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ABSTRACT High penetration of photovoltaic (PV) generation reduces the frequency regulation margin
of power systems because inverter-based resources contribute little inherent inertia. Conventional active
power reserve (APR) schemes can provide droop-based primary frequency support, but the typical 0.6-3s
power-tracking delay makes them unable to deliver timely inertial power to arrest fast frequency ramps.
Since PV converters can change power on the millisecond (ms) scale, the dominant limitation is the
power-tracking algorithm. This paper proposes a fast frequency regulation method based on feedforward
updates of the power-tracking reference: the variable power point tracking (VPPT) algorithm handles slow
frequency deviations, while a feedforward branch responds to rapid fluctuations to provide inertia support.
A frequency response model is developed to examine impacts on both common-mode and differential-
mode frequency components. Compared with conventional VPPT-based regulation, simulations show that
the proposed controller reduces peak RoCoF and maximum frequency deviation and attenuates frequency
differential-mode components.

INDEX TERMS Variable power point tracking, Feedforward control, Primary frequency regulation,

Photovoltaic power generation, Virtual inertia, Frequency response.

I. INTRODUCTION

NDER China’s county-scale photovoltaic development
U policy, solar generation is expected to become a major
form of future energy supply. It is projected that by 2030 the
combined installed capacity of wind and solar power will
exceed 1.2 billion kilowatts [1]. However, as high shares
of PV replace synchronous generation, overall inertia and
primary frequency response decline, which can compromise
frequency stability [2]. Historical events such as the UK
blackout on 9 August 2019 and the South Australia dis-
turbance on 28 September 2016 illustrate that insufficient
primary response and inertia can trigger under-frequency
load shedding and wide-area outages [3]. Accordingly,
many regions with high renewable penetration now require
renewable generator units to provide frequency support
[4], [5]. In China, the technical specification for grid-
source coordination (DL/T1870-2018) defines requirements
for “primary frequency regulation technology for renewable
energy,” which can be achieved by maintaining active power
headroom or by deploying energy storage together with
suitable control systems.

Energy storage is commonly used to smooth PV output
fluctuations and to exchange active power rapidly during
grid frequency disturbances [6], [7]. Many studies have
investigated sizing and control of storage devices for re-
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newable units [8]-[10], and demonstration projects have
been implemented in China [11]. Nevertheless, practical
deployments still leave room for improvement in capacity
allocation and overall economic performance.

The APR approach keeps the PV plant intentionally
derated so that it retains upward regulating headroom for
frequency control. APR avoids the high investment and
maintenance costs associated with batteries and is also
attractive in regions where PV curtailment (“abandoned
light”) occurs. Its main drawback is reduced energy yield.
References [12]-[14] investigate VPPT-based standby op-
eration and flexible power-point tracking, and [15], [16]
study droop-based primary frequency regulation enabled by
APR. Field demonstrations of APR frequency regulation are
reported in [17]. However, because tracking algorithms must
trade off speed and accuracy when selecting perturbation
step size and period, typical engineering settings use voltage
steps of 1-10 V and perturbation periods of 0.5-2s [17],
[18]. As a result, APR PV units respond more slowly
than storage-based schemes and cannot provide fast inertial
support during rapid frequency events.

Overall, prior work has validated two main solutions
for renewable frequency support: energy storage and APR-
based headroom control. For large-scale renewable partic-
ipation, coordinating these solutions (or combining them
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with other measures) to achieve an overall optimum in
technical performance and cost remains a pressing practical
problem [11]. For example, [19] shows that coordinating
battery storage with APR can be economical for mitigating
PV power fluctuations, and [20] proposes coordinated con-
trol of variable power tracking and supercapacitor energy
storage to enable wind turbines to participate in primary
frequency regulation. From the control perspective, however,
energy storage can change power almost instantaneously,
whereas existing APR schemes are constrained by tracking
dynamics. This mismatch in response speed can limit the
benefit of coordinated schemes, especially for inertia sup-
port.

To address the response-speed bottleneck of APR control,
this paper develops a fast primary frequency regulation and
inertia-support strategy for PV units based on feedforward
updates of the power-tracking command. The controller
selects its operating mode according to RoCoF: during slow
frequency variations, VPPT is used to provide accurate
regulating power; during fast frequency ramps, the feed-
forward branch generates rapid power commands for in-
ertia support. Frequency-response modeling and simulation
results demonstrate that the proposed method shortens the
regulation power response of APR PV units and can achieve
a response speed comparable to that of energy storage
devices. The method improves system frequency dynamics
and suppresses frequency differential-mode components,
providing useful guidance for upgrading large-scale PV
plants for active support.

Il. DYNAMIC RESPONSE CHARACTERISTICS OF PV
UNITS

The structure of a grid-connected photovoltaic power gen-
eration system operating under APR control is shown in
Fig. 1. The APR control strategy is formulated based on the
intrinsic output characteristics of photovoltaic units. From
the perspective of P-U characteristics, stable operation of a
photovoltaic unit is maintained on the higher-voltage side of
the curve, whereas operation on the lower-voltage side may
introduce instability, as reported in previous studies [16].

As illustrated by the P-U characteristic curve in Fig. 2,
point M represents the maximum power point of the photo-
voltaic unit during normal operation, with an output power
of Pys. To enable participation in frequency regulation, the
PV unit is deliberately operated away from point M. Point A
denotes the APR operating point obtained after applying a
power curtailment ratio of d%, and the corresponding output
power is P4. During periods of system frequency increase,
the operating point may further shift toward point B, which
corresponds to the minimum active power level available for
frequency regulation support.

According to the national standard “General Principles for
Virtual Synchronous Machine Technology” [21], renewable
energy units participating in frequency regulation should be
capable of adjusting their active power output by no less
than 10% of the rated power Pp. In this work, the power
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FIGURE 2. P-U characteristics of PV generation system

curtailment ratio is therefore set to d = 10% to ensure
adequate regulation margin for both upward and downward
frequency support.

To enable photovoltaic units to participate in primary
frequency regulation, a frequency control loop with droop
characteristics is introduced, as shown in Fig. 1(b) [3].
At the initial stage of operation, the maximum power
point tracking (MPPT) algorithm is employed to extract the
maximum available power from the photovoltaic array. Sub-
sequently, the control mode is switched to VPPT, allowing
the operating point to move from point M to the reserved
operating point A after power curtailment.

Under APR operation, the reference power of the pho-
tovoltaic unit is expressed by (1), where P..; denotes the
active power reference value. The operating condition of
the photovoltaic unit is determined according to the grid-
side frequency deviation, defined as Af = f — fny. When
no frequency disturbance is detected, the photovoltaic unit
maintains operation at the APR point A. Once the frequency
deviation exceeds the dead-band threshold of +0.033 Hz
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FIGURE 3. Block diagram of feedforward control for power command tracking

[22], the primary frequency regulation loop is activated, and
the corresponding power adjustment APpy is calculated
according to (2).

Piot = Pyy — d%Pn + APpy (1)
0, IAf] < 0.033Hz,
d%P
—kfAf, 0.033Hz < |Af| < i‘;N,
f
APpy = d%P 2
V) —d%Py, Af > (7/ZN’ @
d%P
d%Py, Af<— %‘; N
f

In (2), ky represents the primary frequency regulation
coefficient, f is the measured grid frequency, and fy is the
rated system frequency. Through this mechanism, the pho-
tovoltaic unit provides proportional active power support in
response to system frequency deviations. Nevertheless, the
dynamic performance of this frequency regulation process
remains constrained by the response speed of the VPPT
algorithm, which motivates the development of faster control
strategies presented in the subsequent sections.

Ill. FEEDFORWARD CONTROL FOR POWER COMMAND
TRACKING

A fast frequency regulation strategy for PV units based on
feedforward control of the power command is illustrated in
Fig. 3. In this strategy, the conventional VPPT algorithm is
retained to respond to slow frequency variations, while an
additional feedforward control path is introduced to cope
with rapid frequency fluctuations. By coordinating these two
mechanisms, both primary frequency regulation and inertia
support functions can be achieved.

The disturbance type is identified according to the charac-
teristics of grid-side frequency variations. When the absolute
frequency deviation satisfies |Af| < 0.033 Hz, the system
is considered to operate under normal conditions, and the
photovoltaic unit remains at the APR operating point A.
When |Af| exceeds 0.033 Hz, different control modes are
activated depending on the rate of change of frequency. In
this context, virtual inertia support is realized by utilizing
frequency-derivative-related signals, and the corresponding
inertia power reference APy is defined as shown in (3)
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FIGURE 4. Flow chart of feedforward control for power command tracking

[24], where kg denotes the virtual inertia coefficient and
Ty represents the filter time constant.
APy = —ky df /dt 3)
Trs+1

During frequency disturbances, the rate of change of
grid frequency df /dt can be obtained in real time using a
phase-locked loop (PLL)-based measurement method [24].
When the measured df /dt exceeds a predefined threshold,
the power command feedforward loop is enabled, and the
conventional APR control based on VPPT is temporarily
disabled. In this case, the mode signal is set to Syode = 0,
and the active power adjustment A Ppy is calculated accord-
ing to (4). By directly modifying the power command, the
photovoltaic unit can respond rapidly to frequency transients
without being limited by the perturbation cycle of the VPPT
algorithm.

When the rate of change of frequency decreases below the
preset threshold, the feedforward control loop is deactivated.
The control strategy then switches back to the VPPT-based
APR mode, with the mode signal updated to Syode = 1,
and the power adjustment APpy recalculated using (2).
Through this switching mechanism, fast response during
severe disturbances and accurate power regulation under
mild frequency variations are both ensured.

In summary, the overall flow of the feedforward control
strategy for power command tracking is depicted in Fig. 4.
The proposed control framework enables photovoltaic units
to provide rapid inertia-like frequency support while main-
taining stable operation and precise power regulation during
steady-state and slow dynamic conditions.

IV. FREQUENCY RESPONSE MODELING AND
ANALYSIS
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A. FREQUENCY RESPONSE MODEL

In multi-units power systems, small-signal frequency dy-
namics can be separated into one common-mode (system-
average) frequency component and several differential-mode
components. The common-mode frequency represents the
overall system frequency trajectory governed by the aggre-
gated dynamics of synchronous machines and converter-
based resources. Differential-mode frequencies describe
relative-frequency interactions among units, which may be
excited by parameter mismatches or heterogeneous control
structures; suppressing these modes is important for enhanc-
ing stability.

The test system is illustrated in Fig. 5, comprising three
synchronous generators (SGs) and one PV unit. This section
conducts theoretical analysis under the scenario where the
PV unit is connected to Bus 1 and SG3 is out of service.

Following the modeling approach in [27], a frequency
response model is established for the test system. Under
a single-machine grid-connected representation, the block
diagrams in Fig. 6(a) and Fig. 6(b) describe the active-power
responses of the PV unit and the synchronous generator
(SG) to angular-frequency disturbances, with the corre-
sponding transfer functions given in (5)—(7).

—Kgs pwwn (ks + kg)e™T0°

Yovi = krs?e=m0% 4+ kyse™08 + 2 Kg puwn (Tfs + 1)
N Wy (%)
SO T Khs? + (Kp1 — Gcovi)s + Ks1
X (KJlKD152+KJ1K51S (6)
— GeoviKpis — GaoviKs)
Ysqe = wN
S92 T T K82 + (Kp2 — Gaova)s + Kso
X (KJQKDQSQ + K joKgos )

— GeovaKp2s — Gaova Ks2)

Here, K ; denotes the SG inertia coefficient, Kp repre-
sents the SG damping coefficient, K is the SG synchronous
torque coefficient, Kg py is the PV unit synchronous torque
coefficient, and w, is the angular frequency of the infinite
bus [27]. The parameter 7 is the time constant of the
delay link e~7°%, which characterizes the time delay induced
by the power tracking step size. For VPPT-based primary
frequency regulation, 79 corresponds to the disturbance
time step; for the fast frequency regulation method using
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feedforward control, 7y is approximately zero. Ggov(s)
denotes the governor transfer function, whose model is
presented in Fig. 6(c) [28].

For the example system, the transfer functions of the
angular-frequency responses of SG1 and SG2 to a load
active-power disturbance are expressed in (8) and (9).

Bua(s) = — (K158 — Ggovi)Ysa1(s)wn @)
Ysai(s) + Ysaa(s) + Ypvi(s)

—(Kj28 — Ggova)Ysaa(s)wn
Ysai(s) + Ysaa(s) + Ypvi(s)

Based on Equations (8) and (9), the performance metrics
of the fast frequency regulation control schemes can be
analyzed and compared across three proposed schemes:
Scheme 1: Droop-based primary regulation with conven-
tional power-command tracking (Fig. 1(b));

Scheme 2: Feedforward-enhanced tracking providing both
inertia support and primary regulation (Fig. 4);

Scheme 3: PV units do not participate in frequency regula-
tion.

B (s) = €))

B. COMMON-MODE COMPONENT OF FREQUENCY
Common-mode frequency response refers to the average
value of the frequency response of the generator sets in the
power system, also known as the center frequency of inertia.
The common-mode frequency response is assessed with
the three standard indices: the peak RoCoF, the maximum
frequency deviation, and the steady-state frequency offset
[20], [29]. Smaller values of these indices indicate better
frequency regulation. These indices are therefore used to
quantify how the proposed fast frequency regulation strat-
egy improves the common-mode response. With matched
inertia parameters, SG1 and SG2 exhibit identical angular-
frequency responses.

C. DIFFERENTIAL-MODE COMPONENT OF
FREQUENCY

By setting mismatched inertia parameters for SGs, Fig. 7
presents the Bode plot of the angular frequency response.
A differential-mode frequency component emerges in Fig. 7,
with its peak frequencies at 14 rad/s. Scheme 1 has no
impact on the resonant peak of the differential-mode compo-
nent, whereas Scheme 2 effectively mitigates it. Therefore,
Scheme 2 can suppress fluctuations in both the common-
mode and differential-mode frequency components simulta-
neously.

Tab. I compares the technical performance of two fre-
quency regulation schemes. It can be concluded that al-
though the variable power tracking control method provides
regulating power, its response time lag prevents effective
suppression of frequency rate of change, maximum fre-
quency deviation, and differential-mode components. In
contrast, the fast frequency regulation method based on
power instruction feedforward demonstrates superior fre-
quency regulation effects across the entire frequency band,
offering technologically more comprehensive performance.
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TABLE I. Technical comparison of the two application modes

Technical indicators Scheme 1 Scheme 2
Control structure simple relatively
complex
Response speed slow fast
Maximum frequency deviation relatively effective
suppression effect ineffective
Frequency steady-state deviation effective effective
suppression effect
RoCoF suppression effect ineffective relatively
effective
Frequency differential-mode ineffective relatively
component suppression effect effective

V. SIMULATION ANALYSIS
A. SIMULATION PARAMETERS

In the simulations, the frequency modulation depth is set to
A fiax = £0.2 Hz, and the PV frequency regulation capac-
ity is limited to 10% of rated power. The total regulation
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the test system with SG3 out of service. For analyzing the
impact of different connection locations in Section 4.3, the
operating conditions are set as: PV connected to bus 1 or
bus 7 with SG3 in service.

The RoCoF limit is determined based on the system’s
inertia level and load disturbance magnitude AP,.q. For
the test system, the total inertia is Jy;, and the defined load
disturbance power threshold is A Pigad_ref- Through approx-
imate calculation, the maximum RoCoF value is derived.
In this study, the SG’s total inertia is Jy, = 84.4kg - m2,
and the defined load disturbance threshold is 150 kW. Thus,
the coefficient df /dt|qes = 0.75 Hz/s is calculated, and
the RoCoF limit is set to 0.8 Hz/s. When the disturbance
exceeds the defined load disturbance threshold, the RoCoF
reaches this limit, and power tracking feedforward control
is activated to achieve fast frequency regulation.

10% Pn

A fmax
10% Py

max (df /dt)’

ky =
(10)
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TABLE II. Simulation cases

Simulation cases 0s 10.2 s 172 s
Frequency regulation Enable APR Sudden load -
under load changes algorithm increase/decrease of

270 kW or 150 kW
Frequency regulation Enable APR  Irradiance increases Irradiance
under changes in algorithm by 250 W/m? decreases by
lighting conditions 600 W/m?

B. ADJUSTMENT OF FREQUENCY COMMON MODE
COMPONENT UNDER IRRADIANCE VARIATION

The stability of the proposed fast frequency regulation con-
trol scheme is verified under varying irradiance conditions.
When irradiance changes, PV units may operate in the left
half-plane (unstable region), degrading system frequency
response. To address this, the minimum operating voltage is
set to 20V below the maximum power point voltage (Uay),
i.e., Uimit = Unm — 20V. When the real-time measured
DC voltage drops below Ujimit, the PV system immediately
switches its control mode from variable power tracking
or fast frequency regulation back to MPPT mode [15].
The operating conditions for sudden irradiance variation
scenarios are configured as shown in Tab. II. Simulation
results for Scheme 1 and Scheme 2 are presented in Fig. 8.
The PV characteristic curves and actual operational trajec-
tories of the PV system are illustrated in Fig. 9, where (a)
corresponds to Scheme 1 and (b) to Scheme 2.

C. SUPPRESSION OF FREQUENCY
DIFFERENCE-MODE COMPONENTS UNDER LOAD
CHANGES

When multiple SGs exhibit mismatched inertia parameters,
the system frequency response will contain differential-
mode components. To verify the effectiveness of the
fast frequency regulation method in suppressing frequency
differential-mode components, mismatched SG inertia pa-
rameters are intentionally configured. For intuitive and quan-
titative analysis, the common-mode component is charac-
terized by the average frequency of multiple SGs, while
the differential-mode component is represented by the fre-
quency deviations among SGs.

Fig. 10 shows the frequency response waveforms under a
sudden load increase. The corresponding common-mode and
differential-mode frequency response performance metrics
are presented in Tab. III. For the common-mode component,
two indicators are calculated: maximum frequency deviation
and peak RoCoF. For the differential-mode component,
the maximum amplitude of frequency relative deviation is
computed. It can be observed that both schemes exhibit
frequency differential-mode components during load distur-
bances. After 2 seconds of attenuation, the differential-mode
component 1 (with a fluctuation period about 0.61 s) no
longer exists in the frequency responses of either scheme.
However, Scheme 1 still contains another differential-mode
component (differential-mode component 2, with a fluc-
tuation period about 0.5 s), which is consistent with the
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FIGURE 8. Frequency regulation under irradiance fluctuation

perturbation time step of the VPPT algorithm and caused
by large-step tracking. Therefore, Scheme 2 (the fast fre-
quency regulation control scheme) effectively eliminates
differential-mode component 2. After increasing the iner-
tia response, it reduces both the common-mode frequency
change rate and the maximum amplitude of the differential-
mode frequency, demonstrating a certain inhibitory effect
on differential-mode component 1. Additionally, comparing
Fig. 12(a) and (b), when the load disturbance increases, the
transient frequency deviation in Fig. 12(b) exceeds 0.2 Hz.
During this period, although the PV units cannot further
increase their frequency regulation output and operate near
the maximum power point M, they still exhibit certain
common-mode and differential-mode frequency regulation
effects.

For a 150 kW sudden load increase, Fig. 11 compares PV
frequency responses obtained with different virtual inertia
coefficients, and Tab. IV summarizes the corresponding
common-mode and differential-mode indices. The inertia
coefficient has a significant impact on dynamic performance:
increasing it reduces the maximum frequency deviation and
RoCoF, and also lowers the relative frequency oscillation
amplitude between units. However, because PV headroom
is limited to 10% of rated power, the incremental benefit
diminishes as the inertia coefficient continues to increase.
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TABLE lll. Comparison of common-mode and different-mode frequency response performance under load sudden increase

Sudden load increase of 150 kW

Sudden load increase of 270 kW

Indicators Scheme 1  Scheme 2 Scheme 3 Scheme 1 Scheme 2  Scheme 3
Maximum of (f2 — f1) /Hz 0.038 0.022 0.040 0.072 0.047 0.073
Maximum of 0.5(f2 — f1) /Hz 0.263 0.192 0.322 0.519 0.372 0.578
Maximum of RoCoF /Hz/s 0.693 0.428 0.758 1.352 0.889 1.353
TABLE IV. Frequency response performance under different inertia coefficients
Indicators Scheme 1 Scheme 2 Scheme 3
Maximum of (f2 — f1) /Hz 0.023 0.192 0.041
Maximum of 0.5(f2 — f1) /Hz 0.243 0.233 0.322
Maximum of RoCoF /Hz/s 0.428 0.365 0.758
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FIGURE 10. Different-mode frequency response under load step disturbance
(increase)

When a sudden load increase of 270 kW occurs, the
differential-mode frequency responses of PV units under
bus 1 and bus 7 integration scenarios are illustrated in
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Fig. 12, with corresponding frequency response performance
indicators shown in Tab. V. The results indicate that the
maximum frequency deviation consistently occurs between
SG1 and SG2 across all control schemes. Scheme 1 ex-
hibits negligible suppression of differential-mode compo-
nents, while Scheme 2 effectively reduces the amplitude
of differential-mode components. Under different bus inte-
gration conditions, Scheme 3 demonstrates varying degrees
of differential-mode suppression. Notably, with PV units
integrated at bus 7, frequency deviations between SGI-
SG3 are significantly mitigated. In contrast, when PV units
are connected to bus 1, Scheme 2 achieves exceptional
suppression of differential-mode components between SG1
and SG3 (with near-zero maximum frequency deviation),
but inadvertently increases the frequency difference between
SG2 and SG3, where the maximum deviation exceeds that
observed in Scheme 1. This highlights that the integration
location of PV units critically influences the differential-
mode suppression performance of Scheme 2.

VI. CONCLUSION

This study develops a feedforward-enhanced fast frequency
regulation strategy for APR-operated PV units. By compar-
ing a conventional VPPT-based frequency regulation scheme
with the proposed control, the following conclusions are
obtained. In terms of frequency regulation functionality,
feedforward control can significantly reduce the frequency
regulation power response and rise time of PV units,
thereby enhancing their rapid power support capability. In
terms of frequency regulation effects, the proposed fast
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FIGURE 12. Different-mode frequency response under different connection nodes of PV System (Left column: PV is integrated to Bus 1, Right column: PV is
integrated to Bus 7)

TABLE V. Common mode and differential mode frequency response performance under different PV access positions

PV access busbar 1

PV access busbar 7

Indicators Scheme 1  Scheme 2 Scheme 3  Scheme 1  Scheme 2 Scheme 3
Maximum of (fo — f1) /Hz 0.046 0.035 0.046 0.047 0.035 0.046
Maximum of (f2 — f3) /Hz 0.028 0.035 0.027 0.027 0.019 0.027
Maximum of (f1 — f3) /Hz 0.029 0.007 0.022 0.021 0.016 0.020
Maximum of ((f1 + f2 + f3)/3) /Hz 0.325 0.028 0.363 0.324 0.027 0.363
RoCoF 0.808 0.548 0.808 0.807 0.613 0.807

primary frequency modulation with inertia support scheme
achieves the same steady-state frequency modulation effect
while effectively improving frequency dynamic response,
outperforming the VPPT frequency modulation scheme in
technical performance. Specifically, the proposed control
scheme not only reduces the rate of frequency change and
the maximum frequency deviation but also suppresses the
differential-mode component of frequency.

Small-signal model analysis of PV units participating
in frequency regulation indicates that, compared with the
VPPT frequency regulation scheme, the proposed con-
trol strategy improves the response of common-mode and

10968

differential-mode frequency components. Switching be-
tween VPPT and MPPT modes ensures that PV units will
not operate in the left unstable region of the P-U curve
following a sudden decrease in solar irradiance, thereby
preventing negative impacts on frequency regulation.
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APPENDIX

TABLE A. Simulation parameters

Photovoltaic unit parameters

Rated capacity Py /MW 0.5
Rated DC voltage /V 480
Circuit parameters Rated AC voltage /V 250
Filter inductor Ly /mH 0.06
Filter capacitor C'y /mF 5.1
Primary frequency regulation coefficient ks /(Hz - W—1) 2.5 x 10°
Inertia coefficient kg /(W - s - Hz~1) 3.1 x 10°
Control parameters Filter time constant 77 /s 0.01
Time delay constant g /s 0.5
Derating ratio d /% 10

Synchronous generator parameters

Capacity SG1, SG2 /MW 1
Inertia coefficient K j1, K jo /(kg-m2) 28.1, 70.3
Damping coefficient K p1, Kpo /(N-m-s-rad—1) 0
Droop coefficient R.,1, R.2 /pu 0.025
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