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Abstract—This paper presents the design, test and 

validation process of the maximum power point tracking 

(MPPT) based on the Perturb and Observe backstepping 

controller. The design of this robust controller follows a 

sequence of two tests of the validated model-based design 

(MBD) approach. Our contribution is to give a roadmap 

for designing, testing and validating embedded software 

for MPPT algorithms. Perturb and observe algorithm is 

used to generate the reference voltage which is used by the 

backstepping controller to generate the maximum power. 

Then, after simulation of all these techniques, generated 

optimized C code for the STM32F4 microcontroller is 

necessary to test the controller on embedded platform. 

Therefore, the algorithm of MPPT is simulated by Model 

in the Loop (MIL) and Processor in the Loop (PIL) 

techniques. The results show that the proposed system has 

full control over reference power, for different 

atmospheric changes, by backstepping and integrating 

into a 32-bit ARM microcontroller. In all of the various 

tests, the embedded software developed demonstrates 

high compliance and high performance with MPPT 

requirements. 

Keywords—MPPT algorithm; P&O backstepping; PIL test; 

MIL test; Boost converter 

I. INTRODUCTION 

Solar energy is one of the most widely used green energy 

technologies because it is clean, inexhaustible and 

inexpensive. It can be controlled and monitored by new 

technology as a machine learning and the Internet of Things 

[1]–[6]. DC-DC converters are available in a variety of 

topologies [7]–[11]. In this task, a boost converter is used to 

track the MPP and achieve the desired input voltage value for 

adjusting the output voltage of the solar panel according to 

specifications. The main goal of boost converters is to use 

MPPT technology to enable PV arrays to generate the 

maximum power possible [12]–[15]. 

There are many algorithms for efficiently tracking MPPs. 

Some academic papers describe two types of MPPT 

techniques. Indirect MPP monitoring such as fractional open 

circuit voltage technology [16] and direct MPP tracking such 

as incremental conductance [17]–[22] or perturb and observe 

(P&O). Used in this study. There are other research papers 

focusing on fuzzy logic algorithms for controlling MPPT 

[23]. The PV curve has a reducing nature to the right of the 

MPP and an increasing nature to the left of the MPP, so this 

P&O algorithm takes advantage of that [24], [25]. The 

disadvantage of this algorithm is that the operating point at 

the MPP is never smooth and steady. It is constantly 

oscillating in the MPP field [26]–[28]. To minimize this, we 

can use small disturbance changes around the MPP. 

Another weakness is that the output voltage of the DC-

DC converter cannot be controlled. Our proposed system is 

the Backstepping control with P&O blocks can be used to 

generate the reference voltage monitored by the controller 

[29]. In addition, boost converter control ensures that the PV 

generator supplies the same voltage as the MPPT block. 

Much research has focused on backstepping control because 

of its ability to design stability controls for nonlinear dynamic 

systems [30], [31]. The designer's goal is usually to find a 

positive deterministic function called the "Lyapunov 

candidate function" [32]. The derivative of this function is 

limited to a negative deterministic function using the system 

input [33], [34]. However, the hardware implementation is 

difficult, especially the implementation of backstepping 

controller. However, when starting a hardware 

implementation of the MPPT algorithm on a digital device 

such as a microcontroller, FPGA, DSP, etc., sometimes there 

is discrepancies that may occur between the software and the 

requirements during the development process [35], [36]. 

Therefore, when an error occurs, it is difficult to know exactly 

which component is causing the error. This can increase the 

time it takes to debug run-time errors. Therefore, in other 

areas such as aviation and automotive, software can be 

generated from models tested by simulation, and for 

implementing, there are various steps between simulation and 

hardware implementation [37], [38]. In addition, the choice 

of such MPPT algorithms is based on their tracking speed, 

steady-state performance and the ability to be implemented 

on embedded boards that ensure high robustness. Therefore, 

the most commonly used P&O and INC algorithms [39]. The 

MPPT implementation step, on the other hand, is required to 
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validate the algorithm under variation of temperature and 

radiation conditions [40]. 

Due to the random fluctuations in atmospheric conditions, 

PV modules cannot reproduce the desired power. Therefore, 

photovoltaic panel simulators are often used instead of real 

PV panels [41]. The main objective of [42] implemented a 

modified incremental conductivity MPPT algorithm using 

the Agilent solar array simulator. PV emulators with DC 

power supplies have also been proposed [43], [44]. However, 

PV array simulators or DC power supplies are expensive 

equipment and are not always available. Therefore, the PIL 

test is considered as a low cost solution for testing the 

hardware implementation of the maximum power algorithm 

under a variety of solar and temperature conditions. 

II. VALIDATING IN MODEL BASED DESIGN 

To transform the development of complex systems, 

market-leading companies are adopting the Model-Based 

Design MBD approach by systematically using models 

throughout the process. Model-Based Systems Engineering 

(MBSE) is abofiguut using models to support the complete 

system life cycle. Simulink links system requirements and 

architecture to detailed component design, implementation, 

and testing in the development process. 

This technique is also proactive because it gives us an 

opportunity to verify and check the interaction of system 

components and interfaces before implementing the 

hardware. In addition, test the software with a real-time 

embedded controller without implementing the entire system. 

Taking the next step and validating the phases means that the 

software will be more accurate and mature. This increases the 

reliability of the designed software. In this research, this 

technique involves two main validation steps: model-in-the-

loop (MIL) and processor-in-the-loop (PIL) [45]–[47].  

The goal of the MIL test is to validate the model function 

against either the algorithmic requirements or the reference 

model. That is, prepare a test case for the model under test 

and check if the model meets the requirements. 

The PIL validation process is an important part of the 

design cycle to ensure that the deployment code behaves as 

designed and is bug-free when implemented on the target. 

During this time, the embedded target C code runs separately 

from the plant system that continues to run on the host 

computer. In addition, processor-in-the-loop (PIL) simulation 

provides a way to bridge the gap between simulation and final 

system design [48]. This tool enhances and provides the 

realism of numerical simulation Access to other hardware 

features (see Fig. 1). 

 

 

Fig. 1. Block diagram of MIL and PIL test 

III. SYSTEM DESCRIPTION 

The block diagram of the PV structure is shown in Fig. 2. 
It consists of two main components: a power electronics 
converter and a photovoltaic array. This converter is powered 
by backstepping controller in order to provide full power to 
the load. The converter is a DC-DC boost that tracks the 
maximum electrical energy provided by the PV array for 
different values of irradiance and temperature. Generates a 
reference voltage for the backstepping block to force the PV 
array to supply that voltage. 

 

Fig. 2. Bloc diagram of boost converter with P&O-backstepping controller 

A. PV Array 

The conversion of photons to electricity using 
semiconductor materials is the concept behind photovoltaic 
radiation. A photovoltaic generator consists of several solar 
cells. The basic part is a solar cell that can only produce a few 
watts. As a result, the PV system uses solar panels consisting 
of multiple solar cells connected in parallel and in series to 
maximize current and voltage, respectively. The model 
parameters of PV array are shown in Fig. 3 and curves of I-V 
and P-V in Fig. 4. 

 

Fig. 3. Model parameters of PV array 
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Fig. 4. I-V and P-V Curves of PV for 1000 and 500 W/m2 of irradiance 

B. MPPT P&O Algorithm 

 There is one outlet known to be the most powerful MPP. 
The PV array produces the highest possible power and can be 
tracked using a special algorithm called Maximum Power 
Point Tracking (MPPT). In this study, a P&O algorithm is 
applied to the PV array voltage to increase or decrease the 
power as shown in Fig. 5. 

 

Fig. 5. Flowchart of perturb and observe 

C. Boost converter 

There are various types of DC-DC converters in the 
literature that can convert one voltage level to another. Boost 
and buck converters are two examples [49], [50]. The second 
block after the PV array is a simple boost DC-DC converter 
that boosts the voltage from the low input voltage of the PV 
array to the high load output voltage. To get the MPP in 
different atmospheric environments, connect the input of the 
boost converter to the PV array. Fig. 6 shows the circuit block 
of a DC-DC converter with the backstepping. This controller 
can use a PWM generator to provide the appropriate duty 
cycle and control the power transistors of the boost converter. 
Fig. 6 shows a schematic diagram of the boost converter used 
in this study. Which ipv and Vpv are the two parameters 
produced by the PV array depending on the current and 
voltage, respectively. C1 and C2 are the input capacitor and 
output capacitor of the boost converter, respectively, and LB 
is the boost inductance. VC2 represents the system output 
voltage and iLB represents the inductor current. 

IV. DESIGN OF MPPT BACKSTEPPING CONTROL 

Using the Kirchhoff theorem on the boost model seen in 
Fig. 6, (1) and (2) reflect the boost's dynamic model: 

𝐶1
𝑑𝑉𝑝𝑣

𝑑𝑡
= 𝑖𝑝𝑣 − 𝑖𝐿𝐵 (1) 

𝐿𝐵
𝑑𝑖𝐿𝐵
𝑑𝑡

= 𝑉𝑝𝑣 − (1 − 𝑢1)𝑉𝐶2 (2) 

 

 

Fig. 6. Boost converter  

Equations (1) and (2) can be rearranged as follows using 
the voltage 𝑉𝑝𝑣 as the system state and 𝑢1 as the control signal 

for the boost converter: 

𝑥̇1 =
1

𝐶1
𝑖𝑝𝑣 −

1

𝐶1
𝑥2 (3) 

𝑥̇2 =
1

𝐿𝐵
𝑥1 −

(1 − 𝑢1)

𝐿𝐵
𝑉𝐶2 (4) 

Where 𝑥1 and 𝑥2 are the average value of 𝑉𝑝𝑣 and 𝑖𝐿𝐵 

respectively.  

The goal is to use a back-stepping control to track the 
photovoltaic reference voltage in order to generate the most 
power from the PV array. The control law is derived from the 
Lyapunov dynamic systems. 𝑒1 is the error, which is defined 
as: 

𝑒1 = 𝑥1 − 𝑉𝑝𝑣𝑟𝑒𝑓  (5) 

𝑒̇1 = 𝑥̇1 − 𝑉̇𝑝𝑣𝑟𝑒𝑓 =
1

𝐶1
𝑖𝑝𝑣 −

1

𝐶1
𝑥2 − 𝑉̇𝑝𝑣𝑟𝑒𝑓  (6) 

𝑉1 is the first Lyapunov function, and it is defined as 
follows: 

𝑉1 = 0.5𝑒1
2 (7) 

𝑉̇1 = 𝑒1𝑒̇1 = 𝑒1 (
1

𝐶1
𝑖𝑝𝑣 −

1

𝐶1
𝑥2 − 𝑉̇𝑝𝑣𝑟𝑒𝑓) (8) 

It is necessary to get 𝑉̇1 = −𝑘1𝑒1
2 < 0 for this raison we 

obtain the (9), where 𝑘1 is positive. 

1

𝐶1
𝑖𝑝𝑣 −

1

𝐶1
𝑥2 − 𝑉̇𝑝𝑣𝑟𝑒𝑓 = −𝑘1𝑒1 (9) 

The system's virtual control is 𝑥2
∗, which is equal to: 

𝑥2
∗ = 𝑖𝑝𝑣 + 𝐶1𝑘1𝑒1 − 𝐶1𝑉̇𝑝𝑣𝑟𝑒𝑓 (10) 

Where the second error is defined as follows between the 

second state variable 𝑥2 and its desired value 𝑥2
∗: 

𝑒2 = 𝑥2 − 𝑥2
∗ (11) 

The derivative of error 𝑒1 is: 

𝑒̇1 =
1

𝐶1
𝑖𝑝𝑣 −

1

𝐶1
(𝑥2

∗ + 𝑒2) − 𝑉̇𝑝𝑣𝑟𝑒𝑓 (12) 
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𝑒̇1 =
1

𝐶1
𝑖𝑝𝑣 −

1

𝐶1
(𝑖𝑝𝑣 + 𝐶1𝑘1𝑒1 − 𝐶1𝑉̇𝑝𝑣𝑟𝑒𝑓)

−
1

𝐶1
𝑒2 − 𝑉̇𝑝𝑣𝑟𝑒𝑓  

(13) 

As a result, the two error’s system equation is: 

𝑒̇1 = −𝑘1𝑒1 −
1

𝐶1
𝑒2 (14) 

𝑒̇2 = 𝑥̇2 − 𝑥̇2
∗ =

1

𝐿𝐵
𝑥1 −

(1 − 𝑢)

𝐿𝐵
𝑉𝐶2 − 𝑥̇2

∗ (15) 

The second Lyapunov function 𝑉2 and its derivative are: 

𝑉2 = 𝑉1 +
1

2
𝑒2
2 (16) 

𝑉̇2 = 𝑉̇1 + 𝑒2𝑒̇2 = 𝑒1𝑒̇1 + 𝑒2𝑒̇2 (17) 

New expression of the derivative of 𝑉2 is given in (18) by 

combining (14) and (15) in equation (17). 

𝑉̇2 = −𝑘1𝑒1
2 + 𝑒2 (−

1

𝐶1
𝑒1 +

1

𝐿𝐵
𝑥1

−
(1 − 𝑢1)

𝐿𝐵
𝑉𝐶2 − 𝑥̇2

∗) 

(18) 

It is necessary to get 𝑉̇2 = −𝑘1𝑒1
2 − 𝑘2𝑒2

2 < 0, where 𝑘1 

and 𝑘2 are two positives: 

−
1

𝐶1
𝑒1 +

1

𝐿𝐵
𝑥1 −

(1 − 𝑢1)

𝐿𝐵
𝑉𝐶2 − 𝑥̇2

∗ = −𝑘2𝑒2 (19) 

The boost converter's control law corresponding to "𝑢1" 

is specified in equation (25). 

𝑢1 = 1 −
1

𝑉𝐶2
[𝑥1 − 𝐿𝐵𝑥̇2

∗ − 𝐿𝐵 (
1

𝐶1
𝑒1 − 𝑘2𝑒2)] (20) 

The 𝑢1 is the appropriate control signal that can be used 

in order to control the transistor gate of boost converter. 

V. RESULTS AND DISCUSSION 

This section moves on to the most important phases of the 
embedded system project development process. That is, 
testing and integration of MPPT blocks, and subsequent 

verification that the system performs functions designed to run 
through a series of tests which are MIL and PIL tests. The 
systems parameters are mentioned in Table 1.  

TABLE I.  SYSTEM PARAMETERS 

Parameter Value 

LB 3e-3 H 

C1 100e-6 F 

C2 100e-6 F 

Fpwm 20 kHz 

T 25 °C 

Offset (MPPT bloc) 0.0005 V 

Sample time 1e-6 s 

 

A. Model in the loop test 

In this phase, called Model in the Loop (MIL), running 

tests validates the mathematical model before proceeding to 

the development process. Therefore, the designed MPPT 

model is tested using the entire PV system in the same 

simulation environment (Simulink). Therefore, both the 

controller and the system model are simulated on the host 

computer. Fig. 7 shows a PV system that uses Model Based 

Design to control a boost converter and implement a P&O 

backstepping algorithm to extract maximum power. The law 

control equation is modeled in simulink by blocks of different 

arithmetic operations as shown in Fig. 8. Which Fig. 9 shows 

the results of the MIL test for a period of 0.4s. PV modules 

are exposed to rapidly changing solar irradiance. This amount 

of solar radiation initially increases sharply from 0 to 1000 

W/m2. As shown in the steady state of the first step, the PV 

power is 978 W, which is the maximum under standard test 

conditions of 1000 W/m2 and 25 ° C. 

From Fig. 9, noticing that our proposed system was well 

following the reference power. To reach a power of 978.8W, 

the response time of our controller is 0.005s. After 0.1s, the 

chosen irradiation profile shows a decrease from 1000W/m2 

down to 500W/m2. The generated PV power follows the 

reference with an error of 1.2W. Between 0.2s and 0.3s, the 

irradiation is stable on a value of 500W/m2, the power Ppv 

perfectly follows Ppvref with weak oscillations around 

490.5W due to the offset step of the P&O algorithm. At 0.3s, 

the solar irradiation increases from 500W/m2 to 900W/m2 to 

ensure that the algorithm has the ability to follow this chosen 

profile. 
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Fig. 7. PV system with backstepping control using MIL 

 

Fig. 8. Backstepping control 

 

Fig. 9. PV array power generated by backstepping control using MIL test 
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B. Processor in the loop test 

PIL testing is an important step in the development cycle 

to ensure that the deployment code behavior meets the 

requirements of the algorithm. Create a PIL block for the 

MPPT controller subsystem (see Fig. 10) by automatically 

generating a C code from a Simulink block. The 

STMicroelectronics STM32F4 discovery board, which is 

based on the ARM Cortex M4 core, will be used as the target 

hardware for PIL testing in this task. This low-cost board 

integrates a 32-bit microcontroller clocked at 168MHz, an 

ARM Cortex-M4 architecture capable of performing 

floating-point calculations. This paper used ST-Link 

communication, it does not require any additional device 

other than a USB mini-cable to connect the STM32F4 

detection board to the host computer, including the Matlab / 

Simulink IDE. The results of Fig. 11 shows that the 

backstepping controller has been well verified and validated 

by the use of MBD because there is no difference between 

the two tests MIL and PIL in terms of tracking the maximum 

power. 

 

 

Fig. 10. PV system with backstepping control using PIL test with STM32F4 discovery board 

 

Fig. 11. PV array power generated by backstepping control using PIL 
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VI. CONCLUSION 

This work introduces and tests a rigorous control scheme 

with a high power PV system based on a model-based design. 

We also provided a guide for developing reliable embedded 

MPPT controllers. MPPT control is used to optimize the solar 

energy provided by the PV panel. Two validation tests (MIL 

and PIL tests) have been passed to enhance the robustness, 

reliability and security levels of P&O designed using 

backstepping embedded software. To measure the robustness 

of this controller, we exposed it to sudden changes in solar 

irradiance. The results show that the proposed system has full 

control over reference power by backstepping and integrating 

into a 32-bit ARM microcontroller. The results obtained are 

Term tracking factor and speed. The PIL test validated the 

previous exact results obtained during the MIL test and 

therefore validated the MPPT requirements by finding an 

exact match between all tests during the development 

process. 
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