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Centralized Control for Parallel Operation of
Distributed Generation Inverters in Microgrids

K. T. Tan, Student Member, IEEE, X. Y. Peng, Student Member, IEEE, P. L. So, Senior Member, IEEE,
Y. C. Chu, Senior Member, IEEE, and M. Z. Q. Chen, Member, IEEE

Abstract—This paper presents a centralized control system that
coordinates parallel operations of different distributed generation
(DG) inverters within a microgrid. The control design for the DG
inverters employs a new Model Predictive Control algorithm that
allows faster computational time for large power systems by op-
timizing the steady-state and the transient control problems sepa-
rately. An overall energy management system is also implemented
for the microgrid to coordinate load sharing among different DG
units during both grid-connected and islanded operations. The de-
sign concept of the proposed control system is evaluated through
simulation studies under different test scenarios. The impact of the
increased penetration of DG units on the distribution grid is also
investigated using the proposed microgrid. The simulation results
show that the operations of the DG units within the microgrid can
be coordinated effectively under the proposed control system to en-
sure stable operation of the overall microgrid.

Index Terms—Centralized control, distributed generation, en-
ergy management, microgrids, parallel inverter operation.

I. INTRODUCTION

HE liberalization of the electricity market and the in-

tegration of advanced communication and information
technologies into the power industry have attracted widespread
adoption on the microgrid concept. The microgrid concept
offers customers increased reliability and quality in the service
provided by utility companies. The reduction in global emis-
sions and energy losses also make the microgrid a promising
alternative to traditional power distribution systems [1]-[3].
However, the design of a microgrid architecture that provides
an efficient operation poses a challenging problem.

This paper aims to develop an efficient control and energy
management system (EMS) for a microgrid consisting of dif-
ferent distributed generation (DG) units operating in parallel to
ensure smooth operation of the microgrid during both grid-con-
nected and islanded operations. The controller must allow par-
allel operation of several inverters using voltage and frequency
droop control to ensure proper load sharing during islanded
operation [4]—[8]. With the proliferation of power electronics
equipment being connected to the microgrid, the load current is
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usually distorted due to the presence of harmonic components.
The DG units are also designed to improve the power quality
of the distribution network by compensating for harmonic cur-
rents. The integration of DG units in the distribution grid will
lead to a more complex flow of real and reactive power, which
can change the voltage profile at the load side during normal
operations, and a more complex flow of fault currents for any
fault occurring in the microgrid [9]. Hence, the impact of the in-
creased penetration of DG units on the existing distribution grid
needs to be studied.

The model of the DG interfacing inverters and an overall
EMS based on a centralized control strategy for the microgrid
are developed to coordinate the parallel operations of the dif-
ferent DG units. The EMS controls and monitors different as-
pects of power management such as load forecasting, unit com-
mitment, economic dispatch and optimal power flow through a
centralized server. Important information such as field measure-
ments from smart meters, transformer tap positions and circuit
breaker (CB) status are all sent to the centralized server for pro-
cessing through Ethernet.

Many research works on designing the controllers for parallel
operation of DG inverters in a microgrid during grid-connected
and islanded operations have been conducted [7], [8], [10]. A
commonly adopted control scheme which is detailed in [7], [8]
contains an inner voltage and current loop and an external power
loop to regulate the output voltage and the power flow of the
inverters. In [10], a control scheme which uses separate con-
trollers for the inverters during grid-connected and islanded op-
erations is proposed. The scopes of these research works are
focused primarily for linear loads. To increase the robustness of
the controller with respect to load disturbances and parameter
variations, this paper proposes a model-based controller using
a newly developed Model Predictive Control (MPC) algorithm
for the DG inverters.

The MPC algorithm tracks periodic reference signals for fast
sampling linear time-invariant (LTI) systems that are subject
to input constraints. This control methodology decomposes the
control problem into steady-state and transient subproblems that
are optimized separately. Apart from the conventional formula-
tion based on the control inputs as variables, a parameterization
using a dynamic policy on the inputs is also introduced. In this
way, the computational time is greatly reduced.

Investigations will be conducted using the proposed micro-
grid and its control system on the following technical issues:

1) power quality improvement in the distribution grid;

2) real and reactive power management during grid-con-
nected and islanded operations;

3) network voltage changes; and

4) increased fault levels.

1949-3053/$31.00 © 2012 IEEE
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Fig. 1. Overall configuration of the proposed microgrid architecture.

II. SYSTEM DESCRIPTION AND MODELING

A. System Description

Fig. 1 shows the configuration of the proposed microgrid de-
signed to operate either in the grid-connected or islanded mode.
The proposed microgrid consists of a 15 kVA microturbine
(MT), a 5 kWp (kilowatt-peak) photovoltaic (PV) array, a20 Ah
lithium-ion storage battery (SB), and a 5 kW proton exchange
membrane fuel cell (PEMFC) stack. The MT and the PV array
function as the main DG units of the microgrid. The SB and the
PEMFC stack are incorporated as back-up DG units for the PV
array and will supply power for any shortage in the generated
power to ensure stable operation of the overall microgrid. During
off-peak periods, the cost of generation from the distribution
grid is lower; hence, the SB is charged up by the distribution
grid. Conversely, the SB can deliver power into the microgrid at
times of high generation cost to achieve peak shaving.

During grid-connected operation, the microgrid is connected
to the distribution grid at the point of common coupling (PCC)
through a CB. The main DG units provide local power and
voltage support for the loads and hence reduce the burden of
generation and delivery of power directly from the distribu-
tion grid. With the proliferation of power electronics equipment
being connected to the microgrid, the load currents could be dis-
torted due to the presence of harmonic components. The DG
units also compensate for any harmonics in the currents drawn
by nonlinear loads in the microgrid to prevent the harmonics
from propagating to other electrical networks that are connected
to the PCC.

When a fault occurs on the upstream network of the distribu-
tion grid, the CB disconnects the microgrid from the distribution
grid. The DG units are now the sole power sources left to supply
the loads. When the generation capacity of the main DG units
is unable to meet the total load demand, the SB and the PEMFC
stack can provide for the shortage in real and reactive power to
maintain the power balance and voltage stability of the micro-
grid.

B. Grid Operation

The dc-link voltages of the DG inverters are regulated by
their respective rectifier, dc/dc boost converter, and bidirectional
dc/dc buck-boost converter at a desired voltage as seen in Fig. 1
and the respective DG unit will deliver the necessary power to
maintain the power balance in the dc-link.

During grid-connected operation, the power balance of the
overall distribution system is achieved through the distribution
grid. However, when the microgrid transits to operate islanded
from the distribution grid, the SB and the PEMFC stack can
maintain the power balance in the distribution system according
to the following power balance equation:

Pnlt+va+Pb+Pfc.:PL (1)
where P+ and P, are the powers delivered by the MT and
the PV array, respectively, P, is the SB power subjected to the
charging and discharging constraints given by

Pb < Pb,max~
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Fig. 3. Operation of the SB and PEMFC stack during islanded operation.

P is the power delivered by the PEMFC stack and P, is the
real power delivered to the loads. The energy constraints of the
SB are determined based on the state-of-charge (SOC) limits
given by

SOCmin < S0OC S SOCInax~ (3)

Although the SOC of the SB cannot be measured directly, it can
be determined through several estimation methods [11]-[13].
In grid-connected operation, if the SOC of the SB is below the
limit SOC,,,,«, the SB can be charged by the distribution grid
during off-peak periods. When the microgrid operates islanded
from the distribution grid, the SB can operate in the charging,
discharging or idle mode depending on its SOC. The load de-
mand will be shared appropriately using a droop control method,
which will be elaborated further in Section II-D. The flowcharts
in Figs. 2 and 3 summarize the operations of the SB and the
PEMFC stack based on the output information provided by an
EMS during grid-connected and islanded operations, respec-
tively.

C. DG Inverter Modeling

Fig. 4 shows the equivalent single-phase representation of the
DG inverter of the MT or PV array during grid-connected op-
eration, whereas Fig. 5 shows the DG inverters of the SB and
PEMFC stack during islanded operation [6], [10], [14]. The
switched voltage across the output of the DG inverter is rep-
resented by w;Vj.;, where u; is the control input and j =
1,2, 3, 4. In Fig. 4, the output of the DG inverter is interfaced
with an LC filter represented by L¢; and C';, to eliminate the
high switching frequency harmonics generated by the DG in-
verter. The resistance /7 y; models as the loss of the DG inverter.

1979
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Fig. 4. Equivalent single-phase representation of the DG inverter of MT (5 =
1) or PV array (j = 2) during grid-connected operation.
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Fig. 5. Equivalent single-phase representation of the DG inverters of the SB
(4 = 3) and the PEMFC stack (j = 4) during islanded operation.

The load current ¢y, ;, where 7 = 1, 2, is modeled by two com-
ponents consisting of fundamental 7y, ;; and harmonic 47, with
their peak amplitudes 17y, and Iy ;, respectively, and is repre-
sented by

iLj = iij + ith = ]ij SiIl(wt — QOij)
N
+ ITrn; sin(hwt — gDth)
h=3,5,...

= Iij sin wt cos $Lfj — Iij cos wt sin PLfj

N
+ Z Ith Sill(hwt - (,OL],,]‘)
h=35,...
=iLfjp tiLfjq T iLh; 4)

where @7 ¢; and ¢ry; are the respective phase angles of the
fundamental and harmonic components of :7; with respect to
the distribution grid voltage v¢, and irf,; and irs; 4 are the
instantaneous fundamental phase and quadrature components
of iz, ;. To achieve unity power factor at the PCC, compensate
for the harmonics in the load currents and concurrently achieve
load sharing, the DG inverter of the MT or PV array supplies a
current ipg given by

ipGcj = (irfip = iGj) T irfiq +irh )

where i, (j = 1,2) is the grid current from the PCC.

Asshown in Fig. 4, the distribution grid is supplied by a utility
substation represented by a voltage source ve during grid-con-
nected operation and is connected to the microgrid and the load
via a distribution line with resistance IZ;; and inductance Ly;.
In the grid-connected mode, the grid voltage is known, and the
microgrid shares the load demand with the distribution grid.
Hence, to control the power delivered to the load, the output
current of the DG inverter of the MT or the PV array is regu-
lated using the current control mode (CCM).

To derive a state-space model for the DG inverters during
both grid-connected and islanded operations, Kirchhoff’s
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Fig. 6. Single-phase representation of the DG inverter during both grid-con-
nected and islanded operations.

voltage and current laws are applied to the current loop ¢; as
shown in Fig. 6, and the following equations are obtained:
dij _
dt Lyj

d?)Dg,‘ 1 . 1 .
- g _ . 7
i Cp; 7 Cpy P )

L ©)

where ¢; is the current passing through L;. Hence, the grid-
connected DG inverter model can be written as

Ggj = Agjrg + Byj1vi + Byjau, (8)
Ygi = Cyjrgj + Dyt + Dyjou; )

where the subscripts g and j represent the model of the DG
inverter j during grid-connected operation (j = 1,2) and

Rf 1 Vdc'
Agj = -2 Byji= |- 0|; Byjo = —2;
gLy [ Ly, ] P Ly
Cgi =15 Dgj1 = [0 — Cpj; Dyjz = 0.
o o, dvpg;j T
T4 = 1; 1s the state; v; = |vpgj i is the exoge-

nous input; u; is the control input, with —1 < «; < 1; and
g5 = tDay is the output, which will be regulated to track the de-
sired periodic reference waveform. In our simulations to be pre-
sented in Section IV, DG inverters 3 and 4 are not in use during
grid-connected operation but if they were, the same model could
apply with vpgs = vpga = vg.

During islanded operation as shown in Fig. 5, the microgrid
will supply the overall load demand. The voltage at the PCC
needs to be regulated to a pure sine wave through the voltage
control mode (VCM) with a desired magnitude and frequency
generated by the droop controller. A state-space model for the
DG inverters of the SB and the PEMFC stack can be derived
similarly to obtain

#; = Ajw; + By + Bpu (10)

where the subscript ¢+ denotes islanded operation and

r_ Bpgs 1
Lss 0 L3 0
_ _fpa 1. pgo 0
Az — 0 4 Ly H le — 1
1 1 0 -
! 7
_ch e F
r VYde3
Lysy 0
B = 0 Viea
Lya
Lo 0
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with O} = Cps+Craia; = [i3 s ve|T5i' = ipgstinca;
u = [ug ’(L4]T. Since ipas + tpes = t@1 + g2 and i =
ir; —ingi(j = 1,2), it follows from (7) that if the line imped-
ances associated with DG inverters 1 and 2 can be neglected
(and hence vpcj; = v¢), all DG inverters during islanded oper-
ation can be modeled individually into a unified form

(11)
(12)

. -7

Tij = Ai]’.’ﬂij + Bijllbj + Bijguj'
— -/

Yij = Cijmij + Dijii; + Dijouy

where 5 = 1,2,3,4 and

[y 1
_ Ly, Lyj
A=y

-.‘/'(lrsj 0
Bija=| L | Cy = Cyj ;
sl eomi e ]
0
Cy

D1 =

with O, = 2% Cpas iy = [i; wpa, |7 is the state vector;
1’7 = > bim — Zn# i, is the exogenous input of the DG
inverter j; u; is the control input, with —1 < u; < 1; and
yij = [vpe; ipc;|t is the output, which will be regulated
to track the desired reference waveform. Note that although the
emphasis is on the voltage vpg;, both vpg; and ipg; will be
regulated in the VCM to ensure the power delivered. Further-
more, it is assumed that the exogenous input ¢; in the model is
not directly measurable by the DG inverter ; since it involves
quantities outside that inverter. Precisely, 1,; represents the sum
of all load currents 7r,,, minus the sum of all 4,, from the other
DG inverters n # j in the microgrid. However, the informa-
tion about zg can be derived using a Kalman filter applied to
the output y;; = [vpe; iDG, ]¥. The details are presented in
Section III.

D. Droop Control for Parallel Operation of Inverters

The CB opens to isolate the microgrid from the distribution
grid due to a fault on the upstream network of the distribution
grid. As a result, the DG units in Fig. 1 are now the sole power
sources left to supply the loads. The DG units will share the real
and reactive power demand A P and A, respectively, such that
in a microgrid with » DG inverters, we have

AP =) AP, (13)
j=1

AQ =) AQ; (14)
=1

where AP; and AQ); are the real and reactive power variations
of the jth DG inverter.

The sharing of the real and reactive power is achieved through
the droop control method [7], [8] by regulating the magnitude
and frequency of vpa; when the jth DG inverter operates in the
VCM, as described by the following equations:

wj = wret = kpj X (Pret j = Pj)
Uret — ki j X (Qret,j — Q)

(15)
(16)

UDGj
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where P; and (); are the actual active and reactive power out-
puts of the jth DG unit, kp; and kg ; are the droop slopes
(positive quantities) of the jth DG unit, w; and vpg; are the
actual operating frequency and output voltage of the jth DG
unit, Prer,; and Qref ; are the desired operating values usually
selected based on the DG unit’s power rating, and w;.s and v,.q¢
are the reference frequency and voltage magnitude when the mi-
crogrid operates in the islanded mode.

III. MODEL PREDICTIVE CONTROL DESIGN OF DG INVERTERS

There have been some research works on the implementation
of MPC for control of inverters. In [15], a Finite Control Set
Model Predictive Control scheme which allows for the control
of different converters without the need of additional modula-
tion techniques or internal cascade control loops is presented
but the research does not consider parallel operation of power
converters. In [16], an investigation on the usefulness of the
MPC in the control of parallel-connected inverters is conducted.
The research is, however, focused mainly on the control of in-
verters for uninterruptible power supplies in stand-alone opera-
tion. There have been, however, limited research works on the
implementation of MPC for parallel operation of DG inverters
in a microgrid.

With the mathematical model developed in Section 11, a novel
MPC algorithm for the control of the DG inverters is proposed
in this paper. The proposed controller is a newly developed
MPC algorithm that decomposes the MPC optimization into
two subproblems: a steady-state subproblem and a transient sub-
problem. Both problems can be solved in parallel in a receding
horizon fashion to deal with grid-connected and islanded op-
erations of the proposed microgrid. The decomposition of the
control problem greatly reduces the computational burden and
is designed specifically for fast-sampling systems to track peri-
odic signals.

When the microgrid operates either connected or islanded
from the distribution grid, the state-space model of the DG in-
verters after time-discretization will have the form

2T = Az + Byw + Bou
y=Cx+ Diw+ Dau

an
(18)

where the superscript + denotes the time-shift operator (with
a sampling interval of 7Y), and w is the periodic exogenous
signal. Generally, for any periodic signal that has a finite number
of harmonics, the signal can be expressed as the output of an
autonomous finite-dimensional LTI state-space model. For ex-
ample, if the periodic signal has a fundamental frequency w
and consists of only odd harmonics, the A -matrix of the cor-
responding state-space model can be expressed in a block diag-
onal form given by

cos(hwTs)  sin(hwTy)

—sin(hwTy) cos(hwTy)
where & = 1,3,5,..., and the C-matrix is given by
[1 0 1 0 1 0]. Furthermore, the magnitude

and phase angle of this periodic signal can be determined by the
initial state of this autonomous model. Hence, the exogenous
signal w in (17) and (18) and the reference d, which is required
to be tracked by ¥ in (18), can be modeled by

€7 = Ag¢ (19

1981

w = ng
d=C4¢

(20)
ey

for some A¢, Cy,, and Cy as described above. During grid-con-
nected operation, the DG inverter of the MT or PV array op-
erates in the CCM, the output y and the reference d that ipg
is required to track should typically consist of the same order
of harmonics as #;, (otherwise some harmonics of 7z will be
able to enter the distribution grid unregulated) and is derived
from the desired active and reactive power outputs of the DG
unit. However, during islanded operation, the DG inverters of
the SB and the PEMFC stack operate in the VCM. In addition,
y = [uvpe ipC ]T for the DG units, and the first component of
the reference d, which is required to be tracked by vpe, is typi-
cally a pure sine wave, and its frequency and magnitude can be
defined by (13) and (14), respectively.

The state-space model in (19)—(21) is known as the exoge-
nous system in this paper. Although only odd harmonics up to
the 29th order have been considered in this paper, the proposed
methodology can be readily extended to include even harmonics
and higher order harmonics. The exogenous state £, which es-
sentially represents the sets of the Fourier coefficients of « and
d, can be automatically identified using a Kalman-based ob-
server. During islanded operation, w is not directly measurable
but the exogenous system can be combined with the DG inverter
model (11)—(12) so that the observer can be applied via the mea-
surement of 4y and the known d.

In this paper, a sampling interval of T; = 0.2 ms has been
selected for the simulation studies. This selected interval is con-
sidered pretty fast in conventional MPC applications, but is nec-
essary for the present control problem due to the high order of
harmonics being tackled. With state-of-the-art code generation
techniques, sampling in the range of tens of kHz is possible [17].

The control signal » in (17) and (18) is decomposed into a
steady-state control u¢ and a transient control u; as follows:

U= Ug + Uy

(22)

such that v — wus and vy — 0 asymptotically. Both «, and
u; will employ an MPC strategy, but the former will adopt a
dynamic MPC policy, whereas the latter will adopt a more con-
ventional finite-horizon approach. The approaches adopted for
the two subproblems are different because the conventional fi-
nite-horizon approach requires a very long horizon to solve a
steady-state subproblem, which makes it computationally inten-
sive. Through decomposition, the solution to the steady-state
subproblem can be computed using a different method that will
trade the best possible performance for a lower complexity.
Hence, a much smaller T can be selected to produce a fast-sam-
pling control system that would otherwise be impossible. The
detailed mathematical formulations of the control designs for
the steady-state and transient subproblems will be presented in
the following subsections.

A. Steady-State Subproblem

In the steady-state subproblem, x — x5,y — ys; and u — us

asymptotically. Based on (17) and (18), us, x4, and y, should
obviously satisfy

J,;" = Az, + Biw + Baug

ys = Cxs + Dyw + Daug

(23)
(24
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subject to the constraint

lus| < 1. (25)

Ideally, y. is required to be equal to the desired reference d, or
equivalently, the asymptotic tracking error

es =yYs —d=0. (26)

However, this situation is not always possible due to the con-
straint given by (25). Considering the steady-state control w,
being generated from a dynamic MPC policy

£ = Agé
Ug = Céé

(27)
(28)
where the matrices A ¢ and CE are designed offline, but the initial

state f at time &£ will be optimized online in a receding horizon
fashion. Hence, z, can be written as a lipear function of the
exogenous state & and the controller state £ as follows:

v, =X+ X¢E (29)

where the matrices X and X satisfy
XAe = AX + B:Cy, (30)
XA; = AX + ByC;. (31)

Furthermore, both %, and e, are linear functions of ¢ and é as
follows:

ys = Cxy + Diw + Douyg

= (CX + D1Cy)E+ (CX + DyCy)E (32)
s =Y, —d

=ys — C4é

= (CX + D1Cy — Co)é + (CX + DaCp)E. (33)

With the estimation of the exogenous state £ provided online by
the Kalman filter, the optimization problem

min Z es(k + 1) Qeq(k 4 14)
§(ky 7

subject to |us(k+4)| <1 (34)

can then be solved to obtain the optimal controller state ¢ (k)
and accordingly the steady-state control u4(k), where the sum
in (34) is carried out over one “nominal” period of 0.02 s, and
is a given positive definite matrix. The dynamic models (27) and
(28) provide a projection or prediction model of the future w,
whereas the actual future us will be recomputed from (34) as the
horizon moves forward (the so-called “receding horizon” ap-
proach). The controller dynamics Aé and Cé can be constructed
to meet the following conditions:
1) Systems (27) and (28) are observable.
2) Aé consists of the same order of harmonics as A, in (19).
3) A transformation matrix T' (need not be a square matrix)
exists, such that & = T¢ for all time and it also results in
e, = 0. In other words, the unconstrained optimization

min Z es(k+ )7 Qe (k + 1)
£(k) 75
will have a zero value at £(k) = T¢(k).

These conditions will guarantee that the MPC optimization
will have a unique optimizer £(%), and the dynamic control laws

(35)
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(27) and (28) are equivalent to the optimal state-feedback law
given by u; = C;T¢ as long as the constraint [us| < 1 is not
violated.

B. Transient Subproblem

To solve the transient subproblem, the transient signals u; =
U— g, Ty = ¢ — x5 and y; = y — y, are defined. Based on (17),
(18), (23), and (24), u;, =4, and y, should satisfy

J,f+ = Az, + Bouy
yy = Cxy + Dauy.

(36)
(37

The objective of this transient subproblem is to make i, — 0 as
fast as possible, subject to the constraint

s + we| < 1. (33)

To solve the transient subproblem, a more conventional MPC
approach that employs a finite horizon with a terminal cost can
be adopted. More precisely, for the given positive definite ma-
trices ¢ and I? and the chosen length of control horizon N,,, we
solve
N,

(ye(k + )" Quelk +1)

min
u(k—+1)

+ ug(k 4+ )" Rug(k + 1))
+24(Ny + )T Pra (N, +1)

subject to |us(k +4) + u(k +4)] < 1. (39)

The matrix A in the present case is stable. Hence, an appropriate
choice of Pr is the weighted observability gramian obtained
from the Lyapunov equation

ATPrA—Pr+CTQC =0 (40)

which makes the optimization in (39) equivalent to
(yek + )T Que(k +19)
1

+ug(k 4+ )T Ruy(k + 1))

subject to

lus(k +¢) +us(k+4)| < 1fori < N,
and u(k +14) = 0for i > N,,.

min
u(k+1) “
=

(41)

The optimization given by (41) requires the information of u,
and x4, which are provided by the solution of the steady-state
subproblem, and the information of the plant state x, which
can be estimated using a plant Kalman filter on (17) and (18).
The overall configuration of the proposed control strategy com-
bining the steady-state control signal , and the transient con-
trol signal u; is shown in Fig. 7. As for the horizon lengths, the
control and prediction horizons of the transient MPC are both
10 with a properly chosen terminal cost. The steady-state MPC
is a dynamic MPC policy and therefore does not have a control
horizon as in the conventional MPC. However, the number of
constraints depends on the prediction horizon which is 50, corre-
sponding to half of the fundamental period (50 X 0.2 ms = 0.01
s). As mentioned above, the task of the steady-state MPC is to
generate the optimal voltage and current references and it can
be updated at a lower rate if necessary.
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Fig. 7. Overall MPC controller for the DG inverter with E/KF denoting the
exogenous Kalman filter and P/KF denoting the plant Kalman filter.

TABLE I
PARAMETERS OF THE PROPOSED SYSTEM

Parameter Value
Distribution grid voltage vG = 230Vrms (phase)
DC link voltage Vi =400Vdc

Distribution line impedance Ry=17.5mQ, Ly=25.7uH
Ry‘ = l9mQ, Ly' = 286”]’1
Lf = 12mH, Cf: 2OHF

R, =0.01Q

Transformer impedance
LC filter

DG inverter loss resistance

IV. SIMULATION STUDIES

The simulation model of the microgrid shown in Fig. 1 is real-
ized in Matlab/Simulink. The microgrid is tested under different
simulation scenarios to evaluate its capabilities when operating
connected and islanded from the distribution grid. Different load
types consisting of linear and nonlinear loads are considered in
the studies. Load 1 is characterized by a three-phase dimmer
load with real and reactive power demand of P, ; = 15 kW
and Q1 = 9.7 kVAr. The dimmer load is modeled as a cur-
rent source with its harmonic contents determined through ex-
perimental results obtained from several light dimmers in [18].
Load 2 is a three-phase RL load with real and reactive power
demand of P;, » = 5 kW and ()7 » = 3 kVAr. The system pa-
rameters are given in Table I. The impedances of the distribution
lines and the transformer have been obtained based on the de-
tails presented in [19]. The DG inverter loss resistance has been
coarsely estimated because it is not precisely known in practice.

A. Test Case 1: Power Quality Improvement With Load
Sharing During Grid-Connected Operation

During grid-connected operation, the main DG units are re-
quired to provide power for the loads to reduce the burden of
generation and delivery of power directly from the distribution
grid. The first test case demonstrates how the power flows are
managed among the distribution grid, the DG units, and the
loads. In this test case, DG inverter 1 of the MT DG unit is
tasked to provide 50% of Py, 1, and DG inverter 2 of the PV DG
unit delivers 60% of Pr, 5. The rest of the real power demand of
Loads 1 and 2 are supplied by the grid. The SB is operating in
the charge mode to store energy during off-peak period where
the cost of generation from the grid is cheaper to meet future
sudden demands for power, whereas the PEMFC stack is in the
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Fig. 8. Waveforms of three-phase load 1 current ¢7,; (top), three-phase DG 1
current i1 (middle), and three-phase grid current 21 (bottom).
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Fig. 9. Waveforms of grid voltage v and grid current ¢¢;; for phase a.

idle mode. The first test case also demonstrates the capability
of the DG units to improve the power quality of the distribution
network by compensating for the harmonics in the load current.
In this test case, DG inverter 1 is controlled to compensate for
the harmonic current of Load 1 due to the nonlinear three-phase
dimmer load connected to the MT DG unit. In this way, the har-
monics will not propagate to the rest of the distribution network
during grid-connected operation.

The waveforms of the current delivered to Load 1 by the dis-
tribution grid at the PCC i¢;, the current supplied by DG in-
verter 1 ipg1, and the current delivered to Load 1 77,1 under this
test case for 0 < t < 0.2 s are shown in Fig. 8. The unsteady
measurement in i1 during the initialization for 0 <t < 0.06 s
shown in Fig. 8 (bottom) is due to the fact that the controller
needs a period of 3 cycles to track the generated references.
During the initialization, large current transients are also ob-
served in ¢pe1 as shown in Fig. 8 (middle). In our simula-
tion studies, it is assumed that with the current technology in
the development of power electronic devices, the inverter will
be able to withstand such large transients. During steady-state
condition, the total harmonic distortion (THD) value of ¢z, is
41.7%, as shown in Fig. 8 (top). With DG inverter 1 supplying
the harmonic current of Load 1, as shown in Fig. 8 (middle),
the THD value of ¢y is improved to about 0.4%, as shown
in Fig. 8 (bottom). To achieve power factor correction at the
grid side, DG inverter 1 is also controlled to provide the re-
active component ¢r,¢1 , of the current 471, as given in (5).
Fig. 9 shows the closed-up waveforms of the grid voltage v¢
(the voltage has been scaled down by a factor of 0.25 for com-
parison) and grid current i¢z; of phase a for 0.1 <t < 0.14 s.
As observed, the waveform of 21 is in phase with that of u¢
with power factor correction.

The real and reactive powers dispatched by the DG inverters
1l and 2 for 0 < t < 0.2 s are shown in Figs. 10 and 11, re-
spectively. The real powers dispatched by DG inverters 1 and
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Fig. 12. Total real (top) and reactive (bottom) power delivered by the grid to
loads 1 and 2, and to charge the SB.

2 are 7.5 kW (50% of Pz, 1) and 3 kW (60% of Py, »), respec-
tively, as shown in Figs. 10 and 11. The real powers dispatched
by both inverters demonstrate the capability of the DG units to
dispatch the required power. The DG units also deliver all the
reactive power of 12.7 kVAr required by the loads to achieve
unity power factor at the grid side. The total real and reactive
power delivered by the grid to Loads 1 and 2, and to charge up
the SB for 0 < t < 0.2 s is shown in Fig. 12. As shown in
Fig. 12, the grid supplies 7.5 kW (50% of P, 1) and 2 kW (40%
of Pr, ), and also dispatches an additional power of about 1.5
kW to charge the SB. In addition, the reactive power supplied
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Fig. 13. Real (top) and reactive (bottom) power delivered by DG inverter 1.

by the grid is zero, which results in unity power factor at the
grid side.

B. Test Case 2: Load Sharing During Islanded Operation With
Droop Control

The second test case demonstrates the sharing of real and re-
active power among the back-up DG units, i.e., the SB and the
PEMFC stack when the microgrid transits to islanded operation.
In this test case, the microgrid is operating in the grid connected
operation for 0 < t < 0.2s. Att = 0.2 s, a fault occurs on the
upstream network of the distribution grid, and the CB operates
to disconnect the microgrid from the distribution grid.

The real and reactive power delivered by DG inverter 1 for
0.1 <t < 0.4 sis shown in Fig. 13. As shown in Fig. 13,
the MT DG unit increases its generation to about 11.4 kW to
supply Pr,1 for 0.2 <t < 0.4 s. The reactive power delivered
by the MT remains constant at 9.7 kVAr as in test case 1. The
real and reactive power delivered by DG inverter 2 for 0.1 <
t < 0.4 s is shown in Fig. 14. As shown in Fig. 14, the real and
reactive power delivered by the PV array remains constant at 3
kW and 3 kVAr, respectively. The generation of the MT and the
PV DG units are unable to meet the overall power demand of
Loads 1 and 2 when the microgrid islands itself from the grid.
Therefore, the SB and the PEMFC stack are required to share the
load demand. The automatic sharing of this load demand can be
achieved using the frequency and voltage droop control method
discussed in Section II-D. As in the previous test cases, the MT
and the PV array are controlled by the inverters to supply the
reactive power demands of 9.7 kVAr and 3 kVAr of Loads 1
and 2, respectively. Hence the back-up DG units are required to
provide only for the real power demand because network cable
impedances do not allow a precise sharing of reactive power
among the DG inverters [4], [7], [8]. Without the need to deliver
reactive power, the power loss in the distribution lines is also
reduced.

The real power outputs of DG inverters 3 and 4 of the SB and
the PEMFC stack for 0.1 < t < (.4 s are shown in Figs. 15 and
16, respectively. Both the SB and the PEMFC stack are in the
idle mode for 0 < t < 0.2 s. After the initiation of the islanding
operation at t = 0.2 s, DG inverters 3 and 4 increase their
generation to provide real powers of about 3.28 kW and 2.28
kW to the loads, which reach steady-state operation in about 0.5
cycle. The waveform of vpg for 0.1 < t < 0.4 s is also shown
in Fig. 17. During islanded operation, the operating frequency
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Fig. 17. Inverter output voltage vng of DG units 3 and 4.

of vpg is reduced from 50 Hz (prior to islanding) to about 49.8
Hz for0.2 <t < 0.4 s.

C. Test Case 3: Investigation on Network Voltage Changes

In Singapore, distribution system operators are obliged to
supply their customers a voltage within 6% of the nominal
voltage at the low-voltage distribution network. As shown in
Fig. 1, various DG units are connected directly to the PCC.
Hence the flow of real and reactive power within the microgrid
can change, which consequently changes the voltage profile for
any loads that are connected to the PCC when the microgrid op-
erates in the islanded mode. This change in voltage AV due to
the DG units delivering real and reactive power can be given by

_ PR+QX

AV
v

(42)
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Fig. 18. Voltage profile (in p.u.) for changes in the real and reactive power of
the load demand.

where R and X are the resistance and reactance of the distribu-
tion line, and V is the voltage at the load side. From (42), both
the distribution line resistance and reactance have a significant
effect on the voltage profile at the load side as compared with the
transmission network where the lines are assumed to be mainly
inductive [20].

The third test case investigates the changes in the network
voltage when loads with different power demands are being con-
nected to the PCC during islanded operation of the microgrid.
In this test case, a load with an initial real and reactive power
demand of 2 kW and 1.24 kVAr, respectively, is connected to
the PCC of the microgrid as shown in Fig. 1. To investigate the
effect of the real and reactive power demand of the load on the
PCC voltage, the real and reactive power demand of the load
is increased in a step-size of 1 kW and 0.62 kVAr every 0.1 s,
such that the power factor of the load is maintained at a con-
stant value of about 0.85. The waveform of the voltage profile
(in per unit (p.u.) value) for incremental changes in the real and
reactive power of the load demand for 0 < t < 1 s is shown
in Fig. 18. As shown in Fig. 18, the increments in the real and
reactive power demand of the load cause a significant drop in
the PCC voltage, as given by (42). The initial PCC voltage is
about 0.96 p.u. under the initial load demand. However, with
the increment of load demand, the PCC voltage drops to about
0.75 p.u. Hence it can be concluded that as the real and reactive
power demand by the load increases, the voltage drop will in-
crease. To overcome the problem caused by the effect of loading
connected to the PCC, several methods can be implemented.
One conventional technique is to integrate a tap-changing trans-
former to regulate the voltage received by the customers such
that the voltage is allowed to vary within the allowable range of
+6% under different loading conditions [9].

D. Test Case 4: Investigation on Increased Fault Level

The integration of DG units into the low-voltage distribution
network will lead to a more complex flow of fault currents for
any fault occurring in the microgrid. These DG units, connected
to the microgrid through interfacing voltage source inverters,
will alter the fault level of the low-voltage distribution network.
The fourth test case investigates how the integration of DG units
into the existing distribution network will contribute to the net-
work fault level, which will in turn affect the operation of the
existing CBs and the distribution cables.

The test case is characterized by the scenario when a fault
occurs on the line that is connected to the MT DG unit (point
F) as shown in Fig. 1, which will result in the flow of fault cur-
rents from the MT DG unit, the PV DG unit, and the distribution
grid, thus increasing the fault level at the CB connected to the
line of the MT DG unit. Fig. 19 shows the equivalent single-line
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diagram of the proposed microgrid in Fig. 1 in this test case.
Table II summarizes the numerical values of the currents and
voltages at different points of the distribution network during
the fault at point £'. The waveforms of the fault currents from
DG units 1 and 2, and the grid for 0 < t < 0.1 s are also shown
in Figs. 20, 21, and 22 respectively. The DG inverters can pro-
vide only a small amount of short circuit current, which usually
ranges from 1.5 p.u. to 2 p.u. depending on the ratings of the
inverters [7], [9]. In this test case, the fault current contributed
by DG inverters 1 and 2 is restricted to 2 p.u. Hence, the inte-
gration of the MT and the PV DG units into the distribution grid
increases the fault level at point F' by about 2.69%.

One possible method to reduce the increased fault level
caused by the increased penetration of DG units into the dis-
tribution network is to increase the short-circuit ratings of the
existing CBs and the cables at the expense of greater costs.
The implementation of this scheme would also be difficult,
particularly in congested city substations and cable routes. The
fault level contribution by the DG units may also be reduced
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TABLE 11
NUMERICAL VALUES OF CURRENTS AND VOLTAGES DURING FAULT

Parameter Value (p.u.)
Distribution grid voltage (high-voltage side)  p_; £0.0402°
Distribution grid voltage (low-voltage side) v =1,0°

Output voltage of DG inverter 1 v, =0.9997./ —0.0217°

v2=0.9998/ — 0.0145°
ior=2512-7781°
ip=24—47.14°

i =2/ —47.13°

Output voltage of DG inverter 2

Fault current from distribution grid

Fault current from DG inverter 1 (MT)
Fault current from DG inverter 2 (PV array)

by artificially introducing reactances between the DG units and
the distribution network through a reactor.

V. CONCLUSION

In this paper, a centralized control system that coordinates
parallel operation of multiple inverters in a microgrid for both
grid-connected and islanded operations has been proposed. The
controller of the DG inverters is designed to operate in two
modes. When the microgrid operates connected to the grid, the
controller is set to operate in the current control mode to con-
trol the real and reactive power delivered to the load. When the
microgrid is operating islanded from the grid, the DG inverters
operate in the voltage control mode to regulate the output volt-
ages of the DG inverters. An energy management algorithm
for the operation of the main DG units and the back-up DG
units is also implemented when the microgrid operates in ei-
ther the grid-connected or islanded mode. The proposed con-
troller is based on a newly developed MPC algorithm that de-
composes the control problem into steady-state and transient
subproblems to reduce the overall time of computation. The
controller also integrates Kalman filters into the control design
to generate the necessary references for the controller. When
the microgrid is operating islanded from the grid, the back-up
DG units are controlled to share the power demand through the
droop control method. The design concept has been tested under
different simulation scenarios. The results obtained validate that
the microgrid can handle different operating conditions effec-
tively during grid-connected and islanded operations, thus in-
creasing the overall reliability of the distribution system. The
alteration of the voltage profiles and the fault levels in the dis-
tribution network caused by the increased penetration of DG
units into the distribution grid has also been investigated using
the proposed microgrid. However, the proposed design concept
still needs further validation through experimental studies. The
simulation results obtained in this paper and the analysis carried
out serve as a fundamental step towards the design of control cir-
cuits for the future hardware implementation of the microgrid.
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