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Abstract- This paper presents modeling of system having wind-biogas based hybrid system operating in parallel with limited
grid supply system to meet the rural demand, of a cluster of villages continuously. In this integrated rural electrification system
(IRES), a fixed part of the power is supplied by the grid and the remaining power, required by the load under steady state and
also the variations, is taken care by a hybrid renewable energy system (HRES). The wind energy converting system (WECS)
uses a permanent magnet synchronous generator (PMSG) and synchronized in the hybrid system through a voltage source
converter (VSC). The other source considered in the hybrid system is biogas-genset equipped with electronic speed governor
and synchronous generator (SG) with automatic voltage regulator (AVR).

The variation in load and/or input wind power to WECS may cause deviation in frequency and voltage and to maintain these
parameters at nominal values, the power generated by biogas-genset is controlled, through governor control. The basic control
schemes for frequency and magnitude of system voltage may not ensure limited grid operation. Therefore the system model is
unique as it considers the dynamics and control of system voltage angle also. The main contribution of this paper is the system
dynamic model development and its performance study. Proportional integral (P1) controllers are used in the model and their
values are optimized using integral square error (ISE) criteria. Finally, the system simulation results have been shown for step
deviations in load and/or input wind power to the WECS.

Keywords- Integrated rural electrification system, WECS, PMSG, biogas-genset, hybrid renewable energy system, limited
grid supply system.

1. Introduction renewable energy sources (RES) in rural areas. The possible

options of RES that may be available at a site are

Globally more than 1.2 billion people are deprived of
proper electricity access especially in rural areas [1, 2, 4]. In
India major population is living in rural areas with no
electricity or electricity available with load shedding
occurring for hours or it may be number of intermittent load
shedding per day. Continuous availability of electric supply
can be key driver in rural development to uplift their living
standards [3]. With the present infrastructure and growth rate
of conventional generation, it is not possible to meet the load
demand even of urban and industrial sectors in India. The
gap between electric supply and demand is widening every
year. On the other hand there is tremendous potential of

biomass/biogas, wind, small hydro, solar PV etc. The grid, a
feeder of a distribution substation, is supplying a certain
amount of energy E, to a cluster of villages/towns by
scheduling of load shedding over a day. It is considered that
the same amount of energy will be drawn from the grid over
a day but there will be no load shedding so that E = reduced
power (but constant) x 24 hrs. It has been introduced as
limited grid supply system. It means in spite of taking full
load power for few hours from grid, a partial but fixed power
(limited power) can be supplied by the grid utility
continuously for 24 hours and the remaining power can be
obtained from a combination of renewable sources to feed
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the system load. The operation of HRES is in parallel with
grid but not in isolation.

The use of RES is requirement of time due to
environmental concern and limited stock of conventional
fuels for power generation [5]. The biogas based electric
generation will be sufficient to meet the local electric
demand as the biomass available from forest and crops in
rural India is considerable [6]. Advancement in technology
has made it reliable and controllable source of electric power
in comparison to WECS [6, 7]. Due to the local availability
of the source, biogas-gensets can be used in place of diesel-
gensets in HRESs. The biogas-gensets commonly uses SG
having exciter control with AVR [8, 9] and in some
applications uses induction generator [10]. Numbers of
studies have been carried out on biogas and wind based
HRES [11, 12] and biogas and PV based HRES [13-15]. The
development of WECS is fast as compared to other
renewable energy options [16]. Initially induction generators
were used in WECS [17] having advantage of no
synchronization but they have poor voltage regulation.

Doubly fed induction generators (DFIG) and PMSG are
now commonly used to efficiently tap power under variable
speed operation of WECS [16, 18-22]. The PMSG based
variable speed WECS, uses VSC as frequency converter for
interconnection to the outer network [19, 20] and it has
active and reactive power control capability [21, 22]. Though
PMSG is costly but it has high efficiency, low maintenance,
operation at low speeds with no gears etc. [22, 23]. In RES
based hybrid power systems it is very difficult to control
voltage and frequency due to intermittent nature of the
sources. Number of control schemes for frequency and/or
voltage for isolated hybrid power systems are available [23-
28]. Advanced energy management schemes developed with
dynamic control for a stand-alone hybrid energy system [29].
Different energy control schemes for RES based HPS are
given in [30] for its efficient operation. The power flow of
the grid tied inverter is controlled using PSO in a RES based
HPS [31]. Some techniques use energy storage for frequency
control, and SVC or load side converter for reactive power
control. In small hybrid systems the fluctuations in frequency
and voltage occurs with load deviations and/or deviation in
renewable sources of power and as the renewable sources are
intermittent in nature decoupled control may not be possible,
therefore simultaneous control of both parameters is
necessary.

In the proposed scheme of IRES the load demand is
supplied by a wind-biogas hybrid system with limited grid.
For dynamic stability studies the IRES is modelled for
simultaneous control of system voltage (magnitude and
angle), and frequency. The biogas-genset includes biogas
engine model with electronic speed governor [9] and SG
with AVR and IEEE type-l exciter model [26]. The
mathematical modelling and control techniques of PMSG
based WECS for reactive power control as given in [17, 18,
32] are used and the same is extended for real power also.
The modelling is typical as it also includes the deviation in
system voltage angle as state variable. The Pl controllers
used are tuned using ISE criteria to enhance the dynamic
performance of the system.

2. Integrated Rural Electrification System Modeling

An integrated rural electrification system consisting of
wind-biogas based hybrid system and limited grid supply
system is considered for mathematical modeling. The single
line diagram of the system considered is shown in "Fig.1”.
The system power balance equations are given by

P,+R, +P, =P, (1)
Qe +Qu +Q =Q 2

For small perturbation the power balance equations. (1) and
(2) can be written as

AR, + AR, +AR; = AR, (3)
AQ, +AQ, +AQ, =AQ, 4)

The difference in the deviation of real power generation and
the deviation of real power load will result in the system
frequency deviation which can be expressed in state space
eqn. using Laplace transform as

K
AF(s)= 1 F:T [AP; (s)+AR, (s)+AP; (s)—AP, ()]
+S

P

®)
The difference in the deviation of reactive power generation
and deviation of reactive power load will cause the system
bus voltage deviation which can be expressed in state space
eqn. using Laplace transform [17, 32] as

— KV
1+5sT,

AV (s) [AQ; (5)+AQ, (5)+AQs (s)—AQ, ()]

(6)
The modeling of the different components of the system
shown in “Fig. 1” are given in subsequent sections.

2.1. Modeling of WECS

The WECS comprises wind turbine (WT) coupled with
PMSG and produces power having variable frequency and
voltage depending upon wind speed and turbine
characteristics. The machine side AC- DC converter transfer
the active power of the PMSG to the load side DC- AC
converter through a coupling capacitor between converters
by maintaining constant voltage across it. The DC-AC
converter is VSC matches the voltage and frequency of the
generated power with the values of the system bus voltage
and frequency. In addition the VSC also maintains the
system reactive power balance, therefore no additional
reactive power compensation device is required for the
system.

A small signal model of the WECS is developed using active
and reactive power output equations [17, 32] given by

V sin(o,,, +6)

P = inW 7
" XTW ( )
V.,V cos(s,, +6)-V?
TW
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For small incremental change in the active and reactive
power outputs of the WECS, equations (7) and (8) can be
written as

AR, (8) = Ky1ASy () + Ky 2A0(8) + Ky sAV,y, () + Ky ,AV ()

9)

and
AQy (8) = KyysASy (8)+ KiysAB(S)+ Ky AV, () + KyysAV ()
(10)
The parameters/constants Viaw , Sinw, Kwi, Kwz, -—-- Kws,

associated with state variables are given in the “Appendix-1”.

The transfer function block diagram of the WECS under
consideration with real and reactive power control is shown
in “Fig. 2”. The function of the proportional integral
controllers PI1 and PI2 is to set Adinw and AVinw of the
inverter such that APw = AP,w under steady state conditions.
Also the reactive power AQw generated under steady state

condition aids with the other system reactive power in
elimination of the variation in system voltage, AV.

2.2. Modeling of Biogas-Genset

The transfer function block diagram of biogas-genset
having electronic speed governor system [9] is shown in
“Fig. 3”. The biogas is supplied to the engine through a valve
and the valve position is adjusted by the actuator depending
upon the signal generated by the electronic speed governor in
response to system frequency and voltage angle change. The
change in active power output of the biogas-genset is given

by
1
AP, (s)=———AX 5 (S
B() 1+sT VB()

B7
The change in the input valve position, AXys (s) set by
the actuator is given by

(11

WT BMSC System Bus
- —> Pw, Qw
s <> AC-DC-AC Ps, Qa Ec/0°, f°
= = —( i >l ( j >‘
—>
Grid
SG V-0, f
Biogas Biogas Ps, Qs _
~=1 Engine > PL+jQu
v
f@ Load
AVR [«
Fig.1 IRES using wind & biogas based hybrid system and limited grid supply.
APYW (S)
APw () Kwi = Kwz
+ ! APw (3)
5  Kws + g ?
Adinw (S) + STw
PI1 >+
* Kwa
A
A8 (s) T
> Kws
AV (3) >
v
, ( ?’i ) | Kws = Kwe AQw (s)
» PI2 o Kwr

AVinw ()

Fig. 2: Transfer function model of

WECS with PMSG and converter.
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(1+5Tg,)
S(1+5STgs ) (1+5Ty)

The change in the actuator input depends upon the electronic
speed governor design and it is given by

(12)

AXyg (5)= AX 5 (S)

— (1+STB3)
(L+5Tg, +57Te,Tg,)
The biogas-genset is considered to have an IEEE type-I

excitation control system with saturation neglected as shown
in “Fig. 4” [17, 32]. The small deviation in voltage behind

transient reactance, AE(;B (s) [17, 25, 26, 32], is given by

(1+5Tgg)AE g (5) = [KsAE 5 (5) + KAV ()]

(14)
For small deviation in system voltage, the reactive power
injected by the biogas-genset is given by

AX 4 () (13)

AP (s)

AQg (5) = K3pAE (5)+K,zAV (S) (15)

Assuming that SG is operating at constant power factor, the
reactive power change due to change in real power is given

by

AQg(s) = KggAPy(s) (16)
The parameters/constants Tee, Kig, Kzg, Ksg, Kag, and
Kgg are given in “Appendix-I1”.

2.3. Grid Model

In a grid connected system, the transformer is used to
adjust the secondary winding voltage level and make it equal
to the system bus voltage. The voltage on the transformer
primary side is considered to be constant. The representation
of a short feeder line, resistance neglected, including
transformer is shown in “Fig. 5”.

The small change in real and reactive power of the grid can
be written in state variables

AP, (s) = K AG(S) + K, AV (S) a7
AQ; () = K, A0(s) + K AV (S) (18)
The constants Kig, Kae, Ksg, and Kac are given in

“Appendix-1”.
The change in system bus voltage angle with change in
system frequency is given by

AG(s) = 2{ AF(S) (19)

VR A6 (s)
e PI3 |e—— AF(9)
Electronic Speed Governor Actuator Engine/ Generator
1+ s Tgs 1+sTgs 1
> (l+S Tei+ s2 Tes TBz) g S (l+S TB5)(1+ S TBG) > 1+s Ter — >
APg (S)
Fig. 3: Transfer function model of biogas-genset for real power control.
Saturation Function
Sk <
1
(Keg+ s Teg)
S Krs AEtdg (S)
(1+ S TFB)

Fig. 4: Model of IEEE Type-I excitation control system (with saturation neglected) for biogas-genset.
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Fig. 5: Model of short feeder line per phase (a) before disturbance and (b) after disturbance.

_APw(S) ) APy (s Biogas Engine & Electronic Speed AP (5)
<
Actuator h Governor
A6 I wees K
APg (S)
AV (s) A 4
Kg
P PI3 P14
AQw (s) > - 7y
e Il >
AV S AF(s)
> - «— K 2:
" Krs 6" Ll > =7
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Excitation Ko APg (s) Grid A9 (s)

Control of SG

Kos

A 4
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Fig. 6 Transfer function model of the Integrated Rural Electrification System.

3. System Simulation and Results

The transfer function model of the integrated rural
electrification system using wind-biogas based hybrid system
and limited grid supply system is shown in “Fig. 6”. All the
three sources are contributing to meet a load demand of
1MW and the data used for simulation of the system is given
in “Appendix-I1I". The power supplied by the grid is 300 kW
with 30% participation factor and 70% is supplied by the
renewable sources given in “Table T1 in Appendix-II". The
dynamic results of simulation are obtained when system is
subjected to step change in load with or without step change
in wind power input. The gains of the PI controllers of Figs.
2 & 3 are optimized using ISE criterion and the values are
given in “Table 1”.

A system disturbance comprising step increase of 1% in
active and reactive power load without change in wind power
input has been considered and the transient responses are
shown in “Fig. 7”. It has been observed that the oscillations
in Af and A settles within 3 sec. with zero steady state error

as shown in “Fig. 7 (a) and (b)”, respectively. The real power
change in AP = 0.01 pu has been provided by the biogas
genset under steady state conditions as shown in “Fig. 7(c)”.
There is no change in input wind power, therefore APw = 0
under steady state conditions as shown in “Fig. 7(d)”. Our
strategy is not to draw any additional power from grid under
steady state conditions, which is true as APg = 0, as shown in
“Fig. 7(e)”. The reactive power demand AQ. = 0.01 pu has
been met by biogas genset and the WECS VSC under steady
state conditions, therefore the deviations in system voltage,
AV and grid reactive power, AQg are zero as shown in “Fig.
7(f) - (§)”. The control of voltage is fast but the reactive
power control is slow as it has the effect of real power
dynamics. None of the studies have accounted for the change
in reactive power with change in real power of synchronous
generators. In this study it has been incorporated that as the
real power increases the reactive power also increases as
shown in Fig. “7(c) and (g)” and WECS VSC supplies the
reactive power initially.
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Table 1: Values of PI controller gain parameters. S ‘ L ‘ ‘ ‘ L
0.5r
. ISE tuned -
Controller Gain . 3
gain values a
0
3
<
Kp1 -0.244 051
PI1
Kt 1686.10 ) . . . . . . .
0 05 1 15 2 25 3 35 4
Kpy -6.04 Time (sec.)
P12 K 44626.00 (d) Change in active power of WECS, APw.
12 - .
g 10°
Kps -42.00
P13 o5k
Kis -91.50 -
9 0
Kpa -20.00 o’
Pl 4 <
K|4 -212.50 o5
0 0.5 1 15 2 2.5 3 35 4
o 10° Time (sec.)
(e) Change in active power supply of grid, APg.
05l 10"
0
0.5
3
> 15-
<
2+
Ti .
ime (sec.) a5k
(&) Change in system frequency, Af. e
0 01 02 03 04 05 06 07 08 09 1
X 10° Time (sec.) x10°
(f) Change in system voltage, AV.
051
- 5x 10'3
g 0 X:10
Y:0.004766 7|
®
0.5
<
3
Bl e
o
o
15 r r r r r r r 4
0 05 1 15 2 25 3 35 4
Time (sec.)
(b) Change in system voltage angle, A8. e
0 1 2 3 4 5 6 7 8 9 10
Time (sec.)
0.025 T T T T T T T
.l (g) Change in reactive power of biogas genset, AQg.
’3:\ 0.015F
g x4
o Y:0.009989
L oo
<
0.005
0 05 1 15 2 2.5 3 35 4
Time (sec.)

(c) Change in active power of biogas genset, APg.
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0.012

0.01

0.008

X:10
0.006 Y:0.005234

AQy (Pu)

0.004

0.002

Time (sec.)
(h) Change in reactive power of WECS, AQw.

x10°*
2

1

A Qg (p-u.)

Time (sec.)

(i) Change in reactive power supply of grid, AQg.

0.012

0.01

0.008

0.006

0.004

A Qqogay (P

0.002

0 r r r r r r r r r

0 01 02 03 04 05 06 07 08 09 1
Time (sec.) x10°

(j) Change in total reactive power of IRES.

Fig. 7 Dynamic responses of IRES for 1% step increase in
real and reactive power of load without change in wind
input power.

A step increase of 1% in active and reactive power load
with 1% step increase in wind power input have been
considered as system disturbances and the transient
responses are shown in “Fig. 8”. It has been observed that the
dynamic responses of deviation in system frequency and
system voltage angle settles within 3 sec. with zero steady
state error as shown in “Fig. 8 (a) and (b)”, respectively. The
real power change in AP_ = 0.01 pu has been provided partly
by increase in power generation of WECS, APw = 0.01xKw
= 0.00133 pu and remaining by the biogas genset APg =
0.00867 pu under steady state conditions as shown in “Fig. 8
(c) and (d)”, respectively. The control strategy is not to draw
any additional power from grid under steady state conditions,
which is true as AP = 0, as shown in “Fig. 8 (e)”.

Though the fluctuations get eliminated in about 3 sec.
but the steady state error takes longer time to vanish due to
inertia of the wind turbine. The reactive power demand, AQL
= 0.01 pu has been met by biogas genset and the VSC of
WECS under steady state conditions as shown in “Fig. 8 (g)

and (h)”. Therefore the deviations in system voltage, AV and
grid reactive power, AQg are zero as shown in “Fig. 8 (f) and
(i)”. The WECS VSC eliminates the system voltage
deviations in 0.001 sec. But the overall reactive power
control is slow due to the involvement of real power
dynamics. Again in case of biogas genset as the real power
increases the reactive power also increases as shown in “Fig.
8 (d) and (g)” and WECS VSC compensates full reactive
power initially.

x10°

A f (p.u)

Time (sec.)

(a) Change in system frequency, Af.

x10°

1
0.5
3
e
e 0.5
<
-1
15 : L C L
0 05 1 15 2 25 3 35 4
Time (sec.)
(b) Change in system voltage angle, A6.
0.025
0.02
3
S 0.015
o X:3.979
o 0.01 Y:0.008671 |
N L}
0.005

Time (sec.)

(¢) Change in active power of biogas genset, APg

x10"
15

X:98
10 Y:0001333 |

APy, (p.u)

Time (sec.)

(d) Change in active power of WECS, APw
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Fig. 8 Deviations of state variables when load and wind input
power both are changing.

4. Conclusion

A scheme of integrated rural electrification system with
limited grid supply system has been proposed. In the
proposed scheme of IRES the load demand has been supplied
by a wind-biogas hybrid system along with limited grid. The
operation of hybrid renewable energy system has been
considered in parallel with grid but not in isolation. Also in
small hybrid system the fluctuations in frequency and
voltage occurs with load deviations and/or deviation in
renewable sources of power and as the renewable sources are
intermittent in nature decoupled control may not be possible,
therefore simultaneous control of frequency, voltage and
reactive power is necessary. For dynamic stability studies the
mathematical modeling of system has been presented which
is typical as it also includes the deviation in system voltage
angle as state variable to maintain limited grid operation.
Therefore the main contribution of the paper is the
development of transfer function model of such a system for
dynamic performance study. Pl controllers have been used in
the model to enhance the dynamic performance of the system
and their values have been optimized using integral square
error (ISE) criteria.

The system simulation results have been shown for step
deviations in real and reactive power load with and without
change in wind power input. From the transient responses it
has been observed that the mismatch in real power load is
eliminated by corresponding change in real power generation
from biogas genset under steady state conditions. Similarly
if there is change in wind power input and mismatch in real
power load, then the corresponding real power generation
from biogas genset will balance the offset. It has been

8
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observed that in no way it will affect the grid power
generation under steady state conditions, and which is the
main objective of this study. The synchronous generator
operates at a typical power factor and the reactive power
generation is a function of real power generated, though
AVR regulates its terminal voltage by excitation control. The
effect of change in reactive power due to change in real
power of biogas genset has been taken into account in the
transfer function model of the system. It has been observed
that the system voltage deviations gets eliminated in 0.001
secs. with AV = 0.0 under steady state conditions, but the
overall reactive power control is slow due to the involvement
of real power dynamics. The control strategy was not to draw
any additional power from grid which is also true as grid
reactive power, AQg iS zero under steady state conditions.
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Nomenclature

Pw, Ps, Pc and P, Active power output of wind,
biogas, grid and load demand respectively.

Qw, Qs, Qg and Q. Reactive power output of wind,
biogas, grid and load demand respectively.

AP, AQ Change in corresponding active
and reactive powers.

VZ£-0, Ec£0 and f° System bus voltage, Grid source
voltage and nominal frequency
Vinw, £ dinw and Xt Inverter
coupling transformer reactance.

input  voltage and

PI1-Pl4 Proportional integral controller
gains of controllers.
Te1t0 Ter Time constants of electronic speed

governor, actuator and engine/generator.

Tag, Tes, Tre, Tao, Ta Various time constants of biogas
generator (SG) field and AVR system.

Pis Power factor of the synchronous
(biogas) generator

Ke, Kw, Kg Generation participation factors of
grid, WECS and biogas system, respectively.

Appendix-1
The parameters/constants Vinw , Sinw, Kwi1, Kwz, ---- Kwsg 0f
eqgns. (7) - (10) are given as

Viw :\/(PWXTW)2+(QWXTW +V2)2

VE Al
S +0:sin’1(m) A2
inWw
V. .V cos(J,,, +6
KleKW2= inw X( inw ) A.3
TW
V sin(o,, +6
Kys = 5('“‘” ) A4
TW
V... sin(d..,, +6
Kw4: inw X( inw ) A.5
TW
V..V sin(d..,, +6
KWSZKwsz_ L ( nw ) A.6
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V cos(o,., +6
w7 — ( inw ) A7
XTW

Vi €08(6,y +0) -2V

And, K = X A8
T™W

The parameters/constants of equations (14) and (16) are
given as

XdB
K = aft A10
XdB
K,, - (X — Xgg)C0S(0 +06) ALl
XdB
Ky :Vcos@ +0) At
XdB
E_.cos(5+60)-2V
=2 ( : ) A.13
de
1-P?
And, K :M A.l4
PfB

The constants Kig, Kog, Kag, Kag 0f equations (17) and (18)
are given as

E.V
K = %059 A.15
G
G
Ky = —EG\;SIn & A17
G
Ky = Egcos6-2v co;é’ 2 A.18
G

Appendix-11

The system consists of a cluster of 04 medium size villages
in India to be supplied by the rural electric supply system
under consideration. The data of the system is given below:
Number of houses (average) in a village = 400 with total
number of houses to be supplied = 1600

The electric contract demand of a house as per Indian
conditions = 1 kW (approximately)

Total contract demand (domestic), A = 1600 kW

Number of irrigation pumps per village = 10 of size/rating of
each pump =5 kW

Total contract demand for irrigation, B = 200 kW

Total contract demand for other amenities in the villages
such as street lighting, shops, small hospital/dispensary,
school, community hall, religious places (Gurudwara,
Temple, Mosque, Church etc.), C = 20 kW

Total contract demand of the four villages = A+B+C =
1600+200+20 = 1820 kW

The maximum diversified demand = 1820*0.55 = 1000 kW
The nominal load of the system, P = 1000 kW, and it
depends on the load curve of the day.

Table A.1: Generation and rated capacity of the system

Sources Generation Rated capacity
P = PL (kW) (kW)
Grid 300 350
Biogas 500 750
Wind 200 400
Total 1000 1500

Base power = 1500 kW and load P, = 1000 kW

Nominal frequency of the system f° = 50 Hz.

Gain constant of the system, Kp = 75 Hz /pu kW

Time constant of the system, Tp = 15 sec.

Nominal voltage of the system VV = 1.0 pu

Reactive power gain constants of the system,

Kv = 1.5 pu kV/pu kVAR

Time constant of the system, Ty = 0.00212

The active power participation factors of the sources in
system are

Kg =300/1500 = 0.2

Kw = 200/1500 = 0.13335
Ke + Kg + Kw = 1000/1500 = 0.6667

Kg = 500/1500 = 0.33335

Grid

P = 0.2 pu kKW Qc = 0.09686 pu KVAR

KlG =-2.8746 KzG =0.2

ng =0.2 K4G =-2.6809

Wind

Pw=0.13335 pukW Qw = 0.24169 pu kVAR
Tw=1.0sec

KW1 = sz =3.0 ng =0.1225 Kw4 =0.13335
Kw5 = Kwe =-0.13335 Kw? = 2.75768 ng =-2.5188
Biogas

Pg =0.33335 Qs =0.16145

X¢=1.0pu Xd'=0.15pu Tao' = 5.0 sec

Tg =0.75sec Kig =0.15 Kz = 0.84326
K3B =245 K4B =-2.308 TBl =0.01 sec
Tg2 =0.02 sec Te3=0.15sec Tgs=0.2sec

T55 =0.014 sec T|35 =0.04 sec TB7 =0.036

Kag = 200 Tas=0.05sec Keg=1
Teg=2.0 Krg = 0.5 Tes=1.0 sec

Reactive power participation factor: Kgrg = 0.48432
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