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Abstract: This paper proposes an enhanced control strategy for mitigating state-transition oscilla-
tions in active and reactive power responses of self-synchronized converter system to secure the
islanded power system stability. The self-synchronized converter is well known for “grid-forming”
that is able to operate to stand-alone mode (SAM) providing grid voltage and frequency without
phase synchronization units. Although the grid-forming (GFM) is self-synchronized, the inherent
synchronization principle causes system degradation in which should maintain a point of common
coupling (PCC) voltage for critical loads as well as transitions from grid-connected mode (GCM)
to SAM and vice versa. Therefore, this paper focuses on resolving the inherent oscillatory issues
in GFM self-synchronized converter system (especially adopted ‘synchronverter” principle), and
proposes a control strategy for controllability improvement based on stability analysis for smooth
state-transition under islanded power system. The efficacy of the proposed control method is verified
through a high-fidelity electromagnetic transient (EMT) simulation with case studies on 30 kW
synchronverter system and further experimental hardware-in-loop system (HILS) test with Opal-RT
(OP-5707) platform.

Keywords: self-synchronized converter; synchronverter; grid-forming converter

1. Introduction

With increasing interest in environmental pollution (e.g., global warming), domestic
and international efforts are underway such as greenhouse gas emissions reduction based
on green energy policy by the United Nations Framework Convention on Climate Change
(UNFCCC). The Korean government also plans to expand the eco-friendly electric energy
production system by 20% until 2030. As a result, distributed generation (DG) based on
renewable energy sources (RESs) such as photovoltaic (PV) and wind power has increased
in the traditional AC power system. These emerging technologies based on inverter-
interfaced generation system for DG have penetrated into the conventional transmission
and distribution network, and are changing the philosophy of the electrical energy supply
and demand strategy in the power system [1,2].

Although the paradigm-shift in the electrical energy sector had a positive effect on
the environmental resolution, it results in challenging issues to weaken the reliability and
stability of the existing power system, which relies heavily on synchronous machines
(SMs) [3]. It could also cause a higher rate of change of frequency (RoCoF) in the synchro-
nized power system dominated by future power electronic-based generation system with
the reduced rotating machines, and an intolerable low frequency drop occurs even owing
to small disturbances or fluctuations in the loads. In addition, transient overvoltage and
power imbalance conditions may occur [4,5].

In order to address the above technical problems, there have been many studies regarding
development of control, operation and design methodology of inverter-interfaced distribution
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resources (IIDRs) with conventional AC power system over the past few years [6-15]. For
power electronic based applications among the required solutions, GFM converter principle
has been an enabler to proliferate the renewable energy resource-based generation system.
Ref. [16] has reported that the GFM converter causes post-fault oscillations in active power
and voltage responses of grid-connected voltage source converters due to non-ideally tuned
controllers, and a combined PLL-based GFM control was developed under grid-following
(GFL) converter system for stability improvement [17-20]. An enhanced transient angle
stability control of GFM converter based on virtual synchronous generator has been proven
as a promising solution to the aforementioned problems introduced by converter interfaced
generation [21]. There have also been several issues related with droop coefficient determi-
nation and design method in the GFM converter system [22-24]. As a result, for increasing
the penetration level of RESs, various virtual synchronous generator (VSG) [6-8], virtual
synchronous machine (VISMA) [9,10], and synchronverter [10-15] control strategies have
been proposed. These control methods have tried to increase the stability of the grid voltage
and frequency by allowing IIDRs to mimic SM characteristics.

The synchronverter introduced in [11,12] is imitated with an intuitive structure of the
SM dynamics, which is able to connect to the conventional AC power system without a
synchronization unit such as phase-locked loop (PLL). Nevertheless, there has been many
challenging issues on stability problems, and thus the control methods are established
to enhance the system stability through using virtual impedance technique introduced
in [13,14]. These control strategies focus on the interactive problems between the syn-
chronverter and the large power system. In [15], a control method is also proposed to
enhance the system stability by employing a damping correction loop to the existing control
method, and hence the damping capability of the system has been accomplished. The
oscillation damping capability has been an important functionality in the grid-connected
power converter system with sustainable energy sources [25]. By the way, the natural con-
trol principle of synchronverter with self-synchronization mechanism causes complexities
in the internal control structure modification and parameter values adjustment. Despite
the insufficient control flexibility, several enhancement methods have been proposed for
improving synchronverter system characteristics by adding a cascade control block to
conventional control diagram [26-28]. The [26,27] have proposed the method for frequency
regulation, especially primary inertial response mentioned in [29], by adjusting the internal
hold-filter coefficients while the internal dynamic of synchronverter is slightly modified.
The researches have focused on the synchronverter dynamics effect on the frequency of
large power system. The [28] has focused on limitation of output current in synchronverter
system through a current controller to prevent a power surge phenomenon when the
synchronverter should provide an changed active power. With the limitation of output, the
current introduced in [28,30] could provide more control capability to reduce harmonic
distribution and hence employed repetitive controller in a cascaded control structure.

Although the previous research could improve the self-synchronized system stability
and control flexibility, that research is not considered with several important conditions as
follows:

1. It should be accounted for under an islanding condition with critical loads requiring
a necessary grid service to provide the high quality power generated from RESs,
however, the previous research concentrate only on the large grid interconnection
condition with other SMs.

2. IIDRs-based generation system should be capable of maintaining and recovering an
islanded grid voltage and frequency with SAM operation, GCM operation as well as
mode transition.

3. Since the inherent synchronization feature limits the controllability of the synchron-
verter owing to realization of the mandatory machine dynamics, the GFM self-
synchronized converter system is unable to achieve a required coordinated-control
scheme that is needed in conventional GFL converter with decoupled current control
based on PLL.
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4. Power oscillation phenomenon should be mitigated to improve the system stability
in power electronic-dominated generation system.

5. Rigorous validation for implementing the proposed control algorithm should be car-
ried out in order to enhance the reliability in practical hardware digital control system.

Therefore, this paper focuses on controllability improvement of the synchronverter
system without any modification of the inherent synchronous machine features, and
investigates SAM to GCM transition condition with critical loads change in islanded power
system that is not considered in previous studies. Furthermore, this research indicates that
the practical power system cases cause a power oscillation during load demand changes
under the islanded condition. As a result, the synchronverter should need a capability
to recover the fluctuating power while providing the system frequency to be more stable
than before GCM condition. With consideration of the islanded power system dominated
by power electronic-interfaced generation systems, it implies that a power oscillation
caused by the load variation affects the synchronverter’s high quality performance under
SAM condition.

Thus, in this paper, an enhanced control strategy is proposed to mitigate the power
oscillation caused by load fluctuations under the islanded power system condition. The
enhanced control method for power oscillation reduction developed in this paper could
provide a smooth state-transition from SAM to GCM. For enhancing the controllability of
the self-synchronized converter system, a reference voltage generated from conventional
synchronverter control method should be manipulated through the proposed additional
control loop with rigorous stability analysis, and hence the controllability of the synchron-
verter system could be improved as well as it is possible for other grid service to be
equipped in the GFM self-synchronized converter system.

The rest of this paper are organized as follows. Section 2 briefly describes the configu-
ration and operation principle of synchronverter. Section 3 provides a stability analysis
result of conventional synchronverter. Section 4 proposes an enhanced transition control
method of synchronverter for transient oscillation reduction in active power and voltage
responses. Section 5 shows the simulation results comparing with the conventional con-
trol method to verify the efficacy of the proposed control method; subsequently, further
demonstration under the identical requirement is performed through experimental HILS
test in Opal-RT (OP-5707) platform interfaced with lab customized controller based on
TMS320F28377D in Section 6. Finally, the conclusions of the study are summarized in
Section 7.

2. Fundamental Principle of Synchronverter

This section briefly describes the fundamental operation principle of synchronverter
for analyzing an oscillatory phenomenon and developing a proposed control method [11].
In this research, DC link voltage V. is assumed to be stiff because it is rectified by front-end
converter in DG, so that the dynamic generated by the DC link is not considered. 3-phase
synchronverter topology consists of two parts; one is the power part and the other is the
electronic part depicted in Figure 1.

2.1. Power Part

The power part is composed of the general 3-phase voltage source inverter (VSI) as
shown in Figure 1. The VSI consists a 3-phase half-bridge type using IGBTs, which is iden-
tical with general 2-level inverter topology. As illustrated in Figure 1, the synchronverter
could be implemented without a significant topology modification.
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Figure 1. Block diagram of synchronverter topology.

L¢, Rf and Cy represent filter inductance, equivalent resistance and filter capacitance,
respectively. Lj;,, and Rj;;,, are the line inductance and line resistance at PCC bus. v, 4.
represents the synchronverter output voltage, and i, 4. are the output current. e is the syn-
chronverter reference voltage such as SM’s electromotive force (EMF) by rotor movement.
Upee,abe and Vg gy represent PCC bus voltage and grid voltage, respectively. Pt and Qser
refer to the setting values of active power and reactive power. V, and w; are the required
droop voltage and angular frequency, which refer to the reference voltage and frequency of
the synchronverter, respectively.

2.2. Electronic Part

Figure 2 is the synchronverter control block diagram as an electronic part correspond-
ing to the synchronverter control unit in Figure 1. | is the rotor moment of inertia, Dp is
the damping (frequency droop) coefficient, D) is the voltage droop coefficient and K is
the regulating factor of reactive power. Myiy stands for virtual rotor flux linkage. Ty, is a
mechanical torque, selected by dividing w; from Ps,¢, which is used as a torque reference
and T, is the electromagnetic torque which is obtained by dividing the output power by
the output angular frequency. w and 0 are the output angular frequency and phase angle
of the synchronverter, respectively.

The main principle of synchronverter control and operation is based on the
following equations.

P:a)~Mfif~<io~sin9> 1)
Q= —w- Myis - (i, - cosf) ()
e =w - Myiy - sinf 3)

where ( A - B ) means the inner product of its components. i, is the 3-phase inverter output
current (i.e., i, 45c). sinf), and cosf) are 3-phase sine and cosine waveforms, respectively.
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Figure 2. Conventional synchronverter control diagram.

The electronic part (i.e., synchronverter control unit) is assigned to respective active
power loop (APL) and reactive power loop (RPL). The APL is expressed as follows through
the active power and frequency components (i.e., swing equation) derived as

dw
Tn—T.— AT =22 @)
where AT = D, (wy — w). D) is determined by

AT,
P Aw

©)

where, AT, is the amount of reference torque change and Aw is the deviation of angular
frequency. | is chosen as

J=Dyp-1¥ (6)

where, Ty is the frequency loop time constant.

It is for the frequency droop control through employing the transferred active power
and creates the angular velocity and phase angle of synchronverter. According to (4),
required active power could be regulated by adjusting the frequency. It shows that syn-
chronverter mimics the SM’s dynamic characteristic.

The RPL regulates the Myir for a reactive power supply. The output voltage of
synchronverter is controlled through the voltage magnitude (V;;) which is obtained by

4
Vin = \/3 (Uo,a “Vop+ Vob " Vo,c+ Vo, vo,ﬂ) @)

In the steady state for voltage droop control, the reactive power equation is expressed as

d . 1
= (Myif) = 2 (Qu = Q+ Vo) ®)
where Vg = Dy - (Vy — v). Dy is determined by

AQ

D, =
77 AV,

)
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where, AQ is the amount of reactive power variation and AV, is the deviation of output
voltage. K is chosen as
K=1-w Dy (10)

where T, is the voltage loop time constant. According to (4) and (8), active power and
reactive power could be independently controlled with both APL and RPL.

3. Analysis of Transient Oscillation Phenomenon in Synchronverter System

The control principle of synchronverter is based on SM’s dynamics as an attribute
for natural synchronism phenomenon by active power flow between synchronverter and
power grid, such as an infinite bus. As seen in the control block diagram in Figure 2 and de-
fined in Section 2, all parameters are dominated by SM’s characteristics, which implies that
critical parameter values to determine the internal dynamics of synchronverter is selected
during an initial design procedure for capacity, time constant and inertia moment, etc. In
other words, flexibly controllable parts are limited in the conventional algorithm, and thus
the entire system stability highly depends on external passive components (e.g., inverter
output filters, line impedances, loads, etc). The transfer function of the synchronverter
system could be expressed as follows

G (s) = vo(s) As? +Bs+C
synchronverter\S) = vi(s) T Ds* 4+ E3+Fs2+Gs+H

(11)

where the coefficients are described in Appendix A.1.

Based on (11), Figure 3 is the root-loci of synchronverter control method under
an islanded condition and indicates the pole-zero map for 4 cases of (i) no-load (red),
(if) 10 kW load (blue), (iii) 20 kW load (green) and (iv) rated load (30 kW, pink).

Synchronverter root-locus with conventional control

T
= No Load
- = 10kW Load
== 20kW Load
m— 30kW Load

Load mcrease

osk Unitcircle

Imaginary Axis
=)

0.5F

Real Axis

Figure 3. Root—locus of conventional synchronverter control method in islanded power system.

In islanded power system, IIDR-based synchronverter system should provide active
power to critical loads that could be abruptly changed depending on consumers. In
Figure 3, it is observed that the position of the pole approaches to unit circle line along with
the load decrease from full-load to light-load, and the rate of the exponentially decaying is
increased; damping ratio is decreased. It implies that load variations have a highly impact



Energies 2021, 14, 8453

7 of 20

on an internal dynamic of synchronverter system under islanded power system with a
limited controllability.

The synchronverter system depicted in Figure 1 could be replaced with a simplified
circuit diagram illustrated in Figure 4a. For transient simulation to replicate load variations
under an islanded grid in order to demonstrate the stability analysis result, a mechanical
switch as shown in Figure 4a is installed as a component for realizing the load change
condition. When the load changes (i.e., the switch is closed), it could be found that a
transient state is generated.

' ' Load
Zﬁh‘er I_l Liine I_:—7~__> :
Pt sw .
1 eq 1
1 I _
Vi :‘l’eq : zZ
1 I
1 I
1 _ I
1 ]
T T
(a)
% 134 Active Power [W]
— Active Power
“Il‘tlun
e
60Hz
8000 - NN N 2\ — I;{eactlve Power
W S A \ ¥
o A ———
2000 -
0 i T i i i
08 1.0 12 14 1.6 1.8 2.0
(b)

Figure 4. (a) Simplified synchronverter system circuit diagram and (b) power oscillation occurred in
islanded power system during load variation.

Using differential equations [31], the equivalent voltage and current are obtained as

sin(wt)
Veg = Vi | sin(wt — T)
sin(wt + 2) .
sin(wt — ¢) Voo sin(—¢)
ieg = — |sin(wt— @ — )| — e L' [sin(—¢ — 2F)
sin(wt — ¢+ %) sin(—¢ + %)

/ 2 2
where, Z = (%) + <X%) ,and ¢ = tan~! (%) By using (12), the active and reactive

power could be derived as follows

_Ry
Pey = Keos(wt — @)e” L" + L
- . TT\ _Ry
Qog = Msin (wt - g>e L'+ N (13)
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where, the coefficient corresponding to (13) can be found in Appendix A.2.

Transient state is expressed by the frequency component and the exponential function.
Figure 4b shows the results of active and reactive power oscillation generated in the load
change conditions and is well matched with further detailed simulation results included
in next section with detailed EMT simulation and experimental HILS test. As a result,
a transient oscillatory phenomenon occurs in active and reactive power when a load
condition is changed under islanded power system relying on conventional synchronverter
control algorithm.

In summary, this analytic result indicates that the fundamental synchronization princi-
ple of synchronverter causes a serious transient oscillation and there is no control-freedom
for stability improvement, and hence the GFM self-synchronized converter system lacks of
grid stabilizing capability, which should rely on other smart devices for such an ancillary
service. Furthermore, the power oscillation would cause a life shortening problem due to
an excess the allowable current even with overcurrent limit in terms of hardware system.

4. Enhanced Control Method of Synchronverter System for Transient Oscillation
Mitigation

For aforementioned inevitable transient oscillation in active and reactive power re-
sponses of synchronverter system, an additional control scheme should be required owing
to a lack of a degree of freedom (DOF). Thus, in this research, an additional compensating
control loop is developed and then is capable of reducing the generated oscillation in active
and reactive power. Figure 5 shows the modified synchronverter control block diagram
from Figure 2 as an conventional control method. For enhancing a DOF, the output EMF
value (e) is manipulated through the additional control loop that is called to double loop
voltage controller. In order to decouple the AC component by synchronous reference
frame, dg-axis frame is employed to distinguish the active and reactive components, and is
possible to design stable controller by stability criterion. As a result, the proposed control
block is able to reproduce a compensated output EMF value (¢*) as shown in Figure 5.

Conventional 5 .
Control Loop AT p [ Q@<— .

-~
1 Tm l (O] 1
Py —> >t >
Wy Js s
Te I\
P - | 1 [f ir v A4
1 o, » Eqn. (3)
| | P& O < 4 Vv, i, e a
: 1, r— Y v
| Eqns. (1). (17) [¢ | i__l Y Y|
| Additional [
O 5)—» ! | | Proposed Control :
- Y A]r } Ks I Block |
Qset Q |_ — ():Ic _____ ]
B | i
v, —> Eqn. (7) D, PWM | L
It Generation v

Figure 5. Proposed control block diagram for enhancing the synchronverter dynamics from SAM to
GCM transition.
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Compared with the conventional synchronverter control method, the added control
block could provide a DOF without any modified synchronization principle. Figure 6
indicates detailed the block diagram of additional proposed control block shown in Figure 5.
Three-phase information of conventional output EMF (e), inverter output current (i,) and
inverter output voltage (v,) are used to make the reproduced output EMF value (¢*), and
to mitigate a transient oscillatory phenomenon in islanded power system. The dg-axis
components were used to feedback control loop, since the rotational coordinate system
is advantageous in terms of exploiting a flexible current control and elaborating a stable
control design.

e 0 Io Vo
N D e N T 1 ]
] A '
! abc abc abc h
| /> . o> i > Vo |
] q| El q !
| I
I * I
1 x € dq . !
: € dgq Lo, dq ,_’, Vodg To,dg Vo, a’q:
, Ge(s) K, 1 Gi(s) 93 Gas) |-e4>
1 I
. I
:Vo,ch Io, dq 1
! # :
I
1 I
I
T Additional Proposed Control Block--=--===-=---- ’

Figure 6. Block diagram of additional proposed control block.

The Gc(s) is proportional-integral (PI) controller for sustaining PCC voltage and
compensating a dynamic for reactive power part in conventional synchronverter system,

which is as follows
Ki,cv

S

Ge(s) = Kpeo + (14)

where K, oo, K; ¢, are proportional gain and integral gain of PI controller, respectively. The
outer voltage loop could be accomplished with a facile design method.

In Figure 6, K, is a proportional gain for inner current control loop. The proportional
control serves to mitigate the power oscillation associated with conventional synchronverter
controller. The magnitude of the corrective action by K}, is reduced as the controlled variable
approaches the set point. G1(s), and G,(s) are plant models to establish transfer function
for the inner current loop and the outer voltage loop, which are expressed by

io(s) Is® + Js2 + Ks + L
G = = 15
1(s) vi(s)  Ms*+ Ns3+0s2+ Ps+Q (15)

vo(s) Rs? +Ss+T
io(s)  UsP+Vs2+Xs+Y

where the coefficients are described in Appendix A.3.

For examining a stability of the synchronverter control system, root-locus diagram is
shown in Figure 7. Comparing with Figure 3, where the position of the root is changed only
by the load condition, it can be confirmed that the position of the root is changed according
to the gain of the controller as well as the load condition. In other words, the over-damping
or under-damping operating region of the synchronverter system can be flexibly adjusted,
which means that the internal dynamics of the synchronverter system can be flexibly
adjusted. Therefore, it is confirmed that oscillatory issues in active and reactive power
responses could be alleviated by the additional controller with the natural synchronism.

Ga(s) =

(16)
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Synchronverter root-locus with proposed control
T T T 1 T T

= 10kW Load

[ = 20kW Load

= 30kW Load

0.5

Unit circle /..

Imaginary Axis
(=3

Real Axis

Figure 7. Root—locus of proposed control algorithm.

Moreover, in the proposed control block diagram, an instantaneous reactive power
equation is employed to increase the accuracy of measured reactive power as follows.

Q= L{(Uo,b = Vo,c)ioa + (Vo,c = Voa)iop + (Vo — Vop)ioc} (17)
V3
Since the calculated reactive power by (2) causes a difference between supply and
demand side under a constant impedance loading condition of static polynomial (ZIP)
load, instantaneous calculation method of reactive power is more beneficial under islanded
power system to maintain the PCC voltage.

5. Simulation Results

The improved control principle of synchronverter is verified under islanded power
system condition with the simulation parameters defined in Table 1, and entire system
configuration is established to replicate both SAM and GCM through an isolating switch
(S¢) as shown in Figure 1. Synchronverter proposed in the initial paper has been devel-
oped as an enabler to operate with other electrical machines in securing the power system
stability, and hence it is assumed that a generation resource and constant PQ load through
an aggregation are included in the system topology without certain complicated network
and multiple converters. This research is to focus on investigation of a specific relation-
ship between loading condition and controller’s variables and then achieves the power
oscillation damping capability under load changes in 100% dominated-power electronic
generation system on islanding power system. The synchronverter has a rated power of
(30+j10) kVA and is operated at 6.0kHz switching frequency.

The damping coefficient (Dy) is calculated by (5). Since the load fluctuations are taken
into account in islanded operation conditions, the output torque difference is set the 100%
change rate and the frequency change rate to 0.5% according to limitation of frequency
change. The voltage droop coefficient (D) is calculated by (9). The voltage fluctuation rate
to 5% according to provide stable power. The | and K values is set with consideration of
the time constant for frequency () and voltage (1) according to (6) and (10).
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Table 1. Specific parameters of simulation.
Parameter Symbol Value Description
Rated Power S (30 +j10) kVA
Switching Frequency fsw 6.0 kHz
Sampling Frequency fsamp 6.0 kHz
Reference Voltage (rms) Vi 220.0V
Angular Frequency wy 376.991 rad/s
Filter inductance Ly 0.45 mH
Filter resistance Ry 0.135 Q
Filter capacitance Cyr 60.0 uF
Line inductance Liine 0.15mH
Line resistance Riine 0.045 O
Load1 Zload1 (15 +j5) kVA
Load2 Zload2 (30 +j10) kVA
Damping coefficient D, 42.2172 Calculated from Equation (5)
Voltage droop coefficient D, 642.8243 Calculated from Equation (9)
Frequency time constant 7 0.002s
Voltage time constant Ty 0.02s
Momentum of inertia ] 0.0844 Calculated from Equation (6)
Reac?lx./e regulating K 4846.78 Calculated from Equation (10)
coefficient

A case concerning load step change is carried out for transient oscillation issues
according to power system requirements under islanded grid. Figure 8 shows simulation
results with the conventional synchronverter control and proposed control method under
only resistive load condition. Until 1.0 s, half of loading condition is maintained and the
load step change occurs at 1.0 s from 15 kW to 30 kW. The conventional synchronverter
algorithm has a characteristic of fast response with stable performance and proposed
algorithm provides a smooth transient response to the load. It implies that a position of
poles could be moved through tuning the parameters of the external controller and the
synchronverter system could be over-damped against from an oscillatory mode.

 led ] PCC Active Power [W]

30 e

= Conventional
= Proposed

1.0
0.5 4— Load Change ;

0.0

SAM T >
0.0 0.5 1.0 L5 2

0

Figure 8. Simulation results of conventional (blue line) and proposed (red line) synchronverter
control dynamic under only resistive load condition with load step change.

Figure 9 shows the simulation results with parallel R-L load condition to inject the
oscillatory mode in the system. The overall simulation progress is shown in Figure 9a.
The load change is occurred in 1.0 s and the synchronization mode is started at 2.0 s.
After synchronization is completed (conventional is 7.1 s, and proposed is 6.1 s), the
synchronverter operation mode is changed from SAM to GCM. A sudden problem occurs
in the grid system, the isolation switch is opened and the operation mode is changed from
GCM to SAM at 9.0 s. After 9.0 second, the synchronverter continues to operate in SAM,
and when the grid is restored, the synchronverter operates in synchronization mode again
and prepares to be connected to the grid as can be seen in 2.0 s. Through the control method
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proposed in this paper, the effect of reducing power oscillation can be confirmed in the
vicinity of 1.0 second when the load changes, and an enlarged view of this part is shown in
Figure 9b. A severe power oscillation occurs in active and reactive power when comparing
with Figure 8 and the result are well matched with the analytic result through simple circuit
topology in Figure 4b; 40.37% and 26.15% of peak to peak oscillation magnitude is reduced
in active power response and reactive power response respectively.
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r\ = Proposed

Grid switch close Grid switch close

PCC Reactive Power [VAR]

Mode Change &
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Figure 9. Simulation result of conventional (blue line) and proposed (red line) synchronverter control
method with parallel R-L load condition from SAM to GCM (a) overall sequence, (b) load change.

The power oscillation may cause an instability in multiple interfaced converters system.
Also, it damages life shortening of critical loads and further causes serious destruction
of synchronverter system. On the other hand, the synchronverter with the proposed
control strategy is able to significantly reduce the serious oscillation in the active and
reactive power responses as shown in Figure 9. As a result, the proposed control could
provide a stable operation under critical load step change cases in islanded power system
through an enhanced and flexible controllability in a limited DOF of self-synchronization
GFM converter.

In the case of synchronization, there are many commonly use synchronization
methods [12,32]. One is using a virtual current method, which based on the magni-
tude and phase angle difference between grid voltage and output voltage through the
virtual impedance [12], and the other is a method of matching by adjusting the output
voltage phase information by comparing the grid voltage [32]. In this paper, the latter
one is conducted to GCM transition with a grid voltage synchronization for a smoothly
interconnection. After grid synchronization is completed with a negligible disturbance, the
synchronverter operation mode is changed from SAM to GCM, while the critical loads are
still connected, and thus active power is continuously delivered from it.
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In both the conventional and the proposed method, it is obtained that a manageable
transient state occurs when the synchronverter operation mode is switched. However, as
shown in Figure 9a, the active and reactive power fluctuation in the proposed method is
less generated than that of the conventional method, and it is confirmed that there was little
difference in performance between the proposed method and the conventional method in
the part where the mode was changed (i.e., GCM to SAM) due to the occurrence of a grid
system problem. As a result, the proposed control method is more beneficial in islanded
grid with critical loads.

6. Experimental Results from Hadware-in-Loop System (HILS) Test with Real-Time
Simulator

6.1. Hardware-in-Loop System (HILS) Setup

HILS based experimental setup is shown in Figure 10. The actual experimental
environment is configured as shown in Figure 10a. The AC grid and converter system are
modeled in Op-5707 of Opal-RT simulator [33], and modeled synchronverter is controlled
by external DSP hardware board (TMS320F28377) [34]. For interfacing, the Opal-RT model
is transferred to the external control board. The all HILS setup is illustrated in the simplified
block diagram of Figure 10b.

OP-5707

Voabe 1 gabc V pee,abe

1 T > 1
: )
Lf ’ L line \\ -
Cf 14 grid
| Load

TMS320E28377 Control Boardi ------ o.abe |

HRY
§ Vrebabe i Qunchronverter

I Control Alogirthm

Figure 10. (a) Configuration of HILS based experimental setup, and (b) simplified HILS experiment
block diagram.
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6.2. Experimental Results with HILS Test

Based on the simulation results of Section 5, HILS based experiments are conducted.
First, the experimental results under the only resistive load condition is shown in Figure 11,
and Figure 11a indicate the results by the conventional control, and the proposed control.
Comparing with Figure 8 by ideal simulation condition, the transient result could be
similarly obtained.

= Qutput current [ 50A/div]==Output voltage [100V/div] === Grid voltage [100V/div]

= Active Power [10kW/div]

4— Load Change [2.0s/div]
SAM >

(@)

= Qutput current [ 50A/d1v]==Output voltage [100V/div] === Grid voltage [100V/div]

= Active Power [10kW/div]

4— L: d Ch:
e [2.0 s/div]
SAM >
(b)

Figure 11. HILS based experimental results with only resistive load condition (a) conventional

(b) proposed control method.

Figure 12 shows HILS based experimental results by the conventional synchron-
verter control algorithm. Figure 12a indicates the entire sequence in which (i) the loads
are increased, (iii) the operation mode of the synchronverter is changed after (ii) grid
synchronization for preparing a connection to AC power system is completed, (iv) the
synchronverter operation mode is converted due to a problem in the grid system.

Figure 12b is an enlarged view of the point at which the load step change occurs in
Figure 12a. When the load changes, the large active and reactive power fluctuations could
be identified. Figure 12c¢ is also an enlarged view of the time when the mode change occurs
on the state that the phase matching between the AC grid and the synchronverter output
voltage for the synchronization is made. Comparing with Figure 12b, it shows that the
phase difference between the grid voltage and the output voltage of the synchronverter is
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== Qutput current [ 50A/div]==Output voltage [100V/div] == Grid voltage [100V/div]

= Active Power [10kW/div]

well matched, and it is observed that a large transient occurs when the operation mode is
switched from SAM to GCM. When the grid system problem occurs, the synchronverter
changes its operation mode from GCM to SAM as shown in Figure 12d, and it could be
seen that the operation mode conversion without any major problems.

Figure 13 shows the experimental results using the proposed control algorithm.
Figure 13a shows the overall experimental procedure, and Figure 13b shows the experi-
mental result of load increase. Comparing with Figure 12b, it could be achieved that the
fluctuation amplitude in transient state is decreased by 57.1% for active power and 37.5%
for reactive power, respectively. Figure 13c shows the experimental result during operation
mode transfer, and compared with Figure 12¢, it is also achieved that the transient phe-
nomenon during operation mode transition is greatly reduced. Compared with Figure 12d,
Figure 13d was confirmed to change the mode from GCM to SAM without a significant
difference. Therefore, the proposed control method is more beneficial when the loads
change in islanded grid condition.

= Output current [ 50A/div]==Output voltage [100V/div] == Grid voltage [100V/div]

AT MM T T T
R
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Figure 12. HILS based experimental results of conventional control method with parallel R-L load condition (a) overall

(0)

<¢— Load Change

SAM

[50.0 ms/div]

>

(b)

>

== Output current [ S0A/div]==Output voltage [100V/div] == Grid voltage [100V/div]

= Active Power [10kW/div]
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e

D
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sequence, (b) load step change, (c) SAM to GCM transition, (d) GCM to SAM transition.
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Figure 13. HILS based experimental results of proposed control method with parallel R-L load condition (a) overall
sequence, (b) load step change, (c) SAM to GCM transition, (d) GCM to SAM transition.

7. Discussion and Conclusions

An enhanced control strategy of the synchronverter was proposed to reduce the power
oscillation phenomenon caused by load fluctuations in the islanded power system. Also, a
stability analysis was conducted for inspecting the internal dynamics of the synchronverter
system and designing the control algorithm. The efficacy of the proposed control was
validated by rigorous EMT simulations, and HILS based experimentations, which showed
that the oscillatory problems in active and reactive power responses were resolved, and
the power fluctuations were significantly reduced through the proposed control method
compared to the conventional control method.

For future research based on this study results, it will be expanded to multiple syn-
chronverter parallel operation and also conducted on power sharing among the multiple
synchronverters with the improved control method under the islanded power system,
including critical loads. Recent power systems are rapidly changing toward both GFL
and GFM converter combined hybrid networks [35-38], so we should analyze the power
system issue related with GFL and GFM for future grid and continue to research in this
regards.

Author Contributions: Conceptualization, KR K. and J.K.; methodology, KR K., J.K. and S.L;
software, KR K,; validation, K.R.K.; formal analysis, ].K. and S.L.; investigation, ]J.K.; resources,
KR K. data curation, K.R K.; writing—original draft preparation, K.R.K. and J.K.; writing—review
and editing, KR.K. and J.K,; visualization, K.R K.; supervision, ] K. and J.-P.L.; project administration,
J.-PL.; funding acquisition, J.-P.L. All authors have read and agreed to the published version of the
manuscript.



Energies 2021, 14, 8453 17 of 20

Funding: This research was supported by the KERI Primary research program of MSIT/NST (No.
21A01017).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

GFL Grid-Following

GFM Grid-Forming

PCC Point of Common Coupling
GCM Grid-Connected Mode

SAM Stand-Alone Mode

EMT Electromagnetic Transient
HILS Hardware-In-Loop System
UNFCCC  United Nations Framework Convention on Climate Change
DG Distributed Generation

14Y% Photovoltaic

RES Renewable Energy Source
DER Distributed Energy Resource
MG Microgrid

SM Synchronous Machine

VISMA Virtual Synchronous Machine
VSG Virtual Synchronous Generator
IIDR Inverter-Interfaced Distribution Resource
PLL Phase-Locked Loop

EMF Electromotive Force

APL Active Power Loop

RPL Reactive Power Loop

VSI Voltage Source Inverter

RoCoF Rate of Change of Frequency

Appendix A

Appendix A.1

A= LiLijne

B = (LL + Liine)RaRL + LLRjine

C = R4Ryine

D = R4yL1.CsL¢LjjneE = LfLiLyjye + (RdeRline + RyLiine + RLLL> L Cy

F = Cfo <RLRline + Rleine> + RLCf (RfLL + Rleine> + L1 Lijne (Rf + Rd)
+ LfLL(Rline + Rd) + LfRL(LL + Lline)

G= (LfRL n LLRf)Rlim + (Lp + Lline)RyRy + (Rp + RL)Ly,

+ (RdLL n RfRLCf)R,ine + (Lf + Lline) R,
H= (Rf + 1>RLR1W +R¢R;

Appendix A.2
va(t) = Viysin(wt)
p(t) = Visin(wt — 2F)
vc(t) = Vipsin(wt + 2F)
Vin

ia(t) = Yrsin(wt — @) — Tsin(—cp)e’%t
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ip(t) = Vmsm(wf— - %’T) V’”sm( ¢ — T)
ic(t) = Yrsin(wt — ¢ + Z) — YWsin(—¢ + &)
p(t) = va(tz)ia(t) + 0y (D) (t) + v (i)zc(t)
= %%cos(wt — q))e*%t + %Vj”cos( )
2
K= %ijl
L =3 cos(—p)

q(t) = 5 ((0a(t) = vp(£))ic(t) + (vp(t) — ve(t))ia(t) + (ve(t) — va(t))ip (1))

2
= —Wisin(wt + L)e~ %t—i—g—gsin(—go)

2 .
= ysin(—¢)

Appendix A.3

I = R4L1.CrLyjpe

] = (RdCleine> Ly + (Lp + Lijne) RLCy

K= (Rjjne + R + Rg)Lp + (Lline + Rlinecf> RL
L = (Rjine + 1R

N = (LLRlineRd + Rleine + LR + RLLline) Lfcf + (Lf + Rleine) L1 Liine

O = (Rde + RLCf) Lp + (RfLL + RdLL + RLCf) Lline + (Lf + Rfo) LLRline
+ RLCfoRline

P = (Rleine + R4Ryine + 2Ry + Rf) L+ (Cleine + 2L + Lf) Ry

Q= (1 +2Rline)RL

R = R4LyLyjp,
S = (R + Ryine) LLRg + RyLyine R
T = R4RyineRr

U = C¢LrLiineRy

V = (Liine + C¢RaRL + CfRaRyine ) Li + CrLi LRy
W = (Rg + Rp + Ryjne) L1 + (Lline + CfRdeine) Ry
X = (Rd + Rline)RL
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