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Abstract—Grid-forming inverters (GFMIs) are recognized as
one of the key enablers towards highly renewable energy pro-
liferated grids. One of the pivotal characteristics of GFMIs is
the ability to seamlessly switch between grid-connected (GC)
and standalone (SA) modes. In this paper, a novel controller is
proposed to accurately follow the power reference commands in
the GC mode while providing the required amount of virtual
inertia in the SA mode to slow down the rate of change of
frequency (RoCoF) following a disturbance. The proposed control
design, where straightforward equations are given to calculate the
controller gains directly, is based on the frequency response of the
open-loop system. Furthermore, based on the frequency response
of the controller, a condition for the placement of the poles of
the controller is derived to guarantee the RoCoF relay limit
compliance in the SA mode. The experimental results show that
the proposed controller results in lower overshoots and shorter
settling times in step responses in the GC mode than the virtual
synchronous generator (VSG) controller while providing more
virtual inertia than the VSG controller to slow down RoCoF in
the SA mode. Furthermore, the experimental results illustrate
that the proposed controller can also be designed to support
the grid during frequency transients. The performance of the
controller is extensively validated experimentally during GC to
SA mode transition and vice versa, in a multi-inverter network,
and in a wide-area model.

Index Terms—grid-connected inverter, grid-forming inverter,
rate of change of frequency (RoCoF), renewable energy, virtual
synchronous generator (VSG) control.

I. INTRODUCTION

NVERTER-BASED resources (IBRs) are increasingly dis-

placing fossil-fuel-based synchronous power plants to de-
carbonize the power grid [1]. The majority of currently oper-
ational IBRs are grid-following inverters (GFLIs). However,
grid-forming inverters (GFMIs) are becoming increasingly
popular due to their superior performance in weak grids and
the capability to operate in the standalone (SA) mode [2],
[3]. In the grid-connected (GC) mode, GFMIs are expected
to follow the power reference commands received from the
automatic generation controller (AGC) quickly and accurately.
On the other hand, in the SA mode, GFMIs must provide
virtual inertia to slow down the rate of change of frequency
(RoCoF) following a disturbance. Therefore, a novel controller
is proposed in this paper for the active power controller (APC)
in GFMIs to perform well in both GC and SA modes.

One of the first control structures proposed for GFMIs is
droop control [4]. Droop control is essentially a proportional
controller. Typically, a low-pass filter is used with droop con-
trol to filter out the high-frequency harmonics [5]. Generally,
droop controllers are used in both APCs and reactive power
controllers (RPCs) in GFMIs. However, the relationships be-
tween active power (P), reactive power (Q), frequency (w),

and the point of common coupling (PCC) voltage magnitude
(|vc|) depend on the X/R ratio of the grid impedance. If
the grid impedance is predominately inductive, e.g., high-
voltage transmission networks, P — w and @ — |v.| droop
relationships are used [6]. Alternatively, a virtual impedance
loop is proposed in [7] to increase the inductive nature of the
grid impedance. Thereby, the coupling between active power
and reactive power is minimized. Using a virtual impedance
loop enables the use of P—w and Q — |v.| droop relationships
even in predominately resistive grids.

One of the critical drawbacks of droop control is the lack
of virtual inertia provision. Therefore, RoCoF in the SA mode
following a load disturbance becomes extremely high with
droop control. Hence, synchronous machine emulation control
techniques are developed to overcome the issues related to low
inertia. To this end, various control methodologies that are
based on synchronous machines such as virtual synchronous
machine (VISMA) [8], virtual synchronous generator [9],
Synchronverter [10], and power synchronization control (PSC)
[11] are proposed. The most common control technique to
emulate synchronous machines’ inertial and damping proper-
ties is the swing equation emulation-based virtual synchronous
generator (VSG) control method [12].

The VSG control topology is improved in many papers to
achieve various control objectives. In [13], the authors have
presented a proportional-integral (PI) controller-based APC
that can track power accurately even during grid frequency
variations due to the PI-based APC’s integral action. A control
method that combines PSC and VSG control is proposed in
[14], and a pole/zero cancellation-based model order reduction
method is also proposed to set the desired inertia constant
and a P — w droop individually. A bandpass filter-based
supplementary controller called intelligent power oscillation
damper is added to the basic VSG control in [15] to damp the
electromechanical interarea power oscillations. The frequency
of the interarea electromechanical power oscillation that needs
to be damped is found based on a real-time prediction obtained
from an artificial intelligence-based predictor utilizing the
Random Forest algorithm. A fuzzy-based method to dynam-
ically adjust the inertial response of the VSG is proposed in
[16]. However, the fuzzy membership characteristics and fuzzy
rules significantly affect the controller’s performance as the
fuzzy rules heavily depend on the designer’s knowledge of
the system.

The main control objective of GFMIs in the GC mode is to
accurately and quickly follow the power reference commands
from the AGC. On the other hand, the controllers employed in
GFMIs must also provide virtual inertia to slow down RoCoF
following a disturbance in the SA mode. One of the short-
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Fig. 1. A GFMI with internal controllers.

comings of VSG control is that the tuning of parameters such
as closed-loop bandwidth and damping ratio is constrained
by the droop coefficient and inertial time constant [17]-[20].
Therefore, a VSG controller designed for a high virtual inertia
provision in the SA mode could cause a large overshoot and
a long settling time in step response in the GC mode. In
contrast, the GFMI could end up causing a large RoCoF
following a disturbance in the SA mode if the VSG controller
is designed to have a low overshoot and short settling time
for step response in the GC mode [19]. Consequently, a high
RoCoF could be detrimental to frequency-sensitive loads and
equipment or could end up triggering RoCoF relays, paving
the way for cascade trips.

A first-order controller such as VSG control cannot con-
currently achieve both control objectives stipulated in the
GC and SA modes. Therefore, in [18], a zero is added to
the VSG control to form a lead-lag controller called the
synchronous power controller (SPC). As a result, the step
response is decoupled from the droop coefficient and inertial
time constant. However, this controller type results in a very
high initial RoCoF level in the SA mode due to its structure.
A second-order controller called generalized droop control is
proposed in [19] to achieve a step response with low overshoot
and short settling time in the GC mode while adhering to
RoCoF relay limits in the SA mode. However, the control
design is an arduous trial and error process that needs to be
validated through simulations. Since the control design is not
methodical, the performance of the controller depends heavily
on the designer.

A cross-feedforward compensation-based method is pro-
posed for generators with coupled P and @ loops [21] to
improve damping. Two cross-feedforward gains are designed
to improve the damping and reduce decoupling. However,
cross-feedforward compensation cannot completely get rid of
the coupling between P and @ loops. Therefore, the risk
of instability still exists. Furthermore, the impact of cross-
feedforward gains on the virtual inertia provision is not consid-
ered. A phase-amplitude cross-regulation method is proposed
in [22] where a cross-coupling term from APC to RPC is
used to improve damping. However, the washout filter used in
the cross-coupling term could induce large voltage transients
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during frequency jumps. In [23], an H ., /H2-based control de-
sign is proposed for GFMIs in low-medium voltage networks,
although the SA mode of operation is not considered in the
control design. Therefore, RoCoF following a disturbance in
the SA mode could violate the limits of RoCoF relays.

The generalized virtual synchronous generator (GVSG) con-
trol concept is introduced to pave the way to the main contribu-
tion of this paper, which is the compensated GVSG (CGVSG)
controller to obviate the shortcomings of the VSG controller
in the GC and SA modes. Based on the frequency response
of the controller, a condition for pole placement to guarantee
post-disturbance RoCoF compliance is developed. Finally, a
straightforward analytical approach for designing the proposed
controllers to achieve the control objectives of both GC and
SA modes is proposed.

The contributions and novelties of this paper are fourfold:

1) A novel control structure called the GVSG control is
introduced. Based on the GVSG, an enhanced controller
called the CGVSG that exhibit superior performance in
both GC and SA modes compared to state-of-the-art ap-
proaches is proposed.

A condition for placement of the poles of the controllers
for guaranteeing RoCoF following a disturbance in the
SA mode is derived.

Since only the plant gain is required for control de-
sign, both parametric and experimentally identified non-
parametric models can be used.

A methodical analysis of the dynamic response of the
GFMI with the proposed controllers based on the open-
loop frequency response of the system is presented.
Consequently, a straightforward control design method
to tune the controller gains is proposed.

2)

3)

4)

The rest of the paper is structured as follows. Section II in-
vestigates the dynamic response of GFMIs with VSG control.
Section III duly discusses the proposed control design process,
and the performance of the proposed controllers is evaluated.
The experimental results are presented in Section IV. Finally,
the conclusions are drawn in Section V.



TABLE I
PARAMETERS USED FOR THE SIMULATION AND EXPERIMENT.

Parameter Value

SCR = 10.6 grid Ly = 5.18 mH, Ry = 0.15 ©

SCR = 3.9 grid Lg = 1375 mH, Ry = 0.3
Grid SCR = 1.9 grid Lg =28.75 mH, Rg = 0.5

Grid voltage vg,L-L = 130 Vrums

Nominal frequency  wg = 314.15 rad s™!

Filter parameters Lc=7mH, Rc =1 Q, C; =30 uF
GFMI  Capacitor voltage ve,L-L = 130 Vrums

Inverter rating Sh=1kW
Loads  Local load L =470 W

Remote load L, =750 W

II. DYNAMIC RESPONSE OF A GFMI wWITH VSG CONTROL
A. Test System

The system studied in this paper is depicted in Fig. 1. A
GFMI with inner control loops is considered, although GFMIs
can be modeled even without the inner control loops [24].
The GFMIs with inner control loops perform better during
faults over GFMIs without inner control loops as the GFMIs
with inner control loops possess current limiting capabilities.
Nevertheless, the proposed control method can be applied
even for GFMIs without inner control loops. This paper’s
primary focus is on the APC design. The voltage angle (#)
of the voltage at the PCC (v.) is dynamically controlled by
the APC. The GFMI can be operated in the GC mode (SA
mode) by closing (opening) the SW; switch. Furthermore, a
load disturbance can be applied in the SA mode by closing
the SW5 switch.

Considering the system shown in Fig. 1, the power injected
into the grid can be expressed as [25], [26],

1

P =3 55—%
R2 + X2

(RgV2 — RgV Vg cos(0) + XV Vg sin(6)),
(1)

where V. and V,; are the RMS values of the capacitor voltage
and the grid voltage, respectively, and 6 is the power angle
difference. Additionally, R, and X, = wL, are the resistance
and the reactance of the line impedance, respectively. There-
fore, the small-signal model for the active power loop can be
derived as

AP
Al

XV Vg cos(8) + Ry V Vg sin(0)
R2 + X2

=3 2
where “A” stands for the “increment operator”. In case the
line impedance is predominately reactive (which is the case in
transmission networks) or if a virtual impedance loop is used
in the GFMI inner control loops, X, is considerably larger than
R,. Therefore, R, is negligible. Furthermore, since the power
angle 6 is typically small [26], sin(f) — 6 and cos(f) — 1
are also valid. Finally, the parametric model for active power
flow into the power grid over frequency (G(s)) is obtained
after substituting A6 with Aw/s as
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Fig. 2. Control block diagram of the VSG controller.
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where kg is the plant gain, and it is equal to 3V,V./wLg.

B. Parameter Tuning of VSG Control

The control block diagram of a VSG controller (Kysg(s))
is shown in Fig. 2. The structure of a VSG controller is

D,
(ris+ 1)’

where D, and 7; are the steady-state droop coefficient and
the inertial time constant. 7; is equal to JwyDy, where J and
wy are rotational inertia and nominal frequency, respectively.
D, is typically defined by the grid operator based on the grid
frequency variation and the available power reserve. Generally,
the droop coefficient for synchronous generators is around 4%-
5%, although for IBRs it may be lower than that to make them
technically and commercially viable [18]. For example, the
droop coefficient of the Hornsdale battery in South Australia
is equal to 1.72% [27]. During contingencies, the grid operator
expects the IBRs to support the grid. The amount of support
is mandated through D,,. D,, is set such that for a predefined
frequency change in steady-state (A(2), a power change equal
to the inverter’s rating (S,) is observed. Therefore, D, is
defined as

Kvsg(s) - (4)

AQ
SII ’

T; is directly associated with the moment of inertia of the
VSG controller. Therefore, 7; is set based on the virtual inertia
provision requirement. Virtual inertia provision is particularly
important in the SA mode as RoCoF following a disturbance
tends to be dangerously high due to the lack of inertia. 7; must
be set according to the RoCoF withstand capability of RoCoF
relays. Otherwise, RoCoF sensitive relays could trigger or
damage RoCoF sensitive equipment. In 50 Hz power systems,
RoCoF relay settings range from 0.5 Hz/s to 2.5 Hz/s. For
example, the typical RoCoF relay limits in some jurisdictions
are as follows: Ireland 1 Hz/s, Great Britain 0.5 Hz/s, Denmark
2.5 Hz/s, Spain 2 Hz/s, South Africa 1 Hz/s, Belgium 1 Hz/s
[28].

The frequency trajectory following a load disturbance in the
SA mode can be found by evaluating the response of

Aw  -D,
A-Ploacl B (Tis + ]-)7

where APg.q is the load disturbance. Thus, RoCoF subse-
quent to a load disturbance with a VSG controller is as follows:

&)

Dy

(6)

)



Therefore, a maximum upper bound for the initial RoCoF
(Aw|s—g+) for a step load disturbance of the size equal to
Sy is derived by applying the initial value theorem to (7), and
substituting for D, from (5) in (7) as follows:

s (~AQ/S.) Su

Aoy _ s = i
Ge-or =0 s =057 s @®)
—AQ
= Z_pa

Ti
where p is the RoCoF relay limit. Therefore, the initial RoOCoF

in the SA mode with a VSG controller conforms to p up to a
disturbance size equal to S, only if 7; > AQ/p.

C. Step Response with VSG control in GC and SA modes

The parametric transfer function of the closed-loop system
with a VSG controller (G vsg($)) is

Dpkg/Ti
2+ /7 + Dpkg /7

Gcl,vsg(s) = (9)
This can be written in a generalized second-order transfer
function format as

w2

Y 10
82 + 20w, s + w2’ (19)

where w, = \/Dpky/7; and ( = /1/4Dpke7;. In control

theory, w,, and ¢ are known as natural frequency and damping
ratio of the closed-loop system, respectively. The bandwidth
and damping of the closed-loop system are directly influenced
by w, and ¢, respectively. Consequently, D, and 7; directly
affect the rise-time and the overshoot of the step response of
the system in the the GC mode. Further, as shown in (6), the
frequency variation following a disturbance in the SA mode
is also influenced by D, and ;.

The effect of D, and 7; on the step response of (9) in
the GC mode and (6) in the SA mode is shown in Fig. 3.
The system under consideration is shown in Fig. 1, and the
system parameters are given in Table I. The line parameters
of a grid with a short circuit ratio (SCR) of 3.9 are considered
in the study. During the study, D, is set to 1% p.u., and 7;
is varied from 0.5 s to 0.0455 s. As shown in Fig. 3(a), as
7; 18 decreased, the overshoot and rise time are reduced. As a
result, the oscillations are damped, and the step input is tracked
with minimal overshoot. However, as shown in Fig. 3(b),
as 7; is decreased, the virtual inertia provided in the SA
mode is significantly reduced. As a result, the initial RoCoF
becomes dangerously high. Therefore, typical RoCoF relay
limits could be violated, and RoCoF sensitive equipment could
trip. Therefore, tuning VSG controller parameters to achieve
control objectives in both GC and SA modes is challenging.
To achieve both objectives in the GC and SA modes, either
Dy or 7; has to be compromised.

The SPC is proposed in [18] to overcome the coupling
of droop coefficient and inertial time constant on the step re-
sponse. The structure of the SPC is

(kps + ki)
(S + kj) ’
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Fig. 3. Step response of: (a) (9) in the GC mode and (b) (6) in the SA mode.

where k,, k;, and k; are set based on the required damping
ratio, bandwidth, and P — w droop characteristic, respectively.
Therefore, the desired bandwidth and the damping ratio of
the closed-loop system can be individually set without com-
promising the droop coefficient nor the inertial time constant.
However, the SPC results in a very high initial RoCoF follow-
ing a load disturbance in the SA mode due to its structure. The
frequency trajectory with the SPC following a load disturbance
in the SA mode can be found by evaluating the response of

Aw  —(kps +1k)
APloaud B (3 + k]) '

Similar to the analysis with a VSG controller, a maximum
upper bound for the Aw|; — ¢+ with the SPC for a step load
disturbance of the size equal to S, can be derived by applying
the initial value theorem to (12) as follows:

s (—(kps+k;)) Sn

As shown in (13), Aw|; — o+ with the SPC tends to be
extremely high due to its biproper structure. Therefore, the
GVSG is introduced in this paper to achieve accurate power
reference tracking in the GC mode and conform to the Ro-
CoF relay limits in the SA mode. Additionally, an enhanced
controller that is based on the GVSG called the CGVSG is
proposed in this paper to further improve the damping in
the GC mode. Furthermore, a straightforward control design
approach based on the frequency domain analysis of the open-
loop frequency response is proposed to tune the controller
gains. The proposed control design ensures that the proposed
controller achieves accurate set-point tracking with minimal
overshoot and short settling time in the GC mode while
conforming to the RoCoF relay limits in the SA mode.

12)

AWl — g+ = lim s
S§—00

(13)

III. PROPOSED CONTROL DESIGN

In this section, the proposed control design methodology
is described. First, the structure of the proposed controller is
presented. Next, the RoCoF in the SA mode is guaranteed to
be less than a predetermined RoCoF relay limit by properly
placing the poles of the controller. Finally, the proposed
control design is elaborated to 1) achieve fast and accurate
power reference tracking in the GC mode and 2) provide
virtual inertia and damping in the SA mode while respecting
the frequency bias (P — w characteristics).
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Fig. 4. Control block diagram of the GVSG control.

A. Structure of the Proposed Controller

A first-order controller is not enough to achieve the control
objectives set forth in Section II. Therefore, more poles and
zeroes should be incorporated into the controller to realize the
control objectives. Hence, in this paper, a lead-lag controller
is incorporated into the VSG control, as shown in Fig. 4.
In this paper, the proposed controller is referred to as the
GVSG as this structure is a generalized version of droop
and VSG control. It is possible to obtain the VSG control
and droop control with the GVSG by explicitly selecting the
controller parameters. In Fig. 4, Dy, a, b, ¢ are the P — w
droop coefficient, zero and pole of the lead-lag term, and the
equivalent inertia coefficient, respectively. The VSG control
is achieved through the GVSG by setting a = b = ¢ = 7.
Furthermore, droop control is achieved by setting 7; to a low
value such that the controller has a high bandwidth. This
remark is consistent with the findings in the literature as the
droop control is a specific version of the VSG control [29].

The transfer function of the GVSG (K (s)) can be written
as

K(s) = Aw _ Dy(as + 1)

AP (Dpbes? + (a+ Dpe)s +1)°
As shown in Fig. 3(b), the frequency trajectory in the SA
mode under a load disturbance is governed by the controller
structure. Therefore, the denominator of K(s) is simplified
into two distinct real poles such that the frequency trajectory
in the SA mode under a load disturbance has an over-damped
characteristic. Therefore, the GVSG is assumed to have two
distinct real poles and a zero as follows:

Dp(as+1)
(Bs+1)(ys+1)’

where a = o, b= Bvy/(B+v—«a),and c = (B+v—«a)/Dy.
Therefore, «, 3, and  controller gains are tuned during the
proposed control design. The proposed second-order controller
structure does not result in a very high initial RoCoF owing
to its structure, and it allows setting a desired P — w droop
coefficient while achieving the control objectives simultane-
ously. In the GVSG, the desired P — w droop characteristic is
set using Dy,.

(14)

K(s) = (15)

B. Guaranteeing RoCoF Relay Limit Compliance

As shown before, a properly tuned VSG controller conforms
to the RoCoF relay limit in the SA mode. Therefore, in this
analysis, it is assumed that the VSG controller is tuned to with-
stand a RoCoF level of p. RoCoF in the SA mode is directly
influenced by the high-frequency gain of K. (s). Therefore,
if the magnitude of the frequency response of K (s) (|K(jw)|)
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Fig. 5. Asymptotic bode plot of the proposed controller and VSG controller
that meets the RoCoF relay limit.

is kept below the magnitude of the frequency response of
Kysg (), i.e., | Kysg(jw)|, the high-frequency gain of | K (jw)|
can be limited. Hence, «, 3, and ~ should be chosen such that
| K (jw)| is always maintained below |Ksg(jw)].

First, to make the analysis simple, the corner frequency of
the zero of K(s) is fixed at 1/7f, where 77 = AQ/p is the

minimum 7; that can withstand a RoCoF level of p. Therefore,

a= Tip . (16)
Next, the poles 1/ and 1/~ are placed adjacent to 1/7/ within
an equal distance. The asymptotic bode magnitude plots of
K(je), Kusg(jw), (jaw+1), 1/(jBw+1), and 1/(jyw+1)
are shown in Fig. 5. As shown in Fig. 5, such a placement
of zeros and poles of the controller assures that |K (jw)| is
always maintained below |Kysg(jw)|.

As shown in Fig. 5, the points A, B, C, and D form
a parallelogram. Therefore, geometrically, the AB and CD
lengths are equal. Therefore,

AB = CD. (17)

The points A, B, C, and D correspond to the corner frequencies
of the poles and zeros of the proposed controller. Point
A corresponds to the frequency of 1/8, points B and C
correspond to the frequency of 1/77, and point D corresponds
to the frequency of 1/+. Hence, the AB and CD lengths are
expressed in terms of Tf , B, and ~y as

AB = log 7! —log 3 (18)

and
CD =logy —log7!. (19)

To obtain the relationship between the poles and zeroes of the
proposed controller, (18) and (19) are substituted in (17) as

log 7! — log B = log~y — log 77
log (87) = 2log(7/).

Therefore, the condition that the poles of the GVSG need to
satisfy to guarantee the desired RoCoF relay limit compliance
is

By = 1P (20)
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Fig. 6. The frequency response of L(jw) and the corresponding closed-loop
step responses. (a) gain of L(jw) (b) phase of L(jw), and (c) corresponding
step response of L(jw)/(1+L(jw)).

C. Achieving Accurate Power Reference Tracking

In the GC mode, the GFMI must follow the power reference
commands received from the AGC as accurately as possible.
Hence, the proposed controller is designed such that the
closed-loop step response has a minimal overshoot and a short
settling time. To this end, the open-loop transfer function of
the system is considered, and the corresponding closed-loop
step response is analyzed. The open-loop frequency response
of the system (L(jw)) is defined as

L(jw) = G(jw) K (jw)
B kg (jow + 1)

jw(ifw +1)(jrw + 1)
L(jw) and the corresponding closed-loop step responses for
five different sets of controller gains are shown in Fig. 6. « is
set to 0.5, and ~ is incrementally varied from 0.5 to 4.25 in
steps of 0.75. The different sets of controller gains are chosen
such that (16) and (20) are satisfied. Fig. 6(a) and Fig. 6(b)
show the gain (|L(jw)|) and phase (¢(w)) of L(jw), respec-
tively, while Fig. 6(c) illustrates the corresponding closed-loop
step responses.

It is important to note that if & = 0.5, § = 0.5, and v =
0.5, the controller is identical to the VSG controller as a pole
cancels out the zero of the proposed controller. Therefore, as
shown in Fig. 6, the low damping in the closed-loop step
response with the VSG controller could be attributed to the low
phase margin (¢). This remark is inline with control theory as
the closed-loop model with the VSG controller is a second-
order transfer function. Therefore, ¢ and ( are correlated with
each other [30]. Similarly, as per Fig 6, one can attribute the
overshoot and settling time of the closed-loop step response
with the proposed controller to ¢ and zero-crossing frequency
(w,), respectively, although the closed-loop transfer function
with the GVSG control is a third-order transfer function. This
is further investigated in the following.

Upon further observation of Fig. 6(c), one can notice
that as ~ is varied, the overshoot of the closed-loop step
response is reduced, and it reaches a minimum. Furthermore,
the overshoot moves away from the minimum and starts to

2n

increase again as <y is increased. Therefore, there exists a value
for « for which the overshoot is at its minimum. Interestingly,
@ is at its maximum when the overshoot is at its minimum.
Similarly, the settling time is reduced as +y is varied. However,
after some point, it reaches its minimum and starts to increase
again. Furthermore, the settling time is directly influenced by
w,. Therefore, there exists a point where the overshoot is
minimum, and the settling time is significantly decreased.

K (s) consists of two poles and a zero. Since the zero is
always in between the two poles, the zero together with one
pole forms the lead part, while the other pole together with the
zero forms the lag part of the controller. Therefore, as shown
in Fig. 6(b), another interesting observation is that the lead part
of the controller adds phase to the overall ¢(w) while the lag
part removes phase from ¢(w). This becomes progressively
prominent as 3 and v move away from each other.

To achieve fast power reference tracking with minimal
overshoot, # and v are placed such that ¢ is close to its
maximum. ¢ is defined as

¢ = (ws) — (=),

where ¢(w,) is the phase at w,. An expression for ¢(w) is
derived considering the argument of (21) as

(22)

pw) = - + arctan(aw) — arctan(fw) — arctan(yw).
(23)

Substituting for ¢(w,) from (22) in (23),

Lead part

©= g — arctan(fSw,) + arctan(aw,) — arctan(yw,). (24)

Lag part

Next, w, at the maximum of ¢ is calculated by taking the
derivative of (24) as

dp o B y

= — — 2
dw, 14a?2w? 14 p2w2 14~v2w? 5
and equating (25) to zero as follows:
(@B + By +0?B%)w; + (a(B® +47) 26)

+B(a® + %) + y(a® + B2))w? + afy = 0.

The roots of (26) give w, in terms of 8 at the maximum .
Since |L(jw,)| = 1, evaluating | L(jw)| at w, provides the value
of 3 that ensures ¢ is at the maximum. However, calculating
the roots of (26) in terms of [ is an arduous task as (20) is a
quartic polynomial.

Instead, the phase of the lead term (¢'(w)) of the controller
that adds phase to L(jw) is considered in this paper. This
simplifies the complexity of solving a quartic polynomial and
gives a sufficiently close solution. As shown in (24), assume
(as + 1)/(ys + 1) as the part that adds phase to L(jw).
Therefore, ¢'(w) is calculated as

¢'(w) = arctan (aw + 1) — arctan (yw + 1). (27)
One can obtain w at the maximum of ¢’ (w) (Wmax) as
1
argmax(¢’(w)) = —. (28)
e ma (¢'(w)) oo



On the other hand, |L(jw,)| = 1. |L(jw,)| is calculated as
IL(jw,)| Dpkg/a?w? +1 )
w,)| = = 1

T T AT+ )

To ensure the maximum phase introduced by the lead part of
the controller is at w,, |L(jw,)| is evaluated at wyax = 1/,/ay

as follows:
D,k 1/a2i+1
A/ + 1)

This ensures that w, is equal to wyax. Consequently, ¢ is close
to its maximum. Then, (16) and (20) are substituted in (30),
and after simplifying (30), 3 is derived as

3/ k2D?
ﬁ:7—1{)23 i_pp_].

Therefore, by substituting for S from (31) in (20), v can be
found as

(29)

=1

(30)

+1)

3D

1
T e ¢2)
3[lGD
Dy _

T

Consequently, «, (3, and ~ are chosen according to (16),
(31), and (32), respectively, to ensure the step response in the
GC mode has a low overshoot and short settling time, while
adhering to the RoCoF relay limit in the SA mode. Finally, the
actual controller gains a, b, and c are calculated using a = «,

b=pv/(B+~—a),and c = (B +v —a)/Dp.

D. Compensated Generalized Virtual Synchronous Generator

As shown in Section III-C, the proposed GVSG controller
is designed to track the power reference commands with less
overshoot and short settling time in the GC mode. However,
as shown in the following section, the step response of the
GVSG still results in an overshoot. This overshoot can be
further damped with a compensator. Therefore, the proposed
GVSG controller is further enhanced with a compensator, and
in this paper, this controller is referred to as the CGVSG.

The closed-loop system with the GVSG controller (G(s))
is
Gals) = keDp(as+1)

(Dpbes? + (a + Dye)s?

(33)

The zero in (33) makes the closed-loop response of the system
fast. However, this results in an undesirable overshoot as well.
As shown in [31]-[33], the damping of the step response of
the GFMI in the GC mode can be further increased by adding
a damping correction loop. The damping correction loop is
essentially the derivative of the measured power fed into the
controller in addition to the typical power error. This can be
easily realized with the GVSG by simply moving the zero of
the controller to the power feedback path, as shown in Fig. 7.
This is similar to a proportional-derivative (PD) term.

+ (1 4+kgDpa)s +kgDy,)

Pret

0
Dp Aw ¢ w
®_) prc32+(a+Dpc)s+1 ®_) —> P

(as+1)

Fig. 7. Control block diagram of the GVSG with a damping correction loop.
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Fig. 8. The control block diagram of the CGVSG control.

The control law of the controller with a compensator is
Dy
(Dpbes? + (a+Dpe)s + 1)
Dp(as +1)
~ (Dpbes? + (a4 Dpe)s + 1)
Therefore, the closed-loop transfer function with a compen-
sator (G/,(s)) is

/cl(s) =

Aw = Apref

(34)

AP.

kD,
(a+Dpe)s? + (1 +keDpa)s + kyDp)
(35)

In comparison with (33), the zero is removed from (35)
without affecting the poles of the closed-loop system. Fur-
thermore, (34) shows that this modification does not affect the
Aw/AP part of the control law. In fact, it is identical to (14).
Therefore, the RoCoF relay limit compliance is preserved with
the proposed compensator. This is validated in the performance
evaluation section.

As shown in Fig. 7, the proposed controller with a com-
pensator includes a derivative term in the feedback path. To
avoid the implementation difficulties associated with derivative
terms, the control block diagram shown in Fig. 8 is proposed
instead. The implementation of the controller shown in Fig. 8
is straightforward as it consists of well-known and easy to
implement PI controller and low-pass filter blocks. Fig. 8
shows the control block diagram of the CGVSG. The control
law for the controller shown in Fig. 8 is identical to (34).
Therefore, the closed-loop system is identical to (35). The con-
trol gains are tuned using the same control design procedure
given in Section III. Therefore, the control gains «, [, and
~ are chosen according to (16), (31), and (32), respectively.
Finally, the control gains of the CGVSG are calculated as
a=a,b=py/(+v—a),and c = (B+~ — «)/Dp. The
improvement in damping compared to the VSG and the GVSG
is shown in the next section.

(Dpbes? +

E. Performance Evaluation

The performance of the GVSG and the CGVSG is tested
against the performance of the VSG in a simulation envi-
ronment in MATLAB/Simulink using the Simscape electrical



TABLE II
PARAMETERS USED FOR THE CONTROL DESIGN.

Parameter Value

RoCoF relay withstand limit  p = 1 Hz/s

Droop coefficient Dp = /1000 rad sTW (1%)
VSG time constant TP=05s

SCR = 10.6 grid
SCR = 3.9 grid
SCR = 1.9 grid

kg = 10300 W/rad s™!
kg = 3894 Wirad 5!
kg = 1865 Wirad 57!

Droop coefficient Dp = 7/1000 rad sT/W (1%)

CGVSG  SCR = 10.6 grid a=0.5,b=0.09, c=_884
SCR = 3.9 grid a=0.5,b=0.189, c =420
SCR = 1.9 grid a=05,b=0.327¢c=243

VSG Damping gain Dp = 7/1000 rad s'/W

Rotational inertia J =0.51 kg m?

library and PLECS blockset. The schematic diagram of the test
system is shown in Fig. 1, and the corresponding values of the
parameters are listed in Table I. The parameters used for the
control design are given in Table II. «, 3, and v are chosen
according to (16), (31), and (32), respectively. Consequently,
the control gains of the GVSG and the CGVSG are calculated
as follows: a = o, b= fv/(B+v—«), and ¢ = (f+~y—a) /Dy,

1) Accurate Power Reference Tracking in the GC Mode:
The objective of this test is to evaluate the performance of the
GVSG and the CGVSG in the GC mode in terms of tracking
the power reference commands as accurately as possible. To
this end, the system of Fig. 1 is adopted when the GFMI is
in the GC mode. That is, the switch SW is closed while the
switch SWy is kept open. A step change of 1 kW is applied
to Pt at t = 2 s. In the following, the performance of the
GVSG and the CGVSG upon this step change is evaluated
based on the overshoot and settling time for two grid strength
scenarios. Overshoot is based on the maximum value of the
step response, and the settling time is defined as the time it
takes for the response to stay within 2% of the steady-state
value.

The power grid is constantly changing. Therefore, the
controllers must be capable of working in a wide range of
conditions. Hence, the controller performance is tested at
different SCRs. The SCR characterizes the strength of an ac
system and is calculated as

(36)

where X5 is the per unit grid impedance in S,, base [34], [35].
The controller performance is tested at three grid conditions
of SCR = 10.6, SCR = 3.9, and SCR = 1.9. The simulation
results for a 1 kW step change in the GC mode for SCR = 10.6,
SCR = 3.9, and SCR = 1.9 are shown in Fig. 9.

The step responses of the VSG, the GVSG, and the CGVSG
in the GC mode for SCR = 10.6 are shown in Fig. 9(a). The
step response of VSG has an overshoot of 74.3%, while the
settling time is around 7.1 s. In contrast, the overshoot with the
GVSG is only 27.8%, and the settling time is around 3.38 s.
Furthermore, there is no overshoot with the CGVSG, and the
settling time is 3.11 s. Therefore, compared to the VSG and
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Fig. 9. A 1 kW step-change in active power in a grid with: (a) SCR = 10.6,
(b) SCR = 3.9, and (c) SCR = 1.9.

the GVSG control, the overshoot and settling time are both
significantly reduced with the CGVSG for SCR = 10.6.

The step responses of the VSG, the GVSG, and the CGVSG
in the GC mode for SCR = 3.9 are shown in Fig. 9(b). The
step response of VSG has an overshoot of 54.4%, while the
settling time is around 6.1 s. In contrast, the overshoot with the
GVSG is only 34.4%, and the settling time is around 4.25 s.
Furthermore, the overshoot with the CGVSG is only 6%, and
the settling time is 3.78 s. Therefore, compared to the VSG
and the GVSG control, the overshoot and settling time are
both significantly reduced with the CGVSG for SCR = 3.9.

The step responses of the VSG, the GVSG, and the CGVSG
in the GC mode for SCR = 1.9 are shown in Fig. 9(c). The
step response of VSG has an overshoot of 31.3%, while the
settling time is around 5.8 s. In contrast, the overshoot of
the GVSG is 27.2%, and the settling time is around 5.1 s.
However, the overshoot with the CGVSG is only 9.4%, and
the settling time is 4.4 s. Therefore, compared to the VSG
and the GVSG control, the overshoot and settling time are
both considerably reduced with the CGVSG for SCR = 1.9.

As shown in Fig 9(a), Fig 9(b), and Fig 9(c), the per-
formance of the step response with the VSG controller de-
teriorates as the grid strength is increased. The overshoot
and settling time both increase significantly with the VSG
controller as the SCR is increased. This is consistent with the
findings in the literature as GFMIs are prone to instability
as the grid strength is increased. As the grid strength is
increased, the grid impedance is decreased. Therefore, even
for very small angle deviations, large swings in power that
could ultimately lead the GFMI to lose synchronism with the
grid are resulted [36]-[38]. On the other hand, the impact of
SCR on the performance of the GVSG and the CGVSG is
relatively marginal. The effect on the overshoot and settling
time with the GVSG and the CGVSG as the SCR is increased
is relatively minor compared to that with the VSG control.
Especially, as shown in Fig 9(a), Fig 9(b), and Fig 9(c), the
performance of the CGVSG is considerably robust over the
considered range of SCR. Therefore, as shown in Fig 9(a),
Fig 9(b), and Fig 9(c), as the grid strength increases, the GVSG
and the CGVSG significantly outperform the VSG controller.

2) RoCoF Relay Limit Compliance in the SA Mode: The
main objective of this test is to evaluate the performance of the
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Fig. 10. Frequency trajectory in the SA mode following a load disturbance.

GVSG and the CGVSG in the SA mode in terms of providing
virtual inertia to slow down the high initial RoCoF following a
load disturbance. The proposed controller must conform to the
RoCoF relay withstand limit considered in the design process.
In this paper, a RoCoF relay limit of 1 Hz/s is considered up
to a disturbance size of 1 kW. To this end, the system shown
in Fig. 1 is operated in the SA mode. That is, both SW;
and SWy switches are kept open. Then, to administer a load
disturbance, the Lo load is connected at t = 2 s by closing the
SWjy switch. The system is initially injecting a local load of
470 W. The GFMI is subjected to a load change of 750 W
at 2 s. The control parameters of VSG are chosen such that
the VSG control adheres to the RoCoF relay limit in the SA
mode up to a disturbance size of the rating of the inverter.
Therefore, RoCoF with VSG can be considered as a guide to
assess whether RoCoF with the GVSG and the CGVSG are
within the considered RoCoF relay limit.

The corresponding frequency changes with the VSG, the
GVSQG, and the CGVSG in the SA mode are shown in Fig. 10.
As shown in Fig. 10, the initial RoCoF with the GVSG is
less than that of the VSG. Furthermore, since RoCoF over
time is much less with the GVSG compared to that of the
VSG, it implies that the GVSG provides more virtual inertia
than the VSG to slow down RoCoF. As shown in Fig. 10,
the frequency trajectory with the CGVSG following a load
change is identical to that of the GVSG as the post-disturbance
frequency trajectory is governed by (14), and it is identical for
both the GVSG and the CGVSG. Therefore, both the GVSG
and the CGVSG conform to RoCoF relay limits and provide
more virtual inertia than the VSG.

IV. EXPERIMENTAL VALIDATION

The superior performance of the GVSG and the CGVSG
over the VSG control is corroborated using an experimental
laboratory setup, as shown in Fig. 11. A Regatron TC.ACS
three-phase grid simulator is used as the grid. An Imperix SiC-
based power inverter controlled by an Imperix BBox control
unit is used as the three-phase two-level inverter. A MAGNA-
POWER dc source set at 350 V is used as the dc source.
The one-line diagram of the test setup is shown in Fig. 1.
All parameters of the laboratory experiment are identical to
the ones used in the simulation, and their values are listed in
Table I.

Six tests are conducted to validate the performance of the
GVSG and the CGVSG. First, the controller performance is
evaluated in the GC mode. In the GC mode, an active power
set-point change is administered. Second, the RoCoF relay
limit conformity in the SA mode of the GVSG and the CGVSG
is tested by subjecting the GFMI to a load change of 750 W.

Fig. 11.

Experimental setup.

Third, the frequency support capabilities of the CGVSG to
support the grid during frequency transients are assessed.
Fourth, the performance of the CGVSG in a multi-inverter
network is tested. Fifth, the performance of the CGVSG during
the transition from GC to SA mode and vice versa is evaluated.
Finally, as the sixth test, the performance of the CGVSG in
a wide-area model is tested. Note that in the first two tests,
the performance of all three controllers, i.e., VSG, GVSG,
and CGVSG, are contrasted. However, for the rest of the
tests, the GVSG is not considered as the CGVSG is the main
contribution of this paper.

A. Accurate Power Reference Tracking in the GC Mode

The objective of this test is to experimentally validate the
performance of the GVSG and the CGVSG against the VSG
in the GC mode in terms of tracking the power reference
commands as accurately as possible. To this end, the system
depicted in Fig. 1 is operated in the GC mode. Then, a step
change of 1 kW is applied to Pt at t = 2 s. In the following,
the performance of the GVSG and the CGVSG upon this step
change is evaluated against the VSG based on the overshoot
and settling time for two grid strength scenarios.

1) SCR = 10.6 Scenario: The experimental results for a
1 kW power reference step change in the GC mode for
SCR = 10.6 are shown in Fig. 12. The active power step
responses with the VSG, the GVSG, and the CGVSG are
shown in Fig. 12(a). The step response of the VSG has an
overshoot of 74%, while the settling time is around 7.15 s. In
contrast, the overshoot of the GVSG is 28%, and the settling
time is around 4.3 s. Furthermore, there is no overshoot with
the CGVSG and the settling time is 3.1 s. Therefore, compared
to the VSG control, the overshoot and settling time are
both significantly reduced with the GVSG and the CGVSG.
Fig. 12(b) shows the internal frequency change corresponding
to the step-change in power for SCR = 10.6. The frequency
with the VSG has a higher peak than with the GVSG, although
RoCoF is similar. However, the peak and RoCoF both are
significantly less with the CGVSG. The grid current and the
PCC voltage with the CGVSG are shown in Fig. 12(c) and
Fig. 12(d), respectively.

2) SCR = 1.9 Scenario: The simulation results for a step-
change in the GC mode for SCR = 1.9 are verified with
experimental results, as shown in Fig. 13. The step responses
of the VSG, the GVSG, and the CGVSG are shown in
Fig. 13(a). The step response of the VSG has an overshoot
of around 31%, while the settling time is around 5.9 s. In
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Fig. 12. Experimental results for a 1 kW step change in active power in GC
mode for an SCR = 10.6: (a) step response of active power, (b) change in
frequency, (c) change in the grid current, and (d) change in the PCC voltage.

contrast, the overshoot of the GVSG is around 27%, and the
settling time is around 5.2 s. Furthermore, the overshoot with
the CGVSG is only 9.2%, and the settling time is around 4.2 s.
Therefore, compared to the VSG control, the overshoot and
settling time both are significantly reduced with the GVSG
and the CGVSG. Fig. 13(b) shows the frequency change
corresponding to the step-change in power for SCR = 1.9.
The frequency with the VSG has a higher peak than with
the GVSG, although RoCoF is similar. However, the peak
and RoCoF both are significantly less with CGVSG. The grid
current and the PCC voltage with the CGVSG are shown in
Fig. 13(c) and Fig. 13(d), respectively.

B. RoCoF Relay Limit Compliance in the SA Mode

The main objective of this test is to experimentally validate
the performance of the GVSG and the CGVSG against the
VSG in the SA mode in terms of providing virtual inertia
to slow down the high initial RoCoF following a load distur-
bance. The GVSG and the CGVSG must conform to a RoCoF
relay limit of 1 Hz/s up to a disturbance size of 1 kW. To
this end, the system shown in Fig. 1 is operated in the SA
mode. The system is initially injecting a local load of 470 W.
Then, the GFMI is subjected to a load change of 750 W at
t = 2 s. In the following, the performance of the CGVSG
in the SA mode is evaluated in terms of providing virtual
inertia to slow down the high initial RoCoF following a load
disturbance. The control parameters of VSG are chosen such
that the VSG control adheres to the RoCoF relay limit in the
SA mode up to a disturbance size of the rating of the inverter.
Therefore, RoCoF with VSG can be considered as a guide to
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Fig. 13. Experimental results for a 1 kW step change in active power in
GC mode for an SCR = 1.9: (a) step response of active power, (b) change in
frequency, (c) change in the grid current, and (d) change in the PCC voltage.

assess whether RoCoF with the GVSG and the CGVSG are
within the considered RoCoF relay limit.

The experimental results are shown in Fig. 14. The load
change of 750 W at t = 2 s is shown in Fig. 14(a). The
corresponding frequency changes with the VSG, the GVSG,
and the CGVSG are shown in Fig. 14(b). As shown in
Fig. 14(b), the initial RoCoF with the GVSG is less than
VSG. Moreover, RoCoF over time is much less with the
GVSG than the VSG, which implies that GVSG provides
more virtual inertia than the VSG to slow down RoCoF. The
frequency trajectory with the CGVSG following a load change
is identical to the frequency trajectory with the GVSG as (15)
is identical for both GVSG and CGVSG. (15) governs the post-
disturbance frequency trajectory for both GVSG and CGVSG.
Therefore, both GVSG and CGVSG conform to the RoCoF
relay limit and provide more virtual inertia than the VSG. The
grid current and PCC voltage with the CGVSG are shown in
Fig. 14(c) and Fig. 14(d), respectively. Fig. 15(c) shows the
sudden increase of the grid current due to the connection of
the load while Fig. 15(d) shows the phase angle change of the
PCC voltage at t = 2 s due to the load change.

C. Frequency Support Capability

In this test, the frequency support capability of the GVSG
and the CGVSG is experimentally verified. Frequency support
is a critical service provided by GFMIs to assist the power grid
during contingencies such as the tripping of large generators.
The system shown in Fig. 1 is operated in the GC mode to test
the frequency support capability of the CGVSG. The system
is initially injecting zero power to the grid, whose frequency
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Fig. 14. Experimental results for a load disturbance of 750 W in SA mode:
(a) change in active power, (b) change in frequency, (c) change in the grid
current, and (d) change in the PCC voltage.

is 50 Hz. Then, the grid frequency is changed from 50 Hz
to 49.85 Hz at t = 2 s to subject the GFMI to a frequency
disturbance. In the following, the frequency support capability
of the CGVSG is assessed based on the injected power to
support the grid.

The experimental results are shown in Fig. 15 for the
frequency support capability test. Fig. 15(a) shows the active
power response for the grid frequency change. Since Dy is
equal to /1000 rad s'/W in this paper, the corresponding
power change for a frequency change of 0.15 Hz is equal to
300 W. Therefore, as shown in Fig. 15(a), after the initial
transient period, the power settles around the desired power
injection level of 300 W for a frequency fall of 0.15 Hz. The
internal frequency change is shown in Fig. 15(b). Before the
frequency event, the internal frequency is synchronized to the
grid frequency of 50 Hz. Following the frequency perturbation,
the internal frequency accurately tracks the grid frequency
change and settles at 49.85 Hz. The grid current and the
PCC voltage with the CGVSG are shown in Fig. 15(c) and
Fig. 15(d), respectively. Fig. 15(c) shows the increment of the
grid current over time following the frequency event, while
Fig. 15(d) shows that the magnitude of the PCC voltage is
unaffected, although the frequency is varied.

D. Multi-inverter Test in SA Mode

The performance of the CGVSG in the SA mode with mul-
tiple GEMIs is validated in this test. The main objective of
this test is to verify whether both CGVSGs utilized in this
test are able to conform to the RoCoF relay limit of 1 Hz/s
up to a disturbance size corresponding to their ratings. To this
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Fig. 15. Experimental results for a grid frequency change of -0.15 Hz with
the CGVSG: (a) the change in active power, (b) the change in frequency, (c)
the change in the grid current, and (d) the change in the PCC voltage.
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Fig. 16. Test system used for multi-inverter test in SA mode.

end, the test system shown in Fig. 16 is used. Two inverters
called INV1 and INV2 are used in this test. The rating of
INV1 is 1 kW, and INV?2 is rated twice as much as INV1.
They both have a droop coefficient of 1%. Therefore, D, of
INV1 is w/1000, whereas Dy, of INV2 is 7/2000. Both INV1
and INV2 are connected to a load (L3) via a resistance (Rg)
and an inductance (Lg) of 0.15 2 and 5.18 mH, respectively.
At the beginning, INV1 and INV2 are feeding L3 with a size
of 1.5 kW. At t =2 s, the L4 load of size 1.5 kW is connected
to the GFMIs to administer a load disturbance.

The simulation results are shown in Fig. 17. The load
change of 1.5 kW at t = 2 s is shown in Fig. 17(a). The cor-
responding frequency changes of INV1 and INV2 are shown
in Fig. 17(b). As shown in Fig. 17(a), the load disturbance of
1.5 kW is proportionally shared by INV1 and INV2 due to
their droop coefficients being weighted based on their ratings.
Therefore, INV1 increases its power output by 500 W, whereas
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Fig. 17. Results for a load disturbance of 1.5 kW in a multi-inverter network
in SA mode: (a) step response of active power and (b) change in frequency.

INV2 increases its power output by 1000 W. INV2 shares
two-thirds of the load as its rating is twice as much as INV1.
Therefore, the design of the CGVSG facilitates the steady-
state power sharing in the SA mode. Furthermore, as the
load disturbance is appropriately shared by INV1 and INV2,
as shown in Fig. 17(b), RoCoF following the disturbance
conforms to the RoCoF relay limit of 1 Hz/s. The CGVSG
controllers are designed such that the initial RoCoF following
a load disturbance conform to a RoCoF relay limit of 1 Hz/s
up to a disturbance size corresponding to their ratings. As
the initial load disturbance is less than their ratings, RoCoF
following a load disturbance is less than 1 Hz/s.

E. Transition Between GC and SA Modes

As unintentional islanding events are sudden and unex-
pected, immediate switching between separate controllers and
gains unique to the GC and the SA modes is not possible
within such a short time. Furthermore, switching between
separate controllers and gains for the GC and the SA modes
require additional fast islanding detection schemes and time.
The proposed CGVSG-based GFMIs are capable of operating
in both GC and SA modes. Consequently, GFMIs equipped
with the CGVSG could undergo transitions from the GC to
the SA mode and the SA to the GC mode seamlessly, without
the need for additional fast islanding detection schemes.

In this test, the performance of the CGVSG during the tran-
sition from the GC to the SA mode and the SA to the GC
mode is evaluated, and it is verified that the proposed CGVSG
controller enables a seamless transition from the GC to the SA
mode and vice versa. The test system shown in Fig. 18 is used
to test the performance of the CGVSG during the transition
between the GC and SA modes. The SW, breaker is used to
connect the GFMI to the grid, and the SW5 breaker is used
to connect the L5 load to the GFMI. L5 is around 920 W.
When the GFMI is in the GC mode, both SW, and SW5 are
closed. On the other hand, when the GFMI is operated in the
SA mode, both SW, and SWj5 are opened.

1) Transition from GC to SA mode: Islanding events that
transit the GFMI from the GC to the SA mode could be either
intentional or unintentional. Unintentional islanding events are
more critical as they are sudden and unexpected. Therefore,
an unintentional islanding case is considered in this test when
transitioning from the GC to the SA mode.

The system shown in Fig. 18 is operated in the GC mode
by keeping both SW, and SW5 closed at the beginning, to test
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Fig. 18. Test system used for transition between the GC and SA modes.

the performance during the transition from the GC to the SA
mode with the CGVSG. The GFMI is initially injecting 320 W
to the grid. Then, at t = 2 s, SWy is opened to disconnect the
GFMI and Ls from the rest of the grid. Once SW4 is opened,
the GEMI entirely feeds Ls.

The experimental results for the transition from the GC to
the SA mode are shown in Fig. 19. Fig. 19(a) shows the ac-
tive power change when the GFMI is transitioned from the
GC to the SA mode. After SW, is opened at t = 2 s, the
GEFMI feeds L5 entirely. Therefore, the output active power is
increased from 320 W to 920 W, which is an increment of
around 600 W. The corresponding frequency change is shown
in Fig. 19(b). The transitioning from the GC to the SA mode
is similar to a load disturbance in the SA mode. Therefore, the
initial RoCoF following a transition from the GC to the SA
mode conforms to the RoCoF relay limit. This is particularly
important in sudden islanding events as a high initial RoCoF
could trigger RoCoF relays or damage RoCoF sensitive equip-
ment. Fig. 19(c) shows the sudden increase of the grid current
due to the increase of power while Fig. 19(d) shows the phase
angle change of the PCC voltage at t = 2 s due to the transition
from the GC to the SA mode.

2) Transition from SA to GC Mode: Typically, the GFMIs
are connected to the grid from the SA mode during the com-
missioning stage or once the grid returns to a healthy state after
an islanding event. In either case, the transition from the SA to
the GC mode is done in a controlled manner. First, the GFMI
must be synchronized with the PCC voltage before connecting
to the grid to avoid detrimentally high transients. Therefore,
a synchronization method must be used to synchronize the
capacitor voltage to the PCC voltage. To this end, the angle and
the magnitude of the capacitor voltage and the PCC voltage
must be equalized. Hence, the synchronization loops shown
in Fig. 20 are used in this test to synchronize the capacitor
voltage to the grid voltage. Note that the synchronization loops
are only used during the connection stage. Once the GFMI is
connected to the grid, the synchronization loops are not used
during normal operation. In this paper, &, ., k; ., and k; ,, are
chosen as 1, 40, and 10, respectively.

As shown in Fig 1, the frequency (Awgyne) and voltage
(AVgyn) synchronization terms are added to the output of
APC and RPC, respectively. At first, SW4 and SW5 are open,
therefore, the GFMI is operated in the SA mode. Once the
capacitor voltage and the PCC voltage are synchronized to
each other, SW, is closed at t = 1 s. Due to the inherent
20 ms delay of the SWy relay, the GFMI is connected to grid
att = 1.02 s. As soon as the GFMI is connected to the grid,
Awgyne and AV terms are gradually reduced to zero without
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Fig. 19. Experimental results for transitioning from the GC to SA mode:
(a) change in active power, (b) change in frequency, (c) change in the grid
current, and (d) change in the PCC voltage.
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Fig. 20. The synchronization loops used to: (a) synchronize the capacitor
voltage angle to PCC voltage angle (b) synchronize capacitor voltage magni-
tude to PCC voltage magnitude.

causing large disturbances. Finally, 1 kW is injected into the
grid at t = 3 s to demonstrate the power injection capability
in the GC mode.

The experimental results for the transition from the SA to
the GC mode are shown in Fig. 21. Fig. 21(a) shows the active
power change when the GFMI is transitioned from the SA to
the GC mode. As shown in Fig. 21(a), the transient at t = 1 s
is minimal when the GFMI is transitioned to the GC mode.
Once the GFMI is connected to the grid, 1 kW is injected
into the grid at t = 3 s. Fig. 21(b) shows the frequency change
when the GFMI is transitioned from the SA to the GC mode.
The effect of Awgyne can be seen until t = 1 s. Once the GFMI
is connected to the grid, Awgyn. term is gradually reduced to
zero. As the grid frequency is equal to the nominal frequency,
the change in frequency is zero following the connection to
the grid. Fig. 21(c) shows the minimal increase of the grid
current due to the connection to the grid while Fig. 21(d)
shows minimal change in the PCC voltage at t = 1 s due to
the transition from the SA to the GC mode.

= 1,000 [-
5 500 / @
o
=
< 0 ‘ |
N
E 0.2 T T
z
50— ®)
=
g
5 ~02¢ \ \
0 2 4
Time [s]
= 10
< . T . . T
= — ig,a ig.b — g,
g 5 g . g g
5 0 — (©
5 —5F / \
3 _10 \ \ \
1 2 3
Time [s] 10
1 5
0 RSTS 0
1 |
0.98
E 200
2 100
<
3 0 (d)
o —100
£ —200
0
Fig. 21. Experimental results for transitioning from SA to GC mode: (a)

change in active power, (b) change in frequency, (c) change in the grid current,
and (d) change in the PCC voltage.

E. Wide-area Model Test

The design and performance evaluation of the CGVSG con-
troller for a wide-area model test are elaborated in this section.
To this end, a test is performed using a wide-are model to
test the efficacy of the control design and evaluate the perfor-
mance of the CGVSG. The simplified 14-generator model of
the South East Australian power system is used [39] in this
paper as the wide-area model. As shown in Fig. 22, a 2 MW
battery energy storage system (BESS) is connected to bus 504
via a 275 kV to 0.69 kV transformer and a line. The SCR at
the bus 510 for the BESS is 3.9, and the X/R ratio is 10. The
information related to the model can be found in [39], and
the loading case 4 as described in [39] is used in this study.

The control design could be done similar to the single-ma-
chine infinite bus (SMIB) scenario explained in Section III.
The plant model in the SMIB scenario is derived considering
the power flow into the grid (given in Section II). Similarly,
the plant model could be derived considering the small-sig-
nal model of the power injection into the grid, assuming the
grid voltage remains constant. The combined resistance and
inductance of the transformer and the line, and the thevenin
equivalent impedance of the grid are considered to be corre-
sponding to Ry and L, in Fig. 1, respectively. Once the plant
model is derived, the CGVSG can be designed based on (16),
(31), and (32), respectively. Finally, the control gains of the
CGVSG are calculated as a = o, b = fv/(8 +v — «), and
c=(B+v—a)/Dp.

The real-time simulation of the wide-area test is done in
Opal-RT platform, and the results for a 2 MW power reference
step change in the GC mode are shown in Fig. 23. The active
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Fig. 23. Real-time simulation results for a 2 MW of step change in active
power in a wide-area model: (a) change in active power, (b) change in fre-
quency, (c) change in the grid current, and (d) change in the PCC voltage.

power step responses with the VSG and the CGVSG are shown
in Fig. 23(a). The step response of the VSG has an overshoot
of 52.6%, while the settling time is around 5.92 s. In contrast,
the overshoot with the CGVSG is only 4.15% and the settling
time is just 3.67 s. Therefore, compared to the VSG control,
the overshoot and the settling time is significantly reduced with
the CGVSG. Fig. 23(b) shows the internal frequency change
corresponding to the step-change in power. The frequency with
the VSG has a higher peak than with the CGVSG. The grid
current and the PCC voltage with the CGVSG are shown in
Fig. 23(c) and Fig. 23(d), respectively.

V. CONCLUSION

GFMIs are increasingly getting recognized as a prominent
driver towards future highly IBR-proliferated power grids.
As GFMIs possess grid-forming capabilities, they must per-
form well in both GC and SA modes. A novel controller
structure called the GVSG is introduced in this paper that
can equally satisfy control requirements in both GC and
SA modes. Furthermore, an enhanced version of the GVSG
called the CGVSG is proposed to achieve low overshoot and
short settling time in step responses in the GC mode while
adhering to the RoCoF relay limit in the SA mode. It is shown
that the RoCoF relay limit compliance can be guaranteed by
minimizing the high-frequency gain of the frequency response
of the controller. To this end, a condition for the placement
of the poles of the controller is derived. The proposed control
design to tune the controller gains is straightforward and only
requires the gain of the plant. The performance comparison
with a traditional VSG shows that the proposed controllers
outperform the traditional VSG in both GC and SA modes.
The experimental results illustrate that the proposed controllers
can provide more virtual inertia than the traditional VSG
controller in the SA mode. Additionally, they can accurately
follow the power reference commands in the GC mode.
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