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Abstract: Grid connected photovoltaic (PV) have been inserted in the power systems mainly at 

low and medium voltage. PV inverters are power electronic based converters with fast response 

in the range of milliseconds. Besides, due to solar irradiance variation, these converters have 

excess capacity that can be used to provide ancillary services to the main grid. Traditionally, 

ancillary services such as reactive power injection and frequency support are provided by hydro 

and thermal generation. This work is focused on the analysis of how PV inverters can perform 

ancillary services and support the grid. Control strategies for reactive power injection and 

harmonic current compensation are explored. Furthermore, the inverter current saturation plays an 

important role, once high currents can damage the inverter or reduce its lifetime. Case studies for 

single and three-phase PV inverters are presented. It is observed that the ancillary service priority 

must be defined in order to guarantee PV inverter operation under nominal conditions.  

Keywords: Ancillary services; PV inverter; Reactive Power Injection; Harmonic current 

compensation. 

 

1. Introduction 

 

In grid-connected photovoltaic (PV) system, there is a based power electronic converter, 

that injects direct current (dc) from PV panels into the alternating current (ac) grid. This electronic 

converter, known as inverter, can be connected to single-phase or three-phase power systems [1], 

[2]. The single-phase PV inverters are commonly used for applications up to 7 kW. Above this 

value, three-phase inverters are usually recommended for ensuring a better electric power balance 

among the phases. 

In most applications, single-phase and three-phase photovoltaic inverters extract the PV 

panel energy and inject it into the grid, with unitary power factor. Due to solar irradiance variation 

during the day, the solar inverters have an operation margin, in terms of current, which is not used 

over the PV system daily operation [3]. Fig. 1 (a) is defined as the maximal injected power of an 

inverter, and Fig. 1 (b) shows an operation curve of a real PV plant during a typical sunny day. It 

is possible to note that the operation curve does not exceed 30 % of the total operation area. 

Thereby, it remains an area of 70 %, which can be used for ancillary services, as illustrated in Fig. 

1 (c). 

The most common ancillary services required by the Operation Systems are reactive power 

injection and frequency support. Furthermore, a maximal current harmonic distortion is allowed, 

depending on the voltage level at the Point of Common Coupling (PCC). These ancillary services 

supported by PV systems have been discussed in recent years, given the importance of taking 

advantage of the PV system excess capacity. 
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                           (a)                                                        (b)                                              (c) 

 Fig. 1.  Operation curve of a real PV system during an operation day. (a) Operation total area during one day. (b) 

Operation curve of a real PV plant during a measurement day. (c) Available operation area for ancillary services.  

 

Several control challenges are associated when the PV systems are used to perform ancillary 

services in order to improve the grid power quality. For example, in harmonic compensation, it is 

important to detect the current or voltage harmonic information. In references  [4], [5] and [6] it 

is used the method based on conservative power theory to detect the harmonic current of the load. 

On the other hand, in [7] is used the PCC voltage information for harmonic compensation through 

a voltage control loop. Furthermore, the PV inverter has a current limitation which cannot be 

exceeded. For this reason, it is important to design the strategy to limit the inverter current during 

ancillary service operation, ensuring the rated current below the reference. The determination of a 

current limit is relatively simple for reactive power compensation. However, when harmonic 

current compensation is involved, it is very difficult to calculate the inverter current peak by an 

analytical expression [3], [4]. 

In view of the above discussions, the contribution of this work is to present an overview of 

ancillary services provided by PV systems with focuses on reactive power and harmonic current 

compensation. Several control strategies in different reference frames are presented for single-

phase and three-phase systems, including partial compensation. Additionally, computational 

simulation results are included to show the performance of the PV single-phase and three-phase 

system during reactive power and harmonic current compensation.  This work brings a theoretical 

basis of control strategies applied to photovoltaic converters performing reactive power and 

harmonic current compensation. 

This paper has an overview of the PV system structures in Section 2 and an overview of the 

main ancillary services that the PV systems can provide in Section 3. In Section 4, several control 

schemes for PV inverter including the capability to perform reactive power injection and harmonic 

current compensation are described. In Section 5, the inverter current controller and strategies for 

partial compensation of the reactive power and harmonic current are explored. Section 6 describes 

the parameters used in the case study, and Section 7 shows the main results for both single and 

three-phase PV inverters during reactive power injection and harmonic current compensation. 

Finally, conclusions are stated in Section 8. 

 

2. Conventional Structure of PV Systems 

 

The aim of this section is to provide a brief overview of the conventional structure of PV 

systems. A generic topology of a grid connected PV system is shown in Fig. 2. The dc/dc stage is 

commonly used in single-phase system due to power oscillation in the 2nd harmonic frequency [8], 

[9]. This power oscillation causes dc-link voltage fluctuation and reduces the MPPT algorithm 

efficiency when PV modules are connected directly to the inverter DC-link.  

In general, PV inverters are connected to PCC through passive filters to suppress the 

harmonic components produced during the switching process. L filters are an attractive solution 

due to their simple implementation [10]. However, in practice, the connection through LCL filters 

present a small cost-benefit ratio, due to the smaller volume of the LCL filters, considering similar 
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attenuation capacity. However, LCL filters can insert resonances into the power system. 

Resonances can be damped through passive elements, i.e., adding a resistor ݎௗ in series with the 

filter capacitor, or through active damping techniques [11], [12], [13]. 

 

 
 
Fig. 2.  Generic scheme of the grid-connected photovoltaic system for single-phase and three-phase applications 

 

2.1. Solar Panel Modelling 

 

The solar cells are the devices responsible for photovoltaic conversion, This structure can 

be represented as a diode with ݌-݊ junction exposed to sunlight [14]. Each cell can generate a 

power ranging from about 1 W to 2 W. Thereby, in practical and commercial applications, solar 

cells are connected in series or parallel associations and form modules.  

There are several mathematical models used to represent the PV panel behavior. Fig. 3 

shows the electrical equivalent circuit considering a single diode. In this model, the current from 

the solar panel terminals (ܫሻ can be represented by [15], [14]: 

 

ܫ  = ௣𝑣ܫ  − ଴ܫ ቆ݁௏+ோೞ𝐼  ௏೟𝑎 − ͳቇ − ܸ + ܴ௦ ܴܫ௣ .  
       (1)  

 
Fig. 3.  Electrical model of Solar panel. 

 ଴ is the leakage current of theܫ ,௣𝑣 is the current generated by the incidence of sunlightܫ 

diode, ܽ  is the diode ideality constant and ௧ܸ is the panel thermal voltage [15], [17]. The equivalent 

series resistance (ܴܵሻ and the equivalent parallel resistance ܴܲ depends mainly on the PV panel 

manufacture method and can be found by algorithms as presented in [15].   

It is important to highlight that the simple and efficiency algorithm method presented in [15] 

to determine the  PV panel parameters is well accepted in the literature. However, the complex 

dependency of these parameters in relation to temperature and irradiance is still an interesting 

research issue. Reference [18] approaches a complex strategy to obtain an I-V curve of a PV panel 

based on the irradiance and temperature effects. More complex models considering more diodes, 

representing the recombination effect of carries are also used in power electronic studies [16]. 
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2.2. Maximum Power Point Tracking (MPPT) 

 

PV cells present low efficiency in electricity generation if compared to other sources of 

electric energy generation. For example, in 1998, the conversion efficiency of solar irradiance in 

useful electricity through monocrystalline silicon solar cells improved from 18 % to 24 % [19]. 

Despite several technological advances, the efficiency of these PV cell types have halted at around 

24 % [20]. There are new and more efficient PV cell technologies, such as GaInP/GaAs 

multijunction. However, these devices are more expensive than silicon cells [20]. 

For this reason, the maximum power extraction is an important issue to ensure the highest 

possible efficiency of the solar panel. This goal is achieved through the MPPT algorithms that 

track the PV panel voltage, keeping the PV panel power around the MPP. 

Due to low algorithm complexity and low computational power requirement, Perturbation 

and Observation (P&O) is the most traditional MPPT method. This algorithm periodically 

increments or decrements the solar array voltage and compares the output power with the previous 

value. If the delivered power is increased, the solar array voltage perturbation will continue in the 

same direction. When the supplied power starts to decrease, the system reaches MPP and the P&O 

algorithm output oscillates around it [21], [22]. Other traditional MPPT algorithm is the 

incremental conductance based method, which is a specific implementation of the P&O algorithm 

[23]. 

However, in cases of rapidly changing atmospheric conditions, the P&O algorithm can track 

wrong direction in relation to the MPP, which may reduce efficiency. This can happen when power 

variation, due to change in the solar irradiance, is higher than that caused by the algorithm action 

itself. Thereby, the algorithm interprets the power variation only as an effect of its own action 

[24]. Hence, variations of the P&O method are proposed in literature, in order to solve problems 

caused by the rapidly changing in irradiance, such as: Modified P&O method (MP&O) [25] and 

the dP-P&O method [24], [26].  

 

2.3. Dc/dc Stage Based on Boost Converter 

 

The use of dc/dc stage is recommended in single-phase applications, due to the voltage 

oscillation of two times the line frequency in the inverter dc-link. Reference [8], [9] approaches a 

boost converter in the dc/dc stage with a voltage control loop, Reference [27] use the buck 

converter and presents a control modelling. 

The DC/DC control loop is shown in Fig. 6 (a) [5], [27], [28]. The boost converter control 

consists of an outer loop responsible for controlling the solar array output voltage (vpv) and an 

inner loop tuned to regulate the boost converter inductor current, as show in Fig. 4.  Some works 

use only the voltage control in the dc/dc stage [8], [9]. On the other hand, controlling the solar 

array output voltage through the inner loop inductor current can eliminate current overshoots [27].  

 

 

Fig. 4. Closed-loop model of the boost converter control. 

 

Before the boost converter modelling, the PV array should be linearized around the nominal 

operation point. Therefore, the solar array can be represented by a linear circuit composed by a 

voltage source ( ௘ܸ௤ሻ and equivalent series resistance (ܴ௘௤) [27]. The inverter dc-link can be 

represented by a voltage source. Thus, the small signal model is applied to achieve the transfer 

function of this system. Considering that “𝑣̅” refers to the average value within a period of 
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converter switching, uppercase letters “ ௘ܸ௤ refer to the dc steady state value and the small signal 

disturbance represented by the “𝑣̃” notation. 
 

 

Fig. 5.  Boost converter with PV array linear model. 

 

The circuit shown in Fig. 5, leads to the achievement of the following equations: 
 

 ௘ܸ௤ − 𝑣̅௣𝑣ܴ௘௤ − ௣𝑣ܥ ݀𝑣̅௣𝑣݀ݐ − 𝑖஻̅ = Ͳ,         (2)  

 

 𝑣̅௣𝑣 − ஻ܮ ݀𝑖஻̅݀ݐ − 𝑖஻ܴ̅஻ − 𝑣̅ଵଶ = Ͳ.        (3)  

The small signal disturbances, are given by: 
 

 {𝑣̅௣𝑣 = ௣ܸ𝑣 + 𝑣̃௣𝑣   𝑖஻̅ = ஻ܫ + 𝑖̃஻ ݀ = ܦ + ݀̃ , 
 

       (4)  

where ݀ is the converter duty cycle. 

By replacing (4) in (2) and (3) and taking into account 𝑣̅ଵଶ = ሺͳ − ݀ሻ ௗܸ௖, the inner and outer 

loop transfer functions are given, respectively, by the formulas: 

ሻݏ𝑖ௗሺܩ  = 𝑖̃஻ሺݏሻ݀̃ሺݏሻ = ௗܸ௖ܮ஻ݏ + ܴ஻,        (5)  

 

ሻݏ𝑣𝑖ሺܩ  = 𝑣̃௣𝑣ሺݏሻ𝑖̃஻ሺݏሻ = − ܴ௘௤ܴ௘௤ܥ௣𝑣ݏ + ͳ.     (6)  

 

3. Ancillary Services Supplied by PV Systems 

 

Reactive power injection is an important ancillary service performed by PV inverters. Thus, 

the use of the PV inverter current margin to provide reactive power for industrial machines, e.g., 

can reduce the reactive power consumption from the power system, thus reducing its losses and 

improving the system stability [4], [5], [6], [29]. Voltage regulation is another advantage achieved 

by the insertion of the reactive power control capability into the PV inverter [30], [31]. The control 

of the active and reactive power flow can assist the recovery of the PCC voltage during an 

overvoltage or sag phenomena [31].  

Due to the importance of the reactive power control in PV inverters, some countries have 

included this service in their grid code (GC) requirements. For example, in several countries, PV 

systems are required to immediately cease power generation in the presence of a grid fault [32]. 

However, due to the high penetration level of the PV system into the main grid, an immediate 

interruption of power generation during a quick grid fault may cause much greater problems. For 

this reason, several countries have updated their GCs, including Japan [33], Germany [34], [35], 
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Spain [36] [32], Italy [37]. It has been discussed the insertion of low-voltage ride-through (LVRT) 

capability in PV inverters, to allow reactive current injection to support voltage recovery during a 

grid fault [32], [38].  

High levels of harmonic currents are related with devices used in industrial motor starters, 

lamps, computers and thyristor-based converters, which increase power losses in the utility grid 

and reduce the grid power quality [39]. Thus, some works in the literature have proposed the use 

of PV inverters to compensate the harmonic currents generated by nonlinear loads [4], [5], [6]. 

This concept consists in the detection of harmonic load content and its addition to the inverter 

control strategy. Thus, it is possible to cancel or reduce the harmonic current injected into the main 

grid. This strategy allows the PV inverter to perform as an active power filter, improving the grid 

power quality index in terms of total harmonic distortion (THD) [40], [41], [42]. 

Another issue that has been discussed in GCs is the probable scenario wherein PV systems 

become the major source of the electricity generation system. This scenario may be real due to the 

unprecedent growth of this system in recent years [43]. The PV system usually presents an energy 

generation peak in a period of lower demand, if compared with other periods of the day [44]. 

Therefore, during high PV system generation and low demand scenario, it is possible to reverse 

power flow, and consequently, overvoltage in the low voltage feeders, due to their more resistive 

characteristic [45]. Aiming to solve this problem, some works have proposed to directly curtail 

the active power injection by the PV systems when the grid voltage reaches its upper voltage limit 

[45], [46], [8]. It implies that the PV system should be able to operate with controllable power 

generation. 

The active power control also allows the PV inverters to contribute with the main-grid 

frequency regulation. Synchronous generators work in nominal frequency when power generation 

and load consumption are in a state of equilibrium. However, reduced grid frequency is observed 

when the system is operating above its generation capacity [47]. Thereby, some works have 

reported PV system application for grid frequency support [47], [48], [49]. In [47], it is addressed 

a brief review on frequency regulation methods applied to the PV system. 

 

4. Control Schemes for PV Inverters with Reactive Power Injection and Harmonic 

Current Compensation 

 

4.1. Single-Phase PV Inverters 

 

In order to include in the PV inverters the capability to perform reactive injection and 

harmonic current compensation, additional sensor can be necessary, mainly if the compensation 

scheme is performing by current controllers. This is a relatively simple modification in the inverter 

scheme presented in Fig. 2, which can increase considerably the inverter performance.  

For single-phase PV inverters, different control strategies can be addressed in different 

reference frames [5], [4] approach the control based in ߚߙ reference frame. In [50] its is 

approached the ݀ݍ and ߚߙ reference frame for single-phase and three-phase PV inverters. 

Reference [51] approach the control loop for in ܾܽܿ coordinated for tree-phase system. Three 

strategies widely used to control a single-phase PV inverter with ancillary services are shown in 

Fig. 6. These control strategies are composed of outer loops, designed to control the dc-link voltage 

and the reactive power injected at the PCC, and inner loops to control the inverter current. The 

single-phase inverter has only one current component [50].  

A control strategy in dq-reference frame is shown in Fig. 6 (a). In this configuration, the 

inverter current loop control is synchronized with the grid voltage. Thus, grid currents and voltages 

in fundamental frequency are converted into dc components [50], [9]. For this reason, dq-control 

strategies are generally associated with proportional-integral (PI) controllers, since these 

controllers have a satisfactory tracking capability of dc signals.  
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When current harmonic compensation is performed, the inverter reference current has one 

or more harmonic orders. In this case, PI controller can insert steady state error due its limited 

tracking capability for high frequencies [52]. Therefore, to overcome this drawback, resonant 

controllers (R) have been employed when harmonics are compensated by inverters [50], [9], [53]. 

The resonant controller provides a theoretical infinite gain at the resonant frequency and reduces 

the steady state error. However, one resonant controller needs to be designed for each compensated 

harmonic component. Therefore, it is used the proportional multi-resonant controller (PMR) [53]. 

In this topology, the inverter must be synchronized with the grid. The traditional 

synchronism structure is the method based on synchronous reference frame phase-locked loop 

(SRF-PLL) [54]. Other synchronization techniques have been proposed to improve the extraction 

of the voltage fundamental angle under distorted grid, such as PLL based on second order 

generalized integrator (SOGI-PLL) [10], [55]. 

The control strategy in ߚߙ-reference frame is shown in Fig. 6(b). This strategy has less terms 

to be controlled in relation to dq-reference frame control strategy. However, one resonant 

controller is necessary for each compensated harmonic component. Moreover, such as in dq-

reference frame, in the ߚߙ strategy, it is necessary to estimate the grid voltage phase angle, by 

means of a synchronization structure. 

Finally, the dc-link squared voltage control based method can also be employed in single-

phase system, thus eliminating the use of synchronization strategies such as SOGI-PLL, as shown 

in Fig. 6(c). In distorted grid voltage conditions, may be necessary to include the frequency-locked 

loop (FLL) to detect the fundamental component of the grid voltage. Thus, a frequency 

adaptability structure using a single algorithm is required [10]. In both active power (ܲ) and 

reactive power ሺܳሻ references provided by the dc-link voltage control loop are used with the 

instantaneous power theory equation, for the single-phase system: 

  𝑖ఈ = ଶ𝑣2ഀ+𝑣2ഁ (𝑣ఈܲ + 𝑣ఉܳ),    (7)  

where  𝑖ఈ is the inner loop current reference [50], [41]. 

In order to achieve harmonic current compensation, it is necessary a stage to detect the 

harmonic current content (𝑖̃𝐿ሻ. The traditional methods are based on the instantaneous power 

theory [56] and conservative power theory [57]. The dq-control strategy has the advantage of 

allowing the compensation of two harmonics with just one resonant controller [58]. 

Table 1 shows a summary of the advantages of each control strategy approached in Fig. 6.  

In terms of number of current controllers Fig. 6 (a) requires 2 current controllers . The controller 

type and the presence of a PLL structure in power balance conditions are also compared. Finally, 

the resonant controller complexity under power balancing events is compared, where “+” means 
more resonant controllers must be inserted and “-” means less resonant controllers are needed, 
reducing de complexity. 

 
Table 1: Comparison between the strategies addressed in Fig. 6. 

 
Controller Scheme 

(a) 

Controller Scheme 

(b) 

Controller Scheme 

               (c) 

Number of current controller 2 1 1 

Controller type 
PI, Multi-Resonant 

controllers 

Proportional Multi-

Resonant controllers 

Proportional Multi-

Resonant controllers 

PLL in power balances 

conditions 
yes yes no 

Resonant Controller complexity 

under power balancing events 
- + + 
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Fig. 6.  Generic control schemes for single-phase multifunctional photovoltaic inverter: (a) Current control in dq-

reference frame. (b) Current control in ߚߙ-reference frame. (c) Current control in ߚߙ-reference frame with 𝑣ௗ௖ଶ  

strategy for DC-link voltage control. 

 

4.2. Three-Phase PV Inverters 

 

  Four control strategies widely used in the three-phase PV inverter are shown in Fig. 7. In all 

cases, the Space Vector Pulse Width Modulation (SVPWM) is the modulation strategy 

recommended. It provides output voltages with amplitudes higher than those generated by the 

conventional sinusoidal PWM strategy [59]. 

All four strategies have an MPPT algorithm to calculate the voltage reference for outer 

loops, designed to control the DC-link voltage and the reactive power injected at the PCC. The 

inner loops are responsible for controlling the inverter injected current. It must be highlighted that 

inner loop structures can be implemented at different reference frames. 

A control strategy in the dq-reference frame is shown in Fig. 7 (a). Similar to the single-

phase inverter control, in the dq-reference frame and equilibrated power system, it is possible to 

compensate two harmonic components with one resonant controller and reduce the control 

complexity. However, this approach includes extensive transformation and the current decoupling 

terms still present. 

Considering other reference frames, those based on ߚߙ and ܾܽܿ-coordinate are constantly 

addressed in the literature [50], [9], [60], [51]. These control methods are shown in Fig. 7 (b) and 
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Fig. 7 (c), respectively. In comparison with ܾܽܿ reference-frame, the topology of control in ߚߙ is 

simpler, since it considers only two control variables.  

 

 
Fig. 7.  Generic control schemes for three-phase multifunctional photovoltaic inverter. (a) Current control in dq-

reference frame. (b) Current control in ߚߙ-reference frame. (c) Current control in ܾܽܿ-reference frame. (d) Current 

control loop in ߚߙ-reference frame with 𝑣ௗ௖ଶ  strategy for DC-link voltage control. 

 

All current control strategies are associated in cascade with dc-link voltage control or 

reactive power control. In all described cases, the grid phase angle must be estimated for the 

performance of Park’s transformations. Another alternative method to regulate the dc-link voltage 

is presented in [6], which consists in controlling the dc-link squared voltage. The modelling of the 

outer loop is carried out from the storage energy in the dc-link capacitor. The active power 

reference is generated by the DC-link voltage control. Therefore, provided the reactive power 

reference, the equation of the instantaneous power theory, is given by [56], [61]: 
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  [𝑖ఈ𝑖ఉ] = ଵ𝑣2ഀ+𝑣2ഁ [ 𝑣ఈ         𝑣ఉ𝑣ఉ     −𝑣ఈ] [ܲܳ],    (8)  

where  𝑖ఈ and iβ are the inner loop current reference. The 𝑣ௗ௖ଶ  strategy can be applied in any 

reference frame. However, in ߚߙ-reference frame, the synchronization techniques are 

unnecessary, which reduces the control complexity, as shown in Fig. 7 (d). It is worth highlighting 

that the reactive power is in open loop when the 𝑣ௗ௖ଶ  control strategy is used and an error in the 

inner loop control can affect the injected reactive power dynamic. In three-phase inverters, the 

grid synchronization can be also performed using the traditional synchronous reference frame 

phase-locked loop (SRF-PLL) [54]. Other more advanced synchronization structures are PLL 

based on dual second order generalized integrator (DSOGI-PLL) [62] and PLL based on 

decoupled double synchronous reference frame (DDSRF-PLL) [63].  

Considering a balanced three-phase system, the dq-control strategy has the advantage of 

allowing the compensation of two harmonics at ሺ͸k ± ͳሻωf, where ሺk = ͳ, ʹ, … ሻ, with just one 

resonant controller [58]. However, under unbalanced power condition, the number of resonant 

controllers can double in dq strategy in relation to the ȽȾ control strategy. Table 2 shows a 

summary of the advantages of each control strategy addressed in Fig. 7 in terms of the same 

parameters approach in Table 1. 

 
Table 2: Comparison between the strategies addressed in Fig. 7. 

 

Controller 

Scheme 

(a) 

Controller  

Scheme 

(b) 

Controller 

Scheme 

          (c) 

Controller 

Scheme 

(d) 

Number of controlled currents 2 2 3 2 

Type of applied controllers  

PI, Multi-

Resonant 

controllers 

Proportional 

Multi-Resonant 

controllers 

Proportional 

Multi-Resonant 

controllers 

Proportional 

Multi-Resonant 

controllers 

PLL in power balances 

conditions 
yes yes yes no 

Resonant Controller complexity 

under power balancing events 
- + + + 

Resonant Controller complexity 

under power unbalancing events 
+ - - - 

 

5. Inner loop Design 

 

5.1. Inverter Current Controllers 

 

In the literature, controllers are divided into two classes: on/off and based on pulse width 

modulator. The on/off method has simple implementation, and a hysteresis band has to be defined 

[64], [65], [66]. A disadvantage of this method is the fact that hysteresis current controllers have 

bad harmonic performance [64]. 

The controllers based on pulse width modulation involve both linear and nonlinear classes. 

The control based on passivity is a nonlinear controller frequently used in the literature [67], [52]. 

This controller is based on the energy concept and determines a relationship in which the plant 

stores less energy than it absorbs. This approach is valid for a wide range of operations and assures 

large signal stability.  

On the other hand, linear controllers are the most used due to their high performance in 

tracking the signals, even when the signal has several frequencies. The conventional proportional-

integral (PI) compensators fall into this category. Due to the infinite gain in the zero frequency, 

the application of this controller in the current control of the PV system is recommended when the 

inverter current reference is constant, i.e. when the inverter current control is based on 
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synchronous reference frame, as show in Fig. 6 (a)and Fig. 7 (a), without harmonic compensation 

[50], [9], [68]. Due to its limited bandwith, the current tracking capability of this controller is very 

poor. The transfer function of a PI controller if given by: 

 

ሻݏ𝑃𝐼ሺܩ  = 𝑃𝑃𝐼ܭ + ݏ𝑖𝑃𝐼ܭ  ,   (9)  

where  KPPI is the proportional gain and K୧PI is the integral gain 

Therefore, by using the ߚߙ or ܾܽܿ control strategy or inserting the harmonic current 

compensation capability into the inverter control, other linear controllers are also widely used in 

the literature, such as proportional multi-resonant (PMR) controller [4], [50], [9], [53], [69], and 

repetitive controllers [50], [70], [71]. Differently from the resonant controllers, the resonance 

frequencies in repetitive controllers are achieved through feedback from the controller error delay. 

Thus, the number of resonances is related with the delay value [50], [70], [71]. 

The PMR controller is composed of a proportional controller and may have several resonant 

controllers tuned at each frequency present in the signal. The PMR transfer function is given by: 

ሻݏ𝑃ோሺܩ  = 𝑃𝑃ோܭ 𝑖ℎ𝑃ோܭ∑ + ଶݏݏ + 𝜔ℎ௡
ℎ=ଵ
⏞          ோℎሺ௦ሻ  ,   (10)  

where ܭ𝑃𝑃ோis the proportional gain, ℎ is the harmonic order (ℎ = 1,2,3...,݊), 𝜔ℎ are resonant 

frequencies and ܭ𝑖ℎ𝑃ோare the integral gains for each harmonic frequency. It is not recommended to 

tune a PMR controller through phase margin and crossover frequency analysis, as it is done with 

PI controllers. Therefore, the PMR tuning through critical point analysis in Nyquist diagram is 

addressed in [53]. 

The PMR controller has high gains at its resonant frequencies. Thereby, the terms ܴℎሺݏሻ are 

responsible for tracking the current components at 𝜔ℎ frequencies [53]. The Tustin with 

prewarping is the discretization method recommended for ܴℎሺݏሻ. This technique avoids the shift 

of the resonant frequency for which it was tuned. Thus, R୦ሺzሻ is given by [72]:  

 

𝑃ோሺ𝑧ሻܩ  = 𝑖݊ሺ𝜔ℎݏ ௦ܶሻʹ𝜔ℎ ͳ − 𝑧−ଶͳ − ʹ𝑧−ଵ ሺ𝜔ℎݏ݋ܿ ௦ܶሻ + 𝑧−ଶ.    (11)  

 𝑖ℎ𝑃ோare adjusted in accordance with reference [30], which considers the crossoverܭ 𝑃𝑃ோ andܭ 

frequency of the controller and its relationship with the critical point on the Nyquist diagram. In 

order to compare the current tracking capability of PI and PMR controllers, it is considered the 

plant transfer function in z-domain given by [53]: 

 

 𝐿ܲሺ𝑧ሻ = ቆͳ − ݁ோ𝑇 ೞ்𝐿𝑇 ቇ𝑧−ଶ
ቆͳ − 𝑧−ଵ݁ோ𝑇 ೞ்்𝑓 ቇ்ܴ  ,   (12)  

where ௦ܶ is the sampling frequency,  ்ܮ and ்ܴ are the total inductance and total equivalent series 

resistance of the LCL filter, respectively. The single-phase control loop based on the 𝑣ௗ௖ଶ  strategy 

for dc-link voltage control is used for comparing these controllers in time domain during the 

current harmonic compensation. The inverter reference current contains frequencies of 60 ܪ𝑧 and ͵ͲͲ ܪ𝑧. Therefore, two resonant controllers are required. The proportional gains from both 

controllers are identical. Thereby, these controllers have the same crossover frequency, as shown 

in Fig. 8. The PI integral gain is maintained six times greater than the integral gain of the PR 
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controller. Therefore, the results illustrating the capability of photovoltaic inverters to perform 

ancillary services are conducted using PR controllers. 

 

 
Fig. 8.  PI and PR Bode diagram of the inverter open-loop transfer function. 

 

5.2. Dynamic Saturation of the Inverter Current 

 

Important issues arise when new capabilities are integrated in the PV inverter. In order to 

avoid damage and preserve the inverter lifetime and safety, the inverter current limit cannot be 

exceeded. Thereby, strategies for PV inverter current limitation are required during ancillary 

services support. The critical point is when harmonic current compensation is involved. When 

there are multiple frequencies in the current signal, analytical expressions for inverter current 

limitation are complex. Therefore, references [5], [6] have proposed hierarchical control strategies, 

in order to respect the inverter current margin. 

These methods can be applied in all control strategies showed in Fig. 6 and Fig. 7. However, 

the loop with 𝑣ௗ௖ଶ strategy for dc-link voltage control has the advantage of already providing the 

active power reference to be injected by the inverter.  

The reactive power saturation is the same for single and three-phase PV inverters, and is 

performed as shown in Fig. 9 (a), where ܵ௠ is the inverter rated power, ܲ is the active power 

injected by the PV inverter and ܳ is the detected reactive power of the load. The saturation limit 

can be found by phasor calculation, as shown in Fig. 9 (b). The resultant power (ܵ) of the phasor 

sum between ܲ and ܳ should be contained in the circumference of radius ܵ௠. Otherwise, the 

reactive compensation will be partial, ensuring that the inverter operation is below its rated current. 

 
           (a)                                                                           (b) 

Fig. 9.  (a) Reactive power saturation scheme. (b) Phasor calculation scheme to determine the saturation limit. 

 

4.2.1 Harmonic Current Saturation in the Single-Phase System 

The harmonic current saturation scheme for single-phase PV inverter is presented in Fig. 10, 

considering the control loop based on the ߚߙ coordinate shown in Fig. 6. The current (𝑖ௌఈ) 

calculated by the outer loop is added to the load harmonic current (𝑖̃𝐿), resulting in the inverter 

reference current (𝑖ௌఈ∗ ሻ. The maximum value of 𝑖ௌఈ∗  is detect by a peak detector algorithm and 

compared with the inverter rated current (ܫ௠). An anti-windup PI controller, limited between 0 

and 1, generates the dynamic factor (ܭ) and determines if the compensation will be total or partial. 
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          Fig. 10.  Harmonic current saturation loop for single-phase inverter. 

 

4.2.2 Harmonic Current Saturation in Three-Phase System 

Harmonic current saturation scheme for the three-phase PV inverter is presented in Fig. 11. 

This strategy is similar to the single-phase scheme. However, it is performed on the inverter 

reference current in the ܾܽܿ coordinate. The instantaneous active current (𝑖ௌୟୠୡ) calculated by the 

outer loop is added to the load harmonic current (𝑖̃𝐿ୟୠୡ), resulting in the inverter reference current 

(𝑖ௌୟୠୡ∗ ሻ. Considering a balanced system, the maximum value of 𝑖ௌୟ∗  is detect by a peak detector 

algorithm and compared with the inverter rated current (ܫ௠). The anti-windup PI controller, limited 

between 0 and 1, generates the dynamic factor (K) and determines if the compensation will be 

total or partial. 

For the current control loop based on the ݀  reference frame, the scheme of harmonic current ݍ

saturation is similar to that shown in Fig. 11. The coordinate transformation is the only difference, 

i.e., the ߚߙ → ܾܽܿ transformation is replaced by a ݀ݍ → ܾܽܿ transformation.  

 

 

          Fig. 11.  Harmonic current saturation loop for three-phase inverter. 

 

 

6. Case Studies 

Case studies with simulation results are performed for single and three-phase PV system 

compensating reactive power and harmonic current to show the improvement of grid power 

quality. In both systems, the control strategy is based on the ߚߙ stationary reference frame with 

DC-link voltage control based on the 𝑣ௗ௖ଶ  strategy. In the single-phase system, the boost converter 

is used to regulate the PV array voltage with MPPT based on the conductance incremental 

algorithm. CPT is used in the single-phase case study and IPT is used in the three-phase case study. 

The PMR controller is adopted in the inner loop structure, and the inverter current limitation 

strategies are used to ensure that the inverter operates below its rated current. The parameters of 

both single and three-phase PV systems are shown in  
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Table 3 and Table 4, respectively.  
 

 

 

 

 

Table 3: Parameters of the single-phase PV system case study. 

Inverter and Grid Parameters Value 

Inverter switching frequency  ͳʹ 𝑘ܪ𝑧 

Fundamental frequency ͸Ͳ ܪ𝑧 

PCC voltage ʹʹͲ ܸ 

Grid Impedance ͳ.͵Ͳ ݉ܪ/Ͷͺ ݉Ω 𝑽ࢉࢊ∗  ͵ͻͲ ܸ 

DC-link PI controller gains ܭ𝑃 = Ͳ.Ͷͺ ܹ/ܸ ܽ݊݀ ܭ𝑖 = ͳͶ ܹ/ܸ 

Current PMR controller gains  ܭ𝑃𝑃ோ = ͹.ͷ ܸ/𝐴 ܽ݊݀ ܭ𝑖ℎ𝑃ோ = ʹͲͲͲ ܸ/𝐴 

Boost Converter Parameters Value 

Boost converter switching frequency  ͳʹ 𝑘ܪ𝑧 𝑳࡮/𝑹࡮ Ͳ.ͺ ݉ܪ/ͳͲ ݉Ω ࡯𝒑𝒗 ͷͲͲ µܨ 

Outer loop PI control gains ܭ𝑃𝑣 = −Ͳ.͹ͷ 𝐴/ܸ ܽ݊݀ ܭ𝑖𝑣 = ͳ͵ʹ 𝐴/ܸ 

Inner loop PI control gains ܭ𝑃𝑖 = Ͳ.Ͳͳͷ ͳ/𝐴 ܽ݊݀ ܭ𝑖𝑖 = Ͳ.ͳͻ 𝐴−ଵ 

LCL Filter Parameters Value 𝑳૚ Ͳ.ͷ ݉ܪ/ͻ.Ͷʹ ݉Ω 𝑳૛ Ͳ.ͷ ݉ܪ/ͻ.Ͷʹ ݉Ω ࡯𝒇 ͸.͵͵ µܨ 𝒓ࢊ ͳ Ω 

Harmonic Current Saturation Parameters  Value 

Anti-Windup PI gain ܭ𝑃஺ௐ = Ͳ.Ͳͷ ͳ/𝐴 ܽ݊݀ ܭ𝑖஺ௐ = ͵  ͳ/𝐴 

 
Table 4: Parameters of the three-phase PV system case study. 

Inverter and Grid Parameters Value 

Inverter frequency switching  ͳʹ 𝑘ܪ𝑧 

Fundamental frequency ͸Ͳ ܪ𝑧 

PCC voltage ͵ͺͲ ܸ 

Grid Impedance ʹ µܪ/ͳͻ µΩ 

DC-link PI controller gains ܭ𝑃 = Ͳ.Ͷ ܹ/ܸ ܽ݊݀ ܭ𝑖 = ͳͶ ܹ/ܸ 

Current PMR controller gains  ܭ𝑃𝑃ோ = ͹.ͷ ܸ/𝐴 ܽ݊݀ ܭ𝑖ℎ𝑃ோ = ʹͲͲͲ ܸ/𝐴 

LCL Filter Parameters Value 𝑳૚ Ͳ.ͷ ݉ܪ/ͻ.Ͷʹ ݉Ω 𝑳૛ Ͳ.ͷ ݉ܪ/ͻ.Ͷʹ ݉Ω ࡯𝒇 ͸.͵͵ µܨ 𝒓ࢊ ͳ Ω 

Harmonic Current Saturation Parameters  Value 

Anti-Windup PI gain ܭ𝑃஺ௐ = Ͳ.Ͳ͵ ͳ/𝐴 ܽ݊݀ ܭ𝑖஺ௐ = ͵  ͳ/𝐴 

                          

The irradiance profile used in the case studies is shown in Fig. 12. Initially, the irradiance 

level is ͺͷͲ ܹ/݉ଶ and changes to ͷͲͲ ܹ/݉ଶ and ͳͲͲͲ ܹ/݉ଶ at 1.5 ݏ and 2.2 ݏ, respectively. 
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Fig. 12.  Solar irradiance profile used in the study case of the single-phase and three-phase PV systems with ancillary 

services. 

 

7. Simulation Results 

 

7.1. Case I: Single-Phase PV System  
 

The case study is composed of a PV plant consisting in 2 parallel strings with 6 panels of 

250 W in series connections. The inverter rated power is 3 kW. The load connected at the PCC is 

a resistive-inductive load of 3.16 kVA with power factor of 0.95. There are also nonlinear loads 

represented by current sources emulating 5th and 7th harmonic current sources of 4 A and 3 A, 

respectively.  

The dc-bus voltage profile of the solar array is illustrated in Fig. 13 (a), whose reference 

voltage is calculated by the MPPT algorithm. The boost inductor current is shown in Fig. 13 (b). 

The inverter dc-bus voltage is controlled in ͵ͻͲ ܸ, as shown in Fig. 13 (c). The reactive power 

support is enabled at 0.5 ݏ and the harmonic current compensation is enabled at 0.8 ݏ. 
 

 
(a)                                                     (b)                                                          (c) 

Fig. 13.  (a) Dc-bus voltage profile. (b) Inductor current control of the boost converter. (c) Dc-link voltage profile. 

 

When the solar irradiance is in ͺͷͲ ܹ/݉ଶ before ͳ,ͷ ݏ, the inverter partially supplies the 

load active power, as observed in Fig. 14(a). At the same time interval, the PV inverter has current 

margin to supply all load reactive power, as shown in Fig. 14(b). When the harmonic current 

compensation is enabled at 0.8 ݏ, the inverter has current margin to compensate Ͷ͸.ͷ % of the 

load harmonic current, approximately, as shown in Fig. 15.  
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                                                     (a)                                                                       (b)    

Fig. 14.  Active power (P) and reactive power (Q) dynamic of the system with reactive power capability. (a) Active 

power of the system. (b) Reactive power of the system. 

 

 
              Fig. 15.  ܭ compensation factor of harmonic current. 

 

The waveform details and the THD of the grid currents around Ͳ.ͺ ݏ are shown in Fig. 16. 

Before Ͳ.ͺ ݏ, the inverter supplies almost all active power for the load, while the grid current has 

mostly harmonic distortions provided by the load. For this reason, the grid current THD is ͳ͹ͺ %, 

as shown in Fig. 16 (a). When the partially harmonic compensation starts at Ͳ.ͺ ݏ, the harmonic 

distortions in the grid current are reduced. Thus, its THD decreases to ͻͻ %, whereas the inverter 

current THD increases from Ͷ.͸ % to ͳ͵.͸ %, as shown in Fig. 16 (b). As observed, the inverter 

current does not exceed the current limitation ሺܫ௠𝑎𝑥ሻ at any moment. It is important to highlight 

that the load current THD is kept constant at ʹͶ,͵͸ %. 

Between 0.8 s and 1.5 s, the harmonic compensation is partial and the grid presents 5th and 

7th harmonic current contents, as illustrated in Fig. 17(a). The 3rd harmonic component is present 

in Fig. 17 due to the voltage oscillation in the inverter dc-link capacitor, which is a characteristic 

of single-phase systems, as already mentioned.  
 

 
(a)                                                  (b)                                                    (c) 

 Fig. 16. System current details when harmonic current compensation is enabled at 0.8 ݏ. (a) Grid current. (b) Inverter 

current. (c) Load current. 
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(a)                                                                           

 
(b)                                                                          

     Fig. 17. Grid and inverter current spectra. (a) Between Ͳ.ͺ ݏ and ͳ.ͷ ݏ. (b) Between ͳ.ͷ ݏ and ʹ.ʹ ݏ. 
 

In ͳ.ͷ ݏ, the irradiance decreases from 850 ܹ/݉ଶ to 500 ܹ/݉ଶ. Thus, the PV inverter has 

margin to compensate 100% of the load reactive power and load harmonic current, as can be 

observed in Fig. 14 and Fig. 15, respectively. At this moment, the grid current THD decreases 

from ͻͻ% to ͷ.Ͷ%, as shown in Fig. 18(a). On the other hand, due to the increased ܭ factor, the 

inverter current THD increases from ͳ͵,͸% to Ͷ͵,͹͵%, as shown in Fig. 18 (b). The grid current 

increase after 1.5 s can be seen in Fig. 17. Between 1.5 s and 2.2 s, all harmonic content is 

compensated by the inverter and thus the 5th and 7th harmonic components are strongly reduced, 

as observed in Fig. 17(b). 

 

 
(a)                                                   (b)                                                    (c) 

Fig. 18. System current details when solar irradiance changes from ͺͷͲ ܹ/݉ଶ to ͷͲͲ ܹ/݉ଶ at 1.5 ݏ. (a) Grid 

current. (b) Inverter current. (c) Load current. 

 

When the irradiance increases to 1000 ܹ/݉ଶ at ʹ.ʹ ݏ, the PV inverter has no margin to 

compensate the load reactive power and the load harmonic current, as observed in Fig. 14, 

respectively. At this moment, the grid current THD increases from ͷ,Ͷ % to ͳͶͲ,ͺͳ %, as shown 

in Fig. 19(a). On the other hand, when ܭ factor is null, the inverter current THD decreases from Ͷ͵,͹͵ % to ͷ %. 
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(a)                                                   (b)                                                    (c) 

Fig. 19. System current details when solar irradiance changes from ͷͲͲ ܹ/݉ଶ to ͳͲͲͲ ܹ/݉ଶ at 2.2 ݏ. (a) Grid 

current. (b) Inverter current. (c) Load current. 

Finally, this case study shows that a PV system with reactive power and harmonic current 

compensation capability can give support to the electrical power system when there is current 

margin for this purpose. These services are very significant for the PV system as well, since it 

remains below its nominal operation condition most of the day. 

 

7.2. Case II: Three-phase PV System  

 

The case study considering a three-phase PV system has a solar plant consisting of 4 parallel 

strings with 21 panels of 250 W in series connections. Therefore, the inverter rated power is 21 

kW. The load connected to the PCC is a resistive-inductive load of 23.3 kVA with power factor 

of 0.9. There are also nonlinear loads represented by current sources emulating 5th and 7th 

harmonic of 6A and 3A, respectively.  

The inverter dc-link dynamic is illustrated in Fig. 20. It is possible to observe the voltage 

variations calculated by the MPPT algorithm during the irradiance profile changing. Note the 

occurrence of perturbation in some moments due to the reactive power and harmonic current 

compensation, once these ancillary services are enabled at Ͳ.ͷ ݏ and Ͳ.ͺ ݏ, respectively. 

 

 
        Fig. 20. Inverter DC-link dynamic. 

 

When the solar irradiance is ͺͷͲ ܹ/݉ଶ before ͳ,ͷ ݏ, the inverter partially supplies the load 

active power, as demonstrated in Fig. 21 (a). At the same time interval, the PV inverter has current 

margin to supply all load reactive power, as shown in Fig. 21 (b). However, when the harmonic 

current compensation is enabled at 0.8 ݏ, the inverter has current margin to compensate ͷͶ % of 

the load harmonic current, approximately, as shown in the ܭ factor graphic in Fig. 22. The 

waveform details and the total harmonic distortion (THD) of the system currents around Ͳ.ͺ ݏ are 

shown in Fig. 23. Before Ͳ.ͺ ݏ the inverter supplies almost all load active power, while the grid 

current has basically harmonic distortions provided by the load. For this reason, the grid current 

THD is ͻͻ.Ͳ͵ %, as shown in Fig. 23 (a). When the partially harmonic compensation starts at Ͳ.ͺ ݏ, the harmonic distortions in the grid current are reduced. Thus, its THD decreases to Ͷͷ.Ͷʹ %, whereas the inverter current THD increases from ͳ.Ͳ͸ % to ͺ.ʹͷ %, as shown in Fig. 
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23 (b). Note that the inverter current does not exceed the current limitation ሺܫ௠𝑎𝑥ሻ at any moment. 

It is important to highlight that the load current THD is kept constant at ͳ͵.ʹͻ % during the case 

study, as illustrated in Fig. 23 (c). 

Due to irradiance decrease to 500 ܹ/݉ଶ at ͳ.ͷ ݏ, the PV inverter has margin to compensate 

100% of the load reactive power and load harmonic current, as observed in Fig. 21 and Fig. 22, 

respectively. At this moment, the grid current THD decreases from Ͷͷ.Ͷʹ % to ʹ.ʹͶ %, as shown 

in Fig. 24 (a). On the other hand, the increased ܭ factor increases the inverter current THD from ͺ.ʹͷ % to ʹͳ.͸͵ %, as shown in Fig. 24 (b). Grid current increase after 1.5 s can be seen in spectra 

in Fig. 25. Between 0.8 s and 1.5 s, the harmonic compensation is partial and the 5th and 7th 

harmonic contents can be found in the grid current, as illustrated in Fig. 25 (a). Between 1.5 s and 

2.2 s, all harmonic content is compensated by the inverter. Thus, the 5th and 7th harmonic 

components are strongly reduced, as observed in Fig. 25 (b). 

 

 
(a)                                                          (b) 

Fig. 21.  Active power (P) and reactive power (Q) dynamic of the system with reactive power capability. (a) Active 

power of the system. (b) Reactive power of the system. 

 

 
Fig. 22.  ܭ compensation factor of harmonic current. 

 

 
(a)                                                   (b)                                                    (c) 

 Fig. 23. System current details when harmonic current compensation is enabled at 0.8 ݏ. (a) Grid current. (b) Inverter 

current. (c) Load current. 
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(a)                                                  (b)                                                    (c) 

Fig. 24. System current details when solar irradiance changes from ͺͷͲ ܹ/݉ଶ to ͷͲͲ ܹ/݉ଶ at 1.5 ݏ. (a) Grid 

current. (b) Inverter current. (c) Load current. 
 

 
(a)                                               

 
 (b)        

     Fig. 25. Grid and inverter current spectra. (a) Between Ͳ.ͺ ݏ and ͳ.ͷ ݏ. (b) Between ͳ.ͷ ݏ and ʹ.ʹ ݏ. 
 

When the irradiance increases to 1000 ܹ/݉ଶ at ʹ.ʹ ݏ, the PV inverter has no margin to 

compensate the load reactive power and load harmonic current, as observed in Fig. 21 and Fig. 

22, respectively. At this moment, the grid current THD increases from ʹ.ʹͶ % to ͵ͳ.ͳͳ %, as 

shown in Fig. 26 (a). On the other hand, when the 𝑘 factor is null, the inverter current THD 

decreases from ʹͳ.͸͵ % to ͳ.ʹͷ %, as shown in Fig. 26 (b). 
 

 
(a)                                                   (b)                                                   (c) 

Fig. 26.  System current details when solar irradiance changes from ͷͲͲ ܹ/݉ଶ to ͳͲͲͲ ܹ/݉ଶ at 2.2 ݏ. (a) Grid 

current. (b) Inverter current. (c) Load current. 

 

8. Conclusions 
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This paper has presented an overview about ancillary services, provided by single and three-

phase PV systems, focusing on reactive power injection and harmonic current compensation. It is 

improved the inverter excess capacity, which is not used over the PV system daily operation. A 

generic topology of the grid-connected PV system with this ancillary service is presented, as well 

as several control structures based on different reference coordinates. It is mentioned the 

importance of the dc/dc stage for single-phase applications due to the voltage oscillation in the 

DC-link capacitor.   

This study addressed the modelling of the main structures of the grid-connected PV system, 

including the solar panel, MPPT and current controllers. The PV inverter control strategy has 

several functions and must ensure that the inverter will operate below its rated current. Thus, 

strategies for inverter current limitation during the performance of auxiliary services are explored. 

Lastly, two case studies are conducted to analyse the impact of ancillary service support on 

the PV system behavior. The results demonstrate that the PV inverter with reactive power support 

and harmonic current compensation capability can improve the power system quality, when there 

is current margin for this purpose. The results indicate that is possible to apply the control 

strategies addressed to perform ancillary services using both single-phase and three-phase 

systems. 
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