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1. INTRODUCTION

The fuzzy logic control system which is based on human expertise was introduced in 1975 by
Mamdani and Assilian. It was implemented as an experiment on linguistic controller synthesis for a steam
engine-based model industrial plant [1]. Moreover, since 1989, fuzzy logic control has been used in many
domestic electric appliances. Fuzzy logic allows such appliances to be accurate and straightforward in dealing
with qualitative knowledge of operations, which are described as fuzzy if-then rules [2]. Fractional calculus,
as a field with practical implications, is applied in various domains such as economic processes [3], signal
processing [4], chemical processes [5], and bioengineering [6]. In the last decade, fractional calculus was
introduced in system theory and automated control [7]. Therefore, the application of fractional differential
equations has resulted in more accurate dynamic system models, novel control strategies, and enhanced control
loop characteristics, demonstrating fractional calculus's practical advantages and benefits.

In power electronics, converters are highly nonlinear and their control is crucial for industrial
applications. DC-DC multilevel boost converters as high gain DC-DC sources are a key for advanced
technology, simultaneously with the continuous advances in semiconductors and reactive components.
Contrastly to the conventional DC-DC boost converter, the DC-DC multilevel boost converters can operate at
a high-duty cycle to achieve a high output voltage, thus reducing switching frequency and decreasing
electromagnetic interference [8]. Therefore, DC-DC multilevel converters can be used in many industrial
domains, like automotive engineering, photovoltaic systems, and fuel cell applications [9]. Several DC-DC
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multilevel boost converter (MBC) topologies were proposed in previous works [10]. They are similar to the
conventional DC-DC boost converter by adding more capacitors and diodes. These topologies can generate a
higher voltage at different levels by using only a single inductor and switch. The advantages of these
configurations include the possibility of using switched capacitor converters without a transformer or a large
duty cycle to achieve high voltage conversion ratios [11]. It is the best instance of the switched capacitor since
the input current intensity is constant. The diodes have replaced all controlled switches in the switched
capacitor mechanism [12].

This paper aims to establish a mathematical model for the tow-level boost converter (2-L MBC) based
on the state-space averaged (SSA) method for developing the transfer functions of the input current and output
voltage related to the duty cycle. Two control techniques are applied to 2-L MBC, the first is the fuzzy logic
controller (FLC) and the second one is based on a fractional-order proportional-integral-derivative (FOPID)
controller. The simulation results developed under MATLAB/Simulink and SimPowerSystems toolbox show
that the dynamic responses with the proposed FOPID controller based on the Nelder-Mead optimization
method are more accurate and faster than the ones obtained with the FLC controller.

2. MODELLING OF A REDUCED ORDER NONLINEAR DYNAMIC SYSTEM OF A 2-L MBC
WITH EQUIVALENT CAPACITY

This section discusses the different steps in modeling the 2L-MBC based on the SSA method. The
mathematical model of the 2L-MBC is non-linear. Although this system's nonlinearities mask, on average, all
the information associated with the fast dynamics and instability of subharmonic oscillations, they are not
captured [13]. Due to the multiplicative components linking the state variables to the duty cycle, the
development of the mathematical model of the 2L-MBC is based on the SSA method in continuous conduction
mode (CCM) [14], [15]. The input current and output voltage transfer functions are then developed and
calculated. Figure 1 illustrates the power circuit of the 2L-MBC associated with the controller.

Steady-state and small signal modellings for a higher-order system are very complex. It is suitable to
reduce the model for simplicity. However, considering the equivalent capacity during the switch-on and switch-
off modes, applying the basic principles and considering that the capacitors are identical: C1=C,=C3=C. In
addition, the voltage across each capacitor is equal to the output voltage generated by N levels of capacitors.
Where the state space vector is x(t) = [I,(t) V.(t)]* and the output y(t) is the voltage load of the 2-L MBC
which is noted by V,,,4. There are two basic modes according to the state of the switch. The 2-L MBC can
operate in different modes.

Figure 1. The power circuit diagram of the 2L-MBC controlled

2.1. Switch-on mode reduced order
The equivalent reduced order circuit in switch-on mode is depicted in Figure 2. The state space
representation of the DC-DC 2-L MBC electrical model in switch-on mode is introduced by (1).

{x(t) = A;x(t) + B,V ()

y(@) = C;x(¢)

The matrix A and the vectors B, and C, are presented by (2).
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CequLoad

2.2. Switch-off mode reduced order
Figure 3 illustrates the equivalent reduced order circuit in switch-off mode. The state space
representation of the DC-DC 2-L MBC electrical model in switch-off mode is introduced by (3).

x(®) = Ax(t) + B,V
A @)

The matrix A, and the vectors B, and C, are presented by (4).

R 1 )
A; = 1L _ I\II\IL By = [Z]; C;=[0 1] 4)
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Figure 2. 2-L. MBC switch-on mode reduced order  Figure 3. 2-L MBC switch-off mode reduced order

2.3. Nonlinear full-order dynamic model
To obtain the full-order dynamic model, the two operating mathematical models are combined into a
single model by the mean of the SAA method presented by (5).

B=Bd+B,(1—d)’ \D=D,d+Dy(1-d)

A1, B1, C1, and D; are the state matrices in switch-on mode, whereas A, B2, C, and D-, are the ones in switch-
off mode. The average output voltage and current are expressed by (6) and (7) respectively:

N

Vicaa = (a) Vin (6)

loaa = (57) i (7)

Where N is the DC output link capacitor number; d: is the duty ratio; Vin: is the input voltage; By combining
the from (1) to (5), the matrix system obtained by (8) and (9) represents the 2-L. MBC mathematical model
with the two switch modes.

_h g
Ve (£) a-@ Vc(t)
Ceq CeqRLoad
I,(t)
[VLoad] [O 1] VC (t) (9)
With the equivalent capacitor as given by (10).
dCeql + (1 - d)Ceqz = Ceq (10)

To establish the state space model, which is a combination of the two aforementioned operation models, the
linearization of the system is done by (11).
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=[A4,d+A,(1 —d)]X +[B;d + B,(1 - ad)]U (11)

2.4. State space averaging mathematical model of the 2-LL MBC
The SSA method consists of introducing the term represented by () as a small perturbation. For
instance, the variable y(t) is written by (12):

y) =Y +9() (12)

Where Y isthe DC termand ¥ is the small signal term. This approach is applied to the state space vector x(t),

the input voltage v;, (t) and duty cycle d(t). Applying the small perturbation approach to (11) which gives
two expressions as given by (13). Therefore, two modes are obtained, AC and DC, expressed by (14) and (15)
respectively.

%o+ %) =[A,(D+d)+A4,(1—D —d)](xo + 2) +

[B:(D +d)+B,(1—D —d)]|(uo + ) (13)
- In DC mode

All the derivative terms are equal to zero, such as:

[A.D + A,(1 — D)](xq) + [B1D + B,(1 — D)](uy) =0 (14)
- In AC mode

Furthermore, in the AC equation, variables having products of £, @i and d are ignored (small variations
multiplied by the same ones yields an even smaller result).

x(t) = [A,D + A,(1 — D)]&(t) + [B,D + B,(1 — D)]a(t) +
[(A; — Az)xo + (By — Bz)uo]d(t) (15)

Where the capacitors C,q, = C and C,4; = 2C are replaced in (3) and (4), and taking into account that the DC-
DC converter is two levels, thus N = 2 and C,, = C. Consequently, the (15) is written in detailed form as
given by (16).

xi(t) T o xl(t) 10
xz(t)] l“ Doz x(t)] H“(t” S ‘[ "l (16)

2.5. Steady-state study
In order to deduce the solutions of x10 and xxo in a steady state, it is crucial to solve the system in DC
continuous mode. The state of equilibrium is represented by (17).

g <17>

The (18) and (19) introduce the current I and voltage V. respectively which represent the DC values equivalent
to X10 and xzo quantities, which are the solution of the (17).

(1 D)

d——Ax+Bu—O:[O] l(l -D)

CRLoad

I = #1-D) v, (18)

4R, (1-D)+Rpoaqq(1-D)3 '

_ 2R[,0qd(1-D) :
Ve = 4RL+Rpoqq(1-D)? Vin (19)
2.6. The transfer function of the DC-DC 2-L MBC
When the DC mode terms are omitted, the resulting matrix system presents the following small-signal
model as given by (20).

1-n) =D

i,(s) (Ls +Ry) — v -
[;LC(Z) - (1-D) (—CS B L) * “ILC] d(s) + [O] Um(S)] (20)

RLoad
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Following that, (21) and (22) present the current and voltage transfer functions, respectively.

2(1-D) )( 2 )
. — Cs+=—— )R +1
iL,(s) _(4RL+(1—D>2RLoad m( Rioad) -0%%

— = 21
T T W (L B C0) @
oa oa.
Be(s) (74&+(1Y£’;2Rwad)(—4(Ls+RL)+2RLOad(1—D)2) (22)
a(s) = 2L 2L (1-D)?
S CLSZ+(RLoad+RLC)s+<—RLoad+—2 )

3. CONTROL DESIGN
Two control methods are applied to the DC-DC 2-L MBC: the FLC and the FOPID. The two control
strategies are compared with different tests.

3.1. Fuzzy logic controller design

The fuzzy logic controller's inputs are error and its derivative, and the output corresponds to the duty
cycle variation, which are the most relevant quantities of the controller and are selected to improve control
close to the desired operating point. Consequently, it requires a set of rules primarily determined by the
operator's expertise when manipulating the system [16]. The characteristic parameters of the inputs of the FLC
are denoted by (e) and (4e) and output (4d).

Figure 4 depicts the fuzzy logic block diagram, which is composed of the following four essential
blocks. The normalization factors include those connected with the error and its variation and duty cycle
variation. The fuzzification block converts input values to sub-fuzzy sets. The fuzzy inference mechanism
block. The defuzzification block enables us to identify the actual output variable value from the fuzzy inference
and convert it into a numerical value for application to the process.

a. Fuzzification

Membership functions (MFs) are used in this step to convert actual quantities into fuzzy variables.
These MFs come in various forms, but triangular and trapezoidal are the most common. Figure 5 depicts the
MFs of the input and output variables.

b. Fuzzy inference mechanism

The control output is generated by combining the (MFs) and control rules. The fuzzy control rules are
a crucial element of this step, closely associated with human expertise. Depending on the Mamdani method
[1], [17], 49 fuzzy rules of error and their variation are selected in Table 1.

c. Defuzzification

The defuzzification step uses the centroid method, which permits determining the output variable's
actual value from the fuzzy inference mechanism [18]. This output value is then converted to a numerical value
and applied to the process [19].

Table 1. Fuzzy rule base table for a duty cycle
Error (e)
Variation of error (de) NBe NMe NSe Ze PSe PMe PBe
NBAe PBAd PBAd PBAd NBAd NMAd ZAd ZAd
NMAe PBAd PBAd PBAd PMAd PSAd ZAd ZAd
NSAe PBAd PMAd PSAd PSAd PSAd ZAd ZAd
ZAe PBAd PMAd PSAd ZAd NSAd NMAd NBAd
PBAe ZAd ZAd NMAd NSAd NSAd NMAd NBAd
NBAe ZAd ZAd NSAd NMAd NBAd NBAd NBAd
NBAe ZAd 7ZAd NMAd NBAd NBAd NBAd NBAd

Fuzzy logic controller
of the Vioud
T 1

Ad
—»|Defuzzification—p

= Fuzzification Inference
Ae —» —» mechanism

Figure 4. Block design of the FLC for DC-DC 2-L MBC output voltage control
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Figure 5. The MFs of the error (e), its variation (4e) and the variation of the control (4d)

3.2. Fundamental fractional calculus principles
The adaptation of differentiation and integration to non-integer order operators (ago{’ ) is referred to

as fractional calculus so that the operation's bounds are (t) and (a), and a real number (a) denotes fractional
order [20]. The fractional operator is established in several definitions. Considering Griinwald-Letnikcov
definition [21], [22]. This is one of the most used definitions to establish numerical solutions of the differential
fractional order equations, and determined by (23).

a

d* f(t) N
Cf(t)=t—L=lim—) (-1 f(t—kh 23
aSOt ( ) dta h—0 ha Z( ) k ( ) ( )
The Laplace transform of the function's f (t)a_th derivative with @ € R, and supposing the initial condition
is zero at t = 0 is given by (24).

D sPM by _qsPm=14. ... by sP1+pgsP0

ansntay_1sOn-14--+a,5%1+ays0

Hp " f(O}=s“F(s) = (24)
3.2.1. Fractional order 2L-MBC model identification

This section defines the identification of the fractional order model for the DC-DC 2L-MBC. The
Oustaloup approximation filter method is used to represent the system dynamics efficiently and give a suitable
fractional operator approximation for a specific frequency range [23]. Oustaloup filters approximate fractional
operators efficiently described by the (25).

sty

s~ K Een ot (25)
wy,, wand K are calculated using formulas given by (26):
SN =) by Gray)
o= (507 ec= ()T K= (20

N is the approximation order inside the frequency range [w,,w,] and a« = 1, and taking into
consideration, a good approximation is performed using the equation (26) with b = 10 and d = 9 [20]. The
trust-region-reflective and Levenberg-Marquardt estimation techniques are used to find the integer order
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system into a fractional order system, Assuming the variablesy, u, and t are the identifying data structure stated
by the MATLAB function: iddata=fidata (y,u,t) y represents the DC-DC 2L-MBC model output, u represents
the input signal, and t represents the time vector. The coefficients are constrained in the interval [10%, 103],
and the orders are bounded in the interval of [107°, 5], and approximation within a frequency range of

[107%, 107%] (%) using the Oustaloup filter, and the order of N = 5. The fractional order identification of
the 2L-MBC system transfer function with the trust-region-reflective and Levenberg-Marquardt optimization
algorithms are defined below, respectively by (27) and (28).

(2.7645.exp(55°°3085)+514.18)
(530.4751.00000 4 551 835087247 4 1)

Grrr(s) = (27)

(8993150016868 4539 62)
(0.0009130559-981280,02743650-062356 1 1)

Gu(s) = (28)

A step response is utilized to compare the temporal domain properties of the derived models to those of the
original model in Figure 6. The trust-region-reflective estimate approach yields a more precise result in this
specific case. The time domain fit is excellent in both cases, but examining the temporal domain response
reveals the distinct differences between the two models.

3.2.2. Fractional order PID controller (FOPID)
Podlubny was the first to introduce the notion of FOC in [24], [25]. The transfer function description
of the FOPID controller is presented by expression (29):

Gro pip(s) = Kp + Kis™ + Kps# (29)

It is evident from (31) that the FOPID controller has five tuning parameters: a proportional gain (Kp), an
integrator gain (K;) with an order (1) and a differentiator gain (K},) with an order (u). There are several FOPID
design methods dependent on the controlled system. If the plant is represented by an integer-order model,
conventional tuning techniques may be used to produce integer-order PID parameters. Then, FOPID orders
may be adjusted to optimal performance. A tool is given that identifies the process (which may also be
fractional-order) by using known models, which were studied in various previous scientific works [26].

MATLAB's FOMCON toolbox is designed to facilitate the creation of fractional-order models and
controllers and evaluate their performance [27]. This study uses the FOPID controller to regulate the DC-DC
2L-MBC output voltage. The problem of optimizing parameters is resolved using the Nelder-Mead
optimization criterion. Many studies discussed the convergence of the optimization with a family of functions
of two variables. These studies emphasize on the necessity for variants of the original Nelder-Mead to
guarantee the convergence problems [28]. The Nelder-Mead algorithm was improved for multidimensional,
unconstrained optimization based on the selective simplex that allows the algorithm to choose its elements
dynamically in contrast to the conventional Nelder-Mead algorithm, which uses a determinant simplex [29].
Another improvement of the algorithm, which uses a boosted incremental Nelder-Mead simplex algorithm,
was applied to analyze a wireless sensor network by a distributed regression [30]. The Nelder-Mead simplex
search was also used with the metaheuristic global optimization known as the state transition algorithm and the
quadratic interpolation to enhance a local search [31]. The Nelder-Mead optimization can also be applied to
the automatization and selective protection with the lowest tripping times by the minimization of an
appropriately designed object function [32]. For higher dimensional problems, a multilevel methodology for a
Nelder-Mead optimization was developed [33]. The methodology can enhance the optimizer's speed of
convergence as it gets closer to the optimal solution.

The problem of optimizing parameters is resolved using the Nelder-Mead optimization criterion [34].
This is presented by Figure 7. Consider the trust-region-reflecting identification obtained model (27) from the
integer model of the 2L-MBC. The FOMCON toolbox's (fpid_optimize) function gives a suboptimal FOPID
for the 2L-MBC system under these conditions:K, = K; = K, = 1, 1 = 0.9 and u = 0.7. The proportional
and integral, and derivative gains are defined by the search limits: [Kp, K;, Kp] € [0, 100]. The Oustaloup

filter approximation is used for simulation with default settings that w € [107%, 107>] (%) and an order N =

10. The specifications are shown as: The gain margin is 10 dB, and the phase margin is 45 degrees. Integral
absolute error (IAE) as given by (30), is used as a performance metric to minimize the overshoot and the settling
time in the closed-loop response of the system.

IAE = [}le,(t)| dt (30)

Fractional order PID controller design of a DC-DC multilevel boost converter using the ... (Ghrissi Tahri)
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Then, the necessity for robustness to gain changes is imposed, together with the recovery of the crossover
frequency e, , which is calculated by (31).

darg(F(jw)) -0 (31)

dw w=w¢

Where F(jw) is the open-loop frequency response of the DC-DC 2L-MBC system and FOPID controller.
Moreover, to avoid gain fluctuation, the phase response at critical frequency must be flat. After 631 repeated
iterations of the Nelder-Mead algorithm, the suboptimal FOPID controller settings are computed as given by (32).

Kp = 0.013775 K, = 0.0024307
K, = 0.01494 1 =0.50021 (32)
1 = 0.0334

(]
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Figure 6. Step responses of identified and original models
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Figure 7. Nelder-Mead flowchart to tune the parameters of the FOPID controller
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4. SIMULATION AND RESULTS

To evaluate the performance of the FLC and FOPID controllers using a VMC control approach of the
DC-DC 2L-MBC, a program was implemented under MATLAB/Simulink to achieve a set of simulation tests.
The system's simulation parameters are given in the Table 2. Figures 8 and 9 show the duty cycle, input current,
and output voltage of the 2L-MBC using FLC and FOPID controllers. Rapid step changes are applied to the
reference voltage, starting with 100 (V) from 0 to 0.07 s, 80 (V) from 0.07 to 0.14 s, and ending with 120 (V)
from0.14t0 0.2 s.

Figures 10 and 11 depict input current and output voltage using FLC and FOPID controllers to
evaluate the efficiency of the proposed controllers. First, the system is initially supplied with an input voltage
of 50 volts, then a step change from 50 to 40 volts is applied at t=0.07 s, succeeded by a step change from 40
to 60 volts at t=0.14 s. Finally, Figures 12 and 13 analyze and show an essential aspect of the controller's
operation: the system's response to load changes. At t=0.07 s, the load resistor is dropped from its nominal
value of 10 (Q) to 6 () and subsequently raised from 6 (Q) to 16 (Q) at t=0.14 s. The simulation results
demonstrate that the voltage drop is recovered more rapidly by the FOPID controller than by the FLC when a
sudden change in load occurs.

Table. 2 Simulation parameters
The DC-DC two-level boost converter parameters

Parameters Variables Values
Input voltage Vin 50 [V]
Duty cycle D 0.5
Output voltage Vo 200 [V]
Inductor L 100 [uH]
Inductor resistance R, 0.0516 [2]
Capacitor C 200 [uF]
Load resistor Rioad 10 [2]
Switching frequency F, 25 [Khz]
Sampling time T, 1 [us]
Duty cycle d
r I - T T 7 : T T
04 15O 03
01 \ 02 I
03 0,05/ | h 01
kel "N 0135 014 0145
02|
01 ! e d FLLC
w = ] FOPID
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40 | oo e _l FOPID ||
20[ k
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Figure 8. Duty cycle and inductor current of the DC-DC 2-L MBC with change in reference voltage
(100, 80, and 120 volts) using FLC and FOPID
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Figure 9. Duty cycle and output voltage of the DC-DC 2-L MBC with change in reference voltage (100, 80,
and 120 volts) using FLC and FOPID
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Figure 10. Inductor current of the DC-DC 2-L MBC with change in the input voltage using FLC and FOPID
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Figure 11. Output voltage of the DC-DC 2-L. MBC with change in the input voltage using FLC and FOPID
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Figure 12. Inductor current of the DC-DC 2-L MBC with change in the load resistor using FLC and FOPID
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Figure 13. The output voltage of the DC-DC 2-L MBC with change in the load resistor using FLC and FOPID

5. CONCLUSION

This study compares and analyzes two control methods, FLC and FOPID controller, applied to the
DC-DC 2L-MBC converter in VMC mode operation. The optimization process to evaluate the performance of
the FOPID controller is done using the Nelder Mead optimization method and applied to the DC-DC 2L-MBC
converter mathematical model obtained using the SSA method. The simulation results show that the FOPID
controller has better dynamic performance than the FLC controller. The FOPID controller can effectively track
the reference signals and maintain the output voltage of the 2L-MBC DC-DC converter at the setpoint with
minimal deviation. Moreover, the FOPID controller offers a significantly faster start-up response and better
dynamic reaction across the entire control range than the FLC controller. The MATLAB-Simulink simulations
have shown that the 2L-MBC controlled by the non-conventional controller as FOPID has higher dynamic
performance with reduced settling time and a minimal overshoot than the FLC control.
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