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Abstract—The Boost Converter is a type of DC-DC 

converter that operates using switching techniques and is 

designed to elevate the voltage level. This paper presents a 

cascaded control for a boost converter to ensure that the 

inductor current and output capacitor voltage remain in a safe 

operating zone. Ensuring safe operating conditions and stable 

closed-loop poles is crucial because it guarantees that both 

current and voltage remain within the designated operating 

range. This preventive measure prevents any damage to 

components like capacitors (C), inductors (L), and switches. 

Unstable operation, on the other hand, could lead to oscillations 

and an undesirable increase in the amplitude of current and 

voltage, posing a risk to all components involved. The research 

contribution involves an investigation of cascaded control, 

utilizing power and energy concepts due to their advantageous 

effects on system performance and design. By implementing 

nonlinear controllers based on a large-signal averaged model, 

the closed-loop poles remain independent of operating points, 

eliminating the need for small-signal linearization. Small-signal 

linearization makes the controlled system dependent on the 

operating point. Two controllers are introduced based on power 

and energy concept, which is easy to understand. The potential 

practical application of the proposed cascaded control approach 

is in high-power applications. Tracking the energy stored in the 

output capacitor is first investigated to validate the proposed 

control scheme by varying the output voltage reference from 32 

V to 50 V. Then, the regulation of the energy voltage is explored 

by varying the load resistance for the output voltage at 50 V. 

Both are done using a switched model using MATLAB/Simulink 

software. Simulation results are given to demonstrate the 

effectiveness of the proposed method. The key metrics used to 

assess the effectiveness of the proposed control scheme are the 

undershoot voltage and robustness. The results show that the 

studied system's tracking, regulating operations and robustness 

properties are as expected. The proposed method faces a 

challenge with the number of sensors required. To address this, 

observers can be utilized to reduce sensor usage while 

maintaining measurement accuracy. The proposed method can 

be applied to other power electronic systems. 

Keywords—Control; Nonlinear; DC-DC Converter. 

I. INTRODUCTION 

A. Significance of Boost Converters 

Boost Converter belongs to the category of DC-DC 

converters that operate based on switching and can increase 

the voltage level. This converter, also known as a step-up 

converter, temporarily stores the input energy and then 

releases it at the output. In this way, the converter converts a 

lower DC voltage level to a higher voltage level. Energy 

storage can occur in magnetic field storage components 

(inductors) or electric field storage components (capacitors). 

This process is accomplished using various active or passive 

switching elements. Power switches belong to the category of 

active switching elements, while diodes belong to the 

category of passive switching elements. Boost converter, 

which is a voltage-level amplifier for DC, has a wide range 

of applications in various industries such as transportation 

[1]-[2], renewable energy systems [2]-[5], and household 

appliances [6]. 

Different classifications of this converter, such as isolated 

and non-isolated, unidirectional, or bidirectional, hard-

switched, or soft-switched, have been introduced [1], [7]-

[21]. The isolated converter typically employs a transformer 

to ensure galvanic isolation, meeting safety standards, and 

enabling the adjustment of input/output voltage ratios. 

Unidirectional and bidirectional converters facilitate power 

flow in specific directions. While hard-switched converters 

may experience elevated switching losses, soft-switched 

converters, employing resonant circuits, can mitigate these 

losses. With the help of this classic converter, other 

converters such as three-level boost converters [22]-[28] or 

interleaved boost converters [29]-[31] have also been 

introduced. 

A generalized state-space average model for multi-phase 

interleaved converters is discussed [32]. A comprehensive 

study in transient, steady-state, and switching dynamics is 

presented. [33] focuses on the analysis and design of a soft-

switched clamped-resonant interleaved boost converter. It 

could be valuable for those interested in soft-switching 

techniques and resonant converters. A high-gain compact 

interleaved boost converter specifically designed for 

photovoltaic (PV) applications is studied in [34]. It addresses 

the issue of reduced voltage stress. It could be useful for 

researchers and practitioners working on PV systems. [35] 

investigates a voltage-mode controller for a DC-DC 

multilevel boost converter. It could be interesting for those 

studying multilevel converters and control techniques. A high 

step-up coupled-inductor cascade boost DC-DC converter 

with a lossless passive snubber [36]. It could be relevant for 
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those working on high step-up converters and snubber 

designs. 

B. Control of Boost Converters 

There are various control structures available in the 

literature for regulating a boost converter. One commonly 

used technique is voltage mode control (VMC), which 

utilizes a single control loop. However, the boost converter is 

a non-minimum phase system, and when the inductance and 

capacitance values are low, the negative zero of the transfer 

function can cause instability. VMC is typically employed in 

small power applications. In high-power applications, 

ensuring the safety of the system requires precise control of 

the input current. This has led to the popularity of cascaded 

control structures. These structures consist of an outer voltage 

loop and an inner current loop. The outer loop regulates the 

output voltage, while the inner loop controls the input current. 

By using a cascaded control structure, both the output voltage 

and input current can be effectively regulated, ensuring safe 

and stable operation in high-power applications. 

Ensuring proper control over the output voltage of a boost 

converter is crucial, particularly in applications that require 

the input voltage to remain within an acceptable range 

(±10%) due to the sensitivity of these specific applications. 

In [37], some control methods have been compared to each 

other. The comparison criteria in [37] include the number of 

control loops and the number of sensors. If there are two 

control loops, typically the dynamics of the loops are 

separated [38]-[42]. Reducing the sensors is another 

important issue in the controllers. 

The amount of electric energy generation by a source and 

its consumption by a load will not be constant at all times. 

For example, systems that rely on solar energy to generate 

their electricity can be mentioned. Sometimes, solar panels 

produce less power due to phenomena such as shading. Also, 

the consumption of electric energy varies during different 

hours of the day. Voltage level changes can have irreparable 

effects on the converter and the load. Therefore, a controller 

is needed to adjust the voltage level according to new 

conditions in the shortest possible time. Some controllers, 

such as proportional-integral (PI) controllers, do not possess 

this characteristic under all conditions. For this reason, 

researchers employ nonlinear controllers for this purpose. For 

the classical PI controller, since it is linearized, its 

performance is desired around the operating point [43]-[48]. 

Linearization makes the controlled system dependent on the 

operating point. The PI controller operates based on 

predefined characteristics. If these characteristics change, the 

controller may not perform adequately [49]. One of the 

limitations of this controller is its inability to respond to 

external disturbances such as load changes [50]. 

The indirect sliding mode control (SMC) is a method that 

has a constant switching frequency compared to the classical 

sliding mode and does not suffer from chattering [51]-[53]. 

In practice, implementing switching through the classical 

sliding-mode controller will not be instantaneous, and there 

will be an error at the sliding surface level [54]. Therefore, 

switching occurs with imperfections, leading to an 

undesirable phenomenon called chattering. Chattering causes 

high-frequency oscillations in the controller [55]. It appears 

as oscillations in the vicinity of the sliding surface. This 

phenomenon creates a type of persistent mode error and 

prevents complete alignment with the sliding surface. 

SMC has been applied in various applications, such as 

photovoltaic systems [56] or fuel cells [57]-[59]. Improved 

methods have been proposed for this control method. For 

example, in [60], the sliding surface was modified to increase 

the stability region of the studied system. However, other 

solutions have also been suggested to avoid instability based 

on Lyapunov [61]-[65]. 

Control based on flatness properties is another control 

method that has many advantages [66]-[72]. The flatness 

controller has the ability to track a high-level trajectory. It is 

a robust controller. Another good feature of this controller is 

the ability to predict system behavior. Its application 

improves the dynamic response of the system [73]. One of 

the challenges of this method is the high number of sensors. 

To overcome this challenge, some variables can be estimated 

[62], [70]. Considering different studied systems, different 

control methods [74], and hybridizing with other controllers 

can be used [75]-[76]. 

C. Research Contribution 

In this paper, two controllers are introduced based on 

power and energy. These controllers are applied as inner and 

outer loops on the DC-DC boost converter. Compare to the 

classical control approach using PI controller, where transfer 

functions are usually used, the proposed method is more 

straightforward. In order to regulate the output voltage of a 

DC-DC converter, such as a boost converter, which refers to 

the voltage across the output capacitor, one could opt to 

directly control the voltage. However, when considering the 

time differential equation for the output capacitor voltage, it 

becomes apparent that it is influenced by the duty cycle and 

the input current, resulting in a nonlinear system. An 

alternative approach involves utilizing the time differential 

energy equation, where the time variation of the energy under 

consideration is linearly dependent on the difference between 

the input and output power. This approach offers a simpler 

handling of the system. 

Since the DC-DC converter is nonlinear, linearization 

technique using a small signal should apply to make the 

system linear. Then, a classical approach can be used to place 

the poles at the desired location on the S-plane. However, 

linearizing is done for a chosen operating point. It means that 

the transfer function obtained for the first operating point may 

not exact for other operating points. Finally, one can find that 

when the operating point changes, the locations of the poles 

might move. Contrary to the proposed approach, the transfer 

function is not necessary if both control loops are well 

separated. 

In this paper, feedback linearization, which refers to 

discovering a feedback strategy and a coordinate alteration 

that convert a nonlinear electrical system into a linear and 

controllable one, is used without small-signal linearization 

[29], [77]. The feedback linearization controller will be 

employed in both loops to steer the input power 𝑃𝑖  towards 

its desired value (𝑃𝑖𝑟𝑒𝑓) and guide the stored energy in the 

capacitor, 𝑦, towards its desired value (𝑦𝑟𝑒𝑓). In situations 
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where it is necessary to counteract uncertainties in parameters 

or errors in modeling, the control law resulting from feedback 

linearization generates a term that facilitates the adjustment 

of the dynamic behavior for the error convergence, 𝜀 =
𝑦𝑟𝑒𝑓 − 𝑦 and 𝜀 = 𝑃𝑖𝑟𝑒𝑓 − 𝑃𝑖 , to reach zero. The design of this 

fictional control is accomplished through the use of a control 

law. Ultimately, the energy error will asymptotically 

converge to zero . 

The research contribution is to study a cascaded control 

based on power and energy concepts because of its benefits 

in the performances, and design. By employing this method, 

it is ensured that the inductor current and output capacitor 

voltage of the boost converter remain within a safe operating 

range. Additionally, the closed-loop poles do not move 

independently of operating points, thanks to the 

implementation of nonlinear controllers based on a large-

signal averaged model, without resorting to small-signal 

linearization. After introducing the controller equations, the 

system under study is implemented in MATLAB/Simulink 

software. Then, the obtained results are presented using this 

controller. 

D. Organization of Paper 

The structure of the article is as follows: after the 

introduction, the studied converter is introduced in the second 

part. In addition, the proposed control structure is explained. 

In the third part, the simulation results for the tracking, 

regulation, robustness, effect of parameter control and 

performance comparison are given and finally the conclusion 

is introduced. 

II. METHOD 

The method section provides the explanation of the 

studied system and introduces the control structure for the 

converter. The first part of method section provides a detailed 

explanation of the studied system, including the circuit 

diagram of the boost converter and the symbols used in the 

analysis. The second part of this section, describes the control 

structure with the inner power loop and outer energy loop 

controllers. A flowchart of the research methodology is 

presented. The derivations and mathematical expressions are 

presented. The controller equations will be presented step by 

step for both loops.   

A. System Presentation 

In this section, the DC-DC boost converter is presented. 

The circuit diagram of this converter is shown in Fig. 1. The 

inductor, switch, and diode are the three main components of 

this converter. The minimal number of elements in this 

converter achieves the simplicity of design and construction. 

The inductor is placed on the input side of the converter, and 

a capacitor can be connected in parallel with the load on the 

output side. 

LiL 
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rL

Vi vC 
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Pi Po

 

Fig. 1. Circuit diagram of DC-DC Boost converter 

The boost converter includes an input voltage source 

denoted by 𝑉𝑖. The storage elements include an inductor 

represented by 𝐿 and a capacitor denoted by 𝐶. The load 

resistance is 𝑅𝑜, and the series resistance of the inductor is 𝑟𝐿. 

The switching period T and the switching frequency of the 

system 𝑓𝑠 = 1/𝑇 are defined. Table I presents the symbols 

used in the studied system. The symbols for the inductor 

current (𝑖𝐿), capacitor voltage (𝑣𝑐), physical parameters of the 

converter, and control parameters are introduced. 

TABLE I.  SYMBOL OF SYSTEM 

Description Symbol 

Input voltage 𝑉𝑖 
Inductor 𝐿 

Series resistance of the inductor 𝑟𝐿 
Capacitor 𝐶 

Load resistance 𝑅𝑜 

Period and switching frequency 𝑇, 𝑓𝑠 
Input power 𝑃𝑖 
Current through the inductor 𝑖𝐿 

Voltage across the capacitor 𝑣𝐶  

Switching-command signal 𝑢 

Duty cycle 𝑑 

Reference value for input power 𝑃𝑖𝑟𝑒𝑓 

Reference value for capacitor voltage 𝑉𝑐𝑟𝑒𝑓 

Energy stored in the capacitor and its reference 𝑦, 𝑦𝑟𝑒𝑓 

Control parameter 𝜉 

Power loop control parameter 𝜔𝑛 

Energy loop control parameter 𝜔𝑛𝑦 

Energy loop control parameter 𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟 

 

It is assumed that the boost converter operates in 

continuous conduction mode (CCM), meaning either the 

switch or the diode is conducting. Therefore, two operating 

modes are defined. In the first mode, the switch conducts and 

the diode is open. In the second mode, the switch is open and 

the diode conducts. The control signal 𝑢 is defined as “1” 

when the switch is closed, and it is defined as “0” when the 

switch is opened. The symbol of 𝑑 represents the duty cycle 

of the switch conduction, which is a part of the switching 

period. 

The inductor current (𝑖𝐿) and the voltage across the 

capacitor (𝑣𝑐) are the state variables of the system. Fig. 2(a) 

shows the circuit diagram of converter when the command 

signal 𝑢 = 1. The switch K is close and diode D is open. Fig. 

2(b) shows the circuit diagram of converter when the 

command signal 𝑢 = 0. The switch K is open and diode D is 

close. Using Kirchhoff's laws, the equations for the loop and 

node can be written for each mode. By integrating these two 

operating modes using the control signal, the equations for 

the converter, which represent the changes in state variables 

over time, can be obtained. The governing equations of the 

boost converter can be expressed as equation (1). 

{
 
 

 
 
𝑑𝑖𝐿
𝑑𝑡

=
1

𝐿
(𝑉𝑖 − 𝑟𝐿𝑖𝐿 − (1 − 𝑢)𝑣𝑐)

𝑑𝑣𝑐
𝑑𝑡

=
1

𝐶
((1 − 𝑢)𝑖𝐿 −

1

𝑅𝑜 
𝑣𝐶)

 (1) 

In Table I, the reference value for the input of the control 

block is 𝑃𝑖𝑟𝑒𝑓 . The control parameters such as 𝜉 and 𝜔𝑛, will 

be explained in more details in the next section. For the 
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controlled system, with the second-order response, its 

behavior can be characterized by a standard form as (2). 

𝐶(𝑠)

𝑅(𝑠)
=

𝜔𝑛
2

𝑆2 + 2 𝜉 𝜔𝑛 + 𝜔𝑛
2
 (2) 

where 𝜉 is the damping coefficient and 𝜔𝑛 is the natural 

frequency. 

L
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Fig. 2. Circuit diagram of DC-DC Boost converter: (a) The command signal 

is one, (b) The command signal is zero 

Depending on the values of 𝜉, different modes can be 

defined for the second-order system. These four modes are 

shown in Table II. The dynamic behavior of the system is 

determined by the number and types of poles. The four given 

modes in the second column can occur. In system design, a 

desired value of 𝜉 is typically chosen as 0.707. 

TABLE II.  DIFFERENT MODES IN SECOND-ORDER SYSTEMS WITH 

VARYING Ζ (DAMPING FACTOR) 

No. Case 𝝃 Poles of C(s)/R(s) 

1 Zero-damped 𝜉 = 0 Two poles Imaginary 

2 
Under-

damped 

0 < 𝜉
< 1 

Two poles 
Complex 

conjugate 

3 
Critically-

damped 
𝜉 = 1 Two poles Equal 

4 Over-damped 𝜉 > 1 
Two distinct 

poles 
Negative real and 

unequal 

 

B. Control System 

In this section, the controller equations are introduced. 

There are two loops for the control section (Fig. 3). The 

power controller is used as the inner loop to control the input 

power of the boost converter. The energy controller is used 

as the outer loop to control the energy stored in the boost 

converter capacitor. 

The objective of this research paper is to design a 

cascaded controller for a boost converter, with a specific 

focus on two loops: 

i) The first loop involves controlling the input power of the 

boost converter. To accomplish this, an inner power loop 

controller will be used. 

ii) The second loop relates to controlling the energy stored 

in the capacitor of the boost converter. In this case, an 

outer energy controller will be implemented. 

Outer 

control 

loop

(Energy)

Inner 

control 

loop

(power)

Boost 

converter

Measurement

Measurement

Input
Output

+ +

_ _crefv
d

irefP cv Li

iP

 

Fig. 3. Cascaded control structure consists of inner power loop and outer 

energy loop 

1) Inner Power Loop 

In this section, the power controller equations for the 

boost converter are introduced. The input power to the 

converter is denoted as 𝑃𝑖 . Its relationship is given by the 

product of the input current and input voltage, as shown in 

equation (3). 

𝑃𝑖 = 𝑉𝑖  𝑖𝐿  (3) 

The derivative of the input power, �̇�𝑖, can be obtained in 

general form as shown in equation (4). 

𝑃𝑖 = 𝑉𝑖 ∙ 𝑖𝐿 ⟹ �̇�𝑖 = 𝑉𝑖  
𝑑𝑖𝐿
𝑑𝑡

+ 𝑖𝐿  
𝑑𝑉𝑖
𝑑𝑡

 (4) 

If the input voltage is considered constant, its changes 

become zero. Therefore, a term is eliminated in the derivative 

of input power equation. Hence, equation (4) can be written 

as (5). 

𝑃𝑖 = 𝑉𝑖 ∙ 𝑖𝐿 ⟹ �̇�𝑖 = 𝑉𝑖  
𝑑𝑖𝐿
𝑑𝑡

 (5) 

In equation (5), the changes in the inductor current with 

respect to time are observed. This expression is one of the 

governing equations for the boost converter. But it is 

transformed into a large-signal averaged model with the 

continuous duty cycle 𝑑. The changes in this state variable 

are recalled in equation (6). 

𝑑𝑖𝐿
𝑑𝑡

=
1

𝐿
(𝑉𝑖 − 𝑟𝐿𝑖𝐿 − (1 − 𝑑)𝑣𝑐) (6) 

Using equation (6) and substituting it into equation (5), we 

can write equation (7). 

�̇�𝑖 = 
𝑉𝑖
𝐿
(𝑉𝑖 − 𝑟𝐿  𝑖𝐿 − (1 − 𝑑)𝑣𝑐) (7) 

Using equation (3) and equation (7), one can write (8). 

𝐿 �̇�𝑖
𝑉𝑖

= 𝑉𝑖 − 𝑟𝐿
𝑃𝑖
𝑉𝑖
− 𝑣𝑐 + 𝑑 𝑣𝑐 (8) 

Now, the duty cycle 𝑑 can be obtained as (9). 

𝑑 =
𝐿 �̇�𝑖
𝑉𝑖  𝑣𝑐

+
𝑟𝐿 𝑃𝑖
𝑉𝑖  𝑣𝑐

+ 1 −
𝑉𝑖
𝑣𝑐

 (9) 

Note that the obtained duty cycle is for a static operating 

point. The control block diagram is shown in Fig. 4. 

The controller with feedback linearization [28], [77] is 

used to drive the input power 𝑃𝑖  towards its reference value 

(𝑃𝑖𝑟𝑒𝑓). Its control equation is given by (10). 

�̇�𝑖 − �̇�𝑖𝑟𝑒𝑓 + 𝐾1(𝑃𝑖 − 𝑃𝑖𝑟𝑒𝑓) + 𝐾2∫(𝑃𝑖 − 𝑃𝑖𝑟𝑒𝑓) = 0 (10) 



Journal of Robotics and Control (JRC) ISSN: 2715-5072 525 

 

Amirhosein Mansouri, Nonlinear Cascaded Control for a DC-DC Boost Converter 

,vCVi

Pi Calculation of 

duty cycle

d

Piref

Calculation of input 

power

Linearization 

Feedback

𝑢𝑃 ≜ �̇�𝑖  (iL) (Vi)

 

Fig. 4. Power control loop to calculate the duty cycle of the boost converter 

Therefore, 𝑃𝑖  is obtained according to equation (11). 

𝑢𝑃 ≜ �̇�𝑖 = �̇�𝑖𝑟𝑒𝑓 + 𝐾1(𝑃𝑖𝑟𝑒𝑓 − 𝑃𝑖) + 𝐾2∫ (𝑃𝑖𝑟𝑒𝑓 − 𝑃𝑖)
𝑡

0

𝑑𝜏 

 (11 )  

In this equation, the control coefficients are defined as (12). 

𝐾1 = 2 𝜉 𝜔𝑛  ,𝐾2 = 𝜔𝑛
2 (12) 

where 𝜉 is the damping coefficient and  𝜔𝑛 is the natural 

frequency. 

The integral term compensates the model errors. Hence, a 

zero static error can be guaranteed in the steady state. This 

equation comprises the errors 𝜀 = 𝑃𝑖𝑟𝑒𝑓 − 𝑃𝑖  between the 

input power, and its reference verifies the second-order 

equation (13). 

𝜀̈ + 𝑘1𝜀̇ + 𝑘2𝜀 = 0 (13) 

The optimum values corresponding to 𝑝(𝑠) taken from 

(13) to a desired characteristic polynomial (Eq. (14)). This 

optimum choice can be got by design root locations. 

𝑝(𝑠) = 𝑠2 + 2𝜁𝜔𝑛 +𝜔𝑛
2 (14) 

Consequently, the gain parameters are achieved by 

finding between (13) and (14). 

By substituting equation (11) into equation (9), the output 

of the controller, which is the duty cycle, is obtained as (15). 

𝑑 =
𝐿 𝑢𝑃
𝑉𝑖  𝑣𝑐

+
𝑟𝐿 𝑃𝑖
𝑉𝑖  𝑣𝑐

+ 1 −
𝑉𝑖
𝑣𝑐

 (15) 

2) Outer-energy Loop 

In the outer loop of the boost converter control, the energy 

control equations are introduced. This is an external control 

loop for the converter that controls the output voltage. In the 

inner current control loop, the control is indirectly performed 

using the input power. Therefore, the output of the outer loop 

can serve as a reference input for the inner loop. 

According to the boost converter circuit shown in Fig. 1, 

the input power to the converter is denoted as 𝑃𝑖 . Its 

relationship is given by equation (16). 

𝑃𝑖 = 𝑉𝑖  𝑖𝐿  (16) 

The output power of the converter, 𝑝𝑜, can be expressed 

as equation (17). 

𝑝𝑜 = 𝑣𝐶  𝑖𝑜  (17) 

The energy stored in the output capacitor can be 

represented by equation (18). 

𝑦 =
1

2
𝐶𝑣𝑐

2 (18) 

The reference stored energy in capacitor 𝐶 can be 

expressed as equation (19). 

𝑦 =
1

2
𝐶 𝑉𝑐𝑟𝑒𝑓

2 (19) 

Where 𝑣𝑐𝑟𝑒𝑓  is the reference output voltage. 

The rate of change of stored energy in the capacitor with 

respect to time is given by equation (20). 

�̇� =
𝑑𝑦

𝑑𝑡
= 𝑃𝑖 − 𝑝𝑙𝑜𝑠𝑠 − 𝑝𝑜 (20) 

Neglecting losses (𝑝𝑙𝑜𝑠𝑠 = 0), the previous equation (20), 

can be written as (21). 

𝑃𝑖 = �̇� + 𝑝𝑜 (21) 

The controller using the feedback linearization technique 

[28], [77], [78], [79] is used to drive the stored energy in the 

capacitor, 𝑦, towards its reference value (𝑦𝑟𝑒𝑓). In addition, 

in regulating the stored energy when disturbances occur. The 

control equation is given by equation (22). 

�̇� − �̇�𝑟𝑒𝑓 + 𝐾1𝑦(𝑦 − 𝑦𝑟𝑒𝑓) + 𝐾2𝑦∫ (𝑦𝑟𝑒𝑓 − 𝑦)
𝑡

0

𝑑𝜏 = 0 

 (22) 

Note: Neglecting losses, the model is simple to 

demonstrate how to implement the proposed controller. 

Indeed, since the model is inexact, the controller with an 

integral term can be used to deal with this issue. With 

neglecting 𝑝𝑙𝑜𝑠𝑠, the steady-state error exists. The integral 

term of the controller (∫(𝑦 − 𝑦𝑟𝑒𝑓)𝑑𝑡 ) is used to address and 

eliminate static error in the control system. The integral term 

helps to correct for any long-term imbalances or biases in the 

system. It provides a feedback mechanism that ensures the 

control system reaches and maintains the desired setpoint, 

even in the presence of external disturbances or system 

uncertainties. Therefore, the proposed controller can handle 

the inexactness of the model in practical situations. 

Therefore, using the previous equation (22), �̇� can be 

obtained as (23). 

�̇� = �̇�𝑟𝑒𝑓 + 𝐾1𝑦(𝑦𝑟𝑒𝑓 − 𝑦) + 𝐾2𝑦∫ (𝑦𝑟𝑒𝑓 − 𝑦)
𝑡

0

𝑑𝜏 

 (23) 

In the linearization feedback equation, the control 

coefficients are defined as follows in (24). 

𝐾1𝑦 = 2 𝜉 𝜔𝑛𝑦  ,𝐾2𝑦 = 𝜔𝑛𝑦2  (24) 

where 𝜉 is the damping coefficient and 𝜔𝑛𝑦 is the natural 

frequency. 

By substituting equation (23) into (21), the output of the 

controller, which is the input power, can be obtained as (25). 

𝑃𝑖 = �̇�𝑟𝑒𝑓 + 𝐾1𝑦(𝑦𝑟𝑒𝑓 − 𝑦) + 𝐾2𝑦∫ (𝑦𝑟𝑒𝑓 − 𝑦)
𝑡

0

𝑑𝜏 + 𝑝𝑜 

 (25) 
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The inner loop has faster dynamics than the outer loop. 

Therefore, the control parameter 𝜔𝑛𝑦 is selected at least ten 

times smaller (𝜔𝑛𝑦 ≤
𝜔𝑛

10
) in power energy control. The inner 

loop control parameter 𝜔𝑛 = 
2 𝜋 𝑓𝑠

20
= 3000 rad/s is selected. 

The outer loop parameter 𝜔𝑛𝑦 =
𝜔𝑛

10
= 300 rad/s is selected. 

The control block diagram is shown in Fig. 6. The output 

of this outer loop is the reference input for the input power. 

In this outer loop, the output voltage can be controlled by 

controlling the stored energy in the capacitor. 

To avoid the higher current peak of the output capacitor 

during changing the output voltage reference, for example, 

during startup, a second order filter is used to smooth the 

energy reference to meet the requirements of the maximum 

peak current for the system. 

The energy reference is planned with a dynamic as a 

second order system without overshoot (damping factor 𝜉 =
1). Therefore, the transfer function of the second order filter 

is expressed as (26). 

𝑦𝑟𝑒𝑓(𝑠)

𝑦𝑟𝑒𝑓 ∗ (𝑠)
=

𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟

(𝑠 + 𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟)
2 (26) 

The angular frequency 𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟  related to the time constant 𝜏 

as defined in (27). 

𝜏 =
1

𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟
 (27) 

The time response with a step function of the reference 𝑦𝑟𝑒𝑓  

is given by (28) [80]. 

𝑦𝑟𝑒𝑓(𝑡) =
1

𝜏
(𝑒−

𝑡
𝜏 𝑦𝑟𝑒𝑓,𝑖𝑛𝑖𝑡 (𝑡 + 𝜏) − 𝑦𝑟𝑒𝑓,𝑓𝑖𝑛𝑎𝑙  (𝑡 𝑒

−
𝑡
𝜏 + 𝜏 (𝑒−

𝑡
𝜏 − 1))) 

 (28) 

Suppose that the energy stored in the output capacitor 

𝑦𝑟𝑒𝑓(𝑡) tracks well its reference thanks to the proposed 

controller, the capacitor current can be derived from (29). 

𝑖𝑐(𝑡) = 𝐶
𝑑𝑣𝑐
𝑑𝑡

 (27) 

with 𝑣𝑐 = √
2 𝑦𝑟𝑒𝑓

𝐶
. Then, the capacitor current can be 

expressed as (30). 

𝑖𝑐(𝑡) =
1

𝜏
(𝑦𝑟𝑒𝑓𝑖𝑛𝑖𝑡 ∙ 𝑒

(−
𝑡
𝜏
)
−
𝑦𝑟𝑒𝑓𝑖𝑛𝑖𝑡 ∙ 𝑒

(−
𝑡
𝜏
)
∙ (𝜏 +  𝑡)

𝜏

+
𝑡 ∙ 𝑦𝑟𝑒𝑓𝑓𝑖𝑛𝑎𝑙 ∙ 𝑒

(−
𝑡
𝜏
)

𝜏
) 

 (30) 

From the parameters of the studied system, the capacitor 

current 𝑖𝑐(𝑡) is plotted with different time constant 𝜏 in Fig. 

5. It can be seen that the required maximum peak current of 

the capacitor can be respected by adjusting the value of 𝜏. For 

the given capacitance, the time constant 𝜏 can be determined 

by the requirement. For this paper, the value of the time 

constant is chosen as 𝜏 = 10 𝑚𝑠, therefore, 𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟 = 100 

rad/s. 
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Fig. 5. Capacitor current response with step input for different time constant 
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Fig. 6. Outer energy control loop, it calculates the input power reference for 

the inner power loop of the boost converter 

Note: The electromagnetic energy stored in the inductor 

is assumed to be negligible compared to the electrostatic 

energy stored in the capacitor. Therefore, electromagnetic 

energy is not considered in the power balance equations. As 

a summary, Fig. 7 shows the flowchart of the research 

methodology. The steps performed are listed in order. The 

studied system consists of a converter and its control section. 

 

Fig. 7. Flowchart of the research methodology 
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The governing differential equations of the boost 

converter are derived using Kirchhoff's voltage and current 

laws. These laws are written for two states: when the switch 

is open or closed, based on the circuit configuration of the 

converter. The control signal determines the state of the 

switch, whether it is open or closed. The duty cycle value is 

calculated by the control section. 

A cascade controller is proposed, which consists of an 

outer loop and an inner loop. The outer loop is the capacitor 

energy control loop, which can effectively control the output 

voltage. The inner loop is the input power control loop, which 

can control the input current. The dynamics of the energy 

(voltage) control loop are slower compared to the power 

(current) control loop, and this point is taken into account 

when determining the bandwidth of each loop for design 

purposes. 

The mathematical equations of each loop, along with the 

control block diagram, are introduced. At the input of the 

control section, the reference value of the output voltage is 

provided to the outer loop. The output of this loop generates 

the reference input power. This value is fed into the inner 

loop, and its output is the duty cycle. By using pulse-width 

modulation (PWM), the duty cycle (𝑑) is converted into a 

control signal (𝑢). This control signal is applied to the 

converter. 

With the introduced equations, the studied system can be 

simulated, and the waveforms can be analyzed. In the 

following, the results obtained from the simulation will be 

presented. 

III. SIMULATION RESULTS 

The studied system includes a converter and a control 

section simulated using MATLAB/Simulink software. 

For the control section, the computed duty cycle in 

equation (15)  is utilized. The system consists of a boost 

converter and a controller. It is assumed that the reference 

value and system parameters are defined. The controller 

generates the duty cycle. This duty cycle needs to be 

transformed into a switching-command signal, which is 

achievable through pulse-width modulation. Then, the two 

equations governing the system implemented in 

MATLAB/Simulink is used to obtain the state variables. 

In Table III, the parameters used in the studied system are 

provided. 

TABLE III.  PARAMETERS OF THE STUDIED SYSTEM 

Parameters Value 

𝑉𝑖 12 V 

𝐿 370 µH 

𝑟𝐿 0.1 

𝐶 100 µF 

𝑅𝑜 17 

𝑓𝑠 10 kHz 

𝑉𝑐𝑟𝑒𝑓 32, 50 V 

𝜉 0.707 

𝜔𝑛 3000 

𝜔𝑛𝑦 300 

𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟 100 

 

In this section, the waveforms of the system are presented. 

The results are shown for variations in the reference voltage 

of the capacitor and the load resistance. In the first case, the 

waveforms are investigated for incremental changes in the 

reference voltage. In the second case, both increases and 

decreases in the load value are studied. 

Then, the performance of the system under input voltage 

variation is investigated. The influence of control parameter 

will be presented. 

A comparison is performed between the proposed control 

method and the classical cascaded PI control. The robustness 

analysis under varying inductance and capacitance is 

presented. Finally, a discussion is presented. 

A. Tracking: Changes in the Output Reference Voltage 

Using a Step block, the output reference voltage can be 

changed at a desired time. For example, the reference voltage 

is changed from 32 to 50 V at t = 0.25 s. The waveforms of 

the inductor current and the voltage across the capacitor are 

shown in Fig. 8 and Fig. 9, respectively. The current and 

voltage settle to their final values after the transient regime. 

Vcref=32 Vcref=50

 

Fig. 8. Variations of the inductor current with respect to time when the 

output reference voltage changes at t = 0.25 s 

Vcref=32 Vcref=50

 

Fig. 9. Variations of the capacitor voltage with respect to time when the 

output reference voltage changes at t = 0.25 s 
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In Fig. 10, before and after applying the voltage step, the 

waveforms are magnified. In both cases, the output voltage 

reaches its reference value in the steady state. 
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Fig. 10. Variations of the capacitor voltage with respect to time when the 

output reference voltage changes at t = 0.25 s 

Fig. 11 illustrates the variations of the energy stored in the 

capacitor along with its reference.  
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Fig. 11. Variations of the energy stored in the capacitor and its reference with 

respect to time when the output reference voltage changes at t = 0.25 s 

According to this figure, the capacitor energy has well 

followed its reference value. Fig. 12 displays the variations 

of the input power along with its reference. It can be observed 

that the input power has effectively tracked its reference 

value. 
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Fig. 12. Variations of the input power and its reference when the output 

reference voltage changes at t = 0.25 s 

B. Regulation 

Changes in the load resistance are examined in this 

section to evaluate the controller's performance. Similar to 

the previous cases, the value of the load resistance can be 

changed at a desired time using a step input. 

1) Decreasing the load resistance 

In one example, the value of the load resistance is halved 

at t = 0.3 s. Fig. 13 depicts the waveform of the energy stored 

in the capacitor and its reference. Fig. 14 shows the 

waveforms of the inductor current and capacitor voltage. 
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Fig. 13. Energy stored in the capacitor and its reference when the load 

resistance is halved at t = 0.3 s 
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Fig. 14. Inductor current and capacitor voltage when the load resistance is 

halved at t = 0.3 s 

When the resistance changes, there is the disturbance on 

the energy stored in the capacitor, but the controller can reject 

this disturbance in a finite time corresponding to the chosen 

control parameters (𝜔𝑛, 𝜉). Due to the control of the stored 

energy in the capacitor, the capacitor voltage remains 

unchanged in steady-state despite the decrease in the load 

resistance. 

Fig. 15 illustrates the variations of the input power and its 

reference. It can be observed that the controller effectively 

regulates the power despite the disturbance. 
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Fig. 15. Variations of the input power and its reference when the load 

resistance is halved at t = 0.3 s 

2) Increasing the Load Resistance 

In another example, the waveforms of the inductor current 

and capacitor voltage are shown for a 50% increase in the 

load resistance in Fig. 16. In this case, the inductor current 

decreases while maintaining a constant output voltage. 
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Fig. 16. Inductor current and capacitor voltage for a 50% increase in the load 

resistance at t = 0.3 s 

Fig. 17 displays the waveform of the energy stored in the 

capacitor and its reference, and Fig. 18 illustrates the 

variations of the input power and its reference. Once again, 

the controller demonstrates successful power regulation 

despite the disturbance. 
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Fig. 17. Energy stored in the capacitor and its reference when the load 

resistance is increased by 50% 
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Fig. 18. Variations of the input power and its reference when the load 

resistance is increased by 50% 

C. Performance Investigation Under Input Voltage 

Variation 

Performance of the system could be studied under varying 

operating conditions. In this section, behavior of the system 

under varying input voltage is investigated. 

The input voltage is changed in two scenarios: one using 

a step function to alter the input voltage magnitude and 

another time using a sinusoidal waveform. The waveforms of 

the studied system are introduced, and the behavior of the 

system is examined. 

Fig. 19 presents the inductor current and capacitor voltage 

under varying input voltage as step voltage from its nominal 

value to 10% while other parameters are fixed. 

 

Fig. 19. Inductor current and capacitor voltage for an input voltage variation 

 Fig. 20 presents the inductor current and capacitor 

voltage under varying input voltage as 𝑣𝑖(𝑡) = 2𝑉𝑖 +
1.2sin (20𝜋𝑡) while other parameters are fixed. The 

controllers can reject the disturbance according to Fig. 19 and 

Fig. 20. Therefore, the output voltage is kept constant. 
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Fig. 20. Inductor current and capacitor voltage for a variation of input 

voltage with a sinusoidal waveform 

D. Influence of Control Parameters 

This section examines the effect of control parameters on 

the system. 

The inner loop control parameter 𝜔𝑛  is varied for different 

simulations. As mentioned previously, the inner loop has 

faster dynamics than the outer loop. Therefore, the outer loop 

parameter 𝜔𝑛𝑦 =
𝜔𝑛

10
 rad/s is selected. A load step from 𝑅𝑜 to 

𝑅𝑜

2
 at t = 0.25 s. The inductor current and capacitor voltage are 

presented in Fig. 21 and Fig. 22 for the variations of control 

parameters 𝜔𝑛 and 𝜔𝑛𝑦. It is observed that, increasing the 

natural frequencies (𝜔𝑛 and 𝜔𝑛𝑦), makes the dynamics of the 

system faster. However, in this paper, the value of the inner 

loop control parameter 𝜔𝑛 is chosen as 𝜔𝑛 = 3000 rad/s to 

avoid problems with interference noise in practical case. 

The inductor current and capacitor voltage during startup 

are presented in Fig. 23 and Fig. 24 for the variations of cutoff 

frequency for the energy filter 𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟 . It is observed that, 

decreasing the cutoff frequency of the energy filter, makes 

the dynamics of the system in case of changing the output 

voltage reference slower. In other words, it does not affect the 

system's dynamics if the output voltage reference is constant. 
In this paper, 𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟 = 100 rad/s is chosen. 

 

Fig. 21. Inductor current waveforms when the load resistance is reduced at t 

= 0.25 s for different control parameters of the inner and outer loop 

 

Fig. 22. Capacitor voltage waveforms when the load resistance is reduced at 

t = 0.25 s for different control parameters of the inner and outer loop 

 

Fig. 23. Inductor current waveforms during startup when cutoff frequency of 

the energy filter 𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟 is varied 

  

Fig. 24. Capacitor voltage waveforms during startup when cutoff frequency 

𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟 of the energy filter is varied 

E. Comparison of the Proposed Method with the Classical 

Approach 

In this section, a comparison is made between the 

proposed control method and the classical cascaded PI 

control. Two PI loops are considered: an inner loop that 

controls the inductor current and an outer loop that controls 

the output voltage. The waveforms of the studied system are 

depicted and analyzed. 

Both controllers are designed to achieve the same 

controlled crossover frequencies for both inner and outer 
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loops, set at 3000 rad/s and 300 rad/s, respectively. The inner 

loop of the PI controller exhibits a damping factor 𝜉 ≈ 0.707 

(phase margin = 45 degrees), while the outer loop has phase 

margin = 70 degrees. 

The PI controller is configured with a designated 

operating point at 𝑉𝑜𝑟𝑒𝑓 =  50 𝑉 and a load resistance of 

𝑅𝑜 =  8.2 Ω. Notably, both systems demonstrate stable 

operation. Table IV presents the percentage of undershoot 

voltage for various output voltage references. It is important 

to highlight that the undershoot voltage is influenced by the 

capacitance value and the controlled bandwidth of the 

controller.  

TABLE IV.  UNDERSHOOT VOLTAGE FOR DIFFERENT OUTPUT VOLTAGES 

 

Voref (V) 

Undershoot voltage (%); 𝜺 =
𝑽𝒐𝒓𝒆𝒇−𝒗𝒐

𝑽𝒐𝒓𝒆𝒇
𝟏𝟎𝟎% 

PI Proposed 

55 30.36 25.2 

50 28.56 23.04 

40 23.92 17.7 

30 20.00 13.4 

24 17.16 10.75 

 

As stated in this paper, the capacitance value is relatively 

small, leading to the anticipation of a significant undershoot 

voltage. Regarding the undershoot voltage, the system with 

the proposed controller outperforms the PI controller across 

all presented results. This is attributed to the proposed 

controller's ability to leverage knowledge of the output 

power, allowing it to respond more swiftly compared to the 

PI controller, where the load power does not feed back to the 

controller. 

Robustness analysis could be employed to show how the 

system behaves under varying values of the system’s 

parameters. In this section, the robustness characteristic of the 

system under varying L, C parameters are investigated.  

In Fig. 25 and Fig. 26, the inductor current and capacitor 

voltage are presented when the inductance (L) value is varied. 

In the first scenario, the inductance is set to 100% of its 

nominal value, while keeping other parameters fixed. In the 

second scenario, the inductance is set to 180% of its nominal 

value using the same methodology. 

In the initial scenario, both systems demonstrate 

robustness. However, in the subsequent case, the system 

equipped with the PI controller proves to be inadequate in 

dealing with variations in inductance. In contrast, the system 

employing the proposed controller exhibits robust 

performance in the face of such variations. 

In Fig. 27, the inductor current and capacitor voltage are 

presented when the capacitance (C) value is varied. The 

capacitance is set to -50% of its nominal value, while keeping 

other parameters fixed. For this point, both systems 

demonstrate robustness. 

It should be noted that compared to the classical cascaded 

control scheme using PI controller with a small-signal model, 

using only a current sensor for the inductor current and 

another voltage sensor for the output voltage can be tuned for 

better performance for a specific operation point. However, 

as the location of the pole’s changes, the dynamic 

performance might change. But it is not the case for the 

proposed method. 

 

 

Fig. 25. Inductor current and capacitor voltage for a variation of inductance 

100% of its nominal value 

 

 

Fig. 26. Inductor current and capacitor voltage for a variation of inductance 

180% of its nominal value 



Journal of Robotics and Control (JRC) ISSN: 2715-5072 532 

 

Amirhosein Mansouri, Nonlinear Cascaded Control for a DC-DC Boost Converter 

 

 

Fig. 27. Inductor current and capacitor voltage for a variation of capacitance 

-50% of its nominal value 

F. Discussion 

Tracking and regulation analysis was performed using 

MATLAB/Simulink software. It demonstrated that the 

capacitor energy tracks its reference value accurately during 

an increase in energy reference. To evaluate the control 

controller's regulation capability, the load resistance was 

initially increased by 50%. The results showed that energy 

regulation and consequently voltage adjustment followed this 

change accurately. In the simulation, the power controller 

was able to achieve similar results. Additionally, a 50% 

decrease in load resistance demonstrated the regulation 

characteristic of the control controller. The practical 

implementation of this cascaded control can be easily 

performed for DC-DC converters like the boost converter and 

can be utilized in various applications of this converter. 

The limitation and potential challenges associated with 

the proposed method are the number of sensors. It can be 

reduced using observers. 

As future work, experimental results can be included. 

Experimental validation of the proposed control on a 

prototype boost converter will enhance the practical 

applicability of the research in real-world applications.  

Control of converters is important in photovoltaic systems 

and fuel cells. Both systems require voltage level increase, 

and the boost converter performs this task. Furthermore, one 

of the methods in the field of hydrogen supply as a clean fuel 

or for energy storage is water electrolysis. This method 

requires a low voltage level. Therefore, a converter like a 

buck converter is needed. The control method can be applied 

to other power electronic systems and converters. 

When analyzing the efficiency of switching power 

converters, it is crucial to examine both their steady-state and 

transient performance. While a control approach might be 

efficient during steady-state operation, it may face difficulties 

when dealing with transient conditions. However, it is 

common practice to evaluate the efficiency of switching 

power converters primarily under steady-state conditions 

[81]-[83]. 

IV. CONCLUSION 

In this article, in the first step, the relationships related to 

a power controller were introduced. This controller was 

applied to a boost converter. The input power was calculated 

considering the current passing through the inductor and the 

input voltage of the converter. Then, the power derivative 

was given. By doing this, the variations in the inductor 

current appeared, and the governing equation for the boost 

was replaced by this relationship for the current variations. 

This revealed the duty cycle relationship, which can be easily 

extracted. 

To ensure that the measured input power follows the 

reference power, a linearizing feedback controller was used. 

The control equation includes an integral and derivative 

terms. Thus, the required power derivative was obtained in 

the duty cycle formula. 

In the second step, the relationships related to an energy 

controller were introduced. The energy stored in the boost 

converter capacitor was calculated considering the output 

voltage of the converter. A second-order filter was employed 

after the output to utilize the reference value of capacitor 

energy for proper operation. To ensure that the measured 

energy follows the reference value well, a linearizing 

feedback controller was utilized. By using the output power 

and the energy stored in the capacitor, the reference value of 

input power can be generated. 

The system simulation, including the non-ideal boost 

converter and the controllers, was performed in the 

MATLAB/Simulink software environment. 

To examine the performance of the controllers, tracking 

and regulation were demonstrated. In the tracking evaluation, 

the reference value of energy stored in the output capacitor 

increased, and the measured capacitor energy was able to 

follow its reference value well. In the regulation simulation, 

the load resistance decreased and then increased. The 

controller effectively performed energy adjustment and, 

consequently, output voltage regulation in both cases. 

Similarly, the power controller performed well in both 

tracking and power regulation scenarios. 

The effect of control parameters on the system is 

investigated. Increasing the natural frequencies for inner and 

outer loops (𝜔𝑛 and 𝜔𝑛𝑦), makes the dynamics of the system 

faster. It is evident that reducing the cutoff frequency of the 

energy filter (𝜔𝑦𝐹𝑖𝑙𝑡𝑒𝑟) results in slower system dynamics 

when there are changes in the output voltage reference. 
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The behavior of the system under varying the input 

voltage is investigated. The controlled system can reject the 

variations of the input voltage.  

In terms of undershoot voltage, the system utilizing the 

proposed controller demonstrates superior performance 

compared to the PI controller in all the presented results. 

The robustness characteristic under variations of 

inductance and capacitance values is investigated. According 

to the obtained results, the proposed controlled system is 

robust. The key results of the proposed method are 

summarized in Fig. 28. 

 
Fig. 28. Key results of the proposed method 

The proposed method can be applied to other power 

electronic systems and converters where cascaded control 

structure is required to ensure input power and output energy 

in the desired operating region. The proposed control method 

can be applied to other switch-mode DC-DC converters such 

as buck, buck-boost, cuk, and sepic converters. Additionally, 

for controlling isolated DC-DC converters, this method can 

be employed.  Improved control of DC-DC power converters 

will assist in the more efficient utilization of renewable 

energy sources. Then, it contributes to new knowledge in the 

domain. 

One of the future works is to perform a model-based 

analysis (continuous or discrete) of the studied system. By 

utilizing a model, the Jacobian matrix can be computed. 

Then, by examining the eigenvalues of this matrix, stability 

analysis can be provided.   

To overcome the high number of sensors, some variables 

can be estimated for further improving the control scheme. 

Another potential future research is integration with 

renewable energy sources. 
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