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Abstract—This paper presents a Modified Non-Linear Control 
(MNLC) for microgrid to optimize the performances of microgrid 
photovoltaic systems during outages/disturbance in distributed 
generation. This system underlines the adequacy of this proposed 
control methodology in terms of power management and stability 
of the system under various scenarios which are solar irradiance, 
man-made fault, etc.All these scenarios are presented during high 
loading conditions. This proposed non-linear control is tested at 
both point of common coupling (PCC) and the receiving end 
during sudden change of load. The simulated results are compared 
with PI controller using a software platform, MATLAB, Simulink. 
The system consists of a photovoltaic (PV) arrays, a DC-DC boost 
converter, a maximum power point tracker (MPPT) controller, 
wind turbine, battery and a resistive-inductive load. To validate 
the performance of the proposed MNLC over conventional designs 
the PV based Microgrid is subjected to grid side contingency (i.e. 
dynamic Load variation), as well as distributed generation (dg) 
side uncertainty (i.e. Partial shading). The performance of 
proposed MNLC is evidenced effective in MATLAB Simulink 
environment. 

Index Terms—PV Array, MPPT, PI Controller, Modified Non-
Linear Control, Simulink 

I. INTRODUCTION

attern of generation and consumption for electricity 
change due to the reduction of environmental pollution. 

Lately, inspired by the escalated development of advance 
microcontrollers and digital signal processors, conventional PI 
based converter control gets high importance in renewable 
market, from DGs’ feedback controllers to battery charge 
controllers [19, 20]. 

The recent years exhibit research trends in renewable energy 
management, self-sufficient local area micro-generation and 
power flow analysis of distributed generation sources. The huge 
increase of grid-connected PV generation system can pose 
serious challenges to maintain grid stability, power quality, 
power mismatch, power control, energy management and also 
efficient protection tasks, etc. [2-3]. Various power flow control 
strategies for three-phase grid-connected PV systems have been 
reported in the literature [4-7]. In [7], dynamic modeling of PV 
systems has been carried out for designing appropriate 
interfacing circuits and controllers for practical PV systems and 
to investigate transient responses with change in solar 
irradiance and operating temperature. The connection of the PV 
array to the grid is usually made with a voltage source converter 
(VSC), and it may include intermediate dc-dc converter, a 
transformer, or even both. It has been reported that high 
bandwidth grid active and reactive power control is achieved by 
directly controlling the currents of the VSC. Most of the 
controllers belong to either PI controllers or hysteresis band 
type controllers. The controllers are implemented in 
synchronously rotating reference d-q frame using PI controller 
or stationery abc reference frame using proportional resonant 
(PR) controller. A predictive controller based current control 
scheme implemented in synchronously rotating reference frame 
is proposed in [8]. Further the PI controllers are designed by 
trial and error and their performance deteriorates with the 
changing of the operating conditions. Besides the PI controller, 
several other linear and nonlinear controllers have been 
reported for active and reactive power flow control in the PV 
inverters [9-11] using dq current components as dynamic 
variables. 

PV based DGs are also well cited with PI based feedback 
path against grid PLL operation [19, 21]. Although, these PI 
based controllers normally unable to perform under unbounded 
uncertainties (e.g. PV side contingencies: partial shading; grid 
side contingencies: islanding condition etc.), especially for 
higher order (fractional derivative relation based VSC) and 
time-delayed dynamic systems (VSC operation with Primary 
Controllers: PCs). To cope with these challenges different 
improvements are incorporated to conventional PI design. 
Auto-tuning operation and adaptive PI based feedback paths are 
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Reduction of environmental pollution caused by electricity 
production with reliable and efficient supply of electricity has 
instigated the research towards microgrids. A microgrid is 
composed of distributed generations, loads, energy storage, 
secondary loads and controllers which cover the electrification 
of a small geographical area and can be operated in grid-
connected mode as well as islanded mode. Compared to the 
traditional grid, the microgrid has various stability issues due to 
unpredictable renewable sources and highly fluctuating demand 
[1]. 

Standard proportional–integral (PI) based feedback designs 
have implemented effectively for last fifty years [19] and 
utilized rigorously for industrial converter control till date. The 
primary cause of that is because of their less operational 
complexity, simple architecture, economical maintenance, and 
effectiveness for most grid tied converters (bounded 
uncertainties to be handled with).  
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recently added to literature [22]. Further new types of PI based 
Independent DG Controllers (IDGCs) with Fuzzy Logic (FL) is 
implemented for DG PLL [23]. 

II. DYNAMIC MODEL OF PHOTOVOLTAIC

Solar cell is a p-n junction fabricated in a thin wafer of 
semiconductor. In addition, the electromagnetic radiation of 
solar energy can be directly converted to electricity through 
photovoltaic effect. Photons with energy greater than the band-
gap energy of the semiconductor that being exposed to the 
sunlight, creates some electron-hole pairs proportional to the 
occurrence irradiation [12].  

 IL is the current source, represents the cell photocurrent. Rsh 
and Rs are the inherent shunt and series resistances of the cell, 
severally. The value of Rsh usually come out with a large 
compared with Rs which is exceedingly small, hence they may 
be deteriorated to simplify the analysis.  

PV modules that grouped by the larger units of PV cells 
which are further interconnected in a parallel-series 
arrangement to form PV arrays. The equations of photovoltaic 
panel model are given in equations (1)-(6). 

The issues of reactive power are come whenever there is no 
irradiance and no temperature at all [16]. The real power will 
drop to zero when the reactive power is high. The controller of 
inverter will be remunerated during for example at night that 
can cause current lead the voltage [17]. The control design is 
prior to such implementation in grid connected power system 
operation. By proper control architecture by following 
equations, the power quality is to be maintained for such DG 
integrated operations, without grid instability/ failure under 
normal operating/ balanced condition. The linear controllers 
(e.g. Proportional-Integral/ PI controller) are not effective under 
increased contingencies due to DG integration to existing utility 
grid. This is majorly due to the requirement of bidirectional 
power flow under both grid side (e.g. short-circuit faults, 
islanding) as well as DG side (e.g. renewable energy 
inconsistencies like: solar irradiation variation, partial shading) 
contingencies. Thus, non-linear controllers are well cited in 
literature against such DG integrated grid/ microgrid operation. 

The conventional non-linear controller like Fuzzy –PI based 
feedback path for PV based DG integration is quite successful 
in terms of industrial implementations. The major disadvantage 
is due to the predefined/ pre-studied Fuzzy rule base, which 
makes them system dependent performer. But in recent studies 
it has been highlighted that the performance deteriorates within 
a range depending on implementation. Thus, in proposed 
Fuzzy-PI control-based feedback path design an adaptive nature 
is incorporated by metaheuristic algorithm, so that the fuzzy 
rules are getting adaptive within that same range of error 
variations. This work is quite interesting in terms of PV based 
DG implementation for any active distribution networks. The 
controller is studied quite promising in terms of reduction in 
dynamic oscillation cycles after contingencies are cleared.   

Fig. 1. Photovoltaic Circuit 

The equivalent circuit of a PV cell is as shown in Fig. 1. 

Equation for this equivalent circuit is formulated using 
Kirchhoff’s current law for current I 

𝐼𝐼 = 𝐼𝐼𝐿𝐿 −  𝐼𝐼𝐷𝐷 − 𝐼𝐼𝑠𝑠ℎ (1) 

Here, IL represents the light-generated current in the cell, It 
represents the voltage-dependent current lost to recombination, 
and Ish represents the current lost due to shunt resistances. In 
this single diode model, ID is modeled using the Shockley 
equation for an ideal diode: 

𝐼𝐼𝐷𝐷 = 𝐼𝐼𝑜𝑜 �exp �
𝑉𝑉 + 𝐼𝐼𝑅𝑅𝑠𝑠
𝑛𝑛𝑉𝑉𝑇𝑇

� − 1� (2) 

Where n is the diode ideality factor (unit less, usually 
between 1 and 2 for a single junction cell), IOis the saturation 
current, and VT is the thermal voltage given by: 

𝑉𝑉𝑇𝑇 =
𝑘𝑘 𝑇𝑇𝑐𝑐
𝑞𝑞

(3) 

Where k is Boltzmann’s constant (1.381X10-23 J/K) and q is 
the elementary charge (1.602X10-19 C). 

Writing the shunt current as Ish = (V +IRs) / Rsh and 
combining this and the above equations results in the complete 
governing equation for the single diode model: 

𝐼𝐼 = 𝐼𝐼𝐿𝐿 − 𝐼𝐼0 �𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑉𝑉 + 𝐼𝐼𝑅𝑅𝑠𝑠
𝑛𝑛𝑉𝑉𝑇𝑇

� − 1� −
𝑉𝑉 + 𝐼𝐼𝑅𝑅𝑠𝑠
𝑅𝑅𝑠𝑠ℎ

(4) 

Where: 
IL: Light Current (A) 
IO: Diode Reverse Saturation Current (A) 
RS: Series Resistance (Ω) 
Rsh : Shunt Resistance (Ω) 
n:  Diode Ideality Factor 
Saturation current Io varies with the cell temperature, which is 
given by 

𝐼𝐼 = 𝐼𝐼𝑟𝑟𝑟𝑟 �
𝑇𝑇
𝑇𝑇𝑟𝑟
�
3
𝑒𝑒𝑒𝑒𝑒𝑒 �

𝑞𝑞∗𝐸𝐸𝑔𝑔0
𝐵𝐵𝐵𝐵 �

1
𝑇𝑇𝑟𝑟
−

1
𝑇𝑇�
� (5) 

The current output of PV module is 
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Ipv = NpxIph −  NpxIo �exp{
qx(Vpv + IpvRs

NsAkT

− 1� 
(6) 

The elemental unit of PV system is PV cell, irrespective of 
the utilization. The output voltage of a single PV cell is low 
(around 0.5 volts). Thus, in pragmatic application, these basic 
units are combined in number of parallel cells (Np) and series 
cells (Ns) to obtain the output current (Ipv) function of the PV 
array, as mentioned. 
 

𝐼𝐼𝑝𝑝𝑝𝑝 =  𝑁𝑁 𝑝𝑝[𝐼𝐼 𝑝𝑝ℎ –  𝐼𝐼𝐼𝐼𝐼𝐼 (𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑣𝑣 –  1)] 
(7) 

Where: 

𝛼𝛼 =
𝑞𝑞

𝑁𝑁𝑠𝑠𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥
  

q = 1.602 ×10–19 C 
k = 1.38 ×10–23 J / K 
Iph is photo current, generated by photon insolation is derived 
as: 

𝐼𝐼𝐼𝐼ℎ =  0.01 ×  𝐺𝐺 𝑥𝑥 [𝐼𝐼𝐼𝐼𝐼𝐼 +  𝑘𝑘𝑘𝑘 (𝑇𝑇 ∗ –  𝑇𝑇)] (8) 

 
Where G is called as irradiance Watt/m2 
ki =0.015 
Reverse saturation current (Irs) of the diode from the equivalent 
circuit of PV cell is estimated as shown: 

𝐼𝐼𝑟𝑟𝑟𝑟 = 𝐼𝐼𝑟𝑟𝑟𝑟 �
𝑇𝑇
𝑇𝑇𝜙𝜙

�
2

exp �
𝑞𝑞𝑞𝑞𝐸𝐸𝑔𝑔
𝑘𝑘𝑘𝑘𝑘𝑘 �

1
𝑇𝑇𝑟𝑟
−

1
𝑇𝑇𝜙𝜙

�� (9) 

 
Where Eg is band gap energy of the semiconductor material of 
the cell. 
Derivative of PV power by the voltage is equal to zero. 
Accordingly, at the maximum power point: 
 
𝑑𝑑𝑃𝑃𝑝𝑝𝑝𝑝
𝑑𝑑𝑉𝑉𝑝𝑝𝑝𝑝

=  𝑁𝑁𝑝𝑝�𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝑟𝑟𝑟𝑟�𝑉𝑉𝑝𝑝𝑝𝑝𝑥𝑥𝑒𝑒𝑒𝑒𝑒𝑒𝛼𝛼𝑉𝑉𝑝𝑝𝑝𝑝 + 𝑒𝑒𝑒𝑒𝑒𝑒𝛼𝛼𝑉𝑉𝑝𝑝𝑝𝑝

− 1�� = 0 
(10) 

 
The step size (Ov) is reduced and accurate the tracking as it 
reaches nearer to the MPP point: 
 

𝑂𝑂𝑂𝑂 =  𝑁𝑁 ∗ 𝑎𝑎𝑎𝑎𝑎𝑎 �
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

� (11) 

 
VSC dynamic model in abc reference frame is obtained as: 
 

𝑉𝑉𝑖𝑖.𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐿𝐿𝑖𝑖
𝑑𝑑𝐼𝐼𝑖𝑖.𝑎𝑎𝑎𝑎𝑎𝑎
𝑑𝑑𝑡𝑡

+ 𝑅𝑅𝑖𝑖𝐼𝐼𝑖𝑖.𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑉𝑉2.𝑎𝑎𝑎𝑎𝑎𝑎 (12) 

 
Where,  
Vi,abc = voltage at ac side of the VSC 
V2, abc = voltage at PCC 
Ii,abc = instantaneous current at abc 

After transformation of equation (5) from abc reference frame 
to dq reference frame the VSC dynamic equations become [13]: 

𝑑𝑑𝐼𝐼𝑖𝑖𝑖𝑖
𝑑𝑑𝑡𝑡

= −
𝑅𝑅𝑖𝑖
𝐿𝐿𝑖𝑖
𝐼𝐼𝑖𝑖𝑖𝑖 + 𝜔𝜔𝐼𝐼𝑖𝑖𝑖𝑖 +  

𝑉𝑉𝑖𝑖𝑖𝑖 + 𝑉𝑉2𝑑𝑑
𝐿𝐿𝑖𝑖

 (13) 

 
𝑑𝑑𝐼𝐼𝑖𝑖𝑖𝑖
𝑑𝑑𝑡𝑡

= −
𝑅𝑅𝑖𝑖
𝐿𝐿𝑖𝑖
𝐼𝐼𝑖𝑖𝑖𝑖 + 𝜔𝜔𝐼𝐼𝑖𝑖𝑖𝑖 + 

𝑉𝑉𝑖𝑖𝑖𝑖 + 𝑉𝑉2𝑞𝑞
𝐿𝐿𝑖𝑖

 (14) 

 
Where: 
Vi, dq = voltage at ac side of the VSI 
V2, dq = voltage at the PCC 
Ii,dq= instantaneous current in dq frame. 
 

𝑉𝑉𝑉𝑉𝑉𝑉 =  
√3

2√2
𝑉𝑉𝑉𝑉𝑉𝑉(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 6) =  

√3
2√2

 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ,  

Viq= √3
2√2

 Vpv(masin6) = √3
2√2

Vpvuq 
 

(15) 

 
Where: 
ud = (ma cos 6 ) 
uq = (ma sin 6 ),  
Vpv = voltage at PV side of VSI 
Ma = PWM modulation index 
6= phase angel for firing of IGBTs of VSI inverter 
The active and reactive powers at the PCC in the abc reference 
frame are obtained as: 
 

𝑃𝑃2 =
3
2 �
𝑉𝑉2𝑑𝑑𝐼𝐼𝑖𝑖𝑖𝑖 + 𝑉𝑉2𝑞𝑞𝐼𝐼𝑖𝑖𝑖𝑖�

= (𝑉𝑉2𝑎𝑎𝐼𝐼𝑖𝑖𝑖𝑖 + 𝑉𝑉2𝑏𝑏𝐼𝐼𝑖𝑖𝑖𝑖 + 𝑉𝑉2𝑐𝑐𝐼𝐼𝑖𝑖𝑖𝑖) 
(16) 

 

𝑄𝑄2 =
3
2 �
𝑉𝑉2𝑑𝑑𝐼𝐼𝑖𝑖𝑖𝑖 + 𝑉𝑉2𝑞𝑞𝐼𝐼𝑖𝑖𝑖𝑖�

=
1
√3

[𝑉𝑉2𝑎𝑎(𝐼𝐼𝑖𝑖𝑖𝑖 − 𝐼𝐼𝑖𝑖𝑖𝑖)

+ 𝑉𝑉2𝑏𝑏(𝐼𝐼𝑖𝑖𝑖𝑖 − 𝐼𝐼𝑖𝑖𝑖𝑖)
+ 𝑉𝑉2𝑐𝑐(𝐼𝐼𝑖𝑖𝑖𝑖 − 𝐼𝐼𝑖𝑖𝑖𝑖)] 

(17) 

 
Only to design the ultimate control theory by calculating control 
variables, a d-q axis power-based description of VSC dynamics 
is presented. The instantaneous active power (P2) and reactive 
power (Q2) at PCC in d-q reference frame: 
 

𝑃𝑃2 =
3
2 �
𝑉𝑉2𝑑𝑑𝐼𝐼𝑖𝑖𝑖𝑖 + 𝑉𝑉2𝑞𝑞𝐼𝐼𝑖𝑖𝑖𝑖�,  

𝑄𝑄2 =
3
2 �
𝑉𝑉2𝑞𝑞𝐼𝐼𝑖𝑖𝑖𝑖 + 𝑉𝑉2𝑑𝑑𝐼𝐼𝑖𝑖𝑖𝑖� 

(18) 

 
From equation (18), the instantaneous currents are obtained as: 
 

𝐼𝐼𝑖𝑖𝑖𝑖 =
2
3�

𝑃𝑃2𝑉𝑉2𝑑𝑑 + 𝑄𝑄2𝑉𝑉2𝑞𝑞
𝑉𝑉22

� 𝐼𝐼𝑖𝑖𝑖𝑖

=
2
3�

𝑃𝑃2𝑉𝑉2𝑞𝑞 + 𝑄𝑄2𝑉𝑉2𝑑𝑑
𝑉𝑉22

� 
(19) 
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The voltage components2d, V2q and Iid , Iiq are obtained from 
the phase voltage and current components in the stationary 
frame as: 
 

𝑉𝑉2𝑑𝑑 = �
1
√3
� (𝑉𝑉2𝑏𝑏 − 𝑉𝑉2𝑐𝑐), 𝐼𝐼𝑖𝑖𝑖𝑖

= �
1
√3
� (𝐼𝐼𝑖𝑖𝑖𝑖 − 𝐼𝐼𝑖𝑖𝑖𝑖), 

𝑉𝑉2𝑞𝑞 = �
2
3
�𝑉𝑉2𝑎𝑎 − �

1
3
� (𝑉𝑉2𝑏𝑏 + 𝑉𝑉2𝑐𝑐) 

(20) 

𝐼𝐼𝑖𝑖𝑖𝑖 = �
2
3
� 𝐼𝐼𝑖𝑖𝑖𝑖 − �

1
3
� (𝐼𝐼𝑖𝑖𝑖𝑖 − 𝐼𝐼𝑖𝑖𝑖𝑖) (21) 

 
By substituting these Iid and Iiqvalues to equations (13) and (14), 
the following differential equations are obtained in terms of 
P2and Q2as: 
 

dP2
dt

= −
Ri

Li
𝑃𝑃2 − 𝜔𝜔𝑄𝑄2 +  

𝑈𝑈𝑞𝑞
𝐿𝐿𝑖𝑖

 (22) 

dQ2

dt
= −

Ri

Li
𝑄𝑄2 − 𝜔𝜔𝑃𝑃2 + 

𝑈𝑈𝑞𝑞
𝐿𝐿𝑖𝑖

 (23) 

 
where the control parameters are: 
 

𝑈𝑈𝑞𝑞 = �
3
2
� �𝑉𝑉𝑖𝑖𝑖𝑖𝑉𝑉2𝑑𝑑 + 𝑉𝑉𝑖𝑖𝑖𝑖𝑉𝑉2𝑞𝑞 − �𝑉𝑉2𝑑𝑑2 + 𝑉𝑉2𝑞𝑞2�� (24) 

𝑈𝑈𝑝𝑝 = �
3
2
� �𝑉𝑉𝑖𝑖𝑖𝑖𝑉𝑉2𝑞𝑞 + 𝑉𝑉𝑖𝑖𝑖𝑖𝑉𝑉2𝑑𝑑� (25) 

 
At the PV side of the VSC, the dc link capacitor voltage shows 
another dynamic relation as (where switching losses is assumed 
to be neglected): 
 

𝐶𝐶𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝑡𝑡

= 𝐼𝐼𝑝𝑝𝑝𝑝 −
𝑃𝑃𝑖𝑖
𝑉𝑉𝑝𝑝𝑝𝑝

 (26) 

 
Which can be rewritten as: 
 

𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝑡𝑡

=
1

𝐶𝐶𝑝𝑝𝑝𝑝𝑉𝑉𝑝𝑝𝑝𝑝
�𝑃𝑃𝑝𝑝𝑝𝑝 − 𝑃𝑃𝑖𝑖� (27) 

 
Equations (22), (23) and (27) are used to construct the dynamic 
model for the proposed VSC based grid integrated PV system. 
The operating frequency is attained during system dynamic 
operation by a droop control strategy as shown in equation (28). 
 

𝑓𝑓 –  𝑓𝑓0 = –𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (𝑃𝑃𝑃𝑃 –  𝑃𝑃𝑃𝑃𝑃𝑃 ) (28) 

 
Where f0 =nominal operating frequency. 
 
For the controller design power components are independent of 
abc to d-q coordinate transformation [14]. To calculate the 
power components directly from abc coordinate voltage and 
current at PCC, equation (16) and (17) is considered. For PI 

controller small signal stability analysis, the method is outlined 
below: 
Small signal stability analysis for Multivariable VSC model. 
In time domain, the VSC dynamics can be represented in small 
signal terms as: 
 

𝑑𝑑𝑑𝑑𝑑𝑑2(𝑡𝑡)
𝑑𝑑𝑡𝑡

=
𝑅𝑅𝑖𝑖
𝐿𝐿𝑖𝑖
𝛥𝛥𝛥𝛥2(𝑡𝑡) −𝜔𝜔𝛥𝛥𝛥𝛥2(𝑡𝑡) + 𝛥𝛥𝛥𝛥𝑞𝑞(𝑡𝑡) (29) 

𝑑𝑑𝑑𝑑𝑑𝑑2(𝑡𝑡)
𝑑𝑑𝑡𝑡

=
𝑅𝑅𝑖𝑖
𝐿𝐿𝑖𝑖
𝛥𝛥𝛥𝛥2(𝑡𝑡) −𝜔𝜔𝛥𝛥𝛥𝛥2(𝑡𝑡) + 𝛥𝛥𝛥𝛥𝑝𝑝(𝑡𝑡) (30) 

 
Above two equations can be transformed in frequency domain 
and rewritten as: 
 

�𝑠𝑠 +
𝑅𝑅𝑖𝑖
𝐿𝐿𝑖𝑖
� 𝛥𝛥𝛥𝛥2(𝑠𝑠) + 𝜔𝜔𝛥𝛥𝛥𝛥2(𝑠𝑠) = 𝛥𝛥𝛥𝛥𝑞𝑞(𝑠𝑠) (31) 

−𝜔𝜔𝛥𝛥𝛥𝛥2(𝑠𝑠) + �𝑠𝑠 +
𝑅𝑅𝑖𝑖
𝐿𝐿𝑖𝑖
� 𝛥𝛥𝛥𝛥2(𝑠𝑠) = 𝛥𝛥𝛥𝛥𝑝𝑝(𝑠𝑠) (32) 

 
The matrix representation of equations (31) and (32) is obtained 
as: 
 

�𝛥𝛥𝛥𝛥2𝛥𝛥𝛥𝛥2
� = �

𝑎𝑎1
𝑎𝑎12 + 𝑎𝑎22

𝑎𝑎2
𝑎𝑎12 + 𝑎𝑎22

𝑎𝑎2
𝑎𝑎12 + 𝑎𝑎22

𝑎𝑎1
𝑎𝑎12 + 𝑎𝑎22

� �
𝛥𝛥𝛥𝛥𝑞𝑞
𝛥𝛥𝛥𝛥𝑝𝑝

� (33) 

 

Where,𝑎𝑎1 = �𝑠𝑠 +
𝑅𝑅𝑖𝑖
𝐿𝐿𝑖𝑖
� and 𝑎𝑎2 = 𝜔𝜔  

Equation (33) represents a multivariable dynamic model as 
described in [15]. From equation (33) for active power control 
only, we can write: 
 

𝛥𝛥𝛥𝛥2 =
𝑎𝑎1

𝑎𝑎12 + 𝑎𝑎22
𝛥𝛥𝛥𝛥𝑞𝑞 (34) 

 
From the PI control design, it can be derived: 
 

�𝛥𝛥𝛥𝛥2𝜙𝜙 − 𝛥𝛥𝛥𝛥2� �𝐾𝐾𝑝𝑝1 +
𝐾𝐾𝑖𝑖1
𝑠𝑠 �

+ 𝐾𝐾𝑝𝑝𝑝𝑝�𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝𝜙𝜙 − 𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝� = 𝛥𝛥𝛥𝛥𝑞𝑞  
(35) 

 
On substitution and simplification, the following equation is 
obtained: 
 

𝛥𝛥𝛥𝛥2 =
𝐺𝐺11𝐺𝐺𝑝𝑝1

1 + 𝐺𝐺11𝐺𝐺𝑝𝑝1
𝛥𝛥𝛥𝛥2𝜙𝜙

+
𝐺𝐺11𝐾𝐾𝑝𝑝𝑝𝑝

1 + 𝐺𝐺11𝐺𝐺𝑝𝑝1
(𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝𝜙𝜙

− 𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝)     

(36) 
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The gains have been determined to minimum overshoot which 
ensures the stability. The frequency response has been analyzed 
to validate above mentioned stability of the closed loop path. 
By letting s=jcsthe open loop SISO transfer function G11(s). 
Gp1(s) is  mapped  into  equation  (37). 
 

𝐺𝐺11(𝑗𝑗𝜔𝜔𝑠𝑠)𝐺𝐺𝑝𝑝1(𝑗𝑗𝜔𝜔𝑠𝑠)

=  
(𝑏𝑏1𝑏𝑏2 − 𝑏𝑏3𝑏𝑏4) + 𝑗𝑗(𝑏𝑏3𝑏𝑏2 − 𝑏𝑏1𝑏𝑏4)

𝑏𝑏2
2 − 𝑏𝑏4

2  
(37) 

 
Where: 
 

𝑏𝑏1 =
𝐾𝐾𝑖𝑖1𝑅𝑅𝑖𝑖

𝐿𝐿𝑖𝑖 − 𝐾𝐾𝑝𝑝1𝜔𝜔2,  

𝑏𝑏2 = (𝑅𝑅𝑖𝑖/𝐿𝐿𝑖𝑖)2 + 𝜔𝜔𝑠𝑠2 + 𝜔𝜔2, 

𝑏𝑏3 =
𝐾𝐾𝑖𝑖1+𝐾𝐾𝑝𝑝1𝑅𝑅𝑖𝑖

𝐿𝐿𝑖𝑖
 

𝑏𝑏4 = 2(𝑅𝑅𝑖𝑖/𝐿𝐿𝑖𝑖)𝜔𝜔 
 
 
 
 

III. METHODOLOGY 

Conventional Controller 
Output power equals to the sum of proportion and integration 
coefficients. The higher the proportion coefficient, the less the 
output power at the same control error. The higher the 
integration coefficient, the slower the accumulated integration 
coefficient. PI control provides zero control error and is 
insensitive to interference of the measurement channel. The PI 
control disadvantage is slow reaction to disturbances. To adjust 
the conventional controller should first set the integration time 
equal to zero, and the maximum proportion time. 
 

 
Fig.2.(a).Photovoltaics system for conventional controller 

 
 

 

 
Fig.2.(b).Control of inverter

 
Fig.2.(c).Conventional controller 

 

𝑉𝑉𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐿𝐿𝑖𝑖 
𝑑𝑑𝑑𝑑𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 

𝑑𝑑𝑑𝑑
+ 𝑅𝑅𝑖𝑖 𝐼𝐼𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑉𝑉2 𝑎𝑎𝑎𝑎𝑎𝑎  (38) 

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖 

𝑑𝑑𝑑𝑑
=  −

𝑅𝑅𝑖𝑖 
𝐿𝐿𝑖𝑖 
𝐼𝐼𝑖𝑖𝑖𝑖 + 𝜔𝜔𝐼𝐼𝑖𝑖𝑖𝑖 +

𝑉𝑉𝑖𝑖𝑖𝑖 − 𝑉𝑉2𝑑𝑑 

𝐿𝐿𝑖𝑖 
 (39) 

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖 

𝑑𝑑𝑑𝑑
=  −

𝑅𝑅𝑖𝑖 
𝐿𝐿𝑖𝑖 
𝐼𝐼𝑖𝑖𝑖𝑖 + 𝜔𝜔𝐼𝐼𝑖𝑖𝑖𝑖 +

𝑉𝑉𝑖𝑖𝑖𝑖 − 𝑉𝑉2𝑞𝑞 

𝐿𝐿𝑖𝑖 
 (40) 

 

New Proposed Controller 
The MNLC is controlled by the fuzzification, inference 

system and defuzzification. This controller is based on the 
membership function and the number of membership control 
based on the accuracy of the controller [18]. The result produces 
the membership between the error and change of error. 

 
FL Architecture 

Fuzzification, FRs, Defuzzification processes are the 
constructing element for FL architecture. The VSC PLL by this 
FL-PI based IDGC for PV based DG to microgrid is depicted 
in Fig. 2.a. 
 
Fuzzification 

The VSC dynamic system errors are considered for 
fuzzification of Kp and Ki gains prior to system stability limits. 
The Input (IP) and Output (OP) membership functions are 
designed according to VSC-PCC dynamic stability limits (Fig. 
3). The dynamic error (Er1 and Er2) and rate of change in error 
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(∂Er1 and ∂Er2) are considered for present FL IP membership 
design, where control inputs (∆Uq and ∆Up for P1 and Q1 
dynamics respectively) are targeted as OP membership. The FL 
membership constant L is considered > 0. This L is needed to 
be optimized further to achieve optimal FL-PI operation under 
uncertainties (partial shading, islanding etc.).  

 
(a) 

 
(b) 

Fig.3. Membership functions for FL-PI gains: IP and OP membership 
function 

 

Fuzzy Rule Base 

By using the IP and OP membership (Fig. 3) the following 
Fuzzy Rules (FRs) are developed for PI gain adaptiveness: 
Rule 1. IF Er(kTs) = ErNEG AND ∂Er(kTs) = ∂ErNEG, THEN 
∆U(kTs) = ∆UNEG. 
Rule 2. IF Er(kTs) = ErNEG AND ∂Er(kTs) = ∂ErPOS, THEN 
∆U(kTs) = ∆UZER. 
Rule 3. IF Er(kTs) = ErPOS AND ∂Er(kTs) = ∂ErNEG, THEN 
∆U(kTs) = ∆UZER. 
Rule 4. IF Er(kTs) = ErPOS AND ∂Er(kTs) = ∂ErPOS, THEN 
∆U(kTs) = ∆UPOS. 
 
The rules are based on the side of membership functions where 
subscript POS→ positive side, NEG→ negative side, and 
ZER→ zero output. The IF AND THEN based operation is 
effective as AND is providing minimum tolerance to the FRs. 
These four rules are considered for PI gains decision. 
 
Defuzzification 

The centroid relationship is implemented for defuzzification of 
incremental FL control. The IP and OP memberships are further 
decomposed into 20 IO combinations as depicted in [16]. 
Finally, the Gains for PI (Kgain: Kp, Ki) is calculated as: 
 

      (41) 
  
 

 
Fig.4. Rule base by combining Er and ∂Er as IP and Kp and Ki as OP 

membership functions 
 
 

These IO combinations are depicted as FRs in Fig. 4. For 
present consideration, the error (Er1 and Er2→ Fig. 3.a) and rate 
of change in error (∂Er1 and ∂Er2→ Fig. 3.a) are positioned in 
horizontal and vertical axes, respectively. These two 
membership functions overlapped and create a third-dimension 
representation [16] over two-dimensional membership maps. 
The upside region of Er is representing [0 to L] region where 
the downside is showing [0 to –L] region, in two-dimensional 
plane. The left side and right side of ∂Er are showing [0 to –L] 
and [0 to L] planes of two-dimensional error mapping. The third 
dimensional membership functions for Kp and Ki gains are 
obtained from rule based R1 to R20 as in Fig. 4. The selection 
of IF THEN rules is implemented as: 

( )ErEr
ErErErEr NEGNEG

∂
∂=∂=

,min THEN
  AND

          (42) 

For the region IO1 and IO2 the rule R1 can be implemented as: 
Step 1. Select the input (Er and ∂Er) memberships. 
Step 2. Obtain the corresponding output (Kp and Ki) 
memberships.  
 
The Er and ∂Er are obtained from two-dimensional limits as: 

( )

( )
L

LTKErEr

L
LTKErEr

s
POS

s
NEG

2

2
+×

=

+×−
=

     

      (43.a) 
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      (43.b) 
 
The final Kgain values can be obtained from defuzzification 

formulation. The water flow is the basic idea behind this nature 
inspired algorithm where evaporation, transpiration, 
condensation, precipitation, and runoff take place to reach a 
raindrop to sea (optimal point) [18]. Raindrop population is 
created initially. These are equivalent to PI gains (Kp, P1, Kp, Q1 
and Ki, P1, Ki, Q1). To minimize the Er(kTs) the cost function for 
proposed optimization problem is derived as: 

   

  (44) 
 

 

 
Fig. 5. Rule in surface view 

 

 
Fig.  6. (a). Subsystem after calculation 

 

 
Fig.  6. (b). MNLC 

 

 
Fig.7.Power scope that shows the result for system 

IV. RESULTS AND DISCUSSION 
Fig. 8 shows the difference performance of conventional 

control and proposed control. The performance is compared 
under load change during voltage, current, frequency and 
reactive power. As been showed in the result, proposed control 
is more stable compare to conventional control during at certain 
time. 

 
 

 
Fig. 8. (a). Voltage performance under load change 
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Fig. 8. (b). Current performance under load change 

 

 
Fig.8. (c). Frequency performance under load change 

 

 
Fig. 8. (d). Reactive power performance under load change 

 
Fig. 9 present that the difference result of performance under 
partial shading. This scenario is made during 4-6 sec to see that 
the difference between these two performances. Proposed 
control is more stable compared to conventional control. 
 

 
Fig. 9. (a). Voltage performance under partial shading 

 

 
Fig. 9 (b). Current performance under partial shading 

 

 
Fig. 9. (c). Frequency performance under partial shading 
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Fig. 9. (d). Reactive power performance under partial shading 

 
 
Stability performance of MNLC is tested using Bode diagram 
and Nyquist diagram, it shows in Fig. 10.  

 
Fig. 10. (a). Bode Plot for small signal stability 

 
Fig. 10. (b). Nyquist diagram for small signal stability 

In proposed Fuzzy-PI control-based feedback path design an 
adaptive nature is incorporated by metaheuristic algorithm, so 

that the fuzzy rules are getting adaptive within that same range 
of error variations.  

V. CONCLUSION 

In proposed Fuzzy-PI control-based feedback path design an adaptive 
nature is incorporated by metaheuristic algorithm, so that the fuzzy 
rules are getting adaptive within that same range of error variations. 
The controller design discussed are incorporated in terms of dynamic 
behaviour of the Phase Locked Loop/ PLL between converter station 
and Point of Coupling/ PC (Fig. 2.a). The proposed controller model 
is obtained in terms of sets of differentials relations in those two 
sections. The performance validation of such control efficacy is being 
subjected in terms of small-signal model (Eq. 37, Fig. 8) as well as 
dynamic oscillation damping (Figs. 6 and 7). The proposed MNLC is 
quite effective in terms of stability for PV based DG integration for 
Microgrid applications. 
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