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Abstract—The modern power grid is facing a significant chal-
lenge due to decreasing grid inertia, which is caused by the high pen-
etration of renewable energy sources (RESs). Virtual synchronous
machines (VSMs) have been considered as effective solutions to
support the grid by providing inertial responses similar to that
of traditional synchronous machines. However, fast and flexible
dynamic responses to reference inputs, which can be achieved by
conventional RES interfacing inverters, are degraded when invert-
ers emulate the behavior of a synchronous machine. In this article, a
current-referencing electrified synchronous machine (CURESYM)
is proposed as a control method to adjust the dynamics to the
reference input regardless of the parameter settings for emulating
a synchronous generator. That is, the output current of CURESYM
can be regulated with an intended dynamic response to follow
the current reference. In addition, the accuracy of the current
regulation can be enhanced by virtue of a disturbance observer.
The fundamental characteristics of CURESYM are described with
laboratory-scale experimental results. Finally, the effectiveness of
CURESYM is discussed with practical data from on-site tests that
applied the proposed method to a battery energy storage system in
an actual island microgrid.

Index Terms—Virtual synchronous machine, voltage-source
inverter, battery energy storage system.

I. INTRODUCTION

HE increasing need for a sustainable energy supply to
defend against the climate crisis has brought about sig-
nificant changes in the modern power grid. Traditionally, the
stability of the power grid was primarily maintained by large
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synchronous generators of fossil-fuel plants. The inertial re-
sponse provided by these synchronous machines contributes sig-
nificantly to maintaining the grid frequency at its nominal value.
However, the gradual retirement of synchronous generators in
the process of replacing fossil-fuel plants with renewable energy
sources (RESs) has led to a reduction of the grid inertia, thereby
deteriorating the frequency stability of the grid [1], [2], [3].

Many RESs are connected to the grid through voltage-source
inverters. These inverters are generally sorted into two cate-
gories: grid-following (GFL) and grid-forming (GFM) inverters
[4]. GFL inverters are normally synchronized with the grid
using a phase-locked loop (PLL), which estimates the frequency
and phase angle of the grid voltage, and their output power is
rapidly and strictly regulated according to the reference input
with an inner current controller [5], [6]. Therefore, GFL invert-
ers are considered as current sources in the grid and do not
provide inertial response [7]. Conventional droop control can be
combined with GFL inverters to support the grid frequency by
changing their output power according to frequency deviations
[8] [9]. However, the response time to a frequency deviation
may be limited by the estimation delay of the PLL. In contrast,
GFM inverters can more immediately respond to grid frequency
variations than GFL inverters because they generate their own
frequency and phase angle withouta PLL.[10]. As GFM inverters
determine the magnitude and phase angle of their own output
voltages, they can be regarded as voltage sources, akin to conven-
tional synchronous machines. However, certain GFM inverters
that use only droop control without an electromechanical model
of a synchronous machine may not offer an inertial response
explicitly [10], [11], [12].

Virtual synchronous machines (VSMs) are a type of GFM in-
verter based on a mathematical model of a synchronous machine
[13], [14], [15], [16], [17],[18],[19],[20], [21], [22]. VSMs nor-
mally consist of a swing equation, droop control, and a simplified
excitation system [13], [14]. The power responses of VSMs are
primarily determined by the inertia and droop coefficients [15].
Specifically, the degree of the inertial response is changed by
the inertia coefficient, and the load sharing of the VSM with
respect to the frequency deviation is determined by the droop
coefficient. However, at the same time, these coefficients are
also associated with the transient response to the reference input
change (RIC) of the VSM [21]. Therefore, if these parameters are
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TABLE I
COMPARISONS OF VSGS IN TERMS OF DYNAMICS

Method Droop & Damping . R.egulatlon dyr}amlcs & Parameters related to the regulation
inertial and damping response dynamics
Syx[lTlgior[llv j]r ter Combined Combined Inertia and droop coefficients
Adaptge;]p_ e[l{z;r]neters Combined Combined Inertia and droop coefficients
Transient damping . Inertia, droop, and damping coefficients,
[19]-[22] Separated Combined and other filtering parameters
CURESYM Separated Separated Current modulating time constant

mainly designed for the inertial response and load sharing, the
dynamic response to the RIC may be compromised. For instance,
active power variations to the RIC may have large oscillations
and long settling times depending on the inertia coefficient [16].

To acquire a desirable response to the RIC, the inertia and the
droop coefficients can be adaptively adjusted when the system is
in a transient state [15], [16], [17]. This sort of adaptive method
commonly adjusts those parameters to improve the dynamics
of the VSM when connected to an infinite bus. However, these
parameters should be carefully determined by considering the
grid stability as well. Otherwise, nonlinear parameter changes
may exacerbate other electromechanical modes and deteriorate
the stability of the power system [18].

Another method by which to improve the RIC dynamics is to
use an additional damping component, the effects of which only
appear during transient states regardless of the droop coefficient
[19], [20], [21], [22]. In earlier work [19], an external frequency
measurement is used to separate the damping response from the
droop response, and the damping coefficient can be designed
to mitigate transient power oscillations. The transient damping
effect can also be achieved by using a high-pass-filtered rotor
frequency without an external frequency measurement [20]. This
method effectively emulates the damping effect from the damper
winding in a conventional synchronous machine. Alternatively,
an additional damping component can be obtained from the
ratio of the torque to the flux linkage [21] or by imitating a
power system stabilizer (PSS) [22]. To a degree, the additional
damping components are deemed effective in mitigating power
oscillations because they offset the detrimental impact of the
droop coefficient on the RIC dynamics. However, as the damping
components are related to the frequency deviation, it is difficult
to offset the impact of the inertia coefficient, which is associ-
ated with the frequency derivative. Therefore, a novel method
insensitive to not only the droop coefficient but also the inertia
coefficient should be derived for the RIC dynamics.

In this article, a current-referencing electrified synchronous
machine (CURESYM) is proposed as a solution to these prob-
lems. Fundamentally, CURESYM generates two electromotive
forces (EMFs) with different roles from one another. One is
responsible for regulating the output current with a desired
dynamic response, and the other emulates the electromechan-
ical behaviors of a synchronous machine. In CURESYM, the
dynamic response to the current reference can be separately
designed without being affected by the other parameters to
emulate the behaviors of synchronous machines. Consequently,

CURESYM can achieve rapid and flexible regulation approxi-
mating those of conventional GFL inverters. The accuracy of the
current regulation can be ensured in combination with a distur-
bance observer. This combination allows the proposed method
to operate as a current source under an ideally undistorted grid.
However, when the grid frequency is disrupted, CURESYM can
offer an inertial response simultaneously. Furthermore, when
using the proposed method, the transient damping response is
adjustable regardless of the droop control. Some comparisons
of the existing VSGs, including CURESYM, are summarized
in Table L. It can be seen that CURESYM has the advantage of
being able to separately adjust responses to various functions of
VSG. In other words, the performances of inertial and damping
responses, load sharing, and RIC dynamics in the proposed
method can be designed through independent control variables
for each function.

The remainder of this article is organized as follows. Section II
describes the overall structure and basic concepts of the proposed
CURESYM. Section Il explains detailed implementation meth-
ods of CURESYM. Section IV demonstrates the characteristics
of CURESYM with experimental results. In Section V, the ef-
fectiveness of proposed control method is discussed with on-site
test results. CURESYM’s algorithm was tested in the 250kW
inverter of a battery energy storage system (BESS) installed in
an island grid with low inertia. Finally, Section VI concludes
this article.

II. OVERALL SYSTEM DESCRIPTION

Fig. 1 presents an overall system description of CURESYM.
A three-phase voltage-source inverter with an output LC fil-
ter is considered in this article. A BESS is connected to the
DC-link of the inverter as a voltage source. Similar to earlier
work [13], the inverter can be considered equivalent to a syn-
chronous machine with small static condensers connected in
parallel to the terminals of the armature windings. Comparing
the inverter to a synchronous machine, the filter inductor, whose
inductance and resistance are respectively Ly and Ry, corre-
sponds to the armature winding. Hence, the inverter’s output
current igpe (= [ia 4 iC]T) is considered as the armature cur-
rent. The output voltage of the inverter eqp.(= [eq € ec]T)
synthesized by pulse-width modulation (PWM) corresponds to
the EMF of the synchronous machine, and the grid voltage
Vabe(= [Va b vc]T) corresponds to the terminal voltage of
the armature windings.
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Fig. 1. Overall system description. Inverter.

The control algorithms for CURESYM consist of a cur-
rent modulator, a synchronizer, and a disturbance observer.
First, the current modulator generates current-modulating EMF
(CMEMF), denoted by €}, ..,(= [€] o 527cm]T) in the syn-
chronous reference frame (SRF), which allows the inverter’s
output current to follow the current reference with a de-
sired dynamic response. Fundamentally, the control algorithms
for CURESYM are implemented in the SRF. The current
generated by CMEMF mainly determines the output current
level in the steady-state region. Second, the synchronizer gen-
erates synchronizing EMF (SEMF), denoted by qu,syn(:

(€5 syn ag)syn}T), which emulates the characteristics of the
conventional synchronous machine. The angular frequency w;
and the phase angle 6,. used for coordinate transformation are
generated from the synchronizer. The synchronizer is based
on a swing equation representing the mechanical behavior of
the synchronous machine and a flux controller operating as a
virtual excitation system. The current generated by SEMF is
superimposed on the current generated by CMEME. Finally, the
disturbance observer improves the control accuracy by com-
pensating for disturbances caused by parameter errors and the
nonlinearity of the inverter.

Fundamentally, the desired response to the output current of
CURESYM is described in the frequency domain as follows:

- 0
e[ 2 Ju
TemS+1
-1
Ry +sLy —wyLy r r
|: erf Rf + SLf (Edq,syn qu) ) (1)

. . ] TN
where ‘s’ is the Laplace operator and if; (= [Z:t* 12*] ) is

the current reference in the SRF. Hereafter, the superscript ‘*’
T

s T
denotes the reference value. In addition, i}, (= [z u z;] ) and
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Fig. 2. Equivalent circuit of CURESYM.

T . . .
V:iq(z [vfi vg] ) are obtained correspondingly from i, and

Vabe by Park’s transformation method.

According to (1), two factors determine the output current
of CURESYM. The first is iz, and the second is the voltage
vector difference between ej, ., and vy, . The response to iz,
has first-order dynamics for which the time constant is 7,,, as
described in the first term on the right-hand side of (1). This
dynamic response is scarcely affected by other factors, such as
the inertia coefficient. The second term on the right-hand side
of (1) represents the current flowing through the filter inductor
caused by the voltage vector difference between ey, ., and vy, .
This vector difference is caused by the phase angle difference
governed by the dynamics of the swing equation and the mag-
nitude difference due to the response of the flux controller. The
voltage vector difference is normally held at zero in a steady
state by a synchronizer.

Simply, CURESYM can be represented by the three-phase
equivalent circuit described in Fig. 2 when using an average
model of the inverter and assuming ideal conditions without any
disturbances. Here, €4p¢,cm and €qp¢,syn are the inverse Park’s
transformations of ey, .., andeg, . . . respectively. The inverter
side is regarded as two voltage sources connected in series. In
the nominal condition, where the grid frequency and voltage
are constant, €qpc,syn and vqpe cancel each other out because
their vector difference is zero. Hence, i, is only controlled by
Eabe,em Originated from the current reference. However, if v
fluctuates due to a generator trip or a sudden load change, the
difference between € 45, syn and v 5 may not be negligible. As a
result, the output current can respond to such a difference as grid
support even if the current reference is fixed. In the following
sections, the implementation of each component of CURESYM
is detailed and how CURESYM achieves the response shown in
(1) is explained.

III. IMPLEMENTATION OF CURESYM
A. Current Modulator

The current modulator generates CMEMEF to control the
output current of CURESYM according to ij;. If SEMF and
the grid voltage in Fig. 2 are deactivated by the superposition
principle to consider only the effect of CMEMF, CMEMF of
the dg-axes in the SRF can be calculated based on the voltage
equations below:

= di"; bt
r _ r d r
Ed,c’m = Rf"ld + Lfn? — wTLfn’Lq

~ di” e
Eqem = anzg + Lfn% +wpLpniy

)

In these equations, ZQ and 22 are the desired current traces of
the dg-axes in the SRF, and R ,, and L ,, are nominal parameters
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Fig. 4. Droop controller for CURESYM.

of the L-filter. When the current traces are simply designed as
the response of a first-order system to iy, as in a conventional
proportional-integral (PI) control-based current controller [23],
the current modulator is implemented as described in Fig. 3.
Given that the derivative of ng is obtained from the input
of the integrator, the direct differential operations in (2) can
be avoided, which are normally vulnerable to noise in digital
implementations. When using Fig. 3, the actual output current
iy, may coincide with iy, through CMEMF. However, the errors
between nominal and actual parameters and nonlinearity of the
inverter [24] may cause control errors in practical situations.
This limitation can be improved by a disturbance observer, as
explained later.

With CURESYM, the droop controller is implemented by
changing ij; with respect to the angular frequency deviation and
the magnitude deviation of the grid voltage. As shown in Fig. 4,
APgep and AQ) s are generated using conventional w — P and
V' — @ droop equations in advance [8]. Then, A Ps.; and AQ st
are transformed into the current change references A:}; ., and
Ady .., according to the instantaneous power theory [9]. When
calculating current change references, the magnitude of the grid
voltage is approximated to the nominal value v,, for smooth
variations of the current references. In addition, it is assumed
that the grid voltage only exists on the g-axis, as the phase angles
of CURESYM and the grid voltage are usually synchronized.
The errors from these approximations are normally negligible in
practical implementations. After the current set-points iy, ., and
iq se¢ are added to the current change references, iy, is finally
calculated.

B. Synchronizer

The synchronizer is implemented to mimic the behavior of a
two-pole round rotor machine. The frequency of CURESYM is
synchronized with the grid frequency through the synchronizer.
If the SRF is defined such that the rotor flux is aligned with the
direct axis, SEMF calculated from the synchronizer is derived
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Fig. 5. Mechanical part of the synchronizer.
as follows:
9 T
sgq’syn =[0 wrryf] . 3)

Here, A; is the imaginary flux linkage. The phase angle and
magnitude of e, . are synchronized to those of the grid
voltage. The synchronization of the phase angle is achieved by
the mechanical part of the synchronizer described in Fig. 5. The
mechanical part is based on the swing equation:

dw,
dt

where J is the inertia of the imaginary rotor and 7} is the
damping torque. Furthermore, 7}, and T, are the mechanical
and electromagnetic torque values, respectively. The damping
torque is calculated with the high-pass filtered angular frequency
and can be described in the Laplace domain:

J

=Ty —T. — Ty, “

T, = —>

kqw,-. 5
S+ wq av )

Here, k4 is the damping coefficient and wy is the cut-off
frequency of the high-pass filter (HPF). The damping torque
in (5) represents the damping effect of the damper winding in
a synchronous machine [20]. Hence, T}; appears only in the
transient state and acts in the direction of suppressing changes
in the angular frequency. Because it is assumed that the SRF is
aligned with the rotor flux, 7T, can be expressed as

T, = kel = 1.5xsi0, (©6)

where k; is the torque constant. Similarly, 7T, is calculated
through the g-axis current reference as follows:

1
TemS+ 1

Hence, T, acts as the torque reference of CURESYM. It
should be noted that 7},, contains the first-order delay whose
time constant is 7.,,. This delay is designed for the decoupling
of the current modulator and synchronizer. When ;" is given,
i, may change with the first-order response due to the current
modulator. By including the same delay in (7), T;,, and T cancel
each other out as 4" varies.

A phase difference between the synchronizer and the grid
voltage during any grid event causes CURESYM to provide
the inertial response to the grid. After a grid event occurs, w,
swings until 7, converges to 7},, and synchronizes with the grid
frequency again in a steady state. In a conventional synchronous
machine, there exists a load angle at which 7T is not zero in a

T = kil

)
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steady state. In other words, a phase difference between the EMF
of the synchronous machine and the grid voltage contributes to
generating electrical torque. However, the phase angle of the
synchronizer in CURESYM always converges to that of the grid
voltage in a steady state because the EMF of CURESYM is
calculated as the sum of CMEMF and SMEMEF. The load angle
of CURESYM in a steady state is mainly determined by the
phase of CMEMEF.

Magnitude synchronization of ey, ., ,, is achieved by the flux
controller described in Fig. 6. The flux controller adjusts A s
such that w2y follows vy, (= |vy,|). The closed-loop transfer
function of the flux controller can be derived as
wr)\ f Wee

Gl = T

®)

The dynamic response of the flux controller is determined
by the flux control bandwidth wy.. Even if the phase angles of
€4g,syn and v, are matched by the mechanical part after a grid
event, the g-axis component of e, ., — vy, retains a non-zero
value unless magnitude synchronization is completed. However,
the non-zero g-axis voltage difference leads to both d-axis and
g-axis currents as inferred from the second term on the right
side of (1). Although the steady-state output powers are mainly
controlled by iy, in CURESYM, the role of the synchronizer is
important for accurate power control.

By calculating the voltage reference ey, as the sumof e, .,
in (2) and €Zq,syn in (3), the response of the output current
described in (1) can be achieved. If CURESYM is connected
to a stable grid, ey, ..., — vy, 1s usually nullified and the output
current is only determined by iy,. However, when the grid
frequency fluctuates, the phase difference between ey, ., and
Vg, starts to generate a current flow. This current is related to
the inertial response of CURESYM.

C. Disturbance Observer

In a practical system, uncertainties inevitably exist, and their
effects can be modeled as a lumped disturbance applied to the
system [25]. In CURESYM, such uncertainties may occur due
to modeling errors of the inductive filter and the inverter non-
linearity. As mentioned earlier, because the current modulator
has an open-loop control structure, the control accuracy may be
degraded by disturbances from uncertainties. A block diagram
of the disturbance observer is given in Fig. 7.

When the disturbances are regarded as voltage distortions on
the inverter side, the circuit equation based on Fig. 1 is derived

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 15, NO. 2, APRIL 2024

Fig. 7. Disturbance observer to compensate for uncertainties of CURESYM.

in the SRF as follows:

T
di,

e +dy = anig — w,-LfniZ + Ly 7t

+ vy

) ) dil’
eg*_,_dg = anzg +wTLfnzg+Lfnd—; —‘rUg. ©))
Here, dj; and dj, are the disturbances from the uncertainties.
If one of the nominal parameters in (9) differs from the actual
counterpart, the observer considers this difference as one of the

disturbances to be offset. As described in Fig. 1, the voltage refer-

T
q

a;, (= [d; dr*]"),SEMFey, . and CMEMF e}, . . Ifthe

disturbances are precisely offset by ag ,» the desired response of
CURESYM described in (1) can be achieved through CMEMF
and SEMEF. In this article, an extended state observer (ESO), a
type of disturbance observer, is used to estimate and compensate
for disturbances [25], [26]. To design the ESO, a state equation
based on (9) is derived as shown below, including disturbances

in the state vector x.

T\ . . .
ence ey (= [eg* e ] ) is the sum of the estimated disturbance

d
—x = Ax+ Bu

10
dt (102)
y = Cx, (10b)
where
—an/Lfn Wy 1/Lfn 0
A —wr  —Rgn/Lgn 0 1/Lgy
0 0 0 0
0 0 0 0
(10c)
T
/Ly 0 0 0
B=1" 1/Ln, 0 0} (10d)
1000
C= {0 Lo 0] (10e)
A
x:[zd g dy dq] (10f)
, . ert gt
= e — v = [Jf*_ﬂ (10g)
q q
T
y—[zg 22] (10h)
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Because the system represented in (10) is observable, an ESO
can be designed as shown below.

%i:Af{—&—Bu—i—L(y—Cf{)

L — Lol s Iy T‘
lo Iy lg g

(11a)

(11b)

The hat symbol “*” indicates an estimated value. The observer
gains in matrix L are designed to make the estimation error of
the state vector converge to zero. The error dynamics of the state
vector is described as

d

Z (x %) = (A~ LC) (x - %).

(12)

If the observer gains are chosen such that all eigenvalues
of A — LC are located on the left-half plane, the estimated
disturbance can be obtained from the estimated state vector as
follows:

dj, = Dx (13a)
0010
D= [o 00 1] (13b)

To make the observer structure symmetric in the SRF and
place all poles simply at the same value w,,, the observer gains
can be set as follows:

R

Iy = 2Weso — =12 £, (14a)
Ln

i = 2eso — U 0, (14b)
Lin

Is =g = —w?, Ly (14c)

Iy =13 =lg =17 = 0. (14d)

Given that the estimation error of the observer is generally
required to converge more rapidly than the other control dy-
namics, wes, should be sufficiently greater than the bandwidth
of the flux controller and the current modulator.

The observer response can then be faster than the mechanical
response of the synchronizer.

In summary, the combination of the disturbance observer and
the current modulator can be regarded as a type of current feed-
back regulator. However, because the vector difference between
the SEMF and the grid voltage is explicitly modeled as the
input rather than as a disturbance in the disturbance observer,
CURESYM can simultaneously represent the characteristics of
the current regulator and the VSM.

IV. EXPERIMENTAL RESULTS
A. Experimental Setup

Experiments were conducted to evaluate the performance of
CURESYM with a three-phase voltage source inverter. Fig. 8
shows the overall experimental setup based on Fig. 1. The control
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TABLE II
PARAMETERS USED FOR THE LABORATORY-SCALE EXPERIMENTS
Parameter Value
Nominal grid frequency 60 Hz
Nominal grid voltage (L-L) | 220V
o Nominal inverter power: S, 11.4kVA
Circuit L 15 mH
R, 84 mQ
C¢ (A-conn.) 16 uF
Ji 0.2 kg - m?
kg4 3N-m-s/rad
Wy 2m - 1rad/s
Default Tom 100 ms
. Wre 2m - 100 rad/s
parameters =7 27 - 300 rad/s
D, S,/(0.03 - 21 - 60)
Dy V35,/(0.2 - 220v2)

algorithm for CURESYM is implemented on a control board
based on TMS320C28346 with a sampling frequency of 15
kHz. The DC-link voltage is regulated at 350 V. The inverter
is connected to the grid simulator through an LC-filter and a
transformer. The circuit parameters of the experimental setup
are listed in Table II.

B. Response to Changes in the Current Reference

First, the response of CURESYM to a RIC was tested while
the droop controller was not applied. The step response of
CURESYM to the d-q current references is shown in Fig. 9.
In this experiment, the d- and g-axis currents were initially held
to zero and 10 A, respectively. In Fig. 9(a), 20 A step changes
in the current references are sequentially applied for the g-axis
and d-axis. Because the frequency and voltage magnitude of the
grid simulator are fixed, the effect of SEMF was negligible.

Therefore, it can be observed that first-order responses with
the intended time constants (7., ) occur for the current regulation
on each axis. In addition, the d-and the g-axis current responses
are decoupled from each other. Because the degree of voltage
distortion caused by parameter errors or inverter nonlinearity
can vary depending on the output current, the disturbance voltage
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observer.

estimated by the observer changes, as shown in Fig. 9(b). In addi-
tion, when the disturbance observer was deactivated, the current
modulating accuracy was degraded, as shown in Fig. 9(c). In the
figure, the g-axis current does not have any steady-state error,
even without the disturbance observer. This occurs because the
swing mechanism of the synchronizer in Fig. 5 adjusts 6, such
that the error between 4" and i, is diminished. Consequently, a
current regulation error without a disturbance observer is only
observed on the d-axis in a steady state.

C. Response to Changes in the Grid Frequency and Voltage

To demonstrate the responses of CURESYM to a change in
the grid frequency, the grid frequency is made to drop from
60 Hz to 59.8 Hz by the grid simulator. The d-axis and g-axis
current set-points were respectively fixed at zero and 10 A
before the frequency drop. Fig. 10(a) shows the responses of
CURESYM with two different damping coefficients. Because
the droop controller was not apphed, ir'* does not vary according
to a frequency change. Although iy 1s fixed, iy increases at the
moment of the frequency drop due to the inertial response em-
ulated by the mechanical part of the synchronizer. The transient
response could be adjusted by the damping coefficient k4. A high
kq mitigates oscillation in the transient response. In a steady
state, i, converges back to ip", and the angular frequency of
CURESYM . is finally synchronized with the grid frequency
fg- In Fig. 10(b), the droop controller was activated, and 7;*
varies depending on the frequency deviation of CURESYM. In
a steady state, 4y, converged to the altered iy, "

Fig. 11 shows the responses of CURESYM to the balanced
grid voltage sag. The magnitude of the grid voltage was de-
creased in steps of 0.05 pu. The d-axis and g-axis current
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Fig. 11. Responses of CURESYM to a stepped decrease in the grid voltage.

(a) Without droop control (1 in subscript: wy. = 27 - 100 rad /s, 2 in subscript:
wfe = 2 - 10 rad/s), (b) with droop control (w . = 27 - 100 rad/s).

set-points were respectively fixed at 10A and zero before the
voltage sag. Initially, the droop controller was deactivated in
Fig. 11(a). Before the grid voltage increases, the magnitudes of
the grid voltage and the SEMF are identical while the output
currents are well regulated to the given references. In response
to the voltage sag of the grid, the output currents temporarily
fluctuate due to the admittance response of (1). However, the
currents are quickly settled as w,.A y immediately follows v,,, due
to the flux controller. The rapid response of the flux controller
is helpful in that it strictly regulates the output current. There-
fore, CURESYM inherently has tolerance to voltage dips and
swells in its current regulation. If droop control is applied, the
d-axis current is adjusted further to compensate for the voltage
deviation, as shown in Fig. 11(b). Moreover, current reference
variations caused by the droop control can easily be limited by
the limiters described in Fig. 4, which limit the output current
level in a steady state.

In the unbalanced voltage condition, an additional cur-
rent controller can be combined with CURESYM to mitigate
the negative sequence current [27]. In Fig. 12(a), the unbal-
anced grid voltage was made by adding a negative-sequence
voltage (—0.1£0° pu) through the grid simulator. Initially,
CURESYM operated without the negative-sequence current
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Fig. 12. Experimental result of the unbalanced operation of CURESYM.
(a) Three-phase grid voltage, (b) three-phase output current, (c) dg-axis output
current, (d) dg-axis negative-sequence output current.

controller (NSCC), and the d-axis and g-axis current set-points
were respectively fixed at zero and 10 A. When the NSCC was
deactivated, the output three-phase currents were unbalanced as
shown in Fig. 12(b) and the second-order harmonics appeared
in the dg-axis currents as shown in Fig. 12(c). When the NSCC
was activated, the dg-axis negative-sequence currents ¢, and
iy~ were rejected as shown in Fig. 12(d). As a result, the
second-order harmonics in the dg-axis currents and unbalances

in the three-phase currents were also effectively removed.

D. Comparisons With Other VSMs

The comparison results with other VSMs in Fig. 13 clearly
show how the performance of CURESYM is distinctive. First, a
step increase is applied to the active power set-point Pk, after
which a step decrease in the grid frequency follows sequentially.
When using CURESYM, Ps.; determines the g-axis current
set-point. The droop coefficients used in each topology are
identical and are assumed to be fixed for the same steady-state
responses. As shown in Fig. 13(a), the responses of the syn-
chronverter [13] under the test scenario had large oscillations.
However, adjusting the dynamics was limited, as the damping
effect cannot be separately adjusted from the droop coefficient.
As shown in Fig. 13(b), an improved damping method [22] could
mitigate transient oscillations without affecting the steady-state
responses of droop control. However, the transient response to
P, was still affected by a change in the inertia coefficient.
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Fig. 13. Comparison of CURESYM’s active power response with other

VSMs. (a) Synchronverter [13], (b) improved damping method [22], and (c)
CURESYM.

In Fig. 13(c), it is confirmed that the responses of CURESYM
to P,.; were not affected by either the inertia or the droop
coefficients. In this test, 7., was set to 10 ms as an example,
meaning that a very rapid response to P;.; was also achievable
in CURESYM. In addition, the damping coefficient was also de-
signed to have a large value (kg = 6 N - m - s/rad). As a result,
oscillations due to frequency drops were effectively mitigated
without affecting the steady-state responses.

E. Stand-Alone Mode of CURESYM

The proposed method is inherently capable of stand-alone op-
eration without any changes in the control structures. In Fig. 14,
after the grid simulator was disconnected by a circuit breaker,
CURESYM became the only voltage source in the experimental
setup. For this experiment, droop control was activated, and the
control parameters in Table II were used as the default condition.
Exceptionally, wy. was set to 27 - 10 rad/s, as an excessive
response of the flux controller could lead to voltage instability
in the stand-alone mode.

As shown in Fig. 14(a), the grid voltage was robustly main-
tained by CURESYM in the islanding situation. The output
current in the stand-alone mode is determined by the load condi-
tions. Because a resistive load was connected in the experimental
setup, the output current of CURESYM mainly exists on the
g-axis, as shownin Fig. 14(b). InFig. 14(c) and (d), the frequency
and the voltage magnitude in the steady-state were determined
by the values of the droop coefficients.

The d-axis and g-axis current errors between the set-points
and the actual outputs determined the voltage deviation and
frequency deviation from the nominal values, respectively.
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Fig. 14. Responses of CURESYM when transitioning into the stand-alone

mode. (a) Three-phase grid voltage, (b) dg-axis output current, (c) angular
frequency of CURESYM, and (d) magnitude of the grid voltage and SEMF.

V. ON-SITE TEST RESULTS

A. Test Site

The performance of CURESYM s verified through the on-site
test results. The primary objective of CURESYM is to miti-
gate grid frequency variations by providing inertial responses.
However, the laboratory-scale tests mentioned earlier were not
enough to assess CURESYM with regard to its primary objec-
tive, as the grid simulator operates as an infinite bus, strictly
regulating the grid frequency. Therefore, we conducted on-site
tests in an actual microgrid to confirm the grid-supporting per-
formance of CURESYM.

The test was conducted on Biyangdo, a small island of Jeju-
do in South Korea. The power grid of Biyangdo is an isolated
microgrid without interconnections to the main grid of Jeju-
do. The Biyangdo grid includes three 80 kW diesel generators
(DGs) and RESs consisting of 100 kW photovoltaic (PV) and
20 kW wind generators in total. In addition, a I MWh BESS is
connected to the grid via a 250 kVA inverter, and CURESYM
was implemented in this inverter. An overall description of the
Biyangdo grid and photos of the facilities are shown in Fig. 15.
The average load during the tests was about 70 kW. When one
DG was connected to the grid, the estimated inertia constant [ 18]
and short-circuit ratio (SCR) of the grid were 0.52 s and 6.5,
respectively. These values are estimated based on the nominal
parameters in Table III, and in particular, the SCR was estimated
at the point of common coupling of the BESS-inverter [28]. The
waveforms obtained from the on-site tests are captured by a
data acquisition system with a sampling period of 200 ms. The
parameters for the on-site tests are listed in Table III.
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Fig. 15. Biyangdo microgrid. (a) Overall description of the microgrid for the
on-site test, and (b) microgrid monitoring panel.

TABLE III
PARAMETERS USED FOR ON-SITE TESTS
Parameter Value
Nominal grid frequency 60 Hz
Nominal grid voltage (L-L) 380V
Circuit Nominal inverter power: S,, | 250 kVA
Ly 75 pH
Ry 12 mQ
Ji 1.76 kg - m?
kg 17.59N -m - s/rad
Wy 0.5rad/s
Control | Tep 1s
Wre 2m - 10rad/s
Weso 2m - 300 rad/s
D,, D Not applied

B. Test Results

First, the application effect of CURESYM was compared with
the conventional constant power control scheme in the GFL
mode. The current references in both cases were identically
given from the power reference transmitted from the power man-
agement system. During the test, a DG and RESs were operated
in parallel with the BESS. Figs. 16 and 17 show the waveforms
of the grid frequency and the output active power of the inverter,
as recorded over one minute in the daytime. The active power
reference of the inverter was set to 20 kW. Due to restricted
access to accurate measurements and the nominal-value-based
references, there could be steady-state errors in general. In the
test site, as shown in Fig. 16(a), fluctuations of the grid frequency
may be severe due to the low inertia of the diesel generator with
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Fig. 17.  On-site test result for CURESYM with a BESS inverter in a normal
situation. (a) Grid frequency, (b) output active power of the BESS inverter.

abrupt variations of loads and RESs. With constant power control
for the inverter, the instantaneous active power remains close to
its average, as shown in Fig. 16(b), despite the severe fluctuation
of the grid frequency. On the other hand, the degree of variation
of the active power in CURESYM is considerable due to the
inertial and damping responses, as shown in Fig. 17(b). When
comparing Figs. 16(a) and 17(a), it is inferred that CURESYM
could effectively stabilize the grid frequency at the expense of
fluctuating active power to the grid.

In Fig. 18, the active power reference changes from zero to
8 kW and back to zero. Likewise, the reactive power reference
also changes from zero to 8 kvar and back to zero. By virtue
of the current modulator, CURESYM can regulate the active
power through the g-axis current reference and the reactive
power through the d-axis current reference. As shown in Fig. 18,
this power modulation scheme through the d-g current is super-
imposed onto the emulated inertial and damping responses in
CURESYM.

Finally, it was considered whether or not CURESYM could
partially substitute for synchronous machines. In Fig. 19, one
of three active DGs in parallel is intentionally tripped while
CURESYM is not connected to the grid. The eliminated DG
was delivering 20 kW of active power in constant power mode
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before the trip event. As shown in Fig. 19, the initial RoCoF
and the frequency nadir after the trip were recorded as —1.24
Hz/s and 59.48 Hz, respectively. In Fig. 20, an identical event
was repeated while CURESYM was operating with two DGs in
parallel. As shown in Fig. 20(b), the active power of CURESYM
increases rapidly after the trip event and converges back to
the original set-point. In this case, the initial RoCoF and the
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frequency nadir are correspondingly —0.99 Hz/s and 59.66 Hz
in Fig. 20(a), better than those of the first scenario in terms of
frequency stability. That is, CURESYM could help to enhance
the frequency stability in this low-inertia grid.

VI. CONCLUSION

This article proposed a control method denoted as CURESYM
for a voltage-source inverter to emulate a synchronous ma-
chine with two EMFs and a disturbance observer. CURESYM
can separately design dynamic responses to current refer-
ences regardless of inertia or the damping parameters. Con-
sequently, grid support functions can be offered simulta-
neously with the intended response to the reference input.
Along with the disturbance observer, CURESYM can offer
accurate current-regulating performance. The fundamental fea-
tures of CURESYM were experimentally demonstrated through
laboratory-scale experiments. By testing CURESYM in an ac-
tual island grid, its grid-supporting performance could be practi-
cally assessed. The on-site test results confirm that the proposed
method can effectively support weak grids.
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