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A GPS-Based Decentralized Control Method for
Islanded Microgrids

Mohammad S. Golsorkhi, Graduate Student Member, IEEE, Dylan D.C. Lu, Senior Member, IEEE, and Josep M. Guerrero,
Fellow, IEEE

Abstract— Coordinated control of distributed energy
resources (DER) is essential for the operation of islanded
microgrids (MGs). Conventionally, such coordination is achieved
by drooping the frequency of the reference voltage versus active
(or reactive) power. The conventional droop method ensures
synchronized operation and even power sharing without any
communication link. However, that method produces unwanted
frequency fluctuations, which degrade the power quality. In
order to improve the power quality of islanded MGs, a novel
decentralized control method is proposed in this paper. In this
method, GPS timing technology is utilized to synchronize the
DERs to a common reference frame, rotating at nominal
frequency. In addition, an adaptive Q-f droop controller is
introduced as a backup to ensure stable operation during GPS
signal interruptions. In the context of the common reference
frame, even sharing of active (is) and reactive (i;) components of
current are achieved based on vsiz and v.-i; droop
characteristics. The method has been tested on laboratory scale
MG. Experimental results demonstrate the efficacy of the
proposed method in terms of dynamics, power quality and
robustness with respect to GPS interruptions.

Index Terms— Control, Dispersed storage and generation,
Global Positioning System, Power quality, Robustness.

I. INTRODUCTION

TABLE and reliable operation of islanded microgrids
(MGs) requires a coordinated control of individual
distributed energy resources (DERs) [1]. Conventionally, such
coordination is achieved by means of the droop control
method. In this method, the frequency and amplitude of the
DER reference voltage are drooped according to the average
active and reactive power, respectively. By selecting
appropriate droop coefficients, the load power is shared
between the DERs according to the corresponding ratings [2].
An intrinsic feature of the conventional droop method is the
dependency of the frequency on the loading conditions [3].
This results in unwanted frequency deviations which degrade
the power quality. The frequency deviations can be
compensated by two different approaches:
1-Secondary control schemes: In this approach, which is
inspired by secondary control method in power systems, a
central controller sends a frequency compensation signal to the
DERs. The signal is used by the local controllers to shift the
local P-f droop characteristics[4]. So, the steady-state
frequency is restored to the nominal value [5]. However, the
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implementation of the secondary control level requires
communication links among the DERs. In addition, the
method does not prevent transient frequency fluctuations
subsequent to load changes. In case of power systems, such
transients are negligible due to the smoothness of load
changes. However, in islanded MGs the relatively larger
magnitude of instantaneous load changes results in
considerable frequency fluctuations.

2- Control methods based on GPS synchronization: An
alternative approach is using GPS timing technology [6] to
realize constant frequency operation. In this approach, each
DER is equipped with a GPS receiver, which produces a pulse
at frequency of 1Hz (1PPS). Since all GPS receivers are
locked to atomic clocks of the GPS satellites, the 1PPS signal
can be utilized to synchronize the DERs.

Recently, several MG control methods based on GPS have
been proposed. In [7], a power-angle (P-8) droop characteristic
is introduced to coordinate the power generation of the DERs
according to the voltage angles. However, this method suffers
from slow dynamic response due to the intrinsic delay of
power measurement. In [8], a power management system
(PMS) is proposed to calculate the amplitude and angle of the
reference voltages of individual DERs according to the power

flow requirements. The reference values are then
communicated to the local controllers, which regulate the
inverter  voltages. However, this method requires

communication links among DERs. In [9], a decentralized
plug and play (P’n’P) control method is proposed to ensure
stable operation of meshed MGs subsequent to
connection/disconnection of new DERs. However, the
requirements of line parameters and load current feedback
make the method difficult to implement. In [10], the GPS
timing is used to synchronize the rotating reference frames
(SRRFs) of the local controllers. The DERs are then
coordinated by drooping the d and q axis components of the
reference voltage with respect to the d and q axis components
of current, respectively.

So far, the GPS-based MG control methods have been
studied using computer simulations [7]-[10]. Therefore, the
practical issues concerning GPS synchronization have been
largely neglected. The most important issue is the interruption
of the GPS signal, which might result in circulating currents
between the DERSs or instability depending on the duration of
interruption. Another issue is the interfacing of the GPS
receivers with the local controllers.

In this paper, a novel decentralized control method has been
proposed to enable practical implementation of GPS timing
technology in MG control applications. In this method, the
DERs are synchronized by using a combination of GPS timing
and an adaptive Q-f droop characteristics. Under normal
operating conditions, the DERs are synchronized based on the
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Fig. 1. Schematic diagram of an islanded ac MG.

GPS signals and the frequency is fixed at the nominal value. In
case that the GPS signal of a DER fails, the backup Q-f droop
is activated to maintain synchronization with other DERs. The
synchronization scheme does not require any information
about the availability of GPS signal at other DER units. In
addition, stable operation is guaranteed regardless of the
number of DERs with GPS failure. The scheme is used along
with V-1 droop control method, to enable coordinated
operation without any communication link among DERs.

The salient features of the proposed control strategy in
comparison with the previous schemes are summarized in
Table 1. In this table “Y” and “N” denote yes and no,
respectively. Similar to P-8 [7] and V-I [10] droop schemes,
the proposed method is independent from network
topology/impedances and does not require a communication
link between the units. Unlike the other methods, the proposed
strategy is robust with respect to GPS failure. In terms of
frequency regulation, fixed frequency operation is achieved as
long as GPS receivers are functional. However, in case that
several units experience GPS failure, the frequency is changed
to guarantee safe operation.

The rest of the paper is organized as follows: The motivation
of utilizing GPS technology for MG control applications is
addressed in Section II. In Section III, the fundamental of GPS
time synchronization is explained. The proposed method is
detailed in Section IV. The small signal stability of the method
is studied in Section V. Experimental results are presented in
Section VI to verify the efficacy of the method. Section VII
concludes the paper.

II. SYNCHRONIZATION OF PARALLEL INVERTERS IN MGS

Consider the islanded ac MG of Fig. 1. The MG is supplied
by of N voltage-source DER units, which are connected to the
point of common coupling (PCC) through line impedances.
Each DER is comprised of a DC energy source, a power
electronic inverter and a passive filter. The inverter voltage is
controlled by means of a cascaded voltage-current control
loop, which regulates the filter capacitor voltage, ve, to its
reference value [11]. The output current of DER unit £ (k =
1,2,...,N) is calculated as

l-k — vck VPCC (1)

Zek F Zlinek
in which vece, zee and zinek are the PCC voltage, output
inductor impedance and line impedance of unit k, respectively.

TABLEI
COMPARISON OF THE PROPOSED METHOD WITH THE EXISTING

SCHEMES
Method PMS Pn’P P V-1 Provosed

Feature [8] [9] [71 [10] P
Works without any

communication among DERs N Y Y Y Y
Independept from network N N v v v
topology/ impedances

Has a fast dynamic response Y Y N Y Y
Experimental results provided N N N N Y
Robust to GPS failure N N N N Y

Frequency of operation Fixed Fixed Fixed Fixed Fixed/Var.

Equation (1) implies that the current of each unit is
dependent on the corresponding capacitor voltage. Stable
operation of the MG requires the reference voltages of the
units to be in synchronism with each other. Conventionally,
such synchronization is achieved by using droop control
method. In this method, the reference frequency of each DER
is obtained from an active power- frequency (P-f) droop
characteristic, as follows:

f =1, —nP 2)

where f, fo, n are the reference and nominal frequency and
droop coefficient, respectively. Moreover, P is the average
active power, which is calculated as

[4)

P ®

p

in which w¢ and p are the instantaneous power and cut-off
frequency of the low pass filter, respectively. The low pass
filter in (3) introduces a virtual inertia in the system and the P-
f droop characteristic acts like a negative feedback, which
stabilizes the system [12]. At the same time, it enables
proportional sharing of the load between the DERs. However,
the dependency of the frequency on load makes this method
inferior in terms of power quality.

An alternative approach is fixing the frequency of the
reference voltages at the rated value and coordinating the
reference angles so as to achieve proper load sharing. This
strategy necessitates the use of a common time reference by
each of the DER units. Given the distributed nature of the
MGs and the required timing accuracy, GPS timing
technology has been proposed as the practical solution [7]-
[10]. The fundamentals of GPS timing and its application for
angle synchronization of DERs are detailed in the Section III.

III. GPS TIME SYNCHRONIZATION

A. Fundamentals

Although GPS is mainly known as a navigation system, it is
also an accurate timing system. In fact, GPS uses timing
signals to obtain the position. GPS receivers obtain the
position based on the following equation [13]:

Sy (= + o) =e(an-1) @



where, (xi , yi , zi) are the coordinates of satellite 7 , (ux , uy ,
u:) are the coordinates of the receiver, A¢ is the time shift of
the signal received from satellite i, # is the bias of the receiver
clock with respect to the Universal Coordinated Time (UTC),
and c is the speed of light. The unknown variables in (4) are
the coordinates of the receiver as well as the bias of the
receiver clock. Expressing (4) for four different satellites, a
system of four non-linear equations with four unknown
variables is obtained. The equations are then solved by using
an iterative method to obtain the receiver location as well as
the receiver clock bias. The time bias can be used to accurately
compute the UTC time.

For the application of time synchronization in MGs, the
receiver position is fixed after installation. Therefore, the
receiver position can be calculated once and stored in the
memory. Afterwards, only the clock bias of the receiver needs
to be computed. So, only one of the eight observable satellites
is sufficient for the application. It should be pointed out the
clock bias is a dynamic variable, which changes over time due
to the frequency drift of the local oscillator [14]. So, it is
important to continuously update the clock bias.

B. Implementation

GPS time synchronization has been widely used in several
applications including communications [6], sensor networks
[15] and power systems [16]. Commonly, accurate time
synchronization is achieved based on a timing pulse with a
period of 1Is. The rise time of the 1 pulse per second signal
(1PPS) is synchronized with the UTC time with accuracy of a
fraction of microsecond.

The 1PPS GPS signal is connected to one of the inputs of the
digital controller. The rising edge of the pulse is captured by
the timer module and assigned as #sp. The time offset between
the 1PPS signal and the local clock is computed as

toper = mod{tcup,l} ®)

in which “mod” refers to modulus. In other words, the offset
time is the fractional part of the captured time. It is worth
mentioning that the decimal part of #.p bears no information
due to periodic nature of the 1PPS signal.

The SRRF phase angle is computed as following:

0 =mod{a, (t-1,,).27] (6)

in which, @, =27 f; is the fundamental angular frequency.
Assuming a constant and integer fundamental frequency, the
angle of the SRRF at the rising edge of the 1PPS signal (¢ =
teap) 18 zero. On the other hand, the 1PPS signal is
synchronized to the global UTC time. Therefore, the SRRFs of
the DERs are synchronized.

The accuracy of synchronization is dependent on the GPS
receiver, the timer quantization, and the frequency drift of the
local controller oscillator. The maximum phase angle error at
time ¢ can be expressed as following:

’ |
0, =, {eGPS F Cliner +LGPSF:1 (T) dTJ (7
where, ecps, eimer, Fa and tcps are the GPS receiver error, timer
quantization error, frequency drift of the oscillator and the
instant of time at which the last GPS pulse is captured,

respectively.

The GPS and timer quantization errors are typically less than
1 microsecond. The oscillator frequency drift ranges from a
few parts per billion for oven controlled crystal oscillators
(OCXO) to 100 parts per million (ppm) for typical crystal
oscillators. Therefore, the angle error is less than 1° with
typical oscillators. However, in case that the GPS signal is
interrupted, the third term on the RHS of (7) grows over time.
The increase of angle error leads to circulating currents
between the DERs and ultimately instability. In order to tackle
this problem, a new robust control method is proposed in
Section I'V.

IV. PROPOSED CONTROL METHOD

The schematic diagram of the proposed control method is
shown in Fig. 2. The controller is composed of a
synchronization block, which controls the reference angle of
the SRRF (6) so that the DER is synchronized with the rest of
MG, a V-I droop controller, which adjusts the d and ¢
components of the inverter reference voltage to provide even
current sharing between the DERs, and cascaded
voltage/current controller, which regulates the inverter
reference voltage. The controller output is converted to PWM
signals, which control the inverter switches. The inverter is
followed by a LCL filter, which eliminates the switching
harmonics.

The V-I droop controller, which was originally introduced in
[10] is simple, yet fast control method, which provides a
decentralized current sharing based on a global SRRF. In this
method, the inverter reference voltage is adjusted according to
the output current as following [17]:

Vi | E + R, -l || rg(iy) g

V., 0 w,l, R i, 1 ®
in which v, , i, Re, Le, ra, rq are the filter capacitor reference
voltage, output current, inductor resistance and inductance, the
d and ¢ axis droop coefficients, respectively. The normalized
piece-wise linear function, g(), is introduced to improve the
current sharing accuracy at high loading conditions, when the
DERs are susceptible to over-current.

The first term on the RHS of (8) is the no-load reference
voltage of the inverter. The second term is introduced to
compensate for the voltage drop on the output inductor. The
compensation improves the voltage regulation at the terminal
but also improves the current sharing accuracy. The third term
is a droop characteristic [10], which acts like a gain-scheduled
virtual resistance [18]-[20].

In order to achieve even current sharing, the droop
coefficients are selected according to the DER ratings as [21]

TarS rateat = T2 Sratear = = TanSatean )
rqISmledl = quSraledZ == qu SmredN (10)

in which S, refers to the rated apparent power of unit i.
Assuming, v, =1 and v = 0, the active (P) and reactive (Q)
powers are proportional to iz and i, respectively. So even
current sharing implies even power sharing.

The prerequisite for the implementation of the V-1 droop
scheme is synchronization of the SRRFs of individual local
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Fig. 3. Sync mechanism. (a) Block diagram. (b) Simplified angle calculation block for state 1. (c) Simplified angle calculation block for state 2.

controllers [22]. In this paper, a novel synchronization
mechanism is proposed to ensure safe operation of the MG
regardless of the availability of GPS signals.

The schematic diagram of the sync mechanism is shown in
Fig. 3. It is composed of the GPS timing, adaptive Q-f droop
and angle calculation blocks. The GPS timing block calculates
the offset time between the local oscillator and the 1PPS signal
from the GPS according to (5). The offset angle ( 8,4. ) is then
obtained by multiplying the offset time with the fundamental
frequency.

The function of the adaptive Q-f droop changes depending
on the GPS signal status. When the GPS signal is present, the
switch S1 is in state I. So the droop frequency (Jdw) is
calculated, according to a piecewise linear characteristic as

kQ(Q_Ql) lfQ>Q1
6w = kQ(Q+Q/) ifQ<_Q/

0 otherwise

(1)

where ko is the droop coefficient and O is the reactive power
limit, which is selected as a fraction of maximum permissible
reactive power (e.g., O=0.90max). Equation (11) implies that

6,[n]

©

while the magnitude of the reactive power is less than the
limit, the droop frequency is zero and the DER operates at
fixed frequency. However, if the reactive power goes beyond
the range, the droop frequency is increased linearly.

In case of GPS interruption, the switch S1 is changed to
state II. So the droop frequency is calculated, according to the
following linear characteristic:

we{ %520

(12)
in which the droop coefficient is adjusted to have equal
maximum droop frequency in both states.

The operation of the adaptive Q-f droop is demosntarted in
Fig. 4. As for illustration, a 2 DER MG is assumed, in which
DERI1 (left hand side) is synchronized with the GPS receiver
whereas DER2 (right hand side) is experiencing a GPS signal
interruption. When the load reactive power is lower than Qn
(operating point x), the frequency is fixed at fo and the total
load reactive power is supplied by DER1. However, if the load
reactive power is increased above O, (operating point o) the
frequency rises to fi and the load is shared among the DERs.
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Fig. 4. Adaptive Q-f droop operation.

Therefore, each DER might operate in one of the following
modes:

1- GPS is present and |Q| < @, : frequency fixed at fo

2- GPS is present and |Q| > (), : frequency dependent on Q
3- GPS is interrupted and Q =0 : frequency fixed at f
4- GPS is interrupted and Q # 0: frequency dependent on Q

The DERs might switch between the operating modes as a
result of GPS interruption/reconnection or load changes. In
order to ensure a smooth transfer between different operating
modes, an angle calculation scheme is deployed.

The function of angle calculation block is controlled by
switch S2. If the DER operates at mode 1, S2 is at state I.
Otherwise, S2 is at state II.

In state I, the angle error (A6) is obtained as the difference
between the previous value of the sync angle (65) and the
offset angle. The angle error is then multiplied by gain b and
saturated and the result is used to update the sync angle.
Neglecting the saturation and mod blocks, the angle
calculation block is simplified to the diagram shown in Fig. 3
(b). The sync angle can be expressed as

6,[nl=z"0,[n]+b(8,5., [n]-276,[n])

(13)

in which b is a constant parameter. Rearranging the terms, the
block transfer function is expressed as

6() b
0,.,(z) 1-(1-b)z"

(14)

Equation (14) represents a low pass filter with a cut-off
frequency of

cl

1) =—%ln(l—b) (15)

where T is the sampling period. The cut-off frequency of the
low pass filter is selected considering the trade-off between
smooth mode transition and time synchronization accuracy.

In case the GPS is interrupted or Q goes above Qi S2 is
switched to state II. Neglecting the “mod” block, the angle
calculation block is simplified to the diagram shown in Fig. 3
(¢). So, the sync angle (6s) is updated, as follows:

T
¢9S[n1=1 - 6wln] (16)
-z
Equation (16) represents a discrete-time integrator.

Therefore, the sync angle is equal to the filtered offset angle or
the integral of droop frequency depending on the operating
mode. The SRRF angle is calculated as the sum of the sync
angle and wot.

V. SMALL SIGNAL ANALYSIS OF THE PROPOSED METHOD

In order to study the small signal stability of the proposed
method, a mathematical model of the DER is derived in this
section. The inverter reference voltage is represented in the

global SRRF as

{V:d} _{ cosd  sin 5} Vitoe

v:fq —sind  cosd v;ow
where v, is the reference voltage in the local reference
frame, which is obtained according to (8) and o =6—-a@yt is
the angle of difference between the local and global SRRFs.

Combining (17) and (8), the inverter reference voltage can

be expressed as a non-linear function of the system states.

Linearizing around an arbitrary equilibrium point, the function
is simplified as following:

(17

AV, =V, AS+(X,8, = 1)) Aiy + (=X, = 6,1 )Ai,  (18)

AV, ==V, AS+(X, +6,r))Aiy +(X,6,— 7)) A, (19)
in which Veao, Veqo, do and X refer to the equilibrium value of
d and q axis reference voltage in the local frame, the
equilibrium angle difference and the reactance of the output
inductor, respectively. In addition, /=7 f"(1s0)-R.,
¥, =1, —R. and 1, is the equilibrium value of is.

The angle J is related to the average time offset (7) and
reactive power (Q) as following

sé=¢sT+¢,0

c

(20)

in which ¢1 and ¢z are constant coefficients, which depend on
the controller operating mode. Moreover, s is the derivative
operator.

The average time offset and reactive power are obtained
from the instantaneous values as following:

sT =-w, T+ Dl i 21
sQ=-1,0+0,q9 (22)
q = Vegly = Vegiy (23)

in which ¢ is the instantaneous reactive power and wc: is the
cut-off frequency of the low-pass filter.

Substituting (23) into (22) and linearizing around the
equilibrium point, the average reactive power is expressed as
SAQ = _a)LZAQ + ch (I/chAiq + [qOAV(‘d - V

cq0

Ai, = 1,,Av,, ) (24)

where /0 is the equilibrium value of the .

The reference voltage is fed to the cascaded P+R voltage-
current controllers in aff frame. The P+R controllers can be
modelled as PI controller in the SRRF frame as following
[23]:

r=v

lqu = 2S (vcdq - Vcdq )+ kr—v (V(‘dq - vcdq )

(25)
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(26)

s Kl s
Vpag = 2y (lqu lqu)+kp—i(lqu lqu)

in which &rv, kp-v, kri and kp.; are the resonant and proportional
coefficients of the voltage and current controllers, iz*and i are
the reference and measured value of the filter inductor current,
ve is the filter capacitor voltage and v," is the PWM reference
voltage, respectively. Moreover, the subscript dg refers to the
2 element vector of d and ¢ components.

The LCL filter dynamics are represented as

SLyirg, = =2, )it + Yoty = Veay 27

SCyVoyy = _[YC]qu iy ~ly (28)

SLiy =~[Z, Jis +Voty =Viay (29)

in  which, [ZL]:[)];LL _;ZL} , [ZC]:[?C _]?:C} ’

_| 0 —joc;
[Yc]_Lwa 0

inductor, Xz is the reactance of the filter inductor, and Cr is
filter capacitance.
Combining (18)-(21) and (24)-(29), the DER dynamics are

expressed in state-space form as following:

}, R: is the resistance of the filter

Via

sx=Ax+B Vi (30)

t

offset

where,
x=[AS AQ AT AC, AC, Ai, Av, Ai] (1)

in which C, and C, are the states of the voltage and current
controllers, respectively. The system stability is studied by
analyzing the eigenvalues of the matrix A. The parameters
used in this study are detailed in the Section V.
The loci of the dominant eigenvalues with ¢, =@, , ¢, =0
(mode 1) and 7, varying from 1 to 50Q are shown in Fig. 5.
With the increase of 7, , the low frequency eigenvalues (4,5)
move away from the imaginary axis. This result implies faster
current sharing dynamics. On the other hand, the resonant
eigenvalues (6-9) move towards the imaginary axis.
Consequently, the LCL filter resonance becomes less damped.
Therefore, there is a trade-off between the accuracy of current
sharing during transients and the damping of LCL filter
resonance.

The dominant eigenvalues for different operating modes are
depicted in Fig. 6. It is observed that small signal stability is
ensured in all operating modes.

VI. EXPERIMENTAL RESULTS

The proposed control method has been implemented on a
three-phase laboratory scale MG, as shown in Fig. 7. The test
MG is composed of three inverter-based DERs, three loads
and a resistive line model. A variable DC voltage source is
used to supply the inverters. Electronically controlled circuit
breakers are used to connect/disconnect the inverters and loads
from the MG.

The test MG is composed of two experimental setups, which
are connected in parallel. The DER1 is included in setup 1 and
DERs 2 and 3 are included in setup 2. Each setup is equipped
with a dSPACE 1006 controller platform. The dSPACE
controllers are connected to PCs using Ethernet interface. The
“dSPACE Control Desk” program is used to manage the
dSPACE controllers and plots/save the signals. The
experimental results are captured using the “dSPACE control
desk” and plotted in MATLAB.

In order to demonstrate the performance of GPS time
synchronization, two Securecync ® GPS receivers from
Spectracom are utilized. The GPS receivers, which are
specifically designed for time synchronization purposes,
generate a TTL compatible 1PPS square wave signal. The
1PPS signals from the GPS receivers are depicted in Fig. 8. It
is observed that the 1PPS signals are synchronized with an
accuracy of less than Ips. The 1PPS signal is captured by
dSPACE 1/O interface card (DS4002) and used by local
controllers to calculate the offset time between the individual
local controller clock and the global UTC time (Zofser)-

The specifications of the experimental hardware as well as
control parameters are listed in Table II. The MG is operated
at frequency of 50Hz and phase voltage of 220Vrms. The
inverters have a rating of 2kVA and are switched at PWM
frequency of 10kHz. The load impedances are selected so that
the full load power is close to the MG capacity. The LV feeder
is modelled by resistive line impedances.

The droop coefficients rs and ko are selected based on the
permissible voltage and frequency deviations, respectively.
The ¢ axis droop coefficient is then designed based on the
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Fig. 7. Experimental setup. (a) Schematic diagram, (b) Hardware and (c)
GPS receiver.

small signal analysis of Section IV. The voltage and current
controller parameters are designed based on structured Hoo
method [24].

In order to study the performance of the proposed method,
four tests are conducted:

1. Step load change with the P-V/Q-f droop method

2. Step load change with the proposed method

3. Connection of a DER to the MG

4. GPS signal interruption and reconnection

With the aim of presenting a comparative study, the P-V/Q-f
droop method [25], which is conventionally used for MGs
with resistive lines, is implemented. The conventional droop
parameters are listed in Table III. The P-V and Q-f droop
coefficients are designed based on the permissible voltage
deviations and pole placement method, respectively. The step
load response with the conventional droop method is depicted
in Fig. 9. Initially, loads 1 and 2 are connected. At t=0.05s, a

TABLE I
PARAMETERS OF THE TEST MG
Description Parameter Value Unit
Fundamental Frequency fo 50 Hz
Rated phase Voltage Viated 220 Vrms
Srate 2 kVAR
Inverter Specifications I p;]: 0 T
Ly 8.6 mH
LCL Filter Cr 4.5 puF
L. 1.8 mH
R; 115 Q
Load impedances R> 153 Q
Z3 43+j22 Q
. lee]-? 0.66 Q
Line Impedances Rirs 022 Q
. rd 6.5 Q
V-I droop coefficients v 25 Q
kQ 0.3 Hz/kVAR
. 50 d/
Q-f droop parameters Qar;zzzx ] T kr\a/ A;
Ol 0.9 kVAR
Voltage controller k1 0.008 S
parameters kri 36 S/s
Current controller kp2 45 Q
parameters k2 1000 Qs
Wel 4n rad/s
hanism LPF
Sync mechanism b 0.00125 -
TABLE I
PARAMETERS OF THE CONVENTIONAL DROOP
Parameter Value Unit
P-V droop coefficient 0.014 1/A
Q-f droop coefficient 0.012 Hz/kVAR
[TER Stop

TGise Fler O

[&® 200v ' : N ' 118!:"-\.1s S
Chl:GPS1  Ch2: GPS2
output pulse  output pulse

Fig. 8. 1PPS signals from measured from GPS receivers outputs.

10005 132V

large reactive load is connected to bus 3. Following the load
rise, the active and reactive powers experience overshoot and
ringing. The poor dynamic response is mainly originated from
the power measurement delay. Moreover, the active power
sharing is less accurate at higher loading conditions due to the
larger voltage drops on the lines. As a result, the DER3, which
is closer to the load, experiences a current overshoot as
illustrated in Fig. 9 (c).
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The step load response with the proposed method is depicted
in Fig. 10. Comparison of Fig. 9 and 10 reveals a significant
improvement of the dynamic response. Specifically, the
transient response of active and reactive power is smooth and
the settling time is less than a cycle. As a result, the current of
DER 3 rises smoothly. In addition, the active power sharing is
more accurate at high loading conditions thanks to the piece-
wise linear V-I droop characteristics. This helps preventing
DERs from overload. Furthermore, the rms voltage is within
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Fig. 10. Experimental Results for test 2 (proposed method). (a) Active
powers. (b) Reactive powers. (c) Current of DER3. (d) Voltage of DER3.

the permissible range (0.95pu to 1.05 pu), as depicted in Fig.
10 (d).

The experimental results for DER connection test are shown
in Fig. 11. Initially, DERI and load 1 are connected to the
MG. At t=0.05s, DER 2 is connected. It is observed that the
load power is shared between the DERs following the
connection. The transient of active power and current is
smooth and the reactive power remains constant. Therefore,
the proposed method enables smooth connection of DERs to
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the MG without requirement for additional synchronization
mechanisms (such as PLL).

The experimental results for test 4 are illustrated in Fig. 12.
Initially, all of the DERs and loads are connected to the MG
and all GPS receivers are active. At t=5s, the GPS signal of
DERI is manually interrupted. So, DER1 uses the linear Q-f
droop characteristics to maintain synchronization with DERs 2
and 3. Since DERs 2 and 3 keep the system synchronized to
the UTC time, the frequency is fixed at 50Hz. So, Q1 drops to
zero and Quad 1s shared between DERs 2 and 3 according to
the v4-iq droop characteristics.

At t=25s, the GPS signal of DER2 is interrupted. Following,
DER3 attempts to keep the frequency fixed. However, since
the Quoaa is higher than the O, the DER3 is switched to mode
2, changing the frequency according to the piece-wise linear
Q-f characteristics. Consequently, Q1 and Q2 rise and Qs is
retained below the maximum value. At t=45s, the GPS of DER
3 is interrupted. As a result, DER3 is also changed to linear
droop characteristics. So, Quad is equally shared between the
DERs.

At t=65s and 75s, load 3 is disconnected and connected,
respectively. It is observed that the step load response is
smooth despite the GPS interruptions. At t=90s, the GPS
signal of DER 2 is reconnected, changing the DER2 to mode2.
At t=110s, the GPS signal of DER1 is reconnected. At this
stage, Q2 drops below Qi and the DERs 1 and 2 synchronize
the MG with the UTC time. As a result, the frequency is
changed back to 50Hz and Qs drops to zero. At t=140s, the
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Fig. 12. Experimental Results for test 4. (a) Active powers. (b) Reactive
powers. (c) Frequency. (d) Current of DER3. (e) Voltage of DER3.

GPS of DER3 is also connected, switching the DER to mode
1. Subsequently, the reactive power is equally shared between
the DERs.

Experimental results show that in case of GPS
disconnection/reconnection, the DERs change their operating
modes so as to maintain synchronization with the MG but also
enable fast step load response regardless of the GPS
availability. In terms of power quality, fixed frequency



operation is achieved as long as sufficient number of DERs
receiving the GPS signals. In addition, the voltage profile of
the MG is within the permissible range of 0.95 to 1.05pu.

VII. CONCLUSIONS

In this paper, a novel decentralized control method is
proposed to for inverter-based islanded MGs. In this method,
the SRRFs of the DERs are synchronized to a common
reference frame by means of a sync mechanism, which uses a
combination of GPS timing and an adaptive Q-f droop
controller to align the reference angle of the DERs. In order to
coordinate the active and reactive power generation of DERs
and follow the load changes with a fast dynamic response, the
DER voltage is adjusted according to the V-I droop
characteristics.

The proposed control method has been tested using a
laboratory-scale MG. The experimental results demonstrate
that the proposed method favors from the following features:

e Fixed frequency operation as long as a sufficient number
of GPS receivers are functional

e Robustness with respect to GPS signal interruptions

e Overdamped step load response, which eliminates
current overshoots

e Improved active power and current sharing at high
loading conditions

e Simple connection of the DERs to the MG

e  Voltage profile within the permissible range

The proposed method in this paper opens up a new way to
integrate the GPS technology with the state of the art control
methods in MGs. A future step is using GPS for measuring the
phase angle of harmonic currents and developing advanced
control methods for harmonic current sharing.
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