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Abstract—This paper contains a control scheme for power  Recent survey papers [5], [6] contain useful background
sharing in islanded microgrids with inverter-sourced distibuted  information on microgrids and a rich bibliography. A review
energy resources that combines robust control and droop cdrol. of experimental microgrids is covered in [7]. The sharing of
As the load within the microgrid changes, the inverter-souced . . . - . .
generators will share this change in load. This paper includs a the reactive power in a. microgrid is Compllf:ated owing to
background on control schemes for power Sharing and h|gh||gts the faCt that the ConVent|Onal method Of Sha”ng based on the
the difficulty in exact reactive power sharing. In this paper a generator terminal voltage does not work in microgrids [8].

Distributed Energy Resource (DER) unit consists of an energ  Some solutions for reactive power sharing from the litexatu
source and an energy storage system. A robust control sc:hemeare discussed in this paper

is proposed for the energy source which is augmented by droop Most of th . id I.'t i treat it
control for the storage system. The performance of the propsed ost or the microgrid literature treats voltage sources
controller is demonstrated using a test microgrid system. behind the inverters as ideal [1], [2], [4]. This assumption

Index Terms—Microgrid, power balance, energy storage, re- is perfectly valid f0( the research in.power sharing .amongst
newable energy source parallel connected inverters [4] but it needs extensionnwhe
the ideal voltage sources are replaced with renewable gnerg
resources. The presentation in this paper is with an emghasi
. INTRODUCTION : : : : :

on microgrids from a power systems point-of-view. It is clga

Interconnection of microgrids is a practical way to achieverought out that the rate-of-change of angle droop requires
higher utilisation of renewable energy, reduce transmissia change in the input power and there needs to be another
losses, lower infrastructure capital investment, and eehi controller to achieve this objective. In the next section an
higher reliability of electricity supply [1], [2]. Experiental analysis is presented which brings out the essential elesmen
microgrids have been developed to test the basic ideas [3]in control algorithms for power sharing amongst renewable

Energy sources in microgrids are likely to be renewablesources in microgrid.
resources interconnected via voltage source convertSg€(V
Most VSCs are controlled to output a set voltage magnitude
and phase. This is in contrast to synchronous machine based Il. POWER SHARING WITH CONTROL
grid operation where the voltage magnitude and the rate-of-
change of the generator angle (frequency) is set as a rdsult ol'he control methods used for power sharing can be broadly
the interaction between the generation and load dynamies. @assified into two categories. The first category is of nraste
shown in the following if the VSC output voltage magnitudslave control methods that have been developed for load
and angle are not controlled the system operation will tésul sharing by parallel connection of uninterrupted power fiapp
unplanned generation levels and voltage profile in micasgriThe second category is of droop control methods which are
[2]. more suited to load sharing among DERs in microgrids. A

There exists rich literature in power sharing amongst pelralsummary of both the categories is presented next.
inverters [4]. It is common to refer to real power sharingairo
control as frequency droop control [4]. The frequency droop @ @ @ @
control is so described that the output of each inverter has a 14 34 %23
different frequency. In power systems operation it is asilim
that there exists a steady-state frequency and thus eagttanv
output cannot be at different frequencies. In this paper th&1
frequency droop control is stated in terms of the outputengl
of the inverters. Present day fast acting inverters are tble — — —
quickly change the phase of the output voltage and it is more o
meaningful to specify the power sharing control as a rate-dfig. 1. A Simple Microgrid
change of angle droop control.
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A. Droop Control

In this section the droop control method for sharing powey _ Vlo(s)\
due to load changes is presented. For inverter—sourced—gelffe(s) ke, @
ation the phase of the voltage can be advanced according tot AVi(s) = Va(s) S);sntgm P, (s)
a control law which appears like a droop. For example, angjé(s) A Qm, (s)
d0; is reduced if the generator supplies more than the reference+’< — % 5o (5) Sensors r
load and vice-verse. The droop controllers for the two eperg - '
sources shown in Figure 1 afe= 1,2): ‘/2(5)( ‘ } (Vm (s)
. 01 O
§; = —kp, (P, — PY) 1) L2
and Fig. 2. Droop control for reactive power sharing with comrication
AV; = —kq, (Qmm - Q?) : )

where for source, P?,Q? are the set-point and,,,,Q,,, frequency is measured and the rate of change of the phase

are the measured real and reactive output powgr;k,, are of v, continues until all the rates are equal and there is

droop constantsA is to represent small changes. no change in the real power transfer at the communication
For a stable operation it is necessary that the real afrdquency. Once this is achieved equdl; is guaranteed thus

reactive powers are such thét — 4, = 0. This guarantees proportionate reactive power sharing.

that using the droop control law (1), the real power is sharedin [13], a two stage droop control is suggested. The first

in inverse proportion td:,,. In steady-state the change in thetage is the conventional droop control,

system frequency i8; = 4>, = Aw. The QV droop control

in (2) does share the reactive power change but it does not w=uwy—DpP (4)

share it proportionately and it depends on transmissioa lin E=FEy— DgQ (5)

parameters. Next we present a two-bus system analysis with a

view to designing a droop scheme to share the change in #second stage controller action is initiated every few aelso
reactive power proportionately. synchronously by all the DER controllers on receiving a

communication from the central controller. The controller
. . , o parameters are tuned to complete the control operation in a
B. Reactive Power Sharing using Communication few milli-seconds

For a two-source microgrid shown in Figure 1, for a change

in AQs, the ratio of the change iINQ; and AQ- is given as w=wo— (DpP + DqQ) (6)
follows: K

E = Ey— DoQ + (—C) (P — Pae) @)
AQI . —‘/10B13 [0} 5?3 (1 — kqg (‘/30323 COSs 583 + 2‘/20322)) §
AQa  —VyBazcosddy (1 — kg, (V9 Bizcosdfs +2VPB11)) where the measured powéhye is held constant during the

. - _ _second stage.
Expression (3) clearly indicates that the sharing of reacti In [14] a robust droop controller is presented for a predom-

power using a simple drof’p_""”_' be _in the ratio of admittancemanﬂy resistive network where reactive power is con&wll
This is a fundamental limitation in the use of QV droopby varying the phase difference and the real power by voltage

control. In the following we discuss how to overcome thi§ aqnitude. A proportionate sharing is achieved much likg (1
limitation and provide proportional reactive power shgrin .0 4uced in 8]

In [9] virtual _impedance concgpt for reactive power sharing The difficulty with exact reactive power sharing as com-
and resonant filters for har_momc current support is progos red to real power sharing amongst multi-DER microgrids is
The control scheme [9, Fig. 11] shows how the measur t it is difficult to use an integral control with reactivevper

current is used with an “impedance” block to synthesisessirt sharing. Let us look at the droop control equations (1)@,
impedance. . . system reaches equilibrium only when &lare equal but the
In [10_]’ [11] th_e des.|gn ,Of decentralised robust cgntr(sllersame system has stable operation for multiple combinatbns
for multi-DER microgrids is presented. Each DER is a SUbAVZ-. A proportionate reactive power sharing can be achieved

system with a fully controllable voltage source and the oant nly when the control algorithm can guarantee equal values
objective being the magnitude and angle of the voltage at tEIeaII AV; at the new equilibrium
f .

Point of Common Coupling (PCC). The PCC voltage settings
are communicated from a central power management systg
using power flow analysis.

It is possible but a very difficult problem to design control
@orithms to ensure

In [12] the communication amongst voltage controllers AV =AVy == AVy
is achieved using higher frequency voltages., (i =
1,2,...,N) superimposed on the power frequency voltage One way to achieve equalV; is to have an integral control

sources as shown in Fig. 2. The rate of change of the ph&$ghe form:
of v., is set proportional taAA@; andAV; = —k.,AP.,. The
change in the transfer of the real power at the communication AV; = /(AV; — AVeom) dt (8)



DFIG

where AV; = —kq, (Qm, — Q) and AViom has to be the Vi /Z6;
change in the voltage at a pre-chosen common point in the Gear o
microgrid and this scheme needs communication amongst the Box |
inverters or the DERs. Ry + X,
In [15] the control law is: RSC GSC Filter
Vi VO 4 ks, / (Vier, — Veon) dt ©) T .
V;Efi = V;O - Dth Qi (10) (Avdh‘ ) Avqm) Ci —’Uq Al (A(Sla Avl)
m I; pPm
In [8] a proportional term is added to the above control layv (9 Pim Robust Droop i
(10): i Contr| = = |Contr. "
P_ref v;
et pref
Vi = V2 + kgp, (Viet, — Veom) + kqi, /(Vrefi — Veom) dt @7 ref
(11) Fig. 3. DFIG & Battery olef
Vrefl- = Vio - in Qz (12)

In the two-source microgrid considered in this papgm = Robust control methods for controlling solar PV [19] and
Vs. _ _ wind generation [20] have been proposed for transmissian an
When the system is stable, the argument of the integral distribution systems [21]. In this paper these robust @dntr
(11) should be zero, thus: algorithms are extended to work in the microgrid framework

by appending an energy storage system and a droop controller
V2 — D, Q; = Veom 13
i a: Qi = Veom (13) {5 each DER.

If voltagesV,? are the same then the reactive power is sharedin this paper the problem of reactive power sharing is

inversely proportional taD,,. Moreover the voltage changedivided into long-term sharing and short-term sharing. ther

for Veom Will depend on the values db,,. For small changes long-term sharing a centralised system communicates-refer

in Veom constantsD,, must be small. The constanfs;, ence values to each DER and short-term sharing is done using

determine the speed of response. droop control of energy storage systems. Next we describe tw
In this paper communication is used to transmit the resulER units, one with a wind generation and another with solar

of a centralised optimal load-flow to individual DERs taPV system.

achieve a desirable power sharing. The set values are achiev

using a robust controller and the transient power balance is

achieved using the local storage available with each DER umh. DFIG and BES Control

A Doubly-Fed Induction Generator (DFIG) with a battery
I1l. CONTROL STRATEGY FORMICROGRIDS WITHDERS  energy storage (BES) (represented as a current source) is
There are different ways to choose the reference real asttbwn in Fig. 3. Droop control and energy storage system
reactive powerP?, QY values for DERs. In this paper thecontrol for the DFIG is achieved using the following control
values prior to load change are used as the reference. In [B8}s (Superscripin is used for measured values andfor
the DC-link voltage in a Photovoltaic (PV) system is usedind turbine, positiveAl,, indicates battery charging):
to set the reference real power. In [17] a virtual impedance
scheme is introduced to achieve a balance in (a) reactive AT, = kg, / (v;ccf—vgj:)dt (Battery Control)  (14)
power sharing, and (b) harmonic current sharing, amongst
many voltage-sources. Nonlinear loads have to be supplied
with harmonic currents thus there is a need to share the Aby = ks, /(p;cf_pgl)dt (15)
required harmonic currents equally amongst various velag
sources. In [4] a modified active and reactive powéand@Q’
are proposed for control. This paper [4] also discusses ke u rof m
of virtual impedance for droop control. Future researchdsee Avy = kq, /(Qw —Qu)dt (16)
to consider the dynamics of the energy resources along with
the sensor dynamics for a proper design of microgrid droop
controllers. In generalP:e" will be the predicted maximum power point
In [18] a wind generator is combined with a storage devideased on wind speed ang*® and Q' are achieved using
to provide a smooth output power. The wind generator ke robust controllers in [20]. The desired active and meact
modelled with its dynamic equations but the energy storagewer is realized by controlling,. andig,.. A checker block
devices are modelled as ideal DC sources. Reference powteecks the available capacity ff. with respect toig, so as
output for the wind generator is obtained by using shorternot to exceed the limits of operation. The battery, shown as a
predictions of wind speeds and pitch angle control. Fuzzyrrent source in Figure 3, charges or discharges to keep the
control is employed to control the pitch angle. capacitor voltage set to a reference value.
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Fig. 4. PV & Battery Fig. 5. Real power output of BESS unit during islanding.

B. PV and BES Control

A PV unit with a battery (represented as a current source)
is shown in Fig. 4. The control laws for the PV unit are given
as (superscriptn is used for measured values apdor the
PV unit):

PV terminal voltage (pu)

C

Al, = —kj, /(vref —vy')dt (Battery Control)  (17)
‘1 1‘.2 1.‘4 1‘.6 1‘.8 2
Time (s)

f
Aép = kép /(P;e - P;‘)dt (18) Fig. 6. Terminal voltage of PV unit during islanding.

vi*f is obtained from the Maximum Power Point Tracking
(MPPT) algorithm. In generalP;** will be the predicted

maximum power point based on solar radiance &l and  The test microgrid in [22] is used for controller performanc
Q" are controlled using the robust controllers in [19]. In theyaluation. The system consists of thiges kV feeders which
voltage control mode of PV unit$}, and@, are controlled by are connected to the grid througlt@kV radial line. The total
the amplitude of the VSC terminal voltage. The error signajgad of the system i§.3 MW and 3.97 MVAT.
Pret, — Pp and Qrer, — Qp are fed to the controller which — The py unit is connected to the system via the VSC. The
producesi- andg-axis components of the VSC current at theigtator of the DFIG is connected directly to the grid and the
respective reference values which are again processed to @¢yr via a VSC. The rating of the PV unit &0MW and
reference voltage components. The battery, shown as axurige DFIG is3.5MW. Both the PV unit and the DFIG are
source in Fig. 4, charges or discharges to keep the capaciigpnected to a battery energy storage system. The rating of
voltage atv;'. each battery i$).6 MWh. The DC-link voltage isl200V and
capacitor is10 000 uF. Five-hundred and sixty-tw8.135V
lead-acid batteries are connected in series to get theedesir
The values of the parameters mentioned abbye k5,, voltage. Maximum charging or discharging current5ikA.
kq,, k1, and ks, are determined by choosing an integratingach distribution line is represented by lumped series RL
cost function that achieves near optimal time control perfooranches. During the islanded mode the remaining balance
mance. This is achieved by forming the product of the timef 1 MW power is supplied by the BES.
and error in the cost function as shown below The weighting matrix in (19) is chosen as
t [0.5,1.0,1.0,0.5,1.0]; the obtained control parameters
J— Z(t—to)-W-lEl (19) for the wind turbmes aré;, = 13.25,ks, = 8,k,, = 20
= and for the PV unit aré;;, = 5, k5, = 30. Droop controllers
are tuned first and then their dynamics are included in the
wheret, andty are the starting and ending times for calrobust controller design.
culating control performancd} is a weighting matrix and Initially the microgrid is working in a grid-connected maqde
E = [Avge,, APy, AQy, Avgc,, AP,] is the absolute error drawing1 MW of power from the grid, and the performance
matrix; AP and A() represent the error between the real angf the designed controller is investigated for a pre-plahne
reactive power references and measurementsang is the islanding. Atls, an intentional islanding command is applied
voltage deviation from its nominal value. to the 69kV line breakers and the batteries are switched on
The performance of the designed controller during an ise that they share the remaining balancel W of power.
landed mode is demonstrated in the following section. Figures 5 and 6 show the real power output of the battery

IV. CONTROLLER PERFORMANCEEVALUATION
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Fig. 8. Combined real power output of PV and BESS units duistanding.  [11]

energy storage system (BESS) and the terminal voltage of
PV unit, respectively. The wind generator and PV unit camgin
to operate at their optimum value. The real output power of
the PV unit is shown in Fig. 7 the combined output power ?13]
the PV unit and BESS is shown in Fig. 8.

Both the DER units control their reactive power to control
the terminal voltage. The voltage disturbance associaitd w4
mode transition is eliminated by the voltage controllerttBo
the phase angle and magnitude of the controlled voltage &d
quickly modulated by the proposed controller in order to
reject the voltage and power angle disturbances. The dampijts)
provided by the robust power sharing controller yields al wel
damped power sharing performance. From this study it ig clea
that the proposed controller can ensure stability and ddmpez)
transient performance during switching from grid-conedct
to islanded mode.

[18]
V. CONCLUSION

For ideal inverter connected voltage sources droop contr[?#]
can help in sharing real and reactive power. The contro
design is relatively simple owing to the restricted sensat a
controller dynamic interaction. The challenge is to inéud
generation and load dynamics, with their controls, and -guar
antee stability of islanded microgrids. Energy storageesys
can be used to support DERs to achieve robust control [59]
maintain stability for large disturbances and droop cdrfoo

effective power sharing. 221
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