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Abstract—This paper presents a comparison of microgrid
performance during islanding and synchronization when dif-
ferent voltage source converter (VSC) controls are adopted.
An overview of VSC controls, namely grid-following, grid-
forming, and grid-supporting, is first provided. Comparison of
microgrid performance is then conducted in two tesbeds built
in MATLAB/SimPowerSystem environment. In the first testbed,
a VSC switches back and forth between grid-following and
grid-forming control during islanding and synchronization. An
islanding scheme and a grid-back detection scheme are designed
to automatically switch the operation modes of the VSC. In the
second testbed, a VSC works in grid-supporting mode regardless
of the microgrid operation mode. The two testbeds are compared
side by side for their dynamic performance.

Index Terms—Voltage source converter (VSC); grid-following;
grid-forming; grid-supporting; islanding; synchronization.

I. INTRODUCTION

MICROGRIDS (MGs) have the capability to operate either
as grid-connected components or as islanded systems
[1]. In grid-connected mode, frequency is regulated by the
main grid. In islanded mode, voltage and frequency of a MG
are regulated by itself [2], [3].

Voltage source converters (VSCs), which are the most
common converters implemented in the modern grids, are the
major components for interfacing distributed energy resources
(DERSs) to the main grid. Their control plays a significant
role for stable and efficient performance in MGs [4]. The
control structure of VSCs can be designed in different forms
depending on the operation mode of the MG.

The three types of VSC controls are grid-following, grid-
forming, and grid-supporting. A grid-following VSC regulates
real and reactive power output of a VSC yet does not provide
frequency support. A grid-forming VSC can provide both
voltage and frequency control. With a grid-forming VSC, a
MG can operate in islanded mode. Switching MGs’operation
mode from one to another may require change of the control
configuration of the converters. On the other hand, grid-
supporting VSCs may operate for both grid-connected and
islanded operation [2], [5]. This paper caries out a comparison
study of the operation of these VSCs during MG islanding and
synchronization.
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The paper is organized as follows. Section II presents
a theoretical overview about different control configurations
of VSCs in MGs. Section III presents the control design
principal for each VSC control. Section IV describes the
two simulation testbeds and the islanding and synchronization
detection schemes. Section V presents the simulation results
of two testbeds built in MATLAB/SimpowerSystem. Section
VI concludes the paper.

II. THREE TYPES OF VSC CONTROL

On the basis of VSC’s operation modes in MGs (grid-
connected or autonomous), it can be categorized into three
types: grid-following, grid-forming, and grid-supporting [2].

A. Grid-Following VSC

The grid-following or grid-feeding VSC, is the vast majority
converters implemented in renewable energy (e.g., solar PV
and wind) grid integration [6]. It is primarily designed to
exchange active and reactive power with an ac grid. Conven-
tionally, a VSC is designed as a current source [7]. This design
convention is also considered in this paper. At islanded oper-
ation, a MG requires a generator or a grid-forming converter
to form the grid voltage and frequency [2].

In the dg-frame that is aligned to the voltage of the point of
common coupling (PCC), the active and reactive power from
the VSC can be controlled by the dg-axis currents, respectively
[7]. This control is termed as vector control. Fig. 1 presents
a typical control scheme for a grid-following VSC with two
cascaded controllers based on the PCC voltage oriented dg-
frame. The inner loop represents the converter current control.
The reference current ¢} can be created by regulating the outer
loop of the active power at the PCC or the dc side link voltage
control (gray lines). The reference current 7, can be generated
by the reactive power control (gray lines), or by ac voltage
control.

A synchronization mechanism is required in grid-following
VSC in order to be synchronized with the grid. A phase-
locked-loop (PLL) serves the purpose. A PLL extracts the
grid frequency and PCC voltage angle ;. It also ensures
that the d-axis is aligned with the PCC voltage. In turn, the
PCC voltage’s g-axis component is forced to be zero [5], [8].
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Fig. 1: Schematic control structure of grid-following VSC.
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Fig. 2: Schematic control structure of grid-forming VSC.

B. Grid-Forming VSC

A grid-forming VSC can be operated in MGs as the source
of voltage and frequency control. Thus, it operates as an ideal
ac voltage source with a low output impedance [2].

Fig. 2 presents a schematic diagram of the grid-forming
VSC with its control structure in the dg-frame. Part of the
control structure is similar to the grid-following control struc-
ture except the outer loop. The reference voltages (V" V)
are to be followed for the outer loop. In addition, instead of
relying on the PCC voltage angle for abc/dq frame conversion,
the angle is now directly generated by integrating the nominal
frequency w*. Through this control structure, a grid-forming
VSC can regulate voltage and frequency.
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Fig. 3: Schematic control structure of a grid-supporting VSC.

C. Grid-Supporting VSC

A grid-supporting VSC can operate either in grid-connected
mode or autonomous mode, with no need to re-configuration
of its control. In general, the objectives of a grid-supporting
VSC are as follows. a) It can fully supply loads when the MG
is isolated from the main grid; b) it can contribute to control
the voltage of the MG (PCC voltage) in both modes; c) it
can participate controlling the frequency of the MG in both
modes; and d) grid-supporting converters can share real and
reactive power through their droop design. [2].

The control structure of a three-phase grid-supporting VSC
is depicted in Fig. 3. Its control operates as a grid-following
VSC with the addition of droop control. The droop control
mechanism aims to maintain the voltage and frequency of the
grid at their rated values. In the frequency droop loop, the
error between the initial w* and the measured w frequency is
the input to a droop gain block (m), whose output establishes
a droop reference power to P*. Likewise, the voltage droop is
added to the reactive power loop to set up a droop reference
power to @*. Droop control is widely used in synchronous
generators to provide primary frequency control and share
load among generators [5]. This control design has now been
incorporated into VSCs.

III. VSC CONTROL DESIGN PRINCIPLES

The PCC voltage oriented vector control has been used in
VSC control. This method allows the components of currents
and voltages to be converted to DC quantities at steady state
in the dg-frame. Therefore, PI controllers can be implemented
for precise reference signal tracking [2], [5] , [7].

Subsection A describes the inner current loops and subsec-
tions B-D show the control structures of the outer loops in
each of the VSC controls.



A. Inner Current Control
The three-phase dynamic equation of the VSC system

connected to a distribution network is expressed as follow:
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where V_,_ and ¢4, are the ac output voltage the current of
the converter, respectively, and V.., is the voltage at the
PCC.

The current and voltage in (1) are transferred into the dgq
reference frame by using Park transformer as follows.

. di .
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(2) ans (3) are two first order-linear systems where 4 and i,
are coupled by wL. In order to achieve a decouple control
of the currents, coupling terms are eliminated by feed-forward
signals as shown in Fig. 1. The final voltage in dg-frame is
presented in (4) and (5) as:

Vcd = Ujq + Vpccd - WLfiq 4
‘/cq = Usq + Vpccq + WLfid (5)
where, u;q = gid (k'pl + %), Uiq = Ziq (klﬂ + k;’), and

4y, Z,;q are the errors between the reference and measurement
currents in dqg-frame.

Ve, and V. are linearly proportional to the modulation
signals mg and mg, respectively, by a proportionality gain
of Vy./2. Finally, the VSC current controllers are limited to
protect the converter against overcurrents [7], [9].

B. Grid-Following: Power & Voltage Control

In the case of grid-following converters, the reference cur-
rents iy and iy are commonly provided by a power controller
in which it controls the powers delivered to the grid and the
local load. Powers components are expressed as follow.

P= Vpccd id Q = _Vpccd iq (6)
Thus, the outer loop of the active power regulates the power
P at its reference value P* and generates the d-axis current
reference signal ¢); for the inner current control. Either the
reactive power ) or the PCC voltage V. is adjusted through
iy as illustrated in Fig. 1.

Note also due to the relationship in (6), the real power
control assumes negative feedback control while the reactive
power or ac voltage control assumes a positive feedback
control. In case the dc-link voltage is to be regulated, pos-
itive feedback control is employed since the dc-link voltage
decreases if the real power export increases.

Vinax

Oin o’ Omax
(b)

Fig. 4: Conventional droop characteristics: (a) P-f droop (b)
Q-V droop.

C. Grid-Forming: Voltage Control

A grid-forming VSC consists of two cascaded loops, as
shown in Fig. 2. The external voltage loop provides the current
reference iy and 47 to the inner current loop, to be injected by
the converter. The dynamic equation of the voltage controller
is expressed in the dg-frame as follows.

d . .
Cf&VLd:'Ld—ZLd‘FWCfVLq @)

d . .
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where V;, and ¢;, are the voltage and current of the load.

Decoupling feed-forward compensations are implemented
to the control system in order to eliminate the coupling terms
between Vi and Vi,. Consequently, the load voltage Viq
and V7, can be controlled by ij; and i, respectively. The dq
reference currents are determined as:

Z';:uq,dJriLd*waVLq 9)
ij;:uvq—i—iLq—&—wC'fVLd (10)
where, uyq = 4y, (kpd + de) s Uyg = Loy, (kpq + k—j) and
lyys qu are the errors between the reference and measurement
voltages of the load in dg-frame.

D. Grid-Supporting: Droop Control

In grid-supporting VSCs, the droop controls are imple-
mented on top of a grid-following control structure, as shown
Fig. 3. The droop controls permit regulating the MG frequency
and voltage at the PCC by controlling the proper active and
reactive power delivered to the grid and the load. The droop
control expressions are as follows.

f=f"==—m(P-P)
V-V'=-n(@-Q)

where (V — V*) and (f — f*) is the PCC voltage and
frequency deviations from their nominal values, respectively.
The variation in powers (P — P*) and (Q — Q*) is to be
compensated by the VSC system. The gain droop parameters
m and n represent the slope of the frequency and voltage
droops. Fig. 4 presents the graphically relationships of the
droop characteristics.

(1)
(12)



Table I: The testbeds parameters

Description Parameters Value
400 kVA
rid Transformer 1 Ti 260V \ 25 kV
ri
. 400 kVA
side Transformer 2 1> 25KV \ 120 kV
Transmission line R, X1 0.1Xz, 0.2 pu
Rated power Sh 400 kW
Rated voltage ac/dc side 260/500 V
DG side Converter filter f}: 0(;5165/65(;5“
Shunt capacitor Cr 0.25 pu
dc power source Vae 500 V
Grid—F(;llowing power loop Kpp, Kip 1,100
Supporting voltage loop Kpv, Kiv 1,400
VSC Outer loops Droop control m 0.526
Control Grid-Forming dg-axis Kpa, Kia 1,100
Outer loops voltage loops Kpq, Kig 1,100
Inner current control Kpi, Kii 03,5
PLL Ky.pi, Kiprr 60 , 1400

IV. EMT TESTBEDS DESCRIPTION
A. System Description

The simulated system is composed of a single DER repre-
sented by a dc voltage source at 500 V, an interfacing two-level
VSC, an RL filter, shunt compensation, and a local load (series
RL) connected at the PCC. The VSC system is connected to
a grid through a main switch. Thus it can operate in either
the grid-connected or the autonomous modes. The converter
is connected to a 120 kV grid through two step up transformers
and an 25 kV line. The shunt compensation is assumed at 25%
of the system rated power. The system parameters are given
in Table L.

B. Detections Scheme for Islanding and Synchronization

A management control system of MGs is necessary to mon-
itor the condition of the network and its mode of operation. A
detection scheme in a MG has the ability to detect a network
disturbance and then to isolate the MG from the grid by
opening the main switch. Islanding detection strategies have
been proposed in [7], [10]. The passive method is one most
commonly adopted islanding detection method. It depends on
measuring system parameters to detect autonomous or grid-
connected operation.

Fig. 5 shows the basic detection control scheme based
on the Over/Under voltage protection (OVP/UVP) and the
Over/Under frequency protection (OFP/UFP) where its upper-
lower limit thresholds are selected 95%-105% for the voltage
and 59.3-60.5 Hz for the frequency. Two detection circuits are
implemented: Autonomous and Gridback detection schemes.
The autonomous detection scheme is based on the PCC
voltage and it is responsible to detect the islanding mode.
The Gridback detection scheme depends on monitoring the
grid voltage and it aims to re-synchronize the VSC to the
grid before the main switch is closed. In one testbed, the
VSC control is required to switch from grid-forming to grid-
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Fig. 6: Responses during the switching process of the VSC
system from grid-connected mode (grid-following) to au-
tonomous mode (grid-forming) due to an accidental condition.

following. The detectors of the voltages can be either in abc
or dq frames.

V. CASE STUDIES & SIMULATION RESULTS

To compare the effectiveness of the three control tech-
niques of the VSC system, two testbeds are setup in MAT-
LAB/SimPowerSystems. They are described as follows. In
Testbed 1, the VSC control is implemented as grid-following
parallel with an inactive grid-forming during grid-connected
mode. Until it receives a signal from the autonomous detection
scheme, the VSC control switches control. In Testbed 2, grid-
supporting VSC is adopted regardless of islanding or synchro-
nization. In each tesbed, simulation results will present two
events: islanding and re-synchronizing. For faster simulation
speed, average model for the converter is adopted.



A. Testbed 1: Grid-Following & Grid-Forming VSC

During the grid-connected operation, the VSC control is
implemented as grid-following VSC, as shown in Fig. 1, where
the active power and the PCC voltage are to be controlled.
The inactive grid-forming control, as depicted in Fig. 2, is
in parallel with the grid-following control and it will be
activated when the MG is commanded to operate in the
autonomous mode, where the voltage and frequency of the
MG are regulated.

Initially, the MG operates in the gird-connected operation
mode when the main switch is closed. It is commanded to
supply a total active power of P* = 1 pu, and meanwhile to
regulate the PCC voltage at its rated voltage (V* = 260 V).
The power produced by the VSC (FP,..) is delivered to a load
that absorbs a fixed active power of 0.75 pu in both modes of
operation and the rest of the power is transferred to the grid
(Py = 0.25 pu).

A three-phase fault occurs on the AC system at ¢t = 1 s
while the main switch still closes at the moment. However,
the control configuration of the VSC system remains operated
in the grid-following under that condition. It can be seen in
Fig. 6 that Vpccqpe and Vg g5 are reduced during the fault
condition and before the main switch is opened. Also, the
frequency w sensed by the PLL increases to its upper limits
of 383 rad/s due to the imposed limitation of the PI controller
in the PLL.

When the accidental islanding condition is detected in
30 ms, the main switch is opened by changing the operation
modes command from 1 to 0. Thus, the control of the VSC
is switched to the grid-forming where the frequency w is
set to w* = 377 rad/s. Furthermore, the load voltage V7,
is regulated at its nominal value whereas the grid voltage
becomes zero. Therefore, the VSC system is able to deliver
an active power of P,.. = 0.75 pu to the load. The system
response of the switching command signal, Vyabe, Vpee.abes
system frequency, and the active power through the PCC are
presented in Fig. 6.

When the fault is cleared at t = 5 s, and the grid returns
to its normal operation, the MG is supposed to operate its
converter back to the grid-following where the frequency is
imposed by the grid. The voltage V... is required to be re-
synchronized to the grid voltage V; before closing the main
switch in order to have a smooth transient that may occur due
to the switching of the operation mode. V,, is assumed to be
a negative and large value due to the phase shift, V.., lags
Vy.a by 90°, as shown in Fig. 8. After an intentional delay
of 0.04 s, the frequency mode of the VCO is switched by the
gridback mode signal, at ¢ = 5.04 s, as shown in Fig. 7, from
the grid-forming, in which 6, = w*t, to the grid-following,
in which it depends on the output of the PLL controller, that
is, Opu = (w* + Aw)t. Thus, the PLL starts to sense the grid
voltage, and then it drops to its lower limit of 371 rad/s due
to the PLL controller reduces w to adjust Vg, at zero. When
w reaches its nominal value, the V,, and the phase shift tend
to approach zero. Once the PLL reaches its steady state, the
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Fig. 7: Responses during the switching process of the

VSC system from autonomous mode (grid-forming) to grid-

connected mode (grid-following) when the fault is cleared.
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Fig. 8: A closer look of the system responses during the
synchronization process: phases a for both grid voltage and
PCC voltage, grid voltage in dg, and PLL frequency.

main switch is commanded to close, at ¢ = 5.375 s, by the
signal of the operation mode. Now, the MG is operated in
the grid-following VSC. In Fig. 7, the active power P is
returned to its rated value (P* = 1 pu).

B. Tesbed 2: Grid-Supporting VSC

This testbed shows the switching process from one to
another mode of the MG operation where grid-supporting VSC
is adopted, as depicted in Fig. 3.

Fig. 9 describes the system responses during the switching
to autonomous mode due to a fault condition. The autonomous
mode is detected in 30 ms, thus the MG is isolated from
the grid. The MG frequency has a new stable operating point
with a deviation due to the variation in power. Initially, the
active power reference P* is set to 1 pu before the operation
mode is changed. Thus, the active power regulated by the VSC
decreases a 0.25 pu of the initial value in order to feed the load
(Pr, = 0.75 pu). The frequency deviation can be determined
as (Aw = % = 0.475Hz) [5]. It is worth to mention
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that the PLL is not limited in this case, thus the frequency
droop control is be able to limit the frequency during the fault
condition.

When the grid returns to its normal operation, the MG may
be re-switched to the grid-connected mode after the fault is
cleared at ¢ = 5 s. The mode of operation is commanded to
switch after a delay of about 0.11 s from the fault clearance as
shown in Fig. 10. Since the system frequency in both modes
is regulated by the PLL, it is able to synchronize the PCC
voltage to the grid voltage. Due to the phase shift between
the PCC voltage and grid voltage, V.., leads V; , by 90°,
as shown in Fig. 11, in which resulting in an overshoot in the
frequency. It can be seen that the active power regulated by
the VSC system P, returns to its reference value in which
the VSC system delivers 0.25 % and 0.75 % of its output
power to the grid and the load, respectively.
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Fig. 11: A closer look of the phase shift of phase a between
the PCC voltage V... (converter side) and the grid voltage V;
(grid side).

VI. CONCLUSION

In this paper, first, an overview of three different control
mechanisms of a VSC operated in a MG are presented and
discussed: grid-following, grid-forming, and grid-supporting.
Their control configurations are classified based on their
VSC’s role in MG operation. Secondly, comparison of the-
ses control techniques is provided using two tesbeds built
in MATLAB/SimPowerSystem environment. The simulation
results of switching from one operation to another opera-
tion, namely, islanding and re-synchronization, are examined.
Compared to either the grid-following or grid-forming VSCs,
grid-supporting VSC has the advantage of operating in the
both operation modes without changing control configuration.
The droop control has been identified as an effective tool to
participate in regulating the frequency of the grid.
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