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Abstract: In this paper, a fuzzy logic-based energy management system and multi-port quasi-z-
source converter are proposed that utilizes hybrid renewable energy sources. The system ensures
that each energy source module can be used individually by employing fuzzy logic to define power
modes. This approach also helps prevent switching losses resulting from extra switching of the
source modules. Also, the proposed energy management does not have a mathematical model, so
applicability is simple and it is suitable for different multiple input topologies. The Mamdani fuzzy
inference system can be designed to capture the nonlinear behavior of the system because of the
linguistic rules. Moreover, by adopting the quasi-z-source network to the end of the multi-port
converter, the switching losses of the multi-port modules have been significantly reduced. The
simulation results are obtained using MATLAB Simulink, and the experimental results are obtained
by connecting the circuit to MATLAB Simulink via an Arduino Due.

Keywords: energy management; quasi-z-source; fuzzy logic; DC-DC converter

1. Introduction

Over the past two decades, renewable energy sources have gained significant importance due
to the energy crisis, wars, and environmental factors. As a result, sustainable systems are required in
every industry. Although renewable sources have low output power, different sources can be
connected to boost the output power. Multiple input converters have the ability to connect more than
one power source to each other. In some specific applications, it is not enough to connect multiple
sources together, and it requires a direct power flow of each source to manage energy circulation
under certain conditions. For instance, photovoltaic (PV) array output power is decreased under dark
conditions, and it is mandatory to add another power source to meet the load demand.

Another parameter to consider is the source type. In the literature, there are numerous types of
multiple-input converters. In [1], the authors explained the combinations and rules of multiple input
converters. Different connection methods of several types of sources have been shown in this paper.
Some basic rules, such as parallel voltage sources, cannot be connected to each other if voltage levels
are different. Furthermore, in some specific converters, more than one source cannot supply power
simultaneously. Nejabathkhah proposed a hybrid input source connected via a novel three-input DC-
DC converter [2]. The sources have the ability to supply power simultaneously, and a battery can be
connected as a source to give a bidirectional power flow. Moreover, a small-signal model was
obtained for controlling the sources. In [3], multiple inputs are connected via switches to the load
using coupled inductors, and the circuit configuration is simple compared to other converters.
However, only one source can transfer energy at the same time. In [4], the authors proposed a
multiple-input topology with parallel connection type via switches. In this paper, all of the inputs
share an inductor, and active switches have the ability to achieve Zero Current Switching (ZCS) by
using the switching strategy presented in the paper. On the other hand, the power flow is only in one
direction. In [5], the authors proposed a converter with a galvanically isolated system. It has two
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bridges at the primary and secondary sides of the transformer, and the power flow is controlled. The
current capacity of the sources should be equal because of the series connection of the sources [5].

Three sources multiple input converter is proposed in [6]. The converter’s application area is
electric vehicles with fuel cells, PV arrays, and battery units. The limitation of the converter is that it
has three inputs [6]. A three-Port DC-DC converter is proposed in [7]. It has a high step-up ratio with
reduced voltage stresses. Moreover, the power is bidirectional and has the ability to charge the
battery with the load and other sources. Besides, the maximum input source number is three [7]. The
presented converter in [8] proposes DC-DC multiport converter with Dual active bridges. The
modules are connected as a ring type. One of the advantages is that the structure is bidirectional. The
authors in [9] proposed a dual-input dual-output bidirectional multiport dc—dc converter. One of the
sources is the battery storage system, which has a low voltage stress on semiconductor switches.
However, it has only two inputs and it is not clear if MPPT can be achieved from other sources. In
[10], the authors proposed a multi-port converter with multiple outputs where sources can deliver
the power simultaneously. In the next paper, a non-isolated multiple source converter is proposed,
and the step-up ratio is higher compared with other non-isolated topologies [11]. In this paper, the
authors have considered the normalized voltage stress on switches and diodes. Moreover, the
number of sources can be increased, and voltage gain will be increased depending on the source
count. The same author proposed a new version of [11] in reference [12]. The voltage gain in this
paper is higher, where the component number and voltage stress are decreased compared to [11].
Power flow can be simultaneous or individual in both references.

The Z-Source topology can exceed the limitations of traditional V-I source power converters and
consists of x-shaped two capacitors and two inductors. Because of the structure, shoot-through mode
is not forbidden and this brings one more control axis to increase the output voltage without
damaging the components [13]. In [14], an improved z-source converters is proposed to decrease z-
source converters disadvantages but it still has discontinuous input current. Besides, capacitor
voltage and inductor current surge has been reduced and inrush current is limited. To make a
common ground for the z-source topology, a common grounded z-source converter is proposed in
[15]. It brings low stress on semiconductors and decreases the component sizes but impedance
network capacitors are still large to obtain high voltage. The authors in [16], proposed a quasi-z-
source converter that obtains lower voltage stress on components and continuous input current but
it has lower voltage gain compared with a common grounded z-source. The proposed converter in
[17], offers a new quasi-z-source converter with increased component numbers. The converter has a
high-boost performance with different combinations. In addition, the converter has problems such
as large voltage spikes. In [18], the authors proposed a multi-input quasi-Z-source converter that
combines different power sources by implementing an auxiliary circuit. However, the operation
range is not wide and the design is not simple. Moreover, switches are faced with high current stress.

The paper [19] provides a comprehensive review of different energy management system
strategies, including the key factors, methods, and functions involved. However, experimental tests
haven’t been done to show system performance under real-world conditions. The authors of several
papers, including [20-24], have used fuzzy logic as an energy management system, which has the
advantage of not requiring a mathematical model of the system, making it easier to control. The paper
[25] focuses on optimizing hydrogen consumption while considering battery degradation. But the
system complexity and application area can limit the feasibility of the proposed energy management
system. [26] proposes a maximum efficiency range recognition-based energy management control
system that controls fuel cell consumption and power flow between two sources using methods such
as sequential quadratic programming algorithm (SQP) and equivalent consumption minimum
strategy (ECMS). But the estimation of equivalent factors in ECMS can be influenced by the specific
characteristics of the driving cycle being analyzed. The paper [27] uses instantaneous optimization
and mathematical equations to explain the structure assumptions. Besides, the proposed approach
may not be easily applicable to situations with stochastic demands, and the authors acknowledge
that while the locally optimal solution it provides can be effective, it may not be the globally optimal
control policy. In [28], a multi-agent-based energy management system is proposed, with three
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different levels, each with unique duties. However, As dealing with complex decision problems,
MAS-based energy management strategy may exhibit inadequate real-time performance in decision-
making The paper [29] introduces adaptive neuro-fuzzy inference systems for power management,
using a three-phase inverter as a converter type. However, this approach requires data sets from the
learning part of the system history. [30] proposes an adaptive droop control method for power
management using battery, supercapacitor, and fuel cell hybrid sources, although large-scale
operations can pose challenges to the control strategy. [31] uses a hybrid power storage system and
a model predictive method for control strategy, predicting future output power based on historical
data and applying a dynamic algorithm to the management strategy. Attaining high performance
through this method requires accurate system models, as well as information about future driving
conditions. The authors in [32] published a case study for energy management systems that included
PV, batteries, and grids as hybrid sources. A traditional DC-DC bidirectional converter was used for
the battery pack. However, this system has some disadvantages, such as limited application areas.
The sliding-mode energy management strategy was proposed in [33] with the nonlinearity of the
double integral. In addition, several technical challenges may arise as a result of connecting
renewable sources to the power grid.

This study discusses the fuzzy logic-based energy management system of a hybrid source multi-
port quasi-z-source converter, which includes PV, wind turbine, and battery sources. In addition, the
mathematical model of the quasi-z-source multi-port converter, simulations of the entire system, and
experimental results are presented. The proposed system can manage energy flow from the sources
without complex control algorithms because of the Fuzzy logic. One of the biggest features is the
modularity of the power management, in other words not only source number can be increased but
also the source types can be changed. Moreover, by setting up the quasi-z-source network to a multi-
port converter, the voltage gain is increased and the voltage stress of the input module switches is
decreased.

This study is divided into several sections. Section 2 discusses the multi-port quasi-z-source
converter. Section 3 explains the proposed fuzzy-logic-based energy management system. Sections 4
and 5 present simulation and experimental results, respectively. In Section 6, a discussion of the
results is presented. Finally, conclusions are included in section 7.

2. Proposed Multi-Port Converter with Quasi-Z-Source Network

A quasi-Z-source network was added to the multiport converter [8], as shown in Figure 1. By
adding the quasi-z-source network, the voltage gain of all systems is increased using the quasi-z-
source’s unique feature, which is the shoot-through mode. Moreover, as a result of the multiport
converters, the DC bus voltage is decreased, leading to a decrease in the voltage stresses of the
multiport converter switches. The number of input sources can be variable and is denoted b by n. For
simplicity, a two-input scenario was considered. Each module consists of two inductors: a capacitor,
a diode, and two switches. The modules are connected to each other via a diode and capacitor. A
quasi-Z-source network was adopted on the output side. The switches of each module should be
turned ON and OFF at their respective times and the quasi-z-source switch SZ can be switched
independently

Cz2 Sz(Co| TLoad

Figure 1. Multi-port quasi-z-source converter with 2 inputs.
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2.1. Working Modes and Mathematical Expressions

Mode 1a (to-t1): In this mode, except S, all of the switches (T12, T11, T2z, T21) are turned ON, this
makes D1, D2, Dm1 reverse biased, besides, Quasi-z-source network’s diode is forward biased.
Additionally, Lia, Liv, L2a, and Lav are charged by the input sources and capacitor, besides, Quasi-z-
source network inductors Lz1 and Lzz discharge their energy to the load, at the same time, Vs charges
the network capacitors Czi and Cz.. Waveforms of mode 1a can be seen in the below Figure 2.

Viia= Vi (@)
Viw=Vi+Va (2)
Viz=V2 €)
Vin=Ve (4)
Vizi= Ves— Ven (%)
Vize=-Vez (6)
Vsz=Vczi+ Ve (7)
e
O] P
w7 T b

Ccz2 SzjCo| fload

Figure 2. Mode 1a.

Mode 1b (ti-t2): Switches (T12, T11, T22, T21) remain in the same position, but, Quasi-z-source
network switch Sz is turned on and this makes diode Dzreverse biased. In this state inductors Lz and
Lz start to get charged and store energy while capacitors Cz1 and Czz discharge energy. As the Sz is
turned ON, the Quasi-z-source side of the converter enters the shoot-through mode which is not
forbidden in the z-source topology.

Vizi= Veza+ Ve (8)
Vsz=0 )
Viz=Vez (10)
Vaz= Vezi+ Vez (11)

Load

Figure 3. Modelb.
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Mode 2a (t2-t3): Mode 2a can be seen in Figure 4, the switches of the second module (T22, T21) are
turned OFF, and diodes D2 and Dm1 become forward biased. The capacitor of the second module, Cz,
begins to charge from its input source V2 and inductor L2a. Moreover, capacitor Cm1 begins to charge
from the second source V2, L2a, and Lav. Switch Sz is not active and diode Dz is forward-biased. The
load is get energized by inductors Lz1 and Lz.. Equations from 5, 6, 7, and 8 are also valid for this
mode. This mode is shown in Figure 4.

Via= Vi (12)
Viw=Vi+Va (13)
Viza=V2—- Ve (14)

Vi =Va + Ve - Vo (15)

Load

Figure 4. Mode 2a.

Mode 2b (ts-ts): Quasi-z-source switch Szis turned ON while the rest of the switches stay in the
same position and this mode is shown in Figure 5. Quasi-z-source network enters a shoot-through
state and network inductors Lzi, Lz get charged by the input source, and capacitors Czi and Cz
discharge their energy. Equations from 8 to 11 are valid for this condition too.

cz1

—-
Lz1 bz Lz2

czd[ sz{c[" 2 Load

Figure 5. Mode 2b.

Mode 3a (ts-ts): In this mode, the switches of the first module (T12, T11) are turned OFF while the
switches of the second module (T22, T21) are turned ON. The capacitor Csis powered by the first input
source Vi, L, and Cmi. The Switch Sz is turned off and it is in the non-shoot-through mode again.
And the quasi-z-source part is the same with modes 1a and 2a, so equations 5, 6, and 7 are the same
in this mode. The mode 3a can be seen in Figure 6.

Vi =Ve (16)
Vip=Vi-Va (17)
Viza=V2 (18)

Viw=Vi+ Vemi - Vau (19)
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Co| fLoad

Figure 6. Mode 3a.

Mode 3b (ts-ts): the last mode is 3b and shown Figure 7. In this mode, input module switches
remain the same while the quasi-z-source network switch is switched ON. Quasi-z-source network
enters shoot-through mode and equations 8, 9, 10, and 11 remain the same in this mode.

Ccz1

o [ -;D‘ m—%zl

€z2 Sz{Co iLoad

Figure 7. Mode 3b.

Calculations can be done in two parts to make the system understandable; the first part of
calculations includes the multi-port side and the second part of calculations includes the quasi-z-
source network side. The first part’s gain can be multiplied by the second part’s gain. Using the volt-
second balance rule, the voltage of the inductor over one switching period is 0. Therefore, the inductor
voltages of the two input modules can be written as follows:

Viia(t) = 0= Vidi + (Vi- Vi) * (1 - di) (20)
Va=1/(1-di)* Vi 1)

Vi(t) = 0 = (Vi+ Ver) * di + (Vi + Vewr - Vea) * (1 = di) (22)
0=Vidi+ Vadi+ Vi- Ve * (1-d1) + Vo * (1-di) (23)
Veai= (1/(1-d1)) * Vi + (d1/(1-d1)) + Veun (24)
Viza(t) = 0 = Veadz + (V2 = Vo) * (1-d2) (25)
=Vado+ Va2 - Vadz - Ve * (1-d2) (26)

Ve =1/(1-d2) * Va 7)

Vizo(t) = 0 = Veadz + Vet + Vez- Vawn) * (1 - do) (28)
=Vad: + Ve * (1 - d2) + Vez - Vedz - Vo * (1 - d2) (29)
Vewt = Var + 1/(1-d2) * Ve (30)

d1 and dzare the duty cycle of the switches of module 1 and module 2, respectively.

By substituting V., V,, V,,, into V¢, the capacitor Cs voltage of the system can be calculated.
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Vai= (1/(1-dv)) * Vi + (d1/(1-da)) + Vo (31)
Ve = ((2-2drtdi)/(1-d1)?) * Vi + (1/(1-d2)?) * V2 (32)
Ve = ((2-dv)/(1-dr)?) * Vi + (1/(1-d2)?) * V2 (33)

Rest of the calculations are related to the output voltage and quasi-z-source network elements.
The shoot-through duty cycle can be found in the following expression;

dz=1/Tz T=T-To (34)
dz= duty cycle of the quasi-z-source switch shoot-through mode
T.= shoot-through period
To=non-shoot-through period

By using the volt-second balance rule, the voltage of the quasi-z-source inductors can be
calculated for the steady state.

Vizi=0=(To* (Vaa = Vez) + Tz * (Vezz = V) / T (35)

0=(1-dz)* (Vas—Vez) +dz* (Veza — V) (36)

From Vczz=Vez1 — Va

0=Va-Vezi +dzVezr + dzVezi— dzVes (37)
Vezi=((1-dz) /(1 -2dz))* Vau (38)
Viza=0= (To(-Vcz2) + Tz(Vczn)) / T (39)
By subtracting Vczi = Vezz + Vs
0=-Vczo+dzVez +dz* (Veze + Vi) (40)
dzVa = Vez * (1-2dz) (41)
Vezz=(dz/(1-2dz)) * Vs (42)

Ve, and V , are the voltages of the quasi-z-source network capacitors, and by summing
capacitor voltages, the output voltage can be calculated.
So, by using Vo =V, + V¢,

Vo= ((1 - dz)/(1 - 2dz)) * Vs + ((d2)/(1 - 2d2)) * Ve (43)

Vo=(1/(1-2d2))* Vau (44)
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Figure 8. Waveforms for different working modes.

3. Proposed Energy Management Strategy

Hybrid renewable sources with multiple inputs offer distinct advantages over regular power
sources. To capitalize on these benefits, wise system planning and power management are required.
Fuzzy logic is widely used in various smart applications to achieve higher efficiency owing to its lack
of requirements for mathematical modelling, applicability to nonlinear systems, and need for only
expert guidance [9-13]. The classical fuzzy-logic strategy consists of three levels: fuzzification, fuzzy
inference, and defuzzification. During the fuzzification process, the knowledge database enters the
system and converts the data into fuzzy linguistic variables. The next step is fuzzy inference, where
the rules are defined. The final step is defuzzification, where the fuzzy linguistic variables are
converted into understandable values. Figure 9 shows a flowchart that defines the process priority
and logic of the energy management systems. According to the flowchart, the powers of the
parameters are defined in the first step, and the parameters are then processed. The battery is
compared with the simultaneous output power (Pdemand) in the first process, and depending on the
outcome, the path is selected. If the battery cannot supply sufficient power to the output, PV power
is added to the battery power, and the sum of the two sources is compared with the simultaneous
output power. Depending on the answer to the comparison, the Battery SOC level is checked, and
wind power is enabled at both SOC levels. If the sum of the two sources is greater than the
simultaneous output power, then the State of the Charge (SOC) level is checked and wind power is
enabled depending on the SOC level. If the battery can satisfy the simultaneous output power, then
the battery SOC level is checked, and other sources are enabled depending on the SOC level.
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Figure 9. Flow chart of the management strategy.

The Mamdani method is used as the inference method in the proposed system because it is easier
to apply and depends on expert definitions [35]. A non-complex system is important for expanding
the applicability; therefore, this method has been selected instead of the Sugeno method. The fuzzy
logic controller in the proposed system has four inputs (the power of the PV array and wind turbine,
instantaneous load power or demanded power, battery SOC, and an output ( power mode). The
membership functions were configured according to the power ratings of the inputs, and were
divided into three membership functions: low, medium, and high.

The rules of the system were established based on power levels, with 81 rules requiring
specification one by one using if-then rules. Fuzzy logic generates numbers between 1 and 3,
including 1 and 3, as the output power mode. Based on the power mode output, the system controller
regulates each module by attaching or detaching the sources from the rest of the circuit through the
power mode relays. A block diagram of the controller system is shown in Figure 10.

Fuzzy logic

inputs
A

Pdemand——»

Power i- |
SOC ———» Fuzzylogic | \jode ,| System PID control uz’ilxj-lg-ss:rce
Ppv ——»| controller Controller | MPPT control (PV) a Converter
Pwind——» MPPT control (Wind)

- I

Power mode relays

V-I Measurements

Figure 10. Block diagram of the overall system.
4. Simulation of the Proposed Control System

4.1. Simulink Model

The simulation was performed in MATLAB Simulink and was divided into two main sections.
The first section is the multi-port converter block, where all circuit elements and measurements have
been performed. The second section is the energy management and control block, where the entire
control strategy is located. The two main blocks are illustrated in Figure 11. Separating the simulation
into two main blocks served two purposes: modularity for the experimental tests and making it more
understandable. There are 3 hybrid sources-battery, PV panel, and wind turbine-were used to
perform the simulations and experimental tests. The S1, Smppt, Swmppt, and Sz are switching signals
of module 1, module 2, module 3, and quasi-z-source switch respectively. S1 is the battery module
switching signal which is the output of the PID controller. Smppt and Swmppt are the PV module
and Wind module switching signals, respectively, which are the outputs of the MPPT control
algorithms. P2 and P3 are the power mode control signals for the PV module relay and Wind module
relay respectively, modules can be attached and detached by controlling relays and Outrelay is the
control signal of the second load relay for activation of the extra load. SOC, Vsense, VPV, Isense, IPV,
Vwind, and Iwind are the measurements from the circuit which are the battery state of the charge,
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output voltage, PV voltage, output current, PV current, wind voltage, and wind current respectively.
The measured parameters were used for the control algorithms and energy management system.

output voltage CE=>—S0C 22y output
——»s1 SOCH—»<—2 [T Vsense Fuzzy output
S1 soc P1p
m—p2 Vsense —»<—)
> — [E—>—»|Isense
—P3 Vov[—»<_T] L »(T)
P3 Vpv Gy #
CT—>—»{Smppt Isense —é
Smppt Isense CE>—>v
[CT—>——*{Swmppt Ipv—<T) = ==
Ipv T Vwind
Swmppt —*{outrelay  Vwind Ly b Eic
Vwind vEhd k: <=
Outrelay Sz Iwind —»<—2 == e £ f !
-..J - ; Iwind L L
Sz Hybrid Source Circuit Energy mar and Control
‘—-b--‘f-

Figure 11. Main blocks of the simulation.

Figure 12 shows the output section and first module of the circuit. The first module is always
connected to the quasi-z-source network; however, during fault conditions, it does not supply power
to the circuit. The battery should supply power to the system at all times because the rest of the
sources are discontinuous. This means that the power supplied by the PV and wind turbine can be
interrupted owing to weather conditions. The load was an RL load of 440 Q) and 33 uH. Additionally,
according to the scenario, an extra resistive load is connected in parallel to the main load after 0.3
seconds of the simulation starting by switching the output relay, which can be seen in the red
rectangle in Figure 12. The output power is monitored as the demanded power for the control
strategy.

Outrelay

+ | CQutput
\Rel:y

Lloadt

S Rload? $ Rioad1

Figure 12. First module and output side of the circuit.

The second module is the PV module, which is attached to the circuit, as shown in Figure 13.
The relay attaches or detaches the PV array based on the fuzzy-logic output, and the relay is shown
in red rectangles in Figure 13. The PV array has two inputs that can be adjusted according to
irradiance and temperature scenarios.

Dp\'r

»
Ll
IRRADIANCE
TEMPERATURE
= @

Figure 13. Second module.

AY
I
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The irradiance level was set using the signal builder in Simulink and the level ranges from 0
W/m2 to 915 W/m2 and then decreases to 530 W/m2 after a certain period. The temperature is fixed

at 25 Celsius. The specifications of the PV array have been taken from the experimental kit “Deneysan
YE-1050” datasheet and are shown in Table 1.

Table 1. PV Array specifications.

Open-circuit voltage Voc (V) 22.77

Short-circuit current Isc (A) 5.86
Voltage at Maximum Power Point Vimp (V) 18.3
Current at Maximum Power Point Imp (A) 5.5

The third module is the Wind Turbine module, which provides mechanical input to the
permanent magnet synchronous machine (PMSM) to obtain a Simulink model of the wind turbine.
The PMSM has a 3-phase output, which is converted to DC form with 3-phase bridge rectifiers.
Module 3 is shown in Figure 14, and the module specifications are taken from the experimental kit

“Deneysan YE-1050" datasheet. The second relay is controlled according to the fuzzy output and is
shown in red rectangular in Figure 14.

‘Ec1
= L I ¢
P30~ T22
Wind Turbine D1[ D3| D4 2
PMSM X 33 RELAY2 D2
M ~Cw
D5 D6 D7 E
£ X Zt'm T c2
Pich Angie
#una Sgoom

Figure 14. Third module.

Energy management was performed using the Mamdani fuzzy logic method. The MATLAB
fuzzy logic designer toolbox was used to configure the system. The fuzzy logic system has four inputs:
the power of the PV array, wind turbine, instantaneous load power (demanded), and battery SOC.
The power mode is the output of the fuzzy logic controller. The fuzzy-logic designer toolbox is
illustrated in Figure 15. All membership functions were defined according to power ratings.

4 Fuzzy Logic Designer: fuzzymat . o X
File Edit View

o
Pdemand

powermode

| FIS Name: fuzzymat FIS Type: ‘mamdani |
/And method min v Current Variable
Or method s ™ [ Pov
implcation . w0 L
Range [080)
Aggregation = =
Defuzzification centroid v Help Close [ |

| Opening Membership Function Edtor |

Figure 15. Fuzzy logic designer toolbox.

The rules of the system are set after specifying the membership functions. There are 81 rules in
the system and the rule editor can be seen in Figure 16, moreover, a detailed rule list can be seen in
the Appendix A. All of these possibilities are considered to provide precise results. Based on the
membership functions and rules, the dynamic response of the fuzzy logic system can be viewed in
the surface viewer of the fuzzy logic toolbox, as shown in Figure 17.
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Figure 16. Rules of the fuzzy logic.
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Figure 17. Surface viewer.

The membership functions for descriptors can be defined with a straight-line formula which is;
(y2=y)/(e=x1)=(y -y1)/(x=x1) (45)

Where y=y, x=xr
y is the membership function and x is the input variable so the membership function can be expressed

as;
= (((y2=y) * (x=x1)) / (x2 = x1)) + y1 (46)

By using the membership function formula, each membership function of the inputs can be
expressed one by one,

For PV;
ML= (4-xv) /4 [04] (47)
Hv = (xev - 4) / 8 [4,12] (48)
v = (12 - xev) / 53) — 53 [12,65] (49)

pH = (xpv - 65) / 25 [65,80] (50)
For Wind;

u = (1 - xw) / 130 [0,130] (51)
i = (xw - 110) / 90 [110,200] (52)

k= ((200 — xw) / 80) — 1 [200,280] (53)

d0i:10.20944/preprints202305.1113.v1
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pa = (xw - 260) / 140 [260,400] (54)
For demanded power;
pe = (1 —xa) / 35 [0,25] (55)
pv = (xd - 35) / 25 [35,60] (56)
pm = ((60 — xd) / 50) + 1 [60,110] (57)
un = (xa - 110) /290 [110,300] (58)
And finally, for the SOC;
pe = (1 = xsoc) /290 [0,25] (59)
M = (xsoc - 25) / 25 [25,50] (60)
um = ((50 — xsoc) / 25) + 1 [50,75] (61)
e = (xsoc - 75) / 25 [75,100] (62)

By using membership formulas and rules, the exact result of the output can be obtained using
the weighted average method. The weighted average method is a widely utilized defuzzification
method that is considered relatively simple and is expressed as follows:

X = (N %) /X X (63)

X = (pa * X1) + (2 * X6) + (Lo * X3) + (bt * X)) / (K1 % + X + %) (64)

x* is the defuzzied value and X; and X, are the centroid of the trapeziums which are reflections of
inputs to output. As a result, by using the above formulas, any conditions of the rules can be
calculated.

4.2. Other Control Parameters

The controlling of the switches has been done using different methods depending on the type of
the source, and the control methods can be seen in Figure 18. For the battery module (T, T12) and
quasi-z-source part (S), closed-loop proportional-integral-derivative (PID) controllers were used. The
reference output voltage is compared with the measured output voltage, and the resulting error is
inputted into a proportional integral derivative (PID) block. The output of the PID block is the duty
cycle of the switch, and the relational operator compares the duty cycle and repeating sequence at a
fixed frequency to convert the number of duty cycles into a square-wave waveform.
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Figure 18. Control of the switches.

Due to their characteristics, the PV array and the wind turbine need to be examined separately
to obtain their Maximum Power Point (MPP). The Perturb and Observe method has been applied to
track the MPP, as shown in Figure 18. The Perturb and Observe method has an initial duty cycle,
which increases or decreases by an amount of delta value according to the dV and dP values. The dV
and dP values represent the differences between the instantaneous voltage/power and the old
voltage/power, respectively.

Moreover, there are maximum and minimum limits for the desired duty cycle. The Perturb and
Observe method outputs the duty cycle number, which is then input into the pulse width modulation
(PWM) generator to obtain the waveform for the switches of the modules. To achieve closed-loop
control, one more control parameter had to be added to the end of the PWM generator, which takes
the output voltage and compares it with the reference output voltage.

4.3. Simulation Results

The simulation duration is 2 seconds, and the step change of the load is 1.4 seconds. According
to the first scenario, the battery SOC is 40%, and the converter reaches the target output voltage at
1.08 seconds. At the step change, there are no changes in the output voltage, as shown in Figure 19.
While the battery SOC is at 40%, the fuzzy output starts at mode 2, and at the step change, the
instantaneous power increases up to 52 watts. At the same moment, the fuzzy output changes mode
from 2 to 3, as shown in Figure 20. An important point to note is that at the beginning, all of the
sources are activated by the control system until the voltage reaches up to 115V. This logic is intended
to help the output voltage reach the desired level as soon as possible.
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Figure 20. (a) Output power, (b) fuzzy system output of scenario 1.

In the second scenario, the battery SOC is 95%, and the output voltage reaches the target almost
at the same time as in the previous case, thanks to the starting strategy of the control system, as shown
in Figure 21. In Figure 22, depending on the power levels of the sources, the fuzzy output starts with
power mode 1, and at the load changes, the power mode switches to mode 2. After several
microseconds, even though the power is increased, there are no changes in the power mode
depending on the SOC level of the battery and the PV power.
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Figure 21. Output voltage of scenario 2.
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Figure 22. (a) Output power, (b) fuzzy system output of scenario 2.

The voltage stress comparison of the switches has been made in the following Figures 23 and 24.
The first module’s switch Ti2 is compared with a quasi-z-source network and without a quasi-z-
source network, the voltage stress with the quasi-z-source network is around 15 V. Besides the
voltage stress of the switch Ti2 without the quasi-z-source network is around 30 V peak under the
same conditions. The quasi-z-source network delays the output voltage to reach the target value of
120 V, which is around 1.1 seconds but there is a big difference in voltage stress. This is because the
voltage gain of the multi-port side does not need to be high, the quasi-z-source network has a higher
gain, and this lowers the voltage stresses of the switches on the multi-port side.

A= T =
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Figure 23. Voltage stress on the switch Ti2with the quasi-z-source network.
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Figure 24. Voltage stress on the switch Tz without quasi-z-source network.

The voltage stress difference between the two configurations increased at higher voltages. For
the multi-port quasi-z-source network, the voltage stress of switch T12 remains at 19 V when the
output voltage reaches its desired value, as shown in Figure 25. In addition, for the multi-port without
a quasi-z-source case, the voltage stress of switch T12 at the desired output has a 68 V peak, as can be
seen in Figure 26. Both waveforms have different timing because the output voltages reach 120 V at
different times.

20
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Figure 25. Voltage stress on the switch Ti2with the quasi-z-source network at 120 V output.
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Figure 26. Voltage stress on the switch Ti2without a quasi-z-source network at 120 V output.
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5. Experimental Test

Experimental tests consist of several sections, such as component selection, printed circuit board
(PCB) layout design, PCB component assembly, and measurements. Arduino is an embedded
platform that can be programmed to generate signals, read analog values, or connect different devices.
The Arduino DUE is selected as the main controller for the experiments because it can be connected
to MATLAB Simulink and is suitable for the process. Additionally, several configurations are
required to enable the use of the Arduino platform in MATLAB Simulink. For example, the MATLAB
Support package for the Arduino hardware has to be installed from the add-on explorer. The
experimental setup shown in Figure 33. In Figure 33, the multiport quasi-Z-source can be seen in a
blue rectangle on the PCB, the load side can be seen in a green rectangle and finally, the Arduino Uno,
Arduino DUE, and the digital-to-analog converter can be seen in red rectangles.

During the experimental tests, the DENEYSAN YE-1050 experiment kit's PV array, wind turbine,
and battery were used to obtain power. The ACS712 current sensor was used for current
measurements, but it could not be connected directly to an Arduino DUE because the ACS712 current
sensor has a 5V analog output signal, while the Arduino DUE has a maximum 3.3V analog input.
Therefore, the ACS712 current sensor was connected to the Arduino UNO, which communicated
with a Digital-to-Analog converter to send the read current value to the Arduino DUE. Voltage
divider resistors were used to measure the voltages and calculate the power (voltage multiplied by
the current). This process can be seen in Figure 27. Before multiplying the voltage and the current,
the voltage resistor formula was applied to calculate the actual measured voltage.

Table 2. Component Values.

Components Values
L1a, L2a, L1b, Lab, L3a, Lab 100 uH
Cy, G 47 uF
C 470 pF
Cmi1, Cm2 470 uF
Co 680 uF
Crv, Cwind 470 pF
Cz, Cz2 33 uF
Lz, Lz 100 uH
Load 1 440 ohm, 33 uH
Load 2 680 ohm

i
F:.> 102200 2200

Pdemand

o 4 ‘

Isense fen

Output current

Figure 27. Power calculation.

During the designing of the PCB layout, the traces had to be wide enough to handle the current
and voltage. According to IPC-2221 regulations, the amount of current can be calculated by the
following formula:

A= (T*W *1.378[(mils/oz) / (ft)?] (65)
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A= Area of the trace.
T= Trace thickness.
W= Trace width.
Imax = ((k * Triseb) * Ac) (66)

Trise= Maximum desired temperature in Celsius

5.1. Experimental Results

The experimental configurations were the same as the simulation configurations, and the results
are shown in the following. Experimental result waveforms were obtained using an oscilloscope with
50 V/div and 500 ms/div. Moreover, the current measurements are directly taken from the ACS712
current sensor via the Arduino UNQO, sent to the Arduino DUE via the DAC, and reflected in
MATLAB Simulink. Therefore, MATLAB Simulink scopes show the live data obtained from the
current sensor. As explained before, these measured values are multiplied by the voltage to obtain
the power values, and the results are shown in Figures 28 and 29.
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Figure 29. (a) Output power (b) fuzzy system output of the scenario 1 experimental tests.

In the first scenario, the battery SOC was 40%, and the desired output voltage was reached at
the desired output voltage in 1 second. After reaching the target, the PID corrected and stabilized the
output voltage. The second load is activated at 1.4 s and there are no changes in the output voltage,
finally, the test is completed at 2 then the voltage started to drop and it can be seen in Figure 28.

In the second scenario, the battery SOC level was 90%, and the target output voltage reached the
desired level in 1 seconds. The PID made corrections and stabilized the output voltage to the desired
level, the output voltage shown in Figure 30.
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Figure 30. Output voltage of the scenario 2 experimental tests.

The SOC level of the battery plays a significant role in the starting point of the power mode. The
system has the capability to meet the load demand at the starting point and depending on the power
ratings, it changes after 1.4 seconds. Depending on the measurements of all of the sources, the energy
management system decided to activate all of the sources when the load demand increased. Figure
32 shows the Cz voltage of the quasi-z-source network, the voltage is only around 75 V which is
carrying less voltage stress.
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Figure 32. C2 Voltage of the quasi-z-source network.
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6. Discussion and Comparison

Both simulation and experimental results are the same each other. The only difference between
the simulation and experimental tests that is fuzzy slope. But this difference is so small and it is not
affecting the result so it can be neglected. In this section, differences and comparison will be discussed.

The difference is the slope of the fuzzy logic output. The slew rate of the fuzzy output is 0 at the
simulations. On the other hand, in the real world, there are delay and tolerances, therefore the slope
can be predictable but also can be neglected because it is not affecting the result. In addition,
MATLAB Simulink configuration can be another reason. Other than this, the reactions of the fuzzy
logic output of both simulation and experimental tests are similar

..

Figure 33. Proposed system experimental setup.

Table 3. shows the comparison of the proposed energy management and other research can be
made in the literature [25,27,28], which have more complex systems, making them less attractive. In
addition, the proposed energy management strategy has no mathematical algorithm, and it is rule-
based; therefore, experts can easily adapt the energy management system to a larger number of
sources. Moreover, the referenced [29,31] needs data sets from the history. Besides proposed system
requires only the fuzzy rules which are defined by the user. The study in [33] can face technical
problems as renewable sources are connected. However, the proposed system can accept any type of
source by implementing control algorithms based on the source type. The PID control algorithm is
applied to the first module, which is battery connected, and different MPPT algorithms are applied
to the second and third modules, which are the PV and Wind sources, respectively.

Table 3. Comparison of the different energy management references and proposed energy

management.
Reference Adv. / Disadv. Response Time Complexity No. of Inputs
[25] Fuel economy is - High 3 inputs (Fuel cell,
good, system battery, Super
durability is high, Capacitor)
Complex system,
limited application
area
[27] Reasonable + High
assumptions,
Complex system
[28] High decision- - High 3 inputs (PV, Wind

making time, turbine, Battery)
Complex system
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[29] Hybrid sources, + Medium 5 inputs (Grid, PV,
Needs datasets Wind turbine, Fuel
Cell, Battery)
[31] Can predict future, + Medium 2 inputs (LTO; Li-
large-scale Ti-O battery,
operations are NCM; Ni-Co-Mn
difficult, Needs battery)
datasets
Proposed System No mathematical + Low N numbered (any
algorithm, fuzzy type of source
rules, can adapt including
high number of renewable sources)
sources

7. Conclusion

The proposed energy management system and multi-port quasi-z-source converter have been
presented, simulated, and tested under various conditions, including load changes. The results show
that the simulation and experimental tests match each other, indicating the effectiveness of the
proposed system. The system can be adapted to different systems by simply changing the parameters,
making it suitable for both simulation and real-world applications. Furthermore, simultaneous
power flow from multiple sources can feed the load side, and more power sources can be added to
the system if required. In addition, the voltage stresses on the switches of the multi-port side are
significantly reduced with the quasi-z-source network. In future work, attention can be given to
battery charging and the overall system efficiency to improve the sustainability of the management
system.

8. Appendix A

The fuzzy logic entire rule list can be seen below.

1. If Ppvis low and Pwind is low and Pdemand is low and SOC is low then power mode is P3

2. If Ppvis low and Pwind is low and Pdemand is low and SOC is medium the power mode is P2

3. If Ppvis low and Pwind is low and Pdemand is low and SOC is high then the power mode is P1
4. If Ppvis low and Pwind is low and Pdemand is medium and SOC is low then power mode is P3
5. If Ppvis low and Pwind is low and Pdemand is medium and SOC is medium then power mode is P3
6. If Ppvis low and Pwind is low and Pdemand is medium and SOC is high then power mode is P3
7. If Ppvis low and Pwind is low and Pdemand is high and SOC is low then power mode is P3

8. If Ppvis low and Pwind is low and Pdemand is high and SOC is medium then power mode is P3
9.  If Ppvis low and Pwind is low and Pdemand is high and SOC is high then power mode is P3

10. If Ppvis low and Pwind is medium Pdemand is low and SOC is low then power mode is P3

11. If Ppv is low and Pwind is medium Peemand is low and SOC is medium then power mode is P2
12. If Ppvis low and Pwind is medium Péemand is low and SOC is high then power mode is P1

13. If Ppvis low and Pwind is medium Péemand is medium and SOC is low then power mode is P3
14. If Ppvis low and Pwind is medium Pdemand is medium and SOC is medium then power mode is P3
15. If Ppv is low and Pwind is medium Pdemand is medium and SOC is high then power mode is P3
16. If Ppv is low and Pwind is medium Pdemand is high and SOC is low then power mode is P3

17. If Ppv is low and Pwind is medium Péemand is high and SOC is medium then power mode is P3
18. If Ppvis low and Pwind is medium Péemand is high and SOC is high then power mode is P3

19. If Ppvis low and Pwind is high Pdemand is low and SOC is low then power mode is P3

20. If Ppv is low and Pwind is high Pdemand is low and SOC is medium then power mode is P2

21. If Ppvis low and Pwind is high Pdemand is low and SOC is high then power mode is P1

22. If Ppvis low and Pwind is high Pdemand is medium and SOC is low then power mode is P3

23. If Ppv is low and Puwind is high Pdemand is medium and SOC is medium then power mode is P3
24. 1If Ppv is low and Puwind is high Pdemand is medium and SOC is high then power mode is P3
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25. If Ppv is low and Pwind is high Pdemand is high and SOC is low then power mode is P3

26. If Ppvis low and Pwind is high Pdemand is high and SOC is medium then power mode is P3

27. 1If Ppv is low and Pwind is high Pdemand is high and SOC is high then power mode is P3

28. If Ppv is medium and Pwind is low and Pdemand is low and SOC is low then power mode is P3

29. If Ppvis medium and Pwind is low and Pdemand is low and SOC is medium the power mode is P2

30. If Ppv is medium and Pwind is low and Pdaemand is low and SOC is high then the power mode is P1

31. If Ppvis medium and Pwind is low and Pdemand is medium and SOC is low then power mode is P3

32. If Ppvis medium and Pwind is low and Pdemand is medium and SOC is medium then power mode
is P3

33. If Ppvis medium and Pwind is low and Pdemand is medium and SOC is high then power mode is P3

34. If Ppvis medium and Pwind is low and Pdemand is high and SOC is low then power mode is P3

35. If Ppvis medium and Pwind is low and Pdemand is high and SOC is medium then power mode is P3

36. If Ppvis medium and Pwind is low and Pdemand is high and SOC is high then power mode is P3

37. 1If Ppvis medium and Puwind is medium Pdemand is low and SOC is low then power mode is P3

38. If Ppv is medium and Pwind is medium Pdemand is low and SOC is medium then power mode is P2

39. If Ppvis medium and Pwind is medium Pdemand is low and SOC is high then power mode is P1

40. If Ppv is medium and Pwind is medium Pdemand is medium and SOC is low then power mode is P3

41. If Ppv is medium and Pwind is medium Pdemana is medium and SOC is medium then the power
mode is P3

42. If Ppv is medium and Pwind is medium Pdemand is medium and SOC is high then power mode is P3

43. If Ppv is medium and Pwind is medium Paemand is high and SOC is low then power mode is P3

44. If Ppv is medium and Pwind is medium Pdemand is high and SOC is medium then power mode is P3

45. If Ppv is medium and Pwind is medium Paemand is high and SOC is high then power mode is P3

46. If Ppv is medium and Pwind is high Pdemand is low and SOC is low then power mode is P3

47. If Ppv is medium and Pwind is high Pdemand is low and SOC is medium then power mode is P3

48. If Ppv is medium and Pwind is high Pdemand is low and SOC is high then power mode is P1

49. If Ppv is medium and Pwind is high Pdemand is medium and SOC is low then power mode is P3

50. If Ppv is medium and Pwind is high Pdemand is medium and SOC is medium then power mode is P3

51. If Ppvis medium and Pwind is high Pdemand is medium and SOC is high then power mode is P3

52. If Ppvis medium and Pwind is high Pdemand is high and SOC is low then power mode is P3

53. If Ppvis medium and Pwind is high Pdemand is high and SOC is medium then power mode is P3

54. If Ppv is medium and Pwind is high Pdemand is high and SOC is high then power mode is P3

55. If Ppv is high and Pwind is low and Paemand is low and SOC is low then power mode is P2

56. If Ppv is high and Pwind is low and Pdemand is low and SOC is medium the power mode is P2

57. 1f Ppv is high and Pwind is low and Pdemand is low and SOC is high then the power mode is P1

58. 1If Ppv is high and Pwind is low and Pdemand is medium and SOC is low then power mode is P3

59. 1If Ppv is high and Pwind is low and Pdemand is medium and SOC is medium then power mode is P3

60. If Ppvis high and Pwind is low and Pdemand is medium and SOC is high then power mode is P2

61. If Ppvis high and Pwind is low and Paemand is high and SOC is low then power mode is P3

62. If Ppvis high and Pwind is low and Pdemand is high and SOC is medium then power mode is P3

63. If Ppv is high and Pwind is low and Pdemand is high and SOC is high then power mode is P3

64. If Ppvis high and Pwind is medium Pdemand is low and SOC is low then power mode is P2

65. If Ppv is high and Pwind is medium Pdemand is low and SOC is medium then power mode is P2

66. If Ppv is high and Pwind is medium Pdemand is low and SOC is high then power mode is P1

67. 1If Ppv is high and Pwind is medium Pdemand is medium and SOC is low then power mode is P3

68. 1If Ppv is high and Pwind is medium Pdemand is medium and SOC is medium then power mode is P3

69. If Ppv is high and Pwind is medium Pdemand is medium and SOC is high then power mode is P2

70. If Ppv is high and Pwind is medium Pdemand is high and SOC is low then power mode is P3

71. If Ppv is high and Pwind is medium Pdemand is high and SOC is medium then power mode is P3

72. If Ppvis high and Pwind is medium Pdemand is high and SOC is high then power mode is P3

73. If Ppvis high and Pwind is high Pdemand is low and SOC is low then power mode is P2

74. If Ppvis high and Pwind is high Pdemand is low and SOC is medium then power mode is P2
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75. If Ppv is high and Pwind is high Pdemand is low and SOC is high then power mode is P1

76. If Ppv is high and Pwind is high Pdemand is medium and SOC is low then power mode is P3

77. If Ppvis high and Pwind is high Pdemand is medium and SOC is medium then power mode is P3
78. If Ppy is high and Pwind is high Pdemand is medium and SOC is high then power mode is P2

79. If Ppvis high and Pwind is high Pdemand is high and SOC is low then power mode is P3

80. If Ppv is high and Pwind is high Pdemand is high and SOC is medium then power mode is P3

81. If Ppvis high and Pwind is high Pdemand is high and SOC is high then power mode is P3
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