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Mitigating destabilizing effects of CPLs through fractional order
DC/DC buck converter for enhanced energy conversion efficiency

Youcef Djourni!, Khatir Khettab?, Yassine Bensafia?, Abderrahmane Moussaoui®

In DC microgrids (MG), the fractional order (FO) model of DC/DC converter is more accurate than an integer order (10)
version because the capacitor and inductor orders have a great effect on the converter performance. On this basis, a FO DC/DC
buck converter is constructed to deal with the instability issues associated with a constant power load (CPL), which has the
possibility of destabilizing DC microgrids. In this context, Oustaloup recursive approximation method (ORA) is employed to
establish the FO converter’s components, and the dynamic equations of the FO buck converter are developed by means of the
average method. As the CPLs have nonlinear characteristics, a FO nonlinear backstepping controller (BSC) is presented to
effectively avoid the instability problem of the DC bus voltage. Furthermore, the asymptotic stability is proved using the
fractional Lyapunov function. Finally, numerical results demonstrate the superiority of the fractional order controller over the
integer order version of the backstepping control when the system faces all possible perturbations or disturbances.

Keywords: microgrid, fractional order buck converter, constant power load, fractional order backstepping controller, Oustaloup

recursive approximation

1 Introduction

Although fractional calculus (FC) has a long history,
it has recently been recognized as the calculus of the
century. Currently, there is increasing interest in explo-
ring new concepts and potential advantages of FC,
especially in its engineering applications, such as control
systems [1-3]. Fractional calculus is renowned for its
capability to model non-smooth physical phenomena
and complex systems with greater accuracy. Due to these
unique characteristics, many physical phenomena are
best modelled and described using fractional calculus
[4, 5].

Several studies indicate that a FO model provides an
accurate analysis of the actual dynamic behaviour of
electronic components, as compared to an integer order
model. In [6], the authors used the FO capacitor and
inductor to build a new fractional double inductor LC
filter, providing rich features of the constructed filter.
Therefore, fractional models can be considered as a sig-
nificant contribution in the field of electrical engi-
neering for constructing power converters [7].

DC MGs, used in multi-source power generation like
offshore wind [8], consist of interconnected generators,
loads, and storage units [9]. They surpass AC MGs in
efficiency, reliability, and stability, avoiding reactive
current and phase imbalance issues. With fewer
conversion steps and simpler control, DC MGs ensure

stable voltage. Storage devices play a key role in main-
taining bus stability during energy fluctuations, balan-
cing power output [10].

Ensuring DC bus stability in a DC MG supplying
CPLs is challenging due to instability caused by their
incremental negative impedance (INI) [11]. This redu-
ces system damping, leading to oscillations and potential
equipment failure, limiting linear control methods [12,
13]. Additionally, voltage perturbations further degrade
stability [14, 15]. Researchers are thus exploring advan-
ced control strategies to mitigate CPL instability. Based
on Golver Doyle Optimization Algorithm and small-
signal method, H, controller [16] is proposed to control
a buck converter connected to CPL. DC bus
perturbations caused by load-side converter and para-
meters variations are successfully rejected, reaching the
desired system stability in the DC MG.

As seen, the most widely used controllers for dealing
with common instability problems in DC microgrids are
controllers of integer orders [15, 17]. However, it is
noticing that the FO controllers have also received much
attention. The FO controller is known for its extra design
parameters, the latter provide a higher degree of freedom
[18-21]. In [18], use of FO terminal sliding mode
controller minimizes the instability effect in MG, which
in turn weakens the chatter phenomenon brought on by
constant power loading.
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Fig. 1. FO DC/DC buck converter based CPL and damping resistor

To effectively control the output voltage of the FO
power converter, it is important to take into account the
fractional behaviour of the converter’s components by
using an adequate approximation method [20]. There-
fore, a FO nonlinear controller is more appropriate for
ensuring the DC bus stabilization in order to achieve
optimal performance in DC MGs. As far as we are
aware, this problem is not addressed in the literature in
terms of applying an incommensurate FO nonlinear
controller for a FO DC/DC converter, which is regulated
to feed CPL.

In this context, an incommensurate FO back-
stepping-based controller has been built for guaran-
teeing the DC bus stability even in the presence of
a CPL. The proposed controller has been designed to
tightly control the output voltage of a fractional order
DC/DC buck converters via the fractional Lyapunov
function. ORA method has been used to establish the
fractional converter’s components. Then, based on the
average method [22], the dynamic equations of the FO
constructed converter feeding a CPL and a resistive load
have been derived.

The rest of this article is arranged into several
sections. The second section introduces the modelling of
the proposed system that mainly consists of fractional
capacitor and fractional inductor, and explains the
Griinwald-Letnikov (G-L) fractional definition [23].
Section 3 presents the design procedure of the non-linear
FO backstepping controller. The stabilization issue is
also studied, in this section, using the Lyapunov
fractional function. In the following section, The FO
buck converter circuit is created using ORA, and the
numerical simulation is about validating the system
effectiveness. Finally, the article concludes with
a summary of the main findings.

2 Modeling of FO buck converter feeding CPL

In the branch of FC, the G-L fractional definition is
employed. It is regarded as one of the commonly used
definitions that is applied to engineering fields [24, 25].
Therefore, all calculations are carried out based on G-L
fractional derivative.

Definition 1

The a-order G-L fractional derivative of function
x(t) is depicted by
e
GLpa — i -a —1)J —
LDEx(t) = lim h ZFO( 1 (j)x(kh ih)
for(a € R), (D

whereG:Dis the G-L derivative operator, and D%is its

k

abbreviation at t, = 0. The binomial coefficient (‘]") in
terms of Gamma function I"(.) is given by

(a)_ 'a+1)
j/] rG+Dr@—j+1)°

As mentioned previously, the characteristics of an
inductor and a capacitor are essentially non-integer in
nature. Hence, the fractional order components have
been applied to power converters in order to increase the
design’s flexibility, and it has been found that this has
further stabilized the system's overall closed-loop
response. Therefore, the designed power converter
should be modelled by FC to ensure high performance
[26].

For a fractional order capacitor, with the proposed
model [27, 28], the current-voltage relationship (i., v.)
in a real capacitor can be expressed by

dqlvc
dt

ic®=C (2)
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in which g, represents the FO of a capacitor and C is the
capacitor’s capacitance.

In addition, for a fractional order inductor, the
voltage-current relationship (v;,i;) in a real inductor
can be expressed as
quiL
dt4z

where g, represents the FO of the inductor and L is the
inductor’s inductance.

As illustrated in Fig. 1, the proposed FO buck
converter is mainly constituted of FO capacitor €9, FO
inductor L9z, DC power source and a resistive load R. It
is worth noting the switch S and diode D are considered
as ideal devices. In this study, the FO buck converter
functions in continuous current mode feeding a CPL.
The CPL is represented by a controlled current source.
Hence, we can modify the output power P.p; absorbed
by the CPL. Moreover, for a linear relationship between
veandip, Pep;, Will be constant and it can be given by the
relation

. . dvc
PCPL = Vc.lp and —lp = W (4‘)

According to the linear models proposed by Westerlund
as well as the fact that the converter is assumed to be
operating in continuous conduction mode [29], the
dynamic equations of the FO buck converter feeding
a CPL and a resistive load is expressed bellow

dhve i ip i

dtis — ¢ ¢ C
ai, vy v ®)
dt?z L L

in which g, and g, represent the FO of capacitor and
inductor, respectively. i; and v, are the moving
averages of the inductor current and of the capacitor
voltage. v;, is the voltage of a DC source. ip represents
the current of CPL and iy is the resistive load. d is the
operational duty ration of the PWM signal, which is our
desired objective.

In this paper, let us consider that the FOs q,,q, €
(0,1) are different, which means degrading the system
(5) under non-commensurate FO nonlinear system[30].

The negative incremental impedance caused by CPL,
as is well known, can affect the stability of DC MG or
even cause it to malfunction [15, 31, 32]. Indeed, the
worst case in terms of reducing system damping occurs
when the DC load is pure CPL. Nonetheless, many
developed nonlinear controllers, whether integer or
fractional, guarantee system stability, preventing the
entire DC MG and its elements from unexpected
collapse or damage [11, 14].

3 Controller design for FO buck converter with CPL

The fractional order nonlinear control is more
suitable for the fractional order nonlinear system such as
FO BSC and FO sliding mode controller. For over-
coming the instability issues caused by CPL, a FO
nonlinear controller is designed according the idea of
backstepping. As the resistive load causes power loss,
the FO backstepping controller ensures a large signal
stability of the FO buck converter under large CPL
variations even without using passive load.

Lemma 1 [20]

If x = 0isanequilibrium point of the fractional order
system defined as below

DPx(®) = f(t, x()), (6)

wheref (t) is Lipschitz continuous. Let us consider
a Lyapunov function V(¢t,x(t)) and class-K functions
6;(i =1,2,3) which satisfy

& (@I < V(t,x@®) < (@) (7)
GDEV (L x(1) < =85 (Ilx 1D (8)

in which @ € (0,1). Then the FO system (6) is stable,
asymptotically.

Theorem

For the state equations of FO buck converter, in (5),
the operational duty d € (0,1) that leads to stabilizing
asymptotically the states of the system (5), is expressed
below

d= vi[el + 9.+ LD%2B
— %ezsign(Dql‘“el)sign(DQZ‘“ez)
— LK, D% %, | (9)

in which the tracking error dynamics e; and e, are
chosen as

e =V¢c — Vc, (10)

62 = iL - B (11)
In addition, the virtual controller is as

p = _CKqul_ael + CDqva + iR + ip (12)

where V. is the desired output voltage. From the
incommensurate FO system (5), « = min [q4, ;] is the
smallest fractional order.
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Proof

To understand the designed controller, one has the
following recursive steps as stated below.

Step 1
We start with the first subsystem of system (5),
@ e C (13)
Taking the g, order derivative of the tracking error e,
Dqlel = Dq1 (vc - ‘7C) (14)

Using the linear property of the fractional derivative
[23], Eqgn. (14) becomes

D‘hel == Dqlvc - Dql\'}c (15)
Now, define the Lyapunov function as
V; = [DT™ %, (16)

By applying the additive law property of exponent
and taking the « order derivative of Lyapunov function
(16), we get

D@V, = D%| D91~ %, |
< D%e;sign(D91™%e,). (17)

Using Egn. (13) and Egn. (15) into Eqgn. (17) we
obtain

D*V, < (D%ry, — DY) sign(D91™ %)

1
< (E (i, —igp —ip) — D‘h\?C) sign(D%17%¢;) (18)

Let choose S as the virtual controller of the inductor
currenti;. Now, simplifying Eqgn. (18) using Eqn. (11)
D%V, < (%(92 +B—ig—ip) —
D% .) sign(D91™ %)

1
< C (B + ;) sign(D1"%e;)

1
+ (E (ir —ip) — Dql\”lc) sign(D%1~%¢;) (19)
To eliminate the second term of expression (19), the
stabilizing controller B that leads to desirable
convergence with time of the second subsystem (5) is
chosenas g = —CK;D91 %¢; + CDU% + ip + ip.
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Fig. 2. Control architecture of the FO BSC for FO buck converter with a CPL

Then, the first fractional Lyapunov function can be
rewritten as

D*V; < —K;D91™%¢;sign(D91™%¢,)
+ Eezsign(Dql‘“el)

< —K;|DU1 % | + %ezsign(Dql‘“el) (20)

Step 2
Taking the second subsystem of system (5)
qu iL Vin Uc
e = LT @)

Again, taking the g, order derivative of the second
tracking error e, and using the linear property, Eqn. (11)
is expressed as

Dq262 = quiL_qu (22)
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Now, a new Lyapunov function for subsystem (21) is
selected as

V, =V, + |D%%e,|
whose a order derivative is expressed as
D%V, = D%V, + D¥| D92~ %,|
< D%V, 4+ D%2e,sign(D%2"%¢,)
Then, using Eqgn. (20) into Eqgn. (24), we get

(23)

(24)

1
D*V, < —K;|D91 %, | + Eezsign(D%‘“el)
+ D%2¢,sign(D%2~%e,) 25
g

By inserting e, from Eqn. (22) and substituting Eqgn. (21)
into Eqn. (25) one has

DV, < —K;|D11 ™%, | + %ezsign(Dql_“el)
+ D% (i, — B)sign(D9%2~%e,)
< —K;|DU1" % | + %ezsign(Dql_“el)
+(D%2i; — D92)sign(D%2"%e,)
< —K,|D91™ % | + %ezsign(D‘h‘“el)
—D%2Bsign(D92~%e,)
+ [vLﬂd - %] sign(D927%e,)
The main objective is to enforce DC bus voltage vto
track its reference value ¥, which means the error
e;converges to zero ast — co. By using the above

lemma, the FO time derivative of Lyapunov function
(26) should reduce to:

(26)

D%V, < —K,|D%1~%¢,| — K,|D9%2~%¢,|with K,and K,
are positive constants. Thus, the overall controller d that
ensures an asymptotic tracking for the FO system (5),
can finally be expressed as

d=_"|e +Vc+LD%p
— %ez sign(D91~%¢,)sign(D92~%e,)

— LK,D% %, | 27)

Remark 1

As indicated above, system (5) degrades under
incommensurate fractional order system because it has
arbitrary orders (q; # g). That is why we proposed an
unsmooth Lyapunov function in the form as
V, =Vu_1 + |DI"%e,| in order to prove the system’s
stability. furthermore, this function is still validated for
a commensurate FO buck converter.

Remark 2

As many works were used the 10 version of DC/DC
converter feeding CPL to derive the traditional back-
stepping controller based on integer Lyapunov function.
However, the controller and the converter performances
are still limited. In this work, a FO buck converter is
considered. Extending the FO backstepping control via
a FO Lyapunov function to control the FO converter is
our main aim, for totally overcoming the instability
caused by CPL. It is worth mentioning that when the
system’s orders satisfy (q; = g, = 1), it gives the same
results as of the integer version.

Table 1. Simulation setup parameters

System parameters Description Value Unit
f Switching frequency 25 kHz
Cco Capacitor 200 uF/si—d
L9z Inductor 20 mH/s!79
Vin Converter input voltage 100 \Y
R Damping resistor 5 Q
q1 Capacitor’s fractional order 0.96
q» Capacitor’s fractional order 0.97
K, Controller parameter 1000
K, Controller parameter 500

4 Simulation results

In this section, MATLAB /Simulink is used as a plat-
form to validate the obtained results. Figure 2 shows the
system model with the derived controller where the CPL
is presented by a controlled current source, hence the

CPL value can be controlled easily. The details of the
designed system are stated in Tab. 1. Currently,
fractional order components of specific order are not
directly presented in Simulink environment. Therefore,
in this paper, ORA method is employed to construct the
real FO devices of the buck converter by integer order
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well-known components. Then, the closed-loop res-
ponse is assessed under four scenarios, the worst-case of
which would occur when the load is pure CPL (the
resistive load is unloaded).

4.1 QOustaloup recursive approximation

From Tab. 1, the operating frequency of the buck
converter is f = 25 kHz. Thus, Oustaloup approxima-
tion requirements are chosen to obtain an accurate circuit
model of the FO storage elements. The Oustaloup’
parameters are the fitting frequency bands w, =
1072rds™t, w, =107 rds™!, and the order of
Oustaloup filter N = 8.

Applying ORA method, the integer order transfer
function TFCyg4 of the FO capacitor (4, =200 mF/

s1=41 with g; = 0.96 can be expressed as

1
TFCORA = Es_ql (28)

To calculate the parameters of equivalent model of
the FO capacitor, as shown in Fig. 3, undetermined
coefficients method is used. We compare the formulas
of its approximate transfer function TFCpr, and the
impedance of the chain circuit:

n 1/C
TFCopa = Z ——L 4R,

Solving Egn. (29), calculated values R¢, , R¢, and C;
of the constructed chain fractance for the FO capacitor
are as follows: R;, =0.95mQ, Re, =1mQ, R¢, =
13.46mQ, Rc,=016Q, Rg =197Q, Rc =
23.54Q, R¢, =283 Q, Rc, = 3.65kQ, R¢, = 412 kQ,
C,=121mF, C,=125mF, C;=139mF, C,=
1.53 mF, Cs = 1.7 mF, C4 = 1.89 mF, C, = 1.95 mF,
Cg = 0.23 mF.

(29)

Fig. 3. Fractional order capacitor's equivalent circuit

The integer order transfer function TFLyg, for the
FO inductor L,, = 20 mH/s*~92 with g, = 0.97 can be
expressed in the same way as shown above

1
TFLORA = zs_qz (30)

Fig. 4. Fractional order inductor's equivalent circuit

As exhibited in Fig. 4, for calculation the parameters
of chain structure of the FO inductor, undetermined
coefficients method is also used. We compare the
formulas of its approximate transfer function TFLyga
and the impedance of the chain circuit:

1

TFL ~Zn: /1, M
ORA ™~ RLi RL'
L

n

(1)

Similarly, solving Eqgn. (31), calculated values R, , R,
and L; of the constructed chain fractance for the FO
capacitor are as follows: R;, = 123 kQ, R, = 145k,
R,, =109kQ, R,, =884Q, R, =70.76Q, R, =
58Q, R, =046Q, R, =35mQ, R, =023mQ,
L, =0.19H, L, =0.19H, Ly =0.2H, L, = 0.22 H,
Ls=0.24H, Lg=025H, L,=025H Lg=
22.2 mH.

Remark 3

As discussed above, the FO capacitor and inductor
are currently unavailable. Therefore, an approximation
method should be used in the majority of cases. In our
work, the aforementioned problem of building
equivalent models of these FO elements has been
approached by using Oustaloup recursive approximation
within an appropriate frequency band. Indeed, the
majority of published studies have indicated the correct
model using ORA method [33, 34], confirming the
accuracy of the characteristic analysis of FO inductor
and capacitor in accordance with the theoretical results.

While designing the entire system depicted in Fig. 2,
particularly for potential future experimental imple-
mentation, the following steps should be carefully consi-
dered to minimize limitations and maximize flexibility:
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. Select an appropriate fractional order for each
energy-storage device (q1,q2), which is usually
close to 1, so that the fractional converter that
requires a higher control performance and ripple
requirement can be designed.

. Choose an appropriate rational approximation
method such as Cherff’s method, Oustaloup’s recur-
sive method, etc.

. Choose suitable Oustaloup parameters that are
related to a certain frequency range (wy,wy ,N).
That is why the approximation effect will be better at
the desired operating frequency.

. Determine the parameters of the manually tuned FO
BSC controller (K; , K>).

. Choose an optimal memory length: A short memory
may lead to the same result as obtained in the integer
systems or even some inaccuracy outcomes,

300 T T T T T T 30

i
| ‘

v

% jp——— — P=800W =
[ N T ——— 4 -~

P W)

o : h ) 3 . . . 0
0.15 0.2
time(S)

(@)

227

approximately, and a long memory may lead to more
computational burden problems as well. Evaluation
focusing on the memory length of the system

response was discussed in [5].

4.2 Test under CPL power variation

In the first scenario, the test is carried out to check
the effect of sudden changes in CPL output on the
DC bus voltage. As depicted in Fig. 5, the CPL
variation values are as follows: first, the CPL value
is fixed at 200 W. We noted that the FO back-
stepping controller reaches the DC bus voltage
within the desired settling time 8.4 ms and there is
no overshoot recorded. After that, a critical transition
is performed from 200 W to 30 W in 0.1 s. An over-
shoot of 5 V is recorded for the integer order con-
verter within 0.01 s.
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Fig. 5. Simulation results with a changing CPL.: (a) Conventional backstepping control,
(b) Fractional order backstepping control
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Fig. 6. Simulation results with a CPL load and unload: (a) Conventional backstepping control.
(b) Fractional order backstepping control
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Table 2. Comparing controllers performance under CPL change

Controller Settling time Maximum Maximum Error values
(91, 92) (ms) overshoot (V) undershoot (V) ve(V)
10 (1,1) 16 15.53 35
FO (0.96,0.97) 8.4 1.3 10.65 0

However, using a FO buck converter controlled by
a FO BSC can effectively reduce the oscillation caused
by even large CPL variations. Then, at time 0.2 ms, the
system is reevaluated under a sudden change in CPL
from 30 W to 100 W. All controllers can ensure system
stability in this case, as the DC bus voltage precisely
tracks its reference value. Finally, the CPL reaches a
high value of 800 W at 0.3 ms. At this step of change,
the 10 controller is ineffective for maintaining the
system performance and leads to a smaller stability
margin, in which the output voltage drops by 3.8 V and
interesting oscillations are observed, as noticed in
Tab. 2. Furthermore, the CPL changes in a wide range
with a substantial undershoot of 15.53 V. However, the
system response of the FO converter is stable steadily
against the disturbance caused by the large CPL current.

To further demonstrate the robustness of the designed
system with a FO buck converter, another test is carried
out under a sudden removal of the CPL load. As is
shown in Fig. 6, the CPL is suddenly unloaded from
0.2 ms to 0.3 ms. The important thing here is that the DC
bus voltage of the 10 converter returns rapidly to its
desired value of 100 V, but serious fluctuations are
recorded, causing less stability. Besides, the DC bus
voltage of FO converter has a small overshoot, and the
system is always stable. Therefore, the controller’s
robustness in terms of stability will be ensured when
a FO system controlled by a FO nonlinear controller is
used.

4.3 Test under input voltage variation

The second test is used to validate the superiority of
the proposed FO system when the input voltage changes
from 200 V to 210 V, 210 V to 190 V, and 190 V to
200 V at moments of 0.1 ms, 0.2 ms and 0.3 ms, res-
pectively. Figure 7 illustrates the response waveforms of
the two systems. As given in Tab. 3, the conventional
BSC controller reaches its steady state within 16 ms,
recor-ding an overshoot of 8V, but the FO BSC
controller has a better response speed, and no overshoot
is recorded. The input voltage is increased from 200 V
to 210 V in 0.2 ms. It can be noted that the 10 converter
has a certain deviation from the voltage of the DC bus of
2.5V, thus causing a significant fluctuation in the CPL.

Moreover, at t = 0.3 ms, the voltage of the main bus also
dropsto 97.3 V compared to its reference voltage. There-
fore, under input voltage variation, the conventional
BSC controller cannot guarantee system stability.
Whereas, applying the proposed control technique for
the FO buck converter is effective in avoiding the system
destabilization issues caused by a certain input voltage
scope, providing a stable DC bus voltage.

As previously stated, the FO buck converter feeding
a CPL has a smooth dynamic performance and neglected
steady state error, ratifying the robustness of the
suggested control method.
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Fig. 7. Simulation results with a changing input
voltage: (a) Conventional backstepping control,
(b) Fractional order backstepping control
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Table 3. Comparing controllers performance under input voltage variation

Controller Settling time Maximum Maximum Error values
(91,92) (ms) overshoot (V) undershoot (V) ve (V)
10 (1,1) 16 2.24 2
FO (0.96,0.97) 8.4 0 0.05

4.4 Test under resistive load variation
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Fig. 8. Simulation results with a changing resistive
load: (a) Conventional backstepping control,
(b) Fractional order backstepping control

The impact of resistive load variation on the response
waveforms of the FO buck converter is depicted in
Fig. 8. The resistive load varies from 10 Q to 5 Q and
5Q to 12 Q at 0.1 ms and 0.2 ms, respectively. From
examining Tab. 3, a serious overshoot of 36.2 V of DC
bus voltage is observed for the integer order converter at
0.2 ms. Whereas, the FO buck converter has a small
overshoot of 2.5V and better response speed. The
system is then loaded by a pure CPL at the moment
0.3 ms. Noticing that the 10 controller is ineffective for
maintaining the system performance when the resistive
load is unloaded and that it leads to interesting

oscillations in which the output voltage drops by 2.89 V.
However, the system response of the FO converter is
stable steadily with almost no error in the presence of
resistive load variation. Therefore, the controller’s
robustness in terms of stability will be enhanced when a
FO buck converter controlled via a FO BSC controller is
used.

4.5 Discussion

The chief purpose of this study is to enhance the
stability of DC microgrids in the presence of CPLs,
which pose significant challenges due to their INI
characteristics. To address these stability concerns, a FO
system is implemented and evaluated under various
conditions, including CPL variation, input voltage
fluctuations, and resistive load changes. These variations
are introduced to assess the robustness of the proposed
system and controller under worst-case scenarios, such
as pure CPL conditions, which are known to induce
severe oscillations and potential instability in DC
microgrids.

One of the primary advantages of employing a FO
inductor with a suitable fractional order of 0.97 in the
buck converter is the ability to finely tune the i; ripples,
offering a greater degree of control and flexibility
compared to traditional 10 inductors. This enhanced
adaptability allows for better energy management and
improved transient performance. Similarly, utilizing
a FO capacitor with a suitable fractional order of 0.96
significantly mitigates DC bus voltage oscillations
compared to its 10 counterpart, thereby enhancing
voltage regulation and system stability. These findings
confirm that the fractional-order elements provide
superior damping effects, reducing unwanted fluctu-
ations and improving overall power quality.

Furthermore, the nonlinear FO backstepping
controller has a better settling time, smaller overshoot,
and almost no steady-state error, outperforming the 10
backstepping case. In addition, the chatter caused by
CPL variation is greatly suppressed, thus significantly
enhancing the system’s overall performance and
robustness.
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Table 4. Comparing controllers performance under resistive load change

Controller Settling time Maximum Maximum Error values
(91, 92) (ms) overshoot (V) undershoot (V) ve(V)
10 (1,1) 18 36.2 22.07 2.89
FO (0.96,0.97) 11 2.5 10.65 0
5 Conclusion [4] J.Hidalgo-Reyes, J. F. Gomez-Aguilar, R. F. Escobar-Jiménez,

Based on the concept of fractional calculus, a FO
DC/DC buck converter is constructed, where the
Oustaloup recursive approximation method is used over
a predetermined operating frequency range. The frac-
tional order devices are designed to investigate the
dynamic response of the constructed converter. Consi-
dering the shortcomings of DC MGs introduced by
CPLs, a fractional order version of the nonlinear back-
stepping control is designed to force the DC bus voltage
to follow its desired value. Then, the asymptotic stability
of the FO buck converter under the proposed controller
is proved via an unsmooth nonlinear Lyapunov function.
Through simulations validation, it should be noted that
the traditional backstepping controller could not totally
guarantee stable operation in DC-MGs, which is
attributed to substantial fluctuations in power supply and
loads. However, we demonstrate the effectiveness of the
proposed approach in mitigating the destabilizing effects
of CPLs and improving energy conversion efficiency.
The results indicate significant improvements in system
stability and transient response compared to traditional
control methods. This approach holds promise for
various energy conversion applications where CPLs
pose challenges to system performance and stability. It
should be mentioned that the proposed method can be
used to control other FO DC/DC power converters, such
as boost converters and buck-boost converters, con-
firming the conclusion that the suggested controller is
strong and efficient.
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