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Abstract—Future power systems will be characterized by low
levels of inertia and limited frequency regulation capacity due
to the widespread use of renewable energy sources. Further-
more, the response of different types of loads to system distur-
bances significantly affects the frequency dynamics. To address
these issues, this paper proposes an aggregated system frequen-
cy response model considering load dynamics. Initially, a dy-
namic model of different loads is established, followed by the
derivation of a small-signal load model that affects the active
power imbalance of the system. The active power variations of
loads are categorized into three components: load voltage dy-
namics, load frequency dynamics, and load inertia contribution.
These components are incorporated into the system frequency
response model, which accounts for load active power dynam-
ics. The final output is an aggregated reduced-order system fre-
quency response model, where the aggregation is primarily
weighted by the primary frequency regulation capability of the
load, load capacity, and rotor kinetic energy. Finally, the accura-
cy and effectiveness of the proposed model are validated using
the WECC 9-bus test system with power electronic sources, and
the influence of load parameters on the frequency stability indi-
cators is analyzed.

Index Terms—Power system, inertia, frequency response, fre-
quency regulation, load dynamics, small-signal model.

1. INTRODUCTION

FREQUENCY stability refers to the ability of the power
system to maintain its frequency within an acceptable
range when there is a power imbalance between generation
and load [1], [2]. The frequency stability of a power system
mainly depends on the inertia of power sources and primary
frequency reserves [3]. However, renewable energy sources
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(RESs) and power electronic devices with grid-following
control do not participate in the frequency coupling process
of the system, resulting in almost no inertial response and
primary frequency regulation capability. This poses signifi-
cant challenges to the frequency stability of future power
systems with deep penetration of RESs and high proportion
of power electronic devices.

Simultaneously, the proportion of dynamic components on
the load side is increasing [4], [5]. For instance, the UK
power system load side contributes 20% of the system iner-
tia [6], indicating that the impact of diversified loads (partic-
ularly induction motors (IMs)) on system frequency cannot
be ignored. Therefore, it is crucial to establish a frequency
response model for diversified loads to accurately reveal
their coupling mechanisms in the system frequency response
(SFR).

The SFR model is commonly used to describe the frequen-
cy characteristics of the center of inertia in bulk power sys-
tems. The SFR model retains the rotor motion equations and
simplifies the prime mover governor to a first-order transfer
function, resulting in a simplified second-order SFR model
[7]. In [8] and [9], an aggregated simplified second-order
SFR model and analytical techniques are proposed based on
the methodology in [7]. However, given the high robustness
of future power systems, these methods treat the load fre-
quency regulation effect as part of a constant system damp-
ing factor, which is only applicable to traditional power sys-
tems with a deep penetration of synchronous generators.
Therefore, additional validation of the accuracy of the SFR
model for emerging power systems is required.

In recent years, many efforts have been dedicated to ana-
lyzing the impact of loads on SFR models. In [10], loads are
generally categorized into static and dynamic types. The
well-known ZIP model (i.e., constant impedance (CI), con-
stant current, constant power (CP)) represents the mecha-
nism of static loads. CP loads do not have a frequency re-
sponse in the context of frequency-active power problems
[11]. However, for voltage-sensitive loads prevalent in actual
power systems, active power imbalances alter the voltage
magnitude and active power of CI loads through the power
network, ultimately affecting the system frequency [12]. In
[13], the frequency support role of voltage-sensitive loads
under different voltage sag conditions is analyzed using time-
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domain simulations. In [14], the static sensitivity method is
used to analyze the effect of generator voltage on voltage-
sensitive loads. However, this method only captures the cou-
pling mechanism between power system stabilizers and the
active power of loads. Moreover, previous studies do not
provide sufficient analysis of the relationship between active
power disturbances and the extent of voltage sags affecting
loads. Therefore, a more comprehensive investigation into
the interactive influence among system disturbances, voltage-
sensitive loads, and frequency is required for further re-
search.

Dynamic loads such as IMs significantly impact the fre-
quency response of power systems. In [15], the influence of
IMs on the frequency response model of the system can be
summarized in the primary frequency modulation effect of a
constant damping factor. In [16], the IM contribution is ex-
tended into a proportional-differential form of the SFR mod-
el, where the differential term inhibits the rate of change of
frequency (RoCoF), and the proportional term alters the fre-
quency nadir. Additionally, in [17], a first-order small-signal
linearization model of IMs is developed, revealing that the
IM response lacks a derivative term, and the asynchronous
inertia of IMs only affects the frequency nadir of the system.
Previous research has disclosed that IMs can contribute to
the system inertia because the rotor speed of IMs is related
to the system frequency [18], [19]. The inertia contribution
provided by dynamic loads can be obtained using the antici-
pated disturbance identification algorithm designed in other
studies [20], [21].

The composite load model (CLM) developed by the West-
ern Electricity Coordinating Council (WECC) incorporates
both static and dynamic components, with a detailed deriva-
tion provided in [22]. In contrast, a data-driven generic load
dynamic model is introduced in [23], which has been veri-
fied primarily for voltage stability. However, its frequency re-
sponse characteristics in relevant applications still require
further clarification.

Overall, the critical research gaps can be categorized into
three key areas. () Studies on dynamic active power re-
sponse modeling and classification development for compos-
ite load types need further extensions to better represent the
impact of aggregated loads. (2 The influence of different
load characteristics on system frequency requires rigorous
theoretical investigation, particularly in developing analytical
SFR models that incorporate load dynamics. 3) A systematic
investigation is needed to quantitatively assess the impact of
various load parameters on frequency stability in future low-
inertia power systems.

To bridge the research gaps mentioned above, this paper
establishes an aggregated SFR model considering load dy-
namics to clarify and analyze the impact of different types
of loads on the SFR.

The main contributions of this paper are as follows.

1) A classification method for active power variations of
composite load. Unlike existing studies that primarily focus
on individual load characteristics [17], this work establishes
a small-signal linearization model for the active power varia-
tions of composite load. The active power variations of com-
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posite load can be systematically categorized into three com-
ponents: load voltage dynamics, load frequency dynamics,
and load inertia contribution. This tripartite classification al-
lows for more precise quantification of load impacts on the
SFR.

2) Development of an aggregated SFR model considering
load dynamics. The voltage variation of composite loads is
derived through a systematic quantification of the sensitivity
column vector of load voltage magnitude to active power
variation, which explicitly characterizes the coupling be-
tween load voltage and active power disturbances. Subse-
quently, three active power variations of composite loads are
systematically integrated into the conventional SFR model.
Building upon this foundation, the proposed model is devel-
oped through capacity-weighted aggregation of all power
sources and loads, which significantly extends the conven-
tional SFR model proposed in [9].

3) Comprehensive analysis of load parameter impacts on
system frequency stability. Building upon the proposed mod-
el, this study analytically derives SFR characteristics and fre-
quency stability indicators such as RoCoF, frequency nadir,
and quasi-steady-state frequency deviation. A thorough inves-
tigation is conducted to quantify the impacts of load parame-
ters including IM penetration rate, IM rotor inertia, and load
level.

The rest of this paper is organized as follows. Section II
presents detailed models of static and dynamic loads. Sec-
tion III develops small-signal linearization models for power
sources, power grid, and loads. In Section IV, the aggregated
SFR model considering load dynamics is proposed and the
impact of load parameters on frequency is analyzed. In Sec-
tion V, case studies are presented to verify the accuracy of
the proposed model. Finally, conclusions are drawn in Sec-
tion VI.

II. DETAILED MODELS OF STATIC AND DYNAMIC LOADS

Future power systems are expected to evolve into a diver-
sified structure encompassing generation, transmission, and
loads, as illustrated in Fig. 1.

A

Static load

o

Composite load

Dynamic load

Fig. 1. Structure of future power systems with different types of loads.

In bulk power systems, loads can be broadly categorized
into static, dynamic, and composite types. Static loads serve
as generalized models that include classical CI, constant cur-
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rent, and CP loads. In contrast, dynamic loads are primarily
represented by IMs. To better capture the nodal characteris-
tics of power loads, a CLM integrates both static and dynam-
ic components. This model has been widely adopted in the
grids of China and the United States [24], [25].

A. Static Load

The static load model is classically represented as:
P5=P50(V5/V50)a

0.=0,(r/v,)

where V is the voltage of the static load; P, and Q, are the
active and reactive power of the static part of the load with
voltage dependency exponents a and f, respectively; and P,
and O, are the initial active and reactive power of the static
load, corresponding to the initial voltage V,, of the static
load, respectively. The type of static load is represented with
parameters a and £ (for CP load, a=£=0, for constant cur-
rent load, a=f=1; for CI load a=£=2).

(M

B. Dynamic Load

The dynamic load is characterized by the classical third-or-
der dynamic model, expressed as [26]:

do, 1
dt - ZHIM(Tm Te)
dE; 7., ,
o= B () L] (e -DED @
dE’ 1 , '
o = LB (X)) = (0 )E]
1 12 !
L= e RV ED) (V)

1 )
L= 7 [RS(Vq—E;) —Xl(Vd—E;)}

T,= (4,0 +4,0,+4,) T,
T,=E)I,+E]I,
A,+A4,+4,=1

4)

where , is the rotor speed of the machine in per unit; H,,
T, T, and T,, are the rotor inertia, mechanical torque, elec-
tromagnetic torque, and initial mechanical torque of the ma-
chine, respectively; X =x,+ x,, X, =x, + (xmxr)/(xm + xr),
and x,, x,, and x,, are the rotor, stator, and magnetizing reac-
tance of the machine, respectively; R, is the rotor resistance;
R, is the stator resistance; z),=(x,+x,)/R, is the time con-
stant; 4, and A, are the speed-squared torque coefficient and
linear drag coefficient, respectively; 4, is the constant torque
offset; £; and E, are the d-axis and g-axis transient electro-
motive forces of the machine, respectively; V, and V, are the
d-axis and g-axis bus voltages, respectively; and /, and /, are
the d-axis and g-axis stator currents, respectively.

Notably, the frequency stability discussed in this paper
falls within the dynamic analysis of the electromechanical
time scale. Consequently, the transient potential can be con-
sidered constant. Additionally, by neglecting power loss in
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the magnetizing branch, the relationship between the electro-
magnetic torque 7, and the slip rate s, of the asynchronous
motor is approximated as:

slip
2
VIM Rr

sslipa)e[<Rs+ cR,/sSHp)2 + (xs + cxr)z}

where o, is the system frequency in per unit; c=1+4x/x_;
Sqip= (a)e—a)r)/we; and V,,, is the stator voltage of the IM.

=

)

It can be observed from (5) that the electromagnetic
torque of the IM is influenced not only by the rotor speed
and grid angular speed, but also by the bus voltage. This in-
dicates that the IM behaves as a voltage-sensitive load.

C. Composite Load

In practical power systems, loads include both static and

dynamic components. To account for this, a CLM is adopted
and is expressed as:

Poy=P+ Py

Ocn=09+ O

where P, and Q. are the active and reactive power of
the composite load, respectively; and Py, and Q,, are the ac-
tive and reactive power of the IM load, respectively.
Furthermore, the proportion of static load at the initial op-
erating point of the system can be expressed as:
Ksta:PSO/PCLMO (7

where P, is the load active power at the initial operating
point.

(6)

III. SMALL-SIGNAL LINEARIZATION MODELS FOR POWER
SOURCES, POWER GRID, AND LOADS

In power system modeling, frequency-active power dy-
namics are captured by ignoring the strong nonlinearities of
all components and focusing on retaining the large time con-
stants. This approach, as outlined in [27], has been recently
applied to various elements, including those incorporating
high-voltage direct current (HVDC) [28], wind turbines [29],
and virtual synchronous generators [30]. All elements of the
power system may contain weak nonlinear components,
which can be appropriately linearized to simplify the solu-
tion and analysis of frequency dynamics.

A. Power Sources

The power system bus set is assumed to be Q= {i e N|i<
n =Q,UQ,, where Q,; is the set of generation buses; Q, is
the set of load buses, inside which Q,,, is the set of IM bus-
es; n is the number of system buses; and N is the set of natu-
ral numbers.

To model the synchronous generator i (i € Q;), a second-
order frequency response model is employed, which is
shown in Fig. 2, where 7y, is the time constant of the reheat-
ing stage; Fy; is the power proportion coefficient of the high-
pressure cylinder of the turbine; R, is the droop coefficient;
AP, is the electromagnetic power deviation; AP, is the
mechanical power deviation; H; is the rotor inertia; Aw, is
the deviation of w_; and D, is the damping coefficient.

The maximum power point tracking (MPPT) control for
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grid-following RESs has the minimal response to system fre-
quency, allowing their impact on power frequency to be ne-
glected. In contrast, grid-forming RESs, which exhibit iner-
tia to the system through virtual synchronous machine con-
trol, droop control, and matching control, can be analogized
to synchronous generators [3]. Their linearization models
can be aggregated into the multi-machine system. The aggre-
gation method is detailed in [31] and will not be elaborated
here due to space limitations.

APg,; — 1 Aw,
2Hs+Dg;
APGmi Gi Gi
HFytrs
R (147;5)

Fig. 2. Second-order frequency response model of synchronous generator.

B. Power Grid

Active power disturbances can alter the current distribu-
tion in the power grid and consequently influence bus voltag-
es. This phenomenon becomes particularly pronounced in
systems with weak voltage strength that contain substantial
voltage-sensitive loads, where even minor voltage variations
can induce considerable changes in the active power of the
loads. The behavior of the power grid can be mathematically
represented using static power flow equations. Equation (8)
describes the linearization relationship between load bus volt-
age and active power variation.

Av, =k

- sens,kAP k (8)
where AP, is the active power variation at bus k (k € Q);
Av, is the column vector of load bus voltage variations; and
k.. is the sensitivity column vector of load voltage magni-
tude to active power variation at bus £.

For a change in active power at bus k, the term k&, for
load bus i (i € 2;) can be obtained by inverting the Jacobian
matrix, expressed as:

_ oy, 9
sens, ik apk ( )

where ¥, is the voltage magnitude at load bus 7; and P, is
the active power at bus £.

C. Loads

Based on the CLM discussed in Section II, the power vari-
ation of the static part is expressed as:

k

APs = gSVPA Vs
aPy (10)
g =
SVP Vs()

where AP, is the deviation of P; gq, is the active power-
voltage gain of the static part; and AV is the deviation of V.
The small-signal linearization equations of the IM can be
represented with reference to (2)-(5) as:
dAw, 1

=— AT _—AT
& = (AT,=AT) 1)
ATwm:I<Tm,(ur71mOAa)r (llb)
ATezKTc,wcAweJ'_KTc.erwr_{_KTC,V‘MAVIM (11c)
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AP =T Aw, + AT, (11d)
where Aw,, AT,,, AT,, and AV}, are the deviations of w, T,
T,, and V7, respectively; APy, is the deviation of Py w,, is
the initial value of the rotor speed of the IM; T, is the initial
electromagnetic torque of the IM; w,, is the initial system
frequency; and the coefficients K, ,, K, ,, K;,, and

K, , are defined as:
er " IM

oT,
K; o= aw‘" =24,0,,+A4,
"o=0,
_ 6TC _ Tc() Rsr<Rs+Rr/sslip0) +x§r
oo™ B T w,-0,] 2
¢ D=0 <0 " (Rs+Rr/Sslip0) +‘x§r
2
K _ 6Te TeO 2R5(R5+Rr/sslip0) +xsr
T.o. - _ - 2
awr O,=Wy weO er (R5+Rr/ss]ip0) +x§r
_ 0T, _ 2T,
o a VlM V= Vo VIMO
(12)
where s, and Vyy, are the initial slip ratio and initial stator

voltage of the IM, respectively; R,=R +R; and x,=x +Xx,.

From (12), it is evident that K, ,>0 and K; , >0, indi-
cating that the IM also contains a CI load component. For
IM with high power, the slip rate s;,,<1% [32], and it is ob-
served that K; , >0 and K , <0. The related proof can be
found in Appendix A.

By substituting (11b) and (11c) into (11a), and then orga-
nizing and transforming it into the complex frequency do-
main, the following expression is obtained:

KTE,weAwe(s) +KTCA, VNAVIM(S)
Ao (s) = 2H\ys+K; K, (13)

By elaborating (13) with (11c) and (11d), the following ex-
pression is obtained:

APIMe(S) :gDFP(S)Awe(S) +gDVP(S)AVIM(S) (14a)
KT 2] KT w
=T K e @ e @
gDFP(S) e0+ Tc,<oc+ 2H]MS+KT " _KT "
o o 14b
KTC.erTC, Vim ( )

gDVP(S) =KTE, v T ZHIMS+KTm,w,_KTC.w,

From (14a), it is observed that the dynamic impact of the
IM on the active power of the system can be described by
considering the following three aspects.

1) Voltage-active power dynamics. The disturbance affects
the voltage magnitude at the IM bus. This causes a direct
change in the active power of the IM. It is considered as a
CI load effect due to the bus voltage variation.

2) Frequency-active power dynamics. Variations in the sys-
tem frequency induce the IM to simultaneously produce in-
stantaneous and steady-state active power (damping term),
thereby compensating for the inherent power imbalance with-
in the system.

3) Inertia contribution. Inertia measures the ability to
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maintain the state variables of an element unchanged. The
imbalance power at the IM bus causes some changes in the
IM rotor kinetic energy, resisting changes in electromagnetic
power. The inertia contribution provided by the IM is ana-
lyzed and discussed in Section IV.

Based on (10) and (14a), the active power variations of
composite load can be categorized into three components:
load voltage dynamics, load frequency dynamics, and load
inertia contribution.

IV. AGGREGATED SFR MODEL CONSIDERING LOAD
DYNAMICS AND IMPACT OF LOAD PARAMETERS
ON FREQUENCY

Based on the linearization models of loads established in
Section III, a general and aggregated SFR model considering
different types of load dynamics is developed in this section.

A. General SFR Model Considering Load Dynamics

The general SFR model considering load dynamics for the
multi-machine system is shown in Fig. 3, where AP, and
AP, are the active power variations of voltage dynamics
and frequency dynamics, respectively; AP, is the mechani-
cal power deviation; H, is the load inertia; g,.,(s) and
gorp(s) are the column vectors of active power-voltage gain
and active power-frequency gain, respectively; H,; is the ro-
tor inertia of synchronous generator; D is the damping coef-
ficient of synchronous generator; 7, is the time constant of
the reheating stage; F,, is the power proportion coefficient
for the high-pressure cylinder of the turbine; and R is the
droop coefficient of synchronous generator.

i AP
4*’{ ksTensk Ay | gLVP(S)} e
AP, | - 1 Ao,
&) T
R 2(Hgt Hy )s+Dg
AP, : Load inertia ;

1+FyTRs
Re(1+7gs)

iAP

Load frequency dynamics

Fig. 3.
system.

General SFR model considering load dynamics for multi-machine

As summarized in Section III, the impact of loads on the
SFR can be classified into three different components, i.e.,
load voltage dynamics, load frequency dynamics, and load
inertia contribution.

1) Load Voltage Dynamics

The load voltage dynamics result from the combined ef-
fect of CI loads and IM. The variation in active power is ex-
pressed as:

1913
APl/,loald(s) :APk(ks—l;ns,kgLVP(s))
gLVPi(S) =KS(gSVPi+KIMigDVPi(S))
KIMi:SIMi/SB (15)
K=Sy/ > S
JjeQq

where g, yp(s) is the active power-voltage gain of the i"
(i € Q) load; ggp; and gpyp(s) are the active power-voltage
gains of the static part and dynamic part of the /™ load, re-
spectively; K, is the ratio of the capacity of the i" IM to
base capacity; K is the ratio of base capacity to total system
capacity; Sy is the base capacity; and S, and S, are the ca-
pacities of the i™ IM and the j™ synchronous generator, re-
spectively.

From the above equation, it appears that the impact of
load voltage dynamics on the active power of the system
mainly depends on three aspects: () the magnitude of the ac-
tive power variation AP,; (2 the voltage sensitivity to active
power variations k., which is related to the electrical dis-
tance between the active power variation buses and the volt-
age-sensitive load; and @) the load active power sensitivity
to bus voltage variation g,,. The higher AP, and g, ;, with
a shorter electrical distance (i.e., higher k., ;) between the
active power variation buses and the voltage-sensitive load,
result in a more significant influence of load voltage dynam-
ics.

2) Load Frequency Dynamics

Load frequency dynamics are caused by the IM, and the

variation in active power is expressed as:
AP}i'load(S) =Aw, z Zoeri(S)

4, (16)
where gppp,(s) is the active power-frequency gain of the "
(i € Q,) load, which is expressed as:

1+ Fy TS

gDFPi(S) =K
RIMi(l + Tles)

a7
where 7, is the time constant of the i™ (i € Q,,,) IM; F,,, is
the power proportion coefficient of the i IM; and R, is the
droop coefficient of the i™ IM.

2I—IIMi

Ting: =
IMi K KTe,w”i

Tpowni
-K

m @rr
(TeOi+KTe,we,i)(KTI“,(ur,i_KT:A,w,,i) +KTe,w,,iKTc¢wE.i

Fii= (Tc()i+KT¢,(uc,[)RIMi

T, T.o.i

Ryi=

(18)

where H),, and T, are the rotor inertia and initial electro-
magnetic torque of the i™ (i € Q,,) IM, respectively; Kr i
K; ..., and K; , ; are the sensitivity coefficients of the i
(i e 2, CLM.
3) Load Inertia Contribution

According to [6], the load inertia is expressed as:

Jwx/2
S, (19)

where H,,, J, and w, are the inertia, moment of inertia, and

HLi:
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rotor speed of the i" (i € Q,) load, respectively.

B. Aggregated SFR Model Considering Load Dynamics

The aggregation of multi-machine systems is performed
using the method described in [9], where all power sources
and loads are represented by a capacity-weighted approach.
The approximate analytical model of the aggregated SFR
model considering load dynamics is shown in Fig. 4, where
Gy, 1s the voltage dynamic gain under active power varia-
tion at bus k; AP, and AP, are the electromagnetic power de-
viation and mechanical power deviation of the aggregated
SFR model, respectively; and H,, D,, R,, 7, and F, are the
inertia, damping coefficient, droop coefficient, time constant,
and power proportion coefficient of the power system, re-

spectively.
AP, -
Gy, AP, " 1 Aw,
: 2Hs+D,
AP m |~
1+F s
R(1+75)
Fig. 4. Approximate analytical model of aggregated SFR model consider-

ing load dynamics.

The system damping is primarily provided by the genera-
tors, while the system inertia is contributed by both synchro-
nous generators and IM. The system inertia , is defined as:

> Hg,Se,

H — ieQg H .
) z SGi " i;L v (20)
ieQg

The disturbance in the system is considered as step
change at the variation point. The voltage time constant de-
pends on excitation control, loads, and power grid parame-
ters. In general, it is possible to approximate load voltage
changes as step dynamics. This is because the transient volt-
age time constant (millisecond scale) is much smaller than
the electromechanical time scale. Therefore, G, and gy,
are approximated as:

Gy,=1 +k;l;ns,kgLVP
gLVPizKS(gSVP,i-’_KIMiKTC, VN.,i)

where K,  is the first-order partial derivative of the elec-

ey

tromagnetic torque of the i" (i € Q,,) IM with respect to the
stator voltage.

The constant gain K,, and normalized gain 4, are defined
as:

S
K — m

DI

ieQg

me

(22)

i — Km

B
meQ
where S, is the capacity of the m"™ (m € Q) device; and «,, =
K,/R,, and R, is the droop coefficient of the m™ (m € Q) de-
vice.
On these bases, the equivalent prime mover-governor sec-
tion is aggregated as:
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1 K, K,

— = K, = =+

Re mZ.Q i;(; Gi JE€Qn RIM]
K.Fy, K.F

F.= S 4,F,=R, By S

ng ieQg RGl jez()‘m RIM/ (23)

Kty KjTIMj

e ngglme:Rc i;(., Rg; +,/gzng RIMj

where K, is the i" (i € Q) constant gain; F, and T, are the
power proportion coefficient and time constant of the m"
(m € Q) device, respectively; and Fyy;, Ry, and 7, are the
power proportion coefficient, droop coefficient, and time
constant of the /" (j € Q,,,) IM, respectively.

Based on the established aggregated SFR model, the three

frequency stability indicators are determined as:

dCUS GV,kAPkwcn
RoCoF . = ( s )max— 2H, (24a)
e D+ 1/R, 2H,+R,
(24b)
/ l _ =
Lnadic = ! arctan| 22 ¢ 0 e
o,/ 1-& D+ IR, o, 7.~
GV.kAPk
A(qus— ‘[)C-FI/RC (240)
w,= J(R.D+1)/(2H 2R, 05
&= (2H,R+D.t.R.+F,7,)/(4H 1R .0,)
where RoCoF . is the maximum RoCoF; Aw,,. and ¢, are

the maximum frequency deviation and the time at which it
occurs, respectively; Aw  is the quasi-steady-state frequen-
cy deviation; w,, is the base frequency; and w, and ¢ are the
undamped natural frequency and damping ratio, respectively.

Thus, a low-order aggregated SFR model of the system,
accounting for the dynamic impact of the load, is obtained.

From (18) to (24), it can be observed that RoCoF ,, is re-
lated to the load inertia and the voltage dynamic gain G, ,.
The greater the load inertia and the voltage dynamic gain,
the lower the RoCoF . The maximum frequency deviation
has a nonlinear relationship with the load inertia, IM droop
coefficient, and IM penetration rate. The quasi-steady-state
frequency deviation is basically related to the IM droop coef-
ficient. Additionally, G, directly influences the imbalance
power of the system, subsequently affecting the three fre-
quency stability indicators.

V. CASE STUDY

In this section, the WECC 9-bus test system is utilized as
an example, which includes converter-interfaced generation
(CIG) and doubly-fed induction generator (DFIG). A time-
domain simulation model is built in MATLAB/Simulink.
The structure of this test system is shown in Fig. 5. To veri-
fy accuracy of the results, the frequency response of the pro-
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posed model is compared with those of the traditional SFR
model and the time-domain simulation model.

2 7 8 9 3
T2 T3
el FEta—f— i
Inverter DFIG
5 ng 6
AP, }
L5 L6
4
T1
1
Gl

Fig. 5. Structure of WECC 9-bus test system.

The parameters of the generator G1 and power network in
Fig. 5 are shown in [33], and the generator is in automatic
voltage regulation mode. The capacities of CIG and DFIG
are 192 MVA and 128 MVA, respectively, whose parameters
are described in [1]. The total load is 200 MW. The penetra-
tion rate of power electronic sources is 56.4%. This indi-
cates that the modified WECC 9-bus test system exhibits typ-
ical characteristics of future power systems.

It should be noted that CIG and DFIG contribute minimal
inertial response and primary frequency regulation, as they
predominantly operate in CP control mode. To analyze sys-
tem behavior under varying conditions, five distinct cases
are established, as shown in Fig. 6. The key parameters of
the IM are provided in Table I.

CP Case 1
A
Static load CI ‘ Case 2
Buses 5, 8

| Buse |- Case3

CLM Case 4 (71.4% CI load + 28.6% IM)
Dynamic load Buses 5, 8
Case 5
Bus 6

Fig. 6. Cases setting under different load types or combinations

TABLE I
KEY PARAMETERS OF IM

Parameter Value
R, R 0.2 p.u., 0.02 p.u.

X, X, X, 0.18 p.u., 0.12 p.u.,, 3.5 p.u.
H,, 1s

Ay, A, A, 0.85, 0, 0.2038

A. Accuracy Validation of Proposed Model

The parameters calculated from the proposed model are
shown in Table II.

At t=150 s, a 15 MW load disturbance is applied at bus
8. The frequency responses of the proposed model and time-
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domain simulation model (denoted as Model 1) are com-
pared in five cases, as shown in Fig. 7(a). The results of tra-
ditional SFR model (denoted as Model 2) serve as the bench-
mark for frequency response accuracy. Furthermore, the su-
periority of the proposed model is demonstrated by compar-
ing the maximum frequency errors e, between its analyti-
cal solutions and those of Model 2, as shown in Fig. 7(b).
Since the CP load in Case 1 does not depend on voltage, the
proposed model in Case 1 is identical to Model 2 in all cas-
es.

TABLE 11
PARAMETERS CALCULATED FROM PROPOSED MODEL

Parameter Value
kacl\s.SS’ kscns,()S’ kscns,SS _0014’ _00158’ _00435
K 0 Kp oo Kr oo Ki oy, 0.7136, —31.4843, 30.713, 0.8359
[ 0.0621 s
Ry 0.8972
F, 27.94

60.11 ! §
_e0of—— \ = |
N | ] = '
= 95 |
=599+ 1 156 157 158
oy T
55981 T ————
g
597 1

Load” }!
39.6 disturbance! 3
595 it - L L L J
140 150 160 170 180 190 200
Time (s)

— Case 1 (Model 1); — Case 2 (Model 1); Case 3 (Model 1)

- = Case 1 (proposed); = = Case 2 (proposed); = = Case 3 (proposed)
— Case 4 (Model 1); — Case 5 (Model 1)
- = Case 4 (proposed);
(a)

Case 5 (proposed)

0.08 g Model 2

§ 0.06/ == Proposed
T 0.04
< 0.02
0
1 2 3 4 5
Case
(b
Fig. 7. Frequency response and the maximum frequency error comparison

of different models in five cases. (a) Frequency response comparison. (b)
The maximum frequency error comparison.

The comparison of frequency stability indicators for five
cases is presented in Table III.

From Fig. 7, the five cases exhibit different frequency re-
sponse characteristics. Different types or combinations of
loads have significant impacts on the SFR. In all the cases,
Model 2 shows e of 0.075 Hz, while the proposed model
achieves superior accuracy with e, <0.008 Hz, demonstrat-
ing that the proposed model can reflect the active power
variations of all the loads. For the three frequency stability
indicators in Table III, the difference between Model 1 and
the proposed model is very small, indicating that the pro-
posed model has high accuracy.
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TABLE III
COMPARISONS OF FREQUENCY STABILITY INDICATORS FOR FIVE CASES

c RoCoF,, (Hz's™) Aw,.. (Hz) Ao (Hz)
e Model 1  Proposed Model I Proposed Model 1 Proposed
1 0.210 0.212 0.495 0.489 0.202 0.204
2 0.185 0.186 0.468 0.466 0.183 0.185
3 0.145 0.153 0.420 0.421 0.179 0.181
4 0.138 0.145 0.425 0.428 0.181 0.182
5 0.152 0.158 0.442 0.442 0.186 0.187

At the same time, Fig. 7 and Table III indicate that Case 1
shows the worst performance, displaying the largest
RoCoF,,, and frequency deviation. Case 2 shows lower
Aw,,. and RoCoF compared to those of Case 1, which is
due to the voltage dynamics of CI load. Case 3 and Case 4
have the most significant inhibition of transient frequencies,
which is a result of the role of voltage dynamics from CI
load and IMs, and frequency dynamics and inertia contribu-
tions from IMs. The slight difference in frequency response
between Case 3 and Case 4 can be approximately neglected.
The frequency in Case 5 changes more rapidly than that in
Case 4 due to the replacement of the composite load with a
CP load at bus 6.

Overall, the CP load has no impact on the SFR. Both CI
load and IM contain voltage dynamics, which directly and
linearly produce active power increments. This indicates that
voltage dynamics act as a rapid automatic load control, simi-
lar to automatic generation control. The primary frequency
regulation effect of the IM ( z k,,=0.47) is significantly

me Qy

smaller than that of the generator ( z x,,=8.7) and can thus

me Qg
be neglected. Furthermore, the inertia contribution of IM is
evident when comparing Case 3 with Case 2.
To further analyze the impact of different types of loads
on system frequency, the active power variations of load bus-
es in five cases are compared, as shown in Fig. 8.

Active power variation (MW)

5 6 8
Bus No.

Fig. 8. Active power variations of load buses in five cases.

From Fig. 8, the CP loads in Case 1 exhibit negligible ac-
tive power variations, while the CI loads with voltage dy-
namics in Case 2 show significant active power responses.
Notably, since the perturbation point is set at bus 8, the volt-
age sensitivity to active power variations k,, , is the largest

among all load buses, resulting in the largest active power
variation at bus 8. In Case 3, the active power variations at
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buses 5 and 8 remain similar to those in Case 2. However,
the active power variation at bus 6, dominated by IM, be-
comes more pronounced, leading to a larger active power
variation in total load in Case 3. In Case 4, the distributed
integration of IMs across multiple load buses amplifies ac-
tive power variations at each bus compared to Case 2. Com-
paring Case 5 with Case 4, there is no difference in the ac-
tive power variations at buses 5 and 8, except that the CP at
bus 6 has almost no power response. Overall, Case 3 and
Case 4 have the largest active power variation (2.1 MW) in
total load, which is a good indication of the extent to which
IM has a greater impact on the system frequency compared
with other loads.

B. Accuracy Verification of Proposed Model in Other Opera-
tional Scenarios

Three scenarios are set based on Case 4, in which all
loads are composite loads (71.4% CI load + 28.6% IM).
These scenarios further demonstrate the applicability and ef-
fectiveness of the proposed model.

1) Scenario 1: IM penetration rates of 10%, 30%, and
50% are selected. The calculation results of the relevant pa-
rameters under different IM penetration rates are shown in
Table IV. With the increase in the IM penetration rate, the
contributions of IM to inertia, primary frequency regulation,
and voltage dynamics become more pronounced. When the
IM penetration rate reaches 50%, the inertia contribution ac-
counts for 13.8% of the total system inertia. Meanwhile, the
IM delay time constant 7;,, decreases. Higher IM penetration
rates result in greater frequency regulation contributions.

TABLE IV
CALCULATION RESULTS OF RELEVANT PARAMETERS UNDER DIFFERENT IM
PENETRATION RATES

Parameter Value

10% 30% 50%

Ky o, 0.428 0.714 1.286
Kr ., —15.742 —31.484 ~56.672
Ky o, 15.357 30.713 55.284
K v, 0.4179 0.8360 1.5050
T (5) 0.1240 0.0621 0.0350
R, 1.7900 0.8972 0.4980

F,, 27.94 27.94 27.94

H, (s) 0.187 0.455 0.680

The comparison of frequency responses of the proposed
model and Model 1, as well as the maximum frequency er-
ror of the proposed model under different IM penetration
rates are shown in Fig. 9.

Figure 8 illustrates that as the IM penetration rate gradual-
ly increases, the active power-voltage gain g,,, and the pri-
mary frequency regulation gain of loads (1/R,,) increase,
while the time constant 7, decreases. In addition, the system
inertia H, increases with the IM penetration rate. This indi-
cates that with the increase of IM penetration rate, all three
influencing factors enhance the frequency support capability,
and the proposed model accurately reflects these dynamic
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characteristics. Additionally, Aw . under different IM pene-
tration rates exhibit minimal variation, indicating that 1/R,
of the load is relatively small compared with that of the gov-
ernor.

60.1
60.0
Z 59.9
&
= 59.8
Q
&
S 59.7
s
59.6
59.5 : ‘ : . ‘ -
140 150 160 170 180 190 200
Time (s)
—10% (Model 1); —30% (Model 1); — 50% (Model 1)
---10% (proposed); ---30% (proposed); - - 50% (proposed)
()
0.0050
~N
jus)
. 0.0025
g
)
0
10 30
IM penetration rate (%)
(b)

Fig. 9. Comparison of frequency responses of proposed model and Model
1 and the maximum frequency error of proposed model under different IM
penetration rates. (a) Comparison of frequency responses. (b) The maximum
frequency error of proposed model.

2) Scenario 2: IM rotor inertias of 1, 3, and 5 s are select-
ed. According to (18) and (19), the IM rotor inertia affects
the time constant 7,,, and the load inertia /,. The calculation
results of relevant parameters under different IM rotor iner-
tia are shown in Table V.

TABLE V
CALCULATION RESULTS OF RELEVANT PARAMETERS UNDER DIFFERENT IM
ROTOR INERTIA

1917

=N
<
o

W
o
e

W
o
3

Frequency (Hz)
W
Nel
oo

Load
59.6 |disturbance
59.5 1 : : : : '
140 150 160 170 180 190 200
Time (s)
—1 s (Model 1); —3 s (Model 1); — 5 s (Model 1)
---1s (proposed); ---3 s (proposed); - -5 s (proposed)
(a)
0.02
x
jas)
— 0.01
NE
0 I
1 3 5
IM inertia (s)
(®)
Fig. 10. Comparison of frequency responses of proposed model and Mod-

el 1 and the maximum frequency error of proposed model under different
IM rotor inertia. (a) Comparison of frequency responses. (b) The maximum
frequency error of proposed model.

3) Scenario 3: load levels of 200, 315, and 430 MW are
selected with an IM penetration rate of 30%. According to
(15)-(19), an increase in load level enhances the frequency
regulation effects of loads in terms of voltage dynamics, fre-
quency dynamics, and inertia contribution. Meanwhile, the
sensitivity k., ; of load voltage magnitude to active power
variation also varies under different load levels due to differ-
ences in the Jacobian matrix elements. Table VI presents the
calculation results of the relevant parameters under different
load levels.

TABLE VI
CALCULATION RESULTS OF RELEVANT PARAMETERS UNDER DIFFERENT
LOAD LEVELS

Value
Parameter
1s 3s 5s
Ty () 0.0621 0.1860 0.3110
H, (s) 0.4550 1.3690 2.2810

Table V shows that the higher IM rotor inertia increases
the stored rotor kinetic energy under rated operating condi-
tions. This means that the IM rotor inertia positively contrib-
utes to the system synchronous inertia. However, it also re-
sults in an increase in the time constant 7, of power system.

A comparison of frequency responses of the proposed
model and Model 1 and the maximum frequency error of the
proposed model under different IM rotor inertia are shown
in Fig. 10. Aw,,,, and RoCoF,  are changing according to
Fig. 10. It can be inferred from (19) and (20) that the sys-
tem synchronous inertia is significantly enhanced by increas-
ing the IM rotor inertia. Thus, the proposed model effective-
ly reflects these dynamic characteristics.

Parameter Value
200 MW 315 MW 430 MW
eons,58 —-0.0140 -0.0276 —0.0534
sons68 -0.0158 —-0.0284 —0.0586
s 58 —0.0435 —0.0567 —0.1272
Ky 1.21 1.94 2.67
H, (s) 0.456 0.741 1.180
Ty (s) 0.0621 0.0673 0.0700
Ry 0.8972 0.9290 0.9490
Fy 27.94 26.67 25.80

The comparison of frequency responses of the proposed
model and Model 1 and the maximum frequency error of
proposed model under different load levels are shown in Fig.
11. Figure 11 shows that the proposed model has relatively
small errors and can reflect the SFR under different load lev-
els. Meanwhile, the system frequency drop slows down as
the load level increases. Specifically, the RoCoF, the maxi-
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mum frequency deviation Aw,,, and quasi-steady-state fre-
quency deviation Aw, gradually decrease with increasing
load level. The primary reason for this influence pattern is
that an increase in load level enhances the load voltage dy-
namics (kg ;) and inertia contribution (). Specifically, the
increase of the load level enlarges k. ;. The active power
variations caused by load voltage dynamics are 1.54 MW,
2.59 MW, and 5.2 MW, accounting for 10%, 17.3%, and
34.7% of the frequency regulation share, respectively. These
results demonstrate that the frequency regulation contribu-
tion from load voltage dynamics increases proportionally
with the load level, a conclusion that is strongly supported
by Aw, under varying load levels. Additionally, the load in-
ertia increases from 0.456 s to 1.18 s, accounting for 28.3%
of the total system inertia. This results in reductions of Ro-
CoF . and Aw,,,..
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Load level (MW)
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Fig. 11. Comparison of frequency responses of proposed model and Model

1 and the maximum frequency error of proposed model under different load
levels. (a) Comparison of frequency responses. (b) The maximum frequency
error of proposed model.

C. Effect of Load Parameters on Frequency Stability
Indicators

From the above analysis, it can be concluded that the ac-
curacy of the proposed model is sufficient to characterize
the SFR under various load dynamics. To further explore the
impact of load parameters on frequency stability indicators,
the effects of IM penetration rate, IM rotor inertia, and load
level on RoCoF, ., Aw,,., and Aw  are investigated. The rel-
evant results are shown in Fig. 12.

As shown in Fig. 12(a), the increase of the IM rotor iner-
tia, load level, and IM penetration rate results in the de-
crease of RoCoF,, with IM rotor inertia having the greatest
impact. In large power grids, IM penetration rates typically
range from 40% to 60% and IM rotor inertia typically rang-
es from 3 to 5 s, resulting in RoCoF,, being less than 0.14

Hz/s. In this context, as load levels increase, RoCoF’,  de-

max>
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creases, with a minimum of 0.08 Hz/s. This indicates that in-
creased load levels alter the effective inertia provided by the
load (H,) to the system. Additionally, higher load levels low-
er the voltage magnitude at load buses, thereby diminishing
the impact of load voltage dynamics. These two factors to-
gether explain the relatively minor impact of load levels on
RoCoF ..

RoCoF,,,

(Hz's )
0.22

0.20

Load level (%)

0.40

0.35

Load level (%)
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B
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2,
2 0.12
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Fig. 12. Effect of load parameters on frequency stability indicators. (a) Ef-
fect of load parameters on RoCoF . (b) Effect of load parameters on
Aw .. (c) Effect of load parameters on Aw .

max*
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As shown in Fig. 12(b), the IM penetration rate has al-
most no impact on Aw,, because the IM penetration rate
has minimal effect on load inertia (/) and primary frequen-
cy regulation gain of loads (1/R,,). By contrast, IM rotor in-
ertia and load level significantly influence Aw,,,. If the actu-
al power grid operates at a medium load level, Aw,,, does
not exceed 0.35 Hz, which is the result of the combined ef-
fects of load voltage dynamics, load frequency dynamics,
and inertia contributions.

As shown in Fig. 12(c), the IM penetration rate has the
least impact on Aw,, the IM rotor inertia has a moderate
impact, and the load level has the greatest impact. This is
primarily because Aw is inversely proportional to the pri-
mary frequency regulation gain of the system (1/R.). The
load level directly alters the extent of IM participation in the
system primary frequency regulation. In a medium load level
grid, Aw, is less than 0.16 Hz. Additionally, as load levels
increase, the impact of load voltage dynamics on Aw  be-
comes more significant. These two factors together reveal
the influence of load level on the system primary frequency
regulation and Aw .

The above impacts of loads on system frequency stability
indicators clearly demonstrate that IM rotor inertia, IM pene-
tration rate, and load levels all contribute to the system iner-
tia, affecting the initial frequency response to disturbances.
The load level significantly influences the primary frequency
regulation of the system. This implies that heavy load levels
play an important role in mitigating frequency variations in
the system.

VI. CONCLUSION

This paper presents an aggregated SFR model considering
load dynamics. The proposed model is validated using the
WECC 9-bus test system, which includes power electronic
sources. The proposed model is compared with the time-do-
main simulation model and the traditional SFR model, and
the impact of load parameters on system frequency is further
analyzed. The variety of the conditions analyzed is represen-
tative of many conditions that can also be found in larger
power systems.

The main conclusions are as follows.

1) Through small-signal modeling, load dynamics are cate-
gorized into three components: voltage-active power dynam-
ics, frequency-active power dynamics, and inertia contribu-
tions. It is observed that the proposed model accurately cap-
tures the impact of different load types on system frequency
across various scenarios.

2) The proposed model aggregates different load types
within the system. Under different conditions of IM penetra-
tion rate, IM rotor inertia, and load level, the maximum er-
ror in the system frequency response is less than 0.006 Hz,
demonstrating the high accuracy of the model.

3) The analysis of the impact of load parameters on fre-
quency stability indicators reveals that the IM rotor inertia
and load levels are critical factors in mitigating system fre-
quency variations.

Future work will adopt the proposed model to further in-
vestigate the specific aspects of the load dynamics in bulk
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power systems. In particular, the three parts identified for
representing the load dynamics will be considered in the in-
teractions with different types of generators with specific fre-
quency regulation capabilities.

APPENDIX A

The numerical positive and negative properties of (11) are
equivalent:

) RST( RS+Rr/ss1ipo) +x2

(Rs-i-Rr/sS“pO)2 +x2
(A1)
_2R$R§+RJ%M)+x§

2
2
(Rs +Rr/sslip0) +xsr

where m,, and m,, are the coefficients of K, , and K, , re-
spectively.

Clearly, m, ~—m,,. For the high-power IM, the initial slip

w

ratio s;,, < 1%, which then satisfies:

R+ R /5 o >> X, (A2)
So that (A1) is simplified to:
RST
mm,N 1 _2Rs+Rr/SslipO (A3)

The short-circuit resistance is much less than the load-equiv-
alent resistance during normal operation of the IM, so

R,/ ( R+ Rr/ssﬁpo) <0.5, and a generalized conclusion exists:
Jm%>0

|m,, <0 (A4)
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