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Abstract—This paper presents a STATCOM with a self-oscil-
lating bidirectional dc–dc converter for interfacing battery energy
storage in a stand-alone induction generator system. The self-os-
cillation mode is based on relay feedback control with hysteresis.
To reduce the output current ripple, an LCL filter is connected be-
tween the half bridge of this dc–dc converter and the energy storage
system. The other side of bidirectional converter is coupled with
a voltage-source converter. The proposed control allows that the
previous electronic converters, with an additional resistive dump
load, compensate all disturbances in a self-excited induction gen-
erator due to three-phase four-wire loads and an improvement of
system efficiency. The simulated results show good performance of
the stand-alone power system under different loading conditions.

Index Terms—Battery energy storage (BES) system, relay feed-
back control, self-excited induction generator (SEIG), self-oscil-
lating bidirectional converter, static compensator (STATCOM).

I. INTRODUCTION

T HE ACTUAL consumer society imposes a permanent in-
crease in energy consumption, causing a progressive ex-

haustion of fossil fuels, the main resources that are used. In ad-
dition, the expansion of renewable energy sources is not being
developed at the same rate as the growing demand. For these rea-
sons, it is important to encourage energy savings, take steps to
increase energy efficiency, boost the use, research and develop
renewable energies, and finally protect the natural environment
as much as possible.

The advantages of self-excited induction generators (SEIG)
have led to them being chosen as suitable candidates for the
energy supply in rural communities and remote areas, where
these machines can be driven by using diesel engines or some
renewable energy resources, such as wind energy or microhy-
dropower.

When a three-phase four-wire SEIG feeds unbalanced and/or
nonlinear loads, the terminal voltage and stator currents are also
unbalanced and may appear as current and voltage harmonics
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that increase power losses, create unequal heating, and cause
torque pulsation on the shaft of the generator. Besides this, un-
balanced three-phase currents yield a current in the neutral wire,
causing additional power losses and heating.

To solve these problems, some converter topologies and con-
trol architectures have been proposed [1], [2]. In [3], an SEIG-
STATCOM system operates in collaboration with a bidirectional
dc–dc converter and battery bank. This feature increases the
system efficiency and capability. Based on this power system,
our contribution proposes some improvement, these are: 1) the
STATCOM including a block to compensate the current in the
neutral wire of an induction generator and voltage asymmetries
on the dc bus of the converter and 2) the battery bank is con-
nected to a self-oscillating dc–dc converter [4] based in a relay
feedback control [5]. This choice provides certain advantages
over other options of bidirectional dc–dc converters [6], such as
simplicity of design, good performance over a wide operating
range, robustness, and lower cost. So the proposed bidirectional
dc–dc converter is an interesting option to consider in other re-
newable energy systems, electric vehicles, or satellite applica-
tions.

II. SYSTEM DESCRIPTION

The system under study consists of a stand-alone SEIG,
working at constant power conditions and driven by a micro
hydro turbine. The generator supplies a three-phase four-wire
system containing any kind of load. The voltage and frequency
control are achieved by means of an electronic converter con-
nected to the generator terminals with the necessary control
loops to regulate these electrical variables (Fig. 1).

The SEIG is a three-phase induction machine, with a squirrel
cage rotor and a wye-connected stator winding with its middle
point connected to the system’s neutral wire. The prime mover
drives the rotor at a speed higher than the synchronous one. Fi-
nally, a three-phase shunt capacitor bank supplies constant re-
active power to the SEIG.

The electronic converter consists of a four-leg voltage-source
converter (VSC), with a split-capacitor bus, and two dc–dc con-
verters: a chopper and a battery energy storage (BES) system.

The three-phase four-wire VSC acts as an active filter, static
var compensator, as well as a load balancing and ac voltage reg-
ulator. The split-capacitor VSC contains a fourth leg to com-
pensate the neutral current (NCC) yielded by the unbalanced ac
load system and voltage asymmetries on dc bus capacitors of
VSC [7].
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Fig. 1. Schematic diagram of the power system.

The dc–dc converters regulate the frequency at the ac side of
system. One of them acts as an electronic load controller (ELC)
[8] by means a chopper connected to a resistive load. The two
insulated-gate bipolar transistors (IGBTs) of the second dc-dc
converter are switched in a complementary form. Its duty cycle
determines the battery current direction and magnitude.
Since , the bidirectional converter operates in buck
or boost mode. It acts as a buck converter in the charging phase
of the BES unit and as a boost converter in the discharging
phase. Thus, this last converter allows the battery to store/supply
energy from/to the ac side of the system.

The voltage pulses of the battery converter are filtered by a
third-order LCL filter. The transfer function of this passive filter,
defined by the input filter voltage and the current-through
output inductor , is shown at (1), at the bottom of the page,
where and model the losses in the respective inductors

and .
The chosen topology allows higher attenuation of the high-

frequency harmonic content in the battery current than the usual
L-filter. The LCL filter of battery converter can be designed
from [9]. Thus, in the low-frequency region, as the sum of
and is smaller than the L-filter inductance, the voltage drop
across the LCL filter is lower than the L-filter case. As a result,
the dc losses are lower, an additional advantage.

The battery bank is composed of 26 identical lead-acid bat-
teries connected in series. To make the analysis easier, the bat-
tery model is given by the equivalent battery internal electromo-
tive force (emf) and series resistance [10].

III. CONTROL STRATEGY

Fig. 2 shows the block diagram of the proposed control archi-
tecture. The controller forces the electronic converter to com-
pensate the load current and to absorb/inject a determinate
value of active power from/to the ac system. Thus, the current
supply from SEIG becomes sinusoidal, balanced and the
values of voltage and frequency are kept constant.

Therefore, the induction generator provides the active power
demanded by the load and the other active power necessary to
keep the voltage in the dc bus of the converter. This addi-
tional component determines a current value to cover the losses
in the power converter (switching losses of IGBTs, leakage cur-
rent of capacitors, etc.), to supply the current of controlled dc
load and to charge the battery bank .

A. Current Control of Three-Phase Four-Wire VSC

The main block of the proposed control is based on a three-
phase phase-locked loop (PLL) structure (Fig. 3). A first block
computes the to transformation (in the synchronous

(1)
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Fig. 2. Block diagram of the power converter controller.

Fig. 3. Determination of the positive-sequence fundamental components
through a three-phase PLL.

reference frame) of three-phase voltage signals ( ). Other
blocks extract the magnitude and the frequency of the positive-
sequence fundamental component of voltage line [11]. And, fi-
nally, this structure performs the active part of the positive-se-
quence fundamental component of load current ( ).

However, when load is unbalanced or/and nonlinear, the
signal presents an oscillatory component (2)

(2)

Through a set of mean value blocks, the respective positive-
sequence fundamental component is extracted from
the three-phase voltage system and load current.

Later, a transformation block – generates the three-
phase balanced active component of the load current ( ).
The difference between this generated value and the measured
load current ( ) yields the reference current to compensate
the reactive power and the unbalanced currents and harmonics
of the three-phase load.

The total reference signal of the VSC current controller
(abc)* is the sum of the aforementioned component (compen-
sated load current) and two other components: the signals
and .

The reference is the active current required to balance
the active power in the whole system in order to maintain the
desired frequency (through a frequency regulator) and to com-
pensate the losses in the electronic converter (by means of a
dc voltage regulator). The frequency regulator establishes the
three-phase current magnitude, in phase with SEIG voltage sig-
nals. The feedback control loop of the dc voltage regulator gives
another reference signal to make the converter absorb in-
phase fundamental ac current to compensate the aforementioned
dc voltage variation [12].

On the other hand, the signal is a reference current that
sets the required reactive power to compensate the ac voltage
variations on a stand-alone induction generator. This reactive
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Fig. 4. Reference current distribution to dc–dc converter controllers.

power is supplied by means of the electronic converter and
the capacitor bank. The ac voltage regulator determines the
aforementioned current reference that, consequently, is
in quadrature with the sensed three-phase voltage signals.

The voltage imbalance in the dc bus capacitors (due to ac load
and device asymmetries in the power converter) is corrected by
a current control loop and a voltage-control loop [13]. The ref-
erence signal is determined from measured three-phase
load currents and voltage difference between capacitor and

(3)

(3)

Finally, the three-phase and neutral currents of converter
are controlled by using a hysteretic controller for each branch.
Each controller acts over the corresponding difference between
the reference currents of the converter and the
measured ac-side currents (a,b,c,n). The hysteretic controller
gives the IGBT gating signals to ) of the four-leg VSC.

B. Current Control of the DC–DC Converters

The frequency regulator determines the complementary ac
current magnitude . This magnitude yields an active
power value that is equivalent to dc power. It is divided by the
voltage value on the dc bus , thus generating the reference
current for dc–dc converters (Fig. 4)

(4)

Then, the component is the sum of the reference signals to
the electronic load controller and BES system .
The distribution of both currents is carried out by a limiter block.
A last block (5) computes the suitable value of battery current
according to the voltage ratio between the dc bus and battery
bank

(5)

When the SEIG is working without the ac load, the reference
includes the battery current value (let us suppose, for ex-

ample, limited to 60% of the SEIG rated current) and the refer-
ence to the controlled dc load (corresponding to the remaining
excess active power).

However, when an ac load is switched on to the SEIG, the
demand of generating power is increased; this yields a reduction
in the rotor speed and, consequently, of the frequency value. So,
the lower output signal of the frequency regulator forces the
reduction of the current through the dc–dc converters. First, it

Fig. 5. Waveforms of the self-oscillating relay system.

decreases the current corresponding to the power dissipated by
the chopper, and the battery keeps its value of charge current.
But if this behavior is not enough, the bidirectional converter
decreases the battery charge current to a suitable value. If the
ac load is higher, then this last converter forces the battery to
inject a determinate value of current to the ac side of the system,
through to the VSI.

Finally, in the proposed control scheme, there is a binary input
called battery state (BS). The value of this signal is determined
by the battery-management system. This specific unit places the
signal at 0 BS if some problem exists (i.e., temperature ) or
the battery is charged. So the battery converter is disabled, and
the resistive dc load must absorb the whole magnitude of
(if it is positive).

1) BES System: The current controller of the bidirectional
dc–dc converter is based in a relay with hysteresis . This is
a relay system with asymmetrical output: or 0 V
(Fig. 5).

The existence of a limit cycle in a relay feedback system
is determined by the hysteresis of the comparator unit and the
transfer function of the linear plant. This situation involves the
relay system oscillating with a certain frequency and duty
cycle .

The periodic sequence of pulses can be expressed by
means of a Fourier series as a sum of harmonic components

(6)

A necessary condition of stability in a relay feedback system
[14] is that the relative degree of the transfer function of its linear
part should not exceed two and that all of the roots (poles and
zeros) must be located in the left-half s-plane [15].

In this case, since the relative degree of transfer function (1) of
the LCL filter is 3, the relay control system would be unstable.
To compensate this system and, thus, reach a limit cycle, we
propose reducing the relative degree of its linear part by means
of a parallel stage (Fig. 6); with a first-order transfer function
(7)

(7)
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Fig. 6. Block diagram of the relay system with compensator.

As a result, after the compensation, the modified LCL filter
is a system with relative degree one

(8)

where

For and taking and values from 2 to 20
times the reference values of and , we can determine
that all poles and zeros of transfer function are in the
left half-plane. Thus, in this range of parameter, is a
minimum phase system. This condition guarantees the system
stability for small perturbations.

According to (6) and (8), the battery current is determined
by (9). This expression has a constant term and a periodic term.

is the magnitude of the compensated LCL filter fre-
quency response for a dc component input

(9)

The variation of the battery current reference signal
is comparatively slow with respect to the periodic term of bat-
tery current. So that input reference may be considered constant
during the period . From [15] and according to Fig. 5,
the conditions for the existence of self-oscillations in this dc–dc
converter are given by

(10)

The value of and can be obtained by a frequency-domain
method consisting of plotting the Tsypkin locus defined as (11)

(11)

Finally, with the time derivative of (9) and applying the ap-
propriate simplifications, the expressions of Tsypkin locus are

(12)

The Tsypkin function is an infinite series. However, the con-
vergence of this series is determined by the transfer function

. As a result, only the sum of a few first terms of (12) is
enough to calculate the value for each frequency.

According to (10) and (12), the limit cycle exists if the
Tsypkin locus intersects the respective straight line given by
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Fig. 7. Family of Tsypkin locus � ����� ��� and its intersections between
the straight lines � � � .

Fig. 8. Detail of the intersection point between the high-frequency Tsypkin
locus and respective straight line (zone A).

(13)

In this case, for a reference signal equal to 7 A, con-
sider 3.5 and 0.3, the result that the
intersection points between the respective Tsypkin locus and
straight-line yields two possible zones: A and B (Fig. 7). The
first area determines a stable limit cycle with 17.2 kHz
and 0.444 (Fig. 8). The option B returns a limit cycle with

3.3 kHz and high amplitude oscillations ( 50 A)
Finally, under the constraint of no plant leakage configura-

tions [16], the parallel compensator is replaced by a feed-
back unit connected across the relay element (Fig. 9).

The practical relay feedback control has a proportional-inte-
gral (PI) regulator to compensate steady-state error between the
reference and the battery current.

2) Electronic Load Controller: The controller of this second
dc–dc converter subtracts the reference signal (current dis-
tribution block, Fig. 4) from the mean value of sensed current in

. This current error is applied to a PI controller and then is
compared with a triangular carrier wave to generate the PWM
signal for switching the respective IGBT. The selected fre-
quency for this triangular wave is 10 kHz.

Fig. 9. Block diagram of definitive relay control system.

Fig. 10. Current waveforms on the ac side of the system for three-phase four-
wire unbalanced and nonlinear load conditions.

The proposed control architecture allows the compound con-
verter to eliminate current harmonics, to compensate the reac-
tive power, and to balance the load current at the SEIG termi-
nals, as well as to store or inject the suitable value of power
depending on the ac load needs. So the whole system increases
its efficiency and capability

IV. SIMULATION RESULTS

This section shows the system performance by means of
some simulation results. The proposed system was modeled
and simulated in MATLAB, with Simulink and SimPowerSys-
tems toolboxes. The simulation is carried out with the ode23tb
(stiff/TR-BDF2) solver. The system parameters are given in the
Appendix.

Fig. 10 shows the steady-state current waveforms on the ac
side of the system for unbalanced and nonlinear three-phase
four-wire load conditions. More specifically, the load set is
made up of a single-phase resistive load (
230 V) and a three-phase rectifier bridge connected to a resistive
dc load 120 with shunt capacitor 100 . So
the current magnitude of each phase in this load set is distorted
and not equal (b), but means that the action of the four-leg VSC
(c) and the SEIG (d) supplies a balanced current with sinusoidal
waveforms (a).

The two figures below illustrate the system dynamic response
for different load conditions and rotor speed. First, SEIG works
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without the ac load, so the dc-dc converters consume all of the
generated power. Most active power flows to the battery con-
verter and chopper, only a small amount of this active power
keeps the voltage level in the dc bus of this converter. At this op-
erating point, the switching frequency of the bidirectional dc–dc
converter is 17.5 kHz, the battery current is 7 A, and ripple cur-
rent is 50 mA. These values correspond to the limit cycle zone
A obtained by the Tsypkin method.

Fig. 11 shows the transient response on the SEIG and elec-
tronic converter when a set of balanced three-phase loads is
switched (b). First, a three-phase load of 2 kW is connected to
the ac supply system. Then, at 4.75 s, an inductive three-phase
load kVA is applied and, finally, at 5.3
s, the first load is disconnected from the ac induction generator.
This action implies heavy variations in the ac and dc magnitudes
of the converter. However, the controller responds by driving (c)
the magnitude (d) and frequency of the generated voltage to their
reference values. The current through (e) VSC and (f) dc–dc
converters (f) flows as a function of the ac load conditions. At the
beginning, the current decreases in the ELC unit (dashed line)
and then, the battery stores or injects a suitable value of current
(solid line) by means of the controlled bidirectional battery con-
verter. This characteristic allows increasing the efficiency and
availability of the proposed generating system.

Fig. 12 shows the performance of this autonomous system
when the induction generator is feeding a three-phase balanced
inductive load and (b) the prime
mover reduces the rotor speed from 1547 r/min to 1520 r/min.
In this situation, (a) the SEIG current decreases, the resistive dc
load is disabled, and (f) the battery supplies the suitable current
value through (e) the VSC , to reach (c) the rated phase voltage
and (d) frequency in the three-phase system.

V. CONCLUSION

This paper has presented a controller’s architecture for an
SEIG-STATCOM system operating in collaboration with a con-
trolled dc load and a BES system. The Tsypkin method is ap-
plied to analyze the self-oscillating bidirectional dc–dc con-
verter associated with the battery bank.

The proposed converter and its control loops allow atten-
uating current harmonics, compensating reactive power, and
balancing the SEIG currents, while the energy storage system
can store or inject active power and, if necessary, the controlled
dc load dissipates the remaining generated power. So the SEIG
maintains the rated voltage and frequency under different
loading conditions, moreover, increasing the efficiency and
availability of the system. Finally, the simulation results show
good performance and power-quality improvement of the
whole system under different loading conditions and variable
rotor speed.

APPENDIX

The corresponding system parameters used to obtain the sim-
ulation results are:

• Three-phase induction machine and shunt capacitor
4 kW, 400 V (Y), Hz, 4 poles,

Fig. 11. Transient behavior of the system under different balanced load condi-
tions.

1.365 1.405 5.839 mH,
0.083 2.2 21.4 89.3 124 205

[mH], where is the magnetizing current (in amperes)
F, Y connected.

• Electronic converter and battery
3000 F, 4.7 F,
10 mH, 0.8 ,

4.7 mH, 0.5 0.6 mH, 0.1 ,
300 350 V, 0.75 .

• PI controllers
0.3 0.5

1.25
Freq: 1.2 40 50 5

300 1.25
150.
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Fig. 12. Dynamic response of the system under rotor speed reduction.
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