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PWM-VSI Inverter-Assisted Stand-Alone Dual Stator
Winding Induction Generator

Olorunfemi Ojo, Senior Member, IEEE,and Innocent Ewean Davidson, Member, IEEE

Abstract—This paper presents a novel usage of a dual stator
winding three-phase induction machine as a stand-alone gener-
ator with both controlled output load voltage magnitude and fre-
quency. This generator, with both three-phase power and control
windings housed in the stator structure, has the load connected
to the power winding and a three-phase pulsewidth modulation
(PWM) voltage-source inverter sourcing the control winding. The
input to the PWM inverter is either a battery source or a charged
dc capacitor. The operational characteristics of these generator
schemes with either of the two inverter sources are investigated and
shown to have desirable performance. How the load voltage mag-
nitude depends on the various control and design parameters such
as rotor speed, compensating capacitance, and load impedance is
determined using a detailed mathematical model of the system.

Index Terms—Battery, dual stator winding induction generator,
load voltage control, voltage-source inverter.

I. INTRODUCTION

A SELF-EXCITED three-phase induction generator is pro-
vided with reactive power by a three-phase capacitor bank

connected across the stator terminals to ensure stable operation
and maintain output voltage when the rotor is supplied by a
mechanical power source. Self-excitation and, hence, the load
voltage is maintained when the slip is negative. An application
limitation of the capacitively compensated three-phase induc-
tion generator is the drastic change of the voltage regulation with
load and rotor speed variations. Furthermore, when the active
power demand of the load is higher than the input rotor mechan-
ical power, the load voltage collapses. These performance con-
straints of capacitively compensated induction generators limit
their widespread application, especially in situations where reg-
ulated load voltage and frequency are required.

Remedial measures such as the use of static reactive power
generators and other power-electronics-based switching devices
that present variable compensating capacitance or reactive
power to the load for voltage support have been proposed
[1]–[3]. Connecting a dc–ac inverter in series or parallel with
the load provides variable reactive power, in the process of
which both the load voltage magnitude and frequency are
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effectively regulated [4], [5]. Unfortunately, many of these
remedial schemes inject harmonics into the load current and
voltage waveforms.

To effectively regulate both the voltage magnitude and load
frequency while minimizing/eliminating converter-induced har-
monics in the load with a possibility of increasing the output
power and optimizing system efficiency, dual stator winding in-
duction generator schemes with a converter connected to the
control winding, shown in Fig. 1, are proposed. Since the power
and control windings are not physically connected but electro-
magnetically linked, the influence of the inverter-induced har-
monics on the load waveforms is minimal.

The operation and feasibility of the proposed schemes
are explored in this paper. Mathematical models, useful for
steady-state calculations and computer simulations for the
two schemes, are presented and employed to investigate the
influence of design and control parameters on the generator
characteristics. Calculation and computer simulation results
confirm the usefulness of the models. The balance of the
paper is devoted to the feedback control of the two proposed
schemes—especially Fig. 1(b), which is generally unstable
when operated in open-loop mode.

The paper is organized as follows. Section II gives a detailed
description of the two generator schemes; the system models are
set forth in Section III. System studies, including steady-state
and dynamic performance of the battery-inverter and dc charged
capacitor-inverter schemes, are presented in Section IV and Sec-
tion V, respectively. Conclusions are drawn in Section VI.

II. PROPOSEDGENERATORSYSTEMS

The dual stator winding synchronous machine was intro-
duced at the beginning of this century as a means of increasing
the power capability of large synchronous generators. In the
recent past, it was used as a source of both regulated dc and
ac output voltages. [6]–[8]. Dual stator winding reluctance
machines have also been investigated for both drive and
autonomous generator operations [9], [14]. The angular speed
of the generated voltage is equal to the electrical rotor angular
speed in the dual stator winding synchronous generator. In
the dual stator winding reluctance generator, the sum of the
angular electrical frequencies of the currents in the two stator
windings equals the electrical angular frequency of the shaft (in
the steady state)—rigidly tying the frequency of the generated
voltage to the shaft speed. In applications with variable turbine
(rotor) speeds, load frequency control is slightly complicated
by dual synchronous and reluctance generators. Although it
is realized that dual stator winding induction machines may
be used as generators in view of the additional degree of
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(a) (b)

Fig. 1. Schematic diagram of the dual stator winding induction generator with dc–ac inverter. (a) With a battery source. (b) With a charged dc capacitor.

freedom given by the uncoupled relationship between the rotor
speed and frequency of generated voltage, it has not been fully
explored until now.

Two types of dual stator winding induction machines with
standard squirrel-cage rotor structure have been proposed. In
the first design, there are two identical three-phase windings
(control and power winding sets) which are wound for the
same number of poles. However, these two windings are
electrically displaced from each other [8]. In the most recently
proposed design, the control and power windings are wound
for different pole numbers with no displacement between the
power and control windings using the regular squirrel-cage
rotor structure—ideally decoupling the torque production of
the two windings when individually excited [10]. Of course,
there are the doubly fed induction machines with specially
designed rotor cage structures [18], [19]. The generator scheme
presented in this paper is based on the dual stator winding
induction machine with displaced power and control winding
sets. The power and control windings have the same number
of poles. In Fig. 1(a), a three-phase pulsewidth modulation
(PWM) dc–ac inverter under sine-triangle control and fed with a
battery source is connected to the control windings. The dc–ac
PWM inverter, augmenting the compensating three-phase
delta-connected capacitors provides reactive power to the
generator system, fixes the load frequency, and influences the
magnitude of the load voltage by regulating the modulation
index magnitude. Indeed, the frequency of the reference signal
of the PWM becomes the frequency of the generated load
voltage. The battery source acts as a real power buffer. When
the real power provided by the rotor shaft exceeds the load real
power demand and system losses, the excess power is stored
in the battery through the bidirectional inverter. If, on the other
hand, the real power demand of the load and losses exceeds
the input real power from the shaft, the balance is supplied by
the battery. Another advantage of this scheme is the possibility
of maintaining a load voltage magnitude with the desired load

frequency, even when the rotor slip is positive for a relatively
short period. While the machine motors, the battery provides
the needed real power through the inverter to the load.

The scheme in Fig. 1(b) has a charged dc capacitor connected
to the inverter input. If the load is light, the dc capacitor may
overcharge and the system becomes unstable. If the load is
heavy, the capacitor discharges, and the load voltage collapses.
To ensure stable operation, a discharge resistor is connected
across the charged capacitor through a transistor or MOSFET
under PWM duty ratio control. The duty ratio control, which
seeks to regulate the capacitor voltage, presents a variable
resistance (which dissipates the excess real power) to the
charged capacitor. The inverter PWM modulation index mag-
nitude control regulates the load voltage. A feedback control
scheme(to be discussed) is required to operate the system
stably. Since there is no source of active power on the inverter
side, if the rotor slip is positive, the load voltage decays and
may ultimately collapse.

III. SYSTEM MODEL

The – equations of the dual stator winding induction ma-
chine in the synchronous reference frame are set forth in [8]
and [11]. Expressed in the complex variable form, the electrical
equations are given as

(1)

(2)

(3)

where
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Fig. 2. The q–d equivalent circuit of the dual stator winding induction
machine.

The – complex voltage inputs to the power and control
windings are and respectively; and are the
– flux linkages of the power and control windings, respec-

tively, while is the rotor – flux linkage. The power and
control – stator currents are and respectively; and
the rotor current is represented by . The derivative is
donated by , and and are the angular electrical frequency
of the load voltage and rotor speed, respectively. Fig. 2 gives the
equivalent circuit of the dual stator winding induction generator
in the synchronous reference frame, showing the machine pa-
rameters and state variables.

From Fig. 1, the – equations of the load and compensating
capacitor are

(4)

(5)

The load resistance and inductance areand , respectively.
The equations relating the input dc voltage and the output phase
voltages of the dc–ac converter (the input phase voltages to the
control winding) are

(6)

(7)

(8)

The switching functions of devices , and are ,
and , respectively; are the corresponding control
winding phase currents. The input current flowing into the in-
verter is expressed as

(9)

Equations (6)–(9) transformed into the complex-plane syn-
chronous reference frame become [13]

(10)

(11)

Fig. 3. Load voltage(V ) and current(A) waveforms of the battery–inverter
generator system. Load impedance= 50 
, modulation index magnitude= 0:6
time in seconds.

The modulation index magnitude of the inverter is . The
dc capacitor voltage for the battery–inverter system is given by

(12)

For the dc charged capacitor–inverter system, the dc capacitor
voltage is expressed as

(13)

where
switching function of transistor ;
value of the discharge resistance;
battery current flowing into the dc capacitor.

The full battery model used for computer simulations is set forth
in [12].

IV. BATTERY–INVERTER SYSTEM

The generator scheme with the battery–inverter connected
to the control windings has the added advantage of being able
to regulate both the load voltage and frequency when the slip
is positive and/or when the input shaft power is insufficient to
meet system loss and load active power demand. Under these
conditions, real power is supplied to the load by the battery.
Alternatively, when the shaft power exceeds the load demand
and the system losses, the extra power is fed to charge the
battery. Hence, under light load condition, the inverter charges
the battery and discharges it when the load demand is high or
there is a decrease in the rotor speed. Fig. 3 shows simulated
load voltage–load current waveforms of the system feeding an
impedance load. It is evident that inverter-induced harmonics
injected in the load waveforms are minimal.

Under steady-state condition, the state derivatives of the
system equations (1)–(12) are identically equal to zero. From
the resulting steady-state equations, the generator voltage gain
is given by

(14)
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(a)

(b)

Fig. 4. Variation of the voltage gain magnitude. (a) With changing slip (s) and
C (y50�F), constant impedance= 100 
. (b) With changing slip (s), constant
load impedance, constantC , and changing load power factor (Pf).

where

Fig. 4 gives the plots showing the dependence of the voltage
gain magnitude on the value of , rotor slip, and load power
factor for a laboratory dual stator winding generator with
parameters given in the Appendix. The voltage gain magnitude
increases with increasing slip and reducing capacitance value

Fig. 5. Block diagram of peak load voltage detector.

Fig. 6. Dynamics due to load impedance change from 500 to 50
. Reference
peak voltage= 120 V, time in seconds. (a) battery current(A). (b) Peak phase
voltage(V ).

for a constant load impedance in Fig. 4(a). Higher voltage gain
requires higher rotor speed with the value ofselected within
a range. Low slip magnitudes generally result in lower voltage
gains for most values of . Since higher rotor slip results in
higher losses, the generator is less efficient, especially when a
higher than unity voltage gain is desired. For a constant load
impedance and constant , the voltage seems to decrease
with increasing load power factor and decreasing rotor slip
magnitude [Fig. 4(b)]. It is concluded from these plots that,
to meet required load voltage, , rotor slip, and inverter
modulation index magnitude (or battery voltage) are design
and control variables that must be appropriately selected. With
these many control and design variables, it is feasible to achieve
regulated load voltage and frequency while optimizing overall
system efficiency.

The battery–inverter dual stator winding generator is always
stable as long as the battery can meet the active load power de-
mand while augmenting the mechanical shaft input. However,
to regulate the load voltage, a simple dynamic controller such
as the proportional–integral (PI) or integral–proportional (IP)
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Fig. 7. Variation of the transistor duty ratio and modulation magnitude withC
(y50�F) and slip (s). Load impedance= 100 
. (a) Duty ratio. (b) Modulation
index magnitude.

can be implemented. The selection of controller gains that en-
sure good regulation and robustness to changing load and rotor
speed is based on the loop-shaping technique set forth in [17].
The peak value of the load phase voltage is compared with the
desired peak load voltage; the error is fed to a dynamic PI con-
troller, the output of which becomes the value of modulation
index magnitude which is also the peak of the three-phase si-
nusoidal reference signal for the PWM inverter. Comparison
of these three reference signals with a triangle waveform pro-
duces the switching pulses to the inverter switching devices
(MOSFETs) [15]. Fig. 1(a) also shows the sketch of the con-
troller structure. The peak load voltage is obtained using a fast
peak detector in which the sensed phase voltage is phase shifted
and processed. If the phase voltage is a cosinusoidal signal, the
phase shifted signal is sinusoidal. The sum of squares of the
phase voltage and the shifted signal provides the square of the
peak voltage using multipliers and an adder, as illustrated in
Fig. 5 [16]. Fig. 6 gives the response of the regulated gener-
ator system to a change of load impedance. It is observed that
a simple PI controller quickly restores the load voltage to the
reference value. With a change of load resistance from a high to

Fig. 8. Variation of the transistor duty ratio and modulation magnitude load
power factor (pf) and slip (s). Load impedance= 100 
. (a) Duty ratio. (b)
Modulation index magnitude.

a low value, less real power manifested in battery current is fed
back through the bidirectional inverter into the battery, shown in
Fig. 6(a). Similar good responses are obtained with other pertur-
bations in rotor speed.

V. DC CAPACITOR–INVERTER SYSTEM

The dc-inverter system of the generator schematically shown
in Fig. 1(b) provides reactive power to the load and, in the
process, supports the load voltage. This system is always
unstable under open-loop operation. With no storage facility,
when the load demand and losses are lower than the input shaft
power, the dc capacitor voltage continues to increase; however;
if the load demand and losses exceed the input shaft power, the
dc capacitor steadily decays. Two control loops are required to
maintain the dc capacitor voltage at a set value and to regulate
the load voltage, as shown in Fig. 1(b). The control scheme
for the load voltage is the same as that of the battery–inverter
system described above. For the regulation of the dc capacitor
voltage, the reference capacitor value is compared with the
measured value; the error voltage passed through a PI con-
troller becomes the modulating signal of the PWM control.
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Fig. 9. Generator waveforms. (a) Load voltage(V ) and current(A). Time
in seconds requiring the decrease of the duty ratio (increasing the effective
discharge resistance value) so as to maintain the reference capacitor voltage.

This signal, when compared with the sawtooth waveform,
changes the duty ratio of transistor, which effectively makes
the discharge resistance variable.

Under steady-state controlled situation, the dynamic model
equations (1)–(11) and (14) reduce to

(15)

(16)

where

The reference dc capacitor voltage isand the reference phase
voltage is .

Fig. 7 consists of plots showing the duty ratio of transistor
, and modulation index magnitude of the PWM

inverter for a given reference capacitor and load voltages, con-
stant impedance load and power factor, but changingand
slip. In Fig. 8, the load power factor and slip are varied with the
load impedance, reference capacitor and load voltages being the
same as in Fig. 7. It is evident from these graphs that the most
efficient operating conditions occur at high values of and

, corresponding to lower magnitude of rotor slip.

Fig. 10. Dynamics of generator to change in load impedance from 20 to 200

. Voltage reference= 120 V. (a) Reference and peak load voltage(V ). (b)
Inverter input current(A). Time in seconds.

Fig. 9 gives generator waveforms during steady-state oper-
ating condition. The waveforms are relatively clean when the
dc capacitor voltage is kept constant at reference value by the
changing duty ratio of transistor. During dynamic change of
load impedance plotted in Fig. 10, the controllers regulate the
capacitor dc voltage and load voltage magnitude to set values
and ensure system stability. The current flowing into the capac-
itor from the inverter increases, requiring the decrease of the
duty ratio (increasing the effective discharge resistance value)
so as to maintain the reference capacitor voltage.

VI. CONCLUSIONS

The feasibility of the dual stator winding induction gener-
ator producing regulated load voltage and frequency using ei-
ther a battery–inverter or a dc charged capacitor–inverter con-
nected to the three-phase control windings has been demon-
strated. The battery–inverter system has the capability to operate
effectively, even when, for a short while, the rotor slip becomes
positive because of the battery power that can be fed to the load.
In the charged dc capacitor–inverter system, two closed-loop
controllers are required to ensure system stability and regulate
the load. It is open-loop unstable. For the two schemes, the
rotor speed, compensating capacitance value, and the inverter
and/or discharge resistor controls can be manipulated to meet
load requirement while ensuring optimum efficiency operation.
Steady-state curves showing how the voltage gain magnitude
depends on the various design and control parameters are also
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presented as steady-state and dynamic waveforms that demon-
strate the quality of the load voltage and current waveforms. The
effectiveness of simple control loops regulating the load voltage
and dc capacitor voltage are shown for various dynamic opera-
tional changes.

The delta-connected capacitor bank at the terminals of the
load reduces the reactive requirement and, hence, the kVA of
the inverter. It is not required to eliminate inverter-induced har-
monics in the load since they are effectively taken care of by the
secondary windings of the generator. The sizing of the inverter
and the design of the secondary winding must take into consid-
eration the generator operating speed range, the corresponding
reactive power to be supplied by inverter to ensure voltage reg-
ulation, and the active power to be passed through the wind-
ings to or from the inverter. Since the motoring mode of op-
eration should necessarily be a short-time phenomena, appro-
priate sizing of the buffer battery will suffice for the anticipated
ride-through operation. It is not efficient to operate the generator
when the speed falls below the synchronous speed for a signifi-
cant length of time—since the load power must be supplied from
the battery, processed by the inverter, electromagnetically con-
verted with the generator losses supplied by the battery.

Instead, the battery–inverter through a changeover switch
mechanism isolates the generator and connects the inverter
directly to the load. The design of the generator scheme and
selection of the inverter which is outside the scope of this
paper is highly application dependent. The influence of the
winding design on the parameters of the generator and most
especially how the pitching of the stator windings affects the
mutual leakage inductance between them are derived using the
winding function methodology in [8].

The relative cost of this generation scheme will also depend
on applications. It is safe to conclude that the topologies herein
suggested must be considered as technologically viable induc-
tion generation option which may be studied under prevailing
application requirements and constraints.

The proposed generator schemes should find utility in stand-
alone and grid-connected power systems. With the known ad-
vantages of induction machines, ease of control, simplicity of
the converter topology, and feasibility of optimum efficiency
operation while regulating both load voltage and frequency, the
two proposed topologies should find wide acceptability. High-
or low-load phase voltage (equivalently, the voltage gain) is
achievable by appropriate selection of the design and control
parameters.

Finally, analysis technique for the simulation and steady-state
calculation for controlled converter-based dual stator winding
generator have been presented and should find utility in the anal-
ysis of other converter-controlled generator systems.

APPENDIX

The parameters of the 2-hp four-pole three-phase induction
machine (parallel-connected stator winding split into two as
power and control windings) are given as follows (it is observed
that the mutual leakage inductance of this modified generator is

not representative of actual dual stator winding induction ma-
chines [4], [8], [11], [20]):

power winding stator per-phase resistance, ;
power winding per-phase leakage inductance,
H;
control winding stator per-phase resistance, ;
control winding per-phase leakage inductance,

H;
mutual leakage inductance between power and control
winding, H;
magnetizing inductance, H;
rotor per-phase resistance, ;
rotor per-phase leakage inductance, H.
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