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Asynchronous Grid Connection of a Cage Induction
Generator Excited by a Power Electronic Converter

Dominik A. Górski and Grzegorz Iwański , Senior Member, IEEE

Abstract—This article presents an analysis of grid connection of
an excited induction generator, where an inrush current is signif-
icantly reduced and voltage drop in the local grid is eliminated.
In the proposed method, generator connection to the grid is done
at the moment when the generator voltage vector equals the grid
voltage vector, but the generator frequency differs from the grid
frequency. Excitation of the induction generator is provided by
a power electronic converter, which is rated only on the rated
reactive power of the generator. Moreover, when the generator is
connected to the grid, the converter satisfies reactive power demand
of an induction generator, according to the requirements from the
distribution system operator. The simulation and laboratory tests
were conducted with a 7.5 kW induction generator.

Index Terms—Cage induction generator, power electronic
converter, grid connection, synchronization.

I. INTRODUCTION

THE cage induction generator is widely used in simple
hydro and wind turbines, where rough speed control is

applied [1], [2]. Induction generators are selected in these types
of applications due to their ability of grid connection without
prior synchronization. The most frequently used ways of cage
induction generators grid connection are direct connection of
an unexcited generator or application of thyristor soft-starters.
The first method leads to an inrush current and a voltage drop
in the local grid [3], and the second method limits the inrush
current, but introduces higher harmonics to the grid [4]–[7].
However, in both systems the induction generator demand on
the reactive power is covered by the grid, so the capacitor bank
is used to partially compensate for reactive power demand [8],
[9]. As the reactive power of the induction machine depends
on its active power, the parallel-connected electronic converter
might precisely satisfy variable profile reactive power demand
[9]–[11]. Connection of an excited induction generator to the
grid without an inrush current, i.e., with synchronization, is
possible, but the source of mechanical power should be equipped
with a precise speed controller [12].
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A promising solution adopts a back-to-back converter as an
interface between the generator and the grid. Then, the grid con-
nection does not produce an inrush current and generator opera-
tion is possible in both super-synchronous and sub-synchronous
speed [13], [14].

However, in such solution the power generating unit requires
two full-scale power electronic converters, which decreases
robustness and increases the cost of such systems [15], whereas
not in all cases may the benefits of variable speed operation be
utilized. For example, in some hydropower units water flow is
stable (almost unchanged), so the optimal operating points of a
hydro turbine are placed in a narrow range of speed.

The parallel-connected electronic converter, which usually
satisfies the reactive power demand of an induction generator,
may decrease an inrush current of the generator during grid
connection transient [3]–[16]. When the power converter is
permanently connected to the grid and the induction generator
is connected separately as an unexcited machine, an inrush
current is reduced to only about a few percent [3]. Another
way of generator connection is possible, when the parallel
power converter is connected to the generator terminals and the
grid connection process is related to the whole set – induction
machine and power converter. In such case, the generator is
already excited and full synchronization can be reached, which
reduces an inrush current completely [16]. This is obtained by
additional breaking choppers and power resistors connected to
the converter’s DC-bus, in order to load the generator and to
dissipate harvested energy.

Grid connection in power electronics based generating units
can be made with or without prior synchronization of voltages
depending on the circuit topology. In the mentioned before series
topology with a full scale power converter, the grid side part
of the power converter can be started after connection to the
grid, and no inrush current will be observed. This is because
the phase locked loop PLL structure can be started a few grid
voltage periods prior to PWM switching and due to fast control,
the obtained current is synchronized to the grid voltage from the
beginning without converter current overregulation.

Some electrical energy generating units such as wound ro-
tor synchronous generator WRSG and doubly fed induction
generator DFIG require full synchronization before connection
to the grid. As synchronous machine synchronization is made
mechanically by control of the rotor speed and position, this
process takes a long time, and in some cases it is very difficult
to complete at all. In internal combustion engines, speed can
be somehow controlled by fuel injection, whereas in wind or
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hydro turbines, precise speed control possibilities are limited.
Generators are connected usually unloaded, so the damping
factor of both electric and mechanical circuit is low. Torque
influencing speed cannot be controlled by voltage changes (so
power changes), but at this state only by pitch angle regulation
(reduction) in wind turbines or gate blades in hydro-turbines.
This makes the generator speed regulation slow and imprecise,
like frequency regulation.

In a DFIG system, synchronization is made electrically by
controlling the rotor current vector position [23] and matching
it to the reference stator voltage position or to the rotor position.
This provides faster synchronization than in a synchronous
generator unit, because the rotor shaft position is unimportant.
Oppositely, in the synchronous generator, synchronization can
be made only mechanically by precise control not only of
rotor shaft speed, but also rotor shaft position to have full syn-
chronization (generator voltage depends on the flux vector and
this depends on the rotor position). The synchronous generator
cannot be connected without full synchronization, i.e., only
with the same generator and grid voltage phases but different
frequencies.

In a cage induction machine operating in super-synchronous
speed, the change of generator speed (so the frequency) can be
made by primary mover speed change through driving torque
decrease, or by generator loading using a power electronic
converter. In both cases, the synchronization process is obtained
by primary mover speed change which may take a long time.
We have to note that in this configuration, the power electronic
converter is responsible only for the reactive power, which
additionally can be partially compensated for by stator con-
nected capacitors. This way, the rated power of the electronic
converter is fractional in relation to the generator power. Pro-
viding reasonable power loading choppers to the DC bus, which
may influence the generator speed depending on the primary
mover characteristic, the rated power of the converter would be
significantly increased. This is why, taking into consideration
possible difficulties of primary mover speed control or necessity
of converter power increase when loading choppers are applied
on the DC bus, the method of asynchronous connection of a
cage induction generator to the grid is performed, tested and
described in this paper.

An excited induction generator, as opposed to a synchronous
generator, could be connected to the grid at the moment in
which the generator voltage vector equals the grid voltage vector
(phase sequences, amplitudes and phase angles of generator
and grid voltage coincide, but the frequencies of generator and
grid differ). In such conditions, after short transient, generator
speed finally reaches the operating point corresponding to the
synchronous pulsation of the grid voltage and torque-speed char-
acteristic of primary mover. Furthermore, the proposed solution
requires one parallel-connected electronic converter, which is
sized only on the rated reactive power of the generator or even
smaller if the reactive power is partially compensated for by the
capacitors bank. This is why the price of the electronic converter
of a single stage (AC/DC part only) and of fractional power is
significantly lower than of a full scale back-to-back AC/DC/AC
converter.

Fig. 1. The control system of a power electronics converter applied for
asynchronous grid connection of an induction generator. (CIG - cage induction
generator, DR - diode rectifier, PEC - power electronic converter, PM - primary
mover).

The paper presenting the asynchronous connection concept
begins with the system description, in which the topology of
power plant and the control scheme of a power electronic
converter are introduced. Next, a detailed explanation of the
proposed method is provided and illustrated in a plain algo-
rithm. This is followed by a simulation and laboratory model
verification of the described method. Finally, the conclusions
are given.

II. SYSTEM DESCRIPTION

The scheme of a power plant equipped with a cage induction
generator and a power electronic converter is shown in Fig. 1. An
induction generator is driven by an uncontrolled speed primary
mover PM, for which the produced torque-speed tP (ωPM )
characteristic is described as

tP (ωPM ) = TP

[
1− exp

(
−ωPM

MAX − ωPM

ΔωPM

)]
, (1)
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where TP – maximum torque of PM, ωMAX
PM – maximum speed

of PM, ΔωPM – speed interval, which fulfils the relaxation time
of exp(−t/τ ) function. This is to obtain the torque function with
speed limitation to avoid over-speed of an unloaded generator
and make asynchronous connection possible. In practical so-
lutions the speed is reduced by a generator voltage frequency
regulator through pitch angle control (in a wind turbine) or
through gate blades angle (in a hydro-turbine). However, such
speed regulation is rough and not as precise as possible in a
laboratory test unit with speed controlled electric drives used as
a primary mover emulator.

The model of an induction machine has been described in
stationary coordinates as three-phase symmetrical and supplied
by sinusoidal voltage. The voltage and flux-current equations of
stator and rotor circuits take into account the non-linearity of
magnetic circuit [12]:

d

dt
ψS = uS −RSiS , (2)

d

dt
ψR = −RRiR + jpBωPMψR, (3)

iS =
1

LSLR − Lμ
2

(
LRψS − LμψR

)
, (4)

iR =
1

LSLR − Lμ
2

(
LSψR − LμψS

)
, (5)

d

dt
ωPM =

1

JPG

(
3

2
pB�m

{
ψ
∗
SiS

}
− tP

)
, (6)

iS = iR + iμ, (7)

Lμ = f(Iμ) = −0.00000014Iμ
4 + 0.00001173Iμ

3

−0.00029872Iμ
2 + 0.00175592Iμ + 0.03597313,

(8)

where pB – number of pole pairs of the induction machine,
JPG – total moment of inertia rotational parts, Iμ – magnetizing
current of the induction machine.

The studied system consists of a power electronic converter
PEC with a DC-bus connected through a diode rectifier DR
to the grid [18], [19] to energize the DC-bus during generator
voltage build-up. The initial charging circuit has not been shown.
The three-level neutral point clamped NPC topology was used
(Fig. 2) because it causes lower current ripples at lower switching
frequency (or it is possible to apply a smaller inductive filter)
in comparison to the two-level topology [17]. The AC side of
the power converter is connected to the stator terminals of the
induction generator.

The control system of the power converter is coordinated
with grid connector wG, i.e. the change of the operation mode
from stand-alone to grid connected initializes both change of
outer control from voltage control to reactive power control and
switches on the grid connector wG. Converter control is made
in the x-y coordinates frame rotating synchronously with the
generator voltage vector uM .

For these conditions component uMx equals UM and uMy

equals zero [10], [11]. The output signal of the DC-bus voltage
regulator RuDC establishes the reference signal i∗Px, and i∗Py is
referenced from stator voltage controller RuM or reactive power

Fig. 2. Power electronic converter topology used in analyzed generating unit.

controller RqG depending on the operation mode. For sG = 0,
the generator is islanded and i∗Py is referenced from RuM, and for
sG = 1, the generator is grid-tied and iPy∗ is referenced from
RqG. The actual value of instantaneous power component qG
is calculated using stationary frame voltage and current vectors
components (9) [20].

qG = uGβiGα − uGα iGβ (9)

The converter reference voltage vector components, including
coupling terms and generator voltage feed-forward, are formu-
lated as

u∗Px = kI (i
∗
Px − iPx) +

kI
TI

∫
(i∗Px − iPx) dt

+ uMx + ωMLP iPy, (10)

u∗Py = kI
(
i∗Py − iPy

)
+
kI
TI

∫ (
i∗Py − iPy

)
dt− ωMLP iPx,

(11)

where ωM – generator voltage pulsation, LP – inductance of
the converter chokes, kI , TI – gain and integration time of
proportional-integral PI controllers.

The phase disposition PWM modulation PD-PWM has been
applied to create the switching signals. Voltages uT and uB are
balanced by adding a zero sequence component to modulation
signals [21], which does not affect voltage and current in a three
wire system.

The synchronous reference frame phase-locked loop SRF-
PLL [22] is implemented to calculate the x component of the
generator voltage vector, angles and magnitudes of the grid
and generator voltage vectors, as depicted in Fig. 3. All con-
trollers used in the presented scheme in Fig. 1 and Fig. 3 are
the proportional-integral type with saturation. Although imple-
mented in simulation and laboratory, the torque function with
speed limitation (1) does not require additional manners to avoid
over-speed of the unloaded generator in the stand-alone mode;
in practice, machine actual voltage pulsation ωM can be used
for primary mover speed regulation.
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Fig. 3. SRF-PLL block scheme for generator and grid voltages.

III. THE PROPOSED METHOD OF GRID CONNECTION OF THE

INDUCTION GENERATOR

The block scheme of the power circuit and the algorithm of the
induction generator grid connection process with the proposed
method are shown in Fig. 4. The power electronic converter in
the considered process performs the following tasks:
� controls building-up of generator voltage,
� brings the generator voltage to the grid voltage level,
� satisfies the generator’s reactive power demand when the

generator remains connected to the grid.
� The procedure initiates by turn-on of the primary mover

and speed increasing above the synchronous speed. Then,
the converter is connected to the stator terminals and starts
the building-up process of generator voltage.

At this stage, the generator voltage amplitude equals the grid
voltage amplitude, but the generator frequency differs from the
grid frequency and depends on generator speed and rotor slip
[16]. The grid and generator voltage vectors overlap periodically
and the period equals

TMG =
2π

|ωM − ωG| (12)

Overlapping of grid and generator voltage vectors occurs
when the difference between the generator and grid voltage
angles ϕMG equals {0, 2π}

φMG =

{
φM − φG,when φM ≥ φG
φM − φG + 2π,when φM < φG

(13)

At the moment of voltage vectors overlapping, the grid con-
nector wG is closed and generator speed and torque change
to match the operating point to the grid frequency and pri-
mary mover torque-speed characteristic. This induces an in-
rush current and temporarily influences terminal voltage. In the
steady-state conditions, the generator delivers active power to
the grid, and the power electronic converter delivers reactive
power depending on induction generator demand.

Fig. 4. Asynchronous grid connection of a converter excited induction gener-
ator: (a) topology of the system; (b) presentation of ϕMG trace; (c) algorithm
of the proposed method. (CIG - cage induction generator, PM - primary mover,
PEC - power electronic converter).

IV. SIMULATION RESULTS

Simulation results for direct connection of an unexcited ro-
tating generator (as it is usually done), a fully synchronized
connection and an asynchronous connection of an excited cage
induction generator to the grid are shown in Fig. 5, which
presents grid currents and voltages for each method of grid
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Fig. 5. Simulation results for direct, synchronized and asynchronous grid connection of the induction generator: (a) and (b) grid currents and voltages during
direct grid connection of an unexcited generator at speed equal to 1600 rpm; (c) and (d) grid currents and voltages during synchronous grid connection of an excited
generator at speed equal to 1500 rpm - generator and grid frequencies are equal; (e) and (f) grid currents and voltages during asynchronous grid connection of an
excited generator at speed equal to 1600 rpm - generator frequency is 3 Hz greater than grid frequency.

connection. The generator speed is reasonable, because the grid
connection of the induction generator is usually done with a
generator speed close to the synchronous speed [3], [4], [6]
and the generator has to operate at super-synchronous speed
to deliver active power. As depicted in Fig. 5(a), the direct

connection of an unexcited generator causes over 2.5 times
greater current than rated. This current causes a 25% drop of the
grid voltage (terminal voltage) (Fig. 5(b)). An overload of the
generator lasts about 60 ms. A synchronous connection, while
generator and grid frequencies are equal, causes no overload in
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Fig. 6. Simulation results for various generator and grid frequencies difference
εω during asynchronous grid connection of the induction generator: (a) grid
current magnitudes; (b) grid voltage magnitudes.

grid current or perturbation in grid voltage, as it is shown in
Fig. 5(c) and 5(d), respectively.

Moreover, the grid current is near zero, because generator
speed equals the synchronous one and no power generation
occurs. To compare direct and synchronized grid connection to
the asynchronous connection of an induction generator at speed
1600 rpm, the grid currents and voltages are shown in Fig. 5(e)
and Fig. 5(f), respectively. Difference εω between generator and
grid frequencies equals 3 Hz. The maximum value of inrush
current reaches only 80% of the rated current and instead of grid
voltage drop it causes voltage temporary swell, which does not
exceed steady state grid voltage more than 5%.

Transients in grid current and terminal voltage during asyn-
chronous grid connection of the induction generator depend on
the difference between the generator and grid frequencies εω .
This effect for different frequency deviation εω is shown in Fig. 6
. Reduction of frequency deviation from 3 Hz to 1.5 Hz results
in decreasing the inrush current to 40% of rated current and the
voltage swell to 4%. For 10 Hz frequency deviation the current
peak reaches 220% of rated current. The grid voltage increases

Fig. 7. Simulation results for different phase errors εϕ during asynchronous
grid connection of induction generator at 3 Hz frequencies difference: (a) grid
current magnitudes; (b) grid voltage magnitudes.

at the grid current first peak by 4%, but at the current second
peak it decreases by 8%.

The actual moment of generator connection to the grid may
be delayed from the decision moment by a few periods of the
grid voltage, due to the time delay between command from
the control system and closing mechanical switch connectors.
The phase angle displacement εϕ between generator and grid
voltage vectors influences the inrush current. Asynchronous
grid connection of the induction generator at 3 Hz frequency
deviation and at 45 deg phase displacement causes over 1.5
times greater current peak than rated, i.e., twice of the current
peak obtained for fully matched voltage vectors. At phase errors
±15 deg, the inrush current does not exceed the rated value. A
voltage drop occurs at 45 deg and 15 deg phase error, but only
in the first case exceeds 10%. The mechanical connector can be
replaced by a solid state connector to minimize the phase error
during generator connection.

V. LABORATORY TESTS RESULTS

The proposed method has been tested on a laboratory setup,
which is presented in Fig. 8. A laboratory model has been built
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Fig. 8. Laboratory setup of a cage induction generator excited by an electronic
converter.

TABLE I
PARAMETERS OF THE INDUCTION MACHINE USED AS GENERATOR

TABLE II
PARAMETERS OF THE GRID TRANSFORMER

using a 7.5 kW cage induction generator driven by an inverter-fed
induction motor. The generator is connected to the grid through
an 8.0 kVA transformer.

Parameters of the induction generator and grid transformer are
presented in Table I and Table II, respectively. The maximum
torque and speed of the primary mover have been limited to
TP = 8Nm and ωMAX

PM = 167.5 rad/s (1600 rpm). The maxi-
mum converter current in the y axis has been limited to the rated
generator current value iMAX

Py = iMyN .
An oscillogram of grid voltage and grid current waveforms

for direct grid connection of the induction generator at rotor
speed equal to 1600 rpm is shown in Fig. 9(a). The inrush grid
current reaches 200 A and is over four times greater than the
generator rated current. The maximum value of grid voltage drop
exceeds 25%. Unlike direct grid connection, an asynchronous
grid connection of the induction generator, at the same speed,
does not cause overload of a transformer or generator, which is
shown in Fig. 9(b). The difference between the generator and
grid frequencies εω is 3 Hz. The maximum value of grid current
magnitude reaches 40 A. An asynchronous grid connection of
the induction generator increases the grid voltage about 4%,

Fig. 9. Laboratory tests results for grid connection of a cage induction genera-
tor at speed equal to 1600 rpm: (a) grid currents and grid voltages for direct grid
connection; (b) grid currents and grid voltages for asynchronous grid connection
at 3 Hz generator and grid frequencies difference; (c) grid currents and converter
currents for asynchronous grid connection at 3 Hz frequencies difference.

instead of generating the grid voltage drop. As it is shown in
Fig. 9(c), the converter current reaches temporarily its limitation
after generator connection to the grid. The presented experimen-
tal results confirm the simulation model analysis.
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VI. CONCLUSION

This paper presents the method of asynchronous grid con-
nection of a converter excited cage induction generator, which
substantially decreases disturbances in the grid/microgrid. The
laboratory setup with a 7.5 kW generator has been built and
the method has been verified. Inrush current has been decreased
from about 200 A for direct grid connection to 40 A for asyn-
chronous grid connection of the induction generator at 1600 rpm
of rotor speed. Simultaneously, the grid voltage drop during in-
duction generator connection has been changed by a gentle grid
voltage swell. The best results are obtained when the generator
frequency is as close as possible to the grid frequency and when
the phase error between generator and grid voltage phases is
as close to zero as possible. The presented power system with
a parallel-connected electronic converter is a trade-off between
control ability of the back-to-back system, and robustness of the
directly connected generator.
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