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Abstract:

With large scale integration of micro generation ifdev voltage grids, stability
becomes an important issue for a MicroGrid. The uniquar@aof the MicroGrid
requires that the MicroGrid is stable in both grid-ceeted mode and islanded mode.
In this paper, the major factors (such as control schenfighe flywheel energy
storage system, types of load in the MicroGrid, lamcatof the fault and inertia
constants of motor load) influencing the stability of therdiGrid are investigated.
Three possible control strategies (PQ control, Droaggroband Frequency/Voltage
control) of the MicroGrid are described. Simulatiosules show how the flywheel
uses PQ control only when the MicroGrid is operategrit-connected mode. During
islanded mode, the control scheme of the flywheetdédg switched from PQ control
to Droop control or Frequency/Voltage. With fixed PQ loadhgpedance load in the
MicroGrid there is no stability problem. However, motoads have a significant
influence on the transient stability of the Micro&rin the MicroGrid, no evidence of
small signal instability has been found. Instability fu MicroGrid is likely to result



in low voltages. Hence, the stability of the Micro€sdan be improved by using an
undervoltage load shedding method on the less importantr niodols in the
MicroGrid.
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1. Introduction

Micro-scale distributed generators (DGs), or micro sesir are being considered
increasingly to provide electricity for the expanding ggedlemands in the network.
The development of DGs operated in a MicroGrid alspsh&o reduce greenhouse

gas emissions and increase energy efficiency.

The MicroGrid concept is a cluster of micro sources laads designed as a single
controllable system that provides both power and le#idal area and operates in
both grid-connected mode and islanded mode [1]. Figure 1 showgieal
configuration of MicroGrid. In this MicroGrid the eledal system is radial with
three feeders A, B and C. The voltages at the loadd@0evolts or less. Feeder A
consists of several micro sources (e.g. wind turbine, pbtttacs, fuel cell and micro
gas turbine) providing power and heat to local residenti@uwmers and an apartment
building. Feeders B and C are similar to feeder A. Therd@rid is connected to the
main distribution system through a tap-changed transfoeméra separation circuit
breaker CB2. The transformer normally provides steadg-staltage regulation of
the MicroGrid under grid-connected mode (when CB2 is cloaad)an earth point
under islanded mode (when CB2 is open). The MicroGridataied from the main
distribution network by tripping CB2. A flywheel energpiage device is installed at
the 400volt busbar. The flywheel provides voltage and frequeontrol of the
MicroGrid when the MicroGrid is operated in islanded mode.
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Figure 1 Basic MicroGrid architecture

Many new technologies (e.g. micro gas turbine, fuel cphstovoltaic system and
several kinds of wind turbines) proposed to be used in I@igds are not suitable for
supplying energy to the network directly. They have to berfexced with the grid
through an inverter stage [2]. The use of power electiatacfaces in the MicroGrid
will lead to a series of challenges in the design and aperat the MicroGrid. These
major challenges include the safety and stability oMieroGrid during all operating
modes, particularly, islanded mode.

The control of the micro sources and the flywheeinmportant to maintain the
stability of the MicroGrid [3]. For basic operation dfet MicroGrid, the controllers
use only local information to control the flywheel amétro sources [4]. Hence, fast
communication between the micro sources and the #wphis unnecessary.

For the micro sources, the electricity, generated byrilbeo sources, may be constant
because of the need of the associated thermal loadth&ditywheel, the inverter



should be able to respond to the change of load in a preuleted manner
automatically. Thus, possible control strategies efNhcroGrid are: (a) PQ control
(fixed active and reactive power control), (b) Droop woointand (c)

Frequency/Voltage control.

With PQ control, the micro sources and the flywhegl at constant power output.
The power output of the flywheel can be fixed at zehemthe MicroGrid is operated
in parallel with the main network, grid-connected modethWiiroop control, the

output power of the flywheel is regulated according tood settings. With

Frequency/Voltage control, the frequency and voltage ef NhicroGrid can be

restored to normal values (e.g. =50Hz and V=1.0p.u).

In this paper, three control strategies (PQ control,00pr control and
Frequency/Voltage control) of the MicroGrid are desdrilaand implemented in a
simple MicroGrid model. In the model the micro souraed flywheel are represented
by a STATCOM-BES. Using this model, the impact of chiamastics of load,
locations of fault and inertia constants of motors len stability (or critical clearing
time, CCT) of the MicroGrid is investigated. Finally, andervoltage load shedding
method is used to improve the stability of the MicroGrieimulations are
demonstrated and discussed with supporting PSCAD/EMTDC sesult

2. Control strategiesof a MicroGrid

The unique nature of the MicroGrid determines that the possiigol strategies of
the MicroGrid can be: (1) PQ control, (2) Droop contatl (3) Frequency/Voltage

control.

(1) PQ control
Using this control, the outputs of the micro sourcektae flywheel are fixed at their
constant values (settings). PQ control consistshbtantroller and a Q controller.

The P controller adjusts the frequency-droop charatiterof the generator up or

down to maintain the active power output of the geoerat a constant valueP(,,

desired active power) when the frequency is changed. Figesh®\&s the effect of



frequency-droop characteristic adjustment. A typical fdroof the frequency
characteristic is about 4% [5].
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Figure 2 Effect of the frequency-droop characteristic anjest

At output P, characteristic A corresponds to 50Hz frequency of ghid,

characteristic B corresponds to 51Hz frequency of the gral dmaracteristic C
corresponds to 49Hz frequency of the grid. For a frequencygehéime power output
of the generator can be maintained at the desired valuendwng the droop

characteristic up or down.

Similarly, the Q controller adjusts the voltage-drobpracteristic of the generator by
moving the droop lines up or down to maintain the reactiv@epomutput of the
generator at a constant valu® ., desired reactive power) when the voltage is
changed. Figure 3 shows the effect of voltage-droop clemistat adjustment. A
typical droop of voltage characteristic is about 10% [5]
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Figure 3 Effect of the voltage-droop characteristic adjesit



At output Q.. , characteristic D corresponds to 1.00 voltage of teéwark,

characteristic E corresponds to 1.05 voltage of the grid amaracteristic F
corresponds to 0.95 voltage of the grid. For a voltagegehatihe reactive power

output of the generator is maintained at the desired @lyeby shifting the voltage-

droop characteristic up or down.

(2) Droop control

When the MicroGrid is operated in islanded mode, thércbachemes of the micro
sources are still PQ control. However, the contablesne of the flywheel should be
changed to enable local frequency control. The flywtiesn uses Droop control. The
power output of the flywheel is regulated according to phedetermined droop
characteristics. Droop control consists of a frequedropp controller and a voltage-
droop controller. Figure 4 shows a frequency-droop charaatenshich would be
used in the frequency-droop controller.

>
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Figure 4 A typical frequency - droop characteristic
The value of drooR; is a ratio of frequency deviatioAf to change in active

power outputAP . It can be expressed in percentage as equation (1).

_ Af(pu) .
Re = ap(on) 100" )

Similarly, Figure 5 shows a typical voltage-drod@miacteristic used in the voltage-
droop controller.
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Figure 5 A typical voltage -droop characteristic

The value of droopR, is a ratio of voltage deviatioAV to change in reactive
power outputAQ. It can be expressed in percentage as equation (2).

AV (pu)
AQ(pu)

(3) Frequency/Voltage control

R, = x100% ()

With droop control action, a load change in the mgi@&rid will result in steady-state
frequency and voltage deviations, depending on dh@op characteristics and
Frequency/Voltage sensitivity of the load. The fhael will contribute to the overall
change in generation. Restoration of the Frequ¥fiadigge of the MicroGrid to their
normal values requires a supplementary action jastithe output of the flywheel.
The basic means of the local frequency controhefMicroGrid is through regulating
the output of the flywheel. As the load of the MiGrid changes continually, it is
necessary to automatically change the output oflyhdneel.

The objective of the frequency control is to resttite frequency to its normal value.
This is accomplished by moving the frequency-drabpracteristic left or right to
maintain the frequency at a constant value. Thguiacy control adjusts the output
of the flywheel to restore the frequency of the td@rid to normal (e.g. 50Hz).
Figure 6 shows the effect of this adjustment.
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Figure 6 Effect of the adjustment on the frequency - dob@yacteristic

At 50Hz, characteristic A corresponds to P1 active powgpubof the flywheel,
characteristic B corresponds to P2 active power output dradtacteristic C
corresponds to P3 active power output. The frequencyeoMibroGrid is fixed at a
constant value (e.g. 50Hz) by moving the frequency-droop cleasdict left or right.

Similarly, the voltage control adjusts the voltage-drabpracteristic left or right to
maintain a constant voltage when the voltage of tihedrid is changed. Thus, the
voltage of the MicroGrid is fixed at a desired value (&.gp.u). The effect of this
adjustment is shown in Figure 7.
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Figure 7 Effect of the adjustment on the voltage - drdw@pacteristic

At 1.0 p.u voltage, characteristic D corresponds to Qdétikeapower output of the
flywheel; characteristic E corresponds to Q2 reagiweer output; and characteristic
F corresponds to Q3 reactive power output. The voltdgigedMliicroGrid is fixed at a

constant value (e.g. 1.0p.u) by moving the voltage-droop dleaistic left or right.



3. STATCOM-BES representation of aMicroGrid

In a MicroGrid, the micro sources and flywheel are liguaterfaced with the grid
through a stage of power electronic devices (inverter®.djhamic performance and
characteristic of the micro sources and flywheddimilar to that of a STATCOM-
BES. Thus, the micro sources and flywheel can be rapgessby a STATCOM-BES.
Figure 8 shows a simple MicroGrid in which the micro seuand flywheel are
represented by a STATCOM-BES.

Main distribution network
SCL=100MVA, X/R =5
CB1

Impedance between CB1
and CB2 is zero

cB2 20kV

F—s—1+()
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Figure 8 A simple MicroGrid model represented by STATCONMSBE



4. Investigation of the stability of aMicroGrid

The stability of the MicroGrid is defined as a propefftyhe MicroGrid that enables it
to remain in a state of operating equilibrium under nboparating condition and to
regain an acceptable state of equilibrium after beingestdy to a disturbance. Being
similar to the stability of the conventional systeBj, the stability of the MicroGrid
may be divided into two components, namely, small sigtability and transient
stability

The MicroGrid is small-signally stable under small disauces if, following that
disturbances, it maintains a steady state operating tmmdin the MicroGrid, the

micro sources and flywheel are interfaced with thel gnrough power electronic
devices (inverters). They are completely decoupled frben MicroGrid by the

inverters. Normally, the length of the MicroGrid is ghfless than 500meters) with
highly resistive low voltage conductor. During the simolas, the MicroGrid showed
no evidences of small signal instability.

The MicroGrid is transiently stable under large disturbandge following that
disturbances, it reaches an acceptable steady statatiogpecondition. The large
disturbance usually considered is a severe contingeaoging a large deviation of
the operating state of the MicroGrid (e.g. a three-pfadeon the feeder). Instability
of the MicroGrid may result in voltage and/or frequenoylapse.

The factors influencing the stability of the MicroGrictlimde the control strategies of
the MicroGrid, types of load in the MicroGrid and in@&rconstants of the motor. The
control schemes of the MicroGrid are PQ control, Dro@wntrol and
Frequency/Voltage control. The micro sources and thehiel use PQ control only
when the MicroGrid is operated in grid-connected mode.rAftgconnection of the
MicroGrid from the main network, the control of thewlyeel is switched from PQ
control to Droop control or Frequency/Voltage control. Tiges of load in the
MicroGrid are fixed PQ, impedance and motor. The absbposver of the fixed PQ
load is constant at all time. The power taken by impesgldomads is a function of the
frequency and voltage of the MicroGrid. The motors atating machines with a

value of inertia.
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To indicate the stability of the MicroGrid, a criticgdéaring time (CCT) is used in the
study. The CCT is defined as a maximum fault clearing,tsueh that when the fault
is cleared before this value the MicroGrid is stablethé CCT is larger than the
actual fault clearing time, the MicroGrid is determinedbto stable; otherwise, the
MicroGrid is unstable. The difference between these twlaesgais an index of

stability of the MicroGrid. The larger the CCT is, thegher the stability of the

MicroGrid has. The CCT of the MicroGrid is calculatednh the time domain off-line

simulations by using electrical power system simulataftware, PSCAD/EMTDC.

4.1 Assumptions

In this study, a simple MicroGrid is implemented in RBZEMTDC and used, as
shown in Figure 8. It is assumed that the fault levegha 20kV main distribution
network is 100MVA, with a X/R ratio of 5. One transfanm(400kVA, 20/0.4kV) is
installed at the substation between the main netwawk e MicroGrid. The
impedance of the transformer is 0.01+j0.04 p.u. The MicroGnists of a flywheel
and a feeder. The flywheel is connected to the 0.4kV busiach is near to the
substation. The capacity of the flywheel is 200kW (assgntine flywheel supplies
4MJ energy for 20 seconds continuously). The feeder isecbeh to a micro source
and three loads (Load 1, Load 2 and Load 3) through 400 metats<ePE twisted
cable (4120mnf). The impedance of the cable is 0.325+j0.073 ohms per kilometre
[6]. The capacity of the micro source is 30kW. Load Jaidsixed PQ load with
capacity of 30kW. Load 2 is an impedance load with capa¢i§0kW. Load 3 is a
squirrel induction motor load with capacity of 120kW. The paaters of the motor
are as follows [7]:

- Rated capacity: 120 [kW]

- Rated voltage: 0.4 [kV]

- No. of Poles: 4,

- Power factor: 0.8100;

- Stator resistanceR): 0.0267 [p.u];

- Stator unsaturated leakage reactarie)( 0.0990 [p.u];
- Mutual unsaturated reactanc¥ (): 3.7380 [p.u];

- Rotor resistanceR, ): 0.0126 [p.u];

11



- Rotor unsaturated mutual reactanee {: 0.0665 [p.u];

- Inertia constantKl ): 0.6600 [kW sec./kVA].

4.2 Simulation results

(1) Impact of control strategies of the flywheel

Based on the STATCOM-BES representation of the Mici@&Ghown in Figure 8),
the impact of three control strategies (PQ contr@lroop control and
Frequency/Voltage control) of the flywheel on the sigbibf the MicroGrid is
investigated. The micro source uses PQ control ainadist The flywheel uses PQ
control when the MicroGrid is operated in grid-conndcteode. During islanded
mode of the MicroGrid, the control scheme of the fipsl use PQ control, Droop
control and Frequency/Voltage control separately. leades, circuit breaker CB2 is
tripped at 10 seconds without a fault on the networkowig the trip of CB2, the
MicroGrid is disconnected from the main network and opdrateislanded mode.
The types of Load 1, Load 2 and Load 3 are fixed PQ, wtitthedcapacity of 200kW.
The dynamic performances of the MicroGrid are demorestrat PSCAD/EMTDC

and shown in Figures 9, 10 and 11.
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Figure 9 Dynamic performance of the MicroGrid
(During islanded mode, the flywheel uses PQ control)
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Dynamic performance of the MicroGrid
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Figure 10 Dynamic performance of the MicroGrid
(During islanded mode, the flywheel uses Droop control)
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Figure 9 shows the dynamic performance of the MicroGrienwtine flywheel uses
PQ control during islanded mode. The control schemes bfthet micro source and
the flywheel are PQ control. Obviously, the flywheel ngke contribution to the
stability of the MicroGrid. The frequency and voltage e MicroGrid are unstable
after disconnection of the MicroGrid from the mainwatk. The frequency rises and
the voltage of the MicroGrid collapses so that therdisrid can not be operated in
islanded mode.

Figure 10 shows the dynamic performance of the MicroGhdmthe flywheel uses
Droop control during islanded mode. After disconnectiothef MicroGrid from the

main network, the output of the micro source is stthireed at 30kW. However, the
output of flywheel is changed from zero to the valua49kW+j110kVar, according
to the droop settings R; =4% and R, =10%) of Droop control. At last, the

frequency and voltage of the MicroGrid drop to their dyestate values (48.35Hz and
0.946p.u) associated with the droop characteristics. The@lia is stable.

Figure 11 shows the dynamic performance of the MicroGhdmthe flywheel uses
Frequency/Voltage control during islanded mode. The frequemdywaltage of the

MicroGrid are both brought back to the normal values (58ktk 1.0p.u). The power
qualities of the MicroGrid using Frequency/Voltage contna &etter than using
Droop control. The MicroGrid is also stable. Howeveérshould be noted that the
energy export of the flywheel using Frequency/Voltagetrobms larger than when

using Droop control.

(2) Impact of types of the load

To check the impact of types of load on the stabilityhef MicroGrid, three types of
load (fixed PQ load, impedance load and motor load) in tleed@rid are tested in
PSCAD/EMTDC. A three-phase fault was applied at F10aseconds. Following the
fault, the MicroGrid was disconnected from the mainwoek and operated in
islanded mode when the circuit breaker CB2 was open.cbh&ol scheme of the
micro source is PQ control at all times. The fly@heises PQ control in grid-
connected mode. During islanded mode, the control strabégye flywheel is

switched from PQ control to Frequency/Voltage control.

14



(a) Fixed PQ load

In this case, the types of loads (Load 1, Load 2 and Byan the MicroGrid are fixed
PQ, with a total capacity of 200kW. Figure 12 shows the miyn@erformance of the
MicroGrid subjected to a three-phase fault at F1 withegmeme duration time (5
seconds). It can be seen that the MicroGrid hasatwlisy problem. During the fault,
the voltage of the MicroGrid drops almost to zero. Toegdency of the MicroGrid,
shown in Figure 12, is measured from the phase anglgelwtrithe MicroGrid 400V
busbar voltage through a phase-locked-loop (PLL). The frequerbg MicroGrid is
a function of the active power balance between gépneraand demand in the
MicroGrid. During the fault, the generation exportingnr the micro source and
flywheel is larger than the demand absorbed by the fixedIld&@. Thus, the
frequency of the MicroGrid increases continuously duehéoéxtra active power in
the MicroGrid. Although the frequency of the MicroGridhigth during the fault, it
has no influence on the load as the absorbed power @fatias zero during the fault.
After the fault, the voltage of the MicroGrid is brouddack to normal immediately.
The frequency of the MicroGrid decreases and returns tenatoslowly. The
MicroGrid is stable. It should be noted that the falultation time of 5 minutes is not

realistic.
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Figure 12 Dynamic performance of the MicroGrid for the tgpéxed PQ load
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(b) Impedance load

For the impedance loads (Load 1, Load 2 and Load 3,antitlal capacity of 200kW)
in the MicroGrid, the dynamic performance of the M@ral is similar to that shown
in Figure 12. The MicroGrid has also no stability problem.

(c) Motor load

In this case, the type of load in the MicroGrid is airsglicage induction motor, with
a total capacity of 200kW. Figure 13 shows the dynamic pedoce of the
MicroGrid for the fault at F1 with a clearing time 3ms. During the fault, the speed
of the motor decreases. After the fault, it can éensthat the speed of the motor is
reduced continuously, and then, the motor stalls. Themtends to absorb large
reactive power from the MicroGrid during stalled operatidine voltage of the
MicroGrid collapses while the frequency of the MicroGachormal. The MicroGrid

is unstable. This is a typical transient voltage in$itgb{voltage collapse) of the
MicroGrid.
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Figure 13 Dynamic performance of the MicroGrid for the tgpenotor load
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Simulation results of the types of fixed PQ load, impeddaad and motor load show
that the stability of the MicroGrid mainly depends be tnotor load in the MicroGrid.
The larger the capacity of the motor is in the MicrdGthe lower the stability of the

MicroGrid has. In the motor load case, instability of MieroGrid is usually due to

voltage collapse.

(3) Impact of locations of the fault

In this study, the total capacity of load in the MicraGis 200kW. A mixed type
loads (Load 1, 30kW fixed PQ load, 15%; Load 2, 50kW impedance 2%84; and
Load 3, 120kW motor load, 60%) in the MicroGrid is used. A tipesse fault is
applied at three different places: F1, F2’ and F3 sepgrateshown in Figure 8.

Figure 14 shows the CCT characteristics of the Micrd@r three locations of the
faults. The capacity of the motor load is changed fB5ORW to 120kW.
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s \\
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1000 \
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\.\\1
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u u T i
=11] B0 To a0 an 100 10 120
Capacity of the motor load in the MicroGrid (k')

Critical clearing time [ms)

500

250

Figure 14 CCT characteristics of the MicroGrid for fawtl, F2' and F3

For fault F1, the MicroGrid is disconnected from themmatwork after the fault. The
MicroGrid is operated in islanded mode when the cirbuttaker CB2 is open. The
control scheme of the flywheel is switched from P&ptml to Frequency/Voltage.
The control scheme of the micro source is still P@htwl. Simulation results
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produced in PSCAD/EMTDC indicate the MicroGrid has ailtg problem. The
CCT of the MicroGrid mainly depends on the characterst the motor load in the
MicroGrid. The stability of the MicroGrid will decreasehen the capacity of the

motor load in the MicroGrid increases.

For faults F2’ and F3, the circuit breaker CB2 is atbaeall times if the MicroGrid is
operated in grid-connected mode before the fault. Afterfaélult, the MicroGrid is
still operated in grid-connected mode. The control scheshéise micro source and
flywheel are still PQ control. Simulation resultsosy that the MicroGrid has no
stability problem. In these cases, the main network stgply enough active and
reactive power to compensate the MicroGrid. The voltagd frequency of the
MicroGrid can be brought back to the normal values. Tdeed of the motor is also
able to restore to normal. However, the MicroGrid nisy unstable when the
MicroGrid is operated in islanded mode before the faulie Tlywheel has to
compensate the extra power unbalance between genemtgbndemand in the
MicroGrid. The characteristic of the flywheel willrshgly influence the stability of
the MicroGrid. For a given capacity (200kW) of the flyvehehe CCT characteristics
of the MicroGrid are calculated in PSCAD/EMTDC andwhan Figure 14.

Considering the stability of the MicroGrid at thredelént locations of the faults (F1,
F2' and F3), the fault at F1 is the severest case totamaithe stable operation of the
MicroGrid after the fault. For fault F1, the Micro@mwill be disconnected from the
main network and operated in islanded mode. The contedakgty of the flywheel is
switched from PQ control to Frequency/Voltage contrdie TCCT values of the
MicroGrid are quite low when a fault happens at F1. Tbeee to maintain the
stability of the MicroGrid after the fault, transitido islanded mode, fast protection

(e.g. differential protection) is needed for fault F1.

(4) Impact of inertia constants of the motor

In this study, similarly, a mixed type of loads (Load 1%lfixed PQ; Load 2, 25%
impedance; and Load3, 60% motor) is also used in the MialoGine capacity of the
motor load is changed from 50kW to 120kW. A three-phase imalpplied at F1 on
the main network (see Figure 8). After the fault, MieroGrid is operated in islanded
mode. The control scheme of the micro source is Rralo The control strategy of
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the flywheel is switched from the PQ control to FragpyéVoltage control. Figure 15
shows the CCT characteristics of the MicroGrid fdfedent inertia constants of the

motor.
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Figure 15 CCT characteristics of the MicroGrid for didfietr inertia constants of
the motor in the MicroGrid
In Figure 15, the three curves correspond to the threeairemstants (H = 0.45sec.,
0.66se. and 1.00sec.) of the motor. It can be seen thatdtia constant of the motor
has a significant influence on the stability of the M@rid. The stability of the
MicroGrid is high when the inertia constant of thetamnas large.

5. Improvement of the stability of the MicroGrid

The investigation of the stability of the MicroGrid dinates the main issues
influencing the stable operation of the MicroGrid are ttontrol strategy of the
flywheel and the type of load used in the MicroGrid, patéirly motor load. The
control scheme of the flywheel is PQ control whes MhicroGrid is operated in grid-
connected mode. During islanded mode, the control of gwehélel needs to be
switched from PQ control to Droop control or Frequevioytage. The motors will be
stalled when their speeds decrease significantly. Therswwill be unstable when the
operating point of the motor is beyond its pull-out poicdyresponding to the
maximum electrical torque of the motor. The motors dbtge reactive power from
the MicroGrid during stalled operation. Thus, the voltagethe MicroGrid will
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collapse. However, the stabilty of the MicroGrid cée improved by using
undervoltage load shedding to trip some less important ro@ds in the MicroGrid.

Undervoltage load shedding method is a traditional approachpimve the stability
of conventional power systems. The undervoltage load sigddeasure can be
easily implemented on the motor loads in the MicroGrloe motor loads are divided
into a number of groups according to their importance h® ¢ustomers. Then
undervoltage load shedding devices, with their setting valegs V< 0.7p.u), are
installed on the motor loads in the unimportant groughdfioltage of the MicroGrid
is below 0.7 per unit, the undervoltage load shedding devigeshe unimportant

motor loads automatically with a time delay of 150ms.

In this study, a simple MicroGrid model (see Figure 8)d9sd. A three-phase fault
was applied at F1. The loads in the MicroGrid comprisedLbalLoad 2 and Load 3.
Load 1 is a fixed PQ load, with a capacity of 30kW. Load @nsmpedance load,
with capacity of 50kW. Load 3 is a squirrel motor loade Tihertia constant of the
motor is 0.66 seconds. The function of undervoltage loadidhg is installed on
Load 3. Based on three capacities of the motor load (8@KOkW and 120kW), the
improvement of the stability of the MicroGrid is invgstied using the undervoltage
load shedding method. The CCT characteristics of theod@idd are calculated in
PSCAD/EMTDC. Figure 16 shows the stability improvementhaf MicroGrid by

applying the undervoltage load shedding measure on the matbr lo
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Figure 16 Stability improvement of the MicroGrid through gsimdervoltage
load shedding on the motor load in the MicroGrid
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From Figure 16, the results show that the stability hef MicroGrid is improved
significantly by using the undervoltage load shedding ombi®r load. For a 120kW
motor in the MicroGrid, the CCT of the MicroGrid inases from 45ms to 500ms
when the capacity of the motor load is shed varies fzero to 70kW. For a 100kW
and a 80kW motors, the improvement of stability of ther®Grid has similar results.
Therefore, the larger the capacity of the motor Ided s shed in the MicroGrid, the
higher the stability of the MicroGrid.

6. Conclusions

With increasing penetration levels of the DGs, a nunolbévlicroGrids will exist in

the distribution network system in the future. The safetyl stability of the
MicroGrid are becoming more and more important. The unigature of the
MicroGrid requires that the MicroGrid is stable opematin both grid-connected
mode and islanded mode. The stable operation of the Mict@@n be maintained
through control of the flywheel and using load-shedding measam the loads in the
MicroGrid. The control schemes of the flywheel a® Bontrol, Droop control or
Frequency/Voltage control. The undervoltage load sheddingatietan be used to
improve the stability of the MicroGrid.

Three control schemes (PQ control, Droop control aedu#ency/Voltage control) of
the MicroGrid are tested in PSCAD/EMTDC. The consctheme of the micro source
is PQ control at all times. The control strategytlod flywheel is PQ control only

when the MicroGrid is operated in grid-connected mode.rguslanded operation of
the MicroGrid, the control of the flywheel has to &&itched from PQ control to

Droop control or Frequency/Voltage. The major factoflsieéncing the stability of the

MicroGrid are the control strategies of the flywheaghes of load in the MicroGrid

and inertia constants of the motor load.

The flywheel uses PQ control only when the MicroGgidperating in grid-connected
mode. The active and reactive power outputs of thehiéek are then fixed at the
constant values (e.g. zero). After disconnection of NheroGrid from the main

network, during islanded mode, the control of the flyalthould be switched from
PQ control to Droop control or Frequency/Voltage conffble output powers of the
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flywheel are regulated automatically according to thedgtermined droop
characteristics (Droop control) or errors of the freguye and voltage of the

MicroGrid (Frequency/Voltage control).

Three types of load (fixed PQ load, impedance load and rtazdy in the MicroGrid
are investigated. Simulation results show that tkedfiPrQ and impedance loads have
no effect on the stability of the MicroGrid. The motoad introduces instability to
the MicroGrid as it absorbs large amounts of reaggwer from the MicroGrid
during its stalled operation. The instability mechanisrithefMicroGrid is likely to be

voltage collapse.

Three different locations (F1, F2’ and F3) of the fau# also investigated. The fault
at F1 is the severest case to maintain the stable apeddtthe MicroGrid. For fault

F1, the MicroGrid is disconnected from the main networt aperated in islanded
mode after the fault. The control strategy of thevfigel is switched from PQ control
to Droop control or Frequency/Voltage control during tHanded operation. The
CCTs of the MicroGrid have the lowest values when fdugt occurs at F1. To

maintain the stability of the MicroGrid during the traimsi to islanded mode, fast

protection (e.g. differential protection) is thus needed.

The inertia constants of the motor load have sigmifiegafluence on the stability of
the MicroGrid. Motors with high inertia constants usedhe MicroGrid will enhance
the stability of the MicroGrid.

The stability of the MicroGrid can be improved by using umdiage load shedding
on these motors which are less important loads inMleeoGrid. The larger the
capacities of motors that are shed in the MicroGrid, ifgher the stability of the
MicroGrid.
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