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Abstract Considering the salient pole and high magnetic
nonlinearity of the electromagnetic doubly salient (EMDS)
DC generator, a 12/8 pole prototype EMDS generator is
designed and calculated using a 2-D finite element method
(FEM). The phenomenon is analyzed and that the phase volt-
age wave changes between 120° and 180°. The influence of
the exciting current and armature reaction on the DC voltage
ripple of the generator is discussed in detail, and the nonlinear
rules are gained that DC voltage ripple changes accordingly.
The theoretical analysis is verified by the simulation and
experimental results. The results are helpful for the optimal
design of the generator and the optimal control of exciting-
winding. We conclude that the filter-capacitance of the
rectifier can be designed.

Keywords clectromagnetic, doubly salient generator, FEM,
ripple, armature reaction

1 Introduction

An electromagnetic doubly salient motor (EMDSM) is simi-
lar to a doubly salient permanent magnet motor (DSPM). The
former substitutes the permanent magnet configuration of the
latter with an electromagnet [1]. The generator can maintain
a constant voltage output by adjusting the exciting current
when the load or speed is changed. To produce DC voltage,
only a 3-phase rectifying bridge rather than a power converter
and rotor position sensor is needed. As a result, compared
with an Switch Reluctance Motor (SRM) and a permanent
magnet generator [2—4], the EMDSM has a simpler structure
and is easier to control. It overcomes the disadvantage of
the permanent motor, which is unable to weaken the
magnetic-field to adjust the output voltage when a short
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happens. Moreover, it only needs a simple control and is
easily integrated with the bridge rectifier. Therefore, it is quite
suitable for use on the main generator of the aviation 270 V
high voltage DC power system.

At present, research on the doubly salient motor is mainly
concentrated in the linear analysis for the static character of
the DSPM [5-9]. On the assumption that the magnetic circuit
is unsaturated, Ref. [11] simulates and analyzes the torque
ripple of the EMDSM based on a linear model, and presents
the method to minimize the torque ripple. Reference [13] cal-
culates and analyzes the EMDSM’s static character in a 2-D
FEM. The nonlinear model of the EMDSM is built. Due to
its salient configuration of the stator and the rotor pole, the
doubly salient motor has an obvious edge effect and local
saturation, so its air-gap magnetic field distribution is com-
plex and changes cyclically with the rotor angle. As a result,
the inductance L and flux linkage y are the nonlinear function
of the rotor angle 0, the exciting current i, the phase current
i, i, and i. Therefore, the DC output voltage ripple has a
certain relation with the exciting current, the phase current
and the rotor speed.

The DC voltage ripple is an important parameter in evalu-
ating the quality of the DC generator, so the influence of the
exciting current and the armature reaction on a DC voltage
ripple of a 12/8 pole EMDS generator is discussed in theory
and experiment in this paper. It is assumed that terminal effect
is ignored, the magnetic circuit is nonlinear and saturated, and
the diodes of the rectifier are ideal without switching time
delay. The magnetic field is calculated with a 2-D FEM.
Finally, the theoretical analysis is verified by the simulation
and experimental results. The results are helpful in the
optimal design of the generator and the optimal control of
exciting-winding. We conclude that a filter-capacitance of the
rectifier can be designed.

2 The EMDSG structure and the analysis
method of stable characteristic

The structure of the 12/8 pole EMDSG prototype is shown in
Fig. 1. The pole arc width of the stator and the rotor are both
at 15°. Suppose the initial position is the position where the



stator tooth of phase B is opposite to the central line of the
rotor slot (0 =0°), and counter-clockwise is the positive
rotary orientation.
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Fig. 1 Flux plot for i, = 15 A 12/8 pole EMDSM at no-load
(a) Maximum flux linkage position of the phase 4 (0 =7.5°);
(b) Minimum flux linkage position of the phase 4 (6 = 30°)

The voltage equation of the generator is

u, r, 00 0]l v,
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where r,, 7, . and 7, are phase resistances, w is angular
speed, 6 is rotor position and flux linkage is 4 the function of

113

the rotor position and the phase current. The three-phase coils
of the EMDS generator are interconnected to form a Y con-
nection. The generator outputs a DC voltage through a three-
phase full-bridge commutation. The analytic approach and
the equivalent magnetic circuit method are both difficult to
gain better results in calculating the generator’s characteristic
and magnetic field.

The following analysis is based on the fact that the full
bridge commutator is ideal and we also ignore the influence
of the inductance in the generator. Under this condition, when
the generator is working at an actual stable state, it’s sure that
there will be two phases to output the current at the same time.
What’s more, the value of the current is the same while the
direction is opposite. As a result, the current in the third phase
is zero. According to the above analysis, the voltage equation
is concluded as

gy
(‘ﬁ_adg Vi) = (4 +R) O<O<0,
o
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where 0,, 0,, 0, are phase changing angles; r,, r, and r, are
phase resistance, R, is load resistance. Equation (2) is a
nonlinear differential equation, so it can be solved by the
fourth-order Runge-Kutta method, as in Eq. (3).
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where 7 is step length, 0,., = 0,4+ A, (0, i) is obtained by
calculating in FEM, and i(0, v) is developed from (0, i). The
phase terminal voltage can be easily obtained according to
Eq. (1). Based on the above calculation, the influence of the
exciting current i, and load current /, the output voltage
ripple is then analyzed by simulation.

3 Analysis of the influence of exciting
current on DC output voltage ripple

In the following analysis, the general case is assumed, no load
and exciting current ripple is neglected. The back emf of
phase A4 is given as

Y _ W

__W_ 4
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The relative position of the rotor and the stator where the
flux linkage of phase 4 is at maximum and minimum are
shown in Fig. 1. The distribution of flux linkage is also shown
in Fig. 1.

The flux linkage and the phase voltage varying with the
exciting current under a constant speed are shown in Fig. 2.
While the exciting current is smaller, the maximum of the
flux linkage increases linearly with the increase of the excit-
ing current. However, if the magnetic circuit is saturated,
the maximum of the flux linkage will not increase, while the
minimum will increase a little. As shown in Fig. 2(b), the
wave of the phase voltage approximates the square wave and
the wave peak value is small.

The output voltage waveform has three approximate 120°
square-wave, so the output DC voltage includes a little ripple.
With the exciting current increasing, the waveform of the
phase voltage is almost trapezoidal in form. What’s more, the
peak value increases, and as a result, the ripple of the DC volt-
age increases. With a further increase of the exciting current,
the waveform peak value of the phase voltage is almost
invariable after the magnetic circuit is saturated. The phase
voltage waveform changes with the minimum of the flux
linkage and gradually approximates a sine wave. But the
output DC voltage waveform has a six-crest wave, so the
ripple of the DC voltage declines. When the rotary speed is
6 000 r/min under a no-load condition, the curve of the output
DC voltage ripple and the ripple factor changes with the
exciting current as shown in Fig. 3. The results are in accor-
dance with the analytical conclusions hereinbefore. Under
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Fig. 2 Phase flux linkage and emf
(a) Flux linkage; (b) Emf
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Fig. 3 DC voltage ripple vs. exciting current

ideal circumstances, the ripple of the DC voltage output
mainly depends on the waveform shape of the phase voltage
and peak value, which depends on the distribution of the
magnetic field and the extent of the nonlinear saturation of a
magnetic circuit.

4 The analysis of the influence of loading
current on output voltage ripple

In the following analysis, on the assumption that the exciting
current and the speed is constant and the load is resistance, we
define that the direction of the armature current and the
emf is identical. Considering the nonlinearity of the magnetic
circuit, we analyze the influence of the loading current on the
output voltage ripple.

4.1 Analysis constant exciting current and speed

When the speed is 6 000 r/min and the exciting current i, is
20 A, the simulating waveforms of the flux linkage of phase
A and the voltage changing with the position and load current
are shown in Fig. 4.

When the exciting current is constant, the waveform of the
flux linkage and the phase voltage vary with the changing of
position and phase current under the influence of the armature
reaction, as shown in Fig. 4. When the rotor rotates counter-
clockwise, as shown in Fig. 1(b), the rotor tooth gradually
approaches and reaches the stator tooth of phase 4; the phase
A flux linkage gradually increases up to the maximum. The
armature reaction makes the phase flux linkage decrease. The
rotor keeps rotating counter-clockwise, the rotor salient pole
leaves the stator salient pole, and the armature reaction makes
the phase flux linkage increase. When the magnetic circuit
is saturated, the armature reaction obviously makes the
maximum of the phase flux linkage decrease, as shown in
Fig. 4(a). Assuming that the magnetic circuit is saturated
under no load, the following load current increases, and the
phase voltage waveform changes from sine wave to trapezoi-
dal form, which leads to the DC voltage ripple increasing.
When the magnetic circuit is changed from saturated to
unsaturated because of the armature reaction decreasing, the
phase voltage waveform changes from the trapezoidal form
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Fig. 4 Flux linkage and phase voltage at different load current (i, = 20 A)
(a) Flux linkage; (b) Phase voltage

to the approximate wave and its peak value is reduced, so
that the DC voltage ripple decreases. The larger the exciting
current is, the more saturated the magnetic circuit will be.
The more the phase current becomes larger, the more the
demagnetization effect is distinct.

The DC voltage ripple vs. the load current is shown in
Fig. 5. The DC voltage ripple can reach the largest value
following an increase in load current. Under a constant load
current, the larger the exciting current is, the lower the volt-
age ripple will be. In conclusion, the voltage ripple at load is
higher than at no load because of the effect of the armature
reaction. Additionally, the influence of the exciting current
ripple is not considered in the analysis above, otherwise the
voltage ripple will be higher considering the exciting current

ripple.
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Fig. 5 DC voltage ripple vs. load current at different load current

4.2 The ripple under constant 270 V DC output voltage

Here it is assumed that the speed is constant (7 =6 000 r/min),
the load is resistance and the exciting current ripple isn’t
taken into account. The exciting current must be adjusted to
keep the DC voltage output constant at 270 V when the load
current is changed. The voltage ripple vs. the load current
plots is shown in Fig. 6 based on calculations. The voltage
ripple increases to its largest value, then decreases with an
increase in the load current. That is because of the effect on
armature inductance of armature reaction.
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Fig. 6 The simulation curve of DC voltage ripple coefficient vs. load
current

5 Experiments

The test is done with a 30 kW 12/8 pole prototype EMDS
generator; the results are shown in Figs. 7-9.

The curves of the voltage ripple and the factor varying with
the exciting current at no-load and 6 000 r/min are shown in
Fig. 7. The voltage ripple at various load current with a 270 V
constant DC output voltage is shown in Fig. 8. The result of
the test basically coincides with the theoretical analysis.
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Fig. 7 DC voltage ripple and coefficient vs. exciting current at no load
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Fig. 8 DC voltage ripple coefficient vs. load current at 270 V
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Fig. 9 Test waveform

In comparison with the computed result, the test value of
the ripple is larger. Except for the calculation error of the 2-D
FEM and modeling, the main reason is that the influence
of the exciting current ripple and the current-changing of
the commutator isn’t considered in the simulation analysis.
Figure 9 shows the exciting current waveform at i,= 8.2 A
and speed of 6 000 r/min, the ripple frequency is the same as
the line voltage (phase voltage) and in direct proportion to the
speed. The exciting current ripple is in direct correlation with
the structure of the generator, so that the voltage ripple can
be decreased by optimizing the structure of the generator, in
addition, by a developed exciting control strategy.

6 Conclusions

The influence of the exciting current and the armature reac-
tion on the DC voltage ripple of the generator is discussed
in detail by simulation and testing. The conclusions are as
follows.

1) Atno-load, the voltage ripple increases with the increase
of the exciting current and decreases a little when the mag-
netic circuit is highly saturated. On the condition of a constant
load current, the voltage ripple is smaller when the exciting
current is larger.

2) On the assumption that the exciting current and the
speed are constant and the load is resistance, with the increase
of the load current, the DC voltage ripple increases too. The
DC voltage ripple can reach its largest value with an increase
of the load current. At a constant load current, the larger
the exciting current is, the lower the voltage ripple will be.
The voltage ripple at a load is higher than at no load because
of the effect of the armature reaction. At constant 270 V
voltage, the voltage ripple increases to its largest value, then
decreases with the increase of the load current.

3) The theoretical analysis is verified by simulation and
experimental results. The results are helpful in optimizing
the design of a generator and the optimal control of an excit-
ing-winding. We conclude that the filter-capacitance of the
rectifier can be designed.
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