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Droop Control of Converter Interfaced Micro
Sources in Rural Distributed Generation

Ritwik Majumder,Sudent Member, IEEE, Gerard LedwichSenior Member, |EEE,
Arindam GhoshFellow, |EEE, Saikat ChakrabariViember, |IEEE and Firuz ZareSenior Member, |EEE

Abstract: This paper proposes new droop control methods for
load sharing in a rural area with distributed generation. Highly
resistive lines, typical of rural low voltage networks, always cre-
ate a big challenge for conventional droop control. To overcome
the conflict between higher feedback gain for better power shar-
ing and system stability in angle droop, two control methods have
been proposed. The first method considers no communication
among the distributed generators (DGs) and regulates the con-
verter output voltage and angle ensuring proper sharing of load
in a system having strong coupling between real and reactive
power dueto high lineresistance. The second method, based on a
smattering of communication, modifies the reference output volt-
age angle of the DGs depending on the active and reactive power
flow in thelines connected to point of common coupling (PCC). It
is shown that with the second proposed control method, an eco-
nomical and minimum communication system can achieve sig-
nificant improvement in load sharing. The difference in error
margin between proposed control schemes and a more costly
high bandwidth communication system issmall and the later may
not be justified considering the increase in cost. The proposed
control shows stable operation of the system for a range of oper-
ating conditions while ensuring satisfactory load sharing.

Index Terms. Autonomous microgrid, Angle droop, Active and
reactive Power sharing, Resistive lines.

|. INTRODUCTION

of real and reactive power, they can not be coetoinde-
pendently with either frequency or voltage and ls® droop
equations need to be modified. The real power domgdfi-
cients can be chosen depending on the load shaaihg
Moreover, the inclusion of linear quadratic regotabased
state feedback controller makes reference folloveffgctive
and shows a faster convergence compared to theedney
droop. In either of the case, frequency or angt®ply the out-
put feedback gains have impact on system staliBt$].
Transient stability of a power system with a higinetration
of power electronics interfaced distributed gernierais ex-
plored in [5]. In [4], small-signal stability anaig of load
sharing control of multiple distributed generatisgstems
(DGs) in a stand-alone ac supply mode is discussed.
Rural electrification relates to the availabilitf @ectricity
for use by rural communities irrespective of thehtelogies,
sources and forms of generation and has been tieeo of
the governments in many developing countries. Hanav is
often difficult to install extensive distributionetwork, espe-
cially since the customer density in the rural arean be
sparse. Distributed generation is one of the besitadble solu-
tions for such a predicament. Planning of a typroaidium-
voltage rural distribution system in different ldrgl condi-
tions is discussed in [6]. The bottom up approdcbugh an
evaluation of autonomous or non-autonomous modified

N AN AUTONOMOUS microgrid, load sharing withoutcrogrid concept to provide electricity to local icemts is pro-
communication between converters is the most dssiraposed in [7].

option as the network can be complex and can span @
large geographic area. A common approach to achhesds
through the use of frequency droop characteristichat the
parallel converters can be controlled locally tdivie desired
real and reactive power to the system. The realraadtive
power sharing can be achieved by controlling twaependent
guantities — the frequency and the fundamentahgeltmagni-
tude [1]. In case of voltage source converter (V®@sed
DGs, the output angle can be changed instantaneandl so
drooping the angle is a better way to share loddH2quency
regulation constraint limits the allowable rangefiaguency
droop gain, which in turn, may lead to chatteringinlg fre-
quent load changes in a microgrid. Therefore thggeadroop
is adopted in this paper, which requires signatenfrglobal
positioning system (GPS) for angle referencing, mmtcom-
munication link between converters. While in [2],i$ as-
sumed the lines are mainly resistive and conveatioinoop
can work with real power controlled by voltage aedctive
power by angle, in this paper a high R/X ratio emsidered,
which is common in a rural network. With a stromgipling
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In the rural areas where the distribution is in lemmedium
voltage, the lines are highly resistive and théstaace may be
high enough to challenge the power sharing coetradifi-
cacy. High values of feedback gains are require@rnsure
proper load sharing, especially under weak systenditons.
However, high gains have a negative impact on divsti@bil-
ity of the system. Moreover, proper sharing of laatnot be
ensured even with high gain if the lines are higkhlistive.

In [8], the decoupling of the real and reactive povis
achieved for a high R/X line with frequency droagmtrol. It
is shown that a modifying the droop equation cacoagno-
date the effect of line impedance. However, theiahmf
droop gains for rating based sharing of power ishe®n ad-
dressed in [8].

The off grid renewable connection at Anangu SolatiGn
of south Australia [9], where 220 kW power is distited cov-
ering 10,000 square km among number of communifet
500 people or minigrid connection at Hermannsbuargentral
Australia [9], where three communities each withiesal hun-
dred household with 720 kW total power consumptos the
example of the discussed scenario where the cavierter-
faced micro sources and loads are geographicaflyfréam
each other in a low voltage network.



Two methods have been proposed in this paper farepo The ratio of the droop gaims,:m, is chosen as the ratio of the

sharing with VSC connected DGs. In first method;eshdral-
ized operation of DGs without any communicationnigesti-
gated. A transformation matrix is derived for cohtparame-
ters and feedback gains taking into considerati@nR-by-X
ratios of the lines. In second method, the angteprpower
sharing controller is modified to accommodate tighly re-
sistive line. The reference angle of each converntdjput volt-
age is modified based on the desired active ancdivegpower
flow and the line impedances. A minimum amount ahmu-
nication is needed among the DGs for the changefarence
angle of the output voltage. We have assumed atmstiweb-
based communication system [10-12] for this purpose

The contribution of the paper is the developmentaof

graduated set of control algorithms to deal wittiedént lev-
els of communication infrastructure to support thierogrid
with particular emphasis on highly resistive lingfie accu-
racy of the controllers is shown in different wesjlstem con-
ditions where the conventional angle droop failshare the
power as desired due to high coupling between ¢aé and
reactive power. Mathematical derivations and tintemdin
simulations are used to illustrate the methodokgie

Il. POWER SHARING WITH ANGLE DROOPAND PROPOSED
DROOPCONTROL

Notations for the line parameters and their nornealival-
ues are given below.

Line reactance
Normalized line reactance
Nor malized filter reactance
Lineresistance
Normalized line resistance

TP X XK

To show the power sharing with angle droop, a systé
two DGs with a load is considered as shown in EigThe
voltages and the power flow are defined in theriggApply-
ing dc load flow with all the necessary assumptifr§, we
get

0, -0 =(X +X )R

_ 8]
0, =0 =(Xy+ X 5)P,

whereX; = wLu/(ViVi1) , X1 = wlpd/ (V11V), X2 = olp/(VaVa))
andX;, = wLpy/(V2,V).

POy POy
—p (—
Lo Rpi  vz5 Ry Loz Lp
000 (0 ]_.
P
DG psy Loy s, DG-2
Load

Fig. 1. Power sharing with angle droop.
The angle droop equation of the DGs are given by

leé.rated _rnlx(Pl_Plrated)

(2)
52 = 52rated —my X (PZ - P2rated)

rated powePy qed:Parates, The rated droop angles are taken as
O1rated = MP1rated; O2rated = MoPorated. Then from (2) we get

0~ 9, =mP, ~mR 3
Similarly from (1) we get
O =0, = (X + X 1)R — (X5 + X 5)R, (4)
From (3) and (4) we get,
(Xp+ X )R —(Xy + X 5)R, =mR, -mB
R _ Xt X, +m ®)

P Xyt X+m

It is to be noted that the value ¥f and X, are small com-
pared to the value af, andm, when normalized to same unit.
Hence we can write

my >> Xy >> X andm, >> X, >> X,
From (5) we can write

ﬂ ~ ﬁ - Plrated
PZ m PZrated

It is evident from (6) that the droop coefficiestsould be in-
versely proportional to the DG rating and also dheop coef-
ficients play the dominant role in the power shgrifihe error
is further reduced by taking the output inductafige Ls,) of
the DGs inversely proportional to power rating bé tDGs.
The comparison between the performance of thiseadgiop
and a conventional frequency droop [1] is showAppendix
A.

The simple system, shown in Fig. 1, is used to skiwav
power sharing. In a real system with number of @4 loads
in different location line impedance will have anpact on the
load sharing. But for a microgrid within a smallogeaphical
area, the line inductance will never be very higloreover a
high droop coefficient will always play a dominaioie and
share the power as desired with a very small dewiat

To control power flow explicitly from any of the 3330 the
local bus (e.g., DG-1 and the bus with voltage14d1), an
output inductance (e.glLs) is required. This output induc-
tance enables us to decouple the real and regmiver injec-
tion. We shall use this structure for controllingwer flow
with communication (the"® proposed method). However, in
the T proposed method, the output inductance is asstmed
be zero. In this control method, we do not reqaidecoupling
of real and reactive power as will be explainethis next sub-
section. Also this control is based on the R/Xorat the line
and therefore the inclusion of output inductancé wiquire
the knowledge of the line length. Note that thepauinduc-
tance can be taken as zero depending on the cenwertput
filter structure, discussed in Section Ill.

(6)

A. Proposed Controller-1 without Communication

As discussed before, in the rural distribution eystat the
medium or low voltage level the lines are mostlsistve and
the values of the line impedances are not negégibi that
case (1) is not valid. In this case we have assuthadthe



DGs do not have any output inductance, in whiclecé&f.1
is redrawn as shown in Fig. 2. Here the line reaaaglp)
value is chosen to be the same as line resistatoeRy.
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Fig. 2. Power sharing in resistive-inductive line.

The power flow from DG-1 for system shown in Fig

R :U[Rm(vll -V cos@,; - 5)"’ XpaV sin(@y; - 5)]
Q :’7[‘ RpaV sin(@d;, —9) + XDl(Vll -V cos@y, - 5)]

where 7 :Vll/(R2m+ sz). From the above equation, mul-
tiplying Q; by Rp; and subtracting the product from the multi-

plication of P; andXp; we get

Xp1P = RpiQ =Vy 1V sin(dy, - 9) (7
In a similar way, we also get

Ro1P + XpiQ = Vi3 — Wy, cos@y, = 9) (8)

It is to be noted that DG-1 does not have any cbmiver
the load voltage magnitude and angle. Thus thelination
of (7) and (8) around the nominal values\af, and &4 re-
sults in

Xp;APR ~ RpAQ = (VllOV )(Aa—ll = A0) +(dy1V)AVy;
RoiAR, + Xp AQ = (V10— V)AV;

©)
(10)

whereA indicates the perturbed value. From (9) and (&®,
output voltage magnitude and angle of a DG-1 cawiigen
in terms of real and reactive power as,

X1 _PRoy
08, ~D5]_ z,  z {API}: {API}
{ AV, } v Xp1  Roy |[AQ T AQ
Zl Zl
(11)

where the impedand® and the matriX(V) are given by
1
VoV v
21:VR|§1+XI§1 KV)=2z,[ %o
0  2V-V
Defining pseudo real and reactive power as
AR T AR
QA
equation (11) the control strategy can be chosen as
A AP
ook o
AV, AQ

The above equation forms the basis of modified plrstwaring
where the matriXX(V) is approximated ak(1) with the as-

(12)

sumption that bus voltage is constant at 1 per, gining an
error in the control gain of less than 5%. Thislwive no
significant effect on the power sharing. The load bngledis
not measurable at the DG end. The chosen cont®)l vl
automatically correct for changes dhwhile retaining the de-
sired decoupling property.

The droop control equation for DG-1 is then written

511 = Jllrated - ml x (Pl' - Pl'rated)

Vi1 =Viyaied ~ ML % (Qi = Qurated )
where the rated power®' (;aed, Q'1rated) @re also represented
after multiplying the conversion matrix [T]. Similaransfor-
mation is also used for the rated powers of DG-@@lt The

droop gains of the both the DGs are also transfdrimethe
matrix T and are given by as

HINE RN

where the real and reactive power droop coeffisiané

(13)

(14)

ﬂ - l%.rated and & - erated
m P2rated n Q2rated

Then droop equation (13) can be expressed as,

{511} {%a@} T {ml} { P = Plated }
Vir] [Murated N | | Q1 Qurated

This modified angle droop control not only enswuttesoup-
ling of the real and reactive power in a high Rifx| but also
provide a rating based power sharing. The contrahe out-

put angle results in a much lower frequency destatiom-
pared to frequency droop as shown in Appendix A.

(15)

(16)

B. Proposed Controller-2 with Minimum Communication

In this sub-section, a droop control is proposed thquires
minimal communication. The system of Fig. 1 is d¢dased
here and the DGs are connected to the microgritl thieir
output inductances.

For small angle difference between the DGs and tfeei
spective local buses shown in Fig. 1, the powewv #guations
of the DGs are given by

Q=0 =XR (17)
0, =0y = X;,P

Both the active and reactive power flow in a highdgistive

line are determined by angle difference in the teaivolt-

ages. The power flow equations over the line foalsmngle

differences can be written as

o010 =-RQ +X4R
0p=0 =-R,Q, + X 5P,
whereR;= Rpy/(V11V), R = Rpaf (V25V), X1 = wlpa/(V1;V) and

X2 = wlpal (V2V).
From (17) and (18) we get,

(18)



0,-0 = XA -RQ+X,R

(19)
0, =0 =X,R, ~RQ, + X 1P
The difference betweed and?d, is derived from (19) as
0 =0, =XB ~RQ + X 1R = X, + RQ, = X ,P (20)
Again from (2) we get,
d.l. - 62 = d.l.rated - JZrated —my % (Fa. - F?Lrated) 1)

my % (PZ - P2rated)

Since the ratio of the droop gains:my is chosen as the ratio

of the rated powePaed:Paraed, from the above equation we

get

01 =0, = Oyrated ~ Orated ~ MA +M,P, (22)
Equating (20) and (22) we get,

XiR —RQ + X1F = XoP + RQ, + X P 23)

= Jlrated - 52rated - rr!LP:L +m, P2

The rated values of the converter output voltaggesnare
selected with active and reactive power outpuhefdonverter
as

51rated =XR- RlQl +XuhR
Oprated = X2Po = RyQz + X 5P,
Substituting these values in (23), we get

ﬂ - ﬁ - Plrated
m P2rated

P2
It can be seen that the power sharing of the D&gprpor-
tional to their rating. This control technique showith above
simple example can be extended to multiple DG sysfhis
is discussed below.

mB =Mk, = (24)

C. Multiple DG System

Fig. 3 shows a multiple DG system where three Df&s
connected at different location of the microgricheTfour
loads that are connected to the microgrid are shesn
Load 1, Load 2, Load 3 andLoad 4. The real and reactive
power supply from the DGs are denotedmyQ,, i = 1,...,3.
The real and reactive power flow for different lisections
and load demand are shown in Fig. 3. The line irapeds are
denoted aZp; (= Ry +jXpi), i = 1,..,6. Each of the DG con-
trollers needs to measure its local quantities @mlg hence,

Py O Pir O Py O

the real and reactive power flow measurementsantbout of
the DG local bus are required. It is to be notédhal line im-
pedances and loads are assumed to be lumped.

From the power output of DG-3 we can write,

03 =90 4 = X3Py — RsQsr + X 6Psr

whereRs= Rpe/(Va3Vi4) andX ¢= Xpe/(VaaVi4). Similarly from
the DG-2 power output we can write,

0, =013 = X3P, =Ry Qor + X 4Por

The angle difference between the loads can be gepted
as,

(25)

(26)

O3~ 0La =~ReQq + X 5Py —ReQsr + X 6P (27)
From (26) and (27) we get,
0, =04 = X,P = RyQop + X 4Por = RsQg + X 5P 28)

~ReQsr + X16Psr
Similarly the power output of DG-1 can be expressgd

0 =014 = X{P ~RQir + X pRr ~ReQy + X 3Py,
~RQor + X 4Por = RsQa + X 5Py —ReQsr + X 6P

It is to be noted that in (28) and (29), all théwcand reac-
tive power quantities, except the first term, am focally
measureable. The angle difference shown in (27) loan
measured by DG-3 and then communicated to DG-2Ddhd
1. As these quantities only modify the referencgleo en-
sure better load sharing, updates can be done Usivgger
sample rates and a much slower communication psocas
achieve that. Furthermore, the first term in (28) é29) indi-
cates the primary output feedback loop that is dase the
locally measurable power output of the DG. Thistomnac-
tion is instantaneous and ensures initial loadisgaamong
the DGs. We can write (29) as

(29)

0, =0 4=0,+3;+0p+ O3 (30)
Where

Op =X1R, 91 =-RQr+ X ,Rg

O1p = ~ReQo + X3P ~RiQur + X 14Pog (31)

013 =~RsQy + X 5Py —ReQsr + X 6Py

Pap Qo P Oy Pir Osr

Vi Loy Vudon > Vil > Vndlon ™ sl ™ Vo Visd 6is

Z, {33

DG-2

Fig. 3. Multiple DG

P Li Q{ 4
Load 4

connected to microgrid.



The longer updates can be made using a web baseuwu-
cation [11] that is discussed below.

It is to be noted that in this proposed methodrethe a re-
quirement of site specific tuning of the parameferghe ref-
erence angle generation. This tuning is requirdchfiyove the
performance of the site independent decentralizedral of
Controller-1.

D. Web Based Communication

The web based measurement system is shown in Fidne4

real and reactive poweP @ndQ) measured at each DG unit is

communicated to a dedicated website or companwrietr
with the help of a modem. Assuming that the PQ mnesmsent
units are already installed at each DG locatioa,dhuipment
needed for each DG unit are a computer to colleetmeas-
urements from local and remote units, and a modetrans-

mit the measurements to the dedicated website, cor t

download remote measurements from it. Fig. 4 (ayshthe
web connection of all the DGs, while the communaratin
each DG is shown in Fig. 4 (b). The power monitgrimit
sends the real and reactive power measurementet@din-

puter to calculat@y; as shown in (31). The other angle com-
ponentd;, and iz are received by the modem and communi-

cated to the DG control unit through the compuges.men-

tioned before the main load sharing tedp in (30) is based

on local measurement and so even in case of concation
failure, a rough load sharing is ensured amon@i@s. As the
DGs are interfaced through converters, the strecamd con-
trol of the converters are very important for thoever sharing.
They are discussed in the next section.

World Wide web internet

or
Utility Company Intranet

. ~
L % s
~
— ezsl L
Pi. O P, Oar Pi, Ou
P Oir Pag, O e Fin O
PQ Monitoring
Utility side
(a)
Py, On r 5
Pir O1r ou_,, J;
P and Q Monitori i i
ani(;ll"lu”“&! Computer Modem Microgrid
DG Control & -
82, O3 013, O3 82,013

DG-1

(b)
Fig. 4 (a) Web based PQ monitoring scheme and ¢éb)bvased communica-
tion for DG-1.
[Il. CONVERTER STRUCTURE AND CONTROL

All the DGs are assumed to be an ideal dc voltagece sup-

shown in Fig. 5. The VSC contains three H-briddest aire
supplied from the common dc bus. The outputs of Hhe
bridges are connected to three single-phase tnamsfe that
are connected in wye for required isolation andag# boost-
ing [14]. The resistancB; represents the switching and trans-
former losses, while the inductankte represents the leakage
reactance of the transformers. The filter capadiois con-
nected to the output of the transformers to byplassswitch-
ing harmonics, whild; represents the output inductance of the
DG source.

MICROGRID

Viip

Viia

|

—
—
—_—
—

Fig. 5. Converter structure.
A. Converter Contral

The equivalent circuit of one phase of the convestshown
in Fig. 6. In this,u/N, represents the converter output voltage,
whereu is the switching function and is given by= + 1. The
main aim of the converter control is to generaté-rom the
circuit of Fig. 6, the following state vector isaden

2 =iy iy vy (32)

uVae

Fig. 6. Single-phase equivalent circuit of VSC.
Then the state space equation of the system camitben as
z=Az+Bu, +Cy; (33)

wherey, is the continuous time approximation of the switch
ing functionu. and

~Re/Ly 0 A Vae/ Lt 0
A= 0 0 :I/Lf ,B= 0 —:I/Lf
]/Cf _]/Cf 0 0 0

plying a voltage oW to the VSC. The structure of the VSC is



The main aim of the converter control is to gereeuafrom
a suitable state feedback control law such thabthput volt-
age and currents are tracked properly accordingeio refer-
ences. It is easy to generate references for ttpubuoltage
V¢ and currenti, from power flow condition. However, the
same cannot be said about the reference for therttiy. On
the other hand, once the referencefpis obtained, it is easy
to calculate a reference for the currgrthrough the filter ca-
pacitor (see Fig. 6).

To facilitate this, we define a new set of statetoes as

X =lic iy vy (34)
We then have the following state transformationrixat
1 -10
x=|0 1 0|z=Cpz (35)
0 0 1

The transformed state space equation is then giyeaombin-
ing (33) and (35) as

- -1
Xx=C,AC,x+C,Bu, +CCy (36)

If the system of (36) is sampled with a samplimgetiofAT,
then its discrete-time description can be writtethie form
x(k + 1) = Fx(k) +Gu, (k) + Hy; (k) (37)

To control the converter, we shall employ a distenhe line
quadratic regulator which has the form

0o (k) = =K [x(k) ~ e ()]
= kl(icref _ic)+ k2(i2ref _i2)+k3(vcfref ‘ch)
wherex. is the reference vector amdis the feedback gain
matrix obtained using discrete time linear quadratigulator

(LQR) with a state weighting matrix @ and a control pen-
alty of r. Fromuc(k), the switching function is generated as

If u.(k)>hthenu = +1
elseifuc(k) <-hthenu=-1

(38)

(39)

whereh is a small number. The above control action resalt
fairly accurate tracking [15]. This control strayag applied to
all the DGs, when operating with the web based canica-

tion of Section II.B.

The control law discussed so far is for the systemwhich
the DGs have an output inductor. It can be seem firéig. 5
that this implies the converter output stage ha& (@ T)
filter structure. Alternatively, when the DGs dotrwve an
output inductance, the inductankcgis removed and the out-
put filter is a simple LC filter. The system statase then
modified as

X' = [icf vcf] (40)
However the state space is similar to (32) andctirerol law
(38) and switching logic (39) remain the same. Tdostrol
strategy is applied to all the DGs, when operatiithout any
communication of Section IL.A.

It is assumed the total power demand in the migtdoggn
be supplied by the DGs and no load shedding isimedjurhe
output voltages of the converters are controlledhare this
load proportional to the rating of the DGs as désed in dif-
ferent droop control methods.

B. DG Reference Generation

It is evident from (34) and (38) that references dth the
elements of the states are required for state fesdtSincev
and o are obtained from the droop equation, the referdac
the capacitor voltage and current are given by

(41)
(42)

Vs =V sin(wt +0)
i =VC; sin(wt +J+90°)

For the LCL filter, the reference for the curréntan be cal-
culated as

i2ref = | I 2ref |Sin(wt + 52re'f ) (43)
From Fig. 5, it can be seen that
[52 +02
|I oref | -y andd,,y =d-tan(Q/P)
cf
TABLE-I: NOMINAL SYSTEM PARAMETERS
System Quantities Values
Systems frequency 50 Hz
Feeder impedance
Zp1 1.0+ j 1.0Q
Zp, 0.4+j0.4Q
Zp3 0.5+j0.5Q
Zps 0.4 +0.4Q
Zos 0.4 +j0.40
Load ratings
Load; 13.3 kW and 7.75 kVAr
Load, 11.2 kW and 6.60 kVAr
Loads 27.0 kW and 7.0 kVAr
Load, 23.2 KW and 6.1 kVAr
DG ratings (nominal)
DG-1 30 kw
DG-2 20 kw
DG-3 20 kw
Output inductances
Ly 0.75 mH
L, 1.125mH
L 1.125mH
DGsand VSCs
DC voltages VY t0 Viea) 0.220 kV
Transformer rating 0.220 kV/0.440 kV, 0.5 MVA,
2.5% ()
VSC lossesRy) 1.5Q
Filter capacitanceQ) 50 uF
Hysteresis constant (h) 10°
Droop Coefficients
Angle-Real Power
my 7.5 rad/MW
my 11.25 rad/MW
ms 11.25 rad/MW
Voltage-Reactive Power
n 0.001 kV/MVAr
Ny 0.0015 kV/MVAr
ns 0.0015 kV/MVAr




IV. SIMULATION STUDIES

(a) Power Sharing by the DGs

0.025% 4

Simulation studies are carried out in PSCAD/EMTD&r{ 002k P, \ P |
sion 4.2). Different configurations of load and mwvsharing - R R,
of the DGs are considered. To consider the webdbasm- o1l . A i
munication, a delay of 5 ms is incorporated in ¢batrol sig- ‘ C i
nals which are not locally measureable. Since glsimeas- ° 02 o4 0e 08 !
urement is taken per each main cycle, a 100 bgtsfsmuni- ) __ (b)Power Sharing Ratios
cation is needed. This is a very low speed comnatioic o1z AN
compared to any of the high bandwidth communicatiime P TN
system parameters are shown in Table-l. For clatfity nu- rato3” P rionz3
merical values of power sharing ratios obtainednfrall the Al
simulation are given in Table-II. 0 0.2 4 et ™ 0.8 1

Casel: Load 3 and Load 4 Connected to Microgrid

In this case, all the three DGs are connected g@onittro-
grid and supplying only Load_3 and Load_4. While #ys-
tem in steady state, Load_3 is disconnected a$.0F%g. 7 (a)
shows the power output of the DGs and Fig. 7 (lonshthe
power sharing ratios with conventional angle cdtegragiven
by (2). In Fig. 7 (b) Praioj indicatesP;:P;. It can be seen that
due to high line impedance, the power sharing ef@iGs are
not as desired (see Table-Il). Fig. 8 shows th&esysesponse
with proposed Controller-1 discussed in Sectiod\.lIThe
error in power sharing is reduced. Fig. 9 shows dy&tem
response with proposed Controller-2. The powerispaatio
of the DGs are much closer to the desired sharinlgtlae sys-
tem reaches steady state within 4-5 cycles aseircéise with
the conventional controller.

(a) Power Sharing by the DGs

Case 2: DG-1 and DG-3 supply Load_1 and Load 2

Fig. 9.Power sharing with Controller-2 (Case 1).

It is assumed that only two DG, DG-1 and DG-3 ave-c
nected to the microgrid and they are supplying Ldadnd
Load_2. The system response shown in Fig 10 is tvélcon-
ventional controller (2). Load_2 is disconnected0dis and
the two DGs, connected at the two ends of the mi@aosup-
ply only Load_1. Figs. 11 and 12 show the respamiie the
proposed controllers. It can be seen that a claseatesired
power sharing is achieved with these controllergghHine
impedance (and high R/X ratio) between the DGs laad
makes the power sharing difficult and the powerigigawith
conventional controller shown in Fig. 10 is notegu@ble.

: : : 0.02
The results of this case with a conventional freqyelroop
controller are discussed in Appendix B. 0.01
2
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Fig. 8. Power sharing with Controller-1 (Case 1).



(a) Power Sharing by the DGs
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Fig. 12. Power sharing with Controller-2 (Case 2).
Case 3: Induction Motor Loads

To investigate the system response with inductiatons
connected to the microgrid, a 30 hp motor is cotett@as
Load_3, while Load_4 constitutes a 50 hp motor. ke
system running in steady state, DG-2 is disconleate.25s.
The simulation results are shown in Figs. 13 tddthe con-
ventional controller and the two proposed contrslléAfter
DG-2 is disconnected, DG-1 and DG-3 supply thel jfpoaver
demand and it can be seen that system takes afb@rsl to
reach the steady state. Due to the high impedahttedine,
conventional angle controller fails to share thevpoas de-
sired (error is almost 20%). Controller-1 redudas érror to
some extent but not able to share as desired (Hig(b)).
However, Controller- 2 is able to share the induttnachine
load almost in the desired ratio (error is less tB%b).

(a) Power Sharing by the DGs
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Fig. 13. Power sharing with conventional contro{lgase 3).

Case 4: Load Sharing with Advanced Communication System

In this section it is assumed that the system llasreced
high bandwidth communication among all the DGs knadls
and all the control parameters are measurable utithioy sig-
nificant time delay. With the same induction moimaid as in
Case 3, the simulations are carried out consideailhghe
measured variables are accessible to all the DG&hid case,
the droop sharing becomes redundant. Fig. 16 sliosvsys-
tem response. It can be seen that an accurate phagng is
achieved. The error is less than 0.5%. Howeverctist in-
volved in a high bandwidth communication is muchyéa

minimum communication control. From this perspestiei-
ther Controller-1 or Controller-2 can provide arcegtable
power sharing in a rural area with potentially acimdower
cost.

(a) Power Sharing by the DGs
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Fig. 14. Power sharing with Controller-1 (Case 3).
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Fig. 15. Power sharing with Controller-2 (Case 3).
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Fig. 16. Power sharing with high bandwidth commatian (Case 4).

Fig. 17 shows the mean percentage error in therdiiit
control techniques for the cases discussed abdwe.operat-
ing cases were chosen for weak system conditiohsrenthe
micro sources and loads are not symmetrically ibisted
through out the network. These results in high eslaf power
sharing error but it can be seen that with the psep control
methods, the error can be reduced significantlyil&\the first
proposed method (Controller-1) can reduce the dveow



troller-2) has an error around 3.5%. Though thereirr case

with an advanced communication system is much lpter
cost involved is likely to be high.

The decentralized droop sharing control has alem lséud-
ied when the loads are voltage and frequency degmend@he
results are discussed in Appendix C.

V. CONCLUSIONS

droop control is investigated in this paper witlegpl empha-

sis on highly resistive lines. Two control methaal® pro-
posed. The first method proposes power sharingowitlany
communication between the DGs. The feedback qissyand
the gain matrixes are transformed with a transfdonamatrix
based on the line resistance-reactance ratio. Tdoond
method is with minimum communication based outpedf

back controller. The converter output voltage anglerence

is modified based on the active and reactive pdieerin the
line connected at PCC. It is shown that a more etical and

proper power sharing solution is possible with Web based

communication of the power flow quantities. In maognar-
ios, the difference in error margin between progosentrol

schemes and a costly high bandwidth based comniigrica

system does not justify considering the increaseost. This
paper proposes and demonstrates low cost contribloghe to
ensure acceptable power sharing in a weak systeiitmm
and highly resistive network for rural distributioetworks.

Percentage Error in Power Sharing

20

18.24
18
16
14 4
12 @ Conventional
S 9.98 | Controller-1
o 104
© O Controller-2
S
8 O Full_comm
6
4l 3.54
2 05
0

Fig. 17. Error in power sharing with different casittechniques

TABLE-Il: SIMULATION RESULTS

C Controller Power Sharing Ratio

a P, /P, P, /P; P,/P;

S Ini- | Final | Ini- | Final [ Ini- | Final

e tial tial tial

1 Desired Values 15 1.5 1.5 1.4 1.0 1.0
Conventional 1.32 1.3 1.22 1.7 0.62 0.5
Controller-1 1.39 1.41 1.31 1.37 0.71 0
Controller-2 1.59 1.6 1.53 1.54 1.0p

2 Desired Values - - 15 1.5 - -
Conventional - - 1.60 1.69 - -
Controller-1 - - 1.55 1.58 - -
Controller-2 - - 1.48 1.46 - -

3 Desired Values - - 15 1.5 1.0 0.0

& Conventional - - 122 | 1.25| 0.97 0.0

9

4 Controller-1 - - 1.39 1.42 1.10 0.0

Controller-2 - - 1.52 151 1.02 0.0

Full comm - - 151 151 0.99 0.0
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APPENDIXA

In this appendix, the comparison between the aagiefre-

12 quency droop [1] is presented. The simple systanshawn in
103 Fig. 1, is considered. The output impedances of tthe

sources are chosen in a ratio of 1:1.33 and theepoating of

the

DGs are also chosen in the ratio of 1.33:1linVestigate

the frequency deviation, the load conductance éseh as the
integral of a Gaussian white noise source with zeean and
standard deviation of 0.01 Mho. The controllers designed



ensuring same stability margin. The DG-1 power ougnd described by (A.1) is connected at 0.4s. The paharing is
the operating frequency are shown in Fig. 18. it ba seen shown in Fig. 20 (a). The system frequency andpbeer

that the frequency deviation with frequency drogspmuch demand from the frequency dependent load is showfig.

large than that with the angle droop. Since thguttoltages 20 (b-c). It can be seen that the power sharingsislesired.
in the two cases are chosen to be same (1 kV)ladutput However the droop gains may need to be reduceteafre-
power shown in Fig. 18 is also similar, there isdifference quency dependence of the loads can be destabilizing

in the converter requirements for the two droopticlers. (a) Power output of the DGs

(a) DG-1 power angle droop  (b) DG-1 power frequency droop
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Fig. 20. Frequency dependent load
Fig. 18. Frequency droop and angle droop
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NP
P= PO(V%J (1+KpedF) (A1)

whereNP (0.95) andKpr (2.0) are the voltage and frequency
dependent coefficients. The system is initiallyrimg with a
continuous varying impedance load. Then the deperidad



