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Abstract—The reactive power loss of transformers 

(hereinafter referred to as GIC-Q) caused by geomagnetically 

induced current (GIC) has the characteristics of large total 

amount and strong fluctuation. As a kind of reactive load added 

to the system, GIC-Q can cause the change of operating state. 

The influence of geomagnetic disturbance (GMD) on system 

stability focuses on the static stability of conventional systems, 

and its influence on the transient stability of hybrid systems has 

not been studied. This study establishes the random fuzzy model 

of induced geoelectric field components and calculates the 

expected values of critical clearing angle and 

acceleration/deceleration area. And the transient stability 

margin is quantitatively analyzed considering the influence of 

GMD. The result shows that GMD deteriorates the transient 

stability of the system, and the transient stability margin is the 

smallest when the wind power access ratio is about 50%. The 

research results provide a basis for disaster prevention and 

control of GMD. 

Keywords—Fuzzy simulation, geomagnetic disturbance, GIC-

Q, Hybrid system, transient stability 

I. INTRODUCTION  

Geomagnetically induced current (GIC) (0.1Hz or lower) 

is generated in the power system driven by geomagnetic 

disturbance (GMD). GIC flows through the transformer 

making its core half-wave saturated to generate reactive 

power loss (GIC-Q) [1,2], harmonic and vibration 

temperature rise [3], which affects the safe and stable 

operation of the system. At present, the research on the 

influence of GMD on the system mainly focuses on voltage 

stability and does not consider wind power access.  

Concerning the induced geoelectric field data in the 

analysis of the impact of GMD on system stability, references 

[4] and [5] respectively use the amplitude of induced 

geoelectric field in a geomagnetic storm event or the assumed 

value of 1V/km to study the impact of GMD on voltage 

stability. However, only using the induced geoelectric field 

amplitude to analyze the risk of system instability caused by 

GMD may cause the evaluation result to be higher than the 

actual value, and the influence of GMD on system stability 

cannot be comprehensively analyzed. Reference [6] analyzed 

the induced geoelectric field and GIC statistical law 

generated by multiple GMDs in the 23rd solar activity cycle. 

Given the uncertainty of GMD, it is necessary to propose an 

induced geoelectric field model that can comprehensively 

describe its randomness and fuzziness. 

The GIC-Q caused by GMD is the main reason threatening 

the stable operation of the system. The impact of GIC-Q on 

voltage stability has been studied in [7,8] and the concept of 

GMD-electrical hybrid simulation has been proposed in [9]. 

But the research direction of these studies have been focused 

on conventional systems and do not consider the role of 

renewables (such as wind-dominated power systems) in the 

current energy mix and their impact on anti-GMD ability of 

the system. Reference [10] valuated the assumption of linear 

superposition in the context of GMD calculations, the k-

factor method, and the impact of GMD-related system 

dynamics on voltage stability results. In fact, the change of 

GIC-Q caused by the change of network topology during 

normal operation, fault and after fault removal is not 

considered. GIC-Q, as an uncertain reactive power load, can 

cause the change of operation state in the system. Whether it 

will affect the transient stability of the system and how to 

quantitatively evaluate this impact remain to be further 

studied. 

In this paper, the induced geoelectric field component is 

calculated by using the multiple GMD data in the 23rd solar 

activity cycles and the plane wave method [11], and its 

probability distribution characteristics are extracted. Then, 

the fuzzy membership of probability distribution function 

(PDF) parameters is defined. Based on the uncertainty theory, 

the induced geoelectric field is defined as a random fuzzy 

variable and its opportunity measure distribution function is 

obtained, so a random fuzzy model of induced geoelectric 

field is proposed. The equivalent grounding impedance is 

used to replace GIC-Q and wind power output. Through 

matrix deflation, GMD is connected with inertia, mechanical 

power and electromagnetic power in the equivalent rotor 

motion equation of extended single machine-infinite bus 

system. The expected value of critical clearing angle, 

acceleration/deceleration area and transient stability margin 

under the influence of GMD is obtained by fuzzy simulation 

calculation, and the influence of GMD on the transient power 

angle stability of the hybrid system is quantified, which 

provides a basis for the treatment of geomagnetic storm 

disasters. 

This work was supported in part by the National Key Research and 

Development Plan under Grant 2016YFC0800103, in part by the National 

Natural Science Foundation of China under Grant 50677060. 



II. ANALYSIS OF RANDOM FUZZINESS OF INDUCED 

GEOELECTRIC FIELDS 

A. Probability distribution characteristics of induced 

geoelectric fields 

In order to quantitatively compare the fitting effect of each 

PDF of induced geomagnetic fields, a fitting index is defined, 

as shown in (1). 
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where M  is the number of groups of frequency distribution 

histogram; ( )i iy f C= , 
iN  and 

iC  are the height and center 

position of the i-th straight square column respectively; ( )f   

is the fitted PDF; iy  is the value corresponding to the fitting 

probability density function at the center position 
iC . The 

smaller the fitting index I, the higher the fitting accuracy. 

The induced geomagnetic field components of 29 

geomagnetic storms are fitted by the normal distribution, 

Cauchy distribution, and t location-scale distribution. As 

another expression of the t distribution, the PDF of the three-

parameter t distribution is ( )/ / / /, , ,x y x y x y x ypdf E    , where 

/x y  is the position parameter, /x y  is the scale parameter, 

/x y  is the shape parameter. The average value of mean 

squared error of East-West component Ex is 0.851, 0.318 and 

0.116, the maximum is 0.893, 0.379 and 0.225, and the 

minimum is 0.802, 0.203 and 0.107. The average value of 

mean squared error of North-South component Ey is 0.556, 

0.591 and 0.211, the maximum is 0.658, 0.671 and 0.336, and 

the minimum is 0.421, 0.502 and 0.159. The fitting effect of 

t location-scale function is the best, so it is used to fit the 

distribution of Ex and Ey. 

B. Fuzzy analysis of probability distribution parameters of 

induced geoelectric fields 

The frequency statistics of PDF parameters of induced 

geoelectric fields are carried out according to the interval, and 

the frequency distribution of parameters is obtained. 

Triangular function and trapezoidal function are used to 

represent /x y , /x y  and /x y . For the PDF parameter of Ex, 

the value of x  is approximately centered on 6.911. With the 

gradual increase of the distance from the center, the 

occurrence frequency of its value shows a downward trend 

except for some special points. If considering excluding the 

influence of special parameter values, x  can be 

approximately described by triangular fuzzy variables. The 

membership function types and parameters are also obtained 

according to the distribution law of μy, σy and υy, as shown 

in Table I, where μx, σx/y, υx/y are represented by triangular 

fuzzy numbers, μ y is represented by trapezoidal fuzzy 

number. 
TABLE I 

MEMBERSHIP FUNCTION OF PDF PARAMETERS 

Parameters 
Parameters of fuzzy number 

a b c d 

μx 3.042 6.911 11.100 - 

σx 2.304 3.957 7.263 - 

υx 1.250 1.845 3.929 - 

μy 8.902 13.440 20.261 29.340 

σy 6.869 11.760 21.532 - 

υy 1.262 1.866 3.989 - 

The random variable distribution types of Ex and Ey are 

determined, and their parameters are described as fuzzy 

variables. The random fuzzy variables 
xE  and 

yE  are 

used to represent Ex and Ey, and the chance measure 

distribution function of t location-scale distribution is shown 

in (2). 

( )
/ // /( )
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where ( )F   is cumulative probability density function 

(CDF). ( )Ch   is chance measure operator. 

C. Random fuzzy simulation method of induced geoelectric 

fields 

Random fuzzy simulation technology and inverse 

transformation method are used to generate induced 

geoelectric field samples. The specific steps are as follows: 

1) Based on the chance measure distribution function of 

induced geoelectric fields, M parameter samples of 

osP    are extracted from the confidence intervals of 

parameters μx/y, σx/y, and υx/y, where 
osP  is the possibility 

measure and   is a sufficiently small positive number. 

2) The extracted M μxi, σxi, υxi ( 1,2, , )i m=  are matched 

into corresponding combinations, and the values of  

 , ,os xi xi xiP     are generated by simulation in the interval 

[0,1].  

3) The parameter combination obtained in Step 2) is taken 

as the t location-scale parameter, and the inverse function of 

(5) is solved to obtain the value 

( )/
/ / /

/

1

/
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 of the induced 

geoelectric field. The possibility of the occurrence of the 

induced geoelectric field component is the possibility 

measure  , ,os xi xi xiP     of the combination of 

 , ,xi xi xi   , denoted by  , ,xk os xi xi xiv P   = , 

 , ,yk os yi yi yiv P   = . 

4) The induced geoelectric field components 
xiE  and 

yiE  are randomly combined into induced geoelectric field 

( ),
xi yiE E  , and its possibility measure kv  is xk ykv v . 

In practical operation, since the specific expression of the 

inverse function cannot be given directly, the graphical 

method is used for calculation, that is, the CDF curve is 

obtained by using the parameter sample  , ,xi xi xi   , the 

horizontal axis is the size of Ex, the vertical axis is the 

probability density. The point  , ,os xi xi xiP     on the 



vertical axis is known, and the corresponding 
xiE  is found. 

The acquisition method of 
yiE  is the same. 

III. ANALYSIS OF GMD ON SYSTEM TRANSIENT 

STABILITY 

A. Equivalent model of wind farm power output and GIC-Q 

According to the extended equal area criterion (EEAC), the 

synchronous generators can be divided into two groups, 

leading group S and remaining group R. The extended dual-

machine system is shown in Fig. 1. All nodes in the system 

are divided into four categories: potential node S in S-group 

synchronizer (node 1) and potential node R in R-group 

synchronizer (node 2), wind farm access node W (node 3) and 

load node L in the network (nodes 4, 5, 6 and 7). 

 

Fig. 1.  Wiring diagram of an extended dual-machine system 

In the case of GMD, the potential difference occurs at the 

grounding points of transformers in different geographical 

locations, which forms a loop through the ground and 

transmission lines to generate GIC. Half-wave saturation 

occurs when GIC flows through the transformer, and the 

reactive power loss of the transformer increases. This part of 

reactive power loss is added to the system as reactive loads.  

Whether it is normal operation, short-circuit fault or fault 

removal, GIC-Q can be used as a reactive load, but its size 

changes with the change of GMD intensity and network 

topology. Therefore, GIC-Q can be equivalent to a positive 

reactance, as shown in (3). 

2GICi

GICi
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Q

Q
X j
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where 
GICiQX  is the reactance. 

GICiQU  is the node voltage of 

the transformer node generating GIC-Q. GICiQ  is the reactive 

power loss caused by GIC flowing through the transformer, 

which is calculated by K-value method [12]. 1,2,3i =  

respectively represents normal, fault, and fault removal 

conditions. 

Assuming that the wind farm access node W is inside the 

S-group, when the wind power access ratio is kS, the active 

power output of the wind farm is . 0W S m SP k P=  and . 0m SP  is 

the mechanical power of the S-group. Under normal 

conditions, doubly-fed induction generator (DFIG) only 

provides active power to the system, which can be equivalent 

to a negative resistance 1WR . In the case of fault, DFIG 

terminal voltage drops. In order to recover the terminal 

voltage, DFIG with low voltage ride through capability sends 

reactive power to the system under the action of the control 

system. Therefore, DFIG is equivalent to a parallel negative 

resistance 2WR  and negative reactance 2WX . After fault 

removal, DFIG not only generates active power, but also 

emits a small amount of reactive power. Therefore, DFIG is 

equivalent to a negative impedance with negative resistance 

3WR  and negative reactance 3WX  in parallel. The equivalent 

impedance is shown in (4), (5). 
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U
R i

P
= =                     (4) 

( )
2
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U
X i

Q
= =                      (5) 

where WiU  is the voltage of DFIG access point. WiP  and 

WiQ  are the active power and reactive power of DFIG. 

1,2,3i =  respectively represent three states: normal, fault and 

fault removal. 

When GMD occurs and wind power output changes, the 

self-admittance 44 _ 0iY  and 55 _ 0iY  of nodes 4 and 5 are 

corrected to 44iY  and 55iY , 44 44 _ 0 1/ 1/
GICii i Wi QY Y Z X= + + , 

55 55 _ 0 1/
GICii i QY Y X= + , where 44 _ 0iY  and 55 _ 0iY  are the self-

admittance of nodes 4 and 5 without GMD and wind farm 

respectively. According to the node classification, the node 

voltage equation of system (6) is obtained by eliminating 

nodes 3, 4, 5, 6 and 7.  

11 1 12 2 1 1

21 3 22 4 2 2

( , ) ( , )

( , ) ( , )

S GIC S GIC

S GIC S GIC

Y f k Q Y f k Q

Y f k Q Y f k Q

−  −     
=    

−  −      

E I

E I
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where ( , )i S GICf k Q ( 1,2,3,4i = ) is the correction of 

admittance. Because the expression of admittance correction 

is complex, it is expressed in function form. 

B. Influence of GMD on equivalent rotor motion equation 

of the hybrid system 

According to [13], it is assumed that wind power is 

connected to S-group, the equivalent inertia MS(kS) and 

mechanical power Pm.S0 (kS) is shown in (7). 

( ) ( )

( ) ( )
0

. . 0

1

1

S S S S

m S S S m S

M k k M

P k k P

 = −


= −
                 (7) 

where 0SM  is the equivalent inertia of the S-group without 

wind power access.  

The rotor motion equations of equivalent synchronizers S 

and R are subtracted, and the extended two-machine system 

is equivalent to a single machine infinite bus system. By 

analyzing the influence of GMD and wind power access ratio 

on the moment inertia, mechanical power and 

electromagnetic power of synchronizer, the influence is 

reflected in the variation relationship between each parameter 

in the equivalent rotor motion equation and kS, QGIC, as shown 

in (8). 

 ( ) ( ) ( ). . ,SR S SR m SR S e SR S GICM k P k P k Q


= −       (8) 

where SRM  is the equivalent inertial time constant. .m SRP  and 

.e SRP  are equivalent mechanical power and electromagnetic 

power respectively. Because the expression of parameters is 

complex, they are expressed in the form of Sk  and GICQ  

functions. 

It can be seen from (8) that the equivalent mechanical 

power and electromagnetic power of the system are affected 



by kS and GIC-Q. Therefore, the influence of GMD on the 

transient stability of hybrid system is transferred to the 

influence of kS and GIC-Q on the acceleration/deceleration 

area. 

C. Evaluation of the influence of GMD on transient stability 

Using the induced geoelectric field samples obtained in 

section 1.3, the expected value of parameters related to 

system transient stability under the influence of GMD is 

calculated. The specific steps are as follows: 

1) Combined with the power grid structure parameters and 

K-value method, M-group sampling values ( ),
xi yiE E   are 

calculated in turn to obtain the M-group GIC-Q sample of the 

substation. 

2) Determine a certain wind power access proportion kS, 

and calculate the critical clearing angle samples δc, 

acceleration area Sac and deceleration area Sdc in combination 

with M-group GIC-Q. The minimum critical clearing angle, 

the minimum acceleration area and the minimum 

deceleration area are recorded as δcmin, Sacmin and Sdcmin. The 

maximum critical clearing angle, the maximum acceleration 

area and the maximum deceleration area are recorded as δcmax, 

Sacmax and Sdcmax. 

3) rδ, rac and rdc are uniformly generated from [δcmin, δcmax], 

[Sacmin, Sacmax] and [Sdcmin, Sdcmax], respectively. Let eδ=0，

eac=0，edc=0. 

4) Perform M cycles for (9) and (10), and accumulate the e 

value in each cycle. 

   ( )
11

1
max | min 1 |

2
k k

k Mk M
e e v r v r      

  
= +  + −   (9) 

 (  )/ / / / / /
11

1
max | min 1 |

2ac dc ac dcS S k ac dc ac dc k ac dc ac dc
k Mk M

e e v S r v S r
  

= +  + −     

(10)  

5) Calculate the expected value of the critical clearing 

angle min max min[ ] ( ) /c c c cE e M   = +  − . Calculate the 

expected value of acceleration/deceleration area

/ min/ min / max/ max min/ min[ ] ( ) /ac dc ac dc ac dc ac dc ac dcE S S e S S M= +  − . 

The difference between deceleration area and acceleration 

area divided by acceleration area is defined as transient 

stability margin, as shown in (11). 

100%de ac

ac

S S

S


−
=                          (11) 

where acS  and deS  are the expected values of acceleration 

area and deceleration area respectively.   is the transient 

stability margin. 

IV. EXAMPLE ANALYSIS 

A. GIC-Q under normal operation and fault conditions 

Taking the modified IEEE 118-Bus test case [14] as an 

example, the influence of GMD on the transient stability is 

analyzed. The transformers are numbered T1~T9 respectively 

according to the subsequence of their connected nodes. For 

the hybrid system, it is assumed that DFIG access node is 

node 8, and the rated power of a single DFIG is 1.5 MW. The 

number of DFIGs in the wind farm changes according to the 

wind power access capacity.  

It is assumed that a three-phase short-circuit fault occurs at 

the midpoint of branch 30-38 at t=1s, and the fault is removed 

at 1.3s. By switching synchronous units to accept wind 

power, the inertia constant of the multi-machine system is 

changed, and then the clustering result of the multi-machine 

system is changed. According to the identification method of 

coherent generator group in [15], the clustering result of 

coherent generator group is obtained. 

Since the data collected from the geomagnetic station are 

GMD second data and the fault duration is short, it is 

considered that the GMD intensity remains unchanged during 

the fault. Taking Ex = 0.8 V/km, Ey = 0.4 V/km as an example, 

the GIC-Q of 9 substations during normal operation, fault and 

fault removal are shown in Table II. 
TABLE II 

GIC-Q OF EACH SUBSTATION 

Substation 
GIC-Q(MVar) 

Difference/% Normal 

operation 

Fault Fault 

removal 

1 14.9 10.0 20.3 32.8(36.2) 

2 58.9 45.2 67.5 23.1(14.5) 

3 128.9 149.5 108.6 16.0(15.6) 

4 48.1 43.0 41.0 10.7(14.8) 

5 53.2 64.2 47.3 20.5(11.0) 

6 17.5 25.6 25.1 46.6(43.5) 

7 75.8 72.1 51.6 4.8(31.8) 

8 36.6 48.9 45.6 33.5(24.5) 

9 42.8 34.6 50.3 19.0(17.5) 

Note: the results outside the brackets are the changing rate when the fault occurs 

compared with normal operation. The results inside the brackets are the changing 

rate when the fault remove compared with normal operation. 

Comparing the GIC-Q of each substation in three cases, it 

can be seen that the change of network topology can change 

the flow path of GIC, and then affect the size of GIC-Q. 

Therefore, the GIC-Q of each substation in three cases and 

the corresponding node voltage are used to calculate the 

equivalent impedance. Considering the change of node 

voltage during the fault, the average value of equivalent 

impedance is used to study the influence of GMD on transient 

stability. 

For a GMD intensity, after the normal operation and fault 

removal, substitute the DFIG output active and reactive 

power and DFIG access node voltage into (4) and (5), and 

calculate the corresponding DFIG equivalent grounding 

impedance. When a fault occurs, due to the change of node 

voltage, the average value during the fault period is used to 

reflect the equivalent grounding impedance parameter of 

DFIG output power. Under different GMD intensities, the 

equivalent node impedance corresponding to three cases is 

calculated by using multiple groups of induced geoelectric 

field samples.  

B. Influence of GMD on transient stability 

For the conventional system, that is, when kS=0, the critical 

clearing angle of the system is 113.56°. According to the 

statistics of induced geoelectric fields in 29 strong 

geomagnetic storm events, the variation range of Ex is -1~1 

V/km, and the variation range of Ey is -0.4~0.4 V/km. Here, 

this induced geoelectric field component is taken as the limit 

and the GIC-Q is calculated in steps of 0.1V/km. After the 

GIC-Q is equivalent to the grounding impedance, the random 

of GMD makes the change of critical clearing angle irregular. 

But compared to the situation where there is no GMD, the 

critical clearing angle decreases, so the stability becomes 

worse. 



For the case of kS≠0, the critical clearing angle and its 

partial derivative to kS are calculated. Using the random fuzzy 

simulation technology and inverse transformation method 

described in Section II-C, set M to 100 to generate induced 

geoelectric field samples. Then, for each kS and multiple 

groups of induced geoelectric field samples, the expected 

value of the critical clearing angle is calculated by using 

Section III-C fuzzy simulation, and the variation law of the 

critical clearing angle with the proportion of wind power is 

obtained, as shown in Fig. 2. 

 

(a)   

 

(b) 
Fig. 2.  Critical clearing angle. (a) Partial derivative of critical clearing angle 

to kS. (b) Critical clearing angle of different kS. 

For the case without GMD, when kS is in the range of 

0~70%, c

Sk




 is greater than zero. Therefore, the critical 

clearing angle increases with the increase of wind power 

proportion. When kS is greater than 70%, c

Sk




 is less than 

zero, so the critical clearing angle decreases with the increase 

of wind power proportion. When GMD occurs, the changing 

trend of critical clearing angle is more complex. The critical 

clearing angle increases first, then decreases, then increases 

and finally decreases with the increase of kS, but compared to 

the case without GMD, the critical clearing angle decreases. 

Therefore, GMD is not conducive to transient stability. 

The influence of GMD on acceleration/deceleration area is 

shown in Fig.3. The power characteristics of normal 

operation, fault and fault removal are represented by PI, PII, 

PIII, and black curves are the power characteristics without 

GMD. The uncertainty of GMD makes the electromagnetic 

power of the equivalent system not a fixed curve, but a cluster 

of red curves. The blue curves are envelopes of 

electromagnetic power during normal operation in the case of 

GMD. The cyan curves are envelopes of electromagnetic 

power in case of fault and GMD. The green curves are 

envelopes of electromagnetic power after the fault is 

removed.  

 
(a)          

 
(b) 
Fig. 3.  Equivalent electromagnetic power curve. (a) kS=0%. (b) kS=40%. 

Sabcd in Fig.3 is the acceleration area without GMD, Sa'bc'd' 

and Sa'bc'd' are the acceleration area composed of the envelope 

of equivalent electromagnetic power curve when GMD 

occurs, and the change of acceleration area cannot be 

obtained directly. Sefgb is the deceleration area without GMD, 

and Se'f'gb and Se'f'gb are the deceleration area composed of the 

envelope of the equivalent electromagnetic power curve 

when GMD occurs. The deceleration area decreases when 

GMD occurs in both conventional systems and hybrid 

systems. The Sac, Sdc and η in case of GMD and no GMD 

under different wind power access ratios are shown in Table 

III. 
TABLE III 

THE EXPECTED VALUE OF ACCELERATION/DECELERATION AREA AND 

STABILITY MARGIN UNDER DIFFERENT WIND POWER RATIO 

kS(%) Sac Sde η/% 

0 83.1(114.1) 114.1(112.0) 37.2(24.3) 

10 80.0(85.4) 113.0(110.0) 41.2(28.7) 

20 88.6(93.2) 121.5(112.6) 37.1(20.7) 

30 86.9(87.7) 125.9(124.5) 44.8(41.9) 

40 83.0(88.7) 127.0(120.5) 53.0(35.7) 

50 80.3(90.6) 128.3(122.5) 59.6(35.2) 

60 78.0(88.8) 130.0(125.7) 66.5(41.4) 

70 77.3(88.7) 131.0(124.3) 69.3(40.1) 

80 78.8(88.9) 130.7(124.0) 65.6(39.4) 

90 79.0(90.7) 129.6(124.7) 64.0(37.4) 

Note: the results outside the brackets are the results without GMD, and the results 

inside the brackets are the results when GMD occurs. 

Without GMD, the transient stability margin increases 

with the increase of wind power access proportion (0~70%). 

After exceeding 70%, the transient stability margin decreases 

with the increase of wind power access proportion. In the case 

of CMD, the transient stability margin decreases regardless 

of the proportion of wind power output power. The transient 

stability margin increases first (about 0~30%), then decreases 

(30%~50%), then increases (50%~70%), and finally 

decreases (more than 70%).  



The equivalent power angle curve is different when the 

proportion of wind farm output power changes. Taking the 

wind power access ratio of 40% as an example, the equivalent 

power angle curve is shown in Fig. 4. The first swing angle 

difference under different wind power access ratios is shown 

in Table IV. Due to the uncertainty of GMD, the first swing 

angle difference takes the maximum value. 

 
Fig. 4.  Equivalent power angle curve 

TABLE IV 

POWER ANGLE DIFFERENCE OF FIRST SWING  

kS(%) No GMD GMD 

0 100.5 130.2 

10 92.4 111.6 

20 84.3 100.4 

30 65.3 83.5 

40 69.5 89.7 

50 84.2 96.5 

60 61.3 79.8 

70 54.5 67.8 

80 96.5 98.3 

90 100.1 108.7 

For the case without GMD, the power angle difference of 

the first swing decreases first (the proportion of wind power 

access is 0~70%) and then increases (greater than 70%). In 

the case of GMD, the power angle difference of the first 

swing decreases first (0~30%), then increases (30%~50%), 

then decreases (50%~70%), and finally increases (greater 

than 70%). In the case of GMD, the variation of critical 

clearing angle, first swing angle difference and transient 

stability margin with the proportion of wind power access are 

consistent. 

V. CONCLUSION 

In this paper, through the correlation between the induced 

geoelectric field, GIC-Q and the equivalent rotor motion 

equation, it was proved that GMDs could affect not only the 

voltage stability, but also the transient power angle stability 

of the system. By quantitatively evaluating the impact of 

GMDs on transient stability based on the modified IEEE 118-

bus test case, conclusions are given as follows: 

1) Based on the 29 strong geomagnetic storms in the 23rd 

solar activity cycle, the induced geoelectric field data was 

calculated, and the probability distribution analysis and fuzzy 

feature extraction of distribution parameters were carried out. 

The results showed that the induced geoelectric field 

component obeys t location-scale distribution, and its shape 

parameters, scale parameters and location parameters are 

fuzzy, but its boundary can be defined within a certain 

confidence interval to obtain its membership function. 

Therefore, the induced geoelectric field can be regard as a 

random fuzzy variable to study the influence of geomagnetic 

storms on the stability of the power system. 

2) The GMDs, an uncertain factor, affects the expected 

value of critical clearing angle, the expected value of 

acceleration/deceleration area and transient stability margin. 

Compared with the case without GMDs, when GMDs occur, 

the critical clearing angle and transient margin of the system 

are reduced. When the proportion of wind farm output power 

reaches about 50%, the transient stability margin of the 

system is the smallest. Therefore, GMDs can deteriorate the 

transient stability of the system. 
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