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ABSTRACT The necessity to align the rotor with the d-q magnetic axes is the main obstacle for the
wide application of synchronous machine standstill parameter tests, especially for the high-power units.
This paper presents an arbitrary rotor position parameter estimation method for standstill time-domain
response (SSTRs) tests and applied on a 300 MVar, 20 kV large synchronous condenser, a DC step
voltage signal is selected as the input signal. Firstly, a frequency-domain Dalton-Cameron transformation
is demonstrated and used to simultaneously obtain both axes’ operational inductances in an arbitrary rotor
position, thus eliminating the need for the rotor prepositioning process. Then, a novel analytical parameter
estimation method combined with an I/T transformation is proposed, all the parameters of both axes are
determined without extra tests, the mutual leakage flux between the field winding and the d-axis damper
winding is also taken in account. To validate the proposed method, this test is carried out and its parameter
estimation results are compared against that of the three-phase sudden short-circuit test and the traditional
SSTR test. Estimation results are given in the form of I-type and T-type circuits, the maximum relative error
no more than 6% and 10%, respectively.

INDEX TERMS Parameter estimation, large synchronous condenser, standstill time-domain response,
arbitrary rotor position.

NOMENCLATURE
uabc stator three-phase voltage
us stator input voltage
iabc stator three-phase current
ud , uq d- and q- axis voltage, respectively
id , iq d- and q- axis current, respectively
uf field winding voltage
if , iD field and damper winding current, respec-

tively
iQ1, iQ2 q-axis damper winding 1, 2 current, respec-

tively
Ld , Lq d- and q- axis synchronous inductance,

respectively
Lad , Laq d- and q- axis armature reaction inductance,

respectively
Lsl stator leakage inductance

The associate editor coordinating the review of this manuscript and
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Lfl , Ldl field and damper winding leakage induc-
tance, respectively

LQl1, LQl2 q-axis damper winding 1, 2 leakage induc-
tance, respectively

L ′d , L
′′
d d-axis transient and sub-transient inductance,

respectively
L ′′q , L

′′′
q q-axis sub-transient and sub-subtransient

inductance, respectively
T ′d , T

′′
d d-axis transient and sub-transient short-

circuit time constant, respectively
T ′d0, T

′′

d0 d-axis transient and sub-transient open-
circuit time constant, respectively

T ′′q , T
′′′
q q-axis sub-transient and sub-subtransient

short-circuit time constant, respectively
T ′′q0, T

′′′

q0 q-axis sub-transient and sub-subtransient
open-circuit time constant, respectively

Tσ f , TσD field and damper winding leakage time con-
stant, respectively

ra, rs stator and armature resistance, respectively
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rf , rD field and damper winding resistance, respec-
tively

rQ1, rQ2 q-axis damper winding 1, 2 resistance,
respectively

θ rotor position angle

I. INTRODUCTION
Ultra-high voltage direct current (UHVDC) transmission
projects have seen a rapid uptake in some Asian countries
in recent years [1], [2]. To ensure the stable transmission
of power, the converter stations of UHVDC systems need a
large amount of reactive power, especially under conditions
with more dynamic variation [3]. The lack of dynamic reac-
tive power may threaten the voltage stability of AC bus in
converter stations, therefore resulting in a series of serious
faults, such as commutation failure, DC bipolar blocking, and
so on [4]. Existing widely used reactive power compensation
devices, such as static var compensation devices and static
synchronous compensators, are difficult to fulfill the demand
due to capacity limitations.

In recent years, large synchronous condensers (LSCs)
had been suggested as the main source for dynamic reac-
tive power compensation of UHVDC transmission systems
by the relevant researchers and authorities [5]–[8]. Today,
dozens of 300 MVar LSCs have been successfully installed
in UHVDC projects across China. The LSC is a type of
synchronous machine without mechanical load and operating
in a continuous no-load condition, it can be regarded as a pure
reactive power source. Unlike traditional synchronous con-
densers applied for steady-state reactive compensation, LSCs
are more concerned with dynamic reactive compensation,
thus a series of special design had been employed to obtain
better dynamic reactive power compensation abilities [7], [8].

The accurate estimation of the LSC’s dynamic param-
eters is the most important part of analyzing its reactive
compensation characteristics, and it also plays a vital role
in the performance evaluation and protection setting. The
most commonly used synchronous machine parameter test
method is the three-phase sudden short-circuit test [9]. How-
ever, a large transient current will be generated during this
test, posing risks on high-power unit tests. Additionally,
only d-axis equivalent circuit parameters can be obtained
using this test. To tackle these drawbacks, standstill fre-
quency response (SSFR) tests were recommended by the
IEEE standard [9]. SSFR tests give a new way to identify
parameters at standstill, they greatly enhance the safety of
test and can identify q-axis parameters effectively. Neverthe-
less, this type of test is time-consuming at low frequencies
and its device requirement is strict while some standstill
time-domain response (SSTR) tests can offer an attractive
alternative [10].

The test procedure of SSTR tests can be briefly expressed
as follows: when the machine is at standstill, let the rotor
aligns with the desired position for the d-axis and q-axis tests,
and the parameters of the two axes model must be identified
respectively. A voltage signal is injected into stator terminals

and the transient current responses of armature windings and
the field winding are recorded for parameter estimation [11].
In this kind of test, the type of input signal can be flexi-
bly selected, such as DC step signal [10]–[12], DC pulse
signal [13], sinc signal [14], and chirp signal [15], [16].
Their advantages lie in the safety and short duration at the
experimental stage.

Similar to other standstills test methods, such as SSFR and
DC decay [17], pre-positioning of the rotor is still inevitable
in SSTR tests, as the method used in [11]. This alignment
process is difficult for high-power units [18], especially for
those without a prime mover, just like LSCs, which will
require an additional prime mover or other barring devices.
Furthermore, for synchronous machines with a large number
of pole pairs, a small mechanical angle error during the
positioning process will cause a large electrical angle error,
therefore greatly reducing the accuracy of parameter estima-
tion. To make this test method applicable, a method suitable
for an arbitrary rotor position is urgently needed.

Some related works had been previously reported for
other types of standstill tests. Dalton and Cameron pro-
posed a transformation method for determining the two axes
sub-transient reactances in arbitrary rotor positions [19].
Maurer summarized and proposed two arbitrary rotor position
parameter identification methods for the DC decay test [18].
Oteafy gave an advanced arbitrary rotor position estimation
technique where the stator windings were excited by a three-
phase chirp signal, his method needed to know the rotor angle
in advance [16]. However, in the existing SSTR method lit-
erature [10]–[15], the capacity of the prototypes used in their
tests was relatively small, it did not involve problems such as
the difficulty in rotor positioning or the lack of a matching
prime mover. Thus, there was no appropriate method had
been proposed that allows SSTR testing in an arbitrary rotor
position.

In this paper, a SSTR test method in an arbitrary rotor
position for the LSC is proposed. Combined with an I/T
transformation, all parameters in the models of both axes
are predicted in an analytically way with the mutual leakage
inductance taken into account. Since this test was performed
in a converter station, subject to test conditions, the most
typical and readily available DC step voltage signal in SSTR
tests was chosen as the input. It is called ‘DC step voltage test’
in the following. Compared with the previous works relevant
to SSTR tests [10]–[15], the greatest improvement of the pro-
posed method is that this test and its parameter identification
method can be applied to arbitrary rotor positionwithout rotor
pre-positioning, so it is especially suitable for high-power
units.

The rest of this paper is organized as follows: In Section II,
based on the structural features of the LSC, a mathemat-
ical model considering the rotor side mutual leakage flux
is established. Meanwhile, the test principles and param-
eter estimation process of the DC step voltage test are
illustrated, including an I/T transformation of equivalent
circuits. In Section III, an expanded frequency-domain
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Dalton-Cameron (D-C) transformation and its detailed ana-
lytical proof process are given. Using this transformation,
the parameters of both axes can be simultaneously estimated.
In Section IV, the data processing method and the specific
parameter estimation process are introduced. Without extra
tests, all parameters of both axes can be analytically deter-
mined, including the mutual leakage inductance Lml and the
characteristic inductance Lc. In Section V, the proposed test
method is validated by the experimental data of a 300 MVar,
20 kV, 50 Hz LSC and compared against the traditional SSTR
test given in [10, 11] and the three-phase sudden short-circuit
test. Section VI gives the conclusions.

II. DESCRIPTION OF MODEL AND TEST
A. MATHEMATICAL MODEL OF LSC
A schematic of the LSC as shown in Fig. 1. For the sake of
clarity, the stator winding and field winding are not shown.

FIGURE 1. Schematic of the LSC.

According to themachine structure shown in Fig. 1, the fol-
lowing special design considerations have been made for
LSCs to acquire better dynamic reactive power compensation
characteristics [7].

(1) Non-salient pole solid rotor structure similar to that
of large turbo-generators is adopted by LSCs, while the tra-
ditional synchronous condensers are always designed with
salient pole laminated rotor. One pole pair structure is used
to increase the speed as much as possible and to reduce the
machine volume.

(2) To extend the transient process determined by the
damper windings, conductive rotor slot wedges are adopted
andweldedwith silver-plated end rings to form a damper cage
with high conductivity. There are a series of crescent slots in
the direction of the rotor’s large tooth to balance the stiffness
in the XY direction and to avoid double frequency vibration,
it also affects the solid rotor’s damping effect.

(3) By reducing the rotor leakage reactance while increas-
ing the field winding resistance, the d-axis transient time
constant Td ’ has been significantly reduced, therefore it can
respond to the excitation control faster.

The electrical dynamics of a synchronous machine is gen-
erally described by the equivalent circuits model accord-
ing to the two-axis theory [10]. The most famous one is
the five-winding model in which only one damper winding
is considered for both axes. Nevertheless, for synchronous

machines with solid rotors, the induced current and damping
effect of the solid rotor during transient processes requires at
least one additional rotor circuit branch to describe [20], [21].

Owing to the skin effect, the induced current in the
solid rotor is mainly concentrated on the tooth top. How-
ever, thanks to the crescent slots on the large tooth surface,
the induced current loops of this part are cut off, which greatly
weakens the induced current. Thus, in the d-axis model,
the damping effect of the solid rotor can be set aside. Besides,
the damper cage formed by conductive slots wedges is located
directly above the field winding, no flux only intersects with
the former and do not enclose the latter, as shown in Fig. 2.
Thismutual leakage flux leads to amutual leakage inductance
between the damper winding and the field winding. It had
been proved that the consideration of this inductance could
improve the prediction of the field winding current reaching
a higher accuracy [10], [21]. The transient process of LSCs
involves fast response and control of the excitation system,
it requires the LSC model to accurately predict the transient
field current, therefore, the mutual leakage inductance should
be taken into account in the d-axis model.

FIGURE 2. Flux distribution in a transient process.

Based on the above analysis, the following assumptions
and considerations are made in determining the model for the
LSC.

(1) The damping effects of the damper cage and the solid
rotor are considered respectively, two parallel damping cir-
cuits are formed in the transient model.

(2) Since the induced current loops on the large tooth
surface are cut off by the crescent slots, the damping cir-
cuit corresponding to the solid rotor in the d-axis model is
discarded.

(3) The mutual leakage inductance between the d-axis
damper winding and the field winding is taken into account
for higher accuracy of the field current prediction.

The d-axis and q-axis transient mathematical model of the
LSC is shown in Fig. 3.

B. DC STEP VOLTAGE TEST
The DC step voltage test consists of applying a DC step
voltage signal at two stator phases with the field winding
shorted while the machine rotor is stationary [10]. The test
is performed after the rotor is positioned along the d-axis
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FIGURE 3. Equivalent circuits of the d -axis and q-axis.

or q-axis, so the two axes parameters must be respectively
estimated. The dynamic response curves of the armature
winding current and the field winding current are recorded
and used for parameter estimation, a schematic of this test is
shown in Fig. 4.

FIGURE 4. Schematic of the DC step voltage test.

Similar to SSFR tests, the two axes’ operational induc-
tances are the core of parameter estimation. Considering the
number of rotor circuits is N , the operational inductances are
shown as follows [11],

Ld (s) = Ld
(1+ sT ′d )(1+ sT

′′
d ) · · · (1+ sT

(N+1)
d )

(1+ sT ′d0)(1+ sT
′′

d0) · · · (1+ sT
(N+1)
d0 )

(1)

Lq(s) = Lq
(1+ sT ′′q ) · · · (1+ sT

(N+1)
q )

(1+ sT ′′q0) · · · (1+ sT
(N+1)
q0 )

(2)

Eq. (1) and (2) are defined based on the assumption of
equal mutual fluxes along the axis. However, since the mutual
leakage inductance is considered, it is no longer valid. An I/T
transformation can be adopted to dismiss this mutual leakage
inductance in the d-axis model and transform the circuits
into a parallel form [21], as shown in Fig. 5. Therefore,
the operational inductance in the above form can still be
used for parameters estimation. For example, the operational

FIGURE 5. I/T transformation. (a) T-type circuit; (b) I-type circuit.

inductances of Fig. 5(b) is shown as follows. The subscript I
indicates the I-type circuit.

LdI (s) = Ld
(1+ sT ′dI )(1+ sT

′′
dI )

(1+ sT ′dI0)(1+ sT
′′

dI0)
(3)

The I/T transformation shown in Fig. 5 satisfies [20],

1
Lc − Lsl

=
1

Ld − Lsl
+

1
Lml

(4)

k =
Ld − Lc
Ld − Lsl

(5)

Appendix I gives a more detailed introduction of the I/T
transformation. The rotor side mutual leakage inductance
was also considered in the literature [10], [14], [15], and
the authors adopted the state space equation to numerically
estimate the operational inductance. Different from them, this
paper gives an analytical estimation method based on the I/T
transformation.

III. TEST METHOD FOR ARBITRARY ROTOR POSITION
In the traditional DC step voltage test and other stand-
still tests, the rotor pre-positioning is necessary [10]–[15],
which is difficult to perform on high-power units, thus
greatly reducing their applicability. In this section, a new
test method in arbitrary rotor positions will be introduced
so that the pre-positioning process can be omitted. To sim-
plify the expressions of the following analytical derivation
process, the traditional five-winding model based on the
assumption of equal mutual fluxes is used.

A. TRANSFER FUNCTION
To analysis the relationship between the input voltage signal
and the output current signal, it is first necessary to establish a
transfer function between them. The condition that the rotor
is in an arbitrary position, the field winding is shorted and
the input voltage signal is applied to the phase A and B of
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the stator winding is studied as an example. The stator phase
voltage uabc and phase current iabc satisfy{

ua − ub = us
ia = −ib, ic = 0

(6)

Then, according to the voltage balance equations of each
winding of two axes, the frequency-domain current of phase
A and the input voltage signal have the following transfer
function [18]. The derivation is given in Appendix 2.

ia(s) =
Pf (s)PQ(s)
Pab(s)

us(s) (7)

where

Pf (s) = (1+ sT ′d0)(1+ sT
′′

d0) (8)

PQ(s) = 1+ sT ′′q0 (9)

Pab(s) = 2Pf (s)PQ(s)
[
rs +

1
3
s(α2Ld + β2Lq)

]
−
2
3
s2PQ(s)α2L2ad

(
1+ sTσD

rf
+

1+ sTσ f
rD

)
−
2
3
s2Pf (s)

β2L2aq
rQ

(10)

α = cos θ − cos(θ −
2
3
π )

β = sin θ − sin(θ −
2
3
π ) (11)

From (4), this transfer function is related to both the two
axes parameters and the rotor position θ . It is mentioned
in [18] that by analyzing the zeros and poles of this transfer
function, the parameters are identical. However, this method
relies on multiple sets of test data in different rotor positions
to get the zeros and poles, the rotation of the rotor is still
necessary, which has low operability for high-power units and
greatly increases the required tests.

B. FREQUENCY-DOMAIN D-C TRANSFORMATION
To avoid the drawbacks of parameter estimation directly
based on the transfer function, a method that is easier
to implement and requires fewer tests is proposed, which
is inspired by a transformation proposed by Dalton and
Cameron for solving two axes sub-transient reactance [19].
While keeping the rotor in an arbitrary position and having
the field winding shorted, their test is carried out by applying
a single-phase, rated-frequency voltage signal to the armature
windings combined two-by-two. Based on the assumption
that the variation of the sub-transient reactance in one pole
span satisfied a sinusoidal periodic function [19], they gave
the following equations,

X ′′d =
k +M

2

X ′′q =
k −M

2
(12)

where

k =
XA + XB + XC

3
(13)

M =

√
(XB − k)2 +

(XC − XA)2

3
(14)

In the above equations, XA, XB, and XC denote the
measured reactances; X ′′d and X ′′q denote the d- and q- axis
sub-transient reactances, respectively. The traditional D-C
transformation is only solved for the sub-transient reactances.
Based on the transfer function established in Section III-A,
a frequency-domain D-C transformation is proposed to real-
ize the parameter estimation of both axes at the same time.

According to (4), when the voltage signal is applied to
phase A-B, the corresponding frequency-domain impedance
is,

Zab(s) =
us(s)
ia(s)

=
Pab(s)

Pf (s)PQ(s)

= M (s) cos(2θ +
π

3
)+ k(s) (15)

where

M (s) = [Ld s− L2ad s
2(
1+ sTσD

rf
+

1+ sTσ f
rD

)/Pf (s)]

−[Lqs− L2aqs
2/(rQ · PQ(s))] (16)

k(s) = [Ld s− L2ad s
2(
1+ sTσD

rf
+

1+ sTσ f
rD

)/Pf (s)]

+[Lqs− L2aqs
2/(rQ · PQ(s))]+ 2rs (17)

When the coupling of the stator windings changes to phase
B-C or phase C-A, the following impedances are yielded.

Zbc(s) =
us(s)
ib(s)

= M (s) cos(2θ − π )+ k(s) (18)

Zca(s) =
us(s)
ic(s)

= M (s) cos(2θ +
5π
3
)+ k(s) (19)

Eq. (12), (15) and (16) correspond to Fig. 6.

FIGURE 6. Variation curve of frequency-domain impedance.

From Fig. 6, M (s) indicates the amplitude of the cosine
function part while k(s) indicates an offset. Thus, k(s) and
M (s) can be calculated by

k(s) =
Zab(s)+ Zbc(s)+ Zca(s)

3
(20)

M (s) =

√
(Zbc(s)− k(s))2 +

(Zca(s)− Zab(s))2

3
(21)
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For the electric excitation synchronous machines, the d-
axis impedance is generally greater than that of the q-axis,
therefore the frequency-domain impedance takes the maxi-
mum value at the d-axis while takes the minimum value at
the q-axis [17].

Zd (s) =
k(s)+M (s)

2

Zq(s) =
k(s)−M (s)

2
(22)

Further, the operational inductances are obtained,

Ld (s) =
Zd (s)− rs

s

Lq(s) =
Zq(s)− rs

s
(23)

According to the forms of both axes operational induc-
tances, by comparing (1) and (2) with (23), one can easily get
the synchronous inductances and the transient time constants
of both axes. Further, other transient inductances can also be
calculated analytically.

In the above derivation, (20) and (21) are regarded as
the frequency-domain extensions of (13) and (14). However,
to perform this transformation, the resistance rs should main-
tain the same when the voltage signals are input to different
stator ports. In fact, besides the stator winding resistance, rs
also includes the resistances by the external test equipment
and the contact resistances, which is difficult to maintain the
same in each test. To circumvent this problem, the above
transformation needs a modification.

From (14), the item related to rs is independent, therefore
it can be eliminated before the transformation. For example,

Z ′ab(s) = Zab(s)− 2rsab (24)

where rsab denotes the phase resistance when the coupling
of the stator winding is phase A-B. For a DC step voltage test,
the value of armature resistance rs can be easily calculated by
the ratio of the step voltage value to the steady-state current
value. In the same way, Z ′bc(s) and Z

′
ca(s) are obtained. Then,

three impedances are substituted into (20) and (21) so that
k ′(s) andM ′(s) are available.

Finally, the operational inductances are as follows

Ld (s) =
k ′(s)+M ′(s)

2s

Lq(s) =
k ′(s)−M ′(s)

2s
(25)

Besides, using this method, not only the operational induc-
tance of both axes can be simultaneously estimated, but also
the rotor position angle θ is available.

θ =
1
2
arc cot

[√
3(Zab(s)− k(s))
Zca(s)− Zbc(s)

]
−
π

6

=
1
2
arc cot

[√
3(Z ′ab(s)− k

′(s))

Z ′ca(s)− Z
′
bc(s)

]
−
π

6
(26)

C. FREQUENCY-DOMAIN D-C TRANSFORMATION
The transformation established in Section III-B depends on
the following test to obtain the parameters of both axes in an
arbitrary rotor position.
· Step 1: Keeping the rotor in an arbitrary position and

having the field winding short-circuited.
· Step 2: The DC step voltage signal is applied to the stator

terminal under different stator winding couplings.
· Step 3: The transient armature current responses and field

winding responses of each test should be recorded.
· Step 4: Three armature current responses are curve-fitted

to calculate the operational inductances of both axes. Then,
other parameters of interest are assessed.

Three different stator winding couplings and their connec-
tion with the signal source are given in Table 1.

TABLE 1. Different Couplings of Stator Winding.

IV. PARAMETER ESTIMATION
The premise of using the above frequency-domain D-C
transformation is to accurately obtain the frequency-domain
expressions of the armature current responses, namely Iab(s),
Ibc(s), and Ica(s), so that the time-domain curve fitting of
current responses is a key issue. The processing of the current
responses mainly includes the following two aspects.

A. CURRENT RESPONSES DE-NOISING
Since a small DC-step signal is applied to the stator wind-
ing during the test, there is a large amount of noise in the
recorded armature current responses, the de-nosing of the
recorded response curves is necessary so that the error during
the numerical fitting process can be reduced. A well-known
wavelet threshold de-noising algorithm is adopted [22].
In this algorithm, an improved compromise for soft/hard
thresholds method is used to overcome the drawbacks of the
hard thresholds and soft thresholds. The selected threshold
function is as follows

ŵ =

sgn(w) · (|w| −
bλ

a||w|−λ| + b− 1
) |w| ≥ λ

0 |w| < λ

(27)

where a and b are adjustable coefficients that greater than
1; λ denotes the threshold. It can be proved that when a
approaches 1, this function is similar to the soft threshold
function; when a approaches positive infinity, it is similar to
the hard threshold function. This threshold is asymptote with
y = x, which can reduce the deviation between the estimated
wavelet coefficient and the actual one.
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The above algorithm is coded in python with the assist
of the Pywavelet toolkit package. After testing the denois-
ing effect of ten wavelet sets from db1 to db10, the best
de-noising effect is obtained by using the db3 wavelet with
four layers when a is set to 4000 and b is 13.5. The de-noised
curve is shown in the next section.

B. CURVE FITTING
For the current responses of the armature winding, assuming
only one damper winding is considered for both axes, Pab(s)
can be rewritten as the following polynomial form. The coef-
ficients of this polynomial are given in Appendix II.

Pab(s) = λ4(θ )s4 + λ3(θ )s3 + λ2(θ )s2

+λ1(θ )s+ λ0(θ ) (28)

From (27), the highest power of Pab(s) is 4, which cor-
responds to four non-zero roots. Since a DC step voltage
signal is input, there are four attenuation components and
one steady-state component in the transient armature cur-
rent. Now, if more damper windings are considered, like the
model of LSC, one additional attenuation component should
be added, thus yielding the following time-domain general
solution.

îs(t) = α1e−β1t + α2e−β2t + α3e−β3t

+α4e−β4t + α5e−β5t + i∞ (29)

where a1 to a5 and b1 to b5 denote the amplitude coefficients
and attenuation coefficients of the attenuation components,
respectively; is denotes the armature current while i∞ is its
steady-state value that can be directly determined by the
recorded current waves.

The curve fitting of the field winding induced current
responses is also required to facilitate the availability of
the T-type circuit parameters. Under coupling I, according
to Fig. 5(b), the relationship between the field current and
the armature current can be established, so the time-domain
general solution of the field current is

if (A−B)(s)
k

= −
2α(Ld − Lc)

3k2rf

s(1+ sTσDI )
(1+ sT ′dI0)(1+ sT

′′

dI0)
ia(s)

(30)

Define the transfer between the armature current ia(s) and
if (A−B) (s) as Gf (s),

Gf (s) = −
2α(Ld − Lc)(1+ sTσDI )

3krf
(31)

Then, if can be expressed in a more common form and its
time-domain general solution is yielded.

if (A−B)(s) =
sGf (s)

(1+ sT ′dI0)(1+ sT
′′

dI0)
ia(s) (32)

îf (t) = γ1e−η1t + γ2e−η2t + γ3e−η3t

+γ4e−η4t + γ5e−η5t (33)

where γ1 to γ5 and η1 to η5 denote the amplitude coefficients
and attenuation coefficients of the attenuation components,

respectively. The coefficients in (29) and (33) are determined
by the minimization of the following cost functions.

min Js =
1
2

Ns∑
i=1

[(is(ti)− i∞)− îs(ti)]2 (34)

min Jf =
1
2

Nf∑
i=1

[if (ti)− îf (ti)]2 (35)

where is(t) and if (t) denote the measured value of transient
current responses at time t; Ns and Nf denote the number of
measurement points.

To accomplish the minimization of the cost functions,
a series of heuristic algorithms were used in related works so
that the initial values dependence problem of the traditional
curve fitting algorithm, like the Levenberg-Marquardt algo-
rithm, can be mitigated [10], [14]. In this work, a simulated
annealing particle swarm optimization (SAPSO) algorithm
is adopted to deal with this issue. The reference values of
the PSO’s hyper-parameters are set as: the max generation
is 300; the number of pop size is 50; the personal and
social acceleration coefficients are 1.9 and 1.7, respectively.
An adaptive temperature attenuation factor is used for the SA
algorithm [7], which can be expressed as,

α = λ+ [1− exp(fi − favg)] · N (0, 1)/Tk (36)

where α is the current attenuation factor; λ is the initial
attenuation factor and set as 0.99; fi is the individual particle
fitness; favg denotes the population average fitness; N (0,1) is
a Gaussian random number with variance 1 and mean 0; Tk
is the temperature in the previous iteration.

C. T-TYPE CIRCUIT PARAMETER ESTIMATION
Using the curve fitting results of the armature currents and
the frequency-domain D-C transformation, the operational
inductance Ld (s) and Lq(s) can be calculated. Nevertheless,
taking the d-axis for example, in this way, only five inde-
pendent parameters are obtained, including the d-axis syn-
chronous inductance Ld , two short-circuit time constants T ′d ,
T ′′d and two open-circuit time constants T ′d0, T

′′

d0.
To identify the seven unknown parameters of the T-type

circuit (Fig. 5(a)), the five independent parameters obtained
from the armature current are not sufficient. Therefore, it is
necessary to use the transfer relationship between the field
current if and the armature current ia to introduce new inde-
pendent items so that all the parameters of the T-type circuit
can be fully determined. The specific steps are:
· Step 1: The armature current and field current under one

stator winding coupling is selected and curve-fitted using
SAPSO in the time-domain. Then, converted them into a
rational fraction form in the frequency-domain. Here, ia and
if (A−B) are selected.
· Step 2: By directly analyzing the zeros of if (A−B)(s) and

ia(s), the leakage time constant TσDI can be obtained.
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FIGURE 7. Parameter estimation flowchart.

· Step 3: Using TσDI , the I-type circuit with six unknown
parameters is now determinable. Particularly, the items Ld -Lc
and k2rf are obtained.
· Step 4:According to the armature current data of the three

tests, the rotor position angle θ is calculated using (26). Then,
the coefficient α is gotten using (11).
· Step 5: From the ratio of the coefficients of the compo-

nents with the same attenuation coefficient in is(t) and if (t),
combined with the values of Ld -Lc, k2rf , and α, the coeffi-
cient k is determinable.

After the above steps, two new independent parameters of k
and Lc are obtained, where k represents the ratio of the change
in the field winding current after considering the mutual
leakage inductance, and Lc is the ‘characteristic inductance’,
which generally measured by some specialized and complex
tests, such as themethod given in [21]. Now, the T-type circuit
parameters can be fully determined. By the way, only one of
the field current response needs a curve fitting to assist with
the identification of the T-type circuit.

The flowchart corresponding to the entire parameter esti-
mation process is as follows.

V. EXPERIMENTAL RESULTS
To validate the accuracy and rationality of the proposed test
method, both the traditional DC step voltage test (described
in [10], [11]) and the proposed test were performed inGuquan
UHVDC converter station. The experimental site is shown
in Fig. 8.

The DC step voltage signal used in these tests is generated
by a battery with an air switch, the voltagewaveform is shown
in Fig. 9.

FIGURE 8. Experimental site.

FIGURE 9. DC step voltage signal.

FIGURE 10. Armature current response of the d -axis test.

A. TRADITIONAL DC STEP VOLTAGE TEST
Since a small DC-step signal is applied to the stator wind-
ing during the test, there is a large amount of noise in the
recorded armature current responses, the de-nosing of the
recorded response curves is necessary so that the error during
the numerical fitting process can be reduced. A well-known
wavelet threshold de-noising algorithm is adopted [22].
In this algorithm, an improved compromise for soft/hard
thresholds method is used to overcome the drawbacks of the
hard thresholds and soft thresholds. The selected threshold
function is as follows

The test is performed under coupling I and the rotor is
first pre-positioned with an additional barring device using
the method given in [8]. For the d-axis test, the rotor position
angle θ is−30◦ with that of the q-axis test is 60◦. The voltages
and currents of both axes have the following relationship with
that of the stator side,{

ud = us/
√
3

id = 2is/
√
3

(37)
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where the subscripts d , q, and s indicate the d-axis, the
q-axis, and the stator, respectively. Taking the d-axis test as
an example, the processing results of its armature current
and field current response are shown in Fig. 10 and Fig. 11.
During curve fitting, the time-domain expressions of both
currents contain three attenuation components.

FIGURE 11. Field current response of the d -axis test.

After that, the d-axis operational inductance can be
obtained in an analytical way similar to that of [11]. Transient
inductances are calculated by

L ′d = Ld/
[
1−

(T ′d − T
′

d0)(T
′
d − T

′′

d0)

T ′d (T
′
d − T

′′
d )

]
(38)

L ′′d = Ld
T ′dT

′′
d

T ′d0T
′′

d0
(39)

The q-axis parameters can be similarly calculated and
the parameter calculation results of both axes are given in
Section V-B together with that of the proposed test.

B. TEST IN ARBITRARY ROTOR POSITION
This test is carried out in an arbitrary rotor position while
the rotor pre-position is unnecessary. According to the test
scheme of Section III-C, the de-noising and curve-fitting
results of the armature current responses obtained by three
different stator winding couplings are shown in Fig. 12. The
current transient process start time is taken as time zero
to facilitate comparison. After the armature current is com-
pletely stabilized, the measured current steady-state value is
around 4.0A, thus the per phase armature resistance rs of each
test can be obtained. The field current response corresponding
to Coupling I is selected to assist in determining the T-type
circuit parameters, as Fig. 13.

FIGURE 12. Armature currents fitting results in an arbitrary rotor position.

FIGURE 13. Field current (Coupling I) fitting results in an arbitrary rotor
position.

TABLE 2. Time-domain Curve Fitting Data.

Table 2 gives the curve fitting results.
Using the curve fitting results and the frequency-domain

D-C transformation, the operational inductance of both axes
are available. Further, following the steps given in Section
VI-C, all parameters in the T-type circuits can be determined.

C. RESULTS AND COMPARISON
A three-phase sudden short-circuit test was also carried out to
verify the proposed method. This test was performed under
the condition of reducing the terminal voltage to ensure that
the unsaturated parameter values were obtained. It must be
pointed out that the three-phase sudden short-circuit test can
only obtain the parameter values of the d-axis equivalent
circuit. The test site and the short-circuit currents waveforms
are shown in Fig. 14.

FIGURE 14. Three-phase sudden short-circuit test.
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TABLE 3. Parameter Estimation Results of Three Methods.

TABLE 4. Parameter Estimation Results of Three Methods.

Table 3 shows the estimation results of two axes opera-
tional inductances and other transient inductances using the
traditional test method and the proposed method. The d-axis
dynamic parameters predicted by the three-phase sudden
short-circuit test are also given. The characteristic inductance
Lc is determined by (30). The last column of Table 3 repre-
sents the error between the results of the proposedmethod and
that of the traditional method and short-circuit test, respec-
tively. Meanwhile, the inductance parameters are converted
to the standard value. The stator impedance base value ZB
is 2.3� and the field winding impedance base value ZfB is
302.5�.

Comparison results in Table 3 prove the validity of the
proposed method, the maximum error is around 5%. Then,
using the steps described in Section IV-C, the coefficient k
and all parameters in the T-type circuit are available, as shown
in Table 4. In this way, the stator leakage inductance Lsl is
obtained, therefore, the q-axis circuit is determinable.
From Table 4, the results of the proposed method are well-

matched with that of the traditional ones, the maximum error
does not exceed 10%. Since the value of k directly reflects
the shunt effect of the mutual leakage reactance on the field

circuit, a small change in k will have a significant impact on
Lml and Lfl , so their errors are larger.

In addition to the error caused by the non-ideal step voltage
signal and the curve fitting process, the resistances also affect
the accuracy of parameter estimation. For example, although
the variation of the stator resistance does not theoretically
affect the parameter estimation results, its value should not
be too large to ensure an obvious current rise process, thereby
improving the curve fitting accuracy.

According to the LSC’s structure, the cross-sectional area
of the equivalent damper winding is larger than that of the
field winding, so the coupling between the field winding and
the damper winding is stronger than the coupling between
the field winding and the stator winding. Thus, a positive
mutual leakage inductance Lml is generated and this part of
the leakage fluxes is closed by the rotor tooth, as shown
in Fig. 2. Meanwhile, k is smaller than 1, therefore if Lml is
neglected, the field current value calculated by the model will
be greater than the measured value.

D. DISCUSSION
Compared with traditional SSTR methods, the innovation of
the proposed method lies in the following two aspects:

• Test method: A SSTR test method in arbitrary
rotor position is proposed, it overcome the draw-
back that traditional SSTR tests require rotor pre-
positioning [10]–[15], which makes it very suitable for
high-capacity units.

• Parameter identification method: An analytical parame-
ter identification method that can consider the rotor-side
mutual leakage inductance is provided, all parameters
of both axes can be simultaneously estimated without
performing extra tests, rather than being measured sep-
arately as in [10]–[15].

Meanwhile, using the I/T transformation, two sets of the
parameters are given in the I-type and the T-type, respectively.
When only concernedwith the transient response on the stator
side, the former is enough; but when the field current response
needs to be accurately considered, the latter offers a better
alternative.

VI. CONCLUSION
To address the difficulty of rotor positioning when perform-
ing the SSTR test in high-capacity units, this paper proposes
a novel SSTR test in an arbitrary rotor position with a DC
step voltage signal used as the input, this test has been
applied on a 300 MVar LSC. Meanwhile, combined with
an I/T transformation and a frequency D-C transformation,
all parameters in the equivalent circuits of both axes are
simultaneously determined analytically without extra tests,
in which the rotor-side mutual leakage inductance is taken
into account.

The results of the proposed method are compared against
that of the traditional DC step voltage test and the three-phase
sudden short-circuit test. Two sets of parameters are given
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FIGURE 15. Schematic of the I/T transformation.

TABLE 5. Relations in I/T Transformation.

in the I-type circuit and T-type circuit, respectively. The
maximum error in parameter estimation is about 5% for the
I-type circuit and no more than 10% for the T-type circuit.
Comparison results validate the rationality and accuracy of
the proposed test method. The proposed method can obtain
unsaturated dynamic parameters of two axes and are suitable
for SSTR tests using other types of input signals. Using such
methods to obtain the saturation value of dynamic parameters
is one direction of future work.

APPENDIX I
The I/T transformation is a network change on the circuit,
as shown in Fig. 15.

Keeping the voltage and current on the left side of Z
unchanged while maintaining the power of the components
on its the right side remains the same, this transformation is
carried out and satisfied the relations in Table 5.

For the d-axis model in Fig. 5, letting the d-axis flux
linkages and the armature current remain the same during
this transformation, for the outside, these two circuits are
completely equivalent [21], therefore, the circuit of Fig. 5(a)
can be replaced by that of Fig. 5(b).

APPENDIX II
A detailed derivation of the transfer function in Section III-A
is given in this appendix, which is based on the Lad base
value system and the traditional five-winding model. Similar
derivations can be made when a more complex model is used.
For ease of expression, during this derivation, it is assumed
that the input voltage signal is applied to phase A and B.

Firstly, according to the Park equation of the stator cur-
rents, the d-axis field winding and damper winding satisfy
the following equations,

0 = rf if +
2
3
Lad cos θ

dia
dt
+

2
3
Lad cos(θ −

2
3
π )
dib
dt

+
2
3
Lad cos(θ +

2
3
π )
dic
dt
+ Lad

diD
dt
+ Lf

dif
dt

(A1)

0 = rDiD +
2
3
Lad cos θ

dia
dt
+

2
3
Lad cos(θ −

2
3
π )
dib
dt

+
2
3
Lad cos(θ +

2
3
π )
dic
dt
+ LD

diD
dt
+ Lad

dif
dt

(A2)

Considering ia = -ib and ic = 0, the above equations are
transformed into the frequency-domain. The field winding
current if (s) and the d-axis damper winding current iD(s) in
the frequency-domain are represented by ia(s)

if (s) = −
2αLad s(1+ sTσD)

3rf (1+ sT ′d0)(1+ sT
′′

d0)
ia(s) (A3)

iD(s) = −
2αLad s(1+ sTσ f )

3rD(1+ sT ′d0)(1+ sT
′′

d0)
ia(s) (A4)

Similarly, the voltage balance equation for the q-axis
damper winding Q is as follows,

0 = rDiD −
2
3
Laq sin θ

dia
dt

−
2
3
Laq sin(θ −

2
3
π )
dib
dt
+ LQ

diQ
dt

(A5)

Transforming the time derivatives into the Laplace domain,

iQ(s) = s
2βLaqia(s)

3rQ(1+ sT ′′q0)
(A6)

Then, the stator phase voltage can be represented by the
current of each winding and the inductances. For phase A,

ua = rsia +
2
3
(Ld cos2 θ + Lq sin2 θ +

L0
2
)
dia
dt

+
2
3
(Ld cos θ cos(θ −

2
3
π )+ Lq sin θ sin(θ −

2
3
π )

+
L0
2
)
dib
dt
+ Lad cos θ

dif
dt
+ Lad cos θ

diD
dt

−Laq sin θ
diQ
dt

(A7)

For the voltage of phase B,

ub =
2
3
(Ld cos θ cos(θ−

2
3
π )+Lq sin θ sin(θ−

2
3
π )+

L0
2
)
dia
dt

+
2
3
(Ld cos2(θ−

2
3
π )+Lq sin2(θ−

2
3
π )+

L0
2
)
dib
dt

+Lad cos(θ−
2
3
π )
dif
dt
+Lad cos(θ−

2
3
π )
diD
dt

−Laq sin(θ−
2
3
π )
diQ
dt
+rsib (A8)

Since the input voltage us = ua- ub, uab can be expressed
as follows:

uab = 2rsia +
2
3
(Ldα cos θ + Lqβ sin θ )

dia
dt

+Lad cos θ
dif
dt
+ Lad cos θ

diD
dt
− Laq sin θ

diQ
dt

−
2
3
(Ldα cos(θ −

2
3
π )+ Lqβ sin(θ −

2
3
π ))

dia
dt

−Lad cos(θ −
2
3
π )
dif
dt
− Lad cos(θ −

2
3
π )
diD
dt

+Laq sin(θ −
2
3
π )
diQ
dt

(A9)
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Transforming again the above equation into the frequency-
domain

uab(s) = 2rsia(s)+
2
3
s(α2Ld + β2Lq)ia(s)

−
2
3
α2L2ad s

2 1+ sTσ f
rDPf (s)

ia(s)

−
2
3
α2L2ad s

2 1+ sTσD
rf Pf (s)

ia(s)−
2
3
β2L2aqs

2 ia(s)
rQPQ(s)

=
Pab(s)

Pf (s)PQ(s)
ia(s) (A10)

Furthermore, one can obtain the (7) in Section III-A and
Pab(s) can be rewritten as the following [18],

Pab(s) = λ4(θ )s4 + λ3(θ )s3 + λ2(θ )s2

+λ1(θ )s+ λ0(θ ) (A11)

where

λ4(θ ) =
2
3
(α2Ld + β2Lq)T ′d0T

′′

d0T
′′

q0

−
2
3rQ

β2L2aqT
′

d0T
′′

d0 −
2
3
α2L2adT

′′

q0(
TσD
rf
+
Tσ f
rD

)

(A12)

λ3(θ ) = 2rsT ′d0T
′′

d0T
′′

q0 +
2
3
(α2Ld + β2Lq)

×(T ′d0T
′′

d0 + T
′

d0T
′′

q0 + T
′′

d0T
′′

q0)

−
2
3rQ

β2L2aq(T
′

d0 + T
′′

d0)

−
2
3
α2L2ad (

T ′′q0 + TσD

rf
+
T ′′q0 + Tσ f

rD
) (A13)

λ2(θ ) = 2rs(T ′d0T
′′

d0 + T
′

d0T
′′

q0 + T
′′

d0T
′′

q0)

+
2
3
(α2Ld + β2Lq)(T ′d0 + T

′′

d0 + T
′′

q0)

−
2
3rQ

β2L2aq −
2
3
α2L2ad (

1
rf
+

1
rD

) (A14)

λ1(θ ) = 2rs(T ′d0 + T
′′

d0 + T
′′

q0)+
2
3
(α2Ld + β2Lq) (A15)

λ0(θ ) = 2rs (A16)
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