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Abstract—This paper proposes a new control strategy for the is-
landed operation of a multi-bus medium voltage (MV) microgrid.
The microgrid consists of several dispatchable electronically-cou-
pled distributed generation (DG) units. Each DG unit supplies a
local load which can be unbalanced due to the inclusion of single-
phase loads. The proposed control strategy of each DG comprises
a proportional resonance (PR) controller with an adjustable reso-
nance frequency, a droop control strategy, and a negative-sequence
impedance controller (NSIC). The PR and droop controllers are,
respectively, used to regulate the load voltage and share the average
power components among the DG units. The NSIC is used to ef-
fectively compensate the negative-sequence currents of the unbal-
anced loads and to improve the performance of the overall micro-
grid system. Moreover, the NSIC minimizes the negative-sequence
currents in the MV lines and thus, improving the power quality of
the microgrid. The performance of the proposed control strategy
is verified by using digital time-domain simulation studies in the
PSCAD/EMTDC software environment.

Index Terms—Distributed generation, medium voltage (MV)
microgrid, negative-sequence current, power sharing, unbalance
load, voltage control.

I. INTRODUCTION

EDIUM voltage (MV) microgrids will play a key role

for active management and control of distribution
network in the future smart grids. Moreover, the environmental
issues and economical, social, and political interests make the
role of MV microgrids even more important [1]. The recently
presented concept of multi-microgrids is a motivation for
proposing the concept of the higher voltage level structure of
microgrids, e.g., MV level. A multi-microgrid consists of low
voltage (LV) microgrids and distributed generation (DG) units
connected to several adjacent MV feeders [2].

An MV microgrid may inherently be subjected to significant
degrees of imbalance due to the presence of single-phase loads
and/or DG units. Nevertheless, a microgrid should be able to
operate under unbalanced conditions without any performance
degradations. Based on the IEEE standards [3], [4], it is required
that the voltage imbalance be maintained within 2% for sensi-
tive equipments. In the presence of unbalanced loads, each DG
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unit must inject some part of the negative-sequence current to
balance the load voltages.

Several methods have been proposed in the literature for
the control and power management of microgrids [5]-[9]. An
abc-frame control strategy is proposed in [10] which is robust to
the unmodeled load dynamics. The proposed method employs
the droop strategy for the power sharing.

The G — H and @~ — G droop controls are employed to
share harmonics and unbalanced currents among the DG units
in an islanded microgrid [11], [12]. The proposed methods show
good performance when the exact value of the line impedance
is available. A combination of the deadbeat and repetitive con-
trol has been used to enhance the performance of a single-bus
microgrid system in the presence of unbalanced and nonlinear
loads [13]. However, the effectiveness of the proposed method
is not investigated in the multi-bus microgrids. To overcome
the impact of nonlinear and unbalanced loads, a proportional
multi-resonant controller is proposed in [14]. The method em-
ploys the concept of generalization of virtual output impedance
to deal with the nonlinear and harmonic loads. A droop-based
control strategy for a microgrid has been proposed in [15]. The
method improves the power quality and proper load sharing in
both islanded and grid-connected modes in the presence of un-
balanced and nonlinear loads. However, the paper assumes that
the nonlocal loads are balanced.

This paper presents a new control strategy for an islanded
microgrid consisting of several dispatchable electronically-in-
terfaced three-wire DG units. The microgrid consists of sev-
eral buses and operates in an MV level. Each DG unit sup-
plies the local and nonlocal loads which can be unbalanced. The
overall microgrid is controlled based on the decentralized con-
trol strategy, i.e., each DG unit is considered as a subsystem
equipped with the proposed control strategy. However, it is as-
sumed that each nonlocal bus (feeder) is equipped with a phase
measurement unit (PMU) which transmits the phasor informa-
tion of the feeder to the adjacent DG units.

The proposed control strategy of each DG comprises a
voltage control loop, a droop controller and a negative-se-
quence output impedance controller. The voltage controller
adaptively regulates the load voltage using a PR controller.
The average power sharing between the DG units is carried
out by the droop controller. However, the droop controller is
not able to share the negative-sequence current resulting from
the unbalanced loads. Thus, a new control strategy is proposed
in this paper to efficiently share the negative-sequence current
among the DG units. The proposed negative-sequence current
controller adjusts the negative-sequence output impedance of
its own DG such that the negative-sequence currents of the
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TABLE I

MICROGRID SYSTEM PARAMETERS

: Parameter Value Comments
]i | Shase 2.5 MVA DG ratings
I | Zlinel 07+j1.57Q 5.7 km overhead line
I —3 — | Zline2 05+j125Q 4 km overhead line
: Ziiner  Fa Zine2 _T : Ziines 0.1+j0Q 2 km underground cable
| é. ..................... 20KV / 0.4KV Z[_ingj 20KV / 0.4KV | Lfl’ sz 03 mH Serl'CS ﬁlter lndl"l(:tance
I | Ry, Rya 0.0015 © series filter resistance
I 20KV /0.0kV | Cr1, Cya 2200 pF filter capacitance
| LV Distribution T LV Distribution | Ve 1500 V dc bus voltage
| Network #1 LV Distribution Network #2 | fs 2 kHz switching frequency
| Network #3 | Pmachl’ Pmaxum 2.5 MW
- _ == ______ I QmazDGl, QmazDG2 1.5 MVAr
) ) ) ) o . MpG,> MDG, 0.333 HZMW P-f droop coefficients
Fig. 1. MV multi-bus microgrid consisting of two DG units. DGy DGy 0.0245 kV/MVAr | Q-V droop coefficients
Imazpe 0.3 kKA
1
. . .. . . ]’I’T’LGEDGZ 0.5 kA
MYV lines will be minimized. Thus, the power quality of the
overall MV microgrid will be improved. The effectiveness of U on L i ioa
the proposed control strategy has been demonstrated through > >
simulation studies conducted in the PSCAD/EMTDC environ- i iob
ment. The simulation results show that the method is robust to - e
load perturbations and effectively copes with the unbalanced "; o
conditions. * *
Va" —_ Vbl’l__ Vcn
_ |G Cr _|ce

II. MULTI-BUS MV MICROGRID STRUCTURE

Fig. 1 shows a single-line diagram of a multi-bus MV mi-
crogrid which is composed of a 20-kV three-feeder distribution
system and two electronically-coupled three-wire DG units. A
combination of balanced and unbalanced loads are supplied
through three radial feeders, Fy, Fo, and F3. The DG units
are connected to feeders Fy and F, through step-up trans-
formers and are assumed to be dispatchable. Thus, each DG
unit can supply any amount of the real/reactive power within
the pre-specified limits. Moreover, each DG must control its
own power in a decentralized control manner. The loads are
connected to the MV feeders via Y/A transformers, and there-
fore, the loads do not absorb any zero-sequence current from
the MV feeders. Nevertheless, the load current can assume
the negative-sequence component. In this paper, it is assumed
that the microgrid system operates in the islanded mode.
Therefore, the DG units are responsible for compensating
the negative-sequence current of the unbalanced loads. The
microgrid parameters are given in Table I.

III. DYNAMIC MODEL OF A THREE-WIRE DG UNIT

Each DG unit including its series and capacitive (LC) filters
can be considered as a subsystem of the microgird. To control
the microgrid using the a decentralized control strategy, it is
required that the dynamic model of each subsystem be derived
first. Thus, in this section, the dynamic model of a three-wire
DG unit, as a subsystem of the overall microgrid, is presented.
Fig. 2 shows the circuit diagram of a three-wire DG subsystem.

The objective is to design a feedback control system to
robustly regulate the load voltages in the presence of distur-
bances. It should be noted that since the microgrid system is a
three-phase three-wire system, the zero-sequence of the cur-
rents become zero. Thus, using the Clarke transformation, the
state space equation of the system in the stationary reference
(af) frame is obtained as follows [16]:

n

Fig. 2. Circuit diagram of a three-phase, three-wire DG unit.

X=AX+BU+EW, Y=cCX (1)
where X = [va,vg.0f. 05,7, U = [Uy,Ugl", W =
[ioay/[.’oﬁ]Ts Y = [vouvﬂ]T and

_ 1
A 0 0 0 C% B 0 0
Tl-A2 0 - o |z 0
v 1 - vy 0o
L 01 _L_f 0 _H Ly
N 01 1 000
O IR
= C =
B=| 0 Foe=[p 100 e
L 0 0

The (1) in the Laplace domain is

Vas(s) = Gax2)(8)Uas(s) — Zax2)(s)las(s)  (3)
where G2y and Z(32)(s) are
g12(8) = g21(5) = 2z12(8) = 221(5) = 0
911(5) = g2a(s) = Ioy +1va0va -
211(8) = 2aa(s) = —A5HT )

- Lfo82 + ’I‘foS + 1

Equation (4) shows that the matrix transfer function of the
DG subsystem is diagonal (completely decoupled) and can be
viewed as two SISO control systems.
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IV. OPERATION PRINCIPLES OF THE PROPOSED CONTROL
STRATEGY

The proposed control strategy comprises 1) a voltage con-
trol, 2) a power sharing control loop, and 3) a negative-sequence
current controller. The purpose of the voltage control loop is to
keep the voltage of each bus of the microgrid within the accept-
able limits. To eliminate the impact of the unknown dynamics
(load dynamics), a feedforward controller is incorporated in the
voltage control loop. In the aJ-frame, the reference signals are
sinusoidal, and therefore, a PR controller is designed to ensure
the excellent reference tracking [17], [18]. Moreover, since the
frequency is determined by the droop control strategy and may
deviate from its rated value, the proposed PR controller should
adaptively adjust its parameters.

When the load is unbalanced, its power components will be
oscillatory [19]. In this case, the conventional droop controller
is used for sharing the average power components of the loads,
and a negative-sequence output impedance control strategy is
proposed to effectively share the oscillatory portions of the load
power. It should be noted that each DG unit mainly compensates
the oscillatory power of its local load. However, the oscillatory
power components of the nonlocal loads are shared among all
DG units. Therefore, the proposed control strategy improves the
power quality of the overall microgrid. In the following sec-
tions, the control design procedure is explained in detail.

A. Proportional Resonance Controller With Non-Fixed
Resonance Frequency

Since the matrix transfer function of the DG subsystem in
the a3-frame is diagonal, two identical SISO controllers can be
independently designed for the quadrature axes « and 3. Fig. 3
shows the block diagram of the voltage controller for « or (3
axis. The inner current control loop is a proportional controller
which is used to increase the internal stability and to protect the
voltage source converter (VSC) of the DG unit. The gain of the
proportional controller is set such that the damping factor of the
dominant poles of the inner loop system becomes 0.7. In this
case, the gain is set to 2.9. The reference signal for the inner
loop is generated by the PR controller as shown in Fig. 3.

The PR controller is designed using the SISO tools of
MATLAB software. The designed controller provides good
robust stability margins for the overall closed loop system, i.e.,
the phase and gain margins are 46° and 8 dB. The PR controller
can be considered as a series connection of a fixed part C(s)
and a parameter dependent part C4p(s) as

5756(s + 40)(s 4 400 s + 200, 000)
(52 4 4,000 s + 8,000, 000)

1
Can(s) = §2 4+ 2weus + w2’

C(s) =

(&)

Based on the internal model control (IMC) theory, zero steady
state tracking error for a sinusoidal reference signal is achieved
if the parameter w equals the frequency of the reference signal
Viey. The frequency of the reference signal is determined by the
droop controller and may slightly drift from its nominal value.
Thus, the transfer function C4p(s) is implemented such that
the parameter w can adaptively be adjusted, as shown in Fig. 4.
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Fig. 5. Output impedance of the closed-loop DG system.

In this case, an excellent tracking is achieved even if the fre-
quency of the reference signal deviates from its rated value. The
damping factor w.,+ > 0 is a very small number whose role will
be explained in Section IV-D.

The output impedance of the DG is defined as

Vnut(s)

Zou s)=-
=Tk b0

Q)

where [,,,; and V,,,,; are the terminal current and output voltage
of the DG, respectively. Fig. 5 shows the frequency response
of Z,,; for the frequency interval [49 Hz, 51 Hz]. Note that
the output impedance is computed for the closed-loop system
according to Fig. 3 and (6). As shown in Fig. 5, the varia-
tion of %, is significant around 50 Hz. Thus, if the conven-
tional PR controller with a fixed central frequency w is used,
the output impedance will be increased due to the frequency
drift imposed by the droop controller. However, the proposed
PR controller with an adjustable resonance frequency dynami-
cally sets its central frequency to keep the output impedance at
its minimum value.

B. Proposed Control System

Fig. 6 shows the block diagram of the proposed control
system. The voltage controllers consist of two identical PR
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controllers whose reference signals are determined by the
droop control strategy. The droop characteristics, i.e., the
droop coefficients m and n, are designed based on the DG
rating power and the maximum allowable deviations for the
frequency and voltage magnitude [20]. The instantaneous real
and reactive powers are calculated based on the instantaneous
real and reactive power theory proposed in [19]. A low pass
filter with the cutoff frequency of 5 Hz is used to eliminate
the double frequency ripples of the power components. The
averaged power components are then applied to the droop
controller to calculate frequency and voltage magnitude of
the reference signals. The reference generator unit generates
the reference signals for the PR controller. The outputs of the
voltage controllers are considered as the reference signals for
the current controllers. These signals are compared with the
currents of the series filter and are added with the feedforward
signals 7., and ¢,3. The resultant signals are then applied to the
current controllers to generate the control signals U,, and Ug.
To share the negative-sequence currents among the DG units,
the signals U, and Uz are decomposed into the symmetrical
components using the unified three-phase signal processor
(UTSP) proposed in [21].

The instantaneous negative-sequence components of the con-
trol signals are multiplied by a DC gain K,, which is gener-
ated by the NSIC. In this case, the negative-sequence output
impedance of each DG is adjusted by manipulating the gain K,,.
The positive- and negative-sequence components of the control
signals are finally summed up to generate the control signals for
the gating signal generator of the VSC.

C. Positive- and Negative-Sequence Models of Microgrid

To obtain the positive- and negative-sequence models of
the overall microgrid, the dynamic model of each DG unit is
obtained in the positive- and negative-sequence frames using
Fig. 6. The positive-sequence voltages of the closed-loop
system in the «3-frame can be expressed as

H(s)V3 5(s) = Zowu(s);, () Q)

o:@ (S) =

where V) ;(s) is the voltage reference signal, and I~ _(s) is
the posmve sequence component of the DG current. H ( ) and

or /al

Finvt

“out

\,+

—>

7

Current
Controller

Current
Controller

UTSP

N
Z  Liner

(@)

+
Z Line2

rz/il

.
I voaar
\/

I a2
\/

A\

+
Z oz

It
load3 y+

v a.f2
V 2

or/!l

ZII

Zinel’

(b)

Zline?
—

7z Lo,

—

I woaar

D)

1 toaaz

O,

—
+
1 "toaas

v ap2 || Z oun

Fig.7. (a)Positive- and (b) negative-sequence models of the two DG microgrid
of Fig. 1.

Vo a(s) = =Z, ()1, (s) @)

where Z,,,,(s) and I, _(s) are, respectively, the negative-se-
quence output 1mpedance of the closed-loop system, and the DG
negative-sequence current.

Based on (7) and (8), the positive- and negative-sequence
models of the DG units of Fig. 1 are obtained, as shown in Fig. 7.
The line and transformer parameters of both positive- and neg-
ative-sequence models are identical, and each load is modeled
by a current source.

D. Negative-Sequence Current Sharing Strategy

To optimally share the negative-sequence currents between
the DG units, the negative-sequence output impedance of each
DG is adjusted by the parameter K, [Figs. 6 and 7(b)]. The
studies show that the negative-sequence output impedance is
inversely proportional to K, and increases as w,.,¢ is increased
(Fig. 8). The magnitude of the negative-sequence output
impedance at the system frequency, i.e., | Z,,,(j2750)|, with
respect to the parameter K,, for three values of w,.,; is shown in
Fig. 8. The maximum value of the parameter K,, is determined
such that the stability margins of the closed-loop system are not
degraded. The maximum value for Z,,,(s), or equivalently, the
minimum permissible value for K, can be calculated based on
the IEEE standards [3], [4], i.e

7} .(s) denote the closed-loop transfer function from the refer- ‘. Z;“flf’a S < 0.02. 9)
ence signal to the output voltage of the DG and the positive-se- V+ aﬂ

quence output impedance, respectively.
The negative-sequence voltages of the closed-loop system is
expressed as

Moreover, the capability of a VSC in injecting the negative-
sequence current is a limiting factor which, together with (9),
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Fig. 8. Effect of K, on the negative-sequence output impedance of the in-
verter.

e

| -DG* + PI
l_? > Controller

Fig. 9. NSIC structure.

determine the maximum value of the negative-sequence output
impedance.

Fig. 9 shows the block diagram of the NSIC whose reference
signal, I;G, is calculated as follows:

IBG = \/]I;j + ]7:0*;10(: + 21, Ii” cos (10)

locTnonloc

where 7 is the negative-sequence current of the local load, ¢

is the phase difference between I, and {  , .,and I, . is
—* —_ I';l(LCL‘DGi - (11)
nonloc Z I- nonloc”
mMaxrpa:

In (11), 1. ¢, 18 the maximum negative-sequence current

that the ith DG can inject, and I, ; . is the amplitude of the
negative-sequence current of the feeder supplying the nonlocal
loads. It should be noted that if the impedances of the MV lines
from the nonlocal loads to the adjacent feeders supplied by the
DGs are known, the negative-sequence of output impedance can
be adjusted by parameter K, in an offline manner. However,
to achieve optimal sharing of the negative-sequence current, it
is required that the phasor of the negative-sequence current of
each nonlocal load is measured and transmitted to all DG units.
This can be performed by a low bandwidth communication link.
In the context of the smart microgrids, the phase measurement
units (PMUs) are used for this purpose. In the study system of
Fig. 1, the PMUs are located at the 20-kV side of load trans-
formers. One of the main advantages of the proposed method
over the existing control strategies, i.e., [12]-[15], is that the
phase-angle of the negative-sequence currents of the feeders are
considered in the control loop. In some cases, therefore, the neg-
ative-sequence currents of the loads may cancel the effect of
each other. In such cases, the DG units remain under balanced
conditions.

It should be noted that the NSIC is not always in service.
When the NSIC is disabled, the negative-sequence output
impedance of the DG is kept at its minimum, Z,;,, as indi-
cated in Fig. 10. The flowchart of Fig. 10 determines when to
activate the NSIC. According to this flowchart, the controller
is enabled when 1) the capacity of a DG unit for injecting the
negative-sequence current is reached, or 2) the local feeder with
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Fig. 10. Flowchart of negative-sequence current sharing strategy.

unbalanced load is not in an electrical proximity of a DG unit.
Otherwise, the NSIC is disabled and the negative sequence of
output impedance is kept constant at its minimum value.

When the proposed NSIC is enabled, a PI controller adjusts
the parameter K, to a desirable value. The PI controller is de-
signed such that the NSIC closed-loop system has a low band-
width. In this case, the coupling between the NSIC and other
control loops will be minimized. Moreover, the NSIC is sig-
nificantly slower than the droop and voltage controllers which
prevents the undesirable transients in the microgrid.

V. SIMULATION RESULTS

To verify the performance of the proposed control strategy,
the MV microgrid of Fig. 1 has been simulated in PSCAD/
EMTDC software. All DG units are equipped with the PR con-
troller, droop control strategy, and the proposed NSIC. The loads
are considered as a combination of a constant impedance and a
constant power load. Feeder I3 which is connected to a non-
local load is supplied by the adjacent DGs. Two simulation case
studies are carried out as detailed in the following sections.

A. Load Changes in Local Feeders

In this case study, while the microgrid system is initially op-
erating under balanced conditions, a single-phase E L load with
240 kVA and PF = 0.98 is connected to the LV side of feeder
F) att = 2 s Later at ¢ = 5 s, an unbalanced three-phase
RL load with 560 kVA and P = 0.9 is connected to the
same feeder. The real and reactive power of the three feeders
for these changes are shown in Fig. 11. Since feeder £} becomes
unbalanced, a double-frequency ripple is appeared in the instan-
taneous power components of this feeder. As it is observed, the
double-frequency ripple is increased at £ = 5 s due to the inclu-
sion of the unbalanced three-phase load. Fig. 12 shows the pos-
itive- and negative-sequence components of the currents of all
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Time (sec)

Fig. 11 Unbalanced load changes in feeder F; (a) instantaneous real, and (b)
reactive power components.

Time (sec)

Fig. 12. Amplitude of (a) positive- and (b) negative-sequence currents of the
feeders.

feeders. It is observed that the positive- and negative-sequence
components stepup att = 2sandf = 5 s.

Fig. 13 illustrates the instantaneous voltages of the DGs ter-
minals prior and subsequent to the connection of the unbalanced
load at¢ = 5 s. The voltage controller of each DG unit provides
a set of regulated balanced voltages at its terminals. The micro-
grid system frequency is shown in Fig. 14. The variations of
the frequency is imposed to the PR controller by the droop con-
troller based on the P — f characteristic.

Fig. 15 shows the negative-sequence output impedance and
the negative-sequence current of the DG units. According to
Fig. 10, the negative-sequence impedance of D is kept at
its minimum level. Thus, the unbalanced conditions appeared
att = 2 s is locally compensated by the NSIC of DG. As
depicted in Fig. 15(b), a small portion of the negative-sequence
current is injected by D(G5. Fig. 16 shows the instantaneous real
and reactive power components of the DG units during the load
switchings. The double-frequency ripple component of each DG
is proportional to its negative-sequence currents. The simula-
tion studies show that if the PR controller does not maintain the
output impedance of the positive-sequence of each DG at the
minimum value, the average power of the DG shows low fre-
quency oscillatory transients.

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 27, NO. 4, NOVEMBER 2012

5.02
Time (sec)

Fig. 13. Instantaneous voltages at DG terminals during unbalanced load
changes in feeder £, (a) DG and (b) DG.

Time (sec)

Fig. 14. Frequency of islanded microgrid during unbalanced load changes.

Time (sec)

Fig. 15. (a) Negative-sequence output impedance of each DG, and (b) ampli-
tude of negative-sequence current of DG units.

(a)

=i ; ; ; ; i i ; ]
1 2 3 4 5 6 7 8 9 10
Time (sec)

Fig. 16. Dynamic response of DG units to unbalanced load changes in feeder
F: (a) real power, and (b) reactive power components of DG units.
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Fig. 17. Unbalanced load changes in feeders £z and F> (a, b) instantaneous
real and reactive power of feeders.

When the second load switching occurs at ¢ = 5 s, the nega-
tive-sequence current of feeder F} is increased until the capacity
of the negative-sequence current injected by DG is reached.
In this case, according to Fig. 10, the NSIC of DG is en-
abled and the controller starts to increase the negative-sequence
impedance of D(; after about 0.85 s. The NSIC sets the refer-
ence signal of the negative-sequence currentto 7, . . o There-
fore, the excess of the negative-sequence current of the local un-
balanced loads is provided by DGs.

B. Load Changes in Local and Nonlocal Feeders

In this case study, while the microgrid system is operating
under the balanced conditions, the first load switching is ap-
plied at ¢ = 2 s, where two 140-kW single-phase resistances
are connected to the phases # and ¢ at the LV side of feeder
Fs. Att = 6 s, the second load switching is imposed to the
LV side of feeder F>, where two 100-kW single-phase resistive
loads are connected to the phases b and ¢ of the feeder. Finally,
at{ = 10 s, the single-phase resistance loads are disconnected
from the phases b and ¢, and a 80-kW single-phase resistance
is connected to phase a of feeder F5. Figs. 17 and 18 show the
instantaneous power components and the positive- and nega-
tive-sequence current components of the three feeders, respec-
tively.

Subsequent to the load switching event at £ = 2 s, the DG
units activate their NSICs to share the demanded negative-se-
quence current by feeder F after 0.9 s. In this case, the phasor
I;S is measured by a PMU and transmitted to the adjacent
DG units. The reference signal of the NSIC of each DG unit
is calculated based on (10) and (11). As shown in Fig. 19(a),
the controller of D(#; increases its negative-sequence output
impedance to adaptively share the negative-sequence current
between the two DG units. As illustrated in Fig. 19(b), the
negative-sequence current of each DG unit is proportionally
compensated based on the valuesof I, . and I . .

Subsequent to the load change at# = 6 s, the reference signal
of the negative-sequence current of 2G> is changed to locally
compensate the impact of its unbalanced load. However, the ref-
erence signal of the negative-sequence current of DG is kept
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(b)

i ; i : i
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e
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a

Fig. 18. Amplitude of (a) positive and (b) negative-sequence currents of the
feeders.

x 107 (a)
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Fig. 19. (a) Negative-sequence output impedance, and (b) amplitude of nega-
tive-sequence current for each DG.

unchanged. In this case, cos # in (10) is positive and the ampli-
tude of the reference signal for DG is increased att = 6 s. As
shown in Fig. 19(b), the negative-sequence current of feeder £
is entirely provided by D5, and the negative-sequence cur-
rent of feeder £ is compensated by both DG units. It should
be noted that since the capacity of D2 in injecting the nega-
tive-sequence current is more than that of DG (see Table I), its
share is accordingly more.

When a load switching occurs at £ = 10 s, cos  in (10) be-
comes negative, and the calculated reference signal for DG be-
comes less than the negative-sequence current of its local load.
In this case, the phase difference between the negative-sequence
currents of the feeders are such that the unbalanced conditions
cancel out the impact of each other in the overall microgrid, i.e.,
a portion of the negative-sequence current of feeder F3 is com-
pensated by the negative-sequence current of feeder £%. There-
fore, D5 reduces its negative sequence current as shown in
Fig. 19(b).

VI. CONCLUSION

This paper presents a new control strategy for a multi-bus MV
microgrid consisting of the dispatchable electronically-coupled
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DG units and unbalanced loads. The negative-sequence current
of a local load is completely compensated by its dedicated DG.
However, the negative-sequence current of the nonlocal loads is
shared among the adjacent DGs. The proposed control strategy
is composed of a PR controller with non-fixed resonance fre-
quency, a droop control, and a negative-sequence impedance
controller (NSIC). The PR and droop controllers are, respec-
tively, used to regulate the load voltage and to share the av-
erage power among the DG units. The NSIC is used to im-
prove the performance of the microgrid system when the unbal-
anced loads are present. Moreover, the NSIC minimizes the neg-
ative-sequence currents in the MV lines, and thus, improving
the power quality of the microgrid. The performance of the pro-
posed control strategy is investigated by using digital time-do-
main simulation studies in the PSCAD/EMTDC software en-
vironment. The simulation results conclude that the proposed
strategy:
* robustly regulates voltage and frequency of the microgrid;
* is able to share the average power among the DGs;
 effectively compensates the negative-sequence currents of
local loads; and
 shares the negative-sequence current of the nonlocal loads
such that the power quality of the overall microgrid is not
degraded.
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