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Abstract—This paper demonstrates the potential of inverter-
based loads to support grid reliability during power system
transients thereby enabling reliable integration of renewable
energy in power systems. Such loads are referred to in this paper
as grid-supportive loads (GSLs). A new GSL model is developed
that simulates the transient response capabilities that can be
programmed in electronic loads. The model’s design enables it to
be easily integrated in widely used commercial power system
transient analysis software. Theoretical expressions are derived
that explain the workings of the GSL model. The performance,
numerical stability, and impact of the GSL model is validated on
9-bus and 2000-bus synthetic power system models using
generator tripping and bus fault disturbances. Results on the 2000
bus system show that in the absence of frequency support from
wind/solar generation resources, just 20% of loads with grid-
supportive capabilities can improve frequency response by up to
2000 MW/0.1 Hz and reduce deviation in frequency at nadir by up
to 60% compared to the situation when GSLs are absent. Power
system reliability also improves under fault events. It is further
shown that GSLs can aid in integrating more renewable
generation without degrading the overall transient response of the
power system.

Index Terms— electric vehicles, inverters, load modeling,
power system dynamics, power system modeling, power system
stability, renewable energy resources, solar power generation,
wind power generation

I. INTRODUCTION

ncreasing integration of inverter-based generation resources
(IBRs) in power systems has necessitated the development of
grid-supportive controls in these resources. Voltage ride-
through, volt-var control, and power-frequency droop response
are some of the capabilities that have already been incorporated
or are expected to be incorporated soon in IBRs [1]-[3].
Simulation models incorporating these controls in IBRs have
also been developed for both transmission and distribution
systems for steady-state and dynamic analyses [4]-[6].
Profound changes are also taking place in the end-use loads.

The increased prevalence of power electronic grid interfaces of
some of the largest loads such as electric motors, air
conditioners and refrigerators, and integration of electric
vehicles is already taking place and is expected to gather pace
in the foreseeable future [7]. These power electronic loads (also
referred to as inverter-based loads in this paper) offer an
opportunity to provide grid support [8]. It is likely easy to add
control functionality to make them responsive to grid-relevant
values, like voltage and frequency in the transient timescale
with little to no impact to the end-user’s utility of the electrical
load. Such electronic loads are referred to in this paper as grid-
supportive loads or GSLs.

The research presented in this paper is novel because little
research has been done on exploring the potential of electronic
loads for providing grid-support in power system transient
timeframe (milliseconds to few seconds). There are programs
such as the Electricity Reliability Council of Texas or ERCOT
Load Resource program, where loads trip automatically if the
frequency falls below a certain level, but these loads only
respond in emergency situations and cannot help during over-
frequency conditions. Moreover, inverter-based loads such as
variable frequency drives can trip once terminal voltage falls
below a threshold, but this support is neither under a user’s
control nor available when the voltage or frequency changes are
within the tripping thresholds.

Research has also been done on controlling loads, such as
thermostatically controlled loads, to provide demand response
in the minutes to hours timeframe based on control signals (pre-
programmed or real-time) received from the electric utility or a
third party aggregator [9], [10], or by reducing voltages as part
of conservation voltage reduction programs [11]-[13].
However, in the transient timeframe an autonomous response
driven by only local measurements is required for
straightforward, low-cost implementation and to avoid the
cybersecurity concerns that come from communications-based
control methods.

Literature review further showed that existing load
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modeling research can be classified into three key categories.
The first category includes research aimed at obtaining good
models of power and energy consumed by loads without
consideration of the loads’ electrical behavior [14]-[17]. In the
second category are those research efforts, where obtaining
steady state electrical models of loads (valid for minutes to
hours timescale) was the objective [18]-[21]. Finally, the third
category includes load modelling research aimed at obtaining
transient models of loads [22]-[26]. This category also includes
the development of the Western Electricity Coordinating
Council (WECC) composite load model (CLM), WECC-CLM,
which is one of the most detailed load models currently used for
research and in industry [26]. Although voltage dependent
response of electronic loads is included in the WECC-CLM,
current limits of electronic loads and their potential to provide
automatic frequency response are not modeled. A major gap in
these research efforts is the focus on obtaining the behavior of
existing loads, and not on developing models that can
demonstrate the potential of inverter-based loads to provide
grid support in the transient timeframe.

To summarize, literature review has revealed the following
research gaps: (i) capabilities of inverter-based loads to provide
autonomous response at transient timeframe and also support
variable renewable energy integration have not been explored,
and (ii) models that can be used to investigate the realizable
grid-supportive capabilities of inverter-based loads at transient
timeframes are not available.

The research presented in this paper addresses these gaps by
(i) developing a GSL model that can respond autonomously in
the transient timeframe based on local measurements and (ii),
by demonstrating using a 2000 bus dynamic model with over
1100 instances of the developed GSL model that GSLs can help
in integrating more renewable energy in power systems without
requiring grid support from renewable generation resources.

This paper is divided into seven sections. Section Il explains
the electronic load model of the WECC-CLM and highlights its
limitations. Section Ill presents the novel GSL model and
explains its features. In section 1V, theoretical analysis
explaining the workings of the GSL model under generator
tripping events is presented. Section V presents the validation
results for the developed GSL model. In section VI, the ability
of GSLs in increasing variable renewable energy integration is
demonstrated on a synthetic, 2000 bus model of the Electric
Reliability Council of Texas (ERCOT) for generator tripping
and fault events. Section VII concludes the paper and provides
future research directions.

I1. LIMITATIONS OF ELECTRONICS LOAD MODELLING IN
WECC-CLM

WECC-CLM is a comprehensive dynamic load model that
is used in industry and for research to simulate the aggregate
dynamic response of distribution system connected loads and
distributed generators [26]. Recently, a detailed model for
distributed generators called DER_A was included in the
WECC-CLM [27]. The main components of the composite load
model are:

1. Distribution substation transformer

2. Equivalent feeder model

3. Motor model (Four types of motors — A to D)

4. Static load model

5. Distributed generator model

6. Electronic load model
In recent years, the main drivers for using WECC-CLM have

been (i) fault-induced delayed voltage recovery (FIDVR)

studies [28], [29], and (ii) improving the accuracy of distributed
generation dynamics modeling [30]. The component of the

WECC-CLM that has received little attention is the electronic

load model. As described in [31], the electronic load model in

the WECC-CLM is used to model all power electronic or
inverter-interfaced loads. The electronic load behaves as a fixed
power factor (typically unity), constant power load until the
voltage drops to breakpoint 1, V4, beyond which the fraction
of online electronic load is linearly curtailed until it becomes
zero at the second voltage breakpoint, V;,. The amount of

electronic load that should recover as the voltage exceeds V,

can also be specified. The restoration is linear between V;, and

V41, and beyond V,;; the allowed fraction of load recovers.

The simplicity of electronic load modelling in the WECC-
CLM does not allow the investigation of the full range of grid-
supportive behavior that can be obtained from electronic loads.
The main limitations of the electronic load model in the WECC-
CLM are:

1. Inability to model frequency response from loads.

2. No option to add delays after which loads should trip on
account of low voltages. Loads start tripping immediately as
the V4, threshold is reached. As shown in [32], inverter-
based loads such as variable frequency drives can ride-
through deep voltage sags (up to zero voltage) of varying
durations.

3. Inability to recover load after it is shed based on grid
conditions or after a fixed delay to simulate a compromise
between serving the desired load and supporting the grid.

4. There is no provision to provide overcurrent limits for
electronic loads. If V,; is low enough, constant power load
behavior will result in large current being drawn by the
electronic load, which may not be realistic because power
electronics devices typically have limited overcurrent
capabilities.

That the WECC-CLM is a state-of-the-art load model used
for research today and the GSL behavior is not modeled in it is
further supported by recent publications as discussed next.

In [33], a new load model was presented that combined
constant impedance (Z), constant current (I), constant power (P)
or ZIP load with an electronic load model, which was similar to
the electronic load model found in the WECC-CLM. The
proposed load model was called the composite electronic ZIP
load model or CEZLM. While the objective of the paper was to
use phasor measurement units to obtain the parameters of
CEZLM in real time, no consideration was given to the grid
supportive capabilities of electronic loads. Moreover, no
frequency-based load modulation, droop-based or otherwise,
was considered. In [34], “An updated model with variable
frequency drive is formulated to reproduce the load behavior of
modern electricity consumers”. Scalar Volt/Hz control strategy
was modeled for the variable frequency drive (VFD) and no
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consideration for explicit grid supportive behavior was
provided in the proposed model. Frequency dependence of ZIP
loads was also not considered. The status of the WECC-CLM
as the state-of-the-art load model was further affirmed in [35],
where a method to reducing the parameters of the WECC-CLM
(named cmpldwg in GE-PSLF®) was proposed. No grid
supportive capabilities from the electronic loads were proposed
in this paper. In [36], a simple composite load model
comprising of ZIP model and induction machine model was
proposed followed by development of techniques to identify its
parameters. It was stated in the conclusion that the approach
presented in the paper would be extended to identify the
parameters of the WECC-CLM. This further affirms that the
WECC-CLM is the state-of-the-art load model and load models
being proposed thus far have not explored the potential of
electronic loads to provide grid support. In [37] an algorithm to
estimating the parameters of the WECC-CLM was proposed.
The WECC-CLM was referred to as an advanced load model in
this paper. In [38], a two-stage WECC-CLM composition and
parameter estimation approach was presented, and no grid
supportive feature was proposed to be included in the model. In
[39], a performance-based model for representing the aggregate
behavior of VFDs was proposed because the existing electronic
load model in the CLM was found to be inadequate in capturing
transients associated with VFDs. However, the proposed model
did not include frequency-based grid support or provisions to
limiting the duration of grid support. The performance of the
proposed model to changes in frequency was also not tested and
left for future.

A novel GSL model is presented next that addresses the four
limitations of the WECC-CLM listed earlier.

I1l. A NEW GRID-SUPPORTIVE LOAD MODEL
A. GSL Model

fref Pref Lnax
| rTpWwr
i lioaa
1+ 5T, ¥ network
Iload
f (restoration
active)

—

Lf (Online Load —
Fraction)

S

vdsvd,vdsvd,vd,
V| —
Figure 1. Grid-supportive load model

The block diagram of the GSL model is shown in Figure 1.
This model assumes that the power factor of the electronic load

3

is unity, although changing the model to allow a non-unity
power factor is straightforward. The GSL model is explained
mathematically here with the qualitative description provided
in Appendix I.

The GSL model has five modules that work together to
address the four limitations of the WECC-CLM. The "s" in
Figure 1 indicates that the block should be interpreted as the
Laplace transform of a differential equation. The five modules
are:

Voltage and frequency measurements:

d 1
fr
[ A _ 1
7= (7)1 @
dy 1
f _
— == (IV:| — 2
dt (Tv)(l el =) @
Frequency-power relationship:
100
sz(T)(ff_fref)'i_Pref (3)
Inverter Model:
. _ Py
g = U_f 4)
If v, = 0, then vy = 0.001 p. u. to prevent division by zero.
d; 1
== (ia — 1)
dt T,
d:
Ifi; > 0and d_LLf = rrpwr, then:
d_Lf = rrpwr
d.
Elseifi; < 0 and d_l; < —rrpwr, then:
d:
L= —rrpwr
dt J (5)
Elseif i; > I,,,4, and d_lt,f > 0, then:
d;
=0
dt
i = Inax
d:
Else if i; < I,;; and d_Ltl < 0, then:
d;
=0
dt
i; = Iin
Lipaa = U * Ly (6)
Load restoration:
P - P
If tgym > Tlrest and |loadG;L—ref| > 0.05, then
ref 7
Pioaags, +rrate « AT @)
Iload = “7'
t

Voltage dependent load tripping logic:

N stages are defined such that the i*" stage (st;) is activated if:
st; active: vd; ., < |V,| < vd; (8)
Once the i*" stage is active, then:
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if tou; > Tpu; then Ly = Lf;
if |V;| = vd,;, then:
trst; = trst; + AT
tpu; = tpu; + AT

iftrst; > Trst;, then: ®
tpu; =0
trst; =0
Ly = Unchanged
Table I. Symbols used in GSL Model Description
Symbol | Definition | Symbol | Definition | Symbol | Definition
fr Measured Inin Minimum vd;iq Lower
frequency current voltage
(p.u.) limit of the limit of it"
GSL (p.u.) stage of
voltage-
dependent
trip logic
(p.u)

vy Measured Imax Maximum vd; upper
voltage current voltage
magnitude limit of the limit of i"
(p.u.) GSL (p.u.) stage of

voltage-
dependent
trip logic
(p.u)

fm Load bus T, Inverter tpy; it stage
frequency time pick-up
(p.u.) constant timer (sec)

(sec)

A Load bus rrpwr | Maximum Tpu; ith stage
voltage ramp rate pick-up
magnitude time
(p.u.) (60/50 Hz

cycles)

T; Frequency tim Simulation trst; ith stage
transducer time reset timer
time
constant
(sec)

T, Voltage AT Simulation | Trst; | i‘" stage
transducer time step reset time
time (60/50 Hz
constant cycles)
(sec)

R GSL droop | Tlrest | Time after Ly Load
coefficient; which fraction
G =100/ GSL load that stays
R may start online

to be
restored

fref Initial load | Pyoaq,,, | Current
bus power
frequency demand of
(p.u.) the GSL

(p.u)

Prer Initial rrate Ramp rate
power at which
demand of GSL is
GSL (p.u.) restored

(p.u./sec)

B. Initialization of the GSL Model

Under the assumption that the GSL model is operating in the
linear region and the pre-disturbance voltages are above the
highest voltage-dependent trip logic voltage level, initialization
of the GSL model can be performed by setting the derivatives
of (1), (2) and (5) to zero. This results in (10).

4
ff =fm
v = |Vl (10)
id = il

Because i, is obtained from the network power flow solution
at the time of initialization as i; = Pres (power factor of GSLs

Vel
is assumed to be unity), using (10), (11) is obtained:
=iy = Frep (11)
l d vf

Using (11) and (4), P,.r = P4. Substituting P..; = Py in (3)
and using (10) gives (12).
fref = fm (12)
Therefore, the initial states of three state variables are as
given in (13):

fm
f _ |7 (13)
-f B Pref
7 —

Vel

Because dynamic simulations are typically initialized
assuming 60 or 50 Hz grid frequency at all buses, f,, = 1 p.u.
at initialization.

IV. THEORETICAL ANALYSIS OF THE GSL DYNAMIC MODEL

In this section, analytical expressions are derived to estimate
the system-wide frequency response in the presence of GSLs
for generator tripping events. This model provides insights into
the workings of the developed GSL model and explains the
reasons for the improvement in frequency response of the 2000
bus synthetic, ERCOT-inspired model discussed in Section VI.
Moreover, the approach and the expressions developed in this
section enable estimation of frequency nadirs and settling
frequencies under generator tripping events without running
detailed dynamic simulations.

A. Primary Assumptions for the Power System Model

Let us assume that the power system has a copper plate
network. This is a valid assumption for a generator tripping
event where the amount of generation lost is a small fraction of
the total system generation because the network real and
reactive power losses will be small when compared to the total
power delivered. For the same reasons, the effect of rotor
electrical circuit can be ignored, and constant field excitation
voltage can be assumed. As a result, network voltages can be
assumed to be unchanged before and after the generator tripping
event. Because of the unchanged voltages, real and reactive
powers consumed by the loads, and renewable generators
power output before and after the generator tripping event can
also be assumed to remain unchanged (frequency response is
not provided by the renewable plants).

B. Two Governor-Generator Model

Above assumptions enable the modeling of power system
dynamics using two governor-generator models connected in
parallel, with the entire network reduced to real and reactive
power demand at the terminals of the two generators. Because
the generators have high power factors and voltage magnitudes
are not assumed to change, only the real power demand is
modeled at the generators’ terminals. Very small stator
resistance compared to stator reactance means that real power
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demand can be assumed to change only because of the GSLs.
The resulting equivalent model of the power system is shown
in Figure 2. Because GGOV1 is a generic turbine-governor
model, the derivation that follows uses the GGOV1 dynamics
with droop control enabled (rselect flag is set to 1) [40]. It is
further assumed that only the part of the GGOV1 model shown
in Figure 2 contributes to its dynamic response. The two
generators terminate at the same terminals, where aggregate
renewable generation and aggregate GSL and non-GSL loads
are also connected. Secondary frequency response is assumed
to be absent.

C. Derivation of Deviation in Angular Frequency
Table 1l. Definitions of Symbols used in the Derivation

Symbol Definition
G, Generator that trips
G, Generator that stays online after the disturbance
Sg Aggregate MVA base of all the synchronous generators
Sest Aggregate MVA base of GSLs (MVA)
W Steady state angular frequency (p.u.)
P, Pre-disturbance, aggregate steady state power supplied by
G, and G, (MW)
Py,., Pre-disturbance, aggregate steady state power supplied by
G, and G; (p.u.)
P, Power generated by G, at the pre-disturbance steady state
(MW)
Pg, Power generated by G, at the pre-disturbance steady state
(MW)
Pelec, Power generated by G, at the pre-disturbance steady state
(pu), Peleco = PGO/SB‘
Pres, G, governor’s reference power (p.u.)

Pn, Pre-disturbance mechanical power output from G,’s
turbine/governor (p.u.)
o Change in mechanical power output of the governor of G, (p.u.)

Py, Pre-disturbance steady state power generated by G, (p.u.)

Pres Aggregate initial power demand of GSLs (p.u.)

Pgg Aggregate power demand of GSLs (MW)

Pon-cst| Aggregate power demand of non-GSLs (MW)

Pren Aggregate power generation of renewable generators (MW)
P Electrical power demand on G, at time ¢ after G, trips (MW)

Py Electrical power demand on G, at time ¢ after G, trips (p.u.)
w Angular frequency of G, at time ¢

Aw Rotor speed deviation of Gy; Aw = w — w;

AP;g, | Aggregate change in power demand of the GSLs after the
disturbance (p.u.)
Rgst, Aggregated droop coefficient of the GSLs
Heq Inertia constant of G,
r G, governor’s droop constant (p.u.)
Tpelec | G, governor’s power transducer time constant (sec)
K,gov | G, governor’s Pl controller proportional gain
Kigov G, governor’s Pl controller integral gain
Toct G, governor’s actuator time constant (sec)
Keurp G, governor’s turbine gain
T, G, governor’s turbine lag time constant (sec)

Given the definitions of G,, Py, Pe and Py, Pg can be
written as (14).

PGO=P0_Ptr (14)
Again, based on the definitions in Table Il, P;5, can be
written as (15).

Pt = Pref * Sgsi, (15)

At the pre-disturbance steady state, using (15) and real
power balance we can write (16).

Py = Pgsy + Pron-gs1 = Pren

(16)

Because of the assumptions listed earlier, namely (i) network

voltages can be assumed to be unchanged before and after the

generator tripping event, and (ii) frequency response is not

provided by the renewable generators, (16) holds after G, trips.

= Ppon-gsi — Pren = Po — ref * Sest

G P(;o Pren
[4 GGOV1 p—*Generator
— Pgst.
G, { GGOV1 [—*{Generator
Pt‘f Pnon—GSL
Prefa
+
@ K + Kigov || Reurs — ! _Pr’na
- pgov 1+ sTgce 1+ sT,
r
1+ STpelec
Peleco

Figure 2. Two Governor-Generator Model (Top). Droop portion of the
GGOV1 turbine-governor model (Bottom).

From the GGOV1 dynamic model shown in Figure 2
corresponding to the turbine/governor of G,,, the input to the Pl
controller block must be zero at the pre-disturbance steady
state. Therefore, (17) must hold.

Prefo = rPeleco + ws 17)

Pz, remains unchanged during the dynamic simulation
because secondary frequency response is assumed to be absent.

Using (14) and the definition of P, from Table I, (17)

can be written as (18).

1(Po—P¢r)
Pref, =50 + (18)

Once the generator generating Py, trips, both the generator
and its governor go offline instantaneously or a step-change of
P, occurs and the output mechanical power of the system
becomes Pg; . At the same time, using (16) and real power
balance of the system wide electrical power demand, P can be
written as (19).

P = Pgsp + Pron—gs. — Bren
= (Pref + AP, )SGSL + Py — Prep * Sgsi,
= Py + APgs1.Ses1 (19)

If the voltage and frequency sensor time constants are
ignored in the GSL model of Figure 1, AP, can be written as
(20) using Laplace transform.

R
AP (s) = ﬁAm(s)

20
1+ sTg (20)
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Converting P to p.u. by dividing (19) by Sg, taking the
Laplace Transform of the resulting expression, and using (20),
(21) is obtained.

P P, R S,
(5)2 0(S) GSL .ﬂ.Aw(s)
Sg Sg | 1+sT; Sg

RGSLe
= Pp.u.(s) = Pop,u,(s) + ?TGqu(S)

(21)
where, Rgsieq = Rest (%) is the equivalent droop

coefficient of all the GSLs.
From (21) and Figure 2, the input signal u(s) to the PI
controller block of governor of G, is given by (22).

u(s) =
r )(Popu‘(s)+RGSﬂAw(s))> (22)

1+5Tpelec 1+sTg

(Prefo ) =) - (

(22) can also be written as (23).

r

u(s) = (Pref,, OF (Popu, ) = Pary, ) -

1+sTpelec

r

ws (s)) + 0s(5) = w(s) - (Perga () +

RGSLeq

)

1+sTg

1+sTpelec

= uy(s) + Au (s) (23)

where,

ug(s) = (Prefo(s) -

r

(Pope, 59 = Pary, ) =

1+sTpelec

o09)
and
Au(s) = ws(s) —w(s) —

r

(Peryo () +

1+sTpelec
GSLeq

R
mAw(s)).

Carefully examining u,(s) reveals that it is the pre-
disturbance input to the PI controller block of the governor of
G,, and hence it must be zero. Au(s) is the change in the input
to the PI controller that will change the electrical power output
of G, and can be written as (24).

r

Au(s) = —Aw(s) — (P ) + o2 00 (5)) (28)

1+sTpelec

Because Py, ,, (s) is a step function, its Laplace Transform

should be written as @. Therefore, (24) becomes (25).

Ppr.u. (2 5)

1+5Tpelec S

Au = —Aw(s) (1 +

r RGSLeg r
1+5Tpelec 1+5TG

RGSLeg r

Pt
Ifx=<1 +;. )andy=—.ﬂ,then
1+sTpelec 1+sTg 1+sTpelec N

using (25) and the GGOV1 model of Figure 2, AR, can be
written as (26).

6

APy, = —Kiyrp-X.2. 00 — Y. Kpyyp- Z (26)

— Kigov)( 1 )( 1 )
where, z = (Kpgov + s 1+5Tqct/ \1+sTp

Because the pre-disturbance mechanical power input to the
online synchronous generator is Py (p.u.) — Py-(p.u.) and the
change in mechanical power input after the disturbance is
APy, , using (21) and the definition of
Aw, the rotor speed differential equation for the online
synchronous generator can be written in Laplace domain as
(27), which after rearrangement of the terms results in Aw(s)
being given by (28).

L <2Hﬂ (‘Z_{:)) B (Pop,u.(s) = Py, (5) + By, (5)) B

Ws
RGSLeq
Py, () — Tror, L0 ()
2HegAw(s) Py RGsL
SZ—S= APmo(S) —Tt—FTe:Aa)(S) (27)
Ptryq,-exprl
= Aw(s) = ——2—— (28)

expr2
where, the expressions for expr1 and expr2 are given in
Appendix I1.
. ip - exprl
Simplifying oxpr2
Expressions for coefficients a, —as and by, — b are also

provided in appendix II.
Ptry o, (ass®+agst+aszsd+azs?+ass+ag)
A(IJ(S) — Tp.u.

., Aw(s) can be written as (29).

(29)

2Heqs(bgSO+b5s5+bys*+b3s3+bys2+bys+bg)

While the exact nature of the roots/poles of (29) cannot be
known without substituting the numerical values of the
parameters, the complex conjugate roots theorem assures that
because all the coefficients of the denominator of (29) are real,
its complex roots will always appear as complex conjugate
pairs.

However, an analytical expression, (30), for the final post-
disturbance steady state can be obtained from (29) under the
assumption that Aw(s) has at most one zero on the origin and
all non-zero roots have negative real parts.

_PL'Tp_u_ aop
ZHeq bg
KL-KtT

=-p,
KK, + KiKirRgsi,,
1
= Awfing = —Ptrp,u_ (l‘*RGSL >
r eq

The expression for Awy;,, in (30) shows that the impact of
the GSLs is to reduce the overall frequency-power droop in the
power system, which results in faster response, higher nadir,
and higher settling frequencies.

This derivation is validated using the data from the
ERCOT2K System in section V1.

Awfing = !91_1;13 shw(s) =

(30)

V. GSL MODEL VALIDATION

The results presented in this section serve two purposes.
First, they validate the model behavior by showing that it
performs as designed. Secondly, they show the relative
improvement in grid performance because of the addition of the
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developed GSL model.

Simulations are performed using the WECC 9-bus system
model [41]. 80% of the load at bus 5 is modeled as non-
electronic load using the WECC-CLM model. Remaining 20%
load is either modeled using the electronic load model of the
WECC-CLM or using the proposed GSL model of Figure 1.
Two disturbances are simulated — tripping of 71.6 MW
generator at bus 1 and three-phase bolted fault at bus 6 that lasts
for 0.1 seconds. The base parameter names and values of the
GSL model are listed in Table I11.

Table I11. GSL model base parameters

Name Value Name Value Name Value
Rated MVA | 20 MVA Lnin 0.0 p.u. Tpu3 | 2cycles
Ty 0.05s vd, | 0.7p.u. Trst 2 cycles
T, 0.05s vd, | 0.4p.u. Lf; 0.8
R 5.0 vds | 0.2p.u. Lf, 0.4
T, 0.02s vd, | 0.0p.u. Lf; |00
rrpwr 1(100%/s) | Tpul | 10 cycles Tlrest | 100s
Imax 11p.u. Tpu2 | 4cycles rrate | 10 (10%fs)

The following 50 seconds long simulations are performed
(1-4 for generator tripping event and 5-10 for fault event):
1. Without GSL
2. With GSL, base parameters of Table 11
3. With GSL, load restoration enabled (Tlrest = 10 s)

4. With GSL, load restoration enabled (Tlrest =10s,
rrate = 1%/s)

5. Without GSL

6. With GSL, base parameters of Table 111

7. With GSL, high L4, (3.0 p.u.)

8. With GSL, medium I, (1.5 p.u.)

9. With GSL, lower stage 1 pickup time (Tpul = 4 cycles)

10. With GSL, load restoration enabled (Tlrest = 10 s)

Voltages and frequencies at bus 5 and powers absorbed by
the GSL at bus 5 for all generator tripping and fault simulations
are plotted separately in Figure 3 and Figure 4, respectively.
The key observations from the figures are discussed next.

A. Observations Validating the GSL Model (Generator
Tripping Event)

In simulation 2, the reduction in load is according to the
selected value of R (5%). This is because the frequency nadir
is 57.93 Hz and the load nadir is 7.73 MW, which implies that
for the drop of 2.07 Hz or 3.45%, the decrease in load was 69%.

The frequency and GSL power nadirs for simulation 3 are
identical to those observed in simulation 2 because the two
simulations are identical except that load restoration is enabled
in simulation 3.

Moreover, in simulation 3, load is restored to its pre-
disturbance value around 10 seconds after the load first changes
by more than 5% from its initial value, which is the expected
response as per the GSL model design.

The load restoration feature is further validated in
simulation 4, where load recovery is around 10 times slower
compared to simulation 3. After 11.3 seconds when load
restoration starts, it takes 2.8 seconds for it to recover in
simulation 3 compared to 27.9 seconds in simulation 4.

B. Observations Validating the GSL Model (Fault Event)

The feature of the GSL that simulates the maximum current
limits of electronic loads is validated in simulations 6-10.

7

Simulations 7 and 8 show that by increasing the maximum
overcurrent limit to 3.0 and 1.5 times the rated value,
respectively electronic load “clipping” is avoided unlike
simulations 6, 9 and 10, where load is clipped.

The voltage-based tripping behavior is validated by
simulation 9, where voltage remains below 0.7 p.u. for more
than 3 cycles resulting in 20% of the load to trip or 80% of the
load staying online. As a result, highest frequency nadir and
settling frequency are obtained for this simulation when
compared with simulations 6, 7, 8 and 10.

C. Observations Showing Differences in Grid Impact between
the GSL Model and the WECC-CLM

In simulation 1, the frequency nadir is >0.6 Hz lower
compared to the frequency nadir in simulations 2-4, where load
was modeled using the proposed GSL model. This indicates
that loads with the proposed GSL behavior can provide more
grid support compared to electronic loads with same
characteristics as the electronic load model of the WECC-CLM.
This observation also shows that the proposed GSL model can
enable the simulation of significantly different electronic load
behavior that the state-of-the-art WECC-CLM cannot.

Comparison of the change in load demand between
simulations 1 and 2-4 reveals that the electronic load model of
the WECC-CLM is unresponsive to frequency variations.
However, when the same load is modeled using the GSL load
model, it reduces to less than 1/3™ of its initial value at its
minimum point in the simulation.

Frequency profiles in simulations 2-4 suggest that it is
possible to get grid support from loads for a short period of time
and then restore loads without a significant impact on grid
performance (in terms of frequency nadir and settling
frequency). Duration of grid support is a unique feature of the
proposed GSL model that is not found in the WECC-CLM.

Simulations 1-4 also show that voltage recovery is faster in
simulations 2-4 when compared to simulation 1.

Compared to simulation 5, simulations 6-10 show higher
frequency nadirs, lower overshoots, and shorter settling times
indicating that even during faults, GSLs modeled using the
proposed model can improve frequency response.

Finally, voltages at bus 5 in Figure 4 are almost identical
between simulations 5-10. This is because by design the GSL
model operates at a unity power factor and cannot provide
reactive power support during faults.

D. Key Takeaways from Simulations

The results in Figure 3 and Figure 4 show that the developed
GSL model works as expected under both generator trip and
fault events, which are the two most commonly studied
disturbances in power system analysis. The results also show
that frequency response is significantly improved in the WECC
9-bus system when 25 MW out of the 315 MW total system
load, i.e., 8% of the total load has grid-supportive properties.
Improvement in voltages, however, was not observed with the
GSL model. This is because of the unity power factor behavior
simulated in the load model, which prevents it from providing
reactive power support that is needed during faults. While a
provision of reactive power support can be included in the GSL
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model, it may not be reasonable to assume reactive power
support from electronic loads because these are typically
designed solely for unity power factor operation.
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VI. APPLICATION OF THE GSL MODEL ON A 2000-BUS
SYNTHETIC POWER SYSTEM MODEL

There were four objectives of performing this analysis:

1. Validate the performance of the GSL model on a realistic,
utility-scale model. To this end, the 2000 bus synthetic
model inspired by the ERCOT power system [42], hereafter
referred to as the ERCOT2K System, was selected.

2. Validate the theoretical analysis of the GSL model
performed in section 1V.
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3. Identify any potential adverse impacts on grid stability with
hundreds of GSLs automatically responding to grid
conditions.

4. Quantify the benefits of GSLs in enabling variable
renewable integration.

A. Description of the ERCOT2K System

The ERCOT2K system is a modified version of the
ACTIVSg2000 model, which is an entirely synthetic model
built on the footprint of ERCOT [42]. The ACTIVSg2000
model is described in detail in [43].

Modifications were required because of some data errors in
the GE-PSLF® dynamic file of the ACTIVSg2000 model.
These errors were revealed when the dynamics data file was
investigated after the no-disturbance dynamic simulations
diverged. The primary reason for the divergence was the
incorrect order of generator model parameters in the dynamics
file that resulted in very high (some greater than 20%) stator
resistance values. When these were fixed, the no-disturbance
simulation did not diverge but significant transients in voltage
and frequency profiles were observed. More changes in power
flow and dynamics data were needed (e.g., correcting some
generator and governor MVA bases because these were lower
than the dispatched real powers) to ensure a “flat” no-
disturbance run. The resulting modified ACTIVSg2000 model
is called the ERCOT2K System in this paper. Several fault and
generator trip events were simulated on the ERCOT2K system
model, which resulted in numerically stable and logical results.

There were 98 generators (totaling to about 9.3 GW or 14%
of the total load) whose dynamics were not modeled in the
ACTIVSg2000 model. These were assumed to be variable
renewable generators in the ERCOT2K System model and the
“regc_a” and “reec_a” models of GE-PSLF®, with identical
parameters for all generators, were used to simulate their
dynamics [44].

B. Description of Simulations on the ERCOT2K System
Model

Over 1100 GSLs were modeled using three droop
coefficients - 4%, 2%, and 1% in the ERCOT2K System. Other
parameters, except the MVVA, were identical for all GSLs. MVA
of each GSL was equal to its MVA in the power flow case.
Tpuy, Tpu,, Tpug, and Trst were 3, 2, 2 and 2 cycles,
respectively. All other GSL parameters were the same as in
Table Ill. Four GSL levels were modeled for each droop
coefficient (5%, 10%, 15%, and 20% of the total load).
Moreover, two sets of cases were created. One with renewable
dynamic models added as discussed above, and the second with
load reduced to around 53 GW (load was 67 GW earlier). To
balance the decrease in load synchronous generators with the
largest headroom were removed until only 2000 MW of
aggregate headroom remained on the remaining synchronous
generators (headroom was 27,000 MW earlier). This headroom
was sufficient to compensate for the loss of the largest generator
(generating around 1300 MW). The headroom on renewable
generators was kept unchanged at 3000 MW. The renewable
generation as a percentage of total load in the second set of
cases increased to 18% (14% earlier). The total MVA of
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synchronous generators in the second set of cases decreased to
55,011 MVA (from 86,130 MVA in the first set of cases).

As shown in Table 1V, a total of 30 simulations were run -
15 each for the two renewable generation levels. 13 simulations
each were run with tripping of generator at bus 5262, which was
dispatching 1212 MW (Case # 1-26). Two simulations each
were run with solid three-phase-to-ground fault applied at bus
3048 (500 kV bus) at 15 seconds and cleared after 6 cycles
(Case # 27-30).

Table IV. ERCOT2K System cases with GSLs

Case GSLs GSL FRrequency Decrease ir_1 _
# (MW) Droop esponse Frequency_Dewatlon
(MW/0.1 Hz) at Nadir (%)

1 0 4% 3360 -

2 3,356 4% 3430 8%
3 6,711 4% 3498 14%
4 10,066 4% 3756 20%
5 13,421 4% 3844 25%
6 3,356 2% 3526 16%
7 6,711 2% 3868 27%
8 10,066 2% 3994 35%
9 13,421 2% 4398 39%
10 3,356 1% 3875 27%
11 6,711 1% 4417 41%
12 10,066 1% 5041 47%
13 13,421 1% 5352 50%
14 0 4% 1938 -
15 2,641 4% 2054 8%
16 5,282 4% 2120 15%
17 7,922 4% 2224 21%
18 10,562 4% 2371 26%
19 2,641 2% 2119 15%
20 5,282 2% 2370 27%
21 7,922 2% 2572 37%
22 10,562 2% 2798 45%
23 2,641 1% 2369 28%
24 5,282 1% 2793 46%
25 7,922 1% 3163 55%
26 10,562 1% 3552 59%
27 0 4% - -
28 13,421 1% - -
29 0 4% - -
30 10,562 1% - -

C. ERCOT2K System Simulation Results

Plots comparing the settling frequencies and frequency
nadirs obtained from simulation of cases 1-26 and those
obtained after solving (28) are shown in Figure 5. Figure 6
shows the frequency plots for fault events (cases 27-30 of Table
V.

To find the exact roots of (28), the average values of
parameters of the GSLs and the GGOV1 governors from the
ERCOT2K System were substituted in its denominator. This
resulted in one pair of complex conjugate roots with negative
real parts and four real roots in the left half of the s-plane. Partial
fractions expansion was used to obtain Aw(t) from Aw(s).
Minimum values of Aw(t) were used to obtain estimated
frequency nadirs, whereas (30) was used to obtain estimates of
settling frequencies.

Key observations from ERCOT2K System simulations are:
1. The estimated settling frequencies and frequency nadirs in

cases 1-26 are close to the actual observed values from the

detailed dynamic simulations (Mean absolute errors 0.004
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Hz and 0.005 Hz, respectively). This validates the
theoretical derivation and the expression for Aw(s) in (28),
which can be used to estimate the impact of hundreds of
GSLs in a large-scale system under generator tripping
events without running detailed dynamic simulations.

. GSLs significantly improve the frequency response in the
ERCOT2K System model. The improvement can be seen
from Table 1V, where at 14% renewable generation level
frequency response increased from 3360 MW/0.1 Hz in the
absence of GSLs to 5352 MW/0.1 Hz when 20% of the total
load was modeled using the GSL model with 1% droop.
Similarly, at 18% renewable generation level frequency
response increased from 1938 MW/0.1 Hz in case 14 to
3552 MW in case 26, which is an increase of 83%.

. The decreases in deviation from 60 Hz at frequency nadirs
in the presence of GSLs is another indicator of improvement
in frequency response. Table IV shows that frequency
deviation at nadir decreased by 50% between cases 1 and
13, whereas it decreased by close to 60% between cases 14
and 26.

. Figure 5 shows that GSLs significantly improve the
frequency nadirs and settling frequencies at both 14% and
18% renewable generation levels. However, the more
important observation is that for three GSL amounts and
droop combinations (case 22 - 20% GSL, 2% droop; case 24
—10% GSL, 1% droop; case 25 — 15% GSL, 1% drop, and
case 26 — 20% GSL, 1% droop), the frequency nadir at 18%
renewable levels is higher than the frequency nadir at 14%
renewable generation level without GSLs (case 1). If the
plot of settling frequencies is analyzed, case 26 (20% GSL,
1% droop) results in higher settling frequency than case 1.

. Although GSLs improve settling frequencies at both 14%
and 18% renewable generation levels, the absolute increase
is less compared to frequency nadirs.

. The impact of GSLs is also seen under fault events, although
these operate at unity power factor. Figure 6 shows that in
the presence of GSLs (cases 28 and 30), frequency nadirs
are improved compared to the no GSL cases (cases 27 and
29) at both 14% and 18% renewable generation levels.
Similar to the generator tripping cases, the increase in
frequency nadir (0.05 Hz) is more (almost double) under
18% renewable generation level than the increase (0.02 Hz)
at 14% renewable generation level.

The following conclusions about the GSLs can be drawn

from these observations:
1. GSLs support variable renewable integration in power

systems. GSLs significantly improve frequency response
and their impact increases as variable renewable generation
levels increase. The frequency nadir and settling frequency
results show that a modest amount of GSL (10-20%) at 1-
2% droop can help in achieving higher renewable generation
levels at significantly lower synchronous generator
headroom and inertia and without negatively impacting grid
reliability. This is achieved without obtaining primary
frequency response from renewable generators. The
preserved headroom in renewable generators can be used to
provide longer duration frequency support at secondary
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frequency response and regulation time frames. Moreover,
the improvement in frequency response is observed for both
generator tripping and fault events.

2. Lower droop increases the effectiveness of GSLs. If the
percentage droop is reduced, fewer GSLs are needed to
provide the same improvement in frequency nadirs.

3. More improvement in frequency nadirs than in settling
frequencies. While GSLs improve both frequency nadir
and settling frequencies, their impact is more prominent on
frequency nadirs. This can be explained by the reduced
deviation in frequency from the nominal value as new steady
states are attained compared to the deviation in frequency
near the frequency nadirs.
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Figure 5. Estimated and actual frequencies for the generator trip cases in
Table IV. Frequency nadirs (Top). Settling frequencies (Bottom).

VII. CONCLUSION AND NEXT STEPS

This paper proposed a novel idea of using electronic loads
to provide grid support at transient timeframes and presented a
new dynamic model for such grid-supportive loads. The gaps in
the electronics load modelling capabilities of state-of-the-art
load models were addressed in the developed GSL model and
the model performance was validated under both generator
tripping and fault events. The impact of the developed GSL
model in improving the transient response and reliable
integration of renewable energy was demonstrated on the
WECC 9-bus system and the 2000 bus ERCOT2K System,
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where over 1100 GSLs were modeled. Theoretical expressions
to estimate the frequency response under generator tripping
events in large power systems with hundreds of GSLs were also
derived and their accuracy demonstrated by comparing the
frequency nadirs and settling frequencies estimated from these
expressions with those obtained from detailed dynamic
simulations performed on the ERCOT 2K System.

The simulations performed on the ERCOT 2K system with
over 1100 GSLs responding autonomously to locally measured
voltage and frequencies show that if the grid-supportive
capabilities are included in electronic loads as per the developed
model, they can help in maintaining grid reliability at higher
renewable penetration and at much lower synchronous
generation availability. Moreover, renewable resources need to
reserve lower headroom for providing grid support, which can
improve their economics as they can inject more energy into the
grid, or the headroom can be used for providing secondary
frequency response and regulation reserve.

Future research will focus on implementing the developed
GSL model in real equipment and in identifying the impact on
the equipment’s performance and end-users’ utility. Further
development of the GSL, such as exploring the potential for
GSLs to provide voltage support during faults will also be
pursued. It is hoped that this paper will further the research in
making smart, inverter-based loads a key player in large-scale,
reliable integration of variable renewable energy in power

systems.
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Figure 6. Average frequencies for fault events of Table IV.

APPENDIX |: QUALITATIVE DESCRIPTION OF THE GSL
MODEL

The GSL model has five modules that work together to
address the four limitations of the WECC-CLM. These are:

1. Voltage and frequency measurements: Voltage and
frequency are measured using transducers with low pass
filters to remove any numerical noise in the measurements.

2. Frequency-power relationship: The frequency-power
relationship allows the reference power (P..f) to be
modulated by the changes in measured grid frequency
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(fm)- Prey is kept fixed throughout the simulation at the
pre-disturbance power being absorbed by the GSL. A
parameter R, similar to the steady-state droop in
generators, is used to translate deviation in frequency from
the reference frequency (f..r), into a change in the real
power being absorbed by the load. R denotes the
percentage change in frequency that will result in increase
of 100% of the rated power of the load. If measured
frequency falls below the user-defined reference frequency
(60 Hz in this paper), more power than the initial power is
absorbed by the load while a decrease in grid frequency
results in less than the initial power being absorbed.
Inverter delays and current limits: This block was
inspired by the similar block in the regc_a model, which
is designed to represent the interface of inverter-based
generators with the power system in the WECC 2
generation renewable models [44]. It is meant to represent
the entirety of delays (T}) in the inverter when translating
the commanded power from the frequency block into the
current that should be absorbed from the network. It also
applies the maximum (I,,4,) and minimum (I,,;;,) current
limits to the commanded current. Provision for negative
Imin 1S provided to enable the possibility of a GSL with
energy storage element in it (e.g., a capacitor or a battery)
that can inject power in the grid. Another parameter,
rrpwr, is also associated with this block that limits the rate
of recovery of load to a user-defined value after the
commanded power becomes zero.

Load restoration: The purpose of this block is to enable
load restoration sometime after the disturbance. This
allows an electronic load to provide grid support for a
specified duration after the disturbance and then restore its
initial demand at the user-defined rate. GSL behavior is
disabled when (i) the deviation in load from the initial
value exceeds 5% (user-defined) and (ii) after the grid
support duration (Tlrest) is exceeded. Then, the load is
linearly ramped to its initial value at the user-defined rate
(rrate).

Voltage dependent load tripping logic: This block is
designed to trip a fraction of the electronic load if the
voltage is low and within one of the specified ranges. Both
definite time (i.e., fixed load trip time irrespective of the
low voltage range) and inverse time (i.e., decreasing load
trip time with decreasing low voltage ranges)
characteristics can be simulated. The relay trips a fraction
of load after the voltage stays in a low voltage band for
more than a specified time This time is reset, and load
fraction is not changed if the voltage recovers above the
maximum voltage of the range for more than a specified
reset time. Figure 1 shows this logic.
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APPENDIX Il: LONG EXPRESSIONS USED IN THE THEORETICAL

ANALYSIS
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