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Abstract: The multivariate coupling and symmetry characteristic of a synchronous condenser and
its excitation system (SCES) poses a challenge for parameter identification. This paper proposes a
parameter identification approach for the SCES considering multivariate coupling and symmetry
characteristics. The key parameters of the synchronous condenser under different time scales are
selected. Then, the sensitivity analysis method is utilized to classify the parameters and establish the
sets of coupling variables. In addition, the response mechanism and characteristics of the SCES under
steady-state, sub-transient, and transient conditions are analyzed, based on which the parameter
identification models are established separately. Moreover, the measurement data noise is processed
by the wavelet threshold denoising method. According to the coupling variable sets, an improved
snake optimization method based on Tent chaotic mapping is adopted for a solution. A case study is
conducted to validate the effectiveness of the proposed approach. The results show that the proposed
approach is able to improve the identification precisely and reduce the mode response error.

Keywords: coupling and symmetry characteristic; excitation system; parameter identification;
sensitivity analysis; synchronous condense

1. Introduction

With the ever-increasing integration of renewable energy sources (RESs), the power
system structure has undergone changes [1,2]. There is extensive implementation of
ultra-high-voltage direct current (DC) transmission lines for the coordinated utilization
of RESs. The establishment of multiple ultra-high-voltage DC transmission corridors has
resulted in modifications to the configuration of the sending-end system, characterized
by strong DC and weak alternating current (AC) components [3,4]. Due to the weak AC
grid infrastructure and the gradual substitution of conventional generators by RESs, the
problem of insufficient reactive voltage support capacity in the power system has become
increasingly prominent [5]. Synchronous condensers offer several advantages, including
rapid dynamic response, robust voltage regulation capabilities, substantial short-term
overload capacity, and reliable instantaneous reactive power support [6,7]. However,
manufacturers often provide models and parameters for synchronous condensers that
deviate from real-world conditions and may change over time due to equipment aging. The
absence of precise parameters presents challenges in the analysis and control of reactive
power and voltage. Therefore, there is an urgent need for accurate parameter identification
pertaining to synchronous condensers and their excitation systems.
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Extensive studies on the parameter identification of a synchronous condenser have
been conducted. An online method was presented for identifying synchronous generator
parameters and dynamic states using the nonlinear least squares method [8]. In addition,
an algebraic elimination theory-based approach was proposed for the offline parameter
identification of synchronous generators [9]. Additionally, the utilization of particle swarm
optimization facilitated the computation of the noise matrix for the extended Kalman filter,
thereby enhancing both convergence speed and robustness [10]. Moreover, a method is
designed based on the load rejection test results for parameter estimation [11]. With the
change in field voltage, a three-stage excitation system parameter identification method was
proposed [12]. Furthermore, the parameter perturbation method was employed to obtain
sample data for identifying parameters [13]. The aforementioned studies are able to identify
the model parameters according to the sample data and have enhanced convergence speed
and robustness. But the multivariate coupling characteristic of the synchronous condenser
and its excitation system (SCES) was not considered.

Due to the characteristics of multivaluedness, the accuracy of parameter identification
for synchronous condensers can be affected. Robust solutions to the multivalued prob-
lem in parameter identification were presented through trajectory fitting methods [14–16].
The trajectory sensitivity analysis can mitigate the impacts of inter-parameter coupling
and address the challenge of obtaining multivalued identification results [17–19]. A step-
wise parameter identification method for synchronous condensers under various distur-
bances was proposed [20]. Based on the sensitivity analysis, a classification and iden-
tification strategy was designed to categorize and identify parameters of synchronous
generators and their excitation systems [21]. Although previous research utilized sensi-
tivity information to design identification strategies based on variable correlation, most
current studies on parameter identification for synchronous condensers relied solely on the
sensitivity relationship between parameters and different perturbations without analyzing
the coupling and symmetry characteristics between the parameters to be identified and
measurable variables.

Therefore, this paper proposes a parameter identification approach for the SCES.
The factors influencing the reactive power output of the synchronous condenser under
different time scales are analyzed, based on which the key parameters to be identified
are selected. With the utilization of the trajectory sensitivity, the coupling and symmetry
characteristics of the parameters of the SCES are analyzed, enabling the establishment of
sets of coupling variables. In addition, a multi-time-scale parameter identification model is
established, and the wavelet threshold denoising (WTD) method is adopted to process the
noise of measurement data. Additionally, an improved snake optimization (SO) method is
employed for a solution.

The rest of this paper is organized as follows: In Section 2, the coupling variable
set of the SCES is established. Additionally, the parameter identification model and data
preprocess method are provided in Section 3. Section 4 gives the solution method based on
the improved SO method. The case study is carried out in Section 5. Finally, conclusions
are drawn in Section 6.

2. Coupling Variable Set of SCES
2.1. Analysis of Multi-Time-Scale Key Parameters

The reactive power output of the synchronous condenser Q is expressed as [22]

Q = vqid − vdiq (1)
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The power angle of the synchronous condenser is approximated to be 0 if the active
losses are neglected, i.e., vd ≈ 0 and v ≈ vq. From (1), when the system is subject to a fault,
the reactive power change of the synchronous condenser ∆Q is given by

∆Q = Q − Q0 = vid − v0id0
= (v0 + ∆v)(id0 + ∆id)− v0id0
≈ v∆id + ∆vid0

(2)

From (2), it can be observed that the reactive power change of the synchronous con-
denser ∆Q is influenced by the reactive current, and changes in the reactive current are
closely linked to the parameters of the synchronous condenser. Under the sub-transient con-
dition, the reactive current change ∆id is represented by its equivalent system impedance,
which can be expressed as

∆id = −
(

1
X′′

d+Xk
− 1

X′
d+Xk

)
e
− t

T′′ ds ∗ ∆vq−(
1

X′
d+Xk

− 1
Xd+Xk

)
e
− t

T′ds ∗ ∆vq +
cos(ωt+δ)
X′′

d+Xk
e−

t
Tas ∗ ∆v − ∆vq

Xd+Xk

(3)

At the instant of fault occurrence, the change in the reactive current is approximately
−∆v/(X′′

d + Xk). Therefore, the instantaneous reactive power provided by the synchronous
condenser can be expressed as

∆Q = − v∆v
X′′

d + Xk
+ ∆vid0 (4)

Based on (4), the instantaneous reactive power is closely correlated with the parameter
X′′

d. The reactive current output of two synchronous condensers under a three-phase short-
circuit fault is depicted in Figure 1. The fault occurs at 2.0 s, with a sampling interval of
0.001 s. The X′′

d is 0.11 pu for the synchronous condenser 1 and 0.30 pu for the synchronous
condenser 2.
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Figure 1. Reactive current of synchronous condenser with different Xʺd values. 
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Figure 1. Reactive current of synchronous condenser with different X′′
d values.

Under the transient condition, the stator voltage equation and the flux linkage equation
can be obtained as [23] {

vd = −rsid(s) + sψd(s)− ψd0 − ψq(s)
vq = −rsiq(s) + sψq(s)− ψq0 + ψd(s)

(5)

{
ψd(s) = −Xd(s)id(s) +

Xadi f 0
s

ψq(s) = −Xq(s)iq(s)
(6)
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Taking into account all initial conditions and the absence of a damping winding, it
follows that Xq(s) equals Xq. By combining (5) and (6), while accounting for the relatively
small value of the stator resistance rs, the following expression is derived:

Xadi f 0

s
=

[
s2 + srs(

1
X′

d
+

1
Xq

) + 1
]

Xd(s)id(s) (7)

When neglecting damping, the reciprocal of the d-axis transient reactance is repre-
sented as

1
Xd(s)

=
1

Xd
+ (

1
X′

d
− 1

Xd
)

sT′
d

sT′
d + 1

(8)

Under no-load operation, the terminal voltage of the exciter is equal to the excitation
electromotive force, i.e., Xadif0(s) = vq0 =

√
3E0. By combining (7) and (8), the d-axis current

id can be obtained as

id(s) =
√

3E0

s
[
s2 + srs(

1
X′

d
+ 1

Xq
) + 1

] · [ 1
Xd

+ (
1

X′
d
− 1

Xd
)

sT′
d

sT′
d + 1

]
(9)

Based on the inverse Laplace transform, the d-axis current id in the time domain can
be obtained as 

id =
√

3E0

[
1

Xd
+ ( 1

X′
d
− 1

Xd
)e

− t
T′d

]
−

√
3E0

X′
d

e−
t

Ta cos t

Ta =
2X′

dXq
X′

d+Xq

(10)

From (10), with Xd held constant, X′
d determines the magnitude of the stator current,

and Ta determines the oscillation time. Figure 2 illustrates the stator current output of
two synchronous condensers during a three-phase short-circuit fault. The X′

d is 0. 165 pu
for the synchronous condenser 1 and 0.30 pu for the synchronous condenser 2.
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Figure 2. Reactive current of synchronous condenser with Xʹd. Figure 2. Reactive current of synchronous condenser with X′

d.

According to Figure 2, it is evident that condenser 2 exhibits significantly faster
attenuation in both transient and sustained reactive power. As for the stability of sustained
reactive power output, condenser 1 exhibits superior performance when compared to
condenser 2. After the fault is cleared, condenser 1 is capable of delivering higher reactive
power than condenser 2. Therefore, as X′

d decreases, condenser 1 becomes more stable and
can provide more reactive power.

As aforementioned, the reactive power is primarily influenced by the d-axis parame-
ters, whereas the q-axis parameters have minimal influence on reactive power output. Thus,
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when analyzing the reactive voltage of synchronous condensers, paramount focus should
be allocated to the d-axis parameters under the sub-transient and transient conditions.

2.2. Introduction to the Algorithm

The trajectory sensitivity of the parameter xi refers to the ratio between the variation
in the system output variable y and the perturbation in parameter xi [17],

∂y(xi, N)

∂x
= lim

∆xi→0

1
∆xi

·[y(xi + ∆x, N)− y(xi, N)] (11)

The sensitivity analysis method is utilized to categorize the parameters to be identified
into different types and establish sets of coupling variables, which can be listed as the
voltage-type parameter set (VTPS), the reactive power-type parameter set (RTPS), and the
neutral-type parameter set (NTPS). The procedure of the proposed classification method
can be summarized as follows:

(1) According to the limits of parameter changes, the parameters to be categorized are
assigned their respective lower limit values, while keeping the remaining parameters un-
changed. Subsequently, simulation trajectories of voltage and reactive power are sampled,
and the corresponding errors are calculated as

EV =

√
N
∑

i=1
(Vt,i − V′

t,i)
2

EQ =

√
N
∑

i=1

(
Qe,i − Q′

e,i
)2

(12)

(2) Conduct simulations for the next step based on the parameter adjustment. Follow
these procedures to calculate voltage and reactive power errors, and record the results.
Repeat step (2) until the parameter reaches its upper limit.

(3) Quantify the extent of parameter sensitivity by aggregating the absolute changes
in values over a unit step, which can be expressed as

SV,i =
M−1
∑

m=1
|EV,i,m+1 − EV,i,m|

SQ,i =
M−1
∑

m=1

∣∣EQ,i,m+1 − EQ,i,m
∣∣ (13)

(4) By setting the deviation threshold ST for the sensitivity indices, the parameter i can
be categorized as follows: If the difference between SV,i and SQ,i exceeds ST, and SV,i is
higher than SQ,i, the parameter i belongs to VTPS. If the difference between SV,i and SQ,i
exceeds ST, and SV,i is lower than SQ,i, the parameter i belongs to RTPS. In all other cases,
the parameter i belongs to NTPS.

3. Parameter Identification Model and Data Preprocess
3.1. Parameter Identification Model at Multiple Time Scales

During the operation of a synchronous condenser, both the steady-state and transient
states play significant roles. The steady-state parameters have an influence on both the
steady-state and transient processes of the synchronous condenser, while the transient
parameters solely impact its transient operation. Therefore, the step-wise identification of
steady-state and transient parameters is conducted to improve accuracy.

The identification of steady-state parameters in a synchronous condenser takes steady-
state data as input and steady-state parameters as the quantities to be determined, which
can be expressed as {

i f 0 = vq0 + Xdid0
i f 0 = Kcv f 0

(14)
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0 = h(XS, IS) (15)

As aforementioned, the reactive power is primarily influenced by the d-axis parameters
and remains independent of the q-axis parameters. Therefore, the focus is to identify the
d-axis parameters, which can be represented as

T′
d0

dE′
q

dt = −E′
q −

Xd−X′
d

X′
d−X′′

d
(E′

q − E′′
q ) + E f

T′′
d0

dE′′
q

dt = E′
q − E′′

q − (X′
d − X′′

d )id

T′′
q0

dE′′
d

dt = −E′′
d + (Xq − X′′

q )iq

Ta
dVR
dt = Ka(Vre f − Vt + VPSS − VF)− VR

Te
dE f
dt = VR − KeE f

Tf
dVF
dt =

K f
Te
(VR − KeE f )− VF

E f = KVf
vq = E′′

q − X′′
d id

vd = E′′
d + X′′

q iq
Vt =

√
v2

q + v2
d

Qe = vqid − vdiq

(16)

Based on the mathematical model of the SCES and the coupling variable sets, the
transient parameter identification model can be established. The objective of the parameter
identification model for the VTPS is to minimize the differences between the estimated
voltage and its actual value, which can be expressed as

min

√
N
∑

i=1
(Vt,i − Vt_est,i)

2 dx
dt

= f(x, XV , IZ)

0 = g(x, XV , IZ)

(17)

The objective of the parameter identification model for the RTPS is to minimize
the differences between the estimated reactive power and its actual value, which can be
expressed as

min

√
N
∑

i=1
(Qe,i − Qe_est,i)

2 dx
dt

= f
(
x, XQ, IZ

)
0 = g

(
x, XQ, IZ

) (18)

The parameter identification model for the NTPS aims to minimize the sum of the
differences of the voltage and reactive power, with the objective function formulated as

min

[√
N
∑

i=1
(Vt,i − Vt_est,i)

2 +

√
N
∑

i=1
(Qe,i − Qe_est,i)

2

]
 dx

dt
= f(x, XN , IZ)

0 = g(x, XN , IZ)

(19)

3.2. Data Noise Preprocessing Method

In the practical operation of power systems, the data obtained from measurements
often contain noise. Prior to parameter identification, it is imperative to preprocess the
noisy data to enhance the identification accuracy [23,24]. Thus, the WTD method is used to
preprocess the measurement data, as illustrated in Figure 3.
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The WTD method first decomposes the original signal into different scales [25,26]. The
wavelet coefficients exceeding the specified threshold are deemed to be signal-generated
and retained, while those falling below the threshold are considered as noise-induced and
either attenuated or set to zero. The one-dimensional noisy signal f (t) is expressed as

f (t) = x(t) + n(t) (20)

The noisy signal f (t) is decomposed using the selected wavelet basis and decomposi-
tion levels, which can be expressed as

W(j, k) = 2−j/2
N−1

∑
t=0

f (t) + ψ
(

2−j − k
)

j, k ∈ Z (21)

Moreover, the Mallat method is utilized for implementing the wavelet transformation,
which can be expressed as

S(j + 1, k) = S(j, k)hr(j, k) (22)

W(j + 1, k) = S(j, k)gr(j, k) (23)

Subsequently, the coefficients of the low-frequency approximation signal are preserved
at the maximum scale, while appropriate threshold functions and thresholds are determined
to effectively filter out high-frequency signal coefficients at other scales. The denoised
signal is obtained by employing the low-frequency coefficients in conjunction with the
estimated high-frequency coefficients for wavelet reconstruction. The process of wavelet
reconstruction can be formulated as

S(j − 1, k) = S(j, k) ∗ hg(j, k) + W(j, k) ∗ gg(j, k) (24)

4. Solution Method Based on Improved SO Method
4.1. Parameter Identification Based on Coupling Variable Set

The parameter identification approach for the SCES is illustrated in Figure 4. The
key parameters of the synchronous condenser are selected for identification. Furthermore,
three sets of coupling variables are established based on sensitivity analysis. Additionally, a
parameter identification model is developed under steady-state, sub-transient, and transient
conditions. Moreover, the measurement data are preprocessed using the WTD method.
The parameter identification relies on the response data of the synchronous condenser and
its excitation system. Thus, the proposed approach can be utilized online to collect the
response data and update the model parameter periodically.

Therefore, the procedures of the proposed SCES parameter identification approach
can be listed as follows:

(1) Perform the steady-state parameter identification, utilizing post-disturbance data to
calculate the d-axis steady-state parameter, while the original values of the q-axis parameters
are used.

(2) Perform the parameter identification for the VTPS. Set the parameters in the VTPS
as the decision variables and initialize the parameters in the RTPS and NTPS based on the
averages within the parameter ranges. Identify the parameters in the VTPS by (17).
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(3) Perform the parameter identification for the RTPS. Set the parameters in the RTPS as
the decision variables and the parameters in the VTPS as the identification results from step
(2). Initialize the parameters in the NTPS by selecting the averages within the parameter
ranges, and identify the parameters in the RTPS by (18).

(4) According to the identification results from steps (2) and (3), restrict the search
range of the parameters in the VTPS and RTPS. Set both the parameters in the VTPS and
RTPS as decision variables, while the parameters in the NTPS are set to the averages within
the parameter ranges. The optimization objective is the objective function defined by (19).

(5) Perform the parameter identification for the NTPS. Set the parameters in the NTPS
as decision variables, while the parameters in the VTPS and RTPS adopt the identification
results from step (4). Identify the parameters in the NTPS by (19).

The parameter identification accuracy improvement ratio is used to measure the
performance, which is expressed as

IE =
Er,o − Er,n

Er,o
(25)

4.2. Improved SO Method Based on Tent Chaotic Mapping

The SO method, as a novel metaheuristic method, possesses excellent search capability
and convergence speed. However, its initialization of the population is based on randomly
generating variables within a given range, which introduces significant randomness and
uncertainty [27]. In order to address this issue, the population initialization in the SO
method is improved by Tent mapping to generate chaotic sequences [28,29]. The improved
SO method is used to solve the parameter identification model (17)~(19). Therefore, the
fitness function is set as the reciprocal of the objective function. Moreover, the sneaker
individual that violates the constraints will be deleted from the population.
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During the population initialization stage, Tent chaotic mapping is utilized to generate
the initial position sequence for the snakes. At this stage, the initial position sequence of
the snake, denoted as Xi,j, is expressed as

Z(t + 1) =

{
Z(t)

u , 0 ≤ Z(t) ≤ u
1−Z(t)

1−u , u < Z(t) ≤ 1
(26)

Xi,j = (Xmax − Xmin)·Z(j) + Xmin (27)

Once the population is initialized, the SO method simulates the process of survival
and reproduction of the snake swarm. The search phase consists of the exploration and
exploitation stages. In the exploration stage, when there is a scarcity of food, snakes search
for food by selecting random positions, which can be expressed as{

Xi,j(t + 1) = Xr,j(t)± c1 Aj[(Xmax − Xmin)·r + Xmin]

Aj = exp(
− fr,j

fi,j
)

(28)

The behavior in the exploitation stage is conducted according to temperature condi-
tions. When the environmental temperature T is greater than or equal to the threshold Th,
snakes will solely focus on searching for food and updating their positions, which can be
represented as {

Xi,j(t + 1) = X f ± c2·T·r
[

X f − Xi,j(t)
]

T= exp( −t
Nm

)
(29)

When the temperature T is below the threshold Th, the snakes enter either the combat
or mating modes. In the combat modes, the position Xi,j can be expressed as

Xi,j(t + 1) = Xi,j(t) + c2·Fj

[
Qa · Xb,j − Xi,j(t)

]
Fj = exp(

− fb,j
fi,j

)

Qa = c3· exp( t−Nm
Nm

)

(30)

Additionally, in the mating modes, the position Xi,j can be expressed as
Xi,j(t + 1) = Xi,j(t) + c2·Mj·r·

[
Qa·Xi,j(t)− Xi,j(t)

]
Mm = exp(

− fi, f
fi,m

)

M f = exp(− fi,m
fi, f

)

(31)

5. Case Studies

The parameters of a real-world SCES are used, as shown in Table 1. MATLAB/Simulink
was used for simulation, with a simulation time of 10 s. A three-phase short circuit fault is
set to occur at 5 s and last for 0.2 s. The db4 wavelet is selected as the basis function for the
WTD method, and a decomposition level of 3 is chosen. In addition, the environmental
temperature threshold value of the improved SO method Th is set as 0.6.

Table 1. Parameters of real-world SCES.

Parameter Value Parameter Value

Xd 1.305 Xl 0.18
X′

d 0.296 T′
d 7.01

X′′
d 0.252 T′′

d 0.053
Xq 1.300 T′′

q0 0.1
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Table 1. Cont.

Parameter Value Parameter Value

X′′
q 0.243 Rs 0.002854

Tr 0.002 Kf 0.2
Ka 300 Tf 0.1
Ta 0.3 Efmin −11.5
Ke 1 Efmax 11.5
Te 0.3 Kp 0
Tb 0 Vt0 1
Tc 0 Vf0 1.29

5.1. Parameter Classification and Data Preprocessing

The parameters of the SCES are classified into RTPS, NTPS, and VTPS. Taking X′
d,

T′
d0, and Ka as examples, the variations in error trends concerning these parameters are

illustrated in Figures 5–7. From Figure 5, it can be seen that the variation in reactive power
error is significantly larger compared to the voltage error as the parameter X′

d changes.
An analysis of Figures 7 and 8 reveals that as the parameter Ka varies, the variation in
voltage error surpasses that of reactive power error. However, for the parameter T′

d0, both
voltage and reactive power errors exhibit similar changes as its value varies. When both
parameters Ka and T′

d0 reach their respective set values, both errors become zero.
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Based on the aforementioned analysis, Table 2 presents the sensitivity indices. The 
threshold for the voltage and reactive power sensitivity is set as 0.1. And the classification 
results are displayed in Table 3. In Table 2, the parameter X′d exhibits a higher SQ compared 
to SV, thus categorizing it as RTP. Similarly, the parameter Ka falls under VTPS 
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Based on the aforementioned analysis, Table 2 presents the sensitivity indices. The
threshold for the voltage and reactive power sensitivity is set as 0.1. And the classification
results are displayed in Table 3. In Table 2, the parameter X′

d exhibits a higher SQ compared
to SV, thus categorizing it as RTP. Similarly, the parameter Ka falls under VTPS classification.
Moreover, the discrepancy between SQ and SV for parameter T′

d0 is merely 0.041, so its
parameter type is NTPS.

Table 2. Sensitivity of parameters to voltage and reactive power.

Parameter Voltage
Sensitivity SV

Reactive Power
Sensitivity SQ

Parameter Voltage
Sensitivity SV

Reactive Power
Sensitivity SQ

X′
d 2.6044 7.0363 Ta 2.0662 2.4714

X′′
d 3.7357 3.5789 Kf 2.6348 3.0097

T′
d0 2.4388 2.4798 Tf 4.4414 3.1904

T′′
d0 3.3031 1.7630 Ke 2.5640 1.3667

Ka 3.6715 2.0412 Te 3.2497 1.6479
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Table 3. Classification of parameters to be identified.

Parameter Type Parameter Type

X′
d RTPS Ta RTPS

X′′
d VTPS Kf RTPS

T′
d0 NTPS Tf VTPS

T′′
d0 VTPS Ke VTPS

Ka VTPS Te VTPS

To demonstrate the impact of the WTD method on identification accuracy, the differ-
ence in estimated reactive power is analyzed. The response of reactive power is depicted in
Figures 8 and 9 for cases without and with the WTD method, respectively. The effectiveness
of the WTD method in mitigating estimation error is clearly evident.
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5.2. Comparative Analysis of Parameter Identification Error

A comparative analysis of parameter identification error is conducted. In Scheme 1, simul-
taneous identification of all parameters is performed without classification. The corresponding
results of steady-state and transient parameters are presented in Tables 4 and 5, respectively.

Table 4. Identification results of steady-state parameters.

Parameter Real Value Identification Result Identification Error

Xd 1.305 1.3137 0.667%
K 0.998 1.0012 0.321%

Under the steady-state condition, both identification methods employ the same calcu-
lation process. The maximum identification error is 0.667%, which falls within an acceptable
range. For transient parameters, the proposed approach exhibits lower errors compared
to Scheme 1, as demonstrated in Table 5. However, for certain parameters such as Tf and
Kf, their numerical values are relatively small, and the precision limitations of the solution
method restrict the obtained results. Nevertheless, these numerical differences still remain
within an acceptable range.

To quantify the superiority of the proposed approach, the improvement ratio for
parameter identification accuracy IE is calculated using Equation (25). Table 6 presents a
comparison between the proposed approach and Scheme 1, listing the IE for each parameter
in the proposed approach.
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Table 5. Identification results of transient parameters.

Type Parameter Real Value Scheme 1 Identification
Error

Proposed
Approach

Identification
Error

VTPS

X′′
d 0.252 0.263 0.56% 0.252 0.08%

T′′
d0 0.053 0.064 5.66% 0.053 0.76%

Ka 300 293.87 2.04% 296.73 1.09%
Tf 0.1 0.090 3.90% 0.108 7.80%
Ke 1 0.900 9.99% 1.030 3.04%
Te 0.3 0.278 7.27% 0.319 6.50%

RTPS
X′

d 0.296 0.306 3.38% 0.290 1.96%
Ta 0.3 0.315 5.03% 0.301 0.17%
Kf 0.2 0.204 2.15% 0.196 2.25%

NTPS T′
d0 7.01 6.013 14.2% 6.890 1.71%

Table 6. Improvement ratio for parameter identification accuracy of proposed approach.

Parameter Improvement Ratio
IE

Parameter Improvement Ratio
IE

X′
d 0.420 Ta 0.967

X′′
d 0.867 Kf −0.047

T′
d0 0.880 Tf −1.000

T′′
d0 0.867 Ke 0.696

Ka 0.467 Te 0.106

From Table 6, it can be seen that the identification accuracy has improved by the
proposed approach for all parameters except for Tf and Kf, when compared to Scheme 1.
Among these parameters, Ta exhibits the most significant enhancement with a remarkable
increase in accuracy by 42.23%. These results show the effectiveness of the proposed
approach in reducing parameter identification errors.

5.3. Comparative Analysis of Reactive Power and Voltage Response

The comparative analysis of the dynamic response error of the proposed approach and
Scheme 1 is conducted. The simulation time is set as 6 s, during which a three-phase short
circuit fault occurs at 2 s and is cleared at 0.2 s The corresponding response trajectories of
voltage and reactive power can be illustrated in Figures 10 and 11, respectively.
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The dynamic response trajectories of the proposed approach exhibit a higher level of 
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The dynamic response trajectories of the proposed approach exhibit a higher level of
consistency with the original trajectories, as demonstrated in Figures 10 and 11. Scheme 1
identifies both X′

d and X′′
d as higher than their original values, indicating a weaker reactive
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power support capability at fault occurrence, consequently resulting in a more pronounced
voltage drop.

Furthermore, the root mean square error (RMSE) is utilized to quantify the dynamic
response error. The calculated RMSE values are presented in Table 7, revealing that
the proposed approach exhibits significantly smaller RMSEs for voltage and reactive
power compared to Scheme 1. Specifically, the proposed approach achieves remarkable
reductions of 62.94% in voltage RMSE and 83.73% in reactive power RMSE. These results
not only validate the advantages of the proposed approach but also highlight its high
practical significance.
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Table 7. RMSE of voltage and reactive power.

Method RMES of Voltage RMES of Reactive Power

Scheme 1 0.0340 0.0510
Proposed approach 0.0126 0.0083

6. Conclusions

A parameter identification approach is proposed for the SCES parameters considering
multivariate coupling characteristics. The key parameters of the synchronous condenser
are selected for identification, and a sensitivity analysis method is employed to classify the
parameters and establish coupling variable sets. Subsequently, a multi-time-scale parameter
identification model is developed, utilizing both the WTD method and the improved SO
method for solution. The case study results demonstrate the superior performance of the
proposed approach in enhancing the parameter identification accuracy while reducing the
errors in reactive power and voltage dynamic response. The voltage RMSE and reactive
power RMSE of the proposed approach can be reduced by 62.94% and 83.73%, respectively.

Therefore, the main contributions are listed as follows:
(1) The key parameters of the synchronous condenser are selected for identification

through the analysis of the factors that influence its reactive power output.
(2) The parameters of the SCES to be identified can be classified by the trajectory

sensitivity, on which three sets of coupling variables are established.
(3) A multi-time-scale parameter identification model is developed for the SCES,

taking into account the steady-state, sub-transient, and transient conditions.
(4) The noise of measurement data is processed by the WTD method, and an improved

SO method based on Tent chaotic mapping is proposed for a solution.
In future works, an optimal control strategy for a synchronous condenser will be

presented based on the identified model parameters.
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Nomenclature

Q reactive power output ω rotor angular velocity
vq q-axis voltage component δ power angle
vd d-axis voltage component rs stator resistance
iq d-axis current component Xad d-axis armature reaction reactance
id q-axis current component if 0 excitation current
∆Q reactive power change Ψd real-time d-axis magnetic flux
Q0 initial reactive power Ψd0 initial d-axis magnetic flux
v real-time voltage Ψq real-time q-axis magnetic flux
v0 initial voltage Ψq0 initial q-axis magnetic flux
∆v voltage change T′

d d-axis time constant
id0 initial d-axis current E0 no-load electromotive force
Kc amplification factor of excitation voltage IS vector of the steady-state data
h(·) equality constraint equation E′

q q-axis transient electric force
E”q q-axis sub-transient electric force E′′

d d-axis sub-transient electric force
VF negative feedback voltage Vref reference voltage
Ka amplification factor of voltage regulator Ta time constant of voltage regulator
Ke amplification factor of excitation winding Te time constant of excitation winding
Kf amplification factor of negative feedback loop Tf time constant of negative feedback loop
Ef excitation electromotive force Qe reactive power output
VPSS supplementary control signal VR voltage regulator output
∆id d-axis current change Ta armature time constant
Xk equivalent reactance y system output variable
T′′

ds sub-transient short-circuit time constant xi system parameter
T′

ds transient short-circuit time constant Vt terminal voltage
Tas stator transient time constant ∆xi perturbation magnitude
Xd d-axis reactance y(·) transfer function
X′

d transient reactance rs stator resistance
X′′

d sub-transient reactance Vt,i original terminal voltage
∆vq q-axis voltage change V’t,i changed terminal voltage
Qe,i original reactive power N the number of sampling points
Q′

e,i changed reactive power SV,i voltage sensitivity of parameter i
EV voltage error SQ,i reactive power sensitivity of parameter i
EQ reactive power error EV,i,m voltage error of parameter i at the m-th step change
M the number of steps EQ,i,m reactive power error of parameter i at the m-th step change
ST sensitivity deviation threshold vq0 steady-state q-axis voltage
id0 steady-state d-axis current vf 0 excitation voltage
if 0 excitation current XS vector of the steady-state parameters
Vt_est,i estimated terminal voltage x vector corresponding to the state variables in (16)
g(·) algebraic equations in (16) IZ vector of the transient data

XV
vector corresponding to the voltage-independent parame-
ters in (16)

f (·) differential equations in (16)

XQ vector of reactive power-independent parameters in (16) Qe_est,i estimated reactive power
XN vector of neutral-type parameters in (16) f(t) noisy signal
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x(t) noise-free signal at time t n(t) noise signal at time t
j scaling parameter k translation parameter
ψ(·) wavelet basis function S(·) scale coefficient
W(·) wavelet coefficient hr(·) reconstruction low-pass filter
gr(·) reconstruction high-pass filter hg(·) conjugates of hr(·)
gg(·) conjugates of gr(·) IE identification accuracy improvement ratio
Er,o relative error of comparison method Er,n relative error of proposed approach
Z(t) mapping values at iteration t µ chaos parameter
Z(j) mapping value of snake population with sex j Xi,j obtained position
Xr,j random position Aj hunting ability
r random number between 0 and 1 fi,j fitness value corresponding to Xi,j
fr,j fitness value corresponding to Xr,j c1 a constant factor
Xf best position of all individuals c2 a constant factor
Nm maximum iteration number c3 a constant factor
Qa quantity of food available Xb,j best position of sex j
fb,j fitness value corresponding to Xb,j Mj mating ability of snakes of sex j
Mf mating capability of female snakes Mm mating capability of male snakes
fi,f fitness value corresponding to male snakes fi,m fitness value corresponding to female snakes
T environmental temperature Th temperature threshold
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