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Abstract—This brief presents the event-triggered control
(ETC) for linear parameter varying (LPV) model of boost con-
verters. We examine the nonlinear dynamics of boost converters
in the LPV framework. The proposed controller is duty-ratio-
dependent and provides better performance while requiring less
computation. Using the parameter-dependent Lyapunov function
(PDLF), we demonstrate the stability analysis of the proposed
approach. Furthermore, we demonstrate that the inter-event
time is lower bound by a positive constant, which indicates
Zeno behavior free performance. In comparison to earlier
time-invariant synthesis techniques, the LPV formulation offers
for increased robustness and performance properties. Simulation
and experimental results validate the effectiveness of the proposed
method.

Index Terms—Linear parameter-varying systems, ETC, boost
converter, parameter dependent Lyapunov function.

I. INTRODUCTION

INCE renewable energy has become more prevalent over
S the past few decades, energy conversion technologies have
been facing new challenges [1]. One of these difficulties is
that several devices that store or create electrical energy (e.g.,
batteries [2], ultracapacitors [3], fuel cells [4], and solar pan-
els [5]) are constructed using low-voltage cells, which are
frequently coupled in series to get a suitable voltage. The
linking of a large number of cells in series increases the
system’s complexity and may degrade its performance due to
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cell variances (e.g., manufacturing discrepancies) and varied
operating circumstances (e.g., temperature). Furthermore, the
output voltage of various sources of electrical energy varies
significantly based on a variety of parameters, including the
output current, state of charge, and solar radiation. In many
applications, such as running electrical motors or injecting
power into the grid a reasonably high and consistent voltage is
frequently required. When this is the case, a step-up converter
can be used to boost the source voltage to the level required
by the application while maintaining a constant output voltage
despite source voltage fluctuations [6].

The study of step-up converters (boost converters) is there-
fore crucial and essential. From the control perspective, boost
converters exhibit nonlinear dynamics with nonminimal phase
behavior [7]. In this brief, the nonlinear dynamics of a boost
converter is turned into a LPV system and a duty ratio depen-
dent controller is designed. The LPV system is essentially
a linear system with a number of time-varying parame-
ters, which allows it to simulate a wide range of physical
systems [8], [9]. The tracking control for LPV modeling of
boost converters is implemented with interpolation method
in [10]. Other notable LPV systems results are presented
in [11], [12] and references therein.

The results mentioned above used the continuous deploy-
ment of a control signal for LPV systems and boost converters.
On the other hand, practical systems require fewer resources,
bandwidth and computations. Several studies have utilized the
advantages of ETC in this situation [13], [14]. The same event-
triggered approach is explored for the nonlinear multiagent
systems in [15]. The other remarkable works based on the
event-triggered strategy for the estimation problems of Markov
jump systems are studied in [16], [17]. As a result of this
method’s benefits, many researchers have applied it to the
problem of voltage regulation in power converters. In [18], an
event-triggered PI controller for voltage regulation of a DC-
DC buck converter is examined. Recently, an event-triggered
approach is presented for microrobot position control in [19].
The same approach is exploited for the missile guidance
problem in [20].

Taking the above-mentioned result of boost converters and
LPV systems, and integrating the benefits of ETC, we designed
an ETC for LPV framework of boost converter. To the best
of the authors knowledge, this is the first attempt to design
the ETC for LPV modeling of boost converters. This brief’s
contribution is as follows: (1) We present LPV modeling of
boost converters, which is less conservative than time-invariant
synthesis. (2) We present a parameter-dependent synthesis
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Fig. 1.  Boost converter circuit diagram and switching loss: (a) Circuit
schematic; (b) Switch is on; (¢) Switch is off.

approach for generating parameter-dependent controllers that
can improve performance such as the disturbance rejection
characteristic while maintaining the converter’s robustness and
damping features. (3) The controller updates when the trigger-
ing condition satisfies, otherwise not. (4) We provided a lower
bound on the inter-event time to prevent Zeno behavior.

This brief is organised as follows. A system modeling and
problem formulation are described in Section II. This brief’s
important results are reported in Section III. In Section IV,
simulation and experimental results are presented. Finally,
Section V concludes the article.

Notation: For a function f(x), its upper right Dini derivative
is defined by DT f(x) = lirgJr sup((f(x+ 1) —f(x)) /7).

T—>

II. PROBLEM FORMULATION

A boost converter circuit diagram is shown in Fig. 1(a).
The inductor current is represented by Iy, while the capacitor
voltage is represented by V. in this brief. Let x = [/ VC]T
is the state variable, u = V; is the input variable, and y =
[IL VU]T is the output variable. When the switch is on and
off, the boost converter has two operation states, as shown in
Fig. 1(b) and (c).

If the switch (S) is on, as seen in Fig. 1(b), the state-space
can be defined as follows:

0 0 1
X=|: 1i|x+|:Li|uéA1x+Blu
0 — = 0

_ |1 Of &
y—|:0 1i|x—C1x.

When the switch (S) is turned off, as seen in Fig. 1(c), the
state-space form can be written as follows:

|
|

Consider the boost converter’s duty ratio is D = T, /T, where
T is the switching period of the switch and T,, is the time
interval in which the switch is on in switching period. Let
D1 = D and complementary duty ratio D = 1 — D. The
boost converter’s averaged state-space representation [10] can
be determined as follows:

ey

_1 1
L :|x+ |:(L)i|u £ Asx + Bou

T CR

?]x £ Cyx.

©S = Ao

2)

A(D) £ D1A| + DrAs,

C(D) £ D(Cy+ Dy
% = A(D)x + B(D)u
y = C(D)x.

B(D) £ D\B| + D»B>

3)

Remark 1: A state-space averaging technique describe the
performance of a system for a period of time that is sufficiently
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long, compared with the switching period. An average state
of the system can be calculated by averaging each state-space
weight by the time period that each state has in one period.

Based on the system (3), we see that the state-space of
the boost converter varies drastically with changes to the duty
ratio D € (0, 1). Furthermore, the equation (3) includes the
product of D and the state variables x. Therefore, responses
of state-spaces against the change of duty ratio D become
nonlinear.

The proposed ETC is as follows:

u = KD@)x(1), V€ [t tiy1)s “

where K(D(1;)) € R1*2 is the parameter varying gain matrix
to be designed. By substituting the proposed control (4) into
the system (3), the closed-loop system becomes

x = A(D)x + B(D)K(D(ti))x(tk)- (&)

Let us define the time sequence of event-triggered sampling
as fy for x and D for k € N. Then, the measuring errors for
t € [y, tx+1) can be defined as follows:

ex 2 x(t) —x, ep = D) —D. (6)
According to (6), (5) can be expressed as
x = A(D)x+ B(D)K(ep + D)(ex + x). (7

In order to avoid the notational complexity, we are not writing
explicit function .

Definition 1 [11]: For the system (7), the function V(x, D)
is called the parameter dependent input to state exponen-
tially stable Lyapunov function if there exists positive constant
A, i, i, o with u < 1 and a function y which satisty

aa—‘;(A(D)x + B(D)K(ep + D)(ex + x)) + AV(x, D)

< —lxl* + v (lleplD lexll1xl.
plxll? < Vx, D) < llx]>.

IIT. MAIN RESULTS

The key findings of this brief are discussed in this section.
The following is a description of the event-triggering scheme
presented in this brief:

a—2pBY %, {kaillepill}
2Bk + 258 Y1 [kaillenil}

llexll = [l

®)

2
where ep, = D;i(ty) — D; fori =1,2, and > D; = 1.

i=1
When the event condition (8) is true, the control gets
updated and provides the desired stability condition

o =208 Yizy {kailleill}
20Bk + 258 iz {kaillenil )
The above discussed fact is demonstrated in the following
theorem.

Theorem 1: Consider the closed-loop system (7). For a
given positive scalars «, A and matrix K(D)) if there exists

llexll < [l

(€))
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a positive definite matrix P(D),
inequality holds

such that the following

AT(D)P(D) + P(D)A(D) + KT (D)BT (D)P(D)

+ P(D)B(D)K(D) + P(D) + AP(D) +al <0 (10)

where, maxp{[|P(D)|} < p,

max{|IB(D)|I} < B,

1

0K (2)

/ . |Z,':Di+‘[e[),'dr
0z

0

max{|IK(D)II} < k

SI_CQB i= 1a2'

Then, the system (7) is said to be exponentially stable.

Proof: Consider the parameter dependent Lyapunov func-
tion as V(x, D) = xT P(D)x. Using upper right Dini derivative,
differentiating V(x, D) along solutions x of the system (7)
yields

V(x, D) 4+ AV(x, D)
= xT P(D)x + x" P(D)x + x" P(D)x + Ax P(D)x
= 2[x" P(D){A(D)x + B(D)(K(D + ep)) (x + e,)}]

+ xTP(D) + axT P(D)x, (1)

where K(D+ep) = K(D)+ Y2, {epiKi(D, ep)}, Ki(D, ep) =

1
0K (2)
32 |z,-:D,~+reD,~d'C,

T = (0, 1). Accordingly, we have

V(x, D) + AV(x, D)
= x"[AT(D)P(D) + P(D)A(D) + K" (D)B" (D)P(D)
+ P(D)B(D)K (D) + P(D) + AP(D)]x

+ 2x"P(D)B(D)K (D)ey + 2x' P(D)B(D)

r 2 2

X Z{eDil_{i(D, ep)} + Z{EDJ_Q(D, eD)}i| (13)
Li=1 i=1

< —axx+ 2xTP(D)B(D)K(D)ex + 2x" P(D)B(D)

r 2
X ZeD, X+Z eDzz x:|

Li=1

12)

(14)

Earlier defined norm bounds of the known matrices are applied
to the inequality (14), which provides

V(x,D) + AV(x, D) < —||x]| [anxn — 2pBkllex|
2
—2pB Z kaillenill ||x||+{ka,||em||}||ex||)} (15)

From the inequality (15) and stability condition (9), we can
show that

V(x,D) + AV(x,D) < 0. (16)

Accordingly, one can obtain V < V()e 207 vr ¢
[#%, tr+1)- Thus, the system (7) is exponentially stable. [ ]
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A. Analysis of the Inter-Event Time

In this section, Zeno phenomenon free study is demon-
strated, and the following theorem explains this fact.

Theorem 2: Consider the closed-loop system (7). For any
initial value of x(fg), if there exist positive constants 7 and
hi > 0 that satisfy Y2 {kallepill} < n and [D| < h; for
i = 1, 2. Then, the inter-event time Ty = fx41 — tx 1S obtamed
by the event-triggered scheme (8) is lower bounded by the

constant

. n
T=min}] —————, T} o))
<Zi2=1{kai hi} }
with
Ty = o ln(l—i-&) In 1+& !
k= 321_62 B]; B]_C1+ a—=2ppn
2pBk+2pB1
max{[|[A(D)|]} < &, max{[|P(D)|I} < p,
deQ deQ
max{||B(D)||} < 8, max{||K(D)|} <k,
deQ deQ
0K (z) = .
gleaé( /T|zl_d+red,df < ks, i=1,2. (18)

0
Proof: From the closed-loop system (7), we have

Xl < IA(D) + B(D)K(D + ep) x|l + IB(D)K(D + ep) ||

X llexll < (& + Bk)llxll + Bkllexll. (19)
One can show that
1/2
D+(||ex||): 4 (eher)”
(x|l (xTx)]/z
1/2 1/2 —1/2 1. 1/2
_ (ele) ele(xTx) 7 = (Tx) AT (efer)
- xI'x
lextl 1l Il 1l flexll <1 N IIeXII)Ilill
QN 12" [ o 21 4| I B il /i
- <1+ IIex||>< +/3k+ﬁk“ x”)
(Il llx1l
- lexll | 2= ( llexl\
=&+ Pk + (& + 2Bk)—— 0 + Bk ) (20)
Consider & = lesl and e, = 0 yields & = 0. Then, we have

flx]l

the estimation D& < & + Bk + (@ + 2Bk)E + BkE?. Suppose

¢ <@+ Bk + (& +28k)¢ + pkg> 1)
with ¢9 = 0. We reach at & < ¢(t, ¢p) by the comparison
principle [13].

Lets assume the previous triggering instant is ;. When |”‘X”“
evolves from 0 to I';,(Jlep]|), the next trigger will occur under
the condition (8). According to the comparison principle, the
inter-event time Ty = fx4+1 — tx iS lower bound by the time that

¢ evolves from 0 to I';,(|lep||). After solving the differential
equation (21), we obtain that

T — i[1n<1 + i) —ln<1 + i;)]
T e Bk Bk 1+ Tullenld )]

(22)
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Fig. 2. Hardware setup of the boost converter.

When ¢ = 1, the equality |lep;|| = 0 holds, which yields
C(lepl) = Mmax = 2;? > 0. There is no trigger at r = f;
because the triggering interval

7— 9 1n(1+i>_1n A S N
TR Bk PRI+ 52
(23)

must be satisfied. There_fore, there exists a positive con-
stant 7 satisfying Y7, (kaillepill} < 8, we get T'(lepl) >
058k A . .
(%) = w. Since, the next trigger only occurs
a .
when |lex|| = T (llepl)|lx|l, we deduce that next trigger can

not happen before the time of II?II = . The equality

Z?zl{l_caiHeDiH} = 7 holds when it is at the time ¢. Using
differential mean value theorem [11], one can show that

2 2
n=> {kallenill} =Y _{kaill Di — DiCt) |}
i=1 i=1
2 2
= > {kail D@}t — 1) < {kai hi}(t — 1), (24)
i=1 i=1
where @; € (#, ). Hence, we get t — t; > ﬁ >
Employing (22), we can show that T} > O. Baséfl1 0?11 (i7) and
Ty > 0, we can demonstrate that the inter-event time is lower
bounded by the positive constant. |
Remark 2: Since, we consider the highest upper bound on
the parameter dependent matrices in Theorem 1 and 2, which
might offer the conservative results.

IV. NUMERICAL SIMULATION AND EXPERIMENTAL
RESULTS

A boost converter with the following specifications: V; =
24V, Vit = 48V, L = 2A, R = 202, L = 1120uH,
and C = 100uF is utilized for the simulation and exper-
imental test. The MATLAB/Simulink interface is used to
control and acquire data with the dSPACE MicroLabBox.
Fig. 2 depicts the hardware arrangement. We examine the con-
troller’s performance under two scenarios: (1) output voltage
regulation with varying input voltage, and (2) output volt-
age regulation with variable load. The control input is chosen
as u = u(ty) = K(D(t))x(tx). The design parameters are
K(D) =[0.01 0.3]+D[0.025 0.9], D € (0, 1) and scalers
are « = 5, A = 0.7. They were all chosen to give satisfactory
responses.
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Fig. 3.  Simulation response with varying input voltage (21V to 29V):
(a) Voltages; (b) Currents; (c) Duty ratio; (d) Proposed event flag; (e) R[18]
event flag.

We compared our results to the results of a related study [18]
in order to demonstrate the efficacy of the proposed method-
ology. For the DC-DC converters in [18], an event-triggered
PI controller was designed, and the designed controller was as

t

follows: u = K; f(Vref — Vo(@))dt + Ky (Viet — Vo(#k)), where
0
K, = 0.0175 and K; = 0.5 are the controller gains.

A. Simulation Results

1) Output Voltage Regulation With Varying Input Voltage:
Variable input voltages are applied to the boost converter
while the reference output voltage maintains at 48V. We start
with input voltage 21V and increased it to 29V. The output
voltage response is illustrated in Fig. 3(a), and the simula-
tion results demonstrate that the proposed method reduced the
settling time by 60-70% and provided the desired voltage reg-
ulation. Furthermore, the proposed approach quickly returns
to the required output voltage with the change in input volt-
age at t = 0.5s. In Fig. 3(b), the inductor current response is
presented. Fig. 3(c) illustrates the evolution of the control sig-
nal, where the duty ratio changes in a zig-zag pattern due to
the implementation of ETCs. As shown in Fig. 3(d) and (e),
the event flag is set to 1 if the triggering condition is satisfied.

2) Output Voltage Regulation With Varying Load: Different
load currents are applied to the boost converter while the
output voltage is kept at 48V by varying the loads. The ini-
tial load current of 2A is gradually raised to 4A. Fig. 4(a)
shows the voltage response. As we have seen in previous case,
the proposed method reduces the settling time in this one by
60-70% as well. The proposed approach effectively handeled
with the load changes at t = 0.5s. In Fig. 4(b) the inductor
current response is presented. Fig. 4(c) shows how duty ratios
evolve with load current. Fig. 4(d) and (e) depicts an event
flag that is set to 1 if the triggering condition is satisfied.

B. Experimental Results

The experimental results of the boost converter with the
proposed approach are presented in Fig. 5(a) and (b). Fig. 5(a)
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Fig. 5. (a) Experimental response with varying input voltage (21V to 29V);

(b) Experimental response with varying load resistor (482 to 24%2).

shows us that when the input voltage changes from 21V to
29V at t = 0.5s, while the constant load is kept at R = 48<2,
the output voltage remains around 48V. Similarly, in Fig. 5(b),
when the load changes from 482 to 242 at t = 0.5s, while
keeping the input voltage constant at V; = 21V, the output
voltage remains near 48V. Consequently, the changes in input
voltage and load have no effect on the output voltage regula-
tion. In the experimental results of Fig. 5(a) and (b), we can
observe oscillations in the output voltage of the converter as
a result of the event-triggered nature of the control signal.

According to simulation and experimental results, the intro-
duced technique provides improved steady-state and transient
performance. Therefore, compared to earlier methods, the
LPV modeling and event-triggered control synthesis for boost
converters provides a number of benefits, including faster
dynamics and lower control utilization.

V. CONCLUSION

This brief illustrated an event-triggered control for the LPV
framework of a boost converter, including the implementation
of an appropriate triggering condition. The controller’s duty
ratio-dependent design results in enhanced voltage regulation
performance. The boost converter and parameter-dependent
controller used in the closed-loop system were demonstrated
to have stability. The simulation and experimental results for
the following scenarios are provided: (i) changing the input
voltage; (ii) changing the load currents. In both the scenarios,

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 70, NO. 6, JUNE 2023

the controller provided desirable performance while signifi-
cantly reducing control updates, resulting in minimal use of
computational and communication resources. Furthermore, to
eliminate Zeno behavior, a lower bound on the inter-event time
is provided.
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