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Abstract—Grid-forming inverters must optimally transfer
power from dc-coupled photovoltaic arrays and batteries into
an ac grid. Further, they must be able to restore single-phase
induction motors (SPIMs) and withstand fault-induced delayed-
voltage-recovery (FIDVR) events. These resilience and reliability
challenges are addressed here by: (i) engineering a controller
to optimally operate dc-coupled hybrid resources; (ii) modeling
residential air-conditioning compressors for restoration/FIDVR
studies; and (iii) analyzing SPIM thermal-relay performance
under limited inverter currents and designing an electronic pro-
tection for stalled SPIMs. These contributions are demonstrated
via electromagnetic-transient simulations and can be helpful to
understand recommendations by the North American Electric
Reliability Corporation.

Index Terms—Photovoltaic systems, power generation control,
solar power generation.

I. INTRODUCTION

HE U.S. Department of Energy reported that solar tech-

nologies could generate as much as 40% of the U.S.
electricity supply by year 2035 and 45% by 2050 [1]. Notably,
42% of the 2022 U.S. solar projects were to employ hybrid
resources: photovoltaic (PV) arrays and battery energy storage
(BES) [2]. Nevertheless, there are several challenges to be
solved for the reliable integration of solar assets [1], [3], [4].
For instance, hybrid PV solar resources will be challenged to
energize single-phase induction motors (SPIMs) after a black-
out and ride through fault-induced delayed voltage recovery
(FIDVR) events [1, p. 73].

Historically, restoration of SPIMs has been easily accom-
plished by synchronous generators [5], [6]. These generators
have been also critical to source over-rated currents during
FIDVR events to heat up SPIM thermal relays for their
disconnection [7, pp. 846—849], [8]. FIDVR events materialize
in the form of sustained low voltages that emerge from grid
faults that cause the stalling of SPIMs driving residential air-
conditioning (A/C) compressors [9]. Techniques to alleviate
FIDVR include: under-voltage load shedding [10]-[13], var-
compensators [14], [15], admittance/impedance detection [16],
[17], and motor under-speed tripping [18] to name a few.

At present, grid-forming (GFM) inverter-based resources
(IBRs), such as wind and solar, are expected to power the U.S.

This material is based upon work supported by the Power Systems Engi-
neering Research Center under project number S-96, the U.S. Department of
Energy, Office of Basic Energy Sciences under award No. DE-SC0021410,
and the National Science Foundation under Grant No. 2013739.

A. M. Mannan, H. P. Dang, and H. N. Villegas Pico are with the Department
of Electrical and Computer Engineering at Iowa State University, Ames, 1A
50011, USA (e-mail: {ammannan, dhphuong, hvillega} @iastate.edu).

grid like synchronous machines have [19]-[22]. However, one
problem with this transition is that GFM IBRs powered by
hybrid resources are still under research [22], [23]. Further,
a major concern is that GFM IBRs cannot source over-rated
currents which can jeopardize the starting up of SPIMs and
the riding through of FIDVR events [4], [22]. Notably, SPIM
restoration and FIDVR problems are likely to persist because
residential A/C units are used in 87% of U.S. homes [24].
For the reliable integration of hybrid PV solar resources
into the U.S. grid, which also extrapolates worldwide, it is
critical to address the following research (R) needs: (R1) A
controller for dc-coupled hybrid resources that power GFM
IBRs. Present GFM strategies do not consider IBRs powered
by dc-coupled PV array and BES, e.g., see [22], [23], [25],
[26]. (R2) A realistic compressor model to study restoration
and FIDVR events of clusters of SPIMs. Behavioral mod-
els [27]-[29] do not capture the compressor nature during
SPIM acceleration from stall. Technical documentation by
the North American Electric Reliability Corporation (NERC)
highlights the need of realistic SPIM modeling [30, p.16]
and their importance for EMT studies [8, p. 1] which are
now also recommended for IBRs [31]. Notably, a presentation
to the NERC Load Modeling Task Force on August 2017
recommends to revise stall and re-accelerate characteristics of
SPIMs [32, p. 4]. (R3) An analysis to understand whether
SPIM thermal protection is still viable to mitigate FIDVR
events. Present literature has not elucidated the impact of IBR
current limiters on thermal protection [22], [23], [33]. (R4)
A realistic analysis of the EMT performance of GFM IBRs
connected to high-voltage transmission during restoration of
distribution feeder, asymmetrical faults, and FIDVR events. In
the FIDVR context, classical EMT studies consider that feed-
ers are energized by stiff power sources via high-voltage trans-
mission lines [34], [35]. Further, the dynamic performance
of transmission-connected GFM IBRs during restoration and
FIDVR events has not been considered in the context of
distribution operation, practice, and study requirements, e.g.,
see [36, pp. 188]. A recent positive-sequence study reports
instability of GFM IBRs during FIDVR events [33].
These challenges are addressed here via three contributions:
1) A controller for dc-link voltage regulation of GFM IBRs
with dc-coupled PV array and BES, q.v. Section III-B.
The novelty is the engineering of a strategy to optimally
charge and discharge the BES under varying solar irra-
diance which employs anti-windup proportional-integral
(PD) regulators.
2) A physics-based and computationally-light compressor



model with four compression stages, q.v. Section I'V-B.
The novelty is that it can capture SPIM accelera-
tion, deceleration, and re-acceleration in EMT simula-
tions which contrasts behavioral ones for deceleration
only [27]-[29].

3) A demonstration that IBR current limitations will
delay the tripping of SPIM thermal relays, imply-
ing longer FIDVR events, q.v. Section V-A. Hence,
an electronic protection is engineered to disconnect
stalled SPIMs by estimating impedance and decelera-
tion, q.v. Section V-C. In Section VI-D, it is also shown
that this protection satisfactorily operates when electric
grids are powered by synchronous machines.

The aforementioned contributions are built on the reliable
GFM technology using two-axis anti-windup PI regula-
tors [37]. In this paper, it is not studied instability events when
the BES depletes because this is equivalent to study a PV
power plant without BES which was already done in [38].
This paper’s advances are demonstrated via detailed EMT
simulations of dc-coupled hybrid IBRs that are interconnected
to high-voltage transmission lines as to power a classical
distribution feeder [28]. In the broader impact sense, this paper
can be employed to: (i) study the performance of local energy-
assured generation which NERC identifies as necessary for
reliability and resilience [39, p. 3] and (ii) help understand
NERC recommendations on EMT simulation of IBRs [31] as
well as guidelines on hybrid PV plant performance [40]. No-
tably, FIDVR events by SPIMs have been a classical concern
to NERC [8], [30]-[32], [40]. Here, transmission-connected
GFM IBRs can withstand SPIM restoration, transmission
faults, and FIDVR events.

The remainder exposition is as follows. Section II discusses
the GFM method of [37] as well as restoration and FIDVR
events. Section III develops controls for dc-coupled hybrid
IBRs. Section IV explains a realistic compressor model.
Section V contrasts thermal and electronic relays. Section VI
develops four case studies and Section VII concludes.

II. PRELIMINARIES

Figure 1 shows a GFM IBR powered by dc-coupled PV
arrays and BES. This technology is considered in this paper
because it has higher benefit/cost ratios than PV and storage
deployed independently [41, p. v]. Figure 1 exhibits a buck-
boost converter (BBC), a dc-link capacitor, Cy., a grid-side
inverter (GSI), ac inductive-capacitive (LC) filter, and step-up
transformer (XFMR). The BBC switches are driven by a buck-
boost modulator (BBM). The GSI switches are steered by ac
voltage/current controllers and an extended sine triangle mod-
ulator (ESTM) [42, pp. 483-485]. A set of IBRs connected to
a 138-kV transmission line are employed to restore the feeder
with SPIMs of Fig. 2. Because a fault is applied to the 138-kV
transmission, this paper can be useful to understand: (i) The
ability of the hybrid PV grid-forming power plants to ride
through faults per FERC order 2023 [43, pp. 1081-1099]. (ii)
The capability of these power plants to withstand sustained
low voltages events per NERC PRC-024-3 requirements [44].

A. Grid-Forming Strategy

To control the GSI of Fig. 1, this paper adopts the GFM
technology of [37], q.v. Fig. 3. The voltage/current controllers
use gd-axis anti-windup PI regulators. In Figs. 3a and 3b,
Ve = (e, 0] T and iy, = [if,, iG,] T satisfy [37]:

%[”Sf’ vl = Tif (—lvss vl T + Ko(0) [vabs, vevs] )
(1)
d -C :c 1T 1 ¢ gc 1T . - 1T
%[anw ida) = P (=lie: iG] + Ki(0)[iaw, iba] ') -
(2)

Here, © € {f,g} respectively represent currents at: (i) the
terminals of the GSI or (ii) the 0.69-kV side of the XFMR
in Fig. 1. The quantities ij;df = 3Crwpvg,p + igq, With
Vgt [vgs, —vg f]T are feedforward currents. The term
3Cwyvg, ; are speed currents to decouple the impact of ¢ and
d components. On the other hand, ifldg serves to feedforward
asymmetrical transient currents to mitigate their impact on the
regulation of ac capacitor voltages. Hence, neither decompo-
sition of gd variables using abstract symmetrical components
nor notch filters are necessary to compensate for asymmetrical
faulted currents. The time constants 7, ¢ of (1) and 7, of (2)
serve to filter current and voltage ripples. The matrices K, (6.)
and K;(6.) respectively meet [42, p. 112]:

_ 2 {cos(0:) cos(f.+2m/3)
Ko(0e) = 3 Lin(ec) sin (6. + 277/3)} o

3
) {008(9(;—”/6) _522233]- “

Ki(6e) = 5 | sin(6, — = /6)

. The c.ommand Vyap = [.\/2/311\./‘/;,0] where Vi is a rms
line-to-line voltage set-point, vy is defined in [37, eq. (45)].
In Fig. 3a and 3b, the function ¢ : R? x P+ U:

U, * :
e qy if U>Up #0
C (Ug, Unme) =4 U 1 ™ (5)
(O otherwise
. 1/2 o
with U = (uzz Jru’f) / serves to bound U’Zd within an

origin-centered circle I of radius Upyyx. The principle of 4
in (5) is depicted in Fig. 4 using the gd points ug,, , uzg, € R?
for y € {a,b} [37]. If wyy, & U, upy, = € (g, Unx) is
the point at the intersection of the boundary of U, i.e., OU,
and a straight line that joins the center of ¢ with ug,,. If
uj;db € U, then ugdb = uj;db. In the latter case, the controls
in Figs. 3a and 3b become the classical PI regulators as shown
in [37, Lemma 1].

Remarkably, the function ¥ when U, = I,x maintains
GSC current commands ¢, in Fig. 3a within the rated current
limit I, during large transients. It also automatically stops
integration of z,q, to prevent instability in the unbounded-
input unbounded-output sense [37]. In Fig. 3b, Upnx = v4c/ V3
serves to prevent over-modulation of the GSI [38]. The
adopted control strategy contrasts those employing two in-
dependent univariate anti-windup PI regulators [46] which
signify that gd commands are bounded in a square Q in lieu of
a circle U, q.v. Fig. 4. Please, note that Q over-approximates

U. For example, the command u;,, in Fig. 4 would not be
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Fig. 1.

Grid-forming subsystem including PV array, battery energy storage (BES), buck-boost converter (BBC), buck-boost modulator (BBM), grid-side

inverter (GSI), extended sine-triangle modulator (ESTM), and step-up transformer (XFMR) [40].
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Fig. 2. Radial feeder with clusters of single-phase motor and resistive
loads [28]. Each cluster has 177 x 5.3-kW motors and 177 x 1.1-kW resistive
loads. Here, for example, ¢, and 3¢ signity a-phase and 3-phase connections.

bounded in ¢/ if using independent anti-windup PI regulators
as belonging to Q.

The reference frame angle 6. € [0,2n) for (3) and (4) is
from Fig. 3c. There, k., is a droop constant, wy is the base
angular frequency, P, mx is rated electric power, and P, is
filtered electric power satisfying:

GPi=—(-F+r) ©)

dt
with P, = 3/2 (vesic, + vggig,) from (1) and (2). The
filter in (6) serves to attenuate double frequency components
in power fluctuations caused by unbalanced operation and
asymmetrical faults. The set points w} and P in Fig. 3c
are used for dc-link voltage protection and frequency control,
respectively. _

During a fault, P, — 0 in Fig. 3c, thus P, — 0 (6) leading
to an increased of w, in Fig. 3c. If P, — 0, the dc-link voltage
vqe Will also increase. However, it will be quickly driven to
its set-point via the dc-link controllers of Section III-B [see
also Fig. 22-E]. Meanwhile, the regulators of Figs. 3a and 3b
will attempt to control the ac capacitor voltages by regulating
the GSI terminal currents (q.v., Fig. 1) until the limit I
is reached. The combination of these control loops makes a
holistic fault ride-through strategy.

In assets using synchronous machines, similarly, the electric
power transferred from the primer mover into the grid via
the synchronous machine drops close to zero during faults.
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Fig. 3. Grid-forming voltage and current PI regulators as well as droop-control
law. The integrator of the droop law wraps 6. € [0, 27) rad.
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Fig. 4. Principle of ¢ in (5) and Fig. 3, taken from [37].

Then, the machine rotor accelerates which is sensed by its
governor which tries to regulate speed by controlling the flow



of gas, water, or steam into the prime mover. Meanwhile, the
machine voltage regulator increases the excitation level in an
attempt to rise terminal voltages until reaching the voltage
regulator limits. Of course, this happens at a much slower
time scale than what occurs in the system of Fig. 1. Although
it is possible to make the controls of the GSI and the BBC
slow acting as in conventional generators, the dc-link voltage,
for example, can collapse [38] because dc-link energy storage
capacity is not as large as in the rotor of a generator.

If the BES of Fig. 1 depletes, the variable Aw} in Fig. 3c
protects the dc-link voltage from collapsing by reducing speed,
we [38]. This in turn decreases the amount of power the GSI
transfers to the grid, P., so that it is less than the maximum
power the PV array can produce, i.e.,

P;v - Hi}ix va (Udc) (7)
which is estimated by following [38].! The flow of P. and
P, are shown in Fig. 1. The operator min{ P}, P} in Fig. 3c
ensures P is not greater than P,. If the BES has depleted

e

P, = ;U; otherwise, P, = P, mx which is rated electric
power. Here, the command P} satisfies:
d 1
—Pf= — (=P + P, P’ 8
dt e Tp ( e + ,m e) ( )

with P the output of the secondary frequency control loop
in Fig. 3d which is a power-plant controller that has already
been developed in [37]. Note here that a common per-unit P
is broadcasted to all IBRs within a power plant. Each IBR,
nonetheless, limits this command via min{ P*, P.} in Fig. 3c.

The ESTM commands vj,.; = [v;f,v;jf,vzf]T in Fig. 1
are mapped from v;df in Fig. 3b [42] via:

v vipvss) =TT (0c) [vhg, 0] ©)

cos(f.) cos(0. —2m/3) cos(f. +27/3)
sin(f.) sin(f. —27/3) sin(6. +27/3)|
(10

T(ec) =

B. Restoration of Distribution Feeders

GFM IBRs are challenged here to start up clusters of
SPIM loads and withstand FIDVR during restoration because
of GSI current limitation [33], [47]. At present, FERC and
NERC have reported that restoration plans of legacy systems
consider instances of locked-rotor currents by three-phase
motors [5, p. 34]. In the future, this consideration might be
extended to the energization of SPIMs because they also cause
locked-rotor inrush currents. Notably, the dynamic response
of SPIMS has been a classical concern to NERC [8], [30]-
[32], [40]. In Fig. 2, eight 2.5-MVA GFM IBRs as the one
in Fig. 1 are challenged to energize 6.6-MW c.a. of SPIMs
driving (compressors and condenser fans) and 1.4-MW of
resistive loads. There, 4 x 2.5 MVA signifies that only one
2.5-MVA grid-forming subsystem, as the one in Fig. 1, is
simulated. Nonetheless, its three-phase current outputs are
amplified by 4 times at the 34.5-kV side using a standard
scaling technique [48]. This approach is adopted in Section VI

The behavior of Ppy vs. vg. is illustrated in Fig. 5a.

to reduce computational burden because of semiconductor
switching simulation, see Fig. 1.

A possible restoration plan for the grid in Fig. 2 is: (i)
energize the 10-MVA 34.5/138-kV A-Y, transformers of each
PV plant by closing their circuit breakers; (ii) energize the 138-
kV overhead transmission lines by closing H1-H4 which in
turn power the Y -Y, transformer and buses ‘0’ to ‘8’; and
(iii) sequentially energize each cluster of 177 SPIMs driving
A/C compressors and resistive loads by closing breakers C1
to C7. The on-load tap changer (OLTC) [next to bus ‘0’
in Fig. 2] serves to compensate for voltage drops in the
138-kV transmission lines as well as the A-Y, and Y,-Y,
transformers. Next, this paper develops the technology to
materialize the restoration of feeders using hybrid IBRs.

III. CONTROL OF HYBRID RESOURCES

The main novelty of this section is a control strategy for
the BBC and the BBM as to charge or discharge the BES,
q.v. Fig. 7. From Fig. 1, one can realize that the battery may
be charged if: (i) the power transferred to the ac grid P,
(plus losses) is less than the maximum PV power P, and
(i1) the state of charge (SoC), s. is less than the maximum
SoC, s.. Conversely, the battery may be discharged if: (i) P.
(plus losses) is greater than the maximum P, and (ii) s, is
greater than the minimum SoC, s.. This task is achieved by
calculating an optimal dc voltage set-point as explained next.

A. Dc Voltage Set-Point for Optimal Hybrid Operation

The sense of optimality here is to estimate the voltage
set-point v};, so that P,,(v},) of Fig. 1 is maximum. Recall
from (7) that Py, = Pp,,(v}.); vj. and Py, are illustrated
in Fig. 5a. For grid-forming operation, vg. € [v}.,v5.] to
extract any P, € [0, P;,]; vg. is the open circuit voltage of
the PV array. When s. < 's. and Pp*v > P, of (6), v}, serves
in Section III-B to charge the BES with the remainder power
which approximates to P, — P because of losses. When
Se > 5. and P;U > P,, the BES is not charged, hence v,
increases until P,, matches P, plus losses, see Fig. 1 and Sa.
If s. <35.and P, > P;U, vge — 0, i.e., dc-link voltage will
collapse if there is no dc-link protection [38].

In this paper, the voltage set-point v};, is estimated as done
in [38] by using an abstract model of the PV array as well as
measured voltage vq. and current ,,,, see Fig. 1. The PV array
in Fig. 1 comprises of N, parallel-connected strings, each of
which has N, series-connected PV modules. Each module is
modeled using a single-diode equivalent circuit, q.v. Fig. 5b.
There, the light-generated current iy = (ig nom/Zrnom) I for
a given solar irrandiance level I,. > 0. The parameters ¢4 nom
and I, ,om = 1000 W/m? are nominal light-generated current
and solar irradiance, respectively. From measured vq. and 4,
in Fig. 1, an estimation of the light-generated current, ¢4, of
each PV module in Fig. 5b is [38]:?

By = ia i + i /Ny whete ig = io (7 — 1) (11)

Vg = Udc/Ns + Rsipv and Z‘sh = Ud/Rsh (12)

2Here, ig is considered proportional to solar irradiance I, which is
assumed uniform across the PV array [38].
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Fig. 5. PV array characteristic and PV module circuit model.

Fig. 6. Dc-link voltage PI regulator to control vg. of Fig. 1.

which serves as input to calculate the v4 = v} that maximizes:

BooVa) _ i) = Ry (galva) — 22 o (13)
Nsz - T dhediTd ° g Td Rsh Rsh
where i,q(vq) = 7, — i (e# — 1) . (14)

For (11)—(14): (i) the parameters R, and R, as well as
the variables 7, (and estimated ¢,4), v4, and ¢4 are illustrated
in Fig. 5b and (ii) the parameters vr and 7( are defined in [49].
The maximizer vg = v is unique because P, (vq) of (13)
is concave on vg [38]. Hence, v} is uniquely determined by
computing the zero of dP,,(vq)/dvg via convergent Newton-
Raphson iterations [38]. The optimal v}, is obtained from:

RSh U;c . *
Rs + Rsh <Ns * Rszgd(vd) ’

Note that i4q(vq) is defined in (14) and shown in Fig. 5b.

vy = (15)

B. Dc-Link Voltage Control

The novelty of this subsection is a control strategy to
regulate the dc-link voltage, v4., of the GFM in Fig. 1. The
strength of the proposed dc-link voltage control strategy is
its simplicity which is important for industry adoption. In
particular, vg. is regulated by steering the dc-link capacitor
energy Fg4. = %Cdcvﬁc so that it follows the set-point:

1
Eje = 5Cac max{(v3e)*, (vmn)*} (16)

where v}, is from (15) for maximum PV power harvesting.
Here, vy, ensures maintaining minimum dc-link voltage dur-
ing low irradiance events for GSI control [38].
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(b) buck-boost modulator (BBM)
Fig. 7. Buck-boost current controller and its modulator to control ; of Fig. 1.

Specifically, the regulation of Ey. (or vg.) is achieved by
steering ¢; of Fig. 1 so that it follows:

i =260, with i = kgo(ES, — Ege) + 2ac (17)
l ( IR RN l dc
d 1
and 7 Pde = - (—=2de +1[) - (18)

This control law, shown in Fig. 6, is a one-axis or univariate
PI regulator with anti-windup capability [37]. The parameters
k4. and 74, are the proportional and integration-time constants,
respectively. The saturation function: . : R x P x P — R:

x if x € [x,X]
if x <x

if x >%Xx.
of (17) serves to: (i) ensure the BES SoC s, € [s,,3.] and (ii)
ensure the command i} € [i;,4;]. Specifically, for (17):

—% 0 ]
S { and if = {8
i

In this paper, it is assumed that s, is observable; s, and 5. are
minimum and maximum SoC limits. Next, i} of (17) steers
the BBC of Fig. 1 for charging or discharging the BES.

In some instances, s. < s, and P > P, [P, and P, are
from Section II-A]; hence, v4. — 0; i.e., vg. may collapse. As
indicated in Section II-A, voltage collapse can be prevented by
steering Aw; of Fig. 3c. Nonetheless, this approach can also
cause the decline of the ac frequency, f., while maintaining
an acceptable volts-per-hertz ratio as to make the frequency-
and voltage-sensitive loads withdraw less power from the
IBRs [37]. Please, note that P, of Fig. 3c limits the action
of frequency control according to P, if frequency declines.
Because this idea has been already developed for grid-forming
PV power plants withoutr BES [38], this approach is not
discussed in this paper.

S (XGXX) = (19)

X
X

if s, <s, if s, <35,

(20)

if s > s, if s > 5.

C. Buck-Boost Control

The novelty of this subsection is the current controller
and the BBM of Fig. 7 which uses one-axis anti-windup PI
regulators. They are engineered to steer the BBC of Fig. 1
for charging and discharging the BES as well as the seamless



grid-forming operation of the GSI. In particular, the mission
of the current controller in Fig. 7a is to drive 7; — i of (17)
by generating modulation index command, dj.

The modulator in Fig. 7b generates PWM commands to turn
on and off the switches S1 and S2 in Fig. 1 to discharge
and charge the BES, respectively. The buck or boost mode
in Fig. 7b is selected via:

1 if dj > ¢, for boost mode
-1 if dj < —e, for buck mode

0 otherwise.

Y= 2n

Here, ¢, is a small deadband to prevent switching S1 and S2
when |dj| < ¢, = 0.001, for example.
In this paper, the modulation index set-point satisfies:

df = S(d, dedy) with df = k(i — i) + 2 (22)
d 1
and = P (—z +dp) (23)

which is the anti-windup PI regulator on the top of Fig. 7a.
The parameters k;, and 7, are proportional and integration-time
constants. The filtered current ¢; in (22) satisfies:

1/ ~
i = — (=i + i) (24)
1
with ¢; in Fig. ljnd Ad; an unknown-but-bounded sensing
error. The limits d, and dj of (22) satisfy:

-~ |1 o[

0 otherwise.
They serve to not overcharge the BES if the SoC, s, is
too high and block battery discharging if s. is too low.
Because of (25), the proposed implementation will not result
in unintended trickle charging or depletion of the battery if
the SOC reaches its limits and |Aé;| > 0 in (24).

Please note in Fig. 7a that the modulation index dj of (22)
is a command to the BBM in Fig. 7b. Also, note in Fig. 7b
that |dj| is compared against a triangular waveform w with
switching period 7y, for activation of S1 and S2. The switch
activation commands, S1 and S2, are delayed by 7,4 to prevent
shoot-through instances [42, p. 420].

if s > s, if s. <5,

25
otherwise 25)

D. Standard Optimization Problem

The controls in Sections III-A—III-C are summarized here
as a standard optimization problem to solidify understanding:

max. P,
Vde,t
Py, . . Vg 2 vﬁ
.t = - R - —
° Nsz vdtgd ° <ng Rsh) Rsh
iga =1y — io (e% - 1)
Rqp, Vdc . (26)
= b (R,
v Rs + Rsh (Ns t9d
Vdc Z Umn
P.— Py — Py =0
Py = vy

Z;(Sc) S Z.l S {;(sc) .

(V3. pa) (V2,pa)
. iston +
g;'qligger ¢ 7
—p, m
Irpvl = (O = 0)
== 1 b Pd 4
_ (Va,ps) (V1,ps)

%

(a) motor and compressor assembly (b) p vs. V behavior

Fig. 8. Motor-compressor assembly and compressor pressure vs. volume
characteristic. Only one piston-cylinder set out of two is illustrated.

Here, the overall objective is to maximize photovoltaic power
Py, from (13)-(15) as to: (i) charge the BES by regulating
power, P, and (ii) inject electric power, P., to meet the
demand, q.v. Fig. 1. This is achieved by steering dc-link
voltage vq. — v}, of (16) and current 4; — 4 of (17); the
decision varAiables vg. and ¢; are illustrated in Fig. 1. In (26),
P, of (6), iy of (14), and s. of (20) are exogenous inputs
to the optimization problem. The BES voltage v; is treated
as constant there. Because the problem (26) can become
physically infeasible, additional strategies to also control P,
can be employed, see [37], [38]. The inequality constraints
Vge = Umn and 47 (s.) < 4 < fl*(sc) [depending on s.] are
from (16) and (20), respectively.

For formulation simplicity of (26), losses as well as the
dynamics of vg., ¢;, and v, in Fig. 1 are not considered. It is
necessary to clarify, nonetheless, that the problem in (26) is
tackled in Sections III-A-III-C via a set of cleverly engineered
anti-windup PI regulators which are applied to a realistic EMT
model in Section VI

IV. COMPRESSOR MODEL

The novelty is a physics-based or realistic model of a resi-
dential A/C compressor, q.v. Fig. 8. This model is critical for
EMT studies of restoration and FIDVR events involving GFM
IBRs. Compressor modeling is labeled as complicated [28];
thus, behavioral models are used [27]-[29]. In Section VI-B,
the CPU times when simulating power systems using the
realistic and behavioral compressor models are comparable;
they employ 44 and 43 minutes of CPU time, respectively.

A. Behavioral Compressor Model

A motor-compressor subsystem is depicted in Fig. 8. A
SPIM is used to drive two piston-cylinder assemblies [50].
In Fig. 8a, the rotor angular speed, w,,, and position, ,, meet:

d 1 d
m:*TP*Tm d gm: m -
giom = g Te = Tw) and G0 =

The inertia constant, J, aggregates the impact of the rotor,
pistons, and counterweights [50] on rotor dynamics; assume
rigid connecting rods of length £.> The nature of electrical
torque, 7., has been rigorously modeled [28], [52], [53];
but, the mechanical torque, 7},, has been behaviorally rep-
resented [8], [28], [54]. Because 1, and 7,, in (27) are
algebraically additive, they are both important to be modeled
for restoration and FIDVR analyses.

27)

3Considering flexible rods is complex and computationally expensive [51].



Behaviorally, T;;, ~ Typeed + Tiy for (27) where [28]: (i)
Tipeea 1s proportional to wfn and (ii) T,y (of triangular shape)
is dependent on 6, and a user-defined amplitude. Specifically,

29771
Ton = kyw?, + 2kay (1 - - 1’) (28)
N—— s
Tspced
T

where k., and k,, are user defined parameters to model the
Tipeed and T, components, respectively. The angle 0,,, for (28)
is assumed to be wrapped within [0,27). In present EMT
implementations of (28), k,, is kept at zero until the SPIM
rotor has surpassed a certain speed in time [27, p. 26-27].
This signifies that the compressor is modeled as a fan because
only the Ty,eq component is active. More importantly, it is
never discussed when k,, should be deactivated if the SPIM
decelerates and/or reactivated if it re-accelerates during and
after a FIDVR event.* Such simulation practice constraints
engineers to simulate SPIM impacts on restoration and FIDVR
events if the rotor does not accelerate due to high compressor
torque, low ac voltage, or wrong choice of start-run capacitors.
In some cases, even if SPIMs stall, they may re-accelerate
after a fault is cleared. Hence, compressor models that cap-
ture acceleration, deceleration, and re-acceleration must be
considered in an EMT study to capture both restoration and
FIDVR events which cannot be done with a behavioral model.
A realistic compressor model follows.

B. Realistic Compressor Model

The parameters and variables to model a reciprocating com-
pressor are shown in Fig. 8a. The physical model of a recipro-
cating compressor is comparable to the dynamics of a slider-
crank mechanism [55], [56]. High-fidelity compressor models
consider flexible rods which are computationally expensive
to simulate [51], [55]. Indeed, the dynamics of discharge and
intake valves as well as compressor thermal processes are also
complex to simulate [57], [58]. This subsection develops a
model that realistically captures the mechanical behavior of
a reciprocating compressor and is as computationally-light as
the behavioral one in Section IV-A. In the proposed model,
flexible rods and compressor thermal processes are omitted
because elasticity phenomena of materials and thermal effi-
ciency might not be critical factors in restoration and FIDVR
events. The novelty is that the complexities of the dynamics
of the discharge and intake valves are modeled as function of
rotor position to alleviate computational burden.

Realistically, the torque T;,, for (27) meets:

T, = Dpwfn +T(Om,wm) + T (O, + 7, wp) (29)
if |wy,| > 0; otherwise, Tp, = 0. In (29): (i) Dyw?, is from
an oil pump and (ii) T(0,,,wy,) and T(6,, + 7, w.,,) are by

4A presentation to the NERC Load Modeling Task Force recommended to
revise stall and re-accelerate characteristics of SPIMs [32].

two twin compressor pistons that are 7 rad out of phase [50].
Specifically:

T (O, wm) = (sin 0, cos B — % sin 29m) T fe (30)
where fycos 8= Dsv+ fp (31

2
and cos 3 = /1 — 2 sin24,, (32)

02
under the assumption of stiff connecting rods of length ¢, each
transmitting force f;, q.v. Fig. 8a. Note that (30) is from the
component of f, that is perpendicular to the radius rs. Also,
the horizontal projection of f, in (31) transmit the forces
developed by piston friction Dsv and cylinder pressure f,.
In (31), Dy is a friction constant and v is the piston speed:

1wl 12
2 cos B £2
Further, the force, f,, developed by the gas-refrigerant pres-
sure pressure p in a sealed compressor for (31) satisfies:

V(Opm, W) = TsWp, sin b, — sin 26,,, . (33)

fp=mr2(p—ps)- (34)

In Fig. 8b, the behavior of p vs. V for isentropic5 compression,
discharge, expansion, and intake stages satisfies:

min{p, (%) " pa} if Bl € 0,m)
p= v m34 . (35)
max {ps (74) , ps} otherwise
with V= Vs = 20 o), (36)
In B4 ) In B4
_ Ps _ Ps
mig = ln%’ and mgy = ln% . 37
1 4

In (34) and (35), ps is the suction pressure and pg the
discharge pressure. The min and max operators in (35) serve
to automatically switch the discharge-to-expansion and intake-
to-compression processes at |6, = 7 and |0,,] = 2m,
respectively, q.v. Fig. 8b. This novelty relieves the complex
task of modeling the dynamics of discharge and intake valves,
e.g., see [50]. In (36), the piston position z € [0, 2r;] is from:

(38)

Please, note that p of (35) and V of (36) depend on 6,,, of (27).
Also, (30) requires computationally light operations via (31)—
(38) for given 6, and w,, from (27).

It is important to point out that the realistic compressor
model from (29) to (37) requires eleven parameters: 7, 7p,
I, psy Pa» Vi, Va, V3, V4, Dy, and D,p, q.v. Fig. 8. This
contrasts the two parameters k, and k,, in the behavioral
model of (28). The parameters of the realistic compressor
model can be obtained from a datasheet or manuals [59], [60]
or by physically disassembling a compressor [50].

Further, it is instructional to show that the proposed model
driven by a SPIM resembles reported experimental data. In
particular, Fig. 9 contrasts the active, P, and reactive, @),
power withdrawn by a SPIM driving the proposed realistic
model versus voltage magnitude V. In a simulation that

x(em) =Ts—Ts COS@m +€COSB — /.

5Compressor thermodynamic processes [58] are disregarded
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Fig. 9. SPIM active and reactive power vs. terminal voltage. The simulation
of the realistic model is compared against reported data [8, p. 19].

mimics [8, p. 19], V is decreased from 100% to 0.0% in 2
seconds [the model parameters are in Table III]. The results
are contrasted against observations reported in [8, p. 19] for a
temperature of 80 F. Overall, the simulation results considering
the realistic compressor resemble the reported data in [8,
p- 19]. The discrepancy between the realistic and reported
reactive power is because this quantity is sensitive to the
parameters of the SPIM model and start-run capacitors which
are not reported in [8, p. 19]; hence, generic parameters were
employed, q.v. Table III. Notice the realistic simulation results
were not filtered; the oscillations of P and () are natural in
single phase systems.

V. MOTOR STALLING PROTECTION

It is shown here that thermal relays will face longer tripping
times to disconnect stalled SPIMs when powered by IBRs than
by synchronous machines. Further, if IBR current is not suffi-
cient, thermal relays might not trip at all. Thus, an electronic
protection is engineered which consists of estimating SPIM
impedance and acceleration.

A. Classical Thermal Protection

The tripping time of a thermal relay is [61]:

2 — 12
tay = Ty In (”’) for Iy > Inny. (39
m m,rly

Here, 7y is the relay thermal time constant, I, is the present
rms current of the SPIM undergoing stalling, I, opr is the rms
current of a SPIM previous to stalling, and I, .1y is the pick-
up current of the thermal relay. In this paper, I,,, € {I},, I}
where I, and I, are respectively the SPIM rms currents
produced by an IBR and a machine, q.v. Fig. 10a and 10b.
Note here that if I}, is not greater than I, s, the thermal
relay will not pickup.

In Fig. 10c, IS, and I3, can be as high as 2.15p.u. and
5.61 p.u., respectively. Hence, the thermal relay can trip only as
fastas tg, = 13.24s and tj, = 1.44sif wy, = 0 (i.e., when the
motor stalls) for the inverter and machine cases, respectively.
Notably, a tripping time of tﬁy = 13.24 s is relatively long with
respect to tf{y = 1.44s. Hence, an approach to stalling protec-
tion for converter-based grids is proposed in Section V-C and

inverter + filter

sync. mach.

75
— o 40
:} — 50 (1m7tr1y)
& B \L
0
.\"E | eI'm,rly
1 T 1
. 1 2 3 4 5
i (p) In (pu)

(c) motor current and thermal-relay tripping time

Fig. 10. Current-limited inverter and a synchronous machine powering a
single-phase motor as well as its thermal relay tripping time.

tested in the EMT domain in Section VI. In Fig. 10, the ratings
of the IBR and the synchronous machine are assumed to be
twice of that of the SPIM. To generate Fig. 10c, & = 1.05,
X/, =0.075, Xy, = 0.05, X, = 0.025, By = 0.48, Vi =10,
Inx = 2.0, Iy opr = 1.0, and 73y = 10s. The calculation of
the currents I, and I, for Fig. 10c follow. The value of Z,,
is from Fig. 11; its calculation for any w,, is in Section V-B.

In Fig. 10a, the SPIM current when powered by an IBR is:

~, 1

I, = — . Iy

1+ By (jXg +iXe + Zm)
where T, 5 =min{l}, Inx}Z¢y is from the current command:
_JBr( Xy +Xe+ Zm) + 1

Iiles = Vi
F401 i Xg+iXe+ Zm !

(40)

(41)

for ‘7; = V7 Z0°. Here, VI and Iy are respectively the
IBR voltage set-point and its rated current. To the Authors’
understanding, (40) and (41) have not been posed in the
literature for analysis of thermal relays because they are a
consequence of Section II-A. The parameter X, encapsulates
the reactances of transformers and transmission lines and Z,,
models the impedance of the SPIM.
From (40)-(41), the rms voltage magnitude of:

Vi = (]Xg +JXe+ Zm)I;iz
in Fig. 10a is maintained at V7 only if It < Imc as a
result of the voltage regulator with current limiter discussed
in Section II-A. Otherwise, the voltage magnitude of (42)
drops because of (40) and (41). In this paper, I7, of (40)
and Fig. 10a is contrasted against the one in Fig. 10b:

(42)

~ E
i = 43
" X+ X+ T )

with E = E/0° the voltage behind a transient reactance, X n
of a classical synchronous machine model [7].

B. Asymmetrical Motor Impedance

The impedance Z,, of an asymmetrical motor with start-run
capacitor for (40)—(43) as function of w,, of (27) is:

Vsm

Zm(Wm) = = =~ (44)
( ) T + Isq
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Fig. 11. Impedance vs. rotor speed of an asymmetrical single-phase motor.
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Fig. 12. A/C-compressor motor including a two-pole contactor, a thermal
relay, start-run capacitor Cy, € {Crun, Cstart+Crun }, and proposed protection.

where the currents fsm and fsa = Nmala respectively model

the main and auxiliary winding ones (q.v. Fig. 12a) and meet:

‘Zm — le(wm) Z12 (Wm) FI:‘gnL
Zya(wm)| | I, |

< (43)

Zo1(wm)
The entries of this 2-by-2 matrix derive by studying in the
frequency domain the two-axis circuit of [52, Fig. 3]. The entry
Zao(wn,) encapsulates the switching of C,, in Fig. 12a for
start Cr, = Cytart + Crun if wiy, < 0.75p.u. and run ), = Ciyp
if Wy > 0.75p.u. In (44) and (45), V!, = NyoVin and
Vem = VinraZ0° where Np,, = N,,/N, is the main-to-
auxiliary winding turn ratio and V;,, 4 is the rms rated voltage.
Figure 11 illustrates the magnitude and angle of the SPIM
impedance with start-run capacitors vs. rotor speed. The SPIM
and capacitor parameters are from Table III in Section VI.
There, |Z,,| is relatively low even if w,,, = 0.85 p.u. The | Z,,,|
and /Z,, jump at w,, = 0.75p.u. is because C), : Ciyn —
Cstart + Crun [q-v. Cy, in Fig. 12] when dw,,, /dt < 0.

C. Proposed Electronic Stalling Protection

An electronic approach is proposed to disconnect a stalled
SPIM powered by IBRs before under-voltage load shedding
relays disconnect a complete feeder [11]. In Fig. 12b, the
principle is to open the contactor when the SPIM impedance is
relatively low and its rotor is decelerating.® The novelty is that
deceleration is estimated from impedance which is feasible
only if impedance is monotonically increasing on rotor speed.

The estimated SPIM impedance with start-run capacitor is:

Voéu

’Zm’ = W where (46)
a1 2 gy Ly
%= Te (=6v +v5,) and Frce Te (=i +in) . @47

The respective states ¢, and ¢; serve to filter the squares of
the time-domain values of v, and %,, in Fig. 12a. The time
constant 7. = 10/w;, where wy, is the rated electrical angular

6Contactors automatically open when rms voltage drops below 35%. If the
voltage is higher than 50%, the contactor is likely to remain closed [15].

frequency. The parameter € in (46) is a relatively small value
to prevent division by zero when 4,,(t) = 0.

To determine whether the rotor is decelerating, e.g., after a
fault, consider the indicator function .# : R — R:

1 if diy, /dt < —ey

X (48)
0 otherwise

I (A Jdt) = {

%&m L (G tul) withol, =2 (‘Zm‘) (49)
f

where €, > 0 is a small parameter and w,, is the filtered
version of the estimated rotor speed, wjn, which is obtained
from ‘Zn of (46) via (49). In (49), £ : Z — ) is a lookup
table that is constructed offline from calculated coordinated
pairs (|Z,,],wm), q.v. Section V-B. Ascertaining accelera-
tion/deceleration is possible only if |Z,,| is monotonically
increasing on w,, which applies here, q.v. Fig. 11. Otherwise,
deceleration could be wrongly determined.

Lemma 1: d|Z,|/dt # 0 and dw.,/dt # 0 have the same
signs only if |Z,,| is monotonically increasing on w,y,.

Proof: From the chain rule of time-domain quantities:

A Zm| | Z| dworn
dt  dw, dt

the time-derivative signs are equal only if d|Z,,|/dwy,, > 0.
|
The stalling protection of Fig. 12b steers the status of the
two-pole contactor in Fig. 12a via the following command:

N 0
cC =
h*

The contactor is open when ¢* = 0 and closed if ¢* = 1.
The parameter |Z,,|* in (51) is a minimum permissible
motor impedance when the rotor is decelerating. Please, recall
from (49) that .7 (dw,,/dt) of (48) can be determined from
impedance as long as Lemma 1 holds. The command c*
of (51) is delayed by 7, seconds in Fig. 12b using a binary
off delay for relay coordination proposes. Motors that are
electrically far from a substation may be set to trip faster than
closer ones. During normal operation, c¢* of (51) follows the
command, h* € {0,1}, from a home controller, q.v. Fig. 12b.

(50)

if ‘Zm] <\ Zp|* and 7 (d&/dt) = 1

otherwise.

(D

VI. CASE STUDIES

The dynamic performance of two hybrid PV power plants
energizing the 13.8-kV radial feeder in Fig. 2 is analyzed
via four case studies. Each power plant of Fig. 2 is assumed
to have four 2.5-MVA/0.69-kV IBRs along with a 0.69/34.5
kV step-up transformer as shown in Fig. 1. A 20-MVA IBR
capacity was necessary to successfully energize all the SPIMs
of Fig. 2. A lower MVA capacity did not yield enough
startup currents to energize all the SPIM clusters. The dc-
link of each IBR is powered by a 2.0-MW PV array and
a 2.0-MWh BES. The first case study shows restoration
performance under varying solar irradiance. The second and
third case studies demonstrate the performance of the realistic
compressor model in Section IV, the classical thermal relay
in Section V-A, and the proposed electronic stalling protection



TABLE I
TIMED CIRCUIT BREAKER EVENTS FOR FIG. 2

breaker | H1 | H2 |C1| H3 H4 |C2|C3|C4|C5|C6|C7
tc(s) | 5 55| 7| 7.5 8 |[10(13|16|19|22]25
to(s) | - | - | - 3305|3315 - | - |- |-]|-]-

TABLE II
PARAMETERS OF A HYBRID PV INVERTER AND ITS CONTROLS

par. values units[par. values units[par. values units]par. values units

Cgc 64.3 mF |ry 6.0 mQ|Ly 0.1515 mH|Cy 0.9 mF
Kde 40 A/KJ|Tge 10 ms |[vmn 1.2 kV |k, 0.05 p.u.
Te 53 ms|17p, 40 ms kf 1 p-u.|7s 7.3 ms
Ky 0.54 A/NV|T, 20 ms|k; 0.3 V/A|7, 2.0 ms
7 054 ms|tew 2 ms|S. 95 % |s. 10 %
Cl 10 ,U,F Ll 0.1 mH T 15.7 m$ Td 2 S
kp 0.038 1/A|l7, 2 ms |3 35 kA|i —3.5 kA

in Section V-C during FIDVR instances because of a fault in
the 138-kV transmission circuit, q.v. Fig. 2. The fourth case
study compares the dynamic performance of the thermal and
electronic protections when the system of Fig. 2 is powered
by synchronous machines. The sequential times when the
breakers of Fig. 2 close, t., and open, t,, are in Table 1. The
power plants energize their A-Y, transformers at ¢t = 2.5s.

These studies are conducted via a detailed EMT model
of Fig. 2 which was implemented on PSCAD v5.0. The
PSCAD simulations, using a 5 pus time step, were conducted
on a desktop with 32 GB of RAM and a four-core 3.5-GHz
Intel® Xeon® i3 processor. The time to simulate 45 s of reality
was 44 min ca. The optimal set-point v};. from Section III-A is
computed using a custom FORTRAN script which is executed
every 50ms in PSCAD. As explained in Section II-B, only
one inverter out of four is simulated at each power plant, its
current outputs are scaled up by a factor of four. This is done
here via the standard PSCAD scaling component [48] which
considers 2.5% series impedance with respect to the 2.5-MVA
inverter rating at the 34.5-kV side. In Fig. 2, the PV power
plants are connected to the distribution feeder via two 138-
kV sub-transmission lines and represented with frequency-
dependent models [62]. Each distribution line of Fig. 2, e.g.,
the one connecting buses ‘0’ and ‘1, is modeled using a II-
section as in [28]. The physical and control parameters of the
PV subsystem in Fig. 1 are in Table II. Table III reports the
parameters of the reciprocating compressor in Fig. 8 and the
SPIM parameters. The SPIM is rated for 4.524 kW, 230 Vrms,
and 60 Hz; the parameters are scaled from the ones explained
in [52], [63]. The compressor model is implemented via a
custom FORTRAN script in PSCAD.

A. Case I: Restoration Under Varying Solar Irradiance

The restoration of Fig. 2 is conducted as in Section II-B.
It considers the realistic compressor model in Section IV-B
because the behavioral model is not suited to represent SPIM
acceleration, q.v. Section IV-A. The results of this case study
are reported in Figs. 13—17. Figure 13 illustrates the dynamic
performance of one hybrid GFM IBR as the one in Fig. 1
during step-wise variations of solar irradiance, /., in per unit
of 1,000 W/m?. In particular, one can learn from Fig. 13 that:
(A) I, steps up from 0.5 to 1.0 at ¢ = 10.0s, then drops to

TABLE III
COMPRESSOR AND SPIM PARAMETERS
compressor [59] SPIM

par. values units par.  values  units
Ts 0.01 m Ty 0.74 Q
p 0.022 m X 0.38 Q
l 0.095 m Tsm 0.36 Q
Ps 0.47/68 MPa/psi | X¢sm  0.50 Q
pg  1.034/150  MPalpsi| rsq  0.91 Q
V1 6.55x 107° m? | Xpq 0.41 Q
Vo 2,95 x 1079 m? Xm 11.88 Q
Vs 491 x 10~ m3 | Csanr 860 uF
V4 1.03x107° m3 Crn 200 uF
Dy 500 Ns/m | Nypo 1/1.18 -
D, 0.3 Ns?/m | J 0.0022 kg-m?
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Fig. 13. Case I: Performance of one IBR as in Fig. 1 during restoration.

0.0 at ¢ = 15.0s to challenge control of the hybrid system.
(B) At t = 15.0s, the PV-array power P,, — Op.u. because
I, — 0. (C) The dc-link voltage drops from 1.6 kV to 0.68 kV
and then recovers to vy, = 1.2kV as a consequence of (B);
recall vy, is defined in Section III-B. (D) The battery SoC, s,
increases because P,, > P, for t € [0,15]s, q.v. Section III.
(E) s. decreases because P,, < P for t € (15,20]s. (F)
sc is almost constant because P, ~ P. for t € (20,30]s.
(G) Battery power [q.v. Fig. 1] changes at ¢ = 15.0s from
P, = —0.8p.u. charging [buck mode in Section III-C] to
P, = 0.4p.u. discharging [boost mode] because of (B). (H)
The short-lived overshoots in ac power P, [q.v. Fig. 1] are
because of the start-up of SPIMs. (I) Reactive power Q.
from Fig. 1 slightly increases to 0.064 p.u because the 10-
MVA 34.5/138-kV A-Y, transformers of Fig. 2 are energized.
(J) Q. drops at t = 5.0s because one transmission branch
is energized, q.v. Fig. 2, and Table I. (K) ). decreases to
—0.15p.u. because the distribution feeder of Fig. 2, having
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distribution feeder nodes of Fig. 2.

several capacitor banks, is energized at ¢ = 6.0s. (L) Q.
momentarily increases and then decreases because of the
starting up of SPIM clusters M;—M7. To complement Fig. 13,
Fig. 14 reports line-to-ground rms voltages, Vi, ¢, V3¢, and V¢,
that are measured at capacitors of the LC filter in Fig. I.
It also reports the phase currents I,q4, Ipg, and I, which
correspond to the 0.69kV-side of the XFMR in Fig. 1. The
quantities in Fig. 14 have been normalized with respect to the
ratings of the GSI, i.e., 2.5 MVA and 0.69kV. In Fig. 14, IBR
rms voltages momentarily drop while current rises because of
the starting up of SPIM motor clusters M;—-My7. The voltage
transients by ¢ = 15.0s are because of the sudden drop in
solar irradiance that leads to momentary low dc-link voltage.

The behaviors of voltages, currents, motor speeds, and
OLTC at the feeder buses of Fig. 2 during the restoration are
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Fig. 16. Case I: Behavior of motor speed, grid frequency, power set-point,
and OLTC tap of Fig. 2 during the restoration.

reported in Figs. 15 and 16. In Fig. 15, each V,, ; and I, ; with
z € {a,b,c} and ¢ € {0,1,2,...,7} are: (i) the rms single-
phase voltage observed at the i-th 13.8-kV bus and (ii) rms
single-phase current flowing into the SPIM and resistive load
cluster, e.g., V3 and I3 in Fig. 2 is by the load connected
to phase ‘b’ (or ¢). In Fig. 16, each per-unit rotor speed
W,; corresponds to one machine within the M; motor cluster
of Fig. 2. In Figs. 15 and 16, one can learn that: (A) The rms
phase voltages V1—V7 are as high as 1.08 p.u. when the feeder
energizes because of the feeder capacitors. (B) The voltage
dips for each M; is because of the SPIM start-up current.
(C) The start-up current of SPIM cluster M;, for example,
is a high as 0.17 p.u. (1.0-kA/13.8-kV bases) which contrasts
its steady state current of 0.04p.u. (D) The rotor speed of
one motor in cluster My rises from stand still as fast as the
motors in the other clusters. (E) The frequency, f., drops from
1.0 p.u. of 60 Hz to 0.995 p.u. at t = 19 s because of SPIM Mj
acceleration, then it returns to rated because of the frequency
controller, q.v. Fig. 3d. The fast transients of f., e.g., by
t = 5.0s, are because of transmission-line energization. (F)
The frequency control command P of Fig. 3d changes to
compensate frequency deviations because of SPIM start-up.
(G) The OLTC tap increases to 1.03p.u. to compensate for
the voltage drop at node ‘0’ of Fig. 2 as a result of significant
load increase.

Figure 17 reports the physical variables of one compres-
sor in My, q.v. Section IV. During start-up, the compressor
changes its piston position z, pressure p, and volume V
because T, of (27) accelerates the rotor of the SPIM.

B. Case II: FIDVR Event with Realistic Compressor

This study contrasts the performance of Fig. 2 when
the compressors are represented via: (i) the realistic model
in Section IV-B and (ii) the behavioral one in Section IV-A.
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Fig. 17. Case I: Behavior of a realistic compressor during M7 cluster start-up.

Recall that Table III reports the parameters of the realistic
compressor model. The behavioral parameters for (28) are
k, = 0.25 and k,y = 0.75 in p.u. of the compressor rating
which are scaled from [28, Table III]. The simulation times
using the realistic and behavioral compressor models were
approximately 44 minutes and 43 minutes, respectively. This is
indicative that the realistic compressor model of Section IV-B
is computationally light. The FIDVR event is triggered by
a fault between phase ‘c’ and ground at the middle of the
line between the breakers H3 and H4 in Fig. 2. The SPIMs
are equipped with thermal relays having 7y, = 10.0s and
Iy = 2.0p.au. in its SPIM base, g.v. Section V-A. The
results are reported in Figs. 18-22.

One can learn from Figs. 18 and 19 that: (A) The voltage
magnitude of every phase decreases because of IBR limited
current ratings. (B) The realistic compressor model leads
to voltage recovery at ¢ = 35.5s whereas the behavioral
counterpart at ¢ = 37.0s because they develop different
mechanical torques. (C) Current withdrawn by the SPIMs
driving the behavioral compressor model can be higher than
when driving the realistic one. Figure 20 shows that: (A)
After stalling, the SPIMs that drive the realistic compressor
successfully re-accelerate clusters My, My, M5, M7; when the
SPIMs drive the behavioral compressor model only clusters
My, M5, M7 recover. (B) The per-unit temperature © of motor
M7 using realistic compressor model is slightly higher due
to the longer start-up time, q.v. Fig. 16. In contrast, when
using the behavioral model, the temperature of all motors is
relatively low because the compressor is disconnected during
startup [27, p. 26-27]. The motors trip when © reaches ©* =
1.0 p.u. Notably, the speed recovery when using the realistic
compressor model is different from that of the behavioral one.
This is because the behavioral model is not suited to capture
motor acceleration or re-acceleration, q.v. Section IV-A.

Figure 21 reports the mechanical and electrical torques of
one motor within the cluster M5. The realistic 7;,, resembles
a combination of sinusoidal waveforms (q.v. Section IV-B)
whereas the behavioral T, is a triangular waveform. Notably,
the electromagnetic torque 7T, is different for the realistic and
behavioral cases as depending on rotor speed and position
which is impacted by T, q.v. (27).

Figure 22, on the other hand, reports electrical quantities at
the terminals of one GSI of Fig. 1 in per-unit with respect to
the GSI rating. In Fig. 22: (A) After the fault at ¢ = 33.0s,
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Fig. 18. Case II: Line-to-ground rms voltages of feeder nodes during FIDVR
events using the realistic and behavioral compressor models.

the instantaneous currents, i.r, can be as high as 1.39p.u,,
then it is driven towards 1.0p.u. by the current regulator
of Fig. 3b. Note here that the GSI currents are not precisely
bounded at 1.0 p.u. because the current regulator has a settling
time of 5 ms which limits ideal control during asymmetrical
faults. However, the identified trespassing is short lived and
perhaps inoffensive to the IGBTs when studying their thermal
behaviors as suggested in [37]. A simulation without the anti-
windups yielded currents as high as 4.5 times of the GSI
rated current which would have destroyed its semiconductors.
(B) Because of the current limiting, the magnitude of the
IBR voltage waveforms are below rated. (C) The voltage
waveforms do not recover to their rated values after the fault
is cleared at t = 33.15s because of motor stalling and GFM
current limiters. (D) The speed, w,. in Fig. 3¢, increases to
1.035 p.u. during the fault event because P, and P, reduces,
g.v. (6). (E) The variation of dc-link voltage, vq. in Fig. 1,
is minor which elucidates the desired control performance
of Sections III-B and III-C. (F) Active power, P,, drops from
0.58 p.u. to 0.07 p.u. and oscillates because the line-to-ground
fault (phase ‘c’) which blocks power transfer to the feeder.
(G) Reactive power, ()., automatically rises from 0.16 p.u. to
0.42 p.u. after the fault in phase ‘c’ is cleared because the IBR
controls of Section II-A are engineered to regulate terminal
voltages which remain relatively low during the FIDVR event,
hence currents are steered to rated values.

Overall this case study has showcased: (i) The ability of
the hybrid PV grid-forming power plants to ride through
faults which is helpful to address FERC order 2023 [43, pp.
1081-1099]. And (ii) the capability of these power plants
to withstand sustained low voltages events which can be
useful to address NERC PRC-024-3 requirements [44]. This
capabilities are critical to not disconnect IBRs, otherwise, they
can jeopardize the reliability of power grids.
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Fig. 19. Case II: Three-phase rms currents during FIDVR events using the
realistic and behavioral compressor models.
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Fig. 20. Case II: Speed and temperature for FIDVR events using the realistic
and behavioral compressor models.
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Fig. 21. Case II: Torque of Ms FIDVR events using the realistic and
behavioral compressor models.

C. Case IlI: FIDVR Event with Electronic Protection

This subsection contrasts the response of the -elec-
tronic protection in Section V-C against the thermal relay
in Section V-A. It also considers the realistic compressor
model in Section IV-B during a FIDVR event. Here, ¢, = 0.01
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Fig. 22. Case II: Per-unit inverter voltages (Vapf, Vbefs Veaf), Currents (iqf,
iyg, Gcf), droop-controlled speed (wc), de-link voltage (vg4c), active power
(Pe), and reactive power (Qe) during the fault. The straight dotted lines
represent rated ac values.
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Fig. 23. Case III: FIDVR performance using electronic and thermal relays.
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Fig. 24. Case III: Estimated impedance and rotor deceleration/acceleration.

for (48) and each off-delay time 7, ; = 1.0 +0.25 - (7 — 1),
1=1,2,...,7(q.v. 7, in Fig. 12b) are used in each M; motor
cluster of Fig. 2. This delay is judiciously selected so that, for
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Fig. 25. Case IV: FIDVR performance using synchronous machines and SPIM
thermal protection.
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Fig. 26. Case IV: FIDVR performance using synchronous machines and SPIM
electronic protection.

example, the 6-th motor cluster trips after 0.25s of the 7-th
one if stalling happens in both clusters; note that M7 is at the
feeder tail, hence coordinated for relatively fast tripping.

The results of this case are in Figs. 23 and 24. Figure 23
reports that: (A) The electronic relay leads to voltage recovery
at £ = 35.0 whereas the thermal-relay counterpart at t = 37.5s
because electronic approach does not require heating for
tripping. (B) When using the electronic protection, the rotor
speed of clusters M;—Mg recover. In contrast, only clusters
M;, My, M5, M7 speeds recover when using the thermal relay.

In Fig. 24, one can recognize that: (A) The estimated
impedance ‘Zml via (46) is lower than the set-point |Z,,,|" =
0.27 p.u. (dotted line) for (51) after the fault at ¢ = 33.0s
because the SPIM speeds are decreasing. (B) The impedances
of the SPIM clusters that have tripped (M7) are relatively
large which is expected, q.v. (46). (C) Deceleration is correctly
estimated on all motors after ¢ = 33.0s which enables SPIM
tripping during the FIDVR event. Recall that low-impedance
and deceleration command SPIM tripping after the off-delay
time 7,; has elapsed, q.v. (51) and Fig. 12b. Overall, the
electronic relays contributed to the recovery of six SPIM
clusters, i.e., 6 x 177 = 1062 A/C units, q.v. Fig. 2. In contrast,
the thermal relay supported the speed recovery of only four
SPIM clusters, i.e., 4 x 177 = 708 A/C units.

D. Case 1V: Synchronous Machine Benchmark

This case study compares the dynamic performance of
the thermal relay and electronic stalling protection when the
system in Fig. 2 is powered by two synchronous generating
sets. We also compare the response of synchronous machines
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Fig. 27. Case IV: Per-unit machine voltages (Vgpms Vbems Vcam), currents
(tam» Tbm» %em), Totor speed (wm,), as well as machine active (P,,) and
reactive (Qy,) power during and after the fault. The straight dotted lines
represent rated values. Per unit values are given with respect to the machine
MVA and voltage ratings.

against that of the IBRs. The FIDVR event is also triggered
here by a fault between phase ‘c’ and ground at the middle of
the line between the breakers H3 and H4 in Fig. 2; this to com-
pare with observations from Section VI-B. In this case study,
each 4x 2.5 MVA hybrid power plant of Fig. 2 is substituted by
one 10-MVA 13.8-kV synchronous machine driven by a hydro-
turbine. Hence, 10-MVA 13.8/138-kV A-Yg transformers are
used in Fig. 2 in lieu of the 34.5/138-kV units. The results of
this case study are reported in Figs. 25-27.

For the thermal relay case, we learn in Fig. 25 that: (A)
The angular speeds of all SPIM clusters recover by ¢ = 34.0's;
clusters M; and Mg did not face deceleration and other clusters
speed recovered after stalling. This contrasts Fig. 23-B where
SPIMs M;, M5, M3 and Mg stalled because their thermal
relays activated. (B) Thermal relays corresponding to SPIM
clusters do not reach their thermal limits, hence, they do
not cause motor tripping. For the electronic relay case, one
can deduce from Fig. 26 that: (A) The speed of all SPIM
clusters recover by ¢t = 34.0s. (B) Clusters M; and Mg
did not face deceleration and other clusters speed recovered
after stalling. Overall, the thermal and proposed electronic
relays have comparable behaviors when the power system is
energized by synchronous machines. This is indicative that the
electronic relay does not misoperate.

Finally, Fig. 27 elucidates that: (A) The fault currents
supplied by one of the synchronous machines are more than
three times its rated value and have notable dc-offsets. This
observation contrasts Fig. 22-A in which IBR currents are
limited to around 1.0 p.u. and seem to not have dc-offsets. (B)
Line-to-line voltage v,y,, does not significantly drop whereas
Veam and vy, significantly drop because the fault is between
phase ’c’ and ground. This behavior contrasts the observation
in Fig. 22-B because of IBR current limits. (C) The machine
voltages do not recover to their rated values after the fault is
cleared at ¢ = 33.15s because of motor stalling and voltage



regulator limits which also happened in Fig. 22-C. (D) The
rotor speed of the machine, w,,, stays around 0.99 p.u. during
and after the fault because of inertia; secondary frequency
control was also considered. This contrast to the behavior of w,.
in Fig. 22-D which increased because of the absence of inertia.
(E) The machine active power, P,,, drops from 0.5 p.u. to
0.28 p.u. and oscillates because the line-to-ground fault (phase
‘c’); in Fig. 22-F power dropped to 0.07 p.u. (F) Reactive
power, ()., automatically rises from —0.21 p.u to 1.63 p.u.
after the fault in phase ‘c’ is cleared. The reason is that the
machine voltage regulator increases excitation current in an
attempt to maintain machine terminal voltages at rated during
the FIDVR event. In Fig. 22-G, Q. increased because the grid-
forming controller boosted GSI currents (within limits) to try
to maintain capacitor voltages at rated.

VII. CONCLUSION

This paper has engineered the technology for hybrid GFM
IBRs so that they can: (i) optimally transfer power from a
dc-coupled photovoltaic array and battery into an ac grid
during restoration and (ii) withstand FIDVR events because of
SPIM stalling. To that end, it was engineered in Section III-B
anti-windup proportional-integral (PI) regulators to optimally
charge and discharge the BES. It was shown in Section VI-A
that the controller performs well under varying solar irradiance
during restoration. In Section IV-B, it was also derived a
realistic compressor model for EMT studies of FIDVR events
of grids with GFM IBRs and residential A/C units. This model
is as computationally-light as the behavioral model of [27]-
[29]. The key benefit is that the developed model can be
used to study in the EMT domain both SPIM acceleration,
deceleration, and re-acceleration which can happen during
restoration and FIDVR events. In Section VI-B, the realistic
compressor model contrasts the performance of the behavioral
representation discussed in Section I'V-A. This realistic model
is critical to generate the right information to aid power system
planners to make the right decisions.

In Section V-A, it was shown that IBR current limitations
would delay the tripping of SPIM thermal relays which
implied longer FIDVR events. Hence, an electronic protection
was set forth in Section V-C to disconnect stalled SPIMs by
estimating impedance and rotor deceleration. It was showcased
in Section VI-C that several A/C units can recover when using
the electronic relay. In Section VI-D, the electronic protection
proved to perform as well as the thermal protection when
the distribution grid is powered by synchronous machines.
Remarkably, the proposed relay is helpful to prevent de-
energizing an entire distribution feeder which can impact
several neighborhoods by the selective disconnection of stalled
motors. Although not done here, the functionality of the
thermal relay can be also implemented within the electronic
relay to protect SPIMs from internal faults, e.g., SPIM winding
failures.

Overall, the developments and analyses of Sections II-VI
can be useful to understand via EMT simulations the realis-
tic performance of transmission-connected hybrid PV power
plants during restoration and FIDVR events involving SPIMs

and residential A/C compressors [31]. Also, this paper can be
used in the broad sense to address FERC order 2023 [43, pp.
1081-1099] and NERC PRC-024-3 requirements [44] because
the proposed hybrid PV plant can reliably ride through faults
and withstand FIDVR events.

Future work will address hybrid configurations including
wind and hydrogen fuel cells and FIDVR co-simulation in
the EMT and phasor domains. The discrepancy in reactive
power in Fig. 9 of Section IV-B will be tackled using model
identification [64] to determine the parameters of the SPIM
and start-run capacitors from experimental data. It is also of
interest to model the performance of scroll compressors which
are becoming popular [65]. Moreover, effects of ambient tem-
perature on SPIM compressors could be of interest. Another
line of future work is the sizing of hybrid IBRs to ensure
restoration and resource adequacy of islanded distribution
grids. In this vein, also cost-benefit analyses of the proposed
technologies in this paper including grid-forming inverters as
well as electronics relays are desirable to compare against
other technologies, e.g., STATCOMs.
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