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Abstract: This paper presents a nonlinear magnetic equivalent circuit method and an electromagnetic
characteristic analysis and verification of a wound rotor synchronous generator (WRSG). The reluc-
tance generated by the stator, rotor, and air gap is subdivided to form a reluctance construction. A
nonlinear magnetic equivalent circuit (MEC) for the WRSG is constructed and solved by an iteration
method. Moreover, to calculate the inductance of the generator, the reluctance circuit of the d — gaxis
is constructed, and the inductance of the generator is obtained using the initial relative permeability
of the material. Using the electromagnetic parameters obtained via the MEC method, the power

lcll:)ecfill(tfgsr generation characteristics of the generator are predicted. The results of this MEC method are also
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enl4196190 Wound rotor synchronous machines (WRSMs) are most commonly used because

of their advantages, such as simple control, cost efficiency, and stable operation [1]. In
particular, when operated as generators, they can maintain the rated voltage as the load
fluctuates while coping with the change in operation characteristics [2]. In fact, wound
rotor synchronous generators (WRSGs) are commonly used in large-capacity generation of
hydropower.

In the design of electrical machines, the finite element method (FEM) and the magnetic
equivalent circuit (MEC) method are the main electromagnetic analysis methods that
are used. The FEM is useful for accurate analysis; however, one of its disadvantages
is its long computational time, which extends the time taken to design the machine [3].
published maps and institutional affil- 1 "€ MEC method has the advantage of simplifying and rapidly analyzing the model as
{ations. lumped parameters and quickly confirming the analysis results according to the design

parameters [4]. However, owing to leakage magnetic flux and local saturation of the core,

it is difficult to obtain accurate analysis results with the MEC method. The nonlinear MEC
of WRSGs has been studied for several decades [5-8]. In [6], the waveform results of
the stator current, according to the load of WRSMs, are compared. The MEC analysis is
divided into the nodal-based MEC and mesh-based MEC method. The analysis results
of the two methods are compared in [9]. In [10], the mesh-based MEC used to model the
dynamics of WRSG is studied while considering the damper winding structure. In [11], a
conditions of the Creative Commons  g€neral nodal-based dynamic MEC model is presented. In [12], a nodal-based, steady-state
Attribution (CC BY) license (https://  MEC model of a WRSM is presented with respect to time. In [13], MEC is constructed and
creativecommons.org/licenses /by / solved by the Newton—-Raphson method to design a WRSM for electric vehicles. Although
4.0/). several studies have already been conducted on the WRSM as a motor in kW class, there
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are few studies on the power generation characteristics of the WRSG according to the load
resistance when the machine is operated as a generator in MW class.

Therefore, in this study, we propose a simple nonlinear MEC to predict the electromag-
netic characteristics of a salient pole WRSG. In particular, to calculate the inductance, which
is an electrical parameter, an MEC was constructed by dividing the section into two regions
according to the stator winding and rotor position. In the case of a nonlinear MEC, the
permeability was obtained through an iteration method. In contrast, a d — gaxis MEC was
used to calculate the flux linkage and inductance of one stator winding of the stator using
the initial permeability to find initial inductance. When analyzing the power generation
characteristics, the inductance was calculated using the permeability obtained through
the iteration method. Finally, using the electromagnetic parameters obtained through the
proposed method, the power generation characteristics of a WRSG were predicted, and the
results of the MEC method were compared and verified through finite element analysis
(FEA) results and experimental results.

2. Proposal Nonlinear Magnetic Equivalent Circuit Method

Figure 1 shows the analysis and experimental models of a WRSG considered in this
paper. The WRSG used in this model has an 8-pole 96-slot shape and consists of a shaft,
rotor, and stator. The specifications of the generator are summarized in Table 1.

{— Stator

Stator winding

Damper winding
Rotor winding

}L (a)

Figure 1. Wound rotor synchronous generator. (a) Analysis model. (b) Rotor core experimen-
tal model.

Table 1. Specification of the 900 kW-class WRSG.

Parameter Value Unit
No. of poles/slots 8/96 -
Stator outer/inner diameter 1045/765 mm
Rotor outer/inner diameter 751/356 mm
Depth 800 mm
Output power 900 kw
Rated speed 900 RPM
Terminal voltage (no-load) 3300 \Y%
Rated current 185 A
Slot pitch 11 -
Stator core 50PN400 -
Rotor core 55400 -

In general, the core material used in an electrical machine has a nonlinear property
and, to analyze this nonlinearity, a nonlinear MEC is constructed. Considering the periodic
properties, it is expressed as a combination of 2T poles and 24T slots, where T is the number
of periods. The paths that the magnetic flux passes through are divided into stator, rotor,
air-gap, and inter-polar regions. A nonlinear MEC comprising reluctance in each region
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can be seen in Figures 2 and 3. For simple nonlinear analysis, the damper windings of the
rotor are neglected.

N Ll 2T poles and 24T slots
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Figure 2. Construction of nonlinear MEC.
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Figure 3. Nonlinear MEC.

2.1. Configuration of Stator and Rotor Nonlinear MEC

To model the nonlinear reluctance circuit, KVL is applied to each loop, and the matrix
is as follows:

[¢]" = [PI[F]" O]

P is the permeance matrix, F is the magnetomotive force (MMF), and ¢ is the magnetic
flux that circulates in the closed loop. The MMF of each rotor teeth can be expressed as
follows:

Fit = Nrtlf/ [Frt] = [Frtlz FrtZ]T (2)

The more subdivided the path of the magnetic flux, the more accurate the results that
can be obtained. However, one of its disadvantages is the prolonged computational time.

Therefore, it is important to configure a suitable reluctance circuit in each area [5]. The
section of the rotor pole and inter-polar is divided into six sections. The reluctances in each
section are as follows:

(wps - wpb) / Nsection R (wps - wpb) / Nsection
» "RPS2 =
poprhpsLsti Hotr fuorto (X) Lstk

RRrps1 =

@)
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(wps - wpb) / Nsection
Hokr forto (X) Ltk

l .
, Rrpss = i 4)
Hopr (wpb / 3) Ltk

where wy; is the width of the pole shoe, w; is the width of the pole body, Netion is the
number of the pole section, and Ly is the core depth length. [,; is the length given by
Ly = fwrto(x) — Hrtm

RRrps3 =

fuwrto(x) = ”%t - (x)2 — )

where x is the distance from the center of the rotor pole body to the end of the rotor pole
shoe. The reluctance of the straight air-gap magnetic flux and the reluctance that has to
consider the fringing effect can be calculated as follows:

g 1
Rac = —"+— Rar = (6)
,quSthtk ﬂo(%l?’l(l + <w$tf/§)(n/2)))L

stk

where g is the length of the air gap, and wg; is the width of the slot opening. The reluctance
of the stator and rotor core is calculated as follows:

Leore
R = 7
core Moty Weore Lsik @)

where I.ore is the length of the stator and rotor core, and W, is the width of the stator and
rotor core. For the calculation of other reluctances—slot leakage reluctance between stator
teeth (Rgp) [14], reluctance generated from both sides of the rotor shoe (Rgf), fringing
reluctance through the bottom of the rotor pole tip (Rrrp), and leakage reluctance between
two adjacent rotor poles (Rrpr)—refer to [10]. To solve the nonlinear characteristic, y» can
be calculated as in iteration Equation (8)

‘uk _ ]lk
|| Pole, MECk Pole, B—H—data H < 5% (8)
HPpote, MEC

where yll‘,ol e Mgc and ‘u’I‘J ole. B—H—data @€ the permeability of the MEC and B-H curve. k and
0 are the iteration number and error rate.

2.2. Configuration of d — qAxis MEC

This section describes the d — g axis reluctance configuration for the calculation of the
initial value of the inductance that occurs in a one-phase winding. Owing to the variation
of the inductance of the machine with a salient pole structure depending on the position of
the rotor, the MEC is constructed by dividing it into a d axis and q axis. For simplicity, the
effect on the stator of the field winding was neglected.

The magnetic flux line and reluctance circuit configuration when the rotor is on the q
axis and d axis are shown in Figures 4 and 5, respectively. It is evident that the magnetic flux
path depends on the rotor position, and the MEC is also different. The leakage flux between
the slot and tooth, between the windings to which the current is applied, is neglected and
is similar to the magnitude of the reluctance described in the previous section. The pole
body reluctance of the d axis should be set to the opposite cross-sectional area and length.
Using the point of the initial specific permeability in an unsaturated core, the reluctance of
the core was calculated.
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Figure 5. D axis magnetic flux line and construction of MEC.

In Figure 6a, the B-H curve and y,—H curve graph of the rotor core are shown. In
the y,—H curve, it can be seen that the initial permeability value in which the rotor core is
in an unsaturated region has a constant value. Using this initial permeability, the initial
inductance of the stator windings was calculated. The inductance used to confirm the
power generation characteristics of the generator must have an inductance value in which
saturation is taken into consideration, because the core is saturated during the operation of
the generator. The magnetic flux, according to the d — gaxis positions of one-phase winding,
was obtained using the reluctance network constructed in Figures 4 and 5.

Nclc

Podg = 25—
844 Rtotoal, dq

’ ¢gdq = Nccpgdq 9

where Ryotoq1, 44 18 the reluctance constructed from Figures 4 and 5, N, is the number of
stator turns, and I, is the stator current.
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Figure 6. (a) B-H curve of rotor core material. (b) Inductance change according to rotor position.

3. Calculations of Electrical Parameters

To verify the electromagnetics and performance of WRSG, electrical circuit parameters—
such as back electromotive force (EMF), phase inductance, and phase resistance—are re-
quired. Electrical circuit parameters can be obtained through the proposed analysis and
the MEC.
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3.1. Resistance

The WRSG should not only consider the stator winding resistance but also the rotor
winding resistance. This is because rotor winding also causes copper losses in electro- mag-
netic properties, which affects electromagnetic efficiency; however, only the stator phase
resistance is used because the rotor winding resistance is not required in the performance
measurement. The stator resistance per phase can be calculated as in (10)

l
Rpn = Ncpc% (10)
c

where p, is the electrical resistivity of the conductor, [y, is the winding length per turn, and
A, is the cross-sectional area of the coil.

3.2. Inductance

In Figure 6b, the inductance according to the rotor position is shown. The inductance
of one-phase winding can be obtained from the magnetic flux obtained using the d — gaxis
reluctance network. The stator leakage inductance was neglected. The d — gaxis inductance
of the one-phase winding is as follows:

L

Agd
gin = K= 1)
C

where ky, is the winding factor.

3.3. Back EMF

The flux linkage to one-phase windings can be derived as
Ag = kwNph(Puir—gup 08 (Bem ) (12)

where N, is the number of series turns per phase, and 6.y, is the electrical angle. Back
EMEF can be derived by the differentiation of the linkage flux per phase according to the
electrical rotation period, as follows:

Ea,b, c = 757/\“’ b, c (13)

3.4. Generating Characteristic Analysis

Using the electromagnetic circuit parameters—such as a back EMF, phase inductance,
phase resistance, and load resistance for one-phase—generating characteristics can be
predicted. In Figure 7, the equivalent circuit for one-phase and circuit parameters are
shown. Phase current can be derived as

= Eo (14)

\/(Rph + Rload>2 + st

where X; is the synchronous reactance calculated by Xs = 27t fL,. Terminal voltage also
can be derived as

I

ph

Rlzoud (1 5)

Vi = EO 2
(Rph + Rloud) + st
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Figure 7. Equivalent circuit of one-phase WRSG.
Output power can be derived as
Pout = 3Vt1ph (16)

through Py, it is possible to know the output power from the three-phase and generator
performance [15].

4. Verification of MEC Analysis

Figure 8 shows the experimental setup for WRSG. A turbine was used as the mechani-
cal input power of the generator. The back EMF and short-circuit current were measured
while increasing the magnitude of the field current.

Figure 8. Experimental setup for WRSG.

In Table 2, the MEC, FEM, and experimental results of the electrical circuit parameters
are shown. A field current of 215 A was applied to the rotor winding, and the inductance
required for the power generation characteristics was calculated using the permeability
calculated by the nonlinear MEC. The inductance calculated by the MEC method contains a
significant error compared to the FEM, which is a reasonable result because it is difficult to
accurately represent the leakage path in the MEC method. The maximum size of the air-gap
flux density according to the field current is compared with the FEM result and is shown
in Figure 9. In addition, the waveform of the air-gap magnetic flux density, when a field
current of 150 A is applied, can be seen in Figure 10, and the linkage flux results are shown
in Figure 11. In the open circuit, when driven at a constant speed, the back EMF can be
measured according to the magnitude of the field current, and the experimental results are
compared with the FEM and MEC as shown in Figure 12. Figure 13 shows the short-circuit
current of the generator and is compared with the FEM, MEC, and experimental data. As a
result of the comparison of the magnitude of the short-circuit current depending on the
magnitude of the field current, a small error was confirmed in the inductance obtained
using the value of the initial relative permeability. The generation characteristic analysis at
the rated speed is shown in Figure 14. A comparison of the MEC and FE results shows that
the rated output point is accompanied by a small error. It seems that the error is the result
of the electromagnetic parameters error. Nevertheless, it shows an insignificant error in the
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region where the voltage regulation decreases (VR < 15%). From a comparison with the

MEC, FE, and experimental results, the MEC predictions are validated.

Table 2. FEM and MEC results of electrical parameter (Field current: 215 A).

Parameter FEM MEC Measured
d-axis inductance 18.95 mH 17.4 mH -
g-axis inductance 14.47 mH 12.3 mH -

Back EMF 2238V 2207V 2310V

Inductance 16.5 mH 14.8 mH -

Resistance - 0.041 ohm 0.039 ohm

Air-Gap Flux Density [T]

—
9

=
=
T

Non-Saturation point

S 2 2
= &5
: T T

S
o
:

0.0

¥ T ——

Saturation point

— MEC
o FE Model

0 30 o0 90 120 150 180 210 240 270
Field Current (A)

Figure 9. Comparison of magnitude of flux density in air gap.

Figure 10. Comparison of flux density waveform (field current: 150 A).

Figure 11. Comparison of linkage flux waveform.
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Figure 14. Comparison of the power—voltage curve (FE model vs. MEC).

5. Conclusions

In this study, a nonlinear MEC analysis of a WRSG with a salient pole structure was
performed. To calculate the inductance, a magnetic circuit was constructed by confirming
the d — gaxis magnetic flux flow. From the result of the MEC, the electromagnetic parameter
could be obtained, and the power generation characteristic of the generator could be
predicted from the electromagnetic parameter. The proposed MEC method was validated
by comparing the FE results with the experimental results. This proposed method can be
used as an initial model when designing a WRSG.
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