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Parameter Identification and Lyapunov Function
Based Adaptive Switched Control for Underwater
Electroacoustic Transduction System

Xinwei Wei, Hongliang Wang
Zhen Zhu

Abstract—The underwater electroacoustic transduction system
is widely used in underwater navigation, ranging, and communi-
cation. However, it is difficult to control the current of the giant
magnetostrictive transducer (GMT) for a voltage mode amplifier,
because nonsinusoidal waves without constant fundamental fre-
quencies may be required, and the load parameters of the GMT
vary greatly with its working frequency, current, and condition.
A parameter online identification algorithm is proposed for the
GMT, where only one matrix inversion and one filtering for a two-
dimensional matrix are required. A discretized switched control
is derived, which selects the subsystem minimizing the Lyapunov
function of tracking error in each control period. In addition, a
switching state selection method making the switching frequencies
lower and consistent is also used to cooperate with the switched con-
trol. Finally, the adaptive switched control is experimentally veri-
fied on the designed 1-kW electroacoustic transduction platform.

Index Terms—Acoustic transducers, adaptive control, para-
meter estimation, power amplifier, switching frequency.

I. INTRODUCTION

ONSISTING of a digital power amplifier and an under-
C water electroacoustic transducer, the underwater electroa-
coustic transduction system (UETS) is widely used for ocean
acoustic tomography, long-range navigation, geophysical seis-
mic bottom imaging, continuous active sonar, and long-range
communications [1]-[3]. There have been several successful
cases in the past two decades, such as Pacific Ocean, Pioneer
Seamount (2001); MOVE Experiment (2004-2005); Pacific
Ocean, Hoke Seamount (2002-2004); NPALO4, SPICE(04, Pa-
cific Ocean (2004-2005); Fram Strait 2008-2016; Philippine
Sea (2009, 2010-2011); Newfoundland, Canada (2014-2015),
Arctic (2016-2017) [4]-[6]. The existing UETSs have shown
excellent performance in these cases, but years of operating
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experience still show that the existing technology needs to be
improved and developed. Many applications demand a sound
source with constant parameters and a wide frequency response
with small amplitude variability for an arbitrary waveform radi-
ation [4], [5].

One possible method to achieve this goal is precisely closed-
loop control of the voltage or current of the transducer, which
is the equipment that generates the sound source [7], [8]. But,
the closed-loop control of the giant magnetostrictive transducer
(GMT) is a very complex but meaningful issue [9]. This is due
to the following reasons. First, the GMT is a current-driven load,
but the commonly used digital power amplifiers are usually
voltage based, composing of voltage-source inverters and LC
filters. Second, as a resistive-inductive load, the equivalent in-
ductance and resistance of the GMT vary greatly with its working
frequency, current, and conditions [9]-[11]. Some undesirable
results may occur, such as control error, waveform distortion,
or even overcurrent, if the significant parameter variations are
ignored [9]. In addition, the system stability and transient re-
sponse will also be affected [12]. Third, the output waveform
can be an arbitrary waveform, not necessarily a sine wave, such
as a chirp signal [6]. This also requires the current closed-loop
controller to have a very fast dynamic performance, and the
control methods in dg rotating coordinate frame adopted by
flexible ac transmission systems and ac motor drive will be not
suitable for the UETS [13]-[15].

Aiming at the closed-loop control problem of digital power
amplifiers, a single closed-loop PI controller was used for cas-
caded H-bridge digital power amplifiers in [16]. However, the
gain of a PI controller decreased with the increase of the output
frequency, and it was difficult to achieve system stability and
high precision tracking of a given arbitrary waveform simulta-
neously. In [17], a dual closed-loop PI control for multilevel dig-
ital amplifiers was designed, and the bandwidth was increased
compared with the single closed-loop controller in [16]. But, the
controller was designed for a resistive load with constant value.
Its robustness might greatly decrease with the variations of the
load characteristics or parameters. In [18], the digital one-cycle
control technology was used for current-mode digital power
amplifiers, which improved the control accuracy and reduced the
current ripple. In [19] and [20], sliding mode controllers were
applied to voltage mode digital power amplifiers. In [21], the
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phase lead was adaptively compensated based on unsymmetrical
current sampling resistance network. In [22], the dead beat con-
trol method was used for current control in cascaded H-bridge
converters. However, control methods in [18]-[22] worked on
the basis of pulsewidth modulation (PWM), so good control
effect appeared only when the switching frequency was high
enough. Since the power amplifier topology studied in this article
is a full-bridge neutral-point-clamped (NPC) inverter, the control
methods of this topology is also investigated here. In [23], model
predictive control (MPC), which could ensure fixed frequency
of power switches was applied to full-bridge NPC converters.
However, the dynamic performance of the MPC would decrease
with fixed switching frequency. In [24], the MPC, which could
reduce switching frequencies was applied to a single phase
uninterruptible power supply (UPS) using the full-bridge NPC
inverter topology. However, the switching state selection method
was added in the cost function. Thus, the more complicated cost
function needed to be calculated nine times, which required more
computation, and the consistency of switching frequencies could
not be achieved.

Aiming at the variable characteristics of the equivalent in-
ductance and resistance of the GMT, the load parameters are
intended to be identified online in this article, which will improve
control accuracy and system robustness. On parameter identifi-
cation and estimation, in [25], the iteration least square method
was proposed for parameter estimation of dc— converters. In
[26]-[28], the inductance of control objectives were measured
or estimated online/offline. In [29] and [30], load observer was
used to estimate load parameters online of motor drives and
UPSs. However, the algorithms in [25]-[30] cost large amount
of computing resources. In [31]-[33], multiple methods were
used in grid-tied inverters to identify the impedance of the grid.
However, these methods were designed for sine wave systems
with limited frequency range of 50 £ 0.5 or 60 £+ 0.5 Hz.
The special situation that nonsinusoidal waves without constant
fundamental frequencies were required in the UETS was not
considered.

In this article, an efficient and simple load parameter online
identification algorithm (POIA) is proposed, which is favorable
to realize adaptive control and greatly improves the robustness
of the closed-loop controller. After that, a discretized switched
control based on Lyapunov function (DSCBOLF) for UETS is
derived, which can achieve high precision tracking of the current
of the GMT, and make the switching frequencies lower and
consistent, at the expense of little computation.

The rest of this article is organized as follows. In Section II,
the POIA considering the equivalent parameter variations is
proposed for the GMT. In Section I1, the studied UETS is built as
a switched system model. In Section III, a DSCBOLF is derived,
and a novel switching state selection method is also proposed to
cooperate with the DSCBOLF. Section V reports the experiment
results and Section VI gives the conclusion of this article.

II. BASIC PRINCIPLE AND PARAMETER ONLINE
IDENTIFICATION OF MAGNETOSTRICTIVE TRANSDUCERS

The structure of a typical UETS is shown in Fig. 1. The main
circuit topology of the digital power amplifier studied in this

6573

S S 5 2
re o Lp s sty
Ve _|—_L._r"~\_ Spring
it i
% X EJeclor Pin
S G Sir G r Excnauon
a T rl== : | Equlwlent Coil
__E . () __C | Modelmg Tu—fcnol
= T Rod
& Sur & Sy /Huuamk
Ve // Radiator
Su Sy

Fig. 1. UETS using the full-bridge NPC inverter and the GMT.

TABLE I
ACTUAL PARAMETERS OF THE STUDIED UETS

Parameter Value
DC bus voltage Ve 75V
Filter inductance L 2 mH
Filter inductance parasitic resistance r¢ 0.14 Q
Filter capacitance Cr 4.7 uF

Output frequency band 100 Hz-1000 Hz
Rated current of the GMT 3A

article is a full-bridge NPC inverter with an LC filter, which
features lower voltage stress on power semiconductors, lower
voltage harmonics, and smaller electromagnetic interference,
and is widely used in medium and high power applications.

The dc input of the amplifier is provided by two dc voltage
sources. In the full-bridge NPC inverter, S,; foralli € {1,...,4}
and x € {a, b} denotes the switching signal to trigger each power
switch. Besides, L; denotes the filter inductor, ¢ denotes the
parasitic resistor of Ly, iy denotes the current of L¢. C¢ denotes
the filter capacitor, Vo denotes the voltage of Cy, and i denotes
the current of the GMT. The load of the UETS is a GMT,
which is equivalently modeled as a resistive—inductive load with
parameters of Lo and Rp [34]. The actual parameters of the
studied UETS is given in Table L.

A. Basic Principle of Giant Magnetostrictive Transducers

A transducer refers to the device that can realize the mutual
conversion of electric energy and sound energy, including the
transmitter that sends sound signal and the hydrophone that
receives sound signal. In this article, it specifically refers to the
transmitter that transduces electric energy into sound energy
to realize an arbitrary waveform transmission. At present, the
commonly used transducers in the field of underwater acoustic
include two types, the piezoelectric ceramic ones and the giant
magnetostrictive ones. Because of the remarkable high energy
density and large deformation coefficient of Terfenol-D, the
magnetostrictive material, GMTs are widely used in various
types of low-frequency and high power underwater acoustic
sources, exploration sonar systems, and underwater remote com-
munication fields [35]-[37].

The right side of Fig. 1 shows the structure of a flexural type
GMT. The alternating magnetic field in the Terfenol rod is es-
tablished by the excitation coil that flows through an alternating
current. Therefore, the Terfenol rod will elongate or shorten in
the alternating magnetic field, so that the mechanical vibration



6574

is generated and the sound is radiated [34]. In general, the GMT
operates at alow frequency range for underwater communication
and navigation systems. In this case, the GMT can be regarded
as a resistive—inductive load. In the GMT, an excitation coil with
many turns is used to establish alternating magnetic field in the
Terfenol rod, which composes the inductive part of the load,
and the resistive part is composed of the static resistance, the
eddy current loss, the hysteresis loss, and the sound resistance
reflecting the power consumption for sound radiations [9]-[11],
[34]. As a current driven instrument, the driving current of
the GMT is better to be closed-loop controlled. However, the
closed-loop control is difficult to be achieved because of the
significant variations of the equivalent parameters [9]-[11].

The equivalent parameters of the GMT vary with its working
frequency mainly due to the different skin effects at different
frequencies [38]. They also change with the working current,
because the hysteresis may lead to several nonlinear phenomena,
such as saturation [10]. Moreover, the variations are also related
to the working condition where various disturbance factors exist,
such as the water density, depth, and temperature [11]. The used
GMT in this article is taken as an example to show the changing
range of these parameters. At 100 Hz, the identified resistance is
8.9 Q, and the identified inductance is 10 mH, while they change
to 16.5 Q and 4.39 mH respectively at 1000 Hz. It can be seen
that the identified resistance increases by 85%, and the identified
inductance decreases by 56%. Thus, some undesirable results
may occur, such as control error, waveform distortion, or even
overcurrent, if we ignore the significant parameter variations
[9]. In addition, the system stability and transient response will
also be affected [12]. Although the equivalent impedance is
usually measured by an impedance measurement instrument
before designing the control method, they are not equal to the
actual equivalent impedances under normal operation. There-
fore, the online identification of parameter variations is of great
significance to realize the real-time current tracking of the GMT
with strong robustness in a wide bandwidth.

B. Parameter Online Identification Algorithm

In this article, a novel POIA is proposed for the parameter
variations of the GMT. According to Fig. 1, the terminal voltage
of the GMT V, the current of the GMT ip, and the equivalent
inductance Lo and resistance R satisfy the following:

Vo = Loio + Roio. (1)

The equivalent parameters Ro and Lo can be assumed as
constant during two consecutive identification periods due to
their relatively slow rate of change, then (1) can be discretized
using the implicit trapezoidal integral method as (2)

Vo(”)-‘r;/o(n—l) = Lo io(n)—qfs(n—l) + Ro io(”)-‘r;o(n—l)

10 (’I’L*l)*io (n72)
Tp

io(n—1)+io(n—2)
+RO (0] 5 o

Vo (’nfl);Vo (n72) _ LO

(2)
where Tp denotes the identification period. Vo (n—2), Vo(n—1),
and Vo (n) denote the true values of Vg at (n—2)Tp, (n—1)Tp
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and nTp instant, respectively. Similarly, io(n—2), io(n—1), and
io(n) denote the true values of ip at (n—2)Tp, (n—1)Tp, and
nTp instant, respectively.

In order to distinguish the true values from the sampling
values, the sampling values of Vo and ip are denoted in the
form of (*). As we all know, the sampling values can be obtained
by signal sensors and sampling chips, where certain amounts of
measurement noises always exist. Therefore, the identification
results based on the sampling values can be regarded as the
preliminary result, which can be calculated by (3), and denoted
by Lop(n) and Rop(n)

Rop(n)

Lop(n)]

io(n) —io(n —1) io(n) +io(n —1)

_ Tp 2
%o(n—l)—%o(n—?) ’Zo(n—l)—l—%o(n—?)
Tp 2
Vo(n) + Vo(n — 1)
2
8 Von—1)+Von—2) | ©)
2

In order to reduce the influence of measurement noise on the
preliminary results, first-order low-pass filters can be used to
improve the calculation results of (3). Therefore, the final iden-
tification results, denoted by Lo (n) and Ro(n), can be obtained,
respectively, as follows:

where a = 2nfTp/(1 + 2nfTp), and f denotes the cutoff fre-
quency of the used first-order low-pass filter.

It can be seen that two difference equations are derived from
the differential equation of the GMT only, which allows the
proposed POIA to maintain validity even if nonsinusoidal waves
without constant fundamental frequencies are required in the
UETS. In addition, the proposed POIA only needs one matrix
inversion and one filtering for a two-dimensional (2-D) matrix,
which allows many calculations and running memory to be
saved.

III. SWITCHED SYSTEM MODEL OF UETS

The output voltage of the full-bridge NPC inverter is denoted
by Vap. Since the full-bridge NPC inverter can output five levels
of 2, 1,0, —1, and —2, there are five options for V,}, to choose
from: 2Vye, Vae, 0, — Ve, and —2V4.. According to Kirchhoff’s
laws of voltage and current, there are five groups of differential
equations that corresponds to the five options, as shown in the
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TABLE II
EFFECTIVE SWITCHING STATES

Output Level
2 Vdc

Corresponding Switching State
SI=[11000011]
S2=[11000110
S3=[01100011
S4=[11001100

0 S5=[01100110

S6=[00110011

S7=[01101100

S8=[00110110

S9=[00111100

Vdc

Ve

[ B [l (PO P ) P ) R e}

—2Vae

following:

Lt = (3 =) Vae — Vo — igry

Cr o =i —ig i€ K=1{1,2,3,4,5}
Lo%o =V, — Roio
(6)

where i denotes the number of the option, K denotes the set of
the option numbers. If the ith option is selected, V,y, is equal to
(B=DVic.

Selecting i, Vo, and ip as the state variables of the system,
(7) can be obtained from (6) as

re 1

oL |
wl=| &~ o L
:o =G Cr o)
to 0 L ,@ Lo
Lo Lo
Vdc
Ly N
0 | B—i)ie K={1,2,3,45}. ()
0

The array S = [Sa1 Sa2 Sa3 Saa Sp1 Sp2 Sps Spa] is defined
to denote the switching state of the eight power switches in the
full-bridge NPC inverter. In the normal operation, there are nine
effective switching states as given in Table II.

The state variable array can be denoted by x = [if Vo io
and A and B are also defined, respectively, as follows:

>

]T

r e 1
L
1 1
A=| = 0 —=
Ct o
1
g L _fo
i Io Io
-Vdc
Ly
B = 0
0
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Therefore, the UETS can be modeled as a switched system
model with five subsystems in the following:

&t =A,x+ B,,0 € K. (8)
The five subsystems can be listed as follows.

Subsystem 1: 0 = 1,A; = A, By =2B, 5 =S1.
Subsystem 2: 0 =2, Ay = A, B, = B, S = S2 or S3.
Subsystem 3: 0 = 3, A3 = A, B3 = 0,5 = S4 or S5 or S6.
Subsystem 4: 0 =4,A4 =A, By = —B, S = S7 or S8.
Subsystem 5: 0 =5, A5 = A, B; = —2B, § = S9.

Furthermore, X,of = [ifref Voret ioref] L is used to denote the
reference of x. Thus, the tracking error can be expressed by
& = x—xrer. Then, the affine switched system model reflecting
the error dynamic can be expressed by the following:

- = Ao + ba
§ ¢ ,o e K )
ba - BD’ + Aawrcf~
IV. SwiTCHED CONTROL OF UETS BASED ON
LyAPUNOV FUNCTION

A. Switched Control Based on Lyapunov Function

In order to ensure reliable distance measurement and com-
munication of the UETS, stability is the premise of closed-loop
control of the current of the GMT. The switched control proposed
in [39] could make all the state variables converge to their
references as quickly as possible while ensuring the system
global stability, which is very suitable for the UETS. It can be
expressed as the following theorem.

Theorem 1: For the affine switched system expressed in (9),
if there exist a positive definite matrix P € R™*" and A € K,
such that

AP+ PA, +Q; <0 (10)
Ajyet + By =0 (1D
then, the switching rule in the following:
o () = arg minex V;(€)
= arg minjc g &’ P(Airer + Bi) (12)

makes the system globally asymptotically stable at the equilib-
rium point, x,ef. In (11), A; and B, denote the convex combina-
tions of A; and B, respectively. In (12), V(&) = £TP¢ denotes
the of the common quadratic Lyapunov function of the affine
switched system, and V;(£) denotes the derivative of V(€) if
Subsystem i is selected.

However, there are following problems when the switched
rule described in Theorem 1 is applied to power electronic
systems with digital controllers. First, in Theorem 1, the switch-
ing frequencies are required to be infinitely high. But, that of
actual power switches are limited. Second, the controllers are
required to calculate P instantaneously by solving the Lyapunov
equation (AiTP + PA; + Q; = 0) online from A; and a given
matrix @Q; [40]. As we all know, this is unachievable for actual
digital controllers. Third, calculating and sorting the derivatives
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of the Lyapunov functions for all subsystems further increases
the computational burden.

B. Proposed DSCBOLF for UETS

The work presented in [41] and [42] pointed out that an actual
power electronic converter could be regarded as a Hamiltonian
system, which allowed the energy function to be used as a
Lyapunov function for passive control, if A; was a Hurwitz
matrix. Therefore, in order to avoid solving Lyapunov equation
online, a given matrix P = diag{L¢, Ct, Lo} is used to reduce
the computational burden greatly. At the same time, the switched
rule in (12) is discretized, so that in each control period it runs
only once, and the switching state changes up to once. This
not only further reduces the computation, but also lowers the
required switching frequencies to an acceptable level.

The control period can be denoted by 7. Since T is small
enough, the switched rule in (12) can be discretized as follows:

o(t) = arg minjeg {Vi(ﬁ)}

Vil€(k+ 1), (k+DT) — Vi(é(k%kT)}
T

/A arg minc g {
(13)

where V;(£(k+ 1), (k+ 1)T) and V;(&(k), kT'), respectively,
denote the values of V() at (k + 1)T and kT instant if Subsystem
i is selected. Since V;(&(k), kT') is constant for all subsystems
in the (k + 1)th control period, the choice of () will not be
affected. Then, (13) can be simplified as follows:

o (t)=arg min;e g {Vi(§(k + 1), (k + 1)T)}.

In addition, x;(k + 1) can be used to denote the value of x
at (k + 1)T instant if Subsystem i is selected, and x,c¢(k + 1)
denotes the value of x,¢ at (k + 1)7T instant. Then, (14) can be
further derived as follows:

o(t) = arg minye g {Vi(§(k + 1), (k + 1)T)}
= arg mingeg {(z;(k + 1) — 2pep (b + 1))
X P(zi(k+1) — zrep(k+ 1))}
= arg min;e g { L (ig; (k + 1)
— ifret (k + 1)) + Ce(Voi(k +1)

— Voret(k +1))? + Lo(ioi(k+1) —iowet (k + 1))}
(15)

In order to obtain x;(k+1) = [ig;(k+ 1)Voi(k+1)
ioi(k + 1)]T in (15), (8) can be discretized as follows:

(14)

(16)
where

A; T
Adi =e€ 5

T T
Bq; = / e (T-T) Bdr = (/ eAi(TT)d7'> B;
0 0

= Ai_l(eAiT — I)Bl
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L(x-xrer)

The Selected
Subsystem

(b)

Fig. 2. Differences between the switched control in Theorem 1 and the
discretized one. (a) Principle of the switched control in Theorem 1. (b) Principle
of the switched control discretized in this article.

Therefore, (15) is the discretized expression of Theorem 1,
and (16) can be used to predict the state variable in the next
control period. It can be seen that the discretized switched
control can be regarded as a special case of finite control set
MPC, where (15) is the cost function with weight factors of
L¢, Ct, and Lo. Moreover, the three weight factors are also the
parameters of the energy storage components in the UETS.

The UETS shown in Fig. 1 can be used as an example to
show the differences between the switched control in Theo-
rem 1 and the discretized one. The initial state variable is set to
[00 0]7, the reference state variable x, is set to [3 49.5 3]T. Ro
and Lo are also set to 16.5 €2 and 4.39 mH, respectively. Thus,
A and P can be calculated based on Table I. Fig. 2(a) shows
the working principle of the switched control in Theorem 1.
The derivatives of the Lyapunov function L(x — x,¢r) for all the
subsystems are derived and ordered at every moment, so that
the optimal subsystem is selected at any time. The system state
trajectory will eventually converge to x,.f as fast as possible, and
there will be no more movement or ripple.

Fig. 2(b) shows the working principle of the discretized
switched control. The derivatives of the Lyapunov function L(x
— Xyef) for all the subsystems are only derived and ordered at the
instant of k7. Thus, the selected subsystem is only optimal for
the next control period. The system state trajectory will converge
to x;of slower and eventually move around x,¢f in a limit cycle.
The resonance in Fig. 2(b) means the small movement of the
state trajectory.

In terms of control effect, the switched control described in
Theorem 1 is better than the proposed DSCBOLF, because of the
enough fast dynamic performance and the nonexistent ripple in
Fig. 2(a). The proposed DSCBOLF for the UETS is discretized
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from the switched control in Theorem 1, during which the
control effect is traded off for a reduction of the required switch-
ing frequencies and computation, and the reduced switching
frequencies and computation make the proposed DSCBOLF
more suitable for industrial applications.

C. Computation Reduction for the DSCBOLF

The prediction in (16) and the optimization in (15) are required
by the proposed DSCBOLF in each control period, which still
costs many calculations. To further simplify the control algo-
rithm, the Taylor expansion in the following is considered:

1 1
eAT:I+AT+§A2T2+~~-+—'Am:rm+---
m.

=y —Amm, (17)
m!
k=0

Equation (17) can be approximated as (18) by neglecting the
higher order terms of 7. Since 7T'is small enough, the higher terms
in (17) are approximately equal to 0, so that the approximation
in (18) is accurate enough and the system stability is not affected

AT ~ I+ AT. (18)
Therefore, Ag; and By; can be approximated as follows:

Ag =T+ AT (19)

B4 =~ B;T. (20)

Because of B;(2,0) = B;(3,0) = 0, i¢;(k + 1), Voi(k + 1),
and io;(k + 1) can be calculated as (21)—(23), respectively

’I“fT VdCT

. B | T .
i (k1) = (1—Lf) it () = Vo () +1L 3 —
2D
T T
Voi (k+1) = gie () = Grio (k) (22)
T RoT
ioi (k+1) = EVo (k) + (1 — LOO > io (k). (23)

It can be seen that Vo, (k + 1) and i0;(k + 1) will be invari-
able no matter which subsystem is selected. Thus, the optimiza-
tion problem in (15) will be order reduced and simplified as
follows:

o (t) = arg minieK{Lf(ifi(k; + 1) — ifref(k + 1))2}
= arg mingeg {|ig;(k + 1) —iger(k + 1)}, (24)

It can also be seen from (21) that the relationship between
i¢; and i is linear and monotonous, then the optimal solution of
(24) must be the integer that makes |ig;(k + 1) — iger(k + 1)|
nearest 0. Therefore, (24) can be solved by the following:

o (t) = round (i

ifi(kJrl)*ifrcf(kJrl):O)

L¢ — 7T Vo (k
el o (k)
VdCT Vdc

= round (

(25)

Ls .
B —— 1
VdCTzfef(k+ )+3)
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TABLE III
ACTION TIMES WHEN THE ADJACENT SUBSYSTEMS
SWITCH WITH EACH OTHER

Switching Corresponding Action . .
Subsystems Switching State Devices Action Times
Subsystem 1 and S1 and S2 Spr and Sp4 2
Subsystem 2 S1and S3 5,1 and S5 2
S4 and S2 Sbl and Sb3 2
Sats Saz, Spi
S4 and S3 TS 6
an Sv2, Sba, Sha
Subsystem 2 and S5 and S2 Sar and Sa3 2
Subsystem 3 S5 and S3 S and Sy 2
Sats Saz, Sa3
S6 and S2 S 6
o Suss Sia, Sa
S6 and S3 Sa and S, 2
S4 and S7 S, and S,z 2
Sal SaZ Sa}
S4 and S8 TS 6
an Sady Spa, Spa
Subsystem 3 and S5 and S7 Sp1 and Sps 2
Subsystem 4 S5 and S8 S, and S, 2
Sa2s Sats Shi
S6 and S7 SR 6
an Sn2, Sha, Sha
S6 and S8 sz and Sb4 2
Subsystem 4 and S7 and S9 Saz and Su4 2
Subsystem 5 S8 and S9 S, and S 2

where round(x) is the rounding function equal to the integer
nearest x, and if..¢(k + 1) can be calculated using (26) and (27)
as

iovet (K + 1) — ioper(k
VOref(k"‘D:Roioref(k;)—i—Lolo t(k + % ioref (k)

(26)

VOref(k + ]-) - VOref(k)
T

irer(k +1) = Ct + i0ref(k + 1).

27

In this way, the computational burden of the proposed
DSCBOLF can be greatly reduced.

D. Proposed Switching State Selection Method

Table IT summarizes that there are multiple switching states to
be selected when the full-bridge NPC inverter outputs levels of
Ve, 0, or —Vg., which makes the determination of the switching
state complicated. Aiming at this problem, in [24], a quadratic
term was added to the cost function to evaluate the switching
action times, so that the cost function had to be calculated
nine times for the nine switching states within each control
period. Thus, more computation was required. In this article, a
novel switching state selection method is proposed to cooperate
with the proposed DSCBOLF, which can make the switching
frequencies lower and consistent simultaneously, at the expense
of little computation.

In steady state operation, the UETS is generally switched
between adjacent subsystems. Fig. 3 and Table III shows the
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Subsystem 1 S1
Action times: 2 Action times: 2
Action devices: Action devices:
Sz and Spy S, and Sy
Subsystem 2 S2 S3
(a)
Subsystem 2 S2 o
Action times: 2 Ame“ times: 5
Action devices: Action times: Action devices:
Sp1 and S Action|devices: Saty Sazs Suay Sty
Sul Sis Sp2, Spa
Subsystem 3 S4 S5 S6
Action times: 6 Action| times: 2 o
Action devices: Action|devices: ‘Action times: 2
Sats Sas Shis Sas N Action devices:
S3s Spa S,z and Sy
Subsystem 2 S3
(W]
Subsystem 4 S7 o
Action times: 2 Act}on times: 5
Action devices: Action times: Action devices:
Sy and S5 Action|devices: Sazs Sats Sors Sis
Sl Sis Sp3, Spa
Subsystem 3 S4 S5 S6
Action times: 6 Action times: 2 -
Action devices: Action| devices: ‘Action times: 2
Sats Sazs Suzs Suss Si| Sas Action devices:
Shi, Sp3 Sp> and Spy
Subsystem 4 S8
(©)
Subsystem 4 S7 S8
Action times: 2 Action times: 2
Action devices: Action devices:
S and S,y S, and Sy
Subsystem 5 S9
(d
Fig. 3. Switching actions when the adjacent subsystems are switched with

each other. (a) Switching between Subsystem 1 and Subsystem 2. (b) Switching
between Subsystem 2 and Subsystem 3. (¢) Switching between Subsystem 3 and
Subsystem 4. (d) Switching between Subsystem 4 and Subsystem 5.

action devices and the switching action times when adjacent
subsystems are switched with each other. It can be seen that up
to six switches will be turned ON or OFF if the switching state is
switched between S4 and S3, S6 and S2, S4 and S8, or S6 and
S7. In order to minimize the switching frequencies, the cases of
six switching actions are not allowed to appear. Thus, S5 has to
be selected if the UETS is required to switch to Subsystem 3.

On this basis, in order to make the switching frequencies
consistent, all switches must have the same action times. Then,
if we want to make the action times of Sps and Sp4 the same
as that of S, and S,3, as shown in Fig. 3(a), S2 and S3 must
be selected the same times. The same conclusion can be drawn
from Fig. 3(b). Similarly, if we want to make the action times
of Sp; and Sp3 the same as that of S,o and S,4, as shown
in Fig. 3(c) and (d), S7 and S8 must be selected the same
times.

In addition, if the required waveform of the UETS is odd
symmetric, the number of cases in Fig. 3(a) and (d) is the same,
and the number of cases in Fig. 3(b) and (c) is also the same.
Therefore, the switching frequencies of the eight switches will
be all consistent, if S2, S3, S7, and S8 are all selected the same
times.
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i(kt+1)

fow(kt1)

ioref

Fig. 4. Diagram of overall control flow of the parameter identification and
Lyapunov function based adaptive control for the UETS.

(©)

Fig. 5. Designed electroacoustic transduction platform. (a) Voltage mode
amplifier. (b) Used GMT. (c) Acoustic pool.

Thus, the proposed switching state selection method can be
expressed as follows. If o(f) obtained from (11) is equal to
o(t-T), the value in the last control period, then S should remain
unchanged. If o(¢) is not equal to o(¢-7), then the determination
of S needs further discussion. If o(r) = 1, S = S1. If o(¢) = 2,
S is selected alternately from S2 and S3. If o(f) = 3, S = S5. If
o(t) = 4, S is selected alternately from S7 and S8. If o(r) = 5,
S =S9. Compared with the conventional phase shift modulation,
the proposed switching state selection method does not require
additional modulators and is easier to be implemented.

E. Overall Control Process

According to the analysis mentioned above, the overall control
flow of the parameter identification and Lyapunov function
based adaptive switched control for the UETS is shown in
Fig. 4.

The first step is initialization. The control period T and the
parameter identification period 7 should be given first. For the
purpose of simplifying hardware and software design, Tp can
be set to an integer multiple of 7.

The second step is to sample the system state variables ir, Vo,
io and the output current reference ioyof according to the control
period 7.
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Fig. 6. Experiment results using the least square method. (a) Waveforms of
io and ioref. (b) Waveforms of if and ifref. (c) Waveforms of Vo and Voyer.
(d) Waveform of V,y,. (e) Identified Rp and Lo.

In the third step, the equivalent parameters Ro and Lo of the
GMT are identified by the proposed POIA.

The fourth step is to calculate the filter inductance current
reference if.of(k + 1) based on (26) and (27).

The fifth step is to solve the optimization problem in (15) by
(24).

The sixth step is to select the optimal switching state. If
o(t) is equal to o(#-T), then S remains unchanged as it was
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Fig. 7. Experiment results using the proposed POIA. (a) Waveforms of io
and ioref. (b) Waveforms of if and ifer. (¢) Waveforms of Vo and Voyer.
(d) Waveform of V,},. (e) Identified Ro and Lo .

in the last control period. Conversely, S is selected accord-
ing to the proposed switching state selection method in D of

Section IV.

V. EXPERIMENT VERIFICATION

To verify the feasibility and validity of the parameter identifi-
cation and Lyapunov function based adaptive switched control,
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TABLE IV
COMPARISON OF THE PROPOSED POIA AND THE LEAST SQUARE METHOD

Comparison Index Least Square Method Proposed POIA
Addition times 400 8
Subtraction times 154 3
Multiplicative times 256 10
Division times 5 10
FIFO units 150 6

a 1 kW electroacoustic transduction platform as shown in Fig. 5
was designed in the laboratory. The main circuit parameters are
shown in Table I. The proposed DSCBOLF is realized in a Texas
Instruments TMS320F28335 DSP. The parameter identification
is realized in a XC95288XL CPLD. The sampling period and
control period T'is set to be 10 pus. Thus, the maximum switching
frequency is 50 kHz. In fact, the designed voltage mode amplifier
uses SGHS8ON60OUFD type fast IGBTs and DSE130-60A type
fast recovery diodes, whose maximum switching frequencies
can be up to 100 kHz. The parameter identification period Tp is
set to be 50 ps, and a dead time of 2 s is added to the switching
signals.

In order to verify the feasibility and validity of the proposed
POIA, a 20 € resistor and a 10 mH inductor are connected in
series as the load of the voltage mode amplifier. The output
current reference ioref s set to be a linear chirp signal, whose
amplitude is 4.24 and frequency is increased to 500 Hz from
100 Hz in 0.05 s. Combined with the proposed DSCBOLEF, the
proposed POIA is compared with the least square method. The
first experiment employs the least square method where 50 sets
of sampling data are used to identify the load online. Results
of the first experiment are shown in Fig. 6, where (a) shows
the waveforms of ip and iprer, (b) shows the waveforms of i¢
and ig.ef, (¢) shows the waveforms of Vo and Voef, (d) shows
the waveforms of V,},, and (e) shows the parameter identification
results. The second experiment is carried out using the proposed
POIA, and its results are shown in Fig. 7. At the same time,
Table IV compares the memories and computations required by
the two identification algorithms.

The comparison between Figs. 6 and 7 shows that the identifi-
cation results of the least square method are not accurate enough,
and the identification errors lead to large output fluctuation.
But, the results of the proposed POIA are more accurate, which
makes the output control effect greatly improved, and the validity
of the proposed POIA is also proved when nonsinusoidal waves
are required. In addition, Table IV shows that the computation
and memory required by the POIA are much lower than the least
square method.

In order to verify that the proposed adaptive switched control
can improve system robustness and high precision control
simultaneously, iof 1S set as a 3 A sine wave whose frequency
could be set to 100, 500, and 1000 Hz, respectively. Three
groups of experiments are performed with the three frequencies.
The first group results are shown in Fig. 8, where (a) shows the
waveforms of ig and ipref, (b) shows the waveforms of i; and
ifref, (€) shows the waveforms of Vo and Vg,ef, (d) shows the
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Fig. 11. Experiment results using the general MPC. (a) Waveforms of io

and ioref. (b) Waveforms of i and ifef. (c) Waveforms of Vo and Voyer.
(d) Waveforms of the cumulative pulse numbers of S41, Sq2, Sp1, and Sp2.

waveform of V,},, and (e) shows the waveforms of the Rp and
Lo obtained by the proposed POIA. The experiment results
of the second and third groups are shown in Figs. 9 and 10,
respectively.

From the experiment results, it can be seen that io..¢ can
be tracked quickly and accurately, and the system stability is
ensured under different experiment conditions. In addition, the
comparison of the three groups of experiments also shows that
the equivalent inductance and resistance of the GMT vary greatly
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Fig. 12. Experiment results using the MPC in [24]. (a) Waveforms of ip
and ioref. (b) Waveforms of is and ifef. (c) Waveforms of Vo and Voyet.
(d) Waveforms of the cumulative pulse numbers of S41, Sq2, Sp1, and Spa.

with its working frequency. However, the proposed DSCBOLF
combined with the POIA successfully achieved adaptive con-
trol with acceptable control effect under different experiment
conditions.

In order to verify that the proposed switching state selection
method can make the switching frequencies lower and consistent
with less computation, the general MPC without any switching
state selection methods and the MPC in [24] are used to compare
with the proposed DSCBOLF. In the experiment, igyef 1S set to
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Fig. 13.  Experiment results using the proposed DSCBOLF. (a) Waveforms of
io and ioref. (b) Waveforms of if and ifref. (¢) Waveforms of Vo and Voret.
(d) Waveforms of the cumulative pulse numbers of S41, Sq2, Sp1, and Sp2.

a sine wave of 3 A and 700 Hz. The experiment results based
on the general MPC are shown in Fig. 11, where (a) shows the
waveforms of ip and ipref, (b) shows the waveforms of i; and
ifref, () shows the waveforms of Vg and Ve, and (d) shows the
waveforms of the cumulative pulse numbers of S,1, Sa2, Sp1,
and Spo. The experiment results based on the MPC in [24] are
shown in Fig. 12, and that based on the proposed DSCBOLF are
shown in Fig. 13. Besides, Table IV shows the required compu-
tation and memory, the resulting average switching frequency,
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TABLE V
COMPARISON OF MPC AND THE DSCBOLF
Comparison . DSCBOLF in
Index General MPC MPC in [24] This Article
Addition times 27 81 1
Subtraction times 36 36 2
Multl.phcatlon 7 90 3
times
FIFO units 0 4 1
Consistency Inconsistent Inconsistent Consistent
Average
switching 11.61 kHz 8.81 kHz 6.79 kHz
frequency

the consistency of the switching frequencies of the three control
methods.

From Table V and these experiment waveforms, it can be seen
that the control effects of the three control methods are similar.
However, if the general MPC is used, the resulting switching
frequencies are higher and inconsistent with a large amount of
calculation. The average switching frequency can be reduced us-
ing the MPC in [24], but the consistency still cannot be achieved,
and the required computation and memory are the highest. In
contrast, the proposed switching state selection method can not
only greatly reduce the average switching frequency, but also
achieve the consistency of the switching frequencies with the
least computation.

VI. CONCLUSION

In this article, a parameter identification and Lyapunov func-
tion based adaptive switched control, consisting of a novel POIA
and a DSCBOLLF, is proposed for the UETS. In the proposed
POIA, two difference equations are derived from the dynamic
differential equation of the GMT, so that the POIA is allowed to
maintain validity in arbitrary waveform system, and the POIA
only needs one matrix inversion and one low-pass filtering
for a 2-D matrix, which costs less computation and memory.
Based on the parameters identified by the POIA, a DSCBOLF
is derived, which can be realized in actual power electronic
systems with acceptable switching frequencies and computation.
In addition, a novel switching state selection method is also
proposed to cooperate with the DSCBOLF, which makes the
switching frequencies lower and consistent simultaneously with
less computation. Therefore, based on the proposed POIA and
DSCBOLF, the parameter identification and Lyapunov function
based adaptive switched control can greatly improve system ro-
bustness against the parameter variations of the GMT in arbitrary
waveform system. Finally, the experiment results demonstrate
the feasibility and validity of the proposed method.
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