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Abstract: Rural areas are either weakly connected to grid or 

have no grid access. Therefore, hybrid system is only solution for 
continuous undisrupted power supply. Also these rural 
microgrids have specific types of load. Small systems are more 
vulnerable to load disturbances and therefore, frequency and 
voltage variation have post disturbance effect on the system 
stability. Four different types of loads having exponential voltage 
and frequency characteristics are considered for the study. EPRI 
Load modeling has been considered based on aggregate index 
calculation. The system is studied for step increase/decrease in 
load as well as input power to the wind energy system and also 
the post effect of voltage & frequency change on the load with its 
influence on the system is considered for study purpose. The 
isolated microgrid proposed has wind energy system with PMSG 
and biogas genset (BG) with synchronous generator (SG). The 
system is designed in such a way that any increase/decrease in 
load and input power to wind is taken up by the biogas system. 
No additional reactive power compensator is envisaged. 
Accordingly, the controllers are tuned using Integral Square 
Error criterion for mitigate variation in load voltage & 
frequency.  

 
Keywords: Microgrid, renewable energy, wind energy 

system(WES), biogas generator(BG), synchronous generator, 
permanent magnet synchronous generator. 

I. INTRODUCTION 

Rural microgrids are small power system installed in distant 
topographical areas either isolated from the system grid or 
with an erratic grid connection [1]. In isolated system 
conventionally diesel generators (DG) was the main source 
however, when combined with renewable energy sources 
have developed into hybrid system. But with modification in 
the engine, biogas can be used as alternate fuel to diesel. 
Compression Ignition (CI) engine with diesel as pilot fuel 
can use biogas for running the engine [2].  Wind, Solar and 
Hydro are three major cradles of renewable energy. These 
renewable energy are site dependent, proper wind speed is 
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needed for wind power, solar irradiation for PV system and 
a hydro stream is needed for hydro power. The main interest 
in combining BG with renewable is vested on low cost and 
uninterrupted supply. Many papers have been published in 
which different type of generators are combined with 
renewable sources and carried out analysis with dynamic 
studies. Induction generator (IG) is one of the 
electromechanical conversion device used with sources 
intermittent in nature like wind energy system (WES). IG 
therefore, has proven good replacement against the 
synchronous generator [3]. However, Induction generator 
requires reactive power therefore; excitation capacitor is 
used in case of Self excited induction generator (SEIG). 
Various effort has been made by researchers to tackle the 
problem [4][5]. Wind with PMIG, DG with SG and Statcom 
has been proposed for meeting the reactive power 
requirements [6].  The other alternative is Permanent magnet 
synchronous generator (PMSG). The PMSG has attracted 
more and more attention due to its advantages of high 
efficiency and reliability [7]. Compared with IG, PMSG 
have the following benefits: (a) PMSG allows the generator 
to function at less speed without a gearbox i.e. directly 
driven. This lessens the dimensions and weightiness of 
nacelle equipment, mechanical losses associated with gear 
system in operation as well as operation & maintenance 
necessities. (b) PMSG supports the grid voltage by 
generating more reactive power as it is interfaced with the 
power system through converter which has coupling 
capacitor. These assets have made PMSG become prevalent, 
even though there are converter losses [8][9]. Generally in 
biogas sets synchronous generator (SG) are used. SG is 
accompanied with excitation system which has automatic 
voltage regulator [10]. The frequency and power output can 
be controlled by the speed governor and actuator of the 
biogas engine. The gas engine model with electronic 
governor and induction generator was used as a biogas 
generator [11]. The dynamic stability analysis was 
conducted in that study and the system was found to be 
stable with all the Eigen values lying on the left-hand side of 
the complex s plane. Various other models for stability 
analysis and control schemes for biogas have been studied 
by the researchers [12][13]. The active power control action 
of a biogas engine is quite slow as compared to the inverter 
controlled distributed generation sources.  When there is 
disturbance in the system different type of load shows 
different characteristics. Loads are basically dependent on 
frequency, voltage and recovery time [14]. 
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 Various types of load modeling have been proposed in 
literature considering static and dynamic characteristics of 
load based on component level approach and measurement 
based approach [15]. EPRI load modeling based on voltage 
change and frequency change is one of the solutions for 
composite type of load as it gives more realistic results [16]. 
Various papers are written analyzing control strategy for 
frequency and voltage control of wind-biogas/diesel based 
hybrid system [10][17]. The other discuss about the 
economics involved with the feasibility of the system [18]. 
However, very less attention has been paid on the isolated 
small system considering post disturbance effect of load on 
the system stability.  
Present work is motivated by dynamic stability study of 
small isolated system with EPRI load modeling considering 
the post effect of load on the system due to frequency and 
voltage variation. The paper is ordered as follows: 
Section-II gives the detail of the system considered for 
investigation. Section-III comprises of description regarding 
modeling of isolated microgrid and its associated load. 
Section-IV discuss about the simulation of the system and 
results. Finally, section-V is the conclusion of the paper 
under consideration.  

II. SYSTEM CONSIDERED FOR INVESTIGATION 

The system modeling consist of isolated rural microgrid of 
500 kW rating comprising of 250 kW BG and 250 kW WES 
system as shown in Fig.1 and the system data details are 
given in Table I of Appendix. The objective of the study is 
variation in the state variables of the isolated small system 
due to load variations and variation in input power to the 
renewable energy source. The load variation is characterized 
by deviation in voltage and frequency of the system. Small 
systems are more liable to disturbances, therefore, the 
controller needs to act very fast to minimize the error and 
reach steady state. Further bifurcation of load into segments 
helps to establish the effect of voltage and frequency 
variation on the system. The rural microgrid system 
generally comprises of specific type of load like residence 
load, agriculture pump, lighting etc. In the paper four types 
of load is considered for modeling as indicated in Table IV 
of Appendix. Whenever the load increases the system 
voltage and frequency decreases and when the load 
decreases the same increases. The load modeling is done 
combining exponential model with frequency based load 
model. Aggregate indices of the individual components of 
load in exponential model and frequency based load model 
are calculated based on proportion (rated kW of particular 
load/total kW) of various load types in the system. As the 
system is small therefore, to establish the voltage stability, 
reactive power compensation is provided by the excitation 
system associated with the BG. No additional reactive 
power compensation equipment is envisaged. The novel 
approach is proposed in rural microgrid considering 
component based load modeling based on frequency and 
voltage deviation and its post effect on system stability 
along with control strategy to mitigate the frequency and 
voltage oscillation within limits.     

III. MODELING OF SYSTEM 

The line diagram of the scheme considered is shown in 
Fig.1. Any change in demand or generation results in 
imbalance in power flow which is compensated by increase 
or decrease in active power and reactive power generation 
through the generator. The system power balance Equations 
are given by 

Pbg Pw    Pl   (1) 
 

Qbg Qw   Ql   (2) 
 

Small disturbance in the power can be represented by  
 

∆Pbg ∆Pw  ∆Pl   (3) 

∆Qbg ∆Qw ∆Ql   (4) 
 

Deviation of active and reactive power generation due to 
load variation will result in frequency and voltage to change, 
which can be expressed by Equation based on state space 
using Laplace transform as  
 

∆F(s) = 
   

      
  [Pbg(s) P w (s) -P l(s)]     (5) 

 

∆V(s) = 
   

      
  [Qbg(s) Qw (s) -Ql(s)]        (6) 

 
Where, Kps, Kvs, Tps and Tvs are the system gain and time 
constant. Pw, Pbg and Pl are active Power of wind energy 
system, biogas genset and load respectively. Qw, Qbg and Ql 

are reactive Power of wind energy system, biogas genset 
and load respectively.  
The calculated value of different parameters is given at 
Appendix. 

 
Fig.1, Line diagram of proposed isolated rural 

microgrid. 

A. Modeling of Inverter connected to WES. 

The WES comprises wind turbine, generator & auxiliaries 
coupled with Buck Boost Converter. The power output from 
WES dependents upon the wind speed therefore, keeps on 
changing as per speed of wind. However, the controllers 
attached are tuned to extract required power from the turbine 
to be fed to the generator to maintain constant power output. 
Also the controllers of the inverter are tuned to compensate 
small perturbation in the power requirement of the system. 
WES side converter transmits the power to the load end 
inverter through a coupling capacitor between converters. 
The coupling capacitor helps in 
maintaining constant voltage 
across it.  
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The DC to AC converter produces power corresponding to 
the requirement of the system. In addition, the WES inverter 
also maintains the system reactive power balance. A small 
signal model of the WES inverter is developed using active 
and reactive power flow equations from the Inverter model. 
The Equations are as 

      

 
Sin( )inv

W
TW

V V invP X



              (7) 

 

    
Cos( )inv inv

W
TW

V V VQ X
 

    (8) 

 
For small incremental change in power flow of the Inverter, 
(7) and (8) can be written as  
 

1 2 3( ) ( ) ( ) ( )W inv invP s K s K V s K V s        (9) 

 
4 5 6( ) ( ) ( ) ( )W inv invQ s K s K V s K V s        (10) 

 
The parameters/constants Vinv∠δinv and XTW are input 
inverter voltage and reactance of coupling transformer. K1, 
K2, ---- K6 are constant of the above mentioned equations 
associated with state variables. The values of parameter are 
given in Table III of Appendix. 
The transfer function of the PVS considering Inverter side 
active and reactive power control is shown in Fig. 2.  
 

 
Fig. 2, Transfer function model of PV Inverter. 

B. Modeling of Biogas Generator set 

A biogas engine is connected to a synchronous generator, 
which generates electricity. The reactive power generation 
and voltage is controlled by the AVR and real power 
generation is controlled by speed governor control 
mechanism. 
 

 
Fig.3, Transfer function model of biogas-genset for 

active power control. 

The block diagram of biogas system having electronic speed 
governor is shown in Fig. 3. TBG1 to TBG7 are time 
constant of Biogas Engine mechanism. 
The regulatory valve supplies biogas to the engine. Valve 
position is regulated by the actuator which depends on 
signal from the speed governor. The signal is generated in 
response to frequency and voltage angle change. The change 
in active power output of the biogas-genset is given by 
 

7

1
( ) ( )

1
BG VB

BG
P s X s

sT
  


  (11) 

 

4

5 6

(1 )
( ) ( )

(1 )(1 )

BG
VB ABG

BG BG

sT
X s X s

s sT sT


  

 
 (12) 

 
The adjustment in the actuator input signal depends upon the 
speed governor design and it is given by 

3

21 1 2

(1 )
( ) ( )

(1 )

BG
AB CB

SBG BG BG

sT
X s P s

sT T T


  

 
  (13) 

 
An IEEE type-I excitation control with saturation neglected 
as shown in Fig. 4 is considered. The small deviance in 
voltage behind transient reactance, ∆EˈqB , is given by 
 
           

                                  (14) 

 
Fig.4, Model of excitation control system for biogas-

genset (IEEE Type-I). 
 

For small deviance in voltage, the reactive power 
delivered by the biogas-genset is given by 

 

                                    (15) 
 

Assuming that SG is operates at constant pf, the reactive 
power variation due to change in active power is given by 

 

∆Q BG(s)=Krb ∆PBG(s)
         (16) 
 

https://www.openaccess.nl/en/open-publications
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C. System Load Modeling 

The active power and reactive power equations for EPRI 
load model is given below. This model is used for dynamic 
studies and gives good results for the small system. 
 

           
 

  

                      

      
 

  

       

      (17) 
 
 

           
 

  

 
    

                 
  

  

      
 

  
                       

      
      (18) 
 P0, Q0, V0 and f0 are active power, reactive power, the bus 
voltage and the frequency, prior to the disturbance. PC1 is 
frequency dependent fraction of real load, QC1 is the reactive 
load coefficient of uncompensated reactive load to real 
power load, Knp1 and Knp2 are the voltage exponents for 
frequency dependent and frequency independent active 
power load, Knq1 and Knq2 are voltage exponents for 
uncompensated and compensated reactive power load, Nnpf 

and Nnqf1 are the frequency sensitivity coefficients for real 
and uncompensated reactive power load and Nnqf2 is 
frequency sensitivity coefficient for compensated reactive 
power load. The incremental decrease in load results in 
increase in voltage by ∆V and frequency by ∆f.  
Equations (17) & (18) can be rewritten as 
 

            
     

  

                    

      
     

  

       

      (19) 
 

           
     

  

 
    

               
  

  

      
     

  
                     

      
      (20) 
Where ∆V = V -V0 and ∆f = f -f0. 
Expanding using the Taylors series expansion of    
 ) =1+n +   12! 2…..      2<1 for the above equation 
and neglecting the higher terms     gives: 

 
                        (21) 

 
 
                        (22) 

 
Hence change in load     and     could be expressed in 
terms of incremental change in voltage ∆V and incremental 

change in frequency ∆f. The effect of decaying of oscillation 

could also be seen in simulation results. 
Expressing the (21) & (22)  in matrix form gives; 
 

 
  
  

   
      

      
  

  
  

     (23) 

 
      A 
The Eigen valve of A matrix can be found out by |SI-A| =0. 
 

   
  .  .   
 .   . 

  and the Eigen value works out to be 

     .          .  . 
 
Since the Eigen values lies in the left half of the s-plane 
therefore, the load have tendency of decaying. In the small 
system this is very important as large non decaying 
oscillation will result in cascaded tripping of feeders. 
Generally, the inductance and capacitance in the load stores 
energy at rated voltage and frequency. When the voltage and 
frequency changes the load has tendency support the system 
by absorbing or releasing the stored energy. The same has 
been established above by finding the Eigen value of the 
load model. 
The load constants of (21) & (22) are 
 
             ; 
 

    
  

  
                      ;  

 
                                 ; 
 

    
 

  
                            ; 

 
The aggregate effective value of indices is calculated based 
on proportion of various types of load in respect to the total 
load. Equation for establishing the aggregate index is given 
below. 
     

           
     

         

 
      (24) 

Aggregate indices of the load are given in Table II of 
Appendix and load constants are given in Table III of 
Appendix. 

IV. MODEL SIMULATION  

The model developed in matlab is shown in Fig.3. Two 
cases have been considered for simulation as given below.  
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Fig.5, Transfer Function model of isolated rural 

microgrid consisting of Wind-BG. 
 

A. Case-I 

Step increase in load by 1% is considered for simulation, 
however, no change in input power to wind energy system.  
The dynamic response of the isolated microgrid for 1% 
increase in load (active and reactive) are shown in Fig. 6. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 

Fig.6, Dynamic response of the system for 1% step 
increase in load for time vs. (a)∆f (b) ∆V (c) ∆Pbg (d) ∆Pw 

(e) ∆Qbg & (f) ∆Qw. 

B. Case-II 

Step decrease in load by 1% has been considered along with 
increase in wind input power by 1%. The dynamic response 
of the isolated microgrid for 1% decrease in load (active and 
reactive) and 1% increase in wind input power are shown in 
Fig.7. 

https://www.openaccess.nl/en/open-publications
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(a) 

 
(b) 

 
(c) 

 

 
(d) 

 

 
(e) 

 
(f) 

Fig.7, Dynamic response of the system for 1% step 
decrease in load & 1% increase in wind input power 
for time vs. (a)∆f (b) ∆V (c) ∆Pbg (d) ∆Pw (e)  ∆Qbg & 

(f) ∆Qw . 
 
In the first case the load increases due to which frequency 
and voltage decrease initially. Fig. 6(a) & (b) shows 
frequency and voltage oscillation including load model (∆F 

& ∆V) and without inclusion of load model (∆F* & ∆V*).  

From the frequency and voltage graph it is interpreted that 
frequency settles within 5s and voltage settles within 60 ms 
with zero steady state error. Also the effect of load on 
frequency and voltage could be seen. Due to inclusion of 
load characteristics, frequency & voltage oscillation, peak 
overshoot and settling time increase which cannot be 
interpreted only by taking the step response. Oscillations 
also indicates that load has tendency to captivate and release 
energy to the system. Further, active and reactive power 
requirement is taken up by BG with no change in active and 
reactive power being drawn from WES, refer Fig. 6(c), 6(d), 
6(e) & 6(f).  The active and reactive power of BG and WES 
reaches steady state within 5s. The time taken is due to 
interaction of inertia associated with BG and WES. Also 
from the graph it can be seen that initially reactive power is 
provided by the converter associated with WES and later 
taken up by the excitation system of BG. As per the 
modeling same has been verified by the dynamic response 
under steady state condition. 
In case-II there is sudden decrease in the wind input by 1% 
and load decreases by 1% resulting in frequency and voltage 
increase initially. The graphs in Fig.7 show various 
parameters of the system.  
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The frequency settles within 5s and voltage with 60ms. Due 
to increase in input wind power as well as decrease in load, 
the active and reactive power output from BG decreases to 
balance the system power requirement. From Fig. 7 (c) & 7 
(d) it can be seen that active power reaches steady state 
around 10s. This is due inertia of wind turbine. Due to 
which WES takes time to reach steady state. The reactive 
power of BG and WES, Fig 7 (e) & 7 (f) also reaches steady 
state within 10s. The results of the simulation are tabulated 
in Table VI of Appendix. Hence, the system becomes stable 
and achieves steady state condition.  

V. CONCLUSION 

Isolated rural microgrid have been modeled using EPRI load 
model. Aggregate incides of various types of load have been 
used for simulation study. Typical loads like Residential 
Load, Small Insdutrial Load, Adminstrartive Building & 
Lighting Load and Agricultrual pump load have been 
considered in the modeling. Also the system is modeled in 
such a way that any change in load requirement or 
increase/decrease in input power to WES is taken up by the 
BG system. From the study it can be interpretated that load 
has significant effect on dynamic stability of the system. 
When the system parameter changes load dynamics also 
changes and controllers should be tuned such that system 
reaches steady state with the limits within stipulated time 
frame. The results have been verified by taking step 
disturbance in load and in input power to the WES system. 
Frequency settles within 5s and voltage within 60ms as 
desired.  

VI. APPENDIX 

The system has been modeled considering total contract 
demand = 750 kW. 
Max. demand with diversity factor of 0.6 = 500*0.6 =  450 
kW. 

MICROGRID DATA : 

DPS= 
   

  
 = 

  

     
 = 0.018 pu kW/pu Hz. 

 
Kps =       = 55.55 pu Hz/pu kW. 
 

Tps = 
  

     
=8.88 sec. 

 

Dvs = 
   

  
 = 

  

    
 = 

  

    
  0.9 pu kVAR/pu kV. 

 
Kvs =       = 1.11 pu kV/pu kVAR. 
 
Tvs = 0.03538 sec. pf=0.866, Pl =0.9pu, Ql=0.519,f0=50Hz. 
 

Table I 
                                 Generation parameters  
Sources Rated 

Capacity 
(kW) 

Gen 
(kW) 

 

Active 
Power  
(pu) 

Reactive 
Power 
(pu) 

BG 250 225 0.45 0.259 
Wind 250 225 0.45 0.259 
Total 500 450 0.9 0.519 

 

Table II 
                                            WES Data 
PW=0.45 pu kW QW=0.259 pu kVAR 
XTW= 0.05 pu K1= 20.25 K2= 0.443 K3= 0.449 
K4 = -0.449 K5 = 19.995 K6=- 19.74 Vinv =1.01 pu 
∆δinv=1.27˚    

   

Table III  
BG data 

PBG=0.45 pu QBG=0.259 pu 

Xd = 0.4 pu Xd’= 0.05pu Td0‘= 5.0 sec TB = 0.625 s 
TBG1 = 0.01 s TBG2 = 0.02 s TBG3 = 0.15 s TBG4 = 0.2 s 
TBG5 = 0.014s  TBG6 = 0.04s TBG7 = 0.036s  KAB = 200 
TAB = 0.05s KEB = 1 TEB = 2.0 s KFB = 0.5 
TFB = 1.0s K1BG = 0.125   K2BG =0.987 K3BG =19.74 
K4BG = -20.26    

 

Table IV 
             Load 
 
Indices 

RL SI 
 

LAL PL Aggregate  
Index 

Nnpf1 -2.01 0.6 -2.9 0.8 -0.9 
Knp1 1.1 0.1 0.1 1.4 0.63 
Knp2 0.8 0.6 0.2 1.1 0.7 
Nnqf1 -2.3 1.6 -1.8 4.2 0.63 
Nnqf2 2.8 1.9 1.2 4.8 2.62 
Knq1 2.6 0.6 1.6 1.4 1.43 
Knq2 -2.7 -1.9 -0.9 1 -1.39 
Load Rating 
(kW) 

200 300 100 150 Total 750 

  
RL-Residential Load 

 SI- Small Industrial Load 
 LAL- Administrative Building & Lighting Load 
  PL- Pump Load 

 

Table V 
Load Data 

Kl1= -0.9 Kl2= -0.595 Kl3= 0.1 Kl4= -3.9 
PC1 =0.55 QC1=0.7   

 
Table VI 

System 
disturbance        

Case I 
ΔPl =  0.009 pu 

ΔQl = 0.0052 pu 
PinW = 0 

 

Case II 
ΔPl =  -0.009 pu 

ΔQl = -0.0052 pu 
PinW = 0.00267 pu 

  
System 

variables 
Steady 

state value 
(pu) 

Settling 
time 
(sec) 

Steady 
state 

value (pu) 

Settling 
time (sec) 

ΔF 0 4.5 0 4.3 
ΔV 0 0.056 0 0.052 
ΔPbg 0.009 4.6 -0.0116 9.2 
ΔPW 0 4.8 0.0026 9.8 
ΔQbg 0.0052 4.4 -0.0066 9.7 
ΔQw 0 4.1 0.0014 9.6 
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