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Abstract: Microhydraulic turbines offer a promising solution for decentralized energy production,
suitable for both grid-connected and standalone applications, due to their compactness and high
efficiency. This paper introduces a control approach for such systems employing microhydraulic
turbines as distributed generators (DGs), utilizing six-phase induction generators for electricity
production. This study emphasizes control strategies for both grid-connected and standalone modes
utilizing proportional-integral (PI) controllers. An integrated energy storage system based on Li-Ion
battery technology is also implemented to store the excess energy and compensate for production
deficits to meet demand. The results obtained using MATLAB/Simulink demonstrate efficient and
reliable power management among production sources, the grid and the local load, highlighting the
unique contribution of employing a six-phase induction generator with the energy storage system.

Keywords: six-phase induction generator; fault tolerant; microhydraulic turbine; wind turbine;
energy storage; field-oriented control; grid-connected; standalone; bidirectional DC converter

1. Introduction

The increasing demand for electricity and challenges related to environmental sustain-
ability have prompted the exploration of innovative energy alternatives using renewable
energy sources [1] such as wind, solar, and hydroelectric power. In contrast to large-scale
installations which operate using flowing water, these stand out for their cost-effectiveness,
sustainability and environmental friendliness due to the absence of water reservoirs, mak-
ing them more ecologic [2]. They emerge as a promising solution for clean and reliable
electricity generation for grid-connected [3] and standalone [2] systems by harnessing the
power of small watercourses.

Associating renewable energy with energy storage mechanisms is essential to address
fluctuations in electricity demand, thereby ensuring a continuous and stable power supply
for grid-connected systems [4]. It is also of particular importance for standalone applica-
tions, distant from the utility grid, reducing their dependence on conventional and costly
energy sources with a reliable and sustainable supply.

The challenging conditions and difficult accessibility in which microhydraulic power
plants operate can increase maintenance costs. Therefore, the robustness, reliability and
efficiency of the generator used are crucial for ensuring reliable microhydraulic power
generation in harsh and remote off-grid areas. In this context, the most suitable type
of generator for microhydraulic applications is the induction machine, also known as
an induction generator. which is well suited for such environments [5,6]. Additionally,
the sustainability challenges of micro hydro power plants, as highlighted in the research,
emphasize the importance of proper design, construction, operation, and maintenance of
the generators to guarantee their efficiency and long-term viability [7]. In [8], the use of
regulated electrical machines, such as induction dual-power machines, in small hydropower
plants underscores their relevance and potential for addressing the maintenance and
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robustness concerns in microhydraulic power generation. In the case of construction,
using the classical three-phase induction machine is not electrical-fault-tolerant. One of
the solutions consists of using a real multiphase machine associated with a corresponding
converter [9].

Research studies have explored various configurations, including machines with
four [10], five [11,12], six [13,14], seven [15], nine [16], and eleven phases [17]. Among
these, machines with a number of phases that are multiples of three, such as the six-phase
machine, have garnered particular interest. This is because they can be constructed from
a conventional three-phase structure through simple rewinding [18], allowing them to
leverage existing three-phase converters in the market.

Six-phase machines can be configured with either a single neutral point or two neutral
points. In the case of a fault on one phase, the single neutral point configuration isolates
only the faulty phase, whereas the two neutral points configuration deactivates the entire
star of the affected phase. Six-phase machines are categorized into two types based on their
phase displacement: symmetric [19] and asymmetric [20]. In the asymmetric configuration,
where there is a 30◦ phase displacement between two phase groups, the torque ripple
is lower compared to the symmetric configuration, which has a 60◦ phase displacement
between phase groups.

Using a six-phase induction generator (6PIG) offers several advantages, including high-
power handling capability by dividing the required power between phases, reduced torque
pulsations, reduced stator copper losses, reduced rotor harmonic currents, and improved
reliability [21]. This type of machine is suitable for medium- to high-power electric drive
applications (20 KW–8 MW) and wind energy conversion systems [22]. In addition to the
aforementioned advantages, another one is that in case of failure in one to three phases, the
production still continues but the power is reduced and ripples appear. Theses ripples can
be responsible for the destruction of the structure of the generator. To extract maximum
power and to handle ripples in case of fault, several control strategies have been studied
in the literature, such as Indirect Rotor Flux Oriented Controller (IRFOC) [23,24], Fuzzy
Logic Controller (FLC) [25] and Variable Structure Controller (VSC) [26,27]. The control is
performed using the generator side converter of the back-to-back converter system used to
interface between the generator and the grid and the local load.

The microhydraulic system is a form of distributed generation (DG) [28] that is con-
nected to the grid through a voltage source inverter (VSI). Voltage source inverters are
commonly utilized as a power electronics interface to integrate renewable-energy-based
distributed generation systems with the grid and microgrids [29]. VSIs are employed to
convert DC power into AC power for supply to the grid [30] or the local load. With DG,
VSI can operate in either the grid-connected mode or in the standalone mode, making them
a reliable source of electrical power [31].

In grid-tied operation, DG delivers power to the utility and the local load. The ob-
jective of grid-connected renewable energy sources converters is to process power and
inject sinusoidal currents into the grid. This system, which directly supplies power to
the grid, is gaining popularity due to cost reductions [32]. To inject energy into the grid,
the total harmonic distortion (THD) of the output current is limited to less than 5%, as
defined by the IEEE standard 1547, to comply with the grid code and enhance the quality of
electricity circulating in the electrical system [33,34]. Filters have been studied and designed
to improve energy quality before grid injection, such as L, LC and LCL filters, which have
been extensively researched. According to [35], these filters must effectively attenuate
switching frequency harmonics while maintaining low impedance for the fundamental
component. The comparison indicates that while the output voltage waveform remains
consistent across filters, the LCL filter excels in distortion reduction and harmonic attenua-
tion compared to L and LC filters. However, it introduces resonance and ripple issues [35],
necessitating techniques like PI regulators based on dq models [36], active and passive
damping methods [37] and passivity-based control [38,39] to ensure system stability and
reduce independence between the filter and the grid impedance. Some studies have been
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conducted on grid-connected systems utilizing six-phase induction generators. In [40], a
proposal was put forward for a six-phase induction generator designed for a variable speed
wind energy conversion system.

In the standalone mode, DG disconnects from the grid but continues supplying
the local load. Due to the intermittent nature of renewable energies, an energy storage
system is necessary in standalone operation to balance the energy between the source
and the local load. This energy storage system is connected to the DC link trough a
bidirectional DC-DC converter (BDC). A self-excited six-phase induction generator for
standalone renewable energy generation is proposed in [41]. The reviewed studies on grid-
connected and standalone systems using six-phase induction generators do not address
energy storage systems, which are crucial for both operational modes. Thus, this paper
proposes a complete system with the energy storage system.

To produce electricity in a small-scale, a storage energy system is needed, whether it is
in grid-connected or standalone mode. It can store the excess energy when the generated
power is more than the required load power and restitute it when the power generated is
not sufficient. It also ensures the fluctuation of the power.

In this paper, the 24 kW, 230 V, 12 pairs of poles Squirrel Cage Six-Phase Induction
Generator (SC6PIG, Table A1) constructed in our laboratory is coupled with a gearbox to
simulate a wind turbine or microhydraulic turbine. The high number of poles reduces
the generator’s rated speed simplifying or eliminating the gearbox, which is prone to
mechanical faults, while enhancing resilience against electrical and mechanical issues. As
depicted in Figure 1, illustrating the overall system configuration, the generator is connected
to both the grid and a load to simulate operation in both grid-connected and standalone
modes. This system also incorporates an energy storage system. The components of the
system include the following:
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- A squirrel cage six-phase induction generator for power generation.
- A back-to-back converter linking the generator to the grid and/or local load to extract

and inject power via DC link. Two three-phase voltage source inverters (VSIs) are
employed to connect the six-phase induction generator, with the VSI on the grid-side
connected to the load and/or grid via an LCL filter.

- A lithium-ion battery connected to the DC link through a bidirectional DC-DC con-
verter.

The entire system described in this paper was modeled and simulated using MATLAB/
Simulink® Version: 23.2.0.2599560 (R2023b) Update 8 to assess its performance and reliability.
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Section 2 will focus on the modeling and control of the six-phase induction generator.
Grid-connected and standalone mode control schemes will be studied in Sections 3 and 4,
respectively. Section 5 will examine the storage system as a whole. Lastly, Section 6 will be
dedicated to the results and discussions, followed by the conclusion in Section 7.

2. Modeling and Control of a Six-Phase Induction Generator
2.1. Modeling

The squirrel cage six-phase induction generator (SC6PIG) is made up of a stator
composed of six identical windings electrically phase shifted by 60◦ and a rotor composed
of a metal bar and a short-circuit ring. The Figure 2 represents the stator of the SC6PIG.
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Figure 2. Six-phase stator windings.

Based on the main equations of voltage, torque, and rotor speed in the natural ref-
erence frame (aa’bb’cc’) [42], the studied model corresponds to a simplified version of
the equivalent interne circuit model [13,14,43]. The stator and rotor are represented by
resistances, self-inductances, and mutual inductances. The equations for stator and rotor
voltages are expressed as follows:

[Vs6] = [Rs6][Is6] +
d
dt

[ϕs] = [Rs6][Is6] + [Ls]
d
dt

[Is6] + [emfs] (1)

[Vr6] = [Rr6][Ir6] +
d
dt

[ϕr] = [Rr6][Ir6] + [Lr]
d
dt

[Ir6] + [emfr] (2)

[ϕs] = [Lsr]× [Ir6] + [Ls][Is6] (3)

[ϕr] = [Lsr]
T[Is6] + [Lr][Ir6] (4)

The stator and rotor voltages, currents, fluxes and resistances for the six stator and
rotor windings are provided as follows:

[Vs6] = [VsaVsbVscVsdVseVsf]
T

[Vr6] = [VraVrbVrcVrdVreVrf]
T

[ϕs6] = [ϕsaϕsbϕscϕsdϕseϕsf]
T

[ϕr6] = [ϕraϕrbϕrcϕrdϕreϕrf]
T

[Is6] = [IsaIsbIscIsdIseIsf]
T

[Ir6] = [IraIrbIrcIrdIreIrf]
T

[Rs6] = diag6(Rs)
[Rr6] = diag6(Rr)

The electromagnetic torque equation, depending on the stator and rotor currents, is
given by:

Te = p[Is6]
T ∂[Lsr]

∂θr
[Ir6] (5)

The relationship between the torque and the rotor speed is given by:

J
dΩr

dt
+ fΩr = Te + TL (6)
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2.2. Indirect Field-Oriented Control

The vector control of the induction machine, also known as field-oriented control
(FOC), involves decoupling between the rotor flux and the electromagnetic torque of the
generator in order to achieve the best dynamic performance offered by the control of
a separate excitation DC machine, where decoupling occurs naturally, as illustrated in
Figure 3.
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The control of the SC6PIG uses the equations in the dq rotating reference frame. To
obtain dq equations, we first employ the decoupling transformation T6 deducted from [44]
while keeping the same total powers under the transformation to the natural reference
frame. It is then transformed to the stationary reference frame (αβz1z2z3z4). With a
sinusoidal distribution for stator winding, only (αβ) components lead to fundamental flux
and torque production; the other components (z1z2z3z4) represent the stator losses, which
will not be analyzed in this paper and neglected.

[Vsαβ] = T6[Vs6] (7)

with

T6 =
1√
3



1 cos(θ) cos(2θ) cos(3θ) cos(2θ) cos(θ)
0 sin(θ) sin(2θ) −sin(3θ) −sin(θ2) −sin(θ)
1 cos(2θ) cos(4θ) cos(6θ) cos(4θ) cos(2θ)
0 sin(2θ) sin(4θ) −sin(6θ) −sin(4θ) −sin(2θ)
1√
2

1√
2

1√
2

1√
2

1√
2

1√
2

1√
2

− 1√
2

1√
2

− 1√
2

1√
2

− 1√
2


(8)

The rotating reference frame dq is obtain by applying the Park transformation T2 to
the stationary one. [

Vsdq

]
= T2[Vsαβ] (9)

with

T2 =

[
cos θs sin θs
− sin θs cos θs

]
(10)



Energies 2024, 17, 3581 6 of 22

The simplified equation in the dq reference frame for the control is given by:[
Vsd
Vsq

]
=

[
Rs 0
0 Rs

][
Isd
Isq

]
+

[
dϕsd

dt
dϕsq

dt

]
+

[
0 −ωs
ωs 0

][
ϕsd
ϕsq

]
(11)

With [
ϕsd
ϕsq

]
=

[
Ls 0
0 Ls

][
Isd
Isq

]
+

[
M 0
0 M

][
Ird
Isrq

]
(12)

The expression of electromagnetic torque in the dq rotating reference frame is as
follows:

Te = pM
(
ϕrdIsd −ϕrqIsd

)
(13)

The IRFOC method is realized by making the rotor flux follow only the d axis by
turning the dq reference to cancel the q axis.{

∅rd = ∅r
∅rq = 0

(14)

The implementation requires the estimation or computation of θS from the rotor speed
measure Ω and the pulsation of the slip ωsl [45].

θS =
∫

(ωr +ωsl)dt (15)

To ensure decoupling, we need to set up stator currents’ Isd and Isq regulation loops.Vsd = σLs
disd
dt +

(
Rs +

M2Rr

L2
r

)
isd −ωsσLsisq +

MRr
L2

r
∅rd

Vsq = σLs
disq
dt +

(
Rs +

M2Rr

L2
r

)
isq +ωsσLsisd + M

Lr
pΩ∅r

(16)

With the coefficient of dispersion σ = 1 − M2

LsLr
.

For the decoupled system, two new inputs (Vsd1, Vsq1) will be injected into the con-
trol [46]. {

Vsd1 = Vsd + femsd
Vsq1 = Vsq + femsq

(17)

The compensation terms femsd and femsq are used in the news control with opposites
sign to delete the coupling. {

femsd = ωsσLsisq +
MRr
L2

r
∅rd

femsq = −ωsσLsisd − M
Lr

pΩ∅r
(18)

The transfer function between the input and the output is finally given by:isd = L2
r

RsL2
r+RrM2+σLsL2

r S
Vsd1

isq = L2
r

RsL2
r+RrM2+σLsL2

r S
Vsq1

(19)

By analogy to a second-order system, we can deduce the proportional integral (PI)
regulator parameters: {

Ki = ω2
n × σLs

Kp = Ki

(
2ξ
ωn

− M2

LrTrKi
− Rs

Ki

) (20)
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3. Grid-Connected Control Scheme
3.1. Voltage Source Inverter for Grid-Connected and Standalone Mode

VSI is essential for both grid-connected and standalone system. It permits the extrac-
tion and the injection of the power to the grid and/or the local load.

In the grid-connected mode, the voltage and frequency are determined by the grid,
and the VSI operates as a current-controlled inverter. This means that within their nested
control loops systems, the inner loops manage current, while the outer loops handle active
and reactive power control or DC link voltage control [29].

In the standalone mode, the VSI is in charge for adjusting the voltage and frequency for
local load [47]. Because of the lack of the utility grid, the output voltage has to be controlled
in terms of magnitude and frequency. This means that, although the inner control loops in
their nested control loop system are current controllers, similar to grid-connected VSIs, the
outer loops are the output AC voltage controllers [29].

Several methods are studied for controlling the VSI for the both modes. In this paper,
the PI controller based on the dq reference frame is used. In this method, PI controllers are
used as regulators ensuring a zero steady-state [29].

3.2. DC Link Control

The DC link is a component of the energy conversion system that allows to maintain
the constant continuous voltage to supply others electrics components within the con-
version chain. The DC bus control is essential in energy storage system and grid energy
injection applications since it permits to guarantee the supply stability and energy conver-
sion efficiency and also realize the active power flux transfer drawn from the generator to
the grid. The equation of the DC link voltage is given by:

dVdc
dt

=
1

Cdc

(
Idc −

Vdc
Rdc

)
(21)

Vdc, Cdc and Rdc are, respectively the DC link voltage, capacitor and resistor.
For the control, we use voltage regulator such as PI that adjust the control of supply

converters for compensate load variation or voltage in generator side at the converter
output. The transfer function of the DC bus is:

Gdc(s) =
1

sCdc
(22)

The closed loop transfer function is:

T(s) =
kps + ki

Cdcs2 + kps + ki
(23)

The regulator parameters are determined by analogy between the DC bus and the
quadratic transfer function. PI regulator parameters are found by these equations:{

ki = ω2
nCdc

kp = 2ξωnCdc
(24)

3.3. Grid Currents Control

Some scientific studies have analyzed systems connected to single-phase [32,48] and
three-phase electrical grids [49,50]. Single-phase grids, commonly used in residential and
small business applications are studied for their energy efficiency, load management and
integration of renewable energy sources. Three-phase grids favored in industrial and
commercial contexts are the focus of research on optimizing energy distribution, reducing
electrical losses, and improving grid stability. These studies highlight the specific challenges
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and opportunities for each type of grid in the context of energy transition and sustainable
development. Our study will focus on the connection to three-phase electrical grids.

The third-order filter chosen for our study provides better harmonic attenuation. This
improves the quality of the energy transiting through the utility grid to comply with current
standards. The figure below depicts a schematic of one phase of the LCL filter.

Based on Figure 4, the Kirchhoff’s Voltage Law permits to write the expressions in
inverter and grid side for one phase that is given by:{

L1
dI1(t)

dt + R1I1(t) = Vc − Vinv

L2
dI2(t)

dt + R2I2(t) = Vgrid − Vc
(25)
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The Node rule permits to write the relationship between currents:

C
dVc(t)

dt
= I1(t)− I2(t) (26)

By applying park transformation denoted T,

T =

√
2
3


cos θ cos

(
θ− 2π

3
)

cos
(
θ− 4π

3

)
− sin θ − sin

(
θ− 2π

3
)

− sin
(
θ− 4π

3

)
1√
2

1√
2

1√
2

 (27)

the LCL filter model in the dq rotating reference frame is as follows:

dI1d
dt = ωI1q − R1

L1
I1d + 1

L1
Vinvd −

1
L1

Vcd
dI1q
dt = −ωI1d − R1

L1
I1q +

1
L1

Vinvq − 1
L1

Vcq
dI2d
dt = ωI2q − R2

L2
I2d − 1

L2
Vcd + 1

L2
Vgridd

dI2q
dt = −ωI2d − R2

L2
I2q − 1

L2
Vcq +

1
L2

Vgridq
dVcd

dt = ωVcq +
1
C I1d − 1

C I2d
dVcq

dt = −ωVcd + 1
C I2d − 1

C I2q

(28)

The dq model obtained allows to set up the currents control with PI regulator. In high
frequency, the capacity is having like a wire and the voltage is closed to zero. By neglecting
the capacity, we have: {

Vgridd = −Vinvd − dId
dt − RId + LωIq

Vgridq = −Vinvq −
dIq
dt − RIq − LωId

(29)

With = L1 + L2, R = R1 + R2.
Assuming the above equations, we can write:Vgridd_ref = −

(
KP + KI

s

)
(Idref − Id) + LωIq + Vgridd

Vgridq_ref = −
(

KP + KI
s

)(
Iqref − Iq

)
− LωId + Vgridq

(30)
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With 
(

KP + KI
s

)
(Idref − Id) = L dId

dt + RId(
KP + KI

s

)(
Iqref − Iq

)
= L dIq

dt + RIq
(31)

The equations in the dq rotating reference frame introduce cross-coupling between the
d and q axes, which deteriorates the control system performance. For this grid-connected
VSI, a decoupling technique in the d and q axes’ currents’ control loops is required. This
technique helps to suppress the sensitivity to the load changes, enhances disturbance
rejection capability, and improves the output current THD in the presence of non-linear
loads [23].

3.4. Active and Reactive Power Control

With the dq rotating reference frame, Vgridd becomes constant and corresponds to the
grid’s rated voltage and Vgridq becomes zero. The active power is controlled by the d axis’
current reference signal determined by the output of Vdc as follows [51]:

Pdc∗ = Vdc × Idref (32)

The active power delivered to the grid is:

Pgrid∗ = Pdc∗ + Pinv + Pf (33)

where Pf is filter power absorbed by resistances and Pinv is the loss power owing to the
condition and commutation. By neglecting the loss powers, we have:

Pgrid∗ = Pdc∗ (34)

Then, Idref∗ is obtained by:

Idref∗ =
VdcIc

Vgrid
(35)

The reactive power is controlled by setting the quadratic current reference Iqref to zero,
because only active power must be injected to the grid. Thereby, we have to set up:

Iqref = 0 (36)

The active and reactive power of the grid can be determined by:{
P = VdId + VqIq
Q = VqId − VdIq

(37)

3.5. Grid Synchronization

To connect a system to a three-phase electrical grid utility via an inverter, it is essential
that the inverter output voltage be synchronized with that of the grid. This involves the
frequency and the phase of the output voltage of the inverter corresponding to those of
the grid. Several methods are used in the literature. The method used in this paper is a
phase-locked loop (PLL), which generates an output signal that synchronizes the input
signal in phase and frequency using regulation loop. The synchronization process is carried
out in real time, which causes the loop to work constantly.

The control system in the grid-connected mode is shown in the following Figure 5.
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4. Control Scheme for Standalone Mode

Standalone systems have been extensively studied in the literature [29,52]. These
systems, which operate independently of the main electrical grid, are particularly relevant
in remote or rural areas where access to the grid is limited or nonexistent. Research
on standalone systems focuses on several aspects to improve their efficiency, including
optimization of renewable energy sources, energy storage management, energy efficiency
and load management.

Based on the aforementioned Figure 4, the Kirchhoff’s Voltage Law and the Node rule
allow us to write the following formula:

L
dI(t)

dt
+ RI(t) = Vi − VL (38)

C
dVc(t)

dt
= Ii − Io (39)

In applying Park transformation, the filter model in the dq rotating reference frame
becomes:

L
d
dt

[
ILd
ILq

]
=

[
−R ωL
−ωL R

][
ILd
ILq

]
+

[
Vid − Vcd
Viq − Vcq

]
(40)

C
d
dt

[
Vcd
Vcq

]
=

[
CωVcd
−CωVcq

]
+

[
ILd − Iod
ILq − Ioq

]
(41)

with Laplace transformation, we have:[
ILd
ILq

]
=

1
LS + R

([
Vid − Vcd
Viq − Vcq

]
+

[
ωLILq
ωLILd

])
(42)

[
Vcd
Vcq

]
=

1
CS

([
CωVcd
−CωVcq

]
+

[
ILd − Iod
ILq − Ioq

])
(43)

In grid-connected operation and in standalone VSI, cross-coupling exists in both
current and voltage control loops. In [47], a damp resistor controller is used to dissipate
excess power during fault or over generation. For improving the dynamic performance
of the controller in this work, the cross couplings terms are nullified by the decoupled
network with feed-forward signals Vcd and Vcq. The VSI must maintain an output voltage
with low Total Harmonic Distortions (THD) for all types of loads. The THD level should
comply with the IEEE standard 1547, which sets a limit of 5% [53].

Figure 6 illustrates the control system in standalone mode used in this paper.
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5. Energy Storage System

The energy storage system is essential for integrating renewable energies, addressing
the intermittent and less predictable nature of sources. An energy storage system serves
various purposes:

(1) For isolated locations, it ensures autonomy by building up an energy reserve during
periods of excess production and releasing it when production temporarily falls short
or stops. It means that it ensures the balance of energy between the source and the
local load [53].

(2) For grid-connected systems, it maintains a real-time balance between production and
consumption, improves the stability and reliability of the grid, and promotes a more
efficient use of renewable energies, reducing dependence on fossil fuels and associated
greenhouse gas emissions from electricity production using polluting energy sources.

Several storage technics are used in the literature, including a battery storage system,
which store energy in the form of chemical energy and release it in the form of electrical
energy by oxidation and reduction of their materials. The battery storage system is preferred
over other storage technics or devices due to its performance and significantly higher
energy density [53]. Assuming all the various types of battery storage system studied in
the literature, lithium-ion technology is one of the best compromises in terms of energy
density, energy efficiency (between 95% and 99%), duty life, low self-discharge, very low
memory effect and high flexibility, as well as in terms of energy/power ratio.

Bidirectional DC/DC Converter Control

The growing demand for generating power from renewable energy sources has made
energy storage and the integration of energy storage devices with the grid a significant
challenge. A bidirectional DC-DC converter (BDC) provides the required bidirectional
power flow for battery charging and discharging [54]. It is based on the power demand
of the local load and the microturbine, employing a six-phase induction generator input.
Bidirectional DC-DC converters are of two types: non-isolated and isolated topologies. The
transformer-less, non-isolated topology is simple and has a reduced number of components
with more efficiency than isolated BDC [55].

The BDC is constituted of IGBT (Qi) in parallel with a diode Di (i = 1–2), as shown in
Figure 7.

When transistor Q2 and diode D1 are switched ON, the bidirectional converter (BDC)
functions as a boost converter, supplying power to the local load in a discharging or injecting
mode. Conversely, when transistor Q1 and diode D2 are switched ON, the BDC operates
as a buck converter, injecting power into the battery during a charging or harvesting mode.
This means that the BDC is used to increase the output voltage when there is high demand
from the local load, while it functions in buck mode to protect the battery by providing
optimal charging voltage [55].
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Several studies have focused on voltage and/or current regulation for BDCs. In these
studies, a proportional-integral (PI) control strategy is employed to track the reference
voltage or current of the bidirectional converter. An inner current loop is utilized to stabilize
battery current against any system fluctuations in both grid-connected and standalone
modes. In standalone mode, an outer voltage loop also regulates the DC link voltage,
maintaining it at a constant value as a reference while managing charge/discharge currents
to/from the battery bank based on the required local load power [56].

The DC link voltage Vdc is sensed and compared with a reference voltage Vdcref. The
error signal is then processed with a PI controller to generate the reference of battery current
Ibatref. Ibatref is compared with the sensed battery current Ibat and the resulting error is
passed through the second PI controller. This generates the control modulation signal for
pulse width modulation (PWM), as depicted in Figure 8. To ensure the modulation signal
remains within the range of ±1, a saturation block is employed.

Energies 2024, 17, x FOR PEER REVIEW 13 of 23 
 

 

error is passed through the second PI controller. This generates the control modulation 
signal for pulse width modulation (PWM), as depicted in Figure 8. To ensure the modu-
lation signal remains within the range of ±1, a saturation block is employed. 

 
Figure 8. Bidirectional DC converter control. 

6. Results and Interpretation 
As the test bench does not include all the required elements, such as the storage sys-

tem, only the experimental results from the six-phase induction generator side will be 
presented in this paper and compared to those from the simulation. Therefore, only the 
simulation results will be discussed in the remainder of this study. The experimental re-
sults will be addressed in another article, pending the receipt of the missing equipment. 

Figure 9 depicts the currents of the six phases of the induction generator both in sim-
ulation (a) and experimentation (b) for several distinct levels of stator currents references. 

  
(a) (b) 

Figure 9. (a) Simulation result of the generator stator currents, (b) experimental result of the gener-
ator stator currents. 

Figure 10a,b represents, respectively, the direct and quadratic currents of the six-
phase induction generator both in simulation and experimentation, while Figure 11a,b 
depicts the simulated and experimental electromagnetic power delivered by the induction 
generator. 

C
ur

re
nt

s 
[A

]

C
ur

re
nt

s 
[A

]
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6. Results and Interpretation

As the test bench does not include all the required elements, such as the storage system,
only the experimental results from the six-phase induction generator side will be presented
in this paper and compared to those from the simulation. Therefore, only the simulation
results will be discussed in the remainder of this study. The experimental results will be
addressed in another article, pending the receipt of the missing equipment.

Figure 9 depicts the currents of the six phases of the induction generator both in simu-
lation (a) and experimentation (b) for several distinct levels of stator currents references.

Figure 10a,b represents, respectively, the direct and quadratic currents of the six-phase
induction generator both in simulation and experimentation, while Figure 11a,b depicts the
simulated and experimental electromagnetic power delivered by the induction generator.

Figures 9–11 show that the model of the six-phase induction generator associated with
the control used for simulation is realistic since the experimental and simulation results are
very close.
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Figure 9. (a) Simulation result of the generator stator currents, (b) experimental result of the generator
stator currents.
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Figure 10. Direct and quadratic current: (a) simulation and (b) experimentation.
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Figure 11. Electromagnetic power: (a) simulation and (b) experimentation.

6.1. Results in Grid-Connected Mode
6.1.1. Without Local Load

In this section, the grid-connected system operates without any load. The aim is to
demonstrate the effectiveness and efficiency of managing flow transfers such as injection
into the grid or storage in the battery, as shown by the results below.

In this scenario of Figure 12, from 0 to 2.5 s, only the battery supplies energy to the
grid (magenta color). During this period, the generator flux is expected to reach its nominal
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value. The generator is loaded at −500 N·m at t = 2.5 s (green color), resulting in an
increase in the power injected into the grid (blue color). The battery supply is interrupted at
3.5 s. At 5 s, the contribution of the generator, loaded at −1000 N·m, increases, and some of
the generated energy is used to recharge the battery. Throughout the scenario, the reactive
power of the grid (red color) is maintained at 0.
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Figure 12. Active and reactive power of the generator, battery and the grid.

Figure 13 represents the currents on the inverter side (Figure 13a) and the grid side
(Figure 13b). In this scenario, the magnitudes of the currents are nearly the same. The
only point of difference is the quality of the currents. Those from the inverter contain
harmonics due to the switching of the switches (semiconductors). Owing to the LCL filter,
those from the grid are significantly cleaner and comply with grid standards. In Figure 14,
it is noticeable that the total harmonic distortion (THD) of the grid current (Figure 14b) is
significantly lower than 5%, which complies with the standards of the electrical grid. This
is attributed to the LCL filter.
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Figure 13. (a) Inverter currents. (b) Grid currents.

6.1.2. With Local Load

As in the previous section, the grid-connected system now supplies a local load. In
this scenario, a 10 KW load is added (cyan color). Initially, between 0 and 2 s, no energy is
supplied by the generator or the battery; so, all the energy required for the local load comes
from the grid (indicated in blue). At t = 2 s, the storage system (magenta color) begins to
power the local load. By charging the generator (green color) at t = 3 s, there is enough
energy to supply the load, and the surplus is fed back into the grid. At 5 s, the battery
supply is discontinued, and the generator supply is increased, with still sufficient energy
for the local load and surplus fed back into the grid. One second later, grid injection is
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stopped, and the surplus is used to charge the battery. Contrary to the scenario without the
local load, where the reactive power (red color) of the grid is zero, here, it has a fixed value
corresponding to the reactive power of the local load (yellow color) due to disturbances
related to the LCL filter (Figure 15).
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Figure 14. The harmonic distortion rate in grid-connected mode without load of (a) inverter currents
and (b) grid currents.
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Figure 15. Active and reactive power of the generator, the battery, the grid and the local load.

Figure 16 represents the currents on the inverter side (Figure 16a) and the grid side
(Figure 16b). In contrast to the previous scenario, the two currents are not identical due to
the load, which can draw energy from sources such as the six-phase induction generator
and the battery, or from the grid in case of production shortfall. It should be noted that in
the event of abundant production, the surplus is injected into the grid or used to charge the
battery. In Figure 17, despite the presence of the local load, the grid-side current has a total
harmonic distortion (THD) of less than 5%.

Since the load remains constant throughout the simulation, the current also remains
constant, as shown in Figure 18.

6.2. Standalone Mode Results

In this section, the system operates in standalone mode, meaning without a grid utility
connection. Power sources such as the six-phase induction generator and battery directly
and exclusively supply the local load. In an autonomous system, there is no grid; so, the
voltage magnitude and frequency are generated by the inverter. In this scenario shown in
Figure 19, if the generator output (green color) is lower than what the load requires (cyan
color), the deficit is drawn from the battery (magenta color). Similarly, if it exceeds the
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load’s requirements, the surplus is used to charge the battery. Initially set at 7 kW, the local
load is increased to 10 KW at t = 5 s.
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Figure 18. (a) Load voltage. (b) Load currents.

Despite the absence of the grid utility, it can be noted that the voltage of the local load
is perfectly controlled at a peak magnitude of 400 V (as shown in Figure 20a). As the local
load is not constant, the current follows the trends of its evolution shown in Figure 20b.
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7. Conclusions

In conclusion, this study demonstrates the feasibility and effectiveness of utilizing
microhydraulic turbines as distributed generators coupled with six-phase induction gen-
erators for decentralized energy production, complemented by an energy storage system
using Li-Ion batteries. The proposed control strategies employing proportional-integral (PI)
controllers effectively manage energy production in both grid-connected and standalone
modes. The integration of the Li-Ion battery energy storage system enhances system reli-
ability by mitigating production deficits and storing excess energy. MATLAB/Simulink
simulations underscored efficient coordination among production sources, the grid, and
local loads.

The next challenge identified in this study is to develop a control strategy that inte-
grates reactive power compensation to limit reactive power injection into the grid, particu-
larly during disturbances associated with adding loads to the LCL filter. Subsequently, a
unified control strategy encompassing both grid-connected and autonomous modes will be
explored, incorporating an energy management algorithm.
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Appendix A

SC6PIG Squirrel Cage Six-Phase Induction Generator
BDC Bidirectional DC-DC converter
PLL Phase locked loop
DG Distributed generator
IGBT Isolate gate bipolar transistor
FOC Field-oriented control
VSI Voltage source inverter
THD Total harmonic distortion
PI Proportional integral
FLC Fuzzy logic controller

Appendix B

Table A1. Rated parameters of the SC6PIG.

Parameter Value Unit

Rated Power 24 Kw
Rated Torque 2350 Nm
Rated Voltage 230 V
Rated Speed 119 Rpm
Rated Current 32.3 A
Frequency 25 Hz
Number of pole pairs 12 -
Stator Resistance Rs 0.262 Ω
Rotor Resistance Rr 0.64 Ω
Stator Inductance Ls 0.0827 H
Rotor Inductance Lr 0.0813 H
Mutual Inductance M 0.0789 H
Friction Coefficient 21.39 Nm/rad/s
Inertia Coefficient 704 Kg·m2

Table A2. Rated parameters of the battery (Li-Ion).

Parameter Value Unit

Total energy capacity 9.8 kWh@25 ◦C (77 ◦F), 100% SOC -

Battery capacity 63 Ah

Voltage range
Charge (468 to 550 Vdc) V

Discharge (430 to 507 Vdc) V

Current range
Charge (10.7 A@467 V) A

Discharge (11.7 A@427 V) A

Table A3. Rated parameters of the grid’s side components.

Parameter Value Unit

DC bus voltage 650 V
Filter resistors (R1 & R2) 0.2 Ω
Filter inductance (L1 & L2) 1500 & 750 µH
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Table A3. Cont.

Parameter Value Unit

Filter capacitors 10 µf
Grid voltage 400 V
Frequency 50 Hz

Appendix C

Table A4. PIC parameters in FOC.

Parameters Value

Proportional gain Ki 1383
Proportional gain kp 5.5

Table A5. PIC parameters in grid-connected system.

Parameters Value

Proportional gain Ki (Idq) 100
Proportional gain kp (Idq) 2.5
Proportional gain Ki (Vdc) 5
Proportional gain kp (Vdc) 0.5
Proportional gain Ki (Ibat) 25
Proportional gain kp (Ibat) 0.001

Table A6. PIC parameters in standalone system.

Parameters Value

Proportional gain Ki (Idq) 100
Proportional gain kp (Idq) 0.001
Proportional gain Ki (Vdq) 0.1
Proportional gain kp (Vdq) 10
Proportional gain Ki (Vdc) 100
Proportional gain kp (Vdc) 0.01
Proportional gain Ki (Ibat) 25
Proportional gain kp (Ibat) 0.01
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