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ABSTRACT Multi-level DC-DC converters have been widely used in automotive and other high-power
applications. Thus, the control of these multi-level converters is an emerging thematic in power electronics
to ensure their proper functioning. This paper provides a novel nonlinear control of a DC-DC three level boost
converter (T-LBC) based on a backstepping (BS) technique with an integral action and is optimized using
genetic algorithms (GA). Firstly, the average state model of the T-LBC is described. Then, this model is used
to design an integral BS controller; nevertheless, the controller parameters are often determined manually,
which may degrade the control quality. A genetic algorithm-based optimization method is applied to establish
the best controller gains and improve the proposed controller efficiency. The asymptotic stability converter
is verified using the Lyapunov method criteria. In order to validate the introduced controller under different
scenarios, the Matlab/Simulink environment is used. In addition, it is compared with different controllers
such as conventional backstepping, fuzzy logic, and proportional—integral-derivate (PID) controllers under
varying references to highlight its performance further. Finally, the designed controller is verified experimen-
tally by implementing it using a dSPACE 1104 control board. The simulation and experimental results show
that the optimized integral BS controller presents the best performances in terms of settling time, overshoot
and steady-state error.

INDEX TERMS Three level boost DC-DC converter, nonlinear control, integral backstepping, genetic
algorithms, tuning.

I. INTRODUCTION

Nowadays, DC-DC multi-level converters are strongly
recommended in several applications, such as renew-
able energy [1], [2], [3], [4], [5], [6], where medium-
and high-power transmission are required, particularly a
three-level boost DC-DC converter (T-LBC). Due to its
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topology, the T-LBC has the same high-voltage gain as
the conventional boost but with lower inductor current rip-
ples, reduced switching losses, and reduced volume [7].
Indeed, more and more applications use this architecture,
especially in the automobile industry [8] and for power factor
correction [9].

All DC-DC converters are nonlinear systems; the voltage
gain varies nonlinearly with the duty cycle, so a control tech-
nique is required to achieve the DC bus voltage. The DC/DC
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converters control has always been an emerging research
subject in electrical engineering that has experienced strong
development.

Several authors have been handled the DC-DC converters
control using different approaches to achieve the desired out-
put converter voltage despite load or input variations. Thus,
many controller types are used: conventional controllers, such
as feedback and proportional-integral—derivative (PID); non-
linear ones, such as sliding mode and backstepping; and intel-
ligent controllers, like fuzzy logic (FL) and particle swarm
optimization (PSO).

In [10], a conventional controller based on feedback and
PID has been used. Conventional controllers are easy to
implement, but they are just suitable for linear systems and
give slow response to disturbances [11]. A sliding mode con-
troller for the voltage control of DC-DC buck-and-boost con-
verters has been introduced in [12] and [13]. An adaptive PID
controller has been presented in [14] and [15]. The nonlinear
controllers are robust and suitable for nonlinear systems,
but the main draw-back of sliding mode controllers is the
oscillation phenomenon appearance called ‘““chattering” [16].
This oscillation near the surface is not desirable, especially
in DC-DC converters whose frequencies are very high. The
adaptive PID controllers require significant computation time
and ample memory space for data processing.

A fuzzy logic controller of a DC voltage control has been
addressed in [17], [18], [19], and [20]. In [21], an optimized
controller for a boost converter based on the PSO algorithm
has been pro-posed. For the fuzzy logic technique, it is diffi-
cult to choose suitable membership functions, and it presents
a high computational burden [16].

Thus, this study aims to present an optimized nonlinear
controller based on an integral BS approach for the T-LBC.
The BS controller is a robust control approach well suited
to this nonlinear system. The BS controller has been widely
described in the literature. Some BS controllers are briefly
presented. In [22], the authors have proposed a maximum
power point tracking (MPPT) controller based on a nonlin-
ear BS controller with integral action. The results prove the
integral BS controller superiority over other methods (perturb
and observe (P&O) and FL). In [23], a BS controller has
been developed for the specific suspension of the rotating
impeller in the heart pump. The authors of [24] have proposed
a new hybrid control method for induction motors based on
the combination of the BS approach and the direct torque.
The experimental results have shown that the optimized BS
controller is more efficient than the traditional direct torque
control compared to the literature results. In [25], a BS con-
troller has been presented for a quadrotor. The control system
demonstrates an excellent performance in the presence of
parametric uncertainties. In [26], a fault-diagnosis control for
the five phase induction motor based on a BS controller for
ensuring the desired dynamic has been introduced. In [27],
an integral backstepping controller for an inverter applied in
an islanded micro-grid has been developed. A robust integral
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backstepping controller has been proposed for the energy
management of Plugin hybrid electric vehicles [28], regard-
ing the reference generation, voltage regulation, and smooth
current tracking. In [29], an adaptive backstepping controller
has been presented for a buck converter.

Thus, the BS controller is widely used in different applica-
tions, and the simulation and experimental results verify the
robustness of this controller.

To design the BS controller, the state average system model
is used. The performance of a BS controller is entirely depen-
dent on the nonlinear system model, despite its efficiency
and robustness. Real-world systems are susceptible to change
over time; thus, the equations used to simulate them are
also subject to change. Consequently, the BS controller’s
performance may degrade. This issue may be resolved with a
simple update to the controller, including the integral action.

Summarizing the literature review for control of DC-DC
converter, it can be stated:

o The control must ensure voltage regulation under sudden
reference and load variations.

o The control must ensure high steady-state performances
and quick dynamic response.

« A controller for DC- DC converter has to take into
account the nonlinearity of the converter.

« BS technique for controller have been applied to incor-
porate the nonlinearity of the converter.

« With no standard for tuning the BS gains, some studies
have indicated that the gains are manually tuned, while
others have introduced automatic tuning via the fuzzy
technique [30], [31].

This is why, in this study, we introduce a gains-tuning tech-
nique based on genetic algorithms (GA), which optimizes the
BS controller for achieving the optimum converter response
control tuning.

Therefore, this work aims to design a robust tuning integral
BS controller using GA to find the most optimal control gains
of a T-LBC. Fig. 1 illustrates the developed control scheme.

The paper contributions can be summarized as follows:

« A nonlinear integral backstepping control technique is
proposed for the DC-DC T-LBC to overcome its nonlin-
earity (voltage gain varies nonlinearly with duty cycle).

o The proposed control technique performs optimization
of the proposed controller using the GA to ensure quick
dynamic response and high steady-state performances.
Experimental validation of the proposed controller is
performed using dSPACE 1104 control board.

The rest of the paper is presented as follows: part 2 presents
T-LBC operation, part 3 describes the integral BS controller
design based on the Lyapunov theory, and the tuning is
performed using the GA in part 4. Parts 5 and 6 show the
validation of the designed controller through the simulation
and hardware results of the controller’s response under dif-
ferent scenarios. In the end, the conclusions are presented
in part 7.
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FIGURE 1. Diagram of the proposed control strategy.
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FIGURE 2. Three level boost converter.

Il. THREE-LEVEL BOOST CONVERTER MATHEMATICAL
MODELING

In this section, we present the operation principle of the
DC-DC T-LBC. After that, we introduce the average model,
covering all possible converter modes. The T-LBC is shown
in Fig. 2. The T-LBC circuit consists of two power switches
T, and 7> (MOSFET), two fast recovery diodes D1 and Dy,
a DC input voltage Vi,, an inductor L with an equivalent
series resistor r, two output filter capacitors C; and C3,
and a resistor R as an output load. The power switches are
controlled by the same duty cycle d and the same period
T, but their PWM (pulse-width modulation) signals have a
phase difference of 180°. Therefore, four switching modes
are possible, as shown in Fig. 3. The circuit is supposed to be
operated in continuous conduction mode with C; = C.

The output voltage is denoted V,,,, the voltages across the
output capacitors C; and C; are denoted V¢ and V¢, and
the current through the inductor is denoted iy .

The switches control signals ©; and u;, inductor voltage V7,
waveform, and the inductor current waveform i; are shown
in Fig. 4 ford > 0.5and d < 0.5.

According to Fig. 3, there are four power states for the
T-LBC operation. Only three states are involved in both cases
d > 0.5 and d < 0.5; state 4 occurs when d < 0.5, and state
1 occurs when d > 0.5.

When d < 0.5 (Fig. 4(a)). From 0 to dT, the switch T
is closed and the switch 75 is open (state 2), the current if,
increases, and the capacitor Cy discharges, and capacitor Co
is charged. From dT to T/2 and (d+ 0.5)T to T, the power
switches T and 75 are open (state 4), the inductor current i,
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FIGURE 3. Normal operating modes in TLB converter. (a) State 1. (b) State
2. (c) State 3. (d) State 4.

decreases, C1 and C; are all charged. From T/2 to (d + 0.5)T,
Ty is open and the switch 77 is closed (switching state 3), the
current in-creases, C| is charged, and the C; discharges.

When d > 0.5, as Fig. 4(b) shows, from 0 to (d-0.5)T and
T/2 to dT, both the switches 71 and T, are closed, the input
current increases, and the output capacitors C; and C dis-
charge (state 1). From (d-0.5)T to T/2, the switch T7 is closed
and the switch 7, is open (switching state 2), the energy
stored in the inductor is transferred to output capacitor Cy,
and the output capacitor C; discharges. From dT to T, T is
open and T3 is closed (switching state 3), the input inductor
current decreases, C; is charged, and C, discharges.

Each switching state is described by a differential equation,

State 1 is presented by Equation 1:

d . Vin

g, 1

dt L L

d Vel — Ve

- - ~° 1
4’ c! RC, M
iv _ _vci—ver

i T 7RG

State 2 is presented by Equation 2:

d, Vi _vex
" L L
d Vel — Ve
il - = =° 2
7! RC 2)
d by — i vel—ver
dt = Cy RC;
State 3 is described by Equation 3:
d, _Vn _va
T L L
d iL  vcl—ve2
- - = - == 3
4’ T RC )
4, _ _Yei—ve
dt = RCy
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FIGURE 4. Waveforms of switches control signals, inductor voltage, and
the inductor current. (a) For d < 0.5; (b) For d > 0.5.

State 4 is presented by Equation 4:

d, Vi _ver_ve

at~ L L L

d i vcl1—ve2

o= Ll e 4
a ' T RC @)
iv _ii_Va—VC*z

a > G RC,

By combining the previous differential equations, the average
model of the T-LBC is given by:

d Vi
= -—d) 24

dt L L (5)
dy — a—p e

d ™ C " RC

Where C = C; = Cy and Vi = V1 + V2
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The average mathematical model of the converter will be
used to design the proposed controller in the next section.

Ill. PROPOSED CONTROLLER DESIGN
The new optimized integral BS controller is developed to
ensure the output voltage control of the T-LBC converter.
Firstly, the integral BS controller is designed based on the
average mathematical model of the converter (Equation 5).
Then, the control law is determined, so the tuning gain of the
proposed controller is required. Therefore, the GA algorithm
is used to find the suitable values of proposed controller gains.
The mathematical development of the integral BS and
structure of the GA algorithm are explained below.

A. STEP 1: INTEGRAL BACKSTEPPING CONTROLLER
DESIGN

Backstepping control is a systematic method for designing
robust controller for a large class of nonlinear systems [33].
The backstepping expression refers to the recursive nature of
its design procedure.

Since its appearance, this method has been applied to many
fields of application. The basic idea is to transform the sys-
tem, after a loop, into a set of nested subsystems, with “vir-
tual” control laws defined for each subsystem. The control
design procedure includes several steps. Initially, a subsystem
is considered for which a virtual control law is constructed.
Then, step by step, the system is extended until the actual
command appears explicitly. At each step, a candidate Lya-
punov function is designed to achieve the convergence of each
of the subsystems. Using a method such as Lyapunov ensures
the whole system is asymptotically stable.

In this approach, the controller objective is to force the
output voltage to follow its reference by calculating a control
law that will be applied to control the power switches of the
converter. The BS technique application to T-LBC is based
on 2 steps as the converter is of order 2.

Let x; = irandx, = V,,;, Equation (5) becomes:

. X2 Vin
=—(l-d)=2+2
X1 ( )L+L

(6)
. X1 2)62
=-20—-d)—+ —
X2 ( ) C + RC
Firstly, we define the inductor current error z;:
21 =x1—1Ig @)

where I; is the reference current. The aim is to converge the
error 7 to zero.

Therefore,
X2 Vin

+ =1y ®)

=x1—I;j=—(1—d)=
21=x1—1Ig ( )L 2

Integral action is added into the error z; expression as given
below:

e=z1+ V¥ )
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where W is given as:

t
v =/ (x1 —1g)dt (10)
0
Let us define Lyapunov candidate function as:
1 2 B 2
Vi= Ezl + E\I’ (1D)

where § is a positive control gain, its time derivative is given
by:

Vi =212 + YW (12)

Using (8) and derivative of (8), we obtain:

v, = (—(l—d AT w) (13)
1=21 )L T q+ B

To assure that the derivative of V| is negative, it is obligatory
to choose:

X V; .
—Kyz1 =—(1—d)f+f—ld+ﬁw (14)

where K is a positive gain, rewriting (14) as:

2= (VT i+ Kz +ﬁ\lf) (15)

Equation (15) will be the reference output voltage, given by:
1 Vin :

Yy = a—a (T—Id-f-KlZl-I—ﬂ\I’) (16)

y1 presents the stabilization function.
Hence, let us define the second error:
X2

== — 17
Q=N (17)
Rewriting (17):
X2
= =z 18
7 2+ (13)
Replacing (18) in (8) gives:
u=-Kizi—(1—-d)zn—B¥Y (19)
Let us examine the derivation of z»:
=2(1—d) 2L —2 22 _ (20)
2= Lc “rec "
1 . .
= dyy — Iy —K’z1 —Kizo (1 —d
71 (1_d)()/1 d iz1 122 ( )

— KBV + BY) (1)
Inserting y; from (21) in (20) zobecomes:

2(1-d)yxy  2x yid
= -

LC LRC 1—-d
N Kz + (1 —d)Kllzi—;Id +Kipy — BY @)

Now, to ensure convergence of both z; and z; to zero, a second
Lyapunov function V> is used whose time derivative must be
negative.

1
VZ = Vl + EZ% (23)
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TABLE 1. GA parameter.

Parameter Value
Population size 30
Generations 10
Mutation probability 10%

Selection method Rank selection

Crossover type Heuristic

Its time derivative is given by:
Vo=Vi+anh 24)
Va=—Kiz — K2+ (Koo — (1 —d) z14+22]  (25)

where K is a positive gain, to ensure that V> is negative, it is
obligatory:

—21(1—=d)+22+Kzp=0 (26)
Developing (26), the control law is given by:
1 (2(1 —d)’x; 20 —-d)yx

d= KW +1
" LC R TPKV L
+ |- =P+ k] = ]+ 2K + K1 - D))
(27)
We can see that when the equilibrium is achieved:
=2 0x — Ij;xn — ﬁ,
1—d
Equation (27) is reduced to:
. 2(1—d) 5
d=—[ 1 —d)’RI —V»]
RCV,’n ( ) d in
1
f L. Vou) = \/ S () = 1) + Vou (0) = Va()P?
(28)
If d= 0,50 di= 1— ) g:dy= 14,/ g2 and d3 = 1.

The solution d; has a physical signification 0 < d; <
1. On the other hand, if we plot the curve d = f(d)
expressed in equation II1.28, we find that the equilibrium
point d; is asymptotically stable. Thus, in djthe neighbor-
hood, Equation (28) becomes:

_ Mdr—d)
~ RC

d (29)

To conclude, the control law:

P 1(2(1—d)2x1 2(1—d)x
Ty LC RLC

+ o[- —d? + K = |+ 2 (& + K1 - D)

+BK Y +1y

asymptotically stabilizes the system around the equilibrium

Vin _ 1 _ ﬁ, where V; is the

point (Ig, Va, d = 1 — |/ 7/ Va
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desired output voltage and:

z1=x1—1Iy
2 _
Zz—L 1)/1 v
4 in :
= (2 _i,+k W
Y1 (1—d)(L 4+ 111+/3)
V2
I; = d
RV,

The gains K1, K, and B are the only parameters that remain
unknown so tuning of the proposed controller is required.

B. STEP 2: TUNING THE INTEGRAL BS CONTROLLER
GAINS USING GENETIC ALGORITHMS

GA use three main genetic operators: selection, crossover,
and mutation [34]. First, possible solutions are selected to
construct the initial population. Then, the better suited solu-
tions are selected according to predefined reliability criteria.
Once the fittest solutions are chosen, a crossover operator
combines these solutions to produce a new population. The
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)
o
-
-

v
3
i

(%]
o

Output voltage (V)
N
o

-l
(=]
T

i

0 . .
0 / 1 Time(s) 2 \ 3
40

35r

== Reference === Proposed controller wm BS controller

FIGURE 7. Output voltage responses under reference tracking.

N
o

w
o

N
o

Output voltage (V)

-
o
T
L

0 L L L L L
0 1 2 3 4 5 6

Time (s)

mm Proposed Controller === Reference
FIGURE 8. Output voltage comparison under varying reference.

TABLE 2. T-LBC and controller parameters.

Parameter Value
G, C 700 uF
R 30Q
L 10 mH
R 0.25 mQ
f 32 kHz
K; 1.692 x 10*
K 2.902x 10°
B 3.302 x 10°

mutation operator guarantees the search-space exploration of
the optimal solution.
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FIGURE 9. Output voltage comparison under varying reference.

TABLE 3. Comparison of time domain specifications of the proposed controller with PID, FL and conventional BS.

Controllers Settling time (ms) Overshoot (%) Steady-state error
(%) Oscillations
30V._35V_40V_ 30V 35V 40V 30V _ 35V 40V
PID 540 201 350 10 0.5 5 2.5 2.5 8 High
Fuzzy logic 35 13 12 14.5 5 0.5 1.5 1.5 5 Moderate
Conventional BS 50 10.5 11 0 0 0 6.6 1.2 2.5 Low
Proposed controller 45 4.5 5 0 0.25 0 0.1 0.5 1.25 Low

The aim of using GA is to find the optimal gains K, K3, GA used is given in Fig. 5 and Table 1 lists the GA
and B of the established controller in part A to guarantee parameters.
the system stability by ensuring Lyapunov function neg- The fitness function used to search the suitable gains K,
ativity and suitable time response. The flowchart of the K>, and B of the proposed controller is chosen to be the
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root integral mean square error expressed by Equations (30)
and (31). Fig. 6 presents fitness function convergence
characteristics.

2
f 1, x) = % ; (x; (1) — xai(1))?

(30)

1
fGL, Vow) = \/ 5[(11(:) — 1)) + (Vour (1) — Va()?
3D

IV. SIMULATIONS AND RESULTS
A. COMPARISON OF THE PROPOSED CONTROLLER WITH

THE CONVENTIONAL BS ONE

To validate the optimized integral BS controller performance,
Matlab/ Simulink simulations are deployed. Table 2 lists the
controller gain and the converter parameters. The simulation
results are divided into two parts. In the first scenario, the
designed controller performances under the variable steps in
the reference voltage are analyzed. In the second scenario, the
reference voltage tracking is used. The designed controller is
compared to the conventional BS.

In the first scenario, the proposed controller is simu-
lated for the variable step [30 V,35 V (att=15),40V
(att=29)].

According to Fig. 7, we can see that the output voltage
controlled by the integral tuning BS using the GA perfectly
follows the reference from one step to another one, with
good precision and stability, compared to the conventional BS
controller in terms of settling time and steady-state error.

VOLUME 11, 2023
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FIGURE 12. Experimental setup.

In the second scenario, the proposed controller is simulated
for a reference voltage tracking, and the reference expression
is given by V; =30+ 10sin 2 p 0.5 ¢).

Fig. 8 presents the output converter voltage response of
the proposed controller. It can be seen that the output voltage
perfectly follows the desired value with a high performance.

B. COMPARISON OF THE PROPOSED CONTROLLER WITH
FUZZY LOGIC AND PID CONTROLLERS

This section illustrates a comparison of the optimized integral
BS controller with the FL and PID controllers to show the BS
technique efficiency. The established results under varying
reference [30 V,35 V (att =15),40 V (at t = 2 s)] are
illustrated in Fig. 9.

According to Fig. 9 and Table 3 , the PID controller
presents the lowest performance and its dynamic response
is characterized by significant oscillations, important settling
time (= 201 ms) and steady-state error (it can attain 8 %)
which disturb the correct operation of the system. The FL
suitably follows the change in reference but with an important
overshoot (& 14.5 %) and significant oscillations around
the desired voltage value. The proposed controller is able
to correctly track the reference and its dynamic and static
performance is better than that of PID and FL in terms of the
steady-state error (= 1.25 %), the settling time (& 5 ms), the
overshot (& 0 %) and the oscillations in the static regime.

The simulation results verify the proposed controller’s
robustness and flexibility over the conventional BS, fuzzy
logic, and PID controllers. The settling time, overshoot,
steady-state error and oscillations are reduced.

C. LOAD VARIATIONS

In order to see the behaviour of the optimized integral BS
controller under load variations, a simulation is conducted
under a sudden variation in the load step [30 €2, 35 Q (att =
0.15),40 Q (att =10.2s), 50 Q2 (at t = 0.3 s)].

Fig. 10 illustrates the load variations and Fig. 11 presents
the output voltage response. The proposed controller keeps
providing the suitable duty cycle for each load value. Then,
the voltage keeps perfectly following the reference voltage.

V. EXPERIMENTAL RESULTS
This section presents the experimental tests to validate our

laboratory’s proposed controller for the T-LBC realized. The
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FIGURE 14. Experimental results of the PID controller: output voltage response.

experimental bench is illustrated in Fig. 12. The power part
comprises a T-LBC, DC input source, and resistive load. For
Mosfet’s converter, IRFP460A devices are used. An IR2110
driver controls them.

The command part comprises the IR2110 driver to control
the power switches’ circuit and the dSPACE DS1104 con-
troller board implemented in a real-time interface (RTI) and
tests the proposed controller designed in Matlab/Simulink.
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The interface dSPACE Control Desk is used to visualize the
output voltage in real time.

A variable step is used as a voltage reference. Then, the
output voltage behavior of the converter is evaluated. Fig. 13,
Fig. 14, Fig. 15 and Fig.16 present the experimental results.

According to Fig. 13, the measured voltage follows the
reference variation with a low steady error (1.5%) and a low
settling time (t; &~ 100 ms).
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TABLE 4. Experimental comparison of time domain specifications of the
proposed controller with PID and conventional BS controller.

Controllers Average Average Oscillations
Settling Steady-state
Time (s) Error (%)
PID 1 3.8 High
Conventional BS 0.79 3.1 Moderate
Proposed controller 0.1 1.5 Low

To validate the effectiveness of the proposed controller
experimentally, Fig. 14 illustrates the results of the PID con-
troller, the output voltage presents important oscillations and
a steady-state error can reach 3.8 %. Fig. 15 illustrates the
output voltage response of the BS controller.

It can be seen that the proposed controller presents a
low settling time, low oscillations and a low steady-state

VOLUME 11, 2023

error compared to the PID and BS conventional controllers
as shown in Table 4. Thus, the experimental and simula-
tion results validate the optimized integral BS controller
that ensures the converter voltage regulation with good
performance.

Fig. 16 presents the experimental results of the proposed
controller under varying load. Fig. 16(b) presents the con-
verter power to show the load variation. Fig. 16(a) presents
the output voltage response, it can be seen that the converter
voltage keeps the same value with the load variation.

The internet of energy (IoE) and cloud computing will be
the crucial aspects in future smart grids. The event-driven
tools will be more favorable in this situation in terms of
real-time compression and decreased power consumption
overhead [35]. Moreover, the performance of the recom-
mended approach can be improved by including alternative
optimization techniques [36]. Further investigation can be
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conducted to see whether it is feasible to use these tools with
the suggested technique.

VI. CONCLUSION
This paper aims to introduce a novel integral tuning backstep-

ping controller using GA to control a DC-DC T-LBC with
high precision and stability. Using the state average model of
the T-LBC, the proposed controller was designed in two steps
using the stability Lyapunov function in order to develop the
law control of the T-LBC. In addition, a GA was used to
find the suitable gain of the proposed controller. Firstly, the
proposed controller was verified in simulation using Matlab/
Simulink under several scenarios. Then, it was compared
to the conventional BS, PID, and FL controllers. Finally,
the designed controller was validated experimentally using
a dSPACE 1104 board. The simulation and hardware results
demonstrated that the proposed controller rapidly detected
the reference variations with a very high performance, con-
trary to the other controllers.
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