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Abstract— The main objective of a photovoltaic (PV) inverter 

is to inject the PV power into the ac-grid. Generally, due to 

variations in solar irradiance, inverters operate bellow their 

rated current. Therefore, this current margin can be used to 

ancillary services, such as harmonic current compensation. 

However, it is necessary to study the photovoltaic inverters 

voltage and current capability effects during harmonic current 

injection. In this context, this work presents an algorithm to 

define the limitations imposed by the dc-link voltage and the 

inverter current. The algorithm is validated through a simulation 

and an overview of the simulation characteristics are also 

presented in this paper. Simulation results show that the 

algorithm can well estimate the amount of current that can be 

synthesized by the converter. According to the results, it is 

demonstrated that the dc-link voltage, the characteristics of the 

filter and the harmonic order contribute to the amount of 

harmonic current that can be synthesized by the converter. 

Keywords—harmonic compensation; multifunctional converter;  

operating limits; photovoltaic systems. 

I.  INTRODUCTION 

Several studies have proposed the operation of 

multifunctional photovoltaic inverters that operate in the power 

system with auxiliary services, adding functions to compensate 

harmonic currents and / or providing reactive power [1]-[3]. 

Among the harmonic detection methods used in the literature, 

the method of instantaneous power theory (IPT) proposed by 

[4] is strongly recommended. This method allows to separate 

the power components related to each type of disturbance into 

three orthogonal components, active, reactive and harmonic 

component. Thus, it is possible to generate the reference 

current required to perform the compensation. 

Several papers propose different techniques for harmonic 

compensation using control structures. For example, 

proportional-integral (PI), proposed by [5], - [7]. Furthermore, 

the resonant control (PR) is also employed, as proposed by [4], 

[8] and [9].  

Additionally, according to [10] the inverter switches have 

a current limit that cannot be exceeded. The inverter current 

reference is composed by active and harmonics components. 

To avoid injection of low order harmonics in the grid, the 

current reference needs to be dynamically saturated. Therefore, 

techniques for partial compensation for load harmonic currents 

are required. It is proposed in [11] a dynamic saturation scheme 

which measures the harmonic components according to the 

rated peak current value of the inverter. 

It is worth mentioning that the main function of 

photovoltaic inverters is to provide active power for the grid. 

With this in mind, studies of the effects of harmonic 

compensation on the efficiency of photovoltaic inverters are 

needed. The focus of this paper is to determine the voltage and 

current capability of the converter with an LCL filter, and the 

constraints caused by this element during harmonic 

compensation. Since the filter is generally designed to restraint 

the harmonic injection into the grid, it may influence the 

capacity of the inverter to synthesize the required harmonic. It 

is important to understand the variables that can somehow limit 

the harmonic compensation. 

In this work is presented an algorithm to define the 

limitations imposed by the dc-link voltage and the inverter 

current. The algorithm is validated through a simulation at 

MATLAB/Simulink. An overview of the characteristics 

presented in the simulation are also presented in this paper.   

II. SYSTEM STRUCTURE 

A three-phase photovoltaic inverter is analyzed in this 

work. It is a 10 kW, with an LCL filter connected to the power 

grid, as depicted in Fig. 1. As we are interested in the effects 

in the grid side, the solar panel side was represented in a 

simplified way, without the dc-dc stage 

The system uses an IGBT bridge to transform the dc current 

of the PV panels in alternated current. An LCL filter connects 

the converter to the grid in order to mitigate the switching 

frequency harmonics. 

 



 
 

Figure 1. Topology of the system. 

III. CONTROL STRUCTURE 

The Complete control structure is shown in Fig. 2. The 

control strategy is based on the grid side current measurement 

and the dc-link voltage control is based on the voltage-squared 

control method. 

 

Figure 2. Complete control structure. 

A. Outer-Loop Control 

The outer loop controls the voltage at the dc-link, and it is 

based on the energy stored in the capacitor. Where, 
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Considering the time derivative of (1) equal the 

instantaneous capacitor power, in frequency domain: 
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Thus, considering 
PV

P  (power supplied by the PV plant) as 

a feedforward term, a linear relation between the injected 

power ( )cap
P s  and squared dc-link voltage is obtained. In the 

outer loop controller design, PI(s), the inner loop is regarded 

ideal. Thus, the closed-loop transfer function is obtained: 
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Where 
p

k  and 
i

τ are PI controller parameters. Two poles are 

allocated at frequencies wc2 and wc3. Thus, the outer loop 

controller gains can be calculated by: 
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B. Inner Loop control 

If balanced grid conditions are assumed, one can obtain the 

following relation: 

sj

sj sj gj

di
v Ri L v

dt
= + +  (6) 

where 
si

v  and 
gj

v  represent the converter alternating terminal 

voltage and the grid voltage of phase , ,j a b c= , respectively, 

and 
gj

i  represents the output converter current. R and L 

represent the filter resistance and inductance, respectively. 

Equation (6) can be written in the stationary reference frame, 

as given by: 

s
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The inner loop controls the current injected into the power 

system, the control uses the reference obtained from the IPT 

theory as well the harmonic current, provided by the 

instantaneous power theory. The IPT consists of separating a 

current signal in three orthogonal components: active, reactive 

and harmonic component. The currents are obtained by the 

following equations [4]:  
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i v v qv v

α α β

β β αα β

     
=     −+     

. (9) 

In order to compensate harmonics, the signal obtained with 

(9) is separated using a high pass filter, the oscillating 

components p%  and q%  are separated from the continuous 

components p  and q . Harmonic detection based on IPT is 

presented in the block diagram of Fig. 3. More details about 

this theory are shown in [4]. Thus, the fundamental 

components of the current are combined with the oscillating 

components iαβ , generating the inverter current reference 

*

Si αβ . 



 

Figure 3. Harmonic detection method. 

The PMR controller tunning considers the crossover 

frequency of the controller and its relationship with the critical 

point in the Nyquist diagram, as proposed in [7]. PMR 

controller is based on proportional and multiples resonant 

controllers. It can be expressed in the s-domain as: 

( )
2 2 2p Ih

h n

s
G s K K

s h ω
= +

+
∑

 

(10) 

Where 
p

K  is the proportional gain and 
Ih

K  is the resonant 

gain of each parcel. The last term of (10) consists in resonant 

controllers for tracking harmonics of order h  ( 1ω  is the 

fundamental frequency). Implementing this controller in αβ-

reference frame, each resonant controller can compensate only 

one harmonic order. The resonant compensators must be 

carefully adjusted, since some harmonics can be found above 

the crossover frequency of the current loop, leading to 

instabilities. These instabilities can be identified by the means 

of Nyquist diagram as proposed in [7]. 

IV. OPERATING LIMITS 

A. Dc-link voltage limit 

It is depicted in the Fig. 4 one of the phases of the LCL 

filter. 
s

V  is the converter synthesized voltage and 
g

V  is the 

grid voltage. 

 

 

Figure 4. LCL filter model. 

The phasor diagrams of the voltages and currents of the 

presented circuit is represented in Fig. 5, where θ  is the angle 

between the point of common coupling and the injected 

current, and the voltages are given according to LCL filter 

reactance. 

 

Figure 5. Phasor diagram. 

It is necessary to obtain the voltage synthesized by the 

converter as a function of the current flowing to the grid. Then 

it is possible to extract the following equations from the 

circuit, 

c g g g
V V jX I= +  (11) 

c
c

c

V
I

jX
=

−
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In this way, the equation relating the required synthesized 

voltage to flow for a given current is obtained. It is worth 

mentioning that the equation above is also valid for harmonic 

currents, only by disregarding the grid voltage term of (11). 

Regarding the second part of the problem, the dc-link 

needs a minimum value in order to provide the power 

injection in the grid. This minimum value  guarantees  that the 

modulation will occur in the linear region and, therefore, no  

low frequency harmonics will be generated. 

For the system simulated in this work the required dc-link 

voltage can be calculated as follow. A PWM modulation (Third 

Harmonic injection PWM) is used, where the modulation index 

of the technique for the linear operation is m = 1.1547 [14], the 

equation that relate the modulation index, the grid voltage and 

the dc-link is (14), 
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Thus, by (14) the minimum voltage of the dc-link must be 

at least: 
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g
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Using (14), it is implemented an iterative algorithm that 

searches for the maximum harmonic current that can be 

synthesized by the converter without exceeding the voltage 

limits of the dc-link.  

As input information, the power flowing through the grid, 

the dc-link voltage, the harmonic order and the filter 

characteristics must be provided.  

The first step is to calculate by (11), (12) and (13) the 

necessary dc-link voltage to flow the specified active power to 

the grid. Then, the harmonic current values are iterated. For 

each angle value of the harmonic to be synthesized, an 

iteration is made by increasing the module of the current until 

the stop condition is satisfied. In this case, the stop condition 

is the voltage value of the dc-link divided by 3 . 

The algorithm then returns the maximum harmonic current 

values that can be synthesized by the converter without 

exceeding the DC bus voltage constraint. Fig 6 present the 

flowchart diagram for the algorithm. 1V  and 
h

V  are the dc-

link voltage required for the fundamental current and the 

harmonic current, respectively. The h  value identify the 

harmonic order of the compensated current, 
h

I  and 
h

δ  are 

the module and angle of the harmonic current to be 

compensated. 

B. Converter current limit 

The current limits, although straightforward to investigate, 

are also important for the correct functioning of the converter. 

In this case, the vectorial sum of the fundamental current 

flowing into the grid with the harmonic current to be 

synthesized cannot be greater than the rated current of the 

converter. In practice a service factor of 10% is used and will 

also be adopted in this work. 

It is important to note that the angle at which the harmonic 

occurs influences in the amount of harmonic current that can be 

injected into the grid. In some cases the peak of the resulting 

waveform decreases. Fig. 7 exemplifies for a fictitious case this 

occurrence. 

In this case, a third harmonic current with module equal to 

5.17 A was added to a fundamental (60 Hz) waveform with 

module 15.5 A and 90º phase angle. In the first graph the third 

harmonic current has a 270º phase angle, the sum, results in a 

waveform with a 20.66 A peak value.  

In the second graph, the third harmonic current has a phase 

angle of 180º resulting in a peak value of 14.61 A. 

 

 

Figure 6. Flowchart diagram of the algorithm. 

 

 

Figure 7. Exemplification of different angles in the harmonic current. 



V. SYSTEM SIMULATION AND RESULTS 

The system presented in Section II with the control 

structure described in Section III was simulated using 

MATLAB/Simulink© in order to evaluate the capability of the 

proposed algorithm to identify voltage and current limits. 

TABLE I.  SYSTEM PARAMETERS 

Parameters Value 

Grid Voltage 380 V 

Grid frequency 60 Hz 

Inverter rated power 10 kW 

Swicthing frequency 12 Khz 

Filters capacitance 3.8 uF 

Filters inductances 1 mH 

Filters resistances 0.01 Ω  

Damping resistor 22.94 Ω  

 

A. Validation of the algorithm 

Firstly, the algorithm response is analyzed under rated 

power flowing to the grid and a dc-link voltage of 570 V. 

The simulations limitation is obtained measuring the 

maximum amplitude of the reference signal. Fig. 8 shows the 

simulation and the algorithms results for harmonic current 

limits. The figure is represented in polar diagram, with the 

units presented in per-unit (p.u.), with the base current equals 

the rated current of the converter. In the polar diagram the 

module and angle represents the amplitude and the phase angle 

of the harmonic current, respectively. 

 

Figure 8. Harmonic injection limit with a dc-link voltage of 570 V. 

Fig. 9 presents the synthetized voltage of the simulation 

and the estimation obtained by the algorithm. For this 

simulation, a fifth harmonic current of 6 A is used with a 0º 

phase angle. 

 

Figure 9. Voltage reference synthesize by the the inverter . 

In Fig. 10 are presented the synthetized voltage of the 

simulation and the estimation obtained by the algorithm. For 

this simulation, a fifth harmonic of 3 A was add to a seventh 

harmonic current of 2 A, for both current the phase angle used 

was 0º. 

 
Figure 10. Voltage reference for the inverter to synthesize. 

Fig. 11 shows the simulation and the algorithms results for 

harmonic current limits considering the converter current 

limit. Fig. 11 is represented in polar diagram, with the units 

presented in per-unit (p.u.), with the base current equals the 

rated current of the converter. In the polar diagram the module 

and angle represents the amplitude and the phase angle of the 

harmonic current, respectively. 

The algorithm can estimate the necessary dc-link voltage 

in order to provide the required harmonic current, it can also 

estimate the converter current limit. With that in mind, we can 

go further in the investigations of the factor that influences in 

the capacity to inject harmonics currents. 



 

Figure 11. Current injection limit. 

B. Dc-link voltage 

Now, a variation in the dc-link voltage will be analyzed. It 

starts with 545 V, a little more that the required voltage to 

inject the rated power into the grid. Also, the current limit of 

the converter it is shown. The presented result is for a fifth 

harmonic current with a 0º phase angle. Once again, the results 

in Fig. 12 are shown in p.u. 

 

Figure 12. Dc-link variation influence in the harmonics injection limits. 

As can be seen, with an increase in the dc-link voltage the 

limit of harmonic injection increases, mostly due to different 

voltages drop for different harmonics frequencies. With 545 V 

in the dc-link, the intersection between the converter current 

limits and the dc-link voltage limit gives the operating limits 

of the PV system for this condition. Nonetheless, for higher 

voltages at the link-dc, the current limit is solely responsible 

for the limit of operation. 

C. Harmonic order 

Due to the distinct impedance of the LCL filter for each 

different harmonic order, it is expected that amount of current 

for each harmonic order will vary. In this case a 570 V dc-link 

will be used and the inverter with rated power flowing to the 

grid. Fig 13, represented in polar diagram, presents the results 

for four harmonics order. 

 

 

Figure 13. Different limits per harmonic order. 

One can notice that the limit differs not only in the module, 

but also the angle where the maximum current limitation 

occurs. Focusing on the amount of harmonic current that can 

be synthesize by the converter, Fig. 14 shows a 3-D graph 

where is presented the maximum harmonic current depending 

on the harmonic order and the dc-link voltage.  

 
Figure 14.  

It can be seen the direct influence of the dc-link voltage, as 

well the harmonic order in the amount of harmonic current 

that can be synthesized by the inverter. 

D. Converter capability 

Until now, in all the cases analyzed, the converter is 

injecting rated power into the grid. It is valid to remember that 

the photovoltaic converter will not operate at full capacity 

during all the day. For the last case, it will be realized a 

comparison when the capacity of the converter is fully 

available against the condition with rated power. A 570 V dc-

link is used for this case. Fig. 15 shows the results. 



 

Figure 15.  Comparison between system at full capacity and with zero power 

flowing to the grid. 

As can be seen, the differences are not substantial, but the 

maximum point is dislocated due to the different contribution 

of the fundamental current in those cases. This can be 

explained, over the necessity of parallelism with the ac grid in 

order to provide the harmonic current to the grid. Even with 

no active power flowing to the grid, the converter must 

synthesize a reference compatible with the grid voltage. 

For comparison purposes, the same analysis will be done 

for the current limits. Fig. 16 shows the comparison between 

the system at different active power levels.  

 

Figure 16. Comparison between system at full capacity, half capacity and with 

zero power flowing to the grid. 

In this case, the system capacity greatly influences the 

harmonics current limits, as expected. Since the peak value of 

the resulted current is what matters, 1 p.u. of fundamental 

current or 1 p.u. of harmonic current lead to the same value of 

current peak. 

VI. CONCLUSIONS 

This work presented an algorithm to estimate the amount 

of harmonic current that can be synthesized by a PV converter, 

given the system characteristics as, dc-link voltage, filter 

configuration and harmonics current order. The algorithm 

consists in calculate the voltage drop in the filter and estimate 

the voltage reference necessary to flow the harmonic current 

to the grid.  

Results shown that the algorithm can estimate with a high 

precision the needed voltage in the dc-link in order to provide 

the required harmonic current. With an increase in the dc-link 

voltage the limit of harmonic current injected increases.  

The harmonic order influences in the limitation due to the 

filters characteristics, higher the frequency higher the voltage 

drop across the filter elements. The available capacity of the 

converter does not cause a substantial alteration in the 

harmonic current limit due to dc-link voltage, but the 

maximum point is dislocated due to the different contribution 

of the fundamental current in those cases. 

For future work, the authors are working on a prototype to 

test and compare the algorithm with experimental results and 

different levels of harmonic currents conditions. 
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