithm 

regulates the equivalent phase angles to the reference three-

phase angles. Thus, in order to regulate the average voltage 

magnitude to the pre-specified value of refV  and regulate the 

phase angle to that of Vt, DVR voltage is calculated based on 

the obtained Ze and the locally measured parameters using (1) 

as given in (3) and demonstrated in Fig. 2. 

   
D et 1VR

ref eDVR 1t ,
j j j j

Z I
j jj

V V
V ZV IV          (3) 

where the reference phase angle can be considered as that of 

tV  on each phase, and thus, 
tV is zero for all phases. 

 
Fig. 2.  Phasor diagram for compensation of the network equivalent voltage. 

This reference voltage is followed by the DVR switching 

inverter output, which is controlled by a closed loop algorithm. 

The details of designing the inverter control algorithm does not 

fit in the scope of this paper and is described in depth in [36] 

along with implementation results using Typhoon HIL 400. 

III. OPTIMIZED TAP SETTING 

In general, many factors can affect the required DVR rating 

for an effective compensation, of which location and use of 

multiple DVRs, however costly, are the decisive factors. For 

long rural feeders, evaluating the optimal location of the DVR 

is important [37]. However, most urban distribution feeders 

are not very long; thereby a single DVR is sufficient for their 

voltage regulation. In addition, optimal location(s) of single or 

multiple DVRs would not guarantee to retain optimality in the 

future, and therefore, it asks for extensive long-term 

forecasting and planning outside the scope of this paper, as 

described in [38]. However, DVR placement at the transformer 

substation site may not be optimal, but from operation and 

economic point of view, it is a very good candidate. 

Amongst other factors, rating mainly depends on the peak 

PV generation and peak demand levels in which the highest 

voltage deviations and network currents are encountered. In 

addition, the tap setting has a considerable effect on the 

required DVR rating [39]. For instance, an electrical system 

with higher voltage rises compared to voltage drops can be 

regulated with less DVR effort when the tap is set to less than 

unity. Since voltage drops are also reduced by DVR 

compensation, the probability of under-voltage will be reduced 

in this case even with this lower tap setting. Therefore, in order 

to find the minimum required nominal DVR rating along with 

the optimal tap setting, an offline optimization method is 

utilized. Through the offline optimization, a load flow analysis 

as described in Section IV is performed to find the load point 

voltages and branch currents. For reducing the computation 

time of the optimization process, two load levels obtained 

from yearly load profiles of the network are considered. One 

load level represents the network at the time with maximum 

PV generation during the year called G, and another load level 

represents the network at the time with maximum demand 

during that year called D. Thus, the computational effort of 

optimization process is reduced to only two load flow analyses 

in the optimization iterations instead of evaluating numerous 

load levels for a whole year. 

In the proposed approach, distribution transformers are not 

equipped with on-line tap changer. Thus, adjusting the tap 

setting is implemented only once per year. Actually, tap setting 

does not need any further adjustments until network loads are 

significantly changed in future. Therefore, the optimal tap 

setting is valid for at least a year until new data is collected 

from the network for another year. This also implies 

considering a margin for the obtained DVR rating taking into 

account the load growth. 

The decision variables are represented with a solution vector 

in a thirteen-dimensional optimization hyperspace, twelve of 

which are real values equal to the DVR voltage magnitude and 

phase angle at two load levels l for each phase j, 
, ,

DVR
j l j l

Vx V

and 
DVR

, ,j l j l

V
x  with  ,l G D and  a,b,cj , and the last 

variable is a discrete value equal to the tap setting of 

distribution transformer, Xtap=T. The optimization finds 

optimum values for these decision variables in order to 

minimize the cost function as illustrated in (4). 

   

   

, ,
tap

,
lo hi

, , arg min ,

Subject to: , , a,b, , ,c ,

j l j l
V

j l j
i

x x X J

V V V i lB j G D

 

    

 (4) 

where Vlo and Vhi are the standard lower and upper voltage 

limits, 
,j l

iV is the voltage magnitude of i-th bus of j-th phase at 

the l-th load level. The cost function J is defined as the sum of 

maximum three-phase DVR output power and voltage 
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unbalance factor deviation (VUFD), as given in (5). 

     , , ,
DVR13 max max max(VUFD )

j l j l j ll
iJ I V w p V   

  
(5) 

,
1
j l

I is the DVR current magnitude at l-th load level of j-th 

phase, w is the optimization weighting factor, and p is the 

penalty function. In each iteration, load flow analysis at both 

load levels is performed to calculate the cost function. Voltage 

limit constraints are also checked, and if a violation occurs in 

any load point and at any load level, the cost function is 

penalized with a high cost value multiplied by the number of 

voltage violations in order to find a solution with minimum 

voltage violations possible. The VUFD is calculated based on 

the load flow results as follows using symmetrical bus voltage 

components V12 [40]: 

2
2

1VUFD 100%
j

j

j

i i

ji B

V NV
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For solving (4), simulated annealing (SA) and particle swarm 

optimization (PSO) [41] approaches are compared in Section 

V. SA has the benefit of not requiring a particle population, 

being easier to code and having a higher probability of 

avoiding local optima and converging to the global optimum 

solution, as the number of iterations are increased [42]. 

However, it has longer convergence time compared to PSO, 

and for avoiding local optima, PSO is combined with genetic 

algorithm (GA) crossover and mutation techniques. The whole 

design process can be summarized as illustrated in the flow 

chart of Fig. 3. 

 
Fig. 3.  Flow chart of the system design process. 

IV. LOAD FLOW ANALYSIS 

The direct load flow (DLF) analysis [43], which is a very 

fast method, is used to reduce the convergence time of the 

iterative optimization process and decrease the simulation 

time. In this analysis, the calculation of voltage deviations is 

modified by adding the effect of the DVR voltage on 

downstream buses as given in (7). 

abc abc abc
1 t DVRV = V V  (7) 

The load flow algorithm is also modified for analyzing 

unbalanced three-phase systems. Zero, positive and negative 

sequence of bus current injections, namely matrix I012
 = [I0 I1 

I2]T, are calculated using three-phase phasors of bus current 

injections, namely matrix Iabc=[Ia Ib Ic]T, to find the 

symmetrical voltage drops, namely ΔV012, and consequently, 

three-phase bus voltages Vabc as given in the followings. 
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where Sabc is the bus apparent power injection,  is element-

wise division, and [DLF012] is defined as given in (9). 
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where [DLF] is the positive sequence and [DLF0] is the zero 

sequence of DLF matrix obtained using zero sequence line 

impedances for considering the neutral impedance,   is the 

tensor product, and 
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A I  (10) 

where I is the identity matrix with dimensions equal to the 

number of branches in each phase. 

V. SIMULATION STUDIES 

The Three-phase non-uniform IEEE European LV test 

feeder [44], depicted in Fig. 4, is modeled in MATLAB. It is 

used for evaluating the proposed optimization and voltage 

compensation algorithms and comparing with alternative 

methods. In this case, the daily load profiles are increased by 

25% to indicate the worst case at peak demand during a year 

and to account for load growth in future. The test feeder data 

did not include PV power injection profiles. Therefore, in this 

study, all load points are assumed to have PV injection 

capacity equal to the peak demand of that point in order to 

simulate a future electrical system with high PV penetration. 

The daily PV power profiles were extracted from year 2012-

2013 solar home electricity data [45] in a summer day with 

highest PV injection in order to obtain the worst case of the 

PV generation during a year. The design of PV inverter control 

algorithm as described in [46] is out of the scope of this paper, 

and therefore, they are modelled as simple PQ injection nodes. 

IEEE test feeder consists of a 0.8 MVA Δ-Y connected 

distribution transformer with the voltage ratio of 11/0.416 kV 

and constant power loads with a power factor of 0.95. The 

standard limits for voltage magnitude variations are +6% to     

-6%. The key system parameters including total peak demand 

and total peak PV generation as well as the number of load 

points at each phase are given in Table I. To demonstrate the 

worst cases, the peak values correspond to the maximum 

demand with zero PV injection and the maximum PV 

generation with zero demand during the aforementioned high 

demand and high PV generation periods, respectively. These 

two peak levels are considered as the two load levels of l for 
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optimizing DVR size and tap setting. The values for these two 

levels also show that the total peak demand is about one-third 

to half of the total peak PV generation because peak PV power 

injections are more coincidental than peak load demands. The 

equivalent line resistance and reactance calculated using (2) 

for this test network for each phase are also reported in Table 

I. 

 
Fig. 4.  Three-phase European LV test feeder with load points and their 
corresponding bus number and phase. Load points with the worst voltage 

deviation are also indicated by arrows. 

TABLE I 
Key parameters of three-phase LV test system 

Phase a b C feeder 

Peak demand P (kW) 30.0 48.4 25.7 104 

Peak PV generation (kW) 103 94.5 80.8 278 

Number of load points (N j) 21 19 15 55 

Re (mΩ) 46.25 43.93 35.32  

Xe (mΩ) 13.78 26.81 16.86 

A. Quasi-Static Performance Evaluation 

For the first step, the SA and PSO-GA optimization 

algorithms are performed offline to find the minimum size of 

DVR and optimal tap setting of the distribution transformer. 

As discussed previously, this optimization algorithm considers 

the worst case load levels reported in Table I. In addition, the 

constraints are provided in Table II, and the results of 

optimization are given in Table III. The weighting factor, w, 

was considered as unity for providing a good balance between 

the two objectives. It is observed that the obtained optimum 

tap setting is -2.5% because of the high PV injection capacity. 

PSO-GA also resulted in a marginally better maximum VDVR to 

be the very low value of 14.7 V. The benefit of this is the 

reduced voltage rating and, consequently, a lower cost and size 

of injection transformer (if used) and DVR system. These 

fixed values for tap setting of transformer and DVR size are 

applied to the simulation to evaluate the performance of the 

proposed control system. 

TABLE II 

Constraints of decision variable 

Decision variable Constraints 

Tap settings T (%) -2.5, 0, +2.5 

DVR voltage VDVR (V) < 24 

DVR voltage angle ϕVDVR (rad) -π…π 

TABLE III 

Optimization results 
Optimization Parameter SA PSO-GA 

Tap settings (%) -2.5 -2.5 

Maximum VDVR (V) 15.2 14.7 

SDVR = min(J) (kVA) 20.5 19.8 

The quasi-static load flow analyses over a daylong period on 

the days of high demand and high PV generation before and 

after placing the DVR into the system are plotted in Fig. 5a-e. 

The results are shown for the load points with the highest 

voltage deviation from nominal voltage on each phase, which 

are points of 562 (phase a), 639 (phase b) and 337 (phase c) in 

peak demand and 562 (phase a), 899 (phase b) and 619 (phase 

c) in peak PV generation. The single-phase nominal voltage is 

240 V, and the standard limits are about 225 V and 255 V. In 

the case of without DVR, the tap should be set to +2.5% to 

prevent under-voltages during peak demand period as shown 

in Fig. 5a (left). Based on this setting, however, over-voltage 

appears during high PV generation as seen in Fig. 5a (right). 

By reducing the tap setting, the over-voltage issue can be 

improved, but under-voltage happens during peak periods. As 

depicted in Fig. 5b, the DVR is able to provide enough 

compensation to reduce voltage deviations such that both over- 

and under-voltages are completely eliminated for all load 

points at the entire network. In addition, Table IV shows the 

minimum and the maximum voltage magnitudes encountered 

during the high demand and high PV generation periods, 

respectively, in the LV network with and without DVR. As 

observed, all voltage magnitudes are within standard limits 

using the proposed algorithm. In this case, both the continuous 

DVR compensation algorithm and the optimized tap setting 

work together for maintaining the voltage profile within the 

standard limits during high PV generation periods while 

preventing under-voltage during high demand periods. Thus, 

PVs can inject their maximum available power with no voltage 

violation issues. The voltage regulation has also the benefit of 

increased efficiency of electric motors, increased lifetime of 

equipment and regulated power consumption of constant 

impedance and constant current loads. 

TABLE IV 
Highest voltage deviations in the network during indicated periods. 

 With DVR Without DVR 

Phase a b c a b c 

Vmin (V) – high 

demand 
232.5 227.5 234.2 234.5 224.7 237.4 

Vmax (V) - high 

PV generation 
248.6 249.1 242.7 271.7 269.7 259.8 

Moreover, the proposed algorithm using DVR can 

significantly improve the VUFD for the entire network. As 

observed in Fig. 5b (left and right), with DVR, VUFD 

considerably decreases during high demand and high 

generation periods compared to the case without DVR in Fig. 

5a (left and right). However, as the per-phase DVR voltage in 

Fig. 5c (left and right) shows, at peak demand and generation, 

the amount of compensation, and Consequently VUFD 

improvement, is restricted by the DVR voltage limit. This 

could be improved by considering a higher weighting factor 

for VUFD during optimization. 
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Time (hh:mm)                                                                                                             Time (hh:mm)

Load point number                                                                                                      Load point number 

Fig. 5.  High demand zero generation (left) and high generation zero demand (right) daily profiles. (a) Voltage magnitude of load points with worst peak 
deviation and their corresponding bus number and phase as well as VUFD without DVR; (b) same parameters with DVR in the system, (c) DVR voltage, (d) 

DVR output power and delivered energy, and (e) worst voltage magnitude of all load points without DVR, and the envelope of voltage magnitude variations with 

DVR. Standard voltage limits and DVR voltage limit are represented by dashed lines, and nominal voltage is represented by a dash-dot line. 
 

The delivered power and energy by the 3-phase DVR, 

depicted in Fig. 5d, reveals that low amounts of 13 kW P and 

8.8 kVAr Q peak power injections are required. As seen in 

Fig. 5d (right), maximum P and Q injections happen during 

peak PV generation period when the voltage rise is high. 

Moreover, during peak demand period, P and Q injections 

have peaked to reduce the under-voltage in the network as 

seen in Fig. 5d (left). The maximum utilized apparent power 

by the DVR is 15.7 kVA, which is just below the optimal 

DVR rating reported in Table III, because a small portion of 

the DVR capacity is spent just for phase to phase power 

exchange and does not appear as power injection or absorption 
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at the terminal of the DVR. In addition, the amount of 

delivered energy in the days of high PV generation and high 

demand profile are 64.3 kWh, and 21.3 kWh, respectively. 

This amount of energy and the aforementioned power can be 

delivered by a low rating power supply, e.g. photovoltaic 

source or rectifier combined with a low capacity storage unit. 

It should be noted that at peak periods, the highest DVR 

voltage is applied, and load point voltages at the vicinity of 

DVR may be adversely affected by the DVR compensation. 

However, based on the proposed algorithm, because of the 

applied penalty term in the optimization objective function 

that puts a constraint on maximum DVR voltage, the number 

of voltage violations across the network is minimized. 

Therefore, load points in the vicinity of the DVR are not prone 

to voltage violations during peak periods using the proposed 

approach. This is illustrated in Fig. 5e that shows maximum 

(right) or minimum (left) voltage magnitudes of all load points 

without DVR as well as the envelope of voltage variations 

with DVR compensation. As seen in Fig. 5e (left), the voltage 

magnitudes of all points are within the standard limits by the 

DVR compensation, and the average of load point voltages is 

regulated towards 240 V. A similar trend can be observed in 

high PV generation period in Fig. 5e (right), but it causes high 

voltage drops at the points of 34 (phase a) and 83 (phase b). 

However, the proposed approach prevents voltage violations, 

and all load points are within the standard limits. This 

indicates, firstly, the ability of the control algorithm to 

regulate the average voltage, and secondly, that the 

optimization algorithm is successful in finding the appropriate 

ratings for DVR to minimize voltage violations. 

B. Comparison with Alternative Algorithms 

In order to show the advantages of the proposed algorithm, 

four alternative techniques are studied here including PV over-

voltage protection (OVP), active power curtailment (APC), 

power factor control (PFC) and the combination of the two 

latter ones (PFC-APC). The performance of these techniques 

is examined in Table V by comparing the simulation results 

during high PV generation period. 

TABLE V 
Peak injected PV power and absolute Q to the upstream network by each 

approach in the high generation period 

Algorithm 
Proposed 

approach 
OVP APC PFC 

PFC-

APC 

Peak Pg (kW) 288 134 128 279 191 

Peak Qinj (kVAr) 3.72 1.70 1.58 195 217 

The first method is OVP which trips-off PV inverter as soon 

as an over-voltage is detected at the grid connection point 

[10]. It remains off for at least 15 minutes and connects back 

to the network if the over-voltage condition has subsided. The 

performance of OVP is plotted in Fig. 6a, which shows that 

although voltage magnitudes are within limits, a high amount 

of available energy from PVs is wasted, and peak PV injection 

is limited to about 45% of available PV power generation. 

The second alternative approach is APC presented in [13]. 

This method uses the droop equation in order to have a shared 

curtailment of injected P by PVs Pg, as a function of bus 

voltage Vi as given in (11). 

 g g
g, MPPT, g,th th, , 0,i i i i iP P m V V V V P      (11) 

where the PV inverter is controlled with the maximum power 

point tracking (MPPT) algorithm with the corresponding 

PMPPT. m is the droop factor and 
g
thV  is the activation threshold 

voltage chosen to be 1.044 pu [13]. Fig. 6b shows that this 

approach maintains load point voltages within the standard 

limits. However, the high amount of curtailed power based on 

this technique must be stored in order not to be wasted which 

results in a high investment in energy storage units. Otherwise, 

the performance of APC is more or less comparable to OVP. 

The third approach is PFC in which PV inverters inject Q as 

well, based on the connection point voltage level as given in 

(13) and (12), and to the extent that the inverter apparent 

power does not exceed its rating [21]. Thus, inverters work 

such that a distributed reactive compensation is achieved. 

max, nom, g, ,i i iQ S P   (12) 

q
i qth

inj, max, inj, max,thq q
hi th

, , ,i i i i i

V V
Q Q V V Q Q

V V


    


 (13) 

where Snom is the inverter rating, Pg is the generated power by 

PV, and 
q
thV  and 

q
hiV  are equal to 1.044 and 1.06 pu, 

respectively. The results in Fig. 6c indicate that PV injection is 

maximized, but due to a high amount of Q injection (negative 

value), which may reduce the electrical system capacity as 

well, over-voltage has not been eliminated. Therefore, as the 

last approach, PFC and APC have been used together to 

increase the amount of PV generation while not violating the 

voltage limits. In order to benefit more from Q injection, the 

threshold voltages of 
q
thV  and 

q
hiV in (13) were lowered to 

1.036 and 1.052 pu, respectively. The results in Fig. 6d 

indicate that although over-voltage is eliminated, about one-

third of the available peak PV power is curtailed. The high 

amount of Q injection reduces the network capacity in this 

case as well. 

As the last case in this section, the performance of PFC is 

compared in the high demand period. It is assumed that PV 

inverters have storage units or their control system can 

maintain the dc-link voltage. Therefore, they can inject Q 

during high demand periods as well. The algorithm uses 

modified (13) by replacing Vhi with Vlo and changing Vth to 

0.0956. Comparing the results in Fig. 7 with Fig. 5a and Fig. 

5b (left) shows that the PFC is less effective than DVR even 

with the higher tap setting, and it will not be able to keep 

voltages within the standard limits, if the tap is lowered to 

accommodate for the high generation profile. 

Thus, the exceptional performance of the proposed 

algorithm in this paper using DVR compared to all the 

alternative methods is proved, and the available PV power 

injection capacity is always preserved without the need for PV 

power storage or high level of Q injection. 
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Time (hh:mm) 

Fig. 6.  High generation zero demand daily profile with (a) OVP, (b) APC, (c) 

PFC and (d) PFC-APC. Bus voltage magnitudes of load points with the worst 

voltage deviation and their corresponding bus number and phase as well as the 
total available PV power PMPPT, total PV generation Pg and absolute total 

injected reactive power Qinj to the upstream network at distribution 

transformer. Standard voltage limits are represented by dashed lines, and 
nominal voltage is represented by dash-dot line. 

 
Time (hh:mm) 

Fig. 7.  High demand zero generation daily profile with PFC. 

C. Dynamic Performance Evaluation 

Simulation of system transient response to rapid variations 

in generation and demand, which simulates worst case sudden 

changes in network conditions such as sudden PV power drop, 

are illustrated in Fig. 8a and b. The sampling interval is equal 

to the grid voltage cycle of 20 ms. It is observed that the 

system is stable regardless of the operating point. Both the 

small and large step responses have also settled in about two 

cycles showing the high dynamic performance of the 

algorithm in responding to variable demand and generation 

profiles. Fig. 8b illustrates the voltage magnitude transient 

response of the worst voltage load points, observed in Fig. 5a 

and b. Because of the fast performance, the system is able to 

clear transient voltage violations in less than two grid voltage 

cycles. The detailed stability analysis of a grid considering 

distributed generations is discussed in [47]. 
 

 

 
Time (s) 

Fig. 8.  Transient response of voltage magnitude of (a) DVR and (b) worst 

voltage load points to a step changes at all load points from zero to peak 

generation 1* followed by: a small drop of 20% in generation 2*, a drop to zero 
generation 3*, a step change to peak demand 4*, a small drop of 20% in demand 

5*, and finally, a drop to zero demand 6*. Standard voltage limits and DVR 
voltage limit are represented by dashed lines. 

VI. CONCLUSION 

A continuous and real-time voltage compensation algorithm 

using a DVR is proposed in order to eliminate large voltage 

deviations in LV distribution systems. It uses an estimation of 

the average voltage across the network without the need for 

any communication links. Its performance is further improved 

by selecting an optimized fixed tap setting for the distribution 

transformer. The simulation results show that the proposed 

approach is able to greatly increase PV penetration in LV 

systems by maintaining voltage magnitude in LV system 

within standard limits. Comparison with alternative algorithms 

shows the superiority of the proposed approach in increasing 

PV penetration and releasing electrical system capacity with 

only a small amount of P and Q injection. It can also work 

continuously using a small storage and power source. In 

addition, the good dynamic response of the control system is 

verified considering small and large step responses. These 
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benefits make the proposed approach a promising solution to 

the voltage regulation issues in active distribution systems. 
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