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Modeling and Control of a Variable-Speed
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Generator With Brushless Exciter
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Abstract—This paper presents the modeling, control, and
implementation of a novel variable-speed constant-frequency
power generation system for renewable and distributed energy
applications. The generation system consists of a wound-rotor
generator, a brushless exciter and a low-rating controlled power
converter. The main generator is a doubly fed induction machine
which is operated as a synchronous generator. The advantages
of the proposed system are reduced harmonic injection to power
grid, wide speed operation range covering both subsynchronous
and super-synchronous speeds, self var support, and increased
reliability. It can be directly applied to wind power generators,
small-scale hydroelectric generators, stand-alone diesel and
gasoline generators, and aerospace and naval power generation
systems where a variable speed turbine/engine is employed. An
equivalent circuit model of a doubly fed generator was developed
incorporating stator and rotor iron losses. Then the control of a
standalone generation system is developed based on the mathematical model. Detailed implementation procedure is given. An
experimental system and its control were implemented using an
embedded real-time digital signal processor. Measurements of the
experimental system validated the system design and readiness
for prototyping in a relatively large power range.
Index Terms—AC generators, brushless, doubly fed, induction
generators, modeling, permanent-magnet exciter, synchronous
generator excitation, synchronous generators, variable-speed
constant-frequency generator.

I. INTRODUCTION

T

HERE has been increased interest in renewable and distributed power generation systems in recent years. Most
of such power generation systems demand low-cost reliable
generators suitable for variable-speed operation. In addition, in
modern wind and small hydropower generation systems, the
turbine designs are moving toward variable-speed architectures
to increase energy capture capability [1].
There are two major categories of variable-speed power
generation systems [2], [3]. The first category is a variable-frequency generator, either a squirrel-cage induction machine, or
a wound-field synchronous machine, or a permanent-magnet
(PM) synchronous machine, all using full-power-rating
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Fig. 1. Traditional wind power generation systems. (a) Variable-frequency
generator with full-rating power converter. (b) Doubly fed induction generator
with reduced-rating power converter.

pulsewidth-modulation (PWM) converters, as shown in
Fig. 1(a). The second category is a variable-speed constant-frequency generation system which uses a doubly fed induction
generator and a reduced-rating power converter, as shown in
Fig. 1(b). The former offers simple configurations for generators but employs expensive power electronics converters.
If a squirrel-cage induction generator is in place, it must be
connected to a stable voltage source for excitation and reactive
power (var) support. The secondary, doubly fed wound-rotor
induction machines, require brushes and slip rings which increase maintenance work. As these systems are usually located
in remote mountainous areas, it is important to have a robust
maintenance-free system. Moreover, all conversion schemes
suffer from harmonic distortion caused by power electronic
converters directly connected to the power grid.
A cascaded induction machine was proposed to eliminate the
slip rings and brushes [4]. It showed that harmonic distortion
could be reduced but the cost of the system was significantly
increased and the system efficiency dropped. Doubly fed reluctant generators were also studied [5]. It showed that the size of a
doubly fed reluctant generator was considerably larger than the
size of an induction or synchronous machine with the same power
rating. A doubly fed induction generator similar to a doubly fed
reluctant generator was also proposed by Brune et al. [6].
This paper proposes a novel variable-speed constant-frequency power generation system suitable for renewable and
distributed energy systems. The objective is to improve power
quality, increase the system reliability, and eliminate the
dependence on any external active or reactive power support.
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Fig. 3. Polarity mark of the generator [14]. A current entering a
polarity-marked terminal produces an MMF and flux that is in a positive
direction (I
8 ). A current flowing out of a polarity-marked terminal
produces a mmf and flux in the negative direction (I
8 ). Therefore, I
generates a negative flux linkage on both the stator and the rotor windings, but
rotor current I generates a positive flux linkage in both the stator and the rotor
windings. It has been shown in (6) and (7).

!

Fig. 2. System configuration of the
constant-frequency power generation system.

proposed

variable-speed

An equivalent circuit model was developed for the proposed
generation system using doubly fed generators, incorporating
stator and rotor iron losses. Experiments were carried out on a
stand-alone system to validate the system design and analysis.
II. SYSTEM DESCRIPTION
The proposed power generation system is shown in Fig. 2.
The system consists of a main wound-rotor generator, with
the shaft connected to the wind turbine and the wound-rotor
winding connected to the armature of the exciter; a brushless
exciter (with permanent-magnet poles or field windings)
with field on the stator and armature windings on the rotor;
a low-rating rotating power converter constructed to rotate
with the main shaft. The configuration of the main generator
in Fig. 2 is identical to a doubly fed wound-rotor induction
machine. Due to the way the machine is controlled, it is more
suitable to name it a synchronous machine [8].
, and the
Suppose the machine is running at rotor speed
required frequency of the output is , the rotor winding must
,”
produce a magnetic field at the speed equal to “
where is the number of poles. This air-gap field generated by
the rotor winding must be able to produce the required stator terminal voltage. When the generator is loaded, the exciter should
be able to provide additional current to overcome the stator armature reaction in order to maintain the required stator terminal
voltage. It will also be shown later, that the exciter must be
able to be operated either in generating mode (subsynchronous
speed) or motoring mode (super-synchronous speed).
III. MODELING OF THE MAIN GENERATOR USING EQUIVALENT
CIRCUIT APPROACH
Doubly fed induction machines have been extensively studied
in the past [7]–[15]. In these studies, almost all of the equivalent
circuits of doubly fed induction generator used induction motor
convention. In particular, Concordia et al. [7] suggested that
rotor phasors in the equivalent circuit for super-synchronous operation should be the conjugate of the actual phasors.
This paper presents an equivalent circuit model for the
proposed main generator suitable for both subsynchronous
and super-synchronous speed operation using a generator
convention and incorporating stator and rotor iron losses.

!

A. Voltage and Current of the Main Generator
Under steady-state operation, the stator voltage and current
of phase of the main generator can be expressed as
(1)
where is the power factor angle of the stator, and is the frequency of the stator current which is assumed to be the constant
synchronous frequency. Subscript 1 donates the stator quantities.
Similarly, the voltage and current of rotor phase of the main
generator can be expressed as
(2)
where
is the power factor angle of the rotor,
is the fre, is
quency of rotor voltage and current,
is the actual rotor mechanical angular speed,
the rotor slip,
and is the angle between stator voltage and rotor voltage.
When referred to the rotating frame - system, is similar to
the power angle of a synchronous machine.
Both the stator and the rotor quantities can be expressed as
phasors
(3)
B. Equivalent Circuit in the Stationary Stator Frame
In grid-connected doubly fed machines, there are voltage
sources connected to both the stator and the rotor. When a
synchronous generator convention is used, rotor currents flow
into the machine and the stator current flows out the machine,
as shown in Fig. 3 [16].
By using the definitions given in Fig. 3, the voltage and flux
linkage equations per phase of the doubly fed machine can be
written as follows [17]:
(4)
(5)
(6)
(7)
The voltage equation can be derived by substituting (6) and (7)
into (4) and (5)
(8)
(9)
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Fig. 4. Equivalent circuit at subsynchronous speed following generator
convention. The excitation is from the rotor, which generates an induced
voltage at the right side of the ideal transformer.

Since
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Fig. 5. Representation of the generator system at super-synchronous speed.
The rotor current flows into the polarity-marked terminal producing a positive
flux 8 . However, since the rotor is running at a speed higher than the air-gap
field, the rotor sees a negative-sequence flux linkage. It is shown in (13) and
(14).

the rotor voltage equation becomes
(10)

Further, by introducing the effective stator/rotor turns ratio ,
stator voltage (8) can be reorganized as
Fig. 6. Equivalent circuit at super-synchronous speed following generator
convention.

(11)

rotor voltage equation, however, has to be revised according to
(14)

and rotor voltage (9) can be reorganized as

(12)
(15)
,
,
, and
,
.
The equivalent circuit of a doubly fed machine can then be
derived from (11) and (12), as shown in Fig. 4. The rotor and
, where
stator are linked by an ideal transformer with ratio of
slip transfers rotor and stator frequency.
where

C. Super-Synchronous Speed
In the above derivation of the equivalent circuit, slip was
assumed to be positive as the generator is operated at subsynchronous speeds. The generator may be operated at super-synchronous speed or negative slip . If the equivalent circuit of
and
in the rotor circuit become
Fig. 4 is used, both
is also negative due to negnegative. Rotor frequency
ative slip. In the real word, it is preferable to express frequency
.
as a positive number, e.g.,
Since the air-gap field is still running at synchronous speed,
the rotor winding sees a negative field because the actual rotor
speed is higher than synchronous speed. As explained in Fig. 5,
the flux linkage can now be expressed as
(13)
(14)
It can be seen from (13) that the stator voltage equation is not
affected by negative slip or negative-sequence rotor current. The

(16)
The equivalent circuit for super-synchronous speed operation
can be derived from (16) as shown in Fig. 6. Since
, so
, and
. Therefore, Fig. 6 and
Fig. 4 are essentially the same.
Further analysis of the ideal transformer in Fig. 4 reveals that
there is also a difference of power on the two sides of the ideal
transformer. The real power on the rotor side of the ideal trans, but the real power transferred to the
former is
. In Fig. 4,
stator side of the ideal transformer is
to the stator is
electric power transferred from

(17)
It can be seen from (17) that
does represent
to the stator. The difthe electric power transferred from
ference of the power on the two sides of the ideal transformer
must represent the mechanical power on the shaft, which can be
written as
(18)

568

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 40, NO. 2, MARCH/APRIL 2004

Comparing (22) to (17), it can be seen that the first term of
(22) represents the electric power transferred to the stator by .
The second term in (22) can be reorganized using (17)
(23)
Comparing (23) to (18), it can be seen that the second term
and
of (22), or the difference of real power of
represents the mechanical power transferred from rotor shaft to
the stator.
E. Iron Losses

Fig. 7. Equivalent circuit of a doubly fed induction machine referred to the
stator side. (a) Rotor quantities are transformed to the stator side. Since the
voltage on both sides of the ideal transformer is equal, the rotor circuit can
I = , the ideal
be connected with the stator circuit. (b) Further, since I
transformer can be eliminated.

=

a

D. Generalized Form of Equivalent Circuit
The equivalent circuit presented in Fig. 4 or Fig. 6 is convenient to use since the circuits use the actual magnitude and
frequency of stator and rotor quantities, hence, no transformation is needed.
Shaft mechanical power is not included in Fig. 4. Sometimes,
it may be more convenient to include the shaft mechanical power
in the rotor circuit. This can be achieved by transferring rotor
quantities to the stator side or vise versa.
, the rotor equation becomes
Multiplying (12) by
(19)
where
,
,
,
.
The new equivalent circuit can be derived from (19) as shown
in Fig. 7.
The above transformation not only results in the change
of the equivalent circuit, but also results in a change of
power represented by each component in the rotor circuit.
Note that the rotor power factor angle has not changed since
.
The apparent power presented by each of the rotor components in Fig. 7 are
(20)

(21)
It can be seen from (20)–(22) that the power represented by
each component of Fig. 7 now includes two terms.
In Fig. 7, the total real power transferred to the stator can be
can be
found by subtracting (21) from (20). By reorganizing,
written as

(22)

The equivalent circuit shown in Figs. 4, 6, and 7 do not include iron losses. The usual method to account for iron losses
in parallel or
in induction machines is to have a resistance
, where
represents
series with the magnetizing reactance
the equivalent stator iron losses [16]. Rotor iron loss of induction
machines is usually neglected due to the fact that the frequency
of the magnetic field in the rotor iron is very low. Since doubly
fed induction machines may be operated at large slip, iron losses
will exist in both the stator and the rotor, within which the latter
is proportional to the frequency of rotor flux density. The inclusion of iron losses in the equivalent circuit is rather complicated
but this must be taken into account as the efficiency of induction
generators is of fundamental importance and affected by rotor
iron loss at large slip operations.
Although rotor iron loss exists and affects the efficiency of
variable speed wind generators, iron losses were neglected in
many studies [6], [7], [9]–[13]. In [8], it was claimed that the
rotor iron is a function of s and changes sign when s changes
sign. It proposed to have the iron loss represented by a resistance
in series with the rotor winding resistance. In [14], the rotor
iron loss was simply not represented in the equivalent circuit. In
fact, since iron loss always exist no matter the machine running
at super or sub synchronous speed, iron loss should always be
positive regardless of slip .
It is also worth noting that rotor iron loss always presents as
long as slip is not zero, regardless of rotor currents. Similar to
the stator iron loss, which is related to excitation current but
not the actual stator current, the rotor iron loss is proportional
to excitation current but not the actual rotor current. Therefore,
to incorporate stator and rotor iron losses in the equivalent ciras comcuit, two resistances can be added in series with
monly done in induction machines, one to represent stator iron
loss and the other to represent the rotor iron loss. Since rotor
iron loss is proportional to rotor slip, the equivalent resistance
is therefore proportional to slip. The equivalent circuit can be
corresponds to the iron loss of the
drawn in Fig. 8, where
corresponds to the iron losses of the rotor calcustator and
lated at synchronous frequency, e.g., when the rotor is stalled,
and is referred to the stator side.
The equivalent circuit presented in Fig. 8 has some advantages over the ideas presented in [8]. First, if rotor iron loss is
represented by a resistor in series with rotor winding resistance
as suggested in [8], then rotor iron loss would have been proportional to rotor current. As rotor iron loss is only proportional
to the magnitude and the frequency of rotor flux densities, it
should not be related to rotor currents. For example, rotor iron
loss exists even when rotor is open circuited. Similarly, stator
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Closed-loop control of a stand-alone system.

The power generated by the stator winding is
(28)
Fig. 8. Equivalent circuit of a doubly fed induction machine incorporating
stator and rotor iron losses. Note the rotor iron loss is proportional to the rotor
slip which results in an equivalent resistance proportional to rotor slip.

iron losses always exist no matter the excitation current is provided by the stator winding or by the rotor winding. Secondly,
taking the absolute value of slip avoids reversing of the sign of
rotor iron loss.

The difference between (28) and (27) gives the mechanical
power delivered from the shaft to the air gap. In order to visualize the power flow in a doubly fed generator, let us neglect both
rotor and stator resistance and leakage inductances. By using
Fig. 4, the following equations can be derived:

F. Rotor Voltage and Current
Wind turbines are designed to have an optimized
speed–torque profile to provide maximum output power
for any given wind speed. This means that, for a given wind
speed, the turbine speed or slip is designed such that the output
can be maximized. When the generation system is connected
to an infinite bus, the generator terminal voltage is imposed by
the infinite bus.
Therefore, for grid connected generators, the excitation frequency of the rotor voltage is determined by taking the difference of grid frequency and the actual rotor speed. The stator
current can be predetermined for maximum power output corcan then
responding to each wind speed. The corresponding
and slip for any particular wind
be derived using , ,
speed, using the equivalent circuit of Fig. 8.
,
,
Let
then, for a given , ,
and slip , the required ,
, and
can be derived using the equivalent circuit shown in
Figs. 8 and 4
(24)
(25)
(26)
For stand-alone systems, the power delivered is determined
is unby the load connected to the generator. Therefore,
can be controlled using a magnitude and
known. In this case
frequency proportional–integral–differential (PID) controller,
is maintained at constant magnitude and constant
such that
frequency, as shown in Fig. 9.
G. Relations of Input and Output Power
The power supplied by

is
(27)

(29)
is the output of the main generator, which is equal to
where
is the required mechanthe total shaft input from the turbine,
ical power by the main generator, and is the power transferred
through the exciter.
H. Power Flow in the Doubly Fed Machine
From (29), it can be seen that the power supplied by
is
proportional to slip . Therefore, at subsynchronous speed, the
rotor winding receives power and the exciter is running at generating mode. At super-synchronous speed, the rotor winding
delivers power and the exciter is running at motoring mode.
Fig. 10 shows the direction of power flow in the machine.
At subsynchronous speed, the total mechanical power from the
wind turbine is
, where
is electrical power produced by the exciter from
the shaft mechanical power. The exciter is running at generator
is then supplied to the rotor winding of the main
mode. This
generator through the power converter.
, is directly transThe majority of the shaft power,
ferred to electrical power through the air gap to the stator windings. The total electric power delivered at the stator terminals is
equal to the mechanical power applied to the shaft, neglecting
all losses, as shown in Fig. 10(a).
At super-synchronous speed, the total mechanical power
from the turbine is
, where
is transferred to electrical
power by the rotor winding of the main generator, then delivered to the exciter through the power converter. The exciter
is running in motoring mode. This portion of power is then
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The system efficiency is
(32)

IV. EXCITER AND POWER CONVERTER RATING
It can be seen from (29) that the required power by the rotor
winding of the main generator is proportional to rotor slip and
the total output of the main generator. The exciter power rating
can be determined using (24)–(26). When neglecting all losses,
it is approximated as
(33)
The power converter must supply the rotor winding with both
active and reactive power. Maximum apparent power supplied
to the rotor winding is
(34)
The maximum rotor current can be determined by (25).
When neglecting all losses, the maximum current needed for
the power converter can be approximated as
(35)

V. EXPERIMENTAL VERIFICATION
Fig. 10. Power flow in the proposed power generation system neglecting all
losses of the system. (a) Subsynchronous speed, s > 0, ! < ! . Total power
P ) is used to drive the main
from the turbine is P , from which (P
generator; P is used to drive the exciter; exciter output P is supplied to the
rotor of the main generator through the power converter. (b) Super-synchronous
speed, s < 0, ! > ! . Total power from the turbine is P , and (P + P )
is used to drive the main generator where P is supplied by the exciter; exciter
input P is supplied by the rotor winding of the main generator through the
power converter.

0

transferred to mechanical power by the exciter to be applied on
, is directly
the shaft. The majority of the power,
transferred from the shaft to the air gap. The total electric
power delivered at the stator terminals is again equal to the
mechanical power on the shaft as shown in Fig. 10(b).
The efficiency of the main generator can be calculated by
including all the losses of the generator as shown by (30), at
, and
, are output
the bottom of the page, where ,
of the main generator, stray load loss, and friction and windage
loss, respectively; and are the magnitude of stator and rotor
current, respectively.
When losses of the system are included, the total output of the
generator is equal to the total mechanical input minus all losses
(31)
where , , and are the losses of the generator, the exciter,
and the rotating converter, respectively.

A 2.2-kW 208-V four-pole 60-Hz experimental system was
tested to validate the developed model. The equivalent circuit
parameters of the main generator are shown in Table I. The
system was operated as a stand-alone generation system simulating a wind power generator. The test bench consisted of main
generator, which is made by a 3-hp induction machine and a
stationary converter as shown in Fig. 11. The exciter was substituted by a dc bus. There is an encoder connected to the main
shaft to measure the speed of the machine.
The main generator can be modeled using the proposed equivalent circuit using the parameters shown in Table I. The calculated exciter and power converter rating are shown in Table II for
a given wind turbine profile. It can be seen from Table II that,
given the stator voltage and frequency, the maximum power required for the exciter is 0.936 kW at motoring mode. The maximum power converter power rating is 1.5 kVA and maximum
voltage is 127 V.
The control of the system was implemented using a digital
signal processor (DSP) embedded real-time controller, as shown
in Fig. 12. The stator voltage feedback was acquired through the
two ADC channels of the DSP. The stator voltage is controlled
using a voltage PI controller. The required frequency of rotor
excitation is obtained by taking the difference of the expected
stator frequency and the rotor angular speed converted to electrical degrees. The required gating for the rotor excitation was
generated based on these two inputs.

(30)
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TABLE I
EQUIVALENT CIRCUIT PARAMETERS OF THE EXPERIMENTAL MOTOR

Fig. 12. Control implementation of a stand-alone generation system using
dSPACE embedded real-time controller. In this setup, the stator voltage
reference is set to 208 V and the stator frequency is set to 60 Hz.

Fig. 11. Experimental system setup. In this setup, the main generator is a 3-hp
three-phase wound-rotor induction machine; the turbine is simulated by a dc
motor. The exciter is not included in the setup.
TABLE II
WIND TURBINE PROFILE

AND EXCITER AND
POWER RATING

POWER CONVERTER

Fig. 13. Measurements of the generator at 1266 r/min. Upper: rotor voltage
(PWM wave) and current (grey sine wave); lower: stator voltage (grey) and
current (black). Stator voltage is 60 Hz, 120 V (phase), with pure resistive load
of 42.8 . It shows that although the rotor voltage is a PWM wave, the stator
voltage and current are almost harmonic free.

The generator was set to have an output of 230 V and 60 Hz.
The speed was varied from 800 to 2000 r/min, using the wind
power profile given in Table II. The required current, voltage,
and power for the rotor excitation were measured at different
shaft speeds and compared to the calculated using the equivalent
circuit.
Fig. 13 shows the measured stator voltage waveform. Fig. 14
shows the measured rotor voltage compared to the ones calculated using the equivalent circuit model. Fig. 15 shows the measured power supplied to the rotor winding for each given output
of the stator. It is compared to the ones calculated by the equivalent model. Fig. 16 shows the measured rotor current versus the
rotor current calculated by the equivalent circuit. It can be seen
from the comparison of Fig. 14 to Fig. 15 that the measurements
agree with simulations by the equivalent circuit.

Fig. 14. Measured and calculated rotor voltage of the main generator. The
output is set to 60 Hz and 230 V for any given rotor speed.

Although it is not implemented in this paper, it is possible
to eliminate the encoder by using a frequency PID controller to
control the stator frequency of a stand-alone system to eliminate
the speed encoder.
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An equivalent circuit was developed to model the doubly fed
induction generator incorporating stator and iron losses. While
steady-state operation of the system has been modeled and verified by experiments, dynamic characteristics and stability of the
system needs to be investigated.
The experimental study of a 3-kW prototype system, which
includes the proposed generator, exciter, and a power converter,
is in progress. Once successful it will eventually be transitioned
to a megawatt wind power generation system.
APPENDIX
Fig. 15. Measured and experimented power of the stator and rotor. The output
is set to 60 Hz and 230 V for any given rotor speed.

The Matlab simulation program for the equivalent circuit is
as follows.
%
%
%
%
%
%
%
%

Fig. 16. Measured and calculated rotor current. The output is set to 60 Hz and
230 V for any given rotor speed.

The transient behavior of the generation system was not
studied in this paper. However, the transients of the generation
system were observed in the experiments. It was found that
the transient process is generally smooth with a sudden change
of speed when it is operated at subsynchronous speeds. At
super-synchronous speeds, the stator frequency is not as stable
as it is operated at subsynchronous speeds. When operated near
synchronous speeds, it is also more difficult to maintain the
stator voltage at constant due to the fact that the rotor excitation
is almost dc.
VI. CONCLUSION
A novel variable-speed constant-frequency power generation
system has been proposed and modeled. The experiment shows
that the proposed system can produce a stable voltage and frequency at the main generator terminals for any given turbine
speed. The advantages of the proposed system can be summarized as follows.
1) The system is capable of being a stand-alone system
and self-var support. In the case of large wind systems,
self starting and self stopping is achieved without the
requirement of additional facilities, such as soft starters
or braking systems.
2) The system provides improved power factor controllability and reduced line harmonic distortion, by
eliminating the direct connection of a power converter to
the power grid.

equivalent circuit analysis of
doubly-fed generator
this program calculates the
needed rotor voltage,
current and power
for required stator current and speed
also calculates the system efficiency
given speed and rotor current
;
;
% define variables using symbols
syms r1 x1 rms rmr xm r2 x2 V1 I1m phi
syms s a rad pad Iad real;
;
;
;
;
;
;
% Stator phase voltage
; % windage and friction loss
;
% stray load loss
;
% turns ratio
;
% stator resistance
;
% stator leakage inductance
;
% rotor resistance
;
% rotor leakage inductance
;
% mutual inductance
; % stator iron loss component
; % rotor iron loss component
;
% stator phase angle (PF)
for
: 8
;
;
;
;
;
;
;
;

;
end
plot (n, Effi, n, I2_amp, n, Rotor_power)
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