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Abstract—Conventional proportional-resonant controller is 
widely accepted and adopted in micro-grid applications. 
However, it’s hard to design a satisfactory conventional 
proportion-resonant controller due to the contradictory nature 
of the inverter’s stability, dynamic response speed and static 
tracking accuracy. Therefore, some trade-off strategies 
proposed in previous works are usually favored. This paper 
proposes a novel fuzzy proportional-resonant control strategy 
for a three-phase inverter, which can obtain better outcomes of 
three contradictory performance characteristics 
simultaneously. The detailed mathematical models and design 
procedure of the controller for the studied inverter are also 
presented. Compared with conventional proportional-resonant 
control strategy, the superiority of the proposed fuzzy 
proportional-resonant control strategy is significant for its 
better system stability, faster dynamic response speed and 
higher static tracking accuracy. Results from simulation are 
provided to verify the feasibility and effectiveness of the 
proposed approach. 

Keywords--Fuzzy proportional-resonant control; inverters; 
frequency-domain analysis; parameter design; nonlinear loads; 
power quality 

I. INTRODUCTION 
With the development of renewable energy sources and 

distribution generation, three-phase power electronic 
inverters have been widely used. On the basis of the 
characteristics of a micro-grid, scholars have proposed a 
variety of inverter control strategies[1]. However, most of 
them are based on a double loop control scheme which 
includes an inner current loop and an external voltage loop. 
However, the physical implementation becomes rather 
complex due to the synchronous rotating coordinate 
transformation. 

Hence, an easy-to-implement conventional proportional- 
resonant (PR) control strategy with zero error tracking at 
fundamental frequency is proposed, which could handle with 
sinusoidal signals directly[2]. Nevertheless, the micro-grid is 
a system with strict requirements for the controllers’ stability, 
dynamic capability and static tracking accuracy, which may 
make the conventional PR controllers still unsatisfactory in 

micro-grid applications. 

In order to overcome the disadvantages of the 
conventional PR control strategy, this paper proposes a novel 
Fuzzy proportional-resonant(F-PR) control strategy, which is 
a sound solution for many existing problems in an islanded 
micro-grid such as the frequent load deviation, harmonic 
pollution from nonlinear loads, and the relatively poor 
stability. The proposed F-PR controller is a combination of a 
fuzzy logic controller and a conventional PR controller， and 
it can tune the PR gain parameters adaptively according to the 
expertise and fuzzy reasoning to make the inverter competent 
for various operating conditions. By improving the transient 
response speed of the inverter and enhancing the bus voltage 
quality, the inverters with F-PR control strategy are especially 
suitable for the sensitive loads which need a strictly standard 
voltage. The system configuration and design process of 
controllers are elaborated in section II and section III 
respectively. And then in Section IV, the comparison between 
the F-PR and the conventional PR controllers is made through 
simulation and the results verify the effectiveness and 
superiority of the proposed F-PR control strategy. Finally, 
conclusions are given in section V. 

II. SYSTEM CONFIGURATION 
The main circuit of a three-phase inverter used in an 

islanded micro-grid with both nonlinear loads and sensitive 
loads is shown in Fig.1, which needs a strict standard voltage 
to operate normally. The proposed system is composed of a 
DC source, a sinusoidal pulse-width modulation (SPWM) 
voltage source inverter (VSI), LC filters, and an isolation 
transformer between the inverter system and loads. 
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Fig.1.  Configuration of the three-phase inverter system. 

The rectifier type nonlinear loads would inject large 
amount of harmonic currents once they are connected to the 
micro-grid. The harmonic currents flow through the feeders 
will obviously degrade the voltage quality and have a huge 
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impact on the proper functioning of the sensitive loads. To 
improve the voltage quality and facilitate the normal 
operating of the sensitive loads, a fuzzy PR control strategy 
based on a conventional proportional-resonant controller is 
developed to regulate the inverter’s output voltage that is 
applied on the sensitive loads. 
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Fig.2.  Power Circuit and control schematic for the three-phase inverter with 
LC filters. 

As shown in Fig.2, the control scheme of the 
grid-interfacing inverter contains an internal current loop, an 
external voltage loop and an additional power control loop. 
The additional power control loop utilizes the conventional 
droop strategy to control the real power and reactive power to 
track the changes of the loads by varying the supply 
frequency and changing the voltage magnitude[3]. In order to 
overcome the disadvantages of the traditional proportional- 
resonant (PR) controller, a F-PR controller is applied in the 
external voltage loop. The voltage regulation loop uses 
three-phase load voltages as feedback variables so that zero 
tracking errors can be achieved. The inner current loop is 
implemented by using only proportional controllers Kcwith 
three-phase inductor currents chosen as feedback variables, 
since it does not influence the tracking accuracy of the 
external voltage loop[4]. 

III. CONTROLLER DESIGN 
In this section, design of the fuzzy PR controller for the 

inverters to allow the islanded micro-grid in Fig.2 functioning 
as described in SectionⅡ is demonstrated.(The design of 
fuzzy PR controller is based on that of conventional PR 
controller). 

A. Conventional Proportional-resonant Controller Design 
In [3], the authors introduced the power loop control 

scheme in detail, therefore it is not duplicated in this paper. 
Here attention is focused on the design of the outer voltage 
loop and inner current loop. 

 As shown in Fig.2, an outer capacitor voltage feedback 
regulator Gp is used to force the capacitor voltagesሼVa,Vb,Vcሽ 
to track their reference waveforms provided by the power 
loop stiffly with an acceptable low output total harmonic 
distortion (THD). The outputs of this voltage regulator ൛ILa

* ,ILb
* ,ILc

* ൟ are then fed to an inner inductor current controller 

Kc, acting as the inductor current reference signals. This inner 
current controller here is mainly to stabilize the system and to 
improve the system’s dynamic response. The output 
modulating signals ሼma,  mb   ,mcሽ from the inner current loop 
are finally fed to the sinusoidal pulse-width modulator 
(SPWM) to generate the high frequency gating signals used 
for driving the three-phase VSI[5]. 

 As illustrated in Fig.1, the circuit state equations of the 
three-phase SPWM inverter are as follows: 

L diL
dt

=vo-vC                                                         (1) 

C dvC
dt

=iL-iLoad                                         (2) 

where L is the filter inductance, C is the filter capacitance, ݅௅ 
and iLoad is the current flowing through the inductor and the 
loads, vo is the voltage generated by the inverter and vC is the 
filter capacitor voltage.  

LoadI

 
Fig.3.  Block diagram of inner current loop. 

The representation of (1) and (2) with inner inductor 
current control loop is shown in Fig.3, where the current of 
loads is represented as a disturbance input. Considering that 
Vc=൫IL-ILoad൯/Cs, the following closed-loop transfer function 
for a single-phase equivalent model is obtained: 

IL=
KcKPWMCs

LCs2+KcKPWMCs+1
IL
* 

                            + 1
LCs2+KcKPWMCs+1

 ILoad             ሺ3ሻ 

 Frequency domain analysis can now be performed using 
(3) to plot the Bode diagrams of IL/IL

*and IL/ILoad as shown in 
Fig.4 and Fig.5 where KPWM=Vdc/2 and KC=1.(The system 
parameters used are given in Table Ⅲ in section Ⅴ). 

 
Fig.4.  Bode plot of IL/IL

*. 
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Theoretically, the bandwidth of IL/IL
* in Fig.4 should be 

maximized by choosing a great gain of Kc . Obviously, a 
higher Kc will concentrate to achieving a zero error tracking 
to the reference IL

*  at all frequencies, a faster dynamic 
response and less disturbance generated from the changes of 
ILoad which means that IL/ILoad will approach zero. However, 
an extremely large gain degrades the stability of the control 
system. Therefore, a proper Kc giving a near-zero closed-loop 
current gain at the fundamental frequency will be selected as a 
satisfactory compromise, which is 20 in this paper. 
Consequently, a closed-loop current gain IL/IL

*  and a small ܫ௅/ܫ௅௢௔ௗ gain are 0.0002 dB and -44.9024 dB respectively[6, 
7]. 

 
Fig.5.  Bode plot of ܫ௅/ܫ௅௢௔ௗ. 

For the outer voltage loop, a proportional-resonant (PR) 
controller in stationary ߙ െ  frame is used due to its easier ߚ
physical implementation and a theoretically infinite gain at 
the fundamental frequency, which will force the steady-state 
voltage errors to zero. Also, it is obvious that there is no cross 
coupling term in the ߙ െ  frame and the equations for the ߚ
PR controller at fundamental frequency (50Hz) can be 
expressed as follows(where ω=314 rad/s): 

Gp=Kp+ Krs
s2+ω2                                    (4) 

Where Kp and Kr are the coefficients. 

The open-loop bode diagram is shown in Fig.6, which 
reveals the effects of Kr when Kp is set to a constant zero. 

 
Fig.6.  Bode plot of Gp. 

According to Fig. 6, an infinite open-loop gain will be 
achieved at the frequency ω  (Here 314 rad/sec), and the 
parameter Kr acts on the gain of the controller exclusively, so 
that the regulator can track sinusoidal reference signals at the 
fundamental frequency with zero error theoretically.  

 Once the inner current loop is determined and the modus 
of the outer voltage regulator is identified, the complete 
diagram of inner voltage and current loop is illustrated in 
Fig.7. With the specified voltage and current controllers, the 
closed-loop ‘output voltage to reference’ transfer function is 
derived as (5). 

*
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LoadI

1/ sC
cV

Fig.7.  Block diagram of the inner voltage and current loops. 

VC=
KcKPWMGp

LCs2+KcKPWMCs+GpKcKPWM+1
VC

*  

-
KcKPWM+Ls

LCs2+KcKPWMCs+GpKcKPWM+1
ILoad           (5) 

where Gp=Kp+ Krs
s2+ω2 and the parameters are given in Table Ⅲ

. 

Similar to the inner inductor current loop, s-domain 
analysis can be executed and a satisfactory compromise of Kp 
and Kr between the attainable control bandwidth and the 
control loop stability is acquired. In this paper, Kp and Kr are 
chosen to give a steady-state voltage error of less than 1% at 
the fundamental frequency. Accordingly, Kp=2 and Kr=100 
result in the closed-loop voltage response curve in Fig.8, 
which has a steady-state magnitude error of 0.02% and a 
phase error of 0.0000 °  at the fundamental frequency 
theoretically. As well, a negligibly small Vc/ILoad gain at the 
fundamental frequency can be seen in Fig. 8. 

 
Fig.8.  Bode plot of Vc/Vc

* and Vc/ILoad. 

Using (5), the closed-loop transfer function from 
VC

* VC ݋ݐ   without considering the influence of load 
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disturbance is given by 

G= KcKPWMGp

LCs2+KcKPWMCs+GpKcKPWM+1
                            (6) 

Thereupon, the system’s root locus for Kp=0.01→10 
(when Kc and Kr are set as 20 and 100 respectively) is derived 
as in Fig.9. 

 
Fig.9.  Root locus of the control system. 

Fig.9 shows that the dominant poles will approach 
imaginary axis when the gain of Kpis set extremely large or 
small, which will degrade the system’s stability margin. 
Therefore the gain of Kp should be a compromise between the 
stability and the speed of dynamic response. In summary, the 
gain parameters (Kc, Kp, and Kr) of the controllers chosen in 
this paper above are appropriate and efficient[7]. 

B. Fuzzy Proportional-resonant Controller Design 
As described in the introduction, to overcome the 

disadvantages of the conventional proportional-resonant 
controller, the application of the Fuzzy Proportional-resonant 
(FPR) controller is proposed. The proposed Fuzzy-PR 
controller is a combination of PR controller and Fuzzy Logic 
Controller. The operation of the Fuzzy-PR controller is based 
on Fuzzy Logic Controller (FLC) for on–line tuning of the 
gains of the voltage PR regulator, Kp and Kr, as shown in (7) 
and (8). Then, the regulator uses the optimal adjusted 
gains  Kp  and Kr  to get a better control performance, that 
means smaller static errors, faster dynamic response and 
better robustness[8]. 

Kpሺnሻ=Kp൫n-1൯+∆Kp                              (7) 

Krሺnሻ=Kr൫n-1൯+∆Kr                               (8) 

The structure of the proposed F-PR controller is depicted 
in Fig.10. As inputs to the F-PR controller, the capacity 
voltage error ݁ and the changes of error ∆e are sampled. As 
outputs from the Fuzzy Logic Controller, the tuning 
parameters ∆Kp  and ∆Kr  are then fed to the PR regulators 
dynamically to adjust the controller to an optimal adaptive 

state. The scaling factors G1, G2, G3,  and G4  are used to 
normalize the input and output signals[9, 10]. 

Fuzzification is the process of converting the accurate 
input signals into fuzzy values, where each accurate value is 
given a degree of membership to all the membership 
functions covering the universe discourse. Fuzzy inference 
engine concludes useful results from the fuzzified inputs 
based on the fuzzy rules in the rule-base, and then the fuzzy 
reasoning results are deffuzzified by the deffuzzifier with 
output membership functions[11].  
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Fig.10.  Structure of the Fuzzy PR controller. 

 
Fig.11.  Membership functions for          Fig.12.  Membership functions 
input variables.                                        for output variables. 

In Fig.11, seven triangular membership functions are used 
for each input signal(note that NL represents for negative 
large, NM represents for negative medium, NS represents for 
negative small, ZE represents for zero, PS represents for 
positive small, PM represents for positive medium, PL 
represents for positive large). Fig.12 shows that only two 
membership functions are used for each fuzzy output 
results(B is for big and S is for small)[12]. These membership 
functions are chosen for their easy implement with favorable 
performance. In this F-PR controller the Mamdani inference 
method and the min-max composition are used, and the 
centroid method is used for the output membership function. 

The greatest superiority of the F-PR controller is the 
on-line tuning of the gain parameters of the regulator, so that 
it can run in the optimal condition by the expertise. Once a 
step disturbance introduced by load switching occurs in the 
micro-grid bus voltage, we need a big control signal at the 
beginning to obtain a fast dynamic response[13-15]. Thus, the 
proportional and resonant gain’s variation ∆Kpand ∆Kr  can 
be represented by fuzzy set Big. With the degrading of e and 
∆e, the system will gradually stabilize and at this time we 
need to gradually decrease the output ∆Kp  and ∆Kr  till the 
system approaches a stable state to avoid a big overshoot and 
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erratic elements. When the system becomes stable, a new 
relatively high open-loop gain Kp  is needed to obtain less 
static errors and meanwhile, an extremely low resonant gain 
is advisable to improve the robustness and stability of the 
system[16]. The fuzzy rules are illustrated in TableⅠ( for 
∆Kp) and TableⅡ(for ∆Kr). The adopted fuzzy rules are in 
the standard forms: IF ݁ is A and ∆e is B, Then ∆Kp is C and 
∆Kr is D. 

TABLEⅠ Fuzzy Control rules for ∆Kp ݁ ∆݁ NL NM NS ZE PS PM PL

NL B B B B B B B 

NM S B B B B B S 

NS S S B B B S S 

ZE S S S B S S S 

PS S S B B B S S 

PM S B B B B B S 

PL B B B B B B B 

TABLEⅡ Fuzzy control rules for ∆Kr 

  ݁ ∆݁ NL NM NS ZE PS PM PL

NL B B B B B B B 

NM B S S S S S B 

NS B B S S S B B 

ZE B B B S B B B 

PS B B S S S B B 

PM B S S S S S B 

PL B B B B B B B 

For the PR parts in the F-PR controller, we use the same 
parameters selected in the design of the conventional PR 
controller. 

IV. SIMULATION RESULTS 
This section conducts a comparative study between the 

two controllers above. The circuit parameters of a three-phase 
inverter system is listed below. 

TABLE Ⅲ System Parameters 

Parameters Values 
System basic capacity 10kVA 

Inverter switching frequency 10kHz 
Inverter filter inductance 10mH 
Inverter filter capacitance 80μF 

DC-Link voltage 700V 
AC-Bus voltage (line-line rms) 380V 

Isolation transformer ratio 1:1 
linear load 1 2.5kW 

nonlinear load 2 7.5kW 

Parameters ܭ௣ , Kr  and Kc  for the conventional PR 
controller designed by the frequency domain analysis in 
section Ⅲ are 2, 100, 20 respectively. 

Parameters Kp, Kr and Kc for the fuzzy PR controller are 
designed identically to the conventional one so that to 
facilitate the comparison between them. The fuzzy domain 
for both inputs and outputs of the fuzzy logic controller are 
selected as [-1,1] as the shown in Fig.11 and Fig.12. The 
scaling factors G1, G2, G3,  and G4  are 2.5, 300, 2, and 2 
respectively and the membership functions and fuzzy control 
rules are designed as same as that in section Ⅲ part B. 

Initially, the islanded 10ܣܸܭ micro-grid system operates 
with linear 2.5ܹܭ loads and a 7.5 ܹܭ rectify type nonlinear 
loads are connected at the time of 0.15s,. the total harmonic 
distortion(THD) of the output voltage and the dynamic 
response are chosen as the evaluation indicators. 

 
Fig.13.  Output voltages controlled by the conventional PR controller and the 
Fuzzy PR controller respectively. 

Fig.13 and Fig.14 show the comparison of three-phase 
voltage and current waveforms of inverters controlled by PR 
or F-PR controllers respectively. The fuzzy PR control 
strategy shows faster dynamic response about 0.08s (stabilize 
at 0.17s) than that of PR control strategy(stabilize at 0.25s) 
and better voltage waveforms while the currents’ harmonic 
distortion are terribly serious as shown in Fig.14. 

 
Fig.14.  Output currents controlled by the conventional PR controller and the  
Fuzzy PR controller respectively. 
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The THD (total harmonic distortion) indexes under both 
F-PR and PR control strategies are shown in Fig.15 and 
obviously the F-PR control strategy can suppress the THD 
from 8.9% to 3.7% for supporting the sensitive load to run in 
a proper condition. 

 
Fig.15.  THD indexes comparison under the control of the two controllers. 

 
Fig.16.  Comparison of output real power between inverters under two 
different control strategy. 

The comparison of  transient process of tracking the load 
changing of the two systems is shown in Fig.16. Just as 
discussed in section Ⅲ, the F-PR controller gives a more 
robust system with faster dynamic response. 

V. CONCLUSION 
This paper presents a  novel Fuzzy proportional-resonant 

control strategy for three-phase inverters used in islanded 
micro-grid. The proposed control strategy employs a fuzzy 
logic controller combined with a proportional-resonant 
controller to tune the controller’s gain parameters online, 
which can not only achieve faster dynamic response and 
higher static accuracy, but also suppress the voltage 
harmonics effectively. Simulation has confirmed the 
effectiveness and superiority of the proposed novel Fuzzy PR 
control strategy in comparison with the conventional PR 
control strategy. 
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