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Model Parameter and Performance Calculation of
Cylindrical Wound-Rotor Synchronous Motors

M. Mabhula

Abstract—The paper details modern saturation modeling and
performance calculation to the analysis of grid-connected cylindri-
cal wound-rotor synchronous motors. The developed models give
reliable results with limited computation effort. The finite element
based method uses iterative procedures to calculate the motor
performance during which the motor parameters are evaluated
in detail. Experimental results prove that the method has a high
degree of accuracy and is computationally efficient.

Index Terms—Finite element method, frozen permeabilities
method, synchronous motors, modeling, open and short circuit,
wound-rotor.

I. INTRODUCTION

HE striving for positive economic growth rates in the
T world causes energy demand (specifically electric energy)
to increase and also so the negative footprint of higher energy
consumption. In order to make this increased energy demand
and energy consumption sustainable, there is strong pressure
on the acquisition of clean energy, the storage of energy and the
effective consumption of energy. In large numbers of energy pro-
cesses, at some point in the process, the energy is converted from
mechanical energy to electrical energy or vice versa. Hydro- and
wind-energy systems are examples where mechanical energy is
converted into electrical energy. Regarding energy storage e.g.
we have the well-known gravity water pump storage systems
where there is a continuous conversion from mechanical energy
to electrical energy and vice versa. Also in the consumption of
electrical energy, 60-70% of all generated electrical energy in
the world is converted to mechanical energy. A huge amount
of this energy conversion is required to drive large pumps,
fans and compressors. Hence, the electromechanical energy
converter (that is the electrical machine) plays a tremendous role
in all energy engineering. If the energy efficiencies of electric
machines can be improved, a great deal of energy is saved [1].
The latter is particular important for wound-rotor synchronous
machines as these machines are used in large energy conversion
systems [2].
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To increase the energy efficiency of the electric machine,
accurate modeling and model parameter estimation are required
for the optimum design and control of the electrical machine.
Many of the electrical machine systems today utilize power
electronic drive converters to obtain adjustable speed drive. If
the optimum control of the machine is known or understood,
the machine can be controlled very energy efficient at a specific
operating point. For applications with fixed supply voltage and
frequency connection, the electric machine must be optimally
designed for highest energy efficiency for the specific load
condition - it is known that many installed electrical machine
systems run very inefficiently in industry.

However, non-linear magnetic materials are used in electrical
machines that make the accurate modeling and model parameter
calculation of the machine difficult. It has been shown that
classical models do not give good power prediction of electric
machines [2] and that non-classical methods must be used to
accurately determine the electrical machine characteristics for
accurate control [3]. If the modeling and model parameters of
the electric machine are accurate, then (i) accurate performance
estimation together with accurate design optimization can be
done and (ii) the control of the electric machine can be done
much more energy efficient.

Accurate modeling of the non-linear magnetic material prop-
erty of the electric machine is thus a problem [4], [5]. In addition,
there is the problem of determining accurately the parameters
of the non-linear model. A further challenge is to determine
the parameters computational efficient [6], [7]; with powerful
computers, solving complex problems, computational efficient
nowadays means more and more energy-efficient. A final is-
sue is that there are so many different electrical machines in
the industry today: not have only induction and synchronous
machines anymore, but also permanent magnet, reluctance and
flux switching electrical machines to name a few. The problem
is that the models and parameters of these machines differ and
it also differs whether the machine is small or big.

This paper presents a modern saturation modeling method
of the traditional grid-connected three-phase large wound-rotor
synchronous motor (WRSM) used in a wide range of industries
for their unique application of high mechanical power demand,
power system control and plant power factor correction. The
accurate but fast method suited for design optimization gives a
good grasp of mathematical formulation and operation of the
WRSM by incorporating all major saturation effects (i.e. satu-
ration saliency, asymmetric saturation and cross-axes magneti-
zation) [3]-[5], [8], [9]. Further explanation and experimental

0885-8969 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Stellenbosch. Downloaded on February 20,2021 at 13:00:39 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-0010-6759
https://orcid.org/0000-0002-3371-5016
mailto:mabhulamkhululi@gmail.com
mailto:kamper@sun.ac.za
https://ieeexplore.ieee.org

MABHULA AND KAMPER: MODEL PARAMETER AND PERFORMANCE CALCULATION OF CYLINDRICAL WRSMs 413

Fig. 1.  Steady state dqf equivalent circuit diagram.
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Fig. 2. Stator voltage and current space phasor diagram.

validation of the method is presented, with the goal to predict
accurately and fast the steady-state performance of the WRSM.
Additional discussions are given in explaining the measured per-
formance results using the method-predicted motor parameters.

II. MODELING

The steady-state stator voltage phasor v, components, includ-
ing the end-winding inductance L. effect, and the rotor voltage
V¢ of the motor, are respectively given by

Va = Relg —wLcl, —wh, 0
‘/q = Rqu 4+ wLelg + wAy,
and
Vi=Ryly, 2)

where Ag4, A, are the d and ¢ axes stator total flux linkages
(excluding end leakage), 2 the stator resistance and I, I, the
stator dg-axes current components. The end-winding inductance
calculation is given in [10]. In (2), Ry is the equivalent rotor
field resistance and Iy the field current. From (1) and (2), the
dq f-axes equivalent circuit of Fig. 1 and the phasor diagram of
Fig. 2, result. In Fig. 1, the rotor parameters of (2) have been
referred to the stator (denoted by ') using the effective winding
ratio. From Fig. 2, the stator voltage and current phasors are
respectively defined by

— {Vd = —V;sin(9)

v and I_; : I, = —I;sin(a) 3)
Vy = Vs cos(0)

I, = I cos(w),

where Vs, I are the stator voltage, current phasor magnitudes
and 6, « the stator voltage, current phasor angles.

For economic use of lamination material, most industrial
motors either operate near or in deep saturation. Hence, the
phenomenon of saturation saliency, cross-axes magnetization
and asymmetric saturation will always exist in these motors. To
incorporate the latter in the motor model, three field magnetic
axis positions are defined as z, y and z shown in Fig. 3. The

A
e v, Zy
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Fig. 3.  Shifting motor magnetic field axis (d-axis) under load.

x-axis is the classically defined magnetic field axis (aligned
with the rotor field winding) in which the motor is analyzed
on assumed perfect decoupled dg-axes. Modeling on the x-axis
defines the total flux linkage components of (1) in terms of
inductances as

Ag = Laalqg + LasIy

“
ANy = Lygl,.

z-axis model : {
In (4), there are no mutual cross-axis inductances and for a
round-rotor Lgq = Lgq.

Due to saturation, the z-axis is shifted by an angle ~y,, (saliency
shift angle) to the y-axis, shown in Fig. 3. On the y-axis, the im-
pact of cross-axes magnetization is a well-known phenomenon,
especially for sensorless control designers [3]. Incorporating
cross-axes magnetization, (4) is redefined as

Ad = Lgqlq + qufq + Ldef

(5)
Aq = qu-[d —+ quIq.

y-axis model : {
Furthermore, due to the rotor field excitation that causes
asymmetric saturation in the rotor, the magnetic field axis is
shifted away from the shifted y-axis to the z-axis by an angle
A~y as shown in Fig. 3. The angle A~y defines a further error in
the magnetic field position. The z-axis is the true magnetic field
axis of the motor. Modeling on the z-axis redefines (5) as

Ad = deId + quIq + Ldef

(6)
Aq = Mgalq + Lqglq + Mqgly.

z-axis model : {
In motor analysis, the saliency (v,) and field (v,) angles can
also be used as a measure to the severity of the magnetic axis
shift phenomenon, which shows the importance of incorporating
saturation effects into the motor modeling.

The model of (6) is considered complete in the motor mod-
eling of this paper. Thus according to (1), the motor termi-
nal voltage can only be correctly computed by determining
the self-inductances (Lgq, Lyq), the effect of the rotor current
on the d-axis inductance (Lg4s) and the cross-axis inductances
(Mgq, Myq, Myy), as expressed in (4)—(6).

Now using (6) in (1) and combining (1) and (2), the terminal
voltage is expressed by

\% (Rs —wMyq) —w(Lgq+ Le) —wMgy| |1a
Vo| = | w(Laa + Le)  (Rs +wMyy) wLgy I, |,
Vi 0 0 Ry Iy
(N
simplified to
V] = [Z]l1]. ®
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Fig. 4. Simplified power flow diagram.
Also using (6), for a p-pole pair motor, the torque
Te = 1.5p(Aalq — Agla), ©)

is defined as a sum of three inductance-function calculated
torques given by

Te=Tf +Ts + T, (10)
where
Tf = 1.5p(Ldeq - qufd).[f
Ty = 1.5p(Lag — Lqgq) 41, (11)

Tm = 1.5p(quIg - qulg).

The power factor angle ¢ = § — «, shown in Fig. 2, is calculated
from

cos(¢) = sin(d) sin(«) + cos(d) cos(a), (12)
as
6 = cos M (Va/Va)La/T,) + (Vo Va) (I, /1)),

The percentage efficiency of the motor is calculated from the
simplified power flow diagram of Fig. 4 as

n = (P,/P)) x 100%,

13)

(14)

where P; and P, are the electrical input and mechanical output
powers respectively. In (14), the electrical input power is the
sum of the stator and the rotor electrical input powers, as

P, =P, + Pf=PF,+ P,. (15)
In (15), P is the total loss expressed as
Pl = Ps‘cl + Pfcl + wa + Pca (16)

where P, is the stator copper loss, Py, the rotor copper loss,
Py, the bearing and windage losses and P. the core loss. The
stator and rotor copper losses are calculated from

Py = 15I7R,, P = I7Ry. (17)

The mechanical losses, which comprises of bearing and windage
losses i.e. Py, = P, + P, are respectively given as [11]

Py =0.5wusFdy, Py, =k,D.(l+0.67,)v2,  (I8)

where I, yi¢,v,, 7, and d; are the bearing load, friction coef-
ficient, surface speed, pole pitch length and the inner diameter
of the shaft bearing respectively. For the 2D lamination of the
motor shown in Fig. 5, the core losses of (16) are estimated by

P.=mf"™(ByM; + ByM,), (19)

where B, and B, are the maximum teeth and yoke flux densities,
M} and M, are the teeth and yoke mass, and the constants m, 1, 0
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Fig. 5. Pole face axial view lamination flux density sampling points.

are according to [12] for the considered lamination material.
The maximum flux density values are obtained from the FEM
flux densities on arc sample points indicated in Fig. 5. The
mechanical power output of (14) is calculated from

Po:Pd_(wa+Pc)7 (20)

where Pj is the mechanical developed power expressed from
9) as

Pd = wTd. (21)

III. PROBLEM 1: MACHINE INDUCTANCE CALCULATION

Considering the complete model of Section II, given the motor
excitation currents I4, I, and I, the net total flux linkages of
(6), calculated from the non-linear static FEM solution, must be
decomposed to calculate the self and mutual inductance param-
eters. Because it is impossible to implement the conventional
non-linear FEM analysis to decompose these flux linkages, a
FEM based method of freezing the motor core permeabilities
is employed to separate these flux linkages into corresponding
contributions of different excitations. In the method, the mesh
element magnetic permeabilities obtained from the non-linear
FEM solution at an operating point load of the motor, are frozen
to preserve all the information about saturation in the motor.
Henceforth, the solution problem becomes linear, in which three
linear FEM solutions due to I4, I, and or Iy are necessary to
decompose (6). The above discussed total flux linkage decom-
position using the frozen permeability method is described in
the following steps [4]:

1) A non-linear FEM solution at the desired operating point
at an arbitrary rotor position is conducted. From this
solution, the total dg-axes flux linkages (excluding end
leakages) are calculated, defined by

Ad = Ad(Id, Iq, If)
Aq = Aq(Ida LJv If)a

non-linear : { 22)

which in turn can be used to calculate the electromagnetic
torque of (9). Also from the non-linear FEM solution the
actual torque of the motor can be calculated using the
magnetic stress tensor.

2) The FEM permeabilities of all the mesh elements of step
1) are saved and frozen. This enables saturation levels not
to change with different excitations.

3) Using the frozen permeabilities and the same FEM model
of steps 1) and 2), the decomposed dg-axes flux linkages
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Fig. 6. Iterative procedure flow diagram for excitation current calculation.

of (6), solved using single excitations, are defined as

1%linear : {

Aaa(Iq) = Laalq = Na(14,0,0)
Aqd(Id) = qud[d = Aq(Ida 0, 0)7

(23)
2"inear : Adq(1q) = Magly = Ma(0,14,0)
Agg(Iy) = Logl, = Ay (0, 1,,0),
(24)
3"linear : Ags(I) = Lagly = Aa(0,0, 1)
Aqf(If) = quIf = Aq(,O,O,If).
(25)

Consequently, the inductance parameters are calculated by
means of the three linear FEM solutions of (23)—(25) as

y) Laa = Aaa/la gog | Mag = Adg/1g gra ) Lap = Aar /1y
qu = Aqd/Id qu = Aqq/Iq qu = Aqf/If'
(26)

From (26) and with R, Ry known, [Z] of (8) according to
(7) is assembled.

IV. PROBLEM 2: CURRENT CALCULATION

The important feature of the FEM used in Section III is that
in its basic form requires a defined current [/], whereas in actual
grid-connected motor applications relates to a defined stator
voltage [V] and load. For that, an iterative procedure, shown
in Fig. 6 is proposed for determining the excitation currents for
a given grid voltage magnitude V; and load angle J, according
to (3).

Following Fig. 6, the arbitrary initial current [I,,] (n = 1) is
used to calculated the initial inductances as to assemble the initial
[Z,,]. With the initial [I,,] and [Z,,], the corresponding initial
[V.] of (8) is computed, which might not be equal to the grid
defined terminal voltage [V] = [—V} sin(d,)V, cos(8,) V] If
not equal a next iteration (n + 1) is executed as shown in Fig. 6.
For this, a new current is calculated, shown in Fig. 6 as

[In] = [anl]il[vgy 27

340 +
converge: n=6

e
3 330 |
£ 320+ vy 't_@ =V,
g " 327
éﬂ 310 |
g 300 |
290 +
>O } } } } t t d
< 100 ¢ o e "%
o 80 g, %
2 60| oo
= 60
g, 40
g 20 e
5 30
S 0
-20 i i i i i |

o 1 2 3 4 5 6 7 8 00
)

Iteration (-

Fig. 7. Calculated stator voltage magnitude and angle variation during the
iterative procedure with constant grid voltage magnitude and field current.
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Fig. 8. Calculated stator current magnitude and angle variation during the
iterative procedure with constant grid voltage magnitude and field current.

The procedure is repeated for each cycle until convergence, that
is when

IV, — V| < 0.50(V,, + V), (28)

where v is the fraction tolerance in the voltage value. At this
point, it can be confirmed that the calculated current is the
correct FEM excitation current according to the defined grid
voltage and load. It must be noted from Fig. 6 that each iteration
consists of 1x slow non-linear plus 3x very-fast linear static
FEM solutions.

Fig. 7 shows the variation of V,, and d,, on a selected WRSM
(10 kW, 400 V, 4-pole, 50 Hz) with field current Iy = 23 A to
attain a defined grid voltage V,, = 327 V of angles J, equal to
0, 30, 60 and 90°. Fig. 8 shows the corresponding calculated
I, and «,,. Using v = 0.001 in (28), the iterative process is
shown terminates at the 6 iteration (n = 6), but it is clear that
atn = 4 very accurate results are already obtained. Ona 3.6 GHz
CPU with 16 GB RAM Intel(R) Core(TM) i7 computer, the 6
iterations take about 9 s for the considered mesh of the motor.
This is far better in computational time when compared to other
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Fig.9. Calculated perfomance maps of the motor at a 400 V, 50 Hz supply for
(a) power output and (b) grid voltage angle.

FEMs such as time-harmonic and time-stepping [13], [14]. It is
important to state from Figs. 7 and 8 that the motor parameters
Ons I, and o, can also be used to test for convergence, though
with a slight modification of Fig. 7 in the case of I,, and a,.

One element for convergence analysis is the initialization
of the current. In order to help for a faster convergence, it
is typically recommended to initialize using the grid-voltage
estimated current, by using an estimated (typical) impedance
matrix. However, arbitrary current initialization works well for
convergence as demonstrated in Figs. 7 and 8. Nevertheless,
Figs. 7 and 8 provably show that convergence is even indepen-
dent of the unknown motor defined load angle i.e. d4, a problem
dwelt with in Section V.

V. PROBLEM 3: GRID LOAD ANGLE CALCULATION

In actual grid-connected motor applications the grid load
angle ¢, given in the iterative process of Fig. 6 is unknown.
To predict this load angle according to the load of the motor, the
use of performance maps are proposed. To speed up time, these
maps are constructed by parallelizing the iterative process of
Fig. 6 in which each parallel task is given a different load angle
dg4. The parallelizing is done by using python’s multiprocessing
modules. The performance maps of the motor are constructed
against the load angle for different field currents. An example
of this for the motor under study is shown in Fig. 9(a) where
P, of (20) is plotted as a function of d, for field currents
9< Iy <29A.

From the map of Fig. 9(a) for given P,s, the §, map of Fig. 9(b)
is generated using python splines. A case is shown for P, =
3.5 kW in Fig. 9(a) which is mapped to J, as shown in Fig. 9(b).
With the §, map of Fig. 9(b) available of the motor understudy,
the designer can quickly determine the load angle d,, for a given
machine output power and field current.

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 36, NO. 1, MARCH 2021
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Fig. 10.  Prototyped motor (a) stator and (b) rotor dimensions (mm).
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Fig. 11.  Winding excitation connection for (a) stator and (b) rotor.

TABLE I
MOTOR SPECIFICATIONS

Variable | Stator | Rotor || Variable

0.5 1.2
36 24
0.31

| Stator | Rotor

resistance (Q)
slots
air gap (mm)

pole pairs p
stack length (mm)

turns per slot 16 ‘ 32

dynamometer test motor

dc pony motor

Fig. 12.  Experimental laboratory test bench setup.

It must be emphasized again that the performance maps of
Fig. 9 can be quickly generated by parallelizing tasks. This
shows the effectiveness of the iterative process in the calculation
of the grid load angle ¢, for an actual grid-connected motor
application.

VI. MEASURED AND PREDICTED OPEN AND
SHORT CIRCUIT CURVES

The lamination dimensions, winding connection and specifi-
cations of the test motor are shown respectively in Figs. 10, 11
and given in Table I. The test bench system is shown in Fig. 12.
The dynamometer in Fig. 12 is mechanically coupled to the test
motor through the torque sensor to provide the mechanical load.
The torque sensor is used to measure the speed and power output
P,. The dc pony motor in Fig. 12 is used for synchronization
and the open and short circuit tests of the motor.

The measured open and short circuit curves are obtained by
operating the motor at constant synchronous speed and measur-
ing the stator open circuit voltage and short circuit current as a
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Fig. 13. Measured (meas), predicted (pred) and percentage error (error) of

open circuit voltage versus field current at synchronous speed.
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Fig. 14. Measured (meas) and predicted (pred) stator short circuit current
versus field current at synchronous speed.

function of field current respectively. These measured results of
the prototyped test motor are shown in Figs. 13 and 14.

The open circuit curve of the prototyped test motor is pre-
dicted from (8) as

[VOC] = [ZOC] [IOC]

by using 1x FEM non-linear solution for each field current. The
predicted open circuit curve is shown in Fig. 13. This is shown
to be in good agreement with the measured results as revealed
by the stator open circuit voltage percentage error (calculated
by utilizing cubic spline interpolate curves) in Fig. 13, with a
maximum percentage error of 12% at 2 A field current.

For the predicted short circuit curve of the prototyped test
motor, the proposed iterative procedure in Section IV is used.
For this V; in Fig. 6 is set to V;, = 0 for each field current.
The predicted short circuit curve is shown in Fig. 14. Excellent
agreement is shown in Fig. 14 between measured and predicted
results, which confirms the powerfulness of the proposed itera-
tive procedure.

where I, =0, (29)

VII. MEASURED AND PREDICTED LOAD PERFORMANCE

For the measured load performance, the prototyped test motor
is synchronized with the 400 V grid supply and loaded by
varying the dynamometer power in the test bench of Fig. 12.
For these tests, the field current was set constant [y = 23 A and
the winding temperature monitored at 75°C. The measured load
performance results as a function of input power are shown in
Fig. 15.

To predict the load performance, the iterative process of Fig. 6
is used in which the grid load angle is calculated using the map-
ping technique given in Section V. The performance curves of
power factor, efficiency, power input, power output and current
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Fig. 15. Measured (meas) and predicted (pred) performance curves versus
electrical input power with constant field current.

are predicted by (12), (14), (15), (20) and (27) respectively.
The predicted load performance curves as a function of input
power are shown in Fig. 15. This shows good agreement between
predicted and measured load performance. The slight difference
in the power factor and current in Fig. 15(b) at low input powers
can be explained by the FEM used BH curve. This aspect is
further considered in Sub-section VIII-A.

VIII. PREDICTED PARAMETER CURVES

In addition the previous section itemized problem solutions,
the other advantage of the proposed iterative procedure is the
continuous access to accurately calculated motor parameters for
better motor analysis and understanding. This is demonstrated
in this section for the test conditions of the motor in Sections VI
and VIIL

A. Open and Short Circuit Parameter Curves

From the measured open circuit voltage Vs and field current
Iy of Fig. 13, the measured stator open circuit field inductance
is calculated as

Lap = Vy/(wlf) = V2Vims /1.

The corresponding predicted Ly, using (29) is calculated from
the non-linear FEM solution as

Lag = Nay /1

Note that M, is not considered with only I excitation as it is
found to be always zero as expected.

Fig. 16 shows a good agreement between the measured and
predicted parameters of (30) and (31) respectively. Also shown
in Fig. 16 is the FEM used M400-50A lamination BH curve,
which explains the behavior of the predicted Lg; of (31) at low

(30)

(3D
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Fig. 16. Measured (meas) and predicted (pred) stator open circuit field induc-
tance and manufacturer’s M400-50A B H curve.

H (and low Iy) values. The latter also explains the mentioned
slight difference between the measured and predicted load per-
formance curves of Fig. 15(b) at low input powers. Fig. 16
illustrates the expected phenomenon of saturation in the motor
which decreases the L4y as the field current increases.

For the short circuit curve analysis, Fig. 17(a) shows the
predicted current components of the predicted short circuit
current of Fig. 14. Note from Fig. 17(a) that I, ~ 0 as expected.
Furthermore, the short circuit flux linkages due tot I4, I, and
Iy of Fig. 17(a) are shown in Fig. 17(b) and(c). The corre-
sponding inductances calculated from (23)—(26) using Fig. 17(a)
and (c) are shown in Fig. 17(d). As expected, both the short
circuit mutual flux linkages Mg, I, = Mqqlq = Myl =~ Oand
inductances My, = Myq = M,y ~ 0 since I, ~ 0, henceforth,
not shown in Fig. 17(c) and (d). However, what is illuminating
from the results of Fig. 17(d) is the increase in the short circuit
inductances (up to 19%) with field current, which is classically
assumed constant in literature. Thus, the latter assumption is
incorrect in the considered motor, and saturation saliency should
always be taken into account due to the increase of the main flux

As = /A3 + A2 as shown in Fig. 17(b).

B. Load Performance Parameter Curves

Fig. 18 shows the corresponding calculated motor parameters
using the proposed iterative process following the results of
Fig. 15. Fig. 18(a) and (b) show the solved current components
and current angle. It can be seen from the positive d-axis current
at a lower input power of Fig. 18(a) that the motor is under
excited.

Fig. 18(c)—(e) show other motor parameters in which the
effect of saturation is noticed. It is evident that cross-axes
magnetization, saturation saliency and asymmetric saturation
have a significant effect on the parameters of the test motor. As
the motor is loaded, the d-axis comes out of saturation as shown
by the decrease in the d-axis flux linkages of Fig. 18(c). Conse-
quently, the d-axis Lgq and field Lgs inductances increase with
an increase in the d-axis negative current shown in Fig. 18(d)
due to less saturation in the corresponding magnetic axis. At
lower g-axis current, the d-axis inductance is not significantly
affected by cross-magnetization i.e. My, ~ 0. However, as the
g-axis current increase, the effect of cross magnetization is
noticed. The above described d-axis inductance analysis can be
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Fig. 17.  Calculated stator short circuit (a) current phasor components, (b), (c)

flux linkages, and (d) inductance versus field current at synchronous speed.

repeated for the g-axis inductances, in which it was found that
for the considered motor My, = M,4. The effect of saturation
saliency is noticed in Fig. 18(d) where for a cylindrical rotor
motor Lgq # Lqq as the motor is subjected to load. The effect
of asymmetric saturation is also noticed in Fig. 18(d) which
introduces the negative g-axis mutual field inductance M,
larger than the cross-axes inductances M, M 4 as the motor is
loaded.

Fig. 18(e) shows the different torque components which are
directly calculated from the current and inductances of Fig. 18(a)
and (d) using (11). In Fig. 18(e), Ty, is the average of the FEM
calculated torque. The effect of cross-axes magnetization and
saturation saliency brings in negative and positive mutual 7,
and saliency T torques, which drastically reduces the resultant
torque Ty from the field torque T’y at higher input powers.
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Fig. 18.  Calculated stator (a) current components, (b) current angle, (c) flux
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IX. APPLICATION

It is important to highlight that the calculated power per-
formance map of Fig. 9(b) also comes with corresponding
motor parameter and performance information. Different from
inverter-fed motors, the application of the power performance
map of Fig. 9(b) is essential for grid-connected motors where the

designer has only knowledge of the grid voltage magnitude, the
load power and the field current. Using the power performance
map all the motor parameter and performance information such
as the impedance matrix, current and efficiency of the motor
is available for different loads. So the latter is different from
current-controlled inverter-fed motors where the current vector
is the known input, and from which the motor performance can
be calculated using dg-axes inductance-current maps.

The fastness and compatibility of the proposed performance
calculation method as demonstrated in the previous sections
makes the method extremely suited for the design optimization
of the WRSM. This is demonstrated in [12] where the NSGA-II
optimization algorithm is utilized for a Pareto-front formation
of optimal WRSM designs.

An important part of the modeling of electrical motors under
fault conditions is to determine the motor’s fault model parame-
ters [15]. As the developed model parameter calculation method
in the paper gives accurately the complete model parameters of
the healthy motor, it can be used in the parameter estimation for
condition monitoring of the WRSM.

Although the study in the paper is done on a small WRSM,
the parameter and performance calculation method is also ap-
plicable for large power level applications. This is because the
additional loss components of eddy and proximity effects in
the stator copper layers of large motors can analytically be
accounted for as in [16], which perfectly fits with the proposed
calculation method. An example of a large power application is
the use of the proposed method to accurately predict the rotor
field current necessary of a WRSM synchronous condenser to
adjust the required reactive power or to improve the power factor
of the load system.

X. CONCLUSION

In this paper calculation methods based on FE static solutions
are developed for accurate calculation of the complete parameter
model and performance of WRSMs. From the study, the follow-
ing conclusions are drawn: 1) The complete motor model of the
WRSM that includes the effects of saliency, cross-magnetization
and asymmetric saturation is shown can be determined for given
stator and rotor currents by means of only one rotor position, one
non-linear and three linear static FE solutions. The accuracy of
the calculation is confirmed by measurements. 2) The proposed
iterative procedure for determining the stator and rotor currents
of the grid-connected (voltage-fed) WRSM is shown converge
under all loading conditions of the WRSM within four to six
iterations. 3) The proposed method for determining the load
performance map of the WRSM that is necessary to calculate
the grid load angle of the motor is shown to be very effective in
determining accurately and fast the short circuit and load param-
eters and load performance of the WRSM. This is proved to be a
useful tool in analyzing the measured open/short-circuit and load
test results in terms of parameter change, torque components and
magnetic axis shift. 4) The existence of a third (true) magnetic
field axis is defined and confirmed by inductance calculation in
the paper in which loading the WRSM has a non-linear effect
on the shift of this axis.
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