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   Abstract 
 

In this study, a conventional hard-switching push-pull DC–DC converter topology is transformed into 

a resonant converter by employing a soft-switching technique. The governing circuit equations of the 

resulting resonant topology are systematically derived. An analytical model based on Modified Nodal 

Analysis (MNA) is developed to investigate the performance of the proposed soft-switching push-

pull converter. Unlike the conventional push-pull configuration, the integration of a resonant tank 

enables Zero Current Switching (ZCS), which significantly reduces the thermal load and current stress 

on the semiconductor devices. 

 
 

 

 

1. Introduction* 

 

Power electronics applications today span a wide 

range of fields, from renewable energy systems to electric 

vehicles. The fundamental performance requirements 

expected from power electronic systems include high 

efficiency, low switching losses, reduced electromagnetic 

interference (EMI) levels, and high-power density1,2. In 

conventional hard switching systems, the switching losses 

generated during operation and the resulting thermal stress 

constitute a significant challenge3.  

To overcome these challenges, soft-switching 

techniques have been widely adopted. Zero-current 

switching (ZCS) and zero-voltage switching (ZVS) 

techniques significantly reduce switching losses4,5. Various 

resonant circuit topologies are preferred based on distinct 

application areas and cost requirements. All these 

configurations are designed to decrease switching losses6. 

High-frequency switching is essential for reducing the 

physical dimensions of winding components—such as 

transformers and inductors—and minimizing overall circuit 

 
* Corresponding Author: ayusufcan06@gmail.com 

footprints. However, in hard-switching topologies, 

increasing the frequency results in a proportional escalation 

of switching losses. By designing zero current switching 

(ZCS) techniques within a similar circuit topology, the 

adverse effects induced by high-frequency operation can be 

effectively reduced7. 

In this context, resonant converters enable soft 

switching by shaping circuit currents and voltages into 

sinusoidal waveforms using an LC resonant network8.  

The push-pull converter is a preferred topology for 

medium- and high-power applications due to its isolated 

structure and symmetric power transfer capability. The 

push-pull configuration is a highly suitable topology for 

boost applications, because of its inherent high voltage gain 

capability9. Owing to its energy transfer mechanism, it 

exhibits similarities to flyback converters; however, the 

continuous nature of power transfer renders the push-pull 

topology more advantageous10,11. In conventional push-pull 

converters, recovery losses and EMI issues-particularly 

arising from hard switching of the output diodes-represent 

notable drawbacks12.  
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Consequently, in recent years, the integration of an LC 

resonant tank into conventional push-pull converters has 

attracted considerable attention, as it enables zero-current 

switching of both diodes and switching devices13. This 

approach effectively mitigates switching losses and EMI-

related issues14. 

The analytical investigation of such complex resonant 

structures becomes challenging when using conventional 

analysis methods. This difficulty can be effectively 

addressed by employing Modified Nodal Analysis (MNA). 

MNA is a powerful matrix-based circuit analysis technique 

that allows all circuit elements and switching states to be 

systematically modeled15,16. Modified Nodal Analysis 

(MNA) is a method employed to solve differential equations 

and obtain waveforms of nodes derived through Kirchhoff’s 

laws17. MNA is flexible, and packaged software for circuit 

analysis uses MNA18. 

The push-pull converter is inherently a two-switch 

topology. Due to the growing demand for high-efficiency 

power converters, many converter topologies have 

undergone various structural modifications. In particular, 

the performance differences between hard and soft-

switching techniques have led engineers to increasingly 

favor soft-switching approaches19. Various methods have 

been proposed to modify converter topologies to achieve 

soft-switching operation. Ultimately, the resonant behavior 

produced by square-wave excitation applied to an LC 

resonant tank forms the fundamental basis of soft 

switching20.  

The remainder of this paper is organized as follows. 

Section 2 presents the structure of the conventional push-

pull converter and subsequently introduces the LC resonant 

tank integration. The MNA-based system equations and 

simulation results are provided in Section 3. Finally, the 

study is concluded in Section 4. 

 

2. ZCS Push-Pull Topology 

 

In the conventional push-pull circuit shown in Fig. 1, 

the system does not include any structure capable of 

producing resonant behavior. The output diodes operate 

under hard switching conditions. Due to hard switching, 

electromagnetic interference (EMI) and switching losses 

become significant issues; therefore, various snubber 

circuits are commonly employed at the output diodes to 

suppress these adverse effects. 

 

 

Figure 1. Conventional Push-Pull Converter Circuit 

In the zero-current switching (ZCS) push-pull 

topology, no modifications are introduced on the primary 

side of the converter. On the secondary side, the interaction 

between the square-wave voltage generated by the 

transformer secondary windings and the LC network results 

in the formation of sinusoidal waveforms. These sinusoidal 

waveforms enable softer switching behavior by providing 

zero-crossing conditions, thereby preventing abrupt current 

and voltage transients across the output diodes. 

 

2.1. ZCS Push-Pull Resonant Circuit 

 

Compared with the conventional topology, the ZCS 

push-pull converter incorporates an additional capacitor and 

inductor, forming an LC resonant tank16. The circuit 

schematic is illustrated in Fig. 2. The sinusoidal waveforms 

generated within this LC resonant tank facilitate zero-

current switching operation.

 
Figure 2. Resonance Push-Pull Converter Circuit 

 

2.2. LC Resonant Tank Design 

 

The inductor and capacitor responsible for generating 

resonance constitute the LC resonant tank. Since the 

operation of this tank circuit is inherently frequency-

dependent, the design process begins with the selection of 

the operating frequency. 
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𝑓𝑟 =
1

2𝜋√𝐿𝐶
                                                                              (1) 

 

As expressed in Equation 1, the resonant components 

must be selected according to the predetermined switching 

frequency of the transducer to ensure proper resonant 

operation. 

 

3. MNA-Based Circuit Analysis 

 

Modified Nodal Analysis (MNA) is a circuit analysis 

technique based on Kirchhoff’s current law. In this method, 

all circuit nodes, elements, and sources are formulated into 

a matrix-based system of equations and solved 

simultaneously, as expressed in Equation 2. 

 

𝐺𝑋(𝑡) + 𝐶
𝑑𝑋

𝑑𝑡
= 𝐵𝑈(𝑡)                                                            (2) 

 

The G matrix is constructed from frequency-

independent elements, whereas the C matrix consists of 

frequency-dependent energy storage components, including 

inductors and capacitors. The X matrix represents the vector 

of unknown node voltages and branch currents to be solved 

within the MNA framework. Before solving the circuit 

equations, the primary side of the transformer is referred to 

the secondary side to simplify the analysis. By applying this 

transformation, the explicit modeling of the transformer is 

omitted. Consequently, the 50V square-wave voltage at the 

primary side is scaled by the turn ratio n, yielding a 500V 

waveform on the secondary side. The equivalent circuit 

obtained after this transformation is illustrated in Fig. 3. 

Given the leakage inductances on the primary and 

secondary sides of the designed push-pull transformer, the 

primary leakage inductance is significantly smaller than the 

secondary leakage inductance and can be neglected. As is 

common in many transformer-based resonant circuits, the 

leakage inductance of the transformer is used as a part of the 

resonant tank. Specifically, the secondary leakage 

inductance Llks functions as the resonant inductance Lr 

defined in the design, while Leq represents the magnetizing 

inductance of the transformer. 

The inductor Leq represents the magnetizing 

inductance reflected to the primary side and models the 

magnetic energy storage of the transformer. It is included to 

ensure the accuracy of the MNA analysis. Since its value is 

sufficiently large, it does not significantly affect the 

resonant behavior of the circuit.  

 

 
Figure 3. Simplified Secondary Circuit 

For modelling the switching devices, a two-valued 

resistance approach is employed. Accordingly, the switches 

are represented by a minimum resistance in the ON state and 

a maximum resistance in the OFF state, as illustrated in Fig. 

4. This approach enables efficient incorporation of 

switching behavior into the MNA formulation. By using this 

two-valued resistance model, computations can be 

performed without requiring any modifications to the 

fundamental system equations. 

The series resistance Rser, connected in series with the 

voltage source, represents the internal resistance of the 

supply. This resistance is introduced to avoid directly 

connecting energy storage elements, such as inductors and 

capacitors, in parallel with ideal voltage sources, thereby 

improving numerical stability and yielding more realistic 

simulation results. 

 
Figure 4. MNA Circuit 

Using the MNA method, the matrices G, B, C, and the 

state vector Xn are derived from the circuit schematics and 

presented Equations 3, 4, 5 and 6. These matrices 

comprehensively describe the dynamic behavior of the 

proposed resonant push-pull converter. 
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C=

[
 
 
 
 
 
 
 
 
0 0 0 0 0 0 0 0 0
0 𝐶𝑟 0 0 −𝐶𝑟 0 0 0 0
0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 −𝐶𝑟 0 0 𝐶𝑟 0 0 0 0

0 0 0 0 0 𝐶𝑜 0 0 0

0 0 0 0 0 0 −𝐿𝑚 0 0

0 0 0 0 0 0 0 −𝐿𝑟 0

0 0 0 0 0 0 0 0 0]
 
 
 
 
 
 
 
 

        (3) 

 

𝑩 = [0 0 0 0 0 0 0 0 1]𝑇                             (4) 

 

𝑿𝒏 = [𝑉𝐴 𝑉𝐵 𝑉𝐶 𝑉𝐷 𝑉𝐸 𝑉𝐹 𝐼𝐿𝑟
𝐼𝐿𝑒𝑞

𝐼𝐸]
𝑇
     (5) 

G=

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1

Rser

0 -
1

Rser

0 0 0 0 0 1

0 0 0 0 0 0 -1 0 -1

-
1

Rser

0
1

Rser

0 0 0 1 1 0

0 0 0
1

Rd1

+
1

Rd3

0 -
1

Rd1

0 -1 0

0 0 0 0
1

Rd2

+
1

Rd4

-
1

Rd2

0 0 0

0 0 0 -
1

Rd1

-
1

Rd2

1

Rd1

+
1

Rd2

+
1

Ro

0 0 0

0 -1 1 0 0 0 0 0 0

0 0 1 -1 0 0 0 0 0

1 -1 0 0 0 0 0 0 0 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         (6)
 

 

Backward Euler (B. Euler) is an implicit numerical 

analysis technique independent of the step size h. While the 

method remains stable, selecting a step size that is 

unnecessarily small significantly increases the simulation 

time. It is generally enough to define h as smaller than the 

smallest time constant of the system. In this study, the 

simulation step size was set to 20nS. 

The sequential stages of integrating the Backward 

Euler method into the MNA framework are demonstrated 

below. 

 

𝑑𝑋

𝑑𝑡
= −

𝐺

𝐶
𝑋(𝑡) +

𝐵

𝐶
𝑈(𝑡)                                                       (7) 

 

𝑋𝑛+1 = 𝑋𝑛 + ℎ(−
𝐺

𝐶
𝑋𝑛+1 +

𝐵

𝐶
𝑈𝑛+1)                                  (8) 

 

𝑋𝑛+1 = 𝐾𝐴 ∙ 𝑋𝑛 + 𝐾𝐵 ∙ 𝑈𝑛+1                                                  (9) 

 

𝐾𝐴 = ([𝐶 + ℎ𝐺]−1 ∙ 𝐶)                                                         (10) 

 

𝐾𝐵 = ([𝐶 + ℎ𝐺]−1 ∙ 𝐵 ∙ ℎ)                                                   (11) 

  

 

Figure 5. Gain Characteristics for Different Q Values 

 

𝑣𝑜

𝑛𝑣𝑖𝑛

=
1

√(1 + 𝑄2 (
𝜔𝑟

𝜔𝑠
−

𝜔𝑠

𝜔𝑟
)

2

)

                                          (12)
 

 

Equation 7 describes the voltage gain of the resonant 

circuit. The quality factor (Q) graph in Fig. 5 is calculated 

by Equation 7. This figure shows us the relationship 

between the input voltage Vin and the output voltage Vout. 

As illustrated in Fig. 5, the resonant tank exhibits 

different responses depending on the load conditions. The 

effect of the load on the normalized gain is examined as a 

function of the normalized frequency, independent of the 

transformer characteristics. Based on the expected load 

conditions, an appropriate quality factor (Q factor) should 

be selected, and the converter design should be carried out 

accordingly.  

The classification of the load as light or heavy is 

determined by the load current level. For applications 

operating under light-load conditions, the blue curve shown 

in Fig. 5, corresponding to a quality factor of Q=0.34, is 

selected. This choice ensures stable resonant operation and 

favorable gain characteristics under the intended operating 

conditions.  

For the subsequent analysis, the calculation of the 

required circuit parameters begins with the selection of the 

switching frequency. Once the operating frequency is 

determined, the resonant tank components can be designed 

accordingly. When a switching frequency of 135kHz and 

resonance inductance of 100µH are selected, either the 

inductance or capacitance value can be predefined, and the 

remaining parameter can then be calculated using the 

resonant frequency relationship given in Equations 8 and 9. 

Selecting switching and resonant frequencies below 

150 kHz—the starting threshold for EMC testing—serves to 

minimize potential EMI and RFI problems at the initial 

design stage. For resonant converters, a switching frequency 

range between 100 kHz and 150 kHz provides an optimal 

balance regarding the dimensions and efficiency of 

transformers and other winding components. Subsequently, 



Yusuf Can AYDIN et al. / Koc. J. Sci. Eng., 2026(17): 136-143 

140 

the values of the resonant tank elements, Cr and Lr, are 

calculated based on this selected frequency. 

 

135 ∙ 103 =
1

2𝜋√100.10−3 ∙ 𝐶
                                            (13) 

 

𝐶 ≈ 1.39 ∙ 10−8 ≈ 14𝑛𝐹                                                      (14) 

 

Alternatively, the resonant tank parameters can be 

calculated by first selecting the desired quality factor and 

then determining the equivalent AC load resistance. This 

approach is expressed by Equation 10, 11, 12 and 13. Due 

to the light-load operating condition considered in this 

study, the quality factor is chosen as Q=0.34. 

 

Table 1 Input Parameters 

Element Value 

Input Voltage ±500V 

Switching Frequency 135 kHz 

Duty Cycle 0.45 

𝐿𝑟 100µH 

𝐿𝑒𝑞  720µH 

𝑅𝑑,𝑚𝑖𝑛  1mΩ 

𝑅𝑑,𝑚𝑎𝑥 1MΩ 

𝐶𝑟 14nF 

𝑅𝑜 245Ω 

𝐶𝑜 100µF 

n 10 

𝑅𝑠𝑒𝑟  0.1Ω 

Output Voltage 490V 

 

𝐼𝑜 =
𝑉𝑜
𝑅𝑜

=
490

245
= 2 𝐴                                                           (15) 

 

𝑅𝑎𝑐 =
8

𝜋2

𝑉𝑜
𝐼𝑜

=
8

3.142
∙
490

2
= 246 Ω                                (16) 

 

𝐶𝑟 =
1

2𝜋𝑓𝑟𝑅𝑎𝑐𝑄
=

1

2𝜋 ∙ 135 ∙ 103 ∙ 246 ∙ 0.34
≅ 14𝑛𝐹(17)  

 

𝐿𝑟 =
1

(2𝜋𝑓𝑟)
2𝐶𝑟

                                                                      (18) 

 

𝐿𝑟 =
1

(2𝜋 ∙ 135 ∙ 103)2 ∙ 14 ∙ 10−9
≅ 100µ𝐻                  (19) 

 

3.1. Simulation-Based Results 

 

The simulation results obtained using the Backward 

Euler (B. Euler) method, based on the derived MNA 

matrices and circuit parameters, are presented in Figs. 6–11. 

These results are used to evaluate the dynamic behavior and 

switching characteristics of the proposed ZCS push-pull 

converter. 

 

The graphs of the resonant circuit exhibiting ZCS 

characteristics can be seen in Figures 7 and 8. 

 

 
Figure 6. Secondary Side Voltage at Node A 

 
Figure 7. Resonant Inductor Current 
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Figure 8. Resonant Capacitor Voltage 

The sinusoidal current and voltage waveforms 

observed across the Lr and Cr components confirm that 

resonance is successfully achieved. The resulting 

waveforms demonstrate that the resonant interaction 

between these elements effectively enables soft-switching 

conditions within the converter. The sinusoidal waveforms 

generated by the interaction of the resonant components are 

subsequently rectified by the output diodes, resulting in full-

wave rectification, as illustrated in Fig. 9 

 
Figure 9. Full-Wave Rectification by Diodes D1 and D2 

Figure 9 presents the current waveforms through 

diodes D1 and D2. It is observed that current commutation 

occurs at zero-crossing instants. Since the diodes are 

switched when the current is zero, zero-current switching 

(ZCS) operation is achieved. This behavior represents a 

critical feature of the proposed topology and directly 

contributes to reduced switching losses and improved 

efficiency. 

 

 
Figure  10. Current-Voltage Characteristics of Diode D1 

The voltage and current waveforms of diode D2 are 

presented in greater detail in Fig. 10. The absence of abrupt 

current and voltage transients further confirms the 

effectiveness of the ZCS mechanism in mitigating switching 

stress. 

 
Figure 11. Output Voltage Waveform 

 
Figure 12. Half-Wave Rectification Under Different Loads 
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Figure 13. Output Currents Under Different Loads 

In Figures 12 and 13, it is observed that the output 

current and the sinusoidal waveform maintain their 

structural integrity across different load conditions, 

demonstrating that the system operates stably as a wide-

range load system. 

 

4. Conclusions 

 

In this study, a resonant push-pull DC–DC converter 

is analyzed using the Modified Nodal Analysis (MNA) 

technique. The simulation results demonstrate that the 

proposed topology achieves zero-current switching (ZCS) 

operation at the output diodes, as evidenced by the current 

and voltage waveforms presented in Figs. 9 and 10. The 

sinusoidal current and voltage waveforms generated within 

the resonant elements enable soft-switching behavior, 

thereby significantly reducing switching losses.  

Furthermore, the implementation of soft-switching 

resonant operation not only improves converter efficiency 

but also mitigates thermal stress on the switching devices. 

As a result, the cooling requirements of the power electronic 

components can be reduced, leading to lower system cost 

and enhanced reliability. The presented MNA-based 

analysis framework provides an effective and systematic 

approach for modelling and evaluating resonant push-pull 

converter topologies and can be extended to the analysis of 

other soft-switching power converter structures. 

The applicability of this method serves as a foundation 

for the analysis and simulation of other circuit topologies. 

Analyzing resonant circuits through such techniques is 

significant not only for contributing to the academic body of 

knowledge but also for minimizing prototype development 

costs. 
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       f  r =  1  2 𝜋  L C   #                                                                                                                                                            ( 1 )


     G   X   ( t ) + C   d X  d t = B   U   ( t )                                                                                                                         #  ( 2 )


     C=  [    0  0  0  0  0  0  0  0  0   0    C  r  0  0    − C  r  0  0  0  0   0  0  0  0  0  0  0  0  0   0  0  0  0  0  0  0  0  0   0    − C  r  0  0    C  r  0  0  0  0   0  0  0  0  0    C  o  0  0  0   0  0  0  0  0  0    − L  m  0  0   0  0  0  0  0  0  0    − L  r  0   0  0  0  0  0  0  0  0  0 ]                 #  ( 3 )


     𝑩 =    [    0  0  0  0  0  0  0  0  1 ]  T #                                                          ( 4 )


       𝑿  𝒏 =    [      V  A    V  B    V  C    V  D    V  E    V  F    I    L  r    I    L  e q    I  E ]  T #            ( 5 )


       G=  [     1   R  ser  0  -  1   R  ser  0  0  0  0  0  1   0  0  0  0  0  0  -1  0  -1   -  1   R  ser  0   1   R  ser  0  0  0  1  1  0   0  0  0   1   R  d1 +  1   R  d3  0  -  1   R  d1  0  -1  0   0  0  0  0   1   R  d2 +  1   R  d4  -  1   R  d2  0  0  0   0  0  0  -  1   R  d1  -  1   R  d2   1   R  d1 +  1   R  d2 +  1   R o  0  0  0   0  -1  1  0  0  0  0  0  0   0  0  1  -1  0  0  0  0  0   1  -1  0  0  0  0  0  0  0 ] #                    ( 6 )


       G=  [     1   R  ser  0  -  1   R  ser  0  0  0  0  0  1   0  0  0  0  0  0  -1  0  -1   -  1   R  ser  0   1   R  ser  0  0  0  1  1  0   0  0  0   1   R  d1 +  1   R  d3  0  -  1   R  d1  0  -1  0   0  0  0  0   1   R  d2 +  1   R  d4  -  1   R  d2  0  0  0   0  0  0  -  1   R  d1  -  1   R  d2   1   R  d1 +  1   R  d2 +  1   R o  0  0  0   0  -1  1  0  0  0  0  0  0   0  0  1  -1  0  0  0  0  0   1  -1  0  0  0  0  0  0  0 ] #                    ( 6 )


    d X  d t = −   G  C X  ( t ) +   B  C U  ( t )                                                                                                               ( 7 )


    X  n + 1 =   X  n + h ( −   G  C   X  n + 1 +   B  C   U  n + 1 )                                                                     ( 8 )


    X  n + 1 =   K  A ∙   X  n +   K  B ∙   U  n + 1                                                                                                     ( 9 )


    K  A =  (    [ C + h G ]  − 1 ∙ C )                                                                                                                   ( 10 )


    K  B =  (    [ C + h G ]  − 1 ∙ B ∙ h )                                                                                                       ( 11 )


   


   


         v  o  n   v  i n =  1    ( 1 +   Q 2    (     𝜔  r    𝜔  s −     𝜔  s    𝜔  r ) 2 )                                                                                     #  ( 12 )


       135 ∙ 10 3 =  1  2 𝜋    100 . 10  − 3 ∙ C                                                                                         # ( 13 )


     C ≈ 1 . 39 ∙  10  − 8 ≈ 14 n F #                                                                                                              ( 14 )


    L  r


    L  e q


    R  d , m i n


    R  d , m a x


    C  r


    R  o


    C  o


    R  s e r


  Output   Voltage


       I  o =     V  o    R  o =  490 245 = 2   A                                                                                                                       #  ( 15 )


       R  a c =  8    𝜋 2     V  o    I  o =  8    3 . 14 2 ∙  490 2 = 246   Ω   #                                                                ( 16 )


       C  r =  1  2 𝜋   f  r   R  a c Q =  1  2 𝜋 ∙ 135 ∙  10 3 ∙ 246 ∙ 0 . 34 ≅ 14 n F  ( 17 )  


       L  r =  1     ( 2 𝜋   f  r ) 2   C  r                                                                                                                                              ( 18 )


       L  r =  1     ( 2 𝜋 ∙ 135 ∙  10 3 ) 2 ∙ 14 ∙  10  − 9 ≅ 100 µ H                                      ( 19 )

