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This research provides a new control technique for mitigating conducted
electromagnetic interference (EMI) in a buck converter designed for solar
applications. Indeed, hard-switching direct current to direct current (DC-DC)
converters, commonly used in industrial applications, pose a significant risk
to the surrounding environment regarding electromagnetic compatibility
(EMC). Usually, the fast-switching phase induces abrupt changes in current
and voltage, which adds to substantial electromagnetic interference in both
conducted and radiated modes and excessive auditory noise. An architecture
based on the duality of soft-switching topology and fuzzy logic control
technology is developed to address these issues. On the one hand, resonant
circuit topologies are used to induce switches to achieve soft switching
conditions, which subsequently lessen the effects of EMI. On the other hand,
the adoption of fuzzy logic control technology is interesting since it can
reduce electrical stresses during switching. Furthermore, the simulation
results show that zero current switching (ZCS) soft-switching closed-loop
fuzzy logic converters outperform typical open-loop converters and soft-
switching closed-loop converters with proportional integral (PI) control in
terms of EMC requirements.
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1. INTRODUCTION

Improved power conversion systems, widely used in several industries such as choppers, and
inverters, have become necessary for adapting to varied technologies and conditions. Advanced converter
topologies were implemented to increase efficiency and electromagnetic interference (EMI) performance [1],
increase frequency, and reduce footprint. Moreover, photovoltaic (PV) modules to convert sunlight directly
into power have grown convenient in recent years. DC to DC conversion technology is widely used in power
electronics, engineering, and drives to support a broad range of specific loads. We decided to use the buck
conversion system to reduce the output voltage of our load for this research application. We take a quasi-DC
voltage at the solar panel’s output for simplicity.

The buck converter is undoubtedly one of the most significant generators of electromagnetic
interference in the environment [2]. It is distinguished by its circuit’s simplicity and its control method’s
robustness. Its conventional control is based on pulse width modulation (PWM) hard switching [3]. This

structure introduces fast switching constraints owing to voltage and current gradients (% and Z—i), which favor
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disruptive emissions, while also contributing to additional losses in power semiconductor switching devices
due to the increased switching frequency. In this context, substantial research has already been conducted to
overcome its expected flaws, resulting in switches with a soft-switching structure [4]. The benefit of this type
of switching is that devices are only switched when the switch’s voltage and current are both zero, resulting
in zero voltage switching (ZVS) or zero current switching (ZCS) [5], [6]. In recent years, ZCS has become
increasingly relevant in power converters. One of the most popular advanced ZCS schemes is the zero
current switching quasi-resonant buck converter (ZCS-QRC) [7]. Resonant circuits consisting of inductance
and capacitance (LC) are incorporated into standard converter topologies to limit the current gradient when
the main switch is closed. This ensures that conducted electromagnetic disturbances are reduced, contributing
to good electromagnetic compatibility (EMC) gain.

In the same vein, new control approaches have been implemented in recent years to add intelligence
to classic control systems. Furthermore, many investigations have been performed on controller design based
on classical and modern control theory. Various controllers, such as the commonly used classic proportional
integral derivative (PID) controllers, can be found in the literature [8]. They’re well-suited to precise linear
mathematical models, which is not usually the case in industrial systems. Then there are fuzzy logic
controllers (FLC) [9], which are incredibly effective at dealing with mathematically ill-defined or imprecise
systems, particularly those with non-linearity. They’re also resistant to input signal variations and load
fluctuations. Fuzzy control is now one of the most extensively used approaches for controlling DC-DC
converters [10], and it is increasingly being integrated into humerous industrial applications. The control of
our researched technology, the buck converter, will be based on this technique. Its main advantage is its
capacity to effectively lower EMI levels and contribute to EMC compliance [11]. Therefore, the originality
of this study is, of course, the use of a dual approach that combines the EMC strengths of the two previously
anticipated ways. Compared to the other methodologies, an investigation of the spectrum content associated
with electromagnetic interferences produced positive findings.

In this article, a buck converter is modeled, and an EMI measuring technique is used. Early
comparisons show that this hard-switching converter releases significantly more conducted emissions than
soft-switching converters. The fuzzy logic controlled soft-switching buck converter is explained first,
followed by a comparison of conducted EMI with open-loop and proportional-integral (PI) regulated circuits.
Finally, a brief conclusion is offered.

2. BUCK CONVERTER STUDY AND MEASUREMENT OF CONDUCTED DISTURBANCES

The buck converter is a typical DC-DC converter that efficiently converts high- and low-voltage. It
has a wide range of applications [12]. The investigated converter comprises an IRFP450 type metal-oxide-
semiconductor field-effect transistor (MOSFET) and a BYT12P-600 reference diode and operates in a
continuous conduction mode. Figure 1 depicts the global diagram of the investigated system as implemented
in the MATLAB/Simulink environment. Figure 1 shows a simplified internal design of an open-loop buck
converter. The MOSFET is turned on and off by a PWM control signal with a duty cycle of D that represents
the percentage of time the MOSFET is on. The DC transfer function is an equation that connects the input
voltage, the output voltage, and the duty cycle D so that:

Vout = Vin * D. (1)

A low-pass filter consists of an inductor and a capacitor. This low-pass filter smooths the
MOSFET’s switching activity and generates a stable DC voltage. It is utilized to keep the inductor’s
maximum current ripple (AI, =20%) and the load’s maximum voltage ripple (AV,=2%) to a minimum as
shown in Figure 2. The calculation of the components of this filter is given by (2).

_ (Vin—-Vo) u Ts, _ Al Ts
Lp= ; Cr= )
Alp, 8. AV

This buck converter is designed to meet the following requirements, as indicated in the Table 1.

Electromagnetic noise that can develop harmonics and propagate via electromagnetic conduction or
radiation, affecting a wide frequency range, is known as electromagnetic interference [13]. As a result, these
disturbances can damage or even disrupt the operation of nearby electrical circuits. Conducted and radiated
EMI are the two types of EMI [14]. Electromagnetic energy created by an electronic device can be
transmitted or linked through metallic conductors, resulting in conductive emissions [15], [16]. Radiated
emissions [17], on the other hand, are electromagnetic radiation generated by electronic equipment
propagated in free space. Figure 3 depict the many types of EMI.
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Figure 1. The entire system architecture with the internal layout of the buck converter’s block
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Figure 2. The buck converter’s steady-state waveforms (i, and V)

Table 1. Simulation parameters

Parameter Value
Input voltage V;,, 100 vV
Output voltage V, 50 V
Load resistance R;, 24 Q
Switching frequency f; = Tls 100 KHz
Inductance Lg 600 uH
Capacitance Cr 520 nH
Conversion ratio M= 50%

in
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Figure 3. EMI’s several kinds

In this section, only conducted EMI will be quantified [18]. A measurement tool has been created
for this purpose. A line impedance stabilization network, or “LISN”, is an EMC-required device as shown in
Figure 4(a). It is a gadget that detects conducted EMI and works similarly to a filter installed between the
equipment under test and the power supply network. Its principal purpose is to separate the equipment under
test from the network, which may contain common-mode and differential-mode disturbances as shown in
Figure 4(b). The following relations indicate disturbances related to the common mode (14,.) and differential
mode (V,,q)-

Wt -
Vmc= 2 s Vmp= 2 (3)
SuH
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Figure 4. Conducted EMI measurements using (a) the line impedance stabilization network (LISN) tool with
its internal schematic for and (b) quantifying disturbances in differential and common mode
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3. PROPOSED METHOD
3.1. Soft switching: zero current switching (ZCS)

In Most traditional power electronic systems produce conducted emissions that propagate at
frequencies between 150 kHz and 30 MHz. The electrical strains imposed by semiconductor-based switches

during commutation, known as hard switching, induce fast fluctuations in current and voltage (% and %),

imposing strict electromagnetic compatibility requirements. New soft-switching power electronics topologies
are currently being developed to address these previously predicted drawbacks [19]. The use of a resonant
circuit around the semiconductor switches that includes extra elements (inductor, capacitor, or diode) reduces
switching losses by creating ZVS settings or ZCS conditions.
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A resonant inductor in series with the primary switch is frequently employed in ZCS converters to
resonate the current across the switch to zero on opening and restrict the % on closure. In ZVS converters, a

resonant capacitor is employed in parallel with the primary switch to restrict the % on opening and to
resonate the voltage across the switch to zero on closing. The ZCS approach and its efficiency in reducing
EMI emissions will be the subject of this research [20]. The following characteristics describe the design of
quasi-resonant buck converters running at zero current:

— Normalized resonance frequency: f,, = %With fr= L
T

2m,/Ly Cp

- T L
— Normalized characteristic impedance: Z,, = C—T
%
. . R
— Normalized load resistance: Q= %
n

. . 1%
— Conversion ratio; M= ;—“t

mn
The schematic of the modeled buck converter is shown in Figure 5(a). This schematic is subdivided
into five modes of operation as shown in Figure 5(b), depending on the state of the main switch and the
freewheeling diode. The output current and voltage are then supposed to be continuous by assuming that the
output filter’s inductance and even capacitance are significantly larger than the resonance’s inductance and
capacitance.

Lr

w0 »j

Pulse
Generator

vin () o {D o

(b)

Figure 5. Buck quasi-resonant converter with (a) zero current switching scheme and its (b) equivalent circuits
operating modes
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3.1.1. Mode 1

At the start of this mode, the MOSFET switch is turned on. Following that, we can see that the
current of the resonant inductor I, increases linearly while the diode’s current I;, declines until it reaches
zero. Therefore, the switch’s ZCS activation is assured. The subcircuit at this interval is depicted in
Figure 5(b) 1. As a result, we have (4):

Vin . _
I =72 Ve =0 4)

when the resonant inductor’s current hits I, the diode switches off, and this mode ends. This mode’s duration

. Ig*L
is expressed by: 7,= t;= ‘]’/ r

in

3.1.2. Mode 2

As indicated in Figure 5(b) 2, this mode begins when diode D is open-circuited. A resonant stage is
made up of the inductor L, and capacitor C,. As a result, the inductor current I;,. and the resonant capacitor
voltage continue to grow sinusoidally. The associated equations of state can be established as (5).

Vin o . — . Vin
ILr:IO+Z sinw,. (t-t1); Ver=Vin(1-cos wy. (t-t4)); Ip < Zn (5)

This interval will expire when the inductor current reaches zero. This mode’s duration is calculated as:

1 1y Znl
T,=ty, — ty= Wr[Zn-a] avec a=sin 1(‘2—710 ).

3.1.3. Mode 3

Resonant current passes through the switch body diode at the start of this interval, as represented by
the subcircuit in Figure 5(b) 3. The resonant elements start to oscillate negatively. This is the ZCS interval
during which switch deactivation is guaranteed. For the resonant elements, the state equations are the same as
before.

3.1.4. Mode 4
Figure 5(b) 4 presents the subcircuit for this interval. The resonant capacitor discharges linearly with

an é—" slope at the start of this mode. Because the voltage is negative, the diode remains off. Below are the
state equations for the resonant elements.

11r=0; Vor =2 (¢t = £5)+Viy, (1-c0s a) (6)

- Vin Gr

This mode’s duration is determined by: 73=t; — ¢, (1-cos o). The capacitor voltage decreases to zero

Io
and the output diode turned on, signaling the end of this interval.

3.1.5. Mode 5

The main switch remains off in this mode, which is the shutdown state of any typical converter, but
the diode begins to conduct. Figure 5(b) 5 depicts the relevant subcircuit. The output current begins the
freewheeling phase through the diode as soon as the switch is turned off, and this mode continues as long as
the switch is turned off. The resonant elements’ state equations are listed.

1,,=0; V=0 )
This mode will stop at t, =Ty, and will last for: t,=T; — 73-7,-7,. Figure 6 illustrates the theoretical

waveforms of the resonant tank. We can express the voltage gain using the concept of energy conservation
as:

M:i—z(% +27-sin™( % J+2(1- (1 - (%)2)) 8)

D:£—Z( %+2n-sin‘1( % ) 9)
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Figure 6. Voltage and current for the ZCS method

For various loads Q, the conversion rate M is plotted against the normalized frequency as shown in
Figure 7. Numerical analysis using the Newton-Raphson method was used. The output voltage in the ZCS
topology is shown to be linearly proportional to the control frequency.
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Figure 7. The conversion ratio characteristic based on the normalized load

Based on the preceding paragraph’s assessment of the Quasi-Resonant buck converter, the following
findings may be given, assuming that M=0.5 and Q=1:
— The conversion ratio is thus expressed as: M= ;—Z i+2n-g +2(1- ?))zfn.

fs
M

— The duty cycle: D= %(0-5 22
The resonant inductor and capacitor are calculated by these formulas:

— The resonant frequency: f, =

Zn . 1

L = — =
R 2nfy’ R 2T fr Zn

(10)

The Table 2 summarizes the preceding discussion.

Table 2. The buck ZCS-QRC converter parameters

Component Normalized value
Inductance Lg 20 uH
Capacitance Cg 35nH
Resonant frequency f,. 200 KHz
Duty cycle D ~50%

A novel fuzzy logic control for a zero current switching-based buck converter to ... (Zakaria M barki)
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3.2. Control of the buck converter with fuzzy logic and a PI controller
3.2.1. Fuzzy logic controller design
Fuzzy control has been widely used in industrial processes in recent years. It is based on a heuristic
model, which consists of a set of rules based on human experience rather than mathematical equations. A
fuzzy controller frequently follows a process that consists of three steps as shown in Figure 8:
— Input fuzzification: converts input values into fuzzy quantities.
— Inference (with rule base): applies the rules to the fuzzified inputs to make decisions.
— Defuzzification: the process of converting fuzzy decisions into numerical output values.

Rule
Base

s Inference
El.ltOl. - : Duty Cycle
DError — Engine =g

Figure 8. The fuzzy logic controller diagram

This paper uses a fuzzy logic controller to regulate a buck DC-DC converter [21]. The
MATLAB/Simulink software was used to simulate this controller as shown in Figure 9. Indeed, the controller
applies these rules and gives the different duty cycles that are sent to the buck converter switch through a
PWM generator based on the input values obtained, namely the difference between the output voltage V,,,;
and the desired voltage V,..¢, called error (E), as well as the error variation (dE).

PWM
Ref 50
Fuzzy Logic

Controller

Divide to
standardice

E
—()
bl ‘ Ref

Out

oafffl

Kadj

E = Error

E' = Previous Error
dE = Change of Error
dD = Change of D

D' = Previous D

Figure 9. FLC for DC-DC buck converter

The fuzzy logic algorithm’s rules are often “if and then” statements. In this situation, “if” refers to
the condition, and “then” refers to the result. When the converter’s load voltage is lower than V.., for
example, the duty cycle must be increased and aimed at that voltage. Fuzzy logic is a type of mathematical
logic based on the concept of “degree of truth”, in which it distinguishes between true and false states. Five
linguistic variables were employed to quantify the error (E) and the change of error (dE) when building the
controller based on Mamdani’s fuzzy inference technique: negatively large (NL); negatively small (NS); zero
(2); positively small (PS); and positively large (PL). Membership functions such as triangular and trapezoidal
functions are utilized to minimize computations. Figure 10 depicts the membership functions dedicated to the
error (E) shown in Figure 10(a) and the variation (dE) of the error shown in Figure 10(b), as well as the
output D shown in Figure 10(c). However, the fuzzy inputs/outputs rules are arranged in Table 3. The
resulting control surface of the proposed fuzzy controller is illustrated in Figure 11.
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Figure 10. Membership function for (a) input error, (b) change in error, and (c) output variable

Table 3. Rule base for fuzzy controller

\d%\NL NS Z PS PL

NL NL NL NL NS Z
NS NL NL NS Z PS
Z NL NS Z PS PL
PS NS 2z PS PL PL
PL Z PS PL PL PL

Figure 11. The control surface of the fuzzy controller
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3.2.2. Proportional integral control system

Furthermore, the performance of a traditional P1 controller is compared to that of a fuzzy controller.
The main focus will be on the efficiency of these control approaches, as measured by the decrease in voltage
and current limitations created during the switching process [22]. The PI controller is automatically tuned
using the Simulink tool’s “PID tuning” interface to achieve an ideal system design and match the
specifications’ stability, speed, and accuracy requirements. A proportional gain (K,) that reduces the rise
time and an integral gain (K;) that eliminates the error in steady state are the parameters of a Pl controller.
The parameters are listed in the Table 4.

Figure 12 describes the variation of the buck-ZCS converter’s output voltage V,,,; in the open loop
illustrated in Figure 12(a) and closed loop of the PI controller and the fuzzy controller shown respectively in
Figures 12(b) and 12(c). Compared to conventional approaches, it becomes evident that the fuzzy logic
controller allows for more robust control [23]. Indeed, this controller has the shortest settling time of
0.15 milliseconds and the slightest output voltage ripple. On the other hand, the Pl controller has an exact
output voltage but ripples and overshoots, as well as a much longer settling time.

Table 4. Tuned PI values
Parameters ~ Values

K, 0.05
K 400
60 70
50 60
50 —
. 40 Zoom
s < 40
52
5 30 =~ 30 0NN
o 3 48
> 20 0.95 0.96 097 098 0.99 1 g 20 46
0.95 096 097 098 099 1
10 10 l
0
0 0 0.2 0.4 0.6 0.8 1
0 0.2 0.4 0.6 0.8 1
Time (ms) Time (mS)
(@) (b)
60
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_. 40
=2
3 30
> 0.95 0.96 097 0.98 0.99 1
20
10
0
0 0.2 0.4 0.6 0.8 1
Time (mS)
(c)

Figure 12. The plot of output voltage V out under ZCS control conditions in (a) open loop, (b) closed loop by
P1 controller, and (c) closed loop using the fuzzy logic controller

4.  SIMULATION RESULTS AND DISCUSSION

The measurement of electromagnetic disturbances based on conduction is of particular importance
in this section. Even so, this investigation aims to evaluate how a MOSFET-based step-down chopper affects
the EMC of a DC voltage source. This research was carried out in a MATLAB/Simulink environment. The
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LISN circuit depicted in Figure 4(a) is commonly used to measure the conducted EMI produced in the buck
converter. The outputs of the common noise voltage V,,,, and the differential noise voltage V,,, are evaluated.
As illustrated in Figure 13, we are now interested in analyzing these disturbances’ spectral content for the
proposed approaches: DPWM method shown in Figure 13(a), ZCS method shown in Figure 13(b), ZCS-PI
method shown in Figure 13(c) and ZCS-FLC method shown in Figure 13(d).
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Figure 13. Frequency spectrum of differential and common mode disturbances localized on the RSIL for
(a) DPWM method, (b) ZCS method, (c) ZCS-PI method, and (d) ZCS-FLC method

The complete study of the results in Figure 13 reveals, first and foremost, the efficiency of the ZCS
technique when compared to the conventional one. A ZCS topology allows you to take advantage of the
transistor’s reverse conduction and increase the structure’s linearity (the output voltage is less sensitive to the
output current) [24]. Adopting a quasi-resonant form allows for soft switching of the switches, which helps
reduce current gradients and limit capacitive coupling excitation.
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Compared to the hard switching technique, the soft switching technique gives a substantially lower
slope of the switching current I,,,,¢, as seen in Figure 14. As a result, the resonant circuit’s effect on EMI
stresses is revealed. As can be seen, the value of the common mode voltage has been decreased by around
30 dBuV.

—-7C5 DPWM

Imos (A)
-~
-

2
3485 3490 3495 3500

Time (uS)

Figure 14. i,,,s current slope for the DPWM and ZCS methods

After that, the ZCS approaches are compared with the open-loop, closed-loop PI controllers, and
fuzzy controllers. By adjusting the pulse width modulation of the gate signal switching device, the fuzzy
controller may efficiently reduce the amount of conducted interference generated in a buck converter.
Utilizing the fuzzy controller reduces current and voltage strains in the soft-switching buck converter [25]
and resonance phenomena caused by parasitic elements (capacitors and inductances). In the case of soft
switching via a few control classes, Figure 15 displays the voltage waves of the master switch. When

compared, it is clear that the highest peak of Vmos 4t the main switch decreases when a fuzzy logic controller

is used. As a result, the EMI will be significantly reduced.

This control is more efficient than a PI controller in electrical stress overshoot. Finally, this newly
proposed solution achieves a considerable increase of roughly 35 dBuV in EMC by combining the benefits
of the ZCS topology with a fuzzy logic control. The result reveals that the interference in this converter is
kept within the CISPR-11 standard’s limitations.

800
>
2 300
g el | |} 1} |
= 200
0.95 0.96 0.97 0.98 0.99 1
Time (mS)
ZCS = =Z(CS-P| -=--- ZCS-FLC

Figure 15. Waveform of device switch voltage under ZCS control conditions in open loop, closed loop by Pl
controller, and closed loop using fuzzy logic controller

5. CONCLUSION

Finally, static DC-DC converters like choppers have significant electromagnetic compatibility
limits. As a result, they represent a severe risk to their control circuits and the surroundings (electromagnetic
disturbances). An efficient strategy for reducing the negative impacts of common mode and differential mode
conducted disturbances has been used in this study. It relies on resonant circuits to smooth the on-and-off
switching. This technique includes the ZCS topology employed in the buck conversion system. It provides a
significant reduction in the difficulty of transistor reverse recovery, decreasing the rate of rising di/dt current
and obtaining a substantial EMC advantage.
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The benefits of several forms of closed loop control dedicated to this ZCS structure, especially fuzzy
logic and proportional-integral action control, will be discussed more below. The fuzzy logic controller
delivers an exact output voltage without overshoot and seems to minimize voltage stress significantly. Based
on spectrum analysis of conducted EMI, a comparative evaluation of this novel technique’s effectiveness
revealed that the tested device’s conducted emissions were reduced considerably, and therefore EMC
compliance was attained.
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