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The topic of this paper is dictated by the necessity to improve the reliability of methods for deter-
mining a short circuit of rotor winding with the use of the stray magnetic field sensor installed at the
turbogenerator end.

The research objectives are to develop the signal identification models and algorithms based on stray
magnetic field sensor data for the diagnostics of a short circuit of rotor winding of synchronous generator.

Theoretical and practical developments in the areas of systems analysis, electrical machines modeling,
optimization and linear algebra are used in the paper. The solution is based on theoretical and experi-
mental data from magnetic field sensor installed at the synchronous generator end.

A method of a signal identification and diagnostics from stray magnetic field sensor installed at the
synchronous generator end is developed. This method is based on an integrated system of signal models
with time-varying parameters and additional a priori information. The method allows for determining
the signal local changes from the stray magnetic field sensor caused by the short circuit of rotor winding
of the synchronous generator by comparing the original signal with model signal. FExperimental data
for loaded synchronous generator are considered. It is found that the proposed method provides reliable
predictions of the rotor winding damage even for a small number of short circuited coils.

Keywords: identification, adaptation, diagnostics, integrated system of models with variable parameters,
a priori information, turbogenerator, short circuit, magnetic field sensor.

Despite the efforts to increase the reliability of turbine generators high probability of their
damage still exists [1]. This is because electromagnetic, thermal and mechanical stresses on rotor
winding have been increased in the last 50 years.

It is impossible today to increase turbogenerators reliability through routine diagnostics,
therefore a lot of attention is paid to the development and refinement of new methods of func-
tional diagnostics [2].

A turn-to-turn short circuit of rotor winding is a widely spread electrical fault and at the same
time it is difficult to determine. It is difficult to determine turn-to-turn short circuit winding
according to some construction peculiarities. Technologies based on turbine generator internal
and applied magnetic field analysis are considered because there is a symmetric configuration
of magnetic field around a turbine generator. This configuration immediately depends on the
turbine generator rotor winding technical state [3].

At present a lot of machines are operated with sensors installed in the vicinity of rotor or at
the turbine generator end [4-6,10].

The main problems of these diagnostics systems are mathematical interpretation of the sensor
signals and turn-to-turn short circuit diagnostic property selection as current in rotor winding
changes.
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We present a method for signal adaptive identification from stray field magnetic sensor in-
stalled in the synchronous generator end. The method is based on interpretation of experimental
data and it is intended for the turn-to-turn short circuit rotor winding diagnostics.

1. A method for turn-to-turn short circuit rotor winding
identification and diagnostics

The adaptive identification method of a signal from stray magnetic field sensor for the diag-
nostics of turn-to-turn short circuit rotor winding is based on a discrete integrated system of y*n
signal models. They are of the form [7]

yfn =Yn +€n = f(tn;an) +€n7
(1)

Z, = fa(ynvan) + N, n = 1,23, ...,

where o, = (a;(t,),j = 1,m) is unknown single-valued function of time; Un, Yn are experimental
and calculated signal values based on the model f(t,, @); £o(Yn, an) = (fa;(Yn, ), j=1,p)
is the object model with additional a priori data Z, = (Z .,k = 1,p) identified in the time
moment ¢,; f and f, ; are the known composite functions; &,,n, = (;, j = 1, p) are random

values of signal y*n errors, additional data and expert analysis errors z,, etc.
The example of model (1) is the following system of equations

y*n =Yn + fn =Q1,n +Q2n Sin(a?),ntn) + fnv

(2)

dj,n = Qjn + nj,nvj = 1737n = 172737 (XX}

where &;,, describes a priori information for signal parameters «;, from magnetic stray field
Sensor.
A principle of signal adaptive identification method is to replace a multivariable a(t) of signal

* *

notation f(t,(t)) to a time-invariant a(t) of model fy(t, a(t)) at a point te [t1, tn]:
a(t) = a(t) where € [ti,t,].

Parameters of a(?) can be determined in terms of data y;, i € [1,n] from the interval (Z —7T) €
[t1,tn] formed by impulse response K, ((t — 7)/h) with parameter h [8].

Assuming that ¢ is equal to t¢,, the adaptive parametric identification process (1) can be
represented as a successive solution of optimization problems |7, §]

&n (/871; hn) = arg min ‘I)(tna Qn, B, hn)a (3)
B b = arg min (Jo(&n(Ba, hn)))n = 1,2,3, .., (4)
where argmin, f(x) is a minimum point z of the function f(z) (f(z) = min, f(z));

D(ty,, On,y By b)) = ©(Jo(tn, an), Ja(n, Bn, hy)) is a composed empirical measure of model (1).
The functional ® is represented by a partial measure of signal y,, model:

JO(tna an) = ZKh((tn - tz)/hn)wO(Z(tZ) - f(tia an))
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and by a partial measure of comparable models

14
Ja(anvﬁn; hn) = Zﬁk,nwa,k(zk,n - fa,k(yna an))7

k=1

where a, = a(t,); y(t;), @ = 1,n is the value of true signal from stray magnetic field sensor
at time ¢;; Bn = (Bk.n, k = 1,p) is a control parameters vector that determines the additional
a priori information; g, ¥, are known functions.

It should be noted that (1), (2), (3) and (4) allow us to synthesize a wide range of identifica-
tion algorithms of y*n signal models for linear and nonlinear parameters 3, and various quality
indicators determined by the functions 1, 141 as well as by the methods for optimization prob-
lems solution. For example, successive solution of simultaneous linear algebraic equations with
the use of the Newton-Gaussian optimization method, the nonlinear signal model and quadratic
quality indicators ¢g(x) = 14(x) = 2% all add up to the optimization problem (2) to give

{&i,n = Q10+ %‘,nA&(iq),mi =1,2,3,.. (5)

An : A(*I(i—l),n = B’nvn =ng,no +1,n0 +2,...,

Ap = (DgK(hn)Dn + DZ (Bn) a,n ) (i—1),n
B, = (DTK(hn)eO,n + Dznw(ﬁn)w(')/n)éa,n)i—la

0 i, o . . — 0 ak(ln, O — . —
where D,, = (f(a)’ 1=1,n,7= 1,m> y Dan = (fk(a), k=1,p,j= 1,m>
80(_7'7” n,m aajv” p.m

are partial derivatives matrixes of the signal model from the sensor and object models;

eon = (;;n — folan), €qn = (Zn — fo(yn,y)) are residual vectors, +; , is a parameter step;
W(B,) = diag(f1,n, B2.n, - - - Bp,n) is a diagonal matrix of control parameters; K (h,,) is a diagonal
matrix of weighting functions K ((t,, — tn—i)/hn), i =1,n — 1.

The analysis of signals from sensor [1-5,10] shows local changes observed in the area under
the turn-to-turn short circuit ( see Fig. 1,2). For example, in the open circuit regime significant
changes of the signal from sensor occur in its maximum value region (Fig. 1). Changes occur
in minimum value regions of the sensor signal when generator is loaded (see Fig. 2, area is
highlighted by a dashed oval).

In the open circuit regime it is appropriate to use a deviation measure of the actual sensor
signal value gjz

* *

Z‘yz tzvaz /an n))| €1, t S Atk ms (6)

« * * *
where Aty =ty — t, Atgm € [t1,t0], an(ﬁn, hy) are model parameters (2) and 3,,, h,, are
control parameters. For a loaded generator criterion (6) takes the form

= 3 i — &1 (B ha))| < 2 ti € At (7)

When turn-to-turn short circuit is observed then criteria (6) and (7) are not fulfilled.

2. Evaluation of diagnostics models and algorithms

The results of an investigation into algorithms for signal adaptive identification (2, 3, 4) and
turn-to-turn short circuit rotor winding diagnostics (6) are shown in Fig. 1, 2 and in Tab. 1.
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Fig. 1 shows the input (curve 1) and recovery (curve 2) data based on the model of signal
identification from stray magnetic field sensor in the open circuit regime without rotor damage
and when the 14 % of a number of all coils are turn-to-turn short circuited.

P T 40 " % N 140 1%0/N

a) b)

Fig. 1. The input (curve 1) and recovery (curve 2) signal data based on the model of signal
identification from stray magnetic field sensor in the open circuit regime: a) without rotor
damage; b) 14 % of a number of all coils are turn-to-turn short circuited

Fig. 2 shows the similar results for the synchronous loaded generator.
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Fig. 2. The input (curve 1) and recovery (curve 2) signal data based on the model of signal
identification from stray magnetic field sensor for the loaded generator: a) without rotor damage;
b) 3.66 % of a number of all coils are turn-to-turn short circuited

The recovered values of stray magnetic field sensor signal (Fig. 1, 2, curve 2)

* *

yn = al,n(ﬂnv *hn) + aQ,n(ﬁna *hn) Sin(a&n(ﬁr“ hn)tn)a (8)

are obtained with the use of model (2) and algorithm (4). The respective values of partial
differential coeflicients are

= = sin(ag,nt;
80&1)71 ’ 8042,71 ( )’

Of (ti, an)

80437n

= a3 cos(g nti).

The weight function is K((z/h) = exp(—?/h), the matrix of additional a priori information
is D, = diag(I)s 3 and control parameters matrix is W(3,) = 3,diag(I)s 3. Parameters (3,

and h,, are calculated from a solution of optimization problem (3), using the quadratic quality
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2

index ¢o(x) = a*. The deformed polyhedron method [9] was used at regular intervals with

*
n = 50,100,150,... . Values of model parameters from the sensor &;, = 5‘417”(0, hn),j=1,3
and n = 50 are used. The additional information
:Zn =Q1nt+Qon Sin(a?),ntn) + fn
is obtained without the use of a priori information, with further scheme correction

*

* *
Ay, = O‘J}"(kfm(ﬁm hn)v k=23,....

Tab. 1 shows diagnostic criteria values (6), (7) based on experimental data (see Fig. 1, 2) (6)
without the rotor winding damage and when 3.66 % and 14 % of a number of all coils are turn-
to-turn short circuited. Symbols A and B show the obtained criterion value (6) for positive (A)
gji, i = 40,60 and for negative (B) gji, 1 = 140, 160 phases, according to the region of maximum
signal from the sensor. Symbols C and D show similar results for criterion value (7). Symbol
C corresponds to the region of minimum value signal at the beginning of the half-period for the
positive phase gji, i = 1,20 and symbol D corresponds to the region of minimum value signal at
the beginning of the half-period for the negative phase i;i, 1 = 80, 100.

Table 1. The results of the synchronous generator diagnostics

Rotor winding Diagnostic criteria value (6)
Idle generator Loaded generator
A B C D

Without damage 0.24 0.23 2.17 2.08
With 3.66 % of a number of all coils are | 0.45 0.41 2.64 2.56
turn-to-turn short circuited

With 7% of a number of all coils are | 1.43 0.89 3.04 3.12
turn-to-turn short circuited

With 14 % of a number of all coils are | 1.61 2.01 3.58 3.62
turn-to-turn short circuited

The table shows that there is a significant change in the quality indicators (6) and (7) when
the turn-to-turn short circuit occurs. This provides a reliable way to diagnose the turn-to-turn
short circuit of rotor winding.

3. Conclusion

1. We propose the signal identification and diagnostics method that uses data from stray
magnetic field sensor installed at the synchronous generator end. This method is based on the
integrated system of signals models with time-varying parameters that use additional a priori
information.

2. The diagnostics method allows one to determine a signal local variation from stray magnetic
field sensor by comparing the original signal with model signal. The variation occurs due to
changes in the synchronous generator state caused by the turn-to-turn short circuit of rotor
winding.

3. Experimental data for loaded synchronous generator and for synchronous generator in
the open circuit regime are used. It is shown that the proposed method predicts rotor winding
damage even when only 3.66 % of a number of all coils are turn-to-turn short circuited.
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4. The advantages of the method: the model and algorithm of signal identification use
data from stray magnetic field sensor, the turbogenerator rotor winding diagnostics is based
on integrated system models with time-varying parameters, a priori information and method
correction, the training interval volume is used for the adaptive identification process.
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Metoa aganTuBHOI nAeHTUMAUKANINN CUTHAJJIA C JATINKA
MAarHUTHOI'O II0JISI PacCestHUs JIJIsi JJUATrHOCTUKM

TypOoreneparopa

Baaanvup U. Ionuniyk
BukTop JI. Cepreesn

Axmyasvrocmvd pabomovl 06Yca08aeHE HEOOTOOUMOCTNDIO NOBVIUEHUSA HAOEHCHOCTIU MEMOJ06 onpedee-
HUA BUMKOB020 3AMBIKGHUA 0OMOMKY POMOPA MYpbo2eHePamopa ¢ 0aMYUKOM MAZHUMHO20 TOMSA PAC-
CeARUA, YCMAHOBAEHH020 6 e20 Mmopueeoti sone. Lleav uccaedosanus: pazpabomxa memoda, modeseti u
AA20PUMMOE UOEHMUPUKAUUL CULHAAOE C 0AMYUKE MAZHUMHO20 NOAA PACCEAHUA OASL OUAZHOCTNUKY
BUMKOB020 3AMBIKAHUS OOMOMKY POMOPA CUHTPOHHOL0 2EHEPAMOPA.

Memoodv, uccaedosaHuL: UCNOABI0BAHL MEOPEMUNECKUE U NPAIKIMUNECKUE DPa3pabomxy 6 o6Aacmu
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CUCTMEMHO20 GHAAU3G, MOOEAUPOSAHUA U UOEHMUPUKAUUY IAEKMPUYECKUT MAWUH, MEMOI08 ONMUMU-
3auuy GyHKUUT u AuHetHOT anzebpol. Pewenue 3aday npogodusoct meopemudecku U Ha 0CHOBE IKCTE-
PUMEHMANLHBIL OAHHDIT, NOAYUEHHDIT HA BVITO0E JAMYUUKA MAZHUMHO20 NOAA, YCMAHOBAEHH020 6 MOP-
4e60ll 30He CUHTPOHH020 2EHEPAMOPG.

Pesyavmamot: memod udenmudurauut u Qua2HOCMUKY CUZHANA08 C 0aMYUKA MAZHUMHO20 NOAS PAC-
CEAHUSA, YCMAHOBAEHHO20 8 MOPUELEOT, B0HE CUHTPOHHOZ0 2EHEPAMOPA, OCHOBAHHVIT HA UHMELPUPOSAHHOTL
cucmeme MoJdeeli CuzHaN08 C NEPEMEHHDIMU 60 BPEMEHU NAPAMEMPAMU C YUEMOM U KOPPEKMUPOEKOTL
donoarumenvHol anpuoprot ungpopmayuu. Memod nodsossem onpedesamv A0KANDHBLE USMEHEHUA CU2-
HAAQ C 0AMYUUKG MAZHUMHO20 NOAS PACCEAHUA, EDI3BAHHDBIE 3AMBIKAGHUEM 0OMOMKU POMOPA CUHTPOHHOZ0
2EHEPAMOPA, NYMEM CPAEHEHUSA UCTOOH020 CUZHAAG C €20 Mmodeavto. Ha ocnose axcnepumenmanbHols
JAHHBLT HAZDYHCEHHO20 CUHTPOHHO20 2EHEPAMOPA U HA TOAOCMOM TOJY NOKA3AHO, MO NPEOAONHCEHHBITL
Mmemod duazHocmuKy obecnenusaem JdocmamowHo HAIEHCHOE BHLABAECHUE NOSPEHCIEHUA 0OOMOMEKY POMO-
pa, Hawunas ¢ 3.66 % Kopomro3amMEHYMHT UMKOG.

Karoueswie caosa: udenmugurayus, adanmayus, ouaeHOCMUKA, UHMEZPUPOSAHHBIE CUCTEMb, MOJeaeT
C MEPEMEHHLIMU NAPAMEMPAMU, ANPUOPHAL UHPOPMAUUS, MYPOO2EHEPAMOPDL, BUMKOBHIE 3AMBIKAHUSL,
damuur Ma2HUMMHO20 NOASA.
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