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ABSTRACT Large-capacity synchronous condenser (SC) is an essential dynamic reactive power compen-
sation device in an Ultra-high voltage direct current (UHVDC) transmission system. The particular trans-
ient operating state and structural characteristic of SC lead to a severe magnetic saturation effect during
transient operation. To accurately describe the dynamic characteristics of SC, it is urgent to establish a
transient mathematical model considering the magnetic saturation effect. Therefore, this paper proposes
a nonlinear transient mathematical model for SC based on time-varying reactance parameters and gives a
calculation method for time-varying reactance parameters. The mathematical model proposed in this paper is
verified by taking a 300M Var SC as the research object. This condenser is connected to the power grid at the
sending end of the UHVDC transmission system. The proposed mathematical model, the traditional fixed-
parameter transient mathematical model, and the saturated standard SG model used in the power system
were used to simulate the voltage generated by dynamic reactive power compensation characteristics of SC
during a drop failure. Compared with the fault test results, the accuracy of the proposed mathematical model
is verified. The effect of magnetic saturation on the dynamic reactive power compensation characteristics was
analyzed, respectively. In addition, the accuracy of the proposed mathematical model is closer to the actual
motor state, which is helpful for further research on the operation analysis and state monitoring of SC.

INDEX TERMS Synchronous condenser, nonlinear transient mathematical model, time-varying parameter,
magnetic saturation effect, reactive power compensation.

I. INTRODUCTION

The UHVDC transmission system suffers from fault prob-
lems such as voltage instability and insufficient dynamic
reactive power reserves [1], [2]. SC has strong reactive power
support and overload capacity during transient operation
and can provide dynamic reactive power compensation to
maintain grid voltage stability in case of serious voltage
sag [3], [4]. However, unlike traditional synchronous con-
densers, large-capacity synchronous condensers operate in
transient mode as the primary mode of operation. When
the power grid fails, the impact current will cause a severe
magnetic saturation effect on the iron core of the synchronous
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condenser, which will lead to motor failure. An accurate and
efficient mathematical model is the basis for fault condition
monitoring and operational analysis of the SC. Therefore,
to accurately calculate the dynamic behavior of the SC during
a system failure, a high precision, the SC transient mathemat-
ics needs to be established.

There are two types of modeling methods for transient
mathematical models, one type is the finite element method
(FEM), and the other type is the analytical method. FEM is
based on the physical model of the motor to construct a finite
element model to simulate the operating conditions of the
motor, which can take into account the nonlinear factors of
the dynamic process and has high calculation accuracy [5].
However, FEM is computationally expensive, and the simula-
tion time required for one run is too long for a large-capacity

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

VOLUME 11, 2023

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 35411


https://orcid.org/0000-0003-2101-667X
https://orcid.org/0000-0002-6694-8289
https://orcid.org/0000-0002-7973-6357

IEEE Access

X. Han et al.: Nonlinear Transient Mathematical Model of Large-Capacity SC

synchronous condenser connected in parallel to a complex
grid system. The analytical method is to equate the motor as
two sets of coils with relative motion and mutual coupling,
to establish the mathematical equations based on the laws of
the circuit and magnetic circuit, to calculate the parameters
in the mathematical equations in combination with FEM, and
to obtain a transient mathematical model to characterize the
dynamic behavior of the motor. The analytical method is
widely used because of its low computational cost and high
efficiency [6]. The synchronous generator model based on
Park equation transformation is a classical analytical model
for the dynamic analysis of synchronous motors. On this
basis, many analytical models considering the saturation
characteristics of motors have been proposed. The litera-
ture [7] uses an analytical method of finite-element-state-
space coupling, combining FEM with the equation of the state
of the motor, to establish a transient mathematical model of
the motor, taking into account the saturation characteristics
of the parameters. Literature [8], [9], [10] shows that most
of the dynamic models of conventional power generation
units are based on the analytical models of models 2.1 and
2.2 described in IEEE Standard 1110-2019. In the process
of large disturbance simulation, the saturation characteris-
tics of the motor are considered by adjusting the excita-
tion inductance Lad and Laq. However, studies on analytical
modeling have mainly focused on considering the saturation
characteristics of armature reaction reactance [11], [12], with
fewer studies considering the saturation characteristics of
transient reactance. The transient reactance parameter is of a
leakage reactance nature, and the reactance parameter in the
analytical method of modeling consists of a leakage reactance
and an armature reaction reactance. Transient reactance is
the critical technical parameter affecting the dynamic reac-
tive power compensation characteristics of SC [13], [14].
Therefore, an accurate calculation considering the transient
reactance is a prerequisite for an accurate analysis of the SC
during transient operation. Currently, the transient reactance
parameters are solved using specific identification methods,
including time domain identification [15], [16] and frequency
domain identification [17], [18], [19], [20], [21]. The tran-
sient parameters obtained by these calculation methods are
fixed constants even when magnetic saturation characteristics
are taken into account and are suitable for motors with mainly
steady-state operations. It cannot meet the needs of dynamic
operation analysis of the SC during UHVDC system faults.
To more accurately reflect the transient process of voltage sag
during system faults and to accurately describe the dynamic
reactive power compensation characteristics, a non-linear
transient mathematical model for the SC that considers the
change in reactance with saturation characteristics needs to
be established.

In this paper, a new nonlinear transient mathematical
model of a large-capacity synchronous condenser is estab-
lished, and the calculation method of the time-varying
reactance parameters in the mathematical model is proposed.
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FIGURE 1. Finite element model of no-load three-phase sudden short
circuit of SC.

In order to verify the proposed mathematical model, the
simulation results of the nonlinear, the saturated standard SG
model used in the power system and the traditional fixed-
parameter mathematical model are compared and analyzed
with the field test results, taking the voltage sag fault of the
UHVDC transmission system as an example.

Il. CALCULATION METHOD OF TIME-VARYING
REACTANCE PARAMETERS

Reactance parameters are essential parameters for building a
transient mathematical model. This paper analyzes the effect
of dynamic magnetic saturation on reactance parameters dur-
ing the transient operation of SC. And the saturation charac-
teristic curve family of reactance parameters is constructed.
Then the neural network models for different reactances are
obtained using BP neural networks based on curve families.
The neural network models for different reactances will later
be used to characterize the time-varying reactance parameters
in the transient mathematical model.

A. EFFECT OF DYNAMIC MAGNETIC SATURATION ON
REACTANCE

The transient mathematical model is established to accurately
analyze the dynamic characteristics of SC when it is subjected
to large disturbances. In this paper, a typical large disturbance
condition of a no-load three-phase sudden short circuit is used
as an example to analyze the dynamic magnetic saturation.

The simulation model is shown in Fig. 1. ey, ey, e, and
er are the electromotive force of the stator and field winding,
respectively. Ry, Ry, Rc, and Ry are resistances. iy, ip, ic, and i¢
are currents. Ley, Lep, and Le are the end inductances of the
stator winding. Uy is the voltage of the field winding. Eddy
current effects in the rotor core, slot wedge, and damping
winding are considered.

WUy is the relative magnetic permeability. Based on the
simulation model in Fig. 1 established by the finite element
software transient field, this paper obtains the relative per-
meability distribution of the stator and rotor core at different
short circuit times of SC, as shown in Fig. 2. The smaller
the relative permeability, the higher the degree of magnetic
saturation of the core. From the relative permeability dis-
tribution at 0.01s, 0.09s, and 0.99s after the short circuit,
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FIGURE 2. Relative permeability distribution of stator and rotor cores at
different moments of short circuit. (a) 0.01s. (b) 0.09s. (c) 0.99s.
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FIGURE 3. Phasor diagram of SC operating state.

it can be seen that the locations of severe magnetic saturation
are concentrated in the teeth of the stator core and the large
teeth of the rotor core. The magnetic saturation of the stator
core teeth decreases with increasing short-circuit time. The
rotor core teeth gradually spread to the inside of the core
and decrease with increasing short-circuit time. As a result,
SC has a dynamic magnetic saturation effect during transient
operation, and the relative permeability distribution of the
core is complex and changes with the transient operation.

The reactance parameter is a concentration parameter
reflecting the magnetic field, which can be obtained from
equation (1):

2
oN AM )
l

where w is the angular frequency, L is the inductance, N is
the number of turns of the winding, A is the cross-sectional
area, and [ is the length of the magnetic circuit. In general,
with w, N, A, and [ being constants, the relationship between
X and p is shown in equation (2):

X =f(w @)

In equation (2), the reactance parameter changes with the
core permeability. However, the distribution of core perme-
ability is complex, and equation (2) is not easily expressed
directly. According to the properties of the core ferromagnetic
material and the Ampere loop theorem, the magnetic perme-
ability u of the core maps to the magnetic field strength H,

X =owlL =
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FIGURE 4. Freezing position of relative magnetic permeability. (a) Stator
core. (b) Rotor core.

which in turn maps to the winding current i. Thus, the map-
ping relationship between reactance and permeability can be
characterized by a mapping relationship between reactance
and current.

The phase diagram of the operating state during SC
over- excitation is shown in Fig. 3. Where U represents the
voltage phase at the end of the regulator, E5| represents the
electromotive force corresponding to the field current it . Exn
represents the electromotive force related to the field current
in. EA3 represents the electromotive force connected to the
field current if3. I Al I A2, and iA3 represents the three states
of the armature current of the condenser, respectively.

As seen in Fig. 3, the operating state of SC depends on
the armature current and the field current. When the dynamic
saturation effect is considered, the reactance parameter forms
a function of the currents, as shown in equation (3):

X = g(i'da lba iCa lf) (3)

In equation (3), ia, ip, ic, and if are time-varying during SC
transient operation. Therefore, the reactance is a time-varying
reactance.

B. FAMILY OF CHARACTERISTIC SATURATION CURVES
FOR REACTANCE PARAMETERS

As the SC is a synchronous machine for a particular opera-
tion, the dq0 mathematical model can be used. In the mod-
eling, one equivalent damping winding, D, is used on the
d-axis of the rotor, and two equal damping windings, Q and
H, are used on the g-axis, considering the eddy current effect
in the rotor core. The reactance in the dq0 mathematical
model contains X4, X, Xp, Xg, X@, and Xy. Where Xy
is the d-axis synchronous reactance, Xr is the field reac-
tance, Xp is the d-axis damping winding reactance, X is the
g-axis synchronous reactance, Xq is the q-axis first equivalent
damping reactance, and Xy is the g-axis second equivalent
damping reactance. However, these reactances are not easily
solved directly. In this paper, these reactances are obtained
indirectly by solving for the transient reactance. Transient
reactance includes X}, X}/, Xé, and Xé’ . Where X}, is the d-axis
transient reactance, X é’ is the d-axis sub-transient reactance,
X(’l is the g-axis transient reactance, and X(;’ is the g-axis sub-
transient reactance.
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This section is based on the freezing permeability method
to obtain numerical results of the transient reactance for
different armature and field currents. The frozen position of
the relative permeability of the iron cores is shown in Fig. 4.

The simulation model of Fig. 1 is used. When the rotor
d-axis coincides or becomes 90° to the A phase winding axis,
the relative permeability of each profiled grid of the stator
and rotor cores is extracted and saved separately to obtain the
d-axis and g-axis magnetic field distributions.

A constant field model is used to solve for X4q. The
d-axis of the rotor is set to coincide with the axis of the
A phase winding. The field winding is set to open-circuit.
The stator winding is fed with a d-axis current to establish a
d-axis magnetomotive force, at which point the d-axis current
is equal to the A phase winding current. The magnetic linkage
of the A phase belt is obtained through the magnetic field
generated by the d-axis magnetomotive force. The formula
for calculating the d-axis reactance is shown in equation (4):

q
Vg =D (Auk — ALt

Fxy
X
Vg = ) B 4
X = a)E + Xye
Iy

In equation (4), g is the number of slots per pole and per
phase of the stator. Ayx and Ar; denote the magnetic vector
potential at the center of the upper and lower conductors of
the kth coil of the A phase winding, respectively. g is the
effective length of the stator, and ¥4 is the d-axis magnetic
linkage. B is the number of phase belts per phase in series,
a is the number of parallel branches, and v is the magnetic
linkage of one phase belt. I3 is the incoming d-axis current,
and X, is the stator end leakage reactance.

The eddy current field model was used to solve for the
d-axis transient reactance Xj. The field winding is set to
short circuit, and the damping winding, rotor slot wedge, and
rotor core are not considered for eddy current effects. The
stator winding is fed with a d-axis current to establish the
magnetomotive force of the d-axis at high frequencies and

to obtain the A phase belt magnetic linkage. X} is obtained

according to equation (4). In the same way, X is obtained
when the eddy current effects are considered for the damping
winding, the rotor slot wedge, and the rotor core.

The rotor d-axis forms a 90° angle with the axis of the
A-phase winding. Xq, Xg, and X{ are obtained using the
same method for calculating the d-axis reactance.

The reactance parameters, armature currents, and field cur-
rent for different states are obtained from the above method.
Together, they form a family of characteristic saturation
curves for different reactance parameters, as shown in Fig. 5.

C. BP NEURAL NETWORK CONSTRUCTION WITH
TIME-VARYING PARAMETERS

BP neural network is a neural network that achieves feed-
forward correction through error backpropagation. It can
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FIGURE 5. Family of characteristic saturation curves for different
reactance parameters. (a) Saturation characteristic curve family of X;.

(b) Saturation characteristic curve family of X. (c) Saturation
characteristic curve family of X;. (d) Saturation characteristic curve family
of X. (e) Saturation characteristic curve family of X}'. (f) Saturation
characteristic curve family of X'.

reach a non-linear mapping function from the input signal
to the output signal. It can approximate arbitrary nonlinear
functions, making it the preferred choice for constructing
non-linear functions of multi-dimensional variables. An input
layer, a hidden layer, and an output layer containing several
neurons form a neural network model. The direction of sig-
naling is from the input signal through the hidden layer to
the output layer. When the output is in error with the desired
result, the error is used to adjust the weights and bias to bring
the creation closer to the desired result.

A family of characteristic saturation curves with different
reactance parameters is used as a data set. A BP neural
network is trained to obtain a neural network model with dif-
ferent reactances. The BP neural network model consisting of
reactance parameters and multidimensional current variables
is shown in Fig 6. The input layer signals are currents iy, ip, ic,
and ir, and the output layer signal is time-varying reactance
parameter X .

In Fig. 6(a), the number of neurons in the input and output
layers are j and m, respectively. The number of neurons in the
hidden layer is obtained from an empirical formula, as shown
in equation (5):

k> j+m+b )
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FIGURE 6. BP neural network model. (a) Structure of BP neural network.
(b) Flow chart of BP neural network.

In equation (5), b is a constant and takes 10.

The computational flow of the BP neural network is shown
in Fig. 6(b), where the input Q. of the kth neuron in the hidden
layer is:

i
Qi = [wir wax w3k wi | l-b — Bk (6)
C
if

In equation (6), the connection weights of the input and
hidden layer neurons are wj, and the bias of the hidden layer
neurons is .

The hidden layer activation function is the Tansig function,
and the output Hy of the kth neuron of the hidden layer is:

2 1

© 1 4exp(=2 x Ox)
The output layer activation function is the Purelin function.
Purelin functions are linear functions where the input equals

the output. Then the time-varying reactance parameter X of
the output layer is:

H;, @)

Vi

~ V2

X = glia, ip, ic, if) = [Hy Hy -+ Hy | | -A ®
Vk
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In equation (8), the connection weights of the hidden layer
and output layer neurons are vy, and the bias of the output
layer neurons is A.

The error ex between the output value X and the desired
value X of the reactance parameter is:

1 2
ex = (X —X) (€))

From Fig. 6(b), when error ex does not satisfy the con-
dition, the bias and weight of each layer are adjusted in
reverse based on the error. The learning rate n is 0.01, and
the adjustment value AA for the output layer bias is:

an
A

The adjusted value of the output layer weights Avy is:

AL = = —nX —X) (10)

de n
Avy = —na—x = —n(—(X — X)Hy) (11)
Vk

The adjusted value of the hidden layer bias A B is:
an
0Pk

The adjusted value Awj; of the hidden layer connection
weight to the j input signal is:

AP = —n— = —n((X = Xvi(1 + Ho)(1 — Hy)) (12)

dex - )
Awjk = —n—— = —n((X — X)v(1 + Hi)(1 — Hy)iy)

owiji
(13)

Equation (8) as a unified formula for the nonlinear function
of reactance characterizes the time-varying reactance. The
nonlinear functions of the different time-varying reactances
correspond to different structural parameters of the net, which
are obtained by iteratively training data sets. During the
neural network training, 200 sets of data for each reactance
parameter were selected as the training dataset, and 40 sets
of data for each reactance parameter with drastic changes in
saturation were chosen as the test dataset. As can be seen
from Fig. 7, the errors for the different reactances are less
than 0.4%. This error level indicates that the reactance neural
network is well, and the resulting neural network model can
be used as a nonlinear function of the reactance parameters.

IIl. TRANSIENT MATHEMATICAL MODEL OF
SYNCHRONOUS CONDENSER BASED ON TIME-VARYING
REACTANCE PARAMETERS
To accurately describe the SC transient operation process, the
state equation is established based on the time-varying reac-
tance obtained from BP neural network training, as shown in
Equation (14):
dy . N

i u—Ri—wy (14)

In equation (14), u, i, and 1} are the voltage, current, and
magnetic flux vectors, respectively, and R is the resistance.
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Where the time-varying reactance-based magnetic flux vector
is shown in equation (15):

¥ =Xi
Xq 0 Xad Xad 0 0 iq
0 X4 0 0 Xuq Xy
?:(ad 0 EA(f )Afad 0 0 ff (15)
X 0 Xoqg Xp O O D
0 Xag 0 0 Xg Xoq || i@
| 0 Xaq 0 0 Xyq Ru | LiH

In equation (15), X is the d-axis and g-axis time-varying
reactance, which consists of the reactance model obtained by
training the BP neural network.

The time-varying field reactance X; is shown in
equation (16):

Xt = 1/(1/(X} — X5) — 1/Xa0)

o = (16)
Xf:XfO' +Xad

where X, is the time-varying field leakage reactance, Xad
is the time-varying d-axis armature reactance, and X, is the
stator leakage reactance.

The time-varying d-axis damping reactance Xp is shown in
equation (17):

Xpo = 1/(1/(Xy — Xo) — 1/Xaa — 1/Xt5)

N R 17
Xp = Xpo + Xad

where Xpo is the time-varying damping leakage reactance.
The time-varying g-axis damping circuit reactance X is:

Xqo = 1/(1/Xg = Xo) = 1/Xaq)

(18)
XqQ = Xag + XQo

where )A(Q(7 is the time-varying first equivalent damping leak-
age reactance.

The time-varying second equivalent g-axis damping circuit
reactance )A(H is:

Ko = 1/(1/(Xy = X5) — 1/Xaq — 1/Xq0)

. (19)
Xy = Xaq + XHo

where Xy, is the time-varying second equivalent damping
leakage reactance.

The block diagram of the SC equation of state is shown
in Fig. 8. In Fig. 8, the time-varying transient reactance
obtained from the BP neural network is transformed through
equations (16)-(19) to get the time-varying reactance param-
eters in the state equation. When the condenser is in tran-
sient operation, the time-varying reactance parameters vary
with the armature and field currents. Therefore, the proposed
transient mathematical model is different from the traditional
fixed-parameter mathematical model, which takes complete
account of dynamic magnetic saturation, and can provide a
more accurate calculation of the dynamic characteristics of
the condenser.
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FIGURE 8. Block diagram of the equation of state for SC.

IV. VERIFICATION OF MATHEMATICAL MODEL

In this paper, a system simulation model with SC transient
mathematical model is established using simulation software
in the context of a UHVDC transmission system application,
as shown in Fig. 9(a). The system model consists of the
sending AC system, the sending rectifier station, the sending
AC filter, the transmission line, the receiving AC system,
the receiving inverter station, the receiving AC filter, the
fault module, the SC conventional fixed parameter model
(Model 1), the mathematical model proposed in this paper
(Model 2), and saturated standard SG model (Model 3) used
in power system. And the no-load characteristic saturation
curve in Model 3 is the test value. Tables 1 and 2 give the
basic parameters of the UHVDC transmission system and the
prototype, respectively.

The block diagrams of Model 1, Model 2, and Model 3
operating in parallel on the transmission system is shown in
Fig. 9(b). During the operation of the transmission system,
the mathematical model of the SC uses the phase voltage
of the system to update the phase currents injected into the
system. There is a significant difference between Model 1,
Model 2, and Model 3. The parameters in Model 1 are fixed.
The parameters in Model 3 take into account the effect of
saturation and are also fixed parameters, which are modified
by the no-load characteristic saturation curve of the con-
denser. However, the parameters in Model 2 are time-varying.
During operation, the system currents and excitation current
are fed back to the parameter identification module to update
Model 2, realizing that time-varying parameters change with
operating conditions.

A. CALCULATION RESULTS

Model 1, Model 2 and Model 3 are used to simulate the same
voltage sag fault on the AC system at the sending end of
the transmission system. The fault start time is 0.0987s, the
fault duration is 0.037s, and the fault end time is 0.1357s.
The dynamic response comparison results of SC Model 1,
Model 2 and Model 3 are shown are shown in Fig. 10.

In Fig. 10, the terminal voltage, field current, and the
stator current represented by the A-phase winding current
are different when the mathematical model considers the
dynamic magnetic saturation effect than when it does not.
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FIGURE 9. Simulation model. (a) Simulation model of UHVDC
transmis-sion system. (b) Block diagram of Model 1, Model 2 and
Model 3.

TABLE 1. Basic parameters of the UHVDC transmission system.

Parameter Sending end Receiving end
Rated voltage 530 kV S515kV
Rated frequency 50 Hz 50 Hz
DC voltage +800 kV +800 kV
DC current 6.25 kA 6.25 kA
Maximum short-cireuit 57506 \rya 57288 MVA
capacity

In Fig. 10(d), the reactive power of Model 2 rises from
11.4 MVar to an instantaneous maximum reactive power
of 456 M Var, the reactive power of Model 3 increased from
11.4 MVar to 494.4 M Var, and the reactive power of Model 1
rises from 11.4 MVar to an instantaneous maximum reactive
power of 489 MVar. Model 1 is a fixed parameter model.
The difference between the instantaneous maximum power of
the proposed model and Model 1 is 33 MVar, and the differ-
ence between the instantaneous maximum power of Model 3
and Model 1 is 5.4 MVar. Therefore, the dynamic magnetic
saturation effect significantly impacts the maximum reactive
power output during SC transient operation.

To further analyze the dynamic magnetic saturation effect,
the simulation results of the time-varying parameters of
Model 2 during the voltage sag fault condition were extracted,
as shown in Fig. 11.

As can be seen from the time-varying parameter variation
law of Model 2 in Fig. 11, the time-varying parameters
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TABLE 2. Basic parameters of prototype.

Parameter Value
Rated capacity 300 MVar
Rated voltage 20000 V
Rated current 8660.3 A
No load field current 861 A
Rated frequency 50 Hz
Number of stator parallel branches 3
Number of phase belts 2
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FIGURE 10. Transient response characteristics of the condenser. (a) Phase
A current of SC. (b) Field current of SC. (c) Terminal votage of SC.
(d) Reactive power of SC.

are unchanged before a fault occurs and change with the
operating conditions when a fault occurs.

Model 3 corrects the parameters during operation through
the no-load characteristic saturation curve, and the parame-
ters are not easily obtained directly. According to the com-
parison results in Fig. 10, the calculation results of Model 1
and Model 3 are relatively close. Therefore, the parameters of
model 1 can be used as a representative to compare with the
time-varying parameters of model 2 proposed in this paper.
The results for the fixed parameters of Model 1 compared
to the lowest point of the time-varying parameter changes of
Model 2 are shown in Table 3. In Table 3, X4, X, and Xp satu-
ration change are more significant. Xy, Xq, and Xy saturation
change are minor. As a result, the d-axis parameters are more
affected by the dynamic magnetic saturation effect, and the
g-axis parameters are less affected by a system voltage sag
fault.

B. TEST VERIFICATION

In order to verify the accuracy of the mathematical model,
the calculated results of Model 1, Model 2 and Model 3 were
compared with the field test results of the bus voltage at the
sending end when a voltage sag fault occurred in the system,
as shown in Fig. 12.
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FIGURE 12. Comparison of simulation and test results under fault
conditions. (a) Prototype of large-capacity synchronous condenser used
in the test (b) Comparison results of AC system voltage.

In Fig. 12(b), in the event of voltage sag fault at the
sending end of the AC system, the calculation results of
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TABLE 3. Comparison of parameters of different models.

Parameter Model 1 (pu) Model 2 (pu) Saturation variation(%)
X4 1.643 1.612 1.88
X¢ 1.7 1.674 1.529
Xp 1.84 1.792 2.619
Xq 1.556 1.555 0.064
Xq 1.723 1.722 0.058
Xy 1.592 1.591 0.063

the proposed mathematical model are compared with those
of Model 1 and Model 3, and the results of the proposed
mathematical model are closer to the actual measurement
results. Compare the system voltage drop to the lowest point
during the fault. The test-measured system voltage fell to
326.22 kV, the Model 1 system voltage dropped to 333.83 kV,
the proposed model system voltage dropped to 327.31 kV,
and the Model 3 system voltage fell to 332.29 kV. At this
moment, the relative error between the calculated results of
model 1 and the experimental measurements is 2.33%, the
relative error between the computed results of the proposed
mathematical model and the experimental measurements is
0.33%, and the relative error between the calculated results of
model 3 and the experimental measurements is 1.86%. From
the comparison results, it can be seen that the relative error of
the proposed mathematical model is 2% less than that of the
traditional fixed-parameter model and 1.53% less than that of
the saturated standard SG model used in the power system.
Therefore, the nonlinear transient mathematical model based
on the time-varying reactance parameters proposed in this
paper has higher computational accuracy.

V. CONCLUSION

A new mathematical model for the nonlinear transients of
SC has been proposed in this paper. The model consid-
ers the effect of dynamic magnetic saturation on reactance
parameters. And the calculation of the time-varying reactance
parameters in the mathematical model has been presented in
this paper. The accuracy of the proposed model was verified
by comparing it with the results of the saturated standard SG
model used in the power system, traditional fixed-parameter
mathematical models, and field tests.

To further analyze the effect of dynamic magnetic satura-
tion, the reactive power compensation results of the proposed
mathematical model were compared with those of the tra-
ditional fixed-parameter model and saturated standard SG
model used in the power system. The results show that the
dynamic magnetic saturation effect significantly impacts the
maximum reactive power output during SC transient oper-
ation. Moreover, the effect of dynamic magnetic saturation
mainly affects the reactance parameter of the d-axis. As a
result, the new transient mathematical model can accurately
consider the dynamic magnetic saturation effect and is closer
to the actual motor state. The model can be further applied
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for fault monitoring and diagnosis research where high model
accuracy is required.
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