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ABSTRACT The sudden short-circuit test is the gold standard for determining the equivalent diagram of
wound-field synchronous machines (WFSMs). Only a single measurement is needed while the machine is
in saturated mode. However, this destructive test can significantly reduce the lifetime of the stator winding.
Moreover, determining the equivalent diagram in the g-axis is more complicated and is often not performed.
DC-decay tests are low-power alternatives that allow for the determination of the equivalent diagram in both
axes without damaging the machinery. Until recently, they required the rotor to be aligned with the axes,
which is not feasible in large power plants. A recent breakthrough eliminated the need for rotor alignment
by proposing a DC-decay test that can be performed with the rotor in any position. However, numerous
independent measurements are needed to obtain the equivalent diagram in both axes. This paper addresses the
question of the minimum number of independent measurements needed for the DC-decay test to be practical
for industrial use. Around 10 measurements are sufficient for reasonable precision, while 5 of high quality
are sufficient using the symmetry of the root locus. Finally, a comparison against the short-circuit test shows
that the DC-decay test is a valid alternative.

INDEX TERMS DC decay methods, parameter identification, pole estimation, equivalent diagrams, syn-
chronous machines, current measurement, transient analysis, three-phase short-circuit.
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NOMENCLATURE
/ " 14 . o .
T,0- Tyo qu Trans. : (ic subtrans. open-circuit time ip. ip Damper bar d- & g-axis current, [pu] or [A].
const., |s]. 2 :
T, T, T" Trans. & subtrans. short-circuit time ds Iq Stator armature d- & g-axis current, [pu].
d>td>"q t. is] : if Rotor field winding current, [pu] or [A].
const., [s]. : . . .
0 Angle between rotor & stator phase a D, 1o Damper winding d- & g-axis resistance, [pu].
[rad] ’ T, Tf Armature & field winding resistance, [pu].
: a
Tsp, Tof Leakage time const. damper & field, [s]. s Laplace operator, i, [rad/s]. .
© Rated pulsation, 27f,, [rad /s] s1, 82, 83,54 Poles of the armature transfer function,
n ) Py .
Yad> Yaq Main d- and g-axis reactances, [pu]. Ug, U [Sizcti()/rsl.rlnature d- & g-axis voltage, [pu]
Xe Characteristic reactance (Ref. [1]), [pu] d>Hq q £e, pul.
or [L2].
X, Xy Xy Synchr., trans. & subtrans. d-axis react., I. INTRODUCTION
[pul. O BE able to analyze the transient behavior and dynam-
Xg, xg Synchr. and subtrans. g-axis reactances, ics of hydropower plants to ensure power system sta-
[pu]. bility, a precise knowledge of the characteristic quantities
iq, ip, ¢ Stator phase a, b and ¢ current, [pu] or [A]. of the wound-field synchronous machine (WFSM) is

572

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 10, 2023


https://orcid.org/0000-0002-0363-5218
https://orcid.org/0000-0003-2970-7598
https://orcid.org/0000-0002-3656-1032

Maurer et al.: Evaluating the Precision of the DC Decay Test

required [2], [3], [4], [5], [6], [7]. Moreover, the estimation
of the saturated sub-transient reactances x; and xg are essen-
tial for calculating the electrical and mechanical integrity of
the machine and its shaft line during severe transients such
as under three-phase or two-phase short-circuits. There are
several methods available to obtain these quantities through
normal procedures [8], where the DC decay method rep-
resents a non-conventional alternative [9]. In a DC decay
test, the electrical machine has a locked rotor, with the rotor
aligned with the direct or quadrature axis (i.e., (d- and g-axis)
[10], [11], [12], [13], [14], [15], [16], [17], [18]. Then, DC
current is injected in two phases of the machine armature (by
closing SW; having SW> open), with a short-circuited field
winding (see Fig. 1). After stationary conditions are achieved,
the armature winding is then suddenly short-circuited with
a circuit breaker (closing SW>), and the decaying current
(ir and i, or i) is recorded using a current probe. From these
measurements, the parameters of the equivalent diagram are
identified. This procedure requires less time, less power,
and a significantly smaller short-circuit breaker than other
methods, e.g., the three-phase short-circuit test. However,
the DC decay method’s most difficult part lies in the rotor
alignment process with the d- or g-axis, which is very difficult
to perform for large power plants. It is nearly impossible to
align the rotor for big power units because of its huge weight
to be turned manually. The large number of poles leads to
a very high mechanical resolution, which is a complicating
factor for rotor alignment. Consequently, rotor misalignment
leads to a current response curve that is not pure, containing
components of both axes, leading to inaccuracies in correctly
computing the contribution of both axes. To enhance the
applicability of the DC decay test, the rotor alignment chal-
lenge has to be solved, enabling simple techniques allowing
for arbitrary rotor positions.

Earlier works assumed the rotor to be aligned with the d- or
g-axis, or provide a procedure to align it [10], [11], [12],
[13], [14], [15], [16], [17], [18], which is nearly impossible to
achieve for large power units. However, recent contributions
take another path to simplify the measurements, allowing for
arbitrary rotor positions [19], [20], [21]. Nevertheless, they
lack direct comparison against the sudden short-circuit test
nor provide any complete precision sensitivity analysis in
the case of a practical power application. Other contributions
analyze other aspects of these approaches. The equivalent
diagram of parameters has been identified using low-pass
functions [10]. A fast Fourier transform (FFT) was applied
to the time signals [11], [15]. It was also applied in the stand-
still frequency response (SSFR) tests [22]. The characteristic
quantities can also be estimated by curve-fitting techniques
of the measured decay current, where the poles and zeros of
the transfer function are identified, which indirectly reveals
the characteristic quantities [11], [16]. Genetic algorithms
have also been introduced on this matter [13]. Moreover,
a combination of genetic and Gauss-Newton algorithms has
been used for parameter estimation [14]. By minimizing an
objective function using Levenberg-Marquardt’s algorithm,
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FIGURE 1. (a): Experimental test scheme for the DC decay
method for SM2. (b): Current through the DC-decay switches,
adapted from [20].

one can also determine the characteristic quantities [17], [18].
A method to obtain the characteristic quantities for any rotor
position was proposed decades ago [23]. Similar approaches
have been proposed more recently [11], [16]. However, the
drawback is that the modeling of the short-circuit is not
precise enough to avoid discrepancies appearing between the
identified parameters and the theoretical ones.

Based on the above motivations, this paper presents a
simulation study that extends the method described in [20] to
analyze the optimal number of measurements and recordings
for a real-world power plant application. The objective is
to figure out the minimum number of recordings required
to obtain an equivalent diagram with a given precision.
Moreover, the equivalent diagram of a laboratory WFSM
is measured and validated through simulation. Our work is
then compared with what is obtained through a three-phase
short-circuit test to provide a reference point and increase
confidence in the proposed method. The paper also discusses
the practicality of different equivalent diagrams and considers
the maximum exerted torque of the WFSM, though it does not
address the dynamic speed response due to the assumption of
high inertia.

The paper is organized with the following structure.
Section II recalls and briefly adapts the main mathemat-
ical expressions, identification algorithms and measuring
methods developed in [20] and [24]. Then, Section III
presents the results of a parameter identification robustness
study simulating the machine SM1. This is a high-power
WESM with known design values and parameters provided
in Tables 1 and 2, with well-established and measured
characteristics prior to this paper [20]. The experimental
results are presented in Section IV, which also provides a
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TABLE 1. Synchronous machine’s rated data - SM1 & SM2.

Symbol | Quantity SM1 SM2
S apparent power 180.0 MVA | 2.3kVA
Us stator voltage 13.8kV 380V
Iy no-load field current | 1050.0 A 2.0A
n mechanical speed 150 r/min 1500 r/min
fs stator frequency 50 Hz 50Hz

comparison against the sudden short-circuit test. Measure-
ments are extracted from machine SM2, which is the highest-
power WESM available at the laboratory used during this
work. Tables 1 and 8 provide ratings and measured param-
eters.! Finally, Section V concludes the paper and discusses
future research items.

Il. THEORETICAL BACKGROUND OF DC DECAY

Starting from the voltage equations for u, and up, presented
in [25], with iy = 0 and i, = —i,, one can obtain the
transfer function for the test circuit presented in Fig. 1-
(a). This transfer function considers one damper circuit per
axis, corresponding to the modeling of large WFSMs with
laminated salient poles with a copper bar damper windings
[26].2 Herein, U is the voltage of the DC voltage source
utilized in the experiment, which drives a measurable stator
current i,. In order to obtain the characteristic reactance x,
the field current (ir) is also recorded (as indicated). SW; and
SW, are the switches used for this test. Incorporating the char-
acteristic reactance is fundamental to correctly computing the
transient excitation current, but it has no impact on the stator
current computation. Hence, it is often overlooked in WFSM
characterization.

To perform the test (refer to Fig. 1), first, SW is closed
while SW, remains open, enabling a DC-current to flow in
the armature winding. After reaching a steady current, switch
SW, is closed and SW is opened at the same time. This way
of handling the switches is shown in Fig. 1-(b). The decay of
the stator current is then recorded using a transient recorder.
Opening SW; is only necessary to protect the DC voltage
source from any damages. Finally, when the armature current
is zero, SW> can be opened.

The transfer function of the setup described in Fig. 1,
assumes small variations, given by [20]

Yr(5)Yo(s)

Yor(s) Ugp(S), ()

ig(s) = —ip(s) =

where Y,;(s) is defined as

1 X, X,
Yap(s) = 2 [rx + 39 (az—d + ﬁz—q)} Y (5)Yo(s)
wy, wy,
20%2%, (1+sTop 1+ sTys
— Yo(p)= 2ad ob 4 of ) 2
3 rf D

n

No desi gn values are available for this machine.

2This type of machine has been handpicked, as it represents more than
95 % of the installed power generation facilities in hydropower.
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x' = Ax+Bu .
?] y=Cx+Du » a_sim
Step State-Space To Workspace

FIGURE 2. MATLAB state-space simulation model. Adopted
from [20].

zﬁzxaz
f(s)3 row? s &

with & = cos(6) —cos(6 — Z) and B = sin(6) —sin(6 — ZF).
Moreover, the polynomials Yy (s) and Yp(s) are expressed as

Yr(s) = (1 + sTyo)(1 +sT),), and 3)
Yo(s) = 14 5T )

Eq. (1) has identifiable poles found in eq. (2), yielding
Yap(s) o< (s + 51)(s + 52)(s + 53)(s + 54). ()

The non-linear coupling between the two axes is described
by eq. (1) for Y,5(s), using the constants « and S. To obtain
the equivalent circuit for both axes, we must consider the
angular variation (‘“‘root-locus”) of the four zeros of Y,;(s)
(s1, $2, §3, and s4), as described in eq. (5). This root-locus
exhibits four minima and four maxima, which correspond to
a zero or pole of the transfer functions in the d- or g-axis,
as explained in reference [24]. From these poles and zeros,
we can deduce the equivalent diagram. However, the transfer
function for a machine oriented with only one axis has fewer
poles and zeros than the transfer function described in eq. (1).
Thus, it can complicate the estimation of the minima and
maxima of the root-locus and affect the identified character-
istic quantities, as discussed in Section III. The parameter
identification algorithm follows the steps outlined in [20],
including techniques for removing outliers and improving the
algorithm’s precision.

The determination of x, is done using a similar procedure
as presented in [1]. The transfer function between the d-axis
armature current and the field current is given by

s%aa(1 + 5Top)
rron(L+ Th)(1+ Tp)

ir(s) = — ia(s). (6)
The time constant T, p is identified using ir. By assuming
a certain value of x., the equivalent circuit is computed
using the identified characteristic quantities, where T, p is
computed from the equivalent circuit. If the error between
the identified 7, p and the computed one is less than a given
threshold, then the assumed value of x, is correct. If the error
is too high, then the assumed value of x. is increased by a
given step, and the procedure is repeated up to convergence.

lll. PARAMETER IDENTIFICATION ROBUSTNESS STUDY
In order to gain new insight into the sensitivity of the DC
decay method, a robustness study was carried out in the
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TABLE 2. Reference standard parameter values for synchronous machine SM1.

1

4 x z!] Zq xy

/ n / n 11 11
Tdo Tdo Td Td Tl] o Tl]

1.0250pu | 0.2960pu | 0.1980pu | 0.7090pu | 0.2020 pu

0.1150 pu

8.9095s | 0.0417s | 2.5630s | 0.0280s | 0.1088s | 0.0310s

simulation-based environment for machine SM1. The simu-
lation setup in the MATLAB/Simulink environment is shown
in Fig.2. The transfer function of eq. (1) was used for the
machine SM1, with parameters specified in Table 2. Results
are obtained assuming ideal switches, switching simultane-
ously, with no transition time. All the equations are linear,
with the voltage source element having a constant voltage.
The steady-state current (i;) is 100 A and the voltage step
in ugp is 0.529'V (i.e., corresponding to 100 A). The transfer
function was formulated and calculated using a state-space
representation. All simulations were performed with the same
initial conditions. The rotor angle and sampling frequency
were adjusted as input parameters to meet the goals of this
study. White noise was modeled using the ad hoc element in
the MATLAB environment. The basic principle behind this
study is to start with machine parameters that are assumed
to be well known and try to replicate them again with
some errors to be analyzed under various conditions. Hence,
we mimic the measurement conditions in a real-world power
plant.

The sensitivity of recording was studied in the MATLAB
environment, varying the sampling frequency from 1kHz to
5kHz. Fig. 3 show the influence of the sampling period on
the point-by-point capturing of four poles as a function of
rotor angle. The exact values of the poles to be identified are
detailed in Table 3. A variation of the sampling frequency
between 1 kHz and 5 kHz? induces a variation of the radius of
convergence of the identification algorithm, which was about
10 © for the s1 pole, 5 ° for the sy pole, 3 ° for the s3 pole
and 5 ° for the s4 pole. The sampling frequency of 1kHz
creates new identification errors, e.g., for angles of 150 © and
330 ° for the s> pole. This effect is related to the number of
samples available to converge the non-linear algorithm so that
a too-small sampling frequency should be avoided.

The errors are the highest for electrical angles in the region
around 60 °, 150 °, 240 °, or 330 °. This effect is related to the
pole/zero simplification, which prevents the convergence of
the curve fit algorithm. These regions, where the error is large,
remain visible when the sampling frequency is varied. The
error increase is important for the s> pole, which can induce
an error when obtaining the maxima and minima of this pole.
The error is highest with the lowest sampling rate (1 kHz).
However, the value of the error is not identical for all poles.
The maximum value of the error is about 10 % for the s pole,
approximately 50 % for the s, pole, while it is less than 1 %
for the s3 pole, and finally, less than 0.2 % for the s4 pole.

3This frequency swipe have been chosen as it represents a “classical”
frequency range of transient recorder used in high power machines. In
addition, several simulations showed that increasing the sampling frequency
doesn’t improve the identification quality especially when adding noise.
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TABLE 3. Obtained poles of sm1 from Tab. 2 values using
Egs. (2)-(5)-

Maxima Mean
—35.1303rad/s | —36.3109rad/s
—9.1961rad/s | —16.6623rad/s
—1.0174rad/s —1.6916rad/s
—0.1012rad/s —0.1065rad /s

Pole Minima
s1(0) | —37.1292rad/s
s2(0) | —23.9775rad/s
s3(0) —2.8386rad/s
s4(0) —0.1122rad/s

TABLE 4. Pole estimation’s root mean square error as functions
of sampling time and frequency with data given in Fig. 3.

./ Js si0) | s30) [ s30) [ si0)
0.2ms / 5.00kHz | 0.41535 | 2.86104 | 0.00152 | 0.00002
0.3ms / 3.33kHz 3.74464 3.72127 0.10771 0.01188
0.4ms /2.50kHz | 3.74588 | 3.72658 | 0.10771 | 0.01188
1.0ms / 1.00kHz | 3.77047 | 4.05882 | 0.10776 | 0.01188

The higher the sampling frequency, the smaller the error,
which can be clearly seen in the root mean square errors
(RMSEs) given in Table 4.

Another important characteristic of the DC decay is the
influence of the number of measurements, i.e. the number of
short circuits to be performed over 360 °, on the identification
of the maxima / minima of the poles. The angular pitch was
varied according to the following list: 1 ° (360 test), 2 °
(180 tests), 5 © (72 tests), 10 ° (36 tests), 15 © (24 tests),
and 20 ° (18 tests), 25 ° (14 tests) and 30 ° (12 tests).
In order to determine the minimum and maximum values
of the poles, we need to consider not only the number of
tests but also the harmonic content of the fitting function.
Table 5 displays the 13 cases we studied for the variation
of the harmonic content. It is worth noting that adding odd
harmonics to the Fourier series approximation of the poles,
such as s1 is formulated in (7), does not have any physical
meaning, other than potentially aiding the curve fit algorithm
in its convergence.

n n
a .
51(0) ~ 30 + k§—lan cos(nf) + k§—1bn sin(nd),  (7)

Fig. 4 shows the effect of varying the harmonic content
and the number of measurements on the error identifying the
maxima/minima of the poles. In particular, for the angular
steps of 25 © and 30 °, the method does not reliably identify
values from the curves given by the curve fit approach. Inter-
estingly, in most cases, an increase in harmonic content leads
to a reduction in the identification error. This error fluctuates
but converges towards a certain value (s1 and s3 pole curves).
In almost all cases, adding odd harmonics to the curve fit does

575



7 IEEE Open Access Journal of

s power and Energy

Sampling time and frequency (fs& Ts):

5.0kHz-0.2ms"| 3.3 kHz-0.3 ms*

25kHz-04ms:|1.0kHz-1ms :

(a)
0.5 ' - T -
’;Qutllers ’;Qutllers
of i@ (@ -
N
o'
-0.5 L%
345 : T —, T T
- : e
Z 355} » 7"5 . oi
o st T F R R
- R A .o
i e . ! v e
S B LN RPN 1
. ] o .' ' °'
el (O B . N 0 A B A N
Voein ) X B Voeie ) Seaet
Vg Vg
87.5F N by Vi I ]
\.i./Outliers s i.sOutliers
gl i . Y
~=~Outliers ®) = Outliers
0 T @
i.Y gy “iJ Y
I
- - . L] -
5 Outliers i/
T o
© .
IS} A N
— .
= A5y, @ P} a - 2F 4
N N x A x . x - X
£ R ¢ ¢ Q 7 y | @
« 20l =T {5 kel . O W © |
e 25 A w
-30 -+ Outliers ,-+-Outliers
Py IR A}
-35 | I\v'l | | | | I\V'lI

0 60 150 240 330
Electrical angle (6) [°]

- () .-.
N Y
0 \~ ‘i \~ ‘i
Quitliers Ouitliers
05} ]
by S3,ref (0)
'B -1F Lo Ll 1
< 7 D Q)
= iy N . .
~ -15ft+ @ ) c 2 L2 4
« . = . X y X ¢ X
@’ . o A ¢ y ¢ A °
™ ot og ) . o el
o . ) N .
[<] . ¥ y .
Y1 § L ¥ A
.‘. .“'.
-3
(d)
P | P
’;Q‘utllers l’;gutllers
or @ @) 1
N ~je
-0.10 PR ;
S4,ref (0) -, TS
he] y o . Y
o]
= o . N ¥
~ 0105}, . 0 . 1
~ x x . x . x
< @ y | @ A ¢ - R
o . O L o} =2 °
<} A . ) A
. o1} . . - !
-0.115 - i
0 60 150 240 330

Electrical angle (6) [°]

FIGURE 3. Influence of the sampling time on the identification of the poles for machine SM1. (a): s1;
(b): so; (€): s3; (d): s4. Error analysis given in Table 4.

TABLE 5. 13 cases of harmonic content for fitting function in
Eq. (7)-

Case number | Even harmonics Odd harmonics
#1 k=24 -

#2 k=246 -

#3 k=246 k=1
#4 k=2,4,6 k=13
#5 k=2,4,6,8 -

#6 k=2,46,8 k=1
#7 k=12,4,68 k=13
#8 k=12,4,6,8,10 -

#9 k=2,4,6,8,10 k=1
#10 k=12,4,6,8,10 k=13
#11 k=2,4,6,8,10,12 | -

#12 k=2,46,8,10,12 | k=1
#13 k=2,46,810,12 | k=1,3

not improve the result. Consequently, the addition of these
harmonics is not necessary.

In the case of the minimum value of the s4 pole, increas-
ing the harmonic content increases the error. Although the
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absolute value of the error is almost zero, it should be remem-
bered that the most probable solution is not necessarily the
one with the highest case number. It is, therefore, necessary
to check which curve fit gives the most probable value. The
identification error is maximal for the s3 pole, and it is
about 100 times less for the s4 pole. The identification of
the maximum and minimum of the s3 pole has a maximum
error because the curve showing the variation of the pole as a
function of electrical angle does not have a sinusoidal trace.
In general, the error is not of the same order of magnitude for
all four poles. The maximum error is 0.25 % for the 51 pole,
1.4 % for the s, pole, 4.5 % for the s3 pole, and 0.05 % for the
s4 pole.

In addition to the analysis above, two additional effects
have been studied. One is the effect of a non-constant angular
pitch, and the other is the effect of a parity propagation
of the measurement points. These two additional effects
only have a practical meaning, reducing and simplifying the
measurements. The non-constant angular step does not lead
to any notable difference compared to the results in Fig. 4.
The errors fall within the limits of the Fig. 4. This effect

VOLUME 10, 2023
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FIGURE 4. Effect of a variation of the harmonic content on the
identification error of the maxima / minima values of the poles
for the SM1 machine for a sampling period of 0.2 ms (reference
values given in Table 3). Increasing case number means
increasing harmonic content, as described in Table 5. The
deviation is given in % of the minima and maxima defined in
Table 3. As an example, the reference value for subfigure a) is
-37.1292 rad/s. The colors of the curves refers to the angular
step (A9), as depicted inside figure. (a): Maxima s (6); (b):
Minima s5(0); (c): Maxima s1(6); (d): Minima s5(9); (e): Maxima
s3(0); (f): Minima s3(0); (9): Maxima s4(0); (h): Minima s4(6).

was studied for an angular step of 15 °+5 °* and for a
sampling period of 0.2 ms. The second additional effect is the
propagation of measurement points. This involves making,
for example, a number of measurements between 60 ° and
150 ° and using the symmetries present in the variation of the
poles to deduce all the other values. This technique requires
the angle 6 to be known absolutely [20]. However, it has the
disadvantage of propagating the errors of identification of the
poles. On the other hand, it introduces perfect symmetries,
which can also improve the convergence of the curve fit
algorithm. A test was performed for an angular step size
of 1 ° and a sampling period of 0.2ms. No significant

4The variation of the angular step was carried out using pseudo-random
values uniformly distributed between 0 and 5.
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differences could be found. The errors fall within the limits
of the Fig. 4.

To study the effect of the signal-to-noise ratio (SNR) on the
identification of the equivalent diagram, two sets of simula-
tions were conducted using MATLAB. Gaussian white noise
was added to the simulated stator current to create an SNR
of 40dB in the first set of simulations and an SNR of 60 dB
in the second set. The major impact of the noise lies on the
poles s> and s3. The other two are quasi-unaffected by the
noise. Reducing the angular step below 10 ° helps to keep
the identification error below 1 %, but they can also induce
biased poles near the axis. One should therefore keep the
distance. Approximately 5 ° is sufficient along the axis during
the measurements to avoid the biased poles that are difficult
to remove using the algorithm developed in [20] and [24].
Another option would be to increase the robustness of the
algorithm in this region, which could be the subject of further
research.

Table 1 in reference [20] presents the results of the iden-
tification of characteristic quantities by simulation for the
SM1 machine. These results presented show the minimum
and maximum errors obtained. The simulations, separately
validated using SIMSEN [27], were performed with a system
of state equations written in MATLAB. It can be concluded
from the robustness study that the maximum error is less
than 1%, which verifies the quality and accuracy of the
identification method. It can also be seen that a sampling
period of 1 ms causes an offset on the error. All the errors for a
sampling period of 1ms are greater than those for a sampling
period of 0.2 ms.

Fig. 5 show the effect of a variation in the number of
measurement points and a variation in the sampling period
on the characteristic standard quantities of the SM1 machine.
The error is relative to the parameters given in Table 2. For
each angular step, the maximum and minimum values of the
poles chosen are those with the lowest error. Therefore, these
are results in the best case. It can be seen that the errors
are always less than 1 %, highlighting the precision of the
method and the very limited impact of sampling frequency
and number of measurement on the obtained characteristic
quantities. This also means that for a high power unit, there
will be no impact coming from sampling frequency or number
of measurements on the results in the best case.

In general, the value of the errors does not vary in the
same way for all the characteristic quantities. The maximum
errors are obtained with high angular steps (few recordings).
Therefore, in order to keep the deviation within reasonable
limits, no angular step greater than 10 ° should be chosen
(i.e., less is better, and symmetries can be used to exploit each
measurement better). The sampling period does not influence
the error uniformly. However, a trend, saying that a low sam-
pling period guarantees a low error, seems to emerge anyway.
The non-linear influence of the studied parameters does not
allow to draw uni-vocal conclusions. By keeping the signal-
to-noise ratio above 40dB guarantees a good identification
quality.
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FIGURE 5. Effects of a variation in the number of measurement
points (i.e., angular step, A#) and a variation in the sampling
period (Te) on the characteristic quantities of the direct axis of
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): TY; (9): xg; (h): x&; (i): 15 (): xq; (K): x{,’. The error is relative

to the parameters given in Table 2.

IV. EXPERIMENTAL RESULTS

In this section, explicit validations to the numerical analy-
sis are provided. For this reason, the experimental setup is
depicted in Fig. 6 while Fig. 1 shows a schematic layout
of the DC decay method, as proposed in [10] and using the
measurement methods described in Section I.

As the bearings of the machine are always lubricated, one
needs a shaft-blocking device to prevent any rotor movement
during the measurements (as indicated in Fig. 6). This device
can be very rudimentary, as the torque occurring during these
tests is very small. For the DC decay method, the maximal
value of the torque (7},4x) achieved during the steady-state
condition prior to the decay process is given by

4
Tnax = 5 Paf(xa — xg) = 0.312(xq — x,), (®)

where I, is the stationary pu-value of the stator current.
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FIGURE 6. Experimental setup for the 2.3-kVA, 380-V, 1500-rpm
synchronous machine SM2, with nominal data given in Table 1,
test setup specifications provided in Table 6, and identified
standard parameter values listed in Table 8.

TABLE 6. Specification of the experimental test setup for
machine SM2.

Description Value
Rated power factor of the synchronous machine (SM2) | 0.80
Rated AC current of the synchronous machine (SM2) 3.50 A
Rated DC voltage for SM2 excitation via slip rings 24.00V
Rated DC current for SM2 excitation via slip rings 4.50 A
Rated mechanical power of the DC machine 1.84kW
Rated mechanical speed of the DC machine 1.50 krpm
Rated mechanical torque of the DC machine 11.71 Nm
Rotating inertia installed on the shaft 0.34 kgm?

TABLE 7. Alternative methods to obtain the parameters of the
equivalent diagram.

Parameters | Method / Norm
Tq Permanent short-circuit mode
:vii, xg Three-phase short-circuit / application of voltage
T, T/ Three-phase short-circuit
Tq Negative excitation
xy Application of voltage
T Three-phase short-circuit in operation
Tc Three-phase short-circuit (excitation current)

SM2 depicted in Fig. 6 is a salient-pole machine with
the highest output power available at the laboratory facili-
ties having laminated salient poles. A laminated salient pole
(i.e., SM1 and SM2) is composed of stacked and already
cut iron sheets to form the desired pole shoe shape pressed
together with clamping bolts and has a copper damper
winding.

In order to sufficiently determine the equivalent circuit
for both axes, one usually needs to perform between 10 and
20 measurement processes with a rotor displacement of 180 °
between the first and the last recording. As a reference to the
parameters obtained via the DC decay method, one can use
methods coming from norms (IEEE, IEC). Table 7 presents
the method and norm used to determine the standard param-
eters using alternative methods, which have earlier been
applied to SM2 for the equivalent diagram’s parameters.
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FIGURE 7. Measured stator armature current (i3) and rotor field
current (i¢) for different rotor positions in the machine SM2,
where stator d- and g-axis are located at § ~ 150 © and 6 ~ 60 °,
respectively. The initial armature DC current level was set to

ia &-3.0A and ip, 3.0 A at 0 ms, while ic =0 A during the whole
time interval. The initial field current (if) was 0 A at O ms. (a): ia
plots in full view. (b): i plots in zoomed view. (c): if plots.

A. RECORDINGS OF THE DC DECAY TEST

A total of 38 tests were conducted at different rotor angles,
covering an angular range of approximately 180 °. Fig. 7
depicts the time evolution of the stator current decay of the
SM2 machine during the DC decay test. The shift in response
from the d-axis to the g-axis shows peculiar behavior. Instead
of having one slip zone, the curves in Fig. 7 show two quite
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FIGURE 8. Comparison between handpicked measured
sequences from Fig. 7 against simulated profiles in the SIMSEN
numerical environment. (a) & (b): Stator armature current (i3).
(c): Rotor field current (ig).

distinct zones, one for positions approaching the d-axis and
the other for positions in the region around the gq-axis. This
effect could be explained by the fact that SM2 is a low-power
machine and has a huge saliency effect due to its very nar-
row air-gap (i.e., 3mm).> The evolution of the sub-transient

SThis high saliency effect makes that the fundamental theory underpinning
the equivalent diagram less precise.
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TABLE 8. ldentified standard parameters of SM2 using the DC decay tests obtained from Fig. 6 and the short-circuit test in Fig. 8.

Test method Zq z! z! zq xy T ¥ T,
DC decay test 0.7842pu | 0.2541pu | 0.1089pu | 0.2325pu | 0.1069pu | 147.2ms 4.7ms 17.7ms
Three-phase SC test (from [28], 1 pu) 1.0810pu | 0.1665pu | 0.0800pu | 0.2600 pu | 0.0800 pu 29.5 ms 9.6 ms 7.7 ms
Three-phase SC test (from [28], 0.2pu) | 1.2756pu | 0.2089pu | 0.1205pu n/a 0.1205 pu 51.8 ms 10.7ms n/a

quantities more or less corresponds to the evolution of the
sub-transient quantities of the SM1 machine with a time
constant of the d-axis lower than that of the g-axis. Note
that the response of the d-axis for rotor angle -29.62 ° is
peculiar for the small experimental machine, which has a
short, concentric air gap of 1-2 mm length. Fig. 7 also shows
the time evolution of the rotor field current, as the exciter
terminals are short-circuited. For rotor angles between 40 °
and 60 °, the response has a hump in the sub-transient part of
the response, which can not be described using the classical
equivalent diagram for WFSMs. This hump can be attributed
to the same as the above-mentioned reasons.

Due to the observed large saliency effect, the procedure to
determine the equivalent diagram had to be adjusted. After
several attempts to use the four-pole transfer function, the
approach did not succeed in the entire region. Therefore, near
the d-axis, identification was conducted using a three-pole
transfer function, while two poles were used near the g-axis.
Using these root locus’s, one can determine its maximum and
minimum as usual from which the equivalent diagram can be
computed.

B. ASSESSMENT OF MEASUREMENTS AGAINST
SIMULATIONS

The recorded current decays are used to uncover the limits of
simulations using the equivalent diagram in this subsection,
and especially considering low-power WFSMs. Using simu-
lations done in the SIMSEN numerical environment, we com-
pare the simulated curves based on the base quantities of
SM2 in Table 1 and its standard parameters in Table 8 with
measured currents. When the machine is aligned with the
d-axis, the difference between simulated and measured arma-
ture current is relatively low, revealing the high accuracy of
the developed method in this study. The measured curves do
not exactly represent the curves in the d- and g-axis; however,
the angular deviation is assumed to be small enough to verify
the numerical basis for this work.

Fig. 8 show the comparison between simulated and mea-
sured currents for angles ranging from 0 ° to 90 °. The
correspondence is excellent for angles in the vicinity of the d-
and g-axis. On the other hand, the deviation is more important
for angles ranging from 15 ° to 45 ° because we change
the slip zone. These slip zones were not being modeled by
the identified machine model. Fig. 8 also shows a compari-
son between the measured and simulated curves for ir. The
deviation is greater than that obtained for the stator cur-
rent. Nevertheless, the agreement between the curves remains
satisfactory, especially for the estimation of the maximum
value reached by the current. However, it can be seen that
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the error varies strongly with the electrical angle. Similarly,
the estimation of the maximum current value shows errors
of the order of 20 %. Moreover, the hump observed in the
sub-transient part of the response for angles of about 60 ° to
80 ° is not modeled by the classical equivalent diagram.
Overall, the results are good from a validation point of
view. The comparison between the simulation and the mea-
surement showed an excellent agreement between the simu-
lated curves and the measured curves when the machine is
shimmed in one of the 2 axes. In between, the agreement
is more or less good, as the model used does not perfectly
translate the physical reality of this low-power machine. On
the other hand, the error in the excitation current is greater but
still acceptable for the purpose of machine characterization.

C. ALTERNATIVES FOR DETERMINATION OF THE
EQUIVALENT CIRCUIT

Table 8 compares the obtained equivalent diagram for the
DC decay test, and the classical three-phase short-circuit test,
respectively. It is very important to note that, as one can see
in Figs. 8 and 9, each method has a very good agreement
between measurement and simulation for their respective
identified parameters. For the DC decay method, most param-
eters identified for the d-axis (e.g., x4, xj, T, and T};) are
perceived as the most accurate, given the nature of the method
and the fact that SM2 is a low-power machine with laminated
salient poles. However, the value of x, is very high, and x, is
very low compared to typical values expected for salient pole
machines. These values might be affected due to the signal-
to-noise ratio (SNR) at the measurement level is too low in
the time interval where these quantities are determined. This
condition must be studied with further measurements on a
high power machine in a power plant.

For the short-circuit test, the time constants are perceived
to be very low compared to ‘“‘classical values”. Given the
measurements, it is difficult to compute them with precision,
i.e., the results should be taken with a certain precaution. For
example, considering the very low value of the sub-transient
time constant (Té), the use of the standardized classical
method should be questioned on this basis. In fact, the con-
ventional approaches lead to only a few data points, causing
their identified values to be inversely proportional to the
voltage, which is the main drawback of the three-phase SC
test for low-power machines.

Fig. 9 presents a comparison between the two parameter
sets outlined in Table 8, focusing on their predictive capabili-
ties for sudden short-circuit (SC) occurrences at rated voltage.
Notably, the three-phase SC test exhibits superior precision
for this specific scenario. While the disparity in current peak
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FIGURE 9. Armature current response of a sudden three-phase
short-circuit at rated voltage (380 V) and frequency (50 Hz), with
2.02 A field current and 1500 r/min mechanical speed,
comparison measurement against simulations using the
parameters from the short-circuit test and the DC decay test
(given in Table 8), respectively. Measurements taken from the
technical report of Wymann et al. [28] for the same machine
SM2. The base value of the armature current is 3.5 A.

values hovers around 20 %, it remains within the permissible
tolerances set forth by IEC/IEEE standards. It is worth noting
that the DC decay value struggles to replicate the short-circuit
test at rated voltage, particularly during the initial stages of
saturation. A likely cause for this discrepancy is attributed
to the erroneous x4 value, prompted by extremely low SNR
and that the DC decay test cannot saturate the machine as the
short-circuit test. It is also worth noting that the parameters
derived from our analysis fall outside the conventional range,
aligning with expectations for smaller machines [29], [30].
The significance of the 20 % error margin should be inter-
preted within the context of low-power machines, which are
susceptible to a more pronounced saliency effect arising from
their relatively small air gap. As a result, the fundamental
theory underlying the equivalent diagram tend to be less
accurate compared to high-power machines with larger air
gaps.

The obtained parameters were consistent with those
obtained under non-saturated conditions (0.2 pu of rated volt-
age - Table 8). It confirms that the DC decay test is a reliable
method for determining the equivalent diagram of a WFSM.
In addition, the maximum torque amplitude during the DC
decay test was in the range of 0.2 pu, while it reached 8 pu
for the sudden short-circuit at rated voltage, i.e., 16 times the
value of the DC decay test. This is a significant advantage,
as the DC decay test performs at least as well as the sudden
short-circuit but without the risk of damaging the machine or
reducing its lifespan. As a result, the DC decay test can be
conducted without any restrictions.

V. CONCLUSION

This paper presents the main challenges in performing DC
decay tests on wound field synchronous machines (WFSMs).
It includes a comprehensive sensitivity analysis of sampling
frequency and angular resolution. We show thoroughly that
these factors can significantly impact the identification of
the equivalent diagram and the susceptibility to measurement
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noise. As noted in previous research [20], the DC decay
method has a disadvantage in obtaining x; and x,; due to the
low signal-to-noise ratio (SNR) in the time interval where
these values are obtained.

The identification  algorithm’s  robustness  was
demonstrated under non-ideal conditions, and there was good
agreement between simulation and measurement in the iden-
tification of the equivalent diagram of a low-power WFSM.
However, it is widely accepted that the classical equivalent
diagram has limitations for smaller machines. To achieve
an identification precision below 1%, we recommend an
SNR above 40dB, a sampling frequency at 5SkHz, and an
angular resolution below 10 ° with measurement propagation.
A minimum of 9 recordings should be sufficient, while 10 to
12 tests would be even more accurate.

A comparison was also conducted between a short-circuit
test and a DC decay test, using data measured at rated voltage.
To the best of our knowledge, this is the first attempt at such
a comparison. We found that the DC decay test falls within
the accepted 20 % current error as per IEC/IEEE standards,
even in the saturated case for a small power machine where
it is known that parameters do not behave normally. Compar-
ison with non-saturated values also resulted in an acceptable
discrepancy. The maximum torque amplitude was reduced
by a factor of 16 compared to the gold standard, i.e., the
sudden short-circuit test. As a result, it has the potential to
minimize any damage to the electrical machine, both the rotor
and winding overhang. The DC decay test allows the machine
to be tested with no consequences and produces results of
sufficient quality to determine the equivalent diagram of
synchronous machines.

Future measurement campaigns on  high-power
synchronous machines should be conducted to expand the
comparative range of both methods and further clarify the
equivalence range of the two measurement methods.
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