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Abstract ─ In this paper, a planar inductor based 
resonant circuit is designed for zero-current 
switching (ZCS) buck converter. In order to 
evaluate the actual behavior of the converter at the 
design stage, a numerical model of the inductor 
was created and implemented using the finite 
element (FE) analysis. Using the numerical model, 
a high frequency physics based circuit model was 
obtained for the converter’s resonant circuit. The 
acquired physics based circuit model was used to 
approximate the electrical behavior of the resonant 
circuit. The operating condition of the half-wave 
ZCS buck converter was verified both numerically 
and experimentally. It was shown that by using the 
proposed high frequency model, it is possible to 
evaluate realistic waveforms of voltages and 
currents including the effects of parasitic elements. 
This is an essential step for studying conducted 
electromagnetic field emissions in power 
converters for the evaluation of their EMI 
interactions for EMC compliant designs. 
  
Index Terms ─ EMI, EMC, finite element 
analysis, high frequency modeling, planar 
inductor, quasi-resonant converters. 
 

I. INTRODUCTION 
Soft-switching converters are becoming more 

popular as they have lower loss and noise 
characteristics as compared to pulse width 
modulation (PWM) converters. In these types of 
converters, the resonance circuit is a major 
contributor to the creation of EMI. It can cause 
unexpected current noise flow in the common 
mode path [1].  

Generally, in order to control the conducted 
emissions (CE) noise in the soft-switching 
converters, the issue of parasitic elements must be 
considered during the design stage. These 
parasitics are circuit elements (resistance, 
inductance, or capacitance) that are possessed by 
electrical components, but are not desirable for 
them to have it.  

So far, various algorithms were introduced to 
eliminate or minimize the effects of these 
unwanted elements [2-4]. Previously, methods 
based on the parallel-plate waveguide and FEM 
analysis was introduced to solve the PCB 
unwanted coupling problems and reduce the EMI 
effects of the converters [5-8]. 

All components and interconnections contain 
unintentional (parasitic) circuit elements which 
often a combination of them can make a change in 
the operating condition of the whole power 
converter. This makes the EMI issues more 
complicated. Furthermore, the switching action 
causes various parasitic elements in the converter 
and result in conducted and radiated energy at 
unpredictable frequencies. In practice, these 
parasitic oscillation frequencies are most difficult 
to filter out. They often cause the most 
interference with signal processing circuitry. 

Therefore, an understanding of the magnitude 
of these parasitic elements and the characteristics 
of the components over a range of frequencies will 
ensure the correct choice of their application. 
Also, it is important for investigation of the effects 
of switching-frequency control on EMI generation. 

The operating principle of the Quasi-resonant 
converters is described in [9]. These converters are  
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obtained by adding the resonant elements 𝐿𝑟 and 
𝑐𝑟 to the PWM switching converters. Figure 1 
shows the simplified circuit model for ZCS-Buck 
converter. The parasitic elements in the 
configuration of the resonant components can 
affect the operating condition of the whole 
converter. In order to have a more precise study on 
the converter behavior, a distributed model should 
be obtained for each of the elements. 

In this paper, a planar inductor based resonant 
circuit is designed for the converter's resonant 
inductor (shown by  𝐿𝑟 in Fig. 1). This design can 
meet the packaging constraints in power electronic 
converters in addition to the required EMI 
compliance levels. Design and characteristic 
optimization of the planar inductor is studied in 
references [10-13]. The electromagnetic radiation 
of a PCB planar inductor is discussed in [14, 15]. 
As an example, based on the procedure in 
reference [9], the inductance value is selected to 
be 𝐿𝑟 = 1µH, and the resonant capacitor is 
selected to be 𝐶𝑟 = 400𝑛𝑓. With this selection, 
the resonant frequency will be 𝑓0 = 1

2π� 𝐿𝑟𝐶𝑟
=

251.65   kHz. 
Subsequently, in order to find the parameters 

of the converter, a finite element analysis is 
performed on the resonant part of the converter. 
After obtaining the high frequency physics based 
model of the resonant circuit, the resonant 
behavior of the proposed planar inductor based 
resonant circuit is compared with the ideal 
resonant circuit. The FE analysis is used to study 
the electromagnetic behavior of the proposed 
resonant circuits in Section II of this paper. As a 
result, a high frequency model is obtained for the 
resonant circuit under a wide range of switching 
frequencies. Finally, the resonant circuit design 
was optimized in order to compensate the 
destructive effects of parasitic elements in the 

operation of the converter. The results were 
verified through simulations and experimentation. 

 
II. DISTRIBUTED-PARAMETER 

FREQUENCY DEPENDENT MODELING 
Under PWM operating conditions, the 

inductor’s resistance, inductance, and capacitance 
behave differently from the low frequency 
operation. The windings have skin and proximity 
effects, which cause the resistance to be much 
higher than the low frequency value. The 
inductance value decreases with the increase in the 
operating frequency, while the small capacitance 
effect comes in the picture at high frequencies. 
Under such PWM operation, the inductor 
winding’s capacitance is distributed between 
several parts of the winding (turn to turn and turn 
to ground). Hence, to obtain accurate values of the 
resistances, inductances (self and mutual), and 
capacitances (self and mutual), a detailed 
numerical model for the inductor should be used. 
Also, this strategy is used for the capacitor of the 
converter since, in higher frequencies, the self and 
mutual inductances as well as the self and mutual 
capacitances have effects in the frequency 
response analysis. 

In reference [16], a method based on the 
vector fitting algorithm was proposed for 
modeling the physics-based representation of 
transformers. This is also applicable to the 
inductor design. The method used in this study is 
based on the lumped-parameter model presented in 
[17, 18]. This method is used to obtain the s-
domain model of a spiral winding planar inductor, 
which can be used to find the frequency response 
of the inductor. The proposed model includes the 
windings’ resistances, self inductances, ground 
capacitances, the inter-turn capacitances within 
each winding and the mutual inductive and 
capacitive couplings between the two windings.  

 
A. Physics based modeling using FEM 

A three dimensional finite element study was 
performed on the resonant circuit components, in 
order to calculate the parasitic elements of these 
components, which can affect the operating 
condition of the converter.  

The electromagnetic field inside the inductor 
and capacitor is governed by the following set of  
nonlinear partial differential equations [17]:  

 
Fig. 1. Half wave zero current switching buck 
converter’s circuit model. 
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∇��⃑ × �(𝑣)∇��⃑ × 𝐴� = 𝐽,           (1) 

 ∇.𝜎 �𝜕𝐴
𝜕𝑡

+ ∇𝑉� = 0,                      (2) 

where 𝐴 is the magnetic vector potential, 𝐽 is the 
total current density, 𝑣 is the magnetic reluctivity, 
𝑉 is the electric scalar potential, and 𝜎 is the 
electric conductivity. By solving these equations, 
the resistance and inductance of the inductor are 
calculated as a function of frequency. 

Also, the electrostatic problem is solved for 
the calculation of capacitances matrix, as 
capacitances are a function of geometry rather 
than frequency. An electrostatic analysis is 
assumed to be a linear analysis, which means that 
the electric field is proportional to the applied 
voltage. The analysis determines the electric scalar 
potential distribution caused by the applied 
voltage. The following Maxwell equation is solved 
during electrostatic analysis. 

∇. (𝜀∇𝑉) = −𝜌,                         (3)                         

where 𝜌 is surface charge density, 𝜀 is 
permittivity, V is electric scalar potential. By 
coupling electric and magnetic analyses, 
electromagnetic analysis for frequency response 
analysis based on (6) are applied in this 
simulation.  

Typically, the quasi-static electromagnetic 
analysis is used as analysis approach in these 
cases, but this method has one problem. The 
changing electric displacement field over time is 
considered as zero (∂D/∂t=0). This assumption can 
be used for low frequency analysis. However, for 
higher frequency analysis this assumption affects 
the result [19, 20]. Therefore, a new approach was 
used in this research in which ∂D/∂t is considered. 

To derive the time harmonic equation, this 
physics interface solves magnetic and electric 
interface. The analysis is started with Maxwell-
Ampere’s law including the displacement current. 
This does not involve any extra computational cost 
in the frequency domain. Firstly, a time-harmonic 
field is assumed as (4). 

∇ × 𝐇 = 𝐉 = 𝜎(𝐄 + 𝑣 × 𝐁) + 𝑗𝜔𝐃 + 𝐉𝑒 .    (4) 

Using the definitions of the fields 𝐁 = ∇ × 𝐀  
and 𝐄 = −∇𝑉 − 𝑗𝜔𝐀 and combine them with the 
constitutive relationships B = µ0(H + M) and 
𝑫 = 𝜀0𝐄, the Ampere’s law can be rewritten as 
(5). 

(𝑗𝜔𝜎 − 𝜔2𝜀0)𝐀 + ∇ × (𝜇0−1∇× 𝐀−𝐌) − 𝜎𝒗 ×
(∇ × 𝐀) + (𝜎 + 𝑗𝜔𝜀0)∇𝑉 = 𝐉𝑒 .                         (5) 

The equation of continuity is again obtained 
by taking the divergence of Ampere’s law. It is the 
equation solved for the electric potential. Thus, the 
following equations for V and A are achieved 
−∇. �(𝑗𝜔𝜎 − 𝜔2𝜀0)𝐀− 𝜎𝒗 × (∇ × 𝐀) +
(𝜎 + 𝑗𝜔𝜀0)∇𝑉 − (𝐉𝑒 + 𝑗𝜔𝐏)� = 0.                    (6) 

A particular gauge can be obtained with 
reducing the system of equation by choosing Ψ = 
−jV/ω in the gauge transformation. So modified 
magnetic vector potential is obtained. 

𝐀� = 𝐀− 𝑗
𝜔
∇𝑉.                         (7) 

Working with 𝐀� is often the best option when 
it is possible to specify all source currents as 
external currents 𝐉𝑒 or as surface currents on 
boundaries. 
(𝑗𝜔𝜎 − 𝜔2𝜀0)𝐀� + ∇ × �𝜇0−1∇× 𝐀� −𝐌� − 𝜎𝒗 ×
�∇ × 𝐀�� + (𝜎 + 𝑗𝜔𝜀0)∇𝑉 = 𝐉𝑒 + 𝑗𝜔𝐏,             (8) 

where A is magnetic potential, Je is external 
current density, M is magnetization, and 𝒗 is the 
motion speed which here, it is equal to zero. 

The equation (8) is a modified version of a 
classic quasi-static equation (5), which is 
implemented in FE softwares [21]. Further 
modification in this study is applied by linking 
MATLAB software with FE software. This can be 
done by defining a variable in MATLAB codes as 
D and making a link to the FE software, then 
considering this D (electric displacement field) 
instead of the default D. This new defined electric 
displacement field is based on the electric field 
obtained from the solution of software. The other 
element (𝐀�) is defined in the same way. 

Another necessity of this type of analysis is 
the need of simultaneous estimation of capacitance 
and inductance that the former one can be 
calculated by electrostatic analysis and the latter 
one by magnetostatic analysis. This type of 
interface can be used for 3D, 2D in-plane, and 2D 
axisymmetric models. Note that the magnetic and 
electric currents physics interface supports the 
stationary and frequency domain study types better 
than transient domain study. 

Figure 2 shows the planar spiral inductor and 
capacitor models used in the power  converter.  To  
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(b)

(c)

(d)

Fig. 2. Field spectrum from the finite element 
analysis for the calculation of high frequency 
model of this component. (a) Magnetic field 
intensity of spiral planar inductor, (b) capacitor, 
(c) electric field in small part of the capacitor, (d) 
mesh in capacitor. 
 
find a numerical solution for this problem, 
coupling of the FE and a circuit based analysis is 
utilized. The amount of energy, magnetic and 
electric field are estimated from the FE model. 
The results are then imported to the circuit-based 
software (Spice), in order to evaluate the 
performance of the whole circuit.  

After solving the FE model, the inductance, 
capacitance, and resistive matrices were obtained 
via calculation of the energy matrix in the FE 
model. The magnetic energy is calculated by: 

𝑊 =  1
2∰ 𝜇 ∙ 𝑅𝑒(𝑯1 ∙ 𝑯1

∗) 
𝑉 𝑑𝑣 + 1

2∰ 𝜇 ∙ 
𝑉

𝑅𝑒(𝑯2 ∙ 𝑯2
∗)𝑑𝑣 + 1

2∰ 𝜇 ∙ 𝑅𝑒(𝑯1 ∙ 𝑯2
∗) 

𝑉 𝑑𝑣,    (9) 

where 𝑯𝑖, 𝑖 = 1,2 is the magnetic field intensity 

inside the model and  𝜇 is the permeability of the 
model. 

Following the calculation of the magnetic 
energy in the FE model, equation (9), all self and 
mutual inductances were estimated based on the 
magnetic energy value, [22, 2]. Also explanation 
about deriving capacitances and resistances is 
mentioned in the same references. 

 
B. Numerical discussion 

As it was discussed, a numerical technique 
based on the adaptive MEI-FEM (magnetic-
electric interface finite element method) is used. 
This method has much more accurate result as 
compared to quasi-static electromagnetic finite 
element method, electrostatic finite element 
method, and magnetostatic finite element method. 
All experiments are performed on a x5677 dual 
core 3.47 GHz CPU and 192GB RAM. The 
iteration process is terminated when the 
normalized backward error (tolerance) is reduced 
by 10-3. 

To implement the MEI-FEM, the adaptive 
grouping method is used to reduce the memory 
consumption and captures the fine details of the 
structure. The simulation time for the analysis of 
the inductor with five million degrees of freedom 
and 10-3 percent tolerance of energy was 3 hours. 
Also, simulation time for the analysis of the 
capacitor with three million degrees of freedom, 
Fig. 2(d), with 1e-7 percent tolerance of energy 
was about 2 hours. Figure 3 shows the energy 
tolerance versus the number of degrees of 
freedom.  

 

 
Fig. 3. Energy tolerance versus degrees of 
freedom. 
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The analysis method which is used in this analysis 
is the generalized minimal residual method (usually 
abbreviated GMRES) with successive over-
relaxation (SOR) as pre and post smothers. GMRES 
is an iterative method for the numerical solution of 
a system of linear equations [23]. In numerical 
linear algebra, the method of SOR is a variant of 
the Gauss–Seidel method for solving a linear 
system of equations, resulting in faster 
convergence. A similar method can be used for 
any slowly converging iterative process. The SOR 
method uses a more accurate approximation of the 
matrix, which leads to fewer iterations but slightly 
more work per iteration than in the Jacobi method. 

Since the geometry of the elements are non-
uniform (the length of some elements are much 
bigger than the width of them). Geometric multi-
grid method is chosen as the pre-conditioner and F-
cycle as multi-grid cycle. Also, the parallel sparse 
direct linear solver (PARDISO) method with 1e-8 
pivoting perturbation is chosen as the coarse solver.  

 
C. Development of lumped-parameter model 

The influence of the capacitive reactance is 
increased by increasing the switching frequency. 
Therefore, very small capacitive reactances can 
affect the input transfer function in higher 
frequencies. Besides, mutual inductances between 
elements at far distances are more significant in 
the transfer function in high frequencies. So, a 
model which considers all these reactances is 
essential. The distributed-section model considers 
almost all tiny capacitive reactances and mutual 
inductances, so it is eligible for high frequency 
analysis.  

Following the calculation of all required 
parameters for the distributed model, these 
parameters are located in the model, then the 
model evaluation procedure starts. As in the 
lumped parameter model, the evaluation procedure 
from the distributed parameter nature of the 
problem at hand, we start at a location x and 
moving an infinitesimal distance Δx toward the 
lower end of the winding, the potential difference 
ΔV is calculated as: 

�
∆𝑉1(𝑥, 𝑠)
∆𝑉2(𝑥, 𝑠)� =

�
𝑍1(𝑠)∆𝑥 𝑍𝑚(𝑠)∆𝑥
𝑍𝑚(𝑠)∆𝑥 𝑍2(𝑠)∆𝑥 � �

𝐼1(𝑥, 𝑠)
𝐼2(𝑥, 𝑠)

� ,                    (10)  

where 𝐼1(𝑥, 𝑠) and 𝐼2(𝑥, 𝑠) are the current 
following in Z1 and Z2, respectively. The indices 1 
and 2, indicates the first and the second layer of 
the inductor’s and capacitor’s models. A detailed 
description of this method is presented in 
reference [17].  By transferring the modal domain 
into a phase domain, the voltages of the top 
terminal in two layers are calculated as: 

�
𝑉𝑠1(𝑠)
𝑉𝑠2(𝑠)� = �𝑀11(𝑠) 𝑀12(𝑠)

𝑀21(𝑠) 𝑀22(𝑠)� �
𝐼𝑠1(𝑠)
𝐼𝑠2(𝑠)�,    (11) 

where 𝑀𝑖𝑗(𝑠) are elements of the impedance 
matrix in s-domain. 

To determine the frequency characteristics of 
the inductor we set s= jω in the related equations. 
The input impedance is given by: 

𝑍𝑖𝑛(𝑗𝜔) = 𝑉𝑠1(𝑗𝜔)
𝐼𝑠1(𝑗𝜔)

.                      (12) 

Using the above equations, input impedance 
on the component is calculated as the following:  

𝑍𝑖𝑛(𝑗𝜔) = 𝑀11(𝑗𝜔).                   (13)  

The rational function given by (13) can be 
represented by an equivalent electrical network 
as shown in Fig. 4. Note that, the circuit model 
in Fig. 4 is not unique and can be shown in 
various configurations. This network reflects the 
frequency dependence of the inductor resistance, 
inductance and capacitance. Using 𝑍𝑖𝑛(𝑗𝜔), the 
natural frequencies are determined. 

 

V1(x,s) V2(x,s)

I2(x,s)I1(x,s)

I1(l,s) I2(l,s)

Cg1.∆x Cg2.∆x

R1.∆x R2.∆x

Cm.∆x

LmL1.∆x L2.∆x

Cs1/∆x Cs2/∆x

V1(x-∆x,s) V2(x-∆x,s)

 
Fig. 4. Infinitesimal section of a two-layer winding 
of planar inductor. 
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The distributed model parameters of the 
designed inductor, from the finite element analysis 
were; R1= 0.2713 Ω, R2=0.2713 Ω, L1=0.557 µH, 
L2=0.557 µH, Lm=0.307 µH, Cs1=8 pF, Cs2=8 pF, 
Cg1=0.33 pF, Cg2=0.33 pF, Cm=6.7 pF. Also, the 
distributed model parameters of the capacitor 
were; Rc1,2,3= 0.006725 Ω, Rcm=10 kΩ, Lc1,2,3=5 
pH, Cs1,2,3= 0.49 pF, Cg1,2,3=4.42 pF, Cm=177 nF. 
As mentioned earlier, the indices 1 and 2 of the 
inductor parameters stand for the first and the 
second layers of the inductor, as shown in Fig. 
2(b). Note that the neutral-end terminal point of 
the first layer is connected to the line-end terminal 
of the second layer.  

An advantage of the distributed-parameter 
model is to reveal the high frequency behavior of 
the model. Therefore, using only simplified 
modeling of the resonant stage of HW ZCS-Buck 
converter doesn’t show all the resonances and only 
shows the basic resonance as depicted in Fig. 5(a). 

The embedded distributed model which is 
shown in Fig. 4 should have at least 5 sections to 
have reasonable result. We considered 10 sections 
in this study to have better and more accurate 
results. As mentioned in [17], the result will be 
more accurate with more number of sections but 
from specific number of section like 10 the results 
will not change significantly.   

Utilizing the distributed parameter model 
developed in this paper, as shown in Fig. 5(b), a 
realistic picture emerges. The number of resonances 
becomes more practical and representative of the real 
device than the one given in Fig. 5(a). Accounting 
for parasitic resonances in higher frequencies will 
enable a realistic inclusion of EMC issues in the 
design stage. Through the optimization procedure 
[24], the size and geometry of the spiral planar 
inductor is changed in a way to minimize the effects 
of the parasitic parameters on the operating condition 
of the converter. The proposed algorithm is 
summarized as follows: 
• Step 1: Design the planar inductor in the FE 

software. 
• Step 2: Calculate the magnetic and electric 

fields based on equations (4)-(8). 
• Step 3: Calculate resistances, inductances and 

capacitances based on equation (9). 
• Step 4: Substituting the obtained parameters 

into the circuit shown in Fig. 4. 

 
(a) 

 
(b) 

 
 (c) 

Fig. 5. Frequency response analysis of the ZCS 
buck converter. (a) Simple model, (b) distributed-
parameter frequency model, (c) optimized 
distributed-parameter frequency model. 
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III. RESONANT CIRCUIT DESIGN 
OPTIMIZATION 

As shown in Fig. 5, the first resonance 
frequency in Fig. 5(b) is much lower than the 
expected resonance frequency (the first resonance 
frequency shown in Fig. 5(a)). This phenomenon 
may deteriorate the operation of the converter. 
Because the resonance part of the converter is 
designed to resonate in 250 kHz (in this example) 
but in practice, it’s resonating at lower frequencies.  

In order to solve this problem, an optimization 
procedure is utilized in the design of the planar 
inductor. The main objective in the procedure of the 
optimization is to set the resonance frequency to the 
desired value (i.e 250 KHz), while reducing the 
amplitude of higher order harmonics. To achieve 
this goal, through the optimization process the 
planar inductor trace thickness and voltage 
clearance is changed as well as the number of turns. 
Therefore, a multi-objective function is formed as a 
combination of each of these single objectives. The 
first part of this multi-objective function is 
calculated from a transient non-linear FE analysis to 
calculate the value of the inductor.  Moreover, the 
second part of this multi-objective function is 
calculated from the circuit simulation of the 
resonant circuit which is implemented in the Pspice 
environment. A classic genetic algorithm multi-
objective optimization scheme is utilized to do the 
optimization task automatically. The variable of the 
genetic algorithm are indeed the inductance value 
of the planar inductor and magnitude of the 
harmonics in the resonant circuit output. 

Figure 6 depicts the flowchart of the parameter 
optimizing procedure using GA. GA is a 
population based global search procedure which is 
inspired by natural selection and genetics law [25]. 
Parameters for optimization are number of turns in 
each layer (N) and inductor’s trace dimensions. 
The GA evolves the given population of individuals. 
The objective function is as follows: 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 𝛼1. |∆𝑓|2+𝛼2. |𝑍𝑖𝑛(𝑠)|2 

where, 𝛼1,2=Weights signifying the importance of 
the objective function (taken as 1 in our case), ∆𝑓: 
frequency of the main resonance (resonant circuit 
first natural frequency) and 𝑍𝑖𝑛(𝑠): input 
impedance of the resonant circuit. The main 
purpose of GA is to find the minimum for 
objective function. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The optimization process. 
 

 
Fig. 7. Iteration accomplished by GA to minimize 
the objective function. 

 
The fitness function computes the error of the 

simulated and specified reference signal at each 
time point. The errors are then squared and added 
together to give a single scalar objective value. 

The fitness values shown in Fig. 7, illustrate 
that after about 10 number of iteration the error 
reaches to an acceptable value. Table 1 shows the 
results of the GA-algorithm and it is compared to 
the conventional inductors. Note that the 
optimization procedure is mainly applied on the 
design of the planar inductor and the resonance 
capacitor is not considered in the design 
optimization. 
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Table 1: Optimal values for designed inductor 
resulted from GA 

Planar inductor 
design 

L 
(µH) 

Trace 
width (mil) 

Number 
of turns 

Un-optimized 1 40 8 
Optimized  0.76 29.75 6 

 
Figure 5(c) shows the frequency spectrum of the 

optimized resonant circuit. In Fig. 5(c), compared to 
Fig. 5(b), the unwanted higher frequency resonances 
are reduced. Also, the main resonance frequency is 
set to its desired value. (i.e. 250 KHz) 

 
IV. RESULTS AND DISCUSSION 

Figure 8 shows the experimental setup used to 
test and verify the results. In this setup, to inspect 
and record the results, a 600 MHz, 10 Gsample/s 
oscilloscope was used. The bandwidth for both the 
voltage and current probes were 100 MHz. The 
converter should operate in the zero-current 
switching condition. Therefore, the switching 
frequency and duty cycle is set by the digital 
function generator. 

Figure 9 shows the effects of high-frequency 
operating conditions on the zero current switching 
(ZCS) of the MOSFET in the converter circuit. In 
this configuration, it was expected to increase the 
output voltage of the converter by increasing the 
operating frequency of the MOSFET, while 
keeping the ZCS sequence as shown in the ideal 
case (without considering all parasitic elements) 
shown  in Fig. 9(a). The simulation results show 
that the ZCS behavior of the converter is 
completely lost as a result of using the high-
frequency circuit model for the resonance circuit 
as shown in Fig. 9(b). The parameters in these 
circuits were evaluated from the FE 
implementation described in the previous section.  

To keep the desired performance of the 
converter, the switching frequency of the converter 
should be kept below the value shown in Fig. 7(b). In 
an actual case (distributed-parameter frequency 
model), it can be observed from Fig. 7(b) that the 
next resonant frequencies, happen at the frequencies 
starting from 4.5 MHz and above. Figure 10 shows a 
comparison between two different designs of the 
resonant circuit. Figure 10(a) shows the FFT analysis 
of the primary design of the resonant circuit and Fig. 
10(b) shows the FFT of the optimized resonant 
circuit output signal. It is noticed that, by design 
optimization the number and amplitude of 

harmonics is reduced. 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8. Schematic of the converter’s experimental 
setup. 
 
To verify the simulation results in Fig. 9, an 
experimental test was carried out. Figure 11 shows 
the measured voltage and current of the MOSFET, 
which is located in series with the resonance inductor 
(see Fig. 1). As it is illustrated in Fig. 11(a), in the 
primary design (un-optimized) of the resonance-
circuit, by increasing, the switching frequency 
above a certain value the unwanted resonances 
will appear.  These resonances can harm the 
proper zero-current switching operation of the 
converter. 

Figure 11(b) shows the switch’s voltage and 
current, in the circuit with the optimized resonance 
circuit. As it is illustrated in this figure, the 
converter is operating in zero-current switching 
condition as it was expected. 

In Fig. 11(a), some distortions are observed in 
the switch’s voltage waveform. These distortions 
are mainly because of the parasitic elements of the 
circuit and poor layout of the PCB, which are not 
considered in this study. 
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(b) 

Fig. 9. Voltage and current of the switches in ZCS-
Buck converter, (a) ideal case, (b) actual case. 
 

 
(a) 

 
(b) 

Fig. 10. FFT spectrum of the resonant circuit. 
a)Initial design, b) modified design. 
 

V. CONCLUSIONS 
In this paper, a method for high frequency 

model of the converter’s components is presented 
using coupled circuit/electromagnetic FE 
computations.  The FE analysis was  performed  to  

 
(a) 

 
(b) 

Fig. 11. Measured voltage and current of the 
switches in ZCS-Buck converter, (a) primary 
designed circuit, (b) optimized circuit. 
 
obtain the frequency behavioral model of the 
converter. The natural frequencies computed from 
the proposed s-domain model, was used to analyze 
the circuit's electrical behavior and operation. The 
results show that the s-domain model of the 
converter has the ability to reveal the behavior of 
parasitic elements as well as higher resonances 
which has critical impact in studying EMI 
problems. This model can also be implemented for 
other types of converters making it practical for 
the evaluation on EMI/EMC issues in the design 
and development stages. The power converter 
discussed in this paper is not a representative of all 
power converter designs. But can show the value 
of considering the effects of parasitic components 
on operation of the power converters, especially 
when their switching frequencies are increased. By 
considering the effects of parasitic components, 
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one can modify the converter’s circuit design in a 
way to reduce the effects of parasitic components 
and set the operating condition so that satisfies the 
converter’s behavioral characteristics. 
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