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Abstract – Grid-connected and stand-alone applications need 

inverters that accurately control the filter output voltages. 

Nowadays, resonant controllers represent a good tradeoff 

between implementation issues and control performances. 

However, the unknown nature and size of supplied loads affect 

the dynamic control behavior and may reduce the effectiveness 

of the control system. A new structure of resonant controller is 

introduced with the purpose to provide three-degree of 

freedom and allowing to select independently the controller’s 

magnitude, width and phase. In order to fully take advantage 

of the proposed resonant controller form, the on-line tuning 

procedure based on the output filter analysis is also proposed. 

According to that, several resonant compensators can be placed 

in the loop to achieve better output voltage waveform, (i.e. 

lower total harmonic distortion). 

Index Terms – Adaptive tuning, phase compensation, resonant 

controller, voltage source inverter. 

I. INTRODUCTION 

Resonant Controllers (RCs), which are derived from the 

internal model principle [1], are today applied in several 

fields, such as static power conversion for both grid-tied and 

stand-alone applications, high performance control of 

electric drive and renewable energy systems [2]-[6]. 

Conventional resonant controller forms are well explained 

and widely applied as in [7]-[9] even in case of unbalanced 

linear and non-linear loads [10]-[12]. 

Analysis and design of proportional-resonant control 

structure with the aid of Nyquist diagrams for current 

controlled VSI is depicted in [13]; in that case the tuning 

process does not include how the load could affect the 

system stability.  

RC phase compensation capabilities were preliminary 

discussed in [14]; however, RC ideal representation and 

application to a single phase inverter, with control algorithm 

tuned in a specific stationary point, were considered. An 

ideal RC provides infinite gain at the resonance frequency 

without the ability to select the controller width. Moreover, 

discretization issues arise especially when controllers are 

implemented on industrial grade Digital Signal Processors 

(DSPs) or microcontrollers (Cs) with limited computational 

capabilities [15]-[17].  

The proposed paper introduces the full non-ideal RC with 

phase compensation capabilities, which is denoted as 3-

Degree of freedom Resonant Controller (3D-RC) allowing 

extra flexibility in control parameters tuning and superior 

regulation performances.  

The 3D-RC is then applied, in the multi-resonant 

controller structure, to a three-phase four-leg VSI which 

operates in islanding mode [10]-[11], for both output voltage 

regulation and harmonic compensation when non-linear 

loads have to be fed. The newly introduced 3D-RC is able to 

provide the necessary magnitude and phase boost to 

compensate for the inverter output power filter behavior 

according to the operating conditions. As it is shown in the 

following, passive filtering used to attenuate the switching 

ripple introduces a quite limited magnitude variations and 

strong phase lagging effects; in fact, the filter per unit delay 

increases with the harmonic order to be compensated 

through RCs. 

II. THREE-DEGREE OF FREEDOM RESONANT CONTROLLER 

In order to introduce the 3D-RC, the non-ideal full form 

of the RC has been selected, as it is the most versatile and 

suitable to be implemented in the final digital form. The 

transfer function GRC2 of the non-ideal controller   
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where kir is the controller gain, cr the controller width and 

  the resonance frequency, is able to provide the necessary 

gain in order to reach zero steady-state error, still allowing 

the regulation of the controller width. Non-ideal RCs exhibit 

two degrees of freedom providing the capability to regulate, 

almost independently, both the controller gain and width. 

In this form, even if it is possible to control both the gain 

and the width of the RC, controller phase is locked to be 0° 

at the resonance frequency and cannot be used as a design 

parameter. In order to introduce the possibility to select the 

controller phase at the resonant frequency, the RC structure 

needs to be modified as follows. 

Complete phase control can be achieved by adding two 

terms to the non-ideal form in (1), both related to the desired 

angle   at the resonant frequency, as in (2). This angle is 

the phase boost that will be provided by the RC and selected 

according to the control requirements. 
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A. Controller phase 

Controller phase can be evaluated considering numerator 

and denominator separately as in:  

( )

3 0

2 2 2

3 0

( ) 2 cos( ) sin( )

( ) 2

RC ir cr cr

RC cr cr

N s k s

D s s s

    

  

 = + − 

= + + +
   (3) 



 

  

 

Complete expression for the RC phase is calculated 

according to (4). 

3 3 3( ) ( )RC RC RCN s D s =  −      (4) 

Substituting s=j, the final expressions for the resonant 

controller angle are: 
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For evaluation purpose, previously shown equations 

should be considered, taking into account that cr<<0 is 

usually verified for common grid-tied and stand-alone 

applications. Moreover, as the order of the resonant 

controller increases, its width cr is usually reduced to 

guarantee the overall system stability. Eqs. (5) and (6) can 

be plotted to show the behavior of numerator and 

denominator phase vs. frequency for a given angle . Fig. 1 

is obtained with cr=0.003 rad/s and 0≈314 rad/s. The 

dashed line is related to the denominator’s phase, while 

numerator’s phase is shown with solid lines and plotted at 

four values of the angle  −   and . As it can be 

verified in Fig. 1, the numerator’s phase at the resonance 

frequency can be written as: 
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where  is the desired controller phase at the selected 

resonance frequency. With reference to the denominator, its 

phase contribution can be summarized as in (8). 
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Fig. 1. Numerator and denominator phase of the real harmonic controller for 

different values of the angle . 

Hence, the phase shown in (4) when calculated at the 

resonance frequency yields  
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This proves the effectiveness of the phase control 

extended to the full form of the resonant controller. From (9) 

it can be noticed that RC phase at the resonance frequency is 

weakly affected by the selected value of the controller width, 

whereas it does not depend on the controller gain as shown 

in (5) and (6) for both numerator and denominator. Fig. 2 

shows the Bode diagram of (2) for various value of . 

However, all these parameters have to be considered for a 

multiple harmonic control system. In fact, even if this 

method provides the ability to control the RC phase in order 

to compensate for the system behavior, it also presents some 

drawbacks. From Fig. 2 is noticeable how the larger is  the 

higher is the asymmetry in the magnitude function of the 

RC. Looking at the zero-map of the phase-controlled RC, as 

shown in Fig. 3, it can be seen how the phase disposition 

only acts on the positioning of the RC transfer function zero. 

In this figure, the circles are related to the position of the 

zero for a single RC for different values of . It can be 

noticed the modification of the zero from having a positive 

real part to a negative real part when a phase boost (>0) 

have to be provided.  

 
Fig. 2. Bode plots for the non-ideal resonant controller for different . 

 
Fig. 3. Position of the controller zero at the resonance frequency on the 

complex plane for different values of the angle . 



 

  

 

B. Controller magnitude 

Starting from (2), the magnitude function of the RC can 

be evaluated in a similar way as the one used to demonstrate 

the phase control capability. 

The magnitude at the resonance frequency is expressed as 

in (10). Usually, in RCs, the width parameter cr is selected 

in the range from tens micro radians per seconds to less than 

hundreds milliradians per second. Being cr smaller than 0 

and lower than one, (10) can be simplified as in (11). 
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Expression (11) shows that magnitude is directly affected 

by the desired amount of phase that need to be compensated. 

Fig. 4 shows the magnitude (10) plotted versus the controller 

width cr for different values of the angle .  

In stand-alone applications, the output frequency is 

imposed by the front-end inverter; this allows using narrow 

RCs (i.e. controllers having a reduced cr value). On the 

contrary, in grid-connected systems, due to the fluctuations 

of the electrical frequency, it would be better to have wide 

RCs. However, in both types of application, the RC width is 

selected usually in the previously mentioned range.  Fig. 4 

shows how it is possible to approximate the magnitude of 

the RC with the value of kir (12), being the error very small 

(< 0.1 %) in the selected cr range 

3 0( )RC irG j k          (12) 

 
Fig. 4. Magnitude of the real not-approximated RC at the resonance 

frequency for different values of ; kir=200, 0=314 rad/s. 

III. SYSTEM DESCRIPTION, ANALYSIS AND MODELING 

The proposed 3D-RC structure is designed and 

investigated with reference to electric utility applications. 

Fig. 5 depicts the common structure of a front-end inverter 

devoted to supply a 3-phase plus neutral stand-alone grid. 

The common DC-bus can be shared among different power 

sources as batteries, ultracapacitors, fixed or variable speed 

generating units, wind energy power systems and 

photovoltaic arrays. In all these cases, front-end inverter 

plays an important role being the last interface between 

sources and grid and/or isolated loads. In such applications, 

the four-leg VSI must be able to supply different loads such 

as linear, non-linear, stationary and rotating electrical 

machines and, of course, a combination of the previously 

mentioned loads. According to that, control algorithm has to 

work with a continuous variation of the output power factor, 

from one (pure resistive load) to very small values (e.g. 

induction motors running at no-load). 

The prototype of a 40 kVA four-leg inverter, shown in 

Fig. 6, has been built to perform the test and validation 

campaign. The control unit is based on the TMS320F28335 

Digital Signal Controller from Texas Instruments having a 

dedicated scheduler operating at a frequency of 12 kHz. 

 
Fig. 5. Block scheme of the front-end inverter and related controller. 

 
Fig. 6. Four-leg inverter prototype used for the experimental campaign. 

The usage of an inverter output filter is mandatory in 

order to remove the switching component from the output 

voltage and current waveforms. Considering the reference 

application, the implemented single-phase equivalent filter 

structure is shown in Fig. 7 where a common LC second 

order filter is connected to two tuned RLC branches, the 

trap-filter and the selective damper [18]. The passive 

selective damper is centered at a frequency around 1.2 times 

the LC resonance frequency in order to properly damp the 

main filter resonance peak, making the resistor Rd visible to 

the rest of the circuit only in a limited range of frequency. 



 

  

 

This selectivity behavior drastically shrinks the size of the 

damper directly reducing the total dissipated power, hence 

increasing the system efficiency. The switching trap is 

instead tuned to resonate at the switching frequency in order 

to short-circuit the fundamental switching component. The 

element Rt can be considered as the sum of Lt and Ct 

parasitic resistance. Values of the filter parameters are listed 

in Table I. 

With reference to stand-alone applications, filter 

magnitude and phase behavior are strongly affected by the 

actual inverter output power. In fact, modeling the connected 

loads as an equivalent resistive load (i.e. power factor equal 

to one), as the supplied power increases, filter results in 

higher damping and its magnitude and phase behaviors are 

modified. Fig. 8 shows the output power filter Bode plots at 

four different output equivalent power levels. It can be 

noticed how the LC resonance, already influenced by the 

selective damper circuit, becomes further damped as the 

output power increases. 

 
Fig. 7. Scheme of the inverter output power filter. 

TABLE I – OUTPUT FILTER PARAMETERS 

Lk 800 H 

Cf1 5 F 

Ld 1 mH 

Cd 2.2 F + 0.47 F 

Rd 15  

Lt 172 H 

Ct 2 x 0.56 F 

Rt 50 m 

Considering the complete system modeling previously 

depicted in [11], filter behavior at different load conditions 

can be analyzed by the usage of Bode plots. The effect of the 

time-lag introduced by the sampling-PWM unit can also be 

taken into account, when not negligible, by a first order 

approximation as already shown in [11]. Generating unit 

load variations are modeled by an equivalent output passive 

load. A pure resistive load is used to take into account a 

unitary power factor operation, whereas resistive-reactive 

equivalent load has been used to test non-unitary power 

factor. In a multi-resonant control structure, when RCs 

having an order higher than the fundamental are used, phase 

effects and magnitude variations become significant, as 

highlighted in Fig. 8. The proposed 3D-RC structure is able 

to completely compensate for the described effects allowing 

a constant-gain constant-phase operation. This particular 

feature becomes important especially when a low switching 

frequency inverter has to be used with low output filter cut-

off frequency.  

Fig. 9 shows the filter Bode magnitude and phase plots at 

different output power with a Power Factor (PF) equal to 

0.866. It can be noticed how inductive-resistive (L-R) loads 

do not affect system stability as they lightly influence the 

complete filter phase and magnitude; on the contrary, as 

depicted in Fig. 9, the resonance remains almost undamped. 

 

Fig. 8. Bode plots of the equivalent output power filter at different loads, 

PF=1. 

 
Fig. 9. Bode plots of the equivalent output power filter at different loads, 

PF=0.866. 

According to the previous analysis, magnitude and phase 

variations due to filter-load interaction are shown in Fig. 10, 

achieved with reference to each harmonic and as a function 

of the equivalent output power. For a better readability, only 

odd harmonics are shown in the range from 15th to 49th. It 

can be noticed that as the harmonic order increases, a 

stronger compensation in terms of magnitude and phase is 

Power increases 



 

  

 

required. Analytical representation of the behavior shown in 

Fig. 10 is used to implement the proposed ACS on the 

Digital Signal Processor. 

Fig. 10. Filter-load magnitude and phase at different output powers for each 

RC frequency position. 

IV. PROPOSED ADAPTIVE CONTROL STRATEGY 

In order to overcome the illustrated drawback introduced by 

the interaction between the inverter output filter and the 

loads, an Adaptive Control Structure (ACS) is proposed for 

this particular application. The ACS is composed by a multi 

3D-RC, where each RC is centered at the desired frequency 

to be regulated. The ACS is able to exploit the benefits of 

the introduced 3-Degree of freedom Resonant Controllers 

(3D-RCs) evaluating the correct controllers magnitude and 

phase. 

According to Fig. 11, the block GRC(n)(s) represents the 

complete transfer function of the multi 3D-RC with phase 

compensation capability as in (2), it is intended as  
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where kir(n), θ(n), cr(n), and 0(n) have been illustrated in (1) 

and (2); h is intended as the maximum harmonic order that is 

included in the multi 3D-RC. In the following, 

MRC(1)…MRC(h) and θ(1)…θ(h) denote respectively the 

magnitude and phase of each RC up to the harmonic order h. 

VSI is modeled as a gain plus a delay equal to 1.5 times 

the switching period and it is represented by the following 

transfer function 
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where Fsw is switching frequency, Vdc the inverter DC-link 

voltage and Km a gain related to the selected modulation 

strategy (0.5 for PWM and 0.57 for SVM or Carrier Based 

PWM). 

In Fig. 11, Gf(s) is the output power filter and equivalent 

load transfer function. It can be achieved with reference to 

Fig. 7, evaluating the complete output voltage-to-input 

voltage transfer function taking into account the load 

behavior. It is obtained evaluating the parallel of the 

impedances related to the selective damper branch, 

switching trap and load, with the main LC filter [18]. 

Finally, GB(s) is a second order low-pass Butterworth type 

filter having a cutoff frequency set to 10 kHz. It is used for 

output voltages measurement. Hence, the resulting transfer 

function is in the following form 
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where f is the filter cut-off frequency. 

 

Fig. 11. Block scheme of the inverter control loop. 

A specific control algorithm is required to compensate for 

both filter magnitude and phase variations. To this aim, the 

tuning strategy requires to know the inverter output 

operating conditions, which means output power as well as 

power factor. Moreover, as the supplied loads can be either 

single-phase or three-phase loads, the control has to regulate 

the output voltage of each phase independently, thus 

operating the three-phase four-leg VSI as three totally 

independent single-phase inverters. The four-leg topology 

has been selected as it allows controlling the voltage of the 

neutral connection providing a three-phase balanced voltage 

system even in case of non-linear and unbalanced loads. In 

order to adapt the control structure to the load conditions, it 

is necessary to evaluate the inverter operating point in terms 

of active (Pout) and reactive (Qout) power supplied to the 

loads. Several algorithms have been proposed so far to 

calculate instantaneous P and Q power [19]-[21]; however, 

they all require a significant increase of the computational 

burden.  

Algorithms based on dq-axes power calculation should be 

avoided even if they require low computational effort, being 

the four-leg inverter devoted to supply both single-phase and 

three-phase unbalanced loads. For these reasons, it was 

chosen to employ an off-the-shelf integrated circuit, as the 

ADE7953 from Analog Devices. It is able to evaluate the 

complete active and reactive power demanded to the loads. 

Complete ACS block diagram, which is able to 

compensate both filter magnitude and phase variations, is 

shown in Fig. 12. The Load & PF Estimation block 

continuously performs the evaluation of the loads active and 

reactive power using the previously depicted ADE7953 

integrated circuit. 

The Filter Analysis block receives the estimated active P 

and reactive Q power supplied to the load and it provides for 

each RC, the magnitude Mf(n) and the phase Ψ(n), that need to 

be compensated. In fact, Mf(n) and Ψ(n) are obtained from  



 

  

 

Gf(s) for the specific frequency where each Resonant 

Controller is centered. In detail, Mf(1) is the magnitude 

variation introduced by the filter-load system Gf(s), that is 

required to be compensated at the fundamental frequency (1st 

order harmonic). Accordingly, Ψ(1) is the phase lagging 

introduced by Gf(s) at the fundamental frequency, that is 

compensated properly by the 1st 3D-RC. In general terms, 

Mf(n) and Ψ(n) represent, respectively, the variations of 

amplitude and phase to compensate and related to the 

harmonic order n, for the estimated operating point being 

characterized by the Pout and Qout power. 

In this manner, the adaptive structure provides the gain 

and the phase values modification for each 3D-RC, within 

the control structure, as a function of the active and reactive 

estimated output power. This allows to compensate for the 

load-filter interactions of each accounted harmonic up to the 

order h. The variations in magnitude and phase to 

compensate for each harmonic, which are included in Gf(s), 

can be estimated on-line by a simple II order polynomial 

curve fitting that can be simply implemented even on 

industrial grade DSP.  

Therefore, the load-filter interaction is evaluated 

accepting a small approximation error against the benefit of 

a lower computational effort. Considering a general 

implementation, the inverter and the Butterworth filter are 

included in the polynomial approximation of the system. 

In the RC Parameter Evaluation block, each RC structure 

is modified according to the requirements proving constant 

behavior in terms of gain and phase shift. For instance, 

MRC(1) and θ(1) represent respectively the final corrected gain 

and the phase of the RC at the fundamental frequency, that 

are calculated in the operating point having Pout and Qout.  

Finally, resonant controllers are discretized and the 

coefficients updated in the Digital Signal Processor (DSP).  

Complete system magnitude and phase Bode plots are 

depicted in Fig. 13, where theoretical results show the 

effectiveness  of  the  proposed  ACS  to  be  used  with  the 

introduced resonant controller form. It can be noticed how 

the system phase is equal to zero at each RCs resonant 

frequency even in case of load variations. Fig. 14 illustrates 

a detailed zoom with the purpose to depict the behavior of 

the high order region implemented RCs. At the RC 

resonance frequency, which is the most critical point being 

the gain at its rated value the system is completely 

compensated. 

 
Fig. 13. System Bode plots achieved at different load conditions. 

 
Fig. 14. Zoom of Fig. 13 centered at the highest order of the RCs. 

 
Fig. 12. Blocks scheme of the proposed adaptive control structure. 



 

  

 

V. EXPERIMENTAL RESULTS 

The ACS allows compensating up to the 50th harmonic, 

being able to use 3D-RC of any order up to 50th. Under the 

same operating conditions, a similar control system, 

developed without ACS and using RCs up to 9th order has 

been successfully tested. However, if RCs with an order 

greater than 11 are employed, the system becomes unstable. 

The result of a first experimental test of the proposed control 

strategy, performed at the no-load condition with 

compensation up to the 15th harmonics, is depicted in Fig. 

15, where the steady-state output phase voltages are shown. 

The steady-state voltage THD is about 0.45% for all the 

three phase-to-neutral voltages.  

 
Fig. 15. Inverter output phase voltages when operating at no-load with the 

auto-tuning algorithm enabled, (100 V/div). 

During the test, phase and gain adaptation algorithm was 

running providing the parameters selected by the initial 

tuning usually performed at no-load condition, where values 

of gains and widths are shown in Table II. However, during 

the transients, the output voltage amplitudes can reach 

values significantly greater than the steady-state ones 

yielding to a system instability generated by the highest 

frequency RCs, namely, the 13th and 15th harmonic 

compensators. Fig. 16 shows the oscillation at about 750 Hz, 

of the 15th order RC, that occurs during the transient.  

 
Fig. 16. Output phase voltage 15th harmonic oscillation during the start-up 

transient. (200 V/div). 

The instability of the system is mainly due to the 

controller discretization that introduces a significant delay in 

the control loop. To compensate for this delay, an additional 

term equal to 1.50(n)s has been added to the phase  of 

each RC avoiding the saturation of the regulators. 

Subsequent tests have been performed, in steady state and 

transient operating conditions, connecting the inverter to an 

AC/DC three-phase diode bridge rectifier with filter LC, as 

shown in Fig. 17.  

TABLE II – 3D-RC INITIAL TUNING PARAMETERS 

Harmonics 0/2 [s-1] kir cr [rad/s] 

1 50 130 0.0030 

2 100 80 0.0015 

3 150 110 0.0020 

4 200 60 0.0015 

5 250 100 0.0015 

6 300 50 0.0015 

7 350 100 0.0010 

8 400 30 0.0010 

9 450 90 0.0010 

10 500 45 0.0010 

11 550 70 0.0010 

12 600 30 0.0010 

13 650 50 0.0010 

14 700 13 0.0010 

15 750 15 0.0009 

16 800 11 0.0003 

17 850 7 0.0008 

18 900 3 0.0003 

19 950 5 0.0007 

20 1000 1 0.0003 

21 1050 3 0.0005 

22 1100 1 0.0003 

23 1150 3/2 0.0004 

24…50 1200…2500 1 0.0003 

 
Fig. 17. Setup for experimental test with 3-phase diodes rectifier load. 

In Fig. 18 are shown the output phase voltages  Van and 

Vbn, phase current a and neutral current  n, with an 

equivalent output power around 9 kW, using ACS with 3D-

RC odd order up to 15th harmonic. In such a condition the 

adaptive control algorithm has demonstrated its 

effectiveness producing a very low phase voltage distortion; 

in particular, the steady-state voltage THD is equal to about 

1.7% on all three phases even if a high distortive load, with a 

crest factor approximately equal to 3, has been applied. 

Disabling the adaptive control algorithm, it has been 

possible to use RCs odd orders up to the 9th harmonic. In this 



 

  

 

configuration a steady-state voltage THD equal to about 

3.2% for all three phases is achieved. 

In order to verify the effectiveness of the control strategy 

a transient tests, with and without adaptive control 

algorithm, have been executed, yielding the results depicted 

in Fig. 19.  

 
Fig. 18. Voltage (200 V/div) and current (20 A/div) waveforms with a 

three-phase diode bridge rectifier load. ACS is enabled. 

 
Fig. 19. Transient output phase voltages (200 V/div): comparison between 

adaptive and standard algorithms for a 9 kW three-phase diode rectifier 

load. 

Comparing the waveforms, it is possible to observe that 

both the control strategies are able to compensate for the 

non-linear behavior of the load. However, the harmonics 

compensation performed by the adaptive control clearly 

improves the output voltage quality after a couple of periods; 

on the contrary, the control system without load adaptation 

does not reach a similar result. This effect is as much 

marked as output power increases leading, as highlighted 

above, to the system instability in case of no load adaptation. 

This problem can be overcome by reducing both the order 

and gain of the RC, thus reducing the controller accuracy in 

compensating the harmonics introduced by load, with a 

consequent increase in voltage THD.  

Making the necessary precautions to reduce the truncation 

and rounding errors on the phase of the discretized system, it 

has been possible use ACS with 3D-RC up to the 50th 

harmonic. Fig. 20 shows the waveforms of the steady-state 

output phase voltages Van and Vbn, obtained with and without 

load adaptive algorithm, when the VSI is loaded by a 3-

phase diode rectifier load having an output power of about 

16 kW. The benefit of the ACS clearly appears on the 

waveform and on the THD values, respectively equal to 

about 1.7% and to 5.9% on all three phases. The illustrated 

difference is related to the higher number of resonant 

controllers included in the multi-RC structure when the 

proposed load-adaptive algorithm is engaged. 

 
Fig. 20. Steady-state output phase voltages (200 V/div): comparison 

between adaptive and standard algorithm for a 16 kW three-phase diode 

rectifier load. 

Finally, it is useful to compare the harmonic contents, 

obtained with the two control strategies, with two 

international standards, namely EN 50160, relating to the 

quality of the distribution network and IEC 61000-2-4, 

concerning the compatibility quality between the distribution 

network and devices. 

Both the harmonic content of the phase voltage Van, 

obtained with the load adaptation (blue) and without (red), 

are compared in Fig. 21a to EN 50160 limits and in Fig. 21b 

to IEC 61000-2-4 ones. It is to notice that the amplitude of 

the individual harmonics obtained with load adaptation are 

smaller than no-adaptation load case. The mask obtained by 

the dotted line delimits the values required by standards. The 

standard EN 50160 sets limits on the amplitude of single 

harmonics up to the 25th and voltage THD lesser than or 

equal to 8%. The IEC 61000-2-4 Class 2 sets limits on the 

amplitude of single harmonics up to the 50th and voltage 

THD lesser than or equal to 8%. In some cases the values of 

the amplitudes obtained without ACS exceed the standards 

limits, whilst using ACS the system is compliant to both the 

considered standards.  

CONCLUSIONS 

A new resonant controller form has been introduced and 

analyzed. Phase compensated RC is able to provide three 

degrees of freedom in designing multi-resonant controller 

based control loops. The presented analysis demonstrates 

how the RC parameters, as gain, width and phase, can be 



 

  

 

selected independently according to the control 

requirements; furthermore, phase compensation at each 

resonant frequency allows the usage of different 3D-RC in 

parallel, improving the stability and accuracy of the system. 

An adaptive tuning strategy, based on the output power 

estimation, has been presented to fully exploit the benefits of 

the 3D-RC. The proposed control system can be 

conveniently used in case of supply distorting or loads that 

are particularly sensitive to voltage variations. The ACS 

present several advantages such as: improvement of the 

output voltage quality, excellent system stability and system 

dynamics independent from the operating point. Finally, the 

on-line load adaptation algorithm can be applied also to an 

inverter-based electricity generation systems, having 

different structures of the filter output power. In fact, the 

transfer function of the filter can be approximated by the 

polynomial fitting method, including new values of the RC 

parameters for adaptation. One possible implementation of 

this algorithm, for future developments, can also be applied 

to a grid-connected system, together with a specific grid 

impedance estimation method.  

 
(a) 

 
(b) 

Fig 21. Output phase voltage harmonic content obtained with (blue) and 

without (red) load adaptation algorithm with respect to standard limits:     
(a) EN 50160; (b) IEC 61000-2-4 Class 2. 
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