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Abstract: In this paper, we propose a switching control mechanism for the stabilization of a DC-DC Zeta converter operating
in continuous conduction mode. The switching control algorithm is based on a control Lyapunov function and extends the
method proposed for a two-dimensional boost converter model presented in the literature to a four-dimensional Zeta
converter model. The local asymptotical stability of the operating point is established using LaSalle's invariance principle for
differential inclusions. By applying spatial regularization, a modified switching control algorithm reduces the switching
frequency and keeps the state-trajectory around a neighbourhood of the operating point. The method works well even if the

operation point changes significantly and it is valid for both step-up and step-down operations.

Furthermore, by

approximating the state-trajectory near the operating point, we obtain an explicit relation between the modified switching
algorithm and the switching frequency, which allows us to choose systematically the desired switching frequency for the
converter to operate. The effectiveness of the proposed method is illustrated with simulation results.

1. Introduction

In energy harvesting systems, DC-DC converters are
part of the power management system. Because of the
uncertain nature of the ambient energy, for example, low or
high irradiance of sun and fluctuation of the wind speed, the
voltage generated by the energy harvester, which is connected
to the input of the DC-DC converter, can be higher or lower
than the output voltage. For this reason, a fourth-order DC-DC
converter is a good candidate to be deployed, since it has step-
up and step-down capability. There are a few topologies
available, and the Zeta topology is selected for our research
due to two reasons: 1) positive output voltage, and low output
voltage ripple [3], 2) natural DC input-to-output voltage
isolation [4].

To control a DC-DC converter, the conventional fixed-
frequency, average-based system control methods are
commonly deployed such as proportional integral (PI) [5-9],
optimal [11-16], sliding-mode [17, 18], fuzzy [19, 20], model
predictive [21, 22], adaptive [23], and fuzzy-neural [24], to
name a few. The PI control produces fast output voltage
regulation, however, it suffers from high control duty-ratio
effort [9] that can lead to PWM circuitry problem [12]. The
conventional optimal linear quadratic regulator (LQR) control
produces optimal compensation with minimal control effort,
but lack of robustness if the parameter is uncertain [14]. While
LMI-LQR control is robust, it’s control duty-ratio signal has
quite a large ripple [15], which may produce nonlinear effect
if the ripple exceeded 20% [10]. As for the sliding-mode,
fuzzy, model predictive, adaptive, and fuzzy-neural, because
they use the so-called small-signal average model, when the
duty ratio largely deviates from the nominal one, the small-
signal average model is not a good approximation. As a result,
the controller design is no longer valid, which in turn
jeopardize the system performance. On the other hand, non-
average-based system control, typically known as hybrid
control, is a variable switching frequency type of control

where the switching frequency is initially low and it becomes
arbitrarily fast at operating point. The hybrid control is more
robust than average-based system control [2], due to the
former’s ability to execute the switching mechanism online.
Hybrid control has been implemented for the stabilization of
the DC-DC converter [25-32]. In [25-28], the authors propose
a switching algorithm by approximating the state-trajectory
and restricting the state-trajectory within a limits specified by
the guard conditions. Even though the output voltage
regulation is achieved and demonstrated, no theoretical work
is presented to proof the stability of the system. In [29-32], the
authors propose a Lyapunov-based hybrid control to stabilize
the DC-DC converters. The study [29] basically proposes the
switching rule that assigns the mode decreasing the value of
the Lyapunov function most. When the trajectory reaches the
switching boundary, it evolves as a sliding mode solution,
which means that the switching interval becomes
infinitesimally small. In [30, 31], the authors use sampled-data
control to avoid sliding mode solutions. Though switching
frequency is controlled by the sampling period, it tends to be
small because the method is based on sufficient conditions.
Hence the trajectory is close to the sliding solution. Though
our paper uses the same switching mechanism as in [32], the
stability analysis is fundamentally different. A second-order
boost converter model in [32] can be analyzed by the standard
Lyapunov approach by showing the decrease of the Lyapunov
function along the trajectory. The derivative along the
trajectory of the fourth-order Zeta converter model becomes
zero even if the point is not the operating point. Hence
LaSalle’s invariance principle proved for this class of
differential inclusion should be established. The preliminary
and much shorter version of our work were presented in the
conference proceedings [1,2].

The remainder of the paper is organized as follows. In
Section 2, we establish a switching control mechanism for a
two-mode system. The two-mode system is instrumental to
model the DC-DC zeta converter operating in continuous
conduction mode (CCM). In Section 3, we analyze the
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stability of the switching system in Section 2, and apply it to
the Zeta converter. In Section 4, the switching control
mechanism discussed in Section 2 is modified to limit the
switching frequency of the Zeta converter. In addition, by
using linear-line-approximation of the trajectory, we show
how to decide the switching frequency. Simulation results to
show the effectiveness of our proposed method are presented
in Section 5. Lastly, in Section 6, we conclude our work and
state the plan for future work.

Notation: R denote the set of real numbers. For p € R,
Rs,, Rey, Ryy, and Re, denote the set of real numbers
larger, smaller, larger than or equal to, and smaller than or
equal to p, respectively. The notation conv denotes the
convex hull of a set. For a function a : R® —» R, a~! denotes
the inverse image of a. For a singleton {c}, ¢ € R, we use the
simplified notation, @~ 1(c) = a~* ({c}). A set valued map F
is denoted as F: R™ = R™, where for x € R", F(x) c R™.

2. Switching Control of Two-mode System
Because transistors and diodes exhibit on-off
behaviours, many converters can be modeled as multi-mode
systems, where each mode is described as a linear state-space
model. A two-mode system can be used to model the
continuous-conduction mode of any DC-DC converters. In
this section, we introduce a Lyapunov-function-based
switching control strategy and motivate its stability analysis.
Two linear systems of the same state dimension are
given by
dx
= = Ax + Biu, @)
& = A,x + Byu, ©)
dat
where x(t) € R™ is the state and u(t) € R is the input. Fix
Uy € Rand 4 € R. Assume that

AA; + (1 — M)A,

is invertible. Define

x*=—-(A41+ (1 - /1)142)_1(}.31 + (1 = )By)uy. 3)
Note that we do not assume the stability nor the non-
singularity of the matrices A; and 4,. Let S; (i = 1, 2) denote
the set of stationary points of the systems (1) and (2); namely
Si={x:A;x+Buy=0}8, ={x: A,x + Byuy, =0}. (4)
If A; is non-singular, S; is a singleton; otherwise it may be
empty or infinite. The following proposition is easy to derive,

but useful in the subsequent discussions.

Proposition 1. The point x™ is given by (3) if and only if it
satisfies the following equation:

A(A1x* + Biug) = —(1 — 1) (A,x™ + Byug). (5)

Furthermore, A;x* + Bjuy # 0 (i = 1, 2) if and only if §; N
S, =0.

Proof. Since

(241 + (1 = DA)x" = (AB; + (1 = 1)B,)uy,

the equivalence of (3) and (5) is immediate. If x* € §; N S,,
then

A(Ax* + Bjug) = —(1 — D) (A,x* + Byuy) = 0,

which implies x* =x* by the non-singularity of
AA; + (1 = DA, . Conversely, if A;x*+ Byuy =0, then

Ayx* + Byug = 0 by (5). Thus, x* €5; N S,. n

We are interested in a switching control law that drives the
state of the switching system with the modes (1) and (2) to x*
under u(t) = u,. For this, define a candidate Lyapunov
function

V(x) = (x = x)"P(x —x%), (6)

where P is a positive definite matrix. Because P > 0, there
exist ¢; > 0 and ¢, > 0 such that

alle =x I V() < cpllx — 2|17, @)

holds. The derivatives of V' (x) along the trajectories of (1)
and (2) are

v
ay(x) = E(AM + Biuo) (3)
= (x—x)T(PA, + ATP)(x — x*) + 2(A;x" +
Byug)"P(x — x*),

a
ay(x) = é(Azx + Boug) )
= (x—x")T(PA, + ATP)(x — x™) + 2(Ax" +
Byug)"P(x — x¥),

respectively.

Proposition 2. Suppose that PA; + ATP < 0 and PA, +
ATP < 0. Then,

a; ' (Rso) € a;'(Rgp), ai'(Rso) < a; ' (Rgp), (10)
a7'(0) Nna;1(0) = {x:x — x* € ker (PA, +ATP)n
ker (PA, + ALP) nker (A;x" +
Byu,)"P}. (1)
The proofis based on the following observation.
Lemma 1. Let Q; <0 and Q, <0 be n Xn symmetric
matrices. Let v, €R®™ and v, ER™  satisfy
Av; + (1 — D)v, = 0 for some 0 < A < 1. Define
p1(x) = x"Qux + vix, py(x) = x"Qx + vy x.

Then

Pt (Reo) € 93 (Rso), P77 (Reo) © P37 (Rao),
pr1(0) N p;1(0) = ker Q; N ker Q, N kerv].

Proof. If p;(x) > 0, then
0 < Apy(x) = xTQyx + Awlx

SMwlx=—-1-Dvlix
< —(1=Dx"Qx — (1 = Mvix = —(1 — Dp,(x)
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holds. Thus, p,(x) <0 . Because p;'(R.y) =R™\
pi'(Rso) and p;*(Rso) = R™\ p;'(Reo), Pz (Rso) ©
pr1(R.,). By interchanging p; and p,, in the argument, it
follows that p7'(Rxo) € p;"(R<o). If py(x) = po(x) =0,
then

0= Ap;(x) = xTQyx + Wwlx
S Wwhx=—-1-vix
S —(A=DxTQx— (1 —Dvix=—-(1—-Dp,(x) = 0.

Hence all the inequalities hold as equalities. This implies
vix =0, xTQ;x =0, and xTQ,x = 0, which means x €
ker Q; Nker Q, Nkerv! . Conversely, if x € kerQ; N
ker Q, N ker v], then x € ker vl and p; (x) = p,(x) = 0.m

Proof of Proposition 2. Define

Q1 = PA; + ATP, Q, = PA, +A}P,
vy = 2P(A1x" + Byuy), vy = 2P(A,x™ + Byuy),
P1(xX) =y (x +x7), py(x) = ap(x +x7).

Notice that the assumptions of Lemma 1 are satisfied since
(5) holds. Then the proofis immediate from Lemma 1. [ ]

Based on Proposition 2, we propose the following switching
control mechanism.

Switching Mechanism A

e If the system is operating in mode 1 and reaches
a;1(0), then it switches to mode 2.

e If the system is operating in mode 2 and reaches
a3 1(0), then it switches to mode 1.

Remark 1. Switching Mechanism A is initially proposed for
a boost converter model in [32]. Proposition 2 clarifies a
condition that ensures that Switching Mechanism A is well
defined.

To analyze the stability of the switching control law, we
consider the differential inclusion

dx
& e Fx), (12)
{Aix + Byug} ifx € My,
F(x) = {A,x + Byug} ifx € M,,
conv {A;x + Byug, A,x + Byug}  if x € My,
where

My = {x: a7 (Reo) Nz (Rsp) = ai ' (Rep)},
M, = {x: a7 (Rso) N ;' (Reo) = a; ' (Rep)},
M, = {x: al_l(]Rso) n az_l(leo)}-

The set-valued map F: R™ w R™ is upper semi-continuous,
and its values are bounded closed convex sets. Solutions of
(12) include solutions of (1), (2) with the switching control
mechanism. We shall analyze the stability of the operating
point x* of the differential inclusion (12).

Remark 2. The switching mechanism that selects the mode
defined by

arg min{a; (x): i = 1,2}

is in line with the method used in [29], except that [29]
assumes that

PQAA; + (1 —DA) + (A4, + (1 —DA)TP <0

for some A € (0, 1). This mechanism does not stabilize the
operating point asymptotically when we only assume PA; +
ATP <0 and PA, +ALP <0 . The following simple
example

Ay = [g —01] B, = [8]"42 = [—01 —11] B, = [g] P= [(1) (1)

results in the differential inclusion

dx
dt

({1 iffo1
F@x) _{ (1,2} if [0 1] x = 0.

€ F(x)

If [0 1]xy =0, then the differential inclusion has the
unique solution x(t) = x,, which shows that it is not
asymptotically stable. Note that this is not a counterexample
of [29, Theorem 2]. Nevertheless, the example shows that the
distinction of positive definiteness and positive semi-
definiteness is meaningful.

3. Stability of Switching System
In this section, we analyze the stability of the
switching mechanism proposed in the previous section and
apply the method to a DC-DC Zeta converter operating in the
continuous conduction mode (CCM).
3.1. Stability Analysis

Consider the differential inclusion (12) and the
function V (x) in (6). Define V (x): R® = R by

V(x) = Z—ZF(x) = {Z—Zw: w € F(x)}.

It is easy to verify that

{a; ()} ifx € My,
V(x) = {a,(x)} ifx € M,, (13)
conv {a; (x), ay(x)} ifx e M,.

The inverse image V ~1(S), where S c R, is defined by
VAS) ={y eR:V(H)NS * 0}
When S = {a}, we write V"1(a) = V1({a}).

Proposition 3. Consider the differential inclusion (12) and
the Lyapunov function (6). Then,

V-1(0) = a;1(0) U a3 (0).
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Proof. If x € a7*(0), then V(x) = conv {0, a,(x)}30.
Similarly, we have 0 € V(x) if x € a;*(0) . Hence
V=1(0) 2 a7'(0) U a;'(0). Conversely, if 0 € V(x), then
x € a7 (Reo) Nz (Rep) and 0 € conv {a; (x), ay(x)} .
Because a;(x) <0 and a,(x) <0, this implies either
a,(x) =0ora,(x) =0. [ |

Proposition 4. Let x*, §;, and S, be defined by (3) and (4).
Then {x*} U §; < a;1(0) hold.

Proof. We have already shown that x* € a;*(0) N a31(0) in
Proposition 2. If x € §;, then a;(x) = 0 by (8). Similarly, if
x € §,, then a,(x) = 0. [

Proposition 5. Let x* € {x*}uS; US, . Then, the
differential inclusion (12) has a stationary solution
o(t, x") = x*.

Proof. If x* € §;, then a; (x*) = 0 by Proposition 4. Thus
F(x*) = conv {0, 4,x** + Bu} 3 0 . Similarly, x* €S,
implies 0 € F(x*). By Proposition 4, a; (x*) = a,(x*) = 0.
Consequently F(x*) = conv {A;x* + Byug, A,x" + Bouy} 3
A(A;x* + Biug) + (1 — A)(A,x" + Byug) = 0. [

By Proposition 5, the operation point x* is not globally
asymptotically stable if ; US, # @. We shall study local
asymptotic stability of x*. The next result shows that x* is
stable in this sense.

Theorem 1. Suppose that PA; + ATP <0 and PA, +
ATP < 0 hold. If a7 1(0) N a;(0) contains no solution of
(12) except for x(t) = x~, then x* is locally asymptotically
stable.

The proof of Theorem 1 hinges on a couple of Lemmas. The
first one states that the operating point x* is stable.

Lemma 2. Suppose that PA; + ATP < 0 and PA, + ATP <
0 hold. Then x™ is stable.

Proof. Note that the set-valued function F(x) in (12) is

defined for all x € R™ from (10) in Proposition 2. Let € > 0,

and choose § = scﬂ > 0. If ||x, — x7||? < 6, it follows from
2

(7) that V (x) < c,8 = c,&. Along the trajectory ¢ (t, x,) of

(12), it holds that

SV (Bt x0)) = V(b (t %) € Re,

by (13), and hence V(¢ (t,x,)) < V(x,) holds. This implies
that || (¢, xo) — x"||? < &, and therefore x~ is stable. [

One of the important observations is the property of the
limiting set of a solution of a differential inclusion with an
upper semi-continuous set-valued map. Let

dx
= €F (x), (14)
be a differential inclusion where F: R™ w» R™ is upper semi-

continuous and its values are bounded closed convex sets. Let
¢(t,xy) be a solution of (14). A point w € R" is called a

limit point of ¢ (¢, x,) if there is a sequence {t;} in [0, o0)
such that t;, — oo and

Ilim @ (tr, x9) = w.

The set of all limit points of ¢ (t, x) is called the limit set of
¢(t, xy) and is denoted as .

Lemma 3. Consider the differential inclusion (14). Suppose
that a solution ¢ (¢, xy) is bounded. Then the limit set Q is
nonempty, closed, and bounded. Furthermore, if w € (, then
there exists a solution of ¢ (t, w) of (14) with initial condition
x(0) = w satisfying ¢ (t,w) € Q forall t = 0.

Proof. The first half is elementary, see for example [33,
Lemma 5.30]. To prove the second half, let {t;} be a
sequence in [0,0) such that t;, = oo and wy = ¢(ty,xg)
tends to w € Q. Let T > 0 be fixed, and define 1, (¢t) :=
G(t + ty, xo) for t € [0,T]. Note that 1, (t) is a solution of
(14) with the initial condition x(0) = w,. Using a similar
argument as in [34, p.13, Theorem 4] and [34, p.104,
Theorem 1], one can prove there exists i and a convergent
subsequence of {1} where limit is ¥, and Y (t) = ¢(t, w)
is a solution of the differential inclusion (14) with the initial
condition x(0) = w. Then any point on Y (t) is a limit point
of ¢(t,x,) and hence ¢(t,w) € Q for 0 <t < T. Since this
is true for any T > 0, this concludes the proof. n

Lemma 4. There exists > 0 such that for every w in the set
{(a7* (@ \ a;(0)) U (az(0) \ a7 *(0))} N {x: V(x) <
r} and every solution ¢ (t, w) of (12), there exists T > 0 such
that V(¢ (7, w)) < V(w).

Proof. Define

a1 (x) =

daq(x)
alx (A1x + Byuy),

and recall from (9) that

240 — 2((x — x)T(PA, + ATP) + (A,x" + Byug)"P).

ax
1t follows that ¢, (x) is a continuous function; moreover,
a1 (x*) = (A;x* + Byug)TP(Ax* + Byugy) > 0,

and from the continuity of d;(x), d;(x) >0 in some
neighborhood of x*, say N = {x: V(x) < r} for some r > 0.
Let w € (a;'(0)\ a;'(0))NN . Since a(w)=0 ,
a,(w) <0 by (10). We can take 7 > 0 small enough, so
ay(¢p(r,w)) <0 for all t €[0,7]. If V(p(t,w)) =V (w)
forall t € [0, 7], then

av d

SV (@t w) = S5 (tw) =0, (15)

dx dt

for almost all t. Let T = {t: a;(¢(r, w)) > 0}. Note that T’

is an open set. If t €T, then by (12) F(¢(r,w)) =
av d

{4, (1, w) + Byut} hence TS (t,w) =

a, (¢(T, w)) <0 Hence T =0 Consequently,

F(d) (1, (u)) = conv {4, ¢ (1, w) + Byug, A, (T, w) +

, and
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av
Bou,} , but EAZ(ﬁ(T, ) + Byuy = a2(¢(r, w)) <0
implies %d)(‘r, w) = A;¢(t,w) + Byu, for almost all t.
Hence ¢ (t, w) is the solution of the differential equation

Z—f=A1x+Blu0, x(0)=w, 0<t<T,

V(¢(t, w)) is twice continuously differentiable, and

d2
dt?

V($(t, w)) = a1(¢(t, w)) > 0,t € [0,7].

This implies that a(d)(t, a))) > a(d)(O, w)) = 0 for some t.
But T = @, and this is not possible. Hence, V(¢ (7, w)) <
V(¢(t,w)) <V(w) for some t € [0,7]. The proof for
w € (a;1(0) \ a7*(0)) N N is similar. ]

Proof of Theorem 1. Since ¢ (t, x,) is bounded, its limit set
is an invariant set by Lemma 3. Since V (x) is bounded from
below and V(q.')(t, xo)) is monotonically non-increasing for
every sequence {t.} such that t, > o as k- o0, c:=
llg?o V(¢(ty,xo)) exists. If w €Q, then there exists a

sequence {t;} such that w = lim¢(ty, x,) . This means
V(w) = V(lim ¢(ty, x5)) = lim V(qb(tk,xo)) = c. Because
Q is an invariant set, 0 € V(w) for any w € Q. From
Proposition 3, w € a7 *(0) U a;1(0). Take r > 0 and N =
{x:V(x) <r}asinLemma4. If € {(a7*(0) \ az%(0)) U
(a71(0) \ a;1(0))} NN, then w is not a limit point by
Lemma 4. Thus, w € a;*(0) N a;1(0). Hence, if V(x,) <
r, then ¢ (t, xo) does not have a limit point except x*. ]

Remark 3. Theorem 1 is a consequence of LaSalle’s
invariance principle proved for the differential inclusion (12).
This is a useful tool to prove the stability of the switching
control applied to a DC-DC Zeta converter in Section 3.2.

Fig. 2. Equivalent circuit when the switch is closed.

G, L>

Fig. 3. Equivalent circuit when the switch is open.

3.2. DC-DC Zeta Converter Operating in
Continuous Conduction Mode

Consider the DC-DC Zeta converter circuit shown in
Fig. 1. The circuit consists of two inductors L, and L,, two
capacitors C; and C,, an ideal diode d and C,, a DC voltage
source Uy, a resistive load R, and an ideal switch S. Denote
the currents of L, and L, as i;; and i;,, the voltages of C;
and C, as vy and v, respectively.

The converter is in continuous conduction mode
(CCM) if the diode d is open when the switch S is on and it
is shorted when the switch is off. When the switch is closed
(mode 1), the converter is equivalent to the circuit shown in
Fig. 2, and when the switch is open (mode 2), the converter is
equivalent to the circuit shown in Fig. 3. With the state vector
x = [l i1z Ve V2" and the input u = vy, the matrices for
the two modes are given by

0 0 0 0 )
o o =+ -1 L
Ly Ly 1
Ai=19g L o o } Bi=|5)
C1 0
o L o —LJ Lol
L C, RC,
0 0 -+ 0 ]
Ly
0 0 0 —Li| 8
A, = 2| By =] 1
o P e [ D
Cy 0
L, L
L C, RC,

If ug > 0, then the mode 1 has no stationary solution,
and the mode 2 has a wunique stationary solution
x*=[0 0 0 o]

For A € (0,1),

x* = —(/1141 + (1 —A)Az)_l(lBl + (1 —A)Bz)uo

- 1-1
0 0 -= 0 ]”i]
o o X2 —Lil|
_ Ly Ly || A
- -2 _ 4 0 0 Ly to
c1 C1 JlOJ
L _1to
0 C, 0 RC,
[ v? .
Rvgl l'Ll
. i
- R - vél > (17)
u,J ¢
[ v, Ve2

— _ Aug .
where v, = uy and v, = PR Based on the energy stored in

the Zeta converter, define

“0 0 o0
2

0 = 0
P = 2 (18)

0 0 2 0

C2

o 0 0o %
5
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Then

PA, + ATP =

PA,+ ATP =

cCococo o ocoo
cocococoococo
|
I

(Ayx" + Byug)™P = [2

_nr 0]
2R ?
vy vZ

(AZX*‘l'Bzuo)TP:[—vz—r 2 v, 0]. (19)

N|§OOOOOOOO

From  (19), ker (PA; + ATP) nker (PA, + ATP)n
ker (A;x* + Byuo)TP = span {d;,d,} where

Ur
%] 9
=0} d=|r (20)
g
1ol 0

The function V (x) decreases along the trajectory as long as
x & a;t(0) N a;1(0). It remains to see what happens when
the trajectory reaches a;*(0) N a31(0).

Lemma 5. Let x € a71(0) N a;(0). Then the following
properties hold:

(a) 0 € F(x)ifandonlyifx = x*.

(b) ifx —x* & span {d,}, then F(x) N ker (PA, + ATP) n
ker (PA, + ATP) = @.

(¢) ifx —x" € span {d,}, and x # x*, then F(x) N
span {d,} # 0.

Proof. 1t follows from (17) that

Vg
0 :_g] Ly
0 1;1 Y9
Ayx*+ By, =|_ v |+ i =| L2 |, 21
Lol | 0 |
r—2r _r
L - L
|
* = Lz = Lz
Ayx™ + By 52 + 0 52 (22)
cirvg| LO {ClRugJ
L 0 A 0

Note that x € a71(0) N a;1(0) if and only if x = x* + Ax
with
Ur
51; ]
s,
Ax = 8,d; + 8,d, = | 2% | (23)
(6, + 52)”g

Lol

From this, it follows that

0 —(8; + 6,)2
{(Mmf—ﬂ o 4
Ale:[ _52i J, AzAx=l 51i J

CiR CiR
vy vy
20,R ) GR

Hence if x € a71(0) N a;1(0), then

Aix + Byvg = Ajx” + Byyy + AjAx
[ Yo 0

o 81+ 6)%2

V_g ( 1 2) Ly

=| L + vr |, 24
K8 N T e

CiR o

L o | 82 C.R

Ayx + By = Apx™ + Byvy + AyAx

| [FG+et
_L 0
ol N T (25)

vr CiR
C1Rvg l 52 r J

R

Hence if w € F(x) for x € a71(0) N a31(0) \ span {d,},
then
= S2vr
[0 0 0 1w= R * 0,
which  shows  F(x) nker (PA; + ATP) nker (PA, +
ATP)# @ and 0 €& conv{A,x + Byv,, A,x + B,v,}
Suppose x — x* € span {d; }, then,

rank [(Alx + Blvg) (Azx + Bzvg)]
- v,

, v,
4 -L-6 g ]
Ly Ly Ly
v, v, V;
g g r
= =4+ 6= -
rank (7 T 917, L
vy v? vy
C1R C1Rvg 1 CIRJ
% 5,29
Ly 1o,
v 14 V.
g g r
=rank L +6; L 61 L
_Vr 61 Ur J
C1R C1R
Yg _Yg
Ly Ly
v, v V.
g g9 T
= =4+6= —
rank ™ 1,5
vy vy
C1R C1R J
0 -~ "—g]
Ly
v, v, V.
=rank|—2+ 6,2 =
Ly Ly Ly
0 r
CiR

If 6, # —Vr:vg , then A;x + Byv, and Ayx + B,v, are

g
vrtvg

linearly independent, and hence 0 & F(x). If §; = R
g
then
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VR [t (V_r)] _vr
wg| | [
* v, 0 =
x=x"+Ax = ;r|+| o =] % |
v, I (vg) —Vy
| | g Lo ]
U,; 0 T
- Vg Vg
I 0 [ 21
wo | || |
Ax + Blvg =] L2 |+ vg \Lp = Ly |,
_ 0 [_i
CiR 0 CiR
o 0
v, v
-z Vrtvg (Vg -9
s [ ]
- 0 [ - |
Axx + Byyy = vrfz + _W‘*’_"g(i) = 1L]i .
C1Rvy vg \CiR TR
0 0 0

Because Aix + Byv; = Ayx + Bvg #0 , we have 0 ¢
F(x). Finally, note that

Ax"P(A;x + Byvy)

2171 ° I
(5] Jevonz|
— Lyvr Lavr Civg -
_[61 R 027 (6, +6) 2 0] Lf,r + —52;1_; J
CiR v
l 0 J 2C,R

:0,

AxTP(A,x + Byv,)
Ur
I f—(51 + 62):_?]1
or 0

_ Lyvy Lyvy ﬁ

- [51 2R 5, 2R (6,46, 2 O]i Lf,r + 51;—; j

— 1
]

C1Rvg vy
l 2 C,R

=0.

Let x —x* € span{d,} and x # x*. Then for every w €
F(x), dTPw = 0. Since 0 & F(x), it follows that F(x) N
span {d,} = 0. ]

Theorem 2. Consider the differential inclusion (12) defined
by the system matrices (16) and the operating point x* in
(17). Then, the operating point x* is local asymptotically
stable.

Proof. Assume that ¢ (¢, x,) is a solution of the differential
inclusion satisfying ¢(t,x,) € a;*(0) N a3 (0) for t =0
and xq # x* . If xo —x* € span{d,}, then %(/)(t,xo) ¢
ker (PA; + ATP) nker (PA, + ATP) by Lemma 5, but this
contradicts the assumption that ¢ (¢, x,) € a7 1(0) N a;1(0)
fort = 0. If x, — x* € span {d,}, then from Lemma 5, there
exists t; such that x; = ¢(ty,xy) satisfies x; —x* &
span{d;}. Then the trajectory ¢(t,x;) cannot stay in
a;'(0) na;1(0) just as we have proved before. This
completes the proof. [

Remark 4. The stability of switching control of a boost
converter is proved in [32]. The state-space of the boost
converter model is two dimensional, and the set a;1(0) N
a3 1(0) is a singleton consisting of x*. The state dimension of
the Zeta converter model is four, and the set a;7!(0) N

a5 1(0) includes the two-dimensional affine set spanned by
dl and d2 in (20). The stability of the operating point is a
consequence of Theorem 1, which is a differential-inclusion
version of LaSalle’s invariance principle.

Remark 5. The switching mechanisms proposed in [29],
[30], and [31] basically pick up the mode which nearly
decreases the Lyapunov function most while our method
retains the mode as long as it decreases the Lyapunov
function. The trajectory of [29] evolves as a sliding mode
solution when it approaches the sliding boundary, which
means that the switching interval becomes infinitesimally
small. The sampled-data control approach in [30] and [31]
can reduce the switching frequency by adjusting the sampling
period. However, the period depends on the feasibility of
matrix inequality, which is a sufficient condition and hence
incurs conservativeness. Our method approaches a sliding
mode solution only when the trajectory is near the operating
point. Further reduction of switching frequency to the
predetermined level is possible by using the modified
switching mechanism stated in the

next section.

4. Limiting the Switching Frequency

The switching control proposed in Section 2 requires
unbounded number of switching as a solution approaches the
operating point x*. In this section, the switching control
mechanism discussed in Section 2 is modified to limit the
switching frequency of a Zeta converter.

4.1. Modified Switching Mechanism

The switching mechanism considered in Section 2 is
based on the signs of the derivatives along the trajectories (8)
and (9). Let p;, p, > 0 and &; and &, be modified switching
functions which satisfy the following:

4 (x) 2 a1(x), @(x) = ay(x), (26)
a; (Ryo) € 87 (Rep, ), a7 (Rsg) € &' (Rsp,).(27)

Notice that (27) is equivalent to

6‘1_1(R>p1) c a; ' (Rep), d;l(R>p2) c a; '(Rep).

Based on (26) and (27), we propose the following modified
switching control mechanism:

Switching Mechanism B
e If the system is operating at mode 1 and reaches
a;1(py), then it switches to mode 2.
e If the system is operating at mode 2 and reaches
@ 1(p,), then it switches to mode 1.

The differential inclusion (12) is modified accordingly.

dx ~
praRACIR (28)
{A;x + Byuy} ifx € My,
F(x) = {A,x + Byu,} if x € M,,
conv {A;x + Byug, A,x + Byuy} if x € M,
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where

M:1 = {X: afl(R«)) n &51(R>p2) = &51(R>p2)},
1‘:12 = {x: a‘fl(R>p1) Na;'(Reo) = dII(R>p1)},
My = {x: 6" (Rsp, ) N &5 (Rp,)}-

Assumption 1. The sets & '(Rc,,)Na;'(Rsy) and
;1 (Re,,) Naz*(Rs) are bounded.

Proposition 6. Suppose Assumption 1 holds. Let ¢ >0
satisfy

¢ > sup {V(x): X € (&[1(R5p1) n a{l(R>0)) u
(@' (Rep,) N @7 (Rs) )}

Then for any solution ¢ (t,x,) of (28), there exists T > 0
such that ¢ (¢, xy) € {x: V(x) < c}fort > T.

Proof. First, we shall prove that F(x) c F(x) if x ¢ B, =

(6 (Rap,) N a7 (Ro0) ) U (@57 (Rep,) N @5 (Rso))
From (27), &' (Rs,,) € a3 (Rep). So, if &, (x) > p,, then

F(x) =

{ {A1x + Biug}l = F(x), a(x) >0,
{A;x + Byug} © conv {A;x + Byug, Ayx + Boug} = F(x), a(x) <0.

From Assumption 1, the number ¢ > 0 exists. If V(x,) > c,
then a solution ¢ (t, x,) of (28) satisfies ¢ (t, xy) = P (¢, x,)
as long as ¢ (t,x,) & &, where ¢/(t, xo) is a solution of (12).
There exists T >0 such that V(¢(t,x0)) =c if t>T
because V(¢ (t,x,)) is monotonically decreasing and
V(p(t, xo)) — 0 ast — oo from Theorem 1. Note that £, N
{x:V(x) =c}=@. This implies that ¢(t,x,) = $(t,x,)

and V ((ﬁ(t, xo)) >c for 0<t<T Furthermore,

1% ((ﬁ(t, xo)) is non-increasing when @ (t,x,) & g, .
Therefore, V ((f)(t, xo)) <cfort>T. [ ]

4.2. Example for the DC-DC Zeta Converter

From (19),
0 0 0 017
o0 0 0 ) ,
a(x)=@—=x)"19 o0 o0 o [Cx—x)+vy(i —
000 —2=
% 7- . VTRi *
i11) + vyl —ifp) — " Wer —vé1), (29)
0 0 0 07
o0 0 o o
a,(x)=@—=xD)"g 0 o o |GC—x)—v(,—
000 —=
i &
i71) = v (i — i) + 1%(1701 = V(). (30)

Define

VgRCq
L 0
vgRC 0
d; = gL—Zl do= |, (31)
vr

-7,

Lo
Then {d,, d,, d3,d,} with d; and d, in (20) is a basis of R*,
and thus any x € R* can be written as

X —x"=Ax = 8,dy + 8,d, + 53d3 + 5,d,. (32)
The modified functions & (x) and &, (x) can be defined as

&y (x) = ay(x) + k1642 + B(c11161, 621D, (33)
(%) = ay(x) + kzé‘f + B(c; 161, 621D, (34)

where ||83, 8,]| is any norm in R?, and B: R,y = Ry is a
monotone nondecreasing function satisfying

B0) =0, B(z)=p, ifz=p,
2 2
0<k1<’%,0<k2<’%,c1>0,c2>0,p>0'

Proposition 7. The functions &; and &, defined by (33) and
(34) satisfy (26), (27), and Assumption 1.

Proof. It is obvious that (26) holds. Suppose a,(x) =0.
Define p;(x —x*) = a;(x) + k;,62 and p,(x —x) :=
a,(x) + k,62. Then the quadratic terms of p; and p, are
nonpositive, and hence by Lemma 1, we assert that a; (x) +
k.62 < 0. Because B(c; 1161, 8,1) < p;, we obtain &, (x) <
p1- Similarly, @;(x) = 0 implies @&, (x) < p,. To show that
ai'(Rsg) N (Rey,) is  bounded, we use the
representation ~ (30) and  show  that the set
{(dy,dy,ds,dy):x € a7 (Rsg) N 87 (Rep, )} is bounded.
If ¢, (x) > 0 and &, (x) < p,, then

B(c1ll81, 821D,
k16f.
(35)

pr > &) — () = ky6F + a1, 81D >

From (35), it follows that ||6,,8,| < ’:—1 and |6,] < \/E—l.
1 1

From the definition of a4, &,, and d5, we have

a,(x) = kb3 +y(81,02,84), & (x) = kb3 + ¥(61,82,04),

where y and ¥ are continuous functions and

k = vZRCy +v$Rc1 +ﬁ >0
L1 Ly R :

Let
M= sup fy (51,60, 80: 16, 821l < 21831 < [f)

m = inf (75,6, 8,01 16, 821l < 2, 15,1 <_[f2}
% kq

Then,

0< a’l(x) = k53 + y(51,52, 64) < k63 + M,
p1 = 8y (x) = kb5 + 7(84,6,,84) = ks +m,
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p1—m
—
set a; 1 (Rsg) N a;l(Rspz) can be proved similarly. ]

The boundedness of the

and it follows that —% <4§; <

Remark 6. From Proposition 6 and 7, we conclude that any
solution of (28) converges to the set {x:V(x) < c}. The
spatial regularization was studied for the boost converter in
[29] to reduce the high rate of switching. The method
discussed in this section extends the idea to the Zeta converter
by adding extra terms in (33) and (34) to cope with the four
dimensional state-space.

4.3. Estimating the Switching Frequency

Although the modified switching mechanism is able to
limit the switching frequency, the value of the switching
frequency itself, however, is controlled by the parameters in
Switching Mechanism B. In this subsection, we will show how
to decide such parameters based on a linear-line-
approximation of the trajectory.

From Section 4.2, the switching occurs when

p1 = (}1(95* + Axy),
pz = G (X" + Axy),

where  Ax; = [Ai4 Aijpg AVcg 0T and  Ax, =
[Aijq, Aipp Avey, 017 are  the  difference  of  the
approximated state-trajectory from the operating point at their
respective switching instants as shown in Fig. 4.

3
11

0 t
. Vez
Ve2
T 'f
ATSW (1 - ’DTSW

Fig. 4. Approximate state-trajectory.

Table 1 The DC-DC Zeta converter parameters.

Parameter Value

Uy 18V
Vo (vref) 5V

R 25Q
Ly 100 uH
L, 100 pH
Cy 100 pF
C, 220 pF
f 100 kHz

Observing Fig. 4 and from (21) and (22), the gradient
of the state-trajectory at the operating point is given by

[ 2] -
Ly Ly
vg _br
20xy L_ 20x, Ly
= 2 = .
ATsw |_ vy © (1-DTsw vZ
l 1RJ C1Rvg
0 0

where T, = jlc is the period of the switching frequency f.

With 1=

Vr

(from (17)) the above expressions can be
vrtvg

rewritten as

vrvg _ Vg
[ 2f Ly (vr+vg) ] [ 2f Ly (vr+vg)
vrvg _ vrvg
Axl — 2fL2(1;r+vg) I’ sz — Zsz(vr+vg) . (36)
_ vZ vZ
[ 2fClR(vr+vg)J [ 2fC1R(vp+vg) J
0 0

Define penalty functions oy = k;62 + B(c||61, 8,11)
and o, = k62 + [(c,||6,,6,1)) and assume the state-
trajectory near the operating point. Therefore, the penalty
functions are close to 0 such that o, ® 0 and o, = 0,
consequently, p; = a;(x" + Ax;) and p, = a,(x" + Ax,) .
Nevertheless, the effect of o, >0 and o, >0 will be
investigated and illustrated graphically later in Section 5.
Therefore, with (17) and (36), and from (29) and (30), we have

vp(L1LyvE+C1L1R?v3+C1LoR?v)

37
P1 2fC1L1L2R2(vy+vg) > G7
N vZ(L1LyvE+C1L1R?v5+C1 LR vE) (38)

P2 2fC1L1LR?vg (vy+vg)

From (37) and (38), we observe how the desired switching
frequency f is related to the thresholds p; and p,. Therefore,
the DC-DC Zeta converter will operate at the prescribed
switching frequency under the modified switching rule.
Though the expressions of p; and p, look complex, they are
straightforwardly processed beforehand (offline). Nowadays,
considering the capability of the high-speed processors like in
the DSP, FPGA, or even (maybe) microcontroller, there
should be no performance issue in executing the switching
mechanism.

5. Simulation Results

The simulations are carried out using the circuit
simulation software PSIM® with the parameters shown in

9
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Fig. 5. Simulation results under perturbations with o, = 0 and o, = 0.
Variations in (a) the output voltage v,, (b) the output current i,, (c) the input voltage vy,
and (d) the switching waveform S.

1 floating-point computation is used practically to reduce
computational burden; p; and p, in (37) and (38),
respectively, can be rewritten as

5]
25 iv \?
Ty = 10.06 ps Py~ —(25 =) + v+ 1)) ,
(f =99.42 kHz) 100(1"295+5) (”C?) )
~ 2 o 2
- P2 % 1000y (vg+5) (25 (ch) + (g + 1))
19.986 19.990 19.994 19.998

1 In Fig. 5, the simulation results for 0; = 0 and 0, = 0
are shown. As can be seen, with the nominal v; = 18 V and
i, =2 A, no overshoot for the output voltage v, is observed

“ at the start-up, and the settling time is approximately 10
Tow = 10.02 ps milliseconds (ms). At t = 20 ms, v, drops to 9 V and i,

(f = 99.79 kHz) reduces to 1 A. Despite the large input voltage drops, the

00— overshoot at the output voltage is considerably small with
39.964 39,068 39.972 39.976 some oscillations can be seen before it settles down at
approximately t = 30 ms. Afterward, at t = 40 ms, the input

1 voltage drops further to 3 V and i, = 0.33 A. Similarly,
although more oscillation and longer setting time are
observed, nonetheless the output voltage is able to return to its

a 7 e 1002 s operating point. Moreover, the converter is now operating in
( f-“i 738 7,'7 k}?zb step-up mode (instead of step-down mode for the first two
< i ) perturbations), thus proves the effectiveness of the switching

0— control in regulating the output voltage at both operation

79.960 79.964 79.968 79.972 modes. Finally, at t = 80 ms, the input voltage return to its

Time (ms) nominal value of 18 V. Although the increment is very

Fig. 6. Close view of the switching waveform S when vy = significant (+500 %), the switching control can regulate the
18 V(top), v, = 9 V(middle), and v, = 3 V(bottom). output vo'ltage well with mi.nimqm overshoot (approx. 10 %)

) i ) and considerably fast settling time (approx. 8 ms). On the

Table 1. With the 1np.ut voltage v, > the capacitor Voltage. Ve, other hand, the steady-state switching waveforms in close
apd the 'load' current I, are the variables that are seqsed in the view for the three different input voltage perturbations are
circuit in Fig. 1, and fixed number computation instead of illustrated in Fig. 6. As shown, the switching control algorithm
10
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Fig. 7. Simulation results for o, > 0 and o, > 0.

Tow = 8.65 s
(f = 115.56 kHz)

»
P

5.00250 5.00625 5.01000 5.01375

1 R

Tow = 445 ps
(f = 224.63 kHz)

10.00125 10.0035 10.00575

Time (ms)

10.00800

Fig. 8. Close view of the switching waveform S correspond
to o, = 2.95, 0, = 0.82 (top) and o, = 5.90, 0, = 1.64
(bottom).

is able to produce the desired switching frequency of
appoximately 100 kHz for all three instances.

In the next simulation, the effect of introducing the
penalty functions o; > 0 and g, > 0, defined in Section 4, are
shown in Fig. 7. As can be observed, the introduction of g;
and o, does not have much effect on the response of the output
voltage. Increasing o; and o, , hovewer, increases the
switching frequency as shown in Fig. 8. These observations
are expected: (37) and (38) are no longer valid, since g; and
o, are not approximately zero. As o; and o, reaches p; and
p, , respectively, the number of switching becomes
unbounded, which is identical for the case of the switching
control mechanism in Section 2.

6. Conclusion and Future Work

In this paper, we have presented a switching control
mechanism which induces closed-loop stability of the DC-
DC Zeta converter. A two-mode system is use to model the
DC-DC Zeta converter operating in continuous conduction
mode. A switching control algorithm is derived from a
Lyapunov functional candidate which is basically the energy

storage function of the Zeta converter. Instrumental in our
work is the establishment of an analysis of the fourth-order
Zeta converter that is simple but sufficient to prove the
stability of the control. Moreover, our switching control
mechanism is not only able to reduce the switching frequency,
but most essentially one can systematically choose the
desired switching frequency for the converter to operate.
Important to highlight here is how we use two different
thresholds p; and p, (for mode 1 and mode 2, respectively)
to define the spatial regularization, as opposed to a single
common threshold for the two modes as adapted in [32]. As
a result, we were able to solve the switching control flaw in
[32] by eliminating the output voltage steady-state error.
Although the approximate state-waveforms are used to find
p, and p,, the close agreement between the theoretical and
simulation results of the desired switching frequency shows
that the approximation is indeed justified. In future, we plan
to add the internal resistances in the Zeta converter model,
consider the effect of interference, and most importantly
validate the findings with experimental results.

7. Acknowledgments

The first author would like to thank Universiti
Teknikal Malaysia Melaka and the Ministry of Higher
Education Malaysia for the financial support. The work of the
second and the third authors was supported by JST CREST
Grant Number JPMJCR15K1, Japan.

8. References

[1] H. Sarkawi, Y. Ohta, P. Rapisarda: 'Preliminary finding
on the switching control algorithm for the stabilization of the
Dc-dc Zeta converter', Proc. SICE Annual Conf., Nara, Japan,
Sept. 2018, pp. 971-974.

[2] H. Sarkawi, Y. Ohta, P. Rapisarda: 'Comparative Study of
PWM-based versus Hybrid Control for the DC-DC Zeta
Converter Voltage Regulation', Proc. SICE Int. Symp. Contr.
Sys., Kumamoto, Japan, Mar. 2019, pp. 498-504.

[3] F. Bayat, M. Karimi, A. Taheri: 'Robust output regulation
of Zeta converter with load/input variations: LMI approach’,
Contr. Eng. Practice., 2019, 84, (3), pp. 102—111.

[4] A. Peres, D.C. Martins, 1. Barbi: 'ZETA converter applied
in power factor correction', Proc. IEEE Conf. Pow. Electron.
Specialist, Taipei, Taiwan, June 1994, pp. 1152-1157.

[5]J. A. Ramirez, 1. Cervantes, G. E. Perez, et al.: 'A stable
design of PI control for DC-DC converters with an RHS zero',
IEEE Trans. Ind. Appl., 48, (1), 2001, pp. 103—-106.

[6] E. Vuthchhay, C. Bunlaksananusorn: 'Modeling and
Control of a Zeta Converter', Proc. IEEE Int. Pow. Electron.
Conf., Sapporo, Japan, June 2010, pp. 612-619.

[7] Z. Chen: 'PI and Sliding Mode Control of a Cuk
Converter', IEEE Trans. Pow. Electron., 27, (8), 2012, pp.
3695-3703.

[8] M. M. Garg, Y. V. Hote, M. K. Pathak: 'PI Controller
Design of a dc-dc Zeta Converter for Specific Phase Margin

11

IETCTAontheSwitchingControloftheDC — DC ZetaConverterOperatinginContinuousConduction M odegevised; 8Jan2021 .docxMainDocumentlET Review



Auto-generated PDF by ReView

IET Control Theory & Applications

and Cross-over Frequency', Proc. IEEE Asian Contr. Conf.,
Sabah, Malaysia, June 2015, pp. 1-6.

[9] H. Sarkawi, Y. Ohta: 'Optimal state-feedback and
Proportional-Integral Controller Performance Comparison
for Dc-dc Zeta Converter Operating in Continuous
Conduction Mode', Proc. SICE Annual Conf., Tsukuba,
Japan, Sept. 2016, pp. 448-451.

[10] E. Rodriguez, G. Villar, F. Guinjoan, et al.: 'General-
purpose ripple-based fast-scale instability prediction in
switching power regulators', Proc. IEEE ISCAS, New
Orleans, LA, USA, May 2007, pp. 2423-2426.

[11] H. Sarkawi, M. H. Jali, T. A. Izzuddin, et al.: 'Dynamic
Model of Zeta Converter with Full-state Feedback Controller
Implementation', Int. Jour. Research Eng. Tech., 2, (8), 2013,
pp. 34-43.

[12] C. Olala, R. Leyva, A. E. Aroudi, et al.: 'Robust LQR
Control for PWM Converters: An LMI Approach', IEEE
Trans. Ind. Electron., 56, (7), 2009, pp. 2548-2558.

[13] C. Olala, I. Queinnec, R. Leyva, et al.: 'Optimal State-
feedback Control of Bilinear Dc-dc Converters with
Guaranteed Regions of Stability', IEEE Trans. Ind. Electron.,
59, (10), 2012, pp. 3868-3880.

[14] H. Sarkawi, Y. Ohta: 'Comparison of Conventional LQR
and LMI based LQR Controller Performance on the Dc-dc
Zeta Converter with Parameters Uncertainty', Proc. Multi-

symp. Contr. Syst., Okayama, Japan, Mar. 2017, pp. 642—647.

[15] H. Sarkawi, Y. Ohta: 'Uncertain Dc-dc Zeta Converter
Control in Convex Polytope Model Based on LMI Approach’,
Int. Jour. Pow. Electron. Drive Sys., 9, (2), 2018, pp. 829—
838.

[16] C. Olala, R. Leyva, I. Queinnec, 'Robust Gain-Scheduled
Control of Switched-Mode DC-DC Converters', IEEE Trans.
Pow. Electron., 27, (6), 2012, pp. 3006-3019.

[17] C. Wang, H. Xia, Y. Wang, et al.: Discretisation
performance analysis of sliding mode controlled DC-DC
buck converter via zero-order holder', IET Cont. Theory
Appl., 13, (16), 2019, pp. 2583-2594.

[18] S.-C. Tan, Y. M. Lai, C. K. Tse, et al.: 'A fast response
sliding mode controller for boost-type converters with a wide
range of operating conditions', IEEE Trans. Ind. Electron., 54,
(6), 2007, pp. 3276-3286.

[19] H. K. Lam, S. C. Tan: 'Stability analysis of fuzzy-model-
based control systems: application on regulation of switching
DC-DC converter', IET Cont. Theory Appl., 3, (8), 2009, pp.
1093-1106.

[20] A. E. Khateb, N. A. Rahim, J. Selvaraj, et al.: 'Fuzzy-
Logic-Controller-Based SEPIC Converter for Maximum
Power Point Tracking', IEEE Trans. Ind. Appl., 50, (4), 2014,
pp. 2349-2359.

[21] L. Cavanini, G. Cimini, G. Ippoliti, et al.: 'Model
predictive control for pre-compensated voltage mode
controlled DC-DC converters', IET Cont. Theory Appl., 11,
(15), 2017, pp. 2514-2520.

[22] S-K. Kim, J-S. Kim, C. R. Park, et al.: 'Output-feedback
model predictive controller for voltage regulation of a
DC/DC converter', IET Cont. Theory Appl., 7, (16), 2013, pp.
1959-1968.

[23] Y. Cheng, H. Du, C. Yang, et al.: 'Fast Adaptive Finite-
Time Voltage Regulation Control Algorithm for a Buck
Converter System', IEEE Trans. Cir. Sys. II: Express Briefs,
64, (9), 2014, pp. 1082—1086.

[24] R. J. Wai, L. C. Shih: 'Adaptive Fuzzy-Neural-Network
Design for Voltage Tracking Control of a DC-DC Boost
Converter', IEEE Trans. Pow. Electron., 27, (4), 2012, pp.
2104-2115.

[25] C. Sreekumar, V. Agarwal: 'Hybrid control approach for
the output voltage regulation in buck type DC-DC converter',
IET Elec. Pow. Appl., 1, (6), 2007, pp. 897-906.

[26] C. Sreekumar, V. Agarwal: 'A Hybrid Control Algorithm
for Voltage Regulation in DC-DC Boost Converter', IEEE
Trans. Ind. Electron., 55, (6), 2008, pp. 2530-2538.

[27] C. Sreekumar, V. Agarwal: 'Hybrid control of boost
converter operating in discontinuous current mode', IEEE
Conf. Pow. Electron. Specialists, Jeju, South Korea, June
2006, pp. 255-260.

[28] M. Hongbo, F. Quanyuan: 'Hybrid Modeling and Control
for Buck-Boost Switching Converters', Proc IEEE Int. Conf.
Comm., Cir. and Sys., California, USA, Jul. 2009, pp. 678—
682.

[29] G. Deaecto, J. Geromel, F. Saldanha Garcia, et al.:
'Switched affine systems control design with application to
dc-dc converters', IET Cont. Theory Appl., 4, (7), 2010, pp.
1201-1210.

[30] L. Hetel, E. Fridman: 'Robust sampled-data control of
switched affine systems', IEEE Trans. Auto. Cont., 58, (11),
2013, pp. 2922-2928.

[31] X. Yan, Z. Shu, S. M. Sharkh, et al.: 'Sampled-data
control with adjustable switching frequency for dc-dc
converters', IEEE Trans. on Ind. Electron., 66, (10), 2019, pp.
8060-8071.

[32] T. A. F. Theunisse, J. Chai, R. Sanfelice, et al.: 'Robust
Global Stabilization of the DC-DC Boost Converter via
Hybrid Control', IEEE Trans. Cir. Sys.—1: Reg. Papers, 62, (4),
2015, pp. 1052-1061.

[33] M. Vidyasagar: 'Nonlinear Systems Analysis'
(Englewood Cliffs, New Jersey: Prentice-Hall, 1993, 2nd
edn.).

[34] J.-P. Aubin, A. Cellina: 'Differential Inclusions' (Berlin
Heidelberg: Springer-Verlag, 1984, 1st edn.).
12

IETCTAontheSwitchingControloftheDC — DC ZetaConverterOperatinginContinuousConduction M odegevised; 8Jan2021 .docx MainDocumentlET Review



