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Abstract: This paper presents the mathematical modeling for designing a 10[kW] DC-AC inverter system
from 48 [V]DC to 120 [V] ACrms, considering its non-linear operation, allowing to obtain a detailed
simulation to assess the proposed fuzzy PI control (with anti-windup action) and its optimal operation. The
performance assessment of the converter was carried out with the discrete treatment of the voltage and current
signals using spectral analysis, filtering considerations, and evaluation of limit cycle technique to determine
the system's stability. The main results showed that THD at the filter output (transformer and capacitor) was
around 0.0322% and 0.0632% at nominal load in open loop and closed loop, respectively. The inverter
system presented more sensitivity in the current signal with a ripple at 120 [Hz] of 2.02% and at 5000 [Hz]
of 10.62% (at nominal load). However, when the system operates in a closed loop, the current ripple at
120 [Hz] is 2.38% and at 5000 [Hz] is 10.62%.

Keywords: DC-AC Inverter; anti-windup; fuzzy PI control; spectral analysis; microgrids

1. Introduction

Power electronics play a fundamental role in efficient energy conversion and control in various
applications, ranging from consumer electronics applications to electric propulsion systems and
integrating renewable energy resources in microgrids [1-3]. For instance, electric mobility
applications demand the implementation of voltage inverter systems for the power supply and
control of AC motors for electric traction, such as those reported in [4,5]. Likewise, DC-AC inverters
assume a crucial role by allowing the conversion of direct current voltages into alternating current,
thus facilitating the integration of DC sources into conventional electrical grids or the power supply
of AC loads. Inverter systems are also used in applications of injection of renewable energy in DC
into the conventional grid in AC, such as the works reported in [6,7]. However, optimizing and
controlling inverters remains a substantial challenge, as it involves both ensuring the quality of the
output waveform and the energy efficiency of the conversion [8].

More broadly, a significant body of knowledge has been accumulated within the scope of
application of DC-AC inverters. Oh et al. [9] presented an innovative approach using an integrated
Z-source DC-AC inverter controlled by symmetrical and asymmetrical voltages, contributing to the
advancement of high-performance power converters. Research, such as that of Hsieh et al. [10], has
explored the design and implementation of a novel 7-level output voltage inverter, achieving a
notable decrease in harmonics upon conversion with an efficiency greater than 96%. Regarding the
use of DC-AC inverters in microgrid applications, Engelhardt et al. [6] carried out the optimized
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control of a DC microgrid with a busbar array for high-power electric vehicle charging keeping the
DC-AC conversion out of the control. Furthermore, Huynh et al. [11] explored the design and
implementation of modified three-level reverse-phase inverters for powering three-phase loads.
Villanueva et al. [12] investigated the reliability of transformerless DC/AC photovoltaic converters
based on the mission profile, contributing to the development of robust and efficient solutions.

In the context of the control algorithms of DC-AC voltage inverters and their applications,
control techniques based on fuzzy logic and its different variants have demonstrated their
effectiveness. Lim et al. [13] proposed a fuzzy PI controller for energy management and zero power
flow between the main and local grid in photovoltaic systems. Javadi et al. [14] introduced a fuzzy
logic-controlled intelligent transformer for current imbalance compensation in a power grid.
Furthermore, Srikanth et al. [7] presented a bidirectional operation of a dual-mode PV inverter for
seamless power transfer between DC and AC loads along with the grid interface. The research of
Rodriguez-Flores et al. [15] is cited for expanding the use of fuzzy logic in electrical applications, who
demonstrated the application of a proportional-integral controller and a proportional controller
based on Mandani fuzzy logic and connected in cascade to determine the reference generation power
and the reference phase shift of the generator in order to perform synchronization between the main
grid and a decentralized microgeneration system through a 140 [kVA] inverter.

This paper presents a comprehensive approach for designing a 10 [kW] transformer-isolated
DC-AC inverter controlled by a fuzzy PI controller with anti-windup mitigation techniques. The
proposed methodology fuses fuzzy control principles with anti-windup mitigation techniques [16—
18], intending to improve both the quality of the output waveform and the transient response of the
inverter. Throughout this study, the theoretical aspects, the design, and control implementation of
the inverter will be detailed, as well as the results obtained and their meaning in the context of
efficient and high-quality DC-AC energy conversion, contrasting the data obtained from open and
closed loop performance assessment. In particular, the effect of anti-windup in the controller on the
output AC signal's total harmonic distortion (THD) are discussed.

2. Materials and Methods

2.1. Nomenclature

C DC-DC booster capacitance [F]
C, Inverter filter capacitance [F]
COS Command of Switch [—]
D Switching duty cycle [—]
f DC-DC booster switching frequency [Hz]
fo Fundamental frequency for the spectral study [Hz]
fy Frequency under study [Hz]
i Indexer [—]
Ip Diode current [A]
I DC input current from the DC-DC booster or battery pack [A]
I Reverse leakage current [A]
I Average current (at zero frequency in the spectral study) [4]
L DC-DC booster inductance [H]
N Number of samples in the register [—]
Py, Inverter power [W]
P, DC-DC booster output power [W]
P, Input power of the DC-DC booster or supplied by battery pack [W]
pwm Pulse Width Modulation [—]

r Resistance seen from the AC side at the output of the invertir [Q]
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R Resistance seen from the DC side at the output of the booster [Q]
R.q  Equivalent resistance with parallel connection between Rg,1, Rswz and 7 [Q]
R, Resistance R seen from the DC side at the output of the invertir [Q]
Rgy1  Non-linear resistance at the inverter switch 1 [Q]
Rg,, Non-linear resistance at the inverter switch 2 [Q]
Rg,s; Non-linear resistance at the inverter switch 3 [Q]
Rgve Non-linear resistance at the inverter switch 4 [Q]
%  Percent ripple [%)]
SW, Booster switch
SW, Inverter switch 1
SW, Inverter switch 2
SW;  Inverter switch 3
SW, Inverter switch 4
T Period or inverse of DC-DC booster switching frequency [s]
T,  Temperature [°C]
Tr  Filtering time constant at the inverter output [s]
THD Total harmonic distortion [%]
T, Sample time [s]
%4 Average voltage (at zero frequency in the spectral study) [V]
V.  Voltage in the capacitor [V]
Vp Diode voltage [V]
Viny ~ Voltage in the invertir [V]
V,  Voltage in the inductor [V]
Vv, DC voltaje in the output of the booster [V]
V2  Quadratic value of the DC voltaje at the booster output [V?]
Vims RMS voltage [V]
V2, Quadratic value of the RMS voltage [V?]
DC voltage at the booster input or at the battery pack [V]
Vewo  Voltage in the booster switch [V]
Vew1  Voltage in the invertir switch 1 [V]
V]
V]

Vewa  Voltage in the invertir switch 4 [V]

[
Vewz  Voltage in the invertir switch 2 [
Vews  Voltage in the invertir switch 3 |
[

Vry  Voltage by termal effect [V]

Y; i-th sample in the register [—]
Al,  Absolute variation of DC-DC booster output current [A]
4V,  Absolute variation of DC-DC booster output voltage [A]

2.2. Parameterization of the DC-DC boost converter

The primary consideration to be considered for the design of this stage is the equivalent load the
DC-DC source has connected, considering that the active power after modulation is 10 [kW].
Equations (1) to (6) enable the determination of the minimum impedance value seen by the DC-DC
boost converter and its value reflected by inverter.

Equation (1) displays the output power of the inverter system as a reference for the
designed system.
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2
Piny = @ 1)
Equation (2) demonstrates the relationship between the power of the inverter system and the
output of the DC-DC converter.
Piny =Ry (2)
Starting from equation (2), equations (3) to (5) are obtained, with the latter equation relating the
load resistance of the inverter system to achieve the maximum design power with the minimum

resistance for the maximum power of the DC-DC converter.
Vins _ Vo'

el
2 2

Hence, it is determined that the resistance of the DC-DC converter should be twice the value
seen by the inverter system, as depicted in equation (5).
R =2r (5)
Considering the root mean square voltage of the inverter system as 120 [V] and its maximum
power of 10 [kW], the minimum resistance to achieve this power is obtained, thereby determining
the minimum resistance with which the DC-DC converter must be designed to deliver the maximum

power, as shown in equation (6).
Vs  120%V2
r=—=

P = Tomw = 1.440 = R = 2.88 (6)
Taking into account the fundamental equations regarding switching in the boost DC-DC
converter:
V1
V."1-D )
Given V, = 169.7056 [V] and V; = 48 [V] supplied by the battery pack, the following results

are obtained:
D =0.7171 (8)
Considering a switching frequency of 5 [kHz], a ripple factor of 0.1 [%], and with R = 2.88 [Q],
the value of C can be determined using equation (9).

AV, D
e mE O
Vo CRf
Therefore, the capacitance value can be observed in the equation (10).
C = 49798.611uF (10)

With the calculated values for capacitance and resistance, along with the switching frequency

and duty cycle, using equation (11), the minimum value of inductance is determined to satisfy a
desired DC voltage level at the output of the DC-DC converter.

D(1 - D)?R

Lz——m—

2f
Thus, the inductor value must exceed the calculated value in equation (12), to ensure continuous
current flow in the inductor.

(11)

L > 8.2643uH (12)

Considering the minimum inductance value ensures a minimum inductor current of zero
Amperes in steady-state, which does not guarantee continuous current. However, if the current
variation is equal to one-eighth of the average current, a value of inductance can be determined that
satisfies the source's performance with the criterion of continuous current in the inductor, as shown

in equation (13) to (16).

AL, Vp AL 1
DT L I, 8 13
Vil =Pl = v

lr =l =y

Vs

I P 1

I=I-D>l=L=2L.= (14)

D V; D
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8.-D2.T -V?
LA

7 (15)

L = 189.5666uH (1e)
2.3. Nonlinear and dynamic model of the DC-DC boost and AC inverter system

Figure 1 illustrates the basic topology for voltage boosting from 48 [V]DC to 169.7056 [V] DC,
which is used in the inverter stage to generate 120 [V] ACrms.

Figure 1. Simplified topology of the 48 [V] DC to 120 [V] RMS voltage boost and inverter system.

The load seen by the DC-DC source depends on the load of the inverter system, which can be
simplified as depicted in Figure 2.

Rswi Rsw2

Rswa
Rsws W

Figure 2. The output stage of the DC-DC source and the AC inverter system schematic for determining
the equivalent resistive load R.

The load seen by the DC-DC source will depend on the state of the switches. If it is assumed that
the operation of the switches is synchronized in pairs, and each pair has identical resistance values,
such that Rgy,1 = Rsw3 ¥ Rswz = Rswa, then, if there is an equivalent resistance R, given by (17) and
an instantaneous resistance seen at the output of the DC-DC converter, given by (18) and presented
in a simplified form in (19).

Req = Row1 | Rgyo I 7 (17)
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stl

NN (&

(18)
I / stZ \
| 1 r2. Req |
\ (rz - qu) ' [( SWl " stz /
R — T(Rsw1 + Rswz2) + 2Rgy1 Rsw
o 27 + Rypr + Rowa (19)

In equation (19), if Rsy1 ¥ Rsw2 values tend towards high impedance, then R, will also tend
towards high impedance. Conversely, if Rg,; y Rsy2 tend towards low impedance, R, will tend
towards low impedance, considered an undesired condition. Control actions are implemented to
prevent this. An impedance seen by the DC-DC source with a value of R, = r is achieved when the
values alternate between low and high impedance for Rg,1 y Rsy. In summary, R, takes the
following values based on the impedances of switches sw;, sw,, sw; y sw,, considering sw;=sw; y
Sw,=sw,, as observed in equation (20).

R
“(limR, > 1) & (lim(Rays > 00), im(Ryyz = 0)) V (im(Reyy = 0), lim(Ryy = ) (20)
- {lim(Ro Sw) o lim(Rgy1 = ), lim(Rg,; = )

The determination of switch impedance values is conditioned by comparison criteria. If we first
analyze sw,, we can determine its impedance behavior. Figure 3 illustrates how the duty cycle signal
is generated, and this signal controls sw, on DC-DC converter. Equation (21) represents the trend of
swy impedance when it receives the Command of Switching (COS).

Refl Command of
Switch SW, Duty cycle

t
Carrier

Signal f| f| f| f| —
t

Figure 3. Comparison criteria for generating the COS for sw,, which corresponds to the duty cycle.

v

t

R = {lim(sto - 0) © lim(C0S,,,, =1)
SWO ™ lim(Rgyo = ) © 1lim(COSs, = 0)
If, in the second place, the remaining switches, sw;, sw,, sw; and sw,, are analyzed, their
impedance behavior is determined. Figure 4 illustrates how the control signals for both sinusoidal
modulation and the operation of the inverter bridge are generated, with these signals commanding
switches, sswy, sw,, swz and sw,. Equation (22) depicts the impedance trend of the switches when
they receive the switching command, considering that sw;=sw; and sw,=sw,.

R = {lirn(Rs‘,V1 - 0) © lim(C0S,,,, = 1)

SWLT lim(Rgy, — ) © 1lim(COS,; = 0)

R = {lim(stz - 0) © lim(CO0S,,,, =1)

SWZ 7 | 1lim(Rgyy = ) < 1lim(COS,, = 0)
For this purpose, the impedances of the switches or transistors have values of expression (23):
. {0.1u!2 & 1lim(COSyy,; = 1) 23

W= 110MQ © 1lim(COSy,,; = 0)

21

(22)
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SW; , SW;
> AND p——

Command for
Izl—' H-bridge

inversion

SW, , SW,
AND |

NOT Cornmar.\d for
> sinusoidal
PWM

v

Figure 4. Generation of pulse width modulation commands and the inverter system.

The instantaneous considerations of the model are ultimately formulated with the Schockley
equation for the diode, as shown in the equation (24).

Yp
Iy = I - (eVT - 1) (24)
The following values are used as parameters for the diode in equation (24).
Vr = 36.6359 mV
Iss = 197.0961nA (25)
Tee = 151.9764 °C
The system's dynamics are characterized by two fundamental dynamic elements: one that stores
energy in a magnetic field, and the other that stores energy in an electric field, namely, the inductor
and the capacitor. The dynamics of the inductor are described by equation (26) while those of the
capacitor are represented by equation (27).

dl, 1
— =V .= 26
T (26)
dv, 1
—=1..-= 27
dt le C 27)

Considering that the voltage across the inductor is given by equation (28) and the current
through the capacitor by equation (29), the nonlinear model that replicates the dynamic behavior of
the DC-DC boost converter with a final inverter stage and sinusoidal PWM modulation is depicted
in Figure 5.

v, = Vf — Vswo (28)

V
Ie=1Ip— R. (29)
[
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§+ 1 1 1 Ve Vswo—Ve V"Wl)
]/}-—E—FO—LP - P - SWo Is_x; (9 v - 1) - IL =
: L s Rewo
Vewo
+ Vi
)—h x el H
— [ 1 Ve Rog -7+ (Rewa — Rewo) Viny
Vr b + s v, Rgw1 - Rowz - (Reg +7) i
v
1
Ro ) :
Non-linear model of :
the invertir system

Figure 5. Simplified nonlinear diagram of the dynamics of the boost and inverter system.

Figure 6 illustrates a coupling of the load with a transformer and capacitive filtering, which effect
is modeled as shown in Figure 7. This coupling, beyond providing galvanic isolation, helps improve
the harmonic distortion factor seen by the load.

Figure 6. Simplified topology of the 48 [V] DC to 120 [V]rms boost and inverter system with
coupling transformer and filtering.

Non-linear model of

the invertir system

: Vinw 1 Vinw f
R : TfS +1

Figure 7. Simplified nonlinear diagram of the dynamics of the boost and inverter system with the

coupling transformer and filtering.

2.4. Assessment of open-loop performance

The assessment of the open-loop performance of the source is based on the behavior of ripple in
steady-state conditions at both the 5 [kHz] switching design frequency and the 120 [Hz] inverter
system frequency, as well as the 60 [Hz] synthesized sinusoidal signal frequency. The study relies
on the spectral behavior of the resulting signals at the frequencies of interest and the mathematical
framework that enables this assessment.
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At the frequency of interest f,, the ripple equation allows for quantifying its value. Considering
that the frequency at which ripple occurs has two causes—one related to switching and the other
associated with load variation subjected to sinusoidal modulation—the design criterion is evaluated
at the switching frequency, and the overall performance criterion is assessed at twice the frequency
of the synthesized sinusoidal signal. Equation (30) presents a mathematical expression developed to
assess ripple with dependence on the frequency of interest in the study.

N —j2mfy (i-1)T.
AN |2, Y- eN] fy (D] % 100
N-1 Y; (30)

i=1

™% =

The equation developed to assess the THD aims to provide the flexibility to assign the sinusoidal
frequency, with f, set at 60 [Hz] for this study, as it corresponds to the frequency of the local
electrical grid. However, the signal sample must be selected when the system is in a steady-state
condition to ensure that the study is not affected by transients. The equation developed for this
purpose is shown in (31).

N 2y l N )2
THD = 21\(,Zl=1Y;v) N(Z:lYl_) — -1 (31)
W=z Bt Ve e /2 (T

The study of open-loop behavior is conducted considering a time response within an interval of
2.4 [s], during which the transient is reduced and the steady state of operation is reached. For the
steady-state study, the time beyond 1 second after startup is considered.

Figures 8(a) and 8(b) allow to observe the voltage and current transients of the source during
startup. The voltage measured at the capacitor of the boost source in steady-state is 169.70 [V], with
208.33 [A], which is the current measured in the loop that includes the inductor for a nominal load.
It is possible to observe that during the transient, the voltage reaches a peak that exceeds twice the
steady-state voltage, while in terms of current, the peak or overshoot exceeds more than 12 times its

value compared to the steady-state current.

350 T T T T 3000

300 2500

250 2000

% 200 E- 1500
g N §
© 150 ]

S 3 1000

100 500

WA AAA
\'A'A 4
50 oll
0 -500

0 0.5 1 5 2 25 0 0.5 1 1.5 2 25

Time [s]

(a) (b)

Figure 8. (a) Output voltage of the 48 [V] to 169.70 [V] DC-DC source. (b) Current measured in the
inductor of the DC-DC source.

1.
Time [s]

A spectral study allows to determine the value of the magnitude at zero frequency of the
capacitor voltage and inductor current belonging to the output boost stage was carried out. Figures
9(a) and 9(b) shown such a voltage and current signals presented in [dB], when these are normalized
with respect to a unit value (taking their mean value as a reference), providing information about the
behavior of the signals at frequencies of interest in the study.

In this cases, both for voltage and current, frequencies of 120 [Hz] and 5000 [Hz] become
evident. The former is the frequency of the inverter system for generating the 60 [Hz] PWM
sinusoidal signal, and the latter is the chosen switching and elevation system frequency and PWM
modulation frequency. Equations (30) and (31) allow for assessing performance indicators under
statistical considerations, both for the boost output voltage and the inductor current. Table 1 presents
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average and ripple values obtained through spectral analysis, highlighting that the study at a
frequency of 5000 [Hz] satisfies design conditions for both voltage and current. The 120 [Hz]
frequency appears as a condition due to load variation resulting from sinusoidal PWM switching,
and that is why operational ripples are observed for both voltage and current.

dB

- . . -140
6000 -4000 -2000 O 2000 4000 6000 46000 -4000 -2000 O 2000 4000 6000

Frequency [Hz] Fequency [Hz]

(a) (b)

Figure 9. Spectrum in [dB] normalized concerning to magnitude at frequency 0 Hz of the: a) output
voltage of the 48 [V] to 169.70 [V] DC-DC source, and b) the output inductor current.

Table 1. Percentage Ripple of Output Voltage and Inductor Current at Boost.

fo =120 fo =5000
Parameter Mean Value % Rizo % Rizo
Output Voltage 169.66 V 1.59 0.12
Inductor Current 265.13 A 2.02 10.62

Similarly, the assessment of the inverter system at the output of PWM modulation, considering
a 5000 [Hz] carrier and a 60 [Hz] modulator at full load, is carried out using spectral analysis.
Figure 10(a) displays the spectral analysis of the voltage signal at the inverter output in [dB], which
is normalized based on the spectral voltage value corresponding to 60 [Hz]. The way to improve the
harmonic distortion factor, especially when galvanic isolation is introduced, is by incorporating a
transformer with an added capacitive filter. Again, the assessment of the inverter system at the output
of the filtering using spectral analysis in [dB] is presented in Figure 10(b), highlighting voltage
amplitude components around 5000 [Hz] and 60 [Hz], but normalized based on the spectral voltage
value corresponding to 60 [Hz]. Table 2 provides the harmonic distortion factor and the rms value
of the sinusoidal voltage at the output of the inverter and after filtering.

20

dB

. . . . . 160 . . ) . .
-6000 -4000 -2000 0 2000 4000 6000 -6000 -4000 -2000 0 2000 4000 6000

Frequency [Hz] Frequency [HZ]

(@) (b)

Figure 10. Spectrum in [dB], normalized with respect to the magnitude at the 60 [Hz] frequency of
the: a) output voltage in the DC-AC inverter stage, and b) voltage at the output of the filtering

transformer.
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Table 2. THD and Vrms of the sinusoidal PWM signal.

Parameter THD Vims
Output Voltage Inverter 0.5197 135.64
Output Voltage Transformer 0.0322 118.57

2.5. Assessment of closed-loop performance

2.5.1. Design of the fuzzy controller

In order to design the fuzzy controller, we obtain a simplified model of the response of the
switched boost source. It does not have to reflect the dynamic behavior precisely; it only needs to
provide a satisfactory response in terms of timing. Equation (32) fulfills these requirements.

G(s) = (32)

(T -s+1)(T,-s+1)

Considering open-loop performance, adjustments were made to the parameters in equation (32)
using the gradient descent method. Figures 11(a) and 11(b) show the evolution of the K, T1 and T2
parameters of the simplified dynamic model when descending the gradient of the cost function in
Figure 11(c). Finally, the time responses of the simulated and modeled dynamics of Boost stage are
presented in Figure 11(d), named as Data 1 and Data 2, respectively.

(a) 1725 : T T : : : v (b) 6
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Figure 11. a) and b) show the evolution of the fitted parameters of the simplified model. c) presents
the cost function descending gradient of the optimization process, and d), denotes the time response
of the output voltage of the boost converter, where Data 1 represents the simulated dynamics, and
Data 2 represents the best fitted second-order system.

Once a simplified model is obtained a PI (Proportional-Integral) control action is implemented
which will be a reference model in the fuzzy controller training process. To do this, consider the
response of the model system, shown in blue in Figure 11(d), and specific desired response to verify
that a classic PI controller can approximate this response when operating on the given model system,
as shown in Figure 12(a). Figure 12(b) represents the optimized cost function given by equation (33).
Figures 12(c) and (d) show the evolution of the proportional gain and integral time parameters.
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Figure 12. a) Adjustment of the response of the approximate system with a PI controller, b) optimized
cost function, c) evolution of the proportional gain, and d) evolution of the integral time.

With the reference for training weights or singletons of the fuzzy control system, the training
scenario is implemented as shown in Figure 13. This model considers the switched process relevant
aspects that allow voltage boosting before moving on to the inverter process. The control loop is
closed, considering that the duty cycle of the elevator switching is determined by the control output
of the fuzzy PI, whose value must always be between 0 and 1. For this reason, it not only needs to be
bounded but also needs to have an impact on the integration process to avoid the wind-up effect.
Therefore, the system is configured as a fuzzy PI with an anti-windup effect.
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Figure 13. a) Control scheme of the fuzzy PI controller with anti-windup effect for voltage regulation
of the 120 [V] rms inverter system from a 48 [V] DC battery pack.

Fuzzy PI control is based in 25 rules, which are described as singletons. At first, the singleton
weights are set randomly, as shown in Figure 14(a), while Figure 14(b) depicts the surface of the fuzzy
PI control output once the singletons are adjusted. Figure 14(c) displays the evolution of the cost
function between the system signal with the fuzzy PI controller and the established pattern signal as
a viable training criteria. Finally, Figure 14(d) illustrates the 25 singletons, which are gradually
adjusted according to the cost function minimization.
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Figure 14. a) Control output prediction surface defined by randomly adjusted singletons. b) Control
output prediction surface after adjusting the weights of the singletons. ¢) Cost function evolution of
training. d) Evolution of the 25 singletons in the fuzzy PI control system training.

Table 3 presents the structure of each of the triangular membership functions that are part of the
universes of discourse for both the integral effect and the proportional effect, which are depicted in
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Figures 15(a) and 15(b), respectively. Figure 15(c) shows the structure of the inference system with its
25 rules that allow obtaining the univalued control output. Finally, Table 4 presents each of the
antecedents and consequents associated with each rule, highlighting the value or weight of the
singletons with their saturation effect between 0 and 1.

Table 3. Abcissae values of the Delta membership functions of the controller universes of discourse.

Numeration and Membership functions for the =~ Membership functions for the

order integral effect proportional effect
1 -0.5 -0.25 0 -2.25 -1.5 -0.75
2 -0.25 0 0.25 -1.5 -0.75 0
3 0 0.25 0.5 -0.75 0 0.75
4 0.25 0.5 0.75 0 0.75 1.5
5 0.5 0.75 1 0.75 1.5 2.25
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Figure 15. a) Universe of discourse for the integral effect and its membership functions. b) Universe
of discourse for the proportional effect and its membership functions. c) Sugeno-type inference
system structure for the implementation of fuzzy PI control.

Table 4. Structure of the Inference Rules for the Fuzzy PI Control System.

Integral Fuzzv Logic Proportional Singleton
Rule Membership y 8 Membership Implication . Rule weight
. Operation . Denomination Value

Function Function
1 "==I1 & pP==P1 => D=Dl1 0.008823 n"
2 "I==I11 & P==P2 => D=D2 0.004411 -
3 "I==11 & P==P3 => D=D3 0 "
4 "I==I11 & P==P4 => D=D4 0 "
5 "==I1 & P—P5 = D=D5 0 (1"
6 "I==12 & P==P1 => D=D6 0 (n"
7 "=—I2 & P==P2 = D=D7 0 (1"
8 "I==12 & P==P3 => D=D8 0 n"
9 "I==12 & P==P4 => D=D9 0.024193 (n"
10 "[==I2 & pP==P5 => D=D10 0.048387 (n"


https://doi.org/10.20944/preprints202311.1979.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2023 doi:10.20944/preprints202311.1979.v1

15
11 "==I3 & ==P] = D=DI1 0.4068 (1"
12 "[==I3 & —P2 = D=DI2 0.4534 (1"
13 "[==I3 & P==P3 = D=DI3 0.499999 (1)"
14 "==13 & P==P4 — D=D14 0.546599 (1)"
15 "[==I3 & P==P5 => D=DI5 0.593199 (1)"
16 "[==I4 & P==PI — D=D16 0.951612 (1)"
17 "[==I4 & P==P2 = D=D17 0.975806 (1)"
18 "[==14 & P==P3 = D=DI8 1 (1)"
19 "[==14 & P==P4 = D=D19 1 (1"
20 "[==14 & P==P5 = D=D20 1 (1"
21 "==I5 & P==P| = D=D21 1 (1"
22 "==I5 & P==P2 = D=D22 1 (1"
23 "[==I5 & P==P3 = D=D23 0.999999 (1)"
24 "==I5 & P==P4 = D=D24 0.995588 (1)"
25 "[==15 & P==P5 — D=D25 0.991176 (1)"

2.5.2. Study of stability based on the limit cycle of the deviation trend

The stability evaluation of a switched system cannot be performed using classical stability
techniques such as the Routh-Hurwitz criterion or Lyapunov criteria [16]. The definition of stability
itself is satisfied by verifying that, when an input as a limited interval, the resulting output value is
also located in a limited interval. However, confirming this stability criterion in control is only
possible by conducting a study based on the limit cycle of the deviation trend.

The study of the limit cycle of the deviation trend is a statistical analysis based on smoothing
techniques similar to those implemented by Savitzky-Golay, which allows for the evaluation of the
behavior of the deviation. In a switched source, the deviation oscillates around an operating point
[18]. To apply the suggested method, which consists on the limit cycle of the deviation trend, the first
step is to determine the deviation trend based on Equation (34):

., m—1
i+ 7

2
Jay = mmK E ((A “toy+ Bt +C -ty +D)— 5(i)) / (34)
. m—1
i

z
The cost function J;), given by equation (34), allows us to find the optimal cubic fit around i,

which serves as a temporal index and accounts for deviation throughout an odd number of samples
m. This affirmation leads to the prediction and smoothing function presented in equation (35). With
equation (35), it can be determined the deviation trend while mitigating the inherent effects of
switching in the source.

Sy =A-tl+B-t& +C -t (35)

Once the deviation trend is obtained, the study of the limit cycle will operate on this signal,
therefore, it is necessary to determine its first derivative. Finally, as part of the field lines determining
the direction of the limit cycle establishment, the second derivative of deviation must be obtained.
Equations (36) and (37) show the numerical procedure for determining the first and second
derivatives using a 5-term polynomial approximation.

fols TOTEOTN g momo
t-0=%0) 5 6 24 s 72 6 24

i 5 s ATZ2 —8T3 16T* a7 4T2 —8T3 16T

ddyy | |PE2 70 T 6 24 | | s 2 6 24

1 PO - 1 N 1 PR R S
) =20 5 6 24 s 2 6 24
5 s 4T 8T¢ 16T - 4T2  8T3 16T
+2) 7@ 6 24 s 2 6 24


https://doi.org/10.20944/preprints202311.1979.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2023 doi:10.20944/preprints202311.1979.v1

16

-1

- s CTT p T

T Sen=bo < [\ (| 2 e m
A o § s BT 16T Ly MTE —8TF 16T
d*6a) _ s 02T T Taa | | S 2 6 24

d? . T3 TR T2 T3 T} (37)

I dwn—b%w & 52 L > %

. . 873 16T¢ 4T?  8T3  16T#

2Ts dun =0w g 24 2 6 24

In Figure 16, the deviation of the fuzzy control action is shown in red, and the deviation trend is
shown in blue. With the smoothing achieved through filtering, the inherent tendency of the switched
system to oscillate around the setpoint is suppressed, as at least third-order differentiability is
achieved to apply the limit cycle stability criterion, which requires second-order differentiability of
the studied signal.

0 0.5 1 1.5 2 25
Time [s]

Figure 16. Red path: deviation of the fuzzy control system, Blue path: deviation trend.

The study of the limit cycle is achieved by plotting the results obtained with equations (35) and
(36), i.e., by plotting the variation or rate of change over time of the deviation trend versus the
deviation trend, as shown in Figure 17(a). In order to confirm the trend towards the establishment,
the direction of the field lines is determined by considering the derivative of the rate of change of the
deviation trend concerning the deviation trend, which is accomplished by implementing the ratio of
equations (36) and (37), with the convergence direction being clockwise, seeking the (0,0) point on
the limit cycle graph, as observed in Figure 17(b).
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Figure 17. a) Limit cycle of the fuzzy control deviation trend, b) beginning of the limit cycle of the
fuzzy control deviation trend, with field lines indicating a clockwise direction for convergence to the
stable point of zero deviation and zero deviation gradient change.
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2.5.3. Closed-loop behavior under nominal load

The study of closed-loop behavior is conducted by considering a time response within an
interval of 2.4 [s], during which the transient response fades away and steady-state operation is
achieved. The steady-state study begins 1.5 [s] after startup.

Figures 18(a) and 18(b) show the voltage and current transient response in the source during
startup. The voltage measured at the elevation source capacitor in the steady state is 169.64 [V]. In
contrast, the average current in the inductor measures 265.15 [A], considering the inductor's loop,
for a nominal load. It can be observed that during the transient, the voltage does not exhibit
significant overshoot, and its increase is relatively gradual. On the other hand, the current has a peak
that exceeds slightly more than three times its steady-state value.

180 T T T T 1000

o
S

800

N
)

N
o

600

o
S

Voltage [V]
e ]
o

Current [A]

400

@
=]

o
o

n
=]

o

0 05 1 1.5 2 25 0 05 T 5 2 25
Time [s] Time [s]

(@) (b)

Figure 18. Closed-loop behavior: a) Output voltage of the DC-DC source from 48 [V] to 169.70 [V].
b) Current measured in the inductor of the DC-DC source.

A spectral magnitude study allows the observation of magnitude at zero frequency, where the
signal under investigation should remain constant, and amplitudes of the signal at any other
frequency may be attenuated. This scenario is observed in Figure 19(a) and 19(b), corresponding to
the spectrum of the normalized signal, presented in [dB], providing an insight into the behavior of
the signals at frequencies of interest in the study. It is worth to note that such figures depict the
operating conditions of the Boost stage power source in which the voltage and current signals are
affected.

dB

-180 : : : 140
-6000 -4000 -2000 0 2000 4000 6000 -6000 -4000 -2000 0 2000 4000 6000
Frequency [Hz] Frequency [Hz]
(a) (b)

Figure 19. Spectrums in [dB], normalized concerning the magnitude at frequency 0, of the closed-
loop DC-DC converter from 48 [V] to 169.70 [V] of the: a) voltage at the output capacitor and b)
current in the closed-loop inductor.

In both cases, frequencies of 120 and 5000 [Hz] are prominent for voltage and current. The
former is the frequency of the inverter system for generating the PWM sinusoidal signal at 60 [Hz].
At the same time, the latter is the chosen switching and PWM modulation frequency for the switching
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and boost system. Equations (30) and (31) allow for evaluating performance indicators under
statistical considerations, both for the output voltage of the boost stage and the inductor current.

Table 5 depicts average and ripple values for output voltage and inductor current obtained
through spectral considerations. Notably, for both voltage and current, the study at a frequency of
5000 [Hz] satisfies design conditions. However, at the frequency of 120 [Hz], there is a condition
due to load variation resulting from sinusoidal PWM switching; this is why there are operational
ripples for both voltage and current, which differ slightly from open-loop operation due to a slight
increase in current ripple at 120 [Hz].

Table 5. Percentage ripple of output voltage and inductor current at boost in closed-loop operation.

f, = 120 f, = 5000
Parameter Mean value 9% Rizo 9% Rizo
Output Voltage 169.64 V 1.59 0.12
Inductor Current 265.15 A 2.38 10.62

The assessment of the inverter system at the output of the PWM modulation, considering a
carrier frequency of 5000 [Hz] and a modulating frequency of 60 [Hz], when DC-DC power supply
is in closed-loop PI fuzzy control, is carried out using spectral studies. Figure 20(a) illustrates the
spectral analysis in [dB] of the output voltage signal normalized based on the spectral value of
voltage corresponding to 60 [Hz]. Table 6 presents the value of the harmonic distortion factor and
the RMS value of the sinusoidal PWM modulated voltage when the fuzzy PI controller regulates the
DC-DC source.

20 T T T T T 20

. 160 . . . . . . .
-6000 -4000 -2000 0 2000 4000 6000 -6000 -4000 -2000 0 2000 4000 6000
Frequency [Hz] Frequency [Hz]

(a) (b)

Figure 20. Spectrum in [dB], normalized with respect to the magnitude at the 60 [Hz] frequency,
with the source in closed-loop control using the fuzzy PI controller and in the presence of load
variation of the: a) output voltage in the DC-AC inverter stage, and b) voltage at the output of the
filtering transformer.

Table 6. THD and Vrms of the sinusoidal PWM signal with the source in closed-loop control using
the fuzzy PI controller.

Parameter THD Vs
Output Voltage Inverter 0.5197 135.64
Output Voltage Transformer 0.0632 119.82

In the same way, a transformer with a capacitive filter is introduced to improve the harmonic
distortion factor, especially with the incorporation of galvanic isolation. The evaluation of the inverter
system at the output of the transformer with capacitive coupling is performed using spectral studies.
Figure 20(b) depicts the spectral analysis in [dB] of the signal normalized based on the spectral value
of voltage corresponding to 60 [Hz] of the voltage signal at the output of the inverter, highlighting
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voltage amplitude components around 5000 [Hz] and 60 [Hz] when the source is regulated in a
closed loop using the fuzzy PI controller.

Table 6 presents the harmonic distortion factor of 0.0632 and the RMS value of the sinusoidal
voltage of 119.82V resulting from filtering following expected standard values for this inverter
system.

2.5.4. Closed-loop behavior under load variation

Considering that this study corresponds to the dynamics of a rigid system, computational
demands are much more stringent. Therefore, the study is critically conducted over 20 [s], with load
variation occurring over 10 [s]. The test performed corresponds to a load step starting from the
maximum load. Considering that the maximum load occurs at the lowest ohmic value of 1.44 [Q],
this value will be increased by 1.296 [Q)] until it reaches 27.36 [Q], as depicted in Figure 21(a).

Figure 21(b) displays the deviation per unit (p.u.). After reaching 2 [s], the voltage has
stabilized, as seen in Figure 22(a), with slight fluctuations in the deviation occurring after the load
step, but these variations are imperceptible around the 9 [s] mark.

Figure 21(c) shows that the highest control action is when the ohmic value is at its maximum,
meaning when the load is minimal. Figure 22(b) illustrates the sensitivity to load variation exhibited
by the current variable, i.e., the control action is most pronounced when the load is minimal.
However, by design, the current can regulate the system in response to load variation, which is why
the regulation acts with minimal control action Figure 22(a) shows the sensitivity to load variation
exhibited by the voltage variable of the boost stage capacitor. However, it is significantly lower
compared to the sensitivity exhibited by the inductor current.
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Figure 21. a) Load variation in [©]. b) Deviation of the fuzzy PI control system in per unit (p.u.). c)
Output of the fuzzy PI controller. In all cases, data 1 represents the signal at each instant, and data 2
represents the filtered signal or its trend.
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Figure 22. a) Output voltage of the DC-DC converter from 48 [V] to 169.70 [V] in response to load
variation. b) Current measured in the inductor of the DC-DC converter in response to load variation.
In all cases, data 1 represents the signal at each instant, and data 2 represents the filtered signal or its
trend.

As performed previously, a spectral magnitude study is presented in Figure 23(a) and Figure
23(b), corresponding to the voltage across the output capacitor and current through the inductor of
the boost stage, respectively. The signals are normalized by dividing them by their mean values and
expressed in [dB]. This way allows components at frequencies of interest emerge for. In both cases,
for both voltage and current, frequencies of 120 [Hz] and 5000 [Hz] are prominent (red boxes). The
former is due to the frequency of the inverter system for generating the PWM sinusoidal signal at
60 [Hz]. At the same time, the latter is the chosen switching and PWM modulation frequency for the
switching, boosting, and PWM modulation system. However, a component associated with the
stepped load change at 15.87 [Hz] emerges, which affects the inductor current spectrum. Equations
(30) and (31) allow for evaluating performance indicators under statistical considerations, both for
the output voltage of the boost stage and the inductor current.

Table 7 summarizes average and ripple values obtained through spectral considerations. It is
worth noting that, for voltage, the study at the 5000 [Hz] frequency satisfies design conditions.
However, for current, the ripple increases by 76.88 [%]. In both cases, for both voltage and current,
the component at the 120 [Hz] frequency corresponds to the load variation resulting from sinusoidal
PWM switching, which is why operational ripples are present for both voltage and current. However,
the normalized current spectrum shows a component at 15.87 [Hz].
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Figure 23. Spectrum in [dB], normalized with respect to the magnitude at frequency 0, of the DC-

DC converter from 48 [V] to 169.70 [V] in response to load variation for: a) output voltage and b)
inductor current.
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Table 7. Percentage ripple of output voltage and inductor current at boost in closed-loop operation
as response to load variations.

f, = 15.8791 f,=120 f, = 5000

Parameter Mean value % Rizo % Rizo % Rizo
Output Voltage 169.70 V - 0.92 0.06
Inductor Current 154.41 A 26.83 2.31 17.86

Similarly, the assessment of the inverter system in response to load variation at the transformer's
output with capacitive coupling is conducted using spectral studies. Figure 24 displays the spectral
analysis in [dB] of the signal normalized based on the spectral value of voltage corresponding to
60 [Hz] of the voltage signal at the output of the inverter, where voltage amplitude components
around 5000 [Hz] and 60 [Hz] are highlighted. Table 8 presents the harmonic distortion factor and
the RMS value of the sinusoidal voltage resulting from filtering at the inverter output when a load
variation is introduced.

-6000 -4000 -2000 0 2000 4000 6000
Frequency [Hz]

Figure 24. Spectrum in [dB], normalized with respect to the magnitude at the 60 [Hz] frequency, of
the voltage at the output of the filtering transformer in response to load variation.

Table 8. THD and Vrms of the signal at the output of the transformer in response to load variation.

THD Vims

0.0659 119.89

2.5.5. Closed-loop behavior under voltage variation in the battery system

Like the previous section, this study aligns with the dynamics of a rigid system with significantly
stricter computational demands. Consequently, the study is critically conducted over a
20 [s] interval, with a 10 [s] variation in the source voltage. The conducted test corresponds to a
voltage drop from its nominal value of 48 [V], which is decreased until it reaches 24 [V], as depicted
in Figure 25(a). This value was selected as it represents the maximum allowable 50 [%)] discharge
condition for a lead-acid battery.
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Figure 25. a) Source voltage variation. b) Deviation of the fuzzy PI control system in per unit (p.u.). c)
Output of the fuzzy PI controller. In all cases, data 1 represents the signal at each instant, and data 2
represents the filtered signal or its trend.

Furthermore, Figure 25(b) displays the deviation per unit (p.u.). After reaching 2 [s], the voltage
has stabilized, as observed in Figure 25(a), with slight fluctuations in the deviation occurring after
the source voltage variation. Figure 25(c) shows the highest control action when the source voltage
value is at its minimum.

Consequently, Figure 26(a) shows how the control action makes the voltage variable seen at the
capacitor of the voltage boost source almost insensitive. However, Figure 26(b) illustrates the
sensitivity to source voltage variation showed by the current variable.
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Figure 26. a) Output voltage of the DC-DC converter from 48 [V] to 169.70 [V] in response to source
voltage variation. b) Current measured in the inductor of the DC-DC converter in response to source
voltage variation. In all cases, data 1 represents the signal at each instant, and data 2 represents the
filtered signal or its trend.
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As previously mentioned, a spectral magnitude study only allows to observe the zero-frequency
component, representing the average values of both voltage and current, belonging to the boost stage.
However, once the signals are normalized by dividing them by their mean values and their values in
[dB] are obtained, components at frequencies of interest emerge, as observed in the normalized
voltage spectrum in [dB] for voltage (Figure 27(a)) or current (Figure 27(b)). In both cases, for both
voltage and current, frequencies of 120 [Hz] and 5000 [Hz] are prominent. The former is due to the
frequency of the inverter system for generating the PWM sinusoidal signal at 60 [Hz]. At the same
time, the latter is the chosen switching and PWM modulation frequency for the switching, boosting,
and PWM modulation system. However, in Figure 27(b), a component associated with source voltage
variation at 15.77 [Hz] emerges, which affects the inductor current spectrum.
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Figure 27. a) Spectrum in [dB], normalized concerning the magnitude at frequency 0, of the DC-DC
converter from 48 [V] to 169.70 [V] in response to source voltage variation for the: a) output voltage
and b) inductor current at boost stage.

Again, Equations (30) and (31) allow evaluating the performance indicators under statistical
considerations, both for the output voltage of the boost stage and the inductor current. Table 9 depicts
average and ripple values obtained through spectral considerations, highlighting that the study at
the 5000 [Hz] frequency satisfies design conditions for both voltage and current. In both cases, for
both voltage and current, the component at the 120 [Hz] frequency corresponds to load variation
resulting from sinusoidal PWM switching, which is why operational ripples are present for both
voltage and current.

Table 9. Percentage ripple of output voltage and inductor current at boost in closed-loop operation
as response to voltage source variations.

f, =15.7777 f,=120 f, = 5000

Parameter Mean value . . .
% Rizo % Rizo % Rizo
Output Voltage 169.70 V -— 1.5925 0.1194
Inductor Current 15441 A 0.68 1.83 7.93

The assessment of the inverter system, at the output of the PWM modulation, considering a
carrier frequency of 5000 [Hz] and a modulating frequency of 60 [Hz], in response to source voltage
variation, is conducted using spectral studies. Figure 28 displays the spectral analysis in [dB], with
the signal normalized based on the spectral value of voltage corresponding to 60 [Hz], of the voltage
signal at the output of the inverter when closed-loop regulation is active. It highlights voltage
amplitude components around 5000 [Hz] and 60 [Hz]. Table 10 details the harmonic distortion
factor and the RMS value of the sinusoidal PWM-modulated voltage when the source is regulated by
the fuzzy PI controller in the presence of source voltage variation.
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Figure 28. Spectrum in [dB], normalized concerning the magnitude at the 60 [Hz] frequency of the
voltage at the DC-AC inverter stage, when the source in closed-loop using the fuzzy PI controller and
in the presence of source voltage variation.

Table 10. THD and Vrms of the sinusoidal PWM signal with source in closed loop using fuzzy PI
controller under source voltage variation.

THD Vims
0.0639 119.87

3. Discussion

Considering the final effect at the design and performance levels of the boost and inverter
system, from 48 [V] DC to 120 [V] RMS, it can be observed that, when comparing Tables I, VI, VIII,
and XIII, the harmonic distortion factor is affected by the regulation process, averaging 0.0643.
However, the harmonic distortion factor is 0.0322 without regulation at full load.

By developing a comparison among Figures 8, 19, 23, and 27, it can be concluded that there is a
significant reduction in electrical stress on components and an increase in electrical safety for loads
connected to the power system, which is due to a decrease in transient voltage and current spikes,
though settling time is increased for the nominal voltage and current values of the 48 [V] DC
to 120 [V] RMS conversion system.

Beyond comparing transient responses, where extreme values must be considered for both
voltage and current of the power source, the normalized spectral study has significantly contributed
to evaluating statistical behaviors. These could represent a judgment criterion in the performance
evaluation process.

If the behavior of the voltage variation or ripple is evaluated, at the DC level, it can be concluded
that at the frequency of 120 [Hz] itis around 1.59% and at 5000 [Hz] is 0.12%. On the other hand,
when a test is carried out with load variation, the voltage ripple at 120 [Hz] is around 0.92% and at
5000 [Hz] is 0.06%. The inverter system presents more sensitivity in the current, that is, in open loop
at nominal load the current ripple at 120 [Hz] is 2.02% and at 5000 [Hz] is 10.62%. However,
when the inverter system operates in closed loop, the current ripple at 120 [Hz] is 2.38% and at
5000 [Hz] is 10.62%. Besides, when the inverter system operates in closed loop, but with load
variation, the current ripple at 120 [Hz] is 26.83% and at 5000 [Hz] is 17.86%. This is a great
variation compared to the previous cases and even more so if the case of closed loop regulation is
considered with varying the source voltage of the battery pack. In this last case, the current ripple at
120 [Hz] is 0.68% and at 5000 [Hz] is 7.93%.

The simulated study, carried out with a rigid model, allowed the evaluation of details and the
application of offline training criteria associated with the fuzzy control system, particularly the fuzzy
PI control system with anti-windup. Otherwise, online training could have been risky for both
experimenters and the integrity of the power electronics system and its associated components.
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Figures 22(b) and 26(b), representing the deviation of control action per unit (p.u.) in response
to variations, either in load or source voltage, respectively, demonstrate an improved capability of
the fuzzy PI controller with anti-windup to compensate for variations caused by source voltage
disturbances than for load variations. However, both situations will occur, and not necessarily
separately, as it is an inherent operating condition for the considered light electric vehicle power
supply system.

4. Conclusions

In this paper, the mathematical modeling of the power electronics of the inverter system and its
switched and non-linear operation was carried out, allowing the develop of a detailed simulation
that shows the possibility of evaluating aspects associated with the proposed fuzzy PI control and its
optimal operation.

The quantitative evaluation related to the converter's performance was carried out through the
discrete treatment of the voltage and current samples using spectral techniques as well as filtering
considerations and evaluation of limit cycle for the determination of the system's stability with the
proposed control strategy. The THD at the output of the filter (transformer and capacitor) was around
0.0322% and 0.0632% at nominal load in open loop and closed loop, respectively.

The behavior of the system power source is stable enough to operate the connected system (no
need for control). However, the difficulty of guaranteeing nominal voltage at the output of the
equipment rises when the inversion system is without load or with a load close to the nominal value,
events for which the fuzzy PI control is capable of reacting to maintain the system's stability.

The study yields conclusions highlighting the parameterization of the dynamic components of
the system because the load variation around the nominal value does not cause significant control
action. However, significant variations in the ripple occur at the level of the DC rise voltage prior to
the inverter process, highlighting (in the spectral studies) two ripple frequencies, one at the switching
frequency in the voltage rise process and another at the double the frequency of the inversion system.
In open loop and nominal load, the current ripple at 120 [Hz] is 2.02% and at 5000 [Hz] is 10.62%.
However, when the inverter system operates in closed loop, the current ripple at 120 [Hz] is 2.38%
and at 5000 [Hz] is 10.62%.

The design of an optimized fuzzy PI control with anti-windup action was possible by replicating
a known behavior and incorporating the variants do not present in a linear regulator (in this case, a
classic PI). The development of the fuzzy PI controller, with anti-windup, showed more sensitivity
to the source voltage variation of the battery pack than to the load variation.
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