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Renewable energy based microgrids have main challenges of maintaining its
frequency-voltage characteristics and system becomes more complex when
they are interconnected. These sources being intermittent in nature need to be
supported by other resources like diesel/biogas such that at time of small
variation in load or natural sources (wind/solar), power requirement is met
through support provided by diesel/biogas-based system. Also, the controller
should be fast enough to minimize the changes such that system reaches
steady state. In this paper, renewable based rural microgrid consisting of
wind, solar and biogas is modeled and interconnected through low voltage
AC (LVAC) line. Also, one of the microgrid modeled is connected to the
main grid as well as drawing power from the other microgrid. Control
approach have been developed in such a way that whenever there is
disturbance in the system due to increase/decrease in load or input to the
renewable energy sources the biogas-based system of individual microgrid

increases/decreases its generation to support the system requirement. No
extra power is drawn either from the LVAC network or main grid as desired.
modeling of system and its dynamic Study has been carried out in
MATLAB/Simulink.
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Wind energy system
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1. INTRODUCTION

Renewable energy generation-based power plants in small and large scale are needed to be installed
in India to meet the power requirement and decrease dependency on thermal [1]. In this paper dynamic
stability study has been carried for cluster of villages forming rural Microgrid with local load and
interconnection with other rural microgrid as well as main grid. Novelty in the paper is modeling based on
realistic approach in formation of microgrid based on available renewable energy sources and its control.
Such type of microgrid is required in future to minimize long distance transmission, reduce dependency on
main grid and to harness renewable energy sources in small scale.

Use of power electronics has made it easier for asynchronous interconnection of microgrid through
dc link and back to back convertor and also drawing power from WES/PVS [2]. The control and optimization
of a hybrid ac/dc network are still an open problem [3]-[5]. The coordinated control architecture using power
electronics devices has made it easier to control the system frequency and voltage [6], [7]. Inverters form
critical equipment in control architecture of controlling power from renewables [8]. Many studies have been
carried out in active and reactive power control of hybrid power system [9]-[11]. Therefore, generation mix
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of wind-solar-biogas could be developed to provide power to habitants and small-scale industries locally
using optimal use of renewable energy resources. Various literature and works have been carried out
considering wind turbine with different types of generators and its control. The main goal of any system is to
maintain a constant voltage profile and frequency produced by the system and this can be expressed in terms
of constant angular velocity of the turbine rotor. Therefore, the angular position of the rotor works as a
control signal. PMSG with wind turbine can be designed to generate high voltage at small revolution and
high current at faster speeds and also has many advantages [12], [13]. Wind turbine with Induction Generator
requires reactive power control which is supplied by capacitor bank or static compensator [14]. PVS dc
power output dependents on temperature and solar irradiation. In order to excerpt extreme power from a PV
cell at a given temperature and solar irradiance operating conditions, a maximum power point tracking
(MPPT) system is essential. The most two common maximum power point tracking algorithms are: perturb
and observe (P&O) and incremental conductance (IC) [15], [16].

Microgrid is energy system which is locally controlled and uses various categories of renewable
energy assets (solar, wind, biomass, hydro and ocean), generators (biogas, diesel and gasoline), energy
storage systems (batteries, flywheel, fuel cell and thermal), loads (residential and industrial) and control
equipment [17]. A microgrid model optimizing local renewable energy resources for on-grid area was
investigated for energy cost saving and reduction in CO, emission [18]. The problem of interconnecting
microgrids is major area of concern because being small system, frequency, voltage and phase angle may
vary with nominal disturbance. Since the microgrid consist of various generating sources, due to different
power sharing capacity the chances of microgrid failure are higher in case of fault or heavy change in load or
in drop in renewable energy source [19], [20]. Main cause of collapse is very fast response of inverter-based
system and slow response of prime mover based reciprocating engine. In such case controller is designed and
tuned in such a way so that effect is nullified very fast. Fractional order proportional integral controller
(FOPI) (P1%) based controller is one of the solutions. More flexibility was extended in traditional notion of
PID controllers with the controller gains define the fractional differential and integrals as design variables
[21]-[23]. The fractional-order system can be approximated by many methods [24]. Based on approximation,
the FOMCON toolbox was used for creating the fractional-order system [25], [26].

The rest of the paper is organized as follows: Section-2 gives the detail of the system considered for
investigation. Section 3 comprises of description regarding modeling of microgrids and its associated line.
Section 4 discuss about the simulation of the system and results. Finally, section-5 is the conclusion of the
paper under consideration.

2.  SYSTEM CONSIDERED FOR INVESTIGATION

In the system modeling two clusters viz. MG-1 and MG-2 are considered for stability study. System
details with FOPI tuned parameters, low voltage AC (LVAC) line data, MG-1 data and MG-2 data are given
in Table 1, Table 2, Table 3 and Table 4. Both the clusters are rated at 1500 kW. It is assumed that the power
is flowing from MG-1 to MG-2. MG-1 consists of WES rated at 1000 kW and biogas generation system
(BG1) with synchronous generator rated at 500 kW. Data of BG1 and WES are given in Table 5 and Table 6.
MG-1 has local load of 1000 kW and also transmitting 100 kW to MG-2 considering loss of 5 kW through
LVAC network i.e total generation of MG-1 is 1105 kW. MG-2 consists of PVS rated at 650 kW, Biogas
generation system (BG2) rated at 500 kW and grid rated at 350 kW. Data of BG2, PVS and grid are given in
Table 7, Table 8 and Table 9. LVAC network consists of 3-phase overhead Ariel Bunched cable (ABC). The
size of cable considered is 150mm? aluminum conductor rated at 415 Volts. The objective of the LVAC
network is to supply constant power of 100 kW to MG-2. Supply from limited grid is considered constant
and is supplying to priority loads only. In the limited grid the voltage as well as the angle at that bus is kept
constant.

Table 1. FOPI data

MG-1 MG-2
Controller P(Ky) I(K) u P(Ky) I(K) u
FOPI1 6.987 2578 045 2745 4572 0.8
FOPI2 -6.296 -8578 05 -1.425 -7.887 0.71
FOPI3 1945 10676 0.8 10.355 2.765 0.2
FOPI14 -2.378  -5647 0.7 9567 -3097 0.9

The MG-1 and MG-2 microgrid has been modeled considering total contract demand=1725 kW.
Maximum differentiated demand at diversity factor of 0.58=1725*0.58=1000 kW (approx.).
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Table 2. LVAC data
value value value value
R=0.562 pu X-0.268 pu Kiac=1.758 Kzae=-1.137
K3ac=1.132 K4ac=0.252 Koae=-1.132 Keac=-1.137
K7:=1.514 Kgac=-1.381 Kgac=0.531 K10:c=0.531
Ki1ac=-1.733 Ki2ac=-1.514
Table 3. Generation parameters of MG-1
Sources Rated Capacity (kW) Generation (kW) Participation Factor
Biogas 500 350 0.2333
WES 1000 755 0.5020
Total 1500 1105
Drsi% = %=0.01333 pu KW/Hz.
Kesi=1/Dgg; =75 Hz/pu KW.
Trs1-18 sec.
Dysi-ott = % = PL 0 6777 pu kKVAR/pU kV.
VSI=5v Qr*V  PR*V

Kysi=1/Dys;=1.5 pu kV/pu kVAR.
Tvs1=0.004 sec. pf=0.866, PL 1=0.6667pu

Table 4. Generation parameters of MG-2

Sources Rated Capacity (kW) Generation (kW) Participation Factor
Grid 350 300 0.2
Biogas 500 300 0.2
PV 650 300 0.2
Total 1500 900 +100 (Line)
Drsp-k = %:o.om pu kKW/Hz.
KF52:1/DF52:75 HZ/pU KW.
TF52:6 secC.

00, _ QL _ P

V2TV T QreV  PRev

L =0.6667 pu KVAR/pu kV.

Kvz-1/Dys,=1.5 pu kV/pu kKVAR.
Tv2-0.004 sec. pf=0.866, P.,=0.6667pu

Table 5. Biogas (BG1) data

Table 6. WES data

value value value value
PB61:0-2333 pu kW QB61:0-1346 pu kVAR PWES:0-503 pu QWES=0-290 pu
Xdzl pu Xd’20.15 pu Xrinv=0.5 pu Td20005 sec
Tee1=0.01 sec Tge2=0.02 sec Kwes1=2.265 Kwes2=2.265
TBGS:0-014 sec TBGG:0-04 sec KWE53:0-433 KWE54:0-5
Tae7=0.036 sec Kag=200 Kwess=-0.5 Kwess=-0.5
TEB:Z.O sec KFBZO.s KWES7:1-953 KWE38:'1-735
TAB:0.0S sec Keg=1
Tre=1.0 sec K15(31:0.15
K2561=0.831 K3391=6.515
KABG1:-6.844 TdO‘:S-O sec

TGBGl=O.75 sec

Table 7. Biogas (BG2) data

Table 8. PVS data

value value value value
PBGFO.Z pu kw QB (_;1:0.1154 pu kVAR Ppv1=0.2 pu va1:0.1154 pu
Xqg=1pu Xq¢=0.15 pu Xrev=0.8 pu  Tpy1=0.005 sec
TBG1:0.01 sec TBGZ:0.0Z sec Kpyv1=1.467 Kpvo=1.467
TB(35:0.014 sec TBGG:O-O4 Ssec va3:0.169 Kpva=0.2
TBG7:O.036 sec KAB:ZOO Kp\/5:-0.2 KPVS:-O.Z
TEB:2-0 sec KFB:O.5 va7:l.238 vagz-l.o?)
Tag=0.05 sec Kes=1
TFB:]..O sec K1BG1:O.15
K2301:0.831 K33(;1:6.515
KABGl:'6-844 Tdo‘:s.o sec

TGB61:0-75 sec

Table 9. Grid data

value value
Pe=02pu  Qs=0.1154 pu
KlG:-2.875 KZG:O.Z
K3G:0.2 K4G:-2.681
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3. MODELING OF INTERCONNECTED MICROGRIDS WITH LVAC NETWORK

At steady state, the power transferred through the interconnection remains same at all conditions.
Any change in demand or generation is taken care locally by the respective microgrid system. The system
line diagram is shown in Figure 1.
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Figure 1. Line diagram of MG-1 and MG-2 connected through AC line

The power balance equations are given as (1) (2) (3) and (4).

PBG1+PWES=PL1+Ps 1)
QBG1+QWES=QL1+QS (2)
PBG2+PPVS+PG+Pr =PL2 (3)
QBG2+QPVS+QG+Qr=PL2 (4)

For small change in power (1) (2) (3) and (4) can be rewritten as (5) (6) (7) and (8).

APBG1+APWES =APL1+APs (5)
AQBGI1+AQWES=AQLI1+AQs (6)
APBG2+APPVS+APr=A PL2 ©)
AQBG2+AQPVS+AQG-AQr =A PL2 (8)

The change in active power generated and absorbed by load will result in the system frequency deviance
which can be expressed in s domain as (9) and (10).

AF1 (s)=%[APBGl(S)+APWES (S)-APs(s)-APL1(s)] 9)
AFz(s)zlfTiZ[APBGZ(S)+APPVS (S)+APG(S)+APr(s)-APL2(s)] (10)

Similarly, for reactive power the equation can be written as (11) and (12).

Microgrids dynamic stability interconnected through low voltage AC network (Vinit Kumar Singh)
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AVI(s)=— —[AQBG1(s)+AQWES(5)-AQS(5)-AQL1(s)] (11)
AV2(s)=——AQBG2(s)+AQPVS(s)}+AQG(s)+AQr(S)-AQL2(S)] (12)

Psc, Pwes, Pevs, Ps, Ps, Pr and P are active power of biogas, wind, solar, grid, line sending end
power, line receiving end power and load. Qgs, Qwes, Qpvs, Qs, Qs, Qr and Q. are reactive power biogas,
wind, solar, grid, line sending end power, line receiving end power and load. AF1 and AF2 are change in
frequency of MG-1 and MG-2 respectively. K, T, Ky and Ty are power system gain and time constant for
change in active power and reactive power.

3.1. Modeling of WES and PVS connected inverter

The WES includes turbine together with PMSG which generates power having frequency and
voltage variable in nature depending upon wind speed. The generator side AC-DC power electronics
converter transmits the power of the PMSG to the load side DC-AC converter through a coupling capacitor in
between the converters. The PVS comprises Photovoltaic Cell coupled with Buck Boost Converter. The PV
side DC-DC converter transmits the power of the PV cell to the load side DC-AC converter through a
coupling capacitor in between. The coupling capacitor helps in maintaining constant voltage across the
convertors. Small signal model of the WES and PVS is established using power output equations from the
Inverter model given as (13) and (14).

PINY = L SnC20) (13)
QINV = Vinvv)i;jlflz‘s;e)—v (14)
For small variation in the output power of the Inverter (13) and (14) can be written as (15) and (16)
APnv(s)=KinaAS(8)HKim2AB(S)+KinaAVin(s)+KinsAV(s) (15)
AQmwv(s)=KinsAdin(s)+KineAB(s)+Kim7AVin(s)+KineAV(s) (16)

The parameters/constants Pin, Vinv£d and Xminy are input power, inverter voltage and reactance of
coupling transformer. Tq is system time delay. In case of WES T¢=2.5s and for PVS T4=0.005s. Kinv1, Kinvz --
-- Kinvg are constant of the above-mentioned equations, associated with state variables. The block diagram of
the inverter with real and reactive power control is shown in Figure 2. The function of the proportional
integral controllers is to establish A and AVin of the inverter such that APin=AP’iny under steady state
conditions. Data pertaining to WES and PVS are given in Table 6 and Table 8.

AP "m{s)
APin(s Kinvl=Knv2
. 1 APinv(s)
FOPI3 Kinv3 —
1+5Te
A&(s)
AS(S) p Kinvd
Kinvi=Knvb
l AQinv(s)
Kinv8 » £ =
j
AVT(s) FOPH4 »  Kinv]

Figure 2. Transfer function model of inverter
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3.2. Modeling of biogas generator set

The block diagram of biogas system having electronic speed governor is shown in Figure 3. Tgg1 t0
Tger are time constant of biogas engine mechanism. Data pertaining to BG1 and BG2 are given in Table 5
and Table 7.

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 (17) and (18).

1

APBG(s) = Py—— AXVB(s) @an
_ (1+sTBG4)
AXVB(s) = s(1+STBG5)(1+sTBG6) AXAB(s) (18)

The regulation in the actuator input signal is governed by the speed governor design and it is given by (19).

(1+sTBG3)
s(1+sTBG1)(s2TBG1TBG2)

AXAB(s) = APABG(s) (19)

An IEEE type-l excitation control as shown in Figure 4 is considered neglecting saturation. The small
deviance in voltage behind transient reactance, AE'qB , is given by (20).

(1 + sTgpe)AE g6 = [Kipg AEfap(S) + KopgKAV(s)] (20)
For small deviance in system voltage, the reactive power added by the biogas-genset is given by (21).
AQpc (s) = [K3pcAE'qp(S) + KapcAV(S)] (21)

Assuming that SG is operating at constant power factor, the reactive power change due to change in real
power is given by (22).

’ —
AQ'sc(S)=Kr APss(S) (22)
Pl Y
Pl e AF
AP
1+5TEG3 AP 1+sTras APez 1 =
5 = = —
(1+sTre1+sTee1Teal) s(1+sTeas)(l1+sTeas (1+<Tea7)
Electronic Speed Governor Actuator Enaine/Generator

Figure 3. Transfer function model of biogas-genset for real power control

l V(s)

A
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v

s
AV(s) e

Vs j”\‘-. Kap AV Ag(s) — .f/ ~ \ﬂ‘l 1
C ) 1+ 5T ’ min Vimax |+ > Kgg +5Tgp
\ J - min, \ N
— S~ AEmg (s)
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1+ 5Tsp

Figure 4. Model of IEEE Type-I excitation control system for biogas-genset
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3.3. Modeling of main grid

In a grid connected system, the transformer with the help of online and offline tap changer is used to
regulate the secondary winding voltage. Primary voltage of the transformer is considered to be constant. The
slight alteration in active and reactive power of the grid can be written in state variables as (23) and (24).

APg(S) = KicAd(S) + K2cAV (S) (23)
AQc(S) = KssAG(S) + KasAV (S) (24)

The change in system bus voltage angle with change in the system frequency is given by (25).

AG = Z{AF(S) (25)

3.4. AC network

Figure 5 shows the model of AC network. The AC interconnection is a low voltage short ariel
bunched cable to interconnect the two clusters that we are considering, i.e., MG-1 and MG-2. Transfer
function model AC Network in terms of power flow is given in Figure 6. Ps and Qs are sending end active
and reactive power and Pr and Qr are receiving end active and reactive power. Being a short line, line
efficiency is considered 95% and power at receiving end is 100 kW, therefore, the AC Network have been
designed considering line loss of 5 kW. The impedance of the line is given by Z2¥=0.623225.55".
Incremental change in power flow due to change in load or change in generation is given by (26), (27), (28),
(29), (30), (31), (32) and (33).

_ ViCosp—vyv,Cos(W+612)

Ps B (26)
_ VESI-v1v,Sin(¥+6812)

Qs = - (27)

pr — v10,Cos(W+81,)-VECosy (28)
- z

Pr = V1V, Sin(W+812)-VESinp (29)
- z

APs = KlacAV1 + K2acAV2 + K3acA812 (30)

AQs = K4acAV1 + K5acAV2 + K6acA512 (31)

APr =K7acAV1 + K8acAV2 + K9acA512 (32)

AQr = K10acAV1 + K11acAV2 + K12acA812 (33)

Where Klac, K2ac, ---- K12ac are constant of the above-mentioned equations, associated with state

variables. The values of the constants are given in Table 2.

3.5. Fractional order proportional integral controller

In this paper, the simulation has been carried out using fractional order proportional integral
controller. For FOPI FOMCON toolbox in MATLAB/Simulink is used. The improvement/tuning of control
system performance in the time domain is carried out by minimizing error signal e(t) using integral square
error (ISE). The fractional order PI controller transfer function is given by (34).

G(s)a=Kp+2g (34)

Where o is non-integer. In case of FOPI three variables i.e. Kp, Ki and a need to be tuned instead of two
variables in case of conventional Pl Controller. The values of Kp, Ki and o are given at Table 1.
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Figure 5. Model of AC network

4, SYSTEM SIMULATION AND RESULTS

The transfer function model of the microgrid system MG-1 and MG-2 using PVS-biogas and PVS-
biogas-limited grid is shown in Figures 7(a) and (b) respectively. In this paper only one typical example is
considered i.e. in both the Clusters MG-1 and MG-2, step load is increased by 1%. Further, it is assumed that
input power to WES in MG-1 increases by 1% and input solar power to PVS decreases by 1%. Figure 7(c)
shows dynamic response of the system (MG-1) due to 1% increase in active and reactive power of load and
1% increase in wind input power, time (second) versus change in voltage.

In MG-1 due to step increase in load and increase in input wind power by 1%, the wind active and
reactive power output increases gradually along with decrease in output of biogas. It takes around 9s for
output power to reach steady state in MG-1 in Figures 7(d) and (e). This is due to the slow response of wind
turbine. However, frequency and voltage angle reach steady state within 5s in Figures 7(a) and (b). The
voltage reaches steady state within 60msec in Figure 7(c). Figures 8(a), (b), (c) shows dynamic response of
the system (MG-2) due to 1% increase in active and reactive power of load and 1% decrease in solar input
power, time (second) versus change in frequency, change in voltage angle and change in voltage.

In MG-2 due to step increase in load by 1% and decrease in solar power, active power output of
PVS inverter decreases immediately in Figure 8(d). To compensate, initially power is drawn from the grid
which slowly decreases as the output power from the biogas increases. The steady state of active power is
achieved within 5 sec. Also, the active power drawing from the grid becomes zero. However, the case of
reactive power in MG-2 is different in Figure 8(e). Even though the solar input power decreases the coupling
capacitor attached with PVS inverter provides reactive power initially and finally taken up by biogas
reaching steady state within 5s. As seen from the graph the frequency, Figures 7(a) and 8(a) and voltage
angle, Figures 7(b) and 8(c) settles within 5 sec and voltage, Figures 7(c) and 8(c) settles within 60msec in
both the microgrid as anticipated. Further, from the frequency graph of both the microgrid it can be
interpreted that frequency oscillation is more in MG-2 as compared to MG-1; this is because of presence
WES inertia in MG-1 which supports the system working as shock absorber. Oscillation in active and
reactive power PVS and Biogas in MG-2 can be interpreted as system interaction with the grid. Coupling
capacitor attached with the inverter provide the reactive power initially through the stored energy therefore,
voltage profile is maintained quickly. As desired no extra power is drawn from the grid as well as AC
network. From the above, it is opined that controllers are tuned to overcome the small disturbance in the
system.

Microgrids dynamic stability interconnected through low voltage AC network (Vinit Kumar Singh)
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Figure 7. Dynamic response of the system (MG-1) due to 1% increase in active and reactive power of load
and 1% increase in wind input power, time (second) versus: (a) Change in frequency, (b) Change in voltage
angle, (c) Change in voltage, (d) Change in active power of BG1 and WES, (e) Change in reactive power of
BG1 and WES
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Figure 8. Dynamic response of the system (MG-2) due to 1% increase in active and reactive power of load
and 1% decrease in solar input power, time (second) versus: (a) Change in frequency, (b) Change in voltage
angle, (c) Change in voltage, (d) Change in active power of BG2, PVS and grid, (e) Change in reactive power
of BG2, PVS and grid

5. CONCLUSION

Interconnected microgrid have modeled using wind energy system and photovoltaic system
accompanied with biogas based system. One of the microgrid is also connected to main grid. The complete
system is tested with 1% step change in input power to renewable energy sources and load. As per the result
the system becomes stable i.e. frequency and angle settles within 5s and voltage within 60 ms. As desired no
extra power is drawn from the main grid as well ac interconnecting line. Each microgrid gets support from its
own system to override the disturbance caused by change in load and input power to renewable sources.
From the study it can be interpretated that if the individual control of the cluster is achieved then
interconnection of microgrids could be solution for valid optimization of resources. The benefit of
ineterconnection is that at time contigency the power transfer can get reversed as per the requirement. Also
the line supports initially when there is step change in load or input to the generating resouces.
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