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Frequency Shaping Control for Weakly-Coupled
Grid-Forming IBRs

Bala Kameshwar Poolla
Enrique Mallada

Abstract—We consider the problem of controlling the
frequency of low-inertia power systems via inverter-based
resources (IBRs) that are weakly connected to the grid.
We propose a novel grid-forming control strategy, the
so-called frequency shaping control, that aims to shape
the frequency response of synchronous generators (SGs)
to load perturbations so as to efficiently arrest sudden
frequency drops. Our solution relaxes several existing
assumptions in the literature and is able to navigate
trade-offs between peak power requirements and maximum
frequency deviations. Finally, we analyze the robustness to
imperfect knowledge of network parameters, while particu-
larly highlighting the importance of accurate estimation of
these parameters.

Index Terms—Inverter-based resources, grid-forming
devices, frequency-shaping control, weakly-coupled
networks.

[. INTRODUCTION

LECTRIC power systems are undergoing an unprece-

dented transformation towards replacing conventional
bulk power generation with renewable generation. A signif-
icant proportion of emerging technologies, such as photo-
voltaics, wind power, and battery energy storage systems, are
connected to power systems by means of power electronic
inverters. In contrast to conventional synchronous genera-
tors (SGs) that provide significant kinetic energy storage
(i.e., inertia) and primary frequency control via their turbine-
governor system, renewables and power electronic inverters
deployed today are controlled to maximize the renewable
power generation and jeopardize stability [1], [2]. Instead,
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grid-forming (GFM) inverters, that impose a well-defined AC
voltage are envisioned to replace SGs as the cornerstone of
future power systems [2], [3].

The prevalent GFM control strategies in the literature are
droop-control [4], virtual synchronous machines [5], and (dis-
patchable) virtual oscillator control [6], [7]. While virtual
oscillator control is typically aimed at 100% inverter systems,
the literature on low-inertia systems that contain a mix of
conventional generation and inverter-based resources (IBRs)
largely focuses on droop control and virtual synchronous
machines that mimic the speed droop and inertia response of
SGs to various levels of fidelity. Although strategies based
on machine-emulation are compatible with the legacy power
system, they do not leverage the full potential of a system of
SGs and IBRs. In particular, SGs provide significant (but slow)
frequency control, whereas IBRs can provide a fast frequency
control response but often cannot sustain this response over
a longer duration due to limited energy storage and limited
flexibility of their primary power source.

One alternative to inertia emulation or droop control is
to leverage the flexible power output of IBRs to shape the
frequency response of SGs to load changes [8], [9]. Inspired by
model-matching techniques, frequency shaping control (FSC)
aims to design IBR controls that transform SGs typical second-
order response to that of a first-order system. In this way, FSC
allows IBRs to provide fast short-term frequency control that
fills in the gap produced by the lower system inertia. However,
existing FSC designs are either limited to grid-following
(GFL) inverters [8], or require IBR buses to be coherent with
SG buses [9], a condition that is limited to systems with short
electrical distance, i.e., tightly coupled [10]. Moreover, the
requirement of shaping SGs as first-order systems leads to
high peak power requirements from IBRs. Thus, while this
approach results in a significant improvement over inertia
emulation, its applicability is limited to special settings.

In this letter, we seek to extend this approach to over-
come the above-mentioned limitations. Precisely, we consider
a setup in which IBRs are electrically distant from SGs (a
scenario typically observed in off-shore wind), and provide an
FSC design which (i) accounts for the separation of SGs and
IBRs, and (ii) trades-off peak power with frequency contain-
ment, by matching the frequency dynamics of a low-inertia
system to a second-order transfer function. In particular, we
define a target second-order response that is motivated by a SG
with a smaller effective turbine time constant. Next, we design
and analyze a GFM control that realizes this target response
under any network coupling. Moreover, we show that stability
constraints on the control restrict the range of effective turbine
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Fig. 1. Interconnection of a synchronous machine and grid-forming VSI.

time constants that can be achieved and analyze the robustness
of the control towards uncertain network parameters.

[l. SYSTEM MODELING

The focus of this letter is to investigate shaping the dynamic
response of the frequency of a low-inertia power system. For
brevity of the presentation, we will consider a two-bus system'
(see Figure 1) containing a synchronous machine (SM) that
models the aggregate frequency dynamics of a conventional
multi-machine power system [12] and a grid-forming voltage
source inverter (VSI).

The aggregate response of the SM frequency deviation
wsm to the deviation of the power psm € R injected by the
SM, is modeled by swing dynamics Ggy(s) with a first-order
turbine/governor model Gig(s), where

o
G =— G =——
sw () 2Hs + oy tg(s) s+ 1
and results in [12]
Gsw (s)
= s 1
Wsm (5) 1+ Gsw(S)Gtg(s) Psm (D
—_—

=Gosm, psm (5)

where oy € R.( denotes the aggregate speed governor gain
(i.e., inverse frequency droop constant), oy € R. ¢ denotes the
aggregate frequency sensitivity of load, and T € R is the
aggregate turbine time constant.

Next, consider a VSI coupled to the aggregate frequency
dynamics (1) through a lossless transmission line with sus-
ceptance b € R.( as depicted in Figure 1. We will refer
to the grid as weakly-coupled if b is small (e.g., for grids
with low short-circuit ratio) and tightly-coupled if b is large.
Notably, this relaxes the assumption in [9] that b — oco. Next,
let Oysi(s) = Lowyi(s) and Oym(s) = Ly (s) denote the volt-
age phase angles at the IBR and SM bus. Then, using the DC
power flow approximation at 1 p.u. voltage magnitude and
zero angle difference [12], the IBR power injection pysi(s) is
equal to the power flowing across the line, i.e.,

1
pysi(s) = b (evsi(s) - gsm(s)) = ; b (wvsi(s) - wsm(s)). 2

While the quasi-steady-state model (2) cannot detect instabil-
ity due to network circuit dynamics, its use for the problem at
hand is justified by large transformer impedances in trans-
mission systems [13, Fig. 4] and the control developed in
Section IV.

The combination of the synchronous machine and the IBR
can be interpreted as the VSI in feedback with the synchronous

I'While the network topology impacts system performance and stabil-
ity [11], this aspect is beyond the scope of this letter.

De Wsm
- GWsm, Psm (S)
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Fig. 2. The synchronous machine—IBR viewed as a feedback system.

machine as shown in Figure 2. To this end, let

3)

represent the dynamics of the grid-forming VSI. Combing (2)
and (3), the relation between the generator frequency wsy, and
the inverter power pyi(s) is

wysi(s) = _Gwvsi,pvsi (8) pvsi(s),

1

S E—— “)
%S + Gwvsiapvsi (S)

Pvsi(s) = — Wsm ($).

= GI’VSi’ wsm (s)

Using the load perturbation py, psm = p¢ — pvsi, and (4) to
close the loop between (3) and (1), results in the closed-loop
transfer function

(%S + Gwvsis Pvsi (S)) Gwsm’ Psm (S)
l—l’S + Gwsm, Psm (S) + Gwvsiv Pvsi (S)

wsm (8) = — pe(s), (5

=G¢! (s)

wsm, Py

from the load perturbation p; to the aggregate frequency wgp,.

IIl. PROBLEM FORMULATION

The goal of this letter is to shape the response Gfulm e ()
through the IBR control G, p,;(s) to improve the system
frequency response. To that end, in this section, we will

. . 1 .
first discuss the desired response Gg,* ., (s). Subsequently, in

Section IV, we will compute G, ;. . (5) such that GS (s)

Wsm Pe
: clx
matches the desired response Gg* p(8). In [9], the tar-

get transfer function of the overall system GZ)];,, pe(8) is a
first-order system. As first-order responses do not exhibit
overshoots, the post-disturbance frequency nadir and the
steady-state settling frequency are identical. This results in
the corresponding IBR response to exhibit a high peak power
injection pyi(s) in order to reduce the frequency nadir. Power
inverters with high rating (i.e., that can provide large peak
power injections) are expensive and frequent large power
injections degrade the lifetime, e.g., battery energy storage
systems. Thus, it is critical to minimize the IBR peak power,
without potentially degrading the frequency response of the
overall system too much. In particular, we aim to fully leverage
the fast and flexible actuation capabilities of IBRs to improve
the frequency nadir, while lowering the IBR peak power injec-
tions relative to the approach in [9]. Next, we illustrate that the
power injections from the IBRs can be improved by choosing
second-order target transfer functions Gful:m’ e (8)-
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A. Generator Matching Transfer Function _ 0 — 0.9 —— (.75 0.5s 0.3s
We consider the standalone synchronous machine transfer T —100 | e
function G, , p,, (s) defined in (1). Next, we define the set g &
7 —200 |- L4 —
_ 2 s
L{.—{peR O§p<t} (6) %73007 |
-
of effective turbine time constants. As we desire to design = —400 |- ‘ ‘ ‘ ‘ |
a second-order transfer function for our target response 0 2 4 6 ] 10
GCI* (s) we consider a candidate transfer function in the Time (s)
form of (1) with an effective turbine time constant p € U, i.e.,
o sp+1 Fig. 3. The frequency response for a 1 p.u. load step for different p.
Ga)sml’e()-_ 2H,0S2+(Ol£,0+2H)s+(Olg+ag). (7N _ ‘ ‘ ‘
=
Such a choice of the target response translates to the IBR & | = 0.9s = 0.7s 0.5s 0.3s |
speeding up the response of the turbine/governor system of the g
SG, i.e., an overall system response that is much faster than the s
original (aggregate) power system (1). This choice is justified = 02] e
by the fact that SGs provide significant (but slow) frequency g A
control, whereas IBRs can provide a fast frequency response g —
but often cannot sustain this response over long periods of O | \ \ T
0 2 6 8 10

time due to limited flexibility and energy storage.

Remark 1 (Target Second-Order Response): In our analy-
sis, we consider the target Gful:m’ e (s) to be a modification
of the original system response G, p,. (8). Such a choice is
reasonable as the IBR devices cannot provide significant lev-
els of inertia without significantly oversizing the IBR [14].
Moreover, we aim to control the post-disturbance steady-state
power injection of the IBR to zero. These requirements effec-
tively prevent us from modifying the inertia constant H, load
damping oy, and governor gain «. Considering more generic
target transfer functions (parameterized by poles, damping
ratio, and zeros) that allow specifying objectives beyond
minimizing nadir and peak power injection are seen as an
interesting area for future work.

In general, we can design controllers for IBRs to realize a
wide range of power injections. In order to obtain an overall
system response GwSm (s) = Gg:m ¢ (8), the power injection

from the IBR, pysi(s) has to satisty
ag s (T —p)
t+DEsp+1)

where wgmy (s) is the frequency of the synchronous machine (1).
In terms of the load disturbance p,(s), the above relation in
conjunction with (5) translates to

Pusi(s) = — @ (s). ®)

s @ =p) o
(sril)(SpH) G p ) Pe(s), )

Dysi(s) = —

where the target response GCI* pe(8) is given by (7). We note
from (9) that the transfer functlon is third-order due to stable
pole-zero cancellation.

Remark 2 (IBR Power Injection): While we limit ourselves
to grid-forming inverters in this letter, the results in this section
are agnostic to the IBR implementation. As long as an IBR
injects the power specified by (9), the overall system response
will match the target Gg}:m, e (8)-

B. Minimizing Peak IBR Power Injections

We recall from the discussion above that the main motiva-
tion for exploring higher-order target transfer functions is to
minimize the peak power injected by the IBR devices while
limiting the aggregate system frequency excursion in response

Time (s)

Fig. 4. The IBR power injection for a 1 p.u. load step for different p.

to load perturbations. Let pyi(#) be the power injected by the
IBR in response to a step perturbation in the load p,, and
|'lcc = sup,|-(¢)| denote the absolute peak value, then the
problem of minimizing peak IBR power translates to

(10)

IPvsiloo  S-t. |@smloo < @sm.

min
P
Including IBR current limits and power reserve capacity
constraints is an interesting area for future research.

While [12] provides a closed-form relation for the frequency
nadir of an under-damped SG of (1), exact solutions to the
problem (10) are generally intractable both analytically and
computationally. Thus, we resort to gridding the parameter
space. Figure 3 and Figure 4 depict the response of the SG
frequency and IBR power injection to a 1 p.u. load step for
different overall effective time constants p. We note that as
the effective time constant p is reduced, the corresponding
frequency nadir decreases due to higher IBR power injection.

Another observation for the specific system parameters
used,” is that the objective is monotone in the decision vari-
able p and thus the solution to the minimization problem (10)
can also be determined graphically. To this end, we compute
and plot specifically, the peak power injection from IBRs for
step load perturbations in Figure 5 as a function of p. We
also plot the frequency nadir® of the overall system (with the
IBR) as a function of the effective time constant p based on
the data from [9]. As the effective time constant increases,
the frequency nadir increases monotonically attaining a max-
imum for p = 7, i.e., the original system without any IBR.
Finally, in Figure 6, we plot the Pareto front for frequency
nadir and the peak power input pys from the IBR. We also
indicate points on the Pareto front for varying p. The limit
(i.e., p — 0) recovers the first-order response as in [9]. Note

2We use the single machine-single IBR system from [9] for our simulations.
3We consider the absolute value of the frequency nadir here. As the load
perturbation is a step, the frequency nadir will be negative.
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—~ | . .
= —— peak power 406 = We note that the right hand side terms of (11) can be
E 400} nadir & realized through a Proportional-Integral-Derivative (PID) type
= o4 & controller Gy, pg(5), i€,
: 2 .
2 300 [ i
5 o Gpoi po(8) =k, + — +kys. 12
§ -10.2 e wvslvpvsl( ) P s d ( )
£ 3 We note that the derivative gain k; can be used to com-
| | | | | . . .
200 095 04 055 07 085 10 & pensate network circuit dynamics [13, Sec. V] and thereby

Effective time constant p (s)

Fig. 5. Frequency nadir and peak power injection for a 1 p.u. load step
as a function of p.
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Fig. 6. Pareto front for peak IBR power injection v/s the frequency nadir
for a 1 p.u. load step. The limit p — 0 recovers a first-order response.

that as both these quantities are monotonic in p, the Pareto
front would allow a system operator to choose an acceptable
trade-off between the two.

Thus, for the target system response in (7), we obtain a set of
pairs of peak IBR power injection and frequency nadir points.
Each pair maps to a unique p, which has the interpretation
of time constant analogous to the turbine time constant of the
original system (1).

IV. IBR IMPLEMENTATION OF CONTROLLERS

In this section, we delve into the implementation of the
frequency controls discussed in the previous section using
IBRs. In particular, we investigate grid-forming devices, which
we believe will form the backbone of future grids.

Next, consider the single machine, single grid-forming IBR
system as in Figure 1. We emphasize that, compared to the
case b — oo considered in [9], both weak grid-coupling (i.e.,
small b) and tight grid-coupling (i.e., large but finite b) can
have a non-trivial impact on frequency shaping control.

Let Osm, psm (resp. Oysi, pvsi) denote the angle, power injec-
tion of the synchronous machine (resp. grid-forming inverter)
and py denote the load served by the system. The line sus-
ceptance (which may be time-varying, e.g., depending on the
state of tap changing transformers, etc.,) between the IBR and
the machine is modeled by the susceptance b. For this system,
let the synchronous machine dynamics be as in (1), and the
inverter dynamics as in (2). We wish to design the control
transfer function Gy, p,; () in order to realize the target func-
tion GCl* 1, (5) for the overall system. We recall from (8) the
IBR power IHJCCUOH required to achieve the target response,

) Gf,)lsm ORS GZ}:m» p¢(8). On comparing with (4), we
obtain )
T+ DGsp+1)
vat Wsm (S) 7 S + G“’Vm van( ) (11)

ag s (T —p)

justify the use of the quasi-steady-state network model (2) for
stability analysis. Next, we consider the PID control gains

kd'zirp — =, ky, = Tt P= !
’ p' YTt —p)’

. 13)
ag(t—p) b ag(t — p)

where b is an estimate for b. If b = b, then (11) holds and
closed-loop transfer Gfo]sm, p, function equals (7). We will first

analyze the case b = b. To this end, the set of effective time
constant for which k; > 0 is denoted by

(14)

N:{peRﬂg_ffw}cu.

bt +ay

Proposition 1: Consider the control gains kg, kp, and k;
defined in (13), and b = b, then

1) the transfer function G, p, (s) is stable,

2) the closed -loop transfer function GCl [(s) is passwe

3) and —Gyg, p,i (5) is minimum phase 11"%

Proof: For the PID control gains in (13), the resultmg trans-
fer function G, p.;(s) is stable from the Routh-Hurwitz
criterion. Next, we note that the effective turbine dynamics

og g
st+1  sp+1°

Gwsm,pvsi (s) — (15)
is passive. Moreover, the overall system transfer function
e (8) is a negative feedback interconnection of the strictly
passive machine rotor dynamics and the passive effective tur-
bine dynamics, thus stable. The last item directly follows from
kg > 0. |
Furthermore, we note that the lower bound for the differen-
tial gain can be reduced further with the exception that such a
controller is non-minimum phase. This choice while improv-
ing the allowable range of p, ie., p € U (note that N' C U)
may however, result in an unstable closed loop if b is not
known exactly. We shall investigate this scenario in the next
section. Finally, we remark that the methods developed in this
section can be applied to more general topologies.
Remark 3 (IBRs in Star Topology): The closed-loop transfer
function (5) can be generalized for multiple IBRs connected
to the synchronous generator in a star topology as

Gwsm > Psm (S)
Gwsm »Psm (S)
N
b_,' + Gwvsi,is Pvsii (S)

Wsm (8) = pe(s),

1+

where b; denotes the line susceptance of the i-th IBR. For
this configuration, the overall response from the IBRs can be
distributed, such that the sum of the contributions equals (11),

s -1
Z b_l + GwVSi,iﬁpvsi,i (s) =

i

ags(t —p)
(st+D@sp+1)°

and this is a compelling extension for future research.
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Fig. 7. The net effect of the grid-forming IBR on the overall system
response.

V. EFFECT OF IMPERFECT NETWORK PARAMETERS

In the preceding discussions, we have assumed that the
network susceptance is known with a fair degree of certainty.
However, in various practical settings the network susceptance
may generally be unknown, may be time-varying, and poten-
tially can only be approximately estimated. For such scenarios,
analyzing the robustness and performance trade-offs merits
a detailed discussion. Moreover, from (13) we note that the
parameters oy and H do not impact the control. While
impacts the control gains, it is explicitly known from, e.g.,
grid codes or markets in many systems. Thus, we only focus
on the impact of the network susceptance b.

A. Stability and Sensitivity Analysis

We will now consider controller gains that are functions
of the estimate b # b. The analysis in the previous section

crucially hinges on a pole zero cancellation, i.e., for b = b it
holds that

Tp

Gl )= —
Pvsis Wsm O(g('l,' _ ,0)

ki
S+kp+?

In contrast, for b # b we obtain

Gyl o (®) LAY (L DA
. s)=|——— ——=))s —.
Pvsis Wsm Olg('f _ p) b b 4 s

=¢
We are now ready to provide stability conditions for the case
b # b. To this end, we define the set

]+

and note that the closed-loop transfer function no longer
matches the target if b # b, i.e., G5 (s) # GoX ().

Theorem 1: The closed-loop transfer function Gz)lsm’ e (s) is
stable if either (i) b > b, or (ii) (p, l;) e M.

Proof: The gains k, and k; defined in (13) are positive
irrespective of b. Moreover, for b > b the coefficient & is
positive and it directly follows from [15, Corollary 11] that
iS Gugy, pysi (8) is positive real. Similarly, if (p,b) € M it
can be verified that & is positive and G, p,;(s) is positive
real. Thus, the sum of the turbine dynamics and Gy, p,s; (5)
is obtained as a sum of two passive transfer functions (as
depicted in Figure 7). As in Proposition 1, the closed-loop
transfer function Gfulsm’ e (8) is stable as it is a negative

bop _Ta®=D

feedback interconnection of a strictly passive system and a
passive system. . . |

Moreover, note that {p € R|3 b : (p,b) e M} C N C U,
i.e., if b < b, the range of effective turbine time constants for
which we can guarantee stability has to be further restricted.
Therefore, we can also conclude that an overestimate for the
susceptance, while degrading the system performance, does
not result in an unstable system, while with an underestimate,
too small a choice of p can result in an unstable system.

Next, we quantify the sensitivity of the closed-loop system
to using b # b in the controller. To simplify the analysis, we
introduce the scaled inverse susceptance mismatch

. 1 1
B = oag(t — p)(g - Z)

Theorem 2: Given a mismatch g, the Hoo-norm of the
sensitivity

7)

S(S) — i Gfl)lsmspl (S) B GSUI.:n,PZ (S)
8’3 Gg};nv pPe (S) p=0

of the relative mismatch of the closed-loop transfer function

Gz}sm’ e (8) to a variation in B around 0 can be expressed as
og (T —p)
ISlloe = ==
@)

Proof: Using (17), (5) can be rewritten as

-1
aglBs? + (s + 1)?]
ST+ D[B2+ T+ D(sp+ 1]

cl _
Gwsma Pe (S) -

ms+d+

A lengthy calculation reveals the following expression for S

_ Oég(‘l.'—p)s3
T Gsp+ DT+ D2

S(s)

and consequently that S(s) has a real pole with multiplicity
of two at —% and a real pole multiplicity of one at —1. It
directly follows that the magnitude |S(jw)| is monotonically
increasing in w and the maximum gain is attained at w — oo
and the Theorem directly follows from

1Slloe = lim ay (1= p) o’ g (t—p)
w - - .
@0 /(1 + »? p?) (1 + w? 1?) (72p)

The key inference drawn from the above theorem (while
restricting ourselves to variations around 8 = 0) is
that the peak sensitivity ||S||oc of the relative mismatch

cl clx :
between Gwsm, e (s) and Gwsm, e (s) with respect to the scaled

inverse susceptance mismatch g is independent of b, b
and decreases as the tuning parameter p increases (i.e.,
p — 1). Therefore, increasing p decreases the relative mis-
match between Gg}sm, e () and Gg};m, e (8). To illustrate how

B changes with the susceptance mismatch, we let b = cb,
thus 8 %, i.e., for a fixed ¢ and effective time constant p,
the scaled inverse susceptance mismatch B and overall mis-
match between Gi}sm’ p, (8) and G*  (s) decrease as the true

. Wsm Pe
susceptance b increases.
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Fig. 9. The effect of susceptance mismatch for different values of p,
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Fig. 10. The effect of susceptance mismatch with p = 0.7s, b=ch.

B. Two-Bus System Case Study

We revisit the two-bus system to illustrate that the impact of
incorrect estimates as predicted by Theorem 2. In Figure 8, we
consider the frequency response to a 1 p.u. load perturbation
under two scenarios (i) b = b, (ii) b % b. We note that the
mismatch results in a significant variation from the desired
trajectory, resulting in a much higher frequency nadir.

Next, we analyze the impact of the effective turbine constant
p on the sensitivity. We recall from Theorem 2 that increasing
p results in a lower sensitivity and decreases the mismatch
between the actual and target dynamics. This is illustrated in
Figure 9 for varying values of p.

Finally, we consider the effect of larger mismatch errors for
a fixed p. From Theorem 2, the relative mismatch between
Gfulgm’ ,(s) and Gful:m, e (8) scales inversely with b around
B = Op However, this trend is observed even for large mismatch
values of B (i.e., ¢ > 1.05) as illustrated in Figure 10. Finally,
the mismatch ¢ has a significant impact on weakly-coupled
systems while tightly-coupled systems are less impacted.

VI. CONCLUSION

We proposed and analyzed a grid-forming frequency shap-
ing control with a second-order target behaviour for weakly

coupled low-inertia power systems. The proposed approach
relaxes several existing assumptions in the literature and allows
to trade-off IBR peak power injection and SG frequency
nadir. Furthermore, we highlighted the significant role of the
network parameters and analyzed the effect on the closed-
loop system behaviour due to imperfect knowledge of these
parameters. While the analytical results are promising, the
robustness of the proposed control needs to be validated in
high-fidelity simulations. We aim to fully leverage the flexi-
bility offered by the frequency shaping control and different
inverter implementations as future work.

ACKNOWLEDGMENT

The views expressed in the article do not necessarily rep-
resent the views of the DOE or the U.S. Government. The
U.S. Government retains and the publisher, by accepting the
article for publication, acknowledges that the U.S. Government
retains a nonexclusive, paid-up, irrevocable, worldwide license
to publish or reproduce the published form of this work, or
allow others to do so, for U.S. Government purposes.

REFERENCES

[11 W. Winter, K. Elkington, G. Bareux, and J. Kostevc, “Pushing the
limits: Europe’s new grid: Innovative tools to combat transmission bot-
tlenecks and reduced inertia,” IEEE Power Energy Mag., vol. 13, no. 1,
pp. 60-74, Jan./Feb. 2015.

F. Milano, F. Dorfler, G. Hug, D. J. Hill, and G. Verbi¢, “Foundations

and challenges of low-inertia systems (invited paper),” in Proc. Power

Syst. Comput. Conf., 2018, pp. 1-25.

[3] J. Matevosyan et al., “Grid-forming inverters: Are they the key for
high renewable penetration?” IEEE Power Energy Mag., vol. 17, no. 6,
pp. 89-98, Nov./Dec. 2019.

[4] M. C. Chandorkar, D. M. Divan, and R. Adapa, “Control of parallel
connected inverters in standalone AC supply systems,” IEEE Trans. Ind.
Appl., vol. 29, no. 1, pp. 136-143, Jan./Feb. 1993.

[5] S. D’Arco, J. A. Suul, and O. B. Fosso, “A virtual synchronous
machine implementation for distributed control of power converters in
SmartGrids,” Electr. Pow. Sys. Res., vol. 122, pp. 180-197, May 2015.

[6] B. B. Johnson, S. V. Dhople, A. O. Hamadeh, and P. T. Krein,

“Synchronization of parallel single-phase inverters with virtual oscillator

control,” IEEE Trans. Power Electron., vol. 29, no. 11, pp. 6124-6138,

Nov. 2014.

D. Grof3, M. Colombino, B. Jean-Sébastien, and F. Dorfler, “The effect

of transmission-line dynamics on grid-forming Dispatchable virtual

oscillator control,” IEEE Trans. Control Netw. Syst., vol. 6, no. 3,

pp. 1148-1160, Sep. 2019.

Y. Jiang, E. Cohn, P. Vorobev, and E. Mallada, “Storage-based

frequency shaping control,” [EEE Trans. Power Syst., vol. 36, no. 6,

pp. 5006-5019, Nov. 2021.

Y. Jiang, A. Bernstein, P. Vorobev, and E. Mallada, “Grid-forming

frequency shaping control for low-inertia power systems,” in Proc. Amer.

Control Conf., 2021, pp. 4184-4189.

H. Min, R. Pates, and E. Mallada, “Coherence and concentration in

tightly-connected networks,” 2021, arXiv:2101.00981.

B. K. Poolla, D. GroB3, and F. Dorfler, “Placement and implementation

of grid-forming and grid-following virtual inertia and fast frequency

response,” [EEE Trans. Power Syst., vol. 34, no. 4, pp. 3035-3046,

Jul. 2019.

F. Paganini and E. Mallada, “Global analysis of synchronization

performance for power systems: Bridging the theory-practice gap,” IEEE

Trans. Autom. Control, vol. 65, no. 7, pp. 3007-3022, Jul. 2020.

D. GroB, “Compensating network dynamics in grid-forming control,” in

Proc. Allerton Conf. Commun. Control Comput., 2022, pp. 1-8.

A. Tayyebi, D. GroB3, A. Anta, F. Kupzog, and F. Dorfler, “Frequency

stability of synchronous machines and grid-forming power convert-

ers,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 8, no. 2,

pp. 1004-1018, Jun. 2020.

M. Z. Q. Chen and M. C. Smith, “A note on tests for positive-real

functions,” IEEE Trans. Autom. Control, vol. 54, no. 2, pp. 390-393,

Feb. 2009.

2

—

[7

—

[8

[t

[9

—

[10]

(11]

[12]

[13]

[14]

[15]

Authorized licensed use limited to: Johns Hopkins University. Downloaded on January 04,2023 at 18:47:59 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


