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ABSTRACT In the contemporary power system landscape, characterized by a significant integration of
renewable resources and the proliferation of inverter-connected devices, system inertia is on a declining
trajectory. In this evolving scenario, the influence of various load types on system frequency becomes
significant. In this regard, it seems that a comprehensive study on the effect of load types on the system’s
frequency is missing in the literature. Hence, this paper aims to fill this gap by aggregating various load
models known to affect system frequency and subsequently assessing the influence of each load type on the
power systems’ frequency response. To achieve this, the IEEE 30-bus test system is employed to investigate
the impact of different load parameters and their penetration levels on the systems’ frequency response.

INDEX TERMS Dynamic load models, frequency-dependent models, frequency response, load modeling,

static load models, time delayed loads.

NOMENCLATURE PARAMETERS
ABBREVIATIONS Af, At Frequency and time increment.
IM Induction motor. APrpr, APrpyr - The power increment amount of TDI and

NPD Nadir point deviation. TDII load.
NT Nadir time. w The angular speed of reference frame.
PL Penetration level. Wm The angular speed of the rotor.
RoCoF Rate of change of frequency. wr Electrical angular speed.
SFD Settling frequency deviation. s ¢z/]r Rotor’s d-axis and q-axis fluxes.
ST Settling time. dds, Pgs Stator’s d-axis and g-axis fluxes.
D Time-delayed loads. Om The angular position of the rotor.
DI Time-delayed load model (type one). F The viscous friction coefficient of the
TDI1 Time-delayed load model (type two). rotor and load.
ZC,IC,PC  Impedance-, current-, and H Inertia of the induction motor.
power-constant load models. krpr, krpi Largeness parameter of TDI and TDII
ZIP, EXP ZIP and exponential load model. models.
kzip, kexp The parameters of ZIP and EXP models.
Ly, Magnetizing inductance.
L; Total inductance of rotor.
The associate editor coordinating the review of this manuscript and L Total inductance of stator.
approving it for publication was Fabio Mottola p Number of pole pairs.
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Pu, Vi, fn Nominal power, voltage, and frequency.

Pzip, PExp  The power amount of the ZIP and EXP
load.

R/,, L;r The resistance and leakage inductance of
rotor.

R, Ly The resistance and leakage inductance of
stator.

T, Electromagnetic torque.

T The mechanical torque of the shaft.

trpir, Trpy - Delay time and time constant of TDII
models.

tTDI, TTDI Delay time and time constant of TDI
models.

V.f Voltage and frequency.

V;ir, i/dr The d-axis voltage and current of rotor.

Vs, ids The d-axis voltage and current of stator.

V(;,, i;r The g-axis voltage and current of rotor.

Vs» igs The g-axis voltage and current of stator.

I. INTRODUCTION

In order to deliver quality and sustainable power to electrical
loads, the frequency of electricity should be maintained
within a certain range, close enough to the nominal value.
In general, frequency deviations in power systems result from
imbalances between power generation and consumption,
and they are adjusted by means of generators’ governor
action through primary frequency control (PFC). The PFC
process typically stabilizes the frequency of the system
within less than 30 seconds. Nonetheless, in modern
power systems, there is doubt about the capability of this
method to regulate the system frequency, especially with
the undisputed high penetration of intermittent renewable
resources [1], [2]. Moreover, the increasing implementation
of inverter-connected distributed energy resources decreases
the power system’s inertia, which leads to higher deviations
of the system’s frequency [3].

Considering these changes, in future power systems, the
effect of electrical loads will be significant on the frequency
response of the power system [4]. Understanding this impact
allows operators to estimate the contribution of each load type
on the frequency response of the system. This understanding
is valuable especially in isolated power grids with high
renewable energy penetration, such as Cyprus’s grid [5].
In this regard, in spite of the recognition and declaration of
the need for precise load modeling by researchers [6], it seems
that further research is required for a better understanding of
load characteristics [7].

The aim of load modeling is to create straightforward
mathematical representations to estimate load behaviors [7].
Various load models have been proposed in the literature,
which could be divided into two major load groups:
static loads and dynamic loads. In static loads, there is a
mathematical relationship between the power consumption
amount of the load and the voltage as well as the frequency
of the bus to which the load is connected. However, dynamic

59772

load models include the time dependence, in addition to the
voltage and frequency, to describe the system loads’ dynamic
behavior [8].

The most well-known models that have been considered
in the literature for static loads are the ZIP and exponential
(EXP) models [9]. In the ZIP load, the power is modeled as a
polynomial equation, while in the EXP load, it is modeled
by an exponential function of voltage and frequency. It is
noteworthy that ZIP loads can be specialized and converted to
impedance-constant (ZC), current-constant (IC), and power-
constant (PC) load models as static loads.

Many research works have been done around static load
modeling. For example, authors of [3] use the ZIP and EXP
load models to investigate the impact of load composition
on transient stability in a medium voltage microgrid in
case of islanding transitions. Additionally, they emphasize
the significance of accurate load modeling for analyzing
the microgrid’s transient response during islanding. Refer-
ence [10] specifically investigates how numerical models
of passive components in power systems, such as lines,
transformers, and on-load tap changers, affect stability
analyses. To this end, this paper uses the ZC and PC
load models in its simulations. Reference [11] presents a
framework for assessing the integration of renewables into the
power system while ensuring stable frequency performance
by analyzing various scenarios and parameters, taking a ZIP
model into account.

In the context of research concerning static loads, several
studies (e.g., [10], [12], [13]) have employed either the
ZC, 1IC, or PC models individually or in combination.
Additionally, certain papers have focused solely on the ZIP
model (such as references [11], [14], [15], [16], [17], and
[18]) or the EXP model (e.g., [5], [19]). Notably, a group
of authors (such as those in references [20], [21], [22], [23],
[24], and [25]) has taken both ZIP and EXP load models
in their investigations, simultaneously. However, none of
the mentioned references (i.e., [5], [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24],
[25]) have explored the system’s frequency response with
specifically examining the effects of ZIP or EXP load models.

In addition to static load models, dynamic models are
essential in power systems. Static models alone are insuffi-
cient as they neglect time dependency, making them unable
to accurately represent all electrical loads in the system.
In this context, the most widely recognized dynamic load
in power systems is the induction motor (IM) [9]. Many
researchers have attempted to study IMs with the aim of
recognizing/modeling their behavior/effect in power systems.
For instance, reference [26] introduces a straightforward
IM model for system frequency response simulations. This
paper also demonstrates the agreement between the responses
of this proposed IM model and a more complex nonlinear
IM model. Meanwhile, in the study of reference [27], the
authors aim to understand how IMs affect grid inertia. To do
this, they introduce two model types: a detailed grid model
and a dynamic equivalent model that accounts for multiple
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induction motors. Additionally, several other references (such
as [5], [12], [13], [14], [15], [17], (18], [19], [20], [22],
[23], [24], [25], and [27]) have explored IMs from various
perspectives. However, they did not directly investigate the
impact of IM inertia on the system’s frequency response.

In the realm of frequency analysis, reference [8] aims
to explore the impact of ZIP and EXP models on system
frequency, while reference [3] delves into the influence of the
EXP model on the frequency response’s nadir point. Authors
of [26] have surveyed the effect of IMs’ inertia on frequency
response. However, these studies lack a comprehensive
examination of all frequency response metrics, such as
settling frequency deviation, rate of change of frequency
(ROCOF), nadir point deviation, settling time, and nadir time,
which leaves gaps in the overall analysis.

Therefore, it seems that a comprehensive frequency study,
in which the impact of all load models is investigated in
the various metrics of frequency response, is lacking in the
literature. In this regard, the aim of this study is to probe the
effect of various parameters of ZIP, EXP, and IM load models,
as well as their penetration level, on the system’s frequency
response metrics (i.e., settling frequency deviation, RoCoF,
nadir point deviation, settling time, and nadir time). Also,
the impact of various mechanical load types that could be
connected to IMs on the frequency response of the system is
investigated in terms of the mentioned metrics in this paper.

Furthermore, this paper proposes a comprehensive time-
delayed (TD) load model building upon the simplistic TD
model proposed by [4]. TD loads represent a category of
dynamic loads characterized by delayed responses. It is
noteworthy that reference [4] examines the effect of a
basic TD model on frequency response settling time.
However, in this paper, we investigate the impact of the
proposed TD model, alongside the previously established
simple TD model, on system frequency response across all
aforementioned frequency metrics. Hence, the contribution
of this work could be summarized in the following points.

« Developing a comprehensive TD load model

« Exploring a thorough analysis of the impact of ZIP, EXP,
IM, and TD load models as well as the effects of various
IM mechanical load types on frequency response

« Conducting an investigation of load frequency response
and comparing the results for each load type, consider-
ing nadir point, settling time, frequency deviation, and
RoCoF

It is noteworthy that the reviewed papers in literature
have all been classified in terms of the aforementioned static
and dynamic load types (i.e., ZIP, EXP, IM, and TD) in
Table 1. Additionally, research studies in the realm of load
modeling could be categorized into three general groups of
small signal, frequency, and voltage studies. Therefore, the
reviewed papers have been classified also in Table 1. from
this perspective.

The rest of the paper is organized as follows. Section II
delves into load models, initially focusing on static loads,
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TABLE 1. Taxonomy of reviewed papers according to study types and
load types.

Load type Study type
(o] [«
5 g TREAE: <
Refs £F & E =) _‘é’ S
=l =6 | & | 8| ah
=2 | Bz |E|&|°®
= = a
[16] ZIP - - .
[17], [18] ZIP M - v
[14] ZIP ™M N
[26] - M - v | Vv
[19] EXP ™M B VA v
[3], [20], [22] | ZIP, EXP ™M - v | Vv
21] ZIP, EXP - B VA v
[13] 7C, EXP ™M B VA v
[27] - M v |V -
[23] Z1P, EXP M v |V
[10] ZC,PC - VvV
[8] Z1P, EXP - VvV Vv
[24] ZIP, EXP M v v v
[28], [29] - - - v
[11] ZIP - - v
[4] - TD - v
[5] EXP M - v
[25] ZIP, EXP M - v
[15] ZIP M - v
[12] ZC,IC M - v
This paper ZIP,EXP | IM, TD - v

categorizing them, and subsequently transitioning to the
study of dynamic load models. Moving on to Section III,
the key metrics used to evaluate the frequency response of
the system are introduced and defined. Section IV comprises
three distinct studies. The first investigates the influence
of diverse load parameters on system frequency response.
The second study delves into the impact of varying load
penetration levels on frequency. Lastly, the effects of different
mechanical load types are explored when connected to IMs.

Il. LOAD MODELING

In this section, the models used or devised in this paper are
represented. Without loss of generality, all electrical loads
can be divided into two general groups of static and dynamic
load. By definition, a static load model describes the load
properties at any moment of time as a mathematical function
of bus voltage and/or bus frequency. Nevertheless, there are
some loads that do not respond immediately to the voltage and
frequency changes so that the dynamics of load components
should be taken into account [6]. Therefore, in addition to
the voltage and frequency, dynamic load models include
the time dependence to model the dynamic behavior of the
load [8]. In the rest of this section, first, the static load models
considered in this paper is defined and illustrated, and then the
considered dynamic load models are explained.

A. STATIC LOAD MODELS

Static loads respond rapidly to system changes and are
typically modeled as functions of instantaneous voltage or
frequency. In research, these loads are frequently represented
using ZIP and EXP models, with varying focus on voltage
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TABLE 2. Static load models classification.

Mathematical terms of load models

= EV | ZC | IC | PC | LF | EF
[30] - - - B -
[13] v - -
2] V-
[10] VA I v
(4L, 6L 18] | - | v | v | 7
201,22, 241 | v | ¥ | v | 7 -
1231, [25] IV R RV VAN B RV
031, [19] 7 I I RV R
31, 211 A RV RV RV RV
(7] I R I IV RV
[15] R VAR BV RV RV
6] VA R RV VAR VA BV
This paper - - - v v v

or frequency aspects. In the literature, papers have used one,
two, or several of the mathematical terms P,,(Vln)z, P,,(Vln),
Py, Po(1 + ke Af), Pn(vln)kv, and Pn(]{%)k/' for ZIP and EXP
models. In this context, these mathematical terms could be
named ZC, IC, PC, linear frequency (LF), exponential voltage
(EV), and exponential frequency (EF), respectively. This
terminology allows for a clear classification of the reviewed
papers into these six distinct categories, as illustrated in
Table 2, which provides valuable insights into the diversity
of static load model considerations. It is noteworthy that in
these mathematical terms, k, and ky are parameters related to
voltage and frequency terms, respectively.

In this paper, since the aim is to investigate the frequency
behavior of the system in the presence of different load
models, the mathematical terms of LF and EF are of
interest. To accomplish this, a ZIP load model represented
by Equation (1), as described in reference [21], is examined
to assess the impact of the LF term on the system’s frequency
response. Additionally, an EXP load model is considered as
in [8], with a particular emphasis on the EF term, detailed
in Equation 2. It is noteworthy that in the systems with
approximately constant voltage profile, which could achieved
by various voltage regulation methods (such as [31], [32],
[33], and [34]), the voltage term could be ignored in the
considered equations for ZIP and EXP models.

Pzip = Py(1 + kzip Af) (D

kexp
Pgxp = Py ({—) (2)

B. DYNAMIC LOAD MODELS

In spite of static load models, dynamic models take the
response time of loads into account. The most well-known
dynamic load is the induction motor which is a huge propor-
tion of the industrial load. There are various representations
for IM modeling in the literature from first-order model
in [35] to third- and fifth-order models in [36] and [37],
respectively. The model order refers to the share of static
loads as well as dynamic loads in the mixture of the load
model [8].
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In this paper, the considered model for induction motor,
in order to study its effect on the frequency response of the
system, is the fourth-order state-space model represented by
[38] and [39]. In this regard, the following equations have
been cisonsidered in order to model squirrel-cage IM loads.

. doy
Vqs = Rslqs + qu + odgs 3)
. d¢g
Vis = Ryigs + fj — g “
de!
Vir =Riig + — 5 + (@ = 0y, (5)
, . dé,
Vi, =R.ij, + djr — (@ — ), (6)
T.=15p ((pdsiqx - ¢qsids) @)
¢qs = siqs + Lmi;r 8)
¢ds = sids + Lmiilr (9)
bgr = Lyig, + Linigs (10)
Sl = L1l + Luias (11)
Ly =L+ L (12)
L. =L, +Ly, (13)

Also, the following two equations have been considered as
the mechanical system of the IM model.

d 1
Ewm = E(Te —Fwy —Ty) (14)
d

Equations (3) to (15) depict the behavior of IMs within
power systems. However, according to [18], IMs can
be associated with three categories of mechanical loads,
as indicated by the following equations. In this context,
Equation (16) indicates the mechanical loads with constant
torque and Equation (17) is responsible to the mechanical
loads that their torque changes linearly with respect to the
shaft speed of the IM. Also, Equation (18) represents the
quadratic mechanical loads. The mechanical loads presented
in Equations (16) to (18) are named as type A, B, and
C, respectively in this paper. Additionally, for a better
illustration, the torque-speed curves for all three types of
mechanical loads are demonstrated in Fig.1.

Tm,a = Ta (16)
Tm,b =Trwn (17)
Tone = Tew?, (18)

In Equations (16) to (18), T,, Tp, T, are constant parameters
and Ty.4, Timp, T, demonstrate the torque of different
mechanical loads.

Other than IMs, there is another type of dynamic load
model suggested by [4] by the name of time-delayed (TD)
load. In this model, which aims to show the dynamic
behavior of delayed loads, the load power consumption
change is proportional to the change in frequency with a
delay. Therefore, in this model, as Equation (19) indicates,
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FIGURE 1. Torque-speed curves of mechanical load types.

i AP(t) P V()
1 1b—
S / f@)
Irpyp Irpi
(a) TDI model (b) TDII model

FIGURE 2. Load change when frequency change is a unit step for TDI and
TDII models.

the load power is not only a function of frequency changes
but also a function of time. For a better illustration, the Af ()
and AP(¢) in the case that the frequency change is a unit
step function (i.e., Af(t) = u(t)) are shown in Fig.2 (a).
According to the figure, the load power follows the frequency
change after a delay of t7p;. It is noteworthy that because two
TD load models are introduced in this paper, the time-delayed
loads are named as TDI (type one) and TDII (type two) in
the rest of the paper. Hence, the time-delayed load model of
reference [4] is named TDI.

APrp(t) = kyp Af (t — trpr) (19)

In this paper, to complete the TDI model presented in
Equation (19), a time constant (i.e., Trpy) is introduced
into the equation, which transforms Equation (19) into
Equation (20). The new devised model is named time-delayed
load model type two (i.e., TDII) in this study. Similar to
the TDI model, the response of TDII model to a unit step
function (i.e., Af(r) = u(t)) will be equal to AP(t) which
is demonstrated along with the Af(¢) signal in Fig.2 (b).

—G=trpir)
APrpy(t) = krpye o1

Af(t — trpir) (20)

Following the introduction of TDI and TDII, all load
models influenced by the system’s frequency could be rep-
resented through the set of {PC, ZIP, EXP, IM, TDI, TDII }.
In this paper, these loads are collectively referred to as
Frequency-Dependent Models (FDMs). In this regard, the
effects of all six FDMs on the frequency response of the
power system are investigated in the rest of this paper. It is
noteworthy that the PC load is a specialization of ZIP and
EXP loads and is used as a baseline for comparing the effect
of load types.

IIl. FREQUENCY RESPONSE METRICS
In the power systems, whenever a change happens in
the total load amount or in the total generation amount,
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FIGURE 3. An idealized frequency response to a change in
load/generation.
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FIGURE 4. A real example of frequency response to disturbances in the
system [40].

a frequency change occurs as depicted in Fig.3. In this
regard, in order to study the frequency response of the
power system, five metrics are taken into account in this
paper to describe the response. The considered metrics
include settling frequency deviation (SFD), rate of change
of frequency (RoCoF), nadir point deviation (NPD), settling
time (ST), and nadir time (NT), which are elaborated on
in the following subsections. These metrics are depicted in
Fig.3, showcasing an idealized frequency event response of
the system. It’s worth noting that a real frequency response
example to a major disturbance within power systems is
illustrated in Fig.4. In this event, a severe disturbance of
missing more than 2000MW of generation within the Nordic
power system happens at 6 : 40AM on April 26™, according
to a report presented by Svenska Kraftndt company [40].
In Fig.4, in the beginning of the disturbance, an enter area
oscillation between the generator groups can be seen. The
slower oscillation in the latter part of the signal is due
to the turbine governors. Here, all the generators oscillate
in the same pace. Nevertheless, in this paper, for a more
precise and comprehensive analysis of frequency response,
the disturbance happening in the system is assumed to be only
one load switching. Hence, an idealized frequency response
is considered to the mentioned frequency event as depicted in
Fig.3.
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A. SETTLING FREQUENCY DEVIATION (SFD)

In this paper, settling frequency deviation (SFD) metric is
defined as the difference between the settling frequency and
the steady state value of frequency before the event [8].
The settling frequency represents the point at which the
frequency stabilizes following an event. In this regard,
a higher SFD suggests that additional actions may be required
from the operator to facilitate a complete recovery of the
frequency [5].

B. RATE OF CHANGE OF FREQUENCY (ROCOF)

The RoCoF metric illustrates how quickly the system’s fre-
quency changes in response to a frequency event, as depicted
in Fig.3. In this context, the RoCoF of the frequency response
is calculated using the following equation in this paper [25],
considering the fact that the frequency event takes place at
t = 30sec

RoCoF = Af :f(t =31.5) — f(r = 30)
Al 15

21

C. NADIR POINT DEVIATION (NPD)

This metric measures the difference between the nadir point
of the frequency response signal and the steady frequency
before the event [8]. The nadir point of the signal is defined
as the minimum point in the signal after the occurrence of an
event.

D. SETTLING TIME (ST)

After the occurrence of a frequency event in the power
system, the system’s frequency changes. The time it takes
for the frequency to reach a steady state value is called
settling time [5]. To be more specific, here, the settling time
is defined as the time that frequency value reaches n percent
of its steady state value (i.e., fys ), starting from the event
instant. This statement could be expressed mathematically in
Equation (22).

E. NADIR TIME (NT)

ST = Minx|Vt = x, [f (1) — fis| < (1 = n)fss (22)

The final metric introduced in this paper is the nadir time
(NT) signifying the duration from the moment of the event to
the occurrence of the nadir point in the frequency response

[S].

IV. CASE STUDY

In this section, the simulation results conducted within this
study are presented and analyzed. Specifically, the IEEE
30-bus test system (which is shown in Fig.5.) is employed
and implemented within MATLAB’s Simulink environment.
The power system configuration comprises two synchronous
generators, with a 200 MW generator linked to the first bus
and a 100 MW generator linked to the second bus. In this
paper, in order to simulate a low inertia power system and to
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FIGURE 5. The one-line diagram of the IEEE 30-bus test system [41].

TABLE 3. Baseline load data of the test system.

Bus | Load MW) | Bus | Load MW) | Bus | Load (MW)
1 0 11 0 21 17.5
2 22.7 12 11.2 22 0
3 2.4 13 0 23 32
4 58.2 14 6.2 24 8.7
5 342 15 8.2 25 0
6 0 16 35 26 35
7 22.8 17 9 27 0
8 30 18 32 28 0
9 0 19 9.5 29 2.4
10 5.8 20 2.2 30 10.6

highlight the effects of loads, the generators’ inertia constants
are considered to be two seconds. Initially, a baseline case
is assumed in which all of the loads are PC type in the
system. The amount of PC load in each bus of the system
in the baseline case is presented in Table 3. According to
the table, there is 275MW PC load connected to the network
in total. In order to simulate a load change in the power
system and study the frequency response, a 50 MW PC load
gets connected to bus 22 at ¢t = 30sec in the simulation.
The simulation is run for 60 seconds, and the frequency of
the system is measured on bus 19 (which has been selected
randomly) to analyze the frequency response. This baseline
case is used in all the studies and results in the rest of this
paper for the sake of comparison. It is noteworthy that in this
paper, for obtaining ST metric, f;s is assumed to be equal to
the value of the frequency at ¢ = 60sec, and the 7 is presumed
to be 99.998%.

In the rest of this section, three different studies have
been conducted. First, the effect of FDMs’ parameters on the
frequency response of the system are investigated. Second,
the effect of their penetration level (PL) on the frequency
response is studied. In this paper, penetration level of a
load type is defined as the proportion of its power amount
to the total load amount of the system. Finally, in the
third case study, the influence of IMs’ different mechan-
ical load types on the frequency response of the system
is surveyed.
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FIGURE 6. Frequency responses and their calculated metrics for various
largeness parameter values of ZIP loads.

A. INVESTIGATIONS ON THE EFFECT OF FDMS’
PARAMETERS ON FREQUENCY

In this subsection, the aim is to study the impact of each
FDM on the frequency of the power system. To this end, six
examination scenarios are considered to survey. In this regard,
in the first scenario, four cases are considered, the first one of
which is the aforementioned baseline case. To build the other
three cases, 50% of PC loads in every bus in the baseline case
is replaced by the ZIP load with the kz;p parameter of 1, 3,
and 5 in each case. In all of the four cases, an extra SOMW PC
load is connected through a switch at = 30sec to bus 22, and
the simulation is run for 60 seconds. The frequency response
of the system (which is measured on bus 19) in each case
of the first scenario is illustrated in Fig.6. According to the
figure, as the ZIP load parameter (i.e., kzp) increases, the
SFD, RoCoF, NPD, and NT metrics of the frequency response
diminish, but ST of the response increases.

To build the other scenarios for the investigation of FDMs,
the ZIP loads in scenario 1 is replaced by EXP loads,
IM loads, TDI loads, and TDII loads to represent scenarios 2,
3, 4, and 5, respectively. In this context, in scenario 2, the
EXP load parameter (i.e., kgxp) is set to 1, 3, and 5 to
investigate its effect on the frequency. In scenario 3, the
inertia of all the IMs is set to 1, 2, and 3 seconds in each case
to survey the influence of inertia on the system’s frequency.
Afterward, scenario 4 takes the TDI load into the account
with parameter frp; equal to 0.1, 0.5, and 0.9 seconds for
each case. Finally, in scenario 5, t7py; is similarly set to 0.1,
0.5, and 0.9 seconds for each case to survey its effect on the
frequency. It is noteworthy that the mechanical load type for
all IMs in scenario 3 is considered to be the mechanical load
type A with T, = 1 for all cases. Also, in scenarios 4 and 5,
krpr = krpp = 2 is kept constant in all cases, and f7py; is
kept fixed to be equal to zero in scenario 5. In other words,
scenario 4 aims to study the effect of t7p; while scenario
5 investigates only the effect of t7pj; parameter.

The results of simulations for scenarios 2 to 5 is presented
within the Figures 7 to 10, respectively. In this regard,
according to Fig.7, similar to the effect of kzp, with the
increment of kgxp, the SFD, RoCoF, NPD, and NT metrics of
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FIGURE 8. Frequency responses and their calculated metrics for various
inertia values of IM loads.

the frequency response decrease; however, the ST increases.
Hence, the frequency response for both ZIP and EXP loads
are quite similar so that it can be concluded ZIP model is an
approximate for EXP model when frequency change is small.

Thereafter, the results of scenario 3, in which the IM
load behavior is investigated, are demonstrated in Fig.8.
According to the results, by the increment of IMs’ inertia,
the RoCoF, ND, and ST metrics of the frequency response
decrease. The SFD of the frequency response diminishes
when the IM load is added to the system, but by the increment
of IMs inertia, it does not change. Therefore, overall, it is
seen that IM loads improve the frequency response of the
system by shifting the nadir point upward and diminishing
the RoCoF.

After conducting investigations on the impact of IMs,
scenarios 4 and 5 were designed to analyze the influence
of TDI and TDII loads, respectively. As demonstrated in
Figures 9 and 10, the introduction of TDI and TDII loads
into the system raises the nadir point since it amplifies
loads’ dependency on frequency. Therefore, in the transition
from case 1 to case 2, the RoCoF and NPD of the
response decrease. However, with an increase in the values
of parameters t7p; and trpy, the loads’ dependency on
frequency diminishes due to an extended delay compared to
before, resulting in an increase in RoCoF and NPD.
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Additionally, the SFD and NT of the response decrease
when TDI and TDII loads are integrated into the system.
These metrics, however, remain relatively stable despite
increments in the frp; and trpy parameters. Nevertheless,
as TDI and TDII loads introduce more transient overshoots
into the response, the ST metric increases. In summary,
it could be concluded that TDI and TDII loads affect the
frequency of the system adversely as the values of frp; or
Trpy increase.

Lastly, the sixth scenario encapsulates the comprehensive
view of all FDMs in a single context. This scenario
encompasses a total of six cases in which the initial case
is the previously mentioned baseline case. To configure the
remaining five cases, half of the loads at each bus is replaced
with ZIP, EXP, IM, TDI, and TDII loads, corresponding to
the construction of cases 2 through 6, respectively. In these
cases, the parameters of loads are considered as the following
values. It is noteworthy that the mechanical load of IMs is
considered to be type A in this scenario.

kzip = kexp = krpr = krpnr =2
ttpr = Trpn = 0.5sec, trpyr = Osec
H =2sec, T, = 1p.u.
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FIGURE 11. Frequency responses and their calculated metrics when 50%

of PC loads are replaced by each load type.

According to Fig.11, which is responsible for the results
of scenario 6, IMs have the most effect on decrement of
SFD, RoCoF, NPD, and ST metrics. However, they cause
the frequency response to have more NT in comparison with
other loads. Moreover, ZIP and EXP loads lower the SFD,
RoCoF, NPD, and NT metrics of the frequency response
compared to the baseline case, but they enhance the ST
metric. The effect of TDI and TDII loads are similar to the
ZIP and EXP loads, but with less changes in the RoCoF and
NPD as well as more changes in the ST and NT. However,
the effect of TDI and TDII loads, as seen previously, is highly
dependent on their parameters (i.e., t7py, tTpir, O Trpir)-

B. INVESTIGATIONS ON THE EFFECT OF FDMS’ PL ON
FREQUENCY

Following the examination of how FDM loads impact the
system’s frequency response, this subsection delves into the
exploration of the impact of PL of the FDM loads. To this end,
five scenarios have been considered involving ZIP, EXP, IM,
TDI, and TDII loads. Each scenario encompasses four cases:
the first case represents the baseline scenario, the second case
incorporates a PL of 20%, the third case increases the PL to
40%, and the final case raises the PL to 60%.

In this regard, the results of the scenarios 1 to 5 are
represented in Figures 12 to 16, respectively. As indicated
in these figures, by increasing the total amount of FDM,
the nadir point of the frequency response is shifted upward.
Therefore, the NPD of the response, as well as the RoCoF
metric, decreases. Also, because the FDM loads increase,
more percentage of the system load gets dependent on the
frequency of the system. As a result, the SFD of the frequency
response also decreases in the mentioned figures.

Additionally, according to Figures 12, 13, 15 and 16, when
the PLs of ZIP, EXP, TDI, and TDII loads increase, the ST
of their corresponding frequency response increases while
the NT metric decreases. This is because of the nature of
the load types and could be seen in the transition from
case 1 to 2 (when the FDM loads get connected to the system)
in Figures 6, 7, 9 and 10. However, according to Fig.14.,
by enhancing the PL of IMs, the ST of the response decreases
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FIGURE 13. Frequency responses and their calculated metrics for
different EXP load PLs.
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FIGURE 14. Frequency responses and their calculated metrics for
different IM load PLs.

and the NT increases. These trends of ST and NT are similar
to the trends in Fig.8. indicating that the impact of IM load
amount increment is similar to the enhancement in their
inertia.

C. SURVEY ON MECHANICAL LOADS OF IM

As previously outlined, IMs can be connected to three types
of mechanical loads, denoted as A, B, and C, as expressed in
Equations (16) to (18). In this section, a scenario is devised for
the sake of exploring the impact of these various mechanical
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FIGURE 16. Frequency responses and their calculated metrics for
different TDII load PLs.

loads on the system’s frequency response. Within this context,
four specific cases are examined. The initial case serves as
the baseline scenario. In the second case, half of the loads
from the baseline scenario are substituted with IMs bearing
mechanical load type A. The third case involves mechanical
load type B, and in the final case, mechanical load type C
is applied. It is noteworthy that in all these cases, the inertia
values of IMs are kept constant and equal to two seconds.
Moreover, the values of T, Tp, and T, are assumed to be one
p-u. for each IM (which is equal to the nominal power of each
IM divided by the synchronous speed).

By implementation of this scenario, as shown in Fig.17,
the SFD, RoCoF, and NPD of the frequency response
decrease for mechanical load types A to C. This is because
in transition from mechanical load type A to C, the
dependency to the w,,, which is related to the frequency of the
system, increases. Therefore, the dependency to the system’s
frequency increases, resulting in upward shift of the nadir
point.

Furthermore, the ST metric in the frequency response
increases, while the NT metric diminishes during the
transition from mechanical load type A to C. This trend could
be attributed to the upward shifting of the frequency response
signal. This shift stems from the slightly reduced mechanical
load power consumption of IMs as they transition from load
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FIGURE 17. Frequency responses and their calculated metrics for
different mechanical loads of IMs.
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TABLE 4. Investigated load parameters’ effect on the frequency response
of the system.

Result trend in
Case ——
study Experiment n | | =
section T % % f@ 5
o|§|S
kzip,kExp T 1 LT d
A H T - RN
TTDI, TTDII T - N
ZIP, EXP, TDI,
B TDII loads’ PL T + + + T +
™ loads’ PL T1T T 1 L1 T 1317
IMs mechanical
€ load wy, exponent T + + ‘J’ T +

type A to C. The decrease is associated with the nominal
operational point of IMs, as demonstrated in Fig.18, which
slightly decreases during this transition. Consequently, the
mechanical torque decreases while the shaft speed remains
relatively constant, leading to a reduction in mechanical
power during the shift from load type A to C.

It is noteworthy that a concise summary of the findings
from this study is provided in Table 4. In this table, the
effects of increasing FDMs’ parameters, enhancing their PL,
as well as the effect of increasing exponent of w,, in the
mechanical load of IM are represented. Notably, the symbols
“47, 1”7, and “-” denote an increase, decrease, and no
change, respectively, in the table.
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V. CONCLUSION

In conclusion, this study provides a comprehensive analysis
of loads affecting the system’s frequency. It not only
introduces an enhanced model for time-delayed loads but
also systematically classifies these loads. Subsequently, an in-
depth exploration is undertaken to understand how different
load parameters, along with their penetration levels, influence
the system’s frequency. To empirically investigate these
effects, an IEEE 30-bus test system is selected as the exper-
imental platform. Then, the impacts of FDMs’ parameters,
their PL, and the exponent of w,, in the mechanical load
of IM are investigated within the test system. Results are
indicative of the pronounced impact of IM loads, which
significantly shift the nadir point of the system’s frequency
response upward, resulting in a reduction of SFD, RoCoF,
and NPD metrics. Furthermore, an increase in the presence
of FDM within the power system correlates with a shifted
nadir point in the frequency response and a simultaneous
reduction in SFD, RoCoF, and NPD metrics. This research
contributes valuable insights into the dynamics of different
loads on power system frequency and offers a basis for further
studies and decision-making within the energy sector.
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