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Abstract—This paper presents a voltage-power droop/fre-
quency-reactive power boost (VPD/FQB) control scheme that
allows multiple voltage source converters (VSCs) to operate in
parallel in a VSC fed microgrid. Each current controlled VSC
in such a microgrid has its own VPD/FQB controller that sets
its current references to regulate the voltage and frequency of
a common microgrid bus. By drooping the voltage reference of
each controller against its real power output, multiple VPD/FQB
controllers jointly regulate the microgrid voltage while sharing
a common load power in proportion to a predetermined ratio.
Similarly, by boosting the frequency reference of each controller
against its reactive power output, multiple VPD/FQB controllers
jointly regulate the microgrid frequency while sharing the reactive
load in proportion to a predetermined ratio. The proposed control
scheme can also operate in grid connected mode. Experimental
results are provided to validate the VPD/FQB control scheme.

Index Terms— -frame current control, frequency boost,
instantaneous synchronization, load sharing, microgrid control,
voltage droop, voltage source converter.

I. INTRODUCTION

A SECTION OF the bulk power system with distributed
power sources may be called a microgrid if it is capable

of operating as a single controllable system [1]. Many new dis-
tributed power sources, such as wind turbine generators, micro-
turbines and fuel cells, do not generate 60-Hz ac voltage and
therefore require voltage source converters (VSCs) as part of the
circuitry to interface them with the microgrid. Thus, a modern
microgrid typically includes a network of VSCs that operate in
parallel to supply a common load.

It is desirable that a microgrid, which is normally connected
to the bulk power system, continue to operate when it becomes
islanded. Some important requirements for reliable islanded op-
eration of a VSC fed microgrid are:

1) VSCs must jointly regulate the microgrid bus voltage and
frequency;

2) VSCs must share a common load in proportion to a prede-
termined ratio regardless of plant parameters;

3) VSC control must be achieved using locally measured
feedback signals only.

Furthermore, it is desirable to use the same VSC topology and
controls in both grid connected and islanded operation and to
avoid undesirable interactions between the VSCs and the distri-
bution network [2]. Low voltage ride through (LVRT) is also a
requirement for distributed power sources [3].
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The output VSC of a distributed power source has an inductor
interface to the grid that is typically regulated by a -frame
current control. Neither voltage nor the frequency at the point
of common coupling (PCC) is normally regulated by the VSC.
The frequency of the output current is 60 Hz because the VSC
is synchronized to the voltage vector at the PCC. This vector
rotates at 60 Hz as dictated by the grid. In contrast, a typical
uninterruptible power supply (UPS) VSC operates as a voltage
source in islanded mode and employs a frequency generator,
such as a crystal oscillator, to set the output frequency to 60 Hz
[4]–[6]. Similarly, a frequency generator is used to set the output
frequency of the VSC in most published control schemes for
islanded VSC fed microgrids [7]–[9]. The VSC also operates as
a voltage source.

Reference [10] proposes a supervisory control scheme that
allows a single VSC with standard inductor interface and
frame current control to operate in intentional islanding mode.
The scheme, which will be called VP/FQ control scheme in
this paper, sets the real power output to regulate the microgrid
voltage and the reactive power output to regulate the frequency.
However, a VSC with VP/FQ controls cannot operate in parallel
with other VSCs on the same islanded microgrid. Neither can it
operate in grid connected mode.

This paper proposes the voltage-power droop/frequency-re-
active power boost (VPD/FQB) control scheme, which allows
current controlled VSCs to operate in parallel on the same
microgrid, both in islanded and grid connected modes. Each
VSC in the microgrid has its own VPD/FQB controller that
sets its current references to regulate the voltage and frequency
of a common microgrid bus to track drooped references.
Drooping the voltage reference on a VPD/FQB controller of a
VSC against its real power output and boosting the frequency
reference against its reactive power output enables the VSC to
operate in parallel with other VSCs or the bulk power system.
This is in stark contrast to the standard generator load sharing
scheme [11] and some converter load sharing schemes [1],
[7], [12], which droop the source frequency against real power
output and voltage against reactive power. In islanded opera-
tion, multiple VSCs with VPD/FQB controls jointly regulate
the microgrid voltage and frequency and share a common real
and reactive load in proportion to their voltage and frequency
droop coefficients. In grid connected operation, the microgrid
voltage and frequency are dictated by the bulk power system.
Each VSC then delivers real and reactive power as determined
by the voltage and frequency references and the droop coeffi-
cients of its VPD/FQB controller.

II. MULTI-VSC-FED MICROGRID

A simplified microgrid with multiple VSCs is shown in Fig. 1.
The microgrid consists of a collector bus, a bus capacitor, ,
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Fig. 1. Microgrid fed by VSC1 and VSC2.

a motor load and a static load, which is represented as a parallel
combination of resistance and inductance . The motor is a
three phase, wound rotor machine. It is assumed that the load
is balanced and that the line impedance between the collector
bus and the load is small. The microgrid may be connected to
the bulk power system through circuit breaker . The VSCs
employ high bandwidth current controllers, consequently, the
VSCs together with their interface inductors are modelled as
current sources. Converter currents are assumed equal to their
current controller reference values. The model is an extension
of the single VSC fed microgrid of [10].

The dynamic model of the microgrid of Fig. 1 is formulated
in reference frame , which is instantaneously synchronized to
the capacitor voltage vector . The large signal equations of
the model are

(1)

where

-axis components of ;

and and axis components of ;

and and axis components of , the
current vector of VSC number in reference
frame .

The magnitude, , and instantaneous frequency, , of the
collector bus voltage vector, , are the outputs to be regulated.
They are given in terms of the state variables , and ,
and inputs and by

(2)

(3)

Fig. 2. Block diagram representation of the linearized model of the microgrid
in Fig. 1 (motor excluded).

It can be shown that only one feasible operating point of the
nonlinear state space model exists. The operating point is

(4)

(5)

(6)

The corresponding steady state outputs are

(7)

(8)

A linearized model of the microgrid about this operating point
is shown in Fig. 2, where

Equation (7) shows that only -axis VSC currents influence
. Thus -axis current must be controlled to regulate bus

voltage.
In contrast, (8) shows that is a non-linear function of

and . Since is employed for voltage control, only
is available for frequency control.

III. REVIEW OF VP/FQ CONTROL SCHEME

The VP/FQ control scheme, presented in [10], has been de-
veloped for a microgrid fed by a single VSC. The control design
is based on the linearized microgrid model shown in Fig. 2, for
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Fig. 3. Voltage and frequency loops of the VP/FQ control scheme [10].

Fig. 4. Large signal representation of the VP/FQ control scheme [10].

the case . The VP/FQ control consists of voltage and fre-
quency control loops to regulate bus voltage, , and frequency,

.
A voltage control loop is designed based on the nominal

transfer function relating -axis VSC current to the microgrid
bus voltage

(9)

The voltage control loop, which is shown in Fig. 3(a), em-
ploys a PI compensator to regulate to the voltage reference

. It is demonstrated in [10] that the resulting system is robust
under all loading conditions.

A frequency control loop, shown in Fig. 3(b), is designed
based on the transfer function relating -axis VSC current to

TABLE I
VSC RATING AND CONTROL PARAMETERS

Fig. 5. Experimentally obtained step response of the voltage and frequency
loops of the VP/FQ control scheme.

the microgrid bus frequency, given by (10) at the bottom of the
page. Due to cross-coupling, dynamics of the inner voltage con-
trol loop must be included in this transfer function to ensure
overall system stability [10]. A block diagram representation of
the entire closed loop system is shown in Fig. 4.

The VP/FQ control scheme has been experimentally vali-
dated under the worst-case condition of infinite load resistance

(i.e., minimal system damping). The capacitance is
300 and the load inductance is . Controller
parameters are listed in Table I. Fig. 5 shows the response of
the voltage control loop to a step change in from 88 to 94 V,

where

(10)
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Fig. 6. Proposed VPD/FQB controllers for the microgrid in Fig. 1.

and the response of the frequency control loop to a step change
in from 58 to 62 Hz. Even though the plant contains no
resistive damping component, voltage and frequency responses
are well damped and settle in about one cycle.

IV. VPD/FQB CONTROL SCHEME

The VPD/FQB control scheme is proposed for multi-
VSC-fed microgrids. To simplify analysis, a microgrid with
only two VSCs will be analyzed . Each VSC has its
own VPD/FQB controller. These VPD/FQB controllers operate
in parallel to jointly regulate the voltage and frequency of the
microgrid as shown in Fig. 6. Based on the observation that
only inputs and influence and that and are the
remaining inputs available for regulating , these VPD/FQB
controllers set and to regulate and set and to
regulate .

Similar to parallel operating generators that cannot use speed
governors with fixed speed references [11], the VPD/FQB
controllers cannot use fixed references to regulate the microgrid
voltage and frequency. An analysis of the droop characteristic
of two parallel operating generators is presented to justify the
drooped voltage and frequency references of the VPD/FQB
controllers.

A. Analysis of Generator Speed Droop Scheme

Two turbine generator units and their speed governors are
shown in Fig. 7. These generators supply an isolated power
system with a single main bus. Governor G1 regulates , the
shaft speed of turbine T1, to track , which is drooped against

, the position of the water/steam intake gate/valve of T1 [11].
Governor G2 regulates in a similar manner. Assuming sta-
bility, the steady state solution for speeds and of turbine
generator units 1 and 2 are

(11)

(12)

where and are the no-load speed reference and speed
droop coefficient of governor G1.

and are the no-load speed reference and speed droop
coefficient of governor G2.

Fig. 7. Two generators and their speed governors with droop characteristics.

If the two generators have the same number of poles, , their
steady state electrical frequencies are given by

(13)

(14)

Under steady state conditions the system frequency is
equal to both and , and given by

(15)

Speed governors G1 and G2 jointly, albeit indirectly, regulate
by tracking reference speeds that are drooped against

and , respectively. If no-load speed references and
are identical, the steady state gate/valve positions of the two
turbines obey the equation

(16)

The relationship between the gate/valve position of a turbine
and its output mechanical power is assumed to be linear in a
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typical analysis of generator speed governors [11]. Thus, the
ratio of mechanical turbine output powers to is

(17)

Neglecting generator losses, (17) shows that the two turbine
generator units share the electrical load in proportion to the
droop coefficients and .

In summary, the speed governors of T1 and T2 are able to reg-
ulate (a common output) jointly, albeit indirectly, without
fighting with one another because they employ variable speed
references that are drooped against and (control inputs).
These drooped references allow the two turbine generators to
share a common load in proportion to a predetermined ratio.

B. Drooped References of the VPD/FQB Control

Based on the observations of Section IV-A, the VPD/FQB
controllers in Fig. 6 are synthesized such that:

1) they employ voltage references and that are
drooped against control inputs and , respectively,
to jointly regulate (a common output) and to share a
common real load on the microgrid in proportion to the
voltage droop coefficients and ;

2) they employ frequency references and that are
drooped against control inputs and , respectively,
to jointly regulate (a common output) and to share
a common reactive load on the microgrid in propor-
tion to the frequency droop coefficients and .
(Drooping and against and is equivalent
to boosting these references against and because

and .)

C. Joint Voltage Control and Real Power Sharing

The voltage loop of controller C1 sets the -axis current of
VSC1 as shown in Fig. 6. A PI compensator regulates the bus
voltage to track , a voltage reference that is drooped against

as per (18). The controller includes a virtual resistance to
ensure that the PI compensator sees a stable plant regardless of
the resistive load on the microgrid [10].

Since is equal to when there is no resistive load on
the microgrid, is referred to as the no-load voltage refer-
ence. The control laws of the voltage loop may be expressed
mathematically as

(18)

(19)

(20)

where and are the proportional and integral gains of
the voltage loop PI compensator of controller C1; is the
voltage droop coefficient of controller C1.

Assuming stability, the input to the PI compensator of (19) is
zero when the closed loop system reaches steady state. Thus, in
steady state

(21)

Similarly, the voltage loop of controller C2 yields

(22)

Since (21) and (22) are simultaneously satisfied, an implicit
relation exists between the -axis currents of the two VSCs.
Provided that the no-load voltage references and are
identical, the steady state -axis currents of the VSCs satisfy

(23)

Furthermore, the -axis collector bus voltage is always
zero, and the real powers delivered by VSC1 and VSC2 are

and , respectively. Thus, the
voltage droop coefficients determine the distribution of the real
load between the two VSCs according to

(24)

Equation (24) shows that steady real power allocation be-
tween the two VSCs is determined solely by their voltage droop
coefficients. Microgrid parameters do not influence the steady
state real power sharing among the VSCs.

D. Joint Frequency Control and Reactive Power Sharing

The frequency loop of controller C1 sets the -axis current of
VSC1, as shown in Fig. 6. A PI compensator regulates the bus
frequency to track , a frequency reference that is drooped
against as per (25).

Since is equal to when the VSC does not supply
any reactive power to the microgrid, is referred to as the
no-load frequency reference. The control laws of the frequency
loop may be expressed mathematically as

(25)

(26)

where and are the proportional and integral gains of
the frequency loop PI compensator; is the frequency droop
coefficient.

Assuming stability, the input to the PI compensator is zero
when the closed loop system reaches steady state. Thus, in
steady state

(27)

Similarly, the frequency loop of controller C2 yields

(28)

Since (27) and (28) are simultaneously satisfied, an implicit
relation exists between the -axis currents of the two VSCs. Pro-
vided that the no-load frequency references and are
identical, the steady state -axis currents of the VSCs satisfy

(29)
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Fig. 8. Experimental microgrid and its controls.

The reactive powers delivered by VSC1 and VSC2 are
and , respectively. Thus, the fre-

quency droop coefficients determine the distribution of the re-
active load between the two VSCs according to

(30)

Equation (30) shows that steady reactive power allocation be-
tween the two VSCs is determined solely by their frequency
droop coefficients. Microgrid parameters do not influence the
steady state reactive power sharing among the VSCs.

V. EXPERIMENTAL RESULTS—ISLANDED OPERATION

A simplified microgrid is set up in the laboratory to validate
the control scheme of Section IV. The schematic diagram of the
microgrid and its controls are shown in Fig. 8. The ratings and
parameters of the microgrid are listed in Table II. Note that resis-
tances and represent conduction losses of the converters
and their interface inductors.

TABLE II
MICROGRID PARAMETERS

A. Validating the VPD/FQB Control Scheme With Static Load

This experiment validates joint microgrid control and load
sharing of controllers C1 and C2 by activating C2 while VSC1
(with controller C1) is feeding the islanded microgrid as its sole
power source. Table III lists the parameters of C1. C2 is identical
to C1. Prior to activating C2:

1) both VSC1 and VSC2 are connected to the microgrid;
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TABLE III
PARAMETERS OF CONTROLLER C1

Fig. 9. Joint regulation of � by VSC1 and VSC2 and sharing of a common
real load upon activating controller C2.

2) the frame current references of VSC2 are held at zero,
leaving VSC1 to supply the entire load;

3) the resistive load is (1.47 p.u.). The inductive
load and the motor are switched out.

Fig. 9 demonstrates joint control of and real power sharing
by VPD/FQB controllers C1 and C2. Initially, is 3.26 kW and
the microgrid voltage is . When controller C2 is
activated at , the real power output of VSC2 increases
until both VSCs output 1.67 kW each. The -axis currents of the
VSCs are . Thus, the theoretical steady state
microgrid voltage is . Fig. 9
shows that settles to approximately 93 V.

Fig. 10 demonstrates joint control of and reactive power
sharing by VPD/FQB controllers C1 and C2. Initially, VSC1 is
absorbing 1.44 kVAR from the bus capacitor and the mi-
crogrid frequency is 59.67 Hz. When controller C2 is activated
at , the reactive power output of VSC2 decreases until
both VSCs output 0.74 kVAr. The -axis currents of the VSCs
are . Thus, the theoretical steady state mi-
crogrid frequency is

or 59.83 Hz. Fig. 10 shows that settles to ap-
proximately 59.8 Hz.

Note that the load draws higher real and reactive power after
activating C2 because the steady state voltage rises from 91.6 V
to approximately 92.8 V as a result of activating C2.

Fig. 10. Joint regulation of � by VSC1 and VSC2 and sharing of a common
reactive load upon activating controller C2.

Fig. 11. Real and reactive power output transient of VSC1 and VSC2 due to
motor starting.

B. Validating the VPD/FQB Control Scheme With Motor Load

To test the robustness of the VPD/FQB control scheme, this
experiment starts up the motor in Fig. 1 while the VSCs are
supplying the islanded microgrid. The rated speed and power of
the motor are 3420 rpm and 1 hp. Table III lists the parameters
of identical controllers C1 and C2. Prior to starting the motor:

1) the resistive load is (2.37 p.u.). The inductive
load is switched out;

2) Breaker M (see Fig. 1) is closed and the motor is energized,
but its rotor is open circuited. The motor shaft is coupled
to a mechanical load whose torque is proportional to the
motor speed.

Figs. 11 and 12 show the experiment response of the
VPD/FQB controllers to motor start-up. Prior to starting the
motor, and .
Moreover, and or 60.1 Hz.
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Fig. 12. � and � transient due to motor starting.

Fig. 13. Voltage and frequency control loops of VPD/FQB controller C1 in
grid connected operation.

The loaded motor is started by closing the three phases of the
rotor circuit through 1.5 resistors. In response to the increased
load, the power outputs of VSC1 and VSC2 increase simultane-
ously as shown in Fig. 11. Power is shared equally throughout
the transient, avoiding transient over current in any one VSC.
During the motor starting transient the microgrid voltage
drops to 81 V and recovers within approximately two cycles as
shown in Fig. 12. It can be seen that the frequency also fluc-
tuates during the transient and settles down within two cycles.
As of , the motor has not yet reached a mechan-
ical steady state operating point, though the electrical quantities
have reached a quasi steady state. The 1-hp motor is still drawing
approximately 1.5 kW from each VSC.

VI. GRID CONNECTED OPERATION

This section describes the behavior of the VPD/FQB control
scheme when the microgrid is in grid connected operation. It
is assumed that the fault MVA of the bulk power system at the
PCC with the microgrid bus is much larger than the MVA rat-
ings of the VSCs. Thus, and are no longer significantly
influenced by the VSC currents. Instead, they are set by the bulk
power system. Thus, and where and

are the voltage and frequency of the bulk power system at
the PCC with the microgrid. Holding and constant de-
couples the voltage and frequency control loops of controller C1
as shown in Fig. 13.

With set by the grid, the only state variable in the voltage
loop of controller C1 is . In -domain, is expressed in

terms of no-load voltage reference and the grid voltage
as per (31). Its steady state solution is given by

(31)

(32)

It also follows from (31) that the closed loop eigenvalue
and time constant of the voltage loop of C1 in grid connected
operation is

(33)

Equations (31) –(33) imply that:
1) setting constant turns the voltage loop into a first order

system with input and output ;
2) the no-load voltage reference may be used to regu-

late , and hence the real power output, of VSC1 in grid
connected mode;

3) the voltage loop of the VPD/FQB controller is large signal
stable in the grid connected mode if , and
are positive numbers and the underlying current control
loop is stable;

4) the closed loop bandwidth of the voltage loop depends on
the product of and if . Thus, the
dynamics of real power control in grid connected operation
can be tuned without affecting voltage regulation in the
islanded mode.

Similarly, is the only state variable in the frequency con-
trol loop when is set by the grid. is expressed in terms
of no-load frequency reference and the grid frequency

as per (34). Its steady state solution is given by

(34)

(35)

Again, from (34), the closed loop eigenvalue and time
constant of the frequency loop of C1 in grid connected op-
eration is

(36)

Equations (34)–(36) imply that:
1) setting constant turns the frequency loop into a first

order system with input and output ;
2) the no-load frequency reference may be used to

regulate , and hence the reactive power output, of VSC1
in grid connected mode;

3) the frequency loop of a VPD/FQB controller is large signal
stable in the grid connected mode if , and
are positive numbers and the underlying current control
loop is stable;

4) the closed loop bandwidth of the frequency loop depends
on the product of and if . Thus,
the dynamics of reactive power control in grid connected
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Fig. 14. � and � transient due to grid connection.

mode can be tuned without affecting frequency regulation
in the islanded mode.

Analogous relations may be found for controller C2.

VII. EXPERIMENTAL RESULTS—GRID CONNECTION

AND ISLANDING

The simplified microgrid of Fig. 8 is used to conduct the fol-
lowing experiments. The ratings and parameters of the micro-
grid are listed in Table II.

A. Grid Connection Test

In this experiment, the microgrid bus is connected to the bulk
power system by closing breaker S in Fig. 1 when the microgrid
voltage is in phase with the ac supply voltage. Table III lists
the parameters of identical controllers C1 and C2. Prior to grid
connection, the resistive and inductive loads are
(1.47 p.u.) and (14.2 p.u.). The motor is switched
out.

The bus voltage and frequency transients due to grid connec-
tion are shown in Fig. 14 whereas the real and reactive power
output transients of the VSCs are plotted in Fig. 15. Initially,
each VSC is delivering 1.76 kW and 0.74 kVAR to the micro-
grid. The microgrid voltage and frequency are
and or 59.83 Hz.

The voltage and frequency of the bulk power system at the
PCC with the microgrid are 95.5 V and 60 Hz previous to
closing breaker S. In response to grid connection at ,

and immediately adjust to 95.5 V and 60 Hz as shown
in Fig. 14. Due to the limited strength of the bulk power
system, gradually drops to 94.7 V as the microgrid starts
drawing power from the ac supply. For the given values of

and , and a steady state bus voltage of ,
the theoretical steady state real power outputs of the VSCs are

. It can be
seen from the top graph of Fig. 15 that the real power outputs of
the VSCs settle down at approximately 1 kW. Thus the exper-
imental results are in agreement with the theoretical prediction.
Since and are both set to 377 rad/s, the steady state
values of and in grid connected operation are expected

Fig. 15. Real and reactive power output transient of VSC1 and VSC2 due to
grid connection.

Fig. 16. Real and reactive power output transient of VSC1 and VSC2 due to
islanding.

to be around 0 kVAR. It can be seen from the bottom graph of
Fig. 15 that the reactive power outputs of the VSCs settle down
at approximately 0 kVAr. Once again, the experimental results
are in agreement with the theoretical prediction.

B. Islanding Test

To ascertain that the VPD/FQB control scheme is robust to
islanding transients, the microgrid is islanded under relatively
heavy load by tripping circuit breaker S in Fig. 1. Table III lists
the parameters of identical controllers C1 and C2. Both VSC1
and VSC2 are connected to the microgrid prior to islanding but
supplying nearly none of the load. Before islanding occurs, the
resistive load is (1.47 p.u.). The inductive load
and the motor are switched out.

Fig. 16 shows the real and reactive power outputs of the
VSCs. Prior to islanding, the grid supplies almost the entire
microgrid load. Upon islanding, the VSCs have to immediately
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Fig. 17. � , � , and � transient due to islanding.

supply the entire resistive load and absorb all the reactive power
from the capacitor. As a result, the real power output of each
VSC increases to 1.67 kW while the reactive power output
decreases to 0.74 kVAr within 40 ms.

The voltage and frequency transients due to islanding are
shown in the first two graphs of Fig. 17. The bus voltage
decreases from 94 V (1.0 p.u.) to 75 V (0.79 p.u.) due to is-
landing and then recovers to 92 V (0.97 p.u.) within two cycles
and settles to 92.8 V. The microgrid frequency also drops
from 60 Hz to 43 Hz as a result of sudden phase change of the
microgrid voltage during islanding. It then recovers to 60 Hz
within approximately one cycle and settles to 59.83 Hz. The last
graph of Fig. 17 shows the actual microgrid bus voltages during
the islanding transient. It can be seen that the large but short-
lived changes in the instantaneous frequency have only minor
effect on the phase voltages. These results show that VPD/FQB
control scheme is robust to islanding transients even when the
VSC output does not match the real and reactive load prior to
islanding.

VIII. CONCLUSION

This paper proposes the VPD/FQB control scheme that
allows multiple VSCs with standard inductor interfaces and

-frame current controls to operate in parallel in a VSC fed
microgrid. This control scheme operates in both grid connected
and islanded modes and it is independent of the islanding
detection circuitry. Moreover, the control scheme provides

voltage and frequency regulation of the microgrid in islanded
mode, provides inherent over-current protection of the VSC
and requires only a single three-phase inductor in the VSC
output interface.

In islanded mode, the VPD/FQB controllers set the current
references of the VSCs to jointly regulate the voltage and fre-
quency of a common microgrid bus. To make joint voltage con-
trol possible, the voltage reference of each VPD/FQB controller
is drooped against the -axis current, and hence the real power
output, of the corresponding VSC. Such a droop characteristic
also ensures that the VSCs share a common real load in propor-
tion to their voltage droop coefficients. Real power allocation
among the VSCs is therefore achieved without control inter-
connections by drooping the voltage reference. This is in stark
contrast to synchronous generators which autonomously share
a common load by drooping their frequency references against
the mechanical power of the corresponding turbine.

Joint regulation of a common frequency by multiple VSCs
and autonomous reactive load sharing is achieved by drooping
the frequency reference on each VPD/FQB controller against
the -axis current of the corresponding VSC. This is equiv-
alent to boosting the frequency reference against the reactive
power output of the VSC. The use of drooped references also
allow VSCs with VPD/FQB controllers to operate in grid con-
nected microgrids since in this case the bus voltage and fre-
quency are dictated by the bulk power system. Moreover, it has
been demonstrated that the proposed control scheme is robust
to both grid connection and islanding transients.

The motor starting transient of Fig. 12 show that the pro-
posed control scheme has LVRT capability for disturbances
originating in the microgrid. In fact, direct online starting of a
motor of significant rating (relative to the converter rating) is
similar to applying a temporary three phase fault to the micro-
grid through an impedance. Unlike some distributed resources
such as commercial wind farms, a microgrid is designed to
island itself to supply high quality power to its critical loads
when a low voltage disturbance occurs in the main network [1].
Thus, it will not inject reactive power into the main network to
mitigate under-voltage or to help recover from the event.
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