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Abstract: Self-Excited Induction Generators (SEIGs), e.g., Small-Scale Embedded wind generation,
are increasingly used in electricity distribution networks. The operational stability of stand-alone
SEIG is constrained by the local load conditions: stability can be achieved by maintaining the load’s
active and reactive power at optimal values. Changes in power demand are dependent on customers’
requirements, and any deviation from the pre-calculated optimum setting will affect a machine’s
operating voltage and frequency. This paper presents an investigation of the operation of the SEIG in
islanding mode of operation under different load conditions, with the aid of batteries as an energy
storage source. In this research a current-controlled voltage-source converter is proposed to regulate
the power exchange between a direct current (DC) energy storage source and an alternating current
(AC) grid, the converter’s controller is driven by any variation between machine capability and load
demand. In order to prolong the system stability when the battery reaches its operation constraints, it
is recommended that an ancillary generator and a dummy local load be embedded in the system.
The results show the robustness and operability of the proposed system in the islanding mode of the
SEIG under different load conditions.

Keywords: islanded operation; renewable resources; self-excited induction generator; energy
storage systems

1. Introduction

The UK Government is committed to carbon reduction legislation [1] where the contribution of
Fossil Fuels in future energy generation is to be drastically decreased from 53.6% in 2015 to 10.8%
by 2040 according to one of the best Future Energy Scenarios [2]. Renewable sources are expected
to generate 34% of the UK’s electricity by 2020 and to cover about 54% of the demand for electrical
energy by 2040, while the contribution of Energy Storage Systems (ESS) is expected to increase to
about 6.4% of this demand [2]. As a consequence, the Distribution Network Operators (DNOs) are
taking several measures to achieve this goal, taking into consideration governmental targets, policies,
plans and legislations for the energy industry [3–5]. Current environmental and economic conditions
have created a challenging environment in which to shift to electrical generation connected to the
Distribution Network (DN) rather than the Transmission System (TS), and for the fact that embedded
wind capacity is expected to reach 31 TWh by 2030 [2].

Among the different types of generators applied in wind energy systems, Self-Excited Induction
Generators (SEIG) have become key in the Small-Scale Embedded Generation (SSEG) sector because of
the drawbacks of other widely used generators such as the Permanent Magnet Synchronous Generator
(PMSG) [6], which requires the use of a full scale power converter in order to adjust the voltage
and frequency of generation to the voltage and the frequency of transmission, respectively. SEIG
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appears to be the right candidate to generate electric power for remote area applications [7–14]. It is
robust and it can operate in a self-excited mode using only the input mechanical power from the
rotating wind turbine. It is simple in construction, small in size and weight, reliable, efficient, and with
reduced cost of maintenance. Also, it has inherent short circuit and overloading protection. It could
be the better option for energy generation in low/medium wind speed profiles [15]. As induction
generators do not have separate field winding, a capacitor bank is required to build up the terminal
voltage. The main difficulty of SEIG is the lack of ability to control the machine terminal voltage
and frequency under unpredictable load and speed conditions. A great deal of research has been
conducted into SEIG operation and control; this includes the characteristics of the operation of SEIG in
islanded mode. The generators lose connection to the electricity supply grid, as studied in [16–18],
while selection of the capacitance reactive sources has been studied in [19–21] for fixed capacitance,
and in [22,23] for reactive compensator. Other research has focused on the control of ballast loads
connected to the induction generator in order to compensate for variation of consumer loads [24–26].
In [27,28], focus is given to the study of SEIG dynamics during disconnection and reconnection while
the impacts of wind generation on the power grid and its stability have been considered in [29–31].
There is a gap in the literature regarding the operation and robust control of SEIG in islanding mode
including the transitional period from grid connection to isolation. In [32], the optimal operation
performance of the SEIG is obtained using an optimum fixed combination of active and reactive load
during the transitional status, however, a fixed load is unlikely to be maintained due to local load
variation. Studies [33,34] have suggested using converter-based power electronic devices to maintain
the operation of an islanded SEIG to fixed frequency and voltage, however they do not consider
operational continuity under load variations.

This work is an improvement of the study in [32], in which an energy storage system is used to
reinforce the operation of a SEIG through management of active and reactive power to maintain its
optimal load condition operation. This paper presents a control circuit designed to be able to keep
the power drawn from an induction generator at the optimal values, irrespective of load variation.
A current-controlled voltage-source converter is proposed to regulate the power exchange between a
DC energy storage source and an AC grid. An electro-chemical energy storage unit, such as a battery,
is recommended as this can be charged/discharged during deviation in power exchange.

In addition to the cost benefit of battery storage in the distribution networks [35], reinforcing
an SEIG by ESS reduces the running cost by improving the reliability during islanded operating
mode. This work provides an important contribution to the operation of distribution networks
under increasing penetration of Small-Scale Wind Generation and ensuring compliance with the G59
regulations, as stipulated by the UK grid code [36].

2. Islanded System Operation

The studied system consists of three-phase SEIG with a bank of fixed excitation capacitors,
voltage-source converter (VSC) and variable load, as shown in Figure 1. The VSC is a pulse
width modulated, current-controlled voltage source, connected with a battery bank at its DC bus
and connected to the AC system through an interconnecting coupling transformer. The SEIG is a
squirrel-cage delta connected induction machine.

Operation of such a system in islanded mode is stable as long as the generator is loaded by the
optimal active and reactive power [32]. Initially, the SEIG should be connected to the main grid to
guarantee the machine terminal induced voltage can be built up [37]. Figure 2 shows the voltage
magnitude and frequency from a simulation of a 2.3 KVA SEIG loaded by an optimal combination
of active and reactive power. In Figure 2, the islanded mode of operation starts at t = 1 s, after
disconnecting the SEIG and its local load (as a micro-grid) from the main grid, and ends at t = 10 s,
when the micro-grid is reconnected to the main grid. In this case, including during the islanded
operating mode, the micro-grid supply voltage is within UK statutory limits for an LV network [38].
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This optimal set of load conditions does not require a voltage-source converter or the battery
system to be connected to the micro-grid, i.e., there is no need to regulate the power as long as the load
is kept at the optimal values. Any change of the load parameters from the ideal pre-calculated values
will require power control that cannot be achieved by the machine itself, i.e., without external support,
as will be discussed in the following subsections.

3. VSC System Modelling

Figure 3 shows a schematic diagram of the voltage source converter (VSC) model connecting DC
and AC systems and controlled by three-phase modulating signals mabc(t).
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As outlined in [39], the AC side dynamics of a VSC system can be described in the d-q-frame
using the following two equations:

L
did
dt

= L × ω0 × iq − R × id + Vtd + Vsd (1)

L
diq
dt

= −L × ω0 × id − R × iq + Vtq + Vsq (2)

where:

• L: the inductance between the converter and the coupling point.
• R: the sum of the resistance between the converter and the coupling point and the VSC

internal resistance.
• ω0: the steady state AC source frequency.
• id, iq: the respective current components in the d-q-frame.
• Vtd, Vtq: the respective VSC terminal voltages in the d-q-frame.
• Vsd, Vsq: the respective AC system voltage in the d-q-frame.

Taking Vtd and Vtq as DC variables, then id and iq are also DC variables in the steady state
condition. As a result, the real and reactive power delivered to the AC system can be calculated from:

Ps(t) =
3
2
[
Vsd(t)× id(t) + Vsq(t)× iq(t)

]
(3)

Qs(t) =
3
2
[
−Vsd(t)× iq(t) + Vsq(t)× id(t)

]
(4)

With steady state compensator design of the Phase Locked Loop (PLL), the steady state real and
reactive power delivered to the AC system can be written in the d-q-frame as Equations (5) and (6):

Ps(t) =
3
2
× Vsd(t)× id(t) (5)

Qs(t) = −3
2
× Vsd(t)× iq(t) (6)

Therefore, Ps(t) and Qs(t) can be controlled by id and iq, respectively. Thus, the current references
in the d-q-frame are given as Equations (7) and (8):

id−re f (t) =
2

3Vsd
× Ps−re f (t) (7)

iq−re f (t) = − 2
3Vsd

× Qs−re f (t) (8)

where: Ps−re f : the reference active power. Qs−re f : the reference reactive power.
If the control system can provide fast reference tracking, that is, id ≈ id−re f and iq ≈ iq−re f , then

Ps(t) ≈ Ps−re f and Qs ≈ Qs−re f . As a result, Ps(t) and Qs(t) can be independently controlled by their
respective reference levels. The relationship between the DC side voltage and the VSC terminal AC
voltage is given in Equations (9) and (10):

Vtd(t) =
VDC

2
× md(t) (9)

Vtq(t) =
VDC

2
× mq(t) (10)

where: md and mq are, respectively, the d-q components of the modulating signals.
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Based on Equations (1) and (2), where id and iq are state variables, Vtd and Vtq are control inputs,
and Vsd and Vsq are disturbance inputs, the modulating signals in the d-q-frame, md and mq, can
be determined. Taking into account the relationship between the DC side voltage and the VSC AC
terminal voltage, md and mq are calculated from the following:

md =
2

VDC

(
ud − L × ω0 × iq + Vsd

)
(11)

mq =
2

VDC

(
uq + L × ω0 × id + Vsq

)
(12)

where: ud and uq are two new control inputs [40,41].
Figure 4 shows the control block diagram of a current-controlled VSC systems, where

kd(s) and kq(s) are the d-q-axis PI controllers, respectively.
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4. Control and Working Principle

In order to keep the circuit stable during islanded operation, the local active and reactive power
should be maintained at their optimal values [32]:

PO = 0.8473 × SG (13)

QO = 0.5081 × SG (14)

where SG is the induction generator VA rating.
The control scheme of the VSC system described above, with a battery ESS, was used to maintain

the system stability. The VSC is used to absorb/inject the difference in power between the SEIG and
the load, to ensure the optimal operation of the overall system.

In case of higher load power, the difference in power (dP) will be injected from the ESS as long as
the battery state of charge (SoC) is higher than its minimum limit of depth of discharge, otherwise
an ancillary generator will be used to supply the load. For the opposite scenario, if the load power
decreases below the optimal value, the VSC system will absorb the difference in power by charging the
battery until its SoC reaches the maximum level, at this point the difference in power will be dissipated
into a local dummy load. The minimum and maximum (SoC) of a battery depend on its type and
manufacturer. In this study, these values were set to be 30% and 99% respectively.

To achieve the method described above, three DC current paths were required and a logic
controller was needed to achieve the transition from one path to the other. Figure 5A shows
the logic controller designed for this purpose and Figure 5B shows the switch arrangement. For
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charging/discharging the ESS switch (S1) is used, dissipating the power in a dummy load occurs via
switch (S2) and supplying the power from an ancillary source uses switch (S3).Energies 2018, 11, x FOR PEER REVIEW  6 of 14 
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5. System Simulation

A Matlab/Simulink model was built to simulate the above described system and to conduct the
required study. The induction generator parameters are given below in Table 1.

Table 1. System parameters. SoC: state of charge.

Parameter Value

Rating, voltage, frequency SG = 2.3 KVA, V = 230 V, f = 50 Hz
Resistance (stator/rotor) Rs = 1.115 Ω, Rr = 1.083 Ω
Inductance (stator/rotor) Ls = Lr = 0.00597 H, Lm = 0.2037 H,

Inertia J = 2 × 10−4 kg·m2

Optimal active power PO = 0.8473 × SG = 1.949 KW
Optimal reactive power QO = 0.5081 × SG = 1.168 KVAr

Battery Max. SoC 99%
Battery Min. SoC 30%

Three scenarios were discussed in this study:

Scenario 1: variation of load’s active power, battery SoC within limits;
Scenario 2: changes in load’s active and reactive power, battery SoC reaches its maximum level;
Scenario 3: changes in load’s active and reactive power, battery SoC reaches its minimum level.

5.1. Scenario 1: Variation of Load’s Active Power

In this Scenario the load’s active power was changed to below and above the optimal value. First,
the load power decreases in three steps, 10% of its optimal value each time. Then the load power
consumption increases in three steps, 10% each time. The SEIG was disconnected from the main grid
at time t = 1 s. The duration of each of the 10% steps described above was set to be two seconds. In this
scenario, the battery SoC did not reach any of its limits, and therefore the battery was able to be charged
and discharged as a result of the load power variations. The change of load power is shown in Figure 6,
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which also illustrates the compensated power (P-VSC) to/from the ESS via the VSC. It was clear that
the SEIG output power was kept constant irrespective of the load variations. A positive polarity of the
VSC power indicates that power is absorbed from the micro-grid while a negative polarity indicates
that power is injected into the micro-grid to compensate for the load changes. Figure 7 shows that
both voltage magnitude and frequency are within their permissible values during the power variation,
which were ±10%, and ±1% for the frequency [38]. The SoC of the battery for this Scenario is shown
in Figure 8, it was obvious that the battery was charging/discharging according to the changes in the
load demand: note that the initial SoC was assumed to be 50%.
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5.2. Scenario 2: Increase of Load’s Active and Reactive Power

In this scenario, after the SEIG is disconnected from the main grid at t = 1 s, both the load’s active
and reactive power are increasing then decreasing in steps of 10% each time, and in time intervals of
three seconds per step. The first increase took place at t = 3 s. The battery SoC is assumed to be near its
minimum permissible level of 30% which is taken to be the limit of depth of discharge. Figure 9 shows
that the increase in load active power is compensated from the ESS though the VSC, while the SEIG
output active power remains constant. The same Scenario for the reactive power is shown in Figure 10.
The voltage magnitude and frequency are within their permissible limits as shown in Figure 11. As
shown in Figure 12, the battery discharging process stops at t = 11.1 s, when the battery SoC reaches
30%. At this point, as outlined in Figure 5B, the logic controller circuit will open switch (S1) and close
switch (S3) to provide the difference in power from the ancillary generator. The ancillary generator
output is shown in Figure 13, it operates until time t = 18 s, when there is no longer any need for power
exchange between the AC and DC converter sides.
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5.3. Scenario 3: Decrease of Load’s Active and Reactive Power

In this scenario, the load’s active and reactive power were decreased below their optimal values
and then regains its optimal original condition. However, here the active-reactive power variation
was assumed to take place alternatively to show the ability of the controller to optimize the power
flow. The active power change was similar to that of the Scenario 2, in both the step magnitude and
duration, but in the opposite direction. The reactive power, in contrast, changed in two steps of 10%
each. For the sake of this simulation, the maximum allowable battery SoC was set slightly lower than
its maximum level, at 99%, and the charging process stopped when it reached this point. Figure 14
shows that the difference in active power between the optimal and the actual load value is stored
in the battery via the VSC, while the optimal SEIG active output power remains constant. The same
situation for the reactive power is shown in Figure 15. As shown in Figure 16, the voltage magnitude
and frequency were within permitted values during these power variations. Figure 17 shows that the
battery charging process stops at t = 10.4 s, when the battery SoC reaches 99%. At this point the logic
controller will open switch (S1) and close switch (S2), to dissipate the difference in power into the
dummy load until t = 18 s (Figure 18), when there is no power exchange between the AC and DC sides
of the converter.
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6. Conclusions

The study, presented in this paper, illustrates the possibility for islanding the operation of
small-scale embedded generation (SSEG) based on a self-excited induction generator (SEIG) supported
by an energy storage system (ESS). The study showed the design of control principles to maintain
an SEIG’s active and reactive power at their optimal operating point. The difference between the
demand (load) power and the optimal values is exchanged with the battery energy storage via a
two-way voltage-source converter (VSC). The battery state of charge (SoC) is always monitored, and
the charging/discharging process will cease when the battery reaches the predetermined maximum
and minimum levels, respectively. A local dummy load and ancillary stand-by emergency generator
are used to dissipate and inject the required difference in power in either of these cases, respectively.
A Matlab/Simulink model has been simulated to achieve the described principle. The results show that
the voltage magnitude and frequency are within the permitted values for all the simulated scenarios.
With the aid of ESS, the SEIG maintains its optimum operation irrespective of the changes in the
load demand.
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