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Abstract 

The paper introduces a novel control approach that integrates Proportional-Integral-Derivative (PID) 
control with a Linear Quadratic Regulator (LQR) for a Full-Bridge Boost Converter (FBBC). To enable 
effective linear control design, the FBBC system is linearized around its steady-state operating. The 
control architecture is structured into four cases: Case 1: PI-LQR Output Feedback, Case 2: PI-LQR 
State Feedback, Case 3: PID-LQR Output Feedback, and Case 4: PID-LQR State Feedback. Each case 
is evaluated for system responsiveness by examining output voltage stability, inductor current 
dynamics, and control signal characteristics. The analysis aims to identify the optimal and most 
reliable system performance under input voltage disturbance and load variation. The simulation 
results indicate that Case 3 (PID-LQR Output Feedback) consistently delivers the best performance, 
characterized by the shortest settling time, optimal control signal, and fast response to disturbances. 

Keywords: integrated PID-LQR; full-bridge boost converter; small signal modeling; state feedback; 
optimal control 
 

1. Introduction 

The function of power converter is to regulate and optimize the power flow between the energy 
source and the load, so that the efficiency, stability, and reliability of the system can be improved 
according to the characteristics and operational needs of its applications [1–5]. One of the most widely 
used power converter is DC–DC converter, considering the many electronic devices that require a 
specific operating voltage that is different from the voltage of the energy source [2,6]. The DC–DC 
converter is capable of performing voltage regulation functions, either by increasing the voltage 
(boost), decreasing the voltage (buck), or a combination of both (buck–boost), according to system 
requirements [7]. Especially in applications with limited energy sources such as batteries, which 
generally produce relatively low voltages, boost type converters become very important to increase 
the output voltage to match the load requirements [8,9]. This role makes the boost type DC–DC 
converter essential in a variety of modern electronic systems, including portable devices, renewable 
energy systems, and electric vehicles. 

In general, the main components of a boost converter consist of an inductor, a switching device, 
a diode, and a capacitor [6]. The working principle of the boost converter depends on the state of the 
switch. When the switch is in the “ON” state, current flows to the inductor and energy is stored in 
the form of a magnetic field. At this time, the load does not receive direct supply, so the output voltage 
decreases. On the other hand, when the switch is in the “OFF” state, the stored energy in the inductor 
is released, and the current flows through the diode to the capacitor and the load. This causes the 
output voltage to increase as a result of the sum of the source voltage and the inductor voltage [10]. 

In the implementation which electrical isolation is important, e.g. battery charging and vehicle 
auxiliary power supply, isolated dc-dc converter is required. The isolated type of boost converter is 
named as full-bridge boost converter (FBBC). This topology uses four active switches arranged in a 
full-bridge configuration, combined with a high frequency transformer and diodes rectifier. Similar 
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to conventional boost converter, the input is connected to an inductor and the output to a capacitor. 
The main advantages of this topology are higher power conversion efficiency, and the ability to 
transfer large power without significantly increasing the size or complexity of the circuit [11–13]. 

Even though using four switching devices, instead of one in conventional boost converter, the 
operation principle of FBBC is similar to conventional boost converter. The change of switch state 
does not cause sudden changes in the output voltage, resulting in a nonlinear relationship between 
the duty cycle to the output voltage [14]. Small changes in the duty cycle, especially when 
approaching unity, can cause significant output voltage fluctuations. This increases the risk of 
oscillation and instability [15]. In addition, the behavior of the voltage and current in the converter is 
not only influenced by the duty cycle but also by the input voltage and the load. This complexity is 
happened when the system operates in Continuous Conduction Mode (CCM) where the inductor 
current never drops to zero during one switching cycle [16]. This makes the analysis and design of 
control systems more challenging. 

Selecting the right control method is an important part in designing a control system for a power 
converter, especially in FBBC. Along with the development of technology, various controller methods 
have been proposed and implemented to improve system performance, especially in terms of 
transient response, stability, and resilience to disturbances. For example, research in [17,18] proposed 
the proximal policy optimization (PPO) method, which is one of the algorithms in reinforcement 
learning that is able to adapt dynamically to variations in load and input voltage. This method shows 
the advantage of obtaining faster settling time and better system stability compared to conventional 
control methods. Furthermore, research in [19] developed a fast terminal sliding mode control 
(FTSMC) method that is capable of fast reference tracking and produces low overshoot. This method 
also shows good resilience to external disturbances and superior performance compared to 
conventional sliding mode control and proportional-integral (PI) control. In addition, artificial 
intelligence-based approaches have also been applied, such as the heuristic dynamic programming 
(HDP) method, which utilizes artificial neural networks as an approximation function. This method 
is able to effectively overcome large disturbances and shows better performance compared to 
conventional PI control, especially under startup conditions and load variation changes [20,21]. 
Moreover, a backstepping-based approach combined with current-mode control has also been 
studied in [22–26]. The results show that this method is able to maintain system stability and has 
better resilience to load variations compared to the conventional cascaded PI control method. 

According to several previous studies, the design of control systems for FBBC remains an 
unresolved research challenge that requires additional attention in control system development. 
Conventional controllers, such as proportional-integral (PI) or proportional-integral-derivative (PID), 
frequently use static tuning approaches that are insufficiently responsive to system dynamics 
produced by changes in load and input voltage. This constraint impairs the capacity to maintain 
output voltage stability, especially under high transient situations. Furthermore, conventional 
controllers struggle with overshoot, settling time, and steady-state error, as well as frequently 
inefficient in producing smooth, non-fluctuating control signals. On the other hand, optimal control 
techniques such as the Linear Quadratic Regulator (LQR) have not been frequently or efficiently 
utilized in FBBC control designs, particularly when combined with the PID structure, which is well-
established and reliable in many industrial applications. To improve the performance of FBBC-based 
power conversion systems, a unique methodology is required that combines the capabilities of both 
conventional and optimal control methods.  

Based on the aforementioned issues, this paper proposes a novel control approach which 
integrates the PID and LQR methods to improve the dynamic performance of the FBBC system 
through a small-signal modeling framework. This approach is a novel contribution to the area, 
seeking to improve system robustness against disturbances and obtain superior performance metrics 
such as fast rise time, accurate transient response, low or zero overshoot, short settling time, and near-
zero steady-state error. Furthermore, the proposed PID-LQR controller explicitly incorporates delay 
time considerations into the control system design to address issues such as overvoltage and 
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undervoltage, maintain overall system stability, and accelerate disturbance rejection In addition, this 
study performs a thorough analysis of the output voltage (capacitor voltage), inductor current, and 
duty cycle responses under various control strategies to demonstrate the effectiveness and 
superiority of the proposed PID-LQR approach for modern power conversion systems, specifically 
FBBC. 

The paper is arranged with the following structure: Section 2 provides a summary of the 
performance of the full-bridge boost converter system. Section 3 described a small-signal modeling 
approach. The PID-LQI is discussed in Section 4. Section 5 explains the result and discussion, whereas 
section 6 contains the studyʹs conclusions. 

2. Full-Bridge Boost Converter 

The main components of FBBC include inductor, switches, transformer, diodes, capacitor, and 
load, as can be seen in Figure 1. The bridge uses four switches (MOSFET or IGBT) to convert the DC 
voltage to high-frequency AC voltage for the transformer. The transformer output voltage is then 
converted back to DC voltage through a rectifier and filter. The advantages of FBBC are increasing 
the output voltage, providing isolation between the input and output sides, handling large power, 
and producing high efficiency. Generally, FBBC is used in high-power applications such as solar 
power systems, large-capacity battery charging systems, and electric vehicles.  

 

Figure 1. The Schema of Full-bridge Boost Converter. 

The operation process of this FBBC depends on the condition of the switches i.e. S1, S2, S3, and 
S4. If the switch is in the ʺONʺ condition, the current flows to the inductor and stores energy in the 
form of a magnetic field. In this case the output voltage drops because it does not receive a direct 
supply. If the switch is in the “OFF” condition, the inductor releases its energy, so that the output 
voltage increases due to the combination of the source voltage and the induced voltage. During the 
operation, the crossed switches are activated simultaneously, for example S1 is activated 
simultaneously with S4 and S2 is activated simultaneously with S3. This activation has a phase shift 
of 180⁰ as presented in Figure 2, with Vab is line to line voltage, Vo is output voltage without filter, d 
is duty cycle, and Ts is the switching frequency.  
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Figure 2. Phase Shift Activation Diagram. 

Referred to Figure 1, the switching cycle of the FBBC has four periods. In periods 1 and 3, all 
switches are in the ON conditions. In this period the inductor is in a charged state. In period 2, the 
switches S1 and S4 in the ON condition and the other switches are in the OFF status, so that energy 
is released from the inductor. During period 4, the switches S2 and S3 are in the ON condition and 
the other switches are in the OFF status, so that the inductor releases energy. For more details, each 
period is presented in Figure 3.  

 

Figure 3. Equivalent Circuits of Switch Cycle Performance. 

From the equivalent circuit in Figure 3a, for the 1st and 3rd periods, it depicts all switches in ON 
status. Based on Kirchoffʹs law, the mathematical equations for input voltage and capacitor voltage 
are written in (1) and (2), respectively. Meanwhile, the output voltage can be written in equation (3). ௗ௜ಽሺ௧ሻௗ௧ ൌ − ௥ಽ௅ 𝑖௅ሺ𝑡ሻ ൅ ଵ௅ 𝑣௜௡ሺ𝑡ሻ  (1)𝑑𝑣௖ሺ𝑡ሻ𝑑𝑡 ൌ − 𝑣௖ሺ𝑡ሻ𝐶ሺ𝑅 ൅ 𝑟௖ሻ  (2)

𝑣௢ሺ𝑡ሻ ൌ 𝑅ሺ𝑅 ൅ 𝑟௖ሻ 𝑣௖ሺ𝑡ሻ  (3)

with notations of 𝑣௜௡, 𝑟௅ , 𝑖௅ , 𝑣௖, 𝑅, 𝑟௖, and 𝑣௢ are the input voltage, the stray resistance inductor, 
the inductor current, the capacitor voltage, the load resistance, the stray resistance capacitor, and the 
output voltage, respectively. From (1)-(3), the state space and the output equation can be written as 
in (4) and (5).  

ௗௗ௧ ൤𝑖௅ሺ𝑡ሻ𝑣௖ሺ𝑡ሻ൨ ൌ ቎− ௥ಽ௅ 00 − ଵ஼ሺோା௥೎ሻ቏ ൤𝑖௅ሺ𝑡ሻ𝑣௖ሺ𝑡ሻ൨ ൅ ቈଵ௅0቉ 𝑣௜௡ሺ𝑡ሻ  (4)

𝑣௢ሺ𝑡ሻ ൌ ൤0 𝑅ሺ𝑅 ൅ 𝑟௖ሻ൨ ൤𝑖௅ሺ𝑡ሻ𝑣௖ሺ𝑡ሻ൨  (5)
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For the period two as in Figure 3b, based on Kirchoffʹs law, the relationship between load 
current, inductor current, and capacitor current can be written as 𝑖௢(𝑡) = (𝑖௅(𝑡) 𝑛⁄ ) − 𝑖௖(𝑡) , 
where the load current is 𝑖௢(𝑡) = 𝑣௢(𝑡) 𝑅⁄ , the inductor current is 𝑖௅(𝑡), the transformer winding 
ratios is 𝑛, and the capacitor current is 𝑖௖(𝑡) = (𝑣௢(𝑡) − 𝑣௖(𝑡)) 𝑟௖⁄ . From this relationship, the 
output voltage equation is obtained as follows: 𝑣௢(𝑡) = 𝑅𝑟௖𝑛(𝑅 + 𝑟௖) 𝑖௅(𝑡) + 𝑅(𝑅 + 𝑟௖) 𝑣௖(𝑡)  (6)

Meanwhile the input voltage can be written as 𝑣௜௡(𝑡) = 𝑟௅𝑖௅(𝑡) + 𝐿 ௗ௜ಽ(௧)ௗ௧ + 𝑉 (𝑡) , where 

the transformer primary voltage is 𝑉 (𝑡) = 𝑣௢(𝑡) 𝑛⁄  . By substituting (6) to the input voltage 
equation, the differential equation of inductor current can be written as: 𝑑𝑖௅(𝑡)𝑑𝑡 = −൬𝑟௅𝐿 + 𝑅𝑟௖𝐿𝑛ଶ(𝑅 + 𝑟௖)൰ 𝑖௅(𝑡) − 𝑅𝐿𝑛(𝑅 + 𝑟௖) 𝑣௖(𝑡) + 1𝐿 𝑣௜௡(𝑡)  (7)

Then according to Kirchoff’s law, the relationship between inductor current, capacitor current, 

and load current can be written as 𝐶 ௗ௩೎(௧)ௗ௧ = ௜ಽ(௧)௡ − 𝑖௢(𝑡) where the output current is 𝑖௢(𝑡) =௥೎௡(ோା௥೎) 𝑖௅(𝑡) + 1(ோା௥೎)𝑣௖(𝑡). From this, the differential equation of capacitor voltage can be written 

as: 𝑑𝑣௖(𝑡)𝑑𝑡 = 𝑅𝑛𝐶(𝑅 + 𝑟௖) 𝑖௅(𝑡) − 1𝐶(𝑅 + 𝑟௖) 𝑣௖(𝑡)  (8)

From (6) to (8), by using similar state variables, the input variable, and the output variable, the 
state space and the output equation can be written as: 

𝑑𝑑𝑡 ൤𝑖௅(𝑡)𝑣௖(𝑡)൨ = ⎣⎢⎢
⎡−1𝐿 ൬𝑟௅ + 𝑟௖𝑅𝑛ଶ(𝑅 + 𝑟௖)൰ −𝑅𝐿𝑛(𝑅 + 𝑟௖)𝑅𝐶𝑛(𝑅 + 𝑟௖) −1𝐶(𝑅 + 𝑟௖) ⎦⎥⎥

⎤ ൤𝑖௅(𝑡)𝑣௖(𝑡)൨ + ൥1𝐿0൩ 𝑣௜௡(𝑡)  (9)

𝑣௢(𝑡) = ൤ 𝑟௖𝑅𝑛(𝑅 + 𝑟௖) 𝑅𝑅 + 𝑟௖൨ ൤𝑖௅(𝑡)𝑣௖(𝑡)൨  (10)

From Figure 3c, we find that the state space and output voltage equations are similar to period 
2, i.e. (9) and (10). 

3. Small Signal Modeling 

The FBBC is a complex and nonlinear dynamic system, so that the application of conventional 
linear methods is inadequate to analyze the system dynamics and to design the control system. To 
overcome this, the small-signal modeling approach is one of the effective analysis methods to derive 
the system dynamics and to design the control of the converter. The purpose of small-signal modeling 
is to understand the dynamic response of the system due to small perturbations, represents a 
nonlinear system to become linear around certain operating point (steady-state), and enable a precise 
and efficient control system in the frequency and time domains [27]. The steps in small-signal 
modeling include: 

3.1. Define the Steady State Operating Point 

Steady-state operating point is the working condition of the converter when all variables 
(voltage, current, and duty cycle) are at fixed values and do not change with respect to time. This 
operating point is the basis for constructing the state-space averaged model and performing 
linearization. The steady-state operating point refers to fixed output voltage 𝑉௢, fixed input voltage 𝑉௜௡, fixed duty cycle 𝐷, fixed inductor current 𝐼௅, and fixed output current 𝐼௢. Assuming that the 
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FBBC operates in continuous conduction mode (CCM), then the relationship of steady state with 
output voltage, inductor current, and duty cycle is presented in (11), (12), and (13) respectively. 𝑉௢ = 𝑛2 𝑉௜௡(1 − 𝐷)  (11)

𝐼௅ = 𝑛2 𝐼௢(1 − 𝐷) = 𝑛2𝑉௢𝑅 1(1 − 𝐷)  (12)

𝐷 = 1 − 𝑛2𝑉௜௡𝑉௢   (13)

3.2. State Space Averaging Modeling 

The state-space averaging model approach is a method commonly used to represent the 
dynamics of a switching converter system into a continuous-time linear model. The converter has 
two conditions, each with its state space equation. Defined the state variable consists of the inductor 
current [𝑖௅(𝑡)] and the capacitor voltage [𝑣௖(𝑡)], then can be written as 𝑥(𝑡) = ሾ𝑖௅(𝑡) 𝑣௖(𝑡)ሿ். The 
equations are averaged model according to the PWM duty cycle as follows. 𝑑𝑥(𝑡)𝑑𝑡 = 𝐴௔௩௚𝑥(𝑡) + 𝐵௔௩௚𝑣௜௡(𝑡)  (14)

𝑦௔௩௚(𝑡) = 𝐶௔௩௚𝑥(𝑡)  (15)

with 𝐴௔௩௚ = (2𝑑 − 1)𝐴௢௡ + 2(1 − 𝑑)𝐴௢௙௙, 𝐵௔௩௚ = (2𝑑 − 1)𝐵௢௡ + 2(1 − 𝑑)𝐵௢௙௙, 
and 𝐶௔௩௚ = (2𝑑 − 1)𝐶௢௡ + 2(1 − 𝑑)𝐶௢௙௙. 

where 𝐴௢௡ = ቎− ௥ಽ௅ 00 − ଵ஼(ோା௥೎)቏, 𝐴௢௙௙ = ቎ିଵ௅ ቀ𝑟௅ + ௥೎ோ௡మ(ோା௥೎)ቁ ିோ௅௡(ோା௥೎)ோ஼௡(ோା௥೎) ିଵ஼(ோା௥೎) ቏, 𝐵௢௡ = ቈଵ௅0቉, 𝐵௢௙௙ = ቈଵ௅0቉, 𝐶௢௡ = ቂ0 ோ(ோା௥೎)ቃ, and 𝐶௢௙௙ = ቂ ௥೎ோ௡(ோା௥೎) ோோା௥೎ቃ. So, the state space in (14) and the output equation 
in (15) as the averaging of the two conditions ON and OFF is resulted as follows: 

𝑑𝑑𝑡 ൤𝑖௅(𝑡)𝑣௖(𝑡)൨ = ⎣⎢⎢⎢
⎡−1𝐿 ൬𝑟௅ + 2(1 − 𝑑)𝑟௖𝑅𝑛ଶ(𝑅 + 𝑟௖) ൰ − 2(1 − 𝑑)𝑅𝐿𝑛(𝑅 + 𝑟௖)2(1 − 𝑑)𝑅𝐶𝑛(𝑅 + 𝑟௖) − 1𝐶(𝑅 + 𝑟௖) ⎦⎥⎥⎥

⎤ ൤𝑖௅(𝑡)𝑣௖(𝑡)൨ + ൥1𝐿0൩ 𝑣௜௡(𝑡)  (16)

𝑣௢(𝑡) = ൤2(1 − 𝑑)𝑟௖𝑅𝑛(𝑅 + 𝑟௖) 𝑅𝑅 + 𝑟௖൨ ൤𝑖௅(𝑡)𝑣௖(𝑡)൨  (17)

3.3. Introducing Small Perturbation 

Small perturbation is an approach to introduce small perturbations to the main system variables 
such as inductor current, output voltage, and duty cycle to analyze the dynamics of the system due 
to changes in the linear system to the perturbation. Each variable is expressed as the sum of the 
average value and small perturbation, written with the following notation: 𝑥(𝑡) = 𝑋 + 𝑥ො(𝑡)  (18)

with 𝑥(𝑡) is the state variable, 𝑋 is the operating point of the variable value from the steady state 
analysis, and 𝑥ො(𝑡)  is the deviation with respect to steady state value due to small perturbation. 
Based on (18), the small perturbation approximation for each state variable to the steady-state value 
can be written as follows: 

ቐ 𝑖௅(𝑡) = 𝐼௅ + 𝚤̂௅(𝑡)𝑣௢(𝑡) = 𝑉௢ + 𝑣ො௢(𝑡)𝑑(𝑡) = 𝐷 + 𝑑መ(𝑡)   (19)
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with 𝐼௅  , 𝑉௢ , and 𝐷  are the steady state of the inductor current, output voltage, and duty cycle. 𝚤௅̂(𝑡), 𝑣ො௢(𝑡), and 𝑑መ(𝑡) are the small perturbation of the inductor current, output voltage, and duty 
cycle respectively.  

3.4. Linearization Model and Transfer Function 

Linearization of the FBBC model is an important approach to simplify the nonlinear system into 
linear form in the time or frequency domain. The linearization for the state-space averaged model in 
(20) uses the Taylor approximation to obtain a low-order linear model. We substitute all variables 
into the averaged model and then linearize by ignoring the second-order components such as 𝚤ሶመ௅(𝑡)𝑑መ(𝑡), 𝑣ො௖(𝑡)𝑑መ(𝑡) and others. The linear small signal model in the time domain can be written as 
follows: 𝑥ොሶ௦ = 𝐴௦𝑥ො௦(𝑡) + 𝐵௦𝑣ො௜௡(𝑡) + 𝐻௦𝑑መ(𝑡)  (20)𝑦௦(𝑡) = 𝐶௦𝑥ො௦(𝑡) + 𝐷௦𝑑መ(𝑡)  (21)

with 𝑥ො௦(𝑡) ∈ ℝ௡ is the state variable that describes the small perturbation of the systemʹs steady-state 
condition for the inductor current ( 𝚤ሶመ௅(𝑡) ) and the capacitor voltage (𝑣ො௖(𝑡) ) written as 𝑥ො௦(𝑡) =ሾ𝚤ሶመ௅(𝑡) 𝑣ො௖(𝑡)ሿ். 𝑣ො௜௡(𝑡) ∈ 𝑅 is the small signal of input voltage in the form of input voltage deviation. 𝑑መ ∈ 𝑅 is an external input in the form of a small perturbation of duty cycle. 𝑦௦(𝑡) ∈ ℝ is the system 
output in the form of a capacitor voltage or converter output voltage. 𝐴௦ ∈ ℝ௡×௡ is the system matrix, 𝐵௦ ∈ ℝ௡×௠ is the input matrix, 𝐻௦ ∈ ℝ௡×௠ is the small perturbation matrix, 𝐶௦ ∈ ℝ௠×௡ is the system 
output matrix, and 𝐷௦ ∈ ℝ௠×௠ is the feedthrough matrix (the direct effect of small perturbation on 
the output). With 𝐷ഥ = 1 − 𝐷, the system matrices can be written as follows: 𝐴௦ = ቎− ଵ௅ ቀ𝑟௅ + ଶ஽ഥ௥೎ோ௡మ(ோା௥೎)ቁ − ଶ஽ഥோ௅௡(ோା௥೎)ଶ஽ഥோ஼௡(ோା௥೎) − ଵ஼(ோା௥೎) ቏, 𝐵௦ = ቈଵ௅0቉, 𝐻௦ = ቎ଶ௥೎ோூಽାଶோ௡௏೎௅௡మ(ோା௥೎)− ଶோூಽ௡஼(ோା௥೎) ቏, 𝐶௦ = ቂ ଶ஽ഥ௥೎ோ௡(ோା௥೎) ோோା௥೎ቃ, and 𝐷௦ = ቂ− ଶ௥೎ோூಽ௡(ோା௥೎)ቃ. 

To simplify the control design process, we neglect the stray resistance in the above and we have  𝐴௦ = ቎ 0 −ଶ஽ഥ௅௡ଶ஽ഥ஼௡ − ଵ஼ோ቏, 𝐵௦ = ቈଵ௅0቉, 𝐻௦ = ቎ ଶ௏೎௅௡− ଶூಽ௡஼቏, 𝐶௦ = ሾ0 1ሿ, and 𝐷௦ = ሾ0ሿ. 
And from (20) and (21) we have 

൤𝚤ሶመ௅(𝑡)𝑣ො௖(𝑡)൨ሶ = ⎣⎢⎢
⎡ 0 − 2𝐷ഥ𝐿𝑛2𝐷ഥ𝐶𝑛 − 1𝐶𝑅⎦⎥⎥

⎤ ൤𝚤ሶመ௅(𝑡)𝑣ො௖(𝑡)൨ + ൥1𝐿0൩ 𝑣ො௜௡(𝑡) + ൦ 2𝑉௖𝐿𝑛− 2𝐼௅𝑛𝐶൪𝑑መ(𝑡) (22)

𝑣ො௢(𝑡) = ሾ0 1ሿ ൤𝚤ሶመ௅(𝑡)𝑣ො௖(𝑡)൨ (23)

4. PID-LQR Control Approach 

Proportional-integral-derivative (PID) controller is the most commonly used feedback controller 
and is widely available due to its simplicity, reliability, ease of implementation, and flexibility in use. 
PID controllers have been around since the 1940s and are still relevant. It is proven by almost >95% 
of those engaged in the industrial sector using PID controllers. In general, PID works by calculating 
the error between the desired value (setpoint) and the actual value (system output), then correcting 
it automatically. PID has three components. The proportional component (P) functions to correct the 
current error by producing a control signal that is proportional to the magnitude of the error. The 
integral component (I) plays a role in correcting the accumulation of past errors by summing up 
errors over time, thereby reducing the steady-state error. While the derivative component (D) is used 
to estimate the direction and rate of future error changes by providing corrections based on the rate 
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of error change over time. An interesting aspect of PID design is the difficulty in tuning the gain of 
Kp, Ki, and Kd. PID tuning is the process of determining the PID gain to achieve optimal system 
performance. If set incorrectly, this can cause the system to become unstable, unresponsive, or 
experience significant overshoot, oscillation, and steady-state errors. Other considerations in PID 
design include disturbances, changes in system conditions, and time delays, which can lead to 
ineffective PID controller designs. Solutions to overcome this problem usually involve a combination 
of PID with other methods. 

This study proposes a novel control approach based on the integration of PID and Linear 
Quadratic Regulator (LQR) to enhance the dynamic performance of the FBBC system. The proposed 
method addresses the limitations of conventional controllers such as PI and PID, which often lack 
responsiveness to load and input voltage variations. In this approach, the PID gains are optimally 
tuned through the LQR framework, resulting in a more stable and precise control performance 
characterized by fast rise time, minimal overshoot, short settling time, and near-zero steady-state 
error. Key operational characteristics of the FBBC, such as duty cycle, input voltage, and load which 
contribute to the presence of delay time between the control signal and system response. If 
unaccounted for, this delay can degrade system efficiency and stability. Therefore, this research 
explicitly incorporates delay time into the control design, modeled using the Second Order Plus Time 
Delay (SOPTD) framework. By employing the PID-LQR approach, the control system is expected to 
achieve improved performance in terms of disturbance rejection, prevention of overvoltage and 
under voltage, and enhanced power conversion efficiency of the FBBC under various operating 
conditions. The PID-LQR controller is designed in two schematics: output feedback as seen in Figure 
4a and state feedback (cascade) in Figure 4b. 

 

Figure 4. Schematic of Closed-Loop System with PID-LQR Approach. 

Theorem 1: consideration a small-signal linear system that requires advantage of the time delay 𝐿 ൐ 0 in control signal and the state variable with time delay is 𝑥ො௡(𝑡 + 𝐿): 𝑥ොሶ௡ = 𝐴௡𝑥ො௡(𝑡) + 𝐵௡𝑢௡∗(𝑡), 𝑡 ≥ 𝐿  (24)

with the signal control 𝑢௡∗(𝑡)𝜖𝑅௠ where is 𝑢௡∗(𝑡) = 𝑢௡(𝑡 − 𝐿), the state variable 𝑥ො௡(𝑡) ∈ 𝑅௡, 
the matrices are 𝐴௡ ∈ 𝑅௡×௡  and 𝐵௡ ∈ 𝑅௡×௠ . The approach that minimizes the quadratic 
performance index is expressed as follows: 

 
a) Output Feedback System 

 

b) State Feedback System 
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𝐽 = න(𝑥ො௡(𝑡)்𝑄𝑥ො௡(𝑡) + 𝑢௡∗(𝑡)்𝑅𝑢௡∗(𝑡))ஶ
଴ 𝑑𝑡  (25)

with 𝑄 ∈ 𝑅௡×௡ , 𝑄 ≥ 0  and 𝑅 ∈ 𝑅௠×௠ , 𝑅 > 0  are the state weighting matrix and the control 
weighting matrix respectively. The optimal control vector as: 𝑢௡∗(𝑡) = −𝑅ିଵ𝐵௡்𝑃𝑥ො௡(𝑡)  (26)

with matrix 𝑃  is a unique solution of the Algebraic Riccati Equation (ARE) where 𝑃 = 𝑃் > 0 
(positive definite) as follows 𝐴௡்𝑃 + 𝑃𝐴௡ + 𝑄 − 𝑃𝐵௡𝑅ିଵ𝐵௡்𝑃 = 0 (27)

For time delay, if 𝑡 = 𝑡 + 𝐿 , then 𝑢௡(𝑡) = 𝑢௡∗(𝑡 + 𝐿) = −𝑅ିଵ𝐵௡்𝑃𝑥௡(𝑡 + 𝐿) . Because 𝑢௡(𝑡)  gives a control signal in time horizon 𝑡 ≥ 0 , 𝑥௡(𝑡 + 𝐿)  is not known directly at time t. 
Therefore, the optimal control vector (26) can be represented as 𝑢௡∗(𝑡) = −𝑅ିଵ𝐵௡்𝑃𝑒஺೐௅𝑥ො௡(𝑡)  (28)

with 𝐴௘ = 𝐴௡ − 𝐵௡𝑅ିଵ𝐵௡்𝑃.  
Proof: if there is a time delay, the actual control signal at time is 𝑢௡(𝑡) = 𝑢௡∗(𝑡 + 𝐿). Because 𝑥ො௡(𝑡 + 𝐿) is unknown at time t, it is necessary to anticipate the system’s condition at time horizon 𝑡 + 𝐿. Generally, the control law (26) is represented as 𝑢௡(𝑡) = 𝐾𝑥ො௡(𝑡 + 𝐿). The linear system is 

represented as 𝑥ොሶ௡ = 𝐴௡𝑥ො௡(𝑡) + 𝐵௡𝑢௡∗(𝑡 − 𝐿)  becoming 𝑥ොሶ௡ = 𝐴௡𝑥ො௡(𝑡) + 𝐵௡𝑢௡∗(𝑡) , 𝑡 ≥ 𝐿 
as in (24). Since 𝑢௡(𝑡 − 𝐿) = −𝐾𝑥ො௡(𝑡), the closed-loop system for 𝑥ො௡(𝑡) in the interval [𝑡, 𝑡 +𝐿]  becomes 𝑥ොሶ௡(𝑡) = (𝐴௡ − 𝐵௡𝐾)𝑥ො௡(𝑡) = 𝐴௘𝑥ො௡(𝑡) . The state space can be expressed as the 
transient solution 𝑥ො௡(𝑡 + 𝐿) = 𝑒஺೐௅𝑥ො௡(𝑡)  where 𝐴௘ = 𝐴௡ − 𝐵௡𝑅ିଵ𝐵௡்𝑃 . Incorporate the 
predicted state 𝑥ො௡(𝑡 + 𝐿) into the optimal control law. If 𝑢௡∗(𝑡) = −𝑅ିଵ𝐵௡்𝑃𝑥ො௡(𝑡 + 𝐿), then 𝑢௡∗(𝑡) = −𝑅ିଵ𝐵௡்𝑃𝑥ො௡(𝑡) is equivalent to (28). (proven) 

Definition 1: for Output Feedback Controller (Figure 4a) 
The state variable 𝑥ො௡(𝑡) in (24) can be defined in general as 𝑥ො௡(𝑡) = [𝑥ොଵ(𝑡) 𝑥ොଶ(𝑡)]் . Using 

the second order plus time delay (SOPTD) transfer function, examine the following system: 𝑒௡(𝑡) =𝑟(𝑡) − 𝑦(𝑡)) is the error system. 

ቐ 𝑥ොଵ(𝑡) = 𝑒௡(𝑡) ⇒ 𝑥ොሶଵ(𝑡) = 𝑥ොଶ(𝑡) 𝑥ොଶ(𝑡) = 𝑑𝑒௡(𝑡)𝑑𝑡 ⇒ 𝑥ොሶଶ(𝑡) = 𝑎ଵ𝑥ොଵ(𝑡) + 𝑎ଶ𝑥ොଶ(𝑡) + 𝑏଴𝑢௡∗(𝑡) (29)

Definition 2: for Output Feedback Controller with integrator (Figure 4a) 
To build a PID controller scheme with an output feedback structure, an augmented system can 

be created by adding a new state to the system in form of an integrator (24). The integrator variable 
equation is 𝑥௜(𝑡) = ׬ 𝑒௡(𝑡)𝑑𝑡,and the augmented state space can be expressed as:  𝑥ොሶ௔(𝑡) = 𝐴௔𝑥ො௔(𝑡) + 𝐵௔𝑢௡∗(𝑡)  (30)

with the state variable augmented 𝑥ො௔(𝑡) = [𝑥௜(𝑡) 𝑥ො௡(𝑡)]் , and matrices augmented are 𝐴௔ =൤0 −𝐶௡0 𝐴௡ ൨ , 𝐵௔ = ൤ 0𝐵௡൨ . Using definitions 1 and 2, the generic canonical representation of the 

systems (24) and (30) can be stated as follows:  

቎𝑥ොሶ௜(𝑡)𝑥ොሶଵ(𝑡)𝑥ොሶଶ(𝑡)቏ = ൥0 1 00 0 10 𝑎ଵ 𝑎ଶ൩ ቎𝑥௜(𝑡)𝑥ොଵ(𝑡)𝑥ොଶ(𝑡)቏ + ൥ 00𝑏଴൩ 𝑢௡∗(𝑡)  (31)

Theorem 2: the PID control signal is written in: 𝑢௡∗(𝑡) = 𝐾௜𝑥௜(𝑡) + 𝐾௣𝑥ොଵ(𝑡) + 𝐾ௗ𝑥ොଶ(𝑡)  (32)
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As stated by Theorem 1 in (26) and (28), the optimal control vector becomes 

𝑢௡∗(𝑡) = 𝑅ିଵ𝑏଴ ൥𝑃ଵଷ𝑃ଶଷ𝑃ଷଷ൩
் ቎𝑓ଵଵ(𝐿) 𝑓ଵଶ(𝐿) 𝑓ଵଷ(𝐿)𝑓ଶଵ(𝐿) 𝑓ଶଶ(𝐿) 𝑓ଶଷ(𝐿)𝑓ଷଵ(𝐿) 𝑓ଷଶ(𝐿) 𝑓ଷଷ(𝐿)቏ ቎𝑥௜(𝑡)𝑥ොଵ(𝑡)𝑥ොଶ(𝑡)቏  (33)

and the PID gains are obtained 𝐾௜ = 𝑅ିଵ𝑏଴൫𝑃ଵଷ𝑓ଵଵ(𝐿) + 𝑃ଶଷ𝑓ଶଵ(𝐿) + 𝑃ଷଷ𝑓ଷଵ(𝐿)൯  𝐾௣ = 𝑅ିଵ𝑏଴൫𝑃ଵଷ𝑓ଵଶ(𝐿) + 𝑃ଶଷ𝑓ଶଶ(𝐿) + 𝑃ଷଷ𝑓ଷଶ(𝐿)൯ 𝐾ௗ = 𝑅ିଵ𝑏଴(𝑃ଵଷ𝑓ଵଷ(𝐿) + 𝑃ଶଷ𝑓ଶଷ(𝐿) + 𝑃ଷଷ𝑓ଷଷ(𝐿)) 
(34)

Proof: Theorem 1 in (26) and (28) can be used to determine 

|𝑠𝐼 − 𝐴௘| = อ 𝑠 −1 00 𝑠 −1𝛽𝑃ଵଷ 𝑎ଵ + 𝛽𝑃ଶଷ 𝑠 + 𝑎ଶ + 𝛽𝑃ଷଷอ  (35)

with 𝛽 = 𝑅ିଵ𝑏଴ଶ. The setting the characteristic equation of the closed loop systems can be written Δ(𝑠) = (𝑠 + 𝑚𝜁௖௟𝜔௖௟)(𝑠ଶ + 2𝑠𝜁௖௟𝜔௖௟ + 𝜔௖௟ଶ)  (36)

To get the matrix 𝐴௘, substitute (35) and (36) and obtain the characteristic equation of the closed 
loop system|𝑠𝐼 − 𝐴௘| = Δ(𝑠). 𝑠ଷ + (2𝜁௖௟ + 𝛽𝑃ଷଷ)𝑠ଶ + (𝜔௖௟ଶ + 𝛽𝑃ଶଷ)𝑠 + 𝛽𝑃ଵଷ = 𝑠ଷ + (2 + 𝑚)𝜁௖௟𝜔௖௟𝑠ଶ + ൫𝜔௖௟ଶ + 2𝑚𝜁௖௟ଶ𝜔௖௟ଶ൯𝑠 + 𝑚𝜁௖௟𝜔௖௟ଷ (37)

If P matrix is ARE solution in (27) and referred to (28) then  𝑃 = ൥𝑃ଵଵ 𝑃ଵଶ 𝑃ଵଷ𝑃ଶଵ 𝑃ଶଶ 𝑃ଶଷ𝑃ଷଵ 𝑃ଷଶ 𝑃ଷଷ൩, and 𝑄 = ൥𝑄ଵଵ 0 00 𝑄ଶଶ 00 0 𝑄ଷଷ൩ with 𝑃ଵଵ = ௠఍೎೗ఠ೎೗ఱ(ଵାଶ௠఍೎೗మ)ఈ , 𝑃ଵଶ = (ଶା௠)௠఍೎೗మఠ೎೗రఈ , 𝑃ଵଷ = ௠఍೎೗ఠ೎೗మఈ ,  𝑃ଶଶ = (ଶ఍೎೗ఠ೎೗యାସ௠఍೎೗యఠ೎೗యାଶ௠మ఍೎೗యఠ೎೗యି௔భ௔మ)ఈ  , 𝑃ଶଷ = ఠ೎೗మାଶ௠఍೎೗మఠ೎೗మି௔భఈ  , 𝑃ଷଷ =(ଶା௠)఍೎೗ఠ೎೗ି௔మఈ , 𝑄ଵଵ = ௠మ఍೎೗మఠ೎೗లఈ , and 𝑄ଶଶ = ఠ೎೗రାସ௠మ఍೎೗రఠ೎೗రି௔భమିଶ௠మ఍೎೗యఠ೎೗రఈ . 

then the value of 𝑒஺೐௧ = ℒିଵ[(𝑠𝐼 − 𝐴௘)ିଵ]  or 𝑒஺೐௧ = ቎𝑓ଵଵ(𝐿) 𝑓ଵଶ(𝐿) 𝑓ଵଷ(𝐿)𝑓ଶଵ(𝐿) 𝑓ଶଶ(𝐿) 𝑓ଶଷ(𝐿)𝑓ଷଵ(𝐿) 𝑓ଷଶ(𝐿) 𝑓ଷଷ(𝐿)቏௧ୀ௅  . 

Thus, the optimal control vector corresponds to (32) and (33), resulting in PID gains according to (34). 
(proven). 

Definition 3: for State Feedback Controller with integrator system (Figure 4b) 
With the state variables as in Definition 1, referring to the second order plus time delay (SOPTD) 

transfer function in (22) and (23), considering the following system:  
Inner-loop: 𝑒௜(𝑡) = 𝑥ොଵ,௥௘௙(𝑡) − 𝑥ොଵ(𝑡)) and outer-loop: 𝑒௩(𝑡) = 𝑥ොଷ,௥௘௙(𝑡) − 𝑥ොଷ(𝑡)) 

⎩⎪⎪
⎪⎪⎨
⎪⎪⎪⎪
⎧𝑥௜௜(𝑡) = න𝑒௜(𝑡)𝑑𝑡𝑥ොଵ(𝑡) = 𝑒௜(𝑡) ⇒ 𝑥ොሶଵ(𝑡) = 𝑥ොଶ(𝑡) 𝑥ොଶ(𝑡) = 𝑑𝑒௜(𝑡)𝑑𝑡 ⇒ 𝑥ොሶଶ(𝑡) = 𝑎ଵ𝑥ොଵ(𝑡) + 𝑎ଶ𝑥ොଶ(𝑡) + 𝑏଴𝑢௡(𝑡)𝑥௜௩(𝑡) = න𝑒௩(𝑡)𝑑𝑡𝑥ොଷ(𝑡) = 𝑒௩(𝑡) ⇒ 𝑥ොሶଷ(𝑡) = 𝑥ොସ(𝑡) 𝑥ොସ(𝑡) = 𝑑𝑒௩(𝑡)𝑑𝑡 ⇒ 𝑥ොሶସ(𝑡) = 𝑎ଷ𝑥ොଷ(𝑡) + 𝑎ସ𝑥ොସ(𝑡) + 𝑏ଵ𝑢௡(𝑡)

  (38)

To construct a PID controller scheme with state feedback, according to definitions 3 and 2 in (38) 
it becomes:  
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⎣⎢⎢
⎢⎢⎢
⎡𝑥ොሶ௜௜(𝑡)𝑥ොሶଵ(𝑡)𝑥ොሶଶ(𝑡)𝑥ොሶ௜௩(𝑡)𝑥ොሶଷ(𝑡)𝑥ොሶସ(𝑡) ⎦⎥⎥

⎥⎥⎥
⎤

=
⎣⎢⎢
⎢⎢⎡
0 1 0 0 0 00 0 1 0 0 00 𝑎ଵ 𝑎ଶ 0 0 00 0 0 0 1 00 0 0 0 0 10 0 0 0 𝑎ଷ 𝑎ସ⎦⎥⎥

⎥⎥⎤
⎣⎢⎢
⎢⎢⎡
𝑥௜௜(𝑡)𝑥ොଵ(𝑡)𝑥ොଶ(𝑡)𝑥௜௩(𝑡)𝑥ොଷ(𝑡)𝑥ොସ(𝑡) ⎦⎥⎥

⎥⎥⎤ +
⎣⎢⎢
⎢⎢⎡

00𝑏଴00𝑏ଵ⎦⎥⎥
⎥⎥⎤ 𝑢௡∗(𝑡)  (39)

Theorem 3: referred to definition 3, given the PID control signal is written in: 𝑢௡∗(𝑡) = 𝐾௜𝑥௜௜(𝑡) + 𝐾௣𝑥ොଵ(𝑡) + 𝐾ௗ𝑥ොଶ(𝑡)ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥ௜௡௡௘௥ି௟௢௢௣ + 𝐾௜𝑥௜௩(𝑡) + 𝐾௣𝑥ොଷ(𝑡) + 𝐾ௗ𝑥ොସ(𝑡)ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥ௢௨௧௘௥ି௟௢௢௣   (40)

referring to Theorem 1 and 2, the optimal control vector for the inner-loop in (41) and outer-loop in 
(42) becomes 

𝑢௡,௜௡௡௘௥∗(𝑡) = 𝑅ିଵ𝑏଴ ൥𝑃ଵଷ𝑃ଶଷ𝑃ଷଷ൩
் ቎𝑓ଵଵ(𝐿) 𝑓ଵଶ(𝐿) 𝑓ଵଷ(𝐿)𝑓ଶଵ(𝐿) 𝑓ଶଶ(𝐿) 𝑓ଶଷ(𝐿)𝑓ଷଵ(𝐿) 𝑓ଷଶ(𝐿) 𝑓ଷଷ(𝐿)቏ ቎𝑥௜௜(𝑡)𝑥ොଵ(𝑡)𝑥ොଶ(𝑡)቏ (41)

𝑢௡,௢௨௧௘௥∗(𝑡) = 𝑅ିଵ𝑏ଵ ൥𝑃ସ଺𝑃ହ଺𝑃଺଺൩
் ቎𝑓ସସ(𝐿) 𝑓ସହ(𝐿) 𝑓ସ଺(𝐿)𝑓ହସ(𝐿) 𝑓ହହ(𝐿) 𝑓ହ଺(𝐿)𝑓଺ସ(𝐿) 𝑓଺ହ(𝐿) 𝑓଺଺(𝐿)቏ ቎𝑥௜௩(𝑡)𝑥ොଷ(𝑡)𝑥ොସ(𝑡) ቏  (42)

and the PID gains are obtained 
inner loop 𝐾௜ = 𝑅ିଵ𝑏଴൫𝑃ଵଷ𝑓ଵଵ(𝐿) + 𝑃ଶଷ𝑓ଶଵ(𝐿) + 𝑃ଷଷ𝑓ଷଵ(𝐿)൯ 𝐾௣ = 𝑅ିଵ𝑏଴(𝑃ଵଷ𝑓ଵଶ(𝐿) + 𝑃ଶଷ𝑓ଶଶ(𝐿) + 𝑃ଷଷ𝑓ଷଶ(𝐿))  𝐾ௗ = 𝑅ିଵ𝑏଴(𝑃ଵଷ𝑓ଵଷ(𝐿) + 𝑃ଶଷ𝑓ଶଷ(𝐿) + 𝑃ଷଷ𝑓ଷଷ(𝐿)) 

(43)

outer loop 𝐾௜ = 𝑅ିଵ𝑏ଵ൫𝑃ସ଺𝑓ସସ(𝐿) + 𝑃ହ଺𝑓ହସ(𝐿) + 𝑃଺଺𝑓଺ସ(𝐿)൯ 𝐾௣ = 𝑅ିଵ𝑏ଵ൫𝑃ସ଺𝑓ସହ(𝐿) + 𝑃ହ଺𝑓ହହ(𝐿) + 𝑃଺଺𝑓଺ହ(𝐿)൯ 𝐾ௗ = 𝑅ିଵ𝑏ଵ(𝑃ସ଺𝑓ସ଺(𝐿) + 𝑃ହ଺𝑓ହ଺(𝐿) + 𝑃଺଺𝑓଺଺(𝐿))  (44)

Proof: according to Theorem 1 and 2, the matrix 𝐴௘  can be calculated by putting the 
characteristic equation of the closed-loop system |𝑠𝐼 − 𝐴௘| = Δ(𝑠). The P matrix represents the ARE 
solution. Thus, the optimal control vector is determined by (41) and (42), and the PID gains are 
derived using (43) and (44). (proven) 

Remark: PI-LQR Controller  
The second order plus time delay (SOPTD) transfer function can also be used to implement the 

PI controller’s output and state feedback.  
Proof: without limiting generality, based on definitions 1 and 2 and without tracking error, the 

PI gain can be derived by tuning using LQR in accordance with Theorems 1 and 2. Thus, the optimal 
control vector can be expressed as:  

For PI-LQR Output Feedback as (33) 𝑢௡∗(𝑡) = 𝑅ିଵ𝑏଴ ൤𝑃ଵଵ𝑃ଶଶ൨் ൤𝑓ଵଵ(𝐿) 𝑓ଵଶ(𝐿)𝑓ଶଵ(𝐿) 𝑓ଶଶ(𝐿)൨ ൤𝑥ොଵ(𝑡)𝑥ොଶ(𝑡)൨ (45)

For PI-LQR State Feedback as (41) and (42) 𝑢௡,௜௡௡௘௥∗(𝑡) = 𝑅ିଵ𝑏଴ ൤𝑃ଵଵ𝑃ଶଶ൨் ൤𝑓ଵଵ(𝐿) 𝑓ଵଶ(𝐿)𝑓ଶଵ(𝐿) 𝑓ଶଶ(𝐿)൨ ൤𝑥ොଵ(𝑡)𝑥ොଶ(𝑡)൨  (46)

𝑢௡,௢௨௧௘௥∗(𝑡) = 𝑅ିଵ𝑏଴ ൤𝑃ଷଷ𝑃ସସ൨் ൤𝑓ଷଷ(𝐿) 𝑓ଷସ(𝐿)𝑓ସଷ(𝐿) 𝑓ସସ(𝐿)൨ ൤𝑥ොଷ(𝑡)𝑥ොସ(𝑡)൨ (47)

so that the PID gains are obtained: 
For PI-LQR Output Feedback as (34) 𝐾௜ = 𝑅ିଵ𝑏଴൫𝑃ଵଶ𝑓ଵଵ(𝐿) + 𝑃ଶଶ𝑓ଶଵ(𝐿)൯ (48)
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𝐾௣ = 𝑅ିଵ𝑏଴(𝑃ଵଶ𝑓ଵଶ(𝐿) + 𝑃ଶଶ𝑓ଶଶ(𝐿)) 

For PI-LQR State Feedback as (43) and (44) 
inner loop 𝐾௜ = 𝑅ିଵ𝑏଴൫𝑃ଵଶ𝑓ଵଵ(𝐿) + 𝑃ଶଶ𝑓ଶଵ(𝐿)൯ 𝐾௣ = 𝑅ିଵ𝑏଴(𝑃ଵଶ𝑓ଵଶ(𝐿) + 𝑃ଶଶ𝑓ଶଶ(𝐿))  (49)

outer loop 𝐾௜ = 𝑅ିଵ𝑏ଵ൫𝑃ଷସ𝑓ଷଷ(𝐿) + 𝑃ସସ𝑓ସଷ(𝐿)൯ 𝐾௣ = 𝑅ିଵ𝑏ଵ(𝑃ଷସ𝑓ଷସ(𝐿) + 𝑃ସସ𝑓ସସ(𝐿)) 
(50)

(proven). 

5. Simulation Results and Discussion 

The proposed control applications for FBBC are simulated using PSIM software. The FBBC 
parameter values can be seen in Table 1.  

Table 1. Parameters Component FBBC. 

Symbol Description Unit Value 𝑉௜௡ The Input Voltage Volt 35 𝑉௢ The Output Voltage Volt 350 𝐷 The Duty Cycle  0.75 𝑅௙௨௟௟ The Full-load Resistance Ohm 100 𝑅௛௔௟௙ The Half-load Resistance Ohm 200 𝑓௦ The Switching Frequency kHz 10 𝐶 The Capacitor uF 330 𝑟஼ The Stray Resistance Capacitor mOhm 50 𝐿 The Inductor uH 391 𝑟௅ The Stray Resistance Inductor mOhm 100 𝐼௅̅ The Inductor Current Nominal Amper 35 𝑉ത௖ The Capacitor Voltage Nominal Volt 350 

 
To obtain a deeper understanding of the system response characteristics, by entering the 

parameters in Table 1 into (20) and (21) the following numerical matrix is obtained: 𝐴௦ = ቂ−263.43 −767.23908.86 −15.15 ቃ , 𝐵௦ = ቂ3.58 × 10ଷ−42.4 ቃ , 𝐻௦ = ቂ2.56 × 10ଷ0 ቃ , 𝐶௦ = [0.015 0.999] , and 𝐷௦ = [−0.07]. 
This dynamic system model provides a comprehensive understanding of the internal 

characteristics of the linearized FBBC around the operating point. The 𝐴௦ matrix indicates that the 
system has two states with significant cross-interactions and has relatively fast and oscillatory system 
dynamics. The eigenvalues of this matrix are −139.29 ± 825.68𝑖 and lie in the complex plane with 
negative real part, indicating that the system is stable but underdamped, thus having a tendency 
towards oscillatory response in the initial transient. With the 𝐵௦ matrix, the input 𝑉෠௜௡(𝑡)  directly 
affects the system only in the first state, while small perturbations of duty cycle 𝑑መ(𝑡) interact with 
both states with the 𝐻௕  matrix indicating that the system has high sensitivity to disturbances 
especially in the first state. On the output side, the 𝐶௦ matrix indicates that the output signal is a 
linear combination of both states, with the dominant contribution coming from the second state. In 
addition, small perturbations of the duty cycle 𝑑መ(𝑡) also directly affect the output with 𝐷௦, which 
provides an important indication that disturbances will be manifested directly in the system response 
without any inherent damping. These characteristics indicate that the system requires a robust and 
adaptive controller design, given its sensitivity to input changes and load variations. 
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The performance of the FBBC open-loop system with duty cycle of 0.75 is examined in two 
conditions: (i) The input voltage is initially fixed at roughly 35 V from t = 0 to t = 4 seconds. At t ≈ 4 s, 
the input voltage is changed to 45 V and remains steady until t = 6 s, as shown in Figure 5a. (ii) The 
load changes from 200 Ohm to 100 Ohm at 2 second, as indicated by the load signal as shown in 
Figure 5b. With duty cycle od 0.75, the desired output voltage is 350 V. 

 

Figure 5. Response Transient of the Open-Loop FBBC. 

Figure 5c illustrates the transient response of the inductor current in the FBBC system. This 
graphic shows three transient circumstances that occur at times around 0 s, 2 s, and 4 s. At 0 – 2 
seconds, with input voltage of 35 V and load of 200 Ohm, the inductor current is in average of 16.67 
A at steady state. When the load changes to 100 Ohm, the inductor average current becomes 31.81 A. 
With the load is kept being 100 Ohm and the change occurs in the input voltage to 45 V, the inductor 
average current becomes 40.89 A. 

Meanwhile, Figure 5d illustrates the transient response of the capacitor voltage in the FBBC system. 
This graph illustrates that the output voltage is more sensitive to the changes in the input voltage than the 
load. However, the output voltage remains rather steady around the nominal value. In the time range of 
0 to 2 seconds, the average output voltage is 333.24 V, 318.02 V at 2 to 4 seconds, and 408.89 V at 4 to 6 
seconds. In general, we can find steady state error at all time ranges. This is frequent in open-loop systems 
since there is no error correction, necessitating the employment of a controller in closed-loop systems. 

Adding a controller to the closed-loop FBBC system results in three eigenvalues: −1.1404, and 
−0.0023±0.0022i. The Lyapunov stability criterion indicates that the system is asymptotically stable, 
as all three eigenvalues have negative real portions. The eigenvalue -1.1404 is a fast dominant mode, 
indicating the systemʹs ability to respond to shocks or reference changes with a relatively quickly 
damped transient component. These characteristics indicate the presence of an underdamped 
response, which reduces oscillations before the system reaches a steady state. This system exhibits 
steady behaviour, making it suited for FBBC control in the setting of eigenvalues with high stability 
(negative real part), fast reaction, and substantial oscillation damping. 

In accordance with Theorem 1, Theorem 2, and the prior remarks, the control system in this 
study is divided into four design instances for the Full-Bridge Boost Converter (FBBC) system. The 
four cases are: Case-1, a PI controller based on output feedback; Case-2, a PI controller based on state 
feedback; Case-3, a PID-LQR controller based on output feedback; and Case-4, a PID-LQR controller 
based on state feedback. Furthermore, the four control instances are compared to determine the 
potential system performance and the effectiveness of each strategy in obtaining optimal control 
performance for the FBBC system. The comparison takes into account the tuning process of the PID 
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controller parameters, which include the constants 𝐾௣ , 𝐾௜ , and 𝐾ௗ . To ensure consistency and 
fairness in the study, all cases are tested on an identical FBBC system model, with the same duty 
cycle, and subjected to similar disturbances and input treatments, such as variations in input voltage 
and load, as illustrated in Figures 5a and 5b. Table 2 provides detailed information on the tuning 
parameters of each controller for the four scenarios. To tune the second-order system, natural 
frequency values of about 𝜔௡ ൎ 0.32  and damping ratio 𝜁 ൎ 0.72  are employed, as specified in 
Equation (40). While the weighting matrices are selected 𝑄 = 𝑑𝑖𝑎𝑔[1/2𝐿𝐼௅ , 1/2𝐶𝑉௖ଶ] and 𝑅 = 1. 

Table 2. The control constants for cases 1 to 4. 

Cases 
Outer Loop 

Capacitor Voltage 
Inner Loop 

Inductor Current 𝑲𝒑 𝑲𝒊 𝑲𝒅 𝑲𝒑 𝑲𝒊 𝑲𝒅 

Case-1: PI-LQR output feedback 1.11 126.16     
Case-2: PI-LQR state feedback 4.32 9.19  0.01 1.13  

Case-3: PID-LQR output feedback 1.92 194.15 0.142    
Case-4: PID-LQR state feedback 3.30 1.09 0.01 1.911 0.03 0.01 

Figure 6 illustrates the dynamic response of the output voltage in the FBBC system. The red circles 
mark the disturbances, which represent changes in load or input voltage variations, simulated at 2 
second and 4 second. The purpose of this test is to evaluate the performance of various control strategies 
in maintaining voltage regulation and rejecting disturbances. In Case-1 (PI-LQR with output feedback) 
and Case-3 (PID-LQR with output feedback), the system exhibits voltage overshoot following the 
disturbance. This indicates the limitation of relying solely on output measurements without full access 
to the internal state information. In Case-2 (PI-LQR with state feedback) and Case-4 (PID-LQR with 
state feedback), significant improvement is observed, with a more damped response, demonstrating 
that full availability of state variables enables more accurate disturbance compensation. Overall, we can 
see all the four controllers give stable output response with lower steady state error compared to open 
loop control. The strength of the strategy lies in the synergy between the capabilities of LQR and the 
integral action of PID, which effectively eliminates steady-state error. 

 

Figure 6. Capacitor Voltage Response. 
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Figures 7 and 8, each show the transient responses during the load changes and input voltage 
changes, respectively. Comparing the responses of the controller without differentiator (case 1 in 
Figure 7(a) and Figure 8(a) and case 2 in Figure 7(b) and Figure 8(b)) and with differentiator (case 3 
in Figure 7(c) and Figure 8(c) and case 4 in Figure 7(d) and Figure 8(d)), we can see that the 
differentiator can reduce the output voltage oscillation during the transient period. 

 
Figure 7. Output Voltage Response during Load Changes. 

 
Figure 8. Output Voltage Response during Input Voltage Changes. 

Figure 9 presents the inductor current response for four different control scenarios. Based on the 
analysis of the graph, Case-4 (PID-LQR with state feedback) demonstrates the best performance in 
maintaining the stability of the inductor current. The current response in this case is relatively 
smooth, exhibits minimal oscillations, and effectively suppresses disturbances, particularly after the 
external inputs are introduced at around 2 and 4 seconds. Compared to the other approaches, Case-
4 yields a more stable transition without significant fluctuations (see Figures 10(d) and 11(d)). Case-
3 (PID-LQR with output feedback) also shows good performance, though it still experiences slight 
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initial oscillations and a slower recovery time than Case-4 (see Figures 10(c) and 11(c)). Case-2 (PI-
LQR with state feedback) displays a noticeable overshoot during disturbances, although it performs 
better than Case-1 (see Figures 10(b) and 11(b)). Case-1 (PI-LQR with output feedback) exhibits the 
worse current response, with large fluctuations and delayed settling time, indicating suboptimal 
control performance (see Figures 10(a) and 11(a)). Therefore, it can be concluded that the PID-LQR 
control strategies (case 3 and case 4) are the most effective approach for stabilizing inductor current 
in converter systems, particularly in dynamically disturbed environments. 

 
Figure 9. Inductor Current Response. 

 

Figure 10. Inductor Current Response during Load Changes. 
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Figure 11. Inductor Current Response during Input Voltage Changes. 

Figure 12 illustrates the control signal applied to the FBBC for the four cases. The figure shows 
that the controls for case 1 to 4 are in the optimal condition with no saturation can be detected (the 
duty cycle are in the range of 0.5 to 1.0). 

 

Figure 12. Control Signal Response. 

6. Conclusions and Future Work 

This paper presents a comprehensive study on the design and comparison of four control 
strategies for a Full-Bridge Boost Converter (FBBC), with a focus on enhancing system performance 
through the integration of the Linear-Quadratic Regulator (LQR) approach with classical PI and PID 
controllers. Small-signal modeling is employed to linearize the inherently nonlinear FBBC system, 
enabling controller design within the linear domain via a state-space framework. Simulation results 
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reveal that the PID-LQR controller with output feedback (Case-3) delivers the most optimal 
performance among the four configurations. This controller provides stable output voltage, optimal 
control signal, and fast response to disturbances with significantly reduced oscillations in both the 
inductor current and output voltage. 
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