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Dynamic feedback linearization and singular perturbation for a stabilizing
controller for dc/dc boost converters: theory and experimental validation

Qihao Guo, Miguel Jiménez Carrizosa, Alessio lovine, Member, IEEE, and Amir Arzandé

Abstract—The current massive integration of constant power
loads (CPLs) requires better dynamic performance in Direct
Current (DC) microgrids. This imposes the needs for more
advanced controllers for DC/DC converters, and especially for
boost ones because of their non-minimum phase property. The
current paper contributes to this research line and proposes an
advanced nonlinear (NL) control strategy for the output voltage
stabilization of boost converters using singular perturbation
and dynamic feedback linearization strategies. The proposed
techniques manages to impose a desired stable dynamics for
the variable with the non-minimum phase characteristics, thus
avoiding the problem of possible selection of unstable equilibria.
At first, a theoretical proof of the stability of the close loop system
with the proposed controller is provided. Then, an experimental
validation composed by four case studies is performed. The
results show good adaptability to a wide range of operating
conditions and better performance regarding voltage tracking
and load disturbances rejection of the proposed NL method with
respect to classical control techniques.

Index Terms—Boost converter, Nonlinear control, time-scale
separation, Lyapunov theory, constant power load

I. INTRODUCTION

With the worldwide rise of energy needs, power electronics
plays a crucial role in technological development because
of the importance of power converters in modern power
systems. Indeed, power converters are used in a wide range
of applications, for example, renewable sources, battery banks,
the transmission of electrical energy in direct current (HVDC),
smart grids, FACTS, active filters, etc [1].

On the other hand, Direct Current (DC) Microgrids have
reached a high degree of development in the last decade
[2]. Their main purpose is on exploiting energy management
from renewable sources on a small and local scale. DC grids
offer several advantages over AC ones, such as the absence
of reactive power or skin effect in the cables, and an easier
integration of renewable energies. Furthermore, since many
modern loads, battery systems or photovoltaic (PV) panels are
naturally in DC, DC Microgrids seem a good candidate to
favour their integration.
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As the DC bus voltage is usually higher compared to the
terminal voltage of the energy sources, in many applications it
is necessary to increase the voltage in order to connect them
to the DC Microgrid, even when the voltage of the source
is variable (e.g., in PV panels). Therefore, the use of DC/DC
step-up boost converters is very popular [1]. Examples of their
utilisation are battery-powered devices, since they require a
higher voltage than the battery can provide in order to operate
properly, or solar power systems, where the output voltage of
the solar panels can vary depending on the amount of sunlight
available and there is the need to maintain a constant output
voltage from the solar panels, regardless of the input voltage
and load variations.

Traditionally, linear control techniques were used in power
converters, which have some limitations [3], [4], [5], [6], such
as poor performance under nonlinear and dynamic operating
conditions, and difficulty in handling the complex nonlinear
dynamics of these systems. This is where advanced control
techniques come in, since they are designed to overcome
the limitations of traditional linear control methods by taking
into account the nonlinear dynamics of power converters and
offer several advantages, including improved performance and
stability, robustness to external disturbances or uncertainties
and improved performance under nonlinear and dynamic op-
erating conditions [7]. These techniques include methods such
as feedback linearization [8], [9], sliding mode control [10],
[11], optimal approaches [12], [13], [14], [15], singular pertur-
bation and multi-time scale theory [16], [17], hybrid systems
approaches [4], [18], current limitations [19], etc. Additionally,
the use of advanced nonlinear control techniques can lead to
significant energy savings, e.g., by reducing the high rate of
switching [18]. Therefore, investing in the development and
implementation of these techniques is crucial for the future of
power systems and the efficient use of energy resources.

As mentioned, one of the typical control objectives for boost
converters is to regulate the output voltage given a (constant
or time-varying) reference signal [20]. The dynamics of boost
converter falls under the class of nonlinear systems, and more
specifically of the one of bilinear ones. It is well known
that the kind of systems describing the boost converters are
complex to control because of their controllability proper-
ties [20], [4]. Indeed, when applying the classical feedback
linearization nonlinear control technique, it produces local
stability results with respect to a zero dynamic that needs to
be ensured to be stable [8], [9]. This is due to the structural
property that the relative degree of the system, i.e., one, is
less than the number of variables in the system, i.e., two
[21], [22], [23], which results in an undesired non-minimum



phase behavior for the variable that is not directly controlled
[24]. Similarly, the intrinsic non-minimum phase behaviour
also affects the possibility of considering different nonlinear
control techniques, for example, backstepping, which cannot
be directly used, or sliding mode, since the computation of
performing sliding surfaces is hard and has to take into account
to define a locally stable zero dynamics [20], [10], [11].
Moreover, the non-minimum phase problem makes it difficult
to obtain high bandwidth controllers even when the classical
PI technique is applied [12]. Therefore, the control problem
is severely affected by the necessity to investigate the stability
region for the zero dynamics (for more details about the stable
and unstable equilibrium points for DC/DC boost converters,
the interested reader is referred to [25]).

In the present paper, we focus on the possibility of imposing
the desired stable dynamics for the not directly controlled
variable presenting the non-minimum phase characteristics,
i.e., the voltage of the output capacitor. To ensure stable
performance via Lyapunov analysis, the suggested controller
uses different nonlinear control techniques in a backstepping-
like approach, namely singular perturbation theory [26] and
dynamic feedback linearization [27]. The developed controller
considers singular perturbation theory [26] for the needed
time-scale separation and falls in the research lines of [16],
[17], [28]. The novelty in the suggested control design is
to consider both singular perturbation and dynamic feedback
linearization thus to embed the stability of the non-minimum
phase dynamics while developing the controller. This ensures
the stability of the non-minimum phase dynamics while the
controller is developed, which is a stronger result than only
having stability verification a posteriori, as for example in
[16]. Indeed, it opens to the possibility to better select the
current reference with respect to the dynamics of the non-
minimum phase dynamics, thus resulting in a more effective
behaviour of the closed loop system and the possibility to
modify the stability region with respect to it [29]. Rather than
just analysis of the non-minimum phase dynamics with respect
to the equilibrium point, the suggested controller manages
to impose the desired stable dynamics, thus avoiding the
problem of selection of unstable equilibria (see [25]). We
leverage previous theoretical results [30], [31] dedicated to
microgrid applications while providing a general description
of the controller, and perform experimental tests with respect
to a resistive load and a Constant Power Load (CPL). Indeed,
CPLs, which have significantly proliferated in recent times,
exhibit negative incremental impedance and cause serious in-
stability issues in boost converters [32], [33], [34]. Therefore,
they are the perfect test for the suggested controller.

The paper is organized as follows. Section II introduces
the modelling of the DC/DC Boost converter. In Section III,
the proposed nonlinear controller is introduced, and stability
results are discussed. In Section IV, the experimental results
are shown. Finally, in Section V, the main conclusions are
exposed.

II. MODELLING

Fig. 1 shows the circuit layout of the considered DC/DC
boost converter. If the converter is operating in continuous
conduction mode (CCM), there are two linear dynamics ac-
cording to the positions of the switch S (ON or OFF). When
the switch is ON (S = 1), the energy from the input voltage
source is transferred to the inductance L and therefore the
current in the inductance xzj, increases. When the switch is
OFF (S = 0) and z1, > 0, the energy stored in the inductance
is transferred to the load, leading to the decrease of zj. The
diode D does not allow the current to flow back. The voltage
in the capacitor C, i.e., x¢ > 0, clearly varies with respect to
x 7, and the load.

.
i
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Fig. 1. The electrical scheme of the boost converter

By averaging the inductance current and capacitor voltage
over a switching period, a boost converter is usually described
by an averaged nonlinear model. The dynamics are described
by a nonlinear dynamical system in the form of:

i =—8aop+ Vi — dac
. d 1 (D
Trc=¢oL — 5f(95c)

where the state variables are x; and x; the control variable
is the duty cycle d, and f(zc) = 7% in case of a resistive
load, with R;,,q being the load resistance, or f(x¢) = % in
case of CPL, with P being the power demanded by the load.
The parameters L, R, and C are the values of the inductance,
its internal resistance, and the capacitor, respectively.

In the rest of the paper, the targeted control objective for
the dynamics in (1) is to regulate the output voltage given a

(constant or time-varying) reference signal [20].

III. NONLINEAR CONTROLLER

As already mentioned, the nonlinear dynamics of boost
converters make them difficult to control. In the present paper,
we suggest a methodology based on several nonlinear control
techniques. We follow a backstepping-like approach, which
allows us to separate the whole control target by taking care
of the two dynamics separately. The following steps are:

i) introduce a control input d such that the current variable
ar, tracks a reference x7, which can be a fixed known
value or a function depending on time to be defined;

ii) decouple the dynamics of x; and x¢ using singular
perturbation theory;

iii) define the time derivative of «7, as dynamic controller for
stabilizing x¢ using the dynamic feedback linearization;

iv) find the reference value for @7, to stabilise the system,
and integrate it to obtain the reference x7 .



In the following, Section III-A describes the case where
a fixed current reference is considered, thus performing 1i).
Then, Section III-B considers the case where the voltage value
is targeted via singular perturbation theory, thus performing
ii). Then, Sections III-C and III-D describe how to compute
the time derivative of the current reference and how to build
the current reference with respect to it, respectively, then
describing the points in iii) and iv). Therefore, the theoretical
analysis ensuring stability is fulfilled. Finally, Section III-E
describes the steps to implement the suggested controller and
provides a scheme describing the different pieces the controller
is composed by.

A. Current control via Lyapunov analysis

A controller based on Lyapunov theory that ensures asymp-
totic convergence of the current to the reference value z7 is
developed in this section. To this goal, the candidate Lyapunov
function in (2) is considered, which takes into account an
integral term similarly to the well known Proportional-Integral
(PD) technique, to obtain the desired controller.

2
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According to Lyapunov theory, the controller in (3) is obtained
in a similar way as in [31] but adding in this case the integrator
term:
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it is possible to show that the controller in (3) ensures
asymptotic stability of x; with respect to z7. In fact, W,
is negative semi-definite:

W, = —a(zp —a3) <0. 5

From (5), it results WL(t) < WL(O), which implies that
zr, — 2} and [x — 2} are bounded, thanks to Lyapunov
theorem. Consequently, by computing Wy, it can be shown
that it is bounded as well, since composition of bounded
functions. Therefore, W, is uniformly continuous over time.
By applying Barbalat’s lemma, it is then possible to establish
asymptotic convergence, i.e., Wi — 0 as t — +oo0.

In (3), the nature of the reference x7 is not defined. We
remark that 7 = 0 in case of fixed reference. For sake of
generality, we consider this terms in (3). The controller in (3)
is adopted for both the case of resitive load or CPL in (1); the
difference with respect to the different characteristics of the
situations will be exploited in Section III-B.

“4)

B. Time-scale separation of dynamics via singular perturba-
tion theory

Here, we allow the controller in (3) to consider a time-
varying reference for x7, that can be defined with respect to
a desired voltage value zy,. To this purpose, we first decouple
the dynamics of z; and z¢, as described in ii). Therefore,
we rewrite the closed-loop equations according to singular
perturbation form (see [31], [26]).

1) Constant resistance load: In case of resistive load in (1),
it results:

{Cic = dl‘L — Rloadl‘c

(6)

sir=—(vp —a}) = 5 [(ap —a7)
As described in [31], if the control gain « is large enough
such that 2 — 0, we have z; = . Therefore, with this
assumption we obtain the reduced model for ¢ as:
11 (Ve R .\, 1 1
== — =z |2 — ===
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Let us define the error ec of the voltage x¢ with respect to
the desired value x¢,,

o

)

ec =To — TH (8)
and rewrite the error dynamics of éc as
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2) Constant power load: Similarly to the previous case, we
rewrite the system according to singular perturbation theory:

CI'C:dILfi (11)
st =—(rp —ap) — 5 [ (v —2})

Therefore, similarly to the case of constant resistance load, the
reduced model for 2+ results:

. 11 (Vg R .\ . 1 P (12)
To=—=— ——x7 |x], — =—
c C rc L L L L C rc
and the error dynamics ec is
* *\2
L (13)
ect+ x5 ec +rs5
where a4 = 5.

C. Time derivative of the current reference as degree of
freedom

Since the boost converters have not a single equilibrium
point, we target to consider the stable one(s) by imposing
a stable dynamics (see [25]). By using dynamic feedback
linearization, we look for the reference x7 that stabilizes ec.
To do this, we extend the state and compute the time derivative
of éc.



1) Constant resistance load: It results

. as(z3)* — a2}, . a1 — 2a2x; .,
éc=|—F——L a3 éc+ ——"=2
¢ ( (ec +z%)? 3) ¢ ec+x§ L
=12+ L,i} (14)

2) Constant power load: It results
. (ag(x})? —arxy —aq)
ec =

(ec +23)?
=L2 + L&}

a1 — 2a277%, .,
— . YL
ec +xy

15)

We remark that the notation L? and L, refers to the classical
Lie brackets [21] for feedback linearisation and dynamic
feedback linearisation.

D. Current reference for linear closed loop system

It is now possible to use the degree of freedom in defining
47 to stabilize the extended system. By considering the
integral error term & = f ec, the error term & = ec and
its time derivative {35 = é¢, it results

=&
§2=E3 (16)
& = L2+ Lyit.
Therefore, by choosing
. 1
L= [—Lg—Kfﬁl—Kzgfz—Kgﬁs} dr a7

g
it clearly results that the closed loop system in (16) has stable
eigenvalues for positive values of K 15, K§ and K 5, since the
closed loop matrix A¢ of the resulting linear system is in the
canonical control form:

0 1 0
Ae=| 0 0 1
KRS K

(18)

We remark that the system in (16) considers both a propor-
tional and an integral action for the voltage control, as standard
in power electronics. Therefore, classical techniques for tuning
of control parameters can be applied. Finally, to obtain the
desired z7 it suffices to integrate over time the reference in
a7, ie.,

¢
xz:/ &7 (T)dr. (19)
0

E. Control algorithm

The suggested control strategy is shown in Fig. 2. The steps
to execute the proposed control strategy are:

1) given the voltage reference xf,, to implement the con-
troller suggested in (3);

2) to tune the control gains « and B with respect to the
desired dynamics for the current;

3) to compute the current reference =7 as in (19), where
the time derivative ©7 in (17) is defined by the functions
L? and Ly in (14) in case of resistive load or in (15) if
CPL, respectively;

4) to tune the control gains K¢, Kg and K § with respect
to the desired dynamics for the voltage.

We remark that the choice of the control gains has to respect
the hypothesis that « is large enough such that the reduced
models in (7) and (12) make sense (see [28]). As shown in
Fig. 2 and Table I, there is a difference between the gains for
the fast loop and the slow one. Indeed, as it is also possible to
notice from the equation defining d in (3), the current control
part compensates the parameter L, and therefore the control
parameters « and [ in the fast loop can be chosen in the
order of magnitude for imposing the eigenvalues for the closed
loop system such that they are larger than the ones imposed
naturally by % Therefore, a rule for tuning them is to consider
them as multiple values of 1, e.g., o being five or ten times
%. On the contrary, in the slow loop the gains K’ £ Kg and K §
have to compensate the division by C' (see the coefficients a;,
as, a3 and a4 in (10)) to maintain the same order of magnitude
of %, and therefore a tuning rule for them is to consider the
fact that they need to be divided by C and at the same time
be multiple values of %

|

"~ FAST LOOE,

Fig. 2. The adopted control scheme producing the duty cycle d. The figure
shows the fast current loop and the slow voltage one, which are based on
time-scale separation. The feedback linearizing parts are depicted in dark
blue, while the equivalent PI and PID are depicted in light yellow.

IV. EXPERIMENTAL RESULTS

This section describes the obtained experimental results
when applying the suggested nonlinear (NL) controller for
tracking a desired reference for the output voltage. Two differ-
ent voltage strategies (variable reference voltage and constant
reference with load variation) are carried out. In addition, for
each of these strategies two different types of loads are used,
i.e., resistive loads and CPL, thus resulting in a total of four
experiments. For each of them, a fair comparison between the
PI controller and the proposed nonlinear controller is carried
out.

A. The experimental testbed

A picture of the experimental bench is shown in Fig. 3 . The
boost converter module is driven by ARCAL 2108 driver board
supplied by ARCEL. A dSPACE MicroLabBox 1202 is used
to implement the control strategies with a sampling time of
50us. A DELTA ELEKTRONIKA SMS500-CP-90 controllable
voltage source is used to emulate the DC input voltage. An
EA-ELR 9250-70 controllable power electronic load is used



to represent the CPL, in addition to the available resistance
load. The software ControlDesk from dSPACE is used for
supervision. The detailed circuit and controller parameters are

given in Table L.
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Controllable DC - — b
voltage source

Fig. 3. Experimental setup

TABLE I

EXPERIMENTAL PARAMETERS

Experimental parameters

Input resistance R 0.003
Input inductance L 175 pH
Input voltage Vi 24V
Output capacitor C 2220 pF
Output voltage Vout 48 V
Switch frequency fs 20 kHz
PI control parameters
Voltage loop proportional constant | K 0.3
Voltage loop integral constant K; 15
Current loop proportional constant | K, 0.03
Current loop integral constant K; 56
Backstepping control parameters
Error term (current) a 1
Integral error term (current) B 200
Integral error term (voltage) K f 15000
Error term (voltage) K. g 400
Derivative error term (voltage) K § 1

B. Nonliner and PI controller parameters tuning

Since it is one of the most popular control strategies for the
boost converter, the linear controller-based average current-
mode control is selected as reference method to compare the
performance of the proposed NL control strategy. To produce
a fair comparison between these two controllers, the 95%
settling time for output voltage control is used as a criterion.
In this study, the 95% settling time is set to be around 100 ms
without loss of generality (as shown in Fig. 6). For nonlinear
controller parameter tuning, the design steps mentioned in
Section III can be used. As for the traditional proportional-
integral (PI) controller, the parameter tuning procedure is
based on the principle of loop-shaping mentioned in [14].

C. Time-varying voltage reference: resistive load

The first experiment consider the DC/DC boost converter
connected to a constant resistive load of 12 2, with goal

(a) Open loop response of inner current loop

Magnitude (dB)

Phase (deg)

@
&

107" 10° 10 102 10°
Frequency (Hz)

(b) Open loop response of outer voltage loop

Magnitude (dB)

Phase (deg)

10° 10' 10? 10° 10°
Frequency (Hz)

Fig. 4. The Bode diagram of the inner current loop and outer voltage loop.

to track a slowly time-varying output voltage reference. Fig.
5 shows how both the PI and the suggested NL controller
perform well in tracking the desired reference profile for the
output voltage dynamics.

Output voltage
T

T
—NL
—PI
- - ‘Reference

Voltage [V]
s &

»
=

42 . . . . .
0 5 10 15 20 25 30
Time [s]

Fig. 5. Time-varying voltage reference: resistive load; The tracking of the
output voltage reference.

Fig. 6 better remarks how both controllers have almost the
same dynamics for the voltage. This is due to the chosen
control gains, which are tuned to the goal to provide a fair
comparison between the two controllers. For PI controller, the
time constant is around 15 ms, while for the NL controller
it is approximately 25 ms; however, both controllers have
a similar 95% settling time (around 100 ms) thus showing
a similar behaviour. However, the PI controller causes less
oscillations in the current in the inductance, as shown in
Fig. 7. We stress that we used this experiment to tune the
control gains such to obtain a comparable behaviour among
the two controllers in terms of convergence rate and settling



time. In fact, the ratio for the PI voltage control parameters

I;’_’ = % = 0.02, and the ratio for the NL voltage control
‘ 3
parameter % = % = 0.0266 are sufficiently close to have

similar behaviour. Similarly, the ratio between the %roportional
term for the PI and the error term for the NL, i.e., K—Z is in the
order of magnitude of the capacitor C'. The samezreasoning

can be applied for the integral term for the PI and the integral
error term for the NL: I’gg ).
1

Output voltage
T

Voltage [V]
3

N
©
o

—PI
- - Reference| 7]

I I I I
0.95 1 1.05 11 1.15

Fig. 6. Time-varying voltage reference: resistive load; Zoon of Fig. 5.

current (input current)
T T

—NL|
—pl

9.5

Current [A]

851

. . . .
0 5 10 15 20 25 30
Time [s]

Fig. 7. Time-varying voltage reference: resistive load; The inductance current.

D. Constant voltage reference with resistive load variation

In the second experiment, the reference for the output
voltage is constant at 48 V' and, contrarily to the first situation,
loads perturbations are included now. The considered load
sequence is as follows: between 0 < ¢ < 0.5, the load is
12 Q; between 0.5 < t < 1.5, the load is 8.57 (); between
1.5 <t < 2.5, the load is 6.66 ; between 2.5 < ¢ < 3.5, the
load is 8.57 €2; between 3.5 <t < 4, the load is again 12 .

Fig. 8 shows the output voltage, i.e., the load voltage. It is
noticed that both controllers succeed in keeping the desired
voltage reference, but the NL controller has a shorter transient
and a smaller overshoot at each load change. This can be
better appreciated in the zoom in Fig. 9, which considers the
load variation taking place around 0.5s from 12 2 to 8.57 Q.
Indeed, when using the PI controller the voltage reaches a
minimum level of 44 V (8.3% with respect to the nominal
value), while with the NL controller only a value of 46.5 V'
(3.1% with respect to the nominal value). Also, it takes 220 m.s
to come back to the nominal value with the PI, while only
80 ms with the suggested NL controller.

Fig. 10 shows the inductance current. Similarly to the time-
varying voltage reference case in Section IV-C, the ripple is
of minor magnitude when considering the PI controller with

Output voltage
T T T

—PI
- - Reference

Voltage [V]

42 . -
0 0.5 1 2

Time [s]
Fig. 8. Constant voltage reference with resistive load variation; The output

voltage.

Output voltage

—NL
455 —PI ,
[ - ‘Reference

Voltage [V]

I I I I I I I I I I I
0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

Fig. 9. Constant voltage reference with resistive load variation; Zoom of Fig.
8.

respect to the NL one. However, in this case we clearly remark
a shorter transient when using the NL controller, as expected
since Fig. 8 and 9.

current (Input current)
T T T

L L L
25 3 35 4

2
Time [s]
Fig. 10. Constant voltage reference with resistive load variation; The
inductance current.

Finally, Fig. 11 shows the load voltage with respect to the
load current. We remark on how the range of operation is
slower with the NL controller (or, in other words, there are less
variations with respect to the voltage reference). The slope of
the lines is the resistance of the load, and clearly it is different
depending on the load.

E. Time-varying voltage reference: CPL

Similarly to the experiment in Section IV-C, we consider
here the goal to track a slowly time-varying output voltage
reference, but the DC/DC boost converter is now connected
to a CPL of 200 W. Fig. 12 shows the desired output voltage
reference, i.e., the load voltage, and how both the PI and
the NL controller successfully perform the tracking, as both
controllers have a similar settling time. However, the NL
controller produces no overshoot, as it is possible be appreciate
also in the zoom in Fig. 13. In the selected time window, there
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Fig. 11. Constant voltage reference with resistive load variation; The output
voltage VS the output current. (a) NL; (b) PL

is a peak of 53.2 V (2.5% with respect of nominal value) that
does not take place with the NL. Both have a similar settling
time of around 100 ms.

Output voltage
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[~ -Reference

Voltage [V]
5
&

a2 . . . .
[} 5 10 15 20 25 30
Time [s]

Fig. 12. Time-varying voltage reference: CPL; The output voltage.
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Fig. 13. Time-varying voltage reference: CPL; A zoom of the output voltage.

Fig. 14 shows how the inductance current is almost constant
during the whole considered time window, no matter how the
voltage varies. This is consistent with the CPL behaviour.
Similarly to the previous cases in Sections IV-C and IV-D,
the NL controller produces a higher ripple. Fig. 14 represents
a zoom of Fig. 14, and shows more in detail how the NL
controller does not produce any overshoot.

Finally, Fig. 16 presents the load current with respect to the
load voltage. We remark on how the operating points follow
an hyperbola as it should be.

F. Constant voltage reference with different CPLs

Let us now consider the goal to track a constant voltage
reference of 48V in case of several values for the CPL
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Fig. 14. Time-varying voltage reference: CPL; The inductance current.
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Fig. 15. Time-varying voltage reference: CPL; A zoom of the inductance
current.
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Fig. 16. Time-varying voltage reference: CPL; The output voltage VS the
output current. (a) NL; (b) PI. The red line describes the power at 205 [W]

(100, 200, 300 and 400 W. Fig. 17 shows how both the PI and
NL controllers successfully counteract to the CPL variation.
However, as also noticed in the zoom-in Fig. 18, we remark
that the settling time is shorter when using the NL with respect
to the PI, and there are also smaller overshoots. More in detail,
in the considered time window in Fig. 18 around 2.5s, the PI
produces a higher peak of 24 % with respect to nominal value
instead of the one of 6 % with the NL and has a higher settling
time of 200 ms compared to the one of 100 ms for the NL.

Fig. 19 shows the inductance current. Differently from the
previous cases, the ripple is comparable between the PI and the
NL controllers. Moreover, as a consequence of the advantages
of the NL with respect to the PI shown in Fig. 17 and 18, we
remark that the settling time is shorter and the overshoot is of
minor magnitude when using the NL controller.

Fig. 20 shows the load current with respect to the load
voltage. It is possible to see how the region in the plane follows
a different hyperbola depending of the load value. Also, we
remark that the operating region is smaller in case of NL
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Fig. 19. Inductance current waveform at constant reference under different

power of CPL.

controller, thus showing a more performing behaviour with
respect to the PI one.

NL output voltage vs input voltage
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Fig. 20. Load voltage VS load current waveforms at constant reference under
different power of CPL.

In Fig. 21a the error between the load voltage and the
reference is shown. In Fig. 21b the phase plane for the error
and the derivative of the error is provided. It is possible to

remark that the NL controller has much better performance
than the PI one.

Pl
NLJ

10k 1 1 1 1 ! 1 ! =
0 1 2 3 4 5 6
Time (s)

Derivative of the error
S
T

Fig. 21. Phase plane for error VS derivative of the error at constant reference
under different power of CPL.

Table II summarizes the main characteristics of the PI
controller and the suggested NL one. The comparison is
both quantitative and qualitative. The performance evaluation
indicators are classified into three groups: reliability and safety,
electromagnetic pollution, and implementation challenges.
While the NL strategy does not show notable enhancements
over the classic PI controller when the boost converter feeds
a resistive load, it considerably outperforms the PI when the
converter supplies a CPL. For example, the voltage drop after
load variation is significantly reduced to 6% of the nominal
voltage, compared to a drop of 24% for the PI controller.
Besides, the NL controller exhibits no voltage overshoot for
step-up voltage tracking in case of CPL.

TABLE 11
GLOBAL COMPARISON BETWEEN PI AND NONLINEAR CONTROL!
Methods [PI [NL
Reliability and safety
Voltage tracking 95% settling | =~100ms ~100ms
time with resistive load (Fig. 6)
Voltage drop after resistive | 8.3% 3.1%v
load variation (Fig. 8)
Settling time after resistive | 220ms 80msv’
load variation (Fig. 9)
Voltage drop after constant|24% 6% v
power load variation (Fig. 18)
Settling time after constant | 200ms 100msv

power load variation (Fig. 18)
Voltage tracking with constant

an overshoot of | no overshoot v’

power load (Fig. 13) 2.5% nominal
voltage
Number of sensors 2 2

Electromagnetic pollution
[ 20kHz constant
Implementation challenge

Complexity of practical imple- | low low
mentation
TCheck marks v highlight the best performance for each criterion.

Switching frequency [ 20kHz constant

V. CONCLUSIONS

A nonlinear controller based on singular perturbation and
dynamic feedback linearization is suggested in the present



paper for DC/DC boost converters, and its validation is
performed in four experiments considering resistive loads
and CPLs. Both the theoretical stability analysis and the
experimental validation ensure that the proposed nonlinear
controller provides performance and adaptability to a wide
range of operating conditions with respect to classical linear
control techniques. Moreover, the paper provides a detailed
and implementation-oriented description of the controller for
an easier understanding of the theoretical principles at its
foundation and an intuitive tuning of the control parameters.

Future works will focus on adaptive approaches for uncer-
tain parameters of the DC/DC converter and on numerically
compute the optimal tuning of the control parameters to obtain
the largest stability region with respect to desired performance.
Moreover, the experimental validation of the proposed nonlin-
ear controller when stabilizing a DC Microgrid is of interest.
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