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Abstract. This paper presents the analysis and design of an 

innovative control scheme that significantly reduces the Voltage 

Total Harmonic Distortion (THDv) of power inverters connected 

to microgrids working in island mode. The proposed Repetitive 

Two-Degrees of Freedom (R2DOF) control scheme combines the 

advantages of both repetitive and two-degrees of freedom control 

techniques, both controllers reduce the THDv in the presence of 

nonlinear loads. As it is shown in the paper, the inverter 

performance is improved by the proposed concept even when 

strongly nonlinear loads are connected to the microgrid. The 

analysis and design of the whole control system is presented in 

detail. 

 

Key words: Two degrees of freedom control, Repetitive 

controller, Inverter, Microgrids. 

 

I. INTRODUCTION 

ODAY as a result of increased electricity demand, 

governments are promoting new and cleaner power 

generation sources, the so-called renewable energies, such as 

solar, wind, and fuel cells among others. Under this new 

scheme of electricity generation it is necessary to use 

interfaces capable of transferring energy from renewable 

sources to the power grid, as well to feed loads when the 

power grid is absent. Microgrids are able of working in both 

previously described operation modes: grid connection mode 

and isolated mode. Usually, microgrids are composed by low 

and medium voltage systems fed from distributed generation 

sources such as microturbines, fuel cells or photovoltaic 

systems together with energy storage devices and loads [1-2]. 

These systems allow that the energy generation is near to 

consumption points, leading to the Distributed Generation 

(DG) scenario. 

A microgrid is able to import and export energy in a flexible 

manner on the grid, controlling the flow of active power and 

reactive power, as well as managing energy storage. The 

inverters working in a microgrid have the ability to operate 

both in island mode and in grid connected mode. The inverters 

can be parallelized to handle more loads. It is important that  

 

the inverter imposes an appropriate voltage waveform 

operating in island mode [3]. The voltage must comply with  

amplitude and frequency conditions; regardless of the type of 

load is connected. Additionally, an adequate THDv, less than 

5% according to the standar IEEE 519-1992 [4], should be 

ensured. In order to achieve this goal, repetitive [5] and two 

degrees of freedom (2DOF) control [6] have been proposed in 

the past. Both controllers reduce the THDv in the presence of 

nonlinear loads. The current harmonics produced by nonlinear 

loads generate distortion in the voltage waveform, resonance 

and noise in the system [7].  

In this paper the combination of repetitive and 2DOF 

control is proposed for the control of microgrid inverters 

working in island mode, showing the resulting advantages. 

The paper is organized as follows. First, the systems 

description will be presented. Second, the inverter circuit will 

be modeled in order to obtain the transfer functions needed to 

design the control loops. Third, inverter controllers in island 

mode will be designed. Fourth, the controllers will be 

validated by both PSIM
TM

 [8] simulations and experimental 

results. Finally, some conclusions will be drawn.  

II.  SYSTEM DESCRIPTION 

Fig.1 shows an H-bridge inverter operating in island mode. 

The inverter is fed by a photovoltaic panels array followed by 

a DC-DC converter, which provides a regulated DC input 

voltage to the inverter, VDC=400Vdc, when the inverter is 

operating in island mode. The inverter output voltage is 

230     and 50Hz.  Sinusoidal bipolar PWM modulation has 

been chosen for the inverter because it reduces the common 

mode currents (CMC) injected to the load [9].  

Table 1 shows the inverter main parameters. For the design 

of the controllers it is necessary to identify the transfer 

functions of the variables to control. The transfer functions are 

extracted using the technique of PWM switch modeling [10]. 

The mathematical models that allow obtaining the transfer 

functions of interest for the control are presented in the next 

section. 
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Fig.1. Schematic of the inverter in island mode operation. 

 
TABLE I 

PARAMETERS OF THE INVERTER UNDER STUDY 

Parameter Values 

Nominal active power (P) 440 W 

DC Link voltage (VDC) 400V 

Inverter output voltage (VO) 230VRMS 

Inverter output frequency (fg) 50Hz 

Inverter inductance (L) 19 mH 

Inverter output capacitor (C) 600 nF 

Damping resistance (Rd) 5Ω 

Inverter switching frequency (fsi) 20 kHz 

Load resistance (RLOAD) at full power 120 Ω 

 

III. SMALL SIGNAL MODEL  

In this section the inverter circuit is averaged and perturbed 

around its operation point in order to obtain a linear small-

signal model. The inverter load under consideration is 

resistive. 

The inverter dynamics is similar to that of a Buck circuit 

[11], taking into account that in the inverter the operation 

point (D, Vo, IL) varies periodically at 50Hz, as it will be 

shown further.  

Equation (1) shows the relationship between the averaged 

inverter output voltage, vo, and the input voltage, vDC, in terms 

of the averaged duty cycle d. The average of each variable is 

calculated in each cycle of the switching frequency. 

 

       (     )                                 (1) 

 

 Assuming that each averaged variable, x, can be represented 

as:      ̂ , where X is the value of the variable at the 

operation point (either a constant value or a value with 50Hz 

periodic variation), and  ̂ is the small-signal variation around 

the operation point, equation (1) can be rewritten as (2), 

where, D is the duty cycle at the operating point: 

 

    ̂  (     ̂  )  (  (   ̂)   )                (2) 

Separating the operation point (OP) values and the small-

signal terms it is obtained: 

        (     )                                 (3) 

 ̂   ̂   (     )         ̂                (4) 

Similarly, the OP and small-signal terms can be obtained for 

the relationship between the input and the output current. 

 

      (     )                                    (5) 

 ̂   ̂  (     )        ̂                               (6) 

Fig. 2, shows the equivalent model of the inverter around 

the operation point. In this model the averaged variables 

D’(t)=2∙D-1, IL(t) and Vo(t) undergo a slow (50Hz) variation 

in terms of the switching frequency. Indeed, the operation 

point is varying at 50Hz.  Equations (7) and (8) show the 

expressions of the inductor current    and the duty cycle D at 

the operation point. A resistive load has been considered, Zload 

= R, but a general transfer function for the load impedance 

Zload(s) could be used. 
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In (7) and (8) the following expressions are used: |  |  

√(  )
  (     )  ,       (          ) and 

=2∙50 rad/s. 

 

From equations (4) and (6) it is possible to obtain the small-

signal model of the inverter shown in Fig. 3. 

A usual way to control the inverter output voltage is by 

means of two cascaded loops: an internal current loop on  ̂    

and an external voltage loop on  ̂ , as it is shown in Fig. 4. In 

Fig. 4,   ( ) represents the current control loop controller and 

  ( ) is the transfer function of a digital delay of one 

switching period (a digital implementation is assumed) 

defined as: 

+
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Fig.  2. Equivalent averaged model of the inverter around the operation point. 
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Fig.  3. Inverter small-signal model. 
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Fig. 4. Cascaded control loop of the inverter in island mode operation 
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Where,    is the switching period (       ),          

is the current sensor gain,          is the output voltage 

sensor gain and    is the gain of the bipolar PWM 

modulator, given by (10). 

 

   
 

              
                      (10) 

The transfer function of interest for the design of the current 

loop is that from the duty cycle to the output current,      ( ) 

expressed by (11). 

     ( )  
 ̂ 

 ̂
|
 ̂    

 
     

      
                       (11) 

Where   , is the load impedance in parallel with the output 

capacitor (12), and     is the DC_Link voltage. 

 

   (   
 

  
) ‖   

(        )  

   (    )  
                   (12) 

IV. CURRENT CONTROLLER DESIGN. 

 

 For the current loop a P + Resonant controller [12] with the 

following transfer function has been chosen: 

 

  ( )     
        

        (  
 )

                     (13) 

The proportional gain    can be determined by (14), where 

Ci_desired is the desired crossover angular frequency of the 

current loop. In this case it is chosen: Ci_desired = 2·π·1800 

rad/s. 

   
             

           
                             (14) 

For this application the following parameters have been 

chosen:                                 . The 

implementation of this controller produces a current loop with 

the following stability characteristics: fCi = 2.21 kHz (gain 

crossover frequency), PM=64.5º (Phase Margin), GM=8.51 

dB (Gain Margin). The Bode plot of the loop gain of the 

current loop, Ti(s), is depicted in Fig. 5.  
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Fig. 5. Bode plots of the current loop. 

V.  VOLTAGE REGULATOR DESIGN 

A.  Conventional PI  voltage controller 

For comparison purposes a simple PI [13] controller and PI 

+ Resonant controller have been chosen. The design is based 

on the block diagrams of Fig. 4 and Fig. 5, where GV(s) is a 

PI controller and Gvres(s) is a PI + Resonant controller. The 

expression of the PI controller is given by (15). 

 

  ( )          
        

 
                    (15) 

The loop gain, TV(s), of the voltage loop can be obtained as 

(16), where       ( )    ( )   ( )⁄  is the closed loop 

transfer function of the current loop. The term  is the gain of 

the inverter output voltage sensor, =0.006. 

 

  ( )    ( )        ( )                      (16) 

The voltage loop with the PI controller has the following 

stability characteristics: fCv = 815 Hz (gain crossover 

frequency), PM=103º (Phase Margin) and GM=6.53 dB (Gain 

Margin).  

B.  PI + Resonant voltage controller 

A usual method for improving the tracking of the inverter 

output voltage reference is to use a PI + Resonant voltage 

controller [12-13]. The same P + Resonant current controller 

as in section 4. A is used, described by (13) and (14). The 

resulting control block diagram is shown in Fig. 6. The 

voltage is controller aims both to improve the reference 

tracking and to reduce the inverter output impedance at the 

fundamental frequency of the output voltage and its odd 

harmonics, up to the seventh harmonic in this case.  The 

transfer function of the voltage controller is shown by (17).  

 

     ( )   ( )  ∑
       

        (  
 )

 
                 (17) 

In (17), C(s) is a proportional controller with a high 

frequency real pole, designed to perform with the adequate 

gain and phase margins. In this case C(s) = 5472*(1/s+11000). 

The rest of the resonant controller parameters values are 

shown in Table 2. The loop gain, Tv(s)res, of the voltage loop 

can be described by (18). 

  ( )         ( )        ( )                  (18) 

The voltage loop with the P + resonant controller has the 

following stability characteristics: fCv = 920 Hz (gain 

crossover frequency), PM=86.7º (Phase Margin) and 

GM=6.87 dB (Gain Margin).  

C. Two degrees of freedom voltage control with 

repetitive controller (R2DOF) 

In the proposed control the previously described P + 

Resonant current controller (13) (14) is used, but the voltage 

controller is based on a two degrees of freedom control 

(2DOF) [14-15] combined with a Repetitive Controller [16-

17]. The 2DOF control technique can correct disturbances in 

the system and it has a good response to changes in the 

reference signal. 
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Fig. 6. Cascaded control loop of the inverter in island mode operation with PI 

+ Resonant voltage controller. 

 
TABLE  2. 

 RESONANT  CONTROLLER PARAMETERS. 

Harmonic  Gains  BW 

1 K1 25 B1 2·π·0.5 
3 K3 20 B3 2·π·1.5 

5 K5 15 B5 2·π·2.5 

7 K7 10 B7 2·π·3.5 

 

This technique seeks to process the reference signals and the 

output independently, resulting in various methods of tuning. 

2DOF control is more robust that the One Degree of Freedom 

technique. 

Adding a repetitive controller to the 2DOF control scheme 

contributes to the improvement of the disturbance rejection at 

certain frequencies, thus reducing the inverter output THDv. 

Repetitive control, whose operation is based on the Internal 

Model Principle (IMP) [18], is capable of tracking periodic 

references and of rejecting periodic disturbances. The addition 

of this regulator is seeking to maintain the waveform, 

amplitude and frequency of the output signal. 

The design of the proposed control is based on the scheme of 

Fig.7, where it is only shown the voltage loop. The inner 

current loop is closed. In Fig. 7 the block RC(s) depicts the 

repetitive controller, C1(s) is a proportional controller more 

real pole and C2(s) is a P controller. It is possible to deduce 

the following transfer functions, where  ̂( ) represents any 

disturbance of the output voltage:  

 

        ( )  
 ̂ 

 ̂   
|
 ̂( )  

 
         ( )   ( )

  [  ( )   ( )   ( )]         
       (19) 

 

     ( )  
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|
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  (  ( )   ( )   ( ))         
          (20) 

 

The goal of the R2DOF control is to meet the following 

conditions: 

        ( )  
 ̂ ( )

 ̂   ( )
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     ( )  
 ̂ ( )
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                           (22) 
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Fig. 7. Block diagram of the voltage loop with R2DOF Control. The current 

loop is closed. 

The chosen regulators have the following values: 

 

  ( )                                     (23) 

 

  ( )       
 

      
                (24) 

 

  ( )  
 ( )     

   ( )     
                  (25) 

 

 ( )  
 

  

  
  

  

  
   

                        (26) 

 

In (25) and (26), Q(s) represents a second order infinite 

impulse response (IIR) low pass filter. The term        

   (       ) is the cutoff frequency of the IIR filter with   = 

400Hz and a damping factor:         . The transfer 

function      represents a delay of one period of the load 

voltage fundamental frequency (        ), and         is 

the gain of the repetitive controller. 

 The values of fq  and Kr are chosen to maintain adequate 

stability margins. Applying block algebra to Fig. 7, the loop 

gain of the 2DOF voltage loop with repetitive controller 

(R2DOF) can be derived, following (27). 

 

     ( )  [  ( )    ( )    ( )]                 (27) 

The voltage loop gain with R2DOF exhibits the following 

stability characteristics: fCv=954 Hz (gain crossover 

frequency), PM=102º (Phase Margin) and GM=8.21 dB (Gain 

Margin). 

Fig.8 shows the Bode plots of the voltage loop gain with the 

three voltage controllers (PI, PI + Resonant and R2DOF) 

previously described. It is observed that the PI + Resonant and 

R2DOF controls present a high gain of the voltage loop gain at 

the fundamental of the output voltage and at its odd 

harmonics.  

This behavior ensures both a good reference tracking and a 

high disturbance rejection at those frequencies. The same 

cannot be affirmed for the PI controller.  

 

Fig. 8. Bode plots of the voltage loop gain: PI and PI + Resonant voltage 

controller vs. R2DOF voltage control. 
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Fig. 9 depicts the Bode plots of the closed loop voltage 

reference following transfer function (19), Gvo_vref(s), with PI, 

PI + Resonant and R2DOF voltage control. It is observed a 

null error in the reference tracking at the fundamental of the 

output voltage and of its lower odd harmonics (up to the 7TH) 

in the case of  PI + Resonant and R2DOF voltage controllers.  

Note that at those frequencies the phase of Gvo_vref(j)  is 

close to 0º for the PI + Resonant and R2DOF controllers, 

whereas it is observed a negative phase with the PI controller. 

VI. INVERTER OUTPUT IMPEDANCE  

In order to illustrate the advantages of R2DOF voltage 

control, the inverter closed-loop output impedance is 

calculated. First, the inverter open-loop output impedance, 

     ( ), must be deduced. This is done by analyzing the 

small-signal model of Fig. 3 and the control scheme of Fig. 4. 

The transfer function      ( ) is calculated assuming 

 ̂    ̂    and a constant voltage at the DC_Link.  

Za(s), expressed by (28), is the impedance connected to the 

right side of the filter inductor (see Fig. 3).  

 

  ( )  
  (        )

    (    )  
              (28) 

 

Applying Kirchhoff laws to the small-signal model of Fig. 3, 

and taking into account that  ̂     the following equations 

are derived:  

      
 ̂ 

 ̂ 
                      (29) 

 

where  ̂  represents a disturbance in the inverter output 

current (see Fig. 3). When the voltage loop is open ( ̂   ), 
(30) can be derived from Fig. 4. 

 

 ̂   ( )   ̂                         (30) 

 

Where,  ( )           ( )    ( )       

 ̂  ( ̂   ̂ )                          (31) 

Fig. 9. Bode plots of the voltage reference following transfer function, 

Gvo_vref(s): PI and PI + Resonant voltage controller vs. R2DOF voltage 

control. 

Considering: 

      ( )   ̂       ̂   ̂                 (32) 

Solving  ̂  from (32) results in (33)    

 ̂  
 ̂ 

      ( )    
               (33) 

Substituting (33) in (31) results in (34) 

 ̂  (
 ̂ 

      ( )    
  ̂ )             (34) 

(35) is obtained from (34) 

 ̂  (  
  

      ( )    
)    ̂            (35) 

Finally, from (35) it is obtained the inverter open loop output 

impedance, expressed by (36): 

 

      
 ̂ 

 ̂ 
|
 ̂   

 
   (      ( )    )

      ( )       
               (36) 

 The inverter closed loop output impedance is given by (37), 

where TV(s) is given by (16) in the case of a conventional PI 

voltage controller, by (18) (Tv(s)res) in the case of a PI + 

Resonant controller, or by (27) (TVext(s)) in the case of a 

R2DOF controller.  

 

     ( )  
 ̂ 

 ̂ 
|
 ̂    ̂     

 
     ( )

    ( )
              (37) 

Fig. 10. shows the Bode plots of the inverter closed-loop 

output impedance with PI, PI + Resonant voltage controller 

and R2DOF voltage control. If the voltage controller is a PI 

one, ZO-CL(j) has an inductive behavior at low frequency. 

In the case of PI + Resonant and R2DOF voltage control, 

ZO-CL exhibits a very low value at the fundamental of the 

output voltage and of its odd harmonics. Note that odd current 

harmonics are generated by nonlinear loads like rectifiers. 

Besides, it is observed a 0º phase of ZO-CL(j) at these 

frequencies, i.e. the inverter output impedance is resistive at 

the frequency components of the load current.  

 

 
Fig.10. Bode plots of        with PI and PI+Resonant voltage controller vs. 

R2DOF voltage control 

 



Noviembre 2 ,7 28 29y
Medel l ín ColombiaMedel l ín Colombia

VI
IS

im
po

si
o

In
te

rn
ac

io
na

ls
ob

re
VI

I
20

13EPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

6 

The results justify the application of PI + Resonant and 

R2DOF control. As it will be shown in the following, PI + 

Resonant and R2DOF voltage control exhibits a better load 

disturbance rejection than the PI controller, reducing the 

distortion of the inverter output voltage, especially when 

nonlinear loads are connected.  

VII. SIMULATION RESULTS  

Simulations were conducted by means of PSIM
TM

 software. 

Fig. 11 shows the voltage and current at the inverter output 

with R2DOF voltage control, feeding a 315W resistive load 

(170Ω) at an inverter output voltage of 230VRMS. It is 

possible to observe a good performance of this controller with 

a THDv = 0.5 %. The results with PI and P + Resonant 

controllers feeding the same load are similar, exhibiting a 

THDv value of 0.9 % and 0.7 %, respectively.  

Fig. 12 shows the inverter output voltage and current, 

respectively, with PI voltage controller feeding a nonlinear 

load composed by a single phase diode bridge rectifier with a 

filter capacitance of Cf =90µF in parallel to a 680Ω resistance. 

The crest factor of this load is CF=4.2 and the apparent power 

is S=130 VA when connected to an ideal 230 VRMS voltage 

source. A low performance is observed, with a THDv = 9.2 %. 

Note that IEEE Standard 519-1992 allows a maximum THDv 

of 5%. This Standard establishes limits for harmonic voltages 

on the utility transmission and distribution system, as well as 

for harmonic currents within industrial distribution systems. 
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Fig. 11. Voltage and current at the inverter output with a R2DOF control. 
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Fig. 12. Voltage and current at the inverter output with nonlinear load, PI 

controller. 

Fig. 13 shows the inverter output voltage and current, 

respectively, with PI + Resonant voltage controller feeding the 

previously described nonlinear load. It exhibits a THDv = 5.2 

%.  

Fig. 14. shows the voltage and current at the inverter output 

with R2DOF voltage control, feeding the previously described 

nonlinear load. It presents a good performance, obtaining a 

THDv = 2.2 %. 

Fig. 15 shows the comparative harmonics contents of the 

inverter output voltage supplying the previously defined 

nonlinear load with both controllers. R2DOF control reduces 

the THDv from 9.2 % (PI) and 5.2 % (PI + Resonant) to 2.2 

%.  
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Fig. 13. Voltage and current at the inverter output with nonlinear load, PI + 

Resonant controller 
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Fig. 14. Voltage and current at the inverter output with. nonlinear load, 

R2DOF control. 

 
 

Fig. 15.  R2DOF control vs. conventional PI and P + Resonant controller.  

Harmonics of the inverter output voltage supplying a nonlinear load. 
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VIII.  CONCLUSIONS  

In this paper it is presented the design, implementation, 

simulation and experimental results of an innovative 

Repetitive Two-Degrees of Freedom (R2DOF) control scheme 

applied to the output voltage loop of grid-isolated single-phase 

inverters working in a microgrid. This scheme combines the 

disturbance rejection properties of two control techniques: 

repetitive and 2-degrees of freedom control. Simulation and 

experimental results show that the proposed control scheme 

can effectively reduce the output voltage distortion produced 

by the current harmonics produced by strongly nonlinear 

loads. The THDv at inverter output for a nonlinear load with a 

crest factor of CF=4.2 is reduced from 9.2% with a PI 

controller and 5.2 % with a PI + Resonant controller to 2.2% 

with R2DOF control. The proposed control widely fulfills the 

IEEE 519-1992 norm. 
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