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Abstract -- When geomagnetic disturbances (GMDs) occur, 

the reactive power loss (GIC-Q) caused by geomagnetically 
induced currents (GICs) flowing through transformers can lead 
to system instability. Previous studies have been focused on the 
impacts of GMD on the static stability of conventional systems, 
while transient stability of hybrid systems left unexplored. In 
this paper a hybrid system based on wind and conventional 
energy sources are proposed as a research object. The wind 
farm output power and GIC-Q are equivalent to the grounding 
impedance. Considering the uncertainty of GMD, based on 
establishing the random fuzzy model of induced geomagnetic 
fields, the expected value of critical clearing angle and 
acceleration/deceleration area is calculated by using credibility 
theory. Then the influence of GMD on the transient stability 
under the different proportions of wind farm output power is 
analyzed quantitatively by using transient stability margin. 
Taking the Mengdong power grid under four operation modes 
as an example, the results show that no matter which operation 
mode, the transient stability of the system is reduced when 

GMDs occur. Under heavy loading conditions in summer and 
when the proportion of wind farm output power reaches 50%, 
the transient stability of the system is the lowest. The research 
results provide a basis for disaster prevention and control of 
GMDs. 

 

 
Index Terms--Hybrid system, induced geomagnetic fields, 

geomagnetic disturbances, GIC-Q, transient stability. 
 

I.   INTRODUCTION 

The quasi-dc geomagnetically induced current (GICs) 
flowing through transformers can generate reactive loss 
(GIC-Q) [1,2]. Due to the large number of transformers in the 
power system and the uncertainty of geomagnetic 
disturbances (GMDs) intensity, it may threaten the stability 
of the system when it is added to the system as reactive loads 
[3]. At present, the research is directed toward analyzing the 
impact of GMDs on conventional power systems and the 
efforts are mainly limited to static voltage stability. With the 
development of wind power, the proportion of wind power in 

power grids is increasing. Whether GMDs will affect the 
transient stability of hybrid systems remains to be studied.  

During the geomagnetic storm on March 12-13, 1989, the 

Quebec power grid suffered an 8 V/km of induced 

geomagnetical field (IGF), resulting in a severe blackout and 

huge economic losses [4]. During the geomagnetic storm on 

May 10, 1992, the monitoring data of 345 kV/115 kV 

transformer in a substation by EPRI company of the United 

States showed that the QGIC was very large [5]. Even though 

GMD events are rare in comparison with other more common 

uncertain events, it has been identified as a “high-impact, 

low-frequency” extreme event causing risk to the power 

system as stated in the report from the U.S. Department of 

Energy [6]. The North American Electric Reliability 

Corporation (NERC) in February 2012 special reliability 

assessment report on GMDs notes that there are potential for 

damage to high voltage transformers and system stability 

operation [7]. South Africa [8], New Zealand [9], Australia 

and other countries in the mid-low-latitude also put forward 

the risk of GMD disaster faced by the power system [10].  

Concerning the induced geoelectric field data in the 
analysis of the impact of GMDs on system stability, 
references [11] and [12] respectively use the amplitude of 
IGF in a geomagnetic storm event or the assumed value of 
1V/km to study the impact of GMDs on voltage stability. 
However, in reality, the amplitude and direction of the IGF 
usually keeps changing. Because IGFs with different 
amplitudes and directions can introduce significantly 
different GIC-Q into the same system, the impact of GMDs 
can be very different. The assumption of a constant IGF 
significantly limits the practicality of previous studies. 
Considering that there are a large number of transformers in 
the system, it is impossible to statistically analyze the GIC-Q 
of each transformer, so the root cause (induced geoelectric 
field) is analyzed by using multiple GMDs in the 23rd solar 
activity cycle [13]. It is found that the probability distribution 
model of induced geoelectric field is lognormal distribution. 
However, the parameters of probability density function 
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(PDF) are not a certain value, and it is difficult to obtain clear 
probability parameters of PDF parameters due to the 
limitation of GMDs data. Therefore, the parameters of the 
induced geoelectric field PDF in multiple GMDs are fuzzy. 
On the one hand, if the Montero sampling method is used to 
sample each GMD induced geoelectric field, the calculation 
cost is too high.  On the other hand, using random variables 
to describe the induced geoelectric field itself does not accord 
with the objective reality. Given the uncertainty of GMDs, it 
is necessary to propose an induced geoelectric field model 
that can comprehensively describe its randomness and 
fuzziness to study the influence of GMDs on system stability. 

The GIC-Q is the main reason threatening the stable 
operation of the system. Authors of [14] analyzed the impact 
and consequences of GMDs on power systems from two 
aspects of power transformer half-wave saturation and 
voltage instability. The amplitude of GIC was taken as an 
index in [15] and divided the risk of power grid geomagnetic 
storm into "low", "medium", "high" and "extreme". 
Reference [16] proposed the theoretical framework of power 
grid security risk assessment under the influence of GMDs 
and the concept of GMDs-electrical hybrid simulation. These 
research works were mainly based on conventional systems 
neglecting the contribution of renewables (such as wind 
power) in dynamic system behavior Whether different wind 
power output proportions can affect the anti-GMD ability of 
the system has not been studied yet. In addition, the impact of 
GMDs on power system stability has primarily been focused 
on the size of GIC or the risk of voltage instability caused by 
GIC-Q [17]. More importantly, the change of GIC-Q caused 
by the change of network topology during normal operation, 
failure and after fault removal has not been considered so far. 
Whether it can affect the transient stability of the system and 
how to quantitatively evaluate this impact remain to be 
further studied. 

Taking the 29 strong geomagnetic storms in the 23rd solar 

cycle as typical cases [18], the t location-scale PDF is used to 

fit the induced geoelectric field components. Considering that 

the PDF of induced geoelectric fields can be determined and 

the distribution parameters are fuzzy, a random fuzzy model 

of induced geoelectric field is proposed. The equivalent 

grounding impedance is used to replace GIC-Q and wind 

farm output power, and their influence on the electromagnetic 

power of synchronous generators is transformed into the 

influence on the electrical connection between synchronous 

generators, then the GMDs is connected with the inertia, 

mechanical power and electromagnetic power in the 

equivalent rotor motion equation. Through fuzzy simulation 

calculation, the influence of GMDs on the transient power 

angle stability of hybrid systems with different levels of wind 

power output power is quantitatively analyzed under various 

operation modes, which provides a basis for the treatment of 

geomagnetic storm disasters. The contributions of this paper 

are as follows: 

• Based on several GMDs events, a stochastic fuzzy 

model of IGF is established. 

• Based on the stochastic fuzzy model of IGF and 

credibility theory, a model to quantify the influence of 

GMDs on transient power angle stability is proposed. 

• Taking the doubly fed induction generator (DFIG) as an 

example, the influence of wind power on the anti-GMDs 

ability of the system is studied. 

II.   ANALYSIS OF RANDOM FUZZINESS OF INDUCED 

GEOELECTRIC FIELDS 

A. Probability distribution characteristics of induced 
geoelectric fields 

The layered earth resistivity model is established by using 

the earth conductivity data in the Mengdong area [12], as 

shown in Fig. 1, where ρ and h represent the resistivity and 

thickness of each layer respectively. 

 

Fig. 1.  Layered model of earth resistivity in Mengdong. 

Taking the geomagnetic field data recorded by Beijing 

Geomagnetic Station for 29 strong geomagnetic storms in the 

23rd solar cycle as an example [13,18], the IGF is calculated 

by combining layered model of earth resistivity and plane 

wave method [19, 20]. The uncertainty of GMD intensity 

makes induced geomagnetic fields fluctuate. Determining the 

PDF of induced geomagnetic fields is the basis for studying 

the impact of multiple GMDs on system stability. To 

quantitatively compare the fitting effect of each PDF, a fitting 

index is defined, as shown in (1). 

1

( )
M

i i

i

I y N
=

= −               (1) 

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. 

Using different distribution functions to fit the induced 
geoelectric field components of 29 GMD events, the fitting 



  

index values are obtained. The average, maximum and 
minimum values are shown in Table I. 

TABLE I 
INDUCED GEOELECTRIC FIELD FITTING INDEX VALUE 

Induced 
geoelectric 

fields 
Index 

Type of disturbance 

Normal 
t location -

scale 
Cauchy 

Ex 
Max 0.893 0.225 0.379 
Min 0.802 0.107 0.203 
Ave 0.851 0.116 0.318 

Ey 
Max 0.658 0.336 0.671 
Min 0.421 0.159 0.502 
Ave 0.556 0.211 0.591 

It can be seen from Table I that t location-scale distribution 
has the best fitting effect on the East-West component Ex and 
North-South component Ey. The PDF of induced geoelectric 
field components is obtained by fitting the t location-scale 
distribution function shown in (2), as shown in Fig. 2. 
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where ( )   is the gamma function.   is the position 

parameter.   is the scale parameter.   is the shape 

parameter. 

 

(a)   

 

(b)   
Fig. 2.  Fitting of induced geoelectric fields of 29 GMDs: (a) Ex probability 
density distribution. (b) Ey probability density distribution.  

Due to the uncertainty of induced geoelectric fields, its 
PDF is not a single curve, but cluster of PDF curves with 
different distribution parameters.  

B.  Fuzzy uncertainty analysis of probability distribution 
parameters of induced geoelectric field 

The parameters of the induced geoelectric field PDF of 29 

geomagnetic storm events are counted by frequency 

according to the interval, and the frequency distribution 

diagram of the parameters is obtained, as shown in Fig. 3. 

 

(a)               

 
 (b)   
Fig. 3.  PDF parameter distribution of induced geoelectric fields: (a) PDF 
parameter frequency distribution of Ex. (b) PDF parameter frequency 
distribution of Ey.  

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 the parameter 

values of some special points. If considering excluding the 

influence of special parameter values, x  can be 

approximately described by triangular fuzzy variables. The 

values of x  and x  are approximately centered on 3.957 

and 1.845 respectively. They show an attenuation trend with 

the gradual increase of the distance from the center, which 

can also be described by triangular fuzzy variables. 

Considering a 95% confidence level, the confidence intervals 



  

of 
x , 

x  and 
x  of Ex are [3.042, 10.01], [2.304, 7.263] 

and [1.25, 3.929], respectively. For the PDF parameter of Ey, 

the value of y  is approximately centered on 16.911. In a 

certain area [13.44, 20.26] around the value, the occurrence 

frequency of parameter values is relatively concentrated, and 

the occurrence frequency of values outside the area shows an 

attenuation trend. It is more appropriate to use a trapezoidal 

fuzzy variable to describe it. The y  and y  are 

approximately centered on 11.76 and 1.866 respectively and 

are described by triangular fuzzy variables. At the 95% 

confidence level, the confidence intervals of Ey's 
x , 

x  

and 
x  are [8.902, 29.34], [6.869, 21.53], and [1.26, 3.989], 

respectively. The membership functions of PDF parameters 

of Ex are shown in (3) ~ (5), and the membership functions of 

PDF parameters of Ey are shown in (6) ~ (8). 

( )

0.258 0.786,    3.042 6.911

0.322 3.23,    6.911 11.1

0,                          3.042  11.1

x x

x x x

x x

f

or

 

  

 

−  


= − +  
  

        (3) 

0.604 1.393,     2.304 3.957

( ) 0.302 2.167,  3.957 7.263

0,                           2.304  7.263

x x

x x x

x x

f

or

 

  

 

−  


= − +  
  

      (4) 

1.681 2.101,     1.25 1.845

( ) 0.479 1.885,  1.845 3.929

0,                           1.25  3.929

x x

x x x

x x

f

or

 

  

 

−  


= − +  
  

       (5) 

( )

( )

8.902 / 4.538,  8.902 13.44

1,                               13.44 20.26
( )

29.34 / 9.08,    20.26 29.34

0,                               8.902  29.34

y y

y

y

y y

y y

f

or

 




 

 

 −  


 
= 

−  


 

      (6) 

0.204 1.404,     6.869 11.76

( ) 0.102 2.204,  11.76 21.53

0,                           6.869  21.53

y y

y y y

y y

f

or

 

  

 

 −  


= − +  
  

      (7) 

1.65 2.079,      1.26 1.866

( ) 0.471 1.879,  1.866 3.989

0,                          1.26  3.989

y y

y y y

y y

f

or

 

  

 

 −  


= − +  
  

      (8) 

In statistical problems, when the distribution of a random 

variable is known and its parameter value is described as a 

fuzzy variable, the random variable will become a random 

fuzzy variable [21,22]. The induced geoelectric field 

component satisfies this characteristic, so it is defined as a 

random fuzzy variable to study its influence on the transient 

power angle stability. 

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 (9). 

( )
/ // /( )

x y x yx y E x y EF Ch E =           (9) 

where ( )F   is cumulative probability density (CDF) 

function. ( )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 [23]. The specific steps are as 
follows: 

1) Based on the chance measure distribution function of 

induced geoelectric field, M distributed 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 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 

(9) is solved to obtain the value 

( )/
/ / /

/
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/
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x
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x x y EE Ch EF
  

 −  
=  

 
 of the induced 

geoelectric field. The possibility of the occurrence of the 

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.   IMPACT OF GMDS ON TRANSIENT STABILITY 

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

According to the extended equal area criterion (EEAC), 

when the multi-machine system is disturbed, the generators 

are divided into two clusters, the heavily disturbed cluster (S-

group) and the remaining cluster (R-group) based on the 

degree of disturbance. According to the characteristics of 

generators which are in the heavily disturbed cluster, they can 

be equivalent to an equivalent generator S. Similarly, the 

remaining cluster is equivalent to an equivalent generator R. 

The extended dual-machine system is shown in Fig. 4. All 

nodes in the system are divided into four categories: potential 



  

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

2), wind farm access node W (node 3) and power exchange 

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

 

Fig. 4.  Wiring diagram of extended dual-machine system 

In the case of GMDs, 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 quasi-DC current 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 a reactive load. The flow path of GIC is shown in 

Fig. 5. 

 

(a)          

 

 (b) 

 

(c) 

Fig. 5.  GIC circulation path: (a) GIC flow path during normal operation. 
(b) GIC flow path in short circuit fault. (c) GIC flow path after fault removal. 

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

clearing fault, GIC-Q can be used as a reactive load, but its 

size will change with the change of GMD intensity and 

network topology. The impedance model is used to represent 

the reactive load like GIC-Q. Therefore, GIC-Q can be 

equivalent to a positive reactance under normal conditions, 

short-circuit fault and fault removal, as shown in (10). 

2GICi

GICi

GICi

Q

Q

Q
X j

U
=              (10) 

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 [24,25]. 

1,2,3i =  respectively represent normal, faulty, and fault 

removal conditions. 

Assuming that the wind farm access node W is inside the S 

-group and generators in wind farms are doubly-fed 

asynchronous generators (DFIGs) 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, 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. 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, the 

wind farm output power is equivalent to a parallel negative 

resistance 
2WR  and negative reactance 1WX . After fault 

removal, DFIG not only generates active power, but also 

emits a small amount of reactive power. Therefore, the wind 

farm output power is equivalent to a negative impedance with 

negative resistance 
3WR  and negative reactance 

3WX  in 

parallel. The equivalent impedance is shown in (11) and (12). 

( )
2

1, 2,3Wi

Wi

Wi

U
R i

P
= =            (11) 

( )
2

1, 2Wi

Wi

Wi

U
X i

Q
= =             (12) 

where, 1WU  is the voltage of DFIG access nodes. WiP  and 

WiQ  are the active power and reactive power of DFIG. 

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

and fault removal. 

According to the power characteristics of generators in a 

multi-machine power system, the electromagnetic power 

output by any generator in the system is a function of the 

internal potential, power angle and network parameters of all 

generators. To analyze the transient stability of the multi-

synchronous power system, the node voltage equation of the 

system should be equivalently transformed, and the nodes 



  

expect nodes 1 and 2 should be contracted. According to the 

node classification and by eliminating nodes 3, 6 and 7, the 

node voltage equation of the system can be derived as (13). 

11 12 14 15 1 1

21 22 24 25 2 2
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     (13) 

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

and 5 without GMD and wind farm respectively. 
When GMDs occur and wind farm power output changes, 

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

55 _ 0iY  is corrected to 55iY ， 55 55 _ 0 1/
GICii i QY Y X= + . Nodes 

4 and 5 are further eliminated, as shown in (14).  
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(14) 

where ( , )S GICY k Q  is the correction of admittance. 
Because the expression is complex, it is expressed in 
function form. 

Nodes 4 and 5 are not simply removed, but the 
information of GMDs and wind farm output power is 
integrated into the node admittance matrix of 
synchronous generator, that is, the influence of GMD and 
wind farm output power on the electromagnetic power of 
synchronous generators is transformed into the influence 
on the electrical connection between synchronous 
generators. 

B.   Influence of GMDs on equivalent rotor motion equation 
of hybrid system 

When the proportion of wind farm output power changes, 

the system changes the total output power by changing the 

number of synchronous generators, so as to maintain the 

power balance of the system. Assuming there is no wind farm, 

the number of synchronous generators of S is N, the inertia 

time coefficient MS0 and total mechanical power Pm.S0 of S 

are shown in (15).  
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where, iM  and jM  ( i S , j R ) are inertia time 

coefficients of generators. SM  and RM  are inertia time 

coefficients of S-group and R-group. .m iP  and .m jP  ( i S , 

j R ) are mechanical power of generators. .m SP  and .m RP  

are mechanical power of S-group and R-group. 

When the proportion of wind farm output power is kS, the 

output power of conventional generators is (1- kS) Pm.S0 , and 

the number of synchronous generator is (1- kS)N at this time 

is (1-kS) N. Combining with (15), the MS(kS) and Pm.S(kS) are 

shown in (16) [26]. 
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where 0SM  is the equivalent inertia time coefficient of S-

group without wind power access. . 0m SP  is the equivalent 

mechanical power of S-group without wind power. 

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 mechanical power and electromagnetic power, the 

influence is reflected in the variation relationship between 

each parameter in the equivalent rotor motion equation and kS, 

QGIC, as shown in (17). 
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where, SRM  is the equivalent inertial time coefficient. 

.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. 
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It can be seen from (17) that the equivalent mechanical 

power and electromagnetic power of the system will be 

affected by kS and GIC-Q. Therefore, the influence of GMDs 

on the transient stability of hybrid systems is transferred to 



  

the influence of kS and GIC-Q on the 

acceleration/deceleration area formed by the rotor motion 

equation. 

C.   Evaluation of influence of GMDs on transient stability 
of hybrid system 

Using the induced geoelectric field samples obtained in 

section II-C, the expected value information 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, the M-group sampling value ( ),
xi yiE E   is 

calculated which ultimately help 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) Carry on M cycle, and rδ, rac and rdc are randomly 

generated from [δcmin, δcmax], [Sacmin, Sacmax] and [Sdcmin, Sdcmax], 

respectively. Let eδ=0，eac=0，edc=0. 

4) Accumulate e  and 
/ac dcSe  in each cycle according to 

(18) and (19). 
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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 (20). 

100%de ac

ac

S S

S


−
=            (20) 

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 

The structure of the Mengdong power grid and GIC 
calculation results are shown in Fig. 6, where the size of the 
dot indicates the size of the substation GIC, the thickness of 

the line indicates the size of the line GIC, the color of the 
circle indicates the flow direction of the substation GIC, the 
red substation names indicate the 500 kV network, and the 
black is 220 kV network. It is assumed that a three-phase 
short-circuit fault occurs at the midpoint of branch XL-LD at 
t =1s, and the fault is removed at 1.3 s. According to the 
identification method of coherent generator group in [27], the 
division result of coherent generator group is obtained. 

 

Fig. 6.  GIC level of the Mengdong power grid 

Since the data collected from geomagnetic stations are 
GMD second data and the fault duration is short, it is 
considered that the GMDs intensity remains unchanged 
during the fault. Taking Ex = 0.8 V/km, Ey = 0.4 V/km as an 
example, the GIC-Q of the nine 500kV substations during 
normal operation, fault and fault removal are shown in Table 
II. The difference outside the brackets are the changing rate 
when the fault occurs compared to the normal operation. The 
difference inside the brackets are the changing rate when the 
fault is removed compared to the normal operation. 

TABLE II 
GIC-Q OF EACH SUBSTATION BEFORE AND AFTER FAULT 

Substation 
GIC-Q/MVar 

Difference/% 
Normal operation Fault Fault removal 

HB 356.7 178.9 205.6 49.8(42.4) 
BY 347.6 134.6 205.3 61.3(40.9) 
XL 178.1 131.2 106.9 26.3(39.9) 
LD 532.9 226.8 367.3 57.4(31.1) 
XA 232.4 118.9 200.8 48.8(13.6) 

KEQ 465.3 247.1 301.0 46.9(35.3) 
QF 615.4 386.3 469.2 37.2(23.8) 

ALT 239.5 114.3 101.8 52.2(57.5) 
LD 485.1 352.3 298.3 27.4(38.5) 

By comparing the GIC-Q of each substation in three cases 
of normal, faulty and fault removal conditions in Table II, it 
can be seen that the change of network topology can change 
the flow path of GIC, and then affect the value 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 GMDs on 
transient stability. 

For a GMD intensity (Ex = 0.8 V/km, Ey = 0.4 V/km), 
substitute the wind farm output power and wind farm access 
node voltage into (11) and (12), and calculate the 



  

corresponding wind farm output power equivalent grounding 
impedance, as shown in Fig. 7. 

 
Fig. 7.  Equivalent impedance of wind farm output under a certain induced 
geoelectric field intensity. 

When a fault occurs, due to the change of node voltage, the 
equivalent grounding impedance is variable. For the 
convenience of calculation, the average value of equivalent 
impedance between 1s and 1.3s is used to study the impact of 
GMDs on transient power angle stability. 

B.   Influence of GMDs on transient stability 

For the traditional system, that is, when kS=0, under the 
four operating conditions of low load in winter (LW), high 
load in winter (HW), low load in summer (LS) and high load 
in summer (HS), the critical clearing angle of the system is 
136.78°, 112.74°, 141.25° and 123.01°. According to the 
statistics of induced geoelectric fields in 29 GMD events in 
the 23rd solar activity cycle, the variation range of Ex is - 1~1 
V/km, and the variation range of Ey is - 0.4~0.4 V/km. Take 
these induced geoelectric field components as the limit and 
calculate GIC-Qs of each substation in steps of 0.1V/km. 
After the GIC-Q is equivalent to the grounding impedance, 
the influence of GMDs on the critical clearing angle is shown 
in Fig. 8. 

  

Fig. 8.  Change of critical clearing angle 

The random of GMDs makes the change of critical 
clearing angle irregular. But compared with no GMD, the 
critical clearing angle decrease, so the stability becomes 
worse. 

For the case of kS≠0, calculate the critical clearing angle 

and its partial derivative of kS. Using the random fuzzy 

simulation technology and inverse transformation method 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. 9.  

 
(a)   

   

(b) 

Fig. 9.  Critical clearing angle. (a) Partial derivative of critical clearing 
angle to kS. (b) Critical clearing angle of different kS 

For the case without GMDs, the critical clearing angle first 
rises (kS is in the range of 0~70%) and then decreases (kS is 
greater than 70%). When GMDs occur, the changing trend of 
critical clearing angles is more complex. The critical clearing 
angle increases first (kS is in the range of 0~40%), then 
decreases (kS is in the range of 40~50%), then increases (kS is 
in the range of 50~70%) and finally decreases (kS is greater 
than 70%). The critical clearing angle curve when GMDs 
occur is below the critical clearing angle curve when GMDs 
do not occur, so GMDs are not conducive to the system 
transient stability. And under the HS operation mode, the 
critical clearing angle of GMD is the smallest. 

Under the HS operation mode, the influence of GMDs on 
acceleration/deceleration area is shown in Fig.10. The power 
characteristics of normal operation, fault and fault removal 
are represented by PI, PII, PIII, and the black curve is the 
power characteristics without GMDs. The uncertainty of 
GMDs makes the electromagnetic power of 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 GMDs. The cyan curves are 
envelopes of electromagnetic power in case of fault and 
GMDs. The green curves are envelopes of electromagnetic 
power after the fault is removed.  

 
(a)                                                        

 

 (b) 

Fig. 10.  Equivalent electromagnetic power characteristics. (a) 
Electromagnetic power curve at kS = 0%. (b) Electromagnetic power curve at 
kS=50%. 

Sabcd in Fig.10 is the acceleration area without GMDs, 
Sa'bc'd' and Sa'bc'd' are the acceleration area composed of the 
envelope of equivalent electromagnetic power curve when 
GMDs occur, and the change of acceleration area cannot be 
obtained directly. Sefgb is the deceleration area without GMDs, 
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 
GMDs occur in both conventional systems and hybrid 
systems. The acceleration area Sac and deceleration area Sdc in 
case of GMDs and no GMDs under different wind power 
access ratios are shown in Table III and Table IV. F 
represents without GMDs and T represents the occurrence of 
GMDs. 

TABLE III 
Expected value of acceleration area under different wind power ratio 

kS/% 
LW HW LS HS 

F T F T F T F T 

0 98.1 106.5 100.2 103.4 99.6 101.2 100.3 102.3 

10 91.2 96.2 92.3 99.5 92.3 97.6 95.6 98.6 
20 85.2 90.6 86.9 95.6 83.6 95.3 90.3 96.3 
30 80.3 86.4 82.3 89.2 80.1 91.5 85.6 93.4 
40 76.5 110.2 78.2 82.3 77.8 87.6 80.3 90.2 
50 70.4 95.4 73.6 93.2 72.3 100.2 75.6 102.3 
60 65.2 84.2 70.2 90.1 67.3 94.5 80.6 96.1 
70 60.2 71.3 79.8 92.6 72.3 96.5 83.9 95.3 
80 79.8 85.6 86.5 95.8 82.3 97.6 90.2 98.3 
90 97.3 100.2 94.9 96.8 78.6 98.1 92.3 99.6 

TABLE IV 
Expected value of deceleration area under different wind power ratio 

kS/% 
LW HW LS HS 

F T F T F T F T 

0 114.2 112.7 113.6 110.5 110.2 108.1 108.6 107.2 
10 120.3 116.9 119.2 113.6 115.6 114.2 113.8 110.3 
20 126.8 119.3 121.3 118.4 119.8 118.1 116.5 116.9 
30 129.8 123.2 128.6 121.6 124.6 121.6 120.1 118.3 
40 136.4 120.3 131.4 128.3 130.1 125.9 126.9 120.9 
50 142.5 128.9 136.8 115.3 136.9 110.1 128.9 108.9 
60 148.9 134.6 142.1 118.9 143.5 114.2 124.3 110.2 
70 151.0 139.5 140.3 115.6 135.2 110.3 120.1 115.3 
80 132.1 120.6 125.6 113.2 131.5 108.9 118.4 107.2 
90 115.6 110.2 101.6 110.3 136.5 106.3 115.3 102.1 

Firstly, the acceleration/deceleration areas in Tables III and 
IV are compared horizontally. For a certain wind power ratio, 
when GMDs occur, the acceleration area increases and the 
deceleration area decreases under any operation mode. Then 
a longitudinal comparison is made. For the different 
proportions of wind farm output power, when GMDs do not 
occur, the acceleration area decreases first (0~70%) and then 
increases (greater than 70%), and the deceleration area 
increases first (0~70%) and then decreases (greater than 70%). 
When GMDs occur, the acceleration decreases first (0~40%), 
then increases (40~50%), then decreases (50~70%) and 
finally increase (greater than 70%). The deceleration 
increases first 0~40%), then decreases (40~50%), then 
increases (50~70%) and finally decreases (greater than 70%). 
This indicates that when GMDs occur, the optimal wind 
power access ratio decreases, and the system's ability to 
accept wind power decreases. The trend of 
acceleration/deceleration area can explain the change of 
critical clearing angle in Fig. 9. The stability margin η is 
shown in Fig. 11. 

   
Fig. 11.  Transient stability margin. 

Without GMDs, under the four operation modes, 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. When GMDs occur, no matter 
which operation mode, the transient stability margin is lower 
than that without GMDs. The transient stability margin 
increases first (about 0~40%), then decreases (40%~50%), 
then increases (50%~70%), and finally decreases (more than 
70%).  Under the operation mode of HS and when the 
proportion of wind farm output power reaches about 50%, the 
transient stability margin is the lowest. 

C.   Simulation verification 

The equivalent power angle curve is different under the 
different proportions of wind power output power. Taking the 
wind power access ratio of 50% as an example, under the HS 
operation mode, the equivalent power angle curve is shown in 
Fig. 12. Under the four operating modes, the first swing angle 
difference under different wind power ratios is shown in 
Table V, where the data inside and outside the brackets are 
the power angle difference when GMDs occur and when 
GMDs do not occur. 

 

Fig. 12.  Equivalent power angle curve 

Several red curves (power angle difference) in Fig. 12 are 
caused by the uncertainty of the IGF when GMDs occur. The 
random fuzzy simulation is used to generate IGF samples to 
calculate GIC-Q. Adding different GIC-Q as reactive loads to 
the system can inevitably produce different power flow 
calculation results and different initial states, so there will be 
many different power angle difference curves. When GMDs 
occur, the acceleration area increases, the deceleration area 
increases, and the expected value of transient stability margin 
decreases. According to the EEAC, the transient stability is 
reduced, which is shown in the time-domain simulation curve 
of power angle difference, that is, the amplitude increases and 
the oscillation time prolongs. The results of Fig. 10 and Table 
IIII are verified. 

TABLE V 
Power angle difference of first swing under different wind power ratio 

kS/% 
Operation mode 

LW HW LS HS 

0 90.2(105.6) 100.7(120.8) 98.5(110.4) 106.9(132.5) 
10 83.2(95.6) 97.6(110.5) 90.5(100.3) 103.4(123.5) 
20 74.8(87.6) 86.9(98.6) 86.2(96.2) 99.1(115.6) 
30 70.4(83.6) 80.2(94.6) 80.4(84.6) 98.6(110.5) 
40 61.3(74.6) 74.6(80.3) 74.2(78.6) 97.3(98.5) 

50 50.3(103.5) 65.3(100.6) 69.5(100.7) 96.3(118.6) 
60 42.8(95.6) 62.0(92.3) 62.1(86.3) 84.3(112.3) 
70 71.2(84.6) 87.6(80.7) 61.7(84.3) 90.4(105.6) 
80 85.5(89.6) 95.6(98.3) 74.5(92.1) 92.5(110.4) 
90 100.6(96.2) 105.9(108.4) 89.5(100.4) 96.8(121.3) 

First, make a longitudinal comparison, that is, compare the 
power angle difference of different wind power proportions 
under the same operation model. The wind power integration 
makes the power angle difference decrease. With the increase 
of the wind power ratio, the power angle of the first swing 
decreases. When GMDs do not occur, for LW, HW, LS and 
HS operation modes, when the wind power ratio reaches 
60%, 60%, 70% and 60% respectively, the descent process 
stops. When GMDs occur, for LW, HW, LS and HS 
operating modes, the descent process stops when the wind 
power ratio reaches 40%, 50%, 40% and 40% respectively. 
Therefore, when GMD occurs, the optimal wind power 
access ratio decreases. Then make a horizontal comparison, 
that is, compare the power angle difference of different 
operation modes under the same wind power ratio. When the 
GMDs occur, no matter which operation mode, the first 
swing angle is greater than that when GMDs do not occur, 
and the first swing angle is the largest under the HS operation 
mode. In the case of GMDs, the variation of critical clearing 
angle, first swing angle difference and transient stability 
margin with the proportion of wind power access are 
consistent, which verifies the correctness of the conclusion. 

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 Mengdong power 

grid, conclusions are given as follows: 

1) Based on the 29 strong GMDs in the 23rd solar activity 

cycle, the induced geoelectric fields were calculated, and the 

probability distribution analysis and fuzzy feature extraction 

of distribution parameters were carried out. The results 

showed that the induced geoelectric field components obey 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 fields can be regarded as a random fuzzy variable 

to study the influence of GMDs on the stability of the power 

system. 

2) The GMDs, an uncertain factor, could affect the 

expected value of critical clearing angle, the expected value 

of acceleration/deceleration area and transient stability 

margin. Compared to the case without GMDs, when GMDs 

occur, the critical clearing angle and transient margin of the 

system were reduced in any operation mode. Under the 

operation mode of heavy load in summer, when the 

proportion of wind farm output power reached about 50%, 

the transient stability margin of the system was the smallest. 

Therefore, GMDs could deteriorate the transient stability of 



  

the system. 
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