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The sustainable development of a nation is highly dependent on remote area electrification, which consists of a majorly 
decentralized type of loads. To fulfil such energy demands, the microgrid is the emerging alternative that utilizes distributed 
energy sources. Microgrid performance parameters like voltage-frequency regulation, dynamic and steady-state response 
become very important when it is operating in islanded mode or under the load change conditions. In this paper, an improved 
efficient power control strategy, based on fuzzy gain scheduling of the conventional proportional-integral controller (FGSPI), is 
proposed for voltage-frequency control in an inverter-based distributed generation unit. The simulation results of the proposed 
control strategy are compared with the conventional PI controller under aforesaid conditions. The simulation responses show 
the effectiveness of the proposed control strategy to restore the stability of the microgrid even in islanded condition. The 
intelligent and smooth operation of the proposed controller shows better robust performance than the traditional controller in 
MATLAB/Simulink environment. 

1. INTRODUCTION 
To accelerate global sustainable development, distributed 

generation (DG) is the significant alternative to meet the 
decentralized energy demands [1]. The DG technologies are 
getting more focus due to the increasing environmental 
concerns and depleting conventional sources. Due to the 
developing perspective of distributed generation, a microgrid 
(MG) concept is becoming popular. A MG is a mixture of 
different DG sources having an interface with an electrical 
distribution linkage [2]. MG is a better way to realize the 
huge potential of DG, which uses various green energy 
resources, small power generating units and associated loads. 
The significant challenges of frequency and voltage control 
during MGs operation in grid-connected and islanded mode 
are serious concerns over its quality operation. Most DG 
systems require power electronic converters for power 
change and interconnection with a grid system. However, 
power electronics interface units are also preferred to utilize 
ideal control strategies. The pulse-width-modulated (PWM) 
DG systems and voltage source inverters (VSI) [3]  are 
commonly used interface units in such scenarios. The 
inverter units become very crucial in DG systems for ideal 
control functions and reaching the desires power qualities 
[4, 5]. Figure 1 shows a grid-connected MG system having 
two micro-sources connected to a common bus. It demands a 
robust control methodology to achieve an improved 
execution to satisfy the power value requirements in the 
systems. A current control technique of the PWM-VSI [6] 
system is unique among the significant features of the recent 
power electronic converters where DG units stay 
interconnected with the grid. Therefore, there are two key 
classes of present-day controllers: (i) nonlinear type, which is 
centered on closed-loop current type PWM; [7] and (ii) linear 
type, which is centered on open-loop voltage type PWM [8]. 
The MG frequency and voltage control can be accomplished 
with the droop control method [9–11]. This technique is 
implemented via the inner current response loop in the 
nonlinear regulator. Moreover, hysteresis current control 
(HCC) is used for a three-phase grid-interconnect VSI type 
systems. The HCC [12] remunerates the current inaccuracy 
as well as provides PWM signals using a suitable vibrant 
response. The current is organized individually along with a 

control delay in the current control strategy, which results in 
an enormous current swell employing high total harmonic 
distortion [9]. The linear current regulator, which is centered 
on space vector PWM (SVPWM) [13], is an acceptable 
controller which compensates the error of current either using 
the proportional-integral (PI) [14] controller or else by the 
analytical control system. The compensation and PWM 
signal generation could be done independently. This type of 
controller displays an efficient steady-state response with a 
high-quality sinusoidal waveform and low current ripple. 

 
Fig. 1 – Layout of a grid-connected MG. 

The DG system may use either of the twofold power 
control schemes: (a) active-reactive or (b) reactive-active 
power control scheme with grid-connected network mode 
[15]. However, the frequency-voltage control scheme can 
be used under the islanding mode of operation. During this 
case, the DG system is projected to deliver extreme power 
and uphold system constancy [16]. 

For better MG configuration [11, 12], scholars have examined 
power electronic controllers, which are based on an interior 
current control loop scheme. In [17], a controller has been 
presented, which seeks to confirm the system's stability and 
deliver complete information required for study and design. In 
[18], a novel distributed controller has been designed for 
secondary voltage and frequency control of an autonomous MG.  

Fuzzy control is an important intelligent control technique 
that is increasingly being used for control problems [19]. In 
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this paper, an efficient power controller built on fuzzy tuning 
is presented for an inverter-based DG system in a MG. The 
controller, built on a synchronous reference frame, is 
interfaced using a current control loop. In this work, a 
conventional PI controller is used, and feed-forward 
compensation is given to an innermost control loop to get 
improved dynamic response. When the MG shifts either to 
load change or islanding mode condition, the proposed V–f 
control mode based fuzzy gain scheduled controller produces 
a robust response in terms of the system’s voltage and 
frequency. The fuzzy gain scheduling method is used for 
real-time tuning of PI controller parameters, with integral 
time absolute error as a main objective function. The 
proposed effort aims to enhance the power quality by 
attaining the frequency and voltage within acceptable limits. 

The work done in this paper comprises of five sections. 
In Section 2, the mathematical base of a three-phase grid-
interconnect VSI model has been described. Section 3 deals 
with the power regulation scheme required in a MG. In 
Section 4, the proposed control scheme has been described. 
The simulation results have been analyzed in Section 5, and 
at last, the conclusion has been drawn in Section 6. 

2. THREE-PHASE GRID-CONNECTED VSI SYSTEM 
Figure 2 shows a three-phase systematic VSI model 

connected to a grid. The VSI is connected with an LC filter 
where Ls and Rs symbolize the equivalent lumped 
inductance and resistance of the filter, respectively. The 
capacitance of the filter and the voltage of the grid are 
indicated by C and Vs, respectively. 

 
Fig. 2 – Three-phase grid-connected VSI model. 

Considering the equivalent model, the state space 
equation of the system in the abc frame of reference [20] is 
given in equation (1) as follow. 

, (1) 

where subscripts s and a-b-c denote the output value of the 
inverter and current, the voltage in abc frame of reference 
respectively. Now, converting equation (1) into dq 
reference frame by Park’s transformation gives:  

, (2) 

where ω in the above equation symbolizes coordinate angular 

frequency and subscript d-q represents the values in dq frame 
of reference. Similarly, Park's conversion can be given as: 

, (3) 

where  represents the synchronous rotating 
angle and θ0 denotes the initial angle value. 

3. V-F CONTROL STRATEGY 
The main problems in the MG integrated with wind, and 

photovoltaic energy systems are their irregularities in the 
power generations, which are directly affected by the wind 
speed and solar irradiation, respectively. In his regards, DG 
units are categorized into three different energy resources- 
(i) variable speed resources like wind energy resource, (ii) 
high-speed resources like micro-turbine generators and (iii) 
direct energy such as fuel cells and photovoltaic system. 
Due to these reasons, a VSI is required to interface the DG 
resources to the grid and deliver a flexible operation [6]. The 
network of the VSI centered DG resource entity is 
connected along with the control configuration, as shown in 
Fig. 2. Hence, the controlled process of the DG unit depends 
on the inverter control mode. In grid-connected type system, 
the grid voltage is fixed. Therefore the frequency and 
voltage regulation is not essential, and DG units work as a 
PQ generating unit. Thus, the inverter must be able to track 
the reactive-active power (PQ) control mode. But, during the 
islanded condition, frequency, as well as voltage, is not 
fixed. Therefore, an effective power control mode may 
provide the high-performance operation of the DG units 
with a view that the DG resource units fulfill the load 
demand with good quality of power. For better and reliable 
MG functioning, it is required to confirm the different 
modes of operation and keep a balance between these 
operating modes in terms of varying voltage and frequency 
to satisfy the requirement of maintaining the system’s 
voltage and frequency. For these cases, the V-f control 
scheme needs to be implemented to one or more DG 
resource units [6]. A schematic diagram based configuration 
of VSI based power controller is shown in Fig. 3. 

 
Fig. 3 – VSI based V-f power controller. 

The rreference values for both the parameters (frequency 
and voltage) can be defined locally or by the MG control 
centre, where the phase-locked loop measures it.  

, (4) 

 (5) 
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4. PROPOSED CONTROL STRATEGY 
For the three-phase grid-connected VSI system, the controller 

scheme has been shown in Fig. 4. The proposed controller 
includes three blocks - (i) power controller, (ii) current controller 
and (iii) fuzzy tuned PI controller. The functionality of each 
block is described in the following subsections. 

 

Fig. 4 – Proposed power controller scheme. 

4.1 POWER CONTROL SCHEME 
The power control scheme has been utilized to enhance 

the power quality of the system. To generate the reference 
current vectors (  and ), the outer control loop, which is 
based on two PI regulators, is shown in Fig. 4. A relatively 
small alteration in the reference current would make certain 
high quality of the inverter output power, which indicates 
that the control objective has been obtained. In this work, 
the V–f control scheme based on the fuzzy tuned PI strategy 
is projected for the VSI based DG unit. The main objective 
of the control scheme is to maintain frequency and the 
voltage, which must be attained for different working 
conditions (i.e, islanding mode or sudden load 
disturbances). The controller adjusts the frequency as well 
as the voltage according to their reference values (Vref and 
fref). Moreover, the fuzzy tuning of parameters is an 
intelligent control processing that delivers optimal control 
parameters for providing desired reference current vectors. 
In this way, based on dq reference frame and two PI 
regulators, reference current vectors can be given as follow: 

, (6) 

. (7) 

4.2 CURRENT CONTROL SCHEME 
Figure 4 shows the current control loop based on the 

synchronous reference frame. The main role of this loop is 
to ensure precise follow up and transient minimization of the 
inverter's output current. To execute Park's transformation in 
control scheme, the PLL block is used to sense the phase 
angle of the voltage. The grid voltage feed-forward loop and 
the current loop are employed to improve the steady-state 
and dynamic performance of the system by utilizing the PI 
controller, which results in the reduction of error. The 
controller’s output signals are the reference voltage signals 
in the dq frame. By the inverse Clarke’s and Park’s 
transformation, it generates the reference voltage signals in 
αβ stationary frame, such that the controller produces pulses 
for the SVPWM to fire the insulated-gate bipolar transistor. 

According to equation (2), the reference voltage signals, in 
the synchronous dq frame, are expressed as: 

 (8) 

where the ‘‘*’’ denotes the reference values. The reference 

current vectors are:  and . By 

Clarke’s transformation, equation (8) can be converted into 
αβ stationary frame as: 

. (9) 

Also, the inductor current can be achieved using a low 
pass filter (LPF) [17]. The LPF is expressed as the first-
order transfer function as shown: 

 

€ 

f 1
1+ sTi

= f l , (10) 

where f, fl and Ti are denoted as the filter input value, 
filtered value and time constant, respectively. 

4.3 FUZZY LOGIC CONTROLLER FOR PROPOSED 
POWER CONTROLLER 

Fuzzy logic is a kind of tool which is used to reimburse 
the above mentioned teething trouble. It deals with 
inaccurate, unclear, or "fuzzy" evidence [7]. The decision-
making process accomplishes to be a very pleasing 
performance despite the need for a mathematical model of 
the system. It works just by uniting the specialist facts into 
fuzzy [3]. Moreover, it compels the use of accurate 
declarations and precise values, hence making it more 
vigorous, denser, and modest. 

The power controller is based on dual PI regulators for the 
design of fuzzy tuned PI-based power controller. Load end 
power deviation (ΔV) and its derivative are selected as inputs 
for the first FGPSI controller. Whereas load end frequency 
deviation (Δf) and its derivative are selected as inputs vectors 
for the second FGPSI controller. Thus, fuzzy tuned PI 
controllers indicate an efficient control of the frequency and 
voltage to the system, as explained in later sections. 

4.3.1 DESIGN OF HYBRID FUZZY-PI CONTROLLER 
The conventional controller is more utilized in industrial 

applications in the last many decades due to its easy design 
and low cost. But, despite these benefits, the conventional 
controller results in poor performance when the control 
system is highly nonlinear and vaguely defined. Therefore, 
retaining the advantages of the PI controller, a fuzzy tuned 
PI controller is developed as shown in Fig. 5. The controller 
output is expressed as follow [21]: 

 

€ 

u t( ) = KpΔu + Ki e(t) d t∫ , (11) 
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where Kp and Ki are the proportional and integral gains of 
the conventional PI controller  and represents the output 
of the fuzzy logic controller. The inputs to the fuzzy logic 
system are error e(t) and derivative of error de(t)/d(t). The 
fuzzy tuning control structure of the controller has been 
shown in Fig. 5. The fuzzy logic controller involves the 
essentials components of fuzzification, Inference, fuzzy 
rule base, and defuzzification. 

 
Fig. 5 – Configuration of fuzzy gain scheduled PI. 

In this process, the input variables are mapped onto fuzzy 
variables. Every fuzzified variable occupies a definite 
membership function. Here, triangular membership 
functions have been designed for both input variables, as 
shown in Fig. 6. The input membership functions are 
represented by seven fuzzy sets namely, VS (very small), 
MS (medium small), S (small), Z (Zero), B (big), MB 
(medium big), and VB (very big). 

 
(i) 

 
(ii) 

Fig. 6 – Membership functions of (i) e(t) and (ii) de(t)/d(t). 

Concerning the fuzzified inputs, the inference mechanism 
used in the system delivers a set of control actions. In the present 
work, the Mamdani type interface mechanism has been used to 
regulate the degree of membership function of output variables.  

Table 1 
Fuzzy rule for FGSPI controller 

e  
 

VS MS S Z B MB VB 

VS VS VS VS Z MS S SB 
MS VS VS VS Z Z SB MB 
S VS VS MS Z Z MB B 
Z VS MS S Z MB B VB 
B MS S Z Z B VB VB 

MB S Z S Z VB VB VB 
VB Z S MS Z VB VB VB 
As per the desired transient and steady-state responses of 

the system, an appropriate fuzzy rule base has been 
developed, as shown in Table 1. 

Finally, the process of defuzzification generates an output 
crisp set using the centroid of area method. The total area of 
the membership function distribution i.e., {S, Z, B} utilized 
to perform the combined control action which is divided in 
different sub-areas. The area and centroid of each different 
sub-areas are further determined to obtained the defuzzified 
output crisp value. The corresponding mathematical 
expression is shown in equation (12). 

, 

 

(12) 

where µx(x) denotes the membership function, x is the 
sample element, and X* represents defuzzified crisp output. 

5. SIMULATION RESULTS 
A three-phase grid-connected VSI system with the 

proposed FGSPI controller is simulated under MATLAB/ 
Simulink environment. The system parameters are taken as: 
Ls = 5 mH, Rs= 1.4 Ω, f = 50 Hz, filter capacitance 
C = 1500 µF and input capacitance of the dc side is fixed as 
5000 µF. One DG unit of rating 180 kW is connected to the 
system. However, the load of the system has been taken as 
150 kW. Typically, current control parameters Kp and Ki are 
taken as 7 and 10, respectively. In this case, the switching 
and sampling frequency of the SVPWM based current 
controller is fixed at 10 kHz and 500 kHz, respectively. To 
validate the robust efficient capability of the proposed 
controller, the following case studies are investigated for 
the MG system under investigation. 

 
Fig. 7 – System’s load variation. 

5.1 VARIATION IN LOAD 
For the evaluation of the proposed control scheme, the 

simulation has been performed in the grid-connected mode. 
At the 4th second, a load of 30 kW is injected and, at 5th 
second load of 20 kW is rejected at the distribution side, as 
shown in Fig. 7. Sudden load increment and rejection 
causes sag and swell in the voltage and frequency profile of 
the system, respectively. Figure 8 shows the results of 
different performance parameters for these conditions when 
a traditional PI controller is used. However, Fig. 9 shows an 
efficiently improved response when the proposed FGSPI 
controller is used in the power controller. 

The system responses confirm that the proposed 
controller responds well to regulate the voltage and 
frequency of the system during load disturbances. It is 
being observed that a sudden dip of 4.5% in the rms voltage 
takes place during the inclusion of the load when the 
conventional PI controller is used. The voltage is further 
recovered by 2.5 % at the 5th second when 20 kW load is 
rejected. On the other hand, though a sudden voltage dip of 
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6.25 % has been observed in case of the proposed 
controller, but the system recovers back to its original 
voltage profile within a fraction of second. It also responds 
well in case of load rejection scenario. The time taken to 
stabilize the system voltage in case of load rejection is 
lesser than that of the load addition. 

 
           (i) 

 
             (ii) 

 
              (iii) 

Fig. 8 – Load side parameters when PI controller is present, (i) line 
voltage, (ii) rms voltage, (iii) frequency. 

The dynamic frequency response of the proposed 
controller is highly appreciated with the injection of load at 
4th second.  

 
         (i) 

 
          (ii) 

 
           (iii) 

Fig. 9 – Load side parameters when FGSPI controller is present,  
(i) line voltage, (ii) rms voltage, (iii) frequency. 

Figure 9(iii) shows that system’s frequency stabilizes 
quickly after 0.21 s as soon as the perturbation is given to the 

load of the system at 4th second. Similarly, when the 20 kW 
load is discontinued from the system, the proposed controller 
pulls back to its original frequency mode after 0.22 s. In the 
case of the PI controller, system’s frequency stabilizes at 
48.71 Hz (with a deviation of –1.29 Hz) after 0.23 s from the 
applied load perturbation at the 4th second. During load 
discontinuation, the controller operates to minimize the 
deviation in system’s frequency and stabilizes it at the level 
of 48.90 Hz (with a deviation of –1.1 Hz) after 0.07 s, as 
shown in Fig. 8(iii). 

5.2 ISLANDED CONDITION 
It has been considered that due to some abnormal 

condition, the grid gets disconnected with the DG units and 
the connected loads. This situation is called islanded 
condition. At the 4th second, the MG switches to the 
islanding operation mode and no other disturbances of load 
occur. Due to grid disconnection, which was primarily 
responsible for maintaining voltage and frequency profiles, 
a significant deviation of voltage and frequency occurs, as 
shown in Fig. 10. Now, the controller comes into action to 
eliminate this perturbation in frequency and voltage during 
islanding condition. It tries to restore the voltage and 
frequency within the acceptable limits. The islanding 
condition results are shown in Fig. 10 and Fig. 11 when PI 
and FGSPI controllers are used, respectively. 

When the grid disconnection occurs, a 26.92 % dip in the 
voltage has been observed at the 4th second. But the voltage 
profile is regained to some extent due to the action of the PI 
controller. The restored rms voltage contains harmonics, 
and an enormous transient swing in the voltage has been 
observed from 4th to 5th second. On the other hand, a 
25.48 % dip in the system's voltage is observed when the 
proposed controller works.  

 
        (i) 

 
      (ii) 

 
         (iii) 

Fig. 10 – Load side parameters when PI controller is present (i) line 
voltage (ii) rms voltage (iii) frequency. 

The controller recovers back to its original voltage level 
after the 48 ms of the grid disconnection, as shown in 
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Fig. 11(ii). Hence, the proposed controller’s performance 
for the voltage restoration is exceptionally superior to that 
of the PI controller in case of grid disconnection. 

As shown in Fig 10(iii) and 11(iii), the frequency 
response of the proposed controller is much superior to that 
of the PI controller. When grid disconnection occurred at 
4th second, a maximum frequency fluctuation of 15.2 %  
has been observed in the system's frequency during the 
operation of the traditional controller. Further, it has been 
partially recovered back by the controller with a frequency 
deviation of 5.34 % at steady state. Moreover, the 
effectiveness of the proposed controller can be assessed 
with the fact that it allows a maximum frequency deviation 
of 0.44 % during the grid disconnection, which is on 
acceptable limits. Also, it resumes backs the system's 
frequency at its standard value just after the 0.24 second of 
the islanding of the system. 

It is evident from the obtained results that the FGSPI 
controller shows better dynamic and steady state 
performance and can attain its nominal voltage and 
frequency profile compared to the conventional PI 
controller during variation of load and islanded conditions. 
The corresponding performances of the controllers are also 
highlighted in Table 2. In the case of load addition, the 
settling time of the proposed controller to regain its original 
voltage profile is 0.05 second with the overshoot of 0.42 %. 
However, the settling time and overshoot during frequency 
regulation are 0.21 second and 0.12 %, respectively. When 
load disconnection occurs, the recovery times are obtained 
as 0.04 second and 0.22 second for the voltage and 
frequency regulation of the system, respectively. The 
corresponding overshoots are observed as 0.31 % and 
0.14 %, respectively. At the same time, the voltage and 
frequency recovery time of the proposed controller in the 

case of islanding are obtained as 48 milliseconds and 0.24 
second, respectively. While the corresponding voltage and 
frequency overshoot are found to be 8.17 % and 0.02 %, 
respectively. Additionally, comparing from the existing 
works of the distinguished researchers reveal that the 
recovery time and overshoot of the proposed controller are 
better from shown results by Kumar et al., [22], Jumani et 
al., [23], Esmaeili et al., [24] and Rajamand [25]. Also, the 
obtained performance of the proposed controller is found to 
be comparable with the performance of the existing 
controllers in [26, 27]. 

It is worth mentioning here that the size of the frequency 
deviation and RoCoF also determine the satisfactory 
frequency response of the controller during load 
disturbances and islanding. Consequently, the system 
should be secured from frequency deviation and RoCoF 
limit. The steady-state response of the proposed controller 
denies any deviation in frequency ensuring the stability of 
the system after disturbances at 4th and 5th second. 

Table 2 
Comparative performance analysis of proposed control scheme with PI 

control scheme. 
Characteristics 
parameters 

PI controller FGSPI controller 

Variation of load:  
Voltage regulation 
after load addition 

Shows deviation  Fully recovers 

Frequency 
regulation after load 
addition 

Shows deviation Fully recovers 

Voltage regulation 
after load rejection 

Partially recovers Fully recovers 

Frequency 
regulation after load 
rejection 

Partially recovers Fully recovers 

Grid disconnection: 
Voltage regulation  Large transient swing, 

partially recovers 
Less transient swing, 
fully recovers 

Frequency 
regulation 

Large frequency 
deviation, partially 
recovers 

Small frequency 
deviation, fully 
recovers 

 
In the proposed work, to avoid switching harmonics in 

the inverter output, the filter has been used. The LPF with 
low enough cut-off frequency can provide sufficient 
attenuation for the harmonics of the dq current vectors. 

6. CONCLUSION 
In this paper, an improved, efficient fuzzy based power 

control scheme has been proposed for an inverter-based DG 
unit in a MG system. To improve the voltage and the 
frequency profile of the power supply, especially when the 
MG transits to the islanding operation mode or during load 
change, the FGSPI scheme has been incorporated into the 
V-f control mode. The simulation results indicate that the 
proposed FGSPI intelligent control scheme provides an 
excellent performance compare to the conventional 
controller PI for regulating the MG voltage and frequency 
and achieves a short transient time with a suitable level. 
Therefore, the proposed control strategy may be utilized by 
the grid interface DG unit in a MG scenario, considering 
the power-sharing issue. 

Received on September 1, 2019 

 
       (i) 

 
         (ii) 

 
         (iii) 

Fig. 11 – Load side parameters when FGSPI controller is present,  
(i) line voltage, (ii) rms voltage, (iii) frequency. 
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