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Abstract  

 

This study examines a P+multi resonant-based voltage control for voltage harmonics compensation under the islanded mode of 
a microgrid. In islanded mode, the inverter is defined as a voltage source to supply the full local load demand without the 
connection to the grid. On the other hand, the output voltage waveform is distorted by the negative and zero sequence 
components and current harmonics due to the unbalanced and nonlinear loads. In this paper, the P+multi resonant controller is 
used to compensate for the voltage harmonics. The gain tuning method is assessed by the tendency analysis of the controller as 
the variation of gain. In addition, this study analyzes the slight voltage magnitude drop due to the practical form of the P+multi 
resonant and proposes a counter method to solve this problem by adding the PI-based voltage restoration method. The proposed 
P+multi resonant controller to compensate for the voltage harmonics is verified through the PSIM simulation and experimental 
results. 
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I. INTRODUCTION 

A microgrid is an integration of a RESs (renewable energy 
sources), such as photovoltaic or wind power generators and 
fuel cells, with engine generators, batteries, etc. that has been 
applied because of its flexibility and capability as a reliable 
power supply [1]-[6]. Therefore, the DG (distributed 
generation) based inverter, which is one of main equipment in 
a microgrid, has also been used. 

Normally, the DG based inverter is defined as a current 
source in grid-connected mode [7]. In this mode, the 
attenuation of the current harmonics is possible by installing 
a L or LCL filter at the inverter output. On the other hand, a 
grid-connected inverter with a L or LCL filter needs to 
operate instantly as a voltage source after being disconnected 
from the main grid due to grid faults or strategic islanding [8]. 
In islanded mode, the inverter is defined as a voltage source 
to supply the full local load demand in place of the main grid. 
For the islanded mode of the inverter, however, the system 
modeling can be varied according to the location of the local 
load. Fig. 1 shows the grid-interactive inverter with a LCL 

filter, which has a local load. The local load can be located 
before or after the grid side inductor (Lg). If the local load is 
located between Lg and grid, it increases the system 
impedance due to the injection of Lg into system modeling. 
This increase in impedance can sometimes cause degradation 
of the control response. (Note that lower and higher output 
impedance have an advantage for the voltage and current 
control, respectively). In addition, the load voltage regulation 
also can be distorted due to the voltage drop of Lg. This is 
because the voltage sensing of the filter capacitor is common 
instead of sensing the load voltage in the case of a 
grid-interactive inverter. In this regard, the sine and cosine 
tables and the vector diagram-based capacitor voltage 
reference calculation method was proposed for the load 
voltage power quality in [9], [10] when the load is located on 
the output of the LCL filter. Nevertheless, this method for 
maintaining the load voltage quality is still difficult to 
implement, particularly when the inverter supplies a 
nonlinear load. Therefore, the local load location in this paper 
has been considered as the output of the LC filter to avoid not 
only increasing the impedance but also the complexity of 
modeling for voltage control under islanded mode. 

The ultimate aim of inverter voltage control with a LC 
filter is to maintain the robustness and reliability for the 
regulation of the output voltage; however, there are some 
limitations in meeting the output voltage regulation [7]. 
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Firstly, its fast and robust voltage control are not guaranteed 
due to the non-zero output impedance characteristics of the 
output LC filter [7], even though the output impedance of the 
LC filter is smaller than the impedance of the LCL filter. 
Secondly, because the local load is located at the inverter 
output, which is composed mainly of nonlinear loads or 
occasionally unbalanced loads, it can cause the distortion of 
the output voltage, which affects the voltage regulation and 
the life span of the critical loads [7], [11], [12]. This is 
because local loads fed from an AC inverter generate the 
current harmonics if they are nonlinear loads and the negative 
and the zero sequence harmonics if an unbalanced component 
also occurs. 

To solve the abovementioned problems, there have been 
several studies on multi-looped controllers, which can 
achieve the fast dynamic response or harmonics 
compensation possible despite the inverter output filter [7], 
[8], [11]-[17]. The double loop controller with an outer PI 
voltage loop and an inner P or PI current loop was introduced 
for the operation of a parallel UPS [13]. In [14], the PI-based 
voltage control, which included the harmonics compensation 
term, was proposed. This also guaranteed the transient 
dynamics using the inner current feedforward term instead of 
the inner current loop. The nonlinear and unbalanced 
components caused by local loads were compensated for [14]. 
On the other hand, the harmonics compensation using PI 
control is quite complicated because it requires a band-pass 
filter and PLLs (phase-locked loops) for each harmonic 
frequency. In addition, it cannot control the positive and 
negative sequences simultaneously using only one controller 
[18]. To avoid this complexity, the PR (P+resonant) based 
output voltage controllers, which can control both the 
positive and negative sequences simultaneously, were 
considered [11], [12], [15]-[19]. References [15], [16], [19] 
describe its characteristics and how the PR control can be 
possible under a stationary reference frame. In [11], [12], [17], 
the P+multi resonant (P+MR) controller (Fig. 2) has been 
selected with a multi-loop topology for the regulation of 
voltage control and analyzed the performance of voltage 
regulation to meet the rapid dynamics and harmonics 
compensation under the nonlinear and unbalanced load 
conditions. However, it is neglected how to design 
parameters of the PR controller and its specific control 
characteristics. In [7], [8], the P+MR control was selected 
with the specific system modeling to determine the gain 
parameters properly. On the other hand, its system analysis 
was insufficient to understand the various response 
tendencies according to each control gain variation. In 
addition, the voltage magnitude tracking had a steady-state 
magnitude error because it used the practical form of PR 
control which added a low pass term to the ideal PR control 
[19].  

In this paper, the P+MR based multi loop control  

 
 

Fig. 1. System configuration according to load location. 
 

 
 

Fig. 2. Bode plot of P+MR voltage controller. 

 
coordinated in αβ- and abc-frames is selected to compensate 
for the voltage harmonics with a rapid dynamic response 
referred in [7], [8]. The controller gains based on specific 
modeling are tuned using the bode plot and root locus.  

Unlike [7], [8], changes of each control gain are added 
under the root locus-based control gain selection criteria to 
analyze the characteristics of each gain and mutual influence. 
This analysis is extended to the Bode plot-based P+MR term 
to make gain optimizing be possible to handle the unexpected 
variable occurrences, such as system parameter mismatch, etc. 
In addition, the simple PI-based magnitude restoration term is 
added by modifying the voltage reference adaptively to 
maintain the regulated voltage magnitude as its rated value in 
islanded mode, because the regulated output voltage 
magnitude error can occur by decreasing the control gain due 
to the use of practical PR control, which includes the 
low-pass term.  

Finally, the proposed algorithm for the P+MR resonant 
compensation is verified and it is concluded that their proper 
gain selection and voltage restoration method can guarantee 
the output voltage quality with simple implementation 
through a comparison with the PI-based harmonic 
compensation method. For the verification, PSIM simulations 
are applied for a 90kW inverter and a 600W laboratory scaled 
setup is used for experiments. 

 

II. CONTROLLER DESIGN 

The P+MR controller is used to compensate for the 
harmonic components in this paper. The controller is 
composed of an outer P+MR voltage control loop and an 
inner proportional current control loop for zero steady-state 
error and enhancing the system transient dynamic, 
respectively. As mentioned in section I already, this paper 
proposes how to select the gain parameters. The gain 
selection sequence can be summarized as followings:  
1) The inner current proportional gain, Kc_p , must be  
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Fig. 3. Block diagram of inner current control loop. 
 

 
 

Fig. 4. Root locus of current control loop with various Kc_p. 

 
selected firstly to realize the fully LC resonance 
damping. 

2) The cut-off frequency, ωn.cut , has to be designed after 
considering the available operating frequency boundary. 

3) The proportional voltage loop gain, Kp , can be selected 
to meet the proper damping ratio for the transient 
dynamic response. As mentioned in many PR related 
researches, the transient dynamic response can be 
affected by Kp. 

4) The resonant gain variation-based root locus has to be 
considered with ‘0’ value of Kp. Here, the operator has 
to select any resonant gain values which satisfy ‘1’ 
damping ratio. Therefore, the selected fundamental 
resonant gain value rarely affects the transient dynamic. 
And then the harmonic resonant gain can be obtained by 
adding the harmonic resonant control term to the PR 
control characteristic equation compromising between 
the control performance and the system stability. 

A. Design of Voltage Controller with Inner Current Control 
Loop  

Fig. 3 presents a block diagram of the inner current 
controller. Here, Kc_p and Kpwm represent the proportional gain 
of the current controller and the PWM gain, respectively. G(s) 
represents the LC filter transfer function when the output 
current, Io, is assumed as a disturbance. On this, G(s) can be 
written as follows: 
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Fig. 5. Bode plots of open loop transfer function of voltage 
control loop with different Kc_p. 

 

Fig. 4 shows the root locus from equation (2) according to 
various Kc_p when Kpwm is assumed to be ‘1’ [11]. As shown in 
this figure, all oscillation characteristics can be eliminated 
entirely for Kc_p ≥ 0.17. Fig. 5 shows the Bode plots of the 
transfer function of the open loop voltage controller with 
different values of Kc_p derived from Fig. 4. As shown in this 
figure, all resonant oscillations are eliminated when Kc_p is over 
0.17, but the resonance oscillation becomes serious at the LC 
resonant frequency when Kc_p  changes from 0.169 to 0.01. The 
control action can be decreased as the entire gains of the other 
frequencies become lower, and it would be more unstable, 
which becomes closer to the threshold value, -180˚. This means 
that the system can be unstable due to the considerable 
resonance at the LC resonant frequency. Therefore, Kc_p is 
selected as 0.17, which satisfies the elimination of all 
oscillations and the minimum bandwidth of the controller. In 
other words, all oscillation elimination and proper control 
margins can be guaranteed with this value. Equation (3) is used 
for voltage control.  
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Equation (3) is the transferred stationary term from PI 
control under a synchronous dq frame. The equation includes a 
low pass filter to make the ideal PR control more practical. 
Therefore, it is more robust for small frequency changes. 
Equation (3) also includes a ‘s’ term in the nominator of 
resonant controller, so it has a larger phase margin and 
guarantees better dynamic performance than that without the 
‘s’ term [19], [20]. Here, Ki,1ω1,cut is the resonant gain of 
voltage controller for nth frequency. As shown in Fig. 2, the 
controller has large gain on the frequencies at each order of 
harmonics to compensate for the harmonics generated from the 
unbalanced and nonlinear loads. Therefore, the 1, 3, 5, and 7th 
harmonics can be compensated by P+MR voltage controller 
under the islanded mode. In this paper, the inner proportional 
current controller is added to enhance the aforementioned 
system transient dynamic, as shown in Fig. 6. On the other 
hand, the proportional current loop causes a significant phase  
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Fig. 6. Configuration of P+MR controller in islanded mode. 
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Fig. 7. Block diagram of outer voltage control loop. 
 

shift at the operating frequency. Therefore, the large 
voltage loop controller gain is essential to compensate for the 
phase shift and ensure the negligible steady state error [11].  

Fig. 7 shows the closed loop block diagram of fundamental 
component voltage control [7], [8], [11]. The closed loop 
transfer function can be obtained in common with the case of 
the inner current loop. 

B. Design of Cut-Off Frequency, ωn,cut 

When the inverter is operated under the grid-connected 
conditions, the inverter generates a current synchronized by the 
phase of the grid voltage. However, the grid frequency is not 
fixed correctly at 60Hz and may change within the operating 
frequency range in the steady state of grid-connected mode. 
Therefore, the ideal PR control with a fixed resonant frequency 
is unsuitable for the grid-connected mode control under a 
weak-grid which sometimes shows the fluctuation of the grid. 
These problems could be improved by using the PI control 
under a synchronous dq frame or the PR control with dynamic 
resonant frequency to synchronize adaptively the grid 
fluctuation [21], [22]. 

In the islanded mode operation of a microgrid, the voltage 
reference is fixed. Therefore, the output frequency changing 
problem under the islanded mode is not as serious as that in the 
grid-connected mode. This is because the frequency change 
under the islanded mode occurs intermittently within a stable 
operating frequency region. Although inverters use the droop 
control to share the output power by changing the frequency 
and magnitude intentionally, this changeable region of 
frequency is within the stable region by constant voltage and 
frequency by microprocessor. Therefore, in the islanded mode, 
the practical PR control form with ωn.cut as shown in equation 
(3) is sufficient to meet the stable output voltage regulation for 

both transient and steady-state of islanded mode [19], [23]. 
The cut-off frequency for fundamental component, ω1,cut, 

and that for the harmonic frequency components, ωn,cut, can be 
designed using the following equations [7], [8]: 
 

.n cut

on





                     (4) 

5. 1.5cut cut                    (5) 

7. 1.7cut cut                    (6) 
 

From equation (3), the damping factor, ,  and the cutoff 

frequencies of the PR controller are defined by equations (4) 
to (6). In this paper, the fundamental cutoff frequency ω1.cut  

has been designed to cover ±1% of frequency offset. 
Therefore, ω1.cut can be designed as 1. 2 60 1%    cut  

3.769 4  rad/s [24]. The cutoff frequencies of harmonic 

terms have been designed as equations (5) and (6), and they 
have to meet the same damping ratio for the cutoff 
frequencies of harmonic terms as that for the fundamental 
frequency. 

C. Selection of PR Voltage Control Gain 

To select the PR voltage gain, there was a study based on 
the entire closed loop transfer function of voltage control [8]. 
The resonant gain was assumed to be ‘0’ and the proportional 
gain was selected when the damping ratio reached 0.707 by 
changing the proportional gain. The proper resonant gain was 
then selected through the root locus as the same method after 
assuming ‘0’ proportional gain. On the other hand, this 
method was not enough to verify that the system dynamic 
response is dependent mainly on the proportional gain. In 
addition, it could not cover the error due to the mismatch of 
the plant parameters, because this research was carried out 
without tendency analysis according to the variation of each 
gain. Therefore, in this paper, as extended from gain selection 
method of [8], the tendency according to each gain and the 
mutual influence of gains have been analyzed through both 
the proportional gain sweep-based root locus with different 
resonant gain and resonant gain sweep-based root locus with 
different proportional gains. 
 Fig. 8 shows the root locus with the variation of resonant 

gain for the different proportional gain. As shown in this 
figure, the root moves to the direction of the right half plane 

with increasing resonant gain. ① in Fig. 8 is the root locus 

when the proportional gain is as ‘0’. 
Here, considering the unexpected parameter mismatch, the 

resonant gain in this paper has been selected as 4660 within 
the resonant gain values, which makes the damping ratio ‘1’ 

based on the ① root locus. The locus variation from ① to 

④ has the same directional nature with a proportional gain 

increase and their damping ratio decreases at the point with 
the ‘0’ resonant gain values. This means that the more system 
dynamic response can be improved, the larger proportional  
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Fig. 8. Root locus with variation of Ki,1ω1,cut for different Kp. 
(Arrow direction indicates increasing Kp: ① 0, ② 1, ③ 3, ④ 
6)  

 

 
 

Fig. 9. Root locus with variation of Kp for different Ki,1ω1,cut. 
(Arrow direction indicates increasing of Ki,1ω1,cut :① 0, ② 
4660, ③ 20000, ④ 60000)  

 
gain is. Furthermore, as shown from the point where the 
horizontal axis is ‘0’, the resonant gain of the system 
instability critical point increases with increasing proportional 
gain. In other words, under the same resonant gain, the phase 
margin will be boosted at the crossover frequency under the 
PR voltage control transfer function-based bode plot. On the 
other hand, an excessive increase in proportional gain is not 
preferred due to the limited switching frequency. Therefore, 
the proportional gain selection needs to be carried out 
considering the tradeoff between the sufficient control margin 
and dynamic response. 

Fig. 9 shows the proportional gain variation-based root 
locus under different resonant gains. In common with Fig. 8, 
the proportional gain increases with decreasing the system 
damping ratio. The arrow direction indicates the increase of 
the resonant gain and each point (dot), which has the same 
proportional gain, moves to almost to the right half plane and 
their y-axis value is not changed significantly compared to 
the changes in the x-axis. In other words, the increase in 
resonant gain is related to the y-axis of the root locus, which 
results in the system dynamic response, but it is very little 
compared to the proportional gain changes to the dynamic 
response. This means that an increase in resonant gain 
decreases the phase margin on the crossover frequency with 
the same proportional gain. Therefore, an increase in resonant 
gain can improve the control performance under a 
steady-state and can cause system instability due to the 
decrease in phase margin. Therefore, the resonant gain needs 

 
 

Fig. 10. Bode plot of voltage controller with harmonics 
compensation:  Kp=6, Ki.3,5,7∙ω3,5,7.cut=8 102, 8 103, 8 104. 
(arrow direction indicates increasing value of Ki.3,5,7∙ω3,5,7.cut)  
 
to be selected after compromising between the phase margin 
for stability and the control performance under the steady 
state.  

Finally, it is verified that the dynamic response of the PR 
voltage control is affected mainly by the proportional gain. 
Therefore, in this paper, the proportional gain has been 
selected as 6, of which the system damping ratio satisfies 
0.707 when the resonant gain is ‘0’ as shown in Fig. 9. 

This can be extended to harmonics compensation. Fig. 10 
shows the bode plot of the open loop transfer function of the 
voltage controller for harmonics compensation with various 
resonant gains. The vertical line represents each harmonic 
frequency. From this figure, the proper harmonic resonant gain 
can be obtained with the appropriate phase and gain margins. 
Otherwise, it can cause the system instability, leading to system 
oscillation. If it has lower resonant gain, the ability of 
harmonics compensation will decrease in proportion to the 
resonant gain value. Each harmonics resonant gain may be 
different according to the amount of each harmonic or strategic 
tuning of the phase margin to satisfy the system stability.  

For more detailed system analysis, the proportional gain, Kp, 
and inner current loop proportional gain, Kc_p, of the voltage 
controller is varied in Figs. 11 and 12, respectively. As shown 
in Fig. 11, the proportional gain of the voltage controller 
affects the gain in all frequency ranges except for fundamental 
and harmonics frequency region, which is different from Fig. 
10. In Fig. 10, the resonant gain variation only affects the 
fundamental and harmonic frequency region. This means that 
the voltage proportional gain variation affects mainly the 
transient dynamic and does not affect the steady state voltage 
regulation. On the other hand, the resonant gain variation only 
affects the steady state voltage regulation and phase margin. 
Fig. 12 shows the bode plot of the voltage control when the 
inner current loop proportional gain varies. Here, the inner 
current loop gain, Kc_p, variation affects the gain at the 
fundamental and harmonic frequencies. Therefore, it also 
affects the dynamic characteristics and the steady state voltage 
regulation performance. Hence, it is important to design the 
system modeling with the correct parameter as well as to 
consider the all frequency factors, such as the LC resonance, 
control bandwidth, the crossover frequency and the switching 
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Fig. 11.  Bode plot of voltage controller with harmonics 
compensation:  Kp=1, 6, 36, Ki.3,5,7∙ω3,5,7.cut=8 103. 
(arrow direction indicates increasing value of Kp) 
  

 
 

Fig. 12. Bode plot of voltage controller with harmonics 
compensation: Kp=6, Ki.3,5,7∙ω3,5,7.cut= 8 103, Kc_p=0.01, 0.17, 1. 
(arrow direction indicates increasing value of Kc_p)  

 

frequency, etc. 

D. Proposed Restoration Method for Voltage Regulation 

Fig. 13 shows the effect of the proposed method for the 
d-axis component of the output load voltage, which 
represents the magnitude information in islanded mode. The 
magnitude of output load voltage is decreased with the 
conventional voltage reference, Vref. This is caused mainly by 
using the practical PR control (solid line) in Fig. 14. As 
shown in this figure, the ideal PR control (dot line) is quite 
sensitive to the frequency variation because it has the very 
overlarge gain within a narrow frequency band. Therefore, 
the practical PR control achieved by combining with the 
low-pass filter can be adopted to supplement the disadvantage 
of the ideal PR control. This practical PR control, however, 
causes incorrect tracking of the rated voltage magnitude due 
to the decrease in the control gain magnitude at the center 
frequency, 60Hz, as shown in Fig. 14. (Note that this 
characteristics due to the decrease of gain on the center 
frequency does not affect the rated voltage tracking under the 
grid-connected mode because the output current PR 
controller autonomously can regulate the output voltage to 
supply the reference current to the grid of which the 
equivalent impedance is relatively small under the 
grid-connected mode.) Therefore, the modified method for 
generating the reference output voltage using a low pass filter 
is proposed to maintain the output voltage as a rated value 
adaptively. The proposed method is modeled to be effective 

 
 

Fig. 13. Simulation result of d-axis of load voltage under 
islanded mode with conventional and proposed voltage 
reference.  
 

 
 

Fig. 14. Bode plot of ideal and practical PR controller. 
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Fig. 15. Proposed whole control scheme with implementation of 
voltage restoration. 

 
just under the islanded mode, and it can be carried out by 
adding the PI control output of the voltage magnitude 
error to the conventional magnitude of the reference, as 
shown in Fig. 15. Therefore, with the new voltage reference 
obtained from the proposed control algorithm, the d-axis 
component of the output load voltage is improved as shown 
after 0.6s in Fig. 13.  

In addition, the other gain attenuation issue occurs under 
the grid connected mode due to the change of the grid 
frequency. In this case, the PR control with dynamic resonant 
frequency [21], [22] or P+ Lattice control [25], which has the 
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TABLE I 
SIMULATION PARAMETER 

Parameters Value Unit 

Rated active power 90 kW 

DC link voltage 158 V 

Rated output voltage  73.4 V 

Switching frequency 4 kHz 

Filter capacitor, Cf 2100(Y),700(Δ) μF 

Inverter side inductor, Li 15 μH 

PI 
control 

gain 

1st 
Controller 

Voltage 1 , 500 Ω-1 

Current 0.08, 16 Ω 

harmonic compensation 0.5 , 0.01 None 

PR 
control  

gain 

P gain(Kp), P gain (Kc_p) 6 , 0.17 Ω-1, Ω 

Resonant gain (1st) 4660 Ω-1 

Resonant gain (3th) 8000 Ω-1 

Resonant gain (5,7,11th) 8000 Ω-1 
Cut-off Frequency  

( )
4,12, 20, 28,44 rad/s 

 
different discretization and control form from the PR control, 
may be used to synchronize the grid fluctuation adaptively. 
 

III. SIMULATION RESULTS  

Table I lists the system parameters for the simulation. In this 
study, the performance of controllers to supply the sinusoidal 
output voltage under a nonlinear and unbalanced load is 
analyzed through the PSIM simulation.  

Fig. 16 shows the conventional PI control performance 
supplying a nonlinear load without harmonics compensation. 
Fig. 16(a) shows the output voltage waveform distorted by the 
nonlinear load. Fig. 16(b) shows the result of FFT analysis of 
phase-A voltage and its THD is 15.2%. Fig. 17 presents the 
performance of PI control with 5th and 7th harmonics 
compensation. After harmonics compensation, the THD can be 
improved to 4.4%.  

Fig. 18 shows the performance of P+MR control supplying a 
nonlinear load with the harmonics compensation method. The 
5th and 7th harmonics are compensated well and the THD is 
3.9%. The difference in the THD compensation performance in 
Figs. 17(b) and 18(b) can be reduced by changing each integral 
(I) of the PI controller and resonant (R) harmonic gain of the 
PR controller. In other words, the performance of harmonics 
compensation does not depend on the type of controller and it 
depends mainly on the size of the harmonics compensation 
gain. Fig. 19 represents the P+MR control performance 
supplying an unbalanced and nonlinear load with a 3rd 
harmonics compensation. As shown in Fig. 19(a) and (b), 
there is the 3rd harmonics before compensation, but it is 
eliminated after the compensation, as shown in Fig. 19(c) and  
(d) with a 4.4% THD. Fig. 20 shows the simulation results of 
the P+MR control performance with 0.01 Kc,p which is less 
than the selected value of 0.17. As shown in this figure, the 
controller cannot eliminate the LC resonance effect, as 
mentioned in Figs. 5, 6, and 12. Therefore, the 17th harmonics 
component becomes very large because it is close to the LC 

 
                       (a) 

 
                        (b) 

 

Fig. 16. Simulation results of PI control performance supplying 
non-linear load without harmonics compensation: (a) Output 
voltage waveforms, (b) FFT of output voltage. (THD: 15.2%). 

  

 
(a) 

 
(b) 

 

Fig. 17. Simulation results of PI control performance supplying 
non-linear load with 5th and 7th harmonics compensation: (a) 
Output voltage waveforms, (b) FFT of output voltage. (THD: 
4.4%). 

 

 
(a) 

 
(b) 

 

Fig. 18. Simulation results of P+MR control performance 
supplying non-linear load with 5th and 7th harmonics 
compensation: (a) Output voltage waveforms, (b) FFT of output 
voltage. (THD: 3.9%). 
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(c) 

 

 
(d) 

 

 
(e) 

 

Fig. 19. Simulation results of P+MR control performance 
supplying unbalanced and non-linear load: (a) Output voltage 
waveforms with 5th and 7th harmonics compensation, (b) FFT of 
output voltage of (a) (THD: 4.9%), (c) output voltage waveforms 
with 3rd, 5th, 7th harmonics compensation, (d) FFT of output 
voltage of  (c) (THD: 4.4%), (e) distorted unbalanced and 
nonlinear load current of (c). 
 

 
(a) 

 

 
(b) 

 

Fig. 20. Simulation results of P+MR control performance 
supplying non-linear load with 0.01 Kc,p: (a) Output voltage 
waveform with 5th and 7th harmonics compensation, (b) FFT of 
output voltage. (THD: 14%) 

 
(a) 

 

 
(b) 

 

Fig. 21. Simulation results of P+MR control performance 
supplying unbalanced and non-linear load: (a) Output voltage 
waveforms with a 3rd, 5th , 7th and 11th harmonics compensation, 
(b) FFT of output voltage of (a). (THD: 4.2%) 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Fig. 22. Simulation results of P+MR control performance 
supplying unbalanced and non-linear load when load changes 
(90kW⟶45 kW⟶90kW): (a) Output voltage waveforms, (b) 
load current waveform, (c) output active power.  
 

resonant frequency. In addition, 11th harmonics compensation 
term is also considered in Fig. 21. As shown in this figure, its 
THD compensating performance is improved comparing with 
that when only the 3rd, 5th, and 7th harmonics terms exist (THD: 
4.4→4.2). This is because the 11th harmonics component has a 
small effect in the entire THD component initially and its phase 
margin by adding the 11th harmonics compensation term is 35°, 
which is lower than the 50° phase margin at which only the 3rd, 
5th, and 7th harmonics terms are used, which represent slightly 
unstable system than before. Hence, the addition of the 11th or 
further 13th harmonics compensation term is needed under the 
compromise between the system stability and harmonics 
compensation performance. 

Fig. 22 shows the output voltage, load current and output 
active power to analyze the transition response characteristics 
when an unbalanced and non-linear load changes from 90kW 
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Fig. 23. Pictures of experimental setup: (a) LC filter and sensor 
part, (b) inverter IGBT stack and DSP part, (c) nonlinear load 
part. 

 
TABLE II 

EXPERIMENTAL PARAMETER 

Parameters Value Unit 

Rated active power 600 W 

DC link voltage 400 Vdc 

Rated output voltage  158 Vrms 

Switching frequency 5 kHz 

Filter capacitor, Cf 40(Y) μF 

Inverter side inductor, Li 3 mH 

PR 
control  

gain 

P gain(Kp), P gain (Kc_p) 0.0354 , 16 Ω-1, Ω 

Resonant gain (1st) 30 Ω-1 

Resonant gain (3th) 50 Ω-1 

Resonant gain (5,7th) 50 Ω-1 
Cut-off Frequency  

( )
4, 12, 20, 28 rad/s 

 
to 45kW and from 45kW to 90kW at 0.5s and 1s, respectively. 
This figure shows that it reaches the steady-state with a rapid 
dynamics under the load changes. These results confirm that 
the gain selection under the criteria in this paper satisfies the 
stable transition response and the effective harmonic 
compensation. 

 

IV. EXPERIMENTAL RESULTS  

To investigate the proposed control strategy, an 
experimental setup has been established as shown in Fig. 23 
and all parameters in experiments are shown in Table II. The 
controller gains in experiments are different from those in 
simulation, because LC values are different from each other 
due to the different power rating in simulations and 
experiments. Hence, the selected gains are also different, 
which are derived from the given LC values. Furthermore, 
after the gain selection, it has to be tuned a little considering 
the system condition, such as the parasitic resistance of LC 
components.  

Fig. 24(a) presents the experimental results of the P+ 
fundamental R control performance supplying a non-linear  

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

 
 

(d) 
 

Fig. 24. Experimental results for phase A (From top to bottom: 
voltage reference waveform, measured output voltage waveform, 
output load current waveform, FFT of measured output voltage): 
(a) P+fundamental R control performance supplying the 
non-linear load (THD: 8.5%), (b) P+MR control performance 
with 5th and 7th harmonics compensation supplying non-linear 
load (THD: 3.8%), (c) P+fundamental R control performance 
supplying unbalanced and non-linear load (THD: 9.1%), (d) 
P+MR control R performance with 3rd, 5th, and 7th harmonics 
compensation supplying non-linear load. (THD: 4.3%). 
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Fig. 25. Experimental results with or without voltage restoration 
method (From top to bottom: d-axis of output voltage reference, 
d-axis of measured output voltage, A phase measured output 
voltage, black-dot: d-axis of rated output voltage) (Top) zoomed 
out waveform (Bot) zoomed in waveform when voltage 
restoration starts. 
 

load. As shown in this figure, it tracks the voltage reference 
magnitude well as the proposed voltage restoration technique. 
On the other hand, its measured output voltage waveform is 
distorted considerably because it does not apply the 5th and 7th 
harmonics compensation term. The load current waveform is 
also distorted because it supplies a nonlinear load. Its division 
is 1A/10mV. The bottom waveform shows the FFT results of 
the measured output voltage of which the division is 
250Hz/div. As mentioned above, the 5th and 7th harmonics 
components appear due to the absence of a harmonics 
compensation term. Fig. 24(b) also presents the A phase 
experimental result of the P+MR performance supplying a 
non-linear load. Compared to Fig. 24(a), its voltage 
waveform has been improved to be more like a sinusoidal 
curve due to the presence of a harmonics compensation term 
(5th and 7th). In addition, it can be rechecked with a decrease 
in the 5th and 7th harmonics components, as shown in the FFT 
results. Fig. 24(c) shows the A phase experimental result of the 
P+fundamental R performance supplying an unbalanced and 
non-linear load. Compared to Fig. 24(a), its measured voltage 
THD is worse than that of Fig. 24(b) because of the 
appearance of the 3rd harmonic component due to the 
unbalancing factor into the loads (THD8.5⟶9.1%)). In 
addition, it can be also checked, as shown in the FFT results. 
Fig. 24(d) presents the A phase experimental result of the 
P+MR performance supplying an unbalanced and non-linear 
load. Compared to Fig. 24(c), its voltage waveform is 
improved to be more sinusoidal due to the presence of the 
harmonics compensation term (3rd, 5th, and 7th). On the other 
hand, its THD after harmonics compensation is worse than 
that in Fig. 24(b) because the 3rd harmonics and 9th harmonics, 
which is proportional to the 3rd harmonics, appeared at the 

 
 

(a) 
 

 
 

(b) 
 

Fig. 26. Transient response of output voltage and current 
waveforms under load changes: (a) Increasing load, (b) decreasing 
load (Top: output voltage, bottom: output current). 

 
same time.   

Figure 25 shows the experimental results with or without 
the voltage restoration method. For an easier comparison, the 
d-axis of both the output voltage reference and measured 
output voltage has one division offset difference in the Y-axis. 
As shown in this figure, the d-axis of the measured value has 
the steady state error from the d-axis of the reference value 
before applying the voltage restoration method. On the other 
hand, after applying this method, the PI-based voltage 
restoration method changed its magnitude reference value 
adaptively to make the measured d-axis output voltage track 
its rated value. The d-axis of the measured output voltage 
tracks its rated value with an almost zero steady state error in 
4 cycles. Therefore, the voltage restoration method is verified 
to realize the good magnitude tracking performance by the 
experimental results, too. 

Fig. 26 represents the dynamic load transient waveform. As 
shown in above figures, the proposed PR controller is quite 
robust and has the fast dynamic response under the load 
change. 

 

V. CONCLUSIONS 

The characteristics and tendency of a P+MR controller are 
analyzed by observing the system change with the variation of 
each gain. An attempt is made to solve the voltage magnitude 
drop due to the practical PR control. Finally, the proposed 
method realized similar harmonics compensation performance 
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to the PI for harmonics compensation and analyzed how each 
gain variation of PR control affect the system bandwidth, 
stability, and resonant damping. Furthermore, the voltage 
magnitude drop due to the conventional practical PR control 
can be solved by using the PI-based simple voltage restoration 
method. The proposed method is verified through simulations 
and experiments. This research will be extended to the inner 
voltage controller of indirect current control for seamless mode 
transfer among both grid-connected and islanded mode [9], 
[10], [26]-[29]. 
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