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ABSTRACT This paper explains the implementation of a small-signal model for a new five-level series
resonant inverter structure. The proposed circuit combines the advantages of multilevel inverters and the
characteristics of the physical phenomena, resonance. The small-signal model offers the possibility to design
a linearized linear time-invariant (LTI) model around an equilibrium point based on the first-order Taylor
series. After that, the performance of the proposed five-level series resonant inverter and its small-signal
model are evaluated in MATLAB/Simulink environment. Compared with a MATLAB model generated using
the system identification toolbox, the developed small-signal model exhibited a good accuracy in frequency
and time domains. In addition, a hardware test bench is developed to validate the proposed model. Both
simulation and experimental results show that the proposed multilevel resonant inverter is very interesting
for high-voltage high-frequency applications. As a perspective, from the results obtained, we suggest the
use of small-signal AC analysis for multilevel series resonant inverter modeling. The paper contains rich
information on the recently used tools for dynamic systems modeling and analysis of nonlinear processes
that can be applied to modeling and analyzing other power electronics inverters.

INDEX TERMS AC analysis of dynamic nonlinear system, five-level series resonant inverter, inverter

mathematical model, multilevel inverter simulation, model of inverter, small-signal modeling.

I. INTRODUCTION

In the power electronics domain, there are particular types of
inverters known as resonant inverters. These types are used in
many power applications, where the generated output voltage
of resonant inverter topologies has a high-frequency value [1].
The resonant inverter has received much attention in power
electronics research and introduced in a wide range of indus-
try applications, including: power conversion systems [2],
induction heating [3], telecommunication and wireless power
transfer [4], and ozone generators [5]. The three main struc-
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tures for realizing a resonant inverter are shown in Fig. 1,
namely: series resonant tank, parallel resonant tank, and
series-parallel resonant tank [6]. Half-bridge and Full-bridge
are the conventional-used topologies for realizing resonant
converters [2]. Furthermore, the multilevel inverter is not
famous for high-frequency resonant inverters because their
modeling for control design is a challenging step, especially
the control with high-frequency modulation techniques.
Notwithstanding, emerging single-phase multilevel invert-
ers (MLIs) play a significant role in developing power genera-
tion systems. Emerging MLIs topologies have been proposed
to overcome the conventional inverters’ problems and achieve
high efficiency with high power quality [7]-[9]. Recently
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FIGURE 1. Equivalent model of resonant configurations: (a) series,
(b) parallel, and (c) hybrid series-parallel.

decade, many hybrid topologies of the converter are discussed
to produce a balanced and unbalanced system with self-
voltage balancing, such as the fewer number of switches [10],
the quadruple boost inverter [11], and dual input switched-
capacitor SC-MLI [12]. Thanks to the development of digital
control using super calculators, DSP, and embedded boards,
the fundamental-switching modulation techniques provide
their efficiency in many applications [13]. The fundamental
modulation switching can be an excellent solution to open the
door for using multilevel inverters in high-frequency, high-
power applications. Suppose a use of multilevel topology
in resonant inverters for high-frequency applications. In that
case, the multilevel inverter can improve the power, and total
standing voltage (TSV) in conventional resonant inverters can
be resolved [8].

On the other hand, analysis and modeling of the inverter is
an essential part of performance tests, and it is the basis for
the controller design. The general average model, the aver-
age generator model, the average state model method, and
small-signal modeling are the most used modeling methods
in dynamic system analysis [14], [15]. Various small-signal
methods have been proposed. A small-signal model of PWM
dc-dc power converters is discussed in [16]. A small-signal
modeling of coupled-inductor double-boost converter is pre-
sented in [17]. A linearized small-signal model around an
equilibrium point of grid-forming modular multi-level con-
verter (MMC) is presented in [18], where the MMC is under
the outer voltage control loop and inner current control loop.
Small-signal modeling of the thermoelectric generator is dis-
cussed in [19], where the model is developed based on physi-
cal lows by applying an existing model to the dynamic mode.
The model of the thermoelectric generator can be extended
for more configurations. A dynamic average model of a grid-
connected converter is discussed in [20]. Also, small-signal
Ac analysis is used for modeling of unidirectional T-Rectifier
as explained in [21]. Furthermore, a new small-signal mod-
eling method was proposed for DC-DC converters in [22].
It is clear from the above-presented studies that modeling of
a dynamic system is attracting a lot of researchers, where the
purpose is presenting the linear time-invariant (LTT) model
beginning from the nonlinear dynamic model.

The conventional modeling technique as the switching
model contains complex behavior in the time domain. So,
these methods are not able to give the dynamic behavior of
the converter. Circuit averaging is a widely known strategy for
converter modeling. The averaging approach provides a more
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physical interpretation of the system model. The average and
large signal techniques are nonlinear models. Therefore, they
cannot be used to synthesize a continuous or a sampled linear
regulator of the studied system. In this context, it is necessary
to linearize the model that is also called a tangent model. Two
well-known methods exist to linearize a nonlinear dynamic
system, linearization around a trajectory and linearization
around an equilibrium point. These models make it possible
to get rid of nonlinearity problems. The construction of such
models requires a Taylor series development limited to the
first order. The resulting model is linear, invariant in time,
and regulates the inverter’s dynamic behavior in a small vari-
ation regime around its equilibrium point. The small-signal
model offers the possibility to design various linear control
methods [23].

In the literature, there are many tools for validating the
small-signal modeling of any nonlinear dynamic system,
among them: PLECS with AC SWAP, SIMPLIS AC analysis,
LTspice AC analysis, MATLAB STREAM in Linearization
manager tool. Using the Linearization manager tool with
sinestream as the perturbation signal and system identifica-
tion toolbox is very interesting, as described in [24].

Despite the numerous presented works using Half-bridge
and Full-bridge topology in resonant inverters, none of the
previous works attempted to use six-switch five-level topol-
ogy to realize series resonant inverter and model the cir-
cuit using small-signal AC analysis. Also, there is a gap
in knowledge about applying a small signal method for
modeling multilevel power converters [25], where accuracy
in mathematical analysis and step-by-step understanding of
problem-solving algorithms are needed. Furthermore, it isn’t
easy to design a classical or advanced controller for nonlinear
switching converters using the Simulink SimPower model,
where the analysis of dynamic behavior of such nonlinear
systems is very complex.

The present work proposes a small-signal model of a five-
level series resonant inverter. This study is included in the
class of the linearization of a nonlinear dynamic system
around an equilibrium point. We follow the existing equiv-
alent circuit model based on fundamental approximation pre-
sented in [26] because this analysis works well for series reso-
nant converters [27]. The frequency response of the proposed
five-level series resonant inverter model and the frequency
response of the developed small-signal model are presented
and compared using Matlab tools to validate the proposed
small-signal model. This study has the following merits: (1) a
new circuit of multi-level resonant inverters is proposed,
where the half-bridge and full-bridge are the conventional-
used topologies to construct this special type of inverters;
(2) the proposed system uses six switches and six gate drivers
to produce a high-frequency five-level output voltage; (3) a
step-by-step tutorial for modeling the proposed five-level
series resonant inverter is presented using small-signal AC
analysis. This manuscript will reinforce the information con-
tained in the previous works and give a new perspective about
the application of the small-signal method. This paper is
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FIGURE 3. Equivalent circuit to produce (a): Vo = 0. (b): Vo = 0.
(€): Vo = + Vyc- (d): Vo = — V- (€): Vo = +2Vy. (f): Vo = —2V4,.

organized as follows: in the section II, the proposed circuit of
the five-level inverter operation is presented. The small-signal
modeling is discussed in section III. Simulation and experi-
mental results are discussed in section IV, and conclusions are
presented in section V.

Il. FIVE-LEVEL SERIES RESONANT INVERTER OPERATING
PRINCIPLE

The complete configuration of the 5-level series resonant
inverter is presented in Fig. 2; the circuit consists of two
direct current DC sources, six Mosfets switches, and a series
RLC circuit composed of resistor (R), inductance (L), and
capacitance (C), respectively.

Summing V4.1 = Vge = Vdc condition, the five-level
inverter can produce five output voltage (V,) levels: +V,
+2V4e, 0, —Vye, and —2V,. as shown in equivalent circuits
presented in Fig. 3. In a complete switching period (T),
there are a total of 12 switching transitions of the 5-level
inverter. The operation of the switches is periodic and in
complementary mode (S1, S2), (S3, S4) and (S5, S¢), so we
can set (S4, Sp, S¢) = (51, S3, Ss) to propose the following
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FIGURE 4. The output phase voltage of the five-level inverter.

switching system (1).

+2Vdc—> (Sa» Sp, Se) = (1,0, 1)
+Vdc—> (Sa. Sp. Se) = (1,0, 0)
0oL, (Sa,Sb) 0,0) or (1, 1) (D
—Vdc—> (Sa» Sp, Se) = (0,1, 1)
—2vde L5 (4, Sp, Se) = (0, 1, 0)

Ill. SMALL-SIGNAL MIODELING OF THE FIVE-LEVEL
SERIES RESONANT INVERTER

A small-signal model was constructed using the mathemat-
ical (analytical) method and validated with simulation tests
using Matlab software environments. Small-signal model of
the proposed Five-level series resonant inverter based on the
following steps:

A. MATHEMATICAL ANALYSIS OF THE FIVE-LEVEL
INVERTER OUTPUT VOLTAGE USING FOURIER
TRANSFORMATION
Fig. 4 shows the desired output five-level voltage. The
inverter’s output voltage V,(¢) depends on the time; it can
be regulated by modulating the switching frequency w; or
controlling the switching angles, 61 and/or 6, or controlling
the amplitude V by variation of V.. Conclude that the operat-
ing point is determined by (V, wy, 61, 62). The voltage V,(¢)
can be expressed using the Fourier transformation because
the signal is even periodic and continue by parts with the
following expression:

Vo(t) = ap + Z:il ay cos(nwst) + Z:i

' b,, sin(nw;t)
2

where, the Fourier parameters can be written as:

agp =0,

2 T
an=0, by =7 f V() sin(nogt)dt  (3)
0
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FIGURE 5. The simplified equivalent circuit of the resonant inverter.

The mentioned voltage V,(¢) in expression (2) is calculated
using the parameters (3), calculation outcome can be written
as:

00 4V .
Vot) =Y (— (cos(nby) + Cos(nez))> sin(nwgt)  (4)
n=1 \ nm
For (n = 1), the fundamental voltage (also known as the
first harmonic) of the voltage V,(¢) can be created as:

Vo(t) = 47‘/ (cos(61) + cos(68y)) sin(wst) 5)

B. THE EXACT NONLINEAR MODEL OF THE RESONANT
INVERTER

The circuit of Fig. 2 is reduced to a simplified form, as shown
in Fig. 5. Kirchhoff’s laws are applied to the simplified
equivalent circuit to give the nonlinear system (6), where i(¢)
is the current.

Vo(t) = Rilt) + L% V)

1 (6)
Ve(t) = p jﬁ i(t)dt

The nonlinear system derivatives of (6) are given by (7):

di(t) R. 1 1
dv.(t) 1. @
_— —l(t)

dt c

C. FIRST HARMONIC APPROXIMATION OF STATE
VARIABLES

In order to provide the small signal model, we need to calcu-
late i(t) and V,(¢); these states variables are complex values,
which can be approximated by (8), where i (), is(¢) are the
real and imaginary parts corresponding to the current i(¢) and
Vee(t), Ves(t) are the real and imaginary parts corresponding
to the voltage V. (¢):

i(t) = i.(t) cos(wst) + is(t) sin(wst)

Ve(®) = Vee(t) cos(wst) + Veg(t) sin(wst) ®

The terms {i., i, Vic, Ves} are slowly time-varying, thus
making it possible to investigate the dynamic behavior of
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these terms. The derivatives of (8) are found to be:

dig(t) . ) ,
_ lc(t)ws Sln(a)st)
dt )
ave(r) (chc(t) + Vos(Daws ) cos(ast)
dt dr o S
N (dV;;(t) _ Vcc(t)ws> sin(wst)

D. CONSTRUCTION OF LARGE SIGNAL MODEL

The use of the first harmonic approach gives the opportunity
to pass from the exact model to the first harmonic model
by replacing the variables i(t) and V.(¢) in (7) by its expres-
sions (5) and (8). In this case, the nonlinear large-signal model
of the serial resonance inverter is given by equations (10):

—]L—? (i cos(wgt) + iy sin(wyt))
O L (5 costwnt) + Ves sin(ey)
a T rav (10)
+ T (7 (cos(61) + cos(6)) sin(wt))
dver) 1 o
7 - C (i cos(wgt) + ig sin(wyt))

The simplified form system of equations (10) is given by
equations system (11):

R . 1
—Zlc - ZVCC cos(wyt)

di(t) R. 1

N ARG

+ 4V sin(wgt)
+ — (cos(f1) + cos(62))
dV.(t) 1 L 1
c;t = Eic cos(wyt) + Eis sin(wgt)
(11)

By using the system equations (9) and (11), the following
large signal model of the five-level series resonant inverter
system can be extracted as follows:

diy R 1, .
ar LT
di) R, 1, 4V o o
= ——ly—— Iz “

dt LY L% Lr \+cos@®) | 7 (g
dVee(t 1

;;( ) — +El’c—Vcst
dV,s(t !
%() =+ GistVeews

Equations (12) illustrates the large-signal model; it is
a nonlinear system model because it contains the product
(Is. wy), (ic. wg), (Ves. wy), and (V.. wy), Where wy, iy, i,
V.s and V.. are independent variables. It isn’t easy to use
the large-signal model to design the control system. After
achieving the large-signal model of the system, the nonlinear
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FIGURE 6. Schematic diagram of the inverter in small signal model.

equations can be linearized around the operating point to
construct the generalized small-signal transfer function from
any desired input (v, 01, 62, wy) to any desired output (i, V.,
p). Fig. 6 shows the mathematical depiction of the proposed
circuit in a small-signal model.

For example, we chose to construct the generalized small
signal transfer function from the desired input (v, 61, 6>, wy)
to the output capacitor voltage (V.). The system inputs u(z),
the new state variables x(¢), and the output variable y(¢) are
defined as:

u(t):[V b1 6 ws]t

x(t):[ic is Ve Vcs]t (13)

¥(1) = Ve(t) =/ V2@ + V2D

E. DETERMINATION OF THE EQUILIBRIUM OPERATING
POINTS

Setting the derivatives of the large signal model equal to zero,
the following equations (14) can be solved to find the equi-
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librium operating points (1.0, 150, Vcco, Veso) of the system.

R
0= _ZICO - ZVCCO — Lpws0o
R 1 4V [ cos(619)
0=—=Io— +Veso + ~— + Ioo,
L 0 L cs0 L (+ COS(920) <080 (14)

1
0=+4+—1I09—-V,
C c0 cs0Ws0

1
0= +EIxO + Vecowso

The above equations (14) can be written as matrix
forms (15) to found the equilibrium operating points x.

Ax =B
15
{ x=A"lB. (13)
where:
- R | . _
I W50 I
R 1 ICO
PO R A R
- 1 Y= VccO
— 0 0 —ws0
C 1 g VcsO
L0 ¢ teo O]
i 4v !
B=1{0 I (cos (B19) +cos(B)) O O
L b4

F. DISRUPTION AND LINEARIZATION OF THE LARGE
SIGNAL MODEL

Using the Taylor series, the generalized small signal model
of the system is derived by perturbation and linearization of
large signal model around the operating point (U, Xo, Yo):

{x(t) =Xo+x(t), u@)=Uy+u), y@t) = Yo+ ()
where: X(1) < Xo, u(t) < Uy, ¥(t) < Yo, and x(2), u(z), y(1):

are the small corrections. The perturbation and linearization
of the input controls are given as:

{ws = wy0+@s5, 01 =010+01, 00 =0+, v=V +7

The perturbation and linearization of the large signal
model (12) of the system is developed to be:

B R- 1 ~ .

le = _Zlc - ZVCC — Lows — isws0

- R- 1. L - 4 -
Iy = —le - ZVcs + leods + icwso + E cos (f10) v

4 . 4v . -
+ — cos (br) v — — sin (01¢) 64
Lm L

W i (16)
— — SIn
Lr 20) U2
K 1~ 5 ~
Vee = +Elc — Vesows — Veswgo
K 1~ 5 -
Ves = +Els + Veeo@s + Veewso
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The perturbation and linearization of the output variable of
the system is developed to be:

V. ~ V, -
3 _ cc0 Ve + cs0 Ve ( 17)

cc0 + VCSO VCCO

G. EXTRACTION OF THE MATRICES {As, Bs, Cs, Ds} OF THE
LINEAR MODEL WITH SMALL SIGNALS

In matrix form, the state equations of the small signal model
are given as:

X(t) = Asi(1) + Bsia(r)

. . . (18)
y(t) = Csx(t) + Dyu(t)

where:

The state equations (18) of the small signal model can be
described as (19):

() = AsK(t) + Bri (t) + Baita(t) + Baiia(t) + Baiia(t)
y(t) = Cyx (1)
(19)
where:
() =9, i) =01, is3(t) = 0y, fa(t) = o

The transfer functions of input-voltage-to-capacitor-
output-voltage, switching-angle-6; -to-capacitor-output-
voltage, switching-angle-6,-to-capacitor-output-voltage,

switching-frequency-to-capacitor-output-voltage,  respec-
tively, can be written as follows:
G?C(s) = ‘ZC(S) = (f ASa Bl7 CS? D
’ ()
v V.
GYL‘(S) - ...C(S) = [f <AS7 BZa CSa D)
o 61(s)
2 (20)
Gle(sy = L) _ (A Bs.C D)
27 () T
~ V
GV (s) = Ve(s) _ i (AS,B4, CS,D)
@s ws(s)
where:
- R 1 -
—Z — W50 —Z 0
n R 0 1
A, = Cll)sO L L ,
E ? 0 )
0 E “+ws0 0
- 4 - ¢
B =10 + 7 (cos (B19) + cos (b)) O 0:|
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4v !
B, =0 ——sin(f1p) 0 O
Ln

4v !
B3 =0 — —sin(6pg) 0 O
L

By =[-Io +lo —Veso + VCCO]t
c _O 0 Veeo Veso
°T SV2o+ V2o V2t V2
| cc0 cs0 cc0 cs0

The achieved transfer functions will be divided by appro-
priate gain approximately equals +/2 to construct the small
signal transfer functions from the inputs to the RMS
outputs.

H. VALIDATION OF THE SMALL SIGNAL MODEL

To validate the transfer functions of the developed small-
signal model, frequency-domain and time-domain tests
are carried out using MATLAB tools, Model Linearizer
app under CONTROL SYSTEM APPS and System Identifi-
cation Toolbox. The first step is validating the small-signal
model at resonance frequency fp in the frequency-domain,
where the frequency responses of the small-signal model
are compared with the frequency responses of the Simulink
model. The transfer functions of the small-signal model are
presented directly using the window command bode(G). The
Simulink model is presented based on collected frequency
data measurement; the estimation of frequency responses
data (frd) of a system is done in MATLAB using the Model
Linearizer app. Afterward, the System identification tool-
box is used to estimate a parametric presentation of the
Simulink model. The second step is confirming the usability
of the small-signal model to design a controller in the time-
domain, where a PI closed-loop control is used as a testing
example.

Fig. 7 shows the Bode diagram frequency responses of
the simulation model (Measurement) along with the transfer
functions of the small-signal model (Model).

In Bode figures, we presented the frequency responses
on all frequency axes for validating the small-signal model,
and we did not just use specific frequency points as shown
in some previous works, to highlight the most important
differences between the linear small-signal model and the
switching model build in Simulink. As noted in Fig. 7,
the responses of both small-signal and the Simulink model are
closely matching. There are certain deviations because only
the fundamental component is considered in the small-signal
modeling approach. Thus validates the mathematical analysis
and the proposed small-signal LTT model.

After testing the small signal model in the frequency
domain, the Simulink model and its small signal model
are then tested in a closed loop system using the PI con-
troller. Fig. 8 illustrates the common closed-loop system
of voltage-mode control using a PI controller. V¢ (t), e(?),
V.(t) are the reference, the error and the output voltage,
respectively. The PI controller consists of 2 gains, (P) Pro-
portional, and (I) Integral. The controller is auto-tuned using
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FIGURE 7. Comparisons of Bode plots related to the input control-to-output voltage. (Solid trace): the theoretical small signal model (Model), and (blue
cross): Measurement data from simulation model (Measurement). (a) : Gl'.//‘ (s), (b) : GL./‘ (s). (¢) : G;./‘ (s), (d) : Gg: (s)-
1 2

MATLAB tool. Fig. 9 shows the obtained results in time-
domain, the small-signal model and the Simulink model
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responses are in good agreement, thus confirming the usabil-
ity of the small-signal model for designing controllers.
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FIGURE 8. A common closed-loop voltage control scheme.
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FIGURE 9. Time-domain evaluation showing the small-signal model and
Simulink model responses to the same step change.

IV. RESULTS DISCUSSION & INTERPRETATIONS

The proposed circuit of a five-level series resonant inverter
is evaluated using simulation and experimental tests. In this
section, the results are presented with various switching fre-
quency tests, less than the resonant frequency (f; < fo), equals
the resonant frequency (f; = fp), and above the resonant
frequency (fy > fo); where the system operating parameters
are given in Table 1.

A. SIMULATION RESULTS
Simulation of the five-level series resonant inverter is
performed in MATLAB/SimPowerSystems environment.
Fig. 10 shows the simulation waveforms of the output inverter
voltage Vj,,(t) and the output capacitor voltage V.(¢) versus
the switching frequency (f;).

Fig. 10(a) displays the waveforms with (f; < fo) equal to
2 kHz. Two regimes are obviously observed, permanent and
transient regimes. The transient regime is imposed by the

nonlinearity saturation and hysteresis of electronic compo-
nents. Inductances and capacitors components are sources of
transient voltages in the proposed five-level series resonant
inverter. As noticed from the zoom-in from 10 ms to 12 ms,
the output inverter voltage Vi, (¢) and the output capacitor
voltage V,(¢) are in the same phase. The output capacitor
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TABLE 1. System implementation parameters.

Item. Ref. Value
Input Voltage Vdc 5 Volts
Equivalent Resistance R 200 Q
Equivalent Inductance L 300 mH
Resonant Capacitor C 3nF
Resonant frequency fo 5.3kHz
Switching Angle 6, 19°
Switching Angle 6, 41

C2000 TMS320F28379D DSP

voltage V,(¢) is sinusoidal, with a maximum value of 13 V,
as observed.

Fig. 10(b) displays the waveforms with a switching fre-
quency (f; = fp) equal to 5.3 kHz. Two regimes are observed,
permanent and transient regimes. We can notice that the
waveform is quite special, where the wavelength is regularly
growing from zero to permanent regime. As seen from the
zoom-in from 10 ms to 10.5 ms, the output capacitor voltage
V.(t) is lagging 90 degrees from the output inverter voltage
Viny(t) compared with the previous case. The output capacitor
voltage V() is sinusoidal, with a maximum value of 538 V,
as observed.

Fig. 10(c) displays the waveforms with switching fre-
quency (fy > fo) equal to 8 kHz. Two regimes are observed,
permanent and transient regimes. As noticed from the zoom-
in from 10 ms to 10.33 ms, the output capacitor voltage
V.(t) is lagging 90 degrees from the output inverter voltage
Vimy(t) compared with the previous case. The output capacitor
voltage V() is sinusoidal, with a maximum value of 8 V, as
observed.

B. EXPERIMENTAL RESULTS

A laboratory prototype of the five-level series resonant
inverter is realized, as shown in Fig. 11. The control sig-
nals are implemented in real-time using an embedded board.
GWINSTEK Digital oscilloscope is used to extract the volt-
age waveforms. Fig. 12(a) displays the gating signals of
switches S1~S3 with a frequency of 5 kHz, and Fig. 12(b)
depicts the gating signals of switches S4~Se.

Fig. 13 illustrates the experimental waveforms of the out-
put inverter voltage Vj,,(¢) and the output capacitor voltage
V.(¢) with switching frequency (f;) equal to 2 kHz. A max-
imum voltage of 12 V in the capacitor is noted, and RMS
voltage equal to 8.23 V is measured.

Fig. 14 illustrates the experimental waveforms of the out-
put inverter voltage Vi, (¢) and the output capacitor voltage
V.(t) with switching frequency (fs) equal to 5.3 kHz. A max-
imum voltage of 520 V in the capacitor is noted, and RMS
voltage equal to 370.3 V is measured.

Fig. 15 illustrates the experimental waveforms of the out-
put inverter voltage Vj,,(¢) and the output capacitor voltage
V.(t) with switching frequency (f;) equal to 8 kHz. A max-
imum voltage of 6 V in the capacitor is noted, and an RMS
voltage equal to 4.37 V is measured.

109391



IEEE Access

A. E. T. Maamar et al.: Analysis and Small Signal Modeling of Five-Level Series Resonant Inverter

1o 20 0 : . 600 10 20
= = = 400 = =
2 5 09 =5 = % 5 10,
8 g 8 08 g g
= e} - ) e} = o
o 0 2 So o > €So z
I o o o = [e]
£ S 2 2005 & S
g-5 -103 g-5 8 25 108
= g = 4008 £ g
B e e 1 -10 : : -600 =il i -20
0 0005 001 0015 0.02 0 0005 001 0015 0.02 0 0.015 0.02
Time [s] Vinv(t) Time [s] Vinv(t) Vinv(t)
Zoomiin | [= = — -Ve(t) Zoom in | L= — — - Ve(t)
. _ —20 o : ———600 (O 10
= o= = 0= < =
o = o 5 3
E 02 o 2 2o 103
5 3 & 208§ 3
2 -10a 2 (o f Q -5 5a
£ 8 = -400 8 = 8
-10 : ; -10 : : 600 -10 : h 27 10
0.01 0.0105 0.011 0.01 0.0102 0.0104 0.01 00101 0.0102 0.0103
Time [s] Time [s] Time [s]
(a) (b) (©

FIGURE 10. Simulation waveforms of output inverter and output capacitor voltages versus the switching frequency (fs). (a): Switching frequency (fs < fy)

equals 2 KHz. (b): Switching frequency (fs = fy) equals 5.3 KHz. (c): Switching frequency (fs > fy) equals 8 KHz.

FIGURE 11. A Laboratory prototype equipment’s for testing the Five-level
series resonant inverter. (1): Pc + Matlab software. (2): C2000 Delfino
DSP320F28379D Board. (3): Gate Driver circuits. (4): Inverter (MOSFET
switches). (5): Current and voltage sensors. (6): series RLC (Resistor,
Inductor, Capacitor) circuit. (7): Power supplies (Vdc). (8): Digital
oscilloscope.

The experimental results match those observed in the sim-
ulation. We can show the similarity that exists between the
simulation figures: Figs. 10(a), 10(b), and 10(c) and the
experimental figures: Figs. 13, 14, and 15, respectively. Since
we have an inductance L and a capacitor C in the series RLC
circuit, we distinguish three operation cases depending upon
the operating frequency: inductive circuit, capacitive circuit,
aresonant circuit; this result is in accord with the conclusions
given in [28].

Fig. 16 shows the measured RMS output voltage in capaci-
tor versus variable switching-frequency from 2 kHz to 8§ kHz.
As noticed from the waveforms, simulation and experimental
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(b)

FIGURE 12. The gating signals of S; ~Sg with frequency of 5 KHz.

data are closely matching. At 5.3 kHz, the output capacitor
achieves a higher RMS voltage value, approximately equals
to 370 V.

The obtained results with the proposed five-level series res-
onant inverter are in agreement with the findings of previous
studies [29] with conventional Full-Bridge inverter; wherein
at the resonance frequency: (1) the switching frequency of the
inverter approaches the frequency of the series RLC circuit;

VOLUME 9, 2021
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FIGURE 13. Experimental waveforms of output inverter voltage and
output capacitor voltage with switching frequency (fs) equal to 2 kHz.
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FIGURE 14. Experimental waveforms of output inverter voltage and
output capacitor voltage with switching frequency (fs) equal to 5.3 kHz.
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FIGURE 15. Experimental waveforms of output inverter voltage and
output capacitor voltage with switching frequency (fs) equal to 8 kHz.

(2) the inductive reactance equals the capacitive reactance
(X1, = Xc); thus, the reactance’s impact is canceled; and (3)
the RLC circuit becomes resistive circuit and the output
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FIGURE 16. Comparison between simulation and experimental results of
RMS output capacitor voltage versus switching frequency from 2 kHz to
8 kHz.

capacitor achieves a higher RMS voltage value, and the cur-
rent becomes maximal.

V. CONCLUSION

The objective of this study was to develop a small-signal
model for a new five-level series resonant inverter. The reso-
nant inverters and the small-signal modeling method are gain-
ing significant popularity in academic research. The proposed
circuit has been verified via both simulation and experimental
tests with various frequencies. Furthermore, the developed
small-signal model has been evaluated in frequency and time
domains, also compared with frequency responses and time
responses of the validated MATLAB Simulink model. These
findings assist our understanding hypothesis that Multilevel-
structure can be used in resonant inverters for high-frequency
applications and the usability of the small-signal model for
designing controllers. The achieved linear time-invariant LTI
model of the proposed five-level series resonant inverter will
be easily used for control design. The obtained results add to
a growing collection of literature on the dynamic modeling of
power converters. This work opens new ways for new studies
on other power converter topologies.
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