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Frequency Response of Power System Load-Side
Asynchronous Motors Considering ROCOF
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Abstract—Load-side asynchronous motors (AMs) inherently
lower rotor speeds during frequency dips, reducing active power
absorption and delivering vital inertial support. However, exist-
ing frequency regulation strategies overlook the dual objectives,
neglecting frequency response adaptability and induction motor
operational stability. This paper proposes a segmented rate of
change of frequency (ROCOF) control strategy for AM-based
primary frequency regulation. First, ROCOF is divided into dis-
tinct intervals. In low ROCOF regions, AMs leverage natural elec-
tromechanical transients to stabilize frequency. In medium-high
ROCOF regions, coordinated control AMs, which incorporate
with variable-frequency asynchronous motors (VFAMs) using
adaptive droop coefficients are deployed. This coordination max-
imizes frequency support while maintaining VFAMS’ stability.
An adaptive model predictive control (MPC) framework is then
designed to optimize dynamic frequency tracking for VFAMs.
Simulations and hardware-in-the-loop (HIL) validate the strategy
under uncertain system disturbances. Compared to conventional
methods, the proposed approach elevates frequency nadirs, con-
firming enhanced transient performance, while maintaining normal
operating conditions.

Index Terms—Adaptive parameter adjustment, asynchronous
motors, frequency regulation, load-side response, power balance.

1. INTRODUCTION

HE integration of renewable energy sources (RES) into

power grids poses critical frequency stability challenges,
stemming from their inherent stochasticity and variability [1].
Modern systems with high RES penetration and pronounced
power fluctuations increasingly expose the limitations of con-
ventional generation-side inertial control frameworks in meet-
ing stringent frequency safety requirements. Evidence confirms
that generation-side regulation alone inadequately mitigates
frequency deviations in high-RES scenarios, necessitating
coordinated utilization of supply and demand-side resources.
Strategic deployment of demand-side flexibility with energy
storage systems (ESS) facilitates bidirectional grid interactions
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[2]-[4], enhancing resilience. This integration enhances opera-
tional robustness while advancing sustainable grid moderniza-
tion [5], [6].

Compared to generation-side power ramping for frequency
nadir mitigation, load-side regulation demonstrates superior
dynamic responsiveness and proactive control. To address in-
ertia-deficient frequency instability in high-renewable systems,
current studies focus on decentralized control mechanisms for
load-side primary frequency regulation, particularly targeting
stochastic large-scale loads as demonstrated in [7]-[9]. Specif-
ically, [10] proposes aggregating air-conditioning loads for fre-
quency regulation, enhancing frequency control. [11] proposes
the electro-thermal coupling characteristics and decentralized
control strategies of residential heat pump clusters for dynamic
frequency regulation. [12] proposes hierarchical coordination
and temperature-power coupling models to tap into the fre-
quency regulation potential of residential HVAC clusters. [13]
applies virtual synchronous generator (VSG) technology to
electric vehicle charging stations, transforming passive loads
into active frequency regulation units while balancing charging
needs and grid support. [14] proposes the dynamic adaptability
of electrified railway loads with energy storage systems to pro-
vide inertia support and enhance primary frequency regulation
while meeting transportation service quality requirements.
However, these research efforts fall short of fully addressing
challenges such as load diversity, stochastic user behavior, and
communication delays.

Industrial loads, with their rapid response and significant
adjustability, have been studied for frequency regulation. [15]
proposes the dynamic adaptability of high-energy-consumption
loads like aluminum electrolysis and electric arc furnaces in
isolated high-wind-penetration grids for frequency regulation
through field experiments in industrial settings, although the
study is confined to specific industrial processes. [16] devises a
model predictive control (MPC) based methodology for alumi-
num electrolysis loads, substantially enhancing frequency sta-
bility. Additionally, [17] dynamically regulates electrolytic load
power consumption to compensate for frequency deviations
and explores economic mechanisms for their market participa-
tion, but ignores operational safety requirements. [18] presents
a source-load-storage coordinated frequency regulation method
with abandoned mine pumped storage, using distributed MPC
to enhance dynamic performance, but faces excessive opera-
tional complexity and economic costs.

The existing literature has made certain contributions to
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load-side frequency modulation, but most research focuses
on single-dimension control and neglects the heterogeneity
of load types. As the most common industrial load type [19],
asynchronous motors (AMs) offer large regulation capacity
and fast response speed, which can significantly enhance the
frequency response characteristics of power systems [20]. In
particular, variable-frequency asynchronous motors (VFAMs)
can effectively support frequency regulation requirements
after the high-proportion integration of renewable energy due
to their rapid response characteristics [21]. However, conven-
tional AMs are constrained by their nonlinear inertial release
characteristics, resulting in a time-varying decay feature of
their frequency response capacity. Meanwhile, VFAM may
cause sub-synchronous frequency instability due to the aliasing
of electromechanical oscillation modes caused by rigid speed
constraints. This study overcomes the limitations inherent in
discrete control by proposing a dynamic coordination frame-
work for heterogeneous systems, effectively resolving the
energy mismatch challenges associated with conventional sin-
gle-response strategies.

Based on the mechanical characteristics of the coordinated
frequency response system for AM and VFAM (AM-VFAM)
and the frequency response requirements of the power system,
this paper improves the frequency response strategy of AM-
VFAM from two dimensions: the load-side frequency response
structure and the frequency response support mode of AM-
VFAM. A control strategy for AM-VFAM based on the rate of
change of frequency (ROCOF) is proposed. A MPC method
with adaptive weights is adopted to ensure that the MPC can
adaptively adjust to system parameter changes under uncertain
system disturbances, to guarantee the optimal frequency control
effect. The principal contributions of this work are summarized
as follows:

(a) Based on the changes in system frequency response, the
ROCOF is divided into three intervals. In Interval I, conven-
tional AMs respond to system frequency through their elec-
tromechanical transient characteristics. In Intervals II and III
(medium and high ROCOF intervals), conventional AMs are
coordinated with VFAMs with dynamic droop coefficients to
achieve the frequency nadir while ensuring the normal opera-
tion of VFAMs.

(b) A MPC method with adaptive weights is adopted to en-
sure that the MPC can adaptively adjust to system parameter
changes under uncertain system disturbances, to guarantee the
optimal frequency control effect.

Section II introduces the AM-VFAM frequency response
model. Section III presents the three-interval division frame-
work. Section IV introduces the adaptive MPC with online
weight adjustment. Section V provides case studies and analy-
sis. Section VI concludes the paper.

II. FREQUENCY MoODEL oF AM-VFAM

Both AMs and VFAMs exhibit certain frequency modulation
effects in frequency response. In this section, the frequency re-
sponse capability of AM will be analyzed, and a model for the
frequency response of VFAM will be established.

A. Active Power Support Capability of AM

The load-side conventional AM, typically composed of
fan and pump loads, forms a nonlinear coupled system [22].
Connected directly to the grid, it sees its slip rate affected by
system frequency changes in the initial frequency response
stage, causing electromagnetic power reduction and presenting
a smaller effective inertia to the system. Subsequently, the ki-
netic energy stored in the rotor is gradually released, resulting
in a larger effective inertia. Because of the frequency coupling
between the AM and the system, its response during the speed
regulation process is relatively fast, enabling it to effectively
deal with the system’s ROCOF and significantly contributing
to system frequency stability.

B. Frequency Response Modeling of VFAM

VFAM cannot inherently participate in demand response
and require integrated frequency control modules for fre-
quency-based demand response [23]. Through the variable
frequency drive, the reference speed is altered to modify the
mechanical energy consumption of the variable frequency
motor, facilitating its participation in frequency-based demand
response [15]. Based on the constant load torque of the motor,
the following relationship can be derived

ny=n, —An, (1
P.,=P, -AP, )
An,=kn, 3)
AP =kP., 4)

where n,,, n,, An, P, P.,, and AP, are the mechanical pre-
speed, post-speed, speed change value, pre-speed change pow-
er, post-speed change power, and power change value, respec-
tively. k, and &, are the proportional coefficient of the speed
change and the power change relative to the pre-speed-change
mechanical power.

For constant-torque loads, the following relationship can be
derived based on the motor’s constant-load torque.

(Pml - kam])(nrl - knnrl)71 :Pmlnr;1 (5)
k=k, ©)

When the VFAM is under constant torque load, the motor
speed varies in the same proportion as the mechanical power.
To participate in frequency response by changing the active
power consumed by the VFAM, The power loss variation of the
VFAM should be considered. the following equation is obtained

AI)DR:AI)m-"_AI)loss (7)

APDR ~ kaml + kalossl (8)

where APy, AP, and P, are the power reduction for motor
frequency regulation, power loss variation, and pre-speed-change
power loss component, respectively.
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Fig. 1. Frequency response block diagram of VFAM.

Converting P, to AP, approximated as a portion of P, ,
allows calculating an approximate AP,. (8) can then be writ-
ten as

AP, AR,

DR DR

*P tpP_ P ©)

loss el

kp

The frequency response control method for VFAM is shown
in the Fig. 1.
where Af, K, and AP, are frequency change, droop gain, and
power change of the VFAM, respectively. The filtering time
constant is 7,. AP, AP,.., Py, and w,, are the maximum ad-
justable power, minimum adjustable power, initial power of the
motor and angular velocity of the motor, respectively.

In the Fig. 1, filtering is first performed, and the VFAM
obtains the same active frequency droop characteristics as the
synchronous motor through the droop gain, thus, the corre-
sponding power change of the VFAM can be calculated. To
ensure the stable operation of the VFAM under normal work-
ing conditions, its maximum power change is limited to the
range [AP,,,, AP,..]. The value obtained by dividing the power
response by the initial motor power is used as the input of the
subsequent module and w,, is substituted into (5) and (6) to
obtain the reduced speed corresponding to the reduced power,
so that the VFAM can adjust its speed according to the change
of system frequency, thereby achieving the frequency response
requirement.

III. PRiMARY FREQUENCY RESPONSE BAaSED oN ROCOF

A. ROCOF and Frequency Response Range Division

After the VFAM uses the simulated synchronous motor
droop coefficient to participate in frequency response, the dy-
namic response equation of the system is equivalent to [24]

af

2H,~=P-P

dt asy Pload (10)

where H, is the system equivalent inertia time constant, fis the
system frequency, Pg; and P, are the power generated by the
synchronous generator and absorbed by the AM respectively.
P4 1s the load power fluctuations. Linearizing (10) and con-
sidering the power imbalance AP,, the initial ROCOF of the

system can be obtained as

daf AP

F() = dt |t:t0=_2HS 11

where F{(%,) is the ROCOF of the system at the time #,, F(#,) is
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Fig. 2. Frequency response curve based on the intervals divided by ROCOF.

proportional to AP,. The ROCOF is segmented into distinct
intervals defined by the proposed formula, enabling targeted
control strategies to enhance VFAM’s frequency regulation
performance.

B. ROCOF and Frequency Response Range Division Principle

The frequency deviation limit under normal operating condi-
tions of the power system is 0.2 Hz. Furthermore, a threshold
F, is set for the system’s steady-state frequency deviation Af,
and different frequency response zones are divided based on
the severity of the disturbance.

Therefore, its correlation with ROCOF should be utilized
to transform the relevant interval to the ROCOF domain [25].
Assuming that the power imbalance in steady state is borne by
the synchronous generator set, its active output increment is

apy=-ZLe (12)

where R, is the equivalent regulation coefficient of the system,
satisfying, R, = Rg/(1 — p). When the system frequency devi-
ation is F;, the corresponding maximum active output of the
synchronous machine AP, ... is the critical power imbalance
of the system

:APG,max: (13)

where AP .., represents the maximum active power output of
the power system generator. Substituting (13) into (10), the AP,
corresponding initial frequency change is

f’ —_ AF’unb,max —_ F;t (14)
N 2H, 2H R,

Therefore, according to the frequency drop caused by sys-
tem disturbance, ROCOF can be divided into three intervals, as
shown in Fig. 2 and Table I.
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TABLE I
THE FREQUENCY VARIATION CHARACTERISTICS OF ROCOF INTERVAL DIVISION

Frequency Characteristics

Interval Interval Range

Stage A ROCOF
1 df/dt < f! Initial descent Reduced Enhanced
I /1< dfidr < 0 Fre-:q-uency Incren-]e?ntal Decrer_ngltal
K minimum transition transition
111 0 < df/dr Frequency Decrerpf:ntal Positive
recovery transition
KA
Kmax
1 111
11
Kmin
S 0 dpdt

Fig. 3. Butterworth-type droop coefficient curve.

where Af,.,, Point A, Point B, and Point C are the maximum
frequency deviation, the quasi-steady-state operating point of
the frequency before the disturbance occurs, the lowest point
of the frequency after the disturbance occurs, and the quasi-
steady-state operating point of the system frequency after the
disturbance occurs, respectively.

Fig. 2 is the typical frequency response curve under a system
power shortage. Table I shows the frequency variation charac-
teristics of ROCOF interval division.

C. Adaptive Droop Coefficient via ROCOF-Oriented Interval
Segmentation

According to the above analysis, the frequency dynamics
after the system disturbance can be divided into Interval I,
Interval II, and Interval III. For different frequency dynamic in-
tervals, the VFAM adopts different droop coefficient strategies
[26].

(I) The droop coefficient is denoted as K,,,. In the absence
of the VFAM, the system’s dynamic response is investigated.
In this configuration, the AM primarily provides power support
to the system.

(I) The VFAM participates in the frequency response, and
the droop coefficient K, gradually decreases from the max-
imum droop coefficient of the system as ROCOF decreases,
preventing the VFAM from over-decelerating while increasing
the frequency nadir.

(1IT) As the system frequency stabilizes, the droop coefficient
is dynamically adjusted to a lower value. To maximize partici-

1 APo
> K
1+ 5T

VFAM variable droop control

fo=<df/dt

A Ppr

v

A
\
p

>

APoa

Inertial response of AM

K (1+F,T;s)
R(1+Tys)

Fig. 4. System frequency response block diagram.

pation in system frequency response while minimizing impact
on VFAM’s normal operation.

To mitigate the secondary effects of the frequency conver-
sion module of the VFAM on the system frequency caused
by sudden changes, and to reduce fatigue wear on the motor’s
internal components, this paper employs a fifth-order Butter-
worth function to ensure a smooth transition of the droop co-
efficient [27] (see Fig. 3). The relationship between the droop
coefficient and ROCOF is established as follows

K=K_ df/di<f,
2n
K=(K, -K, )/ 1+[fq—‘j +K,.
Ja (15)
fi<df/dt<0
K=K 0<df/dt

K. and K are the upper and lower limits of the droop
coefficient K, respectively, both are constants. f, .is the fre-

quency change rate of the system input, f; is the filter cutoff
frequency, n is the filter order, in this article n = 5.

D. Model of AM-VFAM Control Strategy

The model of AM-VFAM control strategy comprises three
VFAMs, three AMs, one synchronous generator, and static
load components. To address the frequency regulation require-
ments arising from power imbalances, this paper proposes a
primary frequency control strategy for load-side AMs, as illus-
trated in Fig. 4. This strategy quantitatively models the dynam-
ic coupling relationship between frequency and power through
a transfer function representation. Fig. 5 further demonstrates
the implementation of this control strategy under a three-zone
division framework.
where M, D, Ty, Fy, K., K, R, APy, and AP, are equivalent
inertia coefficient, equivalent damping coefficient, reheating
time constant, high-pressure turbine fraction, coefficient related
to the generator power factor, droop control coefficient of the
VFAM, speed control coefficient of the speed regulator, unbal-
anced power and power reduction amount of the conventional
AM participating in the response, respectively.
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Fig. 5. Frequency response curve based on ROCOF division interval.

This strategy of segmenting the system frequency response
according to the motor structure can maximize its contribution
to the system frequency response while ensuring the normal
operation of the motor.
where w, Aw, and n, are the angular velocity, the angular
velocity change, and the reference speed of the VFAM, respec-
tively.

Fig. 5 is the variable droop control link of the VFAM, which
is used to adjust the motor’s power according to the system
frequency deviation. The lower part is the conventional AM
frequency response transfer function [28]. The signals in the
figure interact through feedback and feedforward paths to
achieve the adjustment of the system frequency deviation.

IV. PowerR CoNTROL STRATEGY OF MPC BASED ON
ADAPTIVE WEIGHT COEFFICIENT

Based on the concept of droop control, this paper introduces
a variable-weight MPC rolling optimization strategy building
upon segmented control. By dynamically adjusting the weight
coefficients in traditional MPC, it responds in real-time to sys-
tem frequency deviation and its rate of change, optimizes con-
trol parameters online, and ultimately achieves precise com-
pensation of the VFAM input power by solving the objective
function [29]. The block diagram of the frequency modulation
control based on variable weight adaptive MPC proposed in
this paper is shown in Fig. 6.

A. Construction of the MPC Model

MPC is mostly used for digital control, and its discrete state
expression is

X, =Ax, +Bu, +Lz,

16
v, =Cx, (16)

where x(k+1), x(k), u(k), w(k), y(k), 4, B, C, and L are the state

Adaptive Weight Coefficient MPC Controller

DRk

Adaptive | &
Weight |3

o> Tf 1,
A Fle+1)=Af, - 22 APDRV,‘ +ﬁAPk
AFB—>| 1 —A

A A y() Vi

coefficient

J,(8f () = ﬁl[om2 (k+il k) + u(k +i| k)]

Fig. 6. Frequency modulation control block diagram of variable-weight
adaptive MPC.

variables of the system at time k+1, system state variable at
time £, input variable of the system, disturbance variable, out-
put variable, system control matrix, the input control matrix,
output control matrix, and the system disturbance matrix.

Based on the discretization formula, the system frequency
can be expressed as

o ARy 452 AR,

flk+1)=Af, -
(1) = Afy

(17)

Af, is the frequency difference of the system frequency at
time £, f; is the rated frequency of the system, 7 is the dis-
crete-time constant, APy, is the active power adjustment of
the VFAM at time k, and AP, is the unbalanced power of the
power system at time &.

The coefficients of each matrix in the system are

=[1]
- [ -
2H,
L_[ " } (18)
2H.

B. Adaptive Weight Coefficient Design for MPC

The weight coefficient represents the relative importance of
the performance index in the optimization objective function,
and its value is negatively correlated with the corresponding
variable adjustment amplitude. This section designs a collab-
orative strategy MPC to dynamically optimize the frequen-
cy-power response trajectory of the VFAM through time-vary-
ing weight coefficient matrix.

w=w(d) +wy(9,)

(19)

where d, J, ,and w are Af, ROCOF, and weighted composite
signal of Af'and ROCOF, respectively. w;, and w, are multi-ob-
jective weighting coefficients.
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Fig. 7. Topological structure of the simulation system.

TABLE 11
PARAMETERS OF THE SIMULATION SYSTEM

Equipment Parameter Numeric Value
Rated power/kW 2000
Rated voltage/V 600
Synchronous Stator resistance/Q 0.00076
motor
d-axis reactance X /Q 0.165
g-axis reactance Xq/Q 0.121
Rated power/kW 110
Rated voltage/V 400
Rated frequency/Hz 50
AM-VFAM o
Inertia time constant/s 1.5
Viscous friction coefficient F/N-m-s 0.05421
Mutual inductance/H 0.01038
T, Filter time constant 0.0866
K 28
K max
Kmin 6
w-eh ™ <0
I+e™™
B=1-a Q1

where k, and k, are the sensitivity coefficient governing the
steepness of the weight change, a and f are weighting coef-
ficients for frequency deviation and control action penalties,
respectively.

The weighting matrix Q in the quadratic performance index
is structured as a block-diagonal matrix to decouple the state
and input contributions in the cost function. Specifically, O is
formulated as

Q = diag(qla q29 ) Qp) (22)
AO;Z 0
4= 5 (23)
0 Z_
2
o

where At is the sampling interval, ¢ is the normalization co-
efficient. The state weighting coefficient « is adaptively in-
creased during high-frequency deviation or elevated ROCOF
conditions to prioritize deviation suppression, while the input
weighting coefficient f is dynamically reduced under severe

30

20 -
B3 Constant Droop

Adaptive Droop
10
0 . | L 1
0 5 10 15 20 25
Time (s)

@

Dynamic Response
Constant Droop
Adaptive Droop

49.80 ' L : '
0 5 10 15 20 25

Time (s)
(b)

Fig. 8. Topological structure of the simulation system. (a) Droop coefficien, (b)
System frequency.

power disturbances to allow larger control inputs.

The MPC also needs to consider the operating constraints of
each unit during the control process. Therefore, the objective
function incorporating the constraints of the VFAM is present-
ed below:

J, (Af (k)= ﬁ:[axz (k+i|k)+ pu’(k+i|k)]

(24)

0<|APyy 4| APy i = 0,12, N =1,

R, max >
where P, is the power state quantity of the VFAM at time £,
and APpy .. 1s the load capacity constraint value that can be
decreased at the time of the VFAM.

V. CASE STUDIES

To verify the effectiveness of the strategy proposed in this
paper, a simulation system model as shown in Fig. 7 was built
in Simulink. The system consists of a synchronous generator,
AMs and VFAMs. Each AM and VFAM comprises a 50 kW
static load and a drive with a torque constant of 7= 400 N-m,
and is connected to the grid via a dedicated transformer and
filter. The built simulation system is simulated and analyzed.

A. Simulation of Adaptive Droop Control With Segmented ROCOF

When ¢ =5 s, the load suddenly increases by 10% further.
The frequency response of load-side variable droop control
between ROCOF partitions in the power system is compared
with the dynamic response without VFAM and with the tra-
ditional control strategy. The simulation results of Method
1 (traditional control strategy in constant droop control) and
Method 2 (adaptive droop coefficient K control) are compared,
as shown in Fig. 8.

Fig. 8 demonstrates the system frequency response under
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Fig. 9. System frequency in different F,; thresholds.

three different control strategies when subjected to a 10%
frequency disturbance. As shown in Fig. 8(a), the adaptive
droop control maintains the K value at its maximum during the
initial disturbance stage to participate in system response and
suppress frequency deviation. Fig. 8(b) reveals that under the
same disturbance condition, the proposed adaptive weighting
coefficient effectively responds to system frequency variations.
When the system frequency reaches its nadir, the K value
decreases to its minimum level. This approach maximizes par-
ticipation in system frequency response while enabling adap-
tive regulation of the asynchronous machine’s rotor speed. In
contrast, conventional droop control can only provide limited
frequency regulation support and fails to adaptively maximize
its involvement in system frequency response according to
real-time frequency dynamics. The proposed method demon-
strates superior frequency response performance compared to
traditional droop control strategies, rapidly restoring the system
frequency to the secure operational range after disturbance oc-
currence without compromising normal VFAM’s operation.

B. Simulation Results Under Different F,, Thresholds

A comparative analysis of the simulation results for the
proposed MPC-based strategy under different F; thresholds is
presented in this paper. Given that the observed frequency vari-
ation of the system disturbance lies between £0.2 Hz and +0.3
Hz, the threshold is set accordingly to within 0.1 Hz. Strategy 1,
Dynamic response without VFAM; Strategy 2, Proposed MPC
with VFAM without threshold; Strategy 3, Proposed MPC with
VFAM with F, = 0.06 Hz; Strategy 4, Proposed MPC with
VFAM with F,= 0.03 Hz. The simulation results are presented
in Fig. 9.

Fig. 9 illustrates the system frequency response under a 15%
load disturbance to analyze the impact of different F,, thresh-
olds on VFAM’s participation in frequency regulation. Upon
detecting that the actual ROCOF reaches a threshold deter-
mined by (14) for a setting F,, the control strategy (see Fig. 6)
engages the MPC-driven VFAM to participate in the system re-
sponse. As observed in the figure, a higher F, threshold delays
the VFAM’s response, resulting in a larger initial frequency
deviation. Consequently, the system frequency nadir increas-
es with the F, threshold. The power absorbed by the VFAM
decreases as the F, threshold increases, indicating a relatively

TABLE III
COMPARISON OF FREQUENCY RESPONSE EFFECTS IN DIFFERENT CASES

Case Control Strategy Frequency Nadir/Hz
Dynamic response without VFAM 49.83
Case 1 Conventional MPC with VFAM 49.92
Proposed MPC with VFAM 49.97
Dynamic response without VFAM 49.74
Case 2 Conventional MPC with VFAM 49.88
Proposed MPC with VFAM 49.94

minor impact on the VFAM’s own operation under moderate
threshold values. Compared to the proposed MPC strategy
without ROCOF consideration (see Strategy 2), this trade-
off, which sacrifices part of the initial ROCOF response in
exchange for reduced impact on the motor itself (see Strategy
4), helps balance the need to maintain the AM-VFAM’s own
rotational speed. However, an excessively high F, threshold
can cause an abrupt change in the absorbed power, which in
turn triggers a sharp decline in system frequency (see Strategy
3). Considering the inherent characteristics of the VFAM, sim-
ulation results indicate that the threshold setting of Strategy 4
in this paper not only ensures effective participation in system
regulation but also mitigates its own impact to a certain extent.

C. Simulation of MPC-Based Frequency Regulation Strategy
With Segmented ROCOF

The proposed MPC strategy for VFAM is compared with
two benchmark control strategies, a conventional MPC strate-
gy with VFAM, and a system without VFAM. The evaluation
employs the parameters of test Scenario B, using the F; value
as defined in Strategy 3. The system is subjected to two oper-
ating conditions: Case 1, a sudden 10% load increase at £ =15 s,
and Case 2, a subsequent sudden 20% load increase at =5 s.
The simulation results are presented in Fig. 10.

Fig. 10 and Table III present the results for Case 1 and Case 2,
where the system is subjected to sudden load increases of 10%
and 20%, respectively, at ¢ = 5 s. The comparative analysis, as
summarized in Table III, leads to two key conclusions. First,
the proposed MPC strategy effectively elevates the system
frequency nadir (see Figs. 10(a) and 10(b)), outperforming the
conventional MPC approach. Second, prior to the F; reaching
its activation value, the proposed method yields a steeper initial
ROCOF. The withheld initial response of the VFAM, a key feature
of the control strategy, serves to minimize operational impacts.

As shown in Figs. 10(c) and 10(d), during the initial stage
of an event, synchronous machine output change has a larger
value in the proposed MPC than conventional MPC, the un-
derlying reason is that the ROCOF during the initial stage has
not yet reached the system threshold. Consequently, despite
the large ROCOF magnitude, the VFAM remains inactive due
to its F, constraint (see Figs. 10(e) and 10(f)), withholding its
response until the predefined threshold is reached. Once this
threshold is exceeded, the VFAM effectively participates in the
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Fig. 10. Results for Case 1 and Case2. (a) Frequency of Case 1, (b)Frequency of Case 2, (c) Synchronous machine output change of Case 1, (d) Synchronous machine
output change of Case 2, (¢) Rotor speed of VFAM of Case 1, (f) Rotor speed of VEAM of Case 2.

system response and, upon reaching the maximum frequency
deviation, initiates a recovery process that is more stable than
that of conventional MPC. This is because of the adaptive
weight coefficient of the proposed MPC, which can adaptively
adjust according to the frequency deviation (see Figs. 10(e) and
10(f)). Note that the decrease w,, in proposed MPC is slightly
larger than that in the conventional MPC. This helps a VFAM
maintain sufficient capacity to handle a subsequent disturbance
and ensure stable operation.

Table III shows the system frequency impact comparison
between Case 1 and Case 2. In Case 1, the proposed strategy
achieves an approximately 17% higher speed reduction in

VFAM and improves the frequency nadir by approximately
29% relative to the baseline. Similarly, in Case 2, the speed re-
duction and frequency nadir improvement reach approximately
10% and approximately 23% respectively. By intentionally
prolonging the speed restoration interval, VFAM achieves
enhanced coordination with synchronous generators. This im-
proves their frequency regulation participation while maintain-
ing operational stability. Under the control strategy of this pa-
per, in the simulation results of Case 1, the frequency is always
maintained above 49.95 Hz; in Case 2, the frequency enters the
safe domain earlier than the traditional frequency control strategy.
The above results demonstrate that the proposed scheme
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Fig. 11. VFAM modeled in HIL simulation platform.

successfully prevents the rotor speed of VFAM’s w,, from
reaching its minimum threshold. This is achieved by dynami-
cally adjusting the control gain through real-time coordination
of ROCOF and w,,. The scheme remains effective even under
disturbances such as sudden significant load increase events.

D. Performance Comparison With HIL Simulator

The VFAM based MPC is modeled in OPAL-RT system as
shown in Fig. 11, where the load part including AMs, VFAMs
and static loads are simulated in OPAL-RT system. Compre-
hensive testing was conducted by analyzing frequency and
motor speed variations under different F; settings in Scenario B.
Additionally, the system’s frequency response was specifically
validated under the Case | operating condition. The simulation
results are presented in Fig. 12.

Under a 15% sudden load increase in Scenario B, the HIL
simulation results of the system frequency are presented in Fig.
12(a). The results indicate that the frequency responses of the
four different strategies across various F, thresholds are con-
sistent with those observed in Scenario B, thereby validating
the feasibility of VFAM participation in frequency response
under different F, thresholds. As observed, an increase in the
F, threshold delays the participation timing of the VFAM in
the system response and reduces the APy, to varying degrees.
However, when the threshold exceeds a certain value, the mo-
tor speed drops abruptly, leading to increased adverse effects
on the VFAM (see Fig. 12(b)). Additionally, under Operating
Case 1 in Fig. 12(c), the proposed strategy’s moderated speed
recovery process successfully restores system frequency to a
secure range, aligning with Scenario C findings.

VI. CoNCLUSION

This paper proposes a coordinated frequency response strat-
egy integrating ROCOF interval division with adaptive MPC
for power systems with high renewable penetration. The main
findings are summarized as follows:

1) The proposed three-interval ROCOF framework ef-
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Fig. 12. Results for HIL. (a) Frequency for various F, (b) Rotor speed of
VFAMs for various F, (¢) Frequency of Case 1.

fectively coordinates AMs and VFAMs. Conventional AM
responds in the low ROCOF interval, while VFAM with dy-
namic droop coefficients is activated in medium-high intervals,
enhancing frequency support while ensuring VFAM operation-
al security. Experimental results demonstrate that the strategy
proposed in this paper offers superior flexibility compared to
the fixed-weight coefficient control for VFAM'’s participation
in system response.

2) The adaptive-weight MPC controller demonstrates strong
robustness under uncertainties. By dynamically adjusting weights,
it maintains optimal frequency control performance under varying
disturbances and system parameters. Compared to traditional
MPC, the strategy proposed in this paper can better adapt to
system frequency response under varying operating conditions.

3) Joint MATLAB/Simulink and HIL simulations verify that
the proposed strategy offers marked improvements over con-
ventional methods in both frequency nadir support and VFAM
stability, demonstrating its effectiveness and practical viability.
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