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Abstract- A novel active and reactive power control strategy of a wind-biogas based hybrid system for rural electrification
(HSRE) has been proposed. The purpose of the model is to provide continuous and reliable power supply to a cluster of
villages while maintaining power balance between system components along with regulation of voltage and frequency. A
defined amount of power supply is taken from grid and the rest is supplied by a combination of controllable and intermittent
sources of energy. The defined grid operation concept is achieved by considering dynamics of system voltage angle as well
which cannot be achieved by the usual control techniques for frequency and voltage magnitude. Induction generator (IG) based
Wind energy conversion system (WECS) has been chosen as a source for HSRE whose dynamic model for power control has
been developed. Since reactive power is required by IG and the load therefore Static synchronous compensator (STATCOM)
has been incorporated. For power generation from biogas-genset, synchronous generator has been used which is fitted with
electronic speed governor and automatic voltage regulator (AVR). Finally, small signal stability studies have been carried to
investigate the dynamic performance of the system for load and input wind power disturbance.

Keywords Hybrid system for rural electrification (HSRE), WECS, SCIG, STATCOM, biogas-genset, defined grid supply
system

NOMENCLATURE

Pwig, Prsg, Pg, PL Active power output of IG based WECS, biogas, grid and load demand respectively

Qwic, Qrsa, Qa, QL Reactive power output of IG based WECS, biogas, grid and load demand respectively

AP, AQ Change in corresponding active and reactive power
V-0, Eg20 and £ System bus voltage, grid voltage, frequency
Tgi-Tg7 Time constants of electronic speed governor, actuator and engine/generator

Tas, Ts, Tes, Trs, Tqo' Time constants of biogas generator field and AVR system
pis Power factor of synchronous generator

PI 1-PI 4 Proportional Integral controllers

1. Introduction supply of electricity is still an outreach. Most popular source

of rural electrification (RE) has been diesel gensets as they

According to the World Bank report about 14.6% of the
world population still don’t have any access to electricity,
mostly belonging to rural areas of developing countries [1].
The total number of unelectrified villages in India was
12,288 and partially electrified was 304,014 as on 31-3-2016
[2]. Even in the areas with electrification there are power
cuts of few to considerable number of hours and continuous

ensure high reliability in providing power but various
drawbacks like high fuel cost, pollution etc. makes it an
undesirable long-term solution [3]. To provide a reliable and
continuous means of power supply for RE, the distributed
energy resources such as wind, solar, biomass are integrated
with conventional sources also known as hybrid power
system(HPS) [4-5]. These hybrid systems can either be grid
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connected or standalone. As higher levels of renewable
energy sources (RES) are integrated into the grid several
problems are identified such as loss of synchronization,
flickers, oscillations, voltage collapse, protection failure etc.
[6]. Energy storage can help with key integration challenges,
but it is also one of the most expensive options [6]. At
present the interest is growing in stand-alone or hybrid
systems [7]. Amongst the available renewable sources,
biogas has proven to be a reliable option which can replace
the traditional diesel generators since it is readily available in
rural areas from biodegradable waste [8]. Synchronous
generators driven by biomass/biogas engine as a prime
mover are generally used and in some applications induction
generator is used [9-10]. Another popular source of RE is
wind energy which has been the fastest growing renewable
energy technology [11]. Amongst various electrical
machinery technologies used, the squirrel cage induction
generator (SCIG) offers the benefit of minimal maintenance,
ruggedness, absence of another DC source for excitation,
self-protection against short circuits and overloads, high
reliability, low cost and is very light in weight. Though they
have the disadvantage of needing reactive power for their
operation [12]. For fulfilling this continuous and rapid
demand of reactive power by SCIG different Flexible AC
transmission system (FACTS) devices are available in the
market [13]. Amongst various FACTS devices available,
static VAR compensator (SVC), switched capacitors and
static synchronous compensator(STATCOM) can be chosen
to fulfill reactive power requirement. Even though the
switched capacitor scheme is economical, it has the
drawback of adjusting terminal voltage in steps. SVC which
is a first-generation FACTS device requires considerable
number of reactors and capacitors and has limited overload
capacity [14]. STATCOM controls reactive power absorbed
or injected into the power system using voltage source
converters to regulate voltage and improve transient stability
[15]. In RES based hybrid systems control of voltage and
frequency poses a big challenge due to the intermittent nature
of the sources. There are various voltage and frequency
control schemes available in literature for isolated hybrid
power systems [13-21]. Various energy control strategies for
RES based hybrid systems have been given in [22-25] for its
efficient performance. Some techniques have been given in
literature where energy storage is used for frequency control
[26-29] and load side converters or FACTS devices for
control of reactive power [13], [16], [30-31]. With small
scale hybrid systems, the problem of fluctuation of voltage
and frequency occurs with change in load and/or change in
input renewable source of energy hence simultaneous control
of both parameters has been considered crucial [32]. Various
techniques are used to find the parameters for optimal
performance of the system [33-36]. The conventional
technique Integral square error (ISE) criterion which has
been shown to perform well in [37-39] has also been used in
this study.

In the paper a coordinated active and reactive power
control strategy of a hybrid system, operating in parallel with
defined grid capacity, has been developed. Transfer function
block diagram of the HSRE is developed from the real and
reactive power balance equations for the individual
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Fig. 1. Single line diagram of HSRE

components of the system. The model for defined grid
operation as given in [32] is used in the system. The biogas
generator set combines biogas engine model with
synchronous generator along with IEEE type-I excitation
model and AVR for voltage control [14] and electronic speed
governor for frequency control [9], [40]. A novel
mathematical model for the active and reactive power control
of SCIG in the hybrid system has been derived. Voltage
deviation signal is used for the model developed for
STATCOM to remove any mismatch of reactive power in the
system. The control system response has been optimized
using ISE criterion. Small signal stability studies have been
conducted of the developed model HSRE, with step
disturbances in load active and reactive power as well as
input wind speed, to prove the stability of the system.

2. Mathematical Modelling of the HSRE

The wind-biogas based HSRE comprising of
synchronous generator, SCIG, electrical loads, control
mechanism and STATCOM with defined grid supply is
shown in Fig. 1. Active power requirement of the consumer
load is met by SCIG of WECS and synchronous generator of
biogas-genset. The reactive power needed by SCIG and load
is supplied by synchronous generator and STATCOM. Grid
does not participate in fulfilling the deviations in system load
as well as change in input wind power. The real and reactive
power balance equations of the HSRE at steady state are
given by

PWYG+PBSG+PG=PL (D
QBSG + QSTAT + QG = QL + QWIG (2)

Post the disturbance in reactive power of load AQ, the
system experiences a variation in voltage which leads to an
incremental change in reactive power of other elements. The
deviation of voltage AV resulted from net reactive power
surplus (AQgsgtAQstartAQG-AQwic-AQL) in the system [13]
is given by

) %[AQBSG (5)+ A7, (5) + A0, (5) = Ay (5) - AQ, (5)]

AV (s)
I+s

3)
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where, Ky is the gain constant and 7 is the time constant due
to magnetizing reactance of the system generators. Similarly
post disturbance in active power of load, 4P, the system
experiences change in frequency which leads to real power
surplus (4Pgsg+APy;ctAPs-AP;) which in turn will increase
the frequency by 4F and voltage angle by 46. The deviation
in frequency and voltage angle [32] is given as

AF(S) = KFS

[APy5(s) + AFy 6 (s) + AF;(s) - A, (s)] “)
FS

AG(s) =[27\F (5)]/[s] ®)

where Kps and Trs are the gain and time constants

respectively of the HSRE.

2.1 Modeling of SCIG

The equivalent circuit of the squirrel cage induction
generator is shown in Fig. 2. Small changes in active power
generated by SCIG, APwg, can be expressed in terms of V,
generator data specifications and slip as given by

AB,5(s) = Ky AV(s) + Ky As(s) (6)
where, K, =(=2R )/ (R’ +X,,") (7
Ky = [V + 2R, B )R,/ [(Ry2 + XEQZ)* 57 (3)

Here, s is slip of the machine and X,, is the magnetizing
reactance of the winding. The values of Rp, Ry, R,', X¢q, Req
are given in Appendix A. Transfer function block diagram of
the SCIG has been shown in Fig. 3. Similarly, the reactive
power absorbed, AQwg is expressed in terms of V, slip and
generator specifications is given by

AQy5(s) = Ky AV (5) + Ky As(s) ©
2X,. .V

Ky =——"2 10

TR X (19

K4W _ 2RYQIG R_2 (1 1)

- 2 2 2
R+ Xy s

Since the SCIG consumes reactive power during its operation
an additional source of reactive power generation like
STATCOM has been used. It can absorb or generate reactive
power using force commuted devices like IGBT, GTO etc. to
control the reactive power flow through the grid in
synchronization with the demand to stabilize voltage of the
system. The configuration of the STATCOM has a coupling
transformer, a voltage source converter(VSC) and a D.C.
capacitor.

Fig. 2 Equivalent circuit of SCIG
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Fig. 3 Transfer function block diagram of SCIG

The magnitude of the fundamental component of the VSC is

kVpc, where Vpc is the voltage across the capacitor. o is
STATCOM fundamental output voltage angle and B is the
susceptance of the transformer. For modeling of the
STATCOM [41] the reactive power injected to the bus is
given by

Osir =V?B-kV,.BV cosa (12)
Linearizing the above equation, we get:
AQgr 7 (8) = Ky Aax(s) + Kgpir, AV () (13)

The values of Kgrar; and Kgrat, are given in Appendix B.
The transfer function block diagram of STATCOM is shown
in Fig.4.
2.2 Modelling of the Biogas-genset

The biogas-genset is fitted with automatic voltage
regulator (AVR) and electronic speed governor for voltage

and frequency control respectively. Model for small signal
analysis of biogas-genset [32,40] is given by

AP (s) = AX,5(s) (14)

+sT,

B7

AQy(s) = K5y AE ;. (5) + K, , AV (5) (15)
Here, Xyp denotes the change in valve position which is
tuned by the actuator upon receiving the signal given by the
electronic speed governor as a reaction to the change in
system frequency and voltage angle. For biogas genset IEEE
type-I excitation control system, with saturation neglected, is
used.

AQstar K,

K,

1 |

AV Y P2 T |
Transport lag Phase sequence delay

Fig. 4 Transfer function block diagram of STATCOM

1191



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. Bhamu and T. S. Bhatti, Vol.8, No.2, June, 2018

The variation in reactive power, AQg' due to change in active
power APgp, while functioning at constant power factor is
given by

AQ'y(5) = Ky AF(s) (16)

The equations and values of K3p, Kyp and Kgp are given in
Appendix A and B.

2.3 Modeling of the Grid supply system:

The grid taken here as one of the feeder of a distribution
substation which gives fixed supply of energy E, to a group
of villages by day ahead load scheduling. In this case same
amount of energy [E=reduced power (but fixed) *24 hours]
will be taken from the grid over course of a day without any
load shedding. The voltage on transformer primary side is
taken as constant and voltage level of secondary winding is
made equal to system bus voltage by the transformer. The
small signal modeling of the grid supply system [32] is given
by

AF;(s) = KigAO(s) + K, AV (5) (17)
AQG (S) = K3GA0(S) + K4GAV(S) (18)

where, V and 6 are the amplitude and angle of the system
voltage respectively. The values of Kig, Ksg, Ksg and Kyg
are given in Appendix A.

2.4 Tuning of PI Controllers

The value of error e(?) produced due to difference
between desired set point and measured value is continuously
calculated by the PI Controller and a correction is applied
based upon proportional and integral values (denoted as P, I
respectively). It is denoted in mathematical forms as

u(?) = K e(t) + Kl.j'e(t Ndt' (19)

where Kp, K; are the coefficients of the proportional and
integral terms respectively. ISE criterion has been chosen in
the proposed system for tuning the PI controller gain settings.
The error obtained is squared and integrated over the time in
ISE. Due to consideration of square of errors it penalizes
both positive and negative values of error. The ISE criterion
is given as

Min J=}(| e* (1) |)dt (20)
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Fig. 5 Performance Index v/s Gain value curve for Kp; of PI-
3 Controller

In this technique sequential optimization has been
implemented where at a time one parameter is optimized
while keeping other parameters constant using ISE criterion.
For every parameter the process is repeated until the
optimum value is obtained. The method is more suited
where the number of parameters is less otherwise heuristic
algorithms are preferred. The optimum value of controller's
gain is chosen by finding the value of gain for which
performance index J is minimum. ISE optimization criterion
with reference to the HSRE is given as

Min J=}(| AG* ()| +| AV (¢) |)dt (21)

Here, the performance index J signifies the area under the
curve of error signal which has to be minimized. That gain
value for which objective function gives a minima is the
optimum gain setting of the controller. For illustration, the
performance index curve obtained during the optimization
problem has been shown in Fig. 5. It has been observed that
the minimum value of performance index lies at the gain
value of 42. Hence that value is chosen. And similarly rest of
the gain values are optimized accordingly.

3. Simulation Results and Discussions

Simulation of the wind-biogas based HSRE was
done by using values of the parameters given in Appendix B.
The transfer function block diagram for the complete hybrid
system is shown in Fig. 6. The gains Kp and K of the PI
controllers used in the system are optimized using the
conventional ISE criterion whose values are given in Table 1.
The chosen sources- biogas, wind and grid of the hybrid
system contribute to fulfill the load demand of 1 MW. Power
supply contribution by the grid is taken as fixed 30% i.e. 300
kW and rest of the 70% of the demand is met by rest of the
RES. The dynamic response of the HSRE for 1% step
disturbance in load active and reactive power without any
change in slip is shown in Fig. 7.

Table 1: Gain parameters of PI controllers of HSRE

Controller Gain ISE tuned gain value
PI1 Kp; -17.35
Ky -103
P12 Kp, -58.3
Kp -42
PI3 Kp; -42
K -91.5
P14 Kps -20
Ku -212.5
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Fig. 6 Transfer function block diagram of hybrid system for rural electrification

As shown in Fig. 7(a) and Fig. 7(b) it has been observed
that the change caused by the disturbance in the state
variables Af and A0 settles within 2.16 seconds with no
steady state error. It can be seen from Fig. 7(d) that due to
no variation in input wind power there is no variation in
wind active power output APy,. Since the objective is to not
draw any power from the grid to feed the disturbances
hence APs=0 pu, as can be seen seen from Fig. 7(e). At
steady state the active power change APp has been
provided by the biogas genset when there is no variation in
input wind power as shown in Fig. 7(f). At steady state the
change in load reactive power AQ;=0.01 pu and reactive
power consumed by the wind, as seen from Fig.7(g), has
been fulfilled by the biogas genset and the STATCOM,
due to which the change in system voltage magnitude AV
and grid reactive power, AQG is zero as can be seen from
Fig. 7(c) and Fig. 7(h-j). Overall disturbance of reactive
power of AQ =0.01 pu has been fulfilled by a combination
of STATCOM and biogas given by total reactive power
generated, AQ=0.01 pu as shown in Fig.7 (k). As can be
observed from the plots, the voltage regulation is very fast
whereas the reactive power control is very gradual since
due to interactive control it has the effect of active power
control dynamics as well. In this study change of reactive
power along with variation in real power has been
incorporated as shown in Fig.7 (f) and Fig. 7(i).
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Fig. 7 Dynamic response of HSRE for 1% step disturbance in active and reactive power of consumer load and constant slip (a) Variation in
frequency of system Af'(b) Variation in system voltage angle 46 (c) Variation in system voltage magnitude , 47 (d) Variation in active power
of SCIG 4Py, (e) Variation in active power of grid, 4P (f) Variation in active power of biogas-genset APy (g) Variation in reactive power
of SCIG, 4Qy;c (h) Variation in reactive power of grid, 40 (i) Variation in reactive power of biogas-genset, 40y (j) Variation in reactive
power of STATCOM, 4Qgz47 (k) Variation in total reactive power of system AQr.

Now, considering the case of variable slip where there is from the results that change in system state variables Af
1% step disturbance in input wind power along with the and A0 settles in 2.16 seconds and 1.54 seconds
step disturbance in load active and reactive power and the respectively with no steady state error as shown in Fig.8(a)
dynamic responses are shown in Fig. 8. It can be examined and Fig.8(b). This time the change in active power load
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APy, has been provided partially by the WECS,
AP=0.01*Kw=0.00133 pu (where Kw is the participation
factor of wind) and the remaining has been fulfilled by the
biogas genset APg=.00867 pu at steady state as can be seen
by Fig.8(d) and Fig.8(f), respectively. At steady state
additional active power has not been drawn by the grid
hence APg=0 as shown in Fig.8(e). The step disturbance in
consumer load reactive power AQr=0.01 and reactive
power consumed by wind turbine as shown in Fig.8(g) has
been fulfilled by biogas genset and the STATCOM under
steady state conditions as can be seen from Fig.8 (f) and
Fig. 8(j). Hence the disturbance in the system voltage
magnitude AV and grid reactive power AQg becomes zero
as shown in Fig.8 (c¢) and Fig.8 (h). Even though the
control of voltage is very fast, and the transients are
removed in about 0.007s the overall control of reactive
power is very gradual due to simultaneous control of
active power.
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Fig.8 Dynamic response of HSRE for 1% step disturbance in load
active and reactive power and variation in input wind speed (a)
Change in frequency of system Af'(b) Change in system voltage
angle 40 (c) Change in voltage magnitude , 4V (d) Change in active
power of SCIG 4Py (e) Change in active power of grid, 4Pg (f)
Change in active power of biogas-genset 4P (g) Change in reactive
power of SCIG, 40w (h) Change in reactive power of grid, 40 (i)
Change in reactive power of biogas-genset, 405 (j) Change in
reactive power of STATCOM, 4Qgz4r (k) Change in total reactive
power of system AQr

Conclusion

The model has been developed for active and reactive power
control of HSRE. The dynamic performance of HSRE has
been studied under step disturbances in system load as well
as input wind power. It is demonstrated through the results
that power balance is maintained between individual
components of the system. After disturbance in system load
and input wind power the grid goes back to feeding its
defined share of 30% at steady state. The results also show
that at steady state imbalance in load active power and/or
variation in input wind power is handled by complementary
variation in active power generated by the biogas-genset. The
overall reactive power control turns out to be slow due to
simultaneous active power control dynamics involved in the
control strategy. STATCOM has been shown to fulfill the
reactive power requirement of the load as well as SCIG
under steady state conditions and the demand is initially met
by the synchronous generator. Decoupled control hasn’t been
considered since the size of the hybrid system is small and
the variations in frequency and voltage occur with load
disturbance and input wind power disturbances. Hence
coordinated control of voltage and frequency has been
considered in this paper. As required the changes in load
active and reactive power are not met by the grid and the
system is stable for variations in load as well as input wind
power. The model has been simulated only for small signal
disturbances and can be extended by adding sources such as
solar PV, small hydro available at specific sites so that
according to availability of the resource proposed model can
be implemented.
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Appendix A

The constants K;g, Ky, Ksg, Ksg of Equations (17) & (18)
are given as:

= EgVcost Al
XG
K, - E.sin® A
XG
Ky - E.sinf A3
XG
Ko - E,cos0-2V A4
XG
AXyg(s) from equation (14) is given as:
AX 5(s) = I+ 57;,) A5

1+5T, +5°T, T,,

Change in actuator will further depend upon electronic speed
governor design and is given by

(1+sTy,)
S(L+ 5T )1 +5T,)

AXVB(S)= AXAB(S) A6

The small deviation in voltage behind transient reactance,
AE'qb(s)[13,16,25] is given by:

(I+5T)AE" f(5) = [K zAE 5 (s) + K, ,AV ()]

AT
K, = X A8
XdB
K, = (X 5 =X ;3N cos(0+6) A9
XdB
K - V cos(d +6) A10

X'4p
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~ E'cos(0+6)=-2V
X 1

dB

© Ja-pih)

RB pfb

For SCIG

K4B

A.12

R, =R +R,'

€

A.13

_R(1-5)

RP
N

A.14

R, =R, +R,, A5

X, =X +X,

A.16

Ko ir =kVo BV sina A7
Kepirr =2VB-kV,-Bcosa A.18

where, R;, R, are the stator and rotor side resistance and X,
X, are the stator and rotor side reactance.

Appendix B

Table 2: Capacity of the System

Sources Generation Pg’=P; (kW) Rated Capacity (kW)

Grid 300 350

Wind 200 400

Biogas 500 750

Total 1000 1500

Table 3 System data
Parameters Values
Number of villages 4
Number of houses per village 1600
Domestic electric demand per 1 kW
Total domestic demand 1600 kW=1.6 MW
Number of irrigation pumps per 10
Total number of irrigation pumps 40
Size/rating of each pump 5 kW
Total load by irrigation pumps 200 kW
Total load demand for other 20 kW
Total contract demand for 4 1820 kW
Maximum diversified demand 1820*0.55=1000
Nominal load of the system 1000 kW
Nominal frequency of the system 50 Hz

Gain and Time constant of the system: K= 75 Hz/pu kW;
Te=15s

Reactive power gain constants of the system
Ky= 1.5 pukV/pu kVAR Tv=10.00212 s
Grid

Pc=0.2; Q¢=.09686; K,=-2.8746; K,6=0.2; K36=0.2
Ku6=-2.6809

Wind

Pw=0.13335 pu kW Qw=0.24169 pu kVAR

K1W20.0889; K2w2-1.267; K3W:
s=-0.0333

-0.0184; Kuw=0.5474;

Biogas

Pp=.33335; Qp=.16145; X4=1.0 pu; Xd'=0.15 pu; T4'=5s
TB:0.7SS; KlB=0.15; KZB:84326, K3B:2.45; K4]3:-2.308
TB,]:0.0IS; TBz=0.02s; TB3:0.1SS; TB4:O.2S;TBSZO.014S;
TBGZO.O4S; TB7:0.036S; KAB:200; TAB:O.OSS; KEle;
Tee=2s; Kgp=0.5 ; Tgp=ls; Reactive power participation
factor: Krp=0.48432

STATCOM: KSTAT1: 0.79944 KSTAT2 =0.730794
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