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ABSTRACT This paper deals with the nonlinear robust PWM control of a DC/AC differential boost inverter
based on dynamic feedback linearization, active disturbance rejection, and sliding mode control techniques.
The inverter topology consists of two synchronous boost converters linked through a load resistance. The
model of each boost converter is put in Brunovski’s canonical form through dynamic feedback linearization,
defining an auxiliary input depending on the control variable in an affine mode and a nonlinear disturbance
containing endogenous and exogenous variables. Each disturbance is estimated by an extended state observer
and compensated through a control law designed for tracking the desired trajectory, according to the active
disturbance rejection control technique. Finally, a sliding mode component is designed and added to the
previous control law to assure the robustness of the closed loop system against uncertainties due to electric
parameters, supply voltage and load resistance deviations, and disturbance estimation errors. Experimental

results validate the proposed control methodology.

INDEX TERMS Boost inverter, dynamic feedback linearization, sliding mode control, trajectory tracking.

I. INTRODUCTION

The scientific literature widely addresses the control of boost
DC/DC and DC/AC converters using various model-based
control methods. The boost converter, usually employed in
DC/DC applications, can also be used for directly converting
a DC input voltage into a sinusoidal AC voltage with assigned
amplitude and frequency superimposed on a mean value
different from zero (see, for example, [1], [2]). However,
many applications require that the sinusoidal voltage have
a mean value equal to zero. This task can be accomplished
using a converter topology named Differential Boost Inverter
(DBI), consisting of two synchronous boost converters
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connected through a load, as proposed and discussed in [3].
Concerning the control techniques employed for this boost
inverter, it is convenient to mention those based on the
small-signal linearized model (cf., for example, [3], [4],
[5], [6], [7]), which employ control methods based on the
transfer function, and those based on the Sliding Mode (SM)
technique (cf., for example, [8], [9], [10], [11], [12], [13]
and [14]) based on the state space model. A recent interesting
overview of differential single-phase inverter topologies with
active power decoupling and their main control techniques is
given in [15].

In [3], the controller for each boost converter is designed
starting from a mathematical model of the boost converter.
A transfer function is obtained by linearizing this mathe-
matical model, and a controller is designed in the frequency
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domain. The controller is implemented via a hardware circuit
consisting of an operational amplifier and an RC network.
In [4], the same approach is followed, designing two control
loops for each boost; the outer loop gives the reference
current for the inner loop, and the inner loop gives the
duty cycle. Both loops are controlled using PI controllers.
In [5], a fractional order PID-type control algorithm for
a boost converter is proposed. A suitable procedure for
computing the parameters of the fractional controller is
given, together with a discretizing method for implementing
it in a floating-point DSP. In [6], a new topology of a
fractional order PID controller is proposed to control a boost
converter with minimum over/undershoot. The fractional
controller parameters are tuned using a genetic algorithm
with a combined cost function composed of the integral
of time-weighted absolute error (ITAE) and time-weighted
square error (ITSE). In [7], the problem of generating a
sinusoidal waveform at high frequency is addressed. It is
shown that using a particular nonlinear feedback linearization
technique, it is possible to generate a sinusoidal waveform at
2 kHz using the DBI topology mentioned above.

By considering the sliding mode techniques, in [8], the
controller for each boost converter is designed according
to the sliding mode control method, assuming as a sliding
function a linear combination of the tracking errors of the
reference current and voltage. While the reference voltage is
well-defined, the reference current is not an exogenous well-
defined signal, and this current is assumed to be the output
of a high-pass filter. The implementation of the controller is
carried out via hardware through an electronic circuit. In [9],
a sliding mode controller is designed for the whole system,
assuming that only two configurations occur among the four
conduction configurations of the DBI converter. The sliding
function is chosen according to the current-mode design
method, and the controller is implemented at a constant
frequency using the equivalent control corresponding to the
chosen sliding function. In [10], a two loops control system
is illustrated, where the inner loop is controlled using the
sliding mode method with the same sliding function as in [9],
the outer loop is PI-type and gives the reference signal for
the inner loop so that the output voltage error converges to
zero. In [11], a global sliding mode current control scheme
for a grid-connected DBI is presented. In [12], the controller
for the boost converter is designed according to the sliding
mode control based on switched capacitors with high DC gain
and low voltage stress. In [13], a sliding-mode backstepping
control is proposed for boost converters in real-time for LED
lighting applications. The sliding surface in the backstepping
control procedure ensures the robustness of the system by
attaining an asymptotically stable system. A sliding mode
backstepping controller is formulated to tackle uncertainties
caused by load and input supply variations. In [14], a control
law is proposed in terms of the duty cycle. This law is
derived by employing the dynamic sliding mode control
method applied to the conventional averaged model, where
the control variables are the duty cycles; the sliding function
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is obtained according to the current mode method, adding
a term proportional to the integral of the tracking voltage
error. For each boost converter, the duty cycle consists
of two terms: a continuous term given by the equivalent
control corresponding to the chosen sliding function and a
discontinuous term proportional to the sign of the sliding
function itself.

In this paper, a PWM controller for a DBI is designed. The
controller is obtained by combining advanced methodologies,
such as state feedback linearization, active disturbance
rejection control, and sliding mode control. The state
feedback linearization puts the nonlinear model into the
linear Brunovski canonical form; the ADRC approach allows
the estimate of the disturbance present in the linearized
model, and, finally, the SM control is aimed at gaining
robustness against possible disturbance estimation errors.
This idea signifies the difference between other works present
in literature where the control of a boost inverter is never
analyzed using the ADRC with an additional sliding mode
component. The controller is designed starting from the
nonlinear averaged state-space mathematical model with
two independent control variables consisting of the duty
cycles of the two converters. Although the whole controller
is more complex than those considered in [9], it is more
versatile because it can manage all the possible conduction
configurations of the converter, and then it is possible to
control the two boost converters separately. Moreover, it can
be directly implemented using PWM control methods, thus
avoiding deterioration of the regulation properties produced
by the transformation from the sliding mode controller into
the PWM one as in [16].

More in details, in this work, the model of each boost
converter is put in Brunovski’s canonical form through
dynamic feedback linearization [17], defining an auxiliary
input depending on endogenous and exogenous variables.
Each disturbance is estimated by an extended state observer
and compensated through a control law designed for tracking
the desired trajectory, according to the active disturbance
rejection control technique. Furthermore, a sliding mode
component is designed and added to the previous control law
to assure the robustness of the closed loop system against
uncertainties due to electric parameters, supply voltage, load
resistance deviations, and disturbance estimation errors. The
control law for trajectory tracking requires knowledge of the
derivatives of currents, which is carried out using two linear
differentiators. The proposed control technique is tested both
by simulations and experimentally, and the results show its
feasibility and reliability.

A. COMPARISON WITH THE CURRENT LITERATURE

Other recent literature works deal with the active disturbance
rejection control of converters [18], [19], [20], [21], [22],
[23], [24], [25]. However, they deal with a single boost for
DC/DC applications, and it has never been applied in a DBI
configuration. Moreover, they do not consider the additional
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sliding mode component design included in the proposed
technique, which allows for better robustness against a
mismatch of the electric parameters, parametric deviations,
and input voltage and load variations, as better described in
the paper.

By comparing our paper with other dynamic sliding mode
techniques already presented in the literature, some relevant
differences exist. Indeed, the proposed control method is
based on the active compensation of the disturbances (both
endogenous and exogenous), and, differently from previously
cited papers about sliding mode control ([8], [9], [10], [11],
[13], [14]), here the dynamic control method is achieved by
extending the state, including the duty-cycle, and defining
an auxiliary control variable which is the derivative of the
duty-cycle itself. Therefore, the sliding mode component is
added to this auxiliary control variable instead of the duty
cycle, which implies that problems due to the chattering
are highly attenuated because the discontinuous component
is filtered out by an integration stage; those avoiding the
implementation of suitably designed filters like in [14].
Finally, the validity of the proposed law is not limited to
small signal variations, and it assures a good tracking of
the desired output trajectory, no distortions, and adequate
robustness property.

In summary, the proposed control technique combines
the benefits of the active disturbance rejection control
(never applied to the DBI) to generate a robust control
where the equivalent disturbances are online estimated and
compensated, with the benefits of the sliding mode control
to make the system robust against uncertainties on the input
gain and other exogenous disturbances acting in the input.
Moreover, by means of the dynamic input, the chattering
problems of the sliding mode control are overcome. This
combined configuration has never been applied to DBI to the
best of the Author’s knowledge, and it is very promising from
the robustness point of view, as will be shown from the results
given in this paper.

Il. DYNAMIC MODEL OF THE DBI AND PROBLEM
STATEMENT

The electrical circuit of the boost inverter is shown in Fig. 1.
The differential equations describing the dynamics of the
boost inverter can be written using the averaged state-space
mathematical model [26] as follows:

. 1 1

= ——(1— Vi, 1
L, Ll( I)VCI + L] in ( a)
. 1 1 .

vCI = _R_C‘l(vcl - VCZ) + C_l(l - )\'1)lL] ) (1b)
. 1 1

l, = _L_z(l - )\Z)VCZ + L—ZVin’ (Ic)
. 1 1 .

sz = _R_C‘Q(VCZ — VCI) + C_z(l - )‘2)le1 (1d)

where iy, and iy, are the inductor currents flowing in the
inductors L and L, respectively, vc, and vc, are the voltages
on the capacitors C1 and C», respectively, Vj, is the DC
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FIGURE 1. Scheme of the differential boost inverter.

supply voltage and R is the load resistance. Moreover, A1 and
Ao represent the duty cycles. In particular, by defining a
modulation period equal to Tpwyy, the switches S| and S are
managed by considering a turn-on period equal to 71 on =
MTpwy for Sy and Toon = AxTpwm for Si; while the
turn off period is, respectively, T1.0rr = (1 — ATPwm
and 72, 0rr = (1 — X2)Tpwm. The switches S, and S3 are
managed in acomplementary way concerning S and S4. Note
that the parasitic resistances of inductors and capacitors have
been neglected, and the assumption of continuous conduction
mode has been considered.

The main goal of this work is to design a controller for the
DBI so that the output voltage v,, defined as:

Vo = VC1 — VC2, 2)

tracks a sinusoidal reference (i.e., v, = V, sin(w,t)), rejecting
both exogenous and endogenous disturbances and ensuring
the robustness and stability of the closed loop system. Note
that the DBI can be considered like two coupled synchronous
boost converters (indicated in Fig. 1 as boost converter 1 and
boost converter 2) sourced from the same input. To simplify
the notation, the synchronous boost converter 1 (left side)
will be indicated with Boost-1, and the synchronous boost
converter 2 (right side) will be indicated with Boost-2. It is
helpful to observe that equations (la) and (1b) constitute
the model of the Boost-1, where the interaction with Boost-
2 is represented by the variable vco, whereas the model of
the Boost-2 is given by (1c) and (1d), where the interaction
with Boost-1 is due to vci. Based on this consideration,
the above-described goal can be modified by considering
the control of these two boost converters separately and
their interactions. For this reason, the following desired
output voltages, v, and v(.,, for the two converters will be
considered:

1%
Ve = Vae + fsin(wat), A3)

V.
Vi = Ve — Eosin(wot), 4)

where V. is the mean output voltage value that ensures the
continuous conduction mode (i.e., Vi > %).
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1Il. DESIGN OF THE CONTROL ALGORITHM

The main idea is to control Boost-1 and Boost-2 separately
and adequately manage their interactions. Each converter
will be controlled through the active disturbance rejection
technique, where the interaction effects between the two
converters are considered exogenous disturbances and can
be estimated by an extended state observer (ESO) and
compensated. More precisely, the active disturbance rejection
approach is based on constructing an extended model of
order n + 1, where n is the order of the controlled system,
by defining an additional state variable representing the total
disturbance.

This model is then employed to design an ESO to
estimate the total disturbance. Finally, starting from the
above-controlled system model of order n, the control law
consists of two components: the first compensates for the total
disturbance, and the second assigns the desired behaviors
and assures the desired robustness property. Since the two
converters share the same structure, only one controller will
be addressed. Let us consider the Boost-1. To apply the active
disturbance technique, it is necessary to express the extended
model in the Brunovsky’s canonical form, as shown below.

A. THE BRUNOVSKY’S CANONICAL FORM WITH
INTEGRAL DYNAMIC INPUT

According to [27], the Brunovsky’s canonical form can be
obtained by defining a variable &1, such that

A =61, (5)

where §1 is considered an auxiliary input for Boost-1. Then,
defining the variable:

2= Civg, +Liig,., )

i.e. the flat output (cf. for example [1]), it is possible to
consider a new state vector given by:

T .. T
r=lannzn] =laaiu], (7
where
) 2
20 = 2Viir, — z’C e, —ve,y), (8)
2 2 1
3= RZ_C‘](VCI - VCz)(2VC1 - VCz) + R_szcl [E(Vcl

. 1
+ _VCZ) + (] — K2)1L2:| — 2(1 — )\1) |:R—Cl(2\icl
Vin 2
+ —ve,)ir, + 7.V } + = V,i 9)

From (7), the dynamics of the Boost-1 in terms of z-variables
are described by linear model:

Z ZAzz +bZ/,L1

Yz =11

(10a)
(10b)
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where
0O 1 0 0
A.=10 o 1|, b, =|0],
0O 0 O 1
1 = aid +n1, 1D
2 )
ap = L_lvinVQ + R—CI(ZVQ —Vve,)iL, (12)

1 1 .
m= 2|: RC (vcl VC2)+ C_l(l_)"l)ll‘l:|

1 2 .
R2C (4VC1 + 3VC2) R—Cl(l—)ul)lLl

1 . Vi
g (v ve) g U+ )i 72 (1)

R2C,

1 1
+2[ 7RG, —(ve,— VCI)+C_2(1

+ _)\2)1.L2:| |:—
1
__R2C2 vV,

(1= 2)[Vin—(1

1
—2ve,) + —(1

1
—@3
2C1( va RC,

— AL,

— A)ve, |@ve, — vey)

_RC1L1
2 2
RCL(I 22)[Vin—(1=2)ve, Jve, — RC, ——veyiryha.
(13)

a1 and 51 represent the control gain and the total disturbance,
respectively. Both are nonlinear and time-variant functions
of the original state vector, the variable vcy (representing
the interaction of Boost-2 on Boost-1), and the circuital
parameters.

Model (10) is the Brunovski canonical form of Boost-1
in the z-domain. This transformation is needed to linearize
the boost model through a nonlinear state feedback. This
feedback allows, under certain conditions, to transform the
original nonlinear model of the Boost-1 into a linear model
in the z-domain a chain of integrators,

Vo = 1. (14)

This technique is sensitive to parameter variations, as evi-
dent from the complex expressions of «; and 1 in (12)
and (13). The main contribution of this paper is to make
the controller robust against parameter uncertainties and
exogenous disturbances that, unavoidably, would affect the
system if the analytic expressions of 1| and «; are considered.

Remark 1: The Brunovsky canonical form (10) has never
been presented in literature since it considers the interaction
effects between Boost-1 and Boost-2. Indeed, past works
considered only isolated DC-DC boost converters, whose
canonical form is much simpler. Interestingly, the interaction
effects between the two converters can be included in the
equivalent disturbance 71, and the function «; does not
contain the input variable related to Boost-2. For this reason,
an ESO can be designed to estimate the function 1; as shown
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in the following subsection, independently from the control
input of Boost-2. g

B. DESIGN OF THE EXTENDED STATE OBSERVER

The ESO is based on model (10), including an extra state
variable defined as z4 = n;. The resulting extended model
is given by:

Ze = AgeZe + brea181 + by 71, (15)
where:

0O 1 0 O 21 0

0O o0 1 0 Z 0
Aze= O O O l ’Ze— Zi ’ bZez 1 >

0 0 0 O %4 0

0

0
bmz 0

1

A Linear ESO (LESO) can be employed to estimate the
state z., as shown below:

=%+ Bres, (16a)
2=+ € e, (16b)
D=2+ e Bre + by, (16¢)
3= e Bye, (16d)

where the symbol "~ denotes the estimated variables, e, =
71 — Z1 is the output estimation error, the parameters f3;, i =
1, ..., 4 are chosen so that the polynomial

s* 4 Bas® + Ba3s® + Bas+ B1 =0 (17)

is Hurwitz, and € has to be chosen as low as possible,
considering that the lower ¢, the lower the convergence time,
the higher the bandwidth of the observer, and the lower
the steady-state estimation errors. However, note that the
drawback of a small € is a high noise level on the estimated
variables, and, consequently, a good compromise between
speed of convergence and noise level should be considered.

C. DESIGN OF THE CONTROLLER

The controller design is carried out starting from the
Brunovsky canonical form (10), imposing that the output
Y = 21 = C1v2Cl —l—le%l tracks the desired trajectory.
If the boost converter has to work as a DC/DC converter,
with output voltage equal to V., the reference value of
71 is perfectly gmown and given by z1 .y = Ci VI%C +L1]§C,

where 1;. = 1;/“;’; A problem arises when the converter has
to track a time-varying reference voltage, as in (3), since
the real-time reference value of the current is difficult to
determine. In the literature, several procedures are shown to
determine the inductor current reference; for example, in [3]
and [4], it is obtained as the output of a suitably designed
high-pass filter; in [1], a systematic procedure is illustrated
that allows the determination of the inductor current reference
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using a differential function of finite order; finally, in [2],
the reference state trajectory to be tracked is obtained using
the equations of the stable system center, deriving from the
ideal internal dynamics, corresponding to a model where
these dynamics describes the time evolution of the flat output,
i.e. the variable z; in the present paper. This paper assumes
that the inductor current reference is equal to the measured
one, and its derivatives, up to the third order, are estimated
by means of a fourth-order differentiator, whose details are
given below. This approach is different from that used in [3]
and [4] because, for control purposes, the measured current is
passed through a differentiator, i.e., a low-pass filter able to
reproduce very well the mean waveform of the current itself,
canceling at the same time the high-frequency components.
In practice, at the start of the sampling period, the inductor
current is measured, and the reference variable zj . is
computed from the value of the reference voltage y; s and
the measured current. Then, the controller will compute the
duty cycle to be applied at the start of the successive sampling
interval, following the control law illustrated below in this
Section.

1) DESIGN OF THE DIFFERENTIATOR

As already said, the measured current i;, is applied to a
differentiator to compute its derivatives up to the desired
order. Here, a linear fourth-order differentiator is considered,
described by the following model:

X =AyX +pohir,, (13)
where:
0 1 0 0 0
0 0 1 0 0
Ay = 0 0 0 1|’ h = 0
—po  —P1 —DP2 D3 1
The parameters p;, i = 0,...,3, are chosen so that the
polynomial
s4+p3s3+p2s2+p1s+po =0 (19)

is Hurwitz. The components of x, xi, x2, x3 and xa,
represent, respectively, estimates of the current iy, iy, r, and
its derivatives i'Ll F, 'z:Ll r and le r. The inductor current and
its derivatives allow us to compute the derivatives of z1,,s as
follows:

Zref = 2C1VCyref VCyrof + 2L1IL FIL F (20a)
Ziref = 2C) (\'12c1 ref T VCirefVCyref) + 2L1(i%1p

+iry FirgF), (20b)
Zires = 2C1B3VC ref VCyref + VCiref VCref )

+ 2Ly Bir, Fir,F + iLFiL, F). (20¢)

2) DESIGN OF THE CONTROL LAW
According to non-linear control theory [28], the control
law that stabilizes and assigns the steady-state and dynamic
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behavior to a model (14) can be determined as follows:

M1 = yz,ref - ]/12(.)}1 - yz,ref) - Vzl(yz - ).’z,ref)
— Y0y, — yz,ref)~ (21)

Indeed, defining ey; = y; — ¥ rf, and substituting (21)
into (14), the following equation is obtained:

'éyz + VZZEyz + Vzléyz + Y0€y; = 0, (22)

which implies that lim;_, o ey, = 0if polynomial S +ypsi+
¥18 + Y0 = 0 is Hurwitz.
Finally, §; can be derived as follows:

S1=ay ' (= +p). (23)

However, note that oy and 5 in (23) are known with a
certain margin of uncertainty. This consideration suggests
modifying the control law (23) by adding a sliding mode
(SM) component designed to cope with these uncertainties
(cf. [28]). In particular, to gain robustness against parameter
deviations and/or variations of the supply DC voltage V;,
and the load resistance R, the control law in terms of §; is
modified as follows:

1 A
81 = — (U1 — 01 + ugn1), (24)
@

where @ is the nominal value of &1, 771 is the estimated value
of n1 by means of ESO, and

Usm1 = —kgn1sign(sy), (25)
with:
s1 = éyz =+ kléyz =+ k()eyz, (26)

and kg, is a positive constant designed as shown in the
following Proposition 1. Before giving the Proposition for
determining the gain kg, the following Assumption 1 is
required:

Assumption 1: Tt is assumed that the maximum error
between 1 and its estimate 7 is

, 27

| = | = | = s

for some positive constant €,. Moreover, it is assumed
that @1 € [d1min, X1max] Where o1,in and oq,qc are the
minimum and the maximum values, respectively, of the
control gain o1 and are obtained assuming deviations of the
electric parameters from their nominal ones starting from
the tolerances of the components employed for realizing the
two converters. In this work, o1, and o1,,4x Were chosen
considering the 30% tolerance of the circuit components from
their nominal values.

Proposition 1: Assuming &1 = /Qmin®1imax and p =

/ %, if the gain kg, is designed as follows:

kgm1 = 11 — 011 + Beylnl
+ Bl + kiéyz1 + koéy1 — Voarerl,  (28)
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then the sliding condition is verified, and the system slides
on the surface s; = 0, for each value of the uncertainties
satisfying Assumption 1.

Proof: Assuming &1 = /X 1min®@1max and f = [ lme

A min °
it follows that

A

o] -1 a1 -1
— € [/3 ) :3]5 and — € [:3 ) IB] (29)
o] aq

Substituting (24) into (10), we have:
. or . o ]
3= (m - %m) + == (11 — k1 sign(s).  (30)
aq a1

Now, let us define the Lyapunov candidate function as
follows:

1 2
Vis) = 3si. 31)

Computing the derivative of (31) we thain: Visy) =
s151 and, consequently, for obtaining V(s;) < O, the
following sliding conditions have to be satisfied:

[§1>0 for s1 <0,

(32)

§s1 <0 for s1>0.

From (25) and (26), we have:
:Vl = )’2 - yz,ref + kl(yz - ');z,ref) + ko(j’z - )"z,ref)
~ ay\ . ol .
=m+ (1 - T) M+ — (u1 — ksmisign(sy))
o1 (03]
+ kl @z - yz,ref) + kO(}"z - )"z,ref) - :)".z,ref- (33)
Then, from (32), it is obtained that:
- a1\ . o] . .
m+{l——)m+ T(Ml - ksml) +ki(Vz — Yeref)
o1 ]
+ ko(Vz = Yeref) — Voo <0, fors >0, (34)
~ a1\ . o] . .
n+ (1 - T) M+ — (11 + kgm) + k12 = Yz rer)
o1 o
+ +koOz — Yzref) — Yerer > 0, fors <0, (35)

both of which are satisfied for:

ksm1 > max
n,oq

~ooarf. . .
M1 —1n+ a(nl + 01 + k10, — Yz ref)

+ kOG’Z - j’z,ref) - yz,ref) ’ (36)

Using the conditions given in Assumption 1, (36) can be
maximized ad follows:

A

~ ayf - ~ . . . .
‘Ml -1+ a(’?l +m + ki, — yz,ref) + ko(y; — yz,ref)

- yz,ref)

+ kO().’z - )"z,ref) - yz,ref

LA G, .
5‘#1—7’/1‘4'_‘771)"‘_ N+ ki = Vzrer)
o] o]

< ‘Ml — fn‘ +,3€n‘ﬁ1‘

+8

ﬁl + ki (yz - yz,ref) + kO().’z - )"z,ref) - yz,ref

(37)
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From (37) follows that (32) is satisfied if kg,; is as shown
in (28). This concludes the proof. J

Remark 2: Note that condition (36) does not depend on the
electromagnetic parameters as it occurs, for example, in [8].
This is important because it is challenging to verify a priori
if the sliding conditions are satisfied for all the values of the
parameters in the cases where they depend on the parameters
themselves. a

Remark 3: From the Proof III-C2, it is evident that two
procedures can be followed to satisfy condition (36). The
first consists of estimating an upper bound of kg, which
satisfies the sliding condition in all the possible operating
situations. The second is to select, online, the time-variant
gain kg1, computing the second member of (28), including 3,
which is computed as indicated in Proposition 1, considering
the maximum and minimum values for the electromagnetic
parameters, and assuming that the measured voltages and
currents are not affected by errors. The first choice is too
conservative and results in an increase in chattering. The
second choice has been adopted in this work. Moreover,
it is helpful to note that even if the gain is time-varying,
it does not depend on the particular values of «; or 5,
which are unknown. Instead, only the value of ¢, has to
be chosen because the other variables in (28) are computed
online. g

Remark 4: Tt is important to note that, in contrast with [2]
where the coordinate transformation leads to a canonical form
nonlinear model having an internal dynamics unstable of
order 1, the coordinate transformation used here leads to a
linear model having no internal dynamics. 4

As highlighted at the beginning of this Section, the same
controller illustrated for Boost-1 will be applied to Boost-2,
which is omitted for this reason.

The block diagram of the proposed control technique is
shown in Fig. 2.

Remark 5: Note that the proposed control law is not
influenced by the power range of the converter; therefore,
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FIGURE 2. Block diagram of the proposed control technique.
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there are no limitations and it can be employed both in
low-power and high-power applications. a

IV. SIMULATION RESULTS

In order to validate the controller previously illustrated,
simulation experiments are carried out using an implemen-
tation of the plant and the controller in the Matlab-Simscape
environment.

In order to test the behavior of the boost inverter and its
robustness against input voltage and load variations, a test
is carried out considering nominal converter parameters.
In particular, at + = 0.1, two sinusoidal voltage references
with 50 Hz of frequency and 40 V of amplitude are imposed
on both the converters, according to (3) and (4) (with V4. =
110V), in order to generate a sinusoidal differential output
voltage of amplitude 80 V. Then, a step variation of —12.5%
in the input voltage is imposed at the instant 0.3 s. Finally,
at the instant 0.4 s, a variation of the load resistance, equal
to —50%, is applied, restoring, at the same time, the nominal
input voltage. Finally, at + = 0.5 s, the reference voltage is
set at zero.

The parameters of the boost inverter are given in Table 1.
From the data sheets of the inductors and capacitors, the
maximum value deviations are £20% for the inductance and
+10% for the capacitance. The parameters of the controller
are chosen such that:

o Controller: the roots of polynomial (22) are real,

negative and equal to weon = 10150 rad/s;

e ESO: the roots of polynomial (17) are real, negative and

equal to wes, = 100 rad/s;

o Differentiator: the roots of polynomial (19) are real,

negative and equal to wgiy = 20000 rad/s;

o Sliding function: the roots of polynomial (26) are real,

negative and equal to wg = 1000 rad/s;

The simulation results are shown in Figs. 3-7. These
results show that the differential boost inverter can generate
a sinusoidal voltage with a maximum amplitude error of
0.65% in all situations. The harmonic content of the output
voltage consists of odd harmonics, with the third harmonics,
the bigger one, about 1% of the fundamental frequency, and a
fifth harmonics less than 0.4%. The total harmonic distortion
(THD) depends on the bandwidth of the differentiator and,
in this test, is equal to 2.05%.

The currents have not a sinusoidal waveform due to
the nonlinear characteristic of the boost converters, and
their peak-to peak value increases to compensate for the
variations of the input voltage and load. As already said,
the measured inductor currents assume the significance of
reference currents and, consequently, it is possible to generate
the reference variable zy,s and the state variable z1, both
useful for the control loop of the feedback-linearized system.
Figure 6 shows the tracking high capability of this control
loop, where the state variable is superimposed to the reference
one. Finally, Fig. 7 shows the high capability of the ESO in
the estimation of the state variable zj, which is a necessary
condition for a good estimation of the total disturbance nj,
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FIGURE 3. Output voltage generated during the test with nominal
parameters.
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FIGURE 4. Currents in the inductors of the two boost converters,
generated during the test with nominal parameters.

useful in the computation of §; and then of the duty-cycle Aj.
It is worthwhile to observe the smooth waveforms of the
duty cycles due to the presence of the dynamic input, which
in turn produces smooth forms into the voltages vc, and
vc,, and then in the output voltage, by avoiding the main
issue of other standard sliding mode controllers. Finally, the
results described in this test show that the output voltage is
practically insensitive to input voltage variations and load
resistance variations. Naturally, the inductor currents vary in
the presence of the above variations, as illustrated in Fig. 4.
Since one strength of the proposed algorithm is its robust-
ness against electrical parameter variations, to demonstrate
the performance of the proposed control technique, a second
test was carried out by imposing a strong mismatch of the
two boosts parameters. In particular, the values of L1, Lo, C1,
and C, are varied with an increment of 30% for the Boost-1
and a decrement of 30% for the Boost-2. Moreover, the
parasitic resistances of both inductances and capacitors were
considered in the circuit. The type of test in terms of reference
output voltage and input and load variations is the same as the
previous one shown in Figs. 3-4. The simulation results are
given in Figs. 8 and 9. Examination of these figures shows
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FIGURE 7. Estimation error of the variable z; generated from the ESO 1
during the test with nominal parameters.

that the robustness of the output voltage is maintained for
variations of input voltage and load resistance, whereas a
mismatch of the inductor currents appears. In particular, peak
values of the current i, diminish, whereas that of iy, increase.
The total harmonic distortion, equal to 2.92%, increases
slightly compared with the test with nominal parameters, but
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FIGURE 9. Currents in the inductors of the two boost converters,
generated during a test with strong parameters variation.

it is widely acceptable. This benefit is due to the proposed
approach since the equivalent disturbance is estimated and
compensated online, and the sliding mode action allows it to
gain robustness against possible exogenous disturbances and
input errors of the ESOs, thus confirming the effectiveness of
the proposed approach.

V. EXPERIMENTAL SETUP
This section presents the experimental setup suitably built to
validate the proposed controller. The converter under test is
shown in Fig.1 while in Fig.10, a photo of the overall test
bench is given. Moreover, Table 1 shows the components
and their values used to conduct the experiments. The
controller has been implemented on the F28379D LaunchPad
development kit for the C2000 Delfino MCU by Texas
Instrument, a low-cost evaluation and development board for
the TMS320F28379D microcontroller. The board features
a 32-bit microcontroller with a dedicated coprocessor for
optimizing floating point calculations, the CLA (Control Law
Accelerator).

The processor, in particular features a dual-core archi-
tecture with two C28x CPUs and two CLAs, operating

98642

MOSFET
AND
GATE DRIVER

-~ CURRENT
~_PROBE _

FIGURE 10. Photo of the overall test setup.

TABLE 1. Parameters of the converter.

NAME VALUE COMPONENT BRAND  DESCRIPTION
Vin 48V Input Voltage
R 1002 VRH320 100R K Arcol Load Resistor
L1z 470uH  AGP4233-474ME Coilcraft Inductors
Ci,2 10uF  MKP1848610094P  Vishay Capacitors
S1,2,34 - SCTWA9ON65G2V ST Switch
Driver - STGAP2SCIC ST Switch Driver

at 200 MHz with a total processing capability of 800 MIPS.
It includes 1024 kB of flash memory, 204 kB of RAM, and
supports advanced functionalities such as 12- and 16-bit ADC
resolution, 24 PWM channels, and 8 SPI interfaces.

In particular, the implementation has been made so
that the CLA executes the control algorithm at 100khz.
In contrast, other tasks, which do not need to be executed
with strict timings, are executed on the main CPU. The source
files necessary for implementing the algorithm have been
developed employing Matlab-Simulink software.

The MOSFETSs’ gates are logically driven through the
PWM generator modules available on the processor. Specific
attention has been given to the design of the driver circuitry
using the STGAP2SICS driver from ST-Microelectronics.
In particular the implementation follows the application
diagram with Miller Clamp and negative gate driving as
shown in [29, Fig. 10, page 12/22]. The Miller clamp function
allows control of the Miller current during power stage
switching in half-bridge configurations. When the external
power transistor is in the OFF state, the driver operates to
avoid the induced turn-on phenomenon that may occur when
the other switch in the same leg is being turned on. During the
turn-off period, the gate of the external switch is monitored
through the CLAMP pin. The CLAMP switch is activated
when the gate voltage goes below the voltage threshold, thus
creating a low impedance path between the switch gate and
the GNDISO pin (please refer to [29, Fig. 10, page 12/22] for
this description).

To measure the system state, specifically the voltages on
the output capacitors V¢i, Vo and the currents through
the inductors i1 and iy, some LA 25-NP LEM Hall
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FIGURE 12. Inductor currents ij; (purple) and ij, (blue) during a start-up
sequence.

effect sensors were used. These sensors were installed on
custom boards built explicitly for the implementation of this
experimental setup. All signals are sampled and converted
by the four parallel on-board analog to digital converters.
For acquisition via oscilloscope, and to generate the graphs
related to the experimental tests, two Teledyne T3CP100-2
current probes, configured with 0.1V/A scale, and two
Tektronix P5200 voltage probes, were used in conjuction with
the Lecroy Wavepro 7200A DSO. A digital pin on the CPU
was also used to trigger the startup sequence and the load and
voltage variation tests.

VI. EXPERIMENTAL RESULTS

In this section, experimental results are given. In particular,
a start-up test, a steady-state test, and a load variation test
were performed in order to validate the effectiveness of the
proposed control technique.

A start-up test shows the system’s behavior in a start-up
sequence, i.e., the initial transient, in which it starts from
zero and generates a sine wave with a peak-to-peak amplitude
of 160V and a frequency of 50 Hz. In particular, the results
of this test are shown in Figs. 11 and 12. Fig. 11 shows
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FIGURE 15. Inductor currents ij; (purple) and ij, (blue) in steady-state
operating condition.

the waveform of the output voltage v, while Fig. 12 shows
the 71 and i;5 inductor currents trends. These results show
that the system perfectly tracks the sinusoidal reference, the
overshoot is negligible, and the steady state is reached after
less than 50 milliseconds.

The steady-state test results are shown in Figs.13-15.
In particular, Fig. 13 shows the waveform of the output
voltage v, in a steady-state condition while in Fig.14 the FFT
components were reported. In Fig.15, the waveforms of the
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FIGURE 16. Output voltage v, in a load variation transient.

FIGURE 17. Inductor currents ij; (purple) and ij, (blue) in a load
variation transient.

FIGURE 18. Output voltage v, in an input voltage variation transient.

inductor currents i7 | and iz, are shown for the same operating
conditions. It can be seen from these tests that the system
can follow correctly the sinusoidal reference. Furthermore,
in this test, the FFT was performed. From the results shown in
Fig.14, it is possible to see that there is a negligible distortion
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FIGURE 19. Inductor currents ij; (purple) and ij in an input voltage
variation transient.

with the third harmonics about 1.3% of the fundamental
frequency, and a fifth harmonics less than 0.5%. The total
harmonic distortion (THD) is equal to 2.45%.

A load variation test was also carried out. The load
resistance R was changed from an initial value of 100 2 to
a final value of 50 Q2. The results are shown in Figs.16-17,
where the waveforms of the output voltage v, and inductor
currents iz and iy are shown during a load variation. It can
be seen from this test that the control system can reject the
disturbance; in fact, the output voltage v, is not affected by
load variation, i.e., the influence on v, is negligible, and the
inductor currents iz and iz, rise instantaneously, as can be
seen from Fig. 17, coherently with the load variation.

Finally, an input voltage variation test was performed by
decreasing the input voltage v;, from the nominal 48V value
to 42V. Results are shown in Figs.18-19. Also, the output
voltage is almost insensible to input voltage variations, and
the currents attain their steady-state values quickly.

In all cases, the experimental results are coherent with the
simulations given in Section IV. Indeed, by examination of
the figures, the same current values are obtained, and almost
the same THD is gained (2.45% in the experimental results
and 2.05% in the simulations) by validating the congruence
between simulations and experiments.

VIl. CONCLUSION

This work addresses the control of a differential boost inverter
for DC/AC operations. In particular, a rigorous procedure is
shown to put the system in Brunovski’s canonical form and to
derive suitable developed ESOs to compensate for nonlinear
disturbances. A sliding mode component was designed to
ensure the robustness of the whole closed-loop system against
supply voltage and load variations. Moreover, to avoid the
chattering problem, a model with dynamic inputs was used,
where the control variables are the duty cycles of the two
boost converters, and they are obtained as the integrals of two
auxiliary inputs. This choice implies that the control variables
are not affected by chattering.
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Simulation experiments showed that the closed-loop sys-
tem could generate sinusoidal voltages, and the controller was
found to be particularly robust against both exogenous and
endogenous disturbances. Experimental results are congruent
with those obtained by simulations, showing that the system
works well and can effectively reject load and input
voltage variation disturbances. Moreover, the reproduced
waveforms are good, with negligible harmonic distortion,
which confirms the effectiveness of the proposed algorithm.
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