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This article compares the conventional model predictive control (MPC) and active disturbance rejection control (ADRC) with a novel MPADRC technique for controlling a non-minimum phase behavior in the DC–DC boost converter. The control of the boost converter is challenging as it is nonlinear, and it shows non-minimum phase behavior in a continuous conduction mode (CCM). Moreover, in this article, the comparison is presented for the boost converter and the two-phase interleaved boost converter using MPC and ADRC, and the effectiveness of the interleaving technique is shown. Finally, it is proved that the interleaving method has much more efficiency and less output ripple than the simple boost converter. To conclude, a novel technique has been introduced that combines both the techniques, that is, MPC and ADRC, in the outer and inner loop with a boost converter, respectively, and the response is clearly the best when compared to the said techniques individually. The overall impact of this technique includes the advantages of both the techniques, that is, the use of MPC allows us to optimize the current value by predicting the future values, and the use of ADRC ensures that the disturbance factor is well tackled and cancels the effect caused by all the disturbances including ignored quantities as well.
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1 INTRODUCTION
1.1 Literature review
Boost converters are mainly used to get a higher regulated output voltage from a lower unregulated input voltage. To implement it and fully understand its step response, first, the simple boost converter is implemented in MATLAB using a state space model and analyzed. Upon analysis, the step response parameters, that is, rise time, settling time, percentage overshoot, and steady-state error are found to be highly undesirable, so there should be a technique, that is, a controller that should be used in conjunction with a boost converter to make its step response parameters better. In search of a controller, initially, PID (proportional integral derivative), PD, and PI controllers were found to be appropriate and used, but later on, the results, that is, step response parameters obtained using PID, PD, and PI, were also found to be the non-optimal ones, so the search for a better controller continued. Finally, MPC (model predictive controller) and ADRC (active disturbance rejection control) were found to be the best among all, while PID did not consider the future associations of the current control strategies. On the other hand, MPC unambiguously computes the predicted output over some horizon. The control of simple boost converters using the unconstrained nonlinear optimization technique to tune the parameters of PID is an advancement as compared to conventional techniques in many research articles but still has a chance to increase the efficiency. In recent days, there have been many research studies that cover all of these advancements. Nowadays, MPC is considered a new control technique for DC–DC converters. It can be used to obtain a better step response and step response parameters. The main theme of MPC is to predict future output by looking into present or past input values (Murali et al., 2010; Rossiter, 2022).
Recently, many used techniques incorporate detailed mathematical modeling to control these types of converters, but the need of the hour is to explore some other techniques as well that can predict, estimate, and reject the future disturbances (Chen et al., 2016) as ADRC. It was first introduced and discovered by Han (1999) and Han (2009) to work on both internal and external disturbances by estimating their mutual effect via an ESO (extended state observer), and much literature is presented on the said technique (Zhou et al., 2009; Zheng et al., 2012; Huang and Xue, 2014; Madoński and Herman, 2015; Feng and Guo, 2017). ADRC is also used recently to control these types of converters, and there have been different ADRC techniques from linear to high control gain and generalized ADRC (Saif and Ahmad, 2019).
State space representation is the most used representation for DC–DC converters to implement their step response, especially in MPC. First, the control problem is formulated, and then it is taken as the optimal problem to solve it using a predictive controller. The main objective is to regulate the output voltage despite changes in the input voltage or load resistance (Wang, 2009). Although the boost converter is very useful in many power applications, the interleaving technique has also become more effective than a simple boost converter. Basically, an interleaved boost converter is made by combining more than one boost converter. Moreover, the interleaving method is more suitable than the simple boost converter topology. The main objectives of interleaving are to improve the efficiency, reduce the component size, and reduce the current ripple and obviously the transient response. The benefits of interleaving are high power ability, improved efficiency, modularity, reduced size, and reliability, but there is a trade-off that the number of overall components will be increased (Kosai et al., 2009). The poor dynamic response caused by the use of conventional PI control requires a voltage feedforward compensator with MPC (Li et al., 2017; Li et al., 2018). To overcome this problem, the advanced technique ADRC is proposed in this work.
As compared to low-power applications, the use of interleaving for high-power applications has many advantages like increasing the output power and decreasing the output ripple, but the current sharing between the parallel paths is really worth considering (Lee et al., 2000).
The interleaving technique has many more advantages as compared to a conventional boost converter, that is, a slight modification in an interleaved boost converter can result in a voltage gain far better than a conventional boost converter (Gustavo et al., 2010). With these features, the interleaved boost converter is considered the best converter used in many applications. It is most suitable where a large step-up power is demanded in which the renewable energy resource application is on the top list.
Some more applications of the interleaving technique include high-power applications. It is a multidevice interleaved boost converter (MDIBC) that basically forms an interface between fuel cells and hybrid electric vehicles. The main advantages of this technique include the reduction of input ripple current, the ripples of output voltage, and finally the size of the passive components with high efficiency as compared to the other available techniques (Omar et al., 2012). Moreover, the interleaving technique can include a minimum of two boost converters in parallel up to n, where n can be any integer level according to the requirements of the controller and plant.
Some more optimization techniques like predictive function control can be used to regulate the temperature-efficient energy consumption (Nassima et al., 2021). Furthermore, the limitation of a proportional integral (PI) controller can be resolved by using some advanced expert approaches (Ahmed et al., 2022; Kim et al., 2014). For tuning the control parameters, there is a need for advanced optimization techniques so that we can get better system response parameters (Khan et al., 2022). Finally, the comparison of PID and ADRC is presented in Han (2009), which clearly shows the effectiveness of ADRC on PID and its shortcomings.
1.2 Contribution
While talking about DC converters, specifically a non-minimum phase system like boost converters, much work has been carried out in terms of its use in stepping up techniques and its control using conventional and some advanced techniques. In this work, the two-way approach has been used; first, not only the boost converter but also the two-phase boost converter is used to attain maximum efficiency. Second, the proposed work uses two control techniques, namely, the MPC and the ADRC, in the outer and inner loops, respectively. The results clearly show that controlling these types of converters alone by using any technique has less efficiency as compared to using a novel MPADRC technique.
1.3 Organization and notations
The article is organized in the following way: Section 1 gives the introduction and literature review. Section 2 covers the detailed mathematical modeling of boost and interleaved boost converters. Section 3 briefly states the problem that is going to be solved. Section 4 outlines the control and design approach opted for this research. Finally, the simulation is presented in Section 5 which shows and proves the effectiveness of this proposed controller design. In the end, the conclusion and future work are presented in Section 6.
2 MATHEMATICAL MODELING
2.1 Mathematical modeling of the DC/DC boost converter
The basic circuit diagram of a DC/DC boost converter, which can enhance the voltage level, is shown in Figure 1. The basic topology consists of a voltage source, an inductor, a switch, a diode, and a capacitor with an output load in parallel. There can be different possibilities to implement this type of converter (reference). Some techniques (reference) can easily handle its both modes of conduction, that is, CCM and DCM, and some have only taken CCM for the sake of simplicity (reference). This research only includes CCM for the sake of simplicity. In addition, the parasitic resistances for both the inductor and capacitor are also included. The different states associated with the DC/DC boost converter are shown in Figures 2, 3, representing the ON state and OFF state, respectively. During the ON state, the inductor current increases, and during the OFF state, this inductor current decreases to fulfill the load requirements. Initially, KCL and KVL have been used to formulate the basic current and voltage equations, and then, for averaging, the state space modeling is being used and expressed as follows:
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where
[image: Figure 1]FIGURE 1 | DC/DC boost converter.
[image: Figure 2]FIGURE 2 | ON state.
[image: Figure 3]FIGURE 3 | OFF state.
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[image: image]. Also, the matrices A1, A2, and B are given by [image: image], [image: image], and[image: image].
Finally, averaging and combining the state space representation for ON time and OFF time as given in the following equation, A = A1d + A2(1 − d), B = B1d + B2(1 − d), C = C1d + C2(1 − d), and D = D1d + D2(1 − d), yield
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[image: image]
where vin is the input voltage, vc is the voltage across the capacitor, vo is the output voltage, iL is the inductor current, L is the inductance, C is the capacitance, and R is the load resistance.
2.2 Mathematical modeling of the DC/DC interleaved boost converter
2.2.1 Two-phase interleaved boost converter
Nowadays multiphase converter topologies are in high demand as they can be very useful, especially in high-performance applications. This research work includes the interleaving technique to increase efficiency and reduce the input and output ripples as compared to simple topologies. Moreover, improvement in switching stress and low EMI can also be achieved. Starting from two to n boost converters, they can be connected in parallel to form an n-phase interleaved boost converter. Initially, a two-phase interleaved boost converter is presented in detail with two switches and four states.
The basic circuit diagram of a two-phase interleaved DC/DC boost converter is shown in Figure 4. The basic topology consists of two boost converter stages in parallel. Again, the CCM for the sake of simplicity is being taken into consideration, and the parasitic resistances for both the inductor and capacitor are also included.
[image: Figure 4]FIGURE 4 | Two-phase interleaved boost converter.
The different states associated with the DC/DC boost converter are shown in Figures 5–8 representing the four states, respectively. Then, using basic rules of KCL and KVL and depending upon switch states, the current and voltage equations of all states have been formulated, and the average state space is modeled as follows, while the matrices A1, A2, A3, A4, and B of all four states, respectively, are given by
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[image: Figure 5]FIGURE 5 | Q1 and Q2 are ON.
[image: Figure 6]FIGURE 6 | Q1 is ON and Q2 is OFF.
[image: Figure 7]FIGURE 7 | Q1 is OFF and Q2 is ON.
[image: Figure 8]FIGURE 8 | Q1 and Q2 are OFF.
Finally, averaging and combining the state space representation for all the states using
A = [A1 + A3]*d + [A2 + A4]*(1/N − d) yields
[image: image]
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where vin is the input voltage, vc is the voltage across the capacitor, vo is the output voltage, [image: image] and [image: image] are the inductor currents with L1 and L2 as the inductances, respectively, C is the capacitance, and R is the load resistance.
3 PROBLEM STATEMENT
While talking about DC/DC converters, the output should regulate to follow the given reference, while the input voltage or the output load keeps changing. In the presented case of the boost converter and interleaved boost converter, the input to the converter is the unregulated DC voltage, and the output is the regulated DC voltage. One more prominent and challenging factor while controlling these types of converters is its non-minimum phase behavior that tries to destabilize the close loop response due to the right half plane zero in its transfer function, which is mainly because of the inductor attached to the input. This specific type of system shows an inverse phenomenon as the output initially moves in the opposite direction of the reference (Forouzesh et al., 2017). In many practical applications, the uncertainties in different parameters, especially ESR contributes to the poor performance, and the importance of ESR (effective series resistance) in DC boost converters is detailed in Yao et al. (2016). The steady-state error due to ESR of an inductor is more prominent than that due to the ESR of a capacitor. In short, the main objective of this study is to regulate the output voltage under input and load variations as quickly as possible while eliminating the steady-state error using model predictive control along with ADRC.
4 CONTROL AND DESIGN APPROACH
This section incorporates the controller and its novel design while using the model predictive controller and ADRC in the outer and inner loops, respectively. The detailed control diagram is shown in Figure 9. Initially, an objective function is defined, and then this function is minimized based on the control law techniques. As it can be seen in the figure, the control includes two loops: the inner ADRC loop for tracking the current to its reference and the outer MPC loop for producing a reference current. Thus, the ADRC scheme for the inner loop is designed to track the current according to limk→∞iL(k) = iref, while the outer loop is an addition to further tune the response by taking the collective advantage of ADRC and MPC. For stability check and to see the effectiveness of the proposed controller, the Bode diagram of the plant without any controller and with an MPADRC controller is analyzed in Figure 10. The Bode diagram of the DC–DC boost converter without any controller is shown in Figure 10A, and the Bode diagram of the said converter with the proposed controller is shown in Figure 10B.
[image: Figure 9]FIGURE 9 | Main control approach.
[image: Figure 10]FIGURE 10 | (A) Bode diagram without a controller. (B) Bode diagram with a controller.
4.1 Model predictive controller
The standard MPC technique solves a finite horizon problem and an optimal control problem based on a linear prediction model of the process (Bemporad et al., 2002; Mayne, 2014). In the field of power supplies, the use and interest of MPC keep growing as it has the ease of handling multivariable systems, introducing input/output constraints, and an intuitive design process (Vazquez et al., 2014; Karamanakos et al., 2014). Moreover, the MPC is an efficient control technique that works on the principle of receding horizon control (Belda and Vosmik, 2016; Judewicz et al., 2016). The major benefits of MPC include the following: it can control the MIMO system, it can well handle the input/output constraints, and it can make an advanced prediction of the model response. For all the aforementioned benefits, the applications of MPC have been investigated in different sectors such as power electronic converters, aerospace, renewable energy, and food processing. (Vazquez et al., 2014; Anang and Leksono, 2016; Raziei and Jiang, 2016; Zhao et al., 2017). A general block diagram of MPC is shown in Figure 11.
[image: Figure 11]FIGURE 11 | MPC block diagram.
In this work, the MPC scheme is proposed in the outer loop, especially to control the current for controlling the DC–DC boost and multistage interleaved boost converters. The main purpose of using MPC is to control the output voltage by controlling the switch.
The main procedure of MPC is to formulate an objective function according to system dynamics and constraints and then minimize at each step over a set prediction horizon, which increases by one sampling interval at each step.
4.2 Active disturbance rejection control
Active disturbance rejection control (ADRC) is first introduced by Jingqing Han in the 1980s as an unconventional design strategy. Since then, it has been considered an effective control strategy in the absence of proper models and in the presence of model uncertainty. Its effectiveness is shown in Han (2009) over conventional PID. In this study, ADRC is implemented in the inner loop to control the voltage of these DC converters and to generate a current reference to further feed into the inner loop for current tracking. The disturbance on load basically brings an error to the input in summer with the reference value, and then ADRC is applied to correct the error by adjusting its parameters as shown in Figure 12, where y is the output of the ADRC control and z is the estimates of different states. The nominal model used in this case can be of the nth order, where n is the order of the system to be controlled. The need of the hour is to check the deviation from the nominal suggested structure, and each and every deviation will be considered a disturbance. The extended state observer (ESO) is used to estimate the state and the “total disturbance.”
[image: Figure 12]FIGURE 12 | Structure of the ADRC.
4.3 Objective function
This is the main part in controlling any type of plant. When working on the objective function, the deviation should be well taken care of for the variables from the predicted value to the desired value over the set horizon N. The input to be controlled at any time instant kTs can be easily obtained by minimizing the particular function while taking into consideration the optimization variable, that is, specifically, the sequence of switching states over the entire horizon U(k) = [u(k)u(k + 1)…u(k + N − 1)]T. Thus, the optimal solution is represented by U* which can be calculated by minimizing the objective function; u*(k) is applied at the input of the converter and used as the first element of the whole sequence. This procedure is repeated at the consecutive sampling instants based on the newly measured values, and the remaining elements are discarded. In this work, the control problem is obtained and formulated as a current regulation problem, which mainly accounts for the deviation of the inductor current from its set reference, which is defined as follows:
[image: image]
While working on these types of objective functions, there can be several possibilities to describe the error, that is, the average value of the current or the RMS value of the current can be considered. In this particular work, the average current error is used as described in the following section.
4.3.1 Average current error
At any particular time-step k, the average current error over the prediction interval N*Ts can be represented by
[image: image]
Using the fact that the current slope remains constant in between the sampling instants and changes only at the sampling instants, the aforementioned integral can be rewritten as follows:
[image: image]
Based on these equations, the objective function can be written as follows:
[image: image]
4.4 Optimization problem
After describing the objective function, the optimization problem can be formulated and solved at each sampling instant, and it has the form,
[image: image]
subject to the mathematical model of the converters. The aforementioned optimization problem is solved using these possible combinations of the switching state, that is, (u = 0 or u = 1) over the entire prediction horizon N, which yields the switching sequences U. For each switching sequence, that is, 2 power N, the evolution of the variables of concern is formulated, and the objective function is evaluated. The most cost-effective switching sequence is chosen as the optimal one, U*. Hence, the control input at time-step k is obtained by minimizing the corresponding objective function, and it is given by
[image: image]
5 SIMULATION RESULTS
To investigate the effectiveness of the proposed novel MPADRC, the following simulations in the presence of disturbances are carried out. The initial values of all the parameters are shown in Table 1, and the target condition is to track the set point value with less overshoot and improved steady-state error.
TABLE 1 | Initial values.
[image: Table 1]To show the effectiveness of the proposed MPADRC scheme, the input also includes the disturbance parameter in Figure 14. Also, the respective output is shown in Figure 13. The effectiveness of the proposed scheme is shown in comparison to the previous conventional schemes.
Furthermore, the response of ADRC to both the boost and two-phase interleaved boost converters is shown in Figures 15, 16, respectively. Meanwhile, the responses of MPC to both the boost and two-phase interleaved boost converters are shown in Figures 17, 18, respectively, to further show the improved result of the proposed composite scheme MPADRC for the boost converter.
To demonstrate the accuracy, we can readily see and compare the results of the said and the proposed schemes for boost and interleaved boost converters.
The tracking performance of MPADRC is already shown in Figure 13. It is obvious that the tracking performance of the boost converter under the proposed controller is better than that of the other two methods while used individually.
As shown in Figures 13–18, it is evident that the proposed algorithm MPADRC for the boost converter is much more accurate and has less ripples than others.
[image: Figure 13]FIGURE 13 | Plant output using MPADRC.
[image: Figure 14]FIGURE 14 | Plant inputs.
[image: Figure 15]FIGURE 15 | Plant output using the ADRC controller only.
[image: Figure 16]FIGURE 16 | Interleaved plant output using the ADRC controller only.
[image: Figure 17]FIGURE 17 | Plant output using the MPC controller only.
[image: Figure 18]FIGURE 18 | Interleaved plant output using the MPC controller only.
6 CONCLUSION
A novel MPADRC technique that is basically a combination of MPC and ADRC as the outer loop and the inner loop, respectively, is presented for a non-minimum phase behavioral boost converter. Also, its effectiveness is shown with the said techniques individually as used previously. Moreover, the response of interleaving is shown in this article, especially for the two-phase interleaved converter, and one can readily observe the difference between a simple boost converter and an interleaved boost converter. The work motivates the control of DC converters using advanced optimization techniques rather than conventional techniques. Moreover, the future work will include the higher phases of the interleaving technique and also some other converters, that is, buck, SEPIC, and Cuk converters.
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