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Study on Electromagnetic Force and Vibration of
Turbogenerator End Windings under Impact Load( [ ):

Analysis of Electromagnetic Force of End Windings under Impact Load

Huang Xueliang Hu Minqgiang

(Department of Electrical Engineering, Southeast University, Nanjing 210096, China)

Abstract:  In this paper, the boundary value problem (BVP) of 3-D transient eddy current field in the end region in the
case that the generator is affected by impact load is specified. Besides, ways to implement discrete methods in both time
domain and space domain during the solution of the problem are investigated. The Crank-Nicolson scheme is utilized to attain
the iterative format of time differential, after taking factors that can ensure both computation precision and stability into
consideration. In this paper, the magnetic distribution in the end region of a turbogenerator in the case that the generator is
affected by impact load is specified. As a result, it provides foundation for further study of electromagnetic force and
electromagnetic vibration in the end region of the turbogenerator.
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Presently, with the growing number of large-scale and super-scale corporations (i.e., large-scale steel
corporations and chemical plants), the structure of power distribution has changed greatly. Because some
high-power devices in these corporations and plants may start frequently, which lead to frequent short-time impact
load and, as a result, hidden trouble to the secure operation of electric network and generators. In particular, when
the impact load occurs in such positions that are very near to a power plant, the generator set in this plant will be
impacted greatly. Because the impact load in this case may lead to violent fluctuations of the stator current, active
power and reactive power of the generator. Then, tremendous electromagnetic force is produced in the end region of
the generator. As a result, winding fault is possible. Besides, electromagnetic vibration in the end region of the
generator caused by frequent impact loads speeds up the wear and tear of the conductor insulation coat, which can
make up the reason of flexible winding structure and lead to more dramatic vibration of the winding. Therefore, it’s
important to carry out the study on the electromagnetic force distribution and electromagnetic vibration in the end

region of the turbogenerator in various working conditions.

1 Analysis of the 3-D Transient Eddy Current Field in the End Region in the Case That the
Generator Is Affected by Impact Load

The boundary value problem of 3-D transient eddy current field in the end region can be expressed as

follows'" :
quVxA+a%:JS VPEV
A= A, VPES, (1)
nx(VxA)=- ubs VYPES,

where A is the vector magnetic potential; J is the current density of the conductor; &g is the area current density
in the boundary; n is the vertical direction; v, o, 1 are the magnetic reluctivity, electric conductivity and magnetic
conductivity of the medium respectively; P is an arbitrary point inside the solving domain; V is the solving
domain; S, denotes the Dirichlet problem and S, denotes the Neumann problem.

If the transient eddy current field is assumed to be a temporally steady-state one before the point ¢ = 0 and the
point itself, the field distribution A(t,) at the point ¢ = 0 can be specified in the same way as resolving

steady-state eddy current field. In other words, A (t,) must meet the demands of the following equationsm
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V x vV x A(ty) + jwcA(ty) = Js(ty) yrPev
A(ty) = Ay(1p) YPES, (2)
nx(V xA()) =- 4ds(t,) YPES,

where w is the angular speed.
For convenience, the vector magnetic potential A, the body current density Jg and the area current density
are supposed and expressed in a cylindrical coordinate as follows:
A=1A(r,z,t)e + jAg(r,Z,t)eg + A (r,z,t)e.] "’
Js = [J(r,z,t)e, + Jus(r,z,t)e, + Js(r,2,t)e.] e (3)
8, = [0s(r,z,t)e, + Op(r,z,t)ey + O5(r,z,t)e.]e"
where P is the number of pole-pairs of the electric machine; e, , e,, e, denote the direction of r, @, z respectively.

Weighted integration is carried out in both sides of Eq.(1) by choosing appropriate weight function W of the

vector.

JW‘VX(VV xA)dV+jW-a%dV:JW-JSdV (4)
v v v
Eq.(4) can be expressed as
d
j (v x W - (uy xA)dV+JW-aa—‘?dV:jW-JSdV+SE [Wx (v xA)]-ndS (5)
v Vv Vv S

According to the Galinkin law, the weighted function is chosen as follows:
W = (Ne, + jNe, + Nez)ej”o
where N is the form function of the element, whose expression have been written in Refs. [1-4].
The first integration item on the left side of Eq. (5) can be evaluated from the curl expressions of the vector

magnetic potential and weighted function in the cylindrical coordinate

IN. IN. 2 1 IN,; IN: IN.
I L p_ = ] Y i
Vo Jz Oz -V rzj\é‘]Vi Y, rz ar]Vi - Y Ir Jz 4
-2 IN. IN; N, 1 IN, IN IN. e
- D D i i i 1 i P i | 20
fl_JV“Z; vzr2]\§]\/i+vzr2]\§-(7r VoL o, T rz(]\@»+r7rl)(]vi+rar) v NS, Ay |7V
A,
dN; IN; dN; 2 dN; IN; I
i A P L A
i dz Jdr Yr r (7z]Vi - r2 ij‘ + Y dr Jdr
(6)
where N;, N; denote the form function of the node 7, ;.
The second integration item in the left side of Eq. (5) is
JA,
Ji
3
A, .
fo= [ ZNL'NJU A% (7)
Jrve 5 di
dA,
Ji
The first integration item in the right side of Eq.(5) is
-]rS
b = j N| = Jus |7 aV (8)
Ve
]zS
The second integration item in the right side of Eq.(5) is
6r5
) :§ [N, x (v xA)]-ndS:ﬂgNi — Sy e ds (9)
s s
6:5

In each integration items of Eq.(5), the integral result of it is a constant, which can be neglected during the
computation without affecting the validity of the equation. Substitute Eqs. (6) — (9) into (5), the expression of the

computation matrix of the element can be attained.

JA
di

KA, +K —° =P, (10)
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where e denotes element. The right side of Eq. (10) is

HJ,S N.rdrdz
P1 se
P, =|p|= ﬂ — JosN;rdrdz (11)
P3 >
_ﬁjzs Nirdrdz |
%
The coefficient matrix can be expressed as
kll klZ le
K. = | ky Fkyn Fky (12)
by  ky  ky
k,
K = -k, (13)
. "
With the introduction of Crank-Nicolson method"**® , Eq.(10) can be expressed as
n ol
e Rl B R R 0

Eq. (14) is the computation matrix expression of the element when substituting the derivative item with the
forward first order difference of A to time variable, and introducing the Crank-Nicolson method. Where A':l and

A’ are values of the vector magnetic potentials at ¢, ; and t, respectively, K, and K, are shown in Eqs. (12) and

(13) respectively. While P: and P! denote items in the right side at ¢, and ¢, | excited by current respectively.

2 Computation of the Electromagnetic Force in End Region under Impact Load

The Lorentz force of the conductor element in magnetic field is dF, = IdL x B. As a result, when current I
flows through conductor element dL in magnetic field, the Lorentz force density f can be expressed as
f=IxB (15)
where I is the current that flows through the conductor, whose direction accords with that of the conductor element;
and B is the flux density at the conductor element.
In cylindrical coordinate, Eq.(15) can be expressed as
F= CisB = iB)e, + (iB, - i,B)e, + (B, — i,B,)e, (16)
In the process of computation, end winding of the stator is divided into many segments first. Then, the flux
density of each segment can be attained according to the spacial magnetic distribution at moment ¢. After that, the
force density distribution of the end winding can be attained according to current of the winding at this moment.

Finally, the magnetic force of the end winding at moment ¢ can be attained by numerical integration method.
3 Computation Examples

Taking the No.2 generator of Huaneng Plant (Nanjing) (As shown nner clip ring
in Fig.1, made in Russia (former USSR), capacity:320 MW, type:TBB- C
320-2EY3) for example, the transient magnetic field and electromagnetic Outer clip ring

force in end region under impact load are calculated. Stator iron
The external activation in the process of calculation comes from field

measurement data. Fig.2 and Fig.3 show the oscillograms of three-phase

End cover

current and voltage of the stator under impact load (These marked data  Air gap Statar windings

indicate field measurement data.). The values of the current and voltage \é Rotor windings

in these figures are ratios of practical values to basal values. Rotor j—/[

The transient distribution of the electromagnetic field in the end S————
otation axis

region of the generator is calculated. Fig.4 shows the flux density .
distribution in the case ¢ = 24.2800's, ¢ = 24.2825s, ¢ = 24.28505, '8! Structural diagram of turbogenerator

t =24.2875sand ¢ = 24.2900's. From the flux density distribution in ™ "*&"
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Fig.2 Three-phase current of stator under impact load moment Fig.3 Three-phase voltage of stator under impact load
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Fig.4 Magnetic figure of the end region. (a) t = 24.28005s; (b) ¢ = 24.28255s; (c) ¢t = 24.2850s; (d) ¢t = 24.287 5 s;

(e) t =24.2900 s

the end region, it can be learned that the flux densities in 2.4
end structures are decreased because ofthe eddy currentin 5
the clamping ring, which leads to decreased iron loss in
the end region. 1.6
Fig.5 shows the way that magnetic flux density E 1.2

changes with time when impact load occurs.

Fig.6 shows the electromagnetic force distribution in 08
the end winding at the moment ¢ = 24.280 0 s, ¢ = 0.4
24.2825s, t = 24.2850 s, t = 24.287 5s and ¢ =
24.2900s. (2)4.20 24.I24 24I.28 24].32 24I.36 241.40
From the above figures, it can be learned that Time/s
electromagnetic force in the end winding within a half Fig.5 The way that magnetic flux density changes with
power period ranging from ¢t = 28.28 s to t = 28.29 s time at a point in air gap

changes periodically with time. This reflects the effect of

electromagnetic potential rotation on electromagnetic force of the winding.

(a) (b) (c) (d) (e)
Fig.6 The electromagnetic force distribution in the end winding at the moment (a) ¢ = 24.280 0 s; (b) ¢ = 24.2825 s;
(c) t =24.2850s; (d) ¢t = 24.28755s; (e) t = 24.2900s

4 Conclusion

In this paper, a mathematical model of the distribution of 3-D transient eddy current field in the end region is

established. And the algorithm that can ensure both precision and stability during the calculation is specified.
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When impact load occurs, the terminal voltage of the generator doesn’t change much, while the current
changes dramatically. As a result, corresponding windings bears the impact of abnormal electromagnetic force. The
calculation of the transient electromagnetic field distribution in the end region and electromagnetic force density
distribution of the winding under impact load will provide foundation for further study of electromagnetic force and

electromagnetic vibration in the end region of the turbogenerator.
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