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

Paper n° 237 

 
 

 

CIRED 2019  1/5 

CHARACTERIZATION OF INTERACTIONS BETWEEN PV AND ENERGY EFFICIENT 

LIGHTING (LED) IN A MIXED INSTALLATION 
 

 

                             Vineetha Ravindran, Tatiano Busatto,                                              Jan Meyer 

                             Sarah K. Rönnberg and Math. H. J. Bollen                 Technische Universität Dresden - Germany 

                             Luleå University of technology - Sweden                                jan.meyer@tu-dresden.de 

                                   vineetha.ravindran@ltu.se 

 

ABSTRACT 

 The possible interactions between grid-tied power-

electronic based PV systems and energy efficient LED 

lighting systems in terms of current and voltage, for 

different combinations of the inverter and LED lamp types 

under different grid conditions, are studied in a laboratory 

environment. In this paper, the interactions are 

characterized in terms of the power quality disturbances 

like harmonics, interharmonics, supraharmonics, 

overvoltage, undervoltage, and rapid voltage changes. 

INTRODUCTION 

The presence of distributed photovoltaic (PV) generation 

together with LED lamps in low-voltage networks is 

common nowadays. PV inverters and LED lamps use 

power electronic based switching techniques to convert 

power in different stages (DC to AC or AC to DC). PV 

inverters also provide active power injection, reactive 

power support and active voltage regulation to the grid, 

through different control strategies. This can introduce the 

possibility of control interactions between active power 

electronic devices connected electrically close to each 

other. PV inverters and LED lamps influence the network 

distortion in two ways (a) acting as a source of distorted 

currents; (b) altering the equivalent network impedance for 

other harmonic sources in the network. In addition, 

emissions associated with PV and LEDs will vary 

depending on the topology used [1].  

Though independently PV and LED are extensively 

studied in the literature, e.g. [1], their interactions once 

connected together are less explored [2]. This interaction 

can be in form of emission from PV that has an impact on 

LED lamps or in form of emission from LED lamps that 

has an impact on PV installations. Any interaction that 

changes the intended operation of a device, reduces its 

lifetime or damages the device is an interference. A high 

probability of equipment electromagnetic compatibility, 

the aim of for example the standards on EMC, is equivalent 

to a low probability of interference to the equipment [1]. 

With active power-electronic circuits finding their way 

into equipment, the impact of the background voltage 

distortion on the emission can also not be ignored. The 

interactions between PV and LED systems are 

characterized in this work in terms of power quality 

disturbances:  

1) Harmonics (freq. below 2 kHz) 

2) Interharmonics (freq. below 2 kHz)  

3) Supraharmonics (freq. between 2 kHz and 150 kHz) 

4) Overvoltage, undervoltage and rapid voltage changes. 

Some specific examples are given in this paper to illustrate 

the interaction between PV and LED lamps. 

EXPERIMENTAL SETUP 

 
Fig. 1.  The test set up. 

Combinations of different types of PV inverters and LED 

lamps as described in Table I and II are tested in a 

controlled laboratory environment. With the laboratory set 

up as shown in Fig. 1, parameters like the operating power 

of the inverter, grid impedance, and grid background 

distortion were controllable. The grid supply conditions 

were emulated and the waveforms as described in Table III 

below were chosen, i.e. sinusoidal, flat top (due to 
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TABLE I -TYPES OF LED LAMPS USED  

LED 

type 

Power 

rating 

(W) 

Lumen 

(lm) 
Features and THD (%) (with 

respect to fund. and sinusoidal grid 

condition)  

pf 

A 10.0 810 PFC, dimmable, Current waveform 

close to sinusoidal. THD = 25.4 

0.92 

B 6.5 470 No PFC, not dimmable, Current 

waveform with typical peak 

between 50°- 90°. THD = 168 

0.53 

C 5.0 470 No PFC, not dimmable, input 

capacitor filter, Current waveform 

with typical peak between 50°- 90°. 

THD = 113 

0.55 

D 6.7 500 No PFC, input capacitor filter, 

Current waveform similar to lamp 

C except for increased distortion at 

zero crossings. THD = 158.6 

0.51 

TABLE II- TYPES OF PV INVERTERS USED 

No: 1Ø/ 3Ø Rating (kW) Configuration  

Inv1 1Ø Pnom= 4.6  Transformerless 

Inv2 1Ø Pnom= 4.6  Low frequency Transformer 

Inv3 3Ø Pnom= 7.5  Transformerless 
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excessive use of single-phase rectifiers in low voltage 

networks) and pointed top wave shape (due to excessive 

use of six pulse converters in industrial areas). The 

considered grid impedances were Z1 ≈ 0 Ω to represent a 

strong grid (excluding cable impedance) and 

Z2=0.17+j0.10Ω, Z3=0.4+j0.25Ω (reference flicker 

impedance according to IEC/TR 60725) and 

Z4=0.4+j0.04Ω to represent a weak grid situation. The 

impedance values apply for power frequency. All 

measurements are done in one phase regardless of setup.  
TABLE III- TYPES OF WAVEFORM DISTORTION 

Type Harmonic mag. (% fund.) , phase (radian) 

 3 5 7 9 11 13 

Sinusoidal nil nil nil nil nil nil 

Flat top 2.4, 0 1.7, 3.2 1, 0 0.2, 3.2 0.1, 3.2 0.2, 0 

Pointed top nil 3, 0 2, 3.2 nil 0.6, 3.2 nil 

CHARACTERIZATION OF INTERACTIONS 

BETWEEN PV AND LED 

Harmonics – To understand harmonic interactions, the 

impact has to be studied individually for each harmonic 

order.  

 
Case: 1 – Inv2 (1Ø) - lamp B, A - weak grid (Z3).  

  
Fig. 2. Trend of 3rd harmonic in the current drawn by 1-15 LED lamps 

represented with the increase in color intensity, of  type B without inverter 

(left); of type A without inverter (right). 

 

(a)  
 

(c) 

 

(b) 
 

(d) 
Fig. 3.  Change in 3rd harmonic in the current drawn by 1-15 lamps 

represented with the increase in color intensity operating together with 

Inv2 of  type B (a) at 50% Prated, (b) at 100% Prated; of type A (c) at 50% 

Prated, (d) at 100% Prated.(measured at lamp terminal).  

Not only changes in harmonic magnitude but also changes 

in phase angle of harmonics should be considered in 

harmonic studies. The polar plots representing magnitude 

in Ampere and relative phase angle in degree (measured 

between harmonic current and harmonic voltage of the 

same order) are thus presented in this work. Three different 

cases from the lamp, grid and inverter perspective are 

illustrated: 1) Fig. 2, 3 demonstrate how LED’s inherent 

3rd harmonic characteristics are affected by PV operation 

and background distortion.  2) Fig. 4, 5 demonstrate how 

LED operation affect PV’s inherent 3rd and 5th harmonic 

characteristics and the propagation of these harmonics. 3) 

Fig. 6 shows the aggregation effect on the grid. 

In case 1, it is observed that with the increase in the 

operating power of the inverter, the inherent 3rd harmonic 

nature of LED of type B, A is less affected for flat top grid 

condition and most affected for sinusoidal and pointed top 

conditions. Worth noting is that flat top grid condition had 

the highest background 3rd harmonic voltage distortion. An 

increased phase angle uncertainty with sinusoidal and 

pointed top distortions under the defined operating 

conditions, due to the existence of negligible 3rd harmonic 

background voltage contributed largely to the seen 

variations. Thus, background harmonic voltage distortion 

also plays a key role in interactions between PV and LED. 

Case: 2 – Inv3 (3Ø) - lamp C - strong grid (Z1).  

  
Fig. 4. 3rd harmonic (left); 5th harmonic (right) in the current drawn by 

1-15 lamps of type C operating together with Inv3 irrespective of power 

levels. (measured at lamp terminal). 

 
(a)  

(c) 

 
(b) 

 
(d) 

Fig. 5.  (a), (b) 3rd and 5th harmonic in the inverter current (c), (d) 3rd and 

5th harmonic in the grid current at 50% Prated of the inverter operating 

together with 1-15 lamps of type C represented with the increase in color 

intensity.  
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The phase current of a 3Ø inverter with a balanced load is 

expected not to emit triplen harmonics. The maximum 

observed level of 5th harmonic in inverter current with no 

lamps connected was also minimal, i.e. 0.15 A for pointed 

top grid condition. With the increase in the number of 

lamps, no appreciable change was observed for the 3rd and 

5th harmonic magnitude in the inverter current, other than 

an increased phase angle uncertainty for 5th harmonic. 

From Fig. 4, 5 it is seen that the 3rd and 5th harmonic pattern 

in the grid current and LED C drawn current is almost the 

same, also it was observed that the trend is independent of 

the increase in the inverter operating power. Thus, in this 

case, it was seen that the harmonics originated at the LED 

terminal propagated to the grid terminal. The 5th harmonic 

pattern in the grid current even though similar to the trend 

in LED drawn current, has magnitude and phase variations 

with the increase in the inverter operating power. It is also 

worth noting that 5th, 3rd harmonic in LED current 

remained the same for all inverter power levels (Fig. 4). 

Case: 3 – Inv1 (1Ø) - lamp C, A - weak grid (Z3). 

  

 

Fig. 6.  3rd harmonic in grid current with Inv1 operating together with 1-

15 lamps represented with the increase in color intensity at 50% P rated of 

type C (left); 100% P rated of type A  (right). (measured at grid terminal). 

 

As seen in Fig. 6, the observed nature of 3rd harmonic in 

grid current is qualitatively different under different 

conditions and can: (1) increased in magnitude with almost 

constant phase with the increase in the no: of lamps (2) 

decreased with an increase of no: of lamps especially seen 

at higher inverter power levels (3) remained almost a 

constant with increase of no: of lamps especially seen at 

higher inverter power level. From such analysis of grid 

current harmonics, it is concluded that the harmonic 

emissions in PV systems and LED have phase angle 

dispersed and this will affect the aggregation with LED 

emissions on the grid.  

 

Interharmonics – Increased levels of interharmonics are 

expected in future distribution grids as a result of PV 

inverters, wind turbines, residential equipment [1] etc. PV 

inverters are sources of interharmonic emission identified 

as caused by MPPT perturbations [4]. Interharmonics can 

create voltage fluctuations and induce flicker in LED as 

shown in [5]. 

Case: 4 – Inv1 (1Ø) - lamp A – Z3 – flat top grid condition. 

 
Fig. 7.  The spectrum of inverter current estimated using sliding window 

ESPRIT [6] at 75% Prated, Inv1 operating together with type A 15 lamps. 

 
Fig. 8.  The spectrum of grid current estimated using sliding window 

ESPRIT at 75% Prated, Inv1 operating together with 15 lamps of type A. 

 
Fig. 9.  The spectrum of lamps drawn current estimated using sliding 

window ESPRIT at 75% Prated, Inv1 operating together with 15 lamps of 

type A. 

 

 

 
Fig. 10.  2D representation of the CP95 frequency and amplitude values 

of inverter current (up) and lamps drawn current (down) obtained using 

sliding window ESPRIT at 75% Prated, Inv1. 
As seen in Fig. 7-10, the PV generated interharmonic 

emissions propagate to the grid and no effect on the LED 
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current was observed. No visible light flicker was 

observed in this case. 

 

Supraharmonics – The supraharmonic interaction 

depends on the primary and secondary emission [3] and on 

the system impedances. Fig. 11 shows correlation matrices 

to illustrate the supraharmonic interaction between 

inverters and LEDs. Each dot in the graphs refers to the 

correlation coefficient between 200 Hz current 

supraharmonic groups, calculated according to [7]. 

 
Fig. 11.  Supraharmonic correlation matrix between Inv1 and 50 type A 

LED current (left); between Inv2 and 50 type C LED current (right) 

measured at their terminal at 100% Prated and grid impedance Z3 is used. 

Red and blue color represent direct and inverse 

correlations. Groups with correlation coefficient below 

20% are omitted. With the main diagonal as reference, the 

interactions most likely happen below 80 kHz for Inv1 and 

below 60 kHz for Inv2. The interactions highlighted by the 

circles 1 and 2 are related to the switching frequencies 

from LED A and Inv1, which are shown in Fig. 12. 

 
Fig. 12.  Actual and filtered (2-150 kHz) current time-domain current 

waveforms (top), and its corresponding Short-time Fast Fourier 

Transform (bottom), with Inv1 at 25% Prated, 50 type A LED, and Z3. 

The interactions marked as 1 in Fig. 11, 12 are due to the 

emissions in the range 45-95 kHz as a result of the LED 

PFC feature. The second interaction (marked as 2 in Fig. 

11, 12) refers to the narrowband emission from the inverter 

switching frequency at 16 kHz. The extent of interaction is 

system impedance dependent.  

Fig. 13 shows the impedance magnitudes for Inv1 (grey 

area), LED and grid, and the current supraharmonic 

spectrum on grid and LED, where the switching frequency 

from the inverter is clearly visible at 16 kHz. 

 
Fig. 13. Impedance magnitude for type C LEDs, Inv1, and grid 

impedances (left), and supraharmonic spectrum of grid current (middle) 

and LED (right) for 2 type C LED with Inv1 operating at 100% Prated. 

When two LEDs of type C are connected with grid 

impedance Z3, the primary emission from the inverter at 

16 kHz gets almost equally divided between grid and 

LEDs (verified from the left plots). Now, if grid impedance 

is decreased to Z4, the ‘impedance balance point’ occurs 

with 10 LEDs. From such analysis, it was observed that 

the supraharmonic propagation in such a system with PV 

and LED is linear.  

Fig. 14 shows an example for the variation of the Total 

Supraharmonic Current, TSHC [8], in the range 30-95 kHz 

(where the LED switching frequency, and low-order 

multiples of inverter switching frequency are found), on 

Inv1 as the number of LEDs of type A and C increases for 

different PVI power levels. When type A LED increases in 

number, the TSHC tends to increase less than linear. For 

type C LED, the TSHC increases nearly linear up to about 

7 lamps, but after this, the TSHC decreases.  

 
Fig. 14. Inv1 TSHC, in the range 30-95 kHz, versus number of LED, 

when LED of type A (left) and type C (right) and Z3 are used.  

Overvoltage, Undervoltage and Rapid voltage 

changes. 
PV results in an increase of the voltage magnitude and thus 

gives a higher risk of overvoltage. A single-phase 

connected PV installation reduces the voltage in the other 

phases and increases the risk of under voltage. Variations 

in insolation on partly clouded days give variations in 

produced power and thus variations in voltage magnitude. 

Most of these variations are found and expected in the 

range between a few seconds and a few minutes. It is too 

fast to impact the 10-minute rms value; it is too slow to 

impact the flicker severity [1]. A test was conducted with 

a voltage profile mimicking a 2-minute period of actual PV 

voltage variations, as in Fig. 15, to study the impact of such 

variations on the LED. The results of one specific case are 

illustrated in Fig. 16-18. 
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Fig. 15.  Test profile for voltage variations applied on 1lamp f type D to 

foresee the effect of PV induced under voltage (218 V), overvoltage (242 

V) and rapid voltage changes (4.8 V/s, 6V/s, 2.4 V/s,) in LED. 

 

 
Fig. 16.  Cycle by cycle variations in active power and reactive power 

drawn by the LED of type D subjected to voltage variations as in Fig. 16. 

 
Fig. 17.  Cycle by cycle variations in mean light intensity of the LED of 

type D subjected to voltage variations as in Fig. 16. 

 
Fig. 18.  Harmonic Current spectrum of the LED of type D subjected to 

voltage variations as in Fig. 16. 

It could be inferred that rapid voltage changes affect the 

current, instantaneous power, active and reactive power 

oscillations at slopes and result in increased harmonic 

emissions at those specific instants. The mean lux 

variations follow the variations in voltage magnitude. 

CONCLUSIONS 

The interaction between PV and LED lamps has been 

investigated for Four difference types of power quality 

phenomena: 

1. Harmonics (freq. below 2 kHz) 

The interaction occurs in both directions, emission by PV, 

impacting LED lamps and vice versa. Harmonic 

interactions can be linear or non-linear and are topology as 

well as background harmonic voltage distortion 

dependent. Further studies are needed to differentiate and 

quantify these effects. Harmonic voltage distortion can 

potentially affect light intensity. Harmonic emissions in 

PV and LED systems also have a wide phase angle 

diversity. This will affect the aggregation with other grid 

connected equipment.  

2. Interharmonics (freq. below 2 kHz)  

PVs are sources of interharmonic, which can impact LEDs 

but only if other external conditions are favourable like in 

the case of a high impedance grid or resonances amplifying 

interharmonic emissions. For interharmonics, the direction 

of the interaction is outward from PV towards grid or LED.  

3. Supraharmonics (freq. between 2 and 150 kHz) 

Supraharmonic interaction between PV and LED depends 

very much on the system impedances, the no: of lamps 

connected and PV operating power level. Similar to 

harmonics, this interaction goes in both directions.  

4. Overvoltage, undervoltage and rapid voltage changes. 

PV induced voltage variations create electrical stress on 

LED lamps, create light intensity and harmonic spectrum 

variations on LED lamps.  Such variations in light intensity 

in the time range of seconds or less can result in disturbing 

light flicker and affect both current magnitude and current 

distortion in unexpected ways. A long-term effect of these 

would be reduction in life of the LED. The direction of the 

interaction is from PV towards LED. 
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