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Abstract—In this paper, a power control strategy is proposed for
alow-voltage microgrid, where the mainly resistive line impedance,
the unequal impedance among distributed generation (DG) units,
and the microgrid load locations make the conventional frequency
and voltage droop method unpractical. The proposed power con-
trol strategy contains a virtual inductor at the interfacing inverter
output and an accurate power control and sharing algorithm with
consideration of both impedance voltage drop effect and DG lo-
cal load effect. Specifically, the virtual inductance can effectively
prevent the coupling between the real and reactive powers by in-
troducing a predominantly inductive impedance even in a low-
voltage network with resistive line impedances. On the other hand,
based on the predominantly inductive impedance, the proposed
accurate reactive power sharing algorithm functions by estimating
the impedance voltage drops and significantly improves the reac-
tive power control and sharing accuracy. Finally, considering the
different locations of loads in a multibus microgrid, the reactive
power control accuracy is further improved by employing an on-
line estimated reactive power offset to compensate the effects of DG
local load power demands. The proposed power control strategy
has been tested in simulation and experimentally on a low-voltage
microgrid prototype.

Index Terms—Distributed generation (DG), droop control
method, microgrid, parallel inverter, power control, power sharing,
renewable energy resource (RES).

1. INTRODUCTION

ITH the increased concerns on environment and cost of
W energy, the power industry is experiencing fundamental
changes with more renewable energy sources (RESs) or mi-
crosources such as photovoltaic cells, small wind turbines, and
microturbines being integrated into the power grid in the form
of distributed generation (DG). These RES-based DG systems
are normally interfaced to the grid through power electronics
and energy storage systems [1].

A systematic organization of these DG systems forms a mi-
crogrid [2]-[7]. Compared to a single DG, the microgrid has
more capacity and control flexibilities to fulfill system reliabil-
ity and power quality requirements. The microgrid also offers
opportunities for optimizing DG through the combined heat and
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power (CHP) generation, which is currently the most important
means of improving energy efficiency. By presenting itself to
the utility as a dispatchable load, the microgrid could “behave”
well and avoid problems caused by single DG units [2]. Fur-
thermore, the microgrid can operate in grid-connected mode or
autonomous islanding mode and benefits both the utility and
customers. Depending on the locations and capacities of DG
units, a microgrid could operate at a medium-voltage or low-
voltage distribution level. Since most microsources are of rela-
tively low-power capacities at around several hundred kilowatts,
a low-voltage microgrid is considered in this paper.

With a nonradial system configuration due to the presence
of DG units, the power control complexity for a microgrid is
substantially increased, and the “plug and play” feature is the
key to ensure that the installation of additional DG units will
not change the control strategies of DG units already in the
microgrid. A popular approach to realize this “plug and play”
characteristic is to employ the frequency and voltage droop
control for real and reactive power regulation by mimicking
the parallel operation characteristics of synchronous generators,
which is initially proposed in [8] for parallel uninterruptible
power supply (UPS) operations. While the stability analysis of
this droop control is an important aspect as discussed recently in
[9], [10], when implemented in a low-voltage microgrid system,
this method is subject to a few particular problems, which are
as follows.

1) The method is developed based on the predominantly in-
ductive line impedance. In a low-voltage microgrid, as the
distribution feeder is mainly resistive, this droop method
is subject to poor transient (or even poor stability) due
to the real and reactive power coupling among DG units
when no additional inductance is present.

2) The unequal line impedances and DG output impedances
significantly affect the accuracy of reactive power control
during grid-connected operation mode and the reactive
power sharing during islanding mode due to the unequal
voltage drops.

3) Thereactive power sharing accuracy is further deteriorated
if there are local loads at DG output.

To avoid the power control coupling, the virtual real and re-
active power frame transformation was recently proposed [11].
However, this method cannot directly share the actual real and
reactive powers. Another way to avoid the power coupling is
to properly control the interfacing inverter with virtual output
impedance [12]-[14]. While effective in preventing the power
coupling, this approach may increase the reactive power control
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Fig. 1. Example microgrid with power electronics interfaced DG systems.

and sharing error due to the increased impedance voltage drops.
To improve the reactive power sharing accuracy, a method has
been proposed based on additional control signal injection [15].
However, this method has a few disadvantages such as increased
control complexity and possible line current distortions.

In this paper, a power control strategy is developed for the
low-voltage microgrid. The strategy comprises a virtual inductor
at the interfacing inverter output and an accurate reactive power
control and sharing algorithm with consideration of impedance
voltage drop and DG local load effects. Specifically, the virtual
inductance can effectively prevent the coupling between real
and reactive powers by presenting a mainly inductive impedance
even in a low-voltage network with resistive line impedances.
This is done without physically connecting any passive compo-
nents at the DG output. On the other hand, based on the pre-
dominantly inductive impedance, the proposed accurate reactive
power sharing algorithm functions by estimating the impedance
voltage drop to reactive power ratio and significantly improves
the reactive power control and sharing accuracy. Finally, con-
sidering the complex locations of loads in a multibus microgrid,
the reactive power control accuracy is further improved by em-
ploying an online estimated reactive power offset to compen-
sate the effects of DG local load power demands. The proposed
power control strategy has been tested in MATLAB/Simulink
simulation and experimentally on a low-voltage experimental
microgrid system.

II. MICROGRID STRUCTURE

An example structure of a microgrid is shown in Fig. 1. The
microgrid is connected to the utility system through a static
transfer switch (STS) at the point of common coupling (PCC).
The STS ensures that the microgrid can be disconnected from
the main grid promptly (typically half a line frequency cycle)
in the event of a utility interruption. As shown in Fig. 1, three
DG systems are employed in the microgrid. Each DG system
comprises an energy source, an energy storage system, and a
grid-interfacing inverter. In Fig. 1, DGI is connected near a
heat load for CHP application, DG3 is connected with a local
critical load, and DG2 is connected to the feeder directly for
voltage and power support. This microgrid structure allows the
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line loss reduction, local voltage and power support, and waste
heat usage.

The microgrid can operate in grid-connected mode or is-
landing mode. In grid-connected operation, the microgrid is
connected to the utility, and the DG systems in the microgrid
provide heat and power support for the nearby loads. When
there is a fault in the utility system, the STS at PCC opens and
the microgrid is disconnected from the utility as fast as possible
and picks up the loads and operate in islanding mode. The STS
is preferably controlled independently with a central control or
power management unit, which constantly monitors the utility
voltage condition and opens the switch in the case of a utility
fault.

Once transferred to islanding operation, the DG systems must
immediately share the changed power demand and continue sup-
plying power to all critical loads within the microgrid. Also, the
least important loads can be shed if the power capacity of the
microgrid is insufficient to support all the loads in it. Note that
if a single-direction communication from the STS (or central
control unit) to a DG unit is not available, an islanding de-
tection algorithm has to be implemented in this DG unit to
ensure a successful transition of microgrid operation from grid-
connected mode to islanding mode [7], [16]. When the utility
voltage is back to normal condition, for smooth connection of
the microgrid and utility, synchronization of the two systems
can be done by monitoring the voltages at both ends of the STS
and closing the switch when the two voltages are in phase. More
advanced “seamless” synchronization that guarantees a perfect
match of both voltage magnitude and phase angle could also be
realized if the single-direction communication from the central
control unit to the DG units is available, where the synchroniza-
tion reference signal can be sent from the central control to the
DG units [4] (note that communication among the DG units is
unnecessary).

This multibus microgrid structure increases the complexity of
power and voltage control along the feeder. Therefore, the “plug
and play” concept or “wireless communication” is the key to this
arrangement. To realize this “plug and play” characteristic, con-
ventional power and frequency droop power control methods
have been implemented in [4]. However, as mentioned previ-
ously, the conventional droop method is subject to a number of
issues such as a coupling between real and reactive powers at a
low-voltage microgrid with resistive line impedances and degra-
dation of reactive power control accuracy in both grid-connected
and islanding operations.

III. TRADITIONAL FREQUENCY AND VOLTAGE DROOP METHOD
A. Frequency and Voltage Droop Control

A well-known method to realize the “plug and play” feature
for each DG unit is to control the DG terminal voltage by em-
ploying the “real power versus frequency (P—w)” and “reactive
power versus voltage (O—E)” droop control [8]. Put simply, this
method is based on the flow of real power and reactive power
(per phase) between two nodes separated by a line impedance
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Fig. 2. Real power sharing through frequency droop control.
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where E; and E» are the magnitudes of the two voltages, and
d is the phase angle difference between the two voltages. For a
mainly inductive line impedance, the line resistance (R) may be
neglected. Further, considering that the phase angle difference
d is typically small, it is reasonable to assume sin(§) = ¢ and
cos(d) = 1. Therefore, the flow of real power is proportional to
the phase angle difference (¢) and the flow of reactive power is
proportional to the voltage magnitude difference (F; — E»). For
this reason, the real power from each DG unit can be controlled
by varying the DG output frequency, and hence, the phase angle
and the DG reactive power can be regulated by changing the DG
output voltage magnitude. This control concept could be used
in both the grid-connected and islanding operation modes.

Fig. 2 shows the P—w droop characteristics for two DG sys-
tems (note that the control strategy is equally applicable to a
microgrid with more DG units). Preferably, these droop char-
acteristics should be coordinated to make each DG system sup-
plying real power in proportion to its power capacity, and can
mathematically be expressed as

Wi :w*—SPpL(B*—Pi) (3)
w* — Wmin

Pp, = ——cmin 4

S P ]DZ* - PiJnax ( )

where P; is the actual real power output of DG system i (i = 1,
2,...,1), {P;_max, Wmin } are the maximum real power output of
DG system i and the minimum allowable operating frequency,
{P?,w*} are the dispatched real power and operating frequency
of DG system i in grid-connected mode, and S Pp, (<0) is the
slope of the droop characteristics.

As shown in Fig. 2, each DG system is initially designed to
generate the dispatched real power output of P at the com-
mon base frequency of w* when operating in the grid-connected
mode (w* is fixed solely by the stiff utility grid). Once islanded,
the power outputs of both DG systems must immediately be
changed in accordance with their droop characteristics to sup-
ply power to all critical loads in the microgrid at a new steady-
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state frequency of w. This arrangement obviously allows both
DG systems to share the total load demand in a predetermined
manner according to their respective power ratings.

In a similar manner, the magnitude set point of each DG out-
put voltage can be tuned according to a specified Q—E droop
scheme to control the flow of reactive power within the micro-
grid. Mathematically, the O—F characteristics can be expressed
as

B =E —SP, (Q; — Qi) (&)
E* — ELy
SP == min (6)
? Q, - Qi,max

where (); is the actual reactive power output of DG system
i, {Qi_max; Emin} are the maximum reactive power output
and minimum allowable voltage magnitude of the microgrid,
{Qz, E*} are the dispatched reactive power of DG system i
and PCC voltage magnitude when in grid-connected mode, and
SPg, is the slope of the droop characteristics. Conceptually
similar to the P-w operation, the accuracy of reactive power
control and sharing is, however, subject to the voltage drop on

line impedances, as discussed later.

B. Power Coupling at Low-Voltage Microgrid

While working well in a power grid with mainly inductive
line impedances, the traditional real and reactive power con-
trol (where the line resistance is neglected) leads to a concern
when implemented on a low-voltage microgrid, where the feeder
impedance is not inductive and the line resistance (R) should
never be neglected. This is especially true for DG units without
a grid-side inductor or transformer, where the output inductance
is very small. In this case, the change of phase angle or voltage
magnitude will influence both the real power and reactive power
flows, as can be noticed from (1) and (2). As a result, controlling
the power flow using conventional P-w and Q—F droop meth-
ods will introduce a significant coupling between the real and
reactive power flows especially during transients.

To avoid this P-Q coupling, virtual real and reactive powers
can be used, which are decoupled through frame transformations
with the line impedance angle information [11]. While effective
for power control in grid-connected mode, this method cannot
directly share the actual real and reactive powers between the
DG units in microgrid islanding operation mode. Another way
to decouple the powers with direct power control is to employ
the virtual voltage and frequency control frame [17]. Unfortu-
nately, these frame transformation methods are still subject to
the accuracy of the power control due to unequal impedance
voltage drops. In order to control the decoupled real and reac-
tive power flows in a similar manner as the conventional power
system with a high X/R ratio, a method employed in this paper
is to control the DG interfacing inverter with a virtual output
inductor that introduces a predominantly inductive impedance
without the need of line impedance information. The virtual in-
ductance can effectively decouple the real and reactive power
flows and requires no physical connection of any passive com-
ponents at the DG output. With a virtual inductor at each DG’s
output, the conventional P—w and Q—F methods can be used,
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Fig. 3. Reactive power sharing with traditional voltage droop control.

which makes the power sharing algorithm equally applicable
even when the rotational machine based DG units (where the
P—w and Q-F characteristics are determined by the mechanical
governor and excitation system, respectively) are present in a
microgrid. Note that although the impedance voltage drop effect
is more severe with the virtual inductance control, this effect can
be estimated and properly compensated.

C. Inaccuracy of Reactive Power Control Due
to Line Impedance

Unlike the P—w control where the DG systems and utility
grid have the same steady-state frequency in the grid-connected
mode, allowing the same P—w control algorithm to be used for
both the grid-connected and islanding modes, a complication
with the O—F droop control is that the DG output voltage has
to be different from that of the utility grid to introduce a volt-
age magnitude difference, and therefore, allows proper reactive
power flow in grid-connected operation. As a result, the O—-E
droop scheme specified in (5) and (6) will lead to reactive power
control error. One way to solve this complication is to add an
additional integral or PI reactive power compensator for use in
grid-connected mode [4], [18], [19] (see Fig. 8). When con-
nected to the utility grid, only the PI compensator is selected for
reactive power control, forcing the DG reactive power output to
track its dispatched value with zero steady-state error. When the
microgrid transfers to islanding operation, the reactive power
control scheme can be switched to the O—F droop control for
proper reactive power sharing among the DG units (see Fig. 3).

For a similar reason, a second complication with the O—F
droop control is that the reactive power sharing accuracy is af-
fected by the line impedance voltage drop. This phenomenon
is illustrated in Fig. 4, where the predominantly inductive line
impedance is assumed that leads to an approximately linear rela-
tionship between the DG output reactive power and the voltage
magnitude difference (between DG output voltage and PCC
voltage) AE, as can be noticed from (2). This linear relationship
for DG system i can be expressed as
AE X
Koo= g =& @)
where K, is the slope of DG output voltage magnitude differ-
ence AF versus reactive power (note that K¢, should be scaled
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Reactive power sharing diagram with line impedance (inductive)

down by a factor of 3 for a three-phase system). As the DG
output voltage is limited to vary only in a small range (e.g.,
+10%) and the inductance between two voltages is normally a
constant, it is reasonable to assume K, as a constant slope.

To simplify the illustration, it is first assumed that the power
factor of the two DGs is unity with zero reactive power output
in grid-connected mode, and the two DGs share the load reac-
tive power demand only in islanding mode. Without considering
the line voltage drop, the voltage droop slopes of the two DG
systems defined by (5) and (6) are shown by the dashed lines
(SPc/g. and SPC/)2) in Fig. 4. It can be seen that if the dashed
lines are used for reactive power sharing, when the two DG
units supply the maximum total reactive power to the loads,
DG2 output reactive power (()2) will be smaller than its maxi-
mum value (Q2_,ax ), and the DG1 output reactive power (Q1)
will be larger than its maximum value (Q)1_,ax)- This reactive
power sharing inaccuracy leads to a risk of exceeding the DG
system current ratings. Furthermore, it can be seen in Fig. 4
that with the slopes determined in (5) and (6), the final min-
imum system voltage (PCC voltage) will be smaller than the
minimum allowable voltage (E,,i,), which is unacceptable to
the sensitive loads.

With the consideration of the line impedance effects and the
AE/Q slopes defined in (7), the voltage droop slopes can be
redefined to be SFy, and SFy,, as shown by the solid lines in
Fig. 4, where the minimum allowable DG output voltage and
the O—F droop slope of each DG system can be obtained as

Ei,min = Limin + KQ, Qi,max (8)
Er — E’iJnin
SPy, = T ©)
i_max

With (8) and (9), both DG units will provide the maximum
reactive power at the minimum allowable system voltage. More
details on the accurate reactive power sharing are discussed in
Section V.

IV. VIRTUAL INDUCTANCE FOR P-Q DECOUPLING

This section presents the interfacing inverter control scheme
with virtual output inductance, which provides a mainly
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Fig. 5. Voltage control scheme for the DG interfacing inverter.

inductive impedance between the DG and the utility even in
a low-voltage network with resistive line impedances.

Fig. 5 shows the interfacing inverter voltage control scheme.
As shown, the reference voltage for the inverter comes from
the real and reactive power control loops, which determine the
DG output voltage magnitude and frequency. For the inverter
voltage control, a multiloop control scheme is implemented,
where an inner filter inductor current (I;,) feedback loop is
embedded in an outer filter capacitor voltage (V, ) feedback loop.
Both the voltage and current controllers are implemented on the
stationary frame to avoid the complex frame transformations.
For the voltage loop, the P 4 resonant controllers in the form
of (10) are employed in the a—f frame [20]-[22]

2krwe's

G(s) =k —_—
(5) Pt §2 4 2we s + wi

(10)
where kp is the proportional gain, k; is the resonant gain for
the resonant peak adjustment, and w¢ is the cutoff frequency
for resonant bandwidth control. The controller in (10) is actu-
ally a practical form of the ideal P + resonant controller that
can be mathematically derived by transforming a synchronous
frame PI controller to the stationary frame. It is worth noting
that (10) ensures almost zero steady-state error regulation by
having significant gains in the vicinity of the controller’s reso-
nant frequency £wy, which, in this case, is chosen to be the line
fundamental frequency. Output of the voltage controller is then
transformed to the a—b—c frame to generate the reference current
I for the inner filter inductor current loop. The current error
is fed to a proportional controller whose output gives the de-
sired modulation signal and is fed to the pulsewidth-modulated
(PWM) generator.

To emulate the effect of an inductor, the line current is fed
back to calculate the virtual inductor voltage drop (Vi1 ), which
is then subtracted from the reference voltage (generated from
the power loops) to produce the final inverter voltage reference.
A concern for the virtual inductor control scheme is the induc-
tor voltage drop calculation, which involves the differentiation
of line current (Vi = Lg(dijine /dt) = sLgitine, Where Lg is
the virtual inductance value). Differentiation can cause high-
frequency noise amplification, which in turn may destabilize
the DG voltage control scheme especially during a transient. A
common approach to avoid noise amplification is to add a high-
pass filter to flatten the high-frequency gain of the resulting
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transfer function [13], [14]. However, this approach is subject
to the tradeoff between the high-frequency noise attenuation
and the fundamental component phase and gain errors (or the
tradeoff between overall control scheme stability and the virtual
inductor control accuracy).

As the power control in this paper is based on the funda-
mental component, a more robust approach to determine the
virtual inductor voltage drop is, therefore, proposed to avoid
the differentiation by approximating sLj as jwLy, where w is
the system angular frequency. This jw L representation can be
realized in polar form with polar—rectangular transformations
or through direct complex number manipulations in the a—(3
frame. Both methods are illustrated in Fig. 6. For the polar—
rectangular form transformations, the measured three-phase cur-
rents are first transformed to the a—( frame and converted to

the polar form of |I, 5|/ arg(l.s), where |lo5| = /12 + I3
and arg(l,s3) = tan~! (I5/1,). Multiplying 1,5 by the de-
sired virtual inductance jw L gives the desired inductor voltage
drop (in polar form) of |V,g| = [Ins|wLo, and arg(V,g) =
arg(lop) + (m/2), which is subsequently transformed back to
rectangular form of Vi1 (4 3). On the other hand, for the complex
number manipulations in the a—(3 frame, as shown in the shaded
part of Fig. 6, the a—/3 frame voltage drop can be directly found
from the line current with (V, + jV3) = jwLo(I, + jl3) =
wLo(—I3 + jlI,), where the magnitude and angle calculations
required in the polar—rectangular form transformations can be
avoided.

V. REACTIVE POWER CONTROL ALGORITHM WITH
IMPROVED ACCURACY

As mentioned in Section III, the reactive power control and
sharing based on the traditional voltage droop method are in-
accurate due to the voltage drop in the line impedances. One
method to improve the accuracy is to exaggerate the Q—E droop
effect and make the line voltage drop negligible [23]. However,
with a given minimum allowable system voltage, the voltage
droop slope cannot be made arbitrarily large. As mentioned
previously, a better way to improve the reactive power control
and sharing accuracy is to incorporate the line voltage drop
effect into the power control scheme. This can be realized by
adding the AFE/Q slopes into the voltage droop control. It is
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Fig. 7. Reactive power flows of two DGs with consideration of their AE/Q
(Kg, ) slopes.

worth mentioning that with the controlled virtual inductor at
each DG’s output, the AFE/Q slope in (7) can be effectively
employed for reactive power control accuracy improvement. In
other words, the virtual inductor control not only decouples the
real and reactive power flows, but it also enables the reactive
power control accuracy improvement by properly defining the
AFE/Q slope at each DG’s output. Note that with the output vir-
tual inductor, the DG output voltage refers to the voltage before
the virtual inductor, which is related to the voltage reference
generated from the real and reactive power control loops (Vif,
see Fig. 5).

A. Proposed Accurate Reactive Power Control Method

Fig. 7 shows the reactive power control and sharing diagram
of a microgrid with two DG systems. Compared to Fig. 4, Fig. 7
shows a more general case where the DG systems might not nec-
essarily operate with unity power factor (when reactive power
compensation is needed) and the DG output reactive power in
grid-connected mode is nonzero. As mentioned in Section III,
for reactive power flow control in grid-connected operation, a PI
controller can be used that compensates the impedance voltage
drop and ensures zero steady-state reactive power regulation. As
illustrated in Fig. 7, during grid-connected operation, the PCC
voltage is /%, and the two DGs output voltages are F} - and
E5 o, respectively.

On the other hand, the accuracy of reactive power sharing
in islanding microgrid operation can be improved by incorpo-
rating the AE/Q) slope K, and modifying the voltage droop
slope. As shown in Fig. 7, if the AE/Q slope is not considered,
the voltage droop slopes are the dashed lines (S P/Q,,)’ which
may lead to one or more DG units generating reactive power
beyond the maximum limit, as explained earlier. While if K,
is considered when determining the desired Q—FE droop slope
(S Pg,) for each DG unit, the two DGs simultaneously generate
their respective maximum reactive power under the maximum
load reactive power demand, and at the same time, the mini-
mum system voltage (PCC voltage) is Ey,;,. As a result, the
risks of operating DG systems beyond the maximum rating and
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the microgrid voltage dropping below the minimum allowable
value can be minimized. To realize this accurate power sharing,
the DG output voltage magnitude reference ;" and the voltage
droop slope SPg, can be calculated as in (11) and (12), respec-
tively, where E; i, in (12) is determined in a similar manner
as in (8)

Ej = Ei gc = Sho, (Qi — Qi)
;iGC - Ez'Jnin

Qf - Qi,max

(1)

SPy, = (12)

B. Power Controller Realization

The performance of the accurate reactive power control and
sharing algorithm highly depends on the obtained AE /@ slope
K¢, at each DG output. As illustrated in (7), the slope K, is
related to the system voltage, and the impedance between the
DG and the PCC. As the microgrid voltage is not allowed to
vary in a wide range, it can be concluded that the accuracy of
K¢, and therefore the reactive power sharing accuracy, mainly
depend on the estimation of reactance at each DG’s output. For a
low-voltage microgrid, where the line inductance is very small,
the virtual inductance implemented on each DG’s interfacing
inverter is the predominant inductance between the DG and
PCC. As aresult, K, can be accurately obtained as the virtual
inductance is a known parameter in the inverter voltage control
scheme. To further improve the accuracy of obtained K),, an
online slope estimation scheme is proposed, which makes the
accurate reactive power sharing algorithm even suitable for DG
units with a grid-side inductor or transformer, or a medium-
voltage microgrid with mainly inductive line impedances (with-
out virtual inductor control).

Fig. 8 shows the proposed reactive power control scheme for
each DG system. It contains a PI control loop for use with grid-
connected mode of operation, a voltage droop control loop for
use in islanding operation, and an online K¢, slope estimation
algorithm. Specifically, the PI controller in the grid-connected
mode ensures reactive power regulation with zero steady-state
error. The voltage droop control [as described in (11)] in island-
ing mode enables accurate reactive power sharing among the
DG units in a microgrid according to their respective ratings
and the minimum allowable system voltage. The online slope
estimation algorithm estimates the AE /() slope (K, ) of each
DG, with which the accurate Q—F droop slope (SPg,) can be
determined, as in (12) and Fig. 7.

Asshown inFig. 8, the AE/Q slope (K, ) of each DG is esti-
mated during the DG’s grid-connected operation. At steady-state
grid-connected operation, the DG output reactive power is equal
to the dispatched reactive power ()}, and the difference between
the DG output voltage and the grid voltage (PCC voltage) is ac-
tually the PI controller’s output (AE = Ef — E*). The AE/Q)
slope can therefore be obtained as (K¢, = (Ef — E*)/Q). A
low-pass filter (LPF) is applied to smoothen the obtained slope
(Kg,), which is subsequently used to calculate the DG’s O—-E
droop slope. During steady-state operation, when the obtained
slopes K¢, and S P, are stabilized, the value can be stored for
used in islanding mode. Once a fault occurs in the utility and
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Fig. 8. Proposed reactive power control and sharing scheme.

the microgrid is transferred to islanding operation mode, the ob-
tained Q—F droop slope (SPg,) can then be used for accurate
reactive power sharing control.

A complication anticipated with the slope estimation scheme
is the unity power factor DG operation () =0) in grid-
connected mode. In this case, both the dispatched DG reactive
power output and the PI controller output are zero. One option
under this situation is to use the value of virtual inductor at each
DG’s output to estimate the slope K, as discussed before. In
order to accurately estimate the slope (K(,) online, the DG
can be controlled with a small reactive power output for a very
short period (as long as the power reaches steady state). After
the slopes K, and SP, are obtained, the DG reactive power
output in grid-connected mode can be reset to zero for unity
power factor operation.

VI. COMPENSATION OF DG LOCAL LOAD EFFECTS

The reactive power sharing discussed so far is based on
the reactive power flow between two voltages separated by an
impedance. However, in a multibus microgrid, the location of
microgrid loads will also affect the power flows.

Fig. 9 shows a microgrid with two DG systems where each DG
system has a local load connected directly at the DG output. The
exact same control scheme for grid-connected operation (with
integral control of reactive power to compensate impedance
voltage drops) can be used for DG systems with local loads.
Similarly, in islanding operation, since the DG systems will op-
erate at the same frequency, the real power sharing based on P-w
droop is not affected by the DG local loads. However, the local
loads will affect the reactive power sharing performance during
islanding operation. An obvious phenomenon is that when the
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Fig. 10.  Q-E relationship with DG local loads.

DG local load voltage (Fjyaq_i, Which is corresponding to V,
in Fig. 5) is equal to the PCC voltage (E*), the DG output re-
active power is not zero, and it is the local load reactive power
demand instead. Therefore, the DG local load introduces an off-
set in the DG output voltage and reactive power relationship.
This offset, if not properly considered, will significantly affect
the accuracy of estimated slopes of K, and SPg, and, there-
fore, affect the accuracy of reactive power sharing in islanding
operation.

To compensate the effects of DG local loads, an offset has
to be added to each DG’s output reactive power and voltage
relationship, as shown in Fig. 10, where the reactive power
offset caused by the DG local load is shown as QF | .., It can
be seen that if the local load effects are not considered, the
estimated AE/() slope will deviate from the actual slope K¢,
and, therefore, affect the accuracy of reactive power sharing.
When the reactive power offset is larger than the dispatched
reactive power (Q7 1., > @), the estimated slope will even
be a negative value if the offset is not considered. With proper
consideration of the reactive power offset effects, the AE/Q
slope of a DG unit can be determined by

* *
_ i_GC - F

KQf Q*

(13)

i Local
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With the correct AE/Q slope, the voltage droop slope and
DG output voltage can be controlled as in (11) and (12), with the
only difference being that the minimum DG output voltage in
(12) should be determined as in (14) [instead of (8)], considering
the DG local load effects

Ei,min = Emin + KQ,, (Qi,max - Q:Local)'

It should be noted that the reactive power offset Q)] | .. is
not necessarily the local load reactive power demand, especially
when the DG interfacing inverter is controlled with an output
virtual inductor (note the difference between the reference volt-
age from power loops and the inverter reference voltage after
the virtual resistor in Fig. 5). In this case, the reactive power
offset is related to the line impedance parameters, the virtual
inductance, and finally, the local load power demand. As the in-
formation of the line impedances and local load demands might
not be accurately obtained, an alternative way to estimate the re-
active power offset for each DG system is proposed here, which
is incorporated into a modified slope Ky, estimation algorithm,
as shown in Fig. 11.

Unlike the slope estimation in Fig. 8, the one-step estimation
at steady-state grid-connected operation cannot accurately esti-
mate the value of Ko, if the reactive power offset effects are
considered (it will only generate the dashed slope as illustrated
in Fig. 10). To accurately estimate both the slope K¢, and the
reactive power offset Q7 |  ..;, tWo-step estimation method, as
illustrated in Fig. 11, can be conducted, where the information
of DG reactive power output at two steady-state operation steps
(Qi_step1 and Q;_step2) and the respective DG output voltages
(i step1 and Ej; _gcp2) are obtained. Once again, the LPFs in
Fig. 11 are used to smoothen the obtained variables. The slope
and the reactive power offset estimation in Fig. 11 can be ex-
pressed in (15) and (16), respectively. Note that the reactive
power offset in (16) can also be obtained with the voltage and
reactive power for the first-step operation (E;_step1 and Q; _step1)

K( = % — Ei,stch _ Eijtcpl
g AQ Qi,step2 - Qifstepl

%
Q* o Q Ei;;tch - K
1 al — Wi_step2 — .
i_Local P K

(14)

s)

(16)

The two-step estimation can be simply performed during the
starting of the DG in grid-connected mode by increasing the DG
output reactive power to its dispatched value in two steps such
as 0 and Q; (or Q;/2 to Q7), which results in E; siep2 = Ei_ac
and Q; step2 = Q. As long as the DG reaches the steady-state
operation in the first step (which is very fast and is about 0.5 s
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in this paper), the voltage and reactive power information can
be stored and the DG can move on to the second step (the final
dispatched reactive power in grid-connected mode). Note that
this DG starting practice by increasing the DG reactive power
output in two separate steps could also give the advantage of
smoother DG starting transients.

Finally, with the slope Kg,, the reactive power offset
Q7 1ocar> and the minimum DG output voltage F; pin, the ac-
curate voltage droop slope SPg, can be calculated using (12).
The online slope estimation diagram in Fig. 8 can then be re-
placed by the algorithms discussed in this section. It is worth
mentioning that the reactive power offset can also compensate
the possible small deviation of the stiff grid voltage from its
nominal value or any slight inaccuracy in the inverter voltage
control (e.g., due to voltage sensing error, voltage control error,
etc.), as the voltage error will result in the reactive power flow
similar to the local load effects.

VII. FURTHER COMPENSATION OF VOLTAGE DROP DUE TO
REAL POWER FLOW

The reactive power control algorithms discussed so far are
based on the assumption that the real power flow only depends
on the phase angle difference, which will not cause any volt-
age drop on the line or virtual inductance. This is untrue when
considering the nontrivial line resistance in a low-voltage mi-
crogrid. Indeed, this voltage drop due to real power flow will
affect the reactive power sharing performance. To compensate
the effects of voltage drop due to real power flow, the follow-
ing more accurate approximation of line voltage drop can be
considered:

PR+ QX
E* '

It can be seen that the real power and together with line
resistance will cause a voltage drop, which can be expressed as

AVp, = kyp, (P, — P 1oca) (18)

AV = (17)

where kyp, = (R/E*), and P; and P, j,ca1 are, respectively,
the real power output and real power offset due to local load
demand for DG unit i.

Note that in (18), the DG real power offset can be omitted.
This is because the voltage variation due to this real power off-
set (kyp, Pi_1oca1) 1 @ constant, which has a similar effect as
the reactive power offset, and therefore, can be combined into
the reactive power offset estimation. As a result, only the slope
kvp, should be determined to compensate the voltage variation
due to real power flow. This can be done in a similar manner as
discussed for the reactive power online slope and local power es-
timation. For example, during starting of the DG, the real power
command can be increased at two steps with the second step
being the final reference power. Then, by detecting the variation
of DG output voltage in these two steps, the slope kyp, can be
determined. During this real power to voltage drop slope esti-
mation process, the reactive power command should be kept as
constant (e.g., staying at zero). In addition, this kyp, estimation
should be done before the estimation of voltage droop slope and
reactive power offset in order to improve the combined real and
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TABLE I
SIMULATION AND EXPERIMENT SYSTEM PARAMETERS
Parameter Values
Nominal utility line-line voltage (rms) 104V
Minimum microgrid line-line voltage 98V
Nominal utility frequency 60Hz
Minimum microgrid frequency 59.5Hz

Maximum DG powers
Dispatched powers in grid-connected mode

500W, 225Var
175W, 75Var

DC link voltage 230V
Inverter Switching frequency 4.5kHz

Inverter output filter inductance SmH

Inverter output filter capacitance 40uF
DC link capacitance 1900uF

DG virtual inductance 4mH

DG?2 virtual inductance 2mH

Lines 1 and 2 (see Fig. 9) 1Q, 0.25mH

reactive power offset accuracy. With the obtained voltage drop
to real power ratio kyp,, the local DG reactive power can be

modified as in (19), where AVp, = kyp, P, is calculated using
the DG real power output during Q7 | ..., estimation

E;i step2 — E* — AVp,
Kq '

Q:,Local = Qi;step? - (19)

Finally, the voltage magnitude reference determined by re-
active power sharing in (11) can be modified into (20) when
considering the DG real power output in islanding operation

E; = E;,GC - SPQ: (Q:< - Q7) + kVPz PI (20)

VIII. SIMULATION RESULTS

The proposed power control strategy has been verified in
MATLAB/Simulink simulations and experimentally. In the sim-
ulations and experiments, a microgrid with two DG systems, as
shown in Fig. 9, is employed. The system parameters for sim-
ulation and experiment are chosen to be the same, as shown
in Table 1. Also in the simulations and experiments, the two
DG units are designed with identical parameters to facilitate the
observation of the power sharing accuracy. However, the vir-
tual inductance values are intentionally selected to be different
(DG1:4mH and DG2: 2mHj; see Table I) to introduce the effects
of unequal impedance voltage drops.

Fig. 12 shows the real and reactive power flows (note that
the powers are calculated from the DG output voltages and line
currents; see Fig. 5) of the two DG systems in the scenario of no
DG local loads (Load 1 and Load 2 in Fig. 9 are disconnected),
and the load at PCC is 540 W and 270 var. The microgrid system
is originally operated in grid-connected mode with dispatched
real and reactive power commands of 175 W and 75 var for
each DG system (note that a PI controller is used for the re-
active power control, as illustrated in Fig. 8). At ¢t = 1.5 s, the
microgrid is disconnected from the main grid and operates in
islanding mode, and at this moment, the two DG units share
the total load demand. As shown in Fig. 12(a), the real power
sharing is accurate with the frequency droop method. However,
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Fig. 12. Power sharing performance without DG local load. (a) Real power

flows with traditional droop method. (b) Reactive power flows with traditional
droop method. (c) Reactive power flows with the proposed accurate droop
algorithm. (The microgrid transfers from grid-connected mode to islanding
mode att = 1.5s.)

as shown in Fig. 12(b), with the traditional voltage droop con-
trol, the reactive powers produced by the two DG units are not
the same due to the unequal virtual inductance implemented to
the DG systems. Note that the slight real and reactive power
spikes during the islanding transient associated with the tradi-
tional droop control are caused by the sudden change of voltage
magnitude (see the dashed droop slopes in Fig. 7). As expected,
when the proposed accurate power sharing algorithm is imple-
mented, the reactive power control has smooth transient and
accurate sharing performance, as can be seen from Fig. 12(c).
The effects of DG local loads are simulated in Fig. 13, where
DGI1 has a local load of 270 W and 135 var (DG2 has no
local load), and the PCC load is also 270 W and 135 var.
Fig. 13(a) shows the performance of reactive power sharing
with the traditional droop method. It can be seen that the reac-
tive power sharing inaccuracy becomes more severe when local
load is present. Once again, with the proposed accurate sharing
method, the local load effects can be accurately compensated.
Note that with a 1 2 line resistance employed in the simulation
(and experiment), the real power flow has obvious effects on the
local reactive power estimation accuracy. In both simulations
and experiments, if the real power flow is not compensated, the
estimated local reactive power offsets for the two DG units are
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Fig. 13. Reactive power sharing with local load at DG1. (a) Traditional sharing
method. (b) Proposed method. (The microgrid transfers from grid-connected
mode to islanding mode att = 1.5 s.)
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Fig. 14. Real and reactive powers during the start of DG1. (The microgrid
transfers from grid-connected mode to islanding mode at ¢t = 1.5 s.)

around {—110 var, —205 var} without local load and {55 var,
—205 var} with local load at DGL. If the real power flow com-
pensation is implemented, the estimated local reactive powers
for two DG units are more accurate, which are about {0 var, 0
var} without local load and {170 var, 0 var} with local load at
DGI.

Finally, the real and reactive power flows during the proposed
start up process of DGI in grid-connected mode are shown in
Fig. 14. The two-step change of real power command (from P*/2
to P*) and two-step increase of reactive power command (from
0 to Q") are clearly shown. This multistep start of a DG system
could accurately estimate the impedance voltage drop effects,
and therefore, the accurate droop slope and the equivalent local
reactive power offset.
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Fig. 16. Power sharing performance without DG local load. (a) Real power
flows. (b) Reactive power flows. (The proposed sharing algorithm is activated
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Fig. 17. Reactive power sharing with local load at DG1. (a) Without im-
plementation of local power offset. (b) With local power compensation. (The
proposed sharing algorithm with/without local power offset is activated at t =
0.3s.)
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TABLE II
PERFORMANCE SUMMARY OF DIFFERENT POWER CONTROL METHODS

¢ eorillal o Performance Comparison
Control methods [P control are (3) and (4)]
Grid-connected Islanding Grid-connected Islanding
o Inaccurate Q control due | Inaccurate Q sharing due
ngg;trflnﬂeg:ggp (5) and (6) (5) and (6) to impedance voltage to impedance voltage
drops and local loads drops and local loads
Proposed power PI (integral) | (12), (14), (15), | Accurate control of both | Accurate sharing of both
control strategy control (19) and (20) Pand Q Pand Q

Time (s)

Fig. 18.
DGI.

Real and reactive powers during the two-step reactive power start of

IX. EXPERIMENTAL VERIFICATION

The experimental microgrid prototype with two DG units
is shown in Fig. 15. The system parameters are chosen to be
the same as those in simulations, and are listed in Table I.
The hardware microgrid is digitally controlled by a DSP field-
programmable gate array (FPGA) control system, with a TMS
F2812 fixed-point DSP for implementation of the power and
voltage control algorithms, and an FPGA for the space vector
PWM signal generation and system protection. In the experi-
ment, a 4.5-kVA three-phase programmable ac power supply
(from California Instrument) is used to represent the stiff utility
grid.

Fig. 16 shows the real and reactive power flows of the two
DG systems without DG local load. The PCC load is 540 W and
270 var. The microgrid is initially operated with the traditional
droop method, and it can be seen that the real power sharing is
accurate but the reactive power from DG2 is higher than that
from DG1 due to the unequal impedance voltage drops. At t =
0.3 s, the proposed accurate power sharing algorithm is enabled
and the reactive power sharing accuracy is obviously improved.
It can be seen that the real powers of both DG systems are
also increased slightly with the accurate sharing method. This
is because the DG output voltages are properly lifted with the
accurate sharing scheme (see Fig. 4 or 7).

The performance of reactive power sharing with a DG local
load connected at DG1 is shown in Fig. 17. In this experiment,
DG1 local load is 270 W and 135 var, and the PCC load is also
270 W and 135 var. Similarly, the microgrid is initially con-
trolled with the traditional droop method, and DG1 shares more
reactive power due to the presence of local load. In Fig. 17(a),

the droop control with accurate AE /() slope estimation, while
without the implementation of local reactive power offset, is
investigated. It can be seen that the sharing accuracy is further
deteriorated if the reactive power offset is not considered. As
expected, when the local load effects are properly compensated
with the implementation of local reactive power offsets (170 var
for DG1 and 0 for DG2), the reactive power sharing is signifi-
cantly improved, as shown in Fig. 17(b).

Finally, Fig. 18 shows the two-step increase of reactive power
during DG1 start in grid-connected mode, where the first step is
@* = 0 and the second step is Q* = 75 var (dispatched reactive
power reference in grid-connected operation).

X. CONCLUSION

In this paper, a power control and sharing strategy was
proposed for power-electronics-interfaced DG units in a low-
voltage multibus microgrid. The proposed power control strat-
egy contains a virtual inductor at the interfacing inverter output
for real and reactive power decoupling and an accurate reactive
power control and sharing algorithm with online impedance
voltage drop effect estimation and local load demand effects
compensation. The proposed strategy can accurately control the
DG output real and reactive powers in both grid-connected mode
and islanding mode without physical communications among
DG units. The performance comparison between the proposed
power control strategy and the traditional droop control method
is summarized in Table II. Both simulation and experimental
results are provided to verify the effectiveness of the proposed
control strategy.
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