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Abstract

The high rate of change of frequency (RoCoF) issue incurred by the integration of renewable energy sources (RESs) into a

modern power system significantly threatens the grid security, and thus needs to be carefully examined in the operational

planning. However, severe fluctuation of regional frequency responses concerned by system operators could be concealed by

the conventional assessment based on aggregated system frequency response. Moreover, the occurrence probability of a high

RoCoF issue is actually a very vital factor during the system planner’s decision making. Therefore, this paper proposes a

fast-algorithmic evaluation method to determine the probabilistic distribution of regional RoCoF for the operational planning

of a RES penetrated power system. Firstly, an analytical sensitivity (AS) that quantifies the relationship between the regional

RoCoF and the stochastic output of the RES is derived based on the generator and network information. Then a linear

sensitivity-based analytical method (LSM) is established to calculate regional RoCoF and the corresponding probabilistic

distribution, which takes much less computational time when comparing with the scenario-based simulation (SBS) and involves

much less complicated calculation procedure when comparing with the cumulant-based method (CBM). The effectiveness and

efficiency of the proposed method are verified in a modified 16-machine 5-area IEEE benchmark system by numerical SBS and

analytical CBM.
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 

Abstract—The high rate of change of frequency (RoCoF) issue 

incurred by the integration of renewable energy sources (RESs) 

into a modern power system significantly threatens the grid 

security, and thus needs to be carefully examined in the 

operational planning. However, severe fluctuation of regional 

frequency responses concerned by system operators could be 

concealed by the conventional assessment based on aggregated 

system frequency response. Moreover, the occurrence probability 

of a high RoCoF issue is actually a very vital factor during the 

system planner’s decision making. Therefore, this paper proposes 

a fast-algorithmic evaluation method to determine the 

probabilistic distribution of regional RoCoF for the operational 

planning of a RES penetrated power system. Firstly, an analytical 

sensitivity (AS) that quantifies the relationship between the 

regional RoCoF and the stochastic output of the RES is derived 

based on the generator and network information. Then a linear 

sensitivity-based analytical method (LSM) is established to 

calculate regional RoCoF and the corresponding probabilistic 

distribution, which takes much less computational time when 

comparing with the scenario-based simulation (SBS) and involves 

much less complicated calculation procedure when comparing 

with the cumulant-based method (CBM). The effectiveness and 

efficiency of the proposed method are verified in a modified 16-

machine 5-area IEEE benchmark system by numerical SBS and 

analytical CBM. 

 
Index Terms—Renewable energy sources (RESs); Regional 

RoCoF; Model-based operational planning; Linear sensitivity-

based method (LSM); Cumulant-based method (CBM).  

 

I. INTRODUCTION 

HE integration of renewable energy sources (RESs) brings 

an increasing number of stochastic disturbances into power 

systems [1-4] and meanwhile considerably reduces the system 

inertia [5-7], which hence incurs higher rate of change of 

frequency (RoCoF) than ever before [8, 9], and sometimes even 

serious incidents [10]. The recent London blackout on 9 August 

2019 has drawn a wide attention, and the official investigation 

report [10] indicates that a sudden reduction in the power output 

of the Hornsea offshore wind farm has worsened the RoCoF 

significantly, which further causes the enormous loss of both 

generations and demands. Hence, there is a pressing need to 

evaluate the impact of stochastic variation of RESs on the 

RoCoF in modern operational planning.  

To accommodate the uncertainties brought by RESs, the safe 

 
 

operation of the system under the assumed ‘worst-case scenario’ 

is guaranteed by reserving excessive conventional generation in 

real-time operation. However, the ‘worst-case scenario’ where 

the uncertain disturbances of all the RESs reach maximum 

simultaneously rarely happens in a highly RES-penetrated 

power system due to spatiotemporal uncorrelation among the 

same or different types of the RESs in the network. For different 

types of RESs, wind power plants often reach the maximal 

output in the night while the photovoltaic plants only generate 

during the daytime; For the same type of RESs located in 

different places, the correlation of their stochastic output can be 

quite low. Both factors above significantly reduce the 

occurrence probability of the simultaneous maximal output of 

renewable energy plants. Thereby, a two-dimensional 

evaluation including both the severity and the occurrence 

probability of the event could be more beneficial for the system 

planner to make a decision, which may further increase the 

allowed penetration level of RESs. There are two common 

approaches to achieve the two-dimensional evaluation 

mentioned above [11-14]: 1) Monte Carlo Simulation (MCS), 

which aims to compute the probabilistic distribution of the 

concerned indices by generating a large number of random 

variables and thus simulation results. In [13], Scenario-based 

Simulation (SBS), similar to MCS, is proposed to calculate the 

maximal renewable energy penetration limits to maintain the 

frequency performance by considering numerous potential 

operational scenarios. The results from the SBS are accurate, 

but its calculation procedure is very time-consuming, which is 

normally regarded as a verification tool, and 2) Analytical 

Method, e.g., cumulant-based analytical method (CBM), 

calculates the distribution of the concerned indices based on the 

sensitivity and the series expansion. This method can 

comfortably accommodate arbitrary types of continuous or 

noncontinuous distribution and correlation of stochastic 

variables [14], which is proven to be the most efficient and 

accurate way to conduct probabilistic small-signal stability 

analysis in [15]. In [16], a probabilistic assessment framework 

on system RoCoF is proposed based on the CBM for the 

operational planning of a power system with RESs. However, 

the calculation procedure of the CBM is very complicated and 

not easy to implement.  

The system frequency response (SFR), as an overall 

performance of the system frequency, is aggregated by 
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Rate of Change of Frequency (RoCoF) for Operational 

Planning of High Renewable Penetrated Power Systems 

Jiaxin Wen, Student Member, IEEE, Siqi Bu, Senior Member, IEEE 

T 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

2 

frequency responses of the individual generator [17] and 

normally required to remain within a specific range set by the 

system operator [18]. While the heterogeneity of different 

regional frequency responses would be more obvious due to the 

increasing penetration level of distributed RESs and uneven 

distribution of inertia sources, which cannot be simply revealed 

by an integrated SFR [19-21]. Reference [13] reports that 

regional RoCoF violates the given limits, whereas the system 

RoCoF operates safely after the disturbance, which 

demonstrates the necessity of regional RoCoF assessment. 

Moreover, the RoCoF at the disturbance instant (i.e., t=0+) is 

usually observed to be the worst RoCoF without any assist from 

the system fast-acting control [19, 22-24]. Hence, regional 

RoCoF deserves a careful investigation in the operational 

planning stage to avoid the potential risk of RoCoF violation.  

Taking all the points above into consideration, the paper 

proposes a novel fast-algorithmic evaluation to efficiently 

determine the probabilistic distribution of regional RoCoF, 

which demonstrates a clear superiority over the time-

consuming SBS and the complicated CBM. The main 

contributions of the paper are listed below accordingly: 

1. By combining the analytical sensitivity (AS) of RoCoF 

and the linear sensitivity-based method (LSM), AS-LSM is 

proposed to calculate the RoCoF. AS can adequately reflect the 

essential relationship between the variation of RESs and the 

RoCoF. Together with AS, LSM enables the evaluation of the 

RoCoF considering a complex multi-RES environment by 

using a superimposing technique, which considerably 

facilitates the understanding and implementation.  

2. The proposed AS-LSM can facilitate the calculation for 

the probabilistic distribution of regional RoCoF. As a 

combination of numerical and analytical methods for 

probabilistic computation, the AS-LSM has a higher computing 

efficiency compared with SBS and a more straightforward 

calculation procedure compared with CBM. 

3. The proposed AS-LSM could determine the probabilistic 

distribution of regional RoCoF influenced by the correlation of 

wind speed distribution more accurately than AS-CBM (i.e., 

CBM based on AS).  

The rest of the paper is organized as follows. In Section II, 

regional analytical sensitivity (AS) of RoCoF is derived based 

on the generator and network information. Based on the derived 

regional AS and the linear sensitivity-based method (LSM), 

regional RoCoF in a multi-RES penetrated power system is 

calculated by the proposed AS-LSM in Section III. Cases 

studies are conducted in Section IV to verify the effectiveness 

and efficiency of the proposed method with consideration of 

different wind speed correlations. The conclusion is drawn in 

Section V. 

II. ANALYTICAL SENSITIVITY (AS) OF REGIONAL ROCOF 

W.R.T A SINGLE DISTURBANCE 

For a single-machine system, the RoCoF is directly 

expressed as (1) according to [25]:  

 

𝑅𝑜𝐶𝑜𝐹 =
∆𝑓(𝑡)

𝑑𝑡
=

1

2𝐻
∆𝑃(𝑡)                     (1) 

where H is the inertia, ∆𝑓(𝑡) is the frequency deviation from 

the nominal frequency 𝑓0 , and ∆𝑃(𝑡)  is the imposed active 

power disturbance.  

2.1 Generator-level Power Disturbance Propagation and Its 

Distribution Coefficient 

At the moment of the disturbance occurring (t=0+), the 

system active power disturbance (∆𝑃𝐷𝑖𝑠𝑡) , which is incurred by 

the sudden change of RES in this paper, would propagate in the 

system. The active power disturbance component distributed to 

each generator bus ∆𝑃𝑖(0+)  can be determined by the 

synchronizing power coefficients (𝑃𝑠𝑖𝑘) between the location of 

the RES and the individual generator [17]. The propagating 

procedure is illustrated by Fig.1. 

Firstly, the full network is reduced to the N+1 bus equivalent 

network, where N is the total number of the generators in the 

network, and ‘1’ refers to the single RES. Secondly, the 

synchronizing power coefficients (𝑃𝑠𝑖𝑘) between RES, i.e., bus 

k and the ith generator bus is calculated as (2) according to [17]. 

 

𝑃𝑠𝑖𝑘 = 𝑉𝑖𝑉𝑘(𝐵𝑖𝑘 cos 𝛿𝑖𝑘0 − 𝐺𝑖𝑘 sin 𝛿𝑖𝑘0)            (2) 

where 𝑉𝑖 and 𝑉𝑘 are the voltage magnitude of bus i and bus k 

respectively. 𝐵𝑖𝑘 and 𝐺𝑖𝑘 are the imaginary and real parts of the 

equivalent admittance between bus i and bus k separately. 𝛿𝑖𝑘0 

is the steady angle difference between bus i and bus k. 

Then the distribution coefficient of power disturbance (𝑃𝑐) is 

defined as a percentage in (3), which quantifies what percentage 

of active power disturbance from a single RES could arrive at 

the individual generator bus [17]. The active power disturbance 

component allocated to each generator bus, i.e. ∆𝑃𝑖(0+) w.r.t 

the stochastic output of RES (𝑃𝐷𝑖𝑠𝑡) can be computed by (4).   

 

𝑃𝑐𝑖 =
𝑃𝑠𝑖𝑘

∑ 𝑃𝑠𝑖𝑘
𝑁
𝑖=1

                                    (3) 

∆𝑃𝑖(0+) = 𝑃𝑐𝑖∆𝑃𝐷𝑖𝑠𝑡                                (4) 

 

 

G1

Gi

Gn

k

1

i

n

Close at t=0

PDist

ΔP1=Pc1×PDist

ΔPi=Pci×PDist

ΔPn=Pcn×PDist

Pc1

Pci

Pcn

Distributed Power

 on Individual GeneratorRES
Power Distribution 

Coefficient (Pci) 

based on N+1 Network  
Fig. 1.  Active power disturbance propagation from RES (i.e., bus k) to each 

generator bus. 

2.2 Regional Power Disturbance Propagation and Its 

Distribution Coefficient 

Based on the above analysis, the active power disturbance 

component allocated to a region equals the sum of the active 

power disturbance distributed to the individual generator bus in 

this region. 
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∆𝑃𝑗(0+) = ∑ ∆𝑃𝑖
𝑗(0+)

𝐺

𝑖=1

                           (5) 

where, ∆𝑃𝑗(0+)  is the located active power disturbance 

component in the jth area,  ∆𝑃𝑖
𝑗
 is the active power disturbance 

distributed to the ith generator bus in the jth area and G is the 

number of generators in the jth area. Substitute (4) into (5), the 

regional active power disturbance distributed from system 

active power disturbance source is obtained in (6), where the 

regional distribution coefficient of power disturbance is defined 

in (7). 

∆𝑃𝑗(0+) = ∑ 𝑃𝑐𝑖
𝑗
 𝑃𝐷𝑖𝑠𝑡

𝐺

𝑖=1

= 𝑃𝑐
𝑗
 𝑃𝐷𝑖𝑠𝑡                         (6) 

𝑃𝑐
𝑗

=
∑ 𝑃𝑠𝑖𝑘

𝐺
𝑖=1

∑ 𝑃𝑠𝑖𝑘
𝑁
𝑖=1

                                        (7) 

where 𝑃𝑐
𝑗
 refers to the jth area 𝑃𝑐  w.r.t the output of RES, and N 

is the total number of the generators in the network. 

 

2.3 Analytical Sensitivity (AS) of Generator-level RoCoF 

The generator-level RoCoF is calculated as (8) by 

substituting (4) into (1), where the generator-level AS is defined 

in (9). 

 

𝑅𝑜𝐶𝑜𝐹𝑖 =
1

2𝐻𝑖

𝑃𝑐𝑖𝑃𝐷𝑖𝑠𝑡 = 𝐴𝑆𝑖𝑃𝐷𝑖𝑠𝑡                       (8) 

𝐴𝑆𝑖 =
1

2𝐻𝑖

×
𝑃𝑠𝑖𝑘

∑ 𝑃𝑠𝑖𝑘
𝑁
𝑖=1

                                       (9) 

where 𝑅𝑜𝐶𝑜𝐹𝑖 is the RoCoF of the ith generator and the 𝐴𝑆𝑖 is 

the AS of 𝑅𝑜𝐶𝑜𝐹𝑖w.r.t the output of the RES. 

2.4 Analytical Sensitivity (AS) of Regional RoCoF 

In a multi-machine system, an active power disturbance 

would cause various frequency responses of different 

generators in a power system. Traditionally, system frequency 

response, as an overall performance of all the frequency 

responses in the system, is aggregated based on the concept of 

the center of inertia (COI), where all generators are integrated 

into one equivalent generator with the sum of inertia under a 

base power capacity [17]. Hence, a similar method is applied 

here to calculate the regional center of inertia (RCOI), which is 

defined as follows.  

Firstly, the base power capacity of the system is selected, and 

the individual inertia constant under a base power capacity (𝐻𝑖) 

is acquired in (10): 

 

𝐻𝑖 = 𝐻𝑖,𝑜 × (
𝑆𝑖

𝑆𝑏𝑎𝑠𝑒
)                               (10)                                   

where 𝐻𝑖,𝑜is the ith inertia constant w.r.t its rated power capacity 

𝑆𝑖, and 𝑆𝑏𝑎𝑠𝑒  is the base power capacity.  

Then the RCOI for the jth area (𝐻𝑗) is defined in (11): 

 

𝐻𝑗 = ∑ 𝐻𝑖
𝑗

𝐺

𝑖=1

                                       (11) 

where 𝐻𝑖
𝑗
 is the inertia of the ith generator in the jth area and G 

is the number of generators in the jth area. The superscript refers 

to the number of the area.  

In [17], COI frequency is defined as 𝑓𝐶𝑂𝐼 =

∑ 𝑓𝑖
𝑁
𝑖=1 𝐻𝑖 ∑ 𝐻𝑖

𝑁
𝑖=1⁄ , where 𝑓𝑖 is the frequency response of the ith 

generator, and N is the number of generators. It can be revealed 

that the COI frequency is the weighted average of the frequency 

response of each generator and the weighted coefficient is the 

percentage of the inertia of individual generator over the system 

inertia. A similar approach is employed to calculate the RCOI 

frequency for the jth area (𝑓𝑅𝐶𝑂𝐼
𝑗

), as defined by (12): 

 

𝑓𝑅𝐶𝑂𝐼
𝑗

=
∑ 𝐻𝑖

𝑗
𝑓𝑖

𝑗𝐺
𝑖=1

∑ 𝐻𝑖
𝑗𝐺

𝑖=1

                                (12) 

where 𝑓𝑖
𝑗
 is the frequency response of the ith generator in the jth 

area, and G is the number of the generators in the jth area.  

By using the concept of a regional equivalent generator, the 

regional RoCoF (𝑅𝑜𝐶𝑜𝐹𝑗) is derived in (13) by substituting (6) 

and (11) into (1), where the regional analytical sensitivity (𝐴𝑆𝑗) 

is defined in (14).  

𝑅𝑜𝐶𝑜𝐹𝑗 =
1

2𝐻𝑗
∆𝑃𝑗(0+) =

1

2 ∑ 𝐻𝑘
𝑗𝐺

𝑘=1

𝑃𝑐
𝑗
 𝑃𝐷𝑖𝑠𝑡 

= 𝐴𝑆𝑗𝑃𝐷𝑖𝑠𝑡                                                       (13) 

𝐴𝑆𝑗 =
1

2 ∑ 𝐻𝑘
𝑗𝐺

𝑘=1

×
∑ 𝑃𝑠𝑖𝑘

𝐺
𝑖=1

∑ 𝑃𝑠𝑖𝑘
𝑁
𝑖=1

                            (14) 

where 𝑅𝑜𝐶𝑜𝐹𝑗  is the RoCoF of the jth area, the 𝐴𝑆𝑗 is the AS 

of the 𝑅𝑜𝐶𝑜𝐹𝑗  and G is the number of the generators in the jth 

area 

Distributed Power
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RES

Distributed 

Power (ΔPD) 

by N+1 Network

G1

Gi

Gn

PDist1

PDistj

PDistm
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ΔPn = ΔPDistn1 +  + ΔPDistnm

ΔPDist11
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ΔPDistn1
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1
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ΔP
1
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Distributed Power

 on the Area 1 for Illustration

Area 1
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Partition Result 

 
Fig. 2.  The propagating procedure of the active power disturbances in the multi-RES penetrated power system and the derivation of the regional active power 

disturbance. 
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III. PROBABILISTIC DISTRIBUTION OF REGIONAL ROCOF IN A 

MULTI-RES PENETRATED POWER SYSTEM  

3.1 Regional Active Power Disturbance Integration  

From the above analysis, the propagation and distribution of 

system active power disturbance from the RES depend on the 

‘electrical distance’ between the RES and each generator bus at 

t=0+ demonstrated by (4). In a multi-RES penetrated power 

system, it is reasonable to assume that the active power 

disturbance distributed to a generator bus equals the sum of the 

active power disturbance allocated to the same bus from 

different RESs, which is expressed by (15). Together with 

above mention that the active power disturbance distributed to 

a region equals the sum of the active power allocated to the 

individual generator bus in a coherent area, the regional active 

power disturbance component in a multi-RESs penetrated 

system can be depicted in (16). 

 

∆𝑃𝑖(0+) = ∑ 𝑃𝐷𝑖𝑠𝑡𝑖𝑙

𝑀

𝑙=1

= ∑
𝑃𝑠𝑖𝑙

∑ 𝑃𝑠𝑖𝑙
𝑁
𝑖=1

𝑃𝐷𝑖𝑠𝑡𝑙

𝑀

𝑙=1

 

= ∑ 𝑃𝑐𝑖𝑙𝑃𝐷𝑖𝑠𝑡𝑙

𝑀

𝑙=1

                                          (15) 

∆𝑃𝑗(0+) = ∑  ∆𝑃𝑖

𝐺

𝑖=1

(0+) = ∑ ∑ 𝑃𝑐𝑖𝑙𝑃𝐷𝑖𝑠𝑡𝑙

𝑀

𝑙=1

 

𝐺

𝑖=1

      (16) 

where 𝑃𝐷𝑖𝑠𝑡𝑖𝑙  and 𝑃𝑐𝑖𝑙  are the distributing active power and 

distribution coefficient of the ith generator bus from the lth RES 

respectively. 𝑃𝐷𝑖𝑠𝑡𝑙  is the active power disturbance of the lth RES. 

M is the number of the RES in the system and G is the number of 

generators in the jth area.The propagating procedure of the active 

power disturbance from multiple RESs is illustrated in Fig.2. 

Assume there are M RESs and N generators in the system. Firstly, 

each RES spreads the active power disturbance to individual 

generator bus through the reduced N+1 network, where ∆𝑃𝐷𝑖𝑠𝑡𝑖𝑗  

is the active power allocated to the ith generator bus from the jth 

RES. Then, the total active power (∆𝑃𝑖) distributed to a single 

generator bus equals the sum of the active power distributed to 

this bus from different RESs. In addition, the regional active 

power disturbance equals the sum of the active power disturbance 

distributed to the generator bus in the coherent region. For 

example, when the first i generators are in Area 1, the active 

power disturbance distributed to Area 1 (∆𝑃1) is equivalent to the 

sum of the active power distributed to the generator bus in Area 

1, i.e., ∆𝑃𝑘 , 𝑘 = 1 ⋯ 𝑖, as shown in Fig.2. 

3.2 Regional RoCoF Integration based on Analytical 

Sensitivity and Linear Sensitivity-based Method (AS-LSM)  

A linear sensitivity-based method (LSM), which is capable 

of accommodating multiple stochastic variables (i.e., active 

power disturbance from RESs) is proposed here to compute the 

critical index (i.e., regional RoCoF) with a linear relationship 

(i.e., AS). Hence, the regional RoCoF based on AS-LSM is 

established in (17), and the full representation is given in (18). 

𝑅𝑜𝐶𝑜𝐹𝑗 = ∑ 𝐴𝑆𝑙
𝑗
𝑃𝐷𝑖𝑠𝑡𝑙

𝑀

𝑙=1

                           (17) 

𝑅𝑜𝐶𝑜𝐹𝑗 =
1

2 ∑ 𝐻𝑘
𝑗𝐺

𝑘=1

∑ ∑
𝑃𝑠𝑖𝑙

∑ 𝑃𝑠𝑖𝑙
𝑁
𝑖=1

𝑃𝐷𝑖𝑠𝑡𝑙

𝑀

𝑙=1

𝐺

𝑖=1

          (18) 

where G and N are the number of the generator in the jth area 

and the system, respectively, and M is the number of RES in the 

system. 𝐴𝑆𝑙
𝑗
stands for AS of 𝑅𝑜𝐶𝑜𝐹𝑗  w.r.t the output of the lth 

RES. 

The system-level RoCoF is a particular case of regional 

RoCoF when G=N and the (18) degrades to (19). Furthermore, 

when there is only one disturbance in the system, the (19) 

further degrades to (1). 

 

𝑅𝑜𝐶𝑜𝐹 =
1

2 ∑ 𝐻𝑘
𝑁
𝑘=1

∑ ∆𝑃𝐷𝑖𝑠𝑡𝑙

𝑀

𝑙=1

                    (19) 

3.3 Calculation Procedure of Probabilistic Distribution of 

Regional RoCoF 

The flow chart of the calculation procedure of probabilistic 

distribution of regional RoCoF by AS-LSM is illustrated in Fig.3 

and described as follows:  

Start

Obtain the Information of RES

（ type, number, capacity, steady 

output, distribution and the 

correlation coefficient matrix ）

Obtain the Information of the 

Generators and Network ( structure 

and steady power flow )

Group System by Slow Coherency 

Identification Method and Select the 

Concerned  Region

Calculate the Regional AS w.r.t 

Individual RES according to (14)

End

Compute the Probabilistic 

Distribution of Regional RoCoF w.r.t 

Multiple RESs Based on 

AS-LSM according to (17)

Generate Active 

Power Variation 

Sample Series

 
Fig. 3.  Flowchart of the calculation procedure for probabilistic distribution of 

regional RoCoF by AS-LSM  

 

1) The information of the RES is obtained including type, 

number, capacity, steady output, probabilistic distribution of 
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natural source and the correlation coefficient matrix, based on 

which active power variation sample series is generated; 2) The 

information of the generator and the network is acquired; 3) On 

the basis of the above data, an analytical coherency 

identification method, e.g., slow coherency identification [26] , 

is implemented to divide the system into several areas and the 

interested region is selected; 4) The concerned regional AS w.r.t 

the output of individual RES is calculated according to (14), and 

5) AS-LSM is employed to determine regional RoCoF based on 

the stochastic output of individual RES and the related regional 

AS by (17). This step repeats to get the probabilistic distribution 

of the regional RoCoF, and the number of the iterations depends 

on the number of generated sample series in step 2. 

IV. CASE STUDY 

The effectiveness of the proposed AS-LSM is verified by 

SBS with 5000 times simulation, and  AS-CBM is also applied 

to examine the probabilistic distribution of regional RoCoF for 

the first time due to its proven good performance on the 

probabilistic computation of system RoCoF [16]. The 

benchmark system is selected as a modified IEEE 16-machine 

68-bus system with three wind farms (WFs) connected to bus 

29, 32, and 41 respectively in Fig.4 partitioned by slow 

coherency identification method [26]. The probabilistic 

distributions of Region 4 and Region 5 are selected as the focus 

of the paper since they are the areas that contain more than one 

single generator. There are two scenarios studied in this section, 

i.e., with and without the correlations of wind speed.  

The base capacity of the system is 100MVA. The operational 

state of the system decreases to 50% of the original level 

(system load, generation, and corresponding inertia). The 

capacity of each wind plant is 6 p.u, and the steady output is 2 

p.u. The penetration of wind energy is defined by the ratio of 

the capacity of the WFs over the system load in [27], which is 

19.7% in this section. 
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Fig. 4.  Line diagram of a modified IEEE 16-machine 5-area benchmark 

system with three wind farms. 

 

Based on the calculation procedure in Fig.3, after 

information acquisition and the system partition, the regional 

ASs w.r.t the output of individual WF are calculated according 

to (14), and the results are represented in Table I. For system-

level analysis, the system is equivalent to one generator without 

considering the ‘electric distance,’ which is also proven by (14) 

when n equals g, and hence, the system AS w.r.t the output of 

different WFs are the same. However, there is a large difference 

among the AS of regional RoCoF w.r.t the output of different 

WFs due to comprehensive influences from both ‘electric 

distance’ and regional inertia. In details, the AS of Region 4 

RoCoF w.r.t WF2 and 3 are small (i.e., 0.049267 and 

0.004431), whereas the sensitivity w.r.t WF1 is relatively large 

(i.e., 0.294051), which is caused by different ‘electric distance’. 

Furthermore, the maximal and minimal ASs of all regional 

RoCoFs w.r.t WF1 are 0.294051 and 0.000983 respectively and 

the difference stems from the various regional inertia. 

 
TABLE I  

THE AS OF SYSTEM/REGIONAL ROCOF W.R.T THE OUTPUT OF INDIVIDUAL 

WFS 

 WF1 WF 2 WF 3 

System 0.033668 0.033668 0.033668 

Area 1 0.000642 0.002339 0.012956 

Area 2 0.002359 0.011177 0.001011 
Area 3 0.004295 0.008597 0.199801 

Area 4 0.196332 0.033628 0.003072 

Area 5 0.013345 0.075449 0.002342 

4.1 Scenario One (uncorrelated wind speed) 

The correlation between two wind power sources is closely 

related to their geographical distance, based on which 

correlation coefficient matrix [𝜌𝑖𝑗]𝑚×𝑚  for m grid-connected 

wind power sources is established [28], and the wind speed 

distribution in [29] is applied. In this scenario, the distances 

among each two WFs are assumed to be larger than 1200 km, 

which means there is no correlation among each WF, and hence 

the correlation matrix is a unit matrix. 

Based on the AS in Table I, AS-LSM and AS-CBM are 

employed to calculate the probabilistic distribution of the 

system/regional RoCoF, which are examined by SBS in Fig.5. 

The probabilistic density functions (PDFs) of the system, 

Region 4, and Region 5 RoCoF are exhibited in Fig.5 (a)-(c), 

respectively. The operational limit of the RoCoF is concerned 

by the system operator, which is set ±0.4Hz/s for demonstration 

[16], and the detailed comparisons are given in Table II and 

Table III. 

Fig.5 displays that AS-LSM and AS-CBM perform well in 

computing the probabilistic distribution of the RoCoF in the 

system, Region 4, and Region 5 intuitively. Furthermore, it is 

also discovered that the shapes of the probabilistic distributions 

of the system RoCoF and the regional RoCoFs are different, but 

both methods could approach the trend, which is verified by the 

detailed result in both Table II and Table III. Table III presents 

the absolute errors of the probabilistic results by both AS-LSM 

and AS-CBM, which reveals that the probabilistic distributions 

of system RoCoF calculated by both methods are relatively 

stable compared with that of regional RoCoFs. For example, the 

probabilistic result of Region 4 RoCoF can be estimated more 

accurately by AS-LSM than that by AS-CBM with less 

deviation (0.48% vs. 2.2733%). While the AS-CBM has a better 

performance than AS-LSM in calculating the probabilistic 

distribution of Region 5 RoCoF (0.1451% vs. 2.14%). 
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Fig. 5.  PDFs of system/regional RoCoF by SBS, AS-LSM, and AS-CBM; (a) system, (b) Region 4, and (c) Region 5. 

 
TABLE II 

 PROBABILISTIC DISTRIBUTION OF THE SYSTEM, REGION 4, AND 

REGION 5 ROCOF USING SBS, AS-LSM, AND AS-CBM WITHIN 

OPERATIONAL LIMITS (UNCORRELATED WIND SPEED)  

NO SBS AS-LSM  AS-CBM 

System 96.9200% 98.0800% 98.0307% 

Region 4 41.3200% 40.8400% 43.5933% 

Region 5 92.8400% 90.7000% 92.9851% 

 
TABLE III 

 PROBABILISTIC DISTRIBUTION OF THE SYSTEM, REGION 4, AND 

REGION 5 ROCOF USING SBS, AS-LSM, AND AS-CBM WITHIN 

OPERATIONAL LIMITS (UNCORRELATED WIND SPEED)  

NO AS-LSM  AS-CBM 

System 1.1600% 1.1107% 

Region 4 0.4800% 2.2733% 

Region 5 2.1400% 0.1451% 

 

Table IV compares the computational time of each method. 

Both AS-LSM and AS-CBM are more than 1000 times faster 

than SBS, while the AS-LSM is a little faster because of the 

simple calculation procedure which avoids a large amount of 

computation on Gram-Charlier expansion.  

 
TABLE IV 

 COMPUTATIONAL TIME OF SBS, LSM AND CBM  

 SBS LSM  CBM 

Computational Time 2691.72s 1.95s 2.57s 

 

4.2 Scenario Two (correlated wind speed) 

In this scenario, the correlation coefficient between WF2 and 

WF3 is set to be 0.8 (highly correlated) as (20).  

 

[𝜌𝑖𝑗]3×3 = [
1 0 0
0 1 0.8
0 0.8 1

]                              (20) 

 

The PDFs of RoCoF on the system and Region 4 are given 

in Fig.6 and Fig.7 respectively for illustration, while the PDF of 

RoCoF associated with Region 5 is not given due to similar 

outcomes. The detailed probabilistic results and errors are also 

listed in Tables V and Table VI respectively.  
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Fig. 6.  PDF of system RoCoF by SBS, AS-LSM, and AS-CBM 

 

Fig.6 illustrates the probabilistic distribution of system 

RoCoF carried out by SBS, AS-LSM, and AS-CBM. Compared 

with the real probabilistic distribution of system RoCoF in Fig.5 

(a), there are a few noticeable ‘impulses’ (i.e., occurrence 
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probability) at a few points on the horizontal ordinate (i.e., 

RoCoF value, including maximal/minimal system RoCoF), 

which increases the probability of the ‘worst-case scenario’ and 

deserves careful consideration in operational planning. The 

most apparent ‘impulse’ in Fig.6 is the probability at the lowest 

RoCoF value, which is larger than the probability of the steady 

state (0 Hz/s). On the other hand, the total probability is 1, and 

this leads to a few decreases in the probabilities of other RoCoF 

values, which presents a smooth curve in Fig.6. Both methods 

evaluate the system RoCoF well according to the detailed 

probabilistic results in Table V and Table VI. 

 
TABLE V 

PROBABILISTIC DISTRIBUTION OF THE SYSTEM, REGION 4, AND 

REGION 5 ROCOF USING SBS, AS-LSM, AND AS-CBM WITHIN 

OPERATIONAL LIMITS (CORRELATED WIND SPEED)  

NO SBS AS-LSM  AS-CBM 

System 93.6600% 94.9800% 95.2664% 

Region 4 42.7000% 41.8000% 43.9902% 

Region 5 91.4600% 90.9200% 92.7150% 

 
TABLE VI 

 PROBABILISTIC DISTRIBUTION OF THE SYSTEM, REGION 4, AND 

REGION 5 ROCOF USING SBS, AS-LSM, AND AS-CBM WITHIN 

OPERATIONAL LIMITS (CORRELATED WIND SPEED)  

NO AS-LSM  AS-CBM 

System 1.3200% 1.6064% 

Region 4 0.9000% 1.2902% 

Region 5 0.5400% 1.2550% 

 

As indicated in Fig.7, the ‘impulses’ still occur in the 

probabilistic distribution of regional RoCoF, and the curve is 

much smoother compared with that in uncorrelated wind speed 

situations. The probabilistic distribution of regional RoCoF 

obtained by SBS is not bell-shaped, which could be depicted by 

both methods effectively, while the AS-LSM performs better 

than AS-CBM owing to less deviation, i.e., 0.9% vs. 1.2902% 

in Region 4 RoCoF and 0.54% vs. 1.255% in Region 5 RoCoF 

as given in Table VI.  
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Fig. 7.  PDF of Region 4 RoCoF by SBS, AS-LSM, and AS-CBM. 

 

V. CONCLUSIONS 

The regional RoCoF is an important indicator for the safe 

operation of the power system, which needs to be carefully 

considered in operational planning. This paper proposes a fast-

algorithmic assessment for the probabilistic distribution of 

regional RoCoF, which is more advantageous as it needs less 

time compared with SBS and provides a more straightforward 

calculating procedure than CBM. SBS validates the 

probabilistic results of both AS-LSM and AS-CBM with and 

without consideration of wind speed correlation. Some 

important findings are summarized as follows:  

1) The probabilistic distributions of system RoCoF and 

regional RoCoF are different, i.e., bell-shaped vs. non-bell-

shaped, which should be assessed separately. Both AS-LSM 

and AS-CBM can achieve the goal while AS-LSM has a better 

overall performance.  

2) When the wind speed correlation is considered, some 

evident ‘impulses’ occur for the probabilistic distribution of 

both system and regional RoCoF as indicated by SBS. This 

phenomenon could be correctly reflected by both AS-LSM and 

AS-CBM, while AS-LSM performs better, which also 

demonstrates the flexibility and robustness of the proposed AS-

LSM.  

3) The proposed AS-LSM converts a multi-disturbance 

problem into the superposition of a single-disturbance problem, 

which provides a more straightforward and convenient solution 

for their industrial implementation. 
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