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Modeling of the Starting Performance of Large Solid-Pole Synchronous
Motors Using Equivalent Circuit Approach
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We present a method of modeling the starting performance of large solid pole synchronous motors based on an equivalent circuit
approach. In this approach, the solid rotor body is assumed to have two sets of separate virtual windings. Therefore, the two-axis theory
can be used for the solid pole synchronous motor. We derived parameters associated with the solid-pole, together with their transformation coefficients. We simulated the starting performance and validated the results by testing a 15 000 hp, 13.2 kV, four-pole solid-pole
synchronous motor.
Index Terms—Equivalent circuit, skin effect, solid pole synchronous motor, starting performance, transformation coefficient, two-axis
theory, virtual windings.

I. INTRODUCTION

L

ARGE MOTORS in the 10–20 MW power range are used
to drive compressors, blowers, and pumps in petroleum
refineries, steel mills, and power plants [1]–[6]. Large solid
pole motors are a special category of large motors that are
very popular in industrial systems. The solid pole is made of
solid pieces of forged steel, which provides high mechanical
strength for high speed rotating equipments. Compared to the
traditional synchronous motors with laminated rotors, whose
starting torque is developed from the damping bars on the rotor,
the starting torque of solid pole motors is developed by the
eddy currents induced on the surface of solid-pole shoes. It is a
much more complicated process [7]. The transient performance
characteristics during starting, such as starting current, torque,
accelerating time, and power factor, are difficult to predict.
These studies require more accurate parameters and models [8].
Finite element analysis (FEA) is often used in electric motor
design to calculate the parameters and performances [9]–[13].
When used in a solid pole synchronous motor (SPSM), FEA
can help to understand the transient behavior such as the
starting performance. However, performing transient FEA
simulation with rotor motion is still cumbersome and sometimes not feasible for industrial applications. For example, the
starting performance simulation of the solid-pole synchronous
prototype motor shown in Fig. 1 takes 135 h to simulate a
single starting using 2-D transient FEA on a 3.4 GHz, 8 GB,
dual-core, 64-bit workstation. In order to shorten the design
cycle, many efforts have been focused on the modeling of motors using nonlinear magnetic circuit approach and equivalent
circuit method [14]–[20]. However, most studies are focused
on the laminated salient pole synchronous machines with
damping windings on the rotor surface, or induction motors,
not for solid-pole synchronous motors [21]–[24]. Analytical
solutions were derived from magnetic field theory for round
rotor solid pole motors [25]. For SPSM with salient poles, more
simplifying assumptions are needed for the analytical solution.
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Fig. 1. Geometry model of the prototype motor. The motor is made with solid,
forged steel pole. It is a four-pole motor with 72 stator slots.

TABLE I
RATED DATA OF THE PROTOTYPE

Based on the traditional two-axis equivalent circuit model
of the salient pole synchronous motor [26], we present an improved extended equivalent circuit model for the large solid pole
synchronous motor. In this model, the solid-pole body is replaced by two virtual windings, and their transformation coefficients were derived according to the operating conditions. The
starting performance was simulated and validated with a 15 000
hp prototype SPSM. All these efforts indicated that the proposed
model can be used to design and analyze SPSM with sufficient
accuracy and significantly reduced design and analysis time.
II. TWO-AXIS MODEL AND ITS EQUIVALENT CIRCUITS
The geometry model of the prototype SPSM is shown in
Fig. 1. It is a three-phase, four-pole SPSM with axial cooling
ducts in the stator. The rated data of the motor is listed in
Table I.
It can be seen from the geometry that a SPSM is similar to a
traditional salient-pole synchronous motor, except that the rotor
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Fig. 2. Developed view of the geometry models of the solid rotor.

is made from a solid body, not from laminated steel; and there
are no damping bars on the SPSM’s rotor surface. Although
there are no damping windings on its rotor, eddy currents are
induced on the rotor surface during starting because the rotor is
made from a solid metal body with high conductivity.
A SPSM is also different from a solid pole induction motor.
A solid pole induction machine has a round rotor while a SPSM
has a solid salient pole rotor. Therefore, solid pole induction
motor theory cannot be used to analyze a SPSM.
But one can easily find that the rotor of a SPSM is similar to a
laminated pole synchronous motor. The surface of the solid pole
is similar to the rotor bars of laminated pole. During starting of
the solid pole synchronous motor, the solid rotor surface generates eddy currents due to the rotating flux of the stator. These
eddy currents are concentrated on the surface of the rotor due to
skin effect, and are not symmetrical due to the rotor structure.
The eddy currents can be assumed flowing in fictitious windings
that represent the solid rotor that carries the eddy currents. Since
the eddy currents are not symmetrical, we can assume that there
are two sets of separate virtual damping windings mounted on
the rotor surface, one is coupled with the d-axis and the other
with the q-axis; and they are perpendicular to each other, as
shown in Fig. 2. The resistance and inductance can be calculated using the properties of the solid pole material, considering
the skin effect.
With the virtual windings employed, the two-axis theory used
in traditional salient-pole synchronous motors [26] can be extended to the SPSM. During starting, the field winding is shorted
with a discharge resistor. When the rotor speed reaches near
95% synchronous speed, the field winding is switched to a dc
power supply. Therefore, the voltage equations of the stator and
rotor can be written as follows:
(1)

(2)

Fig. 3. Extended equivalent circuit models of the SPSM. (a) Direct axis equivalent circuit. (b) Quadrature axis equivalent circuit.

Fig. 4. Accelerating speed comparison between analytical simulation, 2-D
transient FEA with motion solver simulation, and measurement.

is resistance of the field winding;
and
are the resistances of virtual windings seen on the d-axis and q-axis, reis the excitation current of the field winding;
spectively;
and
are d-axis and q-axis flux linkage of the rotor virtual
and
are d-axis and q-axis curwinding, respectively; and
rent of the rotor virtual winding, respectively.
The flux linkages in the above equations can be expressed as
follows:

where
and are the d-axis and q-axis voltage, respectively;
is the stator resistance;
is voltage of the field winding;
and are d-axis and q-axis current, respectively;
is field
and
are d-axis
winding current seen on the stator side;
is the angular speed of
and q-axis flux linkage, respectively;
the rotor;
is the stator resistance reflected on the rotor site;
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sponding to d and q-axis flux linkage, and are expressed as follows:
(6)
III. PARAMETER CALCULATIONS AND TRANSFORMATION
COEFFICIENTS
Most parameters in the equivalent circuit can be derived from
the magnetic circuit analysis [18] or FEA [27].
There is no damping winding on the rotor of solid-pole machines, and the rotor poles consist of the solid conductive bodies.
Therefore, the torque in solid pole motors is developed by the
eddy currents in the solid pole surface, while the torque in laminated salient pole synchronous motors is developed by the rotor
pole damper winding currents. During starting, the rotor frequency varies with the rotor speed. Therefore, there will be skin
effect in the solid-pole surface. The rotor resistance will vary
with slip. It is assumed that the two virtual windings are covering the rotor surface with one turn; its height equals to the
skin depth; and the length of the winding is the same as the actual rotor length. Then the resistors of the d and q-axis virtual
windings can be described as follows:
(7)
where is the rotor length along the axial direction; is number
of the poles;
and
are the virtual windings cross section
width in radial direction (refer to the model in Fig. 2); and
is the height of the virtual winding, which is similar to the skin
effect depth.
and
can be calculated by
(8)

Fig. 5. Rotor resistance versus speed and inductance versus motor current derived from 2-D static FEA simulation. (a) Rotor resistance versus speed and (b)
rotor leakage inductance versus current.

where
and
are the d-axis and q-axis inductance, respectively;
is the mutual inductance;
is the inductance of
and
are the leakage inductance of the
the field winding;
rotor virtual winding, respectively

The height
lows:

can be derived from Maxwell equations as fol-

(9)
Therefore
(10)
where
(11)

(5)
Therefore, the depth of skin effect is
where
and
are the - and -axis mutual inductance,
and
are the leakage inductance
respectively;
of the rotor virtual winding and field winding, respectively; and
is the stator winding end-turn leakage inductance.
The equivalent circuit can be derived using (1)–(5), as shown
in Fig. 3.
is the resistance of the discharge resistor. The
In Fig. 3,
and
, are the induced voltages correvoltage variables,

(12)
where is the rotor slip; is the frequency of the power supply;
and are the permeability and conductivity of the solid rotor
material.
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Fig. 6. Flux and current density distributions obtained from 2-D FEA. (a) Flux line distribution and (b) Eddy current distribution.

Fig. 7. Comparison of simulation and test results. (a) Simulated starting current In comparison with test results. (b) Simulated accelerating torque in comparison
with test results.

The resistances above are on the rotor side, or the secondary
side. These rotor parameters should be transformed to the stator
side, and the transformation can be expressed as

(13)
where
is the number of turns of the stator winding at d-axis;
and
are the number of turns of the rotor windings,
and in this paper, their turns numbers of both virtual windings
are set to be 1; and
is the stator winding factor.
The calculation of the leakage inductance is rather complicated with the analytical method because of saturation of the

pole tip. Fortunately, the leakage flux distribution and effects on
the rotor inductance can be obtained through 2-D FEA. And it
is shown that the influence of saturation on the rotor leakage inductance of the pole-tip saturation can not be neglected [28]. As
discussed in the literature [28], the rotor leakage inductances,
and
, can be calculated by using the finite element
results. Since only 2-D static FEA is involved, the computation
time is very short. In this paper, the 2-D FEA takes less than
2 min. These rotor leakage inductances should also be transformed to the stator side
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Fig. 8. Active, reactive and power factor during the starting obtained by equivalent circuit simulations. (a) Simulated input power during starting. (b) Simulated
power factor during starting.

IV. SIMULATION OF STARTING PERFORMANCE
In order to validate the proposed model, the starting performance of the prototype SPSM was modeled using the proposed
method, and compared with the test and 2-D transient FEM
simulation [27]. In the test setup, the stator windings are supplied with half the rated voltage and the field winding is shorted
through a discharge resistor to limit the induced currents of the
field winding. The acceleration speed comparison between test,
FEA and equivalent circuit model are shown in Fig. 4. It can be
seen that the simulated result matches the test very well. But it
should be noted that with transient 2-D FEA, it takes about 135
h of computing time. With the equivalent circuit model, it takes
less than 2 min.
In this simulation, the rotor resistances vary with the rotor slip
as shown in Fig. 5(a), where the resistance has been transformed
to the stator side. The rotor leakage inductance along the d-axis
is shown in Fig. 5(b). Conventionally, it is a function of flux
density, but in Fig. 5(b) it is a function of the rotor current, which
is suitable for this simulation.
Fig. 6 shows the flux and eddy current density distributions
obtained from the 2-D transient FEA at rotor slip equal to 0.3.
It can be clearly seen that the flux and eddy current are concentrated on the solid pole surface of the rotor, which indicates the
significant skin effect during acceleration.
The starting current and torque are shown in Fig. 7. These
waveforms show satisfactory agreement with test results. From
the two-axis model, the active power, reactive power and power
factor during the starting can be observed easily. These data are
helpful to evaluate the stability and reliability of the power grid.
Fig. 8 shows the simulated power waveforms. In this simulation,
the rated voltage is applied to the motor.
It can be seen that because of the poor power factor during
starting, a large amount of reactive power is needed. In this test
setup, the total apparent power needed is 60 MVAR (or about
five times of the rated power of the prototype). Therefore, the
capability of the power grid should be taken into account for
line-start applications of large SPSM. It can also be seen that
after the dc voltage is applied to the field winding at near-synchronous speed, the power factor increases greatly as expected.

V. CONCLUSION
This paper presents an extended two-axis equivalent circuit
model for the modeling of large solid pole synchronous motors
with focuses on the starting performance simulation. The following can be concluded.
• With two set of separate virtual windings, the two-axis
theory can be extended to the solid-pole synchronous motors.
• Skin effects must be taken into account in the rotor parameter calculations.
• This extended two-axis model can be used in both transient
and steady-state simulations.
• The prohibitive CPU time needed to perform the simulation precludes the application of FEA in the calculation of
starting performance of SPSM, especially at the early stage
of the motor design iterations; and the extended two-axis
model can save engineering time.
• Two-dimensional static FEA can be used to help the calculation of rotor leakage inductances to incorporate the influence of saturation during starting.
• The accuracy of the rotor parameters is critical. Variable
rotor impedance that incorporates the skin effect with rotor
slip improves the accuracy of the model.
All these conclusions have been validated by the test results
on a 15 000 hp, 13.2 kV, four-pole solid-pole synchronous
motor.
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