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ABSTRACT The increasing global demand for energy has popularized wind and solar photovoltaics, yet
their reliance on climate conditions necessitates energy storage solutions like batteries or hydroelectric
reservoirs. While large hydro projects face high costs and stringent regulations, hydro microgeneration
systems offer a cost-effective alternative with reduced environmental impact. This paper introduces a
microgrid design incorporating three converters combining solar PV and hydro sources, meeting grid
standards. It presents the system’s design, control methods, and validation through hardware-in-the-loop
testing. The proposed Hydro-PV microgeneration system outperforms standard systems, especially during
rainy periods, by ensuring off-grid operation without the need for additional batteries due to its dispatchable
characteristics. This innovative approach enhances sustainability, efficiency, and grid compatibility while
optimally utilizing both hydro and photovoltaic resources. Furthermore, the average model developed in
the paper can be used to compare this method’s benefits regarding battery storage in different regions.
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I. INTRODUCTION
Recent energy reports emphasize a significant increase in
renewable energy investments, reaching approximately 85%
of total electricity generation investments globally [1[]. How-
ever, the integration of intermittent renewable sources, like
wind and solar, poses challenges due to fluctuating energy
output. Then, despite this surge, many countries still heavily
rely on fossil fuels for power generation. To address this,
additional Energy Storage Systems (ESS) such as batteries,
hydrogen tech, or hydro reservoirs are crucial [2]], [3].
Hybrid systems merging hydro and photovoltaic sources
have been proposed, utilizing their complementary nature
to ensure stable annual energy generation [4f]. Furthermore,
advancements in floating PV systems near water bodies have
shown improved efficiency [5]]. Moreover, optimizing control
strategies for reservoir levels in large Hydro-PV systems
enhances generation efficiency by storing excess energy for
subsequent use [|6]. These integrated systems hold signifi-
cant potential for rural electrification initiatives, offering a
spectrum of control strategies and configurations to ensure
both technical robustness and economic viability [[7]-[13].
In hydro-microgeneration systems, converters are often
used instead of governor turbines for regulating voltage and
frequency, particularly in areas with limited stream-flow and
low power. This approach proves advantageous in areas
where the expense of distribution lines outweighs that of
operating a microgeneration system closes to consumption
centers [[14]-[[17].

In this context, distributed generation (DG) systems are
more efficient compared to centralized systems, which have
high transmission losses and environmental concerns as-
sociated with the implementation of large power plants,
among other issues. Adding renewable energy sources near
consumer units, integrating loads into a common dc bus,
and employing robust and stable controls are all related
to the concept of dc microgrids. These integrate with the
existing power grid as a single point, or they can operate
autonomously, disconnected from the grid [18].

This paper introduces a hybrid microgeneration system
that operates as a dc microgrid, integrating small stream-flow
hydroelectric generation with PV and energy storage for con-
tinuous energy availability, achieved through the proposed
reservoir control. The paper focuses on modeling the primary
sources (hydro and PV), designing converter elements and
controls, presenting simulation results, and conducting real-
time hardware-in-the-loop testing. The aim is to provide a
comprehensive understanding of the system’s functionality
and performance, establishing a baseline average model to
guide future applications.

The paper is organized as follows: Section II presents the
proposed system, including the modeling of primary sources
and the design of the Hydro-PV system and reservoir.
Section III details the design of the converter elements and
control strategies. Section IV showcases real-time hardware-
in-the-loop simulation results to verify the system’s per-
formance, along with an average model block diagram to
facilitate reproducibility of the analysis.
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FIGURE 2. lllustration of the hybrid micropower system: (a) standard; (b) proposed.

Il. PROPOSED SYSTEM

Power systems traditionally connect energy sources directly
to the electrical grid based on weather or hydro conditions,
as shown in Fig. [] (a). In cases with limited or fluctuating
hydropower (microgeneration), converters are necessary for
improved efficiency due to hydro system speed/flow varia-
tions, that is depicted at Fig. [I] (b).

The topology shown in Fig. [T] (c) was applied in the
proposed system, in which integrates both sources onto the
same dc bus, well-known as dc microgrid , allowing
the Hydro-PV system’s higher generation levels in variable
climatic conditions. This system uses a single inverter for
both, the PV system and hydropower, maintaining consistent
power output near the PV rated power system. It means that
the inverter is the same used just in PV generation, avoiding
additional inverters costs. Additionally, it takes advantage of
the reservoir area for PV modules placement.

Fig. [2| shows that the proposed system’s affected area
is similar to that of the standard system, thus mitigating
the usual environmental impact of hydropower reservoirs.
However, a major drawback is the reservoir cost, which
varies with geographic region characteristics and is difficult
to evaluate. This cost should be weighed against the cost
and sustainability of a battery energy storage system (BESS).
Therefore, the geographic region characteristics could define,
which one would be better.

For designing and simulating converters in the proposed
system, understanding and modeling primary sources is
essential. Parameters like water fall (Hy), stream flow (Q,.),
irradiance (Ip), and ambient temperature (1) are key input
data, to be converted to electrical data for simulation.

A. Hydro-system
For hydropower, the maximum power generated is defined by

Pny=p-g-Ho-Qr-n, (D

where p is the water density and g the gravity constant, 7
represents the efficiency of the system. In hydro microgen-
eration, the losses in the pipeline (h;) reduce the potential
energy and consequently the water potential is defined by
the effective height (H.) presented by

H, = Hy — hy. )

The parameter h; is influenced by pipeline characteristics
like length (I,), diameter (d,), and friction factor (f,). The
hydro characteristics are crucial for selecting an ideal hydro
turbine. As Pelton turbines are more efficient with higher
head due to stored potential energy in a small area, it was
defined to be used. The power generated by this turbine
(Ppyrp) 1s defined as

3

that is related to the speed of the water jet (c;) at the
injection nozzle, that depends on its loss coefficient K, and
turbocharged flow (Q.), presented as

c1=Kn,-\2-g-H., Qc=c,-m-d>/4. (&)

The diameter of the injection nozzle d, determines the
power provided by the turbine P, and the flow Q.
demanded. Where it is possible to obtain the maximum
power or operating point according to the variation of nozzle
diameter, as shown in Fig. [3] By the definition of mass
conservation, it is possible to relate the turbocharged flow

Piyry =p - Q. - C%/Q = Weurb * Tmees
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FIGURE 3. Waveforms of: (a) flow speed vs nozzle diameter; (b) flow rate and power vs nozzle diameter; (c) efficiency vs ratio speed.

to the nozzle and pipeline speeds (c1, ¢,), and diameters
(dy, dg) by relation

Cq = C1* (dn/da)Q; (5)

whose variation is shown in Fig. |3| (a). Frictional losses
influence power variation with flow increase, reaching a
maximum power point due to increased losses, reducing jet
speed and power shown in Fig. [3| (b).

To define the genset to be used in hydro generation, it
is necessary to obtain the electric relation with the speed
(Wtury) and torque (77,..) available at the turbine shaft to
feed the machine. Then, the generator current reference is

obtained,

2 2 Trec

3 N, poles wpkm’

where the number of poles (/V,4;cs) and concatenated mag-

netic flux (¥prm) of a permanent magnet synchronous ma-

chine (PMSM) are necessary. The T;,.. is obtained from

the point of maximum efficiency as illustrated in Fig. 3] (c)

which is related with (3)) and the ratio speed v, presented as
U= —

; (7N
C1

in which U is the tangential speed of the turbine rotor, related
with the generator speed. Thus, defining the maximum effi-
ciency of the turbine and consequently the reference torque
only with the jet speed and turbine data. Fig. [3| (c) also
illustrates as example of the reduction in the efficiency of
hydroelectric plants with the reduction of power [[19].

ref _
Zq =

(6)

B. PV-system
In photovoltaic solar energy, by knowing the latitude and
climatic characteristics of the region, such as the luminosity
(Ky) and diffuse (K4) index, it is possible to estimate the
annual photovoltaic power variation through the geometric
relationships sun-earth-module [20].

The incident irradiance on the module (I5g) is related to
the place’s direct (Ipg), diffuse (Ipr), and global (Igx)
irradiance by means of:

Igo = Ipre + IDpro, (8)
IDF9 = IDF(}/G sm(@g) + COS(Qﬁ)), (9)
Ipre = Iprcos(f.), (10)

Ipr =Igy — Ipr, Ipr =IguKa, Igu = IpK;. (11)
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In which the irradiances with the subscript 6 are related
to the module tilt angle (0g) and its azimuth (6,,). The
parameter (Yy) represents a diffuse condition related to the
zenith angle (0,). The local rated irradiance (/y) changes
throughout the year as follows

Is. (1 4+ 0.33 cos(day/365))
AM ’
where I, is the solar constant, and AM the air mass,
1
sin(f,) + 0.50572(6.07995 + 0, ) —1-6364”

that is related to the solar incident angle (6,), which is
defined by the place’s latitude. The values of 6,, as well
as the irradiances, change throughout the hours and days.

Currently, meteorological laboratories’ reports provide
data of irradiances and ambient temperature (7). Thus, it
is possible to estimate /¢ using an analytical approach (8)
or direct real data [21]], and then determine the module’s
temperature 1},

Ip=

12)

AM =

13)

Tref — 20
800
Those are the data needed to obtain the value of available

power at the output of the module (F,,) defined by

Tp'u =To+ Ige- (14)

I
PpU = IEZC ’ P;eafw[l + APmaz * (TPU - TTef)L (15)
Go

that follow: module’s maximum power temperature coeffi-
cient (@ pymqq); module’s irradiance and temperature refer-
ence (7, éegf , T7¢f); and maximum power PV system refer-
ence (Pref).

The sizing of the photovoltaic system is based on the PV
module’s maximum power (Pn]l]aOzCT), as well as voltage,
and current at the maximum power point (Vpmyp, ipmp)- The
system’s voltage and power reference (v;fJf , pgf)f ) are project
parameters. This criterion was used to obtain the number
of modules in series (Nyp,) and parallel (Npp,) defined

respectively by
v
N, spv — 3 N, ppv .

Upmp
Subsequently, the reference maximum power of the system
is obtained,

ref

pv i Jope!

Lpmp

(16)

P;aeafx = anVaOgcCT ) Nspv : Nppv- a7
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175 = 800w/m?;, 17 = 47°C. (18)

The Ig%f and T7¢f values were defined under normal
operating conditions, also known as normal operating cell
temperature condition (NOCT). In which are manufacture’s
data parameters [20]. Fig. ] represents the variation of the
photovoltaic power generated according to the year in the
west of Santa Catarina state (Brazil), defined by @]) in func-
tion of (T4) and (8). These can also be validated according
to meteorological laboratories, due to climatic variations and
rain precipitation stochastic characteristics [21]-[23]].
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FIGURE 4. Power PV variation during the year (26235’S 52231’W).

C. Reservoir design methodology

The analytical result presented in Flg [ was used to sizing
the area of the reservoir. Where Atpu represent the average
amount of time that the demand is supplied by photovoltaic
energy. The night period, time during which the demand
is met by hydropower, was presented as At;();). These
parameters were used to calculate the reservoir area (A;) by
defining an operation level (Ah) and with the stream flow
(@) to get the maximum limit to fill the reservoir during
the day according to

AT < QT AL

pv 19)
and with turbocharged (Q.) to get the minimum limit to meet
the load at night according to

L Qe B Qr

Aml’ﬂ/
" T Ah

The reservoir area was obtained through the average value
from (T9) and (20), and the same method was used for
the dynamic model of the reservoir, which represents the
variation of the reservoir level (Ah) during the operating
time (At) by means of

Ah _ Qr — Qe
A A 2n
Fig. [ shown a comparative between hydrological sce-
narios, altering area based on height and stream flow for
the same power, to show that high height’s affected area is
similar to photovoltaic systems. Although low-head systems
are unsuitable for Pelton turbines, the picture emphasizes
that the proposed benefits are only achievable with high
head conditions. Even with Francis or Kaplan turbines, the
required area would be significantly larger compared to that
of a PV system, compromising the intended sustainability
due to the increased environmental affected area.

At (20)

[ ]
Hy = 75,00m
0, = 0,020m%s
A = 172m?

FIGURE 5. Comparison of affected area in PV and Hydro system with
10 kW power system: (a) low-height; (b) medium-height; (c) high-height.

lll. CONVERTERS AND CONTROLS

The complete power circuit of the proposed system is
presented in Fig. [f] and the data obtained in the design of
the components and main parameters used in the system
are presented in Table [T} The proposed system uses three
converters, i.e, a boost converter, an active rectifier and an
inverter. The design of its components followed well-known
methodologies in the literature and industry [24]], [25].

A. Converters parameters

The boost converter for photovoltaic solar generation is

responsible for tracking maximum power and suitability

with the bus voltage. Its main component, the inductor, is

designed according to

va -D Boost
The active rectifier is connected to the hydro generation to

adapt the ac generator output voltage to the dc bus voltage

level, whose inductor and bus capacitor follow

LBoost = (22)

Vi - V2 3 Vi V2
Ly =—2"=.(1—-=2.2 "= 2
Ret fs.:i( > ) @
2P0thu
c= T e 24
Cd V V2 ()

Finally, the inverter for grid connection was designed to
respect the values of power factor (PF) and total harmonic
distortion (THD) defined by grid codes and standards such
as IEC 61000-3-12. Then, an LCL filter was used to reduce

Grid
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FIGURE 6. Proposed power and control circuit.
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TABLE 1. Converter parameters [20]

Symbol Description Value
Ppy Boost converter rated power 12 kW
Phy Genset rated power 11 kW
Py Inverter rated power 12 kW
fhy Genset rated frequency 90 Hz
Vhy Genset (rms) rated line voltage 322V

fq Grig rated frequency 60 Hz
Vims Grid (rms) rated line voltage 380 V
Lrms Grid (rms) rated current 18.23 A
fs Switching frequency 10 kHz
Vie Bus voltage 600 V
Vo PV system output rated voltage 408 V
DBoost Boost rated duty cycle 0.324
AiBoost Percent boost current ripple 10%

LBoost Boost inductor 4.49 mH

Al Ret Percent rectifier current ripple 10%
LRet Rectifier inductor 3.23 mH
Vinin Minimum bus voltage 570 V
thy Hold-up-time 8.333 ms
Cye Bus capacitor 5.698 mF
wh, First angular harmonic frequency 62.2 krad/s
Avh Percent harmonic voltage magnitude 32.42%

Ainy Percent inverter current ripple 20%
Liny Inverter side inductor 1.35 mH
Ao Percent reactive rate limit 5%
Cy Filter capacitor 11.02 uF
An Percent of angular harmonic limit 0.2%
Ly Filter inductor 0.78 mH

the high order current harmonic from the inverter, in which
the inverter’s side inductor of the filter was defined by

Vtr?’ns\/§ (1_3 ermsﬂ)

Linv = ) (25)

fs - A 2 Vie
and the values of the filter capacitor and grid inductor are
obtained through

Ac - Py
=_2¢°°0 2
Cs 21 fo Vi 20

1 Avh - Vae
Ly = |\ Lipy + ———— ] . 27
I Lim - Cp w2 —1 ( T2 ) 3D
The current ripple values (A7), reactive rate (A¢) and
harmonic limit (\;) followed common values used in the
industry. As well as the definition of the bus voltage (V)
and switching frequency (fs).

B. Controllers parameters

The entire control system is implemented using a single
microcontroller (MCU), interfacing with the sensors as in-
dicated by the arrows in Fig. [§] The control is detailed in
Fig. [7] where each color represents a control strategy applied,
presented in this section, whose results are in Table [2] The
control system bases in established theories, wherein control
strategies are drawing upon prior research [26]—[28].

TS

Bus Voltage
Control

Boost Control

Generator sensors

Rectifier
Control

Reservoir
Control

FIGURE 7. Proposed MCU’s general control block diagram.

The inverter control, used to regulate the current in-
jected into the grid, make use of a proportional resonant
control (PR). The stationary transform a8 was employed,
allowing independent axis control, that helps the bus volt-
age control. Inverter synchronization is achieved through a
frequency-locked loop (FLL) to dimension controllers and
obtain current references in a5 without requiring phase angle
information.

Digital linear quadratic regulator (DLQR) methodology
is employed to determine state feedback gains (Kprgr)
for the inverter controllers. This approach facilitates direct
discrete-time control while accounting for digital delays in
the system. It aids in controlling the rejection of low-order
harmonics inherent in the electrical grid. Consequently, in-
verter modulating signals (mgp.) are computed based on grid
voltage and current values (Vgpe, tabe ) VOItage and current
in the inverter elements (Voabe, TLabes Vde)s and power
references (Prey, Qrey). Fig. [8] zoomed the Kprgr+PR
block from Fig. [], where the PR controllers follow the
second order transfer function for each harmonic

. -1
Ghn(2) = 1 — 92— T1 COb(w7-7i)IZ o T, 27
—2eMTe cos(wyt)z™t + e 2ATay
in which 7}, is the sample period, w, the resonance frequency
and A, is related with the damping factor [20], [26]]. The
PR controller is derived from a cosine function, resulting in
two states for each PR designed. The state feedback gain
for each PR harmonic, delay, and converter parameters are
highlighted in blue in the Fig.[8] whose values are in Table 2]

(28)

lap
" —>

FIGURE 8. Kpiqr+PR block control details.
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FIGURE 9. Waveforms of: (a) torque and speed vs diameter of nozzle; (b) torque vs speed; (c) illustration of valve control algorithm.

TABLE 2. Control parameters [20]

Symbol Description Value
K Current ¢7; gain 6.0625
Ko Voltage vcy gain —0.5684
K3 Current 7,5 gain —3.3695
Ky Delay ¢ gain 0.2492
Ks 6 19, 2¢ state PR fundamental gain 0.0610, —0.0614
Kz 19, 2° state PR 5% harmonic gain 0.0035, —0.0029
Ko 10 19, 29 state PR 7% harmonic gain 0.0006, —0.0003
K112 1¢, 29 state PR 11¢ harmonic gain —0.0001, 0.0002
feil Mg; | Rectifier cut-off frequency/phase margin 1 kHz/65°
T2/ Kei Rectifier PI time constant / gain 0.0005/0.0325
fevl Mgy, Bus cut-off frequency/phase margin 10 Hz/65°
Tov/Kev Bus PI time constant / gain 0.0618/0.5568

The Rectifier control is achieved through synchronous
transformation (dq) which represents a three-phase system
with two constant values. This approach was chosen due to
the varying generator frequency during operation. The con-
stant values from the dq transformation enable current and
power control using a proportional integral controller (PI)
under various operating conditions, in which their controllers
are designed in the frequency domain, by definition of a cut-
off frequency and a phase margin.

A phase-locked loop (PLL) is employed to incorporate
frequency into the control system for obtaining the values
of the dq axis. Modulating signals (m 4 p¢) are derived from
the generator voltages and currents (vVgpe, %abe) cOnsidering
the dc bus voltage (vq.) and current references (igref, tqref)-

The bus Voltage Control is implemented in an external
loop, integrated into the control loop (), in conjunction with
the inverter, using a PI controller. The PI parameters for bus
voltage control are determined using the same methodology
used in rectifier control.

The boost control entails maximizing the power output
of PV modules through perturb and observe technique. This
primary control method involves altering the duty cycle D
and monitoring power using voltage and current (Vpy, %py)-
The technique induces oscillations to seek the maximum
power, comparing the current point with the previous one.

The reservoir control is a central aspect of this section,
revolves around optimizing water utilization to maintain the

reservoir level effectively. This optimization condition is
formulated as

Pret
)
Pturb

wherein P,..; denotes the energy required by the rectifier,
while Py, signifies the energy supplied by the turbine. The
power generated by the turbine relies on engine speed and
torque (3). The control over the nozzle diameter is achieved
by regulating the opening of the nozzle/valve on the Pelton
turbine, as illustrated in Fig. [9] (a). Expressing torque as a
function of engine speed, relative to the variation in valve
opening, as depicted in Fig. [9] (b), the reservoir control logic
is defined. Due to relationship between torque and generator
current with respect to head, as well as voltage and frequency
concerning engine speed and turbocharged flow. Fig. [9] (c)
provides a visual representation of the efficiency curve for
a condition where approximately 30% of hydropower is
required.

A= P’ret:P’ref_va- (29

IV. REAL-TIME SIMULATION

Fig. [I0] show the Typhoon HIL 402 device used for real-time
simulation, that also support long-term simulations, aiming
to compare the the proposed and standard system. Real-
time simulations help in the representation of the physical
characteristics of the models, being able to represent slow
and fast dynamics, as shown in Fig. [IT]

FIGURE 10. Typhoon HIL workspace for real-time simulation.

6 Eletronica de Poténcia, Rio de Janeiro, v. 29, e202422, 2024.


https://creativecommons.org/licenses/by/4.0/

Special Issue

=

< 16 O N S I S v v o v v |

— VARV 8

p=] IR ENAHANANAHANANANANANANANANANA ) -

[5) (TR BB HYRIRYAYRTRVENE YR Hll,_ [BHANANANAN AN AN AN AR HHHO
QU YU YUY Y Y YUY Lpv - (AN R HE AR

g Vv vV VoV vV vV l‘ [ ] P N e HHH_8
-1 Lhy 600 D

o | VYV AV VAV VUV -16

596

=

cu = :

594\ ]

s \\ T 04

=

< 59 Vae

= L= 98

=

< 20 A AT TA AT A N AL A LA A rymy

Sl AAAARA VAAAANAAN A

g [ AR A AR ARIA 1 RN RN A | l|0

13 EMEEVEYEYRYEYEY | O G T L} 1 1) | O O Y A |
-1 e L 0 O N I I I T I

VY Y YUY VAV Ao
O 2 VA 1V 7 . )

FIGURE 11. Source currents (i1, izhy), bus voltage (vy.) and PCC currents (isy s, i10ad, ¢griq) during a decrease of irradiance/load.

A. Control analysis

Fig. [I1] presents a 30-second simulation illustrating the
slow dynamics of water energy and the system stabilization
through grid energy input, along with the fast transient
waveforms during decreases in irradiance and load, shown
in a zoomed view.

The simulation demonstrates voltage control and reference
tracking, highlighting the characteristics of the hydro genset
along with the switched models of the converters under
varying irradiance or load conditions. To maintain clarity,
only the currents of the photovoltaic system and one phase of
the hydro genset (irpv, irny) are shown in the background,
illustrated in the upper graphs. The central graph displays
the dc bus voltage (vg4.) and its variation in response to
the simulated irradiance step. The bottom graph shows the
currents at the point of common coupling (PCC) of phase (a),
including the current injected by the system (igy,), the
current consumed by the load (4;,44), and the electrical grid
current (¢gr;4). The graph clearly indicates that during the
transition, the grid is responsible for maintaining stability.

The zoom in the transient performance of the dc bus
control, on the left, shows the increase of the grid current to
supply the instantaneous lack of energy. On the right, with
the increase of the hydro genset current occurs the cancella-
tion of the grid current. The time window in the highlighted
red graph shows the current variations due to load variation.
It can be seen that the generation is maintained, as the grid
absorbs the excess generated to stabilize the system.

B. Comparative analysis

A long-term real-time simulation was conducted over
48 hours, using meteorological data to represent sunny and
rainy days, with added irradiance reduction points simulating
cloud cover or other obstructions to validate complementary
control [21]]. The simulation results, comparing the standard
and proposed systems, are shown in Fig[I2a) and (b). The
waveforms illustrate the system power injected into the
grid (Psy s), hydropower (Pyy p), and photovoltaic power
(Ppy). Figﬂzkb) also shows the reservoir level variation of
the proposed system (Ah).

(a)
Peak with more
than 20kW

i
30 36 42 4

LI I
30 36 42 4

1824 12 18 24
Time (hours) Time (hours)

FIGURE 12. Power generation: (a) standard system; (b) proposed system.

During the first 24 hours illustrated in Fig[T2] the average
power generated by both systems is identical. The pro-
posed system, however, shows less variation in instantaneous
power. To evaluate this, a range of interest, shown in gray
in Fig[I2] was added to define the upper and lower limits
of required generation. To avoid exceeding the distribution
line generation limits in the standard system’s, the power
must be limited, as highlighted in Fig[I2(a), whereas the
proposed system remains within these limits. Additionally,
the proposed system’s reduced variation in instantaneous
power indicates that it does not require energy exchange with
the grid, offering economic benefits and a potential solution
for off-grid operation, if a power control is applied.

On the second, rainy day, the proposed system gains
an advantage due to increased water usage, maintaining
the benefits seen in sunny conditions and confirming off-
grid operation potential under varied weather. The average
generation over 48 hours, shown as a constant line in each
graph, highlights the hydro generation difference between
the systems, with photovoltaic generation being identical.

C. Average model

Real-time simulation was also used to validate the average
model obtained through the power of energy sources (3)
and (I3) represented in the block diagram of Fig.[T3] While
the PV generation follow (I3), in the hydro generation the
hydraulic loss coefficient (K}) is added in block diagram,

Eletronica de Poténcia, Rio de Janeiro, v. 29, e202422, 2024. 7


https://creativecommons.org/licenses/by/4.0/

Paris et al.: Hydro-PV Dispatchable Microgeneration: Proposal, Simulation and Modeling

7 30 36 42 4

36 42 4 182
Time (hours)

6 12 4 30

182 2
Time (hours)

FIGURE 14. Proposed power generation: (a) real-time; (b) average model.

that is related with the parameters c;, Q). and Ah. Which
is linked with length and friction factor of the pipeline, and
loss nozzle coefficient by

K= fo-l, K2 (30)

Using the same climatic data of the real-time simulation
(Igo, Ty, Qr), with the addition of the average model of
the complementary control, were obtained the results shown
in Fig. [T4] These results demonstrate that the characteristics
of power and variation of the level of the reservoir are
preserved, thus validating the average model for an analysis
in a longer period of simulation.

A long-term average model simulation was conducted over
one year, with parameters predefined (1y, Hy, Qr, 6.)
following (8) and Fig. [T3] average model block diagram.
Solar energy nonlinearities (cloud, raining) weren’t included,
because of it is related with the luminosity index when (8)
is applied. The generation waveforms results are shown in
Fig. [13] with the daily average value of each graph in black.
It highlights the system’s behavior during summer, where is
similar than real-time, and winter, where the reduction of
reference of power was necessary to keep a minimum value
of reservoir’s level.

During the simulation the stream flow @, was kept
constant, its increments by a raining period, could compen-
sate the winter’s lack of solar energy. Comparisons across
different latitudes or changing the stream of river could be
carried out, to evaluate the impact of this factor on the model,
and find if the dispatchable characteristic could be achieved.

Generation capability clearly depends on the region’s
geographic and hydrologic conditions, as well as its climatic
characteristics. The model developed in this paper aids in
decision-making by evaluating if the conditions of a river

FIGURE 15. Yearly average model power generation simulation (26235°’S)

in a particular region can enable dispatchable generation. It
helps compare costs and assess sustainability, considering
the system’s goal of using hydro storage for dispatchable
generation.

V. CONCLUSION

This paper has introduced a hybrid microgeneration approach
that combines solar photovoltaic and hydro sources intercon-
nected within a single dc bus, operating in parallel to create
a more dependable energy source. This system demonstrates
enhanced sustainability, particularly for off-grid applications,
as it negates the necessity for battery usage.

The methodology employed for designing the converters
and control mechanisms was succinctly outlined. Simulation
outcomes reveal that under sunny conditions, both systems
yield similar generation outputs. However, during rainy pe-
riods, the system showcases increased generation due to its
ability to capitalize on heightened water flow resulting from
rainfall, an advantage not achievable by standard systems
limited by mechanical constraints. Consequently, it can be
inferred that the proposed system exhibits greater generation
efficiency in comparison to standard systems, particularly in
regions experiencing higher rainfall.

A notable attribute of the derived average model, verified
through hardware-in-the-loop simulation, is its ease of imple-
mentation. This model offers the convenience of evaluating
the suitability of the proposed microgeneration system for a
given region solely based on meteorological data available
for that area.
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