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Abstract: The fast frequency response (FFR) function in renewable energy source (RES)-based 

power stations has proved to be able to improve the frequency stability of power systems with high 

RES penetration significantly. However, most current FFR functions in photovoltaic (PV) power 

stations typically show power response deviations and unnecessary power loss issues that are 

caused by inadequate station power distribution strategies. This is particularly important in cases 

where the power must be increased when the system frequency shows a downward disturbance. 

This paper proposes a new distribution strategy for FFR in PV power stations and studies related 

distribution strategies, system structures, calculation algorithms, function execution effect, and ac-

tive power regulation technology. The proposed approach uses a proportional distribution strategy 

based on an evaluation of the real-time potential maximum power capability values of the subarrays 

or generation regions, which are evaluated using a few reference inverters located in every subarray 

or region. Real-site deployments and tests have been completed in PV power stations to verify the 

effectiveness of this new distribution strategy, and the proposed FFR solution using this distribution 

strategy has demonstrated strong performance and potential for wider application scenarios. 

Keywords: fast frequency response; photovoltaic power station; potential maximum power 

capability; station power distribution 

1. Introduction

Because of worldwide environmental deterioration and the fossil fuel-based energy 

crisis, many countries have declared goals for net zero carbon emissions [1–3]. Upon dec-

laration of the targets of peak carbon emission by 2030 and carbon neutralization by 2060, 

large numbers of renewable energy sources (RESs) have been installed in China, including 

wind power and photovoltaic power sources [4]. The high penetration of RESs into power 

systems and the reduced use of traditional thermal or hydrogen power plants have led to 

an obvious decline in system inertia [4–6]. The challenges associated with RES integration 

into the system’s frequency response, and the ways in which these challenges affect sys-

tem reliability, have been reviewed in [7]. The fast frequency response (FFR) service is a 

regulated power resource/product designed for rapid changes in the short-term fre-

quency caused by insufficient synchronization inertia in the power system. FFR is mainly 

generated by asynchronous power resources (e.g., photovoltaic, electrochemical battery 

energy storage, wind power, and fast adjustable loads) through inverters or relays. Using 

a combination of rapid power injection and a synchronous inertia response, FFR can pre-

vent rapid frequency change from occurring within a short time after a disturbance. This 

provides time to start up the primary frequency regulation mechanisms of thermal/hydro 

power and other inertia generator units based on governors in order to maintain the 

power system’s frequency stability. 
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Studies [8,9] have shown that RES systems with slow response capabilities have a 

significant negative impact on power system frequency security. To address this issue, 

RES stations equipped with FFR technology, with response times ranging from several 

hundred milliseconds to several seconds, are required to enhance the power system’s fre-

quency robustness and maintain system stability [1,4–6]. To evaluate and make the best 

use of the FFR capability of the target power system, there are two main challenges: they 

involve determining the potential maximum power capability (PMPC) value of the power 

system and finding an efficient strategy for power distribution between the generation 

units. The PMPC value of a photovoltaic (PV) power system represents the maximum 

available PV power headroom of the PV at a specific time, regardless of whether the 

power is actually being produced, e.g., during a power-limited state. Relevant factors in-

volved in the PMPC include the status of the power inverter/converter equipment, the 

solar radiation, the ambient temperature and humidity, the PV panel inclination, the wind 

speed, and the dust coverage. 

Although the FFR control system architecture in most PV power stations physically 

contains three-layer architecture (i.e., station, subarray, inverter), logically it may contain 

either two layers (station direct to inverter) or three layers (station, subarray data logger, 

inverter), which represent different distribution strategies. Existing research on FFR tech-

nology has rarely investigated the impact of intra-station power distribution on FFR, and 

the shortcomings of the current power distribution strategies in FFR projects for PV sta-

tions are usually ignored. 

At present, a large number of the FFR projects in PV stations in China have been 

verified by performing on-site testing [8–11]. However, they still show some deficiencies 

in terms of full utilization of the PMPC of the PV station. Although the PMPC value of the 

PV station is sufficient to meet the regulation power target requirements during the FFR 

process, the regulation method still involves a certain probability of unnecessary power 

abandonment. In particular, this can occur when the power station is operating in a lim-

ited power state and is then expected to increase power during a downward frequency 

disturbance without using a battery energy storage. 

Numerous studies have been published in the literature with regard to power distri-

bution strategies for PV power generation. The control strategies in these articles can be 

roughly divided into two categories [12,13]. The first strategy type requires each single 

inverter to participate actively in power regulation based on its own power response char-

acteristics during a frequency disturbance [13–16]. In [13], an active power generation 

method based on PV virtual synchronous inertia control technology was proposed. How-

ever, the algorithm was complex and would be difficult to commercialize in engineering 

terms. A power generation control strategy based on the quadratic interpolation method, 

with consideration of the Lagrange algorithm, was proposed in [14,15]. However, the con-

vergence and sharpness of this strategy remain dubious and require further study, espe-

cially under circumstances in which the external environment of the inverter or the PV 

module changes. A PV power distribution method that considered the load shedding rate 

of a single inverter was proposed in [17]. This strategy requires an advanced algorithm to 

perform accurate calculations and power allocation for the single inverter in the power 

system [18]. The algorithms above, based on independent execution of a single inverter, 

have mainly been used in small PV power systems with one or only a few inverters. How-

ever, they have not been used in PV power stations and thus will not be discussed in 

further detail in this paper. 

The second strategy is the power response method, based on the power order from 

the superior station-level power control system [19]. This strategy is the dominant power 

control method used in large- and medium-sized PV power stations, with control systems 

that contain an automatic generation control (AGC) system, an FFR control system, or a 

power plant controller (PPC) [20–22]. In [20], a rated capacity-based coordinated distribu-

tion strategy for PV stations was proposed for use under various response speed condi-

tions. Reference [21] presents an average strategy-based solution for AGC systems that 
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allocates power to each PV inverter by determining the power distribution range and the 

active power margin. In [22], the start-up and turn-off sequences of inverters with differ-

ent rated capacity types were allocated to improve the accuracy of the grid dispatching 

instructions, as well as the equipment lifetime of large PV power stations. The following 

three power distribution strategies for PV station control systems were summarized in 

[23,24]: (1) an average distribution strategy with respect to each individual inverter, (2) a 

proportional distribution strategy based on the maximum capability of each inverter, and 

(3) a cyclic sleep distribution strategy. The first strategy is used more frequently than the 

other two methods. For the second strategy, however, no feasible method was proposed 

for the evaluation of the real-time PMPC value of a single inverter, particularly when the 

inverter is in the limited power state. Therefore, the second strategy mentioned in this 

article is simply a virtual but impractical distribution concept. The third strategy is rarely 

used in real PV projects because of its ignorance of the main focus [24]. 

All the station control methods above fail to solve the FFR power response deviation 

problem and the unnecessary power loss problems in PV power stations. This paper pro-

poses a new distribution strategy and studies the internal power distribution strategies 

used between subarrays inside PV power stations for the FFR control system. A new sta-

tion distribution strategy is proposed, based on the evaluated real-time PMCP value of 

each subarray. In on-site testing, the effectiveness of the proposed new method is verified 

via comparison through the equally rated capacity and relatively fixed rated capacity-

based distribution strategies. 

2. Problems with the Traditional Structure and the Average Distribution Strategy 

In the early stages of PV power station development, the PV power station capacity 

was generally small (at approximately the 10 MW/20 MW levels), and centralized PV in-

verters with a rated power of 500 kW (0.5 MW) were in the majority in the market. Because 

of the small numbers of inverters used in these power stations, a two-layer logical control 

architecture (see Figure 1), from the station-level control system directly to the inverter, 

was generally used. Many power distribution articles have subsequently been published 

based on the use of this two-layer architecture [19–22]. However, with the ongoing devel-

opment of the PV industry and its technology, string inverters with smaller capacities, 

e.g., ranging from 20 kW up to 300 kW, are being used increasingly widely and are begin-

ning to occupy a leading position in the PV power station industry [19]. The rated power 

capacity of a single PV subarray (which corresponds to a step-up transformer) is also in-

creasing, from the early 1 MW level to the current 3 MW or more. As a result, there are 

often thousands of string inverters inside a PV station, with tens of string inverters being 

used inside each subarray [19,22–28]. For a typical 100 MW-scale PV power station, the 

number of string inverters used in the station may be around 2000 or possibly even more 

[19,29]. Direct power control of these thousands of inverters is difficult to implement be-

cause of the extremely high consumption of network and computing resources that would 

be required. Therefore, the traditional two-layer logical control architecture that was used 

in most PV power stations has been gradually replaced with a three-layer control archi-

tecture containing an intermediate subarray level [19] (see Figure 1). In this subarray level, 

the power distribution function between the terminal inverters inside the subarray is de-

ployed in the subarray devices, e.g., the data loggers shown in Figure 1. 
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Figure 1. Two- or three-layer fast frequency response (FFR) control system structure in photovoltaic 

(PV) power station. 

2.1. Response Time Constraint of FFR 

In China, the existing AGC power control systems of PV power stations currently 

perform secondary frequency regulation of the power system, and the regulation time 

requirements are relatively relaxed, generally reaching the minute level [23–28,30–34]. In 

some countries, this secondary frequency regulation function is implemented in the PPC 

[34–38]. The much longer minute-scale response time involved in secondary frequency 

regulation provides immunity to differences in the potential capability values of the in-

verters or subarrays used in the station. The entire station’s target power can then be ap-

proached using an average distribution strategy after multiple rounds of fine tuning of 

each subarray or power generation unit contained in the station [19,39,40]. Most FFR con-

trol systems inherited this average distribution strategy [9,10]. However, in faster primary 

frequency modulation or FFR frequency modulation tasks, where the time required is 

much shorter (5 s or less for PV stations in China), the multiple fine-tuning approach based 

on two or more rounds of tuning is not feasible for most current PV power stations with 

traditional inverters and communication structures because of time limitations; a single-

round precise power response is thus applicable to these power stations [9,10,39,40]. 

Therefore, a more accurate distribution strategy is required to produce a better response 

time performance. 

2.2. Traditional Average Distribution Strategy  

In FFR control systems, apart from the intrinsic system communication structure and 

the inverter’s power response capability, the first-round power distribution, communica-

tion and execution effects are most important [9,41–43]. In some conventional PV power 

stations, several subarrays are selected from among all the subarrays and are set as refer-

ence subarrays to evaluate the total PMPC value for the entire power station (as usually 
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required by the PV station’s power prediction system). This means that all the inverters 

in every selected reference subarray operate in the natural maximum power point track-

ing (MPPT) mode without a power limit [7,8,32,35,44]. The PMPC value of each subarray 

is then processed based on the average real power output value of the reference subarrays, 

and the average strategy is also realized as a result without reflecting the diverse capabil-

ities of the other normal subarrays with different terrains or sun radiance values. 

In the AGC systems or FFR control systems in traditional PV power stations, the sta-

tion control system normally decomposes the total station target power value and then 

distributes it to all subarrays or inverters by scaling it with respect to their rated capac-

ity(average). 

Ar _ rate _ Ar _ rate _

Ar _ _ station _ station _

station _ rate
Ar _ rate _

1

=
k k

tgt k tgt tgt N

j

j

P P
P = P P

P
P

=

 


 

(1) 

where Ar _ _tgt kP
 is the final target power of subarray k (k = 1,2,…N) and station _ tgtP

 is the 

total target power value of the station, calculated using the FFR control system or some 

other station control system. 

Ar _ rate _ kP
 and Ar _ rate _ jP

are the rated power capacities of the kth and jth subarrays, re-

spectively. station _ rateP
 is the rated power capacity of the entire station, i.e., the rated capac-

ity of a 10 MW to 100 MW PV power station. These capacities are generally fixed after the 

commissioning test of the power station. In many PV power stations, the rated capacities 

of every PV subarray have the same value, and Equation (1) can then be simplified as 

Equation (2):  

Ar _ _ station _

1

N
tgt k tgtP = P 

 
(2) 

This is equivalent to the average power distribution in all subarrays. Therefore, this 

distribution strategy is also called an average strategy. 

In a PV power station with reference subarrays, the reference subarray value is used 

to help the power station to evaluate the PMPC value for the entire station. The power 

evaluation strategy for the entire station applies an average of n reference subarrays to all 

N subarrays of the complete station. The total power evaluation strategy for the entire 

power station involves the assumption that the station contains N subarrays, among 

which n subarrays are set as the reference subarrays. The PMPC value of the reference ith 

subarray is defined as Ar_iP , (i = 1... n), and the average PMPC value of the n reference 

subarrays in the station is given by ArP  in Equation (3): 

n

Ar_

1

Ar
n

i

i

P

P ==


 

(3) 

The average PMPC value of each subarray is defined approximately as AiP
, which is 

equal to the average ArP
 of these reference subarrays, as given by Equation (4). 

Ai Ar=P P
 (i=1……N) (4) 

The real-time PMPC value for the entire station is then given by: 

Station _ max Ai= NP P 
 

(5) 

Generally, all the calculations above are completed in the distribution software mod-

ule in the station control system, with little participation from the subarray or the inverter. 
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The potential power differences among the scattered PV subarrays are ignored, and it is 

then easy to develop and deploy this approach for several data acquisitions or setting 

requirements. This is the most important advantage of this average strategy [20,23,32]. 

For a PV power station with reference subarrays, the total target power of the station 

comprises two parts: the power output of the reference subarrays, and the power output 

of the normal subarrays. However, the reference subarrays do not need to be distributed, 

and operate in their natural MPPT mode. Then, the remaining target power is equal to the 

total target power value, minus the accumulated sum of the powers of these reference 

subarrays (as given in Equation (1)), and this power will be decomposed and allocated 

among most of the other normal subarrays. The updated distribution equation is given as 

follows: 

n
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(6) 

2.3. Distribution Effect Analysis of Traditional Average Strategy  

In small PV power stations, or in stations with plain areas in cloudless weather, the 

average power distribution assignment given above is effective because all inverters and 

PV panels in the subarrays generally have identical or similar power generation capabili-

ties. However, in large-scale PV power stations, e.g., 100 MW-level PV power stations in 

mountainous areas or in plain areas with clouds, the differences between the PV subarrays 

become obvious under diverse environmental or sun radiation conditions, and the use of 

an inappropriate control strategy leads to a deviation from the control target. For example, 

on the point-of-connection (POC) side after the first round of FFR power distribution, 

there may be a non-negligible and obvious deviation from the intended target station 

power value, although the real-time total maximum power generation capability of the 

power station can still meet the regulation requirements. 

To explain how power generation capability differences between the subarrays lead 

to a poor FFR function implementation effect, a simplified explanation is provided as fol-

lows (as shown in Figure 2). Assuming that the total rated power of a PV power station is 

100 MW, the station can then be divided into two parts, with 50 MW of power for part A 

and 50 MW of power for part B. It should be assumed that, at a certain time, the PMPC 

value of part A is evaluated to be 44 MW for sunny weather because it has better solar 

radiance and a better geographical environment, while that of part B is evaluated to have 

a lower value of 38 MW because of cloudy weather and poorer environmental conditions. 

Therefore, the real-time total power capability value for the entire station is 82 MW. At 

this time, it is assumed that the target power value calculated using the FFR, based on the 

demand for frequency regulation, is 80 MW. Because the station’s FFR control system does 

not know the available PMPC values of either part A or part B, it normally decomposes 

the 80 MW total evenly into two parts based on equally rated capacities of 40 MW each. 

For part A, the target 40 MW value will be achieved successfully, with 4 MW of PV power 

being either curtailed or abandoned. However, for part B, the total power of 38 MW will 

be the actual power output, because only 38 MW of power is available inside part B. The 

total power output of the entire station is then only 78 MW, which is 2 MW lower than the 

original 80 MW target. 
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Figure 2. Power distribution effect of traditional average strategy. 

The reason why the unsuccessful power distribution and execution result was ob-

tained for the entire station, as described above, is that unreasonably high distribution 

values were allocated to subarrays with low PMPC values, while low target values were 

allocated to subarrays with high PMPC values, thus resulting in their power outputs being 

capped with subsequent power losses. Finally, this approach leads to power deviation 

from the FFR target value, with evident power losses and even penalties. Better distribu-

tion strategies are expected to aid in improving this performance.  

3. Proportional Distribution Strategy Based on Subarray PMPC Value 

3.1. Methods to Evaluate the PMPC Value 

The problem with the traditional distribution strategy is that it treats each of the 

subarrays indiscriminately [8,9,23,24]. The solution to this problem is to evaluate the dif-

ferent PMPC values of the inverters and the subarrays efficiently. However, in current PV 

power stations, no direct data are recorded for the PMPC values of the inverters or subar-

rays, even in the current PV power station prediction systems [34]. It is a major challenge 

for a PV power station that maintains reserves to monitor its PMCP value and thus the 

power headroom available, which varies with irradiance and temperature variations [35]. 

In [35], a photovoltaic model-based method was proposed, and it summarized that 

three main different estimation philosophies have been proposed in the literature. These 

estimation philosophies are: (1) based on irradiance and temperature sensors, (2) based 

on photovoltaic models, and (3) based on reference inverters. However, the sensor-based 

method suffers in accuracy because of the inevitable measurement errors and the devia-

tions of the actual PV system parameters [35]. The photovoltaic model-based method is 

promising and may be beneficial for the implementation of a proportional distribution 

strategy. At present, however, this method also suffers from two main difficulties in en-

gineering practice: (1) it is difficult to digitalize all types of photovoltaic panel model on 

the inverter or subarray side; and (2) it is difficult to update the photovoltaic models con-

tinuously during long-term operations, particularly when all types of external factors, in-

cluding dust coverage and panel cracking, are considered. For the remaining reference 
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inverter-based method, the main idea of use of this reference inverter in a traditional con-

trol system is that the capabilities of each inverter or subarray are equal in different subar-

rays at any time. Unlike the traditional scheme, this paper proposes the use of a more 

accurate estimation scheme, based on reference inverters, to estimate the PMCP of the 

power station, and specifically the PMCP value for each subarray, which is much more 

accurate when compared with the traditional equal methods with reference inverters. 

The new proposed method for reference inverters involves the scattering of a small 

number of inverters within each subarray, rather than the gathering of large numbers of 

reference inverters to form one or several reference subarrays, which means that all in-

verters in these subarrays work in the MPPT mode with no power limit. The reference 

inverter in each subarray outputs the actual natural power directly, thus truly reflecting 

the effects of numerous factors on this subarray, including the sun radiation intensity, the 

air pressure, temperature, humidity, the panel’s cleanliness, panel tilt, the panel aging 

level, the photoelectric conversion efficiency, and the line loss. By calculating average val-

ues for each inverter based on these scattered reference inverters, the PMPC value can be 

derived for each subarray. The new distribution strategy proposed later in the paper is 

based on this approach. 

3.2. Proportional Distribution Algorithm  

For simplicity, to calculate the PMPC value for a local area or a subarray, we select a 

PV power station with string inverters as an example. Assuming that there are N subar-

rays in this power station, and that each subarray contains n inverters, including s refer-

ence inverters, there are then n−s units in the subarray involved in power regulation. We 

detect the respective natural maximum power values for each of the s reference inverters 

Psi at a specific time t. Then, the average natural maximum power of the s reference invert-

ers in the subarray is siP , as shown in Equation (7). 

s

1

s

s

i

i

i

P

P
s

==


 

(7) 

The average PMPC value of the inverters within this subarray 𝑷𝒏𝒕  is then given ap-

proximately by Equation (8). 

𝑷𝒏𝒕 ≈ 𝑷𝒔𝒊 (8) 

Furthermore, the real-time total PMPC value of this kth subarray 𝑷Ar _𝐦𝐚𝐱 _ 𝒌 is: 

 𝑷Ar _𝐦𝐚𝐱 _ 𝒌 = 𝑷𝒏𝒕 × 𝒏 ≈ 𝑷𝒔𝒊 × 𝒏 , 𝒌 = 𝟏, 𝟐, … 𝑵 (9) 

It is recommended that the software calculations described above, including that for 

Ar _ max_ kP
, are performed in the data logger of each subarray (as shown in Figure 1) accord-

ing to the principle of nearby distributed deployment. Naturally, the calculations can also 

be performed in the station-level control system. In this case, the data collection and cal-

culation loads of the station-level acquisition and control system will be comparatively 

heavy. The real-time PMPC value of the complete station is then given by: 

Station _ max Ar _ max_

1

=
N

j

j

P P
=


 

(10) 

When compared with the PMPC obtained from Equation (5) for the traditional refer-

ence subarray-based average strategy, the new strategy proposed above is much more 

elaborate and accurate. The value determined for the entire power station using the new 

strategy is accumulated using detailed power capability evaluations of every subarray 

and power generation component. This is more accurate than using the average value for 

the reference subarrays, multiplied by the total number of subarrays.  
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The cost of this approach involves the costs of first setting reference inverters in each 

subarray, then having the data logger in each subarray collect real-time data from these 

reference inverters, and subsequently calculating, evaluating, and sending the PMPC 

value for each subarray to the station control system (e.g., the FFR control system, the 

AGC, or the PPC). These additional setup, development, and deployment operations and 

costs represent the shortcomings or difficulties of the newly proposed strategy. 

The station-level power control system can then decompose and distribute the sta-

tion’s total target power, station _ tgtP , into each subarray with reference to the real-time 

PMPC value for each subarray, as given by Equation (11). 

Ar _ max_

Ar _ _ station _

Station _ max
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station _

Ar _ max_

1

             =

k

tgt k tgt

k

tgt N

j

j
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=


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(11) 

where Ar _ _tgt kP
 is the final target power of the kth subarray (k = 1,2,…N). Ar _ max_ kP

 and 

Ar _ max_ jP
 are the real-time subarray PMPC values of the kth and jth subarrays obtained 

from Equation (9). 

3.3. Distribution Effect Analysis of the Proportional Strategy 

Through comparison with Figure 2, the power distribution effect shown in Figure 3 

explains the improved effect of the proposed distribution strategy. As long as the total 

target value remains lower than the total PMPC value of the entire power station, then 

according to the evaluated PMPC values for the different subarrays or regions, appropri-

ate power target values are allocated that normally lie within the power capability scope 

of each target subarray. This reduces the total power deviation as far as possible.  

Rated 50MW

Current PMPC：44 MW

A
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B

Control Target : 80MW
Total Rated: 100MW

Current total PMPC：82MW

Station Power 

Control 

System(FFR)
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=42.9
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Figure 3. Power distribution effect of real-time proportional algorithm. 
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4. Comparison and Analysis of the Two Distribution Strategies 

Equation (12) compares the two power distribution strategies. It is not difficult to see 

that the core idea of both distribution algorithms is to distribute the target values propor-

tionally based on a specific amount. The difference between these methods is that the for-

mer strategy corresponds to the constant rated capacity values for the subarrays or invert-

ers, while the latter strategy corresponds to the varying PMPC values for the subarrays. 
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(12) 

where Ar _ _tgt kP
 is the final target power of the kth subarray (k = 1,2,…N), and 

Ar _ max_ kP
 and Ar _ max_ jP

 are the real-time subarray PMPC values for the kth and jth subar-

rays, respectively, as obtained using equation (9). 

Based on Equations (7)–(9), the real-time PMPC value of the subarray Ar _ max_ kP

(where k represents the kth subarray in the station) can be obtained based on the reference 

inverters within each subarray. 

4.1. Relationship between the Two Strategies 

Under the condition that all inverters in the entire station have the same power gen-

eration capability, because they are operating under similar weather and other related 

conditions, at a specific time T, the PMPC value of each subarray is proportional to its 

rated capacity, and they share the same percentage value, which is assumed to be c%. 

 𝑷Ar _𝐦𝐚𝐱 _ 𝒌 = 𝒄% × 𝑷Ar _𝐫𝐚𝐭𝐞 _ 𝒌 (13) 

where 0 ≤ c% ≤ 1; then, the key Equation (11) of the proportional strategy can be de-

duced further, as shown by Equation (14): 
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1 1
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 





 



 (14) 

In this case, the proportional algorithm evolves into the average algorithm, as given 

by Equation (1). Furthermore, the rated capacity of each subarray is the same in many PV 

power stations. Therefore, in these more specific cases, the distribution algorithm given 

in Equation (14) can be further simplified into the form of Equation (15), which is the same 

as the equal average distribution strategy given by Equation (2). 

𝑷Ar _ 𝒕𝒈𝒕 _ 𝒌 = 𝑷station _ 𝒕𝒈𝒕 ×
𝑷Ar _𝒓𝒂𝒕𝒆_ 𝒌

∑ 𝑷Ar _𝒓𝒂𝒕𝒆_ 𝒋
𝑵
𝒋=𝟏

= 𝑷station _ 𝒕𝒈𝒕 ×
𝟏

𝑵
 (15) 

The proportional strategy, based on the PMPC values of the subarrays and the refer-

ence inverters, contains the traditional average distribution strategy on a higher level. It 

is thus compatible with the traditional method in certain specific application scenarios. 
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4.2. Error Performance Comparison between the Two Strategies 

Figure 4 shows a comparative error analysis of the two distribution strategies, un-

dertaken to enable a comparison of their error performances. Assuming that there are N 

subarrays in the station, and by taking the subarrays to be the local areas for the analysis, 

the maximum, minimum, and average powers generated by each subarray in the station 

at a specified time are called Pi-max, Pi-min, and Pi-avg, respectively. 

100%
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Figure 4. Deviation error curves of the average and proportional distribution strategies and the 

probability of error occurrence. 

1. When Pstation_tgt satisfies the relation Pstation_tgt ≤ N × Pi_min, 

The effects of the two distribution strategies are almost identical. The theoretical 

value of the response error deviation α% (from the deviation rate curve for the average 

strategy) for the full-station averaging method and the deviation β% (from the deviation 

rate curve for the proportional distribution) for the proportional distribution strategy are 

both zero, as shown in zone ① in Figure 4. 

_ _   
: % 0

when
Pr op : % 0

 station tgt i minP P
Avg

N




=


=
 

  

(16) 

2. When Pstation_tgt increases and satisfies the relation  

N × Pi min ≤ Pstation_tgt ≤ Pmax,   

where the real-time PMPC value of the entire station is Pmax= N × Pavg, which corre-

sponds to zone ② in Figure 4, the deviation of the average strategy in this area starts to 

increase, while the deviation of the proportional distribution remains at zero. The two 

deviation rates in this case are given separately as: 

station_tg

_ station _ max

t

1

station_tgt

( / )

: % 10

when 

0%,

Pr op : % 0, N i min tgt

k

i

i

P P
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P
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 =  

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

 

(17) 



Energies 2022, 15, 8923 12 of 20 
 

 

Here, iP  is the actual output of subarray i, and k is the number of subarrays with a 

PMPC value less than station_tgt /P N
, which is the average power requirement for all the 

subarrays. 

3. When Pstation_tgt satisfies the relation Pstation_tgt > Pmax, 

Pmax is the real-time PMPC value for the entire station, and the proportional strategy 

deviation β% starts to increase gradually from zero, as shown in Equation (18). 

Ar_tgt_i
station_tgt max1

station_tgt station_tgt

( )

% 100%

n

i

i

P P
P P

P P
 =

−
−

= = 


 

(18) 

where Ar_tgt_iP
 is the power target value assigned to the ith subarray using the propor-

tional strategy in accordance with the PMPC evaluation results that were obtained based 

on the reference inverter in each subarray, and Pi is the real-time power output of the ith 

subarray. The deviation of the average strategy is extended to all subarrays beyond this 

point (see Equation (19)). 

station_tgt

1

station_tgt

| ( / ) |

% 100%

n

i

i

P N P

P
 =

−

= 


 

(19) 

During this period, the deviation of the average strategy is composed of two aspects: 

first, the PMPC value of the subarray does not reach the required average target value 

Pstation/N for each subarray, and second, the PMPC value exceeds the Pstation/N value 

and is limited by the average value of Pstation/N. In contrast, the deviation of the propor-

tional strategy is composed only of the part of the deviation that exceeds the PMPC value 

of the entire station. In this case, the deviation of the average strategy is obviously greater 

than that of the proportional strategy. 

4. When Pstation_tgt satisfies the relation Pstation_tgt ≥ N × Pi-max, 

The target power value then increases further to reach or even exceed N × Pi-max, 

and the power value allocated to each subarray via the average strategy must be Pi-max, 

or may even exceed that value, i.e., the PMPC value of all the subarrays is guaranteed, no 

more subarrays are operating in the limited power state, and the deviation between the 

two distribution strategies converges to the following: 

station_tgt max

station_tgt

% % 100%
P P

P
 

−
= = 

 

(20) 

The deviations that occur under the two distribution strategies thus reach the same 

value (i.e., point Q in Figure 4), and the deviation values of the two strategies then remain 

equivalent thereafter and will gradually approach the limit value of 100% simultaneously. 

Figure 4 depicts the complete deviation process for the two strategies. In practice, 

given that the issued or generated station power target values are mostly lower than the 

PMPC value for the entire station, i.e., Pstation_tgt < Pmax, corresponding to zones ① 

and ② in Figure 4, the deviation of the proportional strategy is smaller than that of the 

average strategy, which means that the regulation response precision of the proportional 

algorithm is better. The occurrence probability characteristic in Figure 4 shows the occur-

rence probabilities for the four zones, which were derived from the incomplete probability 

statistics of some PV power stations. 
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5. Application Test and Analysis 

Recently, the related implementation technologies were tested and verified in onsite 

FFR application in the Zhengyuan PV power station (which has plain areas with a few 

small hillsides) in the Inner Mongolia Autonomous Region, China. 

The four curves shown in Figure 5 are: 

① Subarray target power issued by the station system (blue) 

② Subarray real power output value (red) 

③ Subarray real-time PMPC curve (green) 

④ Subarray three-day average PMPC curve (black) 

 

Figure 5. Power curves for the potential maximum power capability (PMPC) and the real power 

output in a PV subarray. 

5.1. Calculation of Subarray PMPC Value 

The Zhengyuan PV power stations are based on string PV subarrays, each of which 

contains 30 string inverters with a rated power of 33 kW. To test and verify the feasibility 

of subarray PMPC value calculations based on the reference inverters, a subarray in the 

Zhengyuan PV power station was selected at random, and the original curves recorded 

and drawn by the station’s AGC system are shown in Figure 5. The blue curve marked as 

① is the target power value given to the target subarray, which was simulated and issued 

by the station AGC system. The red curve marked as ② is the actual output power value 

from the target subarray, which was measured using the step-up transformer measure-

ment and control device of the subarray. The green curve marked as ③ is the real-time 

PMPC value, calculated over one day using the data logger of this subarray based on the 

reference inverters and using Equations (7)–(9). Finally, the black curve marked as ④ is 

the three-day average (measured at the same time every day) PMPC value of the subarray. 

As shown in circles A and B in Figure 5, when the station’s dispatching target power 

value exceeds the PMPC value of the subarray, the actual power output curve ② of the 

subarray is then enveloped or limited by the PMPC value curve ③. This effectively proves 

that the calculated subarray PMPC value, based on the reference inverters, reflects the 

actual maximum power output capability of the subarray at that time accurately. 

Additionally, the green real-time PMPC value curve ③ is centered around the 

smoother three-day average PMPC value curve ④. When the target power value of the 

subarray is lower than the current real-time PMPC value of the subarray, the data logger 

in the subarray can then control the inverters in the subarray to limit the power output to 

the target value (limited power mode). 
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In addition, five representative subarrays (in the flat area, at the top of a hillside, on 

a bright hillside, on a shady hillside, and at the bottom of a hillside) in the Zhengyuan PV 

power station were selected as five typical generation components for research. One in-

verter was selected from every 30 inverters in each of the five subarrays to act as a refer-

ence inverter (the test conditions and workloads limited the selection of additional refer-

ence inverters in each subarray, although that would be preferable). The site record started 

at a time T (e.g., 10 am, 2 pm) on a specified day in October, as shown in Table 1. Then, 

Equation (9) was used to calculate the PMPC value tables for each subarray, starting at 

time T. 

Table 1. Comparison of calculated potential power with real output power. 

Subarray 

Name 

Power Value 

Type 

PMPC Calculation and Actual Output Power Value(kW) 

Time 

T0 

5s 

Later 

5 min 

Later 

15 min 

Later 

30 min 

Later 

1 h 

Later 

A1 
Evaluated PMPC 778 774 759 770 749 779 

Actual Output 770 778 772 763 754 768 

A2 
Evaluated PMPC 829 828 805 816 801 817 

Actual Output 820 820 818 810 806 806 

A3 
Evaluated PMPC 754 760 761 767 769 761 

Actual Output 769 765 763 762 763 767 

A4 
Evaluated PMPC 751 759 768 778 783 772 

Actual Output 759 755 763 768 770 778 

A5 
Evaluated PMPC 843 844 845 840 841 852 

Actual Output 831 832 834 836 837 838 

During the test period, all inverters in these five subarrays were in the natural maxi-

mum power (i.e., not limited) state; the true natural power output values of the five subar-

rays were then recorded every 5 s using the station’s supervisory control and data acqui-

sition (SCADA) system. The values at six representative specific time instants, designated 

T0, T0 + 5 s, T0 + 5 min, T0 + 15 min, T0 + 30 min, and T0 + 1 h, were recorded as shown in 

Table 1. 

According to Table 1, the maximum absolute error between the PMPC values, calcu-

lated based on the reference inverters and the real natural maximum power output values, 

obtained using all the inverters in these subarrays is 1.68%, and the average absolute error 

is 0.93%. 

A comparative analysis of the curves and data presented above shows that the abso-

lute error between the subarray PMPC value, calculated based on the reference inverter 

and the actual measured maximum power output value of the subarray, is <2%. 

5.2. Response Performance Comparison of FFR Based on Different Strategies  

In this power station, ten subarrays were selected to form a virtual 10 MW power 

station for two different strategies based on the FFR control response test. The test data is 

shown in Table 2. The testing recorded different distribution strategies for different power 

capability and frequency disturbance types. 
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Table 2. Test Record of Different Distribution Strategies. 

No 

Theory 

Power 

Ability 

(MW) 

Stratage 

Type 

Freq 

Disturb 

Type 

Freq 

Step 

Target (f/Hz) 

Response 

Time(s) 

Power 

Before 

Step 

(MW) 

Power 

After 

Step 

(MW) 

Error 

(%) 

Qaualified 

(Y/N) 

1 4.10  AVG 

Freq 

Upward 

50.21  3.08  2.50  1.47  0.30  Y 

2 4.20  AVG 50.21  3.20  2.50  1.48  0.20  Y 

3  8.47  AVG 50.21  4.06  7.74  6.73  0.10  Y 

4 9.01  AVG 50.21  4.28  7.59  6.60  0.10  Y 

5 4.52  AVG 50.21  3.06  4.52  3.50  0.20  Y 

6 4.21  AVG 50.21  6.42  4.21  3.18  0.30  Y 

7 4.08  PROP 

Freq 

Upward 

50.21  3.10  2.50  1.48  0.20  Y 

8 4.23  PROP 50.21  3.17  2.50  1.49  0.10  Y 

9 4.38  PROP 50.21  3.12  4.38  3.35  0.30  Y 

10 4.10  PROP 50.21  3.14  4.10  3.08  0.20  Y 

11 8.65  PROP 50.21  3.56  7.73  6.76  0.30  Y 

12 8.93  PROP 50.21  3.75  7.34  6.35  0.10  Y 

13 4.25  AVG 

Freq 

Down 

ward 

49.79  1.94  2.47  3.47  0.00  Y 

14 4.50  AVG 49.79  1.86  2.50  3.52  0.20  Y 

15 4.61  AVG 49.79  / 3.50  4.25  2.50  N 

16 4.42  AVG 49.79  / 3.50  4.21  2.90  N 

17 8.56  AVG 49.79  2.98  6.00  6.95  0.50  Y 

18 8.48  AVG 49.79  3.10  6.00  6.96  0.40  Y 

19 7.05  AVG 49.79  / 5.95  6.67  2.80  N 

20 8.32  AVG 49.79  / 7.30  8.04  2.60  N 

21 4.27  PROP 

Freq 

Down 

ward 

49.79  1.96  2.47  3.48  0.10  Y 

22 4.38  PROP 49.79  1.92  2.50  3.48  0.20  Y 

23 7.90  PROP 49.79  3.34  6.79  7.81  0.20  Y 

24 8.20  PROP 49.79  2.87  6.85  7.85  0.00  Y 

25 7.10  PROP 49.79  2.98  5.99  6.95  0.40  Y 

26 7.21  PROP 49.79  3.10  5.80  6.82  0.20  Y 

27 8.34  PROP 49.79  3.34  7.20  8.17  0.30  Y 

28 8.47  PROP 49.79  3.42  7.30  8.32  0.20  Y 

The test results in Table 2 show that, when the frequency is disturbed upward and 

the PV power station needs to either reduce or suppress its output power, the difference 

between the two strategies is very small. Both strategies can normally meet the system 

requirements in this case (nos. 1–6 are based on the average strategy and nos. 7–12 are 

based on the proportional strategy). 

The difference between the two strategies is mainly illustrated during a downward 

frequency disturbance, namely, when the PV power station is required to increase its out-

put power. This is particularly important in the case where the target power is close to the 

theoretical PMPC value of the entire power station. In this case, it is sometimes difficult 

to reach the target power point for the entire station when using the average strategy (see 

nos. 15, 16, 19, 20), although the target value at that time was lower than the station’s 

theoretical PMPC value. This resulted in an FFR response failure to generate the target 

power (for a clear comparison, several rounds of fine tuning were not used in the average 

strategy; if they had been used, the response time would still not have been satisfied). In 

contrast, the proportional distribution strategy can reach the target power point success-

fully in almost all cases, which even occurs in some cases where the target power is very 

close to the power station’s theoretical PMPC (see nos. 21–28). This strategy is thus suita-

ble for use in fast frequency modulation applications in a variety of situations and offers 

a broader range of application scenarios. 
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5.3. Analysis of Typical FFR Response Based on the Two Strategies 

Figure 6 shows the FFR response curve obtained when using the average strategy 

during an upward disturbance of the power grid frequency (related to no. 3 in Table 2). 

This curve indicates that the system can provide the adaptive fast frequency modulation 

power regulation response for the entire station, with the required response time and ac-

curacy. A small overshoot will sometimes occur, but the system soon returns to the target 

value. 

 

Figure 6. Frequency upward step with successful FFR (average) response waveform. 

Figure 7 shows the FFR response curve obtained when using the proportional distri-

bution strategy during an upward disturbance. This type of upward frequency disturb-

ance requires the power station to reduce its power. The effects of these two strategies are 

similar and they can both probably meet the power grid’s requirements. 

 

Figure 7. Frequency upward step with successful FFR (proportional) response waveform. 
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However, when a downward frequency disturbance requires the power station to 

increase its output power, and particularly when the frequency modulation target power 

is close to the evaluated PMPC value of the power station, the frequency modulation re-

sponse results obtained for the two strategies differ significantly. Figure 8 shows an un-

successful FFR, obtained with the average strategy response curve for a power grid down-

ward frequency disturbance (related to no. 19 in Table 2). At that time, the evaluated 

PMPC value of the station was approximately 7.05 MW. When the system frequency made 

a downward step to 49.79 Hz, the regulation target value of the FFR was required to in-

crease by 1 MW from the original value of 5.95 MW to 6.95 MW. However, after the de-

mand was distributed evenly to each subarray, the total output power from the entire 

station was only 6.67 MW, which represents a deviation of 0.28 MW. When compared 

with the target power increment demand of 1 MW, the response error reached 28% (the 

system error for the entire station’s 10 MW output was 2.8%).  

 

Figure 8. Frequency downward step with unsuccessful FFR (average) response waveform. 

Figure 9 shows the successful FFR obtained in a similar scenario when using the pro-

portional strategy for a power grid downward frequency disturbance (related to no. 25 in 

Table 2). At that time, the evaluated PMPC value of the station was approximately 7.10 

MW. The regulation target value of the FFR during the downward disturbance was to 

increase by 1 MW from the original value of 5.99 MW to 6.99 MW. The proportional dis-

tribution strategy successfully achieved an output of 6.95 MW, with only a 2% deviation 

error (0.2% for the overall system error). 
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Figure 9. Frequency downward step with successful FFR (proportional) response waveform. 

6. Conclusions 

With the increasing proportion of RES energy usage in power systems, these new 

energy sources are now urgently required to provide high FFR performance to ensure 

reliable and safe operation of their power systems [1,6,45]. Among the attempts to address 

the problems of power deviation, losses, and response timeouts in current PV power sta-

tion FFR processes, this paper analyzes the power distribution strategies for station con-

trol systems systematically. Particular emphasis is placed on FFR, and a new power dis-

tribution strategy is proposed based on the PMPC value of each subarray, which can be 

evaluated using internal reference inverters. It is proved in FFR application tests that the 

proportional distribution strategy, based on the different PMPC values of each subarray, 

provides better performance with reduced power deviation and faster response speeds. 

This is particularly important when the system requires the power station to increase its 

output power. It is also confirmed that the proposed proportional strategy contains the 

traditional average distribution strategy at a higher level. The proposed strategy is com-

patible with the traditional method in certain specific application scenarios. Finally, a 

comparative analysis of the response deviations that occurred during use of the different 

strategies has also been presented.  

Based on the analysis and tests described above, it is possible to predict that the pro-

portional distribution strategy may provide better performances in other station-level 

control applications in the future, e.g., active or reactive power control from a dispatching 

center. However, such applications will be considered in future studies. 
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Abbreviation 

FFR fast frequency response 

RES renewable energy source 

PV photovoltaic 

PMPC potential maximum power capability 

AGC automatic generation control 

AVC automatic voltage control 

PPC power plant controller 

POC point of connection 

MPPT maximum power point tracking 

SCADA supervisory control and data acquisition 
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