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ABSTRACT 

A hardware level study, performed at the Power Networks 

Demonstration Centre (PNDC), testing seven off-the-shelf 

PV inverters is introduced in this paper. The objective of 

this work is to characterise the connection stability limits 

of the small scale grid-tied PV inverters under a variety of 

network disturbances represented by step changes in 

voltage magnitude and phase angle (referred to as Vector 

Shift - VS) applied on the LV AC terminals of the inverter. 

Such conditions, often caused by faults in the transmission 

network, can compromise the connection stability of the 

PV inverters and potentially exacerbate the network 

instability if large loss of PV generation ensues. The 

results presented in this paper reflect a future grid 

dominated by inverter connected generation with a wide 

range of inverters behaviours observed under the imposed 

testing scenarios. 

1 INTRODUCTION 

The increased penetration of inverter interfaced 
generation, dictates for greater understanding of their 
impact on grid stability.  Furthermore, the reported 
inconsistencies in inverter behaviour across various 
manufacturers’ small scale photovoltaic (PV) inverters 
indicate the risk of invalid assumptions when system 
studies are conducted. Therefore, the experimental 
characterisation of said behaviour through physical testing 
of commercial inverters under realistic conditions is 
necessary to inform future system studies and 
assumptions. 

A range of grid disturbances that can potentially affect the 
connection stability of low voltage (LV) grid-tied PV 
inverters have been investigated through various 
hardware-based studies reported in the literature. A Loss 
of Mains (LoM) oriented experimental study [1] assessed 
the stability of PV inverters’ connection to the grid during 
frequency and voltage phase shift disturbances as well as 
their sensitivity during Rate of Change of Frequency 
(RoCoF) events. Although, all of the Devices Under Test 
(DUT) achieve similar levels of performance with regard 
to sensitivity and stability for test events, discrepancies 
were noticed at their active and reactive power output. In 
contrast to the testing focus reported in [1], inconsistency 
was observed at the response of several commercial LV-
connected PV inverters when experimentally tested under 
fault conditions and voltage disturbances in [2] – inverters 
from different manufacturers exhibited a wide range of 
behaviours. The reported work demonstrates the need for 
further investigations to categorise the response of the 

distributed generation (DG) inverter interfaces, in 
particular small scale PV inverters, during grid 
disturbances.  

This paper presents the results acquired through network 

testing of commercial LV PV inverters to observe and 

capture their performance under grid faults that impose 

voltage magnitude and vector shift (VS) variations on the 

inverter terminals. Such events are symptomatic of 

distribution and transmission network faults, raising the 

risk of compromising the LV connected PV inverters 

connection stability. Nuisance disconnection of these 

inverters can increase the risk of grid instability catalysed 

by the abrupt pause of active and reactive power injection 

by the PV generation. 

Physical testing was performed of seven off-the-shelf PV 

inverters (single and three-phase) under the 

aforementioned grid conditions. The benefits of this 

characterisation are twofold: 

 Determination of the stability boundaries of the 

inverters under a wide range of grid related 

disturbances which can inform and instigate necessary 

modifications of the UK Grid Code and other related 

engineering recommendations for the connection of 

DG (e.g. ER G59 and ER G83).  

 Development and validation of software models that 

are representative of the dynamic behaviour of the 

commercially available inverters, which feed into 

more accurate studies. 

The paper is organised as follows. First,  the experimental 
test setup and procedure are described. This is followed by 
a description of the three test categories carried out in this 
project. Finally, a summary of the test results is presented. 

2 TEST SETUP 

The list of the inverters under test can be found in Table 1. 

The work was carried out at the facilities of the PNDC 

exposing PV inverters of various manufacturers and 

connection settings (G83, G59) to representative AC 

distribution network conditions. 

The test setup (shown in  Figure 1) incorporates a Real-

Time Digital Simulator (RTDS) [6] for modelling the AC 

network to which the inverter under test is connected via 

an amplifier. The amplifier is a Triphase [7] bi-directional 

AC grid emulator which uses the RTDS simulated voltage 

as a reference. The RTDS voltage set-point signal is 
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transmitted to the Triphase through an optical fibre using 

the Aurora protocol. Voltage amplitude, vector shift and 

selected asymmetrical fault events simulated within the 

RTDS model are reflected in the Triphase voltage output 

(i.e. inverter terminal AC voltage).  

 

Figure 1. Test configuration for VS and voltage depression and 

asymmetrical fault conditions tests. 

Table 1. List of inverters under test. 

Phases 
PV 

Inverter 

Rated 

Power 
Inverter Settings 

Single 

Phase 

Inverter A 5kVA G59/3 [3], G83/2 

Inverter B 5kVA G59/3, G83/2 [4] 

Inverter C 5kVA G59/2 [5], G83/1 

Inverter D 3kVA G83/1 

Inverter E 5kVA G83/2, G59/3 

Three 

Phase 

Inverter F 20kVA G59/3 

Inverter G 10kVA G59/3, G83/2 

Three stability test categories were performed and are 

reported in this paper: 

 Test category 1: PV inverter test during VS and 

voltage dip events. 

 Test category 2: PV inverter test under G83 VS type 

tests. 

 Test category 3: Three-phase PV inverter test during 

asymmetrical faults. 

Test category 1: PV inverter stability during VS 

and voltage depression events 

The objective of this particular test scenario is to determine 

the stability margins of the inverters during voltage 

depression and VS events. 

The testing process was systematically carried out to 

identify the PV inverters stability margin in terms of 

voltage vector shift (VS) with a simultaneous short-term 

voltage dip lasting 140 ms (assumed longest transmission 

level fault clearance time). The inverter retained voltage 

was reduced in steps of 5% of nominal. Moreover, VS 

events starting from 5° and raised in 5° steps up to 60° or 

until the inverter trips were applied for each level of 

retained voltage. The VS and the voltage dip were applied 

simultaneously, and after 140 ms the same amount of VS 

angle was introduced in the opposite direction (referred as 

the VS recovery in this paper). This process was repeated 

for negative VS angles. There was no control over the 

point on wave where the VS was introduced. 

 

Figure 2. Example waveform showing a -15° VS and 60% 

retained voltage applied to Inverter C. 

 

Figure 3. Measured inception and recovery VS for the example 

waveform in Figure 2. 

The aforementioned procedure was performed for inverter 

loading levels of 50% and 90% of inverter rating where 

possible. The testing process generated a vector shift angle 

vs. retained voltage characteristic for all inverters showing 

the trip (orange line) and no trip margins (blue line). A few 

indicative characteristic diagrams are presented in test 

results section. 

Test category 2: PV inverter stability during G83 

VS type tests 

Motivated by the G83 VS type testing requirements, the 

objective of this test category is to verify that the inverters 

under test maintain synchronisation to the grid during the 

following scenarios; 50° and -50° VS in conjunction with 

a fixed pre VS grid frequency of 49.5 Hz and 50.5 Hz 

respectively. 



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 

 

Paper n° 1194 

 

 

CIRED 2019  3/5 

The inverters were loaded up to the maximum possible 

level prior to the test. In some cases, the maximum 

achievable power is limited by the PV emulator capacity 

or when the inverter requires DC input voltage in excess 

of 480 Vdc to achieve higher power output (which is the 

case for the three-phase inverters). 

The conditions listed below were applied throughout this 

experimental scenario: 

 50° VS (no recovery) under steady state grid 

frequency of 49.5 Hz and nominal voltage. 

 -50° VS (no recovery) under steady state grid 

frequency of 50.5 Hz and nominal voltage. 

Test category 3: Three-phase PV inverter stability 

during asymmetrical faults 

The aim of this testing case is to examine the ability of the 

three-phase inverters to remain synchronised during 

asymmetrical faults in the transmission network.  

For this purpose, a representative 132 kV to LV network 

was modelled in RTDS software (RSCAD). This enables 

the introduction of faults in the high voltage (HV) network 

and observing the effect on the LV AC side of the inverter 

under test interfaced with the simulation through the 

Triphase system. The single line diagram in Figure 4 

shows the transmission/distribution network,  developed in 

RSCAD, topology as well as the point of the inverter’s LV 

connection. 

 

Figure 4. Single line diagram of the test circuit for 

asymmetrical faults. 

Three resistive (1 Ω) and solid fault types such as phase-

to-ground, two-phase-to-ground, and phase-to-phase were 

applied. The fault duration was 140 ms. Moreover, when 

testing the three-phase inverter G, 10Ω and 20Ω fault 

resistance were also used to assess whether a higher 

retained voltage benefits the inverter stability during 

unbalanced faults. 

SUMMARY OF TEST RESULTS  

Due to the large volume of tests carried out, indicative 

graphs are presented in this paper for the three test 

categories. The complete set of results can be found in [8]. 

The available plots include the following information 

reflecting the response of the inverter under test (both for 

trip and no trip responses): 

 VS connection stability characteristic. 

 Exported real and reactive power, where a 

negative value signifies import into the inverter. 

Test category 1 

A VS connection stability characteristic was composed for 

all the inverters tested under a range of retained voltage 

levels from 5% to 100%. Table 2 contains the responses of 

the inverters observed under 0% retained voltage events 

(no VS applicable). 

Table 2: Response of Inverters during 0% retained voltage test. 

Inverter A B C D E F G 

Trip at 0% 

retained 

voltage 

N Y 

N (50% 

loading), 

Y (80% 

loading) 

Y Y N N 

Single-phase 5 kVA inverter – Inverter A  

Inverter A exhibited a consistent behaviour during all VS 

and voltage depression scenarios as it did not trip for any 

of these cases, including both 50% and 90% loading 

conditions. The inverter also did not trip at 0% retained 

voltage. During voltage depression events the Inverter A 

reduces its output power but quickly recovers its pre-event 

output after these are ended (140 ms). 

Single-phase 5 kVA inverter – Inverter B  

Figure 5 and Figure 6 present the VS characteristic of the 

Inverter B along with the output active and reactive power, 

while 50% loaded. The inverter tripped when the retained 

voltage was 65% and below without a VS applied. The ‘no 

trip’ boundary is 70% retained voltage at which point the 

Inverter B did not disconnect but dropped its output power 

to zero for the event duration (Figure 6). For retained 

voltages above 70% the inverter did not trip for ±60° VS 

for both 50% and 90% loading levels. 

Single-phase 5 kVA inverter – Inverter C 

The testing results showed that Inverter C preserves its 

connection stability under relatively high VS (especially 

positive VS) as long as the retained voltage is adequately 

high (over 80%), for both 50% and 80% loading levels. 

Similar high level of VS stability was observed when large 

voltage dips between 85% and 95% are the case at 50% of 

loading. The inverter tripped, with no VS applied, under 

the same retained voltage conditions (including 0%) when 

it was loaded at 80%. Similar to other inverters, the active 

power output varied depending on the level of voltage 

depression. 
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Figure 5. 5 kVA Inverter B stability characteristic at 50% 

loading.  

 

Figure 6. 5 kVA Inverter B output power during a -60° VS, 70% 

retained voltage event at 50% loading. 

Single-phase 3 kVA inverter – Inverter D  

The characteristic presented in Figure 7 shows the VS 

tripping boundaries for 50% loading. The inverter tripped 

at a 20% retained voltage and below (including 0%) 

without a VS being applied. On the other hand 35% was 

the tripping boundary for 90% loading. 

 

Figure 7. 3 kVA Inverter D stability characteristic at 50% 

loading. 

Single-phase 5 kVA inverter – Inverter E 

For both loading cases (50% and 90%), Inverter E tripped 

at retained voltages under 15% without VS applied. The 

inverter remains stable for a fairly high VS for 20 – 30% 

of retained voltage. Variations at the output power have 

been observed depending on the depression level of the 

voltage including occasionally absorption of active power 

by the inverter. The recovery of the output power is 

achieved by ramping up within a longer time period in 

comparison with the one performed by Inverter A, where 

the pre-event power output was reached very quickly. 

Three-phase 20 kVA inverter – Inverter F 

Inverter F performed in a stable manner for VS of up to 

±60° for retained voltages between 5% and 100%. As can 

be seen in Table 2, Inverter F does not trip at 0% retained 

voltage either. 30% was the maximum loading level 

attained (6 kW) by the particular inverter, due to the 

limited DC voltage available by the PV emulators in 

comparison with that required for a higher power output 

by the three phase inverters. 

A transient period of active power reduction was observed 

at the output of Inverter F during the VS transition times 

(inception and recovery). At the same time, reactive power 

variations in both directions (absorption/injection) were 

noted.  The above phenomena are depicted in Figure 8. 

 

Figure 8. 20 kVA three-phase Inverter F output power during a 

-60° VS, 100% retained voltage event. 

Three-phase 10 kVA inverter – Inverter G 

Inverter G performed in the same manner as Inverter F for 

a maximum loading of 30%.  A distinct behaviour was 

observed during higher voltage dips with regards to the 

output power which was mostly reduced to low values. 

The inverter also dropped its output power to zero for the 

duration of the event (140 ms) and increased it back to the 

steady state condition after the VS recovery. 

Test category 2 

A highly consistent response was shown by the inverters 

in this case (G83 recommended VS type testing) as no 

inverters tripped during these tests. It is worth mentioning 
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that Inverter D was not tested under an initial frequency of 

50.5 Hz as it is an older unit with G83/1 settings which 

dictate over frequency protection operation for 50.5 Hz 

with a delay of 0.5 s. 

Test category 3 

The two three-phase inverters were tested during 

unbalanced faults while loaded at 30%. The inverters 

responded differently during these tests. Inverter F did not 

trip for any of the asymmetrical fault cases, whereas 

Inverter G tripped for the same events. The same tests were 

repeated for Inverter G, but fault resistance was increased 

to 10 Ω and 20 Ω to determine whether the higher retained 

voltage would improve the inverter stability. Inverter G 

repeatedly tripped for all the additional asymmetrical fault 

cases. 

The persistent tripping of Inverter G was thought to be 

caused by a negative sequence based protection setting. 

The following additional tests involving artificially 

applied negative sequence voltages resulting in Inverter G 

tripping state, which supports this assumption:  

1. VS of 50° applied for 140 ms to one of the phases 

without a reduction in voltage magnitude. 

2. A voltage dip of 30% was applied for 140 ms to one 

of the phases without a vector shift. 

CONCLUSIONS 

This paper presented the main findings from the 

experimental testing of small scale LV PV inverters 

aiming to characterise their stability under grid 

disturbances that impose voltage magnitude and vector 

shift (VS) changes. Analysis of the results led to the 

following key observations and recommendations. 

The diversity among the inverters’ responses as observed 

during the testing indicates a risk of loss of PV generation 

during typical transmission level faults. Furthermore, the 

lack of specific guidelines in the UK Grid Code (GC) of 

the National Electricity Transmission System and the 

relevant Engineering Recommendations targeting the 

small scale generation units’ fault ride through strategy 

explains the inverters inconsistency under the above 

testing conditions. 

The majority of the observed inverters’ disconnections at 

lower retained voltages occurred during the fault clearance 

when the voltage magnitude and angle recovered. The 

above contrasts with the requirement of the G83 type test 

procedure application at nominal voltage, where not VS 

recovery is proposed to be applied during a type test. 

Therefore, some revision of the proposed VS type testing 

and engagement with the inverter manufacturers is 

necessary to address the concerns of instability during  

transmission system faults in the future. 

Moreover, the inverters wide variety of connection 

stability limits as well as the observed reduction of active 

power when they remained connected, raise two risks. 

First, the former case indicates possible PV generation 

connection loss during typical transmission level faults, 

while the latter may magnify the severity of a major 

RoCoF associated system incident, compromising the 

stability of the RoCoF based LOM protection. The above 

reveal the need for further analysis of the penetration levels 

of various types of inverters in the network, aiding a more 

reliable estimation of the potential worst-case scenario. 
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