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Parameter and Performance Comparison of
Doubly Fed Brushless Machine With

Cage and Reluctance Rotors
Fengxiang Wang, Fengge Zhang, and Longya Xu, Senior Member, IEEE

Abstract—The cage and reluctance rotors are two major types of
rotor structures used in the doubly fed brushless machine (DFBM).
In order to study comparatively the effects of different rotor struc-
ture on the DFBM, a prototype machine has been specially de-
signed and built. The experimental parameter and performance
comparisons between the axially laminated anisotropic (ALA) and
cage-rotor machines are presented. It is found that the cage-rotor
DFBM has better starting and asynchronous characteristics; how-
ever, the ALA reluctance-rotor DFBM exhibits better synchronous
operation and doubly fed adjustable speed performance.

Index Terms—Cage rotor, comparison, doubly fed brushless ma-
chine, performance, reluctance rotor.

I. INTRODUCTION

DOUBLY fed brushless machine (DFBM) adjustable speed
system features not only simplicity and reliability of the rotor
structure, but also a much smaller power converter in compar-
ison with an adjustable speed system using the conventional
singly fed ac motors. In a DFBM, the rotor structure basically
determines the magnetic coupling between the two (main and
auxiliary) stator windings, which, in turn, determines the ma-
chine behavior.

Thus far, individual work has been focused on development
of the brushless doubly fed induction machine (BDFIM) with a
specially designed cage rotor [1], [2] or of the doubly excited
brushless reluctance machine (DEBRM) with an axially lami-
nated rotor [3]–[7]. However, a comparative study for the above
two types of DFBMs has yet been examined and compared. It
is of the authors’ opinion that it is now the time to experimen-
tally investigate performances of the DFBM with different rotor
structures of the same size.

In this paper, a prototype machine has been specially de-
signed and built to investigate comparatively the effect of dif-
ferent rotor structures on the parameter and performance of a
DFBM. The machine has a common ( )-pole stator and
two different rotors of the same size, i.e., the axially laminated
anisotropic (ALA) reluctance rotor and the specially designed
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Fig. 1. Schematic diagram of a DFBM.

Fig. 2. ALA reluctance and cage rotors.

cage rotor. This paper presents the quantitative comparison of
the parameter and performance between the ALA reluctance-
and cage-rotor machines based on comparative test results.

II. M ACHINE STRUCTURE AND OPERATION MODE

The schematic structure diagram of a DFBM is shown in
Fig. 1. The two sets of stator windings, i.e.,-pole main and

-pole auxiliary windings, have their own independent three-
phase connection. The magnetic mutual coupling between the
two sets of stator windings is realized through the specially de-
signed rotor. The two rotor structures for DFBM, i.e., the ALA
reluctance and cage rotors, are shown in Fig. 2. If the main stator
winding is supplied with ac power and the auxiliary winding
is short circuited, the machine will start asynchronously and
operate at a asynchronous mode like a -pole induc-
tion motor. If a dc-excitation current is applied to the auxiliary
winding when the rotor speed is near synchronous speed, the
rotor will be pulled into synchronization. The DFBM will then
be in the synchronous mode like a -pole synchronous
motor. If the auxiliary winding is supplied with a power con-
verter, the doubly fed adjustable-speed mode of the DFBM can
be realized. The rotor speed will be

(1)
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(a)

(b)

Fig. 3. Two structure rotors of prototype DFBM. (a) Cage rotor. (b) ALA
reluctance rotor.

where and are the pole pair number and current fre-
quency of the main and auxiliary windings, respectively. The
operation symbol “ ” in the bracket is dependent upon the cur-
rent phase sequences of the main and auxiliary windings. If the
current phase sequence of the auxiliary winding is the same as
that of the main winding, the operation symbol “” is taken.
Otherwise, the “ ” should be taken.

In order to evaluate and compare the parameters and perfor-
mance of a DFBM with different rotor structures, a prototype
DFBM has been specially designed and built. The machine
has a 36-slot common stator core with two independent
three-phase Y-connected windings, one six-pole main, and
another two-pole auxiliary windings. Two different structure
rotors of the same size, i.e., the ALA reluctance rotor and
short-circuited cage rotor, are built and shown in Fig. 3. The
main dimensions of the machine are as follows:

outer diameter of stator lamination 260 mm;
inner diameter of stator lamination 170 mm;
effective length of stator stack 195 mm;
length of air gap 0.5 mm;
number of stator slots 36;
number of cage-rotor slots 40.

ALA rotor
number of laminations 5;
ratio of steel to air 2.5 : 1;
saliency ratio 0.63.
The experimental comparison study of the DFBM with two

different structure rotors has been carried out with the system
diagram shown in Fig. 4. Different operation modes of the
DFBM can be realized through the operation mode control

Fig. 4. Experimental system diagram.

device. For the doubly fed adjustable-speed operation mode,
a specially designed bidirectional converter is usually needed.
However, we have used a commercially available pulsewidth
modulation (PWM) inverter, limited to one directional power
flow through the inverter, in the experiment. The recorded
testing results and analysis for the different operation modes
are presented, respectively, in the following sections.

III. SELF AND MUTUAL INDUCTANCE

It can be derived that the steady-state phase-voltage equations
of the - and -pole stator windings of a DFBM for both the
cage and reluctance rotors can be expressed in [7]

(2)

(3)
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where and , and , and and are the
phase voltage, phase current, angular frequency, and self-induc-
tance of the main and auxiliary windings, respectively, is the
mutual inductance between the main and auxiliary windings,
( ) is the initial angle of the -pole magnetomotive force
(MMF) with respect to the -pole MMF, and is the angle
between the induced phase speed voltage and current.

The electromagnetic torque of DFBM can be expressed as

(4)

It is apparent that the winding inductance, particularly the
mutual inductance , plays an important role in the electro-
mechanical energy conversion.

The self-inductance and mutual inductance can be deter-
mined experimentally in standstill condition of the machine.
If the -pole winding is open circuited and the -pole
winding is supplied with symmetrical three-phase ac power, it
is seen from (2) and (3) that the self-inductanceand mutual
inductance can be determined as follows:

(5)

(6)

where and are the phase voltage and current applied
to the -pole winding, and is the measured open-circuit
phase voltage of the -pole winding. In a similar way, the
self-inductance and mutual inductance can be tested.

It should be noted that the self-inductance and mutual induc-
tance are dependent on the rotor position. Therefore, the above
test procedure should be carried out for different rotor positions.
In order to obtain accurate test results, not only the voltage and
current of the windings, but also the rotor position angle should
be carefully recorded.

Fig. 5(a) and (b) shows, respectively, the tested self-induc-
tance and mutual-inductance curves versus the rotor position
angle of the DFBM with the cage and ALA rotors. For the
sake of clarity, only the inductance of one phase (phasefor
the six-pole winding and phasefor the two-pole winding) is
displayed in Fig. 5(a) and (b).

From a comparison of Fig. 5(a) and (b), it seems that the
self-inductance and mutual inductance of the main and auxiliary
windings do not have much difference for the two kinds of rotor
structure. Therefore, the magnetic coupling ability of the ALA
reluctance rotor is similar to that of the cage rotor.

IV. STARTING AND ASYNCHRONOUS

OPERATION CHARACTERISTICS

When the six-pole winding is supplied with three-phase ac
power and the two-pole winding is short circuited, the DFBM
can be self-started. Fig. 6 shows the comparison of the tested
starting characteristics of the DFBM with ALA reluctance and
cage rotors under the same condition. The operation conditions
are: 1) the two-pole winding terminals are connected together
(short circuit); 2) the six-pole winding (Y-connection) is con-

(a)

(b)

Fig. 5. Tested inductances of a DFBM with different rotors. (a) DFBM with
an ALA rotor. (b) DFBM with a cage rotor.

Fig. 6. Comparison of starting characteristic of a DFBM with different rotor
structures.

nected to the 380-V (50 Hz) power supply; and 3) the load torque
of the machine is 30 Nm.

It can be seen that both the cage rotor and ALA reluctance-
rotor DFBM have a good starting characteristic. Compared to
the ALA reluctance-rotor machine, however, the cage-rotor ma-
chine has much a larger starting torque. In contrast, the ALA
rotor machine has a nearly constant torque curve during the
entire starting period.
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(a)

(b)

Fig. 7. Comparison of asynchronous performance of a DFBM with different
rotor structures. (a) DEBM with an ALA rotor. (b) DFBM with a cage rotor.

Fig. 8. Comparison of magnetic field in the ALA- and cage-rotor machines.

The ( )-pole DFBM, as an equivalent eight-pole induction
motor, can be operated at the asynchronous mode. The tested
asynchronous performances of the DFBM with two different
rotor structures are shown in Fig. 7. The asynchronous charac-
teristics include the efficiency (Eff), power factor (PF), torque
(Te), and slip (Slip). It can be seen clearly from the comparison
of Fig. 7(a) and (b) that the asynchronous performance of the
cage-rotor machine is better than that of the ALA reluctance-
rotor machine. Why does the cage-rotor machine has larger elec-
tromagnetic torque compared to the ALA rotor machine for the
asynchronous operation mode? The reason can be explained as
follows. Fig. 8 shows the comparison of the magnetic field for
the two types of rotor structures. It can be observed that the
dominant component in the ALA rotor machine is the eight-pole
magnetic field. However, there are other components (six- and
two-pole components, etc.), in addition to the eight-pole mag-
netic field, in the cage-rotor machine.

Fig. 9. Schematic diagram of eight- and six-pole asynchronous torque
components generated by the cage-rotor DFBM.

However, although the mutual inductances of the main and
auxiliary windings do not have much difference for the two
kinds of rotor structures, as mentioned above, the MMF of the
six- and two-pole windings can be directly coupled with the
cage-rotor winding, resulting in correspondent asynchronous
torque that affects the total torque of the cage-rotor machine.
The effect of the six-pole component on the starting character-
istic can be explained schematically, as shown in Fig. 9.

In Fig. 9, there are two torque components. is the
eight-pole asynchronous torque produced by the main and
auxiliary winding currents through the mutual inductance cou-
pling. is the six-pole asynchronous torque produced by the
six-pole main winding current and the cage-rotor current like a
normal cage-rotor induction machine. As shown in Fig. 9, the
synchronous speed of eight- and six-pole torque components
are 750 and 1000 r/min, respectively, when the main winding
is supplied by a 50-Hz power supply. It is apparent that the
six-pole torque component will increase the electromagnetic
torque of the cage-rotor DFBM when the machine operates
below the synchronous speed. This is the exact reason why
the starting and asynchronous operation characteristics of the
cage-rotor DFBM are better than that of the ALA rotor DFBM
since the latter only has the eight-pole torque component.
However, the six-pole torque component does not always
play a positive role. Note that whenever the rotor speed going
higher beyond 750 r/min, the six-pole torque becomes negative,
resulting in a reduced total torque of the cage-rotor DFBM.
Compared to the six-pole torque component, the effect of the
two-pole component on the performance of the cage-rotor
machine is much smaller since its amplitude is much smaller
and its synchronous speed is far away from the synchronous
speed of the eight-pole component.

As is also seen from Fig. 7, it is difficult to achieve the rated
output power of a DFBM. Therefore, it is very unlikely that the
asynchronous operation mode is chosen as a normal operational
mode for a DFBM.

V. SYNCHRONOUSOPERATION PERFORMANCE

If a dc power supply is supplied to the auxiliary winding, the
DFBM will operate in synchronous mode. For dc excitation, the
common and practical connection of two phases in parallel and
one phase in series is used.
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(a)

(b)

Fig. 10. Synchronous operation performance of an ALA rotor and cage-rotor
DFBM. (a) DFBM with an ALA rotor. (b) DFBM with a cage rotor.

The tested synchronous operation characteristics for the ALA
reluctance and cage-rotor DFBM are as shown in Fig. 10(a)
and (b), respectively. The rated torque and output power are
50.93 Nm and 4 kW, respectively. It can be seen from the com-
parison of Fig. 10(a) and (b) that the power factors of the two
machines do not have much difference, and the efficiency of
the ALA reluctance-rotor machine is higher than that of the
cage-rotor machine, which is probably due to the additional
cage-rotor losses.

VI. DOUBLY FED ADJUSTABLE-SPEEDOPERATION

One of the most attractive features for a DFBM is that the
power converter rating for doubly fed adjustable speed opera-
tion can be markedly reduced in comparison with a singly fed
variable-speed system. This feature has been proven by the ex-
perimental result of the prototype DFBM.

When the six-pole winding is connected to the 380-V 50-Hz
ac power supply, the machine speed for both the ALA- and
cage-rotor DFBM can be adjusted continuously by changing the
frequency of the current applied to the two-pole winding. The
tested relationship between the machine speed and current fre-
quency of the two-pole auxiliary winding is shown in Fig. 11.
This relationship is exactly the same as expressed in (1). Above

Fig. 11. Relationship between motor speed and frequency of a two-pole
winding current.

the synchronous speed (750 r/min), the phase sequence of the
auxiliary winding current is the same as that of the main winding
current. Below the synchronous speed, the phase sequences of
the two winding currents should be opposite.

Referring to Fig. 9, it can be seen that the synchronous speed
of the eight-pole torque component will move to the right direc-
tion along with the axis of abscissas when the frequency of cur-
rent supplied to the two-pole auxiliary winding increases. How-
ever, the synchronous speed of the six-pole torque component
is fixed (1000 r/min) by the current frequency in the six-pole
main winding. When the machine operates above 1000 r/min,
the negative six-pole torque component will reduce the resultant
torque of the cage-rotor DFBM. This analysis has been verified
by the experimental result. It is found that the doubly fed oper-
ation performance of the cage-rotor DFBM above 1000 r/min is
bad and unstable at some speeds. For the sake of clarity, only
the tested results of the ALA rotor machine are given here.

The comparative tests clearly show that the doubly fed ad-
justable speed performance of the ALA rotor machine is much
better than that of the cage-rotor machine. The performance of
the cage-rotor DFBM is poor above the synchronous speed due
to the negative effect of the six-pole torque component. The
doubly fed adjustable speed characteristics of the DFBM are
also tested for two typical loads, the constant torque load and
fan- or pump-type load.

A. Constant Torque Load

Under the constant torque load condition, the tested doubly
fed adjustable speed performances of the DFBM with an ALA
rotor are as shown in Figs. 12 and 13. The results in Figs. 12(a)
and 13 show that the output power of the DFBM is mainly sup-
plied from the six-pole main winding. The power provided by
the two-pole auxiliary winding is only a small fraction of the
output power, especially within a speed range near the syn-
chronous speed, which is a very attractive feature of the DFBM.
Fig. 12(b) shows that the efficiency and power factor can keep
a relatively good level over a wide speed range.

B. Fan- or Pump-Type Load

A fan and pump are common loads where the speed needs
to be adjusted. The torque of this kind of load is not constant,
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(a)

(b)

Fig. 12. Adjustable speed characteristics above synchronous speed (ALA
rotor, constant torque load). (a) Relationship between output power, six-, and
two-pole winding power. (b) Efficiency and power factor characteristics.

Fig. 13. Adjustable speed characteristics blow synchronous speed (ALA rotor,
constant torque load).

but proportional to the square of the machine speed. The tested
doubly fed adjustable-speed performances of the DFBM with
an ALA rotor under the load condition, as shown in Fig. 14,
are shown in Figs. 15 and 16. In Fig. 15, the result shows that
the two-pole winding power provided by the inverter is small
(less than 1 kW) over the speed range from 300 to 900 r/min.
Even at the speed of 1000 r/min, the two-pole winding power is
only approximately 40% of the machine output power. Fig. 16

Fig. 14. Characteristic of a fan- and pump-type load.

Fig. 15. Power distribution of doubly fed adjustable speed operation for a fan-
or pump-type load.

Fig. 16. Efficiency and power factor of doubly fed mode for a fan- or
pump-type load.

shows that the efficiency below the synchronous speed is rather
poor. The reason is that the inverter, which is used for the
experiment, is not a bidirectional power-flow inverter. Based
on the operation principle of the DFBM, the direction of the
auxiliary wing power below the synchronous speed should be
from the machine to the power supply. However, this cannot
be done using a common inverter. The power is injected into
the two-pole auxiliary winding in the test for the two cases
(above and below the synchronous speed). The output power is
provided by the sum of the main and auxiliary winding powers
above the synchronous speed. However, the output power is



WANG et al.: PARAMETER AND PERFORMANCE COMPARISON OF DFBM WITH CAGE AND RELUCTANCE ROTORS 1243

provided by the difference of the two winding powers below
the synchronous speed. That is why the machine efficiency
is poor below the synchronous speed. The machine efficiency
can be improved by using a bidirectional power-flow inverter.

It should be pointed out that the voltage applied to the
two-pole winding can significantly affect the efficiency and
power factor of the six-pole winding. In the above doubly
fed adjustable-speed operation tests, the voltage applied to
the two-pole winding is regulated based on the function of

. The efficiency and power factor curves can be
different for different voltage applied to the two-pole winding.

VII. CONCLUSIONS

From the experimental study of the DFBM with two different
kinds of rotor structures, the following conclusions are obtained.
For a common stator, the self and mutual inductances of the
DFBM with an ALA reluctance rotor or a cage rotor do not
have much difference. Thus, the two rotor structures have sim-
ilar magnetic modulation capability for the two sets of stator
windings. However, the six- and two-pole magnetic-field com-
ponents produced by the direct coupling of the six-pole winding
with the cage-rotor winding, and the two-pole winding with the
cage-rotor winding are much stronger in the cage-rotor DFBM
than that in the ALA rotor DFBM. For the same rotor size, the
DFBM with a cage rotor has better starting and asynchronous
performance when the auxiliary windings are shorted. However,
the DFBM with an ALA reluctance rotor can offer superior per-
formances for the synchronous and doubly fed adjustable-speed
operation modes.
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