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Abstract— Dynamic voltage instability (DVI) issue is one of the primary concerns in distribution 

networks (DNs) due to the growing integration of low-inertia compressor motor loads. Moreover, the 

inherent unbalanced nature of DNs as a result of unbalanced load could make the DVI issues more severe. 

Additionally, with the way rooftop photo-voltaic (PV) units, often in the form of single-phase units 

growing, DVI issues might be a threat to secure operation of DNs (both low and medium voltage) in the 

future. Though dynamic voltage stability (DVS) has been researched well in DNs, how imbalance would 

influence the issue yet to be fully understood, especially with growing PV units. It needs to be mentioned 

that although the roof-top PV units are connected to the low-voltage DNs, their impacts on the DVS can 

propagate to the immediate medium-voltage DNs. Hence, this paper systematically examines the impacts of 

imbalance on the DVS of medium-voltage DNs with high PV penetrations first. The degree of unbalance is 

defined, and then DVS is thoroughly investigated considering various unbalance scenarios. Two indices i.e. 

voltage nadir and rate of change of voltage recovery (ROCOVR) are proposed for clear understanding of the 

voltage dynamics at each phase. It is observed that the increment of system imbalance can significantly 

affect the DVS in a deprived way. Finally, this paper has discussed and compared mitigation strategies with 

respect to cost and DVS improvement. Case studies are conducted on two IEEE benchmark test systems, 

namely, IEEE 4 bus and IEEE 15 bus systems. It is revealed that reactive power injection by rooftop PV 

inverters would be the most cost-effective solution to avoid a probable instability while mitigating the 

impacts of imbalance. 

Index Terms— Dynamic voltage stability, Energy storage system, Fault ride-through, 

Photovoltaic systems, Transformerless inverters, Single-phase, Unbalance. 

I. INTRODUCTION 

The necessity of clean and low-cost energy, owing to the apprehensions of environmental issues and 

swelling energy demand, has been leading the power systems to move towards renewable. It is to be noted 

that among many renewable energy technologies, the PV system is recognized as one of the fastest growing 

sources due to its availability, low maintenance cost, and most significantly declining overall energy cost 

[1]. Furthermore, due to the advancement of power electronics and government incentives for renewable 

energy, PV installations are growing rapidly all over the world. According to the newly published 

International Energy Authority report, worldwide installed capacity of PV power have reached a total of 500 

GW in 2018 and forecasted to surpass 1.0 TW at the end of 2022 as illustrated in Fig. 1 [2]. While a number 

of utility scale PV plants are being installed worldwide, the contributions of single-phase small-scale, such 

as, roof-top type PV units which are generally being integrated into low-voltage DNs, in the overall capacity 

are significant [3]. As most of the roof-top type PV units are less than 10kW in size [4], the efficiency and 

reliability issues of these types of power generating units have become another concerns. Recently, 
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transformerless (TL) inverter technology has attracted enormous attention and is being integrated into the 

PV systems owing to its high efficiency and low-cost compared to their counterparts with transformer. 

Owing to the substantial penetration of single-phase TL-PV units, voltage instability issues of DNs have 

been receiving noteworthy interest both from academia and industry [5-7]. 

 

Fig 1.  Worldwide installed capacity of PV power. 

In 21st century, the world has experienced several blackouts, and voltage instability has played a role which 

could be partially or entirely in some of the blackouts [8, 9]. According to the complete “post-mortem,” of 

the recent blackout occurred in South Australia, although the foremost cause was identified as frequency 

instability for the collapse, dynamic voltage instability which causes the disconnection of wind farm for 

violating the low-voltage ride-through (LVRT) requirement was reported as the initial reason [10]. It can be 

mentioned that dynamic voltage instability could be occurred due to several reasons. However, increased 

reactive power demand as a result of induction motor (IM) stall following a fault has been conceded to be the 

primary reason of DVI [8, 11]. Typically, an IM load draws 3-5 times of its rated current during stall period 

[12]. 

Dynamic voltage instability can be ensued either in short-term (several seconds) or long-term (seconds to 

minutes) time period scale [13]. It is worth to reveal that many studies have been conducted to contribute in 

better understanding of the long-term part of voltage instability caused by large PV integration [14-21]. In 

contrast, very few studies have focused on the short-term part of voltage stability which is also known as 

dynamic voltage stability [22-28]. In [22], the authors have investigated the impacts of LVRT by PV 

inverters on the DVS, and concluded that DVI is likely to be occurred in highly PV penetrated power systems 

after occurring a severe fault if the PV inverters are incapable of providing the LVRT. In [25], a new control 

strategy has been proposed to be implemented with PV units to improve the DVS. However, both of the 

studies [22, 25] are based on a transmission system where a balanced condition is considered. It is necessary 

to mention that the characteristics of DNs are dissimilar to high-voltage transmission systems due to several 

reasons, such as, high resistive to reactive (R/X) ratio, unbalanced load and line characteristics, unequal PV 

penetrations, etc. The authors in [24] have discussed the effects of PV power loss due to moving cloud and 

severe contingency on the DVS of DNs. It has been found-out that voltage instability can happen in a system 

with low voltage profile. In  [23, 26], DVS of DNs has been investigated for different control strategies of 



PV systems. Both papers [23, 26] have concluded that DVI is likely to occur with high PV penetration 

without LVRT capability, while it would be augmented with the reactive power support from PV systems. 

However, a balanced DN is considered in all studies [23, 24, 26], except few case studies are conducted in an 

unbalanced DN. Moreover, how unbalanced characteristics can affect the DVS of DNs have not been 

properly addressed and understood in all investigations [22-26]. 

The research presented in [7, 29-31] have discussed the effects of imbalance on the voltage stability. In 

[7], the authors have concluded that with the increment of imbalances, loadability of the system is decreased, 

and the transient stability margin is reduced. Although a dynamic voltage curve was employed (for the 

purpose of transient stability assessment), DVS was not investigated in [7]. The authors in [29] have shown 

that network’s unbalance can be responsible for more critical voltage instability conditions. In order to assess 

the voltage stability of unbalanced distribution systems, a new technique has been proposed in [30] by taking 

into account the limit of reactive power generation. Ran et al presented a probabilistic evaluation of static 

voltage stability of an unbalanced distribution system considering wind power uncertainty in [31]. Though all 

papers [7, 29-31] have considered unbalanced system, the effects of unbalance characteristics on DVS of 

DNs have not been extensively examined. 

From the prior discussion, it is noticeable that the power system can be adversely affected from the point 

of view of static voltage stability and transient stability due to the increased unbalances. However, to the best 

of author’s knowledge, how the system is going to be affected in case of DVS have not been properly 

understood and addressed in the literature so far. Additionally, although the roof-top PV units are connected 

to the low-voltage DNs, their impacts on the DVS can propagate to the immediate medium-voltage DNs and 

to the transmission networks, which may lead to overall a system’s voltage collapse. Therefore, a detailed 

analysis of DVS of DNs with high PV penetration considering system unbalance is required to better 

understand the systems’ dynamic behavior following a contingency. Moreover, in order to mitigate any 

adverse impact; reliable, practical and economical solutions may become necessary while confirming the 

security. To bridge this gap, this paper aims to thoroughly investigate the effects of unbalance characteristics 

on the DVS of DNs, and provides reliable and cost-effective solutions to maintain systems’ security. The key 

contributions of this study are summarized as below. 

 The effects of uneven distribution of loads and single-phase PV units among phases of low-voltage 

networks on the DVS of medium-voltage DNs are critically examined. It is observed that in spite 

of unchanged load or PV penetrations on Phase B, DVS performance is degraded on this phase as 

unbalance increased. To be specific, when the VUF is increased to 2.54% and more, fault induced 

delayed voltage recovery (FIDVR) performance becomes very poor on Phase B in IEEE 4 bus 

system. In contrast, DVI is occurred for 3.8% VUF in IEEE 15 bus test system. 

 As the system is unbalanced, to thoroughly understand the voltage dynamics and recovery 

scenarios on each phase, two new indices i.e. voltage nadir and ROCOVR are proposed. These 

indices showed that DVS on different phases of unbalanced DNs could be non-identical. It is 

expected that this index will assist the power system operators as well as researchers for better 

analysing the dynamics of voltage recovery at all phases in unbalanced networks. 

 Finally, in order to alleviate the DVI, three remedial measures, such as (1) reactive power injection 

by TL-PV systems, (2) installation of battery energy storage system (BESS) and (3) distributed 

static VAR compensator (D-STATCOM) are suggested. It is shown that the DVI due to the 

increased imbalance can be alleviated by implementing the mitigation devices, although 

comparatively slower voltage-recovery can still be existent with the increment of imbalance. 



Finally, reactive power support by roof-top PV systems is found to be the most cost-effective 

solution in mitigating probable instability. 

The remaining of the paper is organized as follows: the TL-PV system including the LVRT control is 

developed in Section II, followed by the voltage unbalance and the methodology of DVS study in Section III. 

Case studies are conducted on modified IEEE 4 bus and IEEE 15 bus test systems, and the results are 

presented and discussed in Section IV. In order to improve DVS, mitigation measures are proposed and 

compared in Section V. Finally, Section VI accumulates the conclusions and contributions of this research. 

II. MODELLING OF THE PV SYSTEMS AND GRID REQUIREMENTS 

A. Modelling of the single-phase TL-PV inverter: 

Grid-tied PV systems generally include a transformer to provide galvanic isolation between PV panel and 

grid that can lead to lower-efficiency, higher-cost and bigger-size. It is therefore desirable to avoid 

transformer in the PV inverter; however, additional care must be taken to meet the safety requirement. 

Recently, TL-inverters have been invented for the PV systems which offer high-efficiency with low leakage 

current. In addition, it reduces the cost, size, and weight compared to their counterparts with a transformer. 

Several TL topologies have been proposed in the literature to increase the efficiency with reduced the 

leakage current [32-37]. The highest efficient topology that has been proposed in [32] is called highly 

efficient and reliable inverter concept (HERIC). However, due to the lack of clamping branch, high 

frequency common-mode voltage can be observed in HERIC topology, and hence leakage current may flow 

through the whole system. In order to completely reduce the leakage current, a six-switch based topology has 

been proposed in [37] with a capacitor divider diode clamping branch, which is called ‘H6’ topology. 

However, both of the topologies are proposed for unity power factor operation though a slight adjustment 

would allow them to control reactive power. In [36], another six-switch based ‘H6-type’ topology has been 

proposed. The main advantage of ‘H6-type’ topology is that it has been proposed with reactive power control 

capability. Therefore, in this paper, ‘H6-type’ topology is implemented for TL-PV application. 

B. Development of direct-quadrature based control: 

The voltage oriented control of current in the direct-quadrature (dq) reference frame is well known for 

three-phase grid-connected converters. Recently, this type of control is being implemented for single-phase 

applications [38, 39]. In this research, the conventional dq-based controller is employed, which include 

outer power control and inner current control loop as illustrated in Fig. 2. The instantaneous PV output 

power can be defined as follows: 
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where Ppv and Qpv are the active and reactive power delivered by PV, Vd, and Id are the d-components, and 

Vq and Iq are the q-components of grid voltage and current. As the q component of grid-voltage is zero, 

instantaneous PV output power for single-phase system can be simplified as: 
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From (2), the reference active and reactive current in dq-frame can be determined as follows: 
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These current references are passed through a closed loop current controller to obtain final dq-axes 

references, where two PI based controllers have been implemented. Lastly, dq-axes voltages are 

transformed into αβ-reference frame to generate SPWM switching signals for the TL-inverters. 
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Fig 2.  Overall control structure of TL-PV systems. 

C. Low-voltage ride-through requirement: 

Typically, the grid-tied inverters stop operation following a severe disturbance to protect itself from being 

damaged due to over-current. However, several grid-codes have recently been updated demanding grid-tied 

inverters to ensure LVRT capability instead of getting disconnected from the grid. As seen in Fig. 3, the 

LVRT requirements are dissimilar in different countries [40-42]. If the voltage drops below 20% for the 

duration of more than 15ms, the inverters should be disconnected from the grid which is identical for all 

presented countries. According to Japanese grid code, the converters are required to remain connected for 

1.0s with the voltage drops to 20%, followed by the voltage recovery to 80% during next 0.2s. The 

converters are allowed to stay connected until 0.5s if the voltage level is kept at 20%, followed by the voltage 

recovery to 80% within 1.5s in the Spain. The German grid-code demands LVRT capability for the duration 

of 0.15s with the voltage level at 0% and next 0.35s with the voltage level at 30%, followed by the recovery 

of 90% within the period of 1.5s. Britain grid-code allows the inverter to continue operation if the voltage 

level doesn’t fall below 15% for 0.16s (during fault) and then quickly recover to 95% within 0.5s (after the 

fault). It can be seen from Fig. 3 that Spain has imposed less strict LVRT requirement among them. 

Therefore, in this paper, Spanish LVRT instruction is taken into account to recognize whether the system will 

face any PV disconnection. 
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Fig 3.  LVRT requirement for grid-connected converters in different countries [40-42]. 



III. VOLTAGE UNBALANCE FACTOR AND METHOD OF DVS STUDY 

A. Voltage unbalance: 

There are several reasons of voltage imbalance such as line configuration, unbalance loading, unequal PV 

penetrations in phases, etc. [43]. Thus considering a residential DN to be fully balanced might be impractical. 

However, as the electrical equipment are likely to be adversely affected by the voltage imbalance  [44, 45], 

range of satisfactory voltage imbalance has been defined in many international standards. For instance, the 

International Electro-technical Commission have advised that voltage imbalance should not be surpassed a 

maximum of 2.0% [44]. Another standard ANSI C84.1-1995 have suggested that a maximum of 3.0% is 

acceptable with no load condition [44, 46]. The percentage voltage imbalance has been defined by the 

National Electrical Manufacturer Association as the ratio of maximum deviation from average to the average 

three-phase voltage [47]: 
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
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   (4) 

However, in European standards, the degree of unbalance has been measured by using the index called 

voltage unbalance factor as is given in (5) [44]. 
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where VP is positive and VN is the negative sequence voltages. The sequence voltages (VP and VN) can be 

determined using the symmetrical components as given in (6). 
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where 
120oja e . 

B. Methodology to study the dynamic voltage stability: 

As the most common method of DVS study is the non-linear time-domain simulation (TDS) using the 

dynamic-model of the components in the networks, in this paper, TDS is carried-out first in the 

Matlab/SIMULINK software platform. Later, for further evaluation of the DVS in an unbalanced network, a 

modification of the index proposed in proposed in [48] called transient voltage severity index (TVSI) is 

developed and implemented. Furthermore, to better understand the voltage dynamics at each phase, two new 

indices: (1) voltage nadir and (2) ROCOVR is proposed. The details of the indices are given in the 

subsequent sections. 

 (i) Transient voltage severity index (TVSI): The index called TVSI was proposed considering a balanced 

network. However, in case of unbalanced system, the TVSI is required to be modified to accommodate 

unequal phase-voltage. In this paper, the modification is conducted by determining the TVSI at each phase 

according to (8) first. Note that higher TVSI value indicates weak DVS [48] performance. Consequently, to 

capture the deprived conditions of DVS among three phases, the maximum value of TVSI is taken. The 

modification of the TVSI would be as follows: 

max( , , )A B CTVSI TVSI TVSI TVSI     (7) 

where TVSIA, TVSIB and TVSIC are the TVSI of phase A, B and C, respectively, which are given in (8). 



 

,
, ,

1

, ,
*

c

N T
i t
A B C

i t T

A B C
c

TVDI

TVSI
N T T

 





     (8) 

where N is the total number of buses, T and Tc are the considered transient time-frame and fault clearing time 

respectively, and TVDIi,t
A,B,C are the transient voltage deviation index for phase A, B and C. The TVDIi,t

A,B,C 

can be defined in (9). 
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where Vi,t
A,B,C are the phase voltages magnitude of bus i at time t, Vi,0

A,B,C are the pre-fault phase voltages of 

bus i, Δt is step time, and 𝛾 is the threshold voltage. 

(ii) Voltage nadir and rate of change of voltage recovery (ROCOVR): As discussed in the previous section, 

TVSI would capture the severity of overall DVS performance and can be used for comparison among 

different scenarios. However, different aspects of DVS such as how dip is the voltage during faults, how the 

post-contingency voltage is recovering, cannot be captured. Therefore, to dynamically capture different 

aspects of DVS, voltage nadir and ROCOVR are proposed. Similar to the frequency nadir, voltage nadir is 

defined as the minimum voltage as a results of a contingency. On the other hand, unlike rate of change of 

frequency, ROCOVR is introduced to examine the system’s voltage recovery-speed. ROCOVR is the 

average of time derivative of the power system’s voltage following a disturbance during a considered 

transient time frame (T). It needs to mention that higher value of ROCOVR means higher recovery speed so 

as enhanced DVS. ROCOVR can be calculated according to the following equation: 
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IV. CASE STUDIES 

In order to thoroughly understand the impact of imbalance on DVS of DNs, several case studies based on 

VUF are conducted on two IEEE test systems, namely, IEEE 4 bus and IEEE 15 bus test systems. Two types 

of scenarios are focused: (1) unbalanced loading and (2) unequal PV penetrations in different phases. It is 

assumed that the PV systems are consisting of the LVRT capability without reactive power support. As a 

three line to ground (3LG) fault is the most severe one, case studies are accomplished by triggering a 3LG 

fault at bus 1 for the duration of 0.2s. 



A. Case studies on IEEE 4 bus system: 

The IEEE 4 bus system is modified by including TL-PV systems and IM loads. A new transformer (Tr2) 

is installed at bus 4 as shown in Fig. 4, which creates a new bus (bus 5). The designed per unit parameters of 

Tr2 is same as that of transformers 1 (Tr1). The TL-PV systems and the IM loads are connected at bus 4 

which is termed as point of common coupling (PCC). It may be noted that IM load could be as high as 75% 

of total load in a residential DN during a hot day in summer though it can vary depending on the region [12, 

49]. As the IEEE 4 bus system represent a DN, 70% loads are modelled as IM load. The modified loads of 

IEEE 4 bus system and the per unit parameters of IM loads are given in Table A1 and Table A2, 

respectively in appendix A. For this study, the short circuit capacity (SCC) of the system is considered to be 

83 MVA, while the X/R ratio is 6.0. The penetration level of PV power is computed according to (11). 
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Fig 4.  Modified IEEE 4 bus system. 

(i) Impact of unbalanced loading: In order to create voltage imbalance, it is assumed that total load is SL, 

and phases A, B and C are connected with SL/3/(1+α), SL/3/(1+β) and SL/3/(1+γ) pu respectively. It may be 

noted that the values of α, β and γ are real and very small for practical power systems. It is found that in case 

of transmission networks, the values of α, β and γ are negligible as unbalance is hardly existed, while in case 

of DNs, these values are kept very less (roughly less than 0.2) to reduce the unbalance among phases [7, 50, 

51]. The investigated cases are presented in Table 1, where the VUF in Case 1 is 0.15% which is increased to 

3.08% in Case 5.  Witnessed by Table I, β is always zero which means that the load has been unchanged on 

phase B. 

Table I: Investigation cases for unbalanced loading 

Cases α β γ 
VUF 

(%) 

LVRT 

Capability 

PV 

Penetration 

Reactive power 

support 

1 0 0 0 0.15 

Yes 50% No 

2 -0.048 0 0.048 0.81 

3 -0.087 0 0.087 1.72 

4 -0.133 0 0.133 2.54 

5 -0.161 0 0.161 3.08 

 

The dynamic phase voltages at PCC for unbalanced loading are shown in Fig. 5. It can be observed from 

Figs. 5(b) and (c) that the DVS is likely to be degraded as unbalanced increases. To be specific, the system 

has experienced the DVI on phase C in all cases except Case 1 as expected owing to the large loads. In 

contrast, Figs. 5(a) evidently indicates the augmentation of DVS while unbalance increases. This was 

predictable due to improved voltage profile on phase A as load decreased with the increment of VUF. 

However, an interesting observation is that even though the loads on phase B is kept constant, impaired DVS 

is noticeable with the increment of imbalance. The possible reasons of this weakened DVS could be the 

neutral point shifting as well as high losses in IM loads when unbalance increases, which are 



comprehensively explained in Section IV(C). According to Spanish LVRT requirement which is the most 

flexible among regulations presented in Section II(C), grid-connected PV systems should be disconnected if 

PCC voltage does not come back to 80.0% of rated within 1.5s of the fault occurrence. It is perceived that 

voltage on phase C fails to reach to 0.8 pu in Cases 2, 3, 4 and 5, while it happens only in Case 5 for phase B. 

Accordingly, the TL-PV systems would be disconnected in those circumstances which may add an extra 

burden in DN. 
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                                    (a)                                                                  (b)                                                                   (c) 

Fig 5.  Excursion of voltage at PCC: (a) Phase A (b) Phase B and (c) Phase C with unbalanced loading. 

(ii) Impact of unequal PV penetrations: To comprehensively investigate the impact of unequal PV 

penetrations on DVS, five cases are created by connecting unequal PV units at different phases. Table II 

demonstrates the cases, where increased PV penetration on phase A and the opposite on phase C is 

noticeable. However, the PV penetration on phase B is kept unchanged for all cases. As a result of this 

unequal PV penetrations, VUF increases from 0.15% in Case 1 to 3.80% in Case 5. 

Table II: Investigation cases for unequal PV penetrations in IEEE 4 bus 

Cases 
Per Phase PV Penetration (%) VUF 

(%) 

LVRT 

Capability 

Reactive power 

support Phase A Phase B Phase C 

1 50.00 50.00 50.00 0.15 

Yes No 

2 55.55 50.00 44.44 0.96 

3 61.11 50.00 38.88 1.88 

4 66.67 50.00 33.33 2.82 

5 72.22 50.00 27.77 3.80 



The excursions in voltage at PCC subjected to the 3LG fault with unequal PV penetration are depicted in 

Fig 6. As can be seen, DVS is improved on phase A, while it has become weaker with the increment of 

imbalance on phase C. Consequently, DVI is occurred in Cases 3 to 5 on phase C. This is predictable due to 

PV power variation. However, voltage recovery-speed to pre-fault value on phase B is decreased for Cases 

1 to 5 respectively although the number of PV units at this phase is same for all the cases. Unlike 

unbalanced loading, the DVI is occurred on phase B in cases 4 and 5. As observed, the voltage dynamics are 

very similar for unbalanced loading and unequal PV penetration in spite of the instability on phase B in 

Cases 4 and 5. It is understood that the possible reasons would be identical to the unbalanced loading. 
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                                      (a)                                                                   (b)                                                                  (c) 

Fig 6.  Excursion of voltage at PCC: (a) Phase A (b) Phase B and (c) Phase C with unequal PV units at 

different phases. 

(iii) Index based assessment: 

Voltage Nadir and ROCOVR: In order to quantify the severity of DVI in each phase, voltage nadir and 

ROCOVR for both scenarios are calculated and depicted in Figs. 7 and 8, respectively. It can be seen from 

Fig. 7(a) that voltage nadir on phase A for unbalanced loading is improved with the increment of imbalance, 

whereas it has been kept identical on phase B and impaired on phase C as expected. In contrast, no variation 

of voltage nadir is observed for unequal PV penetrations. However, as seen in Fig. 8, ROCOVR is gradually 

decreased on phases B and C for the cases 1 to 5 respectively in both scenarios, clearly indicates the weaken 

DVS as VUF increases. It can also be seen that phase A has been realized higher ROCOVR with the 

increment of imbalance, which is due to the low load or large PV units on this phase. 
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                           (a)               (b) 

Fig 7.  Voltage nadir in different cases for: (a) unbalanced loading and (b) unequal PV penetrations. 
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Fig 8.  ROCOVR in different cases for: (a) unbalanced loading and (b) unequal PV penetrations. 

Calculation of TVSI: The index TVSI is computed for unbalanced network for all cases according to (7), 

and presented in Table III as well as depicted in Fig. 9. Throughout the calculation, the parameters are set as 

follows: N=5, T=2s, Tc=1.2s, step time=20μs, and 𝛾=20%. It can be seen that TVSI values are gradually 

increased for the cases 1 to 5 with the increment of imbalance. To be specific, TVSI increase 253.85% and 

224.95% when VUF rises 0.15% to 3.08% with unbalanced loading, and 0.15% to 3.80% with unequal PV 

units. As higher TVSI indicates impaired DVS, it can be concluded that DVS would be affected in a 

deprived way with the increment in imbalance.  

Table III: TVSI for different cases presented in Table I. 

Cases Case 1 Case 2 Case 3 Case 4 Case 5 

TVSI 
Unbalanced loading 1675 3275 5314 5667 5927 

Unequal PV 1675 2223 4438 5095 5443 
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Fig 9.  TVSI with the increment of VUF. 

B. Case studies on IEEE 15 bus test system: 

In this section, the case studies are carried out on a larger test systems i.e. IEEE 15 bus to further verify 

conclusions drawn on the voltage dynamics on an IEEE 4 bus system. The details of the IEEE 15 bus system 

can be found in [52, 53]. The PV systems are connected on nodes 3, 5 and 13 as shown in Fig. 10 to achieve 

total 50.0% penetration. As this test system can reflect a residential network, almost 60% IM loads have been 

accommodated that forms the load combination 60% IM-type and 40% ZIP-type. The modified loads are 



given in Table A3 in Appendix A. The SCC of the network is designed to be 6.0. As can be seen in Fig. 10, 

node 13 is the most remotely located and delivering large loads. Therefore, the voltage dynamics at node 13 

is observed subjected to a 3LG to thoroughly investigate the impact of imbalance on the DVS. 
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Fig 10.  Modified IEEE 15 bus test system. 

(i) Impact of unbalanced loading: The unbalance voltage is generated through changing the loads between 

the phases A and C. In this scenario, loads on phase C is increased, whereas phase A has realized the 

reduction of same quantity. As a result of load shifting, VUF is increased from 0.05% in Case 1 to 3.37% in 

Case 4. The details of VUF with the cases are given in Table IV. 

Table IV: Investigation cases for unbalanced loading in IEEE 15 bus. 

Cases 
VUF 

(%) 

LVRT 

Capability 

Reactive power 

support 

1 0.05 

Yes No 
2 1.03 

3 2.17 

4 3.37 

The excursion in voltage at node 13 with the increment of VUF after a 3LG fault is illustrated in Fig. 11. 

As can be observed, owing to the decrement of load on phase A for the Cases 1 to 4 respectively, voltage 

recovery-speed to pre-fault condition is increased at the same order. In contrast, DVI in Cases 3 and 4, and 

delayed recovery in Case 2 can be perceived on phase C, which is very likely due to the increment of loads. 

However, witnessed by Fig. 11(b), declined voltage recovery-speed on phase B is noticed with the increment 

in VUF although the loads on phase B were kept unchanged. This observation is very identical to the voltage 

dynamics of phase B in IEEE 4 bus system presented in Fig. 5. 
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                                    (a)                                                                (b)                                                                 (c) 

Fig 11.  Excursion of voltage at node 13: (a) Phase A (b) Phase B and (c) Phase C for unbalanced loading. 

(ii) Impact of unequal PV penetrations: Like an IEEE 4 bus system, scenarios to study the impact of an 

unequal PV penetration on the DVS are created by shifting the PV units of phase C into phase A, while the 

penetration on phase B is kept constant. As a result, the voltage profile on phase A is likely to increase, 

although phase C experiences a drop. Consequently, the VUF increases from 0.05% in Case 1 to 3.94% in 

Case 4. The per-phase PV power and the VUF for each case are given in Table V. 

Table V: Investigation cases for unequal PV penetrations in IEEE 15 bus. 

Cases 
Per Phase PV Power (kW) VUF 

(%) 

LVRT 

Capability 

Reactive power 

support Phase A Phase B Phase C 

1 300.0 300.0 300.0 0.05 

Yes No 
2 400.0 300.0 200.0 1.28 

3 500.0 300.0 100.0 2.67 

4 600.0 300.0 00.00 3.94 

The dynamic voltage profile at node 13 is illustrated in Fig. 12 with unequal PV penetrations at different 

phases. It is clear that DVS on phase A is enhanced, whereas phase C is likely to realize a DVI in Cases 3 

and 4 as expected. Furthermore, in spite of unchanged PV penetration, voltage retrieval speed is decelerated 

for the cases 1 to 5 on phase B. Therefore, the conclusions drawn on voltage dynamics after a fault due to 

the unequal PV penetrations from the case studies on IEEE 4 bus system are further verified in IEEE 15 bus 

test system. 
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                                   (a)                                                                    (b)                                                                (c) 

Fig 12.  Dynamic voltage profile at bus 13: (a) Phase A (b) Phase B and (c) Phase C for with unequal PV 

units at different phases. 

C. Analysis and discussion: 

It is very challenging to identify the actual parameters which are contributing in delayed voltage recovery 

with the increase in imbalance. It is believed that a number of parameters are responsible for weakened DVS. 

However, two key reasons are identified and explained in this paper: (1) high losses in IM load with 



increased imbalances and (2) the coupling among phases. It has been concluded in [54, 55] that the greater 

the negative and zero sequence component, the more the losses in IM loads. In the event of DVS, VUF 

increases following a contingency due to different loading conditions and voltage drop which in results 

increased losses and delayed recovery. For better understanding, IEEE 4 bus system has been simplified 

considering only bus 1 and 2. Therefore, the simple two bus system can be characterized by (12) [56].  

2 1

2 1

2 1

. .

a a aa ab ac a

b b Length ba bb bc b

c c ca cb cc c

V V Z Z Z I

V V L Z Z Z I

V V Z Z Z I
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uuur uur uuur uuur uuur uur     (12) 

Note that the diagonal and off-diagonal elements of the line impedance matrix and the phase current are 

unequal under unbalanced conditions. Consequently, line voltage drop can be defined in (13) for unbalanced 

conditions [43]. 
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    (13) 

It is clear from (13) that voltage drops in phases will be different in unbalanced condition which depends 

on the current of each phase. As a result, the system will become more unbalanced following a disturbance 

due to different loading conditions which might be one of the causes of delayed phase voltage recovery. 

In order to analyse the effect of coupling among phases on the DVS, voltage drop sensitivity to phase 

loading changes are calculated and plotted in Fig. 13. Original balanced load of IEEE 4 bus systems is 

considered as base case (1.0 pu) to calculate the sensitivity. It is clear that an increase in phase A or B or C 

loading level can cause significant voltage drop at the same phase which is expected. However, the most 

interesting observation is that it can affect other phases, such as, voltage drop in phase B is reduced due to a 

rise in phase A loading, while phase C is hardly affected. This is mainly happened due to the neutral point 

shifting as a result of variations in load or power injection in single-phase [12, 57, 58]. Identical trend is 

observed for an increment in loading in phases B and C as shown in Figs. 13(b) and (c), respectively. As 

voltage drop in one phase could be affected owing to the change of phase loading in an another phase, which 

can cause due to an increased imbalance following a severe contingency. Commented [JH1]: Not a good sentence 
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Fig 13.  Voltage drop sensitivity with loading variation in: (a) phase A (b) phase B and (c) phase C. 

V. POTENTIAL SOLUTIONS 

According to the prior investigations, the networks might experience a DVI when unbalance increases. 

Consequently, some potential solutions are required to maintain the system’s security. As the instability 

problems are due to the increased imbalance in this case, the most cost-effective solutions would be 

rearranging PV units and loads among phases, and maintain the networks in balanced conditions. However, 

in practical, it might not be possible to install equal loads and PV units among phases while considering 

different types networks and customers. Furthermore, several studies and operational planning are obligatory 

to recognize the effectiveness of this method which needs to be carried out in the planning stage. Therefore, 



assuming the practical networks could be unbalanced and a solution is required, in this section, different 

types of approaches to mitigate DVI are discussed and compared to identify the potential one. 

There are several methods to improve the DVS in unbalanced DNs, for example, partial load shedding, 

reactive power injection from roof-top PV systems, planning and implementation of D-STATCOM and/or 

BESS, etc. Though a number of researches have been conducted to ensure effective load shedding during a 

severe contingency [59, 60], it is not an attractive solution as the customers might not be pleased due to their 

load cut. In contrary, reactive power injection by roof-top PV inverters or deployment of BESS and/or D-

STATCOM could be an efficient solution as load shedding can be avoided through this method. It is to be 

mentioned that while the large and medium scale PV plant are required to provide reactive power support, it 

is not essential for small-scale PV plants such as roof-top type. Therefore, performance of reactive-power 

injection from roof-top TL-PV inverters and installation of BESS and/or D-STATCOM are investigated with 

respect to DVS improvement. As the voltage dynamics due to increased imbalance after a disturbance is 

almost identical for unequal PV and unbalanced loading, in the following section, mitigation strategies are 

validated and compared only for unequal PV penetrations on IEEE 4 bus test system.  

A. Reactive-power injection from roof-top TL-PV inverters: 

 Recently, a number of grid-codes have been restructured incorporating the requirements of reactive-

power regulation proficiency by power electronics based renewable energy sources i.e. PV systems [41, 61-

63]. However, in most of the grid-code, specific reactive power injection requirement by small-scale PV 

units (<10kW) has not been mentioned. Reactive power injection by roof-top type PV inverters could 

improve the DVS of DNs which is assessed in this section. The strategy for reactive power injection is 

designed following the German grid code (E.ON), where rated reactive current to be injected into the grid 

when the voltage drives underneath 0.5 pu [41]. The injected reactive current into grid through the TL-PV 

systems can be defined as follow: 

(1 )       1 1 0.95

      1 1

q gp n gp

q n gp

I V I when V

I I when V

 



    


  
     (14) 

where Vgp, In and Iq are the per unit grid-voltage, rated-current of the TL-inverter and delivered reactive-

current, respectively. Here μ is introduced for derating operation which is as: 

 
(1 )

q qo n

gp

I I I

V






       (15) 

where Iqo is the primary reactive-current before the contingency, which is set to zero assuming that  the roof-

top PV units function at unity power-factor when there is no fault (0.95 <= Vgp <= 1.05). According to (14), 

injected reactive-current is computed for various values of μ and plotted in Fig. 14. As can be perceived, 

injected reactive-current would be reduced with the decrement of μ. In this paper, to realize comparatively 

large injection of reactive-current with less grid-voltage dip, μ is chosen to be 3.0. 

Commented [JH2]: Two sentences are contradictory 
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Fig 14.  Variation of reactive-current for several values of μ. 

The efficacy of reactive-power support by TL-PV inverters to alleviate any instability due to imbalance is 

explored through non-linear simulations, and compared by calculating indices for the cases presented in 

Table II. Figure 15 depicts the dynamic voltage profile at PCC, designate that post-contingency voltage 

recovery to pre-fault value has been ensured in all phases, mitigating the effects of imbalance on DVS. This 

is happened due to reactive-power provision of TL-PV inverter as shown in Fig. 16. It can be seen that TL-

PV systems inject reactive power during fault whilst it is reduced gradually with the increment of voltage. 

Furthermore, reactive power support on phase A and C varies for different cases which are due to the 

dissimilar voltage conditions. In contrast, almost identical reactive power is injected on phase B as seen in 

Fig. 15(b). It is also noticeable that phase voltages have returned to 0.8 pu within 1.5s of fault occurred. 

Therefore, according to Spanish LVRT requirement described in Fig. 3, the system should be capable of 

avoiding any PV power loss. 
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                                  (a)                                                             (b)                                                                (c) 

Fig 15.  Dynamic voltage profile at PCC with reactive power support by TL-PV inverters: (a) Phase A, (b) 

Phase B and (c) Phase C. 
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Fig 16.  Reactive-power delivered by TL-PV systems on: (a) Phase A, (b) Phase B and (c) Phase C.  

The voltage dynamics of the network at each phase has been investigated by calculating the voltage 

nadir and ROCOVR as given in Fig. 17. It can be observed that phases A and B comprehend the 

improvement in voltage nadir, while phase C has seen the opposite with the increment of imbalance. On the 

other hand, ROCOVR is improved only on phase A which was expected owing to higher voltage profile. 

However, the ROCOVR is declined on phases B and C, designates that the system can still realize slow-

recovery due to the increased imbalance despite reactive power support from TL-PV inverters that helps to 

mitigate the DVI. 
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Fig 17.  (a) Voltage nadir and (b) ROCOVR with reactive power support from TL-PV inverters. 

 

The TVSI is calculated for this scenario and presented in Table VI. A rise in TVSI can be observed with 

the increment in imbalance in Cases 1 to 5 respectively, which is owing to unequal PV and voltage profile 

in phases B and C. As seen in the prior section with ROCOVR, it can also be observed from TVSI that 

increased imbalance could affect the recover-speed in a deprived way although instability is alleviated 

through reactive power support. Finally, the reduction of TVSI is very much notable; for example, the TVSI 

in Case 1 with reactive power support is 94.5% less than TVSI in Case 5 without support.  

Table VI: TVSI with reactive power support by TL-PV inverter. 

Cases Case 1 Case 2 Case 3 Case 4 Case 5 

TVSI 

Without reactive 

power support 
1675 2223 4438 5095 5443 

With reactive 

power support 
301 303 458 714 1083 

Percentage reduction 82.1 86.4 89.7 85.95 80.1 

 

B. Installation of BESS and/or D-STATCOM: 

In this section, the effectiveness of installing a BESS and/or D-STATCOM in alleviating the DVI is 

investigated. As the system is unbalanced, the detail dynamic model of the BESS and/or D-STATCOM is 

developed based on the sequence components. According to three-phase basic power theory, instantaneous 

active and reactive power can be calculated using (16). 
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      (16) 



In case of an unbalanced condition, power components in (16) can be rewritten as: 
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%       (17) 

where p+, p- and q+, q- are the positive and negative sequence instantaneous active and reactive power, 

respectively, and  and  are the oscillating terms at twice the grid frequency. The power components in (17)

can be calculated as a function of voltage and current in synchronous reference frame (SRF) as follows [64]: 
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where vα, vβ and iα, iβ are the point of coupling voltages and injected grid currents in SRF, respectively, and 

superscripts ‘+’ and ‘–’ designate the positive and negative sequence components. From (18)-(23), the active 

and reactive current components can be formulated as follows [64-66]: 
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where P and Q are the active and reactive power reference, respectively. Two control gains i.e. active kp and 

reactive kq are introduced as given in (26) to realize flexible active and reactive power injection [67]. 

,          p qk P P k Q Q        (26) 

Finally, the positive and negative sequence active (Ip) and reactive (Iq) reference current can be defined as 

[64]: 
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In this investigation, 1000 kVA rated BESS and D-STATCOM are installed and connected at bus 4. In 

order to recognize the competency of BESS and D-STATCOM in voltage recovery at the same environment 

for the cases presented in Table II, it is assumed that both BESS and D-STATCOM are providing zero output 

power during normal grid condition (0.95 <= Vgp <= 1.05). However, when the system is encountered a 

contingency, BESS delivers only active power and D-STATCOM support the voltage by injecting reactive 

power. The control gains kp and kq are carefully chosen depending on the fault characteristics as follows: 
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       (31) 

where Vnom is the nominal grid voltage before fault, V+ and V- are the amplitude of the positive and negative 

sequence grid voltage.  
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Fig 18.  Dynamic voltage profile at PCC with BESS at bus 4: (a) Phase A (b) Phase B and (c) Phase C, and 

(d) Power delivered by BESS. 



The dynamic response of the system’s voltages at PCC and sequence-current injected by the BESS are 

shown in Fig. 18. It is evident that post-disturbance voltage recovery to pre-fault value has been confirmed in 

all phases. Consequently, the DVS is improved and the effects of imbalance are alleviated. Figure 18(d) 

designates that almost identical amount of positive-sequence current has been delivered by the BESS in all 

cases, while negative-sequence active current varies with unbalances. It is noticeable that Case 5 deliveres 

more negative-sequence current, trying to speed up the recovery procedure. As seen in Figs. 18(b) and (c), 

voltage regaining process is sequentially become slower in Case 1 to 5 even though BESS deliveres more 

power with the same order, which is due to the low voltage profile as a result of imbalance. However, the 

system was capable to recover the PCC voltage to 0.8 pu within 1.5s of contingency in all cases; as a result, 

no PV power loss will be occurred. 

Figure 19 illustrates the dynamic voltage profile at PCC with D-STATCOM installed at bus 4. It can be 

perceived that when a D-STATCOM is installed, the system is capable to avoid any DVI in all phases. 

Nevertheless, Figs. 19(b) and (c) indicate that voltage retrieval speed is lower in phases B and C for the 

Cases 1 to 5 respectively which are expected due to reduced PV penetration. The sequence reactive current 

delivered by the D-STATCOM is presented in Fig. 19(d), confirming that injected positive-sequence reactive 

current by D-STATCOM is almost similar for all cases. However, the negative-sequence reactive current 

becomes zero in Cases 1 and 2 which mainly depend on the VUF. It can also be seen that PCC voltage has 

been recovered to 0.8 pu within 1.5s in all cases, which would ensure the uninterrupted connection of the PV 

systems with the grid. 
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Fig 19.  Dynamic voltage profile at PCC with D-STATCOM connected at bus 4: (a) Phase A (b) Phase B 

(c) Phase C and (d) injected positive and negative sequence reactive current. 

 

In order to thoroughly understand the per-phase voltage dynamics, ROCOVR is calculated for the cases 

with BESS and D-STATCOM, and illustrated in Fig. 20. As expected, ROCOVR is improved on phase A, 



while it is declining on phases B and C with the increment of imbalance for both of the scenarios. However, 

an interesting observation to be mentioned is that ROCOVR is less on phase B if compared with phase C in 

each case with the D-STATCOM. This is due to the negative-sequence current injection, attempting to 

reduce the unbalances. Finally, DVS in phase A is excellent, whereas although instability is mitigated, phase 

B and C has realized comparatively poorer DVS, respectively for the Cases 1 to 5. 
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Fig 20.  ROCOVR for different cases with (a) BESS and (b) D-STATCOM at bus 4. 

The TVSI is calculated for different cases with BESS and D-STATCOM, and tabulated in Table VII. It 

can be seen that TVSI gradually increases for Cases 1 to 5. As TVSI is calculated considering poorest state 

among three phases, it is expected a boost of TVSI for Cases 1 to 5 due to low voltage profile in phase B and 

C with the increase in unbalance. This phenomenon has also been observed in Figs. 18 and 19, and thus the 

conclusions drawn from those figures have been further validated with index. It is also evident that the TVSI 

in each case is high with BESS than D-STATCOM. In other words, the performance of 1000 kVA D-

STATCOM in DVS improvement is better than 1000kVA BESS. 

Table VII: TVSI for different cases presented in Table II with BESS and D-STATCOM. 

Cases Case 1 Case 2 Case 3 Case 4 Case 5 

TVSI With BESS 646 737 960 1205 1393 

TVSI With D-STATCOM 376 448 586 764 1117 

 

C. Feasibility of mitigation strategies: 

Prior discussed mitigation strategies have been compared in this section with regard to the cost and DVS 

improvement to emphasis on the feasibility in practical implementation. Cost comparison of the three 

mitigation strategies is presented in Table VIII. It may be noted that as a result of existent of roof-top PV unit 

in the network, additional cost for reactive-power support by roof-top PV inverters would include application 

of smart controller which is very insignificant. In contrast, the cost is approximately 20,000.0 AU$ for 

5kVA-20kWh BESS, while it is roughly 60-65 AU$ for a 1.0 kVAr D-STATCOM [12, 68]. Therefore, the 

most cost-effective solution in improving the DVS of a highly PV penetrated DN would be reactive-power 

injection by the PV-inverters if it compared with the deployment of BESS and D-STATCOM.  

Table VIII: cost comparison of mitigation strategies. 

Devices Cost 

Reactive-power injection by TL-PV inverters Insignificant 

Installation of BESS Approx. AU$ 20000.0 for 5kVA-20kWh 



Installation of D-STATCOM Approx. AU$ 300-325 for 5kVAr 

 

In order to assess the feasibility of mitigation strategies with respect to DVS enhancement, TVSI for all 

three approaches are depicted in Fig. 21. It can be clearly seen that TVSI with all three mitigation strategies 

are less compared with no mitigation. However, implementation of reactive-power injection by TL-PV 

inverters have ensured lowest TVSI, whereas BESS have been realized highest TVSI among three 

approaches. Finally, it can be concluded that reactive-power support by PV systems would be more feasible 

solutions in terms of cost as well DVS improvement compared to BESS and D-STATCOM. However, to 

effectively use the roof-top PV units in regulation of the DN voltage, proper planning and smart control is 

required. 
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Fig 21.  Comparison of TVSI for different approaches. 

VI. CONCLUSIONS 

As DNs are inherently unbalanced due to its unbalanced loading and unequal PV penetrations along with 

line characteristics, this paper has extensively investigated the impact of imbalance on the DVS of DNs, and 

provide solutions to mitigate a possible instability. Case studies are conducted on two benchmark IEEE test 

systems i.e. IEEE 4 bus and IEEE 15 bus test systems by developing dynamic model of the elements 

involved in the network. Provided results reveal that DVS is likely to be impaired with the increase in 

imbalance. It is observed that in spite of unchanged load or PV penetration on phase B, voltage instability 

can be occurred on this phase due to the reduction of loads or additional PV units on phase A and the 

opposite on phase C. Furthermore, the system was unable to recover PCC voltages to steady state condition 

within specified period defined in LVRT requirement in some circumstances, demanding an obligatory 

disconnection of the PV systems. As the system is unbalanced, to thoroughly understand the voltage 

dynamics in each phase, two indices i.e. voltage nadir and ROCOVR is proposed. It is observed through 

these indices that DVS in different phases could be non-identical. On the purpose of comparison, another 

index termed TVSI is also calculated for all scenarios. It has been shown that TVSI increases 253.85% and 

224.95% respectively when VUF rises 0.15% to 3.08% with an unbalanced loading and 0.15% to 3.80% with 

unequal PV penetrations, which is the clear indication of a weaken DVS with high imbalance.  

In order to alleviate the adverse effects of imbalance, three mitigation strategies: (1) reactive power 

injection by TL-PV systems, (2) installation of BESS and (3) D-STATCOM are suggested and compared in 

terms of DVS improvement and cost. It is observed that although instability can be mitigated with those 

approaches, phases with high or even unchanged loading still might be realized comparatively slower 

recovery-speed as unbalance increased. It is also perceived that reactive power support by small PV units 



would be the most cost effective solutions in mitigating a probable DVI. Finally, it is expected that this study 

will promote awareness regarding the unseen threats of DVI in DNs among operation and planning 

engineers. Furthermore, to mitigate the adverse effects of imbalance on the DVS and support the network to 

avoid PV power loss, suggested remedial measures may be effective. 

Appendix A 

Table A1:  Modified load of IEEE 4 bus system. 

Phases 

Balanced condition 

kW kVAr kVA 

IM ZIP IM ZIP  

A 1100 520 692 93 1800 

B 1100 520 692 93 1800 

C 1100 520 692 93 1800 

Total 3300 1560 2076 279 5400 

Table A2: pu parameters of IM load [69]. 

Rs Xs Rr Xr Xm H 

0.1 0.1 0.09 0.06 2.5 .28 

Table A3: Modified loads of IEEE 15 bus test system. 

Bus No 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

IM load 
kW 17.85 51.0 119.3 17.85 119.3 51 119.3 51 17.85 51 17.85 119.3 119.3 51 

kVAr 11.24 32.1 65.03 11.24 65.03 32.1 65.03 32.1 11.24 32.1 11.24 65.03 65.03 32.1 

ZIP load 
kW 26.25 19.0 20.75 26.25 20.75 19.0 20.75 19.0 26.25 19.0 26.25 20.75 20.75 19.0 

kVAr 33.76 39.31 77.8 33.76 77.8 39.31 77.8 39.31 33.76 39.31 33.76 77.8 77.8 39.31 
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