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 This paper presents an analytical design, modelling, and simulation of an 

LLC resonant converter for an electric vehicle auxiliary power module 

(APM). The work contributes a complete LLC‑focused workflow that starts 

from design specifications and proceeds through: i) Resonant‑tank selection 

using normalized gain–frequency maps to choose the inductance ratio 

𝐿𝑛 and a quality factor 𝑄𝑒 with soft‑switching in mind; ii) Transformer 

sizing from core data and loss limits; and iii) Small‑signal‑based PI 

controller tuning those accounts for the plant’s inherent inversion. The 

workflow is implemented and validated in MATLAB Simulink and PLECS 

for input voltages of 235-265 V and load levels from 10% to 100%. The 

converter achieves a peak efficiency of 98.1% within an 80.6-128.3 kHz 

switching range, full‑load efficiency of 93.5%, and about ±1% output 

voltage regulation. The controller maintains stable output settling times of 

0.42-0.44 ms during 100% to 80% load steps and the reverse transition. At 

the highest input voltage, the switching frequency drifts beyond the intended 

range, which indicates a clear target for controller refinement in future work. 

The results show that the proposed analytical workflow is practical for 

designing LLC converters that meet APM efficiency and regulation goals, 

with cross‑platform simulation providing consistent evidence of 

performance. 
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1. INTRODUCTION 

The automotive industry is rapidly transitioning towards electrification, evidenced by a significant 

increase in global electric vehicle (EV) sales over the past decade, transforming the transportation landscape 

[1]. This shift is primarily driven by the need to address climate change and reduce greenhouse gas (GHG) 

emissions, prompting extensive research into the electrification of transportation [2]. The electrification of 

transportation in the transportation sector is driven by the need for sustainable, energy-efficient, and 

environmentally friendly solutions to replace conventional internal combustion engine vehicles. The 

replacement of conventional internal combustion engine vehicles with electrification has heightened the role 

of auxiliary power modules (APMs) in electric vehicles (EVs). APMs supply low-voltage power to critical 

subsystems such as infotainment, lighting, and climate control, drawing energy from the high-voltage traction 

battery. Because APMs must operate over wide input‑voltage ranges, meet stringent efficiency requirements, 

https://creativecommons.org/licenses/by-sa/4.0/
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and maintain low electromagnetic interference (EMI), robust design methodologies are essential to achieving 

stable, compact, and high‑performance isolated DC–DC conversion [1]-[6]. 

Conventional isolated topologies such as phase‑shifted full bridge (PSFB), asymmetrical half bridge 

(AHB), and SIMO‑based converters provide functional power conversion but often lack design‑level 

transparency: soft‑switching boundaries, magnetic constraints, and control interactions are not inherently 

coupled to a unified analytical workflow, resulting in designs that depend heavily on iterative simulations or 

empirical tuning [1], [5]-[10]. Two‑stage architectures and current‑doubler variations improve performance 

in specific regions yet introduce extra components and added uncertainties that complicate systematic design 

and optimization [6], [8], [9]. Research on high‑performance DAB, current‑fed DAB (CFDAB), and 

transformer‑assisted bridge (TAB) converters has demonstrated strong soft‑switching capability and transient 

performance, especially for wide‑voltage platforms [11]-[15]. However, these architectures present their own 

design‑methodology challenges: circulating energy and device‑stress characteristics cannot be accurately 

predicted without detailed multi‑variable modeling, and transformer design is often treated independently 

from resonant‑tank behavior or small‑signal control stability [11]-[15]. This separation of design domains 

tank, magnetics, and control limits the ability to generate consistent, end‑to‑end design rules for EV APMs. 

LLC‑family resonant converters have therefore gained prominence because their behavior can be expressed 

through normalized frequency‑gain relations, enabling high efficiency, ZVS/ZCS operation, and compact 

magnetic design [6], [16]-[26]. Yet, despite their advantages, the existing literature primarily addresses the 

LLC design problem in fragments: resonant‑tank modeling and gain shaping in isolation [17], [19], [23], [24] 

transformer design treated as a separate magnetics task [18], [19], [20], [26]control development (PI or 

LADRC) examined independently from tank‑parameter selection [24], [25]; EV‑specific constraints (wide 

input, load variation, transient requirements) discussed qualitatively or addressed only through simulation 

[16]-[27]. Complementary efforts such as SIMO converters, current‑doubler rectifiers, and improved 

rectification strategies for AHB converters provide subsystem‑level improvements but do not resolve the core 

methodological gap: how to derive resonant‑tank parameters, transformer geometry, and small‑signal 

controller gains in one coherent process that guarantees stability, soft switching, and efficiency for EV APMs 

[6], [8], [9], [18], [28]. Application notes and isolated modeling references provide valuable insights but stop 

short of a full analytical design‑to‑implementation pipeline [5], [10], [28]-[31]. Table 1 indicates that existing 

EV APM converter studies have explored various aspects of converter design, including analytical modeling, 

control design, and performance evaluation. However, these aspects are generally treated separately, 

suggesting that a more integrated design approach may further support the systematic development of EV 

APM converters. 

This paper addresses that gap by proposing a unified analytical design methodology for a half‑bridge 

LLC resonant converter tailored to EV APM requirements. The proposed workflow includes (i) A 

specification‑driven resonant‑tank selection procedure that uses normalized gain–frequency maps to determine 

𝐿𝑛 and 𝑄𝑒  while staying within soft‑switching regions; (ii) A transformer sizing method derived from core 

geometry, flux limits, and loss constraints; and (iii) A small‑signal‑based PI tuning approach that explicitly 

accounts for the LLC plant’s inherent inversion and sets crossover margins accordingly. The workflow is 

implemented and validated in MATLAB/Simulink and PLECS under EV‑relevant operating ranges to verify 

that the analytical steps translate into predictable behavior in simulation. By linking these three domains 

through a structured analysis path, the framework reduces reliance on iterative simulations. It produces a 

converter whose performance voltage regulation, transient behavior, and efficiency is validated across 

EV‑relevant operating conditions. The approach consolidates fragmented design knowledge scattered across 

the literature [1]–[31] into a single, repeatable procedure suitable for high‑confidence EV APM development. 

 

 

Table 1. Comparative review of EV APM converter analytical design approach 
Ref. Focus/topology Full analytical design PI via small-signal Comparative eval 

[16] T-type LLC Yes No Partial 
[25] LLC analysis/modeling (EV) Partial No No 

[10] PSFB vs LLC Partial No Yes 

[19] GaN LLC Partial No Yes 
[17] Three-leg LLC OBC Partial No Partial 

[20] Full-bridge LLC charger Partial No No 

[23] LADRC vs PI for LLC chargers No Yes Partial 
[24] Current-control methods for LLC No Partial Yes 

[8] Half-bridge + current doubler Partial No Partial 

[12] CFDAB ultra-high-gain APM Partial Partial Yes 

[5] Two-stage isolated DC-DC APM Partial No Partial 

[21] LLCLC notch resonant Partial No Partial 

[27] Asymmetrical half-bridge rectifier Partial No Partial 
[18] LLC high gain with aux LC Partial No Partial 
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The proposed analytical design process is discussed with a design example of a half-bridge LLC 

resonant converter where the design specification is for EV APM. The design example is modelled and 

analysed through MATLAB/Simulink and PLECS simulations under EV-relevant conditions (235–265 V 

input, 10–100% load), demonstrating peak efficiency of 98.1%, average efficiency around 90%, and output-

voltage regulation within ±1%, outperforming a conventional AHB design by up to 4.41%. The typical 

circuit topology of a half-bridge LLC resonant converter is shown in Figure 1. 

 

 

 
 

Figure 1. Typical half-bridge LLC resonant converter 

 

 

2. METHOD 

2.1.  LLC resonant analytical calculations (design auxiliary components) 

The analytical calculation was applied to design the proposed dc-dc LLC resonant converter with 

the design requirements in Table 2 chosen based on the EV load typical requirements and inferred from 

documented performances of previous LLC DC-DC converters for EV loads, using the research of [9], [23]. 

The proposed flow of analytical steps to design the parameters of the LLC converter, as depicted in Figure 1, 

is simplified as shown in Figure 2. 

 

 

Table 2. Design specification 
Parameters Value 

DC Input voltage, Vin 235–265 V 

Nominal input voltage, 𝑉𝑖𝑛_𝑛𝑜𝑚 250 V 

Rated output power, Pout 300 W 

Nominal output voltage, 𝑉𝑜_𝑛𝑜𝑚 24 V 

Rated output current, Io 12.5 A 

Ripple current ≤ 1% 

Output-voltage ripple ≤ 1% 
Expected efficiency ≥ 90% (=95%) 

Switching frequency 𝑓𝑠𝑤 70–150 kHz 

 

 

 
 

Figure 2. Proposed design steps for an LLC resonant DC-DC converter 
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The selection of the resonant‑tank parameters begins with establishing the transformer turns ratio 𝑛 

at the nominal operating point where (1). 

 

𝑛 = 𝑀𝑔 ×
𝑉𝑖𝑛_𝑛𝑜𝑚/2

𝑉𝑜
 (1) 

 

Where 𝑀𝑔 is the normalized voltage gain function. The 𝑀𝑔 provides a unified, dimensionless representation 

of how the LLC converter’s output voltage relates to its input voltage, thereby enabling simplified analytical 

design, universal gain‑curve construction, operating‑region identification (buck, boost, or resonant), 

soft‑switching assessment, and efficient support for modeling, simulation, and optimization. 

 

𝑀𝑔 = |
𝐿𝑛×𝑓𝑛

2

[(𝐿𝑛+1)×𝑓𝑛
2−1]+𝑗[(𝑓𝑛

2−1)×𝑓𝑛×𝑄𝑒×𝐿𝑛]
| (2) 

 

Where the normalized frequency 𝑓𝑛 is the ratio of the 𝑓𝑠𝑤 and the resonant frequency 𝑓0. The quality factor 

𝑄𝑒  of the series resonant circuit is the ratio of energy stored in the resonant tank to the energy dissipated per 

cycle at the resonant frequency. 

 

𝑄𝑒 =
√𝐿𝑟/𝐶𝑟

𝑅𝑒
 (3) 

 

A small induction ratio 𝐿𝑛 where the transformer magnetizing inductance 𝐿𝑚 is smaller than the 

resonance inductance 𝐿𝑟 enhances ZVS but increases losses due to higher magnetizing current, while a small 

𝑄𝑒  likewise raises losses. Thus, the proper ranges of 𝐿𝑛 and 𝑄𝑒  have to be determined. The 𝐿𝑛 and 𝑄𝑒  can be 

predicted by plotting the graph of 𝑀𝑔 against 𝑓𝑛 as depicted in Figure 3. The chosen sets for the 𝐿𝑛is 1, 3, 5, 

6, 8 and 10 while the 𝑄𝑒  is {0, 0.2, 0.3, 0.4, 0.5, 0.7, 1, 1.2, 10}. The minimum voltage gain 𝑀𝑔,𝑚𝑖𝑛 and 

maximum voltage gain 𝑀𝑔,𝑚𝑎𝑥  are the range of 𝑀𝑔for the load voltage 𝑉𝑜 regulation. Referring to Figure 3, 

the peak of each curve 𝑀𝑔,𝑝𝑒𝑎𝑘 are in the capacitive region where is the ZVS cannot be achieved. Therefore, 

the maximum attainable gain 𝑀𝑔,𝑎𝑝 is estimated to be 1% less than 𝑀𝑔,𝑝𝑒𝑎𝑘 to ensure ZVS. However, for 

𝑀𝑔,𝑝𝑒𝑎𝑘 less than 𝑀𝑔,𝑚𝑎𝑥 , the load voltage regulation cannot be achieved. Hence, by observing the plotted 

curves in Figure 3, the curves below the red dotted line are not considered in determining the 𝐿𝑛 and 𝑄𝑒  

because 𝑀𝑔,𝑝𝑒𝑎𝑘 less than 𝑀𝑔,𝑚𝑎𝑥 . Next, the 𝑀𝑔,𝑎𝑝 against 𝑄𝑒is plotted as shown in Figure 4, where the value 

of 𝑄𝑒  is chosen such that 𝑀𝑔,𝑎𝑝 > 𝑀𝑔,𝑚𝑎𝑥 . In addition, the 𝐿𝑛 cannot be too small, as this would increase the 

magnetizing current 𝐼𝑚, leading to higher power losses and 𝑄𝑒  should not be too small to avoid excessive 

switching losses. Therefore, in this study, the 𝐿𝑛 = 5 and 𝑄𝑒 = 0.53367 are selected as depicted in Figure 5, 

where the range of switching frequency 𝑓𝑠𝑤 is between the 𝑓𝑛,𝑚𝑖𝑛 and 𝑓𝑛,𝑚𝑎𝑥 . Next, the value of an equivalent 

ac resistance 𝑅𝑒 is determined from the of (4). 

 

𝑅𝑒 =
8×𝑛2

𝜋2 ×
𝑉𝑜

𝐼𝑜
 (4) 

 

Consequently, the values of resonant circuit components are designed based on (5)-(7). 

 

𝐶𝑟 =
1

2𝜋𝑅𝑒𝑓0𝑄𝑒
 (5) 

 

𝐿𝑟 =
1

(2𝜋𝑓𝑜)2×𝐶𝑟
 (6) 

 

𝐿𝑚 = 𝐿𝑛𝐿𝑟 (7) 

 

Next, the designed values for resonance circuit components are verified by repeating the same step 

from (5) to (7), and the 𝐿𝑛. The updated curve 𝑀𝑔 vs 𝑓𝑛 as in Figure 6 is plotted. This is to ensure that the 

𝑀𝑔,𝑝𝑒𝑎𝑘 less than 𝑀𝑔,𝑚𝑎𝑥  and satisfies the 𝑀𝑔 and 𝑄𝑒  criteria for the resonant circuit design. In addition, the 

𝑓𝑛,𝑚𝑖𝑛 and 𝑓𝑛,𝑚𝑎𝑥  are observed to be between the design specifications. Thus, the range of switching 

frequency is determined. 
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Figure 3. 𝑀𝑔 vs 𝑓𝑛 

 

 

  

 

Figure 4. 𝑀𝑔,𝑎𝑝 against 𝑄𝑒  

 

Figure 5. 𝑀𝑔 vs 𝑓𝑛 for 𝐿𝑛 = 5 

 

 

 
 

Figure 6. Updated 𝑀𝑔 vs 𝑓𝑛 for 𝐿𝑛 = 5 
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The transformer magnetizing inductance 𝑅𝑐 is part of the resonant circuit. Thus, the initial 

transformer core losses have to be predetermined. The analytical design for the transformer is based on the 

[26] report. At the secondary side, the value of the minimum output capacitor is (8). 

 

𝐶𝑜,𝑚𝑖𝑛 =
𝐼𝑂𝑈𝑇×𝐷×(1−𝐷)×1000

𝑓𝑠𝑤×𝑉𝑃(𝑚𝑎𝑥)

 (8) 

 

The analytical design for components is then applied to the simulation model in MATLAB Simulink and 

PLECS as depicted in Figures 7 and 8. 

 

 

 
 

Figure 7. The Bode plot for the proposed circuit, PI controller, and proposed circuit with PI 

 

 

 
 

Figure 8. Proposed Simulink model 

 

 

2.2.  Transformer design 

The proposed design process of the transformer is shown in Figure 9. In order to simplify the design 

process, the core manufacturer data handbook is referred to in selecting the core type and core material. The 

pre-requisite requirements to choose the core are the switching frequency 𝑓𝑠𝑤 and the expected output power 

𝑃𝑜. Thus, referring to the Ferroxcube Data Handbook, the core material of 3C90 and the predetermined core 

shape of ETD44 are chosen. The ETD core is chosen because ETD cores have a round center post that allows 

for shorter turn length by almost 11%, hence leading to a copper loss reduction. Next, the core loss 

coefficient 𝐾𝑓𝑒  is determined from (9). 

 

𝑃𝑓𝑒 = 𝐾𝑓𝑒(𝐵𝑚𝑎𝑥)𝛽𝐴𝑐𝑙𝑚 (9) 
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Where 𝑃𝑓𝑒  is the core losses, 𝐴𝑐 is the core sectional area and 𝑙𝑚 is the magnetic path length, which is 

extracted from the core datasheet. The typical value of the core loss exponent 𝛽 typically between 2.6-2.8. 

The maximum flux density 𝐵𝑚𝑎𝑥  is determined from the graph of 𝑓𝐵𝑚𝑎𝑥vs 𝑓𝑠𝑤 core material datasheet. Next, 

the suitability of the selected core size is verified by observing the value of the geometric constant 𝑘𝑔𝑓𝑒, 

where is (10). 

 

𝑘𝑔𝑓𝑒 =
𝜌𝜆1

2𝐼𝑡𝑜𝑡
2𝐾𝑓𝑒

(2.𝛽)

4𝐾𝑢(𝑃𝑡𝑜𝑡)((𝛽+2)/𝛽) × 108 (10) 

 

 

 
 

Figure 9. Proposed simplified transformer design flow 

 

 

The typical value of effective wire resistivity ρ = 1.724×10-6
 Ω-cm and the winding fill factor 𝐾𝑢is 

0.25-0.3. The expected total primary side rms winding current 𝐼𝑡𝑜𝑡 can be obtained from (11). 

 

𝐼𝑡𝑜𝑡 =
𝜋

2√2
×

1

𝑛
× 𝐼𝑜 (11) 

 

𝑃𝑡𝑜𝑡 is the allowable total power dissipation which is the sum of the core 𝑃𝑓𝑒  and copper losses 𝑃𝑐𝑢. Thus, the 

copper losses 𝑃𝑐𝑢 is (12). 

 

𝑃𝑐𝑢 = (
𝜌𝜆1

2𝐼𝑡𝑜𝑡
2

4𝐾𝑢
)(

𝑀𝐿𝑇

𝑊𝐴𝐴𝑐
2)(

1

𝛥𝐵
)2 (12) 

 

Where 𝑊𝐴 is core window area, 𝑀𝐿𝑇 is mean length per turn and 𝜆1is the applied primary volt-second during 

the positive portion of arbitrary periodic primary voltage. which is (13). 

 

𝜆1(𝑡) = ∫ 𝑣1(𝑡)
𝑡2

𝑡1
𝑑𝑡 (13) 

 

Thus, the geometric constant 𝑘𝑔𝑓𝑒 for this study is 10.4 × 10−3 which is smaller than 𝑘𝑔𝑓𝑒 for ETD44 core 

30.4 × 10−3. Therefore, the smaller ETD core can be used. However, in this work, ETD44 is used because of 

its availability. Next, the peak flux density, ∆𝐵 has to be below the 𝐵𝑚𝑎𝑥  to ensure no saturation.  

 

𝛥𝐵 = [
𝜌𝜆1

2𝐼𝑡𝑜𝑡
2

2𝐾𝑢

(𝑀𝐿𝑇)

𝑊𝐴𝐴𝑐
3𝑙𝑚

1

𝛽𝐾𝑓𝑒
]

(
1

𝛽+2
)
 (14) 

 

The 𝛥𝐵 is 106.6 𝑚𝑇 which is below 𝐵𝑚𝑎𝑥, 200 mT. Therefore, the core material 3C90 is safe to be used for 

this study. The primary number of turns is determined to be (15), 
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𝑁1 =
𝜆1

2𝛥𝐵𝐴𝑐
104 (15) 

 

and for the secondary winding 𝑁2, is determined with the transformer transformation ratio 𝑛. Next is to 

determine the number of fractions 𝛼𝑘. 𝛼𝑘 is the space within the core where the windings are placed. Since 

there are two windings (primary and secondary) for the transformer in this work, therefore by (16). 

 

𝛼1 =
𝑁1𝐼1

𝑁1𝐼𝑡𝑜𝑡
 , 𝛼2 =

𝑁2𝐼2

𝑛1𝐼𝑡𝑜𝑡
 (16) 

 

The cross-sectional area for the primary 𝐴𝑤1and secondary 𝐴𝑤2 are evaluated using (17). 

 

𝐴𝑤1 ≤
𝛼1𝐾𝑢𝑊𝐴

𝑛1
 , 𝐴𝑤2 ≤

𝛼2𝐾𝑢𝑊𝐴

𝑛2
 (17) 

 

Where 𝑊𝐴 is the bobbin winding area, which can be determined from the coil former data sheet. Next, the 

wire size for 𝑁1and 𝑁2 are determined by comparing the value of 𝐴𝑤1 and 𝐴𝑤2 with the American Wire 

Gauge (AWG) table. Once the wire size is determined, the transformer magnetizing inductance 𝐿𝑀, primary 

winding resistance 𝑅1and secondary winding resistance 𝑅2are 

 

𝐿𝑀 =
𝜇𝑛1

2𝐴𝑐

𝑙𝑚
 (18) 

 

𝑅1 =
𝜌𝑛1(𝑀𝐿𝑇)

𝐴𝑤1
 (19) 

 

𝑅2 =
𝜌𝑛2(𝑀𝐿𝑇)

𝐴𝑤2
 (20) 

 

Even though the wire size is determined from (17) and the AWG table, further consideration of power losses 

due to the skin effect and proximity effect with a stranded wire is shown in Figure 10. 

 

 

 
 

Figure 10. Stranded wire for the transformer winding 

 

 

Hence, the number of strands 𝑛𝑒 is (21). 

 

𝑛𝑒 = 𝑘
 δ2𝑏

𝑁𝑠
 (21) 

 

Where the constant 𝑘 is the packing factor, which accounts for the strands in the available space. The 

simplified values of 𝑘 can be found in the litz wire documents from the manufacturer. The breadth 𝑏 is the 

sum of half of the winding width and the winding leg diameter. 𝑁𝑠is the number of turns of the winding and 

the skin effect δ is (22), 
 

δ = √
𝜌

𝜋𝑓𝑠𝑤,𝑚𝑎𝑥µ
 (22) 

 

and µ is the permeability of copper. Where the breadth 𝑏 is the sum of half the winding width and the 

winding leg diameter. Once the 𝑛𝑒 are determined, the 𝑛𝑒is bunch in a group. The maximum number of wires 

in a group 𝑁𝑒/𝑏𝑢𝑛𝑐ℎ is (23).    
 

𝑁𝑒/𝑏𝑢𝑛𝑐ℎ = 4
 δ2

𝑑𝑠
2 (23) 
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2.3.  Controller 

The small signal model for the LLC converter proposed by [9] is used to model the control loop, 

where the control-to-voltage transfer function is (24), 
 

𝐺𝑣𝑓(𝑠) =
𝑣𝐶𝑜(𝑠)

𝑓𝑠(𝑠)
=

𝑘𝑓

𝑛
𝐶𝑜𝐿𝑒𝑞

𝑛2 𝑠2+
𝐿𝑒𝑞

𝑛2𝑅𝐿
𝑠+1

 (24) 

 

where the dynamic small-signal gain. 

 

 𝑘𝑓 =
𝜕𝑣𝑜

𝜕𝑓𝑠
= −

8𝑉𝑖𝑛𝐿𝑚

𝜋𝑛𝐿𝑟𝑓𝑓
 (25) 

 

𝐿𝑒𝑞 =
𝑛2𝐶𝑟

𝐶𝑜

𝜋2𝐿𝑟

cos−1[
𝐶𝑜

𝐶𝑜+𝑛2𝐶𝑟(1−
𝑛2𝐶𝑟

𝐶𝑜
)

]2
≈

𝜋2

4
𝐿𝑟 (26) 

 

𝑓𝑒𝑞 =
𝑛

2𝜋√𝐿𝑒𝑞𝐶𝑜
 (27) 

 

The Bode plot based on the design specifications and with compensation is shown in Figure 7. At the natural 

frequency (representing the resonant frequency at the output filter), 𝜔𝑜, is (28). 
 

𝜔𝑜 =
𝑛

√𝐶𝑜𝐿𝑒𝑞
 (28) 

 

The quality factor Q is (29). 
 

𝑄 = 𝑛𝑅𝐿√
𝐶𝑜

𝐿𝑒𝑞
 (29) 

 

The negative small-signal gain 𝑘𝑓 introduces an inherent 180° phase inversion, and the plant 

exhibits−23.25 dB gain at the crossover region, requiring additional phase and gain compensation for the 

loop to reach the 0 dB stability condition. A PI controller is therefore selected and tuned so that the 

compensated crossover frequency remains well below the minimum switching frequency, satisfying the 

Nyquist stability requirement. 
 

2.4.  Robustness and analysis 

The robustness of the proposed LLC converter was evaluated by observing how the resonant tank 

responds to input-voltage variations and load changes. The converter was simulated at 235 V, 250 V, and 265 

V to examine changes in resonant-tank voltage, current, and switching frequency, allowing assessment of 

how the controller maintains the operating point under off-nominal conditions. For each input level, the 

resonant frequency and current amplitude were recorded, and the corresponding waveforms were analyzed to 

confirm that tank behavior follows the expected analytical trends. The output voltage and current were then 

monitored to verify that the design specifications were met, and the mode of operation was validated by 

comparing switching waveforms from both the Simulink and PLECS models. 

Performance across the EV-relevant load range was further assessed by sweeping the load from 10% 

to 100% and computing the efficiency and voltage-regulation characteristics, using PLECS simulations to 

cross-validate the results obtained from Simulink. Load-transient robustness was evaluated by applying 

sudden step changes, where the settling time of the output voltage was measured to confirm the controller’s 

dynamic response. Finally, the efficiency profile of the proposed converter was compared against that of a 

conventional AHB topology to quantify performance advantages, and the consistency between MATLAB 

and PLECS results ensured reliability of the simulation model and its analytical foundation. 

 

 

3. RESULTS AND DISCUSSION 

Table 3 shows the quantities for the LLC converter which derived from the analytical design as 

depicted in the flow chart of Figure 2. The Bode plot in Figure 7 shows that the controller provides high dc 

gain while the plant exhibits negative low-frequency gain, resulting in a positive open-loop response with a 

crossover near 204 rad/s and adequate PI-type stability margin as all curves roll off smoothly at high 

frequency. Applying the tuned 𝑘𝑝 and 𝑘𝑖 in Simulink and PLECS (Figures 8 and 11) produces nearly 

identical switching waveforms (Figure 12), confirming correct operation of the proposed design. 
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Next, for the analytical design of the transformer as depicted in Figure 9, the summarized quantities 

are shown in Table 4. The arrangements of the primary winding and secondary winding based on ETD44 

bobbin winding width, winding direction, and the actual construction of the transformer are shown in  

Figure 13. Figure 14 shows that increasing the input voltage raises the switching frequency from about 

93 kHz at 235 V to 130 kHz at 250 V, which remains which satisfies the resonant circuit design requirement. 

However, at 265 V, the frequency rises to approximately 275 kHz, exceeding the allowable limit, indicating 

that the controller requires refinement to keep the switching frequency within the specified operating band. 

The analysis-first process normalized gain–frequency synthesis for tank parameters, analytical 

transformer design (ETD44/3C90 with ΔB = 106.6 mT < 200 mT), and small-signal-based PI tuning 

produces a coherent design whose Simulink and PLECS implementations match in switching patterns and 

operating points (Figures 8-14). This consistency validates the end-to-end methodology, not only the 

individual components. The close similarity between the MATLAB Simulink and PLECS waveforms shows 

that the model represents the resonant‑tank behavior and the small‑signal response of the LLC converter 

effectively. This agreement also indicates that the analytical design transfers well into both simulation 

platforms without the need for parameter adjustments, supporting the use of a consistent and reliable 

analytical‑to‑simulation workflow. 

 

 

Table 3. Quantities of the proposed circuit derived from the analytical design 
Quantities Values  Quantities Values 

𝑛 5  𝑘𝑓 −005.901 

𝑀𝑔,𝑚𝑖𝑛 0.923  𝑅𝑒 38.9 Ω 

𝑀𝑔,𝑚𝑎𝑥 1.115  𝐶𝑟 276.6 nF 

𝑉𝑙𝑜𝑠𝑠 1.263  𝐿𝑟 33 𝜇𝐻 

𝐿𝑛 5  𝑄 58.28 

𝑄𝑒 0.533  𝐾𝑝 14.54 

𝐿𝑚 165 𝜇𝐻  𝐾𝑖 147116.6 

𝑓𝑠𝑤(kHz) 80.6~128.3  𝑓𝑛,𝑚𝑎𝑥 1.1532 

𝐶𝑜,𝑚𝑖𝑛 312.5 𝜇𝐹  𝑓𝑛,𝑚𝑖𝑛 0.7968 

𝐿𝑒𝑞 8.14 𝜇𝐻  𝜔𝑜(kHz) 100.038 

𝑓𝑒𝑞 16.1 𝑘𝐻𝑧  𝑄 58.28 

 

 

 
 

Figure 11. Proposed PLECS model 
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Figure 12. Switching waveform simulated through MATLAB: (a) Simulink and (b) PLECS 
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Figure 13. Construction of the transformer 

 

 

Table 4. The summary for the quantities of transformer design by analytical method 
Parameter Value  Parameter Value 

Core material 3C90  Core loss coefficient (Kfe) 1.831 W/(cm³·T²·⁷) 

Core shape ETD  Core loss (Pfe) 0.07585 W 
Core size ETD44  Copper loss (Pcu) 0.2199 W 

Cross-sectional area (Ac) 1.74 cm²  Total loss (Ptot) 0.2958 W 

Mean length per turn (MLT) 7.62 cm  Primary turns (n₁) 17 
Magnetic path length (lm) 10.3 cm  Secondary turns (n₂) 3.5 

Bobbin winding area (WA) 2.13 cm²  Window area fraction (primary) 0.5 

Geometrical constant (Kgfe) 30.4 × 10⁻³  Window area fraction (secondary) 0.514 
Thermal resistance 12 °C/W  Wire size (primary) AWG #16 

Operating frequency (fsw) 100 kHz  Wire size (secondary) AWG #9 

Duty cycle (D) 50%  Current density (primary) 2.12 A/mm² 
Primary RMS voltage (Vc1) 125 V  Current density (secondary) 2.09 A/mm² 

Primary RMS current 2.776 A  Skin depth (δ) 0.1945 mm 

Secondary RMS current 13.88 A  Litz wire strand size AWG 38 
Performance factor 20,000 Hz·T  Strands (primary) 33 strands (5×3×2 config) 

Maximum flux density (Bmax) 200 mT  Strands (secondary) 140 strands (5×3×9 config) 

Peak flux density (ΔB) 106.6 mT    

 

 

 
 

(a) (b) 

 
(c) 

 

Figure 14. Voltage and current behavior of the resonant tank at the input voltage:  

(a) 235 V, (b) 250 V, and (c) 265 V 
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Efficiency and ZVS: Across 235–265 V and 10–100% load, the proposed HB–LLC attains a peak 

efficiency of 98.1% and an average near 90%, as depicted in Figures 15 and 16. These values follow from the 

tank selection (𝐿𝑛 = 0.5, 𝑄𝑒 ≈ 0.53), which maintains operation in the inductive region where ZVS is 

realized and circulating energy is reduced; switching waveforms from both Simulink and PLECS confirm 

ZVS under nominal and off-nominal points. At 265 V, the controller commands 𝑓𝑠𝑤 ≈ 275 kHz, exceeding 

the 150 kHz design ceiling; this behavior indicates a control-band constraint rather than a tank limitation and 

can be mitigated by imposing an 𝑓𝑠𝑤  cap, slightly increasing 𝑓𝑜, or adjusting 𝑄𝑒  to shift the required gain into 

the admissible band. The observed performance directly validates the proposed analytical design 

methodology, as every major operating characteristic ZVS, regulation quality, switching-frequency range, 

and efficiency arises from the analytically selected (𝐿𝑛, 𝑄𝑒 , 𝑓𝑜) rather than empirical tuning, demonstrating 

that the design process described in the title is both predictive and reliable for EV-APM requirements 

Next, the load voltage regulation was examined to evaluate the effectiveness of the designed controller. 

Figure 17 shows the waveforms of the 𝑉𝑜 and 𝐼𝑜 during sudden load changes from 100% to 80% of load, and 

vice versa. The 𝑉𝑜 remains approximately constant. The closed-loop system meets the ±1% regulation (Figure 

18) target throughout most of the operating space, with 0.42–0.44 ms settling for 100%↔80% load steps. The 

worst observed corner (235 V, 10% load) dips to approximately 23 V (≈4.17% deviation), which occurs when 

the 𝑓𝑠𝑤 departs substantially from 𝑓𝑜 to satisfy the required gain at light load. This can be corrected by minor PI 

retuning and by adding voltage feedforward or a lead term to improve frequency tracking away from resonance. 

The efficiency profile (peak 98.1%, average ≈90%) and regulation robustness (±1% under load change with 

0.42–0.44 ms settling) demonstrate that the analytically designed converter satisfies EV-APM operating 

constraints, thereby confirming the application relevance stated in the title. 

 

 

 
 

Figure 15. Power conversion efficiency across the load and the range of supply voltage 

 

 

 
 

Figure 16. Comparison of the power conversion efficiency across the load between the proposed AHB and 

the conventional AHB 
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The experimental verification process, which involves transitioning from a simulation model to a 

physical circuit design, requires additional considerations to bridge the gap between theory and practical 

implementation. These include component tolerances, switching device characteristics, and thermal 

management, all of which significantly affect power conversion efficiency. Furthermore, proper printed 

circuit board (PCB) design techniques are essential to minimize stray inductance, which can otherwise 

increase total power losses. The experimental verification, including circuit design, PCB layout, testing 

procedures, and robustness analysis, will be discussed in detail in the next report. 

Overall, the results verify the analytically derived resonant-tank parameters, transformer design, and 

control gains collectively produced a converter that meets EV-APM requirements, confirming the validity of 

the proposed analytical design methodology. The modelling approach is validated by consistent 

dual-platform simulations, and the efficiency and regulation performance relative to the AHB benchmark 

substantiate the novelty and practical relevance of the proposed framework. 
 

 

 
 

Figure 17. Output voltage and current waveform for load changes, 100% load to 80% vice versa 
 

 

 
 

Figure 18. Output voltage regulation across the load within the range of input voltage 

 

 

4. CONCLUSION 

The analytical design approach for the LLC resonant converter and the transformer design have been 

discussed, supported by a proposed flowchart and a practical example based on APM EV requirements. The 

method integrates resonant tank synthesis, transformer design, and small signal PI tuning into a unified 

process. The workflow is implemented and cross-validated in MATLAB/Simulink and PLECS, confirming 

that the analytical steps translate into predictable simulation behavior. Simulation results from 

MATLAB/Simulink and PLECS confirm stable operation, ZVS, ±1% voltage regulation, fast load-step 

recovery, and peak efficiency of 98.1% with an average near 90%. Under identical conditions, it shows a 

4.41% peak-efficiency advantage over a conventional AHB baseline. These results confirm the proposed 

single analysis-first process that links tank design, transformer design, and controller tuning in a structured 
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and predictable way, reducing the need for iterative trial-and-error during development. However, the 

proposed analytical design process with design example was validated without the constraint of PCB 

parasitic, thermal coupling, EMI, and tolerance which will only verify experimentally. Hardware prototype 

will be built to implement the analytical tank design, transformer sizing, and PI controller, and to measure the 

performance, with PCB‑level EMI and thermal tests compared against the MATLAB/Simulink and PLECS 

models. Based on any gaps observed, the workflow will be refined by adding constraint‑aware limits on 

switching frequency and making small controller adjustments. Overall, the end‑to‑end analytical workflow 

and its verified efficiency and regulation benefits provide a clear path from analysis to implementation. 
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