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Highlights 

• MIL, SIL, and PIL enable rapid development of control algorithms for flyback converters. 

• Validation of control algorithms through MIL, SIL, and PIL techniques enhances performance. 

• MIL, SIL, and PIL techniques accelerate the design cycle of flyback converter control systems. 
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Abstract 

Power electronic systems are rapidly evolving; thus, effective prototyping methods are required 

to test control algorithms and assess system performance prior to hardware implementation. This 

research suggests a Model-In-The-Loop (MIL), Software-In-The-Loop (SIL), and Processor-In-

The-Loop (PIL) methodologies-based complete prototyping strategy for flyback converters using 

the TI F28069M Launchpad kit. These techniques can be combined to evaluate control strategies 

accurately and quickly, speeding up design cycles and enhancing system reliability. The proposed 

prototyping platform is presented in this work, along with a thorough explanation of each 

prototyping stage and its associated advantages. The effectiveness of the suggested approach for 

50W rated power flyback converter in terms of quick algorithm development, system simulation, 

real-time control implementation and controller design accuracy is analyzed and shown by 

experimental results. The results show that the performance of the designed controller for the 

flyback converter is almost the same as in MIL and SIL implementation in terms of the overshoot 

and settling time in the reference voltage tracking. On the other hand, in the PIL implementation, 

the overshoot performance of the controller deviates by 1.18% more than in SIL and MIL 

implementation. These also confirm that the flyback control system's performance is reliable and 

effective during all phases of development. 
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1. INTRODUCTION 

 

Modern electrical energy conversion heavily relies on power electronic systems, which find extensive 

applications in electrical transportation applications, industrial automation, and renewable energy systems 

[1-3]. The accurate design of control algorithms for these systems plays a crucial role in achieving optimal 

performance. Particularly, the control of flyback converters demands precision and efficiency due to their 

widespread usage in various application areas [4, 5]. 

 

Flyback converters are widely employed in applications where galvanic isolation and voltage regulation 

are essential. They are commonly used in power supplies, battery charging systems, LED drivers, and other 

low-to-medium power applications [6-8]. The design of an effective and accurate controller for flyback 

converters is paramount to ensure stable operation, efficient energy conversion, and reliable performance. 

 

In the realm of control algorithm development for power electronic systems, historical approaches often 

involved time-consuming and expensive hardware prototyping. This traditional process necessitated the 

construction of physical prototypes, the implementation of control algorithms on specialized 
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microcontrollers or DSPs, and extensive laboratory testing to evaluate their performance. However, such 

conventional methods face challenges in terms of time-to-market, design flexibility, and cost. 

 

To address these challenges, rapid control prototyping (RCP) techniques have gained popularity in recent 

years as efficient procedures for accelerating the development of power electronics systems [9-12]. RCP 

enables designers to validate control algorithms and assess system performance in a virtual environment 

before committing to hardware implementation. This paradigm shift significantly reduces development 

time and mitigates the risks of errors and flaws during the hardware testing phase. 

 

This paper presents a comprehensive MIL, SIL and PIL implementation to develop an RCP process of 

control algorithms specifically tailored for flyback converters. By combining MIL, SIL, and PIL 

techniques, the proposed methodology enables efficient and accurate prototyping of flyback converter 

control systems. Leveraging the advantages of virtual simulations and real-time control execution, this 

approach greatly enhances the overall development process. 

 

While real-time simulations are beneficial, their commercial versions often come with a high price tag, 

relying on specialized platforms with powerful computers and proprietary software. However, certain 

educational institutions and research facilities have established real-time simulators using more available 

technologies like DSPs and FPGAs to address this issue. Existing literature [13-18] showcases various 

alternative methods, such as utilizing external DSPs or CPUs for digital controllers, implementing power 

converter models on FPGAs, and leveraging multi-core processors for controlling analog/digital channels. 

These approaches demonstrate promising solutions for affordable simulation platforms that rely on widely 

accessible technology. 

 

The subsequent sections of this paper provide a detailed exploration of the proposed RCP approach. Section 

2 provides an overview of flyback converters and highlights their control requirements. Section 3 describes 

the proposed MIL, SIL and PIL platforms, emphasizing the integration of them to the flyback converter. 

Section 4 presents the controller design specifically tailored for flyback converters. Section 5 presents 

experimental results and performance evaluations, demonstrating the effectiveness of the proposed method. 

Lastly, Section 6 brings the work to a close by summarizing the results and outlining prospective future 

research trajectories. 

 

2. ANALYZING THE DYNAMICS AND EFFICIENCY OF FLYBACK CONVERTER 

 

2.1. Flyback Converter Principle 

 

The flyback converter functions by facilitating energy transfer between the primary and secondary windings 

of a transformer. Figure 1 shows the schematic of a flyback converter. 

 

 
Figure 1. Schematic of a flyback converter 

 

The key components of the circuit include a power switch (usually a MOSFET), a diode, a transformer, an 

energy storage element (inductor), and an output capacitor. Figure 2 shows the schematic of a flyback 

converter when the switch is closed. 
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Figure 2. Schematic of a flyback converter when the switch is closed 

 

Analysis for the Switched Closed: The voltage across the magnetizing inductance, which is the voltage 

across the transformer primary winding, equals the source voltage (Figure 2). This is expressed in (1) 

𝑣1 =  𝑉𝑠 =  𝐿𝑚

𝑑𝑖𝐿𝑚

𝑑𝑡
                                                                      (1) 

where 𝑉𝑠 is the source voltage, 𝑣1 is the voltage across the primary side of the transformer, 𝐿𝑚 is the 

magnetizing inductance, 𝑖𝐿𝑚
 is the magnetizing current. 

 

The rate of change in the magnetizing current is obtained as in (2) by rearranging (1) 

𝑑𝑖𝐿𝑚

𝑑𝑡
=  

𝛥𝑖𝐿𝑚

𝛥𝑡
=  

𝛥𝑖𝐿𝑚

𝐷𝑇
 

𝑉𝑠

𝐿𝑚
                                                                (2) 

where 𝐷 is the duty ratio and 𝑇 is the switching period. 

 

Using (2) as a starting point, the change in the magnetizing current while the switch is closed can be 

obtained as follows: 

 

(𝛥𝑖𝐿𝑚
)𝑐𝑙𝑜𝑠𝑒𝑑 =  

𝑉𝑠𝐷𝑇

𝐿𝑚
  .                                                                    (3) 

The voltage across the secondary side of the transformer when the switch is closed can be found from the 

primary voltage and the turn ratio of the transformer, as expressed in (4): 

 

𝑣2 =  𝑣1 (
𝑁2

𝑁1
) =  𝑉𝑠 (

𝑁2

𝑁1
)  .                                                               (4) 

The reverse voltage across the diode is the sum of the output voltage and secondary voltage of the 

transformer, as shown in (5): 

 

𝑉𝐷 =  − 𝑉𝑜 −  𝑉𝑠 (
𝑁2

𝑁1
) < 0                                                                (5) 

where 𝑣2 is the voltage across the secondary side of the transformer, 𝑁2/𝑁1 is the transformer turns ratio, 

𝑉𝐷 is the diode voltage, 𝑉𝑜 is the output voltage. 

 

Given that the diode is off, the current flowing through the secondary side of the transformer is zero. Thus, 

the current in the primary windings of the ideal transformer is also zero: 

𝑖2 = 0                                                                                    (6) 

𝑖1 = 0                                                                                    (7) 
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where 𝑖1 and 𝑖2 are the currents flowing through the ideal transformer’s primary and secondary windings, 

respectively. 

 

In the ideal transformer model, when the switch is closed, there is no current flowing through the 

transformer's windings. However, there is a gradual and linear rise in the current flowing through the 

primary winding, which is inversely proportional to the magnetizing inductance 𝐿𝑚. This behavior implies 

that no current flows in the secondary winding of the transformer, and at the same time, the current in the 

physical primary winding steadily increases in a linear manner. Figure 3 shows the schematic of a flyback 

converter when the switch is open. 

 
Figure 3. Schematic of a flyback converter when the switch is open 

 

Analysis for the Switched Open: When the switch opens in Figure 3, the current in the inductance 𝐿𝑚 

cannot change instantly, necessitating a conduction path through the primary side turns of the ideal 

transformer. The current labeled as 𝑖𝐿𝑚
 enters through the undotted terminal of the primary winding and 

exits through the undotted terminal of the secondary winding. This arrangement is acceptable, given that 

the diode current is positive. The transformer's secondary voltage 𝑉2 changes to -𝑉𝑜 while maintaining a 

constant output voltage 𝑉𝑜. The voltage across 𝐿𝑚 is established during the transformation back to the 

primary voltage from the secondary voltage 

𝑉1 =  − 𝑉𝑜 (
𝑁1

𝑁2
) .                                                                        (8) 

For an open switch, the voltage across the secondary windings of the transformer is the negative output 

voltage since the diode is on: 

𝑣2 =  − 𝑉𝑜  .                                                                             (9) 

Then, the primary voltage is found from the turn ratio: 

𝑣1 = 𝑣2 (
𝑁1

𝑁2
) = −𝑉𝑜 (

𝑁1

𝑁2
).                                                              (10) 

The voltage across the magnetizing inductance equals the primary voltage. Then, the rate of change in the 

magnetizing current can be derived as in (11) and (12) based on (10) 

𝐿𝑚

𝑑𝑖𝐿𝑚

𝑑𝑡
=  𝑣1 =  −𝑉𝑜 (

𝑁1

𝑁2
)                                                            (11) 

𝑑𝑖𝐿𝑚

𝑑𝑡
=  

𝛥𝑖𝐿𝑚

𝛥𝑡
=  

𝛥𝑖𝐿𝑚

(1 − 𝐷)𝑇
=  

−𝑉𝑜

𝐿𝑚
(

𝑁1

𝑁2
) .                                                (12) 

From (12), the variation in the transformer's magnetizing current when the switch is open can be determined 

as in (13): 
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(𝛥𝑖𝐿𝑚
)𝑜𝑝𝑒𝑛 =  

−𝑉𝑜(1 − 𝐷)𝑇

𝐿𝑚
(

𝑁1

𝑁2
).                                                       (13) 

Since steady-state operation requires that the average change in the inductor current would be zero during 

a period, (14) applies:  

 

(𝛥𝑖𝐿𝑚
)𝑐𝑙𝑜𝑠𝑒𝑑 +  (𝛥𝑖𝐿𝑚

)𝑜𝑝𝑒𝑛 = 0.                                                           (14) 

Substituting (3) and (13) into (14) gives (15): 

𝑉𝑠𝐷𝑇

𝐿𝑚
−

𝑉𝑜(1 − 𝐷)𝑇

𝐿𝑚
(

𝑁1

𝑁2
) = 0.                                                            (15) 

Solving (15) for 𝑉𝑜, the relation between the input and output voltages of the flyback converter is obtained 

to be: 

𝑉𝑜 =  𝑉𝑠 (
𝐷

1 − 𝐷
) (

𝑁2

𝑁1
).                                                                    (16) 

The flyback converter shares a resemblance with buck-boost converters in terms of the input-output 

relationship. However, it incorporates the transformer ratio as an additional factor in its operation. 

 

2.2. Flyback Converter Design 

 

A flyback converter is designed to supply a resistive load while meeting the following specifications: the 

input voltage is 24 V, the output voltage is 48 V, and the output power is 50 W. 

 

Let the duty ratio be 

𝐷 = 0.4  .                                                                             (17) 

Then, the transformer turns ratio is calculated in (18), which is derived based on (16): 

 
𝑁2

𝑁1
=

𝑉𝑜

𝑉𝑠
(

1 − 𝐷

𝐷
) =

48

24
(

1 − 0.4

0.4
) = 3.                                              (18) 

The equivalent load resistance 𝑅 is calculated from the output power 𝑃𝑜: 

𝑅 =
𝑉𝑜

2

𝑃𝑜
=

482

50
= 46.08 Ω  .                                                      (19) 

The average current in Lm is 

𝐼𝐿𝑚
=

𝑉𝑜

(1 − 𝐷)𝑅
(

𝑁2

𝑁1
) =

48

(1 − 0.4)46.08
(3) = 5.208 𝐴  .                                 (20) 

To provide a balance between the component sizes and the efficiency, the switching frequency 𝑓 is selected 

arbitrarily as 

𝑓 = 100 𝑘𝐻𝑧  .                                                                  (21) 

Rearranging (3), the magnetizing inductance formula is obtained as in (22). Then, the required inductance 

value is calculated, assuming the current variation in Lm is 40% of the average current 

 

𝐿𝑚 =
𝑉𝑠𝐷

Δ𝑖𝐿𝑚
𝑓

=
24(0.4)

0.4(5.208)(100,000)
= 46.08 𝜇𝐻  .                                      (22) 

The variation in the capacitor charge can be written as (23) from the integral of the capacitor current (output 

current) when the switch is on 
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|Δ𝑄| = (
𝑉𝑜

𝑅
) 𝐷𝑇 = 𝐶Δ𝑉𝑜  .                                                               (23) 

 

Then, the output capacitance expression is obtained as in (24), and the required capacitance value is 

calculated to make the output voltage ripple less than 0.5 percent: 

 

𝐶 =
𝐷

𝑅(Δ𝑉𝑜/𝑉𝑜)𝑓
=

0.4

46.08(0.005)(100,000)
= 17.36 𝜇𝐹 .                                (24) 

 

3. MIL, SIL AND PIL PLATFORMS FOR THE RCP PROCESS 

 

In this section, being a part of the RCP process, the MIL, SIL, and PIL methodologies are detailed. 

Integration of these methodologies enables efficient and accurate prototyping of control algorithms for 

flyback converters. 

 

3.1. Model-In-The-Loop (MIL) Technique 

 

The basis of our pre-RCP platform relies on the MIL technique, which entails constructing an average 

model to portray the dynamic behavior of the flyback converter. The model encompasses both the power 

electronics circuitry and the control algorithm. We utilize MATLAB®/Simulink® to construct this 

comprehensive model, considering the converter's electrical characteristics, switching dynamics, and 

control strategy. 

 

By utilizing the MIL technique, we can evaluate the control algorithm's performance in a simulated 

environment. This allows for quick iterations and fine-tuning of the algorithm parameters without the need 

for hardware implementation. We can simulate various operating conditions and evaluate the converter's 

response to load changes, input voltage variations, and other disturbances. This early-stage validation 

provides valuable insights into the control algorithm's effectiveness and robustness. Figure 4 shows the 

Model-In-The-Loop scheme for the closed-loop control of a flyback converter. The plant model and the 

controller model are illustrated in Figure 4. 

 

 
Figure 4. MIL scheme for the closed-loop control of a flyback converter 
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3.2. Software-In-The-Loop (SIL) Technique 

 

Once the control algorithm has been refined and validated in the MIL stage, we proceed to the SIL 

technique. In this phase, the control algorithm is implemented in real-time software, typically using 

MATLAB®/Simulink®'s embedded code generation tools. Figure 5 shows the Software-In-The-Loop 

scheme for the closed-loop control of a flyback converter. Figure 5 illustrates the plant model and its 

integration with C Code on the host computer. 

 

 
Figure 5. SIL scheme for the closed-loop control of a flyback converter 

 

After generating the code, it is executed on a host computer to simulate the behavior of the control 

algorithm. This emulation mimics the execution on a dedicated microcontroller or DSP, such as the 

TMS320F28069M launch pad kit used in our case. Through the SIL technique, we can evaluate the real-

time performance of the control algorithm within a simulated hardware environment. By connecting the 

control algorithm model to the flyback converter model, we can evaluate the control algorithm's behavior 

under realistic operating conditions. This includes considerations for signal conditioning, timing delays, 

and any non-idealities associated with the hardware implementation. 

 

The SIL technique provides valuable insights into the control algorithm's computational requirements, 

response times, and stability. It allows us to assess the feasibility and efficiency of the algorithm in real-

time execution, ensuring that it meets the stringent performance criteria required for power electronic 

systems. 

 

3.3. Processor-In-The-Loop (PIL) Technique 

 

The final stage of our pre-RCP platform involves the PIL technique. In this phase, the control algorithm is 

implemented on a TMS320F28069M launch pad kit, which interfaces with the flyback converter 

implemented in MATLAB®/Simulink®. The microcontroller or DSP serves as the real-time controller, 

executing the control algorithm and providing closed-loop feedback control. 

 

The PIL technique allows us to assess the control algorithm's performance in a real-world hardware 

environment. By connecting the control algorithm to the physical system, we can evaluate its response to 

actual load variations, input voltage fluctuations, and other environmental factors. This enables us to 

validate the algorithm's effectiveness, robustness, and stability under realistic operating conditions. Figure 

6 shows the Processor-In-The-Loop scheme for the closed-loop control of a flyback converter. 
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Furthermore, the PIL technique facilitates HIL testing, where the control algorithm is subjected to various 

fault conditions and system disturbances. This helps identify potential issues and ensures the algorithm's 

resilience in the face of unexpected events. 

 

By integrating the MIL, SIL, and PIL techniques, our pre-RCP platform provides a comprehensive and 

efficient approach to the development and validation of control algorithms for flyback converters. It enables 

designers to iterate through various control strategies, optimize parameters, and evaluate system 

performance before completing the full RCP process. 

 

 
Figure 6. PIL scheme for the closed-loop control of a flyback converter 

 

4. CONTROLLER DESIGN FOR FLYBACK CONVERTER 

 

The procedure for designing a digital PI controller specifically for the flyback converter is explained. The 

controller design employs average-model-based autotuning to determine the appropriate PI parameters. 

Before delving into the details of the controller design, the circuit parameters of the developed flyback 

converter are presented. To assess the stability of the proposed controller, the open-loop transfer function 

of the system is used for bode plotting. Figure 7 shows the closed-loop control scheme of a flyback 

converter. 

 

 
Figure 7. The closed-loop control scheme of a flyback converter 
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The circuit parameters of the flyback converter are shown in Table 1. The first three of these parameters 

are the converter's design specs, and the rest are determined according to the flyback converter design 

process given in Section 2.2. 

 

Table 1. Circuit parameters of the flyback converter 

Parameter Symbol Value Unit 

Input voltage 𝑉𝑠 24 V 

Output voltage 𝑉𝑜 48 V 

Output power 𝑃𝑜 50 W 

Duty cycle 𝐷 0.4 - 

Transformer turns ratio 𝑁2/𝑁1 3 - 

Load resistance 𝑅 46.08 Ω 

Switching frequency 𝑓 100 kHz 

Magnetizing inductance 𝐿𝑚 46.08 µH 

Filter capacitance 𝐶 17.36 µF 

 

4.1. Autotuning of PI Parameters Based on the Average Model  

 

MATLAB®/Simulink®’s PID Tuner enables easy and fast tuning of the PI controller parameters. However, 

the controlled plant model has to be suitable for linearization to enable the implementation of this automated 

tuning method. Since the switched model of a power electronics converter cannot be linearized, it is 

necessary to use the average model of the flyback converter during the autotuning process. For that purpose, 

the average model is developed for the continuous conduction mode (CCM) of the flyback converter based 

on [19] as in the following procedure: 

 

The instantaneous values of switch current (𝑖𝑠𝑤) and diode voltage (𝑣𝐷) are expressed as: 

𝑖𝑠𝑤 = {
𝑖𝐿𝑚 , 0 < 𝑡 < 𝐷𝑇𝑠

0 , 𝐷𝑇𝑠 < 𝑡 < 𝑇𝑠
                                                           (25) 

𝑣𝐷 = {
−

𝑁2

𝑁1
𝑣𝑠 − 𝑣𝑜 , 0 < 𝑡 < 𝐷𝑇𝑠

0 , 𝐷𝑇𝑠 < 𝑡 < 𝑇𝑠

                                                    (26) 

where 𝑇𝑠 denotes the switching period. Then, the average switch current (𝑖𝑠𝑤̅̅ ̅̅ ) and diode voltage (𝑣𝐷̅̅̅̅ ) can 

be derived as: 

 

𝑖𝑠𝑤̅̅ ̅̅ =
1

𝑇𝑠
∫ 𝑖𝑠𝑤𝑑𝑡

𝑇𝑠

0

=
1

𝑇𝑠
𝑖𝐿𝑚𝐷𝑇𝑠 = 𝑫𝒊𝑳𝒎                                                 (27) 

 

𝑣𝐷̅̅̅̅ =
1

𝑇𝑠
∫ 𝑣𝐷𝑑𝑡

𝑇𝑠

0

=
1

𝑇𝑠
(−

𝑁2

𝑁1
𝑣𝑠 − 𝑣𝑜) 𝐷𝑇𝑠 = −

𝑵𝟐

𝑵𝟏
𝑫𝒗𝒔 − 𝑫𝒗𝒐 .                             (28) 

To create the average model, these equations are used as dependent sources, and the switch and diode in 

the flyback converter are substituted. Figure 8 shows the average model's circuit diagram. 
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Figure 8. Average model of the flyback converter 

 

The average model of the flyback converter is constructed in MATLAB®/Simulink®. The control-to-output 

voltage transfer function of the system is obtained from the linear analysis of the Simulink® model and 

given in (29) 

𝑃(𝑠) =
𝑉𝑜(𝑠)

𝐷(𝑠)
=

0.0004608𝑠 + 1010

𝑠2 + 1250𝑠 + 1389(10)8
  .                                             (29) 

The PI controller is included in that Simulink® model to adjust the duty cycle (𝐷) based on the output 

voltage (𝑉𝑜) feedback. Then, the “autotuning” of the PI parameters is performed using the PID Tuner, and 

the results are presented in Table 2. 

 

Table 2. Autotuned PI parameters in MATLAB®/Simulink® 

Name Symbol Value 

Proportional constant 𝐾𝑝 0 

Integral constant 𝐾𝑖 2.3379 

 

The transfer function of the controller is given in (29) 

𝐶(𝑠) =
𝐷(𝑠)

𝑉𝑒(𝑠)
= 𝐾𝑝 +

𝐾𝑖

𝑠
=

2.3379

𝑠
 .                                                      (30) 

Then, the open-loop transfer function of the control system 𝐺𝑜𝑙(𝑠) is found as in (31) 

𝐺𝑜𝑙(𝑠) =
𝑉𝑜(𝑠)

𝑉𝑒(𝑠)
= 𝐶(𝑠)𝑃(𝑠) =

0.001077𝑠 + 2.338(10)10

𝑠3 + 1250𝑠2 + 1389(10)8𝑠
  .                              (31) 

The bode plot of 𝐺𝑜𝑙(𝑠) is given in Figure 9. It is shown that the gain margin (GM) is 17.4 dB (at 11.8 

krad/s) and the phase margin (PM) is 89.9 degrees (at 168 rad/s). Since both the GM and PM are positive, 

the developed feedback control system is stable. 
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Figure 9. Bode plot of the open-loop transfer function of the system with PI controller 

 

5. MIL, SIL, AND PIL SIMULATION RESULTS 

 

In this section, the results of MIL, SIL, and PIL simulations are presented, discussed, and compared with 

each other. As the first stage of the proposed methodology, a MIL simulation is performed in 

MATLAB®/Simulink® to assess the developed PI controller's performance in controlling the switched 

model of the flyback converter. The converter is started at full load, and after it reaches the steady state, a 

step change in the load is applied to half its value. Then, the transient state is observed to better examine 

the dynamic behavior of the control algorithm. The output voltage and output current waveforms obtained 

from the MIL simulation are given in Figures 10 and 11. 

 

 
Figure 10. Output current from the MIL simulation 
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Figure 11. Output voltage from the MIL simulation 

 

The MIL simulation results clearly demonstrate the devised control algorithm's acceptable performance in 

terms of both steady-state and transient behavior. The output voltage settles down to the desired level of 48 

V with the settling time and maximum overshoot values given in Table 3. 

 

In the next stage, the automatic code generation is performed on the MATLAB®/Simulink® platform, and 

a SIL test is carried out for the validation of the generated code. The resultant waveforms of output current 

and voltage are presented in Figures 12 and 13. 

 

 
Figure 12. Output current from SIL test 

 

 
Figure 13. Output voltage from SIL test 

 

The simulation results obtained from the SIL test perfectly match the results of the MIL simulation without 

any errors, which verifies the successful code generation and the proper operation of the generated code.  
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As the last step of RCP, a PIL test is performed to evaluate the execution of the autogenerated C code on 

the target hardware (TI F28069 Launchpad). The output current and output voltage plots are given in 

Figures 14 and 15. The output voltage waveform obtained from the PIL simulation is differentiate with that 

of the MIL and SIL in Figure 16. 

 

 
Figure 14. Output current from PIL test 

 

 
Figure 15. Output voltage from PIL test 

 

 
Figure 16. Comparison between the results of MIL, SIL, and PIL 
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Figure 16 clearly demonstrates how closely the outcomes of the PIL simulation match those of the MIL 

and SIL simulations. The absolute error between two output voltage waveforms does not exceed 1.81 V, 

which is only 3.77% of the steady-state value. The settling time and maximum overshoot values in case of 

MIL, SIL, and PIL simulations are presented in Table 3 for comparison. 

 

Table 3. Comparison of transient response specifications under MIL, SIL, and PIL tests 

Parameter Symbol 
Pre-RCP Stages 

MIL SIL PIL 

Maximum overshoot (%) 𝑀𝑝 3.552 3.552 3.594 

Settling time for 2% (ms) 𝑡𝑠 12.82 12.82 12.83 

 

The transient response specifications of the feedback control system obtained from the MIL and SIL 

simulations are exactly the same, and they are very close to the results of the PIL. The maximum overshoot 

obtained from the PIL test deviates 1.18% from the MIL and SIL results, and the deviation is only 0.01 ms 

(0.078%) for the settling time. 

In short, the results from MIL, SIL, and PIL simulations verify the satisfactory performance of the 

developed control algorithm and the successful execution of the autogenerated C code on the target 

hardware. 

 

6. CONCLUSION 

 

This article presents a comprehensive pre-RCP strategy for the development and testing of control 

algorithms specifically tailored for flyback converters. The proposed approach combines Model-In-The-

Loop (MIL), Software-In-The-Loop (SIL), and Processor-In-The-Loop (PIL) techniques to enable efficient 

and accurate prototyping. The importance of RCP in the quickly developing field of power electronic 

systems is highlighted in the essay. Historically, the creation of control algorithms required time-consuming 

and expensive hardware prototyping, which created issues with time-to-market, design flexibility, and cost. 

However, before hardware implementation, RCP techniques have proven to be effective ways to validate 

control algorithms and evaluate system performance. In this work, the MIL, SIL and PIL techniques are 

analyzed for the controller design of the flyback converter. The experimental results show the effectiveness 

of the proposed approach, showing more consistent and reliable performance of PIL implementation across 

the other pre-RCP methods. The PIL test showed minimal deviations, with only a 1.18% difference in 

maximum overshoot and a mere 0.078% discrepancy in settling time compared to the MIL and SIL 

outcomes. These results confirm that the control system's performance was reliable and effective during all 

phases of development. 
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