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1. Introduction 

DC-DC boost converters have become indispensable in modern power electronics due to their 

capability to efficiently step up a low and unstable DC voltage into a higher, regulated output. They 

are widely employed in renewable energy systems (e.g., photovoltaic and fuel-cell power generation), 

automotive electronics, aerospace systems, and portable devices, where maintaining a stable DC bus 

voltage is critical for reliable operation [1]-[12]. Despite their widespread application, designing a 

boost converter that operates robustly under varying load and input conditions remains a significant 

challenge. The unregulated nature of typical input sources, such as solar panels or batteries, combined 
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 In most previous studies, DC-DC converters were modeled under ideal 

assumptions. This study develops a more realistic mathematical model by 

explicitly incorporating non-ideal effects such as parasitic resistances of 

inductors, capacitors, MOSFETs, and diodes, as well as the diode forward 

voltage drop. A conventional PI controller tuned via the Stability Boundary 

Locus method has been applied in prior work, but it often suffers from 

limited gain crossover frequency and prolonged settling time, leading to 

degraded transient performance. To overcome these limitations, a PI-lead 

controller design is proposed, in which controller parameters are 

systematically tuned based on desired phase margin and gain crossover 

frequency. The PI part enhances low-frequency gain and ensures steady-

state accuracy, while the lead part contributes additional phase margin, 

thereby improving dynamic response. Simulation results indicate that the 

proposed PI-lead strategy provides faster settling response, reduced 

overshoot, and improved stability compared to the traditional PI controller.  

These improvements, summarized through both frequency- and time-

domain analyses, demonstrate the potential of PI-lead control for real-

world applications such as renewable energy systems, electric vehicles, and 

aerospace power electronics. The main contribution of this work is the 

integration of comprehensive non-ideal modeling with frequency-domain-

based PI-lead tuning, providing both theoretical insights and practical 

significance. These results highlight the potential of PI-lead control for 

high-performance applications such as renewable energy systems, electric 

vehicles, and aerospace power electronics. 
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with fluctuating loads, demands advanced modeling and control strategies to guarantee both high 

efficiency and stable performance [13]-[19]. 

Traditionally, most converter models and controller designs have assumed ideal conditions, 

neglecting the parasitic effects of inductors, capacitors, MOSFETs, and diodes. While such 

simplifications are useful for preliminary analysis, they fail to capture the real dynamics of converters 

operating at high frequencies or under significant load variations [20]-[28]. In practice, parasitic 

resistances, MOSFET on-state resistance, diode forward voltage drops, and equivalent series 

resistance (ESR) of capacitors significantly impact efficiency, voltage gain, and dynamic behavior 

[29]-[36]. Therefore, incorporating non-idealities into the mathematical model is essential for accurate 

performance prediction and for designing controllers that can handle real-world operating conditions. 

Recent studies have shown that ignoring these effects can lead to inaccurate small-signal models, 

degraded transient response, and even instability under certain operating scenarios [37]-[42]. 

Control of boost converters has been an active research topic for decades. Conventional linear 

controllers such as PI and PID remain popular due to their simplicity and ease of implementation. In 

the frequency domain, the proportional-integral (PI) controller improves low-frequency gain and 

eliminates steady-state error, making it attractive for output voltage regulation [43]-[46]. However, PI 

controllers typically limit the gain crossover frequency, resulting in slower transient responses and 

prolonged settling times [47]-[50]. Moreover, in non-ideal boost converters where additional poles 

and zeros emerge due to parasitic components, conventional PI controllers may fail to provide 

adequate phase margin, leading to overshoot and degraded stability [51]-[54]. 

To overcome these limitations, researchers have explored advanced control strategies such as 

adaptive PI tuning, model predictive control (MPC), sliding-mode control (SMC), passivity-based 

control, and other nonlinear methods [55]-[58]. Although these advanced techniques offer enhanced 

robustness, they are often computationally intensive and require more complex implementation, 

which may limit their practicality in low-cost embedded systems. A more feasible alternative is to 

augment the conventional PI controller with a lead compensator, resulting in a PI-lead controller. The 

PI-lead structure combines the strengths of both components: the PI term boosts low-frequency gain 

and ensures steady-state accuracy, while the lead term provides additional phase margin around the 

gain crossover frequency, thereby improving transient response and reducing overshoot [59]-[60]. 

Unlike prior studies, this work explicitly positions the PI-lead controller, tuned in the frequency 

domain, as a novel and practical integration for applications requiring stable and reliable power 

delivery, such as electric vehicles, drones, and robotics. In frequency-domain analysis, key 

performance metrics such as phase margin and gain crossover frequency play a decisive role in 

balancing stability and dynamic speed. A higher phase margin generally implies better robustness and 

lower overshoot, while a higher gain crossover frequency improves response speed at the cost of 

increased noise sensitivity. Careful tuning of the PI-lead controller using these criteria makes it 

possible to achieve both fast transient response and accurate steady-state regulation in non-ideal boost 

converters [61]. The research gap identified here is that conventional PI controllers cannot adequately 

achieve this trade-off in non-ideal boost converters, and advanced methods, while effective, are often 

impractical for embedded implementation. This motivates the PI-lead solution as both theoretically 

sound and practically feasible 

This work addresses these challenges by integrating non-ideal modeling with a frequency-

domain PI-lead design approach. The contributions of this work can be summarized as follows: (1) 

Comprehensive non-ideal modeling of the DC-DC boost converter, including inductor resistance, 

capacitor ESR, diode forward voltage, and MOSFET losses. (2) PI-lead controller design guided by 

frequency-domain criteria, ensuring improved dynamic response and stability. (3) Analytical tuning 

algorithm to compute controller parameters based on desired phase margin and gain crossover 

frequency. (4) Performance validation via simulation, demonstrating faster settling times, reduced 

overshoot, and higher robustness compared to conventional PI controllers. 

The remainder of this paper is structured as follows: Section 2 develops the mathematical model 

of the non-ideal DC-DC boost converter. Section 3 presents the design of the PI-lead controller using 
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frequency-domain analysis and compares results with a traditional PI controller. Section 4 concludes 

with key findings and directions for future research. 

2. Modeling of Non-Ideal DC-DC Boost Converter 

The circuit diagram of the non-ideal DC-DC boost converter is illustrated in Fig. 1. The first step 

in the mathematical modeling of power DC-DC converters is to derive a linearized model. In DC-DC 

converters, the inductor currents and capacitor voltages are typically chosen as state variables, with 

their total number corresponding to the number of inductors and capacitors in the system. Since the 

DC-DC boost converter is a second-order system, its mathematical model consists of two state 

variables. To develop a comprehensive mathematical representation of the non-ideal DC-DC boost 

converter, the state-space averaging technique is employed. The key steps involved in this modeling 

process are outlined below, with a more detailed procedure provided in [11]. 

In the state-space averaging approach, the system dynamics are first expressed for each switching 

interval (ON and OFF states), including the effects of parasitic resistances and diode forward voltage. 

The time-averaged state equations are then obtained by weighting each subinterval equation according 

to the duty ratio D. This procedure results in a continuous-time averaged model that captures the 

influence of parasitic elements while smoothing out the switching behavior. The use of averaging 

under non-ideal conditions is justified by prior studies [2], [11], which show that parasitic resistances 

can be incorporated linearly without invalidating the averaging framework, provided that switching 

frequency is sufficiently higher than the system bandwidth. 

• Step 1: Obtaining the state equation for each circuit state 

According to Fig. 2 when the switch is on, the following equations are obtained by using KVL 

and KCL formula. 

 𝑣𝐿(𝑡) = 𝑉𝑔(𝑡) − 𝑖𝐿(𝑡)(𝑟𝐿 + 𝑟𝑠𝑤) (1) 

 
𝑖𝐶(𝑡) = −

𝑣𝐶(𝑡)

𝑅 + 𝑟𝐶
 (2) 

 𝑣𝑜(𝑡) = 𝑣𝐶(𝑡) + 𝑖𝐶(𝑡)𝑟𝐶 (3) 

From Fig. 3 when the switch is off, we get 

 
𝑣𝐿(𝑡) = 𝐿

𝑑𝑖𝐿(𝑡)

𝑑𝑡
= 𝑉𝑔(𝑡) − 𝑉𝑑 − (𝑟𝑠𝑤 + 𝑅𝐿)𝑖𝐿(𝑡) − 𝑣𝑜(𝑡) (4) 

 
𝑖𝐶(𝑡) = 𝐶

𝑑𝑣𝐶(𝑡)

𝑑𝑡
= 𝑖𝐿(𝑡) −

𝑣𝑜(𝑡)

𝑅
 (5) 

 𝑣𝑜(𝑡) = 𝑣𝐶(𝑡) + 𝑟𝐶𝑖𝐶(𝑡) (6) 

• Step 2: Finding the averaged state-space model 

• Step 3: Linearization by introducing small ac perturbation around a DC operating point 

• Step 4: Determination of various transfer function from small-signal model  

From the averaged state equations, small-signal perturbation and linearization are applied around 

the operating point to derive the control-to-output transfer function. Each step in this transition—from 

time-domain averaged dynamics to the small-signal model—is detailed to ensure reproducibility. It is 

important to note that parasitic elements introduce additional poles and zeros, which are explicitly 

retained in the derived transfer function. This provides a more accurate representation of non-ideal 

converter dynamics compared to models that neglect parasitics. 
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Fig. 1. Circuit diagram of non-ideal DC-DC boost converter 

 

Fig. 2. Equivalent circuit during switch on 

 

Fig. 3. Equivalent circuit during switch off 

From [2] with detail converter specifications shown in Table 1, the duty cycle to output voltage 

transfer function is given. 

 
𝐺𝑣𝑑(𝑠) =

−0.4227𝑠2 − 1.2812 × 105𝑠 + 9.4057 × 1010

𝑠2 + 4.1760 × 104𝑠 + 3.2433 × 109
 (7) 

The above expression is fundamentally used to analyze the non-ideal DC-DC boost converter. 

Table 1.  Non-ideal DC-DC boost converter specifications 

Parameters Value Parameters Value 

Input voltage, Vg 5 V Diode forward voltage, Vd 0.555 V 

Output voltage, Vo 12 V Resistance switch/diode (rsw/rd) 0.024 Ω / 0.031 Ω 

Load resistance, R 12 Ω Switching frequency, f 500 kHz 

Capacitance, C/rC 4.7 μH / 0.071 Ω Duty ratio, D 0.6285 

 

The Bode plots of both the ideal and non-ideal DC-DC boost converters are presented in Fig. 4. 

The phase margins for the ideal and non-ideal cases are -75° (at 52 kHz) and -12° (at 67 kHz), 
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respectively. These results indicate that the closed-loop system of the non-ideal DC-DC boost 

converter exhibits greater stability compared to its ideal counterpart. Additionally, the step responses 

of the ideal and non-ideal DC-DC boost converters are illustrated in Fig. 5. The non-ideal case 

demonstrates reduced overshoot and oscillations, which can be attributed to the damping effect 

introduced by parasitic resistances. 

 

Fig. 4. Comparison of Bode plots of 𝐺𝑣𝑑 (s) for ideal and non-ideal boost converter 

 

Fig. 5. Comparison of step responses of Gvd(s) for ideal and non-ideal boost converter 

It should be noted that a negative phase margin corresponds to instability. In our revised 

interpretation, the results indicate that the non-ideal model introduces additional phase lag, which can 

reduce stability margins if not properly compensated. The proposed PI-lead controller directly 

addresses this issue by improving the phase margin and ensuring stable operation 

3. PI-Lead Controller Design Based on Frequency Domain Measures 

For an effective control system, the frequency response must meet the following criteria: (i) 

ideally, the Bode plot should exhibit a slope of -20 dB/decade in the low-frequency region; (ii) the 
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phase margin of the compensated system should be greater than 60° to ensure robust closed-loop 

stability against disturbances; and (iii) the gain crossover frequency of the compensated system should 

fall within the range of one-tenth to one-fourth of the converter's switching frequency [4], [11]. To 

achieve high-performance control of the converter, an accurate mathematical model is essential. 

• PI controller: The transfer function of PI controller is obtained as 

 
𝐺𝑝𝑖(𝑠) =

𝐾𝑝𝑠 + 𝐾𝑖

𝑠
 (8) 

Here, 𝐾𝑝 and 𝐾𝑖 are the parameters of the PI controller. The integral term introduces a pole at the 

origin, ensuring zero steady-state error for a step input. However, it also contributes negative phase, 

thereby reducing the overall phase margin of the compensated system. As a result, the system exhibits 

significant oscillations in the output voltage response, which is undesirable. Therefore, the PI 

controller alone is not an optimal solution for controlling DC-DC converters with poor phase margins 

[7], [11]. 

• Lead compensator: The transfer function of lead compensator is given as 

 
𝐺𝑙𝑒𝑎𝑑(𝑠) =

𝐾𝑙𝑒𝑎𝑑(𝑠 + 𝛼)

(𝑠 + 𝛽)
, 𝛽 > 𝛼 (9) 

Here, 𝐾𝑙𝑒𝑎𝑑, 𝛼 and 𝛽 are the parameters of the lead compensator. The lead compensator is 

primarily used to enhance the system’s response speed and bandwidth by introducing positive phase 

at the desired gain crossover frequency, thereby improving phase margin and transient performance. 

However, while it effectively enhances stability and accelerates response, its impact on steady-state 

error correction is limited. This limitation makes it less suitable for applications where minimizing 

steady-state error is critical, such as DC-DC converters [12]. 

• PI-lead controller: The PI-lead controller combines the effects of PI and lead compensators. 

Hence, the transfer function of the PI-lead controller is denoted as 

 
𝐺𝑃𝐼−𝐿𝑒𝑎𝑑(𝑠) =

𝐾𝑝𝑠+𝐾𝑖

𝑠
∙

𝐾𝐿𝑒𝑎𝑑(𝑠+𝛼)

(𝑠+𝛽)
, 𝛼 < 𝛽 = 

𝐾𝑖𝐾𝐿𝑒𝑎𝑑(
𝑠

𝐾𝑖/𝐾𝑝
+1)(𝑠+𝛼)

𝑠(𝑠+𝛽)
,  𝛼 < 𝛽 (10) 

With the new variable 𝐾 = 𝐾𝑖𝐾𝐿𝑒𝑎𝑑 and 𝜔𝑧 = 𝐾𝑖/𝐾𝑝, Equation (10) can be rewritten as 

 

𝐺𝑃𝐼−𝐿𝑒𝑎𝑑(𝑠) =
𝐾 (

𝑠
𝜔𝑧

+ 1) (𝑠 + 𝛼)

𝑠(𝑠 + 𝛽)
, 𝛼 < 𝛽 (11) 

Here, 𝐾, 𝜔𝑧, 𝛼 and 𝛽 are the parameters of PI-lead controller, which are adjusted using the 

following algorithm. 

 Algorithm for PI-Lead Controller Parameters Tuning 

In this section, the PI-lead controller is implemented to regulate the output voltage of the non-

ideal DC-DC boost converter. A systematic approach is applied to determine the parameters of the PI-

lead controller, with simple formulas derived based on the desired phase margin and gain crossover 

frequency [11]. 

• Step 1: The transfer function of an uncompensated second-order DC-DC converter is given as: 

 
𝐺(𝑠) =

𝑏1𝑠 + 𝑏0

𝑎2𝑠2 + 𝑎1𝑠 + 𝑎0

 (12) 

This system has constant gain in the low-frequency region and poor phase margin in 

neighborhood of gain crossover frequency. To improve performance of this system, the PI-lead 

controller is designed by sharing it in two parts (a) PI controller design and (b) lead compensator 

design. 
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• Step 2: To improve the gain in low-frequency region, a PI controller 𝐺𝑃𝐼(𝑠) is designed. The 

transfer function of the PI controller is: 

 

𝐺𝑃𝐼(𝑠) =
(

𝑠
𝜔𝑧

+ 1)

𝑠
 (13) 

Where, 𝜔𝑧 is the corner frequency of the PI controller.  In order to improve the low-frequency gain, 

the corner frequency is selected appropriately lower than the gain crossover frequency. With the PI 

controller, the compensated second order DC-DC converter is given as:  

 

𝐺1(𝑠) = 𝐺(𝑠)𝐺𝑃𝐼(𝑠) =
(𝑏2 +

𝑏1

𝜔𝑧
) 𝑠2 + (𝑏1 +

𝑏0

𝜔𝑧
) 𝑠 + 𝑏0

𝑎2𝑠3 + 𝑎1𝑠2 + 𝑎0𝑠
 (14) 

The PI compensated system will have zero steady-state error for step input. To improve the 

transient performance, the lead compensator is designed in the next steps. 

• Step 3: Specify the desired phase margin 𝜑𝑚𝑎𝑟𝑔𝑖𝑛 (in degree) and gain crossover frequency 𝜔𝑔𝑐 

(rad/sec) of overall compensated DC-DC converter system.  

Let the magnitude and phase of 𝐺1(𝑠) at gain crossover frequency 𝜔𝑔𝑐 are denoted by 𝐾1 and 

𝜑1, respectively i.e., 

 𝐾𝑟𝑒𝑞 = 1/𝐾1 (15) 

 𝜑𝑟𝑒𝑞 = −1800 − 𝜑1 + 𝜑𝑚𝑎𝑟𝑔𝑖𝑛 (16) 

To fulfil the specified phase margin and gain crossover frequency requirements exactly, the lead 

compensator parameters should be designed to get magnitude 𝐾𝑟𝑒𝑞 and phase angle 𝜑𝑟𝑒𝑞  at frequency 

𝜔𝑔𝑐. 

• Step 4: The lead compensator provides the desired phase lead at frequency 𝜔𝑔𝑐. Therefore, the 

parameters of lead section are designed in such a way that the desired phase boost at 𝜔𝑔𝑐 is met 

exactly. The transfer function of the lead compensator is 

 𝐺𝐿𝑒𝑎𝑑(𝑠) = 𝐾
𝑠 + 𝛼

𝑠 + 𝛽
 , 𝛼 < 𝛽 (17) 

Magnitude and phase angle of the above transfer function at any frequency ‘𝜔’ will be: 

 
|𝐺𝐿𝑒𝑎𝑑(𝑗𝜔)| = 𝐾

√𝜔2 + 𝜑2

√𝜔2 + 𝛽2
 (18) 

 
𝜑𝐿𝑒𝑎𝑑 = ∠𝐺𝐿𝑒𝑎𝑑(𝑗𝜔) = 𝑡𝑎𝑛−1 (

𝜔

𝛼
) − 𝑡𝑎𝑛−1 (

𝜔

𝛽
) = 𝑡𝑎𝑛−1

𝜔(𝛽 − 𝛼)

𝜔2 + 𝛼𝛽
 (19) 

As 𝛽 > 𝛼, therefore angle 𝜑𝐿𝑒𝑎𝑑 is always positive as expected. To find out the frequency (𝜔𝑚) 

at which lead compensator contributes maximum phase angle, differentiating (19) with respect to ‘𝜔’, 

we get. 

 𝜔𝑚 = √𝛼𝛽 (20) 

By substituting (20) into (18) and (19), magnitude (𝐾𝑚) and phase angle (𝜑𝑚) of lead 

compensator at frequency 𝜔 = 𝜔𝑚 are. 

 𝐾𝑚 = 𝐾√𝛼/𝛽 (21) 
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𝜑𝑚 = 𝑡𝑎𝑛−1

𝛽 − 𝛼

2√𝛼𝛽
= 𝑠𝑖𝑛−1

𝛽 − 𝛼

𝛽 + 𝛼
 (22) 

This frequency 𝜔𝑚 is chosen as desired gain crossover frequency, 𝜔𝑔𝑐. Therefore, in order to 

have the desired phase margin at this frequency, the parameters 𝐾𝑚 and 𝜑𝑚 must be equal to 

parameters 𝐾𝑟𝑒𝑞 and 𝜑𝑟𝑒𝑞  respectively. Therefore, 

 𝜔𝑔𝑐(= 𝜔𝑚) = √𝛼𝛽 (23) 

 
𝜑𝑟𝑒𝑞(= 𝜑𝑚) = 𝑠𝑖𝑛−1

𝛽 − 𝛼

𝛽 + 𝛼
 (24) 

 𝐾𝑟𝑒𝑞(= 𝐾𝑚) = 𝐾√𝛼/𝛽 (25) 

The PI controller mainly ensures the elimination of steady-state error by increasing the low-

frequency gain. However, when applied to non-ideal converters with parasitic elements, the PI 

controller often restricts the gain crossover frequency, leading to slower dynamic response and 

prolonged settling time. To overcome these limitations, a lead compensator is designed to provide 

additional phase margin around the gain crossover frequency, thereby improving system stability and 

reducing transient duration. Based on this, Equations (23)-(25) are simplified to get the lead 

compensator parameters (𝐾, 𝛼 and 𝛽) in terms of desired parameters, thus we get. 

 

𝐾 = 𝐾𝑟𝑒𝑞√
1 + 𝑠𝑖𝑛𝜑𝑟𝑒𝑞

1 − 𝑠𝑖𝑛𝜑𝑟𝑒𝑞
 (26) 

 

𝛼 = 𝜔𝑔𝑐√
1 − 𝑠𝑖𝑛𝜑𝑟𝑒𝑞

1 + 𝑠𝑖𝑛𝜑𝑟𝑒𝑞
 (27) 

 

𝛽 = 𝜔𝑔𝑐√
1 + 𝑠𝑖𝑛𝜑𝑟𝑒𝑞

1 − 𝑠𝑖𝑛𝜑𝑟𝑒𝑞
 (28) 

It should be noted that the state-space averaging technique and the general structure of PI-lead 

tuning (Eqs. (26)-(28)) are adopted from standard control textbooks and previous works such as Shen 

et al. [11]. The novelty of this study lies in two aspects: (i) the averaged model is extended to explicitly 

include the parasitic effects of inductors, capacitors, MOSFETs, and diodes, thereby providing a more 

realistic representation of non-ideal boost converters; and (ii) an algorithm is developed for 

systematically tuning the PI-lead controller parameters, where the PI term ensures steady-state 

accuracy and the lead term is adjusted to meet the desired phase margin at the specified gain crossover 

frequency. This integration provides a practical and effective approach for improving transient 

response and robustness compared with conventional PI controllers. 

 PI-Lead Controller Design for Non-Ideal Boost Converter 

The PI-lead structure therefore preserves the PI controller’s ability to improve steady-state 

accuracy, while the lead term enhances the phase margin, resulting in faster transient response and 

reduced overshoot. Fig. 6 shows the block diagram of PI-lead controlled non-ideal DC-DC boost 

converter. The performance of the boost converter with PI-lead controller is evaluated for different 

combinations of 𝜔𝑧, 𝜔𝑔𝑐 and 𝜑𝑚𝑎𝑟𝑔𝑖𝑛. 

• Step1: The duty cycle to output voltage transfer function 𝐺𝑣𝑑(𝑠) of the non-ideal DC-DC boost 

is rewritten as. 
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𝐺𝑣𝑑(𝑠) =

−0.4227𝑠2 − 1.2812 × 105𝑠 + 9.4057 × 1010

𝑠2 + 4.1760 × 104𝑠 + 3.2433 × 109
 (29) 

The uncompensated loop transfer function 𝐺(𝑠) is. 

 
𝐺(𝑠) = 𝐺𝑃𝑊𝑀(𝑠) ∗ 𝐺𝑣𝑑(𝑠) = 1 ∗ 𝐺𝑣𝑑(𝑠) =

−0.4227𝑠2 − 1.2812 × 105𝑠 + 9.4057 × 1010

𝑠2 + 4.1760 × 104𝑠 + 3.2433 × 109
 (30) 

The bode plot of the uncompensated loop transfer function 𝐺(𝑠) is shown in Fig. 4. As observed 

from this figure, the gain crossover frequency is 67 𝑘𝐻𝑧.                                                                            

• Step 2: Design the PI section of PI-lead controller by placing zero (𝜔𝑧) at lower frequency 

sufficiently below than gain crossover frequency of 67 𝑘𝐻𝑧. 

 

Fig. 6. Detailed schematic of PI-Lead controlled non-ideal DC – DC boost converter 

Substituting 𝜔𝑧 = 2𝜋 × 500 into (16), the transfer function of PI section is given as. 

 
𝐺𝑃𝐼(𝑠) =

(0.0003183𝑠 + 1)

𝑠
 (31) 

The compensated loop transfer function 𝐺1(𝑠) is obtained as. 

 
𝐺1(𝑠) = 𝐺𝑃𝐼(𝑠)𝐺𝑣𝑑(𝑠) =

(0.0003183𝑠 + 1)

𝑠
∙

−0.4227𝑠2 − 1.2812 × 105𝑠 + 9.4057 × 1010

𝑠2 + 4.1760 × 104𝑠 + 3.2433 × 109
 (32) 

The frequency response of the transfer function 𝐺1(𝑠) shows that the magnitude 𝐾1 is 0.01 and 

the phase margin 𝜑1 is 333.70. 

• Step 3: Define the desired phase margin (𝜑𝑚𝑎𝑟𝑔𝑖𝑛) and gain crossover frequency (𝜔𝑔𝑐 in 

rad/sec). This design is illustrated for one combination of desired phase margin (𝜑𝑚𝑎𝑟𝑔𝑖𝑛) and 

gain crossover frequency (𝜔𝑔𝑐 in rad/sec), 𝜑𝑚𝑎𝑟𝑔𝑖𝑛 = 1000 at 𝜔𝑔𝑐 = 2𝜋 × 1500 rad/sec. 

• Step 4: Calculate the required gain (𝐾𝑟𝑒𝑞) and phase boost (𝜑𝑟𝑒𝑞).  

Substituting 𝐾1, 𝜑1 and 𝜑𝑚𝑎𝑟𝑔𝑖𝑛 into (15) and (16) we get 𝐾𝑟𝑒𝑞 = 100 and 𝜑𝑟𝑒𝑞 = −4130.  

• Step 5: The parameters of lead section are obtained using (26)-(28) as 𝐾 = 32.98,  𝛼 = 28765, 

and 𝛽 = 3088. Therefore, the complete PI-lead controller transfer function is. 

 

𝐺𝑃𝐼−𝐿𝑒𝑎𝑑(𝑠) =
𝐾 (

𝑠
𝜔𝑧

+ 1) (𝑠 + 𝛼)

𝑠(𝑠 + 𝛽)
=

32.98 (
𝑠

2𝜋 ∙ 500
+ 1) (𝑠 + 28765)

𝑠(𝑠 + 3088)
 (33) 
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The simulation results not only demonstrate improvements in phase margin and gain crossover 

frequency but also translate into clear practical advantages. In simple terms, the PI-lead controller 

provides a faster response, as the output voltage reaches its steady-state level more quickly after a 

disturbance; it ensures improved stability, by reducing overshoot and avoiding oscillatory behavior; 

and it enhances robustness, maintaining reliable performance even in the presence of parasitic effects. 

These characteristics are particularly important for real-world applications such as renewable energy 

systems and electric vehicles, where both fast transient performance and stable long-term operation 

are required 

The frequency responses of the non-ideal boost converter with PI and PI-lead control design are 

shown in Fig. 7. This figure shows that the phase margin of the PI lead compensated system is 100° 

at a gain crossover frequency of 1.5 kHz, while phase margin of the PI compensated system is 100° 

at a gain crossover frequency of 0.435 kHz, which was the objective of this controller design. The step 

responses of of PI and PI lead Controlled DC-DC boost converter are shown in Fig. 8. The results 

show that the PI-lead controller reduces the settling time and overshoot compared to the PI controller, 

thereby confirming the intended design objectives. 

 

Fig. 7. Comparison of Bode plots of PI and PI lead Controlled DC-DC boost converter with different gain 

crossover frequency at 𝜑𝑚𝑎𝑟𝑔𝑖𝑛 = 1000 

 

Fig. 8. Comparison of step responses of of PI and PI-lead controlled DC-DC boost converter constant  

𝜑𝑚𝑎𝑟𝑔𝑖𝑛 = 1000 
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In addition to the comparison between PI and PI-lead controllers, it is worth noting that a PID 

controller, when tuned using standard approaches such as the Ziegler–Nichols method, generally 

improves the transient response compared to a conventional PI controller but often introduces higher 

overshoot due to its derivative action. By contrast, the proposed PI-lead controller provides a more 

balanced trade-off: it enhances transient performance and phase margin without excessive overshoot, 

while remaining simpler to implement in low-cost embedded systems compared to full PID or more 

advanced nonlinear controllers. This qualitative assessment is consistent with previous studies on 

lead-compensated PI structures, and a detailed quantitative comparison is planned for future work. 

4. Conclusion 

This paper has presented a comprehensive mathematical model of a non-ideal DC-DC boost 

converter by explicitly incorporating parasitic resistances of inductors, capacitors, MOSFETs, and 

diodes, as well as the diode forward voltage drop. Using the state-space averaging method, the 

dynamic equations of the system were derived, providing an accurate foundation for controller design. 

To enhance closed-loop performance, a PI-lead controller was developed, with parameters tuned 

according to desired phase margin and gain crossover frequency. In contrast to the conventional PI 

controller, the proposed PI-lead compensator ensures both steady-state accuracy and enhanced 

dynamic behavior in simulation results. Specifically, the PI action minimizes steady-state error, while 

the lead compensation contributes additional phase margin, thereby helping to reduce overshoot and 

improve the speed of transient recovery. 

The main contributions of this work can be summarized as follows: (1) Development of a non-

ideal boost converter model that captures parasitic effects neglected in many previous studies; (2) 

Introduction of a PI-lead control strategy guided by frequency-domain design criteria; (3) A 

systematic tuning algorithm for controller parameters based on phase margin and gain crossover 

frequency; (4) Validation through simulation, demonstrating that the PI-lead controller outperforms 

conventional PI control in terms of settling response, overshoot reduction, and robustness. 

Compared with previous studies, the novelty of this work lies in combining detailed non-ideal 

modeling with a frequency-domain-based PI-lead design algorithm, providing both theoretical 

insights and a practical pathway for converter control. The study is currently limited to simulation-

based validation at a single operating point. Robustness analysis under parameter variations, load 

disturbances, and experimental validation remain open tasks for future work. Despite these limitations, 

the proposed methodology shows promise for applications in renewable energy systems, electric 

vehicles, and aerospace electronics, where fast and reliable voltage regulation is critical. 
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