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Abstract – A PWM voltage-source inverter is used in order
to improve the electrical characteristics of an isolated in-
duction generator. The electronic converter allows to achieve
a better system behavior in many aspects: voltage regulation,
frequency stabilization and reactive power compensation.
The PWM inverter DC voltage is the control variable of the
generator speed governor, therefore the system power bal-
ance and the generator voltage regulation is accomplished by
the DC voltage control, which is exerted by the speed gover-
nor. Both simulation and experimental results demonstrated
the system is stable, robust and an effective source of regu-
lated three-phase voltages.

I. INTRODUCTION

The aim of this investigation is to propose an induction
generator (IG) application as an alternative to wound-
rotor synchronous-generators to be employed in low power
isolated generation systems, such as portable fuel engine
driven generation systems.

It is frequently stated that cage rotor induction ma-
chines (IM) are robust, inexpensive compared with DC
and wound-rotor synchronous-machines, require little
maintenance and have high power-weight ratio (W/kg).
Despite these favorable features, IMs are hardly employed
as generators due to its unsatisfactory voltage regulation
and frequency variation, even when driven under constant
speed and feeding loads which consume active power
[1,2].

Wound-rotor synchronous-generators are reliable sup-
pliers of regulated three-phase constant frequency voltage,
provided the dynamic response of the speed governor is
able to maintain constant rotor velocity during the occur-
rence of load power variations. Nevertheless, they are
expensive machines due to the maintenance required by
the excitation system, which attains slip rings, brushes
and field-current control-circuit. Therefore, a cost effec-
tive and technically reliable alternative to wound-rotor
synchronous-generators are always welcome.

It was shown that it is possible to accomplish regulated
three-phase voltage with constant frequency from the
association of a three-phase induction generator with a
three-phase voltage fed PWM inverter [3,4]. Under uncon-
trolled speed conditions, all the electric power produced
by the IG has to be properly consumed. This paper pres-
ents the study of a system in which the IG is driven by a
speed regulated prime mover, so that it is possible to ad-
just the input power in order to generate exactly the active

power required by the load.
In this scheme, the generator is driven by a speed regu-

lated prime mover. Furthermore, the system is intended to
be a source of regulated voltage with constant frequency,
whose energy quality is good enough to feed sensitive
loads, such as microprocessor controlled ones.

II. ISOLATED CAPACITOR-EXCITED INDUCTION GENERATOR

SYSTEM

Fig. 1 presents a system in which a capacitor-excited
induction generator operates isolated from the utility grid.
In this circumstances, the active power of the AC load
affects considerably the amplitude and the frequency of
the voltage at the stator terminals of the generator.

In this case, the frequency of the voltage at the stator
terminals is not constant, even if the rotor speed is kept
constant by the action of a speed governor.

Assuming that the mechanical, electrical and magnetic
losses are of secondary importance, the electric power (Pe)
converted by the generator is given by the product between
the rotor speed (ωr) and the generator torque (Tm).

P Te r m= ω (1)

Supposing the rotor speed is invariable, an increase in
the active power required by the AC load yields a drop in
the stator frequency, as it is the only possible way the IG
can raise its rotor slip frequency and consequently elevate
the torque, so that it is able to match the load power de-
mand.

Fig. 2 illustrates qualitatively a situation in which the
induction generator was feeding an unitary power-factor
load. Point ‘A’ is the stable steady-state operation point
that satisfies (1). The synchronous frequency (fs) of the
stator magnetomotive force (MMF) is equal to fs1 in point
‘A’.
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Fig. 1. Capacitor-excited IG system, isolated from the utility grid.
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Fig. 2. Torque-speed characteristic of the induction generator.

The point ‘A’ in the IG torque characteristic (fig. 2)
corresponds to an equivalent steady-state point ‘A’ in the
generator magnetization characteristic, as shown in fig. 3.

When the active power required by the AC load in-
creases, the synchronous frequency decreases from fs1 to
fs2, producing a torque increment to match the higher
power demand. Thus the new stable steady-state operation
point is steered to point ‘B’. Notice that the speed gover-
nor is supposed to maintain the rotor speed constant.

The frequency drop to fs2 reduces the magnetization-
characteristic voltage (Vg) in the same proportion, assum-
ing that the air-gap flux is kept constant, i.e. Vg/fs is con-
stant.

In addition to the change in the magnetization charac-
teristic, the frequency reduction affects the capacitive
reactance of the excitation bank (Xc). Xc1 and Xc2 are the
capacitive reactance correspondent to the frequencies fs1

and fs2, respectively.

X
f Cc

s ac

= 1

2π
(2)

Altogether, the resulting effect of increasing the AC
load active power is an IG terminal-voltage reduction, due
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Fig. 3. Magnetization characteristic of the induction generator.

to the changes in the magnetization characteristic and in
the excitation bank capacitive reactance.

The Cac capacitance could be increased, in order to
recover the capacitive reactance Xc1. In this case, the slope
of the capacitor-bank voltage characteristic will return to
its previous value, however the steady-state operation
point in the magnetization characteristic will be ‘C’ in-
stead of ‘A’, as the frequency remains fs2. The new opera-
tion point at the torque characteristic (fig. 2) would de-
pend on the behavior of the AC load under voltage varia-
tions.

It should be highlighted that the voltage drops at the
stator and rotor resistance and leakage reactances are not
the main cause of the poor voltage and frequency regula-
tion in the isolated IG. The fundamental factor that affects
the voltage regulation is the influence of the frequency on
the generator magnetization characteristic.

Remark that the voltage and frequency variations pre-
sented previously were caused by increments made exclu-
sively in the active power.

In case the inductive reactive power increases, the volt-
age reduction would be even higher, due to the demand of
capacitive reactive power from the excitation bank to
compensate for that.

Reductions at the rotor speed as a result of torque ele-
vations, due to a non-regulated shaft speed, would degen-
erate voltage and frequency even more.

Substantial effort has been made to overcome the poor
voltage regulation of the isolated induction generator
under load active and reactive power variations [5]. These
efforts have been concentrated on different types of volt-
age regulators acting as Volt-Ampere-reactive controllers,
based on series-shunt capacitor compounds [1,5-8],
switched capacitor [9-11], variable inductor [12], or satu-
rated reactor [13,14]. Such approaches rely on contactors,
relays or semiconductor switches.

Although the methodologies mentioned before attain
valuable improvement in voltage regulation, they have
solved the problem only partially, as the frequency is yet
variable. Besides that, the generator still experiences
variation in its magnetization characteristic with the fre-
quency, which leads to the requirement of a wide range of
capacitance values at the excitation bank. Yet an excessive
increase in the Cac capacitance would deeply saturate the
generator, leading to voltage waveform distortions.

This analysis leads to the conception of a strategy which
maintains constant frequency at the IG stator terminals
and, simultaneously, guarantees reactive power both to
magnetize the generator and to compensate for the AC
load demand.

The constant-frequency approach ensures that the
steady-state operation of the IG will take place following
only one torque and magnetizing characteristic-curves,
both regarding the constant stator synchronous frequency.

A generation system based on this modus operandi has
to comprise three indispensable parts, namely the induc-
tion generator itself, the speed governor, and a device



which fixes the frequency, magnetizes the generator and
compensate for the AC load reactive power requisites.

It is important to mention that a constant frequency
system like this, is suitable to work driven by energy
sources which allow reasonable achievement of the speed
control, like fuel engine plants. Therefore, this approach is
not adequate for systems where the speed variation is the
basis to achieve profitable energy conversion, such as
wind systems.

III. SYSTEM DESCRIPTION

The proposed system is inherently composed of an in-
duction generator excited by a three-phase capacitor bank
(Cac) and connected to the AC side of a voltage-fed PWM
inverter through series inductances (Lf). The rotor shaft
speed is controlled by a speed governor. Fig. 4 presents
the proposed IG system configuration.

The main goal of this structure is to feed the AC loads
with satisfactory energy quality, which stands for provid-
ing three-phase balanced voltages, with constant fre-
quency, sinusoidal waveform and regulated amplitude.

The system is isolated from grid and the starting is
accomplished from the self-excitation produced by the
interaction between the residual flux voltage and the AC
capacitive bank (Cac).

After start-up, the IG provides the energy required to
charge Cdc and to supply the losses. The PWM inverter
control-circuit is also fed by Cdc, by means of a forward
DC-DC converter.

The fundamental frequency of the PWM inverter output
voltage is maintained constant at 60Hz, yielding a con-
stant frequency busbar at the IG leads.

The IG terminal voltage waveform is sinusoidal due to
the action of the LfCac filter, which attenuates the high
frequency  voltage components. The selection criteria of Lf

and Cac is explained in [3-4].
The speed governor role is to set rotor speed so that the

IG produces enough power to supply the AC loads, the
system losses and the PWM inverter control circuits, as
well as to keep Cdc properly charged.

In this system, the rotor speed is variable and has to be
set to match the IG power requirements, conversely to
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Fig. 4. IG based system configuration.

wound-rotor synchronous-generator systems where the
rotor speed is kept constant. Consequently, the governor
speed reference value (ωref) is not constant.

In case the electric power produced by the IG is not
enough to match the consumed power, the PWM inverter
DC link capacitor (Cdc) is the only possible source from
where the AC loads can take power.

The consumption of energy stored in Cdc would produce
a decrease in the DC link voltage (Vdc) up to the system
collapse. Similarly, any exceeding power would be stored
in Cdc, in case the IG produced more power than that
consumed.

Vdc is a suitable parameter to indicate the system power
balance. Consequently, Vdc can be employed as the control
variable of the speed governor. Thus the speed governor
control operates to maintain Vdc tracking a reference
value.

Assuming the synchronous frequency at the induction
generator stator is kept constant by the PWM inverter
action, the speed governor affects the Vdc voltage ampli-
tude as well as the generator terminal voltage at the pro-
posed system (fig. 4). Conversely, the speed governor
influences the frequency in synchronous generator sys-
tems.

As Cdc acts as a voltage source to the PWM inverter, a
good voltage regulation is obtained at the IG leads by
keeping Vdc invariable, since the only difference between
the voltages at the IG and at the PWM inverter AC termi-
nals is the voltage drop at the series inductance (Lf).

Provided Lf is assessed to filter voltage components at
the switching frequency and higher frequencies, the volt-
age drop at 60 Hz is quite small. Hence, a good voltage
regulation and the system power balance are both
achieved when the speed governor maintains constant Vdc.

Considering the PWM inverter allows bi-directional
power flow, the capability to compensate for reactive
power is a natural consequence of the system configura-
tion and operation mode. Therefore, when Vdc is kept
constant, the generator voltage is regulated, even when
feeding dominantly reactive loads.

The energy stored in Cdc is vital to improve the system’s
capability to support extreme transient conditions, such as
induction motor start-ups and high power load steps. As a
result, the system’s transient behavior becomes more ro-
bust if Cdc is suitably rated.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The system simulation presented in fig. 4 was carried
out in PSpice using a ½hp IM, whose parameters are
shown in Table I, as generator. The induction machine
was represented by its αβγ model as described in [15,16].
Moreover, the PWM inverter switching frequency was
5kHz, Cac=37uF, Cdc=6000uF, Lf=5mH.

The PI-controller proportional constant was set to 0.5,
the integral constant to 20 (Ri = 50 kΩ; Rf = 25 kΩ and
Cf = 100 nF, in fig. 4), and the Vcc reference (Vref) was set
to 325V.



The prime mover torque was represented by a con-
trolled current-source in an equivalent electric circuit
whose mathematical model is analog to the dynamic
equations of the mechanical system.

Fig. 5 shows the dynamic behavior of Vdc, the AC load
line current and the IG terminal line voltage during resis-
tive load transients of 50% of the IG rated power. The AC
load was connected to the generator leads at 200 ms, re-
maining for 250 ms before disconnection.

After the resistive load connection, Vdc decreases, re-
turning to its earlier value, five cycles later. The AC load
disconnection initially caused an increase in Vdc, which
recovers its prior value during the subsequent five cycles.
During both connection and disconnection transients, the
Vdc control revealed to be able to maintain the system
power balance and the IG terminal voltage.

A 50 hp induction generator based system was also
simulated, in order to probe the system feasibility. The
cage-rotor induction machine parameters referred to the
stator are presented in table II [17]. Moreover, The system
was simulated using proportional constant equal to 0.5
and integral constant equal to 200 (Ri = 50 kΩ;
Rf = 25 kΩ and Cf = 100 nF, in fig. 4), the inverter
switching frequency was 5 kHz, Lf = 1 mH, Cac = 190 µF
and Cdc = 100 mF. The DC link reference voltage (Vref)
was set to 650V.

Fig. 6 presents the AC voltage at the IG terminals, the
rotor speed in rad/s and the AC-load line current obtained
from the AC-load transient-connection simulation.

After the start-up process and an interval running under
no-load, the system was submitted to an AC-load step at
800 ms. The load was composed of a Y-connected

TABLE I
½ HP IM PARAMETERS REFERRED TO THE  STATOR (60 HZ)

Stator resistance (rS) 4.4 Ω
Rotor resistance (rr) 5.02 Ω
Leakage stator reactance (XS),  (2π.60.Lls) 5.9 Ω
Leakage rotor reactance (Xr),  (2π.60.Llr) 5.9 Ω
Linkage reactance (Xm),  (2π.60.M) 70.53 Ω
rpm 1720
Rotor inertia (J) 0.0006 kg.m2
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Fig. 5. Simulation results, during resistive AC load transients (½ hp IM).

resistance bank, rating at about 40 % of the generator
rated power. The load was kept connected up to 1.5 s, and
afterwards the system returned to the previous no-load
condition. It was verified that the system was able to
maintain the generator terminal voltage during a severe
load transient. The closed-loop speed control acted in
order to adjust the rotor speed so that the generator could
suit the AC load power requirements.

As the prime mover is not able to produce negative
torque to brake the rotor, a DC-link resistance was em-
ployed to avoid overvoltages during the occurrence of
disconnection of AC-loads rated at significant power val-
ues, similarly to what is done in motor drives.

A 5 ohm resistance was then set to be switched on when
the DC voltage exceeds 670 V and, once connected, to be
switched off when the DC voltage returns to 650 V. Since
the purpose of the DC-link resistance is to avoid overvolt-
ages under transient episodes, this does not operate under
normal circumstances, when the non-dissipative speed
control is intended to maintain constant DC voltage.

It was observed that the system simulation demanded a
long computation time due to the concurrent high
switching frequency (5 kHz) and mechanical time con-
stants involved.

The ½hp IG based system was set up experimentally,
employing the same parameters in table I, and those used
for simulation. A DC motor, which was driven by a con-
trolled rectifier, was employed as the system prime mover.

Fig. 7 shows the IG and the PWM inverter terminal line
voltages in steady state. Observe that the LfCac filter was
effective in preventing from the presence of high fre-
quency components in the IG line voltage.

TABLE II
 50 HP IM PARAMETERS REFERRED TO THE  STATOR (60 HZ)

Stator resistance (rS) 0.13 Ω
Rotor resistance (rr) 0.076 Ω
Leakage stator reactance (XS),  (2π.60.Lls) 0.441 Ω
Leakage rotor reactance (Xr),  (2π.60.Llr) 0.662 Ω
Linkage reactance (Xm),  (2π.60.M) 13.9 Ω
rpm 1770
Rotor inertia (J) 0.326 kg.m2
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Fig. 6. Simulation results, during resistive AC load transients (50 hp IM).
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Fig. 7. PWM inverter line voltage (a) and IG terminal line voltage (b).

The variation of the IG rotor speed with the AC load
active power is indicated in fig. 8. Notice that the speed
governor raises the rotor speed, as the AC load power
increases, causing an augment in the rotor slip frequency,
so that more power is produced by the IG to match the AC
load demand.

A load transient comprising a sequence of  two connec-
tions, varying the AC load from zero to 70% of the rated
power, is shown in fig. 9.

The dynamic behavior of the speed controller demon-
strated to be stable and effective during severe load step
transients, as it was able to recover the original voltage
amplitude.

Three-phase groups of delta-connected light bulbs were
used as AC load. Hence the occurrence of current spikes,
due to the thermal inertia of the filament, can be noticed
at the switch-in events in fig. 9.

No significant overshoot or voltage sag was noticed
during the transient occurrence, as well as no permanent
voltage drop was detected in the following steady-state
period.

The start-up of an induction machine, rated at 70% of
the IG power, and directly connected to the IG leads is
indicated in fig. 10. During the motor starting, part of the
energy stored in Cdc is employed in the acceleration. This

Fig. 8. Experimental relation between the IG rotor speed (rpm) and the AC
load power (pu).

causes a voltage sag which is subsequently eliminated by
the speed controller action (Vdc control).

The maximum voltage sag allowed at the AC loads
should be a decisive guideline to assess the rated value of
the Cdc capacitance.

The PWM inverter capability to compensate for the AC
load reactive power requisites is evidenced by the record
of the line currents at the PWM inverter and at the induc-
tion motor, presented in fig. 11.

These currents were registered during the induction
motor disconnection. The motor was operating without
mechanical load at its shaft, leading to a strongly induc-
tive line-current profile.

Fig. 11 presents the line currents at the converter (IC),
at the induction motor (IL) and the resulting current from
the association of the IG with the excitation capacitor
bank (IS), whose adopted positive directions are those
presented in fig. 4.

The IS current comprises the switching frequency com-
ponent and the components relative to the active power
consumed by the load and the PWM converter (losses).
After the IM disconnection, the current component rela-
tive to the motor losses is extinguished.

The IM magnetization current is provided by the PWM
inverter, as the converter line-current (IC) decays with the
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500ms/div
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Fig. 9. IG terminal line voltage (a) and AC load line current (b), during the
AC load transients.
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200ms/div
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Fig. 10. IG terminal line voltage (a) and induction motor line current (b),
during the motor starting.
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Fig. 11. Line current from the IG (IS) (a), PWM inverter line current (IC) (b)
and induction motor line current (IL) (c), during the motor disconnection.

disconnection of the motor (fig. 11), which was the only
AC load fed by the system.

The system’s voltage regulation demonstrated to be
satisfactory, as the steady-state values of the IG terminal
voltage varied from 226V to 224V, when the AC resistive
load power varied from no-load to the rated power.

The IG voltage could even be made constant if an AC
voltage feedback was used to compensate the voltage drop
in Lf, by changing the modulation index of the PWM
signal.

Other alternative to maintain constant voltage at the
generator leads would be to sample the voltage at the IG
terminals, by means of a low-power rectifier, and use this
sampled voltage as the system’s controlled parameter.

V. CONCLUSION

The paper contributes in proposing a constant-
frequency operation mode for isolated, speed-regulated,
induction generator systems, as an approach to improve its
voltage and frequency regulation. The adopted methodol-
ogy is nowadays feasible and cost-effective due to the
outstanding evolution experienced by power semiconduc-
tor devices and power converter technology.

The proposed strategy is intended to be applied in gen-
eration systems whose primary energy source is compati-
ble with the rotor shaft speed control, such as portable fuel
engine driven generation systems.

The PWM inverter guarantees constant frequency at the
IG leads and compensates for the AC load reactive power
requisites.

The PWM inverter DC voltage control, which is exerted
by the speed governor, testified to be an effective, fast and
reliable technique to obtain power balance for the system
and to regulate the amplitude of the IG terminal voltage.

Moreover, the Cdc capacitor at the PWM inverter is a
fast-recovery energy storage device, which improves the
robustness of the IG system to support severe transients,
such as induction motor start-ups. Other energy storage
means, such as freewheel, can also be employed, in order
to reduce Cdc capacitance, in case it is cost-effective.

The system is able to supply resistive and inductive
loads with regulated voltage, constant frequency and satis-
factory energy quality.

The IG robustness and simplicity associated with a
general purpose PWM inverter are features of the system
that can bring cost advantages as opposed to low power
wound-rotor synchronous-machine based systems.

The system also confirmed to be robust and stable when
submitted to sequential AC load steps as well as during
the induction motor starting.
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