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ARTICLE INFO ABSTRACT

Handling editor: A Mellit A novel optimal energy management system (EMS) using a nonlinear constrained multivariable function to
optimize the operation of battery energy storages (BESs) used in a hybrid power plant with wind turbine (WT)
and photovoltaic (PV) power plants is proposed in this work. The hybrid power plant uses a configuration based
on a battery-stored impedance-based cascaded multilevel inverter to integrate renewable energy sources (PV
power plants and WT) and BESs into the grid. The new optimal EMS seeks for satisfying the demanded power
while dispatching power between BESs to optimize their efficiency. A grid-connected configuration is imple-
mented to assess the efficiency of the suggested supervisory control under changes in renewable energy (changes
in wind speed and irradiation), and in a varying active and reactive powers’ request. The BES efficiency obtained
from the suggested EMS is set side by side to the BES efficiency got from a conventional EMS and a model
predictive control (MPC), both working based on the state-of-charge (SOC) of the BES and balancing power EMS.
The results from MATLAB simulation and the experimental results with the real-time OPAL-RT simulator
(OP4510, OPAL-RT) and dSPACE MicroLabBox show the effectiveness of the suggested approach and the
improvement in long-term BES efficiency.
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1. Introduction However, the energy produced by the RESs always fluctuates, and

converting it to an appropriate AC voltage and frequency power is

Sustainable and environmentally friendly renewable energy sources
(RESs) and energy savings are gaining more penetration in power sys-
tems as clean alternatives [1]. Currently, wind turbine (WT) and
photovoltaic (PV) plants are considered as the most favourable RESs,
because they provide a large endless amount of clean energy. However,
the intermittent characteristics of these sources and their dependency on
environmental conditions negatively affect consumer needs [2].
Therefore, to counterbalance the stochastic nature of PV and WT energy
sources, energy stored systems (ESS) are being applied, and in the other
words, to compensate for the power demand that RES cannot satisfy or
to store power not requested [3]. Electrochemical batteries are typically
used as ESS because of their low cost and non-toxicity in term of bat-
teries recycling [4].

* Corresponding author.

crucial. The interface between the sources and stand-alone load or grid is
fulfilled by using power converters to transfer reliable and efficient
energy to the consumer side. Voltage-source converter (VSC) by two-
level has been applied for energy conversion in industry, however its
usage is limited in high power and switching ranges due to semi-
conductor manufacturing technology of silicon carbide or gallium
nitride [5,6]. Hence, multilevel converters and connected switch cells
have been introduced for applications in high-power systems to take
advantage of the synthesized output voltage level and improve harmonic
performance. In Ref. [7], series/parallel-connected switch cells were
proposed for high-voltage high-power converters. However, because of
various practical limitations, the series-connected switch cell’s number
is restricted, and they cannot be constructed for any voltage level.
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Fig. 1. Hybrid power plant under study based on BES-qZS-CHBMLI and RES (PV power plants and WT) and control system.

Multilevel configurations have been introduced as another option to
meet the voltage requirements of high-power systems [8]. One proposed
multilevel configuration is a cascaded H-bridge multilevel VSC config-
ured by multiple single-phase H/full-bridges connection in series. The
necessity of multiple isolated DC sources in each module makes this
topology expensive (if RES is not used), whereas it is attractive for
reactive power exchange, as in static synchronous compensator
(STATCOM) applications. Furthermore, to achieve the desired voltage
level, corresponding open-winding transformers are used in the AC-side
connection. Another class of multilevel converters is the flying-capacitor
multilevel VSC configuration [9]. Many relatively large capacitors are
used; therefore, the regulation of capacitor voltages is challenging. To
avoid the drawbacks of the aforementioned multilevel converter class, a
diode-clamped multilevel VSC was realized at different voltage levels
[10]. Although this converter offers lower switching losses and stress
and a less distorted synthesized AC voltage, it requires a multimodule
structure for high-voltage applications.

Conventional multilevel inverter/converters and impedance-based
sources, also called Z-source inverters (ZSIs), have received consider-
able attention because they provide interesting characteristics that fit
them for RES applications combined with ESS [11]. Offering a

shoot-through (ST) state during the zero-state interval enables this
inverter type boosting the input voltage, which in turn expands inverter
application fields and improves its reliability. To improve some char-
acteristics of the typical impedance inverter, quasi-ZSI (qZSI) has been
suggested as a topology modification that can be used for energy con-
version purposes in multilevel cascaded structures [12]. Several qZSIs
can be prepared to provide a cascaded H-bridge multilevel inverter
(CHBMLI) structure and can be easily scaled by increasing the modules
while there is no need to add a voltage transformer like conventional
structures at the inverter output. In this case, the values of output filter
components are smaller than those of the other multilevel configura-
tions [13].

qZS-CHBMLIs were applied to PV power plants in Refs. [14-16].
qQZS-CHBMLI, which integrates an ESS, mainly a BES
(BES-qZS-CHBMLI), is an interesting option for PV power plants to
compensate the lack of energy during the night and save the extra en-
ergy during the day. Integration of ESS into the impedance network of a
qZS-CHBMLI eliminates the need for a DC-DC converter to connect and
operate the ESS [17], allowing the support of the PV power plant.

Using ESS to back up renewable energy sources or saving produced
energy requires a suitable EMS is essential for creating a reliable,
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Fig. 3. Modulation scheme used for each BES-qZSI module.

sustainable, and well-operating energy [18,17]. In Ref. [19] an algo-
rithm is tailored for managing energy in a specific system architecture
(BES-qZS-CHBMLI with PV systems) over a 24-h period. Its key feature is
the utilization of the SOC of each BES for optimizing the distribution of
power to cover the difference between energy generation and con-
sumption. The EMSs were utilized consistently in Refs. [20,21] for the
integration of PV systems and BES within a BES-qZS-CHBMLI architec-
ture. The focus is on maintaining balance among the SOCs of different
modules, irrespective of variations in solar irradiance.

Another EMS based on distributing power depending on BES SOC
was suggested in Ref. [22] for a BES-qZS-CHBMLI with PV systems,
limiting the SOCs between the minimum and maximum safety values
and dispatching the maximum charge or discharge power to its nominal
power. In Ref. [23], a model predictive control (MPC)-based EMS was
designed to a BES-qZS-CHBMLI with PV systems. The proposed EMS,
where less computational effort was needed in the design of the MPC,
diminishes the double line BES current frequency ripple. In this study,
among the total number of submodules the total active power reference
was divided with the same amount; however, for real systems, each
module supplied by the RES can operate with a different output power.

Regarding the system topology, few studies have addressed the dy-
namics of grid-connected AC MGs with hybrid power plants, BESs and an
optimized EMS. Previous works have primarily employed a configura-
tion based on DC/DC converter and VSI [24], while this study proposes a
topology based on ES-qZS-CHBMLI without an additional DC/DC con-
verter. Moreover, previous studies with power plants based on
BES-qZS-CHBMLI have used a uniform configuration, incorporating the
same PV systems and BESs into each module in series, while this work
explores the integration of PV or WT and BES with different nominal
powers in each module. Additionally, the evaluation of grid perfor-
mance in terms of active and reactive powers demands has often been
overlooked.

Regarding the EMS, previous works have focused on distributing the
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power among the BESs based on to their SOC, neglecting the efficiency
of BESs. This study proposes an EMS that considers both SOC and BES
efficiency to optimize power distribution.

To cover the gaps mentioned in previous studies, the key aspects of
the approach and contributions of this paper are: 1) Integration of
hybrid RES and different BESs into a hybrid power plant: Unlike pre-
vious studies, this work proposes a hybrid power plant based on a BES-
qZS-CHBMIL comprising hybrid RES (WT and PV systems, and not only
PV power plants), and different BESs (and not the same BESs) within
each module connected in series, while also accommodating operator
power requests within the controller design. 2) Development of an
optimal EMS for efficient power dispatch and BES management: A novel
EMS is developed to optimize power dispatch among the BESs to
maximize efficiency while ensuring compliance with BES charging/
discharging limitations, while meeting the power demand. This opti-
mization approach aims to extend battery lifespan and reduce degra-
dation. The EMS considers both nominal battery parameters and real-
time values. The proposed EMS is based on optimizing the global BES
efficiency by using a nonlinear objective function. In this EMS, an
optimization algorithm based on a MATLAB function called fmincon is
applied to solve the optimization problem and determine how the BES
must operate, together with the PV cells and WT, to meet the power
requirements (active and reactive powers) requested by the grid oper-
ator, and simultaneously, to maximize the global efficiency of BESs in-
tegrated into the hybrid power system. The posed EMS designed for a
hybrid system is assessed under variable wind speed and solar irradia-
tion, and active and reactive power references defined by the system
operator, and the results are compared with those obtained from the
conventional EMS based on the SOC and MPC methods. 3) The perfor-
mance of the hybrid power plant, control system, and EMS is compre-
hensively evaluated through experimental testing based on hardware-in-
the-loop (HIL) setup.

The structure of this paper is as follows. Section 2 presents the system
under study based on BES-qZS-CHBMLIs with PV power plants and WT.
Section 3 illustrates the implemented system control and proposed
optimal EMS. Section 4 presents and discusses the simulation results and
Section V shows the experimental real-time results. At the end, the
conclusions are provided in Section 5.

2. System under study

The hybrid power plant under study is composed of three BES-qZSI
series-connected modules (BES-qZS-CHBMLI) to a single-phase grid.
The first two BES-qZSI modules are fed by independent PV power plants
and the third module is fed by a WT. In each module, a different BES is
considered as parallel-connected in capacitor Cy of the impedance
network to support and store the renewable energy generated from the
PV power plant or WT connected to the input of each module. Fig. 1
illustrates the hybrid power plant under study and the control system.
The independent MPPT control for the PV power plants and WT is also
included in the control design and is discussed in the next section.

Each module uses a qZSI, which is composed of H-bridge IGBT
switches and a Z-network with two capacitors (C; and Cy) and two in-
ductors (L and Ly).

qZSI presents two states: non-shoot-through states and shoot-
through [11]. During the non-shoot-trough state, the qZSI provides six
active and two zero states of a conventional inverter, and thus, the diode
conducts and the RES and inductors of the qZSI charge the capacitors
and feed the inverter. In the shoot-through state, the two switches of one
arm are closed at the same time, and thus, the diode is cut off so that the
inductors of qZSI are charged by the RES and capacitors, and the inverter
DC voltage is zero. Fig. 2 shows the equivalent circuit for both states. In
each module, the inverter DC voltage (Vp¢) can be calculated as the sum
of the voltages across capacitors C; and Cp.

Vpc is expressed as a function of the shoot-through duty cycle (D) and
the input voltage of qZSI (Vi) [11]:
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To transfer the energy available in the RES and BES to the grid, the
switches of the VSI are controlled using phase-shift pulse-width modu-
lation (PS-PWM) [25]. As shown in Fig. 3, this modulation method uses
for each BES-qZSI module (i-module): 1) two signals dependent on the
shoot-through duty cycle D; (1 — D; and D; — 1), which is obtained from
the MPPT control of the RES (Section 3.1); a) two signals dependent on
the modulation index M; (M; and —M;), which is found by the grid power
control (Section 3.2); and b) the carrier signal, which is shifted 180°/ n
for each module, where n is the number of series-modules (n = 3, in this
work).

3. Control system

This section illustrates the control systems used for the MPPT of the
RES, and for the injected power to the grid, which are based on adjusting
the modulation index (M;) of each qZSI, and the shoot-through duty
ratio (D;), and the optimal EMS for the hybrid plant.

3.1. MPPT for PV power plants and WT
To find the DC voltage of the RES (PV power plant or WT) connected

at the input of the qZSI, Perturb and Observe (P&O) method is applied,
which allows MPPT to be achieved depending on the temperature and

radiation of the PV cells and the wind speed of the WT. In each qZSI, D; is
used to control and boost the DC voltage. The independent MPPT control
for the PV power plants and the WT is illustrated in Fig. 4.

The DC voltage and current measured for each renewable energy
source are used in the MPPT controller to determine the reference DC
voltage. A PI controller tunes D; to track the reference DC link voltage to
achieve the RES to operate at MPPT.

3.2. Grid reactive and active power control

To control the injecting reactive power (Q) and active power (P) to
the grid, first the phase angle of the grid current and voltage are ob-
tained from a phase locked loop (PLL). The control of P and Q is
implemented through separate control loops at a d-q synchronous
reference frame, where the d-component is used to control P and g-
component to control Q. In single-phase systems [20], the voltage and
current variables are converted to the a-p frame, where the § imaginary
signal is equal to the real component a but delayed by a ' period. The
orthogonal a-p frame are then changed into a rotation coordinate frame
d-q.

Two separate d-q control loops are used to control P and Q delivered
to the grid using the modulation index M, as shown in Fig. 4.

To control P, a control loop for the d-component current (ig) is
implemented in each qZSI. The overall delivered active power toward
the grid is the sum power of the RES, including the two PV power plants,
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WT, and BES. Therefore, the total power reference (Prg;.d) is defined by
summing of the power reference for the qZSIs (P}) as:

3
Pl=3P @
i=1

where i is the module’s number, and P; is calculated by the EMS which
will be discussed below.

The grid current peak (i ;) is found by the grid voltage (Vg¢) and the
power reference for each qZSI [22]:

3
203 P;
i=

-k
=
grid
Vgrid

3

The controlled d-component of the grid voltage (V;) is used to
calculate the d-component of the modulation index M; (mg;) of each
module. This my; is inserted into the phase-shifted-PWM (PS-PWM)
method to be compared with carrier signal.

- 2eq;0V,

Vo 4

mg,;

where q; refers to the power factor of each module, defined as the
relationship between the power reference for each qZSI and the total
power reference, which can be calculated as follows.

P;

a;= T ()

grid

To control Q, a control loop for the g-component current (i) is
implemented in each qZSI (similar to the P control scheme) using the q-
frame of M; (my,).

Once mgy;,my; are obtained from the control loops of P and Q, the
a-component of the modulation index (m,;) is calculated. At the end, the
IGBTs commands are generated from m,; and D; according to the
modulation scheme shown in Fig. 3.

3.3. Optimal EMS

The EMS posed here is responsible to set the BES reference power of
the inserted BES to the ES-qZS-CHBMLI to optimize the BES efficiency
while satisfying the system power balance and providing the demanded
grid active and reactive powers. Fig. 5 illustrates the control scheme
implemented in the EMS.

In the EMS, an objective function placed on optimizing the global
BES efficiency of the hybrid power plant is implemented (Eq. (6)), and a
constrained nonlinear multivariable algorithm, fmincon MATLAB
function, is applied to determine the optimal solutions. The constraints

defined for fmincon function are based on limiting the maximum power
capacity of BESs, maintaining the SOC values, and covering the gap
between the produced power and the requested one. The global BES
efficiency to be maximized (1755) is calculated from Eq. (7) by:

min {OF = 1 — gz} (6)

0 _Paes 1 +Presy +Pprss Ppes1 +Ppesy +Ppes 3
BT ses + Phes2 T Press (P BES,1 / ’735‘9,1) + (P BES,2 / ’7353‘,2) + (P BES,3 / ’7355'.3)
)]

where Pggs 1, Pgs 2, Ppes 3 are the BES powers, and #ggg 1, 1ps 25 /pes 3 are
the batteries efficiencies for the BES 1, 2 and 3, respectively, and which
are defined by Eq. (8).

0.5. % (1 +
1 — 4 % Rppg; * Pps,i

Npesi =
2./ (1 + 5 ) charge
(VBES,[)

where Rpgs; and Vpgg; are the BES resistance and voltage.

1 —4x% Rpes,i * Ppes,i
(VBESJ)Z

) discharge
(8)

e Power balance:

A linear equality constraint based on the power balance is considered
in the EMS to share energy among the BES. According to the BES
nominal power and BES output power, the power equality constraint
limits the output of the algorithm. The total BESs power (Ppgsio) is
defined equal to the reference value of each battery obtained from the PI
controller.

3
Ppes.or = Z Ppes.i (C)]
p

Since there are three qZSI in series and each one integrates a BES, the
equality constrain is applied as

Aeq L [PBES} :beq (10)

where A,y =[111], and by = Py iq — Pgria-
e Power limits:

The interval that a BES can be charged is set as [-Pjex"" 0], and can

be discharged in a bounds as [0, ngx&‘iﬁ“h‘l’]. These two maximum terms

of charging and discharging powers are calculated as:
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Table 1
BES parameters.
Param Enom Vnom R (Q) Pnom SOC Capacity
(Wh) W W) (%) (Ah)
Battery
BES1 1200 27.5 0.1261 1200 30 43.63
BES2 1571 30 0.1146 1571 50 52.37
BES3 1986 35 0.1234 1900 85 56.73
har Egs: (100 — SOCpgs,;
I)ZuEx.gjhal — min <PZ(;Ey§” I.ZE;[ ) < {00 BES,i (1 1)
pravdischar _ o prom Eyis: (SOCminggs; — SOCpgs,; 12)
BES.i =min\ Fggg At 100

where SOCminggs; is the SOC minimum value of the ith BES that can
have, which is chosen based on the manufacturer’s recommendations to
prevent deep discharging and extend its lifespan; and Egjg; is the rated
energy of the ith BES.

A minimum term is incorporated into these equations to prevent the
BESs from being charged or discharged beyond the values recommended
by the manufacturer. This is necessary because during transients, the
system may demand unrealistic discharging levels from the BESs or
provides unrealistic charging levels. In these equations, a proportional
term of BES SOC value to the maximum charging/discharging value is
multiplied to the BES nominal energy, which is available over time.

Fig. 6 shows the optimization flowchart and the iterative process
employed in this work to converge upon the optimal solution.

The nominal energy and minimum SOC of each BES are considered in
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the optimal EMS as constraints to avoid issues in the BESs that can
reduce their lifetime.

In general, as the number of cascaded modules (integrating RES and
BES) increases, the optimal algorithm can be achieved as follows. The
total BES efficiency for n BESs can be calculated using the following
equation.

n
Porc:
0 _ Ppesiy + Ppesp + Ppess + ...+ Ppesn ; B
BES =

13)

PEES.I + PBES.Z + PBES.3 et PBES.n LZ]PZ’ESI

The power balance (Eq. (9)) is attained by Pggsir = Y i Prsi» and
the equality constrain (Eq. (10)) by using A, = [111...1];,,, and the
same b,, to satisfy the power demand.

Additionally, Eqgs. (11) and (12) are extended to apply to all modules
and limit BESs powers. Finally, the step multilevel voltage waveform is
obtained by applying a phase shift of z/n to the adjacent cascaded
modules.

While fmincon is a powerful optimization tool, it has its limitations
and may not be suitable for all optimization problems. Achieving
optimal performance often requires tuning algorithmic options based on
problem-specific characteristics, which may not be straightforward.
Further, fmincon relies on gradient information (partial derivatives) of
the objective function, and if the gradient is difficult or expensive to
compute, or if it does not exist, fmincon may not perform well. Addi-
tionally, being a local search algorithm, fmincon may converge to a local
minimum instead of the global minimum, making it crucial to carefully
select the algorithm type, options, tolerance settings and initial guesses.
Another limitation of fmincon is its sensitivity to the specification of
constraints, especially for problems with poorly conditioned or ill-
defined constraints. Therefore, it is essential to carefully design Egs.
(10)-(12) to ensure problem solvability. The most significant challenge
in using fmincon for large-scale optimization problems is the computa-
tional expense of computing gradients and other required information.
Large-scale optimization problems can also require significant memory,
making fmincon impractical for problems with a large number of vari-
ables. This can hinder the efficiency of fmincon for problems with a large
number of decision variables. Despite these limitations, fmincon re-
mains a valuable tool for many optimization problems, particularly
when the problem has a well-defined mathematical structure, and the
gradient information is readily available, as in the case of the optimi-
zation problem addressed in this work.

4. Results and discussion

The results used to evaluate the proposed EMS, denoted as OPT-EMS,
with variable RES production components (wind speed and sun irradi-
ation) and reactive-active reference powers requested by the grid
operator are presented and discussed in this section. These results are
compared with those obtained from a conventional EMS based on the
BES SOC and balancing power algorithm, denoted as SOC-EMS, which
was used in Ref. [22], and a model predictive control (MPC) EMS similar
to that used in Ref. [23].

The SOC-EMS uses a proportional relationship to distribute the total
BESs power (Pggstr) among the BES in the discharging mode (Pg%gf‘i“’)

and in the charging mode (P§A,) according to their SOC (SOC;) and
depth-of-discharge (DOD; = 1 — SOC;), respectively:

) P ©SOC;
Pd,:phf,r _ BES tot i 14
BES: e a4
Pggs 00 « DOD;
pchar 15
BES > DOD; s

The MPC-EMS controls the battery currents references according to
their SOC (SOCi) and the summation of the BESs power (Pggs, tor). These
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Table 2
Grid reactive and active power profiles.

Time (s) P (pu) Q (pw)

0 2.28 0

10 2.46 0

15 2.46 -0.1

20 2.5 -0.1

30 2.55 -0.3

40 2.5 0

50 2.2 0

55 1.825 0

60 1.75 0

70 1.75 0

75 1.75 0.1

80 1.7 0.1

90 1.65 0.1

Table 3
Simulation setup parameters.

Param Value Unit
Ppn1 4800 w
Ppva 4800 w
Pwr 5000 w
Vbase 220 V2 \Y%
Ipase 15.42 I
Sbase 4800 w
Dhom 0.2 _
from 50 Hz
R¢ 0.001 Ohm
L¢ 0.005 H
Ts 106 S
Vhom-de 159.7 \Y
Kp-battery-current 0.035 -
Ki'battery-cunent 2.5 —

control variables are included in a single cost function to be minimized
by the MPC. In this regard, quadratic programming (QP) is used as the
optimizer solver. Here, the matrices including multiple-input multiple-
output (MIMO) system for input (y) and output (u) are:

S0C, Ik, socy 7,000 00
SOC, | | et | socy 0z,00| , |1
Y1 soc | 1T s | Y gocr | 1T 00,0 | 2T D70
P BES. tot Igéss Pref 0001, rs
BES tot

(16)

where 41,1, are weighting matrices with 7 and y factors.

The cost function optimization is processed through a prediction
horizon (Py). The MPC minimizes the cost function L, which is expressed
by:

L=Y"" k- ilk) — ok + i)+ Y [Buk+i— 10 (A7)

The deviation of the measured outputs (y) from their reference
values (w) is penalized through L, and the control effort (Au) tracks the
reference signal throughout each time step (k), for every future instant
(i), within a prediction horizon (Py) and a control horizon (N).

The hybrid power plant under study is composed of a 5-kW WT and
two independent 4.8 kW photovoltaic cells, with two modules in series
and six in parallel for each plant, whose total rated power is 14.4 kW.
The impedance network parameters are: L; =Ly = 0.56mH, R;; =
Rp2 = 0.05 Q,C; = Co = 11mF and the selected carrier frequency is f, =
3.5 kHz. The MPPT voltage reference (47.9V) for PV power plants and
WT is updated every 0.008 s by using the MPPT algorithm. The upper
and lower MPPT limits are attained by Vdc-ref-Init x 1.15 and Vdc-ref-
Init x 0.85. Taking advantage of the qZSI, a Lithium-Ion BES is paral-
leled with the capacitor Cy; of each gZSI. Three nonidentical BES are
considered here that are working under different initial conditions.

Table 1 provides the BES 1, 2 and 3 parameters needed in objective



E. Hosseini et al.

500

-500

Power (W)

-1000

500

Power (W)

-500

2.5

1.5

Power (pu)

0.5

——— Pgrid (OPT-EMS)
—— Pgrid (SOC-EMS)
——— Pgrid (MPC-EMS)
- Qgrid*

- Qgrid (OPT-EMS)
- Qgrid (SOC-EMS)
- Qgrid (MPC-EMS)

P grid*

v -

P Rl ) I

/l l

/'/, /-.v-\a-—--gs-J

Fy.-" i
I
]
7
10 20 30 40 50 60 70 80 90
Time (s)

100

Fig. 8. Reactive and active grid power for OPT-EMS, SOC-EMS, and MPC-EMS.

o

(b)

Energy 294 (2024) 130765

30.5

PBES1 (OPT-EMS) BES1 (OPT-EMS)
PBES1 (SOC-EMS) BES1 (SOC-EMS)
| PBES1 (MPC-EMS) . BES1 (MPC-EMS)
X
i o 30 1
O
(%)
. L . . 29.5 . . . .
20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
(©) . O
PBES2 (OPT-EMS) BES2 (OPT-EMS)
PBES2 (SOC-EMS) 50 BES2 (SOC-EMS)
PBES2 (MPC-EMS) R BES2 (MPC-EMS)
X
O 4981 |
o
n
496 1
20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
e f
T ©) T T 85 T (0 T
PBES3 (OPT-EMS) | BES3 (OPT-EMS)
PBES3 (SOC-EMS) BES3 (SOC-EMS)
PBES3 (MPC-EMS) BES3 (MPC-EMS)
o848¢ 4
X
(©]
O
N 846 1
1 L 1 L 1 844 I L 1
20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

Fig. 9. BES power and SOC value for the three EMSs: (a) BES1 power, (b) SOC1, (c) BES2 power, (d) SOC2, (e) BES3 power, (f) SOC3.



E. Hosseini et al.

1 T . T T T T T T T
OPT-EMS
SOC-EMS

0.98 MPC-EMS

0.96
>
o
c
2
o
& 0.94
[}
n
@

0.92

0.9 R
0.88 | B
. . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100
Time (s)
Fig. 10. BES efficiency.
a
500 T T .( ) T

Voltage (V)
o

|

-500 b . . . . . . . . E

30.02 30.04 30.06 30.08 30.1 30.12 30.14 30.16 30.18 30.2
Time (s)

400 - T T T T T T T T T 7

300

200

100

Voltage (V)
o
Current (A)

-100

-200

-300

_400 L L L L L L n L L .
30.02 30.04 30.06 30.08 30.1 30.12 30.14 30.16 30.18 30.2

Time (s)
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Table 4

EMS comparison.
Parameter SOC-EMS MPC-EMS OPT-EMS
Mean value of g 0.9380 0.9366 0.9464
Mean value of Prexdichar () 807.26 640.22 594.23
Mean value of PIhr () —861.52 —980.98 ~720.71
ITAE(P) 40.38 40.37 40.40
ITAE(Q) 12.84 12.84 12.85

function. The BESs can operate between a maximum SOC of 90% and a
minimum SOC of 20% to avoid issues in BESs that can reduce their
lifetime, which are considered in the implemented EMS.
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Fig. 7 illustrates the operating conditions of the RES of the hybrid
system: solar radiation and output power of each PV power plant (PV1
and PV2), and the wind speed and WT output power. PV power plants
are considered to work under different irradiances conditions. The PV
power plants initial conditions are: (PV1): 800 W/m2; (PV2): 850 W/
m2. The operating conditions for PV1 changes at t = 50, 55, 70 s to 750,
800, 850 W/m2 and those for PV2 changes at t = 50, 55, 70 s to 800,
870, 900 W/m2. The temperature is kept at 25 °C for both PV plants. A
real wind pattern is used for WT with wind speeds between 9 and 11 m/
s.

Table 2 presents the grid active and reactive power reference profiles
used to assess the operation of the control systems during the simulation.
The grid active power references are increased during the first 40 s and
decreased after that to evaluate the hybrid power plant in the charging
and discharging modes of the BES.

In addition, positive and negative references of grid reactive power
are considered to evaluate the hybrid power plant under consumption
and generation of reactive power. The simulation set-up parameters are
presented in Table 3, where the grid base values and grid filter param-
eters, simulation sample time, PI gains of the battery current control
loop, and inverter nominal voltage are listed.

Fig. 8 illustrates the tracking performance of three EMSs for grid
reactive and active powers: OPT-EMS, based on optimizing BES effi-
ciency; SOC-EMS, based on BES SOC and balancing power algorithm;
and MPC-EMS, based on model predictive control (MPC). As can be
observed, three EMSs meet the demanded powers by the grid in a way
that reactive and active power references are properly chased despite
the intensive reference changes. Moreover, the results demonstrate the
ability of the EMS to maintain accurate tracking performance despite
variations in wind speed and solar radiation patterns.

Fig. 9 (a), (c) and (e) shows the batteries power for the three pro-
posed EMS, and Fig. 9 (b), (d) and (f) presents the SOC values and the
manner of sharing power among batteries with the initial SOC of: BES1
= 30% < BES2 = 50% < BES3 = 85%. From 0 to 50s, the operator
requested power is more than the RES generations power, and thus, the
batteries are in the discharging state. From 50 to 55s, the RES total
power is somehow the same value as the operator requested power, and
therefore, the EMSs don’t intensively discharge or charge the BESs (one
of the BESs are lightly discharged). After the second 55, the production
of RESs is higher than the requested power, and thus, the extra energy is
saved in the batteries. In all EMS, BES2 (with an intermediate initial
SOCQ) is discharged and charged in practically the same manner, with an
intermediate power compared to BES1 and BES3. BES1 (with the lowest
initial SOC) is the least discharged and the most charged BES among the
three EMS but presents a higher discharge power and a lower charge
power in the OPT-EMS. BES3 (with the highest initial SOC) is the most
discharged and the least charged BES in all EMSs, but has a higher
discharge power and a lower charge power in the SOC-EMS because the
distribution among the BES depends on the BES SOC. The maximum
values of the BES discharging and charging powers obtained with the
OPT-EMS are lower than those obtained with the SOC-EMS and MPC-
EMS to increase the global BES efficiency while properly dispatching
power among the BES. From 55 s, BES3 is charged with the OPT-EMS
according to the power limit defined by Eq. (11), whereas BES3 with
the SOC-EMS is charged with lower power because the SOC-EMS pri-
oritizes charging BES1 with the lowest SOC.

Fig. 10 shows the BES efficiency for EMSs, where it can be seen that
the maximum efficiency is reached when the BESs power is near zero.
This means that the lower the BES power, the greater the efficiency. The
results show that the OPT-EMS has a higher efficiency, and higher dif-
ferences in the BES efficiency between the EMS appear with the highest
BES powers, such as in seconds 25 and 33.

The 7-levels inverter output voltage constructed by the three cascade
modules is shown in Fig. 11 (a), and current and voltage of the grid are
illustrated in Fig. 11. (b).

Table 4 compares the results obtained by the three EMS in terms of
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global BES efficiency of the hybrid power plant (calculated by Eq. (7)),
mean values of ng"sfmh“' and Ppgg <har “and Integral Time Absolute Error

(ITAE) for the grid active (P) and reactive power (Q), which is calculated
as follows:

T
ITAE = / tle(r)|dt (18)
0

where e(t) is the gap between the grid active (reactive) power reference
and the founded active (reactive) power, and T is the time considered for
the study.

The results prove that not only the OPT-EMS tracks properly the grid
reactive and active power references, but also significantly increases the
global BES efficiency of the hybrid power plant (+0.9% and +1.046%
for a 100s simulation) compared to SOC-EMS and MPC-EMS, respec-

11

tively. The mean values of PReXdsthar apd praxchar ochijeved with the

OPT-EMS are respectively almost 220W and 140W smaller than those
with the OPT-EMS and; 46W, 386W for MPC-EMS, and therefore, the
proposed OPT-EMS dispatches the power among the BES with smaller
power differences among them, instead of prioritizing the BES with the
highest SOC a greater discharge, or higher charge of the BES with the
lowest SOC, which in turn decrease global BES efficiency of the hybrid
power plant.

To further evaluate the performance of the three EMSs under
extended operation, a 2000-s simulation was conducted. Fig. 12a, c and
12e illustrate the BES power outputs generated by each EMS, while
Fig. 12b, d and 12f depict the corresponding SOC levels. Similar to
previous simulations, the OPT-EMS consistently exhibits lower peak
discharging and charging power values compared to the SOC-EMS and
MPC-EMS. This is attributed to the ability of OPT-EMS to optimize



E. Hosseini et al.

é ?’nqqer Time: 2023/04/28 09:33:35.000 Number of Data: 75,001

CH1
[2.000V/div]

No.0000 00:03:18.22

(m;fngq« Time: 2023/04/18 15:13:43.000 Number of Data: 75,001

-8.0000
-8.0000 V

é ;I'ngger Time: 2023/04/18 15:13:43.000 Number of Data: 75,001

©

Energy 294 (2024) 130765

Sampling Interval: 8.0000ms
CH1 Sampling Interval: 8.0000ms

Sampling Interval: 8.0000ms
CH1 Sampling Interval: 8.0000ms

00:04:05.97

Sampling Interval: 8.0000ms
CH1 Sampling Interval: 8.0000ms

PBES2
PBES3

Fig. 17. Experimental results for BES power: (a) OPT-EMS, (b) SOC-EMS, and (c) MPC-EMS.

global BES efficiency while effectively distributing power among the
BES units.

From 0 to 1000 s, the BESs are discharged according to the power
limits specified in Eq. (12). During this interval, BES3, with the highest
SOC, is discharged the most for all EMSs. In particular, the SOC-EMS
discharges BES3 to a greater extent than the other BESs, resulting in
its lowest efficiency value up to 1000 s, as evident in Fig. 13.

Following 1000 s, the BESs transition into charging mode and are
charged according to the power limits defined in Eq. (11). During this
period, BES1, with the lowest SOC, is charged the most for all EMSs.
Notably, the MPC-EMS charges BES1 more intensively than the other
BESs, contributing to its lowest efficiency value after 1000 s, as seen in
Fig. 13 during the second half of the simulation.

A graphical comparison of the efficiency mean values of the three
EMSs is presented in Fig. 14. For both charging and discharging modes,
the OPT-EMS consistently demonstrates superior efficiency, as it lever-
ages an optimizing algorithm to effectively manage BES operations.
MPC-EMS also outperforms SOC-EMS overall, but for high charging
demand scenarios, SOC-EMS exhibits a slight efficiency advantage.

12

The experimental tests conducted to prove the effectiveness of the
proposed EMS are presented below. These results were collected from an
0OP4510 real-time OPAL simulator, and the RT-LAB tool was used to
monitor and program the model. Through analogue input/output ports,
external hardware devices were integrated with the simulator. More-
over, the optimal EMS was implemented in a dSPACE MicroLabBox
prototyping unit that allows real-time monitoring, evaluation, and
control. Finally, the signals of interest were transferred to a digital
storage oscilloscope (DSO) to observe the results obtained from the
digital simulator at the analogue output ports. The total hardware
connection is schemed in Fig. 15 and a 100 kHz sampling frequency is
chosen for the real-time implementation. The representative signals,
real-time BESs power, inverter output voltage, and grid voltage-current,
are observed through the DSO.

The primary focus of this part lies in evaluating the proposed OPT-
EMS under real results, running in real-time on a real control board
(MicroLabBox). Fig. 16(a) shows the experimental results for the grid
parameters, active and reactive power. Despite significant reference
changes, the EMSs demonstrate their ability to effectively track reactive
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and active power references. This implies that the EMSs can adapt
dynamically and respond to changes in the grid power requirements.
Fig. 16(b) shows voltage, current, and the inverter output voltage. The
multi-level inverter provides the stepped waveform that closely re-
sembles a sinusoidal waveform by utilizing multiple voltage levels. The
simulation results shown in Figs. 8, 11(a) and 11(b) are consistent with
these results. The obtained powers of each BES by the OPT-EMS, SOC-
EMS, and MPC-EMS are shown in Fig. 17(a) and (b), and 17(c),
respectively. For all 3 EMS, during discharging mode, the BES 3 is dis-
charged higher than BES 1,2 due to specific characteristics and settings
within the EMSs that prioritize discharging from BES 3 over the others.
Similarly, in charging mode, BES 1 is observed to receive the majority of
charging power due to its low SOC. Since BES 1 has a lower SOC, the
EMSs prioritize charging it more to replenish its energy levels and to
bring it to a desired or optimal energy level. It is important to note that
the effectiveness of each EMS in managing the ESSs depends on factors
such as system specifications, control algorithms, and the specific ob-
jectives of the EMS. OPT-EMS is specifically designed to enhance the
overall efficiency of the BES system. This suggests that as the individual
discharging and charging powers are reduced, the overall efficiency of
the BES system improves.

5. Conclusions

This work presented and evaluated, through simulations and
experimentally, an EMS based on a constrained nonlinear multivariable
algorithm (OPT-EMS) for optimizing the performance of a grid-
connected hybrid power plant comprising WT, PV power plants, and
different BESs integrated into a BES-qZS-CHBMLI configuration.

The proposed EMS prioritizes both BES efficiency and lifespan while
ensuring the overall system power balance. This OPT-EMS was
compared with two EMSs (SOC-EMS and MPC-EMS) under varying
renewable energy resources and grid active and reactive power re-
quirements. The three EMSs were implemented on a real control card,
MicroLabBox, and tested in real time in a HIL system based on OPAL-RT,
demonstrating the applicability of the new EMS developed in this paper.

The results revealed that the OPT-EMS achieved comparable grid
power tracking performance to the SOC-EMS and MPC-EMS, while
efficiently distributing excess/deficit power among the BESs, leading to
a higher global BES efficiency of the hybrid power plant: +0.84%
(+1.41%) over the SOC-EMS and +0.98% (1.11%) over the MPC-EMS
for a 100-s (2000-s) simulation.

For future work, it could be studied the incorporation of new ESSs in
the hybrid power plant, such as hydrogen systems (fuel cell and elec-
trolyzer), new optimization problems, such as the optimization of
operating costs of the components of the hybrid power plant, or the
application of stochastic optimization algorithms, such as evolutionary
algorithms, could be used for addressing the global optimization chal-
lenges associated with the proposed complex objective functions.
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