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The relatively low voltage and the nonlinear volt-ampere curve of the fuel cell (FC) stack necessitate the interface with the DC-DC power converter, in order to boost and regulate a constant DC bus voltage to satisfy the load requirement. The multi-phase interleaved converter by associating basic converter units via parallel structure is an attractive choice, especially taking into account the low-voltage high-current feature of FC system. Moreover, the interleaved converter enables a low input current ripple via phase interleaving, which is beneficial for the long-time operation of the FC stack. The converter for FC application suffers from the converter uncertainties (parasitic resistance and inductance / capacitance tolerance) and the external disturbances (dynamic load demand on the output-side and variable source voltage on the input-side). Aiming to improve the steady-state and dynamic performance under healthy mode and switch fault mode of the system, the control of the interleaved converter for FC application is studied in this thesis.

To better deal with the converter uncertainty and external disturbance, a robust voltage controller based on extended state observer (ESO) within the framework of active disturbance rejection control (ADRC) algorithm is proposed and applied to an interleaved boost converter for FC application. The comparison with PI control shows that the proposed method can achieve better disturbance rejection ability without overshoot in step response. The application of the proposed method to another interleaved converter (i.e., floating interleaved boost converter, FIBC) validates again its feasibility.

The switch open-circuit fault generally leads to the loss of the phase of the interleaved converter, which has considerable adverse effects on the controller performance. Therefore, an improved adaptive controller is proposed and applied to a FIBC with switch fault consideration, based on the previously developed controller. The proposed controller adapts the parameter in real-time. It can maintain continuous operation, and achieve good performance in both healthy and switch fault mode. Furthermore, a switch fault diagnosis method based on sliding mode observer is proposed and applied to the FIBC for FC application. The proposed approach can diagnose the switch fault effectively, and it shows strong robustness to the converter uncertainties and external disturbances. Finally, to optimize the undesired high input current ripple of the FIBC caused by the switch fault, a novel post-fault control method by applying uneven phase shift reconfiguration is proposed. In comparison with the even phase shift reconfiguration, the proposed one can achieve significant improvement in reducing the post-fault current ripple. The effectiveness of the proposed methods is validated by the simulation and experimental results.
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Résumé

La pile à combustible, en raison de son faible niveau de tension de fonctionnement et de sa caractéristique volt-ampèremétrique non linéaire, nécessite la présence d'un convertisseur statique de type DC-DC pour la relier à la charge dans le but d'augmenter le niveau de tension et de réguler cette dernière à une valeur constante. Le convertisseur DC-DC du type hacheur élévateur à phases parallèles et à commandes entrelacées est un choix intéressant de part une conception assez simple, une bonne fiabilité, une faible ondulation du courant d'entrée, ce qui est bénéfique pour le fonctionnement à long terme de la pile à combustible. Cependant, le contrôle de cette topologie de convertisseur doit prendre en compte certains critères comme les incertitudes de valeurs au niveau des composants passifs (résistance parasite et tolérance d'inductance / capacité) et des perturbations de l'association pile à combustible -convertisseur -charge (variations du courant de charge et de la tension de la pile à combustible selon le point de fonctionnement envisagé). Dans le but d'améliorer les performances statique et dynamique du système pile à combustible en modes de fonctionnement sain et défaillant, la commande du convertisseur à phases parallèles et à commandes entrelacées avec prise en compte de la robustesse face aux perturbations internes et externes est étudiée dans cette thèse.

Pour mieux gérer les incertitudes liées aux paramètres électriques du convertisseur et les perturbations externes (pile à combustible ou charge), un contrôleur de tension robuste basé sur un observateur d'état étendu (ESO) dans le cadre de l'algorithme de contrôle actif du rejet de perturbation (ADRC) est proposé et appliqué à la topologie de convertisseur envisagée pour une application pile à combustible. La comparaison avec le contrôleur du type PI montre que la méthode proposée peut obtenir une meilleure capacité de rejet des perturbations sans dépassement de la réponse suite à un échelon du courant de charge ou à une variation du niveau de tension d'entrée. Le contrôleur proposé est également validée sur une seconde topologie de convertisseur qui est une variante de la première et permettant un gain d'élévation en tension plus élevé. L'apparition d'un défaut électrique sur les interrupteurs de puissance du convertisseur entraîne généralement la perte d'une phase du convertisseur. Ceci est qui occasionne des effets néfastes considérables sur les performances du contrôleur. Par conséquent, un contrôleur adaptatif amélioré, avec la prise en compte des défauts électriques sur les interrupteurs, est proposé sur la base du contrôleur développé précédemment. Le contrôleur proposé peut maintenir un fonctionnement continu et obtenir de bonnes performances en cas de défauts. De plus, une méthode de diagnostic basé-modèle de défauts d'interrupteurs de puissance en s'appuyant sur un observateur de mode glissant est proposée et appliquée au système pile à combustible étudié. L'approche proposée dans ce manuscrit permet de xi The issues of environmental pollution and energy crisis motivate greatly the development of new energy sources, such as the wind turbine, photovoltaic, and fuel cell (FC). FC directly converts the chemical energy stored in the reactant gases, typically hydrogen and oxygen, into electricity, with the only byproducts of heat and water. It is considered as a clean and efficient energy conversion device, and has been increasingly used in the fields of transportation (automobile, bus, tram, scooter, truck, forklift, aircraft, and ship), stationary (heat and power cogenerating system, distributed power generation system, and data center), and portable device (portable power, and consumer electronic device) [1,2].

List of Figures

The single FC, as shown in Fig. 1.1, consists of bipolar layer, gas diffusion layer, and membrane electrode assembly. The terminal voltage of a single FC is relatively low, about 0.7 V. The FC output current is determined by the current density (about 500~1000 mA/cm 2 for proton exchange membrane FC) and active area. The output voltage of the single FC can be formulized as [3]:

𝑉𝑉 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸 𝑁𝑁𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 -𝑉𝑉 𝑎𝑎𝑐𝑐𝑁𝑁 -𝑉𝑉 𝑜𝑜ℎ𝑚𝑚 -𝑉𝑉 𝑐𝑐𝑜𝑜𝑁𝑁 (1.1)
where 𝑉𝑉 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the voltage of single FC (V), 𝐸𝐸 𝑁𝑁𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 is the cell electromotive force (V), 𝑉𝑉 𝑎𝑎𝑐𝑐𝑁𝑁 is the activation loss voltage (V), 𝑉𝑉 𝑜𝑜ℎ𝑚𝑚 is the ohmic loss voltage (V), 𝑉𝑉 𝑐𝑐𝑜𝑜𝑁𝑁 is the concentration loss voltage (V). As shown in the bottom right corner of Fig. 1.1, three separate regions can be identified in the volt-ampere curve. In different regions, different factors dominate the voltage loss. For example, in the region of ohmic loss, which is the normal operation region of the FC, the ohmic loss dominates the voltage loss. FC features low voltage and relatively large current. Therefore, to obtain an appropriate output voltage and power rating, a number of cells are series-connected to form a stack [3].

Fig. 1.2 shows a simplified FC system, which includes the FC stack, and many ancillary systems. Their functions are air/oxygen supply, hydrogen supply, humidification, air/watercooling, control, and power conditioning (power converters). The FC stack is low-voltage high-current, and it features nonlinear volt-ampere characteristic, its voltage varies largely and inversely with the current. Fig. 1.3 presents two examples. Despite that the higher voltage rating can be obtained by series-connecting more FCs, this would influence the reliability of the stack, as a single cell failure could stop the functioning of the entire stack. To fulfill the load requirement, especially in DC power system, it is essential to interface with a step-up DC-DC power converter to boost and regulate a constant DC bus [4]. 

Interleaved Converter

The DC-DC power converter acts as an interface between the FC stack and the power load or other electrical system. The general requirements for such a DC-DC power converter are high energy conversion efficiency, high power density, high reliability, high voltage gain, and low input current ripple [5].

The interleaved converter by associating the basic DC-DC converters using the inputparallel output-parallel (IPOP) structure is considered as an effective solution, especially taking into account the low-voltage high-current feature of FC system. An example of the parallel interleaved converter, which consists of 𝑁𝑁 identical DC-DC boost converters, is provided for explanation, as shown in Fig. 1.4. The basic DC-DC converter unit is regarded as a cell within this structure. The current distribution between cells can reduce the component current stress, improve the converter efficiency, and optimize the thermal distribution. In addition, as studied in [6] based on the Markov model, in comparison with the basic DC-DC boost converter, the converter of parallel structure has higher reliability. The low input current ripple is also enabled by the input-parallel structure with phase interleaving technique. Within the framework of phase interleaving, the switch signals are properly phase-shifted, so that the current ripples from the cells can be partially cancelled out, resulting in a smaller peak-to-peak variation of the input current. To achieve the abovementioned desired performance of the interleaved converter, the related control strategy plays an important and key role. The main control goals of the multiphase (namely, multi-cell) interleaved converter are summarized as follows.
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 Tracking the reference voltage. The reference voltage is often a constant value and can be a slowly time-varying value in case of maximum power point tracking.

 Proper current sharing between phases. It can improve the converter efficiency and thermal distribution, and avoid overloading one of the phases under heavy loads.

 Phase interleaving to reduce the input current ripple. Low current ripple is beneficial for reducing the fuel consumption and extending lifetime of the FC stack.

 Continuous operation of the converter after losing one phase, for example, due to switch fault. It can improve the reliability and durability of the converter.

A. Robust Voltage Control

The voltage-loop controller is essential to regulate the output voltage to the reference value.

The interleaved converter for FC application encounters the disturbances from the dynamic load demand on the output side and the varied terminal voltage of the FC stack on the input side, it also suffers from the converter uncertainty, such as the circuit parasitic resistance, and inductance / capacitance deviation due to the manufacture and aging. Therefore, it is expected that the voltage controller has good robustness against the disturbances and uncertainties [7].

B. Current Sharing Control

Due to the inevitable nonidentical parasitic resistance between phases, there may exist obvious current imbalance, which requires the active current sharing control. The current sharing control mainly can be divided into two categories, depending on the structure of the closed-loop control. The first category relates to the single-loop voltage control. Fig. 1.5(a) and (b) show two commonly used current balancing controls: master-slave control [8] and central-limit control [9]. The duty cycle 𝜙𝜙 generated from the voltage closed-loop controller is applied to all the phases. The master-slave current sharing control regulates the inductor current of the slave phases to be equal to that of the master phase, by superimposing extra duty cycle ∆𝜙𝜙. In contrast, the central-limit current sharing control adjusts all the inductor currents to track the averaged inductor current, by adding extra duty cycle ∆𝜙𝜙. It is noted that the complexity of the central-limit control is a little increased, it has one more balancing controller than the master-slave control. The limitation of the master-slave control is that a defective master cell would shut down the whole system, which can be avoided by the central-limit control [9].

The current balancing control would interact with the voltage regulation loop. Therefore, some improved current balancing control has been developed to decouple the current sharing control and voltage regulation control. For example, in [10], a decoupled master-slave current balancing control is developed specially for a three-phase interleaved boost converter. The second category of the current sharing control relates to the dual-loop control, which consists of the voltage outer-loop and the inductor current inner-loop. Fig. 1.6 shows three kinds of current sharing control [11]. The current sharing control in Fig. 1.6(a) uses only one inductor current, and the produced duty cycle is applied to all the phases. The method of Fig. 1.6(b) regulates independently all the inductor currents, to achieve better current sharing performance. The approach of Fig. 1.6(c) is similar to that of Fig. 1.6(b), with an extra current controller. The bandwidth of the inner current-loop is normally set as one order larger than that of the outer voltage-loop, to decouple the two loops.

It is observed that the control complexity is increased from Fig. 1.6(a) to (c). The control scheme of Fig. 1.6(a) has the simplest structure, the limitation is that the nonidentical parasitic resistance between cells would lead to non-ignorable current balancing error. Moreover, it has low reliability, once the regulated cell (first cell in the figure) is damaged, the whole system would shut down. The mentioned two drawbacks of Fig. 1.6(a) can be solved by the methods of Fig. 1.6(b) and (c) [11].

C. Phase Shifting Control

The idea of phase shifting (phase interleaving) control is to properly phase-shift the switch signals to optimize the input current ripple [12], as illustrated in Fig. 1.7. In what follows, the principle of the phase shifting technique is explained from the point of view of the frequency domain. Consider the N-phase interleaved boost converter shown in Fig. 1.4, the Fourier series of the peak-to-peak ripple of the inductor currents can be expressed as:

∆𝑖𝑖 𝐿𝐿𝐿𝐿 = � 𝐴𝐴 𝑁𝑁𝐿𝐿 ∞ 𝑁𝑁=1 𝑒𝑒 𝑗𝑗(𝜑𝜑 𝑛𝑛𝑛𝑛 +𝑁𝑁𝜙𝜙 𝑛𝑛 ) , 𝑘𝑘 = 1,2, … , 𝑁𝑁 (1.2) 
where 𝐴𝐴 𝑁𝑁𝐿𝐿 and 𝜑𝜑 𝑁𝑁𝐿𝐿 are the amplitude and phase angle of nth order harmonic of the inductor current ripple of kth phase, respectively. 𝜙𝜙 𝐿𝐿 is the phase shift angle of the kth phase. The input current ripple can be calculated by summing up all the inductor current ripples, therefore:
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∆𝑖𝑖 𝑖𝑖𝑁𝑁 = � ∆𝑖𝑖 𝐿𝐿𝐿𝐿 𝑁𝑁 𝐿𝐿=1 .
(1.

3)

It is easy to derive that if the phase angles are shifted successively by 360°/𝑁𝑁 , namely:

𝜙𝜙 𝐿𝐿 = 360°𝑁𝑁 (𝑘𝑘 -1), 𝑘𝑘 = 1,2, … , 𝑁𝑁 (1.4) 
then, the harmonics of the input current ripple up to (𝑁𝑁 -1) order can be cancelled out, as expressed as follow.

⎩ � � � ⎨ � � � ⎧ ∆𝑖𝑖 𝑖𝑖𝑁𝑁 ℎ 1 = � 𝐴𝐴 1𝐿𝐿 𝑒𝑒 𝑗𝑗(𝜑𝜑 1𝑛𝑛 +𝜙𝜙 𝑛𝑛 ) 𝑁𝑁 𝐿𝐿=1 = 0 ∆𝑖𝑖 𝑖𝑖𝑁𝑁 ℎ 2 = � 𝐴𝐴 2𝐿𝐿 𝑒𝑒 𝑗𝑗(𝜑𝜑 2𝑛𝑛 +2𝜙𝜙 𝑛𝑛 ) 𝑁𝑁 𝐿𝐿=1 = 0 ⋯ ∆𝑖𝑖 𝑖𝑖𝑁𝑁 ℎ 𝑁𝑁-1 = � 𝐴𝐴 (𝑁𝑁-1)𝐿𝐿 𝑒𝑒 𝑗𝑗�𝜑𝜑 (𝑁𝑁-1)𝑛𝑛 +(𝑁𝑁-1)𝜙𝜙 𝑛𝑛 � 𝑁𝑁 𝐿𝐿=1 = 0 (1.5)
where ∆𝑖𝑖 𝑖𝑖𝑁𝑁 ℎ 𝑁𝑁-1 is the (𝑁𝑁 -1) order harmonic of the input current ripple.

The optimal input current ripple is achieved by the phase shift of (1.4). The input current ripple of the interleaved boost converter can be expressed in time domain as [13]:

∆𝑖𝑖 𝑖𝑖𝑁𝑁 = � ∆𝑖𝑖 𝐿𝐿𝐿𝐿 𝐿𝐿=𝑁𝑁 𝐿𝐿=1 = (𝐷𝐷 - 𝑗𝑗 -1 𝑁𝑁 )(𝑗𝑗 -𝑁𝑁𝐷𝐷) 𝐷𝐷(1 -𝐷𝐷) ∆𝑖𝑖 𝐿𝐿 , 𝜙𝜙𝜔𝜔𝑓𝑓 𝑗𝑗 -1 𝑁𝑁 ≤ 𝐷𝐷 < 𝑗𝑗 𝑁𝑁 (1.6) ∆𝑖𝑖 𝐿𝐿 = 𝑉𝑉 𝑖𝑖𝑁𝑁 𝐷𝐷 𝜙𝜙 𝑁𝑁 𝐿𝐿 = 𝑉𝑉 𝑜𝑜 𝐷𝐷(1 -𝐷𝐷) 𝜙𝜙 𝑁𝑁 𝐿𝐿 (1.7) 
where 𝑗𝑗 = 1,2, … , 𝑁𝑁 , and 𝐷𝐷 is the duty cycle, 𝑉𝑉 𝑖𝑖𝑁𝑁 is the input voltage, 𝑉𝑉 𝑜𝑜 is the output voltage, 𝜙𝜙 𝑁𝑁 is the switching frequency, 𝐿𝐿 is the inductance. The input current ripple with respect to the inductor current ripple can be plotted as Fig. 1.8(a), and with respect to the normalized value as Fig. 1.8(b), based on (1.6) and (1.7). It can be clearly seen from Fig. 1.8 that with phase shifting control, the input current ripple is no larger than the inductor current ripple of each cell, and it decreases with the increase in the number of the cells. This is totally different from the case of no phase shifting in which the input current ripple is a product of the inductor current ripple and the number of cells.

Due to the salient feature of phase interleaving technique, it has been widely used in the interleaved converters.

D. Control with Switch Fault Consideration

The cell within the interleaved converter would shut down due to the abrupt device fault, for example switch fault, resulting in degraded performance (in terms of reduced efficiency, increased component stress, and increased input current ripple [14,15]), and even the breakdown of the whole converter, if the control is not designed properly. For example, the current sharing method of Fig. 1.6(a) would lead to the shutdown of the converter when the regulated cell (first cell in the figure) breaks down. To guarantee the continuous and proper operation of the post-fault interleaved converter, on the one hand, the fault should be taken into account in designing the closed-loop control. On the other hand, the fault diagnosis algorithm needs to be developed to monitor the healthy state of the converter, such that the related fault reconfiguration measures can be applied to optimize the converter post-fault operation. According to an industry survey about the reliability for general power electronic converter applications, the top two fragile components are the semi-conductor power device and the capacitor, which account for about 31% and 18% malfunctions, respectively [16]. This thesis pays attention to the case of power switch fault, concretely, the case of switch open-circuit fault.

Thesis Structure

This thesis focuses on the control of the multi-phase interleaved DC-DC converter with switch fault consideration for FC application, aiming to improve the steady-state and dynamic performance of the system under both converter healthy mode and converter switch fault mode. The thesis content is structured as in Fig. 1.9. In Chapter 1, following the introduction of the FC system and the multi-phase interleaved converter, the motivation and the structure of the thesis are given.

In Chapter 2, to better deal with the disturbances from the source-side and load-side, and the converter uncertainty, a robust voltage controller based on extended state observer within the framework of active disturbance rejection control algorithm is elaborated for the interleaved converters for FC application. The effectiveness and robustness of the proposed controller are validated by the simulation and experimental results.

In Chapter 3, taking into consideration the switch fault uncertainty, an improved adaptive voltage controller is proposed for an interleaved converter, on the basis of the developed controller in Chapter 2. It can achieve satisfactory control performance for the converter under both healthy and switch fault mode. The simulation and experimental results corroborate the effectiveness and robustness of the proposed method.

In Chapter 4, a switch fault diagnosis based on sliding mode observer is proposed and applied to an interleaved converter for FC application. The proposed diagnosis method can effectively diagnose the switch fault, and it is robust to the converter circuit parameter uncertainty, and the external disturbances. Both the simulation and experimental results are presented to demonstrate the validity of the proposed diagnosis approach.

In Chapter 5, to optimize the undesired high input current ripple of the interleaved converter caused by the switch fault, a post-fault control method by reconfiguring uneven new phase shift angles is developed. The uneven phase shift reconfiguration is derived based on the selected harmonic elimination. The proposed method can reduce considerably the input current ripple, which has been validated by the simulation and experimental results.

In Chapter 6, the conclusions are presented, in which the thesis main contributions are concluded and the future works are discussed.

Chapter 2

Control of the Interleaved Converter for Fuel Cell Application

Introduction

FC features nonlinear volt-ampere characteristic, its voltage varies inversely with the current. Thus, to fulfill the load requirement, it is essential to interface with a DC-DC power converter to boost and regulate a constant and stiff DC bus. The interleaved converter is an attractive choice [1,2]. In addition to increased power capability and converter reliability, it allows a low input current ripple by making use of the phase interleaving technique, which is beneficial for the long-time operation of the FC stack. The main control goals of the multiphase interleaved converter for FC application are proper current sharing between phases, accurate output voltage regulation, and constant switching frequency for phase interleaving to reduce the input current ripple.

The proper current sharing between phases is very important, and should be achieved to avoid overloading one of the phases, especially under heavy power loads. By carefully balancing the reliability and the complexity of the controller, the current sharing control scheme of Fig. 1.6(b) is selected.

The DC-DC power converter for FC application inevitably suffers from the converter uncertainty (circuit parameter deviation caused by the manufacture and aging), and the disturbance caused by the dynamic load demand and the variable source voltage. Thus, a closed-loop controller with feedback is requisite. The proportional control can accelerate the system response speed and improve the steady-state accuracy. Nevertheless, the steady-state error cannot be eliminated totally. To achieve a precise regulation, the integral control is generally integrated to form a proportional-integral (PI) control. In [2,3], a dual-loop PI control designed based on small-signal modeling at nominal operation point is developed for a DC-DC interleaved converter. The dual-loop controller consists of an inductor current inner-loop and an output voltage outer-loop. Due to the double-loop control, accurate voltage regulation can be obtained. However, the converter dynamic performance varies with the converter operation point. The converter performance would deteriorate significantly if the operation point is far away from the nominal value. In order to achieve smaller steady-state error, faster dynamic response and lower overshoot in presence of converter uncertainty and external disturbance, various linear or nonlinear controllers, such as sliding mode control, model predictive control, differential flatness control, passivity control, and disturbance rejection control, are designed for DC-DC converters in the literature [4]. In [5], a sliding mode control is implemented into the classic DC-DC power converters, like buck and boost converter, and the interleaved buck converter as well. Good dynamic performance can be achieved. The main limitation is that the chattering phenomenon and the inconstant switching frequency should be carefully addressed [6]. In [7], a finite control set model predictive control is designed for the boost converter to improve the dynamic performance. The optimization of the objective function within a switching period may result in a heavy computational burden. Moreover, due to the direct manipulation of the converter switches, it suffers the variable switching frequency. The precondition of phase interleaving to reduce the input current ripple is often the constant switching frequency. Therefore, the controllers with variable switching frequency may be not appropriate for the interleaved boost converter for FCs. In [8,9], a reaching law-based sliding mode inner-loop control is proposed for an interleaved boost converter. The constant switching frequency is guaranteed. However, the control law requires the input voltage, thus, an extra sensor is mandatory. The differential flatness control [10], and the interconnection and damping assignment passivity-based control [11], which have constant switching frequency, are designed for the interleaved boost converter for FC application. Similarly, the two control laws contain the variable of input voltage, resulting in added hardware sensor.

Disturbance rejection control has been obtaining more and more research attention recently. The core idea is to compensate directly and effectively the disturbance in the control law. It is well known that the system uncertainties and disturbances are generally unmeasurable, thus the disturbance estimation technique based on observer is indeed crucial. The related methods include unknown input observer, disturbance observer, perturbation observer, equivalent input disturbance based estimation, and extended state observer (ESO) [12]. The disturbance observer is normally designed based on the plant model. Therefore, the dependence severity of the observer on the plant model information is a critical index in selecting the proper observer type. Among the aforementioned observers, the ESO needs the least information about the plant, only the system order is necessary [13]. The original ESO is of nonlinear form. The parameterized linear ESO by replacing the nonlinear gains with linear ones has attracted much attention, as it is easier to design and simple to implement [14]. It should be pointed out that the disturbance in the ESO in fact represents the so-called total disturbance, including the plant uncertainties and external disturbances [15]. Due to the salient feature of ESO, the ESO-based control, also known as active disturbance rejection control (ADRC), has been applied to power converters, ac motor drives, FC air supply system, and other industry applications [16][17][18][19][20][21][22][23][24][25]. Simulation or experiment results show satisfactory performance. The reference [26] reviews some successful applications of ADRC to the industry application.

In this chapter, first of all, a robust controller based on ESO, is proposed for a DC-DC interleaved boost converter (IBC) for FC application. The converter uncertainties and external disturbances are treated as the total disturbance, which is estimated by ESO and then eliminated in the control law. It is presented later that the PI control can be regarded as a kind of disturbance observer-based control, it in fact uses the integral action as the disturbance estimation. Based on this point, a theoretical study is conducted to fairly evaluate and compare these two controllers. It is shown that the proposed ESO-based controller has good robustness. The effectiveness of the proposed controller is validated by a converter prototype interfaced with a FC stack emulator.

Second, the proposed method is also applied to a floating interleaved boost converter (FIBC), which has higher voltage gain. The obtained simulation and experimental results corroborate again the feasibility of the proposed controller. Moreover, be same to the PI control, the limitation of the ESO-based method is that, it cannot deal with the time-varying disturbance, for example ramp disturbance, appropriately, resulting in a small non-zero steady-state error in the output voltage. Therefore, finally, an enhanced controller based on high-order ESO is proposed for FIBC for FC application. Theoretical analysis is carried out to evaluate the controller performance of arbitrary order ESO. It is shown that compared with the ESO-based method, the controller with high-order ESO has enhanced disturbance rejection ability, while with the sacrifice of small reduction in the anti-noise performance and stability margin. Simulation and experimental results demonstrate the effectiveness of the developed controller.

Converter Modeling

Fig. 2.1 shows the topology and control scheme of the DC-DC two-phase IBC. The topology of the converter consists of two inductors 𝐿𝐿 1 and 𝐿𝐿 2 , two switches 𝑆𝑆 1 and 𝑆𝑆 2 , two diodes 𝐷𝐷 1 and 𝐷𝐷 2 , and a capacitor 𝐶𝐶. 𝑣𝑣 𝑖𝑖𝑁𝑁 is the input voltage, 𝑣𝑣 𝑜𝑜 is the output voltage. 𝑓𝑓 𝐿𝐿 (𝑘𝑘 = 1,2) is the circuit lumped parasitic resistance, and 𝑅𝑅 is the load resistance. 𝑖𝑖 𝑖𝑖𝑁𝑁 is the input current, 𝑖𝑖 𝑜𝑜 is the load current, 𝑖𝑖 𝐿𝐿𝐿𝐿 (𝑘𝑘 = 1,2) is the current through the inductor 𝐿𝐿 𝐿𝐿 . 𝛿𝛿 𝐿𝐿 (𝑘𝑘 = 1,2 ) is the switch ON-OFF gate signal.

When switch is ON (𝛿𝛿 𝐿𝐿 = 1), the input source charges the inductor, and the capacitor discharges to supply the load. When switch is OFF (𝛿𝛿 𝐿𝐿 = 0), the input source with the inductor charge the capacitor and power the load. Therefore, the converter can be modeled as [2]: The converter powered by FC suffers from input voltage variation and load current change. Therefore, to regulate a constant output voltage to better power the load, a dual-loop controller shown in Fig. 2.1 is requisite. The outer-loop voltage controller generates the reference current 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 for the inner-loops, by dealing with the reference voltage 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 and measured voltage 𝑣𝑣 𝑜𝑜 . Then the inner-loops output the duty cycles 𝜙𝜙 𝑖𝑖 (𝑖𝑖 = 1,2) accordingly. The duty cycle signal is sent to the pulse width modulation (PWM) block to produce the ON-OFF signals 𝛿𝛿 𝑖𝑖 (𝑖𝑖 = 1,2). The carriers in two PWM blocks are generally phase-shifted by 𝜋𝜋, to reduce the input current ripple based on the interleaving technique.
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For the inner-loop current controller, the PI algorithm based on average current control is retained. The equivalent control plant for the crucial voltage controller is [27]:

𝐺𝐺 𝑖𝑖𝑐𝑐 = 𝑣𝑣 𝑜𝑜 (𝜙𝜙) 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙) = 𝑘𝑘 -𝑐𝑐𝜙𝜙 𝜙𝜙 + 𝑎𝑎 , 𝑎𝑎 = 2 𝑅𝑅𝐶𝐶 , 𝑘𝑘 = 2 𝑉𝑉 𝑖𝑖𝑁𝑁 -2𝑓𝑓𝐼𝐼 𝐿𝐿 𝐶𝐶𝑉𝑉 𝑜𝑜 , 𝑐𝑐 = 2𝐿𝐿𝐼𝐼 𝐿𝐿 𝐶𝐶𝑉𝑉 𝑜𝑜 (2.3)
In the following section, the voltage controllers based on ESO method and PI algorithm are designed, evaluated and compared.

Controller Design

ESO-based control design

Define the control action 𝑢𝑢 = 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 and output variable 𝑦𝑦 = 𝑣𝑣 𝑜𝑜 , one can rewrite (2.3) as follows.

𝑦𝑦̇= 𝑘𝑘𝑢𝑢 -𝑎𝑎𝑦𝑦 -𝑐𝑐𝑢𝑢̇= 𝑘𝑘 0 𝑢𝑢 + 𝜙𝜙 (2.4) where 𝑘𝑘 0 is the value of system control gain 𝑘𝑘 , 𝜙𝜙 = (𝑘𝑘 -𝑘𝑘 0 )𝑢𝑢 -𝑎𝑎𝑦𝑦 -𝑐𝑐𝑢𝑢̇ is the total disturbance, which contains internal unmodeled dynamics and external unknown disturbances. Define the states as 𝒙𝒙 = [𝑥𝑥 1 , 𝑥𝑥 2 ] 𝑇𝑇 = [𝑦𝑦, 𝜙𝜙] 𝑇𝑇 , thus (2.4) can be rewritten as:

� 𝒙𝒙̇= 𝑨𝑨𝒙𝒙 + 𝑩𝑩𝑢𝑢 + 𝑬𝑬𝜙𝜙 ̇ 𝑦𝑦 = 𝑪𝑪𝒙𝒙 (2.5) 𝑨𝑨 = � 0 1 0 0 � , 𝑩𝑩 = � 𝑘𝑘 0 0 � , 𝑬𝑬 = � 0 1 � , 𝑪𝑪 = [1 0]
To estimate the total disturbance, an observer named ESO shown below is constructed.

𝒙𝒙̂̇= 𝑨𝑨𝒙𝒙̂+ 𝑩𝑩𝑢𝑢 + 𝑮𝑮𝑒𝑒 (2.6) 
where

𝒙𝒙̂= [𝑥𝑥̂1, 𝑥𝑥̂2] 𝑇𝑇 = �𝑦𝑦, 𝜙𝜙 ̂�𝑇𝑇 is the estimation of state variable 𝒙𝒙 = [𝑥𝑥 1 , 𝑥𝑥 2 ] 𝑇𝑇 = [𝑦𝑦, 𝜙𝜙] 𝑇𝑇 , 𝑒𝑒 = 𝑥𝑥 1 -𝑥𝑥̂1 is the observer error, 𝑮𝑮 = [𝑔𝑔 1 , 𝑔𝑔 2 ]
𝑇𝑇 is the observer gain. According to (2.6), the observer transfer functions are derived as:

⎩ � � ⎨ � � ⎧ 𝑥𝑥̂1(𝜙𝜙) = 𝑔𝑔 2 + 𝑔𝑔 1 𝜙𝜙 𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 𝑦𝑦(𝜙𝜙) + 𝑘𝑘 0 𝜙𝜙 𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 𝑢𝑢(𝜙𝜙) 𝑥𝑥̂2(𝜙𝜙) = 𝑔𝑔 2 𝜙𝜙 𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 𝑦𝑦(𝜙𝜙) - 𝑔𝑔 2 𝑘𝑘 0 𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 𝑢𝑢(𝜙𝜙) (2.7)
To better estimate the total disturbance, 𝑔𝑔 1 and 𝑔𝑔 2 are generally tuned using the bandwidth method [14] by setting the characteristic polynomial of the observer as:

� 𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 = (𝜙𝜙 + 𝜔𝜔 0 ) 2 𝑔𝑔 1 = 2𝜔𝜔 𝑜𝑜 , 𝑔𝑔 2 = 𝜔𝜔 𝑜𝑜 2 (2.8)
where 𝜔𝜔 𝑜𝑜 is regarded as the observer bandwidth.

After obtaining the estimated total disturbance, the final control law can be designed as:

𝑢𝑢 = 𝑢𝑢 0 -𝜙𝜙 k𝑘0 (2.9)
Thus, the control plant (2.4) becomes a unit gain integrator:

𝑦𝑦̇≈ 𝑢𝑢 0 (2.10)
supposing that the total disturbance is well estimated. Therefore, one can use a simple proportional control law to regulate the output voltage.

𝑢𝑢 0 = 𝑘𝑘 𝑝𝑝1 (𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 -𝑣𝑣 0 ) (2.11)
where 𝑘𝑘 𝑝𝑝1 is a positive coefficient to be tuned, and 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 is the output voltage reference.

PI control design

The control law of PI controller is:

𝑢𝑢 = 𝑘𝑘 𝑝𝑝 �𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 -𝑣𝑣 0 � + 𝑘𝑘 𝑖𝑖 ��𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 -𝑣𝑣 0 �𝜙𝜙𝑡𝑡 (2.12)
where 𝑘𝑘 𝑝𝑝 and 𝑘𝑘 𝑖𝑖 are control parameters to be tuned. It is easy to rewrite (2.12) as follows.

𝑢𝑢 = 𝑘𝑘 𝑝𝑝2 �𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 -𝑣𝑣 0 � + 𝑘𝑘 𝑖𝑖2 ∫�𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 -𝑣𝑣 0 �𝜙𝜙𝑡𝑡 𝑘𝑘 0 (2.13)
where 𝑘𝑘 𝑝𝑝2 = 𝑘𝑘 0 𝑘𝑘 𝑝𝑝 and 𝑘𝑘 𝑖𝑖2 = 𝑘𝑘 0 𝑘𝑘 𝑖𝑖 , 𝑘𝑘 0 is a positive coefficient. By comparing (2.9) and

(2.13), one can see that the PI control in fact uses the integral action to estimate the disturbance:

𝜙𝜙 ̂= -𝑘𝑘 𝑖𝑖2 ��𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 -𝑣𝑣 0 �𝜙𝜙𝑡𝑡 (2.14)
where 𝜙𝜙 ̂ is the estimated disturbance by PI controller. Fig. 2.2 shows the block diagram of the PI controller and the proposed controller. According to (2.9), (2.11), and (2.13), both the proposed controller and PI controller have the proportional control action. Set 𝑘𝑘 𝑝𝑝1 = 𝑘𝑘 𝑝𝑝2 , then the difference between the proposed ESO-based control and the PI control is the way to estimate the total disturbance. The former controller uses the ESO, while the later one uses directly the integral action of voltage error. In what follows, the performance of the two controllers in terms of anti-disturbance ability, step response and robustness are evaluated and compared.

Analysis of disturbance rejection ability

For the proposed ESO-based controller, the transfer function from the total disturbance to the output voltage can be derived as follows, based on (2.7) -(2.9), and (2.11).

𝜙𝜙 𝑑𝑑 (𝜙𝜙) = 𝑣𝑣 𝑜𝑜 (𝜙𝜙) 𝜙𝜙(𝜙𝜙) = 𝜙𝜙(𝜙𝜙 + 𝑔𝑔 1 ) (𝜙𝜙 + 𝑘𝑘 𝑝𝑝1 )(𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 ) (2.15)
Similarly, the related transfer function for the PI controller can be derived as:

𝜙𝜙 𝑑𝑑 (𝜙𝜙) = 𝑣𝑣 𝑜𝑜 (𝜙𝜙) 𝜙𝜙(𝜙𝜙) = 𝜙𝜙 𝜙𝜙 2 + 𝑘𝑘 𝑝𝑝2 𝜙𝜙 + 𝑘𝑘 𝑖𝑖2 (2.16)
The PI controller and the proposed controller have the same proportional control law, by setting 𝑘𝑘 𝑝𝑝1 = 𝑘𝑘 𝑝𝑝2 . Fig. 2.3 shows the bode plot of (2.15) and ( 2 

Analysis of step response performance

The step response performance is evaluated by studying the closed-loop poles. For the proposed ESO-based controller, the closed-loop transfer function can be derived as:

𝐺𝐺 𝑐𝑐𝑐𝑐 (𝜙𝜙) = 𝑣𝑣 𝑜𝑜 (𝜙𝜙) 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙) = 𝐻𝐻(𝜙𝜙)𝐶𝐶(𝜙𝜙)𝐺𝐺 𝑖𝑖𝑐𝑐 (𝜙𝜙) 1 + 𝐶𝐶(𝜙𝜙)𝐺𝐺 𝑖𝑖𝑐𝑐 (𝜙𝜙) (2.17) 𝐻𝐻(𝜙𝜙) = 𝑘𝑘 𝑝𝑝1 𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 𝑘𝑘 𝑝𝑝1 (𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 ) + 𝑔𝑔 2 𝜙𝜙 𝐶𝐶(𝜙𝜙) = 1 𝑘𝑘 0 𝑘𝑘 𝑝𝑝1 (𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 ) + 𝑔𝑔 2 𝜙𝜙 𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 (2.18)
For the PI controller, the closed-loop transfer function is:

𝐺𝐺 𝑐𝑐𝑐𝑐 (𝜙𝜙) = 𝑣𝑣 𝑜𝑜 (𝜙𝜙) 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙) = 𝐺𝐺 𝑐𝑐 (𝜙𝜙)𝐺𝐺 𝑖𝑖𝑐𝑐 (𝜙𝜙) 1 + 𝐺𝐺 𝑐𝑐 (𝜙𝜙)𝐺𝐺 𝑖𝑖𝑐𝑐 (𝜙𝜙) , 𝐺𝐺 𝑐𝑐 (𝜙𝜙) = 𝑘𝑘 𝑝𝑝 𝜙𝜙 + 𝑘𝑘 𝑖𝑖 𝜙𝜙 (2.19) 𝐺𝐺 𝑐𝑐𝑐𝑐 (𝜙𝜙) = -𝑘𝑘 𝑝𝑝 𝑐𝑐𝜙𝜙 2 + �𝑘𝑘 𝑝𝑝 𝑘𝑘 -𝑘𝑘 𝑖𝑖 𝑐𝑐�𝜙𝜙 + 𝑘𝑘 𝑖𝑖 𝑘𝑘 �1 -𝑘𝑘 𝑝𝑝 𝑐𝑐�𝜙𝜙 2 + �𝑎𝑎 + 𝑘𝑘 𝑝𝑝 𝑘𝑘 -𝑘𝑘 𝑖𝑖 𝑐𝑐�𝜙𝜙 + 𝑘𝑘 𝑖𝑖 𝑘𝑘 (2.20)
Based on (2.17) and (2.20), the closed-loop poles varying with the value of 𝑘𝑘 𝑖𝑖 or 𝜔𝜔 𝑜𝑜 are plotted in Fig. 2.4. It can be seen from Fig. 2.4(a) that for the PI controller, with the increase of 𝑘𝑘 𝑖𝑖 from 10 to 20 and 30, the poles deviate the real axis, which is easy to cause overshoot during step response. Moreover, a larger 𝑘𝑘 𝑖𝑖 results in a more serious overshoot, since a larger 𝑘𝑘 𝑖𝑖 deviates further the poles away from the real axis. In contrast, according to Fig. 2.4(b), for the proposed ESO-based controller, with the increase of 𝜔𝜔 𝑜𝑜 from 75 to 150 and 400, the dominant pole stays in the real axis, the overshoot during step response could be avoided. 

Robustness and stability analysis

To study fairly the robustness and stability performance of the proposed controller and the PI controller, both controllers are tuned based on the converter nominal operation point (𝑉𝑉 𝑖𝑖𝑁𝑁 = 18V, 𝑅𝑅 = 50Ω). The tuning objective is to avoid overshoot in step response and ensure the disturbance rejection ability as strong as possible.

According to the above analysis, for the PI controller, the increase of 𝑘𝑘 𝑖𝑖 leads to the enhancement of the disturbance rejection ability. However, a large value of 𝑘𝑘 𝑖𝑖 would cause overshoot during step response. Therefore, 𝑘𝑘 𝑖𝑖 = 12 is finally selected to avoid overshoot in step response and ensure the disturbance rejection ability as strong as possible. For the proposed ESO-based controller, the disturbance rejection ability can be strengthened by raising the value of 𝜔𝜔 𝑜𝑜 . It is also noticed that the value of 𝜔𝜔 𝑜𝑜 has almost ignored influence on step response performance, due to the existence of the dominant poles. Thus, 𝜔𝜔 𝑜𝑜 = 400 can be chosen by adhering the same tuning objective with that of PI controller.

The robustness and stability of the two controllers are evaluated by analyzing the location of the closed-loop poles varying with the circuit parameter and the converter operating point. 

cp1 is L = 440μH, C = 900μF; cp2 is L = 360μH, C = 1100μF; cp3 is L = 400μH, C = 1000μF; cp4 is L = 440μH, C = 1100μF; cp5 is L = 360μH, C = 900μF.
V in = 12V, R = 100Ω; op2 is V in = 12V, R = 33Ω; op3 is V in = 18V, R = 50Ω; op4 is V in = 22V, R = 100Ω; op5 is V in = 22V, R = 33Ω. (a) PI controller. (b) ESO-based controller.
It can be seen from Fig. 2.5 that for both controllers, the deviation of the inductance and capacitance have small influence on the poles location, showing good robustness. Moreover, it can be observed from Fig. 2.6(a) that for the PI controller, the poles in case of 𝑉𝑉 𝑖𝑖𝑁𝑁 = 12V, 𝑅𝑅 = 100Ω (op1 in the figure) deviates from the real axis, which would result in overshoot during step response. In contrast, as presented in Fig. 2.6(b), for the proposed ESO-based controller, the dominant poles keep in the real axis, good step response performance could be achieved. Therefore, the proposed controller shows stronger robustness to the operation point variation.

Simulation and Experimental Validation

Simulation results

To validate the theoretical analysis and demonstrate the effectiveness of the proposed method, both the two-phase IBC and the two controllers are established based on MATLAB/Simulink. The converter circuit parameters are L = 400μH, C = 1000μF, as listed in Table 2.1. The converter design could refer to [28].The nominal input voltage is 18V, and the nominal load resistance is 50Ω. For the inductor current inner-loops, the parameter of PI controller is 𝑘𝑘 𝑝𝑝 = 0.085, 𝑘𝑘 𝑖𝑖 = 40. For the output voltage outer-loop, the controller parameters tuned in Chapter 2.3.5 are adopted, namely, 𝑘𝑘 𝑝𝑝 = 0.25 , 𝑘𝑘 𝑖𝑖 = 12 for PI controller, and 𝑘𝑘 0 = 500, 𝑘𝑘 𝑝𝑝1 = 125, 𝜔𝜔 𝑜𝑜 = 400 for the proposed controller. The influence of the controller parameter (𝑘𝑘 𝑖𝑖 and 𝜔𝜔 𝑜𝑜 ) on the controller performance is studied. Fig. 2.7 shows the simulation result of the voltage response under step load disturbance with PI controller and that of the proposed ESO-based controller. It is observed from the figure that the increase of 𝑘𝑘 𝑖𝑖 or 𝜔𝜔 𝑜𝑜 would accelerate the voltage recovery and reduce the voltage drop after the disturbance, showing better anti-disturbance ability. The simulation results coincide with the theoretical analysis. Fig. 2.8 presents the simulation result of the voltage response under step reference with PI controller and that of the proposed ESO-based controller. It is seen from the figure that for the PI controller, the increase of 𝑘𝑘 𝑖𝑖 could cause overshoot in step response. In contrast, it is noted that for the proposed controller, raising the value of 𝜔𝜔 𝑜𝑜 would not introduce overshoot in step response. This is because that, according to Fig. 2.4, for the PI controller, the increase of 𝑘𝑘 𝑖𝑖 would cause the deviation of the poles from the real axis. However, for the proposed controller, despite the increase of the value of 𝜔𝜔 𝑜𝑜 , the introduced dominant pole by ESO stays in the real axis, resulting in zero overshoot. 

V in = 12V, R = 100Ω; OP 2 is V in = 12V, R = 33Ω; OP 3 is V in = 18V, R = 50Ω; OP 4 is V in = 22V, R = 100Ω; OP 5 is V in = 22V, R = 33Ω.

Experimental results

To experimentally validate the proposed method, a 100W converter prototype is built. The circuit parameter configuration is the same as that in the simulations, see Table 2.1. The controllers model established in Chapter 2.3 are then implemented into dSPACE platform. The controller parameters are the same as that in the simulations. A Field Programmable Gate Arrays (FPGA) board is utilized for phase shifting to reduce the input current ripple. After passing through the FPGA board, the phase of signal 𝛿𝛿 2 is delayed by 𝜋𝜋 , in comparison with that of signal 𝛿𝛿 1 . Fig. 2.11 shows the block diagram of the experiment setup. To validate the effectiveness of the proposed method for FC application, a 20-cell 100W FC stack modeled in [29,30] is used. This FC stack model is executed in dSPACE in realtime, then the computed FC voltage value is sent to a programmable power source to output the desired voltage to power the converter. The oscilloscope DPO2014B from Tektronix is utilized to acquire the experiment results. The dynamic step load current disturbance is applied to the converter, it is noted from the simulation results that the FC current varies from 1.8 to 6.4 A, and the FC voltage varies from 16.7 to 13.3 V accordingly. Both controllers can achieve accurate voltage regulation in steady-state. Meanwhile, it is noted that the proposed ESO-based controller shows much better voltage response during disturbance transient than PI controller, with less voltage drop/raise and shorter recovery time. The stronger disturbance rejection ability of the proposed controller is thus demonstrated, and the feasibility of the proposed method for FC application is also verified. 

Application to Other Interleaved Converter

In this section, the previous proposed ESO-based controller is applied to a FIBC [31,[START_REF] Gao | An interleaved step-up/step-down converter for fuel cell vehicle applications[END_REF], which has higher voltage gain. Fig. 2.16 shows the converter topology. It has two symmetrical module and can be considered as two boost modules combined by input-parallel output-series method. Each module has one inductor 𝐿𝐿 𝑖𝑖 (𝑘𝑘 = 1, 2), one switch 𝑆𝑆 𝐿𝐿 (𝑘𝑘 = 1, 2), one diode 𝐷𝐷 𝐿𝐿 (𝑘𝑘 = 1, 2) and one capacitor 𝐶𝐶 𝐿𝐿 (𝑘𝑘 = 1, 2). 𝑅𝑅 is the load resistor.

Upper Module

Lower Module Load Source i 1

i 2 i L1 i L2 L 2 L 1 i in S 2 S 1 v C1 v in v C2 δ 1 δ 2 + - + - C 1 C 2 D 1 D 2 + - i o v o R + - Fig. 2.16 FIBC topology.
The output voltage 𝑣𝑣 𝑜𝑜 can be expressed as:

𝑣𝑣 𝑜𝑜 = 𝑣𝑣 𝐶𝐶1 + 𝑣𝑣 𝐶𝐶2 -𝑣𝑣 𝑖𝑖𝑁𝑁 (2.21)
where 𝑣𝑣 𝐶𝐶1 and 𝑣𝑣 𝐶𝐶2 are the voltages across the capacitor 𝐶𝐶 1 and 𝐶𝐶 2 , respectively, and 𝑣𝑣 𝑖𝑖𝑁𝑁 is the input source voltage.

The input current 𝑖𝑖 𝑖𝑖𝑁𝑁 is given as follows.

𝑖𝑖 𝑖𝑖𝑁𝑁 = 𝑖𝑖 1 + 𝑖𝑖 2 = 𝑖𝑖 𝐿𝐿1 + 𝑖𝑖 𝐿𝐿2 -𝑖𝑖 𝑜𝑜 (2.22)
where 𝑖𝑖 𝐿𝐿1 and 𝑖𝑖 𝐿𝐿2 are the currents through the inductor 𝐿𝐿 1 and 𝐿𝐿 2 , respectively, and 𝑖𝑖 𝑜𝑜 is the load current. For converter and controller design simplicity, the symmetrical circuit parameters are considered:

𝐿𝐿 1 = 𝐿𝐿 2 = 𝐿𝐿, 𝐶𝐶 1 = 𝐶𝐶 2 = 𝐶𝐶, 𝜙𝜙 1 = 𝜙𝜙 2 = 𝜙𝜙 (2.23)
where 𝜙𝜙 𝐿𝐿 (𝑘𝑘 = 1, 2) is the duty cycle for switch 𝑆𝑆 𝐿𝐿 .

Therefore, the ideal static voltage gain 𝑀𝑀(𝜙𝜙) of the FIBC operating in continuous conduction mode (CCM) can be deduced as:

𝑀𝑀 (𝜙𝜙) = 𝑉𝑉 𝑜𝑜 𝑉𝑉 𝑖𝑖𝑁𝑁 = 1 + 𝜙𝜙 1 -𝜙𝜙 (2.24)
where 𝑉𝑉 𝑜𝑜 and 𝑉𝑉 𝑖𝑖𝑁𝑁 are the average DC values of the variable 𝑣𝑣 𝑜𝑜 and 𝑣𝑣 𝑖𝑖𝑁𝑁 , respectively, 𝜙𝜙 is the duty cycle.

Converter modeling

The CCM operation of FIBC is ensured by proper inductor sizing. During the ON-stage (𝛿𝛿 𝐿𝐿 = 1) of switch 𝑆𝑆 𝐿𝐿 , the inductor stores energy from the source, and the capacitor discharges to supply the load. During the OFF-stage (𝛿𝛿 𝐿𝐿 = 0) of switch 𝑆𝑆 𝐿𝐿 , the inductor discharges to supply the load and charge the capacitor simultaneously. Thus, the FIBC can be modeled as follows.

⎩ � � � � � ⎨ � � � � � ⎧ 𝜙𝜙𝑖𝑖 𝐿𝐿1 𝜙𝜙𝑡𝑡 = 1 𝐿𝐿 (𝑣𝑣 𝑖𝑖𝑁𝑁 -(1 -𝛿𝛿 1 )𝑣𝑣 𝐶𝐶1 ) 𝜙𝜙𝑖𝑖 𝐿𝐿2 𝜙𝜙𝑡𝑡 = 1 𝐿𝐿 (𝑣𝑣 𝑖𝑖𝑁𝑁 -(1 -𝛿𝛿 2 )𝑣𝑣 𝐶𝐶2 ) 𝜙𝜙𝑣𝑣 𝐶𝐶1 𝜙𝜙𝑡𝑡 = 1 𝐶𝐶 ((1 -𝛿𝛿 1 )𝑖𝑖 𝐿𝐿1 -𝑖𝑖 𝑜𝑜 ) 𝜙𝜙𝑣𝑣 𝐶𝐶2 𝜙𝜙𝑡𝑡 = 1 𝐶𝐶 ((1 -𝛿𝛿 2 )𝑖𝑖 𝐿𝐿2 -𝑖𝑖 𝑜𝑜 ) (2.25) 
where 𝛿𝛿 𝐿𝐿 (𝑘𝑘 = 1, 2) is the control ON-OFF signal for switch 𝑆𝑆 𝐿𝐿 .

The dual-loop control scheme shown in Fig. 2.17 is proposed for FIBC for FC application. By sampling the output voltage and inductor currents, the duty ratio 𝜙𝜙 𝐿𝐿 (𝑘𝑘 = 1,2) can be generated by the closed-loop controller. The PWM blocks are used to modulate the ON-OFF gate signal 𝛿𝛿 𝐿𝐿 for the switch. 

I Lref V ref v o i L1 i L2 d 1 d 2 i L1 i L2 δ 1 δ 2 v o - + - + Fig. 2.17 Dual-loop control scheme.
The target of the inner-loop controller is to regulate the inductor currents to the reference value. The following super-twisting sliding mode control law [START_REF] Levant | Principles of 2-sliding mode design[END_REF], which is also considered as a nonlinear PI control, features good robustness and tracking ability. Thus, it is adopted as the inner-loop control.

⎩ � ⎨ � ⎧ 𝜙𝜙 𝐿𝐿 = 𝜆𝜆|𝜙𝜙 𝐿𝐿 | 1 2 sign(𝜙𝜙 𝐿𝐿 ) + 𝛼𝛼 � sign(𝜙𝜙 𝐿𝐿 )𝜙𝜙𝑡𝑡 , 𝑘𝑘 = 1,2 𝜙𝜙 𝐿𝐿 = 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 -𝑖𝑖 𝐿𝐿 𝑛𝑛 , 𝑘𝑘 = 1,2 (2.26)
where 𝜙𝜙 𝐿𝐿 is the sliding mode surface, 𝜆𝜆 and 𝛼𝛼 are control parameters to be tuned, and sign(𝑥𝑥) is a standard sign function of variable 𝑥𝑥, 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 is the inductor current reference. 𝑣𝑣 𝑜𝑜 is the output voltage, and 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 is the output voltage reference.

Based on the invariance condition (𝜙𝜙 𝐿𝐿 = 𝜙𝜙̇𝐿𝐿 = 0), it follows from equations (2.25) and (2.26) that the equivalent control plant for the outer-loop voltage control can be derived as [START_REF] Huangfu | Robust voltage control of floating interleaved boost converter for fuel cell systems[END_REF]:

𝐺𝐺 𝑖𝑖𝑐𝑐 (𝜙𝜙) = 𝑉𝑉 𝑜𝑜 (𝜙𝜙) 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙) = 2𝑉𝑉 𝐶𝐶 (𝜙𝜙) 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙) = 𝑘𝑘 -𝑐𝑐𝜙𝜙 𝜙𝜙 + 𝑎𝑎 (2.27) 𝑎𝑎 = 2 𝑅𝑅𝐶𝐶 2𝑉𝑉 𝑜𝑜 + 𝑉𝑉 𝑖𝑖𝑁𝑁 𝑉𝑉 𝑜𝑜 + 𝑉𝑉 𝑖𝑖𝑁𝑁 , 𝑘𝑘 = 4𝑉𝑉 𝑖𝑖𝑁𝑁 𝐶𝐶(𝑉𝑉 𝑖𝑖𝑁𝑁 + 𝑉𝑉 𝑜𝑜 )
, 𝑐𝑐 = 4𝐿𝐿𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶(𝑉𝑉 𝑖𝑖𝑁𝑁 + 𝑉𝑉 𝑜𝑜 )

Controller design

For convenience, denote the output 𝑦𝑦 = 𝑣𝑣 𝑜𝑜 , and the control 𝑢𝑢 = 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 . Therefore, it follows from (2.27) that 𝑦𝑦̇= 𝑘𝑘 0 𝑢𝑢 + 𝜙𝜙(𝑦𝑦, 𝑢𝑢, 𝑢𝑢)

(2.28)

where 𝜙𝜙(𝑦𝑦, 𝑢𝑢, 𝑢𝑢) = (𝑘𝑘 -𝑘𝑘 0 )𝑢𝑢 -𝑐𝑐𝑢𝑢̇-𝑎𝑎𝑦𝑦 represents the total disturbance, and 𝑘𝑘 0 is the control parameter to be tuned.

Define the states as 𝒙𝒙 = [𝑥𝑥 1 , 𝑥𝑥 2 ] 𝑇𝑇 = [𝑦𝑦, 𝜙𝜙] 𝑇𝑇 , thus (2.28) can be rewritten as:

⎩ � � ⎨ � � ⎧ 𝒙𝒙̇= � 0 1 0 0 � � 𝑨𝑨 𝒙𝒙 + � 𝑘𝑘 0 0 � � 𝑩𝑩 𝑢𝑢 + � 0 𝜙𝜙 ̇� � 𝑬𝑬 𝑦𝑦 = [1 0] � 𝑪𝑪 𝒙𝒙 (2.29)
In order to estimate simultaneously the state variable and the total disturbance of (2.29) in real time, a linear ESO is constructed:

𝒛𝒛̇= 𝑨𝑨𝒛𝒛 + 𝑩𝑩𝑢𝑢 + � 𝑔𝑔 1 𝑔𝑔 2 � � 𝑮𝑮 𝑒𝑒 1 (2.30)
where 𝒛𝒛 = [𝑧𝑧 1 , 𝑧𝑧 2 ] 𝑇𝑇 , 𝑧𝑧 1 and 𝑧𝑧 2 are respectively the estimate of 𝑦𝑦 and 𝜙𝜙 , 𝑒𝑒 1 = 𝑥𝑥 1 -𝑧𝑧 1 . 𝑔𝑔 1 = 2𝜔𝜔 𝑜𝑜 and 𝑔𝑔 2 = 𝜔𝜔 𝑜𝑜 2 are observer parameters, 𝜔𝜔 𝑜𝑜 is the observer bandwidth.

The control law can be designed as:

𝑢𝑢 = 𝑢𝑢 0 -𝑧𝑧 2 𝑘𝑘 0 , 𝑢𝑢 0 = 𝑘𝑘 𝑝𝑝 (𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 -𝑧𝑧 1 ) (2.31) 
where 𝑘𝑘 𝑝𝑝 = 𝜔𝜔 𝑐𝑐 is the control parameter which represents the controller bandwidth.

Define the error vector

𝒆𝒆 = [𝑒𝑒 1 𝑒𝑒 2 𝑒𝑒 3 ] 𝑇𝑇 , 𝑒𝑒 1 = 𝑥𝑥 1 -𝑧𝑧 1 , 𝑒𝑒 2 = 𝑥𝑥 2 -𝑧𝑧 2 , 𝑒𝑒 3 = 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 - 𝑥𝑥 1
, therefore, the error dynamics are:

𝒆𝒆̇= ⎣ ⎢ ⎡ -𝑔𝑔 1 1 0 -𝑔𝑔 2 0 0 -𝑘𝑘 𝑝𝑝 -1 -𝑘𝑘 𝑝𝑝⎦ ⎥ ⎤ �� � ��� � �� 𝑯𝑯 𝒆𝒆 + � 0 𝜙𝜙 0� (2.32)
The eigenvalues of the matrix 𝑯𝑯 in (2.32) are:

𝜆𝜆 1 = 𝜆𝜆 2 = -𝜔𝜔 𝑜𝑜 , 𝜆𝜆 3 = -𝑘𝑘 𝑝𝑝 (2.33)
which all located in the left-half plane. The designed controller is globally asymptotically stable. It is reasonable to assume that the derivation of the total disturbance in steady-state is zero, lim 𝑁𝑁→∞ 𝜙𝜙 ̇= 0 . Thus, the error dynamics can converge to the equilibrium point: 

Controller validation

The circuit parameters of the FIBC are listed in Table 2.2. The converter design could refer to [START_REF] Zhuo | Design and control of a floating interleaved boost DC-DC converter for fuel cell applications[END_REF]. The controller parameters are tuned as 𝜔𝜔 𝑜𝑜 = 500, 𝑘𝑘 𝑝𝑝 = 250, 𝑘𝑘 0 = 800. Fig. 2.18 shows the simulation results of the converter with different operation points. As can be observed, the proposed controller has clearly a satisfactory performance with almost same voltage responses at different operation points. In the stage of start-up (increase from 0 to 48 V), there are zero voltage overshoot, and the setting time is 21.4ms. In the stage of set-point change (increase from 48 V to 56 V), the zero voltage overshoot is still ensured, and the setting time is 22.8ms. 

V in = 12V, R = 100Ω; case 2 is V in = 12V, R = 33Ω; case 3 is V in = 16V, R = 50Ω; case 4 is V in = 20V, R = 100Ω; case 5 is V in = 20V, R = 33Ω.
Fig. 2.19 presents the experimental results when the step load disturbance from 0.5 to 2 A, and then back to 0.5 A is applied to the converter. It is seen that during the disturbance transient, the voltage rise is 6.3 V, and the setting time is about 20ms. Moreover, in steadystate, the output voltage can arrive at the reference value 48 V, showing good robustness to the load variation. 

Extension to High-Order ESO-based Controller

Be same as that of the PI control, the limitation of the ESO-based method is that, it cannot deal with the time-varying disturbance, for example ramp disturbance, appropriately, resulting in a steady-state error in the output voltage [START_REF] Zhuo | High-order ESO-based voltage control for high-gain DC-DC floating interleaved boost converter with time-varying disturbance[END_REF]. To this end, in this section, an enhanced controller based on high-order ESO (also termed as generalized proportionalintegral observer [START_REF] Sun | GPIO-based robust control of nonlinear uncertain systems under time-varying disturbance with application to DC-DC converter[END_REF][START_REF] Wang | Generalized proportional integral observer based robust finite control set predictive current control for induction motor systems with time-varying disturbances[END_REF]) is proposed and analyzed. Consider the FIBC in Chapter 2.5, the plant model shown in (2.27) has been rewritten as follows.

𝑦𝑦̇= 𝑘𝑘 0 𝑢𝑢 + 𝜙𝜙(𝑦𝑦, 𝑢𝑢, 𝑢𝑢)

where 𝜙𝜙(𝑦𝑦, 𝑢𝑢, 𝑢𝑢) = (𝑘𝑘 -𝑘𝑘 0 )𝑢𝑢 -𝑐𝑐𝑢𝑢̇-𝑎𝑎𝑦𝑦 represents the total disturbance, and 𝑘𝑘 0 is the control parameter to be tuned.

Controller design

The high-order ESO is the extension and generalization of conventional ESO, the generalized N-order ESO for system (2.34) can be formulized as:

⎩ � � ⎨ � � ⎧ 𝑧𝑧 ̇1 = 𝑘𝑘 0 𝑢𝑢 + 𝑧𝑧 2 + 𝑔𝑔 1 (𝑦𝑦 -𝑧𝑧 1 ) 𝑧𝑧 ̇2 = 𝑔𝑔 2 (𝑦𝑦 -𝑧𝑧 1 ) + 𝑧𝑧 3 … … 𝑧𝑧 ̇𝑁𝑁+1 = 𝑔𝑔 𝑁𝑁+1 (𝑦𝑦 -𝑧𝑧 1 ) (2.35) 
where 𝑧𝑧 𝑁𝑁 (𝜙𝜙 = 1,2, … , 𝑁𝑁 + 1) is the observer variable, and the tracking form is 𝑧𝑧 1 → 𝑦𝑦, 𝑧𝑧 2 → 𝜙𝜙 and 𝑧𝑧 𝑁𝑁 → 𝜙𝜙 (𝑁𝑁-2) , 𝜙𝜙 = 3,4, … , 𝑁𝑁 + 1 . 𝜙𝜙 (𝑁𝑁-2) represents the (𝜙𝜙 -2) order derivative of the variable 𝜙𝜙. It is noted that the conventional ESO can be regarded as the first-order form ESO [START_REF] Godbole | Performance analysis of generalized extended state observer in tackling sinusoidal disturbances[END_REF][START_REF] Miklosovic | Discrete implementation and generalization of the extended state observer[END_REF].

The final control law is designed the same with that of the ADRC with conventional ESO, see (2.31). Fig. 2.20 shows the block diagram of the controller. It follows from (2.31), (2.34), and (2.35) that for the N-order ESO, the transfer function from the total disturbance to the disturbance estimation error is:

𝑧𝑧 2 (𝜙𝜙) -𝜙𝜙(𝜙𝜙) 𝜙𝜙(𝜙𝜙) = - 𝜙𝜙 𝑁𝑁 (𝜙𝜙 + 𝑔𝑔 1 ) 𝜙𝜙 𝑁𝑁+1 + 𝑔𝑔 1 ⋅ 𝜙𝜙 𝑁𝑁 + ∑ 𝑔𝑔 𝑁𝑁+1 𝑁𝑁 𝑁𝑁=1 ⋅ 𝜙𝜙 𝑁𝑁-𝑁𝑁 (2.36)
Based on the same principle of bandwidth tuning method, the observer parameter 𝑔𝑔 𝑁𝑁 (𝜙𝜙 = 1,2, … , 𝑁𝑁 + 1) can be selected as: 𝑁𝑁+1 (2.37) 

𝜙𝜙 𝑁𝑁+1 + 𝑔𝑔 1 𝜙𝜙 𝑁𝑁 + � 𝑔𝑔 𝑁𝑁+1 𝑁𝑁 𝑁𝑁=1 ⋅ 𝜙𝜙 𝑁𝑁-𝑁𝑁 = (𝜙𝜙 + 𝜔𝜔 𝑜𝑜 )
V ref v o I Lref G ie (s) f Equivalent Plant N-ESO u y z 2 z 1 k p b 0 1/b 0 total disturbance 1/s v o FIBC I Lref d 1 i L1 , i L2

Controller performance evaluation

A. Disturbance estimation accuracy performance

It can be derived from (2.36) that the conventional ESO (N = 1) can achieve errorless tracking for the step disturbance. However, for the time-varying ramp disturbance (𝜙𝜙 = 𝑎𝑎𝑡𝑡, 𝑎𝑎 is the slope, and 𝑡𝑡 is the time), which is also very common for the converter in FC applications, the conventional ESO cannot estimate it accurately, there exists a steady-state error of -2𝑎𝑎/𝜔𝜔 𝑜𝑜 .

In order to deal with the time-varying ramp disturbance, the N-order ESO is proposed. The steady-state error of the disturbance estimation is:

lim 𝑁𝑁→0 𝜙𝜙 ⋅ 𝑧𝑧 2 (𝜙𝜙) -𝜙𝜙(𝜙𝜙) 𝜙𝜙(𝜙𝜙) 𝑎𝑎 𝜙𝜙 2 = - 𝑎𝑎(𝜙𝜙 + 𝑔𝑔 1 )𝜙𝜙 𝑁𝑁-1 (𝜙𝜙 + 𝜔𝜔 𝑜𝑜 ) 𝑁𝑁+1 (2.38)
It can be seen from (2.38) that the N-order ESO can accurately estimate the step disturbance. However, to achieve the errorless estimation of ramp disturbance, at least the second-order ESO (N = 2) should be selected.

B. Disturbance rejection performance

The transfer function from the total disturbance to the output voltage for the N-order ESObased controller can be derived as follows, based on (2.31), (2.34), and (2.35). 𝑁𝑁+1 (2.39) Fig. 2.21 shows the Bode plot of (2.39) for the ADRC controller with ESO, 2-ESO, and 3-ESO, respectively. As can be seen, compared to the ADRC with conventional ESO, the proposed ADRC with high-order ESO has stronger disturbance rejection ability, as the disturbance is generally of low frequency. In addition, the anti-disturbance ability is enhanced with the increase of the order of ESO. 

𝜙𝜙 𝐿𝐿 (𝜙𝜙) = 𝑣𝑣 𝑜𝑜 (𝜙𝜙) 𝜙𝜙(𝜙𝜙) = 𝜙𝜙 𝑁𝑁 �𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 � �𝜙𝜙 + 𝑘𝑘 𝑝𝑝 �(𝜙𝜙 + 𝜔𝜔 𝑜𝑜 )

C. Noise Immunity Performance

The transfer function from the measurement noise to the output voltage for the N-order ESObased controller can be derived as follows, based on (2.31), (2.34), and (2.35).

𝜙𝜙 𝑁𝑁 (𝜙𝜙) = 𝑣𝑣 𝑜𝑜 (𝜙𝜙) 𝛿𝛿 𝑁𝑁 (𝜙𝜙) = - 𝑘𝑘 𝑝𝑝 𝑔𝑔 1 𝜙𝜙 𝑁𝑁 + ∑ 𝑔𝑔 𝑁𝑁+1 ⋅ �𝑘𝑘 𝑝𝑝 + 𝜙𝜙� ⋅ 𝜙𝜙 𝑁𝑁-𝑁𝑁 𝑁𝑁 𝑁𝑁=1
�𝜙𝜙 + 𝑘𝑘 𝑝𝑝 �(𝜙𝜙 + 𝜔𝜔 𝑜𝑜 ) 𝑁𝑁+1

(2.40) Fig. 2.22 shows the Bode plot of (2.40) for the ADRC controller with ESO, 2-ESO, and 3-ESO, respectively. As can be seen, in comparison with the ADRC with conventional ESO, the ADRC with higher-order ESO would weaken a little the noise immunity, as the noise is normally of high frequency. In addition, the higher order ESO leads to weaken noise immunity.

D. Stability performance

The block diagram of the transfer function for the proposed controller with state feedback is plotted in Fig. 2.23. The related transfer functions are derived as:

𝐻𝐻(𝜙𝜙) = 𝑘𝑘 𝑝𝑝 𝜙𝜙 𝑁𝑁+1 + 𝑔𝑔 1 𝜙𝜙 𝑁𝑁 + ∑ 𝑔𝑔 𝑁𝑁+1 𝑁𝑁 𝑁𝑁=1 ⋅ 𝜙𝜙 𝑁𝑁-𝑁𝑁 𝑘𝑘 𝑝𝑝 ⋅ 𝜙𝜙 𝑁𝑁 ⋅ 𝑔𝑔 1 + ∑ 𝑔𝑔 𝑁𝑁+1 ⋅ 𝑁𝑁 𝑁𝑁=1
�𝑘𝑘 𝑝𝑝 + 𝜙𝜙� ⋅ 𝜙𝜙 𝑁𝑁-𝑁𝑁

(2.41)

𝐶𝐶(𝜙𝜙) = 1 𝑘𝑘 0 𝑘𝑘 𝑝𝑝 ⋅ 𝜙𝜙 𝑁𝑁 ⋅ 𝑔𝑔 1 + ∑ 𝑔𝑔 𝑁𝑁+1 ⋅ 𝑁𝑁 𝑁𝑁=1
�𝑘𝑘 𝑝𝑝 + 𝜙𝜙� ⋅ 𝜙𝜙 𝑁𝑁-𝑁𝑁 𝜙𝜙 𝑁𝑁 �𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 �

(2.42) Thus, the loop gain transfer function 𝑇𝑇 (𝜙𝜙) is:

𝑇𝑇 (𝜙𝜙) = 𝐶𝐶(𝜙𝜙)𝐺𝐺 𝑖𝑖𝑐𝑐 (𝜙𝜙)
(2.43) Fig. 2.24 shows the Nyquist curves of 𝑇𝑇 (𝜙𝜙) for the ADRC controller with ESO, 2-ESO and 3-ESO, respectively, by considering the wide converter operation range. The gain margin and phase margin are summarized in Table 2.3. As can be seen from the figure and Table 2.3, the three controllers are stable. Additionally, both the phase margin and gain margin of the controller are reduced with the augmentation of the order of ESO.

E. Discussion

According to the above analysis, the proposed ADRC controller with high-order ESO can estimate the time-varying ramp disturbance without error. Moreover, with the increase in the order of ESO, the disturbance rejection ability is enhanced, while the noise immunity is weaken, and both the phase margin and gain margin of the controller are reduced. Therefore, the selection of the order of ESO is a trade-off among the anti-disturbance ability, the noise immunity and the stability margin. Finally, the 2-ESO is chosen. 

Controller validation

A. Simulation results

The simulation model including the FIBC and the closed-loop controller is established based on MATLAB/Simulink. The circuit parameters of FIBC are listed in Table 2.2, the inductor resistor 𝑓𝑓 𝐿𝐿 = 0.40Ω, and the capacitor resistor 𝑓𝑓 𝐶𝐶 = 0.04Ω. The controller parameters for the inductor current inner-loops are 𝜆𝜆 = 0.05 and 𝛼𝛼 = 60. For the output voltage outerloop, both the ADRC controller with ESO and 2-ESO are tuned as 𝑘𝑘 0 = 800, 𝑘𝑘 𝑝𝑝 = 400/3, 𝜔𝜔 𝑜𝑜 = 400 to guarantee a fair comparison; the PI controller tuned in [START_REF] Huangfu | Robust voltage control of floating interleaved boost converter for fuel cell systems[END_REF] is utilized for comparison, 𝑘𝑘 𝑝𝑝 = 0.25, 𝑘𝑘 𝑖𝑖 = 16. The time-varying load current ramp disturbance is applied. First, the converter input voltage is set as 𝑣𝑣 𝑖𝑖𝑁𝑁 = 16𝑉𝑉 . Fig. 2.27 presents the simulation results of the converter with PI control, ADRC with ESO, and ADRC with 2-ESO, respectively. It is seen that at the start, all the three controllers can achieve accurate voltage regulation. However, when the load current changes from 0.5A to 1.5A with a constant speed, it is noted that there exists a steady-state voltage error of 1.5V and 0.8V for PI control and ESO-based ADRC, respectively. For the proposed 2-ESO-based ADRC, the voltage error is reduced to zero. The similar phenomenon can be observed when load current varies back from 1.5A to 0.5A. The results validate the theoretical analysis in Chapter 2.6.2 that the proposed 2-ESO-based ADRC has better ability in dealing with time-varying ramp disturbance. Second, to account for the load current disturbance and the simultaneous input voltage perturbation within FC application, the converter is interfaced with a 20-cell 100W FC stack modeled in [29,30]. Fig. 2.28 shows the simulation results of the converter with PI control, ADRC with ESO, and ADRC with 2-ESO, respectively. As can be seen, the load current variation from 0.5A to 1.5A results in the inverse change of input voltage (FC voltage) from 16.9V to 12.9V. Despite this, the three controllers can achieve accurate voltage regulation under no disturbance. However, during the load current ramping disturbance from 0.5A to 1.5A or from 1.5A to 0.5A, there is a steady-state voltage error for both PI control and ESObased ADRC. On the contrary, for the proposed 2-ESO-based ADRC, the voltage error is reduced to zero. Fig. 2.28 verifies again that the proposed controller has better ability in dealing with time-varying ramp disturbance. The efficacy of the proposed method for converter for FC application is also demonstrated. 

B. Experimental results

First, the converter is interfaced with a constant DC source. The converter input voltage is set as 𝑉𝑉 𝑖𝑖𝑁𝑁 = 16V. The dynamic load current disturbance ramping from 0.5A to 1.5A with a duration of 0.1s and then back is applied. The experiment results of PI control, ADRC with ESO, and ADRC with 2-ESO are present in Fig. 2.29(a), (b), (c), respectively. It is seen that during the load current ramp disturbance, there is a steady-state voltage error of 1.2V and 0.8V for the PI control, and ADRC with ESO, respectively. By contrast, for the proposed ADRC with 2-ESO, there is no steady-state error, the output voltage maintains at the reference value of 48V.

Second, to further test the efficacy of the proposed method for FC application where the converter input voltage would vary, a FC stack emulator is built. The aforementioned 100-W FC stack model is executed in dSPACE in real-time, then the calculated FC voltage signal is sent to a programmable DC power source to output the desired voltage. The converter is interfaced with such a FC stack emulator. The same ramp load disturbance is applied again, and the experiment results of PI control, ADRC with ESO, and ADRC with 2-ESO are shown in Fig. 2.30(a), (b), and (c), respectively.

As can be seen, the load current variation from 0.5A to 1.5A leads to the FC voltage change from 16.8V to 14V. Despite this, the three controllers can regulate the output voltage to the reference value of 48V due to good robustness. However, during the time-varying load current ramp disturbance from 0.5A to 1.5A, there is a steady-state voltage error of 1.2V and 0.8V for PI control, and ADRC with ESO, respectively. Similarly, it is also observed a steady-state voltage error of 1.6V and 0.8V for PI control, and ADRC with ESO, respectively, under the load current ramp variation from 1.5A to 0.5A. For the proposed ADRC with 2-ESO, the voltage error is reduced to zero, showing better ability in rejecting ramp disturbance. The experiment results coincide with the theoretical analysis and the simulation results. 

Summary

The DC-DC interleaved converter for fuel cell application inevitably encounters the converter uncertainties (converter circuit parameter deviations due to manufacture and aging) and the unknown external disturbances (load current disturbance and input voltage disturbance). To better deal the two issues, a robust controller based on ESO is proposed for an IBC for FC application. The converter uncertainties and external disturbances are treated as the total disturbance, which is estimated by ESO and then removed in the control law. Moreover, it is presented that the PI control can be regarded as a kind of disturbance estimation-based control, which uses the integral action as the disturbance estimation. Based on this point, a theoretical study is conducted, in order to fairly evaluate and compare these two controllers. It is shown that the proposed ESO-based controller has superior performance. Another salient feature of the proposed method is that its parameter tuning is much simpler, as the controller parameters have physical meaning. The effectiveness and robustness of the proposed controller are validated by the simulation and experimental results acquired from an IBC interfaced with a FC stack emulator [START_REF] Zhuo | Extended state observer-based control of DC-DC converters for fuel cell application[END_REF].

Moreover, the proposed ESO-based method is applied to another interleaved converter, namely, a FIBC, which has higher voltage gain. The obtained simulation and experimental results verify again the feasibility of the proposed controller.

Finally, to attenuate / eliminate the non-zero steady-state voltage caused by the unknown time-varying disturbance, for example ramp disturbance, an enhanced controller based on high-order ESO is proposed for FIBC for FC application. Theoretical analysis is carried out to evaluate the controller performance of arbitrary order ESO. It is shown that compared with the ESO-based method, the controller with high-order ESO has enhanced anti-disturbance ability, while with the sacrifice of small reduction in the anti-noise performance and stability margin. Simulation and experimental results demonstrate the effectiveness of the developed controller [START_REF] Zhuo | Enhanced robust control of a DC-DC converter for fuel cell application based on high-order extended state observer[END_REF].

In the next Chapter 3, an adaptive controller with switch fault consideration will be proposed to ensure the continuous operation and maintain the control performance in both healthy mode and switch fault mode, on the basis of the controller developed in this chapter.

Chapter 3

Control of the Interleaved Converter Considering Switch Open-Circuit Fault

Introduction

In Chapter 2, the ADRC based on ESO for the converter in healthy mode is elaborated and validated, both the converter uncertainties and external disturbances are considered. The reliability of the DC-DC power converter is a critical issue as well. According to an industrybased survey [1], the power semiconductor device is one of the most delicate components. Therefore, an appropriate control scheme with switch fault consideration is necessary to be designed for the converter, to ensure the continuous operation and maintain the control performance in all conditions. Remind that the main control goals of the interleaved converter are constant output voltage, proper current sharing, and phase shifting to reduce the input current ripple. The switch fault generally leads to the loss of the phase of the interleaved converter, which has considerable adverse effects on the controller performance. In Chapter 2, the case of switch fault has been considered in selecting the current sharing control scheme, thus both the pre-and post-fault equal current sharing can be guaranteed. The post-fault phase shifting to optimize the current ripple will be discussed in Chapter 5. This chapter focuses on the voltage control with switch fault consideration.

The control with switch fault consideration generally can be classified as passive fault tolerant control, and active fault tolerant control. The philosophy of conventional passive fault tolerant control is to find a trade-off controller for both healthy mode and switch fault mode. It suffers from the problem of conservativeness: the controller performance is compromised under each situation [2]. The active fault tolerant control [3] consisting of fault detection, fault isolation, and fault reconfiguration can solve this problem. Its principle is to implement two (or more) separate controllers for healthy mode and switch fault mode, respectively. Once the switch failure is diagnosed, the controller is then reconfigured to overcome the effect of switch fault. Thus, the converter performance under both situations can be optimized. For example, in [4,5], after diagnosing the switch fault in a three-phase IBC, the PI controller gains are switched, and satisfactory post-fault voltage regulation is thus obtained. The limitation is that the configured controller relies highly on the fault information [2]. That's to say, the converter performance depends heavily on the accuracy and rapidity of the fault diagnosis scheme, which normally are two contradictory features within fault diagnosis design. A false alarm from fault diagnosis could lead to the loss of effectiveness of the designed controller. Moreover, the time delay of detection and isolation may cause deteriorated system performance and even make the system unstable if the reconfiguration time is too long.

In this chapter, to maintain the proper controller performance in both healthy mode and switch open-circuit fault mode without relying on the fault diagnosis information, an ESObased adaptive ADRC is developed and applied to a FIBC. The switch fault uncertainty is regarded as part of the total disturbance, which is estimated by the ESO and then canceled in the control law. Within the proposed controller, the system input control gain b of the converter is obtained approximately in real time, based on the duty cycle signals. This estimated value is then used to adapt the controller parameter b0, which allows reducing the estimation burden of ESO [6][7][8]. It is shown that in comparison with the conventional ADRC with constant b0, the performance of the proposed ADRC with adaptive b0 is improved considerably, especially in converter switch fault mode. Moreover, the influences of the controller parameters on the system dynamic performance are analyzed, providing a practical guideline for tuning controller parameters. Both the simulation and experimental results validate the effectiveness of the proposed method.

Converter Topology

The topology of FIBC [9,10] has been introduced in Chapter 2.5. For convenience, the topology of FIBC is re-plotted, as shown in Fig. 3.1. It consists of the inductor 𝐿𝐿 𝐿𝐿 (𝑘𝑘 = 1, 2), the switch 𝑆𝑆 𝐿𝐿 (𝑘𝑘 = 1, 2) , the diode 𝐷𝐷 𝐿𝐿 (𝑘𝑘 = 1, 2) and the capacitor 𝐶𝐶 𝐿𝐿 (𝑘𝑘 = 1, 2) . The 𝑓𝑓 𝐿𝐿 (𝑘𝑘 = 1, 2) represents the lumped parasitic resistor of the circuit, and 𝑅𝑅 is the load resistor. For modularity design, generally, the symmetrical circuit parameters are considered:

𝐿𝐿 1 = 𝐿𝐿 2 = 𝐿𝐿, 𝐶𝐶 1 = 𝐶𝐶 2 = 𝐶𝐶, 𝑓𝑓 1 = 𝑓𝑓 2 = 𝑓𝑓, 𝜙𝜙 1 = 𝜙𝜙 2 = 𝜙𝜙 (3.1)
where 𝜙𝜙 𝐿𝐿 (𝑘𝑘 = 1, 2) is the duty cycle for switch 𝑆𝑆 𝐿𝐿 .

The continuous conduction mode operation of FIBC is ensured by proper inductor sizing. During the ON-stage (𝛿𝛿 𝐿𝐿 = 1) of switch 𝑆𝑆 𝐿𝐿 , the inductor stores energy from the source, and the capacitor discharges to supply the load. During the OFF-stage (𝛿𝛿 𝐿𝐿 = 0) of switch 𝑆𝑆 𝐿𝐿 , the inductor discharges to supply the load and to charge the capacitor simultaneously. Thus, the FIBC can be modeled as follows.

⎩ � � � � � ⎨ � � � � � ⎧ 𝜙𝜙𝑖𝑖 𝐿𝐿1 𝜙𝜙𝑡𝑡 = 1 𝐿𝐿 (𝑣𝑣 𝑖𝑖𝑁𝑁 -𝑖𝑖 𝐿𝐿1 𝑓𝑓 -(1 -𝛿𝛿 1 )𝑣𝑣 𝐶𝐶1 ) 𝜙𝜙𝑖𝑖 𝐿𝐿2 𝜙𝜙𝑡𝑡 = 1 𝐿𝐿 (𝑣𝑣 𝑖𝑖𝑁𝑁 -𝑖𝑖 𝐿𝐿2 𝑓𝑓 -(1 -𝛿𝛿 2 )𝑣𝑣 𝐶𝐶2 ) 𝜙𝜙𝑣𝑣 𝐶𝐶1 𝜙𝜙𝑡𝑡 = 1 𝐶𝐶 ((1 -𝛿𝛿 1 )𝑖𝑖 𝐿𝐿1 -𝑖𝑖 𝑜𝑜 ) 𝜙𝜙𝑣𝑣 𝐶𝐶2 𝜙𝜙𝑡𝑡 = 1 𝐶𝐶 ((1 -𝛿𝛿 2 )𝑖𝑖 𝐿𝐿2 -𝑖𝑖 𝑜𝑜 ) (3.2)
where 𝑖𝑖 𝐿𝐿1 and 𝑖𝑖 𝐿𝐿2 are the currents through the inductor 𝐿𝐿 1 and 𝐿𝐿 2 , respectively; 𝑣𝑣 𝐶𝐶1 and 𝑣𝑣 𝐶𝐶2 are the voltages across the capacitor 𝐶𝐶 1 and 𝐶𝐶 2 , respectively; 𝑣𝑣 𝑖𝑖𝑁𝑁 is the input source voltage, 𝑖𝑖 𝑜𝑜 is the load current, and 𝛿𝛿 𝐿𝐿 (𝑘𝑘 = 1, 2) is the control signal for switch 𝑆𝑆 𝐿𝐿 .
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Overall Control Strategy

Control scheme

In order to achieve the control goals of constant output voltage, equal current sharing between modules and constant switching frequency for phase shifting, a dual-loop cascade control strategy with inductor current inner-loop and output voltage outer-loop, as shown in Fig. 3.2, is presented.

The outer-loop is based on the ADRC algorithm [11] and it generates the reference current 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 for the inner-loops. Then the inner-loops based on super-twisting sliding mode algorithm gives the duty cycles 𝜙𝜙 𝐿𝐿 (𝑘𝑘 = 1, 2) by dealing with the inductor current errors.

The saturation of 0 ≤ 𝜙𝜙 𝐿𝐿 ≤ 1 is imposed. The controller parameter 𝑘𝑘 0 is adapted in real time, based on the output duty cycles via digital filters. Finally, the PWM block generates the corresponding switch gate signal 𝛿𝛿 𝐿𝐿 . In order to take advantage of the phase interleaving to reduce the input current ripple, the two switch gate signals are phase shifted by 𝜋𝜋. 
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ST current control

The super-twisting sliding mode algorithm [12] is chosen for the inner-loop control. The sliding mode surface is defined as:

𝜙𝜙 𝐿𝐿 (𝑥𝑥) = 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 -𝑖𝑖 𝐿𝐿𝐿𝐿 , 𝑘𝑘 = 1, 2 (3.3) 
where 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 is the reference inductor current generated by the outer-loop.

The control law of super-twisting sliding mode algorithm is:

𝜙𝜙 𝐿𝐿 = 𝜆𝜆|𝜙𝜙 𝐿𝐿 | 1 2 sign(𝜙𝜙 𝐿𝐿 ) + 𝛼𝛼 � sign(𝜙𝜙 𝐿𝐿 )𝜙𝜙𝑡𝑡 , 𝑘𝑘 = 1,2 (3.4) 
where 𝜆𝜆 and 𝛼𝛼 are parameters to be designed, and sign(𝑥𝑥) is the standard sign function of variable 𝑥𝑥.

The equivalent control 𝜙𝜙 𝑐𝑐𝑒𝑒 can be derived by using the invariance condition (𝜙𝜙 𝐿𝐿 = 𝜙𝜙̇𝐿𝐿 = 0).

𝜙𝜙 𝑐𝑐𝑒𝑒 = 1 + 𝐿𝐿 𝜙𝜙𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝜙𝜙𝑡𝑡 -𝑣𝑣 𝑖𝑖𝑁𝑁 + 𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝑣𝑣 𝐶𝐶 (3.5)
Substitute (3.5) to (3.2), the ideal sliding mode dynamic [13,14] can then be expressed: where 𝜙𝜙(𝑦𝑦, 𝑢𝑢, 𝑢𝑢) = (𝑘𝑘 -𝑘𝑘 0 )𝑢𝑢 -𝑐𝑐𝑢𝑢̇-𝑎𝑎𝑦𝑦 represents the total disturbance, and 𝑘𝑘 0 is the control parameter to be tuned.

𝜙𝜙𝑣𝑣 𝐶𝐶 𝜙𝜙𝑡𝑡 = 𝑣𝑣 𝑖𝑖𝑁𝑁 -
In order to build up an ADRC controller, a linear ESO is constructed to estimate simultaneously the state variable and the total disturbance of (3.14) in real time.

� 𝑧𝑧 ̇1 = 𝑧𝑧 2 + 𝑘𝑘 0 𝑢𝑢 + 𝑔𝑔 1 (𝑦𝑦 -𝑧𝑧 1 ) 𝑧𝑧 ̇2 = 𝑔𝑔 2 (𝑦𝑦 -𝑧𝑧 1 ) (3.15) 
where 𝑧𝑧 1 and 𝑧𝑧 2 are respectively the estimate of 𝑦𝑦 and 𝜙𝜙 , 𝑔𝑔 1 and 𝑔𝑔 2 are observer parameters.

The control law can be designed as

𝑢𝑢 = 𝑢𝑢 0 -𝑧𝑧 2 𝑘𝑘 0 (3.16)
such that the system (3.14) can be simplified as an integral unit 𝑦𝑦̇≈ 𝑢𝑢 0 (3.17)

supposing that the total disturbance 𝜙𝜙 is well estimated by 𝑧𝑧 2 .

Therefore, a simple proportional control can be used:

𝑢𝑢 0 = 𝑘𝑘 𝑝𝑝 (𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 -𝑧𝑧 1 ) (3.18) 
where 𝑘𝑘 𝑝𝑝 = 𝜔𝜔 𝑐𝑐 is the control parameter which represents the controller bandwidth.

Obtaining the system control gain b in real time

For the conventional ADRC, the controller parameter 𝑘𝑘 0 is selected as the nominal value of system control gain 𝑘𝑘. However, according to (3.9) and (3.12), the value of 𝑘𝑘 is influenced by the converter operation condition (including the input voltage and output voltage) and especially the switch fault. Therefore, a wide range 𝑘𝑘 𝑏𝑏 = 𝑘𝑘 0 /𝑘𝑘 is produced for the converter with switch fault consideration. According to the theoretical analysis and the results shown later, if the value of 𝑘𝑘 0 remains constant when switch fault occurs, the controller performance cannot be guaranteed any more.

In order to obtain satisfactory control performance for the converter with switch fault consideration, an improved ADRC controller with adaptive 𝑘𝑘 0 is proposed. The system input control gain 𝑘𝑘 is obtained approximately from the duty cycle signals based on the digital filters, then the estimated value is sent to update the controller parameter 𝑘𝑘 0 . The proposed method does not need extra sensors.

According to (3.9), when converter operating in healthy mode, there is

𝑘𝑘 1 = 2 𝑉𝑉 𝑖𝑖𝑁𝑁 -2𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶 ≈ 2 𝐶𝐶 𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝑉𝑉 𝐶𝐶 = 2 𝐶𝐶 (1 -𝜙𝜙) = 1 𝐶𝐶 ((1 -𝜙𝜙 1 ) + (1 -𝜙𝜙 2 )) (3.19)
where 𝜙𝜙 1 and 𝜙𝜙 2 are the output duty cycles.

When converter operating in switch fault mode, it follows from (3.12) that

𝑘𝑘 2 = 𝑉𝑉 𝑖𝑖𝑁𝑁 -2𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶 ≈ 1 𝐶𝐶 𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝑉𝑉 𝐶𝐶 = 1 𝐶𝐶 (1 -𝜙𝜙) = 1 𝐶𝐶 ((1 -𝜙𝜙 1 ) + (1 -𝜙𝜙 2 )) (3.20)
because either 1 -𝜙𝜙 1 or 1 -𝜙𝜙 2 equals zero, due to the duty cycle saturation.

In this way, the estimation of system control gain b under healthy mode and under switch fault mode can be unified as:

𝑘𝑘 ̂= 1 𝐶𝐶 ((1 -𝜙𝜙 1 ) + (1 -𝜙𝜙 2 )) (3.21)
It is noted in Fig. 3.2 that in order to smooth the value of 𝑘𝑘 ̂, digital filters are used. Moreover, the results of (3.21) can be extended to 𝑁𝑁 -phase FIBC with arbitrary 𝑀𝑀 switch faults (0 ≤ 𝑀𝑀 < 𝑁𝑁 ).

Influence of the Controller Parameter on the Controller Performance

The observer states can be derived as follows, according to ( Finally, the equivalent transfer functions for a second-order linear ADRC with state feedback are derived as follows, according to Fig. 3.3. In order to better estimate the total disturbance 𝜙𝜙, the bandwidth tuning method [16] is generally used to choose 𝑔𝑔 1 and 𝑔𝑔 2 , the character polynomial of the observer is thus expressed as 𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 = (𝜙𝜙 + 𝜔𝜔 𝑜𝑜 ) 2 (3.28)
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where 𝑔𝑔 1 = 2𝜔𝜔 𝑜𝑜 , 𝑔𝑔 2 = 𝜔𝜔 𝑜𝑜 2 , 𝜔𝜔 𝑜𝑜 is the observer bandwidth.

In general, the larger the 𝜔𝜔 𝑜𝑜 , the faster the total disturbance is observed and cancelled by the controller. However, the upper limit of 𝜔𝜔 𝑜𝑜 is restricted by the sensor noise and the sampling rate. If 𝜔𝜔 𝑜𝑜 is determined as an appropriate constant, the rest controller parameters to be selected are 𝑘𝑘 𝑝𝑝 and 𝑘𝑘 0 . In order to provide a practical guideline for controller tuning, the influence of these two parameters on the controller performance is analyzed.

Step reference tracking performance

The closed-loop transfer function of the system can be expressed as follows, according to (3.26). which shows that a smaller 𝑘𝑘 𝑝𝑝 (or 𝑘𝑘 𝜔𝜔 ) results in slower control response. Therefore, the allowed range of 𝑘𝑘 𝑏𝑏 for no overshoot and the system response speed are conflict and need to be carefully balanced. 

𝜙𝜙

Anti-disturbance performance

The closed-loop transfer function of the system from the disturbance to the output voltage can be formulized as follows, according to (3.26).

𝜙𝜙 𝑑𝑑 (𝜙𝜙) =

𝑉𝑉 𝑜𝑜 (𝜙𝜙) 𝜙𝜙(𝜙𝜙) = 𝑘𝑘 𝑏𝑏 𝜙𝜙�𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 � 𝑘𝑘 𝑏𝑏 𝜙𝜙 2 �𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 � + �𝑘𝑘 𝑝𝑝 𝑔𝑔 1 + 𝑔𝑔 2 �𝜙𝜙 + 𝑘𝑘 𝑝𝑝 𝑔𝑔 2 (3.32)

First, the influence of 𝑘𝑘 𝜔𝜔 is studied. Set 𝑘𝑘 𝑏𝑏 = 1, 𝜔𝜔 𝑜𝑜 = 400, the bode diagram of (3.32) with 𝑘𝑘 𝜔𝜔 variation is shown in Fig. 3.5. As can be seen, with the decreases of 𝑘𝑘 𝜔𝜔 , the disturbance rejection ability of the system is weakened, since the disturbance is generally of low frequency. Second, the influence of 𝑘𝑘 𝑏𝑏 is studied. Set 𝑘𝑘 𝜔𝜔 = 1/3, 𝜔𝜔 𝑜𝑜 = 400, the Bode diagram of (3.32) with 𝑘𝑘 𝑏𝑏 variation is shown in Fig. 3.6. As observed, the smaller 𝑘𝑘 𝑏𝑏 results in stronger disturbance rejection ability, as the disturbance is of low frequency. 

Anti-noise performance

The closed-loop transfer function of the system from the measurement noise to the output voltage can be given as follows, according to (3.26 First, the influence of 𝑘𝑘 𝜔𝜔 is studied. Take 𝑘𝑘 𝑏𝑏 = 1, 𝜔𝜔 𝑜𝑜 = 400, the bode diagram of (3.33) is presented in Fig. 3.7. As can be seen, with the decreases of 𝑘𝑘 𝜔𝜔 , the anti-noise ability of the system is enhanced, since the measurement noise is generally of high frequency.

Second, the influence of 𝑘𝑘 𝑏𝑏 is analyzed. Take 𝑘𝑘 𝜔𝜔 = 1/3, 𝜔𝜔 𝑜𝑜 = 400, the bode diagram of (3.33) is shown in Fig. 3.8. As observed, the bigger 𝑘𝑘 𝑏𝑏 corresponds to the stronger noise immunity, as the measurement noise is of high frequency. Finally, the influence of the controller parameters on the controller performance can be summarized as follows.

 The 𝜔𝜔 𝑜𝑜 mainly influences the disturbance estimation. The larger the 𝜔𝜔 𝑜𝑜 , the faster the total disturbance is observed and cancelled by the controller. However, the upper limit of 𝜔𝜔 𝑜𝑜 is restricted by the sensor noise and the sampling rate.

 When 𝜔𝜔 𝑜𝑜 is determined, the 𝑘𝑘 𝜔𝜔 mainly influences the system response speed.

Small 𝑘𝑘 𝜔𝜔 corresponds to slow system response, and vice versa. The 𝑘𝑘 𝜔𝜔 also has some influence on the disturbance rejection ability and the noise immunity.

 The 𝑘𝑘 𝑏𝑏 is indeed a key parameter. Under the constraint of no overshoot during step reference change, the lower bound of 𝑘𝑘 𝑏𝑏 is one, while the upper bound of 𝑘𝑘 𝑏𝑏 is determined by 𝑘𝑘 𝜔𝜔 . Moreover, smaller 𝑘𝑘 𝑏𝑏 leads to stronger disturbance rejection ability, and weaker noise immunity. Therefore, it would be better to set 𝑘𝑘 𝑏𝑏 = 1.

Simulation and Experiment Results

In order to validate the effectiveness and the robustness of the proposed adaptive ADRC, both the simulation and experiment tests are carried out. The simulation model including the FIBC and the controller is built based on MATLAB/Simulink. The specification and circuit parameter of the converter are given in Table 2.2, the inductor resistance 𝑓𝑓 𝐿𝐿 = 0.43Ω, and the capacitor resistance 𝑓𝑓 𝐶𝐶 = 0.04Ω. The sampling frequency of the inductor currents is 50 kHz, which is double of the switching frequency. The sampling frequency of the output voltage is 2.5 kHz.

For the super-twisting inner-loop, the controller parameters are tuned as 𝜆𝜆 = 0.05 and 𝛼𝛼 = 20. For the ADRC outer-loop, 𝜔𝜔 𝑜𝑜 = 400 and 𝑘𝑘 𝑝𝑝 = 𝜔𝜔 𝑐𝑐 = 400/3 are selected. The reference inductor current 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 is limited to 7 A. For the conventional ADRC controller, 𝑘𝑘 0 is set as the nominal value of system control gain, 𝑘𝑘 0 = 965. For the proposed adaptive ADRC controller, 𝑘𝑘 0 is updated in real time. In order to smooth the estimated system control gain 𝑘𝑘 ̂, cascaded digital filters consisting of an average filter and a low-pass filter are used. For the average filter, it takes an average at every 100 input values, and then outputs one average value. The low-pass filter can be formulized as 𝑘𝑘 0 (𝑘𝑘) = 𝑎𝑎 ⋅ 𝑘𝑘 ̂(𝑘𝑘) + (1 -𝑎𝑎) ⋅ 𝑘𝑘 0 (𝑘𝑘 -1), 𝑘𝑘 is the discrete time variable, 𝑘𝑘 ̂(𝑘𝑘) is the output of the average filter, 0 ≤ 𝑎𝑎 ≤ 1 is the filter coefficient. The filter coefficient is set as 𝑎𝑎 = 0.4. Furthermore, the experiment set-up is established by building a FIBC prototype and implementing the previously established controller model into the dSPACE DS1007. The configurations of the converter prototype and the controller parameters are the same as that in the simulation model. The experiment data are exported from the oscilloscope to the MATLAB, in order to better illustrate the results.

Voltage reference step change

The simulation and experiment results of the converter under step voltage reference from 40V to 56V are presented in Fig. 3.9. The input voltage is 16 V, and the load resistance is 100 Ω. It is obvious that the simulation and experiment results are well matched. It can be seen from Fig. 3.9(a) that, for the conventional controller with constant 𝑘𝑘 0 , when converter operating in healthy mode, there is no output voltage overshoot during the transition. However, when converter working in switch fault mode, the output voltage overshoot occurs.

In contrast, the results of the proposed controller with adaptive 𝑘𝑘 0 are shown in Fig. 3.9(b). It can be seen that the voltage responses of the converter in healthy mode and in fault mode are overlapped, and there is no overshoot during the transition. This is because that, when converter is operating in healthy mode, both the conventional controller with constant 𝑘𝑘 0 and the proposed controller with adaptive 𝑘𝑘 0 can hold 𝑘𝑘 𝑏𝑏 ≈ 1. In this case, as can be seen in Fig. 3.4(b), all the three poles are located on the horizontal axis. Therefore, the output voltage responses are good.

However, when converter is operating in switch fault mode, since the switch fault reduces the input control gain 𝑘𝑘 to 320 approximately, the controller with constant 𝑘𝑘 0 results in a larger 𝑘𝑘 𝑏𝑏 ≈ 965/320. In this case, as can be seen from Fig. 3.4(b), two poles close to the imaginary axis are complex poles, resulting in the overshoot of the output voltage. While for the controller with adaptive 𝑘𝑘 0 , 𝑘𝑘 𝑏𝑏 ≈ 1 is still hold after switch fault. Thus, good voltage response can be achieved in a post-fault converter. Furthermore, it is noted that in converter switch fault mode, the total disturbance estimation burden (absolute value of 𝑧𝑧 2 ) of the proposed controller is effectively reduced, in comparison with that of the conventional controller.

Converter parameter uncertainties

To test the ability of dealing with converter parameter uncertainty of the proposed controller, the inductance tolerance and the capacitance tolerance up to ±10%, and the inductor resistance variation up to ±50% are considered. The input voltage is 16 V, and the load resistance is 100 Ω. The voltage reference is stepped from 40 V to 56 V at t = 0.3 s, and the simulation results of the converter in healthy mode and in switch fault mode are presented in Fig. 3 

𝑘𝑘 𝑏𝑏 = 𝑘𝑘 k𝑘 = 𝐶𝐶 𝐶𝐶 0 (1 + 𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝑉𝑉 𝑖𝑖𝑁𝑁 -2𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 ) (3.34)
where 𝐶𝐶 0 is the nominal capacitance. The input voltage is much greater than the circuit voltage loss. Therefore, the above converter parameter uncertainties have limited influence on the parameter 𝑘𝑘 𝑏𝑏 , resulting in a very small deviation from 𝑘𝑘 𝑏𝑏 = 1. Thus, overlapped voltage response can be achieved before and after the switch fault.

Disturbance rejection ability

A sinusoidal load current disturbance of 𝑖𝑖 𝑜𝑜 = 0.5 + 0.25 sin(20𝜋𝜋𝑡𝑡) A is applied to the converter by using the electronic DC load, in order to test the disturbance rejection ability of the proposed ADRC controller. The input voltage is 16 V, and the output voltage is 48 V. The simulation and experiment results are presented in Fig. 3.11 and Fig. 3.12, respectively. It is observed that the simulation and experiment results are consistent. As shown in the figure, when converter is operating in healthy mode, the output voltage fluctuations of the conventional controller with constant 𝑘𝑘 0 and that of the proposed controller with adaptive 𝑘𝑘 0 are very similar. However, when converter is operating in switch fault mode, the output voltage fluctuation of the conventional controller is more serious than that of the proposed controller.

The reason is that when converter is operating in healthy mode, there is 𝑘𝑘 𝑏𝑏 ≈ 1 for both controllers, thus they have similar disturbance rejection ability. However, when converter is operating in switch fault, for the conventional controller with constant 𝑘𝑘 0 , the switch fault introduces a smaller input control gain 𝑘𝑘, leading to a larger 𝑘𝑘 𝑏𝑏 and weaker disturbance rejection ability, as shown in Fig. 3.6.

It is noted that the 𝑘𝑘 0 in the experiment results of Fig. 3.12(b) is not as smooth as that in the simulations of Fig. 3.11(b). The reason is that in order to be shown in the oscilloscope, the 𝑘𝑘 0 in the experiment results is exported from the dSPACE by using a digital-to-analog converter (DAC), which has limited accuracy.

In order to further test the disturbance rejection ability of the proposed controller, a sinusoidal input voltage disturbance of 𝑣𝑣 𝑖𝑖𝑁𝑁 = 16 + 4 sin(20𝜋𝜋𝑡𝑡) V is applied to the converter. The load resistance is 100 Ω, and the output voltage is 48 V. The obtained simulation and experiment results are presented respectively in Fig. 3.13 and Fig. 3.14. It is observed that the simulation and experiment results are consistent.

As can be seen from the figure, the output voltage fluctuation of the converter with proposed controller is smaller than that of the conventional controller, no matter in healthy mode or in switch fault mode. This is because that both input voltage variation and switch fault have straightforward influence on the input control gain 𝑘𝑘, see (3.19) and (3.20), resulting in a considerable deviation from 𝑘𝑘 𝑏𝑏 = 1 for the conventional controller with constant 𝑘𝑘 0 . However, for the proposed controller with adaptive 𝑘𝑘 0 , the value of 𝑘𝑘 𝑏𝑏 is kept around one. Therefore, the proposed controller is more robust to the input voltage variation, and tighter output voltage regulation can be obtained. 

Switch fault transition

The output voltage responses during switch fault transition are presented in Fig. 3.15. The input voltage is 16 V, the output voltage is 48 V, and the load resistance is 100 Ω. As can be seen from the figure, the experiment results agree with the simulation results. It is noted that the control goal of current sharing between phases is achieved in converter healthy mode. Once the open-circuit fault occurs in switch 𝑆𝑆 2 , the current of fault phase 𝑖𝑖 𝐿𝐿2 is suddenly reduced to zero, and the current of healthy phase 𝑖𝑖 𝐿𝐿1 increases to compensate the lost phase. It is shown that a short time after the switch fault, the inductor current of the fault phase 𝑖𝑖 𝐿𝐿2 increases from zero to be equal to the load current. This phenomenon naturally occurs in a two-phase FIBC when the capacitor 𝐶𝐶 2 ends discharging and the diode 𝐷𝐷 2 is forward biased.

Additionally, it is calculated that during the switch fault transition, the integral absolute error (IAE) of the output voltage with constant 𝑘𝑘 0 in the simulation result is 0.148, while the corresponding IAE is 0.103 with adaptive 𝑘𝑘 0 . Therefore, the proposed adaptive controller achieves better robustness when the switch fault occurs. The reason is that the switch fault leads to the decrease of 𝑘𝑘, thus 𝑘𝑘 𝑏𝑏 is increased for the controller with constant 𝑘𝑘 0 , and finally the disturbance rejection ability is reduced. However, for the proposed controller with adaptive 𝑘𝑘 0 , 𝑘𝑘 𝑏𝑏 = 1 is converged, and the disturbance rejection ability is thus kept.

It should be pointed out that the 𝑘𝑘 0 adaption speed, which is mainly determined by the filter coefficient of the low-pass filter within the cascaded digital filters, has direct influence on the current spike and voltage response during switch fault. The large filter coefficient leads to fast 𝑘𝑘 0 adaption rate, resulting in large current spike and fast voltage response, and vice versa. When the filter coefficient is zero, the parameter 𝑘𝑘 0 is not adapted any more, the proposed controller is degraded into the conventional controller with constant 𝑘𝑘 0 . The filter coefficient is tuned as 0.4 by balancing the current spike and the converter response speed. In order to further protect the converter, the inductor current reference value is limited, as illustrated at the beginning of Chapter 3.5. 

Summary

In this chapter, an improved adaptive ADRC controller is proposed and applied to a twophase FIBC with switch fault consideration, based on the controller developed in Chapter 2. In particular, the controller parameter 𝑏𝑏0 is adapted by obtaining approximately the system input control gain 𝑏𝑏 in real time, based on the duty cycles. The simulation and the experiment results validate that, compared with that of the conventional ADRC controller with constant 𝑏𝑏0, the performance of the proposed controller with adaptive 𝑏𝑏0 is improved considerably, especially under converter switch fault. Moreover, in this chapter, the influences of the ADRC controller parameters on the system dynamical performance are analyzed theoretically. Thus, it provides a practical guideline for selecting the proper controller parameters. The proposed controller can be extended to other interleaved DC-DC converters.

In the following Chapter 4, a switch fault diagnosis method based on sliding mode observer, which is used to monitor the healthy state of the converter, will be presented.
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In Chapter 3, the continuous and proper operation of the interleaved converter after switch fault is ensured by developing an improved adaptive controller. For the post-fault interleaved converter, the healthy phase needs to compensate for the lost phase due to switch fault, which will definitely increase the component stress of the healthy phase. To avoid component overstress and protect the converter circuit, it is necessary to diagnose the switch fault to monitor the healthy state of the converter, and then adjust the load power rating. The switch failures for DC-DC converter can broadly be classified as open-circuit fault (OCF) and shortcircuit fault (SCF). The switch SCF is crucial, and generally, hardware protection circuits such as fuse [1] and active driver are utilized to prevent it, by turning into the OCF before damaging the whole converter. The main focus of this chapter is the switch OCF.

The switch fault diagnosis approaches in the literature for power converters mainly can be distinguished as signal-based method, model-based method and knowledge-based method [2][3][4], as shown in Fig. 4.1. The knowledge-based method requires a large volume of historical data to train the expert diagnosis system, based on a variety of artificial intelligence techniques. The limitation is that the training process is complicated and time-consuming. It is more suitable for the complex systems in which the analysis and modeling are difficult.

The philosophy of the signal-based fault diagnosis method is measuring directly the signal that carries information about the fault of interest, and then extracting the feature signature as the symptom, such as mean, trends and slope. The fault decision can be made, according to the prior symptom analysis in converter healthy and fault mode. In the previous research work, different signatures are selected to diagnose switch fault for DC-DC power converter. The fault diagnosis methods based on the signature such as switch terminal voltage [5], diode terminal voltage [6], magnetic near field waveform [7], and magnetic component (inductor or transformer) voltage [8][9][10] can diagnose switch fault very fast, ranging from one switching period to several switching periods. The main limitation is that extra sensor or hardware is required for each switch, which increases the cost and volume of the converter. Therefore, they may be not suitable for DC-DC converters with multiple switches. In [11], capacitor voltages are utilized to detect the switch fault for three-level boost converter. It is cost-effective, no extra sensors are needed, as the diagnosis variables are within the control system. However, the fault detection time is increased to dozens or hundreds of switching periods, due to the inherent LC filter of the DC-DC converters. In [12][13][14], the slope of the inductor over time is observed to diagnose switch fault in a boost converter. In [15], the diagnosis method based on inductor current emulating is proposed for a boost converter. The diagnosis time is within several switching periods. No extra sensor is needed, as the inductor current measurement is included in the main controller. Similarly, the methods of input current derivative sign [16] and input current evolution [17] are proposed for the IBC. Nevertheless, there are two main constraints for FC application. The one is to satisfy the high current sampling rate requirement for fault diagnosis, the sampling system previously for the closed-loop control needs to be strengthened. The other is to improve the detection accuracy, it would be better that the current ripple could be considerable large, which is, however, undesired for FC stack long time service.

The model-based diagnosis method was originated to replace the hardware redundancy with the analytical redundancy. The principle is to check the consistency between the measured variables of the real converter and the predicted outputs based on the converter model. The difference between the measured variable and the predicted one is termed as residual. The model-based (more specially, observer-based) methods have become attractive recently, with the great advancement of digital signal processors. It has been applied to motor drives [18,19], modular multilevel converter [20,21], and DC-DC converter [22]. In [23], the switching model-based state estimator approach is utilized for fault detection and identification for different types of power converters. Due to the open-loop state estimation, it lacks robustness to the mismatches between the real converter and the mathematical converter model. Thus, a precise converter model is required. In [24][25][26][27][28], the linear or nonlinear observer with feedback based on the converter model is proposed to diagnose switch fault for DC-DC converters. The introduced residual feedback enables the robustness of the fault diagnosis to the modeling errors. The state observer-based method of [26] can detect switch OCF in an interleaved buck converter very fast (two switching periods). The feasibility is limited to offline validation.

In this chapter, a real-time sliding mode observer-based robust switch faults diagnosis method is proposed for DC-DC power converters for fuel cell application. The sliding mode observer [29], which features guaranteed stability and insensitivity to bounded uncertainties and disturbances, is used to generate the residual for fault diagnosis, based on a nominal converter model. By appropriately tuning the observer parameter, the residual would be robust to the converter uncertainties and disturbances and be sensitive to the switch fault. 
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Observer-Based Diagnosis Method

Based on the operation principle of the converter topology, the average model of the converter under healthy mode operating in continuous conduction mode can be written as follows.

� 𝒙𝒙(𝑡𝑡) = 𝑨𝑨𝒙𝒙(𝑡𝑡) + 𝑩𝑩𝑩𝑩(𝑡𝑡) 𝒚𝒚(𝑡𝑡) = 𝑪𝑪𝒙𝒙(𝑡𝑡) (4.1)

𝒙𝒙(𝑡𝑡) = [𝐼𝐼 𝐿𝐿1 (𝑡𝑡) 𝐼𝐼 𝐿𝐿2 (𝑡𝑡)] 𝑇𝑇 (4.2) 𝒚𝒚(𝑡𝑡) = 𝒙𝒙(𝑡𝑡), 𝑩𝑩(𝑡𝑡) = [𝑉𝑉 𝑖𝑖𝑁𝑁 𝑉𝑉 𝐶𝐶1 𝑉𝑉 𝐶𝐶2 ] 𝑇𝑇 (4.3) 𝑨𝑨 = � -𝑓𝑓 1 /𝐿𝐿 1 0 0 -𝑓𝑓 2 /𝐿𝐿 2 � , 𝑪𝑪 = � 1 0 0 1 � (4.4) 𝑩𝑩 = � 1/𝐿𝐿 1 (𝜙𝜙 1 -1)/𝐿𝐿 1 0 1/𝐿𝐿 2 0 (𝜙𝜙 2 -1)/𝐿𝐿 2 � (4.5) 
where 𝐼𝐼 𝐿𝐿𝐿𝐿 (𝑘𝑘 = 1,2), 𝑉𝑉 𝐶𝐶𝐿𝐿 (𝑘𝑘 = 1,2), and 𝑉𝑉 𝑖𝑖𝑁𝑁 are the average DC values of the variable 𝑖𝑖 𝐿𝐿𝐿𝐿 (𝑘𝑘 = 1,2), 𝑣𝑣 𝐶𝐶𝐿𝐿 (𝑘𝑘 = 1,2), and 𝑣𝑣 𝑖𝑖𝑁𝑁 , respectively.

Rewrite the model (4.1) as follows by using the nominal converter parameters, which is more practical to obtain in real applications.

⎩ � ⎨ � ⎧ 𝒙𝒙(𝑡𝑡) = 𝑨𝑨 0 𝒙𝒙(𝑡𝑡) + 𝑩𝑩 0 𝑩𝑩(𝑡𝑡) + 𝒇𝒇 0 (𝑡𝑡) 𝒇𝒇 0 (𝑡𝑡) = (𝑨𝑨 -𝑨𝑨 0 )𝒙𝒙(𝑡𝑡) + (𝑩𝑩 -𝑩𝑩 0 )𝑩𝑩(𝑡𝑡) 𝒚𝒚(𝑡𝑡) = 𝑪𝑪𝒙𝒙(𝑡𝑡) (4.6 
)

𝑨𝑨 0 = ⎣ ⎢ ⎡ - 𝑓𝑓 𝐿𝐿 0 0 - 𝑓𝑓 𝐿𝐿 ⎦ ⎥ ⎤ , 𝑩𝑩 0 = � 1/𝐿𝐿 (𝜙𝜙 1 -1)/𝐿𝐿 0 1/𝐿𝐿 0 (𝜙𝜙 2 -1)/𝐿𝐿 � (4.7) 
where 𝐿𝐿 and 𝑓𝑓 are respectively the nominal inductance and the lumped resistance of the circuit. 

0 no fault � -(𝑓𝑓 1 -𝑓𝑓)𝑥𝑥 1 /𝐿𝐿 -(𝑓𝑓 2 -𝑓𝑓)𝑥𝑥 2 /𝐿𝐿 � 1 𝑆𝑆 1 fault � -(𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 1 )/𝐿𝐿 -(𝑓𝑓 2 -𝑓𝑓)𝑥𝑥 2 /𝐿𝐿 � 2 𝑆𝑆 2 fault � -(𝑓𝑓 1 -𝑓𝑓)𝑥𝑥 1 /𝐿𝐿 -(𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 2 )/𝐿𝐿 �
Consider the case of switch OCF, the matrix 𝑨𝑨 and 𝑩𝑩 are deviated respectively by ∆𝑨𝑨 and ∆𝑩𝑩. The converter under switch fault can thus be modeled as:

� 𝒙𝒙(𝑡𝑡) = 𝑨𝑨 0 𝒙𝒙(𝑡𝑡) + 𝑩𝑩 0 𝑩𝑩(𝑡𝑡) + 𝒇𝒇 𝐿𝐿 (𝑡𝑡) 𝒇𝒇 𝐿𝐿 (𝑡𝑡) = 𝒇𝒇 0 (𝑡𝑡) + ∆𝑨𝑨𝒙𝒙(𝑡𝑡) + ∆𝑩𝑩𝑩𝑩(𝑡𝑡) (4.8) 
where 𝑘𝑘 ∈ {1, 2} indicates the fault location. The relationship between the 𝑘𝑘 and the 𝒇𝒇 𝐿𝐿 (𝑡𝑡) are calculated and then summarized in Table 4.1. 𝒇𝒇 0 (𝑡𝑡) corresponds to the case of healthy converter.

Linear observer-based diagnosis method

A. Observer Design Fig. 4.4 presents the linear observer-based diagnosis scheme. The designed linear observer predicts the selected variable, by using the same input with the real power converter. Then, the residual is generated by subtracting the predicted variable with the measured one. The residual feedback is utilized to compensate the modeling imperfection due to converter circuit parameter uncertainties. The residual is evaluated in the fault decision block. It is considered that the switch fault has occurred if the corresponding residual exceeds the preset threshold. The following linear observer is used to estimate the states of the converter system (4.1).

� 𝒙𝒙̂(𝑡𝑡) = 𝑨𝑨 0 𝒙𝒙(𝑡𝑡) + 𝑩𝑩 0 𝑩𝑩(𝑡𝑡) -𝑮𝑮𝒆𝒆(𝑡𝑡) 𝒚𝒚(𝑡𝑡) = 𝑪𝑪𝒙𝒙(𝑡𝑡)

(4.9)
where 𝒙𝒙(𝑡𝑡) is the observer state, 𝒆𝒆(𝑡𝑡) = 𝒚𝒚(𝑡𝑡) -𝒚𝒚(𝑡𝑡) = 𝒙𝒙(𝑡𝑡) -𝒙𝒙(𝑡𝑡) is the difference between the estimated and measured output. 𝑮𝑮 is the gain matrix to be designed, which has the following expression.

𝑮𝑮 = � 𝑔𝑔 1 0 0 𝑔𝑔 2 � , 𝑔𝑔 1 > 0, 𝑔𝑔 2 > 0.
It follows from (4.6), (4.8), and (4.9) that

𝒆𝒆(𝑡𝑡) = (𝑨𝑨 0 -𝑮𝑮𝑪𝑪)𝒆𝒆(𝑡𝑡) -𝒇𝒇 𝑁𝑁 (𝑡𝑡), 𝑘𝑘 = 0,1,2 (4.10) 
Therefore, the time evolution of the residual 𝒆𝒆(𝑡𝑡):

𝒆𝒆(𝑡𝑡) = 𝒆𝒆 (𝑨𝑨 0 -𝑮𝑮𝑪𝑪)𝑁𝑁 𝒆𝒆(0) -𝒇𝒇 𝐿𝐿 (𝑡𝑡) � 𝒆𝒆 (𝑨𝑨 0 -𝑮𝑮𝑪𝑪)(𝑁𝑁-𝜏𝜏) 𝜙𝜙𝑑𝑑 𝑁𝑁 0 (4.11) 
where 𝒆𝒆(0) is the initial condition.

Due to 𝑨𝑨 0 -𝑮𝑮𝑪𝑪 < 0, the first term in the right side of (4.11) decays to zero in steady state. The expression of the steady state residual thus can be simplified as:

𝒆𝒆 𝐿𝐿 = -𝒇𝒇 𝐿𝐿 (𝑡𝑡) � 𝒆𝒆 (𝑨𝑨 0 -𝑮𝑮𝑪𝑪)(𝑁𝑁-𝜏𝜏) 𝜙𝜙𝑑𝑑 𝑁𝑁 0 , 𝑘𝑘 = 0, 1, 2 (4.12) 
According to (4.10), the observer is stable, as the eigenvalues of 𝑨𝑨 0 -𝑮𝑮𝑪𝑪 are:

𝜆𝜆 𝑜𝑜1 = -𝑓𝑓/𝐿𝐿 -𝑔𝑔 1 , 𝜆𝜆 𝑜𝑜2 = -𝑓𝑓/𝐿𝐿 -𝑔𝑔 2 (4.13) 
which are both located in the left half plane. The residual dynamic is determined by the eigenvalues 𝜆𝜆 𝑜𝑜1 and 𝜆𝜆 𝑜𝑜2 , which are generally tuned several times the converter poles:

𝜆𝜆 𝑜𝑜𝐿𝐿 = 𝑚𝑚𝜆𝜆 𝑝𝑝𝐿𝐿 , 𝑚𝑚 > 1, 𝑘𝑘 = 1,2 (4.14) 
where 𝜆𝜆 𝑝𝑝𝐿𝐿 = -𝑓𝑓 𝐿𝐿 /𝐿𝐿 𝐿𝐿 , 𝑘𝑘 = 1,2 are the eigenvalues of the matrix 𝑨𝑨 in (4.1). It can be learned from (4.13) and (4.14) that, the observer parameters 𝑔𝑔 1 and 𝑔𝑔 2 directly influence the coefficient 𝑚𝑚, which should be chosen appropriately [31,[START_REF] Gao | An interleaved step-up/step-down converter for fuel cell vehicle applications[END_REF]. The observer parameters also have effect on the amplitude of the residual value, which is analyzed in what follows.

B. Threshold Selection

When converter operating in healthy mode, according to (4.12) and Table 4.1, the residuals are

𝒆𝒆 0 = � (𝑓𝑓 1 -𝑓𝑓)𝑥𝑥 1 𝑓𝑓 + 𝑔𝑔 1 𝐿𝐿 (𝑓𝑓 2 -𝑓𝑓)𝑥𝑥 2 𝑓𝑓 + 𝑔𝑔 2 𝐿𝐿 � 𝑇𝑇 (4.15) 
However, when switch OCF occurs, for example, in 𝑆𝑆 2 , then according to (4.12) and Table 4.1, the residuals are

𝒆𝒆 2 = � (𝑓𝑓 1 -𝑓𝑓)𝑥𝑥 1 𝑓𝑓 + 𝑔𝑔 1 𝐿𝐿 𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 2 𝑓𝑓 + 𝑔𝑔 2 𝐿𝐿 � 𝑇𝑇 (4.16) 
It is observed from (4.15) and (4.16) that, the residual for the healthy phase is not changed, while the residual for the fault phase diverges significantly. Therefore, the threshold should be selected between the value of (𝑁𝑁 2 -𝑁𝑁)𝑥𝑥 2 𝑁𝑁+𝑔𝑔 2 𝐿𝐿 and the value of 𝑉𝑉 𝑖𝑖𝑛𝑛 -𝑁𝑁𝑥𝑥 2 𝑁𝑁+𝑔𝑔 2 𝐿𝐿 , in order to detect the switch fault effectively.

It follows from (4.13) -(4.16) that the observer gains have a direct influence not only on state estimation but also on fault detection performance. Large value of 𝑔𝑔 1 and 𝑔𝑔 2 cause fast observer dynamics [refer to (4.13)], resulting in however a small residual [refer to (4.16)] and inclined system noise, which is less convenient to diagnose fault. Thus, a careful tradeoff between them need to be made.

Nonlinear observer-based diagnosis method

A. Observer Design

The sliding mode observer features guaranteed stability and insensitivity to the bounded converter uncertainties and disturbances. The chattering issue of sliding mode is alleviated significantly, by hiding the switching function into the integral. The sliding mode observer based on the nominal converter model is utilized to reconstruct the desired state of the converter system (4.1). Fig. 4.3 presents the sliding mode observer-based diagnosis scheme. Similar to the linear observer, the designed sliding mode observer predicts the selected variable, by using the same input with the real power converter. The residual, which is the subtraction of the predicted variable and the measured one, is then feedback to compensate the modeling imperfection due to converter circuit parameter uncertainties. The residual is evaluated in the fault decision block. It is considered that the switch fault has occurred if the corresponding residual exceeds the preset threshold. where 𝒙𝒙(𝑡𝑡) is the observer state, 𝜸𝜸(𝑡𝑡) = 𝒙𝒙(𝑡𝑡) -𝒙𝒙(𝑡𝑡) is the residual to be evaluated. The function 𝜙𝜙𝑔𝑔𝜙𝜙(𝑥𝑥) stands for the standard sign function for variable 𝑥𝑥. 𝑯𝑯 is the gain matrix to be designed, which has the following expression.

𝑯𝑯 = � ℎ 1 0 0 ℎ 2 � , ℎ 𝐿𝐿 > 0, 𝑘𝑘 = 1,2
It follows from (4.6), (4.8), and (4.17) that the residual dynamic

𝜸𝜸(𝑡𝑡) = 𝑨𝑨 0 𝜸𝜸(𝑡𝑡) -𝑯𝑯𝜙𝜙𝑔𝑔𝜙𝜙(𝜸𝜸(𝑡𝑡)) -𝒇𝒇 𝐿𝐿 (𝑡𝑡) (4.18) 
where 𝑘𝑘 = 0,1,2.

Therefore, the time evolution of the residual 𝜸𝜸(𝑡𝑡):

𝜸𝜸(𝑡𝑡) = 𝑒𝑒 𝑨𝑨 0 𝑁𝑁 ⋅ 𝜸𝜸| 𝑁𝑁=0 -(𝑯𝑯𝜙𝜙𝑔𝑔𝜙𝜙(𝜸𝜸(𝑡𝑡)) + 𝒇𝒇 𝐿𝐿 (𝑡𝑡)) � 𝒆𝒆 𝑨𝑨 0 (𝑁𝑁-𝜏𝜏) 𝜙𝜙𝑑𝑑 𝑁𝑁 0 (4.19)
where 𝜸𝜸| 𝑁𝑁=0 is the initial condition. It is noted that the first term in the right side of (4. 19) decays to zero in steady state, since 𝑨𝑨 0 < 0. Thus, the condition for 𝜸𝜸(𝑡𝑡) converging to zero is:

ℎ 𝐿𝐿 ≥ |𝒇𝒇 𝐿𝐿 (𝑘𝑘)| (4.20)
Otherwise, the residual would diverge from zero significantly.

B. Threshold Selection

It is expected that the residual maintains at zero when converter operating in healthy mode, while the residual deviates considerably from zero when converter working in switch fault mode. If so, the residual can deliver the fault message and the switch fault can be diagnosed effectively. To achieve this goal, the observer gain should satisfy:

|𝒇𝒇 0 (𝑘𝑘)| ≤ ℎ 𝐿𝐿 < |𝒇𝒇 𝐿𝐿 (𝑘𝑘)|, 𝑘𝑘 = 1,2 (4.21) 
Namely,

� (𝑓𝑓 𝐿𝐿 -𝑓𝑓)𝑥𝑥 𝐿𝐿 𝐿𝐿 � ≤ ℎ 𝐿𝐿 < � (𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 𝐿𝐿 ) 𝐿𝐿 � , 𝑘𝑘 = 1,2 (4.22) 
Finally, the steady-state residuals for the converter in healthy mode and in switch fault mode are calculated as follows, according to (4. 19) and (4.21).

𝜸𝜸 0 = � 0 0 � , 𝜸𝜸 𝐿𝐿 = ⎩ � � � ⎨ � � � ⎧ � 𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 𝐿𝐿 -ℎ 𝐿𝐿 𝐿𝐿 𝑓𝑓 0 � , 𝑘𝑘 = 1 � 0 𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 𝐿𝐿 -ℎ 𝐿𝐿 𝐿𝐿 𝑓𝑓 � , 𝑘𝑘 = 2 (4.23)
It is observed from (4.23) that, the switch failure of 𝑆𝑆 𝐿𝐿 only has an influence on the 𝑘𝑘 𝑁𝑁ℎ element of the residual vector. The related residual is zero in healthy mode, while it becomes a positive value 𝑉𝑉 𝑖𝑖𝑛𝑛 -𝑁𝑁𝑥𝑥 𝑛𝑛 -ℎ 𝑛𝑛 𝐿𝐿 𝑁𝑁 in switch fault mode.

It is noted that the influence of the switch failures on both the vector 𝒇𝒇 𝐿𝐿 and the residual vector 𝜸𝜸 𝐿𝐿 is independent. Therefore, the threshold vector for fault diagnosis can be set as:

𝚪𝚪 = � Γ 1 Γ 2 � , 0 < Γ 𝐿𝐿 < 𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 𝐿𝐿 -ℎ 𝐿𝐿 𝐿𝐿 𝑓𝑓 , 𝑘𝑘 = 1,2 (4.24) 

Comparison and selection

According to the above analysis, both the linear observer and nonlinear sliding mode observer can be used to reconstruct the desired state of the converter system based on the nominal converter model. Then, the resulted residual can be obtained for switch fault diagnosis. Consider the case of switch 𝑆𝑆 2 fault, the obtained residual from the linear observer-based method is given in (4.16), while the obtained residual from the nonlinear sliding mode observer-based method is presented in (4.23). The comparison between them shows that with the sliding mode observer-based method, the residual value of the healthy phase can be zero, regardless of the converter uncertainty in the circuit parasitic resistance. Thus, it is more convenient to design the threshold value for fault diagnosis. Finally, the sliding mode observer-based diagnosis method is selected.

Simulation and Experiment Results

Simulation results

The simulation model consisting of a two-phase FIBC, a closed-loop controller, and the proposed fault diagnosis module is built in MATLAB/Simulink. The converter nominal parameters are the same as that in Table 2.2, the inductor resistor 𝑓𝑓 𝐿𝐿 = 0.40Ω, and the capacitor resistor 𝑓𝑓 𝐶𝐶 = 0.04Ω.

Based on the control scheme of Fig. 4.3, various controllers such as PI control and sliding mode control, are designed for FIBC in the literature. It should be pointed out that the effectiveness of the proposed fault diagnosis is independent of the controller type. In this chapter, the controller developed in Chapter 2.5.2 is utilized to regulate the converter. The inner loop control law based on super-twisting algorithm is:

⎩ � ⎨ � ⎧ 𝜙𝜙 𝐿𝐿 = 𝜆𝜆|𝜙𝜙 𝐿𝐿 | 1 2 ⋅ 𝜙𝜙𝑔𝑔𝜙𝜙(𝜙𝜙 𝐿𝐿 ) + 𝛼𝛼 � 𝜙𝜙𝑔𝑔𝜙𝜙(𝜙𝜙 𝐿𝐿 ) 𝜙𝜙 𝐿𝐿 = 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 -𝑖𝑖 𝐿𝐿𝐿𝐿 , 𝑘𝑘 = 1,2 (4.25) 
The outer loop control law based on active disturbance rejection algorithm is:

⎩ � � � ⎨ � � � ⎧ 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 = 𝑘𝑘 𝑝𝑝 �𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 -𝑣𝑣 𝑜𝑜 � -𝑧𝑧 2 𝑘𝑘 0 𝑧𝑧 ̇1 = 𝑘𝑘 0 𝑢𝑢 + 𝑧𝑧 2 + 𝑔𝑔 1 (𝑣𝑣 𝑜𝑜 -𝑧𝑧 1 ) 𝑧𝑧 ̇2 = 𝑔𝑔 2 (𝑣𝑣 𝑜𝑜 -𝑧𝑧 1 ) 𝑔𝑔 1 = 2𝜔𝜔 𝑜𝑜 , 𝑔𝑔 2 = 𝜔𝜔 𝑜𝑜 2 (4.26)
The controller parameters are listed in Table 4.2. The control goals of constant output voltage, equal current sharing and constant switching frequency for phase interleaving can be attained. More details about the controller design could be referred to Chapter 2.5.2. The inductor current sampling frequency is 50 kHz, which is double of the switching frequency, and the voltage sampling frequency is 25 kHz.

The inductor current is limited to 7 A by the controller to protect the circuit. The uncertainty up to 50% is considered for the lump circuit resistance, 𝑓𝑓 𝐿𝐿 = (1 ± 50%)𝑓𝑓, 𝑘𝑘 = 1, 2, 𝑓𝑓 is the nominal value and is set as the inductor equivalent-series-resistance, 𝑓𝑓 = 𝑓𝑓 𝐿𝐿 = 0.40Ω. 𝐿𝐿 is set as the nominal inductance, 𝐿𝐿 = 400𝜇𝜇H . The observer gain ℎ 𝐿𝐿 needs to satisfy (4.21). According to (4.23), a small ℎ 𝐿𝐿 results in a large residual in the post-fault converter, which is more convenient to distinguish the switch fault. Therefore, it is tuned in this paper as ℎ 𝐿𝐿 = max(|𝒇𝒇 0 (𝑘𝑘)|) = 3500, 𝑘𝑘 = 1,2. Thus, the residual would be insensitive to the above converter uncertainty and be sensitive to the switch fault. B. Immunity to False Alarm Fig. 4.7 shows the simulation results of the residual under load current variations. The residual 2, which is not shown, performs the same as residual 1. In Fig. 4.7(a), the sinusoidal load current of io = 1 + 0.5sin(20πt) A is applied to FIBC in healthy mode. Similarly, in Fig. 4.7(b), the step load current from 0.5 A to 1 A is imposed. It can be seen from both figures that the residual is always maintained at the vicinity of zero, and it is lower enough than the preset threshold. The robustness of the fault diagnosis algorithm to the load current variation is thus validated.

The performance of the proposed diagnostic approach under FIBC parameters variation is also addressed. The inductance deviation up to ±10%, the capacitance deviation up to ±10%, the inductor resistance variation up to ±50%, and the input voltage change are considered. The corresponding simulation results for FIBC in healthy mode under 100% step load current disturbance from 0.5 A to 1 A at t = 0.25s are shown in Fig. 4.8. It can be seen from the figure that, the residual is always kept around the value of zero, and it is lower enough than the preset threshold, without generating false alarm. Therefore, the immunity to false alarms under converter parameter uncertainty is thus verified.

To account for the load current disturbance and the simultaneous input voltage change within new energy source (e.g. FC) applications, the FIBC is interfaced with a 100W FC stack (20 cells). The obtained simulation results are shown in Fig. 4.9. As can be seen, the load current steps 100% from 0.5 A to 1 A at t = 0.5s, and the input voltage and current (i.e., fuel cell voltage and current) vary from 17.0 V to 15.5 V and from 1.5 A to 3.5 A accordingly. It is noted that the residual is always maintained at the vicinity of zero, without generating false alarm. The robustness of the fault diagnosis algorithm against the load current variation and input voltage change is demonstrated in this way. After the OCF of switch 𝑆𝑆 2 occurring at t = 0.3s, the current 𝑖𝑖 𝐿𝐿2 of fault phase reduces to zero suddenly, and the current 𝑖𝑖 𝐿𝐿1 of healthy phase increases to compensate the lost phase. Therefore, the output voltage can still be maintained at the reference voltage after a transition. It is observed that a short time later, the inductor current 𝑖𝑖 𝐿𝐿2 increases from zero to be equal to the load current. This phenomenon appears when the capacitor 𝐶𝐶 2 finishes discharging and the diode 𝐷𝐷 2 is forward conducting. After the switch 𝑆𝑆 2 fault, the residual 1 is still maintained lower than the threshold, without generating false alarm. In contrast, the residual 2 starts to increase and soon exceeds the preset threshold, diagnosing the fault switch.

The second OCF occurs in switch 𝑆𝑆 1 at t = 0.4s. It is seen that the output voltage cannot be maintained at the reference any more, and it starts to decrease. The inductor current 𝑖𝑖 𝐿𝐿1 reduces to zero suddenly, and the inductor current 𝑖𝑖 𝐿𝐿2 is also decreased due to the output voltage reduction. It is noted that a short time later, the inductor current 𝑖𝑖 𝐿𝐿1 increases from zero to be equal to the load current. After the second fault in switch 𝑆𝑆 1 , the residual 1 starts to increase and it exceeds the preset threshold quickly, identifying the fault switch. The final steady state value of the residual 1 is 46.1, which is consistent with the theoretical analysis of (4.23). To test the feasibility of the proposed diagnosis method for new energy source (e.g. FC) application, the abovementioned 100W FC stack is interfaced with the FIBC. The simulation result is shown in Fig. 

Experimental results

In order to experimentally validate the proposed fault diagnosis method, a 100W two-phase FIBC prototype is built. The power switch MOSFET IRF540N, and the power diode Moreover, it is also observed from Fig. 4.14(a) -(e) that in converter healthy mode, the two residuals [γ(1) and γ(2) in the figure] are maintained at the vicinity of zero, and both of them are lower than the preset threshold, without generating false alarm. After the OCF occurring in switch 𝑆𝑆 2 , the residual 1 is still maintained at the vicinity of zero, without generating false alarm. While the residual 2 starts to increase to exceed the preset threshold, diagnosing the fault switch 𝑆𝑆 2 . The residual 2 finally arrives at a steady-state value, which can be calculated by (4.23). Take the case of Fig. 4.14(a) as an example, the measured postfault steady-state value of the residual 2 is 26, which is comply with the calculation value of 26.02 based on (4.23).

In order to better analyze the diagnosis time, the details about the residual just before and after the switch fault are required. To this end, the experiment tests same to the Fig. 

V in = 12 V, R = 100 Ω 44.1 μs (1.1T s ) V in = 20 V, R = 100 Ω 67.2 μs (1.7T s ) V in = 20 V, R = 50 Ω 74.8 μs (1.9T s )
V in = 30 V, R = 50 Ω 79.7 μs (2.0T s )

V in = 30 V, R = 25 Ω 66.6 μs (1.7T s )

Extension to N-phase Converter

Fig. 4.17 shows a general N-phase (N is an even number) FIBC topology. It has two symmetrical modules containing the same amount of phases and a capacitor 𝐶𝐶 𝑗𝑗 (𝑗𝑗 = 1, 2).

For each phase in the topology, there are an inductor 𝐿𝐿 𝐿𝐿 (𝑘𝑘 = 1, 2, … , 𝑁𝑁 ), a power switch 𝑆𝑆 𝐿𝐿 , and a diode 𝐷𝐷 𝐿𝐿 . 𝑓𝑓 𝐿𝐿 represents the lump resistor of the circuit, and 𝑅𝑅 stands for the load resistor. 
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Converter under switch fault

For N-phase FIBC in healthy mode, there are:

𝐼𝐼 𝐿𝐿1 = 𝐼𝐼 𝐿𝐿2 = ⋯ = 𝐼𝐼 𝐿𝐿𝑁𝑁 = 2𝐼𝐼 𝑖𝑖𝑁𝑁 𝑁𝑁 (1 + 𝐷𝐷) (4.27) 𝑉𝑉 𝐶𝐶1 = 𝑉𝑉 𝐶𝐶2 = 𝑉𝑉 𝑜𝑜 1 + 𝐷𝐷 (4.28)
where 𝐼𝐼 𝐿𝐿𝐿𝐿 (𝑘𝑘 = 1,2, … , 𝑁𝑁 ) and 𝑉𝑉 𝐶𝐶𝑗𝑗 (𝑗𝑗 = 1,2) are the average DC values of the variable 𝑖𝑖 𝐿𝐿𝐿𝐿 and 𝑣𝑣 𝐶𝐶𝑗𝑗 , respectively.

For N-phase FIBC, it is supposed that arbitrary 𝑚𝑚 switch failures occur in the upper module, and arbitrary 𝜙𝜙 switch faults happen in the lower module. The analysis of the converter needs to be divided into three categories.

The first category corresponds to the case of 0 < 𝑚𝑚 < 𝑁𝑁 /2, 0 < 𝜙𝜙 < 𝑁𝑁 /2. The desired converter output voltage is guaranteed, and there exist:

𝐼𝐼 𝐿𝐿𝐿𝐿 = ⎩ � ⎨ � ⎧ 0, 𝜙𝜙𝜔𝜔𝑓𝑓 𝜙𝜙𝑎𝑎𝑢𝑢𝑒𝑒𝑡𝑡 𝑘𝑘ℎ𝑎𝑎𝜙𝜙𝑒𝑒 2𝐼𝐼 𝑖𝑖𝑁𝑁 (𝑁𝑁 -𝑚𝑚 -𝜙𝜙)(1 + 𝐷𝐷)
, 𝜙𝜙𝜔𝜔𝑓𝑓 ℎ𝑒𝑒𝑎𝑎𝑒𝑒𝑡𝑡ℎ𝑦𝑦 𝑘𝑘ℎ𝑎𝑎𝜙𝜙𝑒𝑒 (4.29)

𝑉𝑉 𝐶𝐶1 = 𝑉𝑉 𝑜𝑜 1 + 𝐷𝐷 𝑁𝑁 -2𝑚𝑚 𝑁𝑁 -𝑚𝑚 -𝜙𝜙 , 𝑉𝑉 𝐶𝐶2 = 𝑉𝑉 𝑜𝑜 1 + 𝐷𝐷 𝑁𝑁 -2𝜙𝜙 𝑁𝑁 -𝑚𝑚 -𝜙𝜙 (4.30) 
where 𝑘𝑘 = 1,2, … , 𝑁𝑁 .

The second category relates to the cases of 𝑚𝑚 = 𝑁𝑁 /2, 0 < 𝜙𝜙 < 𝑁𝑁 /2 and 𝜙𝜙 = 𝑁𝑁 /2, 0 < 𝑚𝑚 < 𝑁𝑁 /2. It corresponds to the situation that either the upper module or the lower module is collapsed. Fortunately, the converter output voltage can still be maintained at the reference value. Consider the case of lower module shutdown, there are:

𝐼𝐼 𝐿𝐿𝐿𝐿 = ⎩ � ⎨ � ⎧ 2𝐼𝐼 𝑖𝑖𝑁𝑁 (𝑁𝑁 -2𝑚𝑚) , 𝜙𝜙𝜔𝜔𝑓𝑓 𝑢𝑢𝑘𝑘𝑘𝑘𝑒𝑒𝑓𝑓 𝑚𝑚𝜔𝜔𝜙𝜙𝑢𝑢𝑒𝑒𝑒𝑒 2𝐼𝐼 𝑜𝑜 𝑁𝑁 , 𝜙𝜙𝜔𝜔𝑓𝑓 𝑒𝑒𝜔𝜔𝑙𝑙𝑒𝑒𝑓𝑓 𝑚𝑚𝜔𝜔𝜙𝜙𝑢𝑢𝑒𝑒𝑒𝑒 (4.31) 
𝑉𝑉 𝐶𝐶1 = 𝑉𝑉 𝑜𝑜 , 𝑉𝑉 𝐶𝐶2 = 𝑉𝑉 𝑖𝑖𝑁𝑁 (4.32) where 𝑘𝑘 = 1,2, … , 𝑁𝑁 .

The third category is the case of 𝑚𝑚 = 𝑁𝑁 /2, 𝜙𝜙 = 𝑁𝑁 /2. The two modules are broken down completely and the converter is out of service. The desired output voltage cannot be ensured any more. There are: 𝐼𝐼 𝐿𝐿𝐿𝐿 = 2𝐼𝐼 𝑜𝑜 /𝑁𝑁 , 𝑉𝑉 𝑜𝑜 = 𝑉𝑉 𝐶𝐶1 = 𝑉𝑉 𝐶𝐶2 = 𝑉𝑉 𝑖𝑖𝑁𝑁 (4.33) where 𝑘𝑘 = 1,2, … , 𝑁𝑁 .

Switch fault diagnosis

It is observed from Table 4.1 that, the OCF in switch 𝑆𝑆 𝐿𝐿 only influences the 𝑘𝑘 𝑁𝑁ℎ element of the vector 𝒇𝒇 𝐿𝐿 . In other words, the influence of the switch failures on the vector 𝒇𝒇 𝐿𝐿 is independent. Therefore, the proposed method can be extended to a general N-phase converter.

The converter under healthy mode and switch fault can be expressed by using the nominal converter parameters as follows. 

𝑨𝑨 = ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ - 𝑓𝑓 1 𝐿𝐿 1 0 ⋯ 0 0 - 𝑓𝑓 2 𝐿𝐿 2 ⋯ 0 ⋮ ⋮ ⋱ ⋮ 0 0 ⋯ - 𝑓𝑓 𝑁𝑁 𝐿𝐿 𝑁𝑁 ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤ , 𝑩𝑩 = ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ 1 𝐿𝐿 1 𝜙𝜙 1 -1 𝐿𝐿 1 0 ⋮ ⋮ ⋮ 1 𝐿𝐿 𝑁𝑁 2 𝜙𝜙 𝑁𝑁 2 -1 𝐿𝐿 𝑁𝑁 2 0 1 𝐿𝐿 𝑁𝑁 2 +1 0 𝜙𝜙 𝑁𝑁 2 +1 -1 𝐿𝐿 𝑁𝑁 ⋮ ⋮ ⋮ 1 𝐿𝐿 𝑁𝑁 0 𝜙𝜙 𝑁𝑁 -1 𝐿𝐿 𝑁𝑁 ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤ (4.37) 𝑨𝑨 0 = ⎣ ⎢ ⎢ ⎢ ⎢ ⎡ - 𝑓𝑓 𝐿𝐿 0 ⋯ 0 0 - 𝑓𝑓 𝐿𝐿 ⋯ 0 ⋮ ⋮ ⋱ ⋮ 0 0 ⋯ - 𝑓𝑓 𝐿𝐿 ⎦ ⎥ ⎥ ⎥ ⎥ ⎤ , 𝑩𝑩 0 = ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ 1 𝐿𝐿 𝜙𝜙 1 -1 𝐿𝐿 0 ⋮ ⋮ ⋮ 1 𝐿𝐿 𝜙𝜙 𝑁𝑁 2 -1 𝐿𝐿 0 1 𝐿𝐿 0 𝜙𝜙 𝑁𝑁 2 +1 -1 𝐿𝐿 ⋮ ⋮ ⋮ 1 𝐿𝐿 0 𝜙𝜙 𝑁𝑁 -1 𝐿𝐿 ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤ (4.38)
where 𝑘𝑘 ∈ {1, 2, … , 𝑁𝑁 } indicates the fault location. The relationship between the value of 𝑘𝑘, the fault type and the corresponding 𝒇𝒇 𝐿𝐿 are summarized in Table 4.4. 𝒇𝒇 0 relates to the case of no fault, i.e. healthy converter.

The sliding mode observer for the converter (4.34) is designed as:

𝒙𝒙̂(𝑡𝑡) = 𝑨𝑨 0 𝒙𝒙(𝑡𝑡) + 𝑩𝑩 0 𝑩𝑩(𝑡𝑡) -𝑯𝑯𝜙𝜙𝑔𝑔𝜙𝜙(𝜸𝜸(𝑡𝑡)) (4.39) 𝑯𝑯 = ⎣ ⎢ ⎢ ⎡ ℎ 1 0 ⋯ 0 0 ℎ 2 ⋯ 0 ⋮ ⋮ ⋱ 0 0 0 ⋯ ℎ 𝑁𝑁 ⎦ ⎥ ⎥ ⎤ , ℎ 𝐿𝐿 > 0, 𝑘𝑘 = 1,2, … , 𝑁𝑁 (4.40) 
To achieve this goal, the observer gain should satisfy:

|𝒇𝒇 0 (𝑘𝑘)| ≤ ℎ 𝐿𝐿 < |𝒇𝒇 𝐿𝐿 (𝑘𝑘)|, 𝑘𝑘 = 1,2, … , 𝑁𝑁 (4.41) 
Namely,

� (𝑓𝑓 𝐿𝐿 -𝑓𝑓)𝑥𝑥 𝐿𝐿 𝐿𝐿 � ≤ ℎ 𝐿𝐿 < � (𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 𝐿𝐿 ) 𝐿𝐿 � , 𝑘𝑘 = 1,2, … , 𝑁𝑁 (4.42) 
Finally, the steady-state residuals for the converter in healthy mode and in switch fault mode are calculated as follows, according to (4.19) and (4.42). 

𝜸𝜸 0 = ⎣ ⎢ ⎢ ⎢ ⎡ 0 ⋮ 0 ⋮ 0 ⎦ ⎥ ⎥ ⎥ ⎤ , 𝜸𝜸 𝐿𝐿 = ⎣ ⎢ ⎢ ⎢ ⎢ ⎡ 0 ⋮ 𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 𝐿𝐿 -ℎ 𝐿𝐿 𝐿𝐿 𝑓𝑓 ⋮ 0 ⎦ ⎥ ⎥ ⎥ ⎥ ⎤ , 𝑘𝑘 = 1,2, … , 𝑁𝑁 (4.43) 
⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ - (𝑓𝑓 1 -𝑓𝑓)𝑥𝑥 1 𝐿𝐿 ⋮ - (𝑓𝑓 𝐿𝐿 -𝑓𝑓)𝑥𝑥 𝐿𝐿 𝐿𝐿 ⋮ - (𝑓𝑓 𝑁𝑁 -𝑓𝑓)𝑥𝑥 𝑁𝑁 𝐿𝐿 ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤ 𝑘𝑘 𝑆𝑆 𝐿𝐿 fault open-circuit ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ - (𝑓𝑓 1 -𝑓𝑓)𝑥𝑥 1 𝐿𝐿 ⋮ - (𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 𝐿𝐿 ) 𝐿𝐿 ⋮ - (𝑓𝑓 𝑁𝑁 -𝑓𝑓)𝑥𝑥 𝑁𝑁 𝐿𝐿 ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤
The threshold vector for fault diagnosis can be set as:

𝚪𝚪 = ⎣ ⎢ ⎢ ⎢ ⎡ Γ 1 ⋮ Γ 𝐿𝐿 ⋮ Γ 𝑁𝑁 ⎦ ⎥ ⎥ ⎥ ⎤ , 0 < Γ 𝐿𝐿 < 𝑉𝑉 𝑖𝑖𝑁𝑁 -𝑓𝑓𝑥𝑥 𝐿𝐿 -ℎ 𝐿𝐿 𝐿𝐿 𝑓𝑓 (4.44)

Summary

In this chapter, a robust switch fault diagnosis approach based on sliding mode observer is proposed and applied to a two-phase FIBC. The inductor current is selected as the diagnosis variable. Thanks to the strong robustness of the sliding mode observer, the proposed diagnosis method requires only a crude converter model with nominal parameters. Meanwhile, it has strong robustness to the circuit parameter uncertainty and external disturbance. The effectiveness and robustness of the proposed method are validated by the simulation and experiment results. The switch fault can be diagnosed in less than two switching periods. Furthermore, the extension of the proposed diagnosis approach to Nphase FIBC is discussed. The diagnosis variables are already within the control system, and the required sampling frequency is significantly reduced to the same level as that of the closed-loop controller. Therefore, it is very convenient to implement the proposed fault diagnosis into the available digital control system. The proposed method can be applied to other DC-DC converters.

After the fault diagnosis, the post-fault control to optimize the undesired high current ripple caused by the switch fault can be applied, which will be presented in the following Chapter 5.

converter system with series (or parallel) output, and independent photovoltaic panel as the input of each converter. In [9], the asymmetrical interleaving technique is applied to a three DC-DC buck converter system with the same input source and independent output load. The asymmetrical operation condition (namely, the unequal duty cycles) between the DC-DC converters are considered, thus better performance in terms of current/voltage ripple can be achieved than that of the symmetrical interleaving. Similarly, in [10][11][12][13][14], the variable angle phase-shifting is developed for the multilevel cascaded H-bridge converters with unequal input voltage, aiming to improve the harmonic performance in the output side. The abovementioned methods mainly are based on the selective harmonic elimination. In [15,16], a minimum distortion point tracking is proposed to derive the desired phase shift angle. The iterative optimization algorithm, such as gradient descent and particle swarm optimization, are used to seek the optimum point.

In this chapter, to optimize the input current ripple of the four-phase FIBC under switch open-circuit fault, an innovative post-fault control method by reconfiguring uneven phase shift angle is proposed. The uneven phase shift angles are determined analytically from selected harmonic elimination. The simulation and experimental results show that the proposed uneven phase shift reconfiguration can achieve significant improvement in reducing the post-fault input current ripple, in comparison with the even phase shift reconfiguration. The extension of the proposed method to the N-phase FIBC is also discussed.

Converter Topology and Analysis

A four-phase FIBC [17], as shown in Fig. 5.1, can be considered as two symmetrical modules (upper module and lower module) combined by input-parallel and output-series method. The upper module is a conventional two-phase interleaved boost circuit, and the lower module is a mirrored two-phase interleaved boost circuit. For each module, there are two main switches 𝑆𝑆 𝐿𝐿 (𝑘𝑘 = 1, 2 𝜔𝜔𝑓𝑓 𝑘𝑘 = 3, 4) , two inductors 𝐿𝐿 𝐿𝐿 (𝑘𝑘 = 1, 2 𝜔𝜔𝑓𝑓 𝑘𝑘 = 3, 4) , two power diodes 𝐷𝐷 𝐿𝐿 (𝑘𝑘 = 1, 2 𝜔𝜔𝑓𝑓 𝑘𝑘 = 3, 4) and one capacitor 𝐶𝐶 𝑚𝑚 (𝑚𝑚 = 1 𝜔𝜔𝑓𝑓 2) . The 𝑓𝑓 𝐿𝐿 (𝑘𝑘 = 1, 2, 3, 4) represents the lumped parasitic resistor of the circuit. 𝑣𝑣 𝑖𝑖𝑁𝑁 is the input source voltage, 𝑖𝑖 𝑖𝑖𝑁𝑁 is the input current, 𝑣𝑣 𝑜𝑜 is the output voltage, 𝑖𝑖 𝑜𝑜 is the load current, 𝑅𝑅 is the load resistance. 𝑖𝑖 𝐿𝐿𝐿𝐿 (𝑘𝑘 = 1, 2, 3, 4) is the current flowing through the inductor 𝐿𝐿 𝐿𝐿 , and 𝑣𝑣 𝐶𝐶𝑚𝑚 (𝑚𝑚 = 1, 2) is the voltage across the capacitor 𝐶𝐶 𝑚𝑚 . The fuses in series with the power switch are generally used to protect from the damage of the switch short-circuit fault. Generally, the symmetrical circuit parameters between phases are utilized for modularity design, thus there are:

𝐿𝐿 1 = 𝐿𝐿 2 = 𝐿𝐿 3 = 𝐿𝐿 4 = 𝐿𝐿, 𝑓𝑓 1 = 𝑓𝑓 2 = 𝑓𝑓 3 = 𝑓𝑓 4 = 𝑓𝑓 𝐶𝐶 1 = 𝐶𝐶 2 = 𝐶𝐶, 𝜙𝜙 1 = 𝜙𝜙 2 = 𝜙𝜙 3 = 𝜙𝜙 4 = 𝐷𝐷 (5.1)
where 𝜙𝜙 𝐿𝐿 (𝑘𝑘 = 1, 2, 3, 4) is the duty cycle for switch 𝑆𝑆 𝐿𝐿 . 5.1 Four-phase FIBC topology with fuses in series with power switches.
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The control goals of the FIBC for new energy applications are constant output voltage, equal current sharing between phases, and constant switching frequency for phase interleaving to reduce the input current ripple. Therefore, a dual-loop control scheme based on PI algorithm shown in Fig. 5.2 is proposed. The output voltage outer-loop generates the inductor current reference for the inner-loops. Then the inductor current inner-loop outputs the duty cycle 𝜙𝜙 𝐿𝐿 (𝑘𝑘 = 1, 2, 3, 4) for each phase. Finally, the PWM block generates the switch ON-OFF signal 𝛿𝛿 𝐿𝐿 .

For simplicity of analysis, it is assumed that the power losses are zero, i.e. 𝑓𝑓 = 0. If the switch OCF occurs, for example in switch 𝑆𝑆 4 , as a consequence:

𝐼𝐼 𝐿𝐿1 ′ = 𝐼𝐼 𝐿𝐿2 ′ = 𝐼𝐼 𝐿𝐿3 ′ , 𝐼𝐼 𝐿𝐿4 ′ = 0 (5.2)
where 𝐼𝐼 𝐿𝐿𝐿𝐿 ′ (𝑘𝑘 = 1, 2, 3, 4) is the inductor current average value of the post-fault converter.

Furthermore, it follows from (5.1) and (5.2) that:

𝐼𝐼 𝐿𝐿 1 ′ = 𝐼𝐼 𝐿𝐿 2 ′ = 𝐼𝐼 𝐿𝐿 3 ′ = 2𝐼𝐼 𝑖𝑖𝑁𝑁 3(1 + 𝐷𝐷) (5.3) 𝑉𝑉 𝐶𝐶1 ′ = 2(𝑉𝑉 𝑖𝑖𝑁𝑁 + 𝑉𝑉 𝑜𝑜 ) 3 , 𝑉𝑉 𝐶𝐶2 ′ = (𝑉𝑉 𝑖𝑖𝑁𝑁 + 𝑉𝑉 𝑜𝑜 ) 3 
(5.4)

where 𝑉𝑉 𝐶𝐶𝑚𝑚 ′ (𝑚𝑚 = 1, 2) is the average value of the capacitor voltage under switch fault.

Therefore, after switch fault, the duty cycles of the upper and the lower module are not equal and are denoted by 𝐷𝐷 1 and 𝐷𝐷 2 , respectively. It follows from (5.4) that:

𝜙𝜙 1 ′ = 𝜙𝜙 2 ′ = 𝐷𝐷 1 = 3𝐷𝐷 + 1 4 , 𝜙𝜙 3 ′ = 𝐷𝐷 2 = 3𝐷𝐷 -1 2 (5.5)
where 𝜙𝜙 𝐿𝐿 ′ (𝑘𝑘 = 1, 2, 3) is the duty cycle under switch fault. 
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Phase Shift for Converter in Healthy Mode

The mechanism of phase interleaving in reducing the input current ripple can be theoretically illustrated in the frequency domain. For the FIBC, the inductor current for each phase in one switching cycle can be expressed as:

𝑖𝑖 𝐿𝐿 (𝑡𝑡) = ⎩ � � ⎨ � � ⎧ ∆𝑖𝑖 𝐿𝐿 𝜙𝜙𝑇𝑇 𝑁𝑁 𝑡𝑡 + 𝐼𝐼 𝑚𝑚𝑖𝑖𝑁𝑁 , 0 ≤ 𝑡𝑡 ≤ 𝜙𝜙𝑇𝑇 𝑁𝑁 -∆𝑖𝑖 𝐿𝐿 (1 -𝜙𝜙)𝑇𝑇 𝑁𝑁 (𝑡𝑡 -𝑇𝑇 𝑁𝑁 ) + 𝐼𝐼 𝑚𝑚𝑖𝑖𝑁𝑁 , 𝜙𝜙𝑇𝑇 𝑁𝑁 ≤ 𝑡𝑡 ≤ 𝑇𝑇 𝑁𝑁 (5.6)
where 𝜙𝜙 is the duty cycle, 𝑡𝑡 is the time, 𝑇𝑇 𝑁𝑁 is the switching period, ∆𝑖𝑖 𝐿𝐿 and 𝐼𝐼 𝑚𝑚𝑖𝑖𝑁𝑁 are defined pictorially in Fig. 5.3. Therefore, the amplitude and the phase for the 𝜙𝜙 𝑁𝑁ℎ harmonic component can be obtained by:

𝐴𝐴 𝑁𝑁 = �𝑎𝑎 𝑁𝑁 2 + 𝑘𝑘 𝑁𝑁 2 
(5.9a)

𝜑𝜑 𝑁𝑁 = arctan 𝑘𝑘 𝑁𝑁 𝑎𝑎 𝑁𝑁 , 𝑎𝑎 𝑁𝑁 > 0 (5.9b)
According to (5.8), the coefficients 𝑎𝑎 𝑁𝑁 and 𝑘𝑘 𝑁𝑁 can be obtained as:

𝑎𝑎 0 = 2𝐼𝐼 𝑚𝑚𝑖𝑖𝑁𝑁 (5.10a) 𝑎𝑎 𝑁𝑁 = 1 𝜙𝜙(1 -𝜙𝜙) 1 𝜙𝜙 2 ∆𝐼𝐼 2𝜋𝜋 2 (cos(2𝜙𝜙𝜋𝜋𝜙𝜙) -1), 𝜙𝜙 ≥ 1 (5.10b) 𝑘𝑘 𝑁𝑁 = 1 𝜙𝜙(1 -𝜙𝜙) 1 𝜙𝜙 2 ∆𝐼𝐼 2𝜋𝜋 2 𝜙𝜙𝑖𝑖𝜙𝜙(2𝜙𝜙𝜋𝜋𝜙𝜙) , 𝜙𝜙 ≥ 1 (5.10c) 
The amplitude and phase for 𝜙𝜙 𝑁𝑁ℎ harmonic components are

𝐴𝐴 𝑁𝑁 = 1 𝜙𝜙 2 1 𝜋𝜋 2 𝑉𝑉 𝑖𝑖𝑁𝑁 𝐿𝐿𝜙𝜙 𝑁𝑁 1 1 -𝜙𝜙 sin(𝜙𝜙𝜋𝜋𝜙𝜙) , 𝜙𝜙 ≥ 1 (5.11a) 𝜑𝜑 𝑁𝑁 = 𝜙𝜙𝜋𝜋𝜙𝜙 + 𝜋𝜋 2 (5.11b) 
The inductor current for each phase of the FIBC has the same Fourier series. In practical applications, to reduce the total current ripple by exploiting interleaved technology, the even phase shift angle is adopted. For the FIBC with four phases, the phase shift angle 𝜙𝜙 𝐿𝐿 for phase 𝑘𝑘 is:

𝜙𝜙 𝐿𝐿 = � (𝑘𝑘 -1)𝜋𝜋, 1 ≤ 𝑘𝑘 ≤ 2 𝜋𝜋 2 + (𝑘𝑘 -3)𝜋𝜋, 3 ≤ 𝑘𝑘 ≤ 4
(5.12)

Therefore, the inductor current ripple for phase 𝑘𝑘 can be expressed as follows.

∆𝑖𝑖 𝐿𝐿𝐿𝐿 = � 𝐴𝐴 𝑁𝑁𝐿𝐿 ⋅ 𝑒𝑒 𝑗𝑗(𝜑𝜑 𝑛𝑛𝑛𝑛 +𝑁𝑁𝜙𝜙 𝑛𝑛 ) ∞ 𝑁𝑁=1 (5.13) where 𝐴𝐴 𝑁𝑁𝐿𝐿 and 𝜑𝜑 𝑁𝑁𝐿𝐿 represents respectively the amplitude and the phase of the 𝜙𝜙 𝑁𝑁ℎ harmonic components for phase 𝑘𝑘.

For the presented four-phase FIBC, the load current ripple can be ignored, because the output voltage ripple is generally restricted to a very small value by the proper capacitor sizing to fulfill the load requirement [18]. Therefore, the total input current ripple ∆𝑖𝑖 𝑖𝑖𝑁𝑁 can be calculated by summing up all the inductor current ripple from each phase.

∆𝑖𝑖 𝑖𝑖𝑁𝑁 = � ∆𝑖𝑖 𝐿𝐿𝐿𝐿 4 𝐿𝐿=1 (5.14)
The first to third harmonics of the input current ripple can be expressed as follows:

∆𝑖𝑖 𝑖𝑖𝑁𝑁 ℎ1 = � 𝐴𝐴 1𝐿𝐿 ⋅ 𝑒𝑒 𝑗𝑗(𝜑𝜑 1𝑛𝑛 +𝜙𝜙 𝑛𝑛 ) 4 𝐿𝐿=1
(5.15)

∆𝑖𝑖 𝑖𝑖𝑁𝑁 ℎ2 = � 𝐴𝐴 2𝐿𝐿 ⋅ 𝑒𝑒 𝑗𝑗(𝜑𝜑 2𝑛𝑛 +2𝜙𝜙 𝑛𝑛 ) 4 𝐿𝐿=1
(5.16)

∆𝑖𝑖 𝑖𝑖𝑁𝑁 ℎ3 = � 𝐴𝐴 3𝐿𝐿 ⋅ 𝑒𝑒 𝑗𝑗(𝜑𝜑 3𝑛𝑛 +3𝜙𝜙 𝑛𝑛 ) 4 𝐿𝐿=1
(5.17)

It is observed that the above harmonic components are zero, with the phase shift angle

𝜙𝜙 1 = 0°, 𝜙𝜙 2 = 180°, 𝜙𝜙 3 = 90°, 𝜙𝜙 4 = 270° (5.18) 
as given in (5.12). This demonstrates the effectiveness of the even phase shift in minimizing the input current ripple under healthy operation of FIBC.

However, this observation is not valid for the converter under switch fault due to the unequal duty cycles between modules, as described in (5.5). In the case of switch fault, by applying the above analysis, it can be seen that the first to third harmonic are no longer equal to zero anymore. Thus, to reduce the current ripple under such circumstance, phase shift angles should be reconfigured in an optimized way.

Phase Shift Reconfiguration for FIBC under Switch Fault

Phase shift angle derivation

For the presented four-phase FIBC under switch fault, the phase shift angle sequence (0°, 𝜙𝜙 2 ′ , 𝜙𝜙 3 ′ ) has two degrees of freedom (i.e., 𝜙𝜙 2 ′ , 𝜙𝜙 3 ′ ). Thus, one selective harmonic of the input current ripple could be theoretically eliminated. As the fundamental harmonic has the largest amplitude, it has the biggest influence on the current ripple. Therefore, it is selected to be eliminated [5,12]. The corresponding equation to be solved for the new phase shift angle (0°, 𝜙𝜙 2 ′ , 𝜙𝜙 To avoid using Euler's formula or complex trigonometric functions, the calculation based on a triangle, see Fig. 5.4, is applied to solve analytically the new phase shift angle. Therefore, it can be solved that:

⎩ � � � ⎨ � � � ⎧ 𝜙𝜙 1 ′ = 0°𝜙𝜙 2 ′ = 2(𝛼𝛼 3 -𝜋𝜋) = 2𝛽𝛽 𝜙𝜙 3 ′ = 𝜑𝜑 11 -𝜑𝜑 13 + 𝛼𝛼 3 = (1 + 𝜙𝜙 1 ′ -𝜙𝜙 3 ′ ) × 180°+ 𝛽𝛽 𝛽𝛽 = arccos � 1 2 1 -d 1 ′ 1 -𝜙𝜙 3 ′ ⋅ sin (πd 3 ′ ) sin (𝜋𝜋𝜙𝜙 1 ′ ) �
(5.23)

Practical implementation

In practical implementation, the phase shift angle between the inductor currents in each phase is realized via the phase shift of the carriers in the PWM block (see Fig. 5.2). Generally, there are two main common carrier waveforms, sawtooth wave and triangle wave. In this subsection, the phase sequence of both carriers and those of the inductor currents are analyzed.

Define the phase shift of the carrier waves as (0°, 𝜃𝜃 2 , 𝜃𝜃 3 ), and it can be seen from Fig. (5.25)

The above two equations indicate that, for the sawtooth carrier wave, the phase shifts of the inductor currents are equal to that of the carrier waves. However, the triangle carrier wave introduces a phase delay (𝜙𝜙 1 -𝜙𝜙 3 ) × 180° to the inductor current in the faulty module of the converter (i.e., 𝑖𝑖 𝐿𝐿3 ), due to the unequal duty cycles between the upper module and the lower module. It should be pointed out that, in spite of the different carrier waveforms, (5.24) and (5.25) enable the same effect in reducing the input current ripple.

Performance evaluation

Consider the case of zero power losses (𝑓𝑓 = 0) and the sawtooth carrier waves are used. Firstly, when OCF occurs in one switch, the peak-to-peak input current ripple becomes:

∆𝑖𝑖 𝑖𝑖𝑁𝑁 = 𝑉𝑉 𝑖𝑖𝑁𝑁 𝐿𝐿𝜙𝜙 𝑁𝑁 9𝐷𝐷 -3 4 , 1/3 ≤ 𝐷𝐷 ≤ 1 (5.26)
where 𝐷𝐷 is defined as the duty cycle of the converter in healthy mode, as in (5.1). It is noted that in order to satisfy 𝜙𝜙 3 ′ ≥ 0 in (5. Then, the peak-to-peak input current ripple of even phase shift reconfiguration of (0°, 120°, 240°) could be derived as follows for comparison purpose: where 𝐷𝐷 𝑁𝑁ℎ = 0.65. Combined with (5.5), the input current ripples in above cases are plotted in Fig. 5.6 for better comparison. The results are validated by the MATLAB simulations. It can be seen from the figure that under switch fault, the even phase shift reconfiguration can reduce the input current ripple in a certain duty cycle range. However, when the duty cycle is low, it is observed that the even phase shift reconfiguration increases the ripple current. On the contrary, the proposed uneven phase shift reconfiguration can always achieve current ripple reduction. In the best case, it can reduce 46% input current ripple.

∆𝑖𝑖 𝑖𝑖𝑁𝑁 = ⎩ � � � � ⎨ � � � � ⎧

Simulation and Experiment Results

Simulation results

To validate the effectiveness of the proposed phase shift reconfiguration, the FIBC shown in Fig. 5.1 and the dual-loop PI control shown in Fig. 5.2 are built firstly in MATLAB/Simulink. The circuit parameters of the converter are listed in Table 5.1. The controller parameters for inner-loops are 𝑘𝑘 𝑝𝑝1 = 0.01, 𝑘𝑘 𝑖𝑖1 = 27.5, and that for outer-loop are 𝑘𝑘 𝑝𝑝2 = 0.25, 𝑘𝑘 𝑖𝑖2 = 20.

The sawtooth carrier wave is used to produce the PWM signals for the switches. The switch OCF is achieved by imposing turn-off switch signal. Let the input voltage 𝑉𝑉 𝑖𝑖𝑁𝑁 = 18 V, the load resistor 𝑅𝑅 = 52 Ω, the output voltage maintains at 𝑉𝑉 𝑜𝑜 = 72 V by the closed-loop control. In healthy mode, the duty cycles are equal to 0.646. When the OCF occurs in switch 𝑆𝑆 4 , the inductor current 𝑖𝑖 𝐿𝐿4 equals zero. The duty cycles of healthy phase become 𝜙𝜙 1 ′ = 𝜙𝜙 2 ′ = 0.743, 𝜙𝜙 3 ′ = 0.477. With the proposed method, the phase shift is calculated as 𝜙𝜙 1 ′ = 0°, 𝜙𝜙 2 ′ = 140.4°, 𝜙𝜙 3 ′ = 298.0° based on (5.23). Applying this phase shift reconfiguration to the carrier waves, the input current ripple can be further reduced to ∆𝑖𝑖 𝑖𝑖𝑁𝑁 = 1.62 A, as observed in Fig. 5.9.

It can be seen clearly from the simulation results that, the even phases shift reconfiguration can reduce by 20.1% the input current ripple. However, the proposed uneven phase shift reconfiguration can reduce the input current ripple further to 46.5%, which shows much better performance.

The mechanism of the superiority of the proposed method in reducing the input current ripple can be illustrated by doing the Fast Fourier Transform (FFT) analysis on the input current ripple, the results are shown in Fig. 5.10. As can be seen, the even phase shift reconfiguration can reduce several harmonics, for example the second harmonic. However, the first harmonic has the largest amplitude, which can only be eliminated by the proposed phase shift reconfiguration. Therefore, the proposed method can achieve better performance.

The performance of the proposed phase reconfiguration under load current variation is shown in Fig. 5.13. The sinusoidal load current variation 𝑖𝑖 𝑜𝑜 = 1.5 + 0.3sin(20𝜋𝜋𝑡𝑡)A is applied at t = 0.3s, and it is seen that the phase shift angles can adapt according to (5.23), and (5.24) to achieve ripple optimization. 

Experimental results

To further demonstrate the validity of the proposed phase shift reconfiguration method, an experiment prototype of the four-phase FIBC is established. The power switch of MOSFET IRF540N, and the power diode of MBR20100 are utilized. The passive component parameters are the same as those of the simulations, 𝐿𝐿 = 150 𝜇𝜇H, 𝑓𝑓 𝐿𝐿 = 0.32 Ω, 𝐶𝐶 = 470 𝜇𝜇F, 𝑓𝑓 𝐶𝐶 = 0.04 Ω, see Table 5.1.

The closed-loop controller is implemented in a 32-bit 150-MHz digital signal processor (DSP) TMS320F28335. The counters in the carrier are set to operate in up mode with the maximum value 6000, thus the corresponding switching frequency is 150M / 6000 = 25 kHz. The phase shift reconfiguration is realized by configuring the phase register of the ePWM modules in the DSP. If one wants to configure the phase shift angle 𝜙𝜙, then the corresponding phase register should be set as 6000 × (360°-𝜙𝜙)/360°. For the proposed method, the phase shift angles are updated every switching period in real time after fault diagnosis, according to (5.23). Fig. 5.14 presents the picture of the experimental set-up. The transient performance of the proposed phase shift angle reconfiguration is shown in Fig. 5.18. The phase shift reconfiguration based on (5.23) and (5.24) starts soon after the switch fault in 𝑆𝑆 4 is diagnosed. It is seen that after a short time period (about 1ms), the new steady-state can arrive. The variation in the output voltage is almost ignorable. Moreover, the input current ripple is effectively and instantaneously reduced after the reconfiguration. 

Extension to N-phase Converter

The proposed method can be extended to FIBC with phases more than four, which is discussed as follows. For the N-phase FIBC (𝑁𝑁 is an even integer, 𝑁𝑁 > 4), suppose that the OCF occurs in switch 𝑆𝑆 𝑁𝑁 . The phase shift angle sequence (0°, 𝜙𝜙 (5.31)

Due to the complexity of the equations, it is difficult to obtain an exact analytical solution, no matter for (5.30) or (5.31). Thus, maybe an iterative method is preferred, although it is a little time-consuming. Additionally, a second-best solution is provided below, based on the principle of low-order harmonics elimination. With this phase shift reconfiguration, a part of N-2 2 order harmonic and all the harmonics lower than it can be canceled. 

𝜙𝜙

Summary

It is demonstrated from the frequency domain that, for a multi-phase FIBC, the even phase shift can achieve the minimal input current ripple when FIBC is operating in healthy mode, as the low-order harmonics can be effectively eliminated. However, the switch fault leads to the different duty cycles between upper module and lower module of the FIBC, which impairs the performance of conventional even phase shift reconfiguration.

Therefore, in this chapter, to optimize the input current ripple of four-phase FIBC under switch fault, an innovative control of uneven phase shift reconfiguration derived from fundamental harmonic elimination is proposed. The performance comparison with the even reconfiguration is conducted. It is shown that the proposed uneven reconfiguration can achieve significant improvement in reducing the input current ripple under converter switch fault. Moreover, the relationship between the desired phase shift angles with the implemented carrier displacement angles is presented. The implementation method based on the DSP is also given. The effectiveness of the proposed phase shift reconfiguration is demonstrated by the simulation and experiment results. The proposed method can be extended to other interleaved DC-DC converters. At this point, the main content of this thesis has been introduced, the conclusions are presented in the following Chapter 6. 

C. Stack Health Conscious Control

The time constant of the FC stack is relatively large. The stack health conscious control by respecting the dynamics of the FC stack is beneficial to slow down the stack aging and extend the stack lifetime. The adjustment of the stack response rate can be potentially realized by varying the bandwidth of the converter control, either the bandwidth of the ESO or the bandwidth of proportional control.

D. Multi-Stack FC System

Multi-stack FC system can improve the power rating, and also increase the system reliability by means of adding redundancy. The system can continue operating in case of single stack failure. The multi-stack system is particularly suitable for the electrified transportation applications of heavy duty, such as the tram, and truck. Therefore, extending the proposed methods to the multi-stack system is an interesting future work. Abstract: This thesis focuses on the control of the parallel interleaved DC-DC converter with switch fault consideration for fuel cell (FC) application, aiming to improve the steady-state and dynamic performance under both healthy mode and switch fault mode of the system. First, to better deal with the inevitable converter circuit parameter uncertainty and external disturbance from FC or load, a robust voltage controller based on extended state observer (ESO) is elaborated and applied to the converter for FC application. Second, to maintain the continuous operation and achieve good performance in both healthy mode and fault mode of the converter, an improved adaptive controller with switch fault consideration is proposed, on the basis of the previously developed controller. Third, to monitor the converter healthy state, a fast and robust switch fault diagnosis method based on sliding mode observer is designed. Finally, to optimize the undesired high input current ripple of the converter caused by the switch fault, a novel post-fault control method by applying uneven phase shift reconfiguration is developed. The effectiveness of the proposed methods is validated by the simulation and experimental results.
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  Fig. 2.12 Simulation results of the output voltage response of the converter interfaced with a FC stack under step voltage reference from 40V to 56V at t = 0.5s with different load resistance. (a) PI controller. (b) Proposed ESO-based controller. (a) (b) Fig. 2.13 Experiment results of the output voltage response of the converter interfaced with a FC stack under step voltage reference from 40V to 56V at t = 0s with different load resistance. (a) PI controller. (b) Proposed ESO-based controller.

Fig. 2 .

 2 Fig.2.14 and Fig.2.15 display, respectively, the simulation and experiment results of the converter interfaced with a FC stack under load current disturbance. The experiment results coincide with the simulation results. The ripple of fuel cell voltage and current in the simulation results are less than that in the experimental results, as they are sampled value. The dynamic step load current disturbance is applied to the converter, it is noted from the simulation results that the FC current varies from 1.8 to 6.4 A, and the FC voltage varies from 16.7 to 13.3 V accordingly. Both controllers can achieve accurate voltage regulation in steady-state. Meanwhile, it is noted that the proposed ESO-based controller shows much better voltage response during disturbance transient than PI controller, with less voltage drop/raise and shorter recovery time. The stronger disturbance rejection ability of the proposed controller is thus demonstrated, and the feasibility of the proposed method for FC application is also verified.

Fig. 2 .

 2 Fig. 2.14 Simulation results of the converter interfaced with a FC stack under load current disturbance.

Fig. 2 .

 2 Fig. 2.15 Experiment results of the converter interfaced with a FC stack emulator under load current disturbance.

Fig. 2 .

 2 Fig. 2.18 Simulation results of the output voltage for the converter with different operation point. Case 1 isV in = 12V, R = 100Ω; case 2 is V in = 12V, R = 33Ω; case 3 is V in = 16V, R = 50Ω; case 4 is V in = 20V, R = 100Ω; case 5 is V in = 20V, R = 33Ω.

Fig. 2 .

 2 Fig. 2.19 Experimental results of the converter under step load disturbance from 0.5 A to 2 A and then back to 0.5 A, V in = 16 V, V o = 48 V.

Fig. 2 .

 2 Fig. 2.21 Bode plot of 𝜙𝜙 𝐿𝐿 (𝜙𝜙) with 𝜔𝜔 𝑜𝑜 = 400, 𝑘𝑘 𝑝𝑝 = 400/3.

Fig. 2 .Fig. 2 .

 22 Fig. 2.22 Bode plot of 𝜙𝜙 𝑁𝑁 (𝜙𝜙) with 𝜔𝜔 𝑜𝑜 = 400, 𝑘𝑘 𝑝𝑝 = 400/3.

  Fig. 2.24 Nyquist curves of the transfer function T(s) for ADRC controller with different order of ESO. (a) ADRC with ESO. (b) ADRC with 2-ESO. (c) ADRC with 3-ESO.

Fig. 2 .

 2 Fig. 2.25 shows the simulation results of the converter with the proposed 2-ESO-based ADRC controller under step voltage reference from 48 V to 56 V. The input voltage is 16 V, and the load resistance is 50 Ω. It is observed that, the accurate voltage regulation is achieved. The equal current sharing is obtained as well. The effectiveness and robustness of the proposed controller to the voltage reference change is thus verified.

Fig. 2 .

 2 Fig. 2.25 Simulation results of the converter under step voltage reference from 48 V to 56 V at t = 0.1s. From top to bottom: output voltage v o , inductor currents i L1 , i L2 , and duty cycles d 1 , d 2 .

Fig. 2 .

 2 Fig. 2.26 presents the simulation results considering the inductance tolerance and capacitance tolerance up to ±10%. The voltage reference steps from 48 V to 56 V. It can be seen from the figure that the accurate voltage regulation is achieved, and the voltage responses are almost overlapped. The proposed controller shows good robustness to the inductance and capacitance deviation.

Fig. 2 .

 2 Fig. 2.26. Simulation results of the converter with circuit parameter uncertainty under step voltage reference from 48 V to 56 V at t = 0.3s.

Fig. 2 .

 2 Fig. 2.27 Simulation results of the converter under time-varying ramp load disturbance, v in = 16V. From top to bottom: output voltage v o of PI controller, output voltage v o of ESO-based ADRC, output voltage v o of 2-ESO-based ADRC, and load current i o .

Fig. 2 .

 2 Fig. 2.28 Simulation results of the converter interfaced with a FC stack under time-varying ramp load disturbance, with PI controller, ESO-based ADRC, and 2-ESO-based ADRC. From top to bottom: output voltage v o , input voltage (FC voltage) v in , inductor current i L1 , and load current i o .

Fig. 2 .

 2 Fig. 2.29 Experiment results of the converter under time-varying ramp load disturbance, v in = 16V. From top to bottom: output voltage v o , inductor current i L1 , and load current i o . (a) PI control. (b) ADRC with ESO. (c) ADRC with 2-ESO.

Fig. 2 .

 2 Fig. 2.30 Experiment results of the converter interfaced with a FC stack emulator under time-varying ramp load disturbance. From top to bottom: output voltage v o , input voltage (FC voltage) v in , inductor current i L1 , and load current i o . (a) PI control. (b) ADRC with ESO. (c) ADRC with 2-ESO.

Fig. 3 .

 3 Fig. 3.1 FIBC topology.

Fig. 3 . 2

 32 Fig. 3.2 Proposed control scheme for FIBC.

4

 4 Root locus variation of the system with ADRC control, 𝑘𝑘 𝑏𝑏 ∈ [0.2, 5]. (a) 𝑘𝑘 𝜔𝜔 = 1, 𝜔𝜔 𝑜𝑜 = 400. (b) 𝑘𝑘 𝜔𝜔 = 1/3, 𝜔𝜔 𝑜𝑜 = 400.

Fig. 3 . 5

 35 Fig. 3.5 Influence of 𝑘𝑘 𝜔𝜔 on the Bode plot of transfer function 𝜙𝜙 𝑑𝑑 (𝜙𝜙).

Fig. 3 . 6

 36 Fig. 3.6 Influence of 𝑘𝑘 𝑏𝑏 on the Bode plot of transfer function 𝜙𝜙 𝑑𝑑 (𝜙𝜙).

Fig. 3 . 7

 37 Fig. 3.7 Influence of 𝑘𝑘 𝜔𝜔 on the Bode plot of transfer function 𝜙𝜙 𝑁𝑁 (𝜙𝜙).

Fig. 3 . 8

 38 Fig. 3.8 Influence of 𝑘𝑘 𝑏𝑏 on the Bode plot of transfer function 𝜙𝜙 𝑁𝑁 (𝜙𝜙).

  Fig. 3.9 Response of the converter under step voltage reference from 40V to 56V, simulations (left) and experiments (right) results. (a) Controller with constant b 0 . (b) Proposed controller with adaptive b 0 .

  .10. It can be seen from the figure that, the voltage responses are almost overlapped, no matter in healthy mode or in switch fault mode. The simulation results demonstrate the robustness of the proposed controller against the converter parameter uncertainty.

Fig. 3 .

 3 10 Simulation results of the converter with parameter uncertainty under step voltage reference from 40 V to 56 V at t = 0.3 s, in healthy mode (left) and in switch fault mode (right). (a) Inductance tolerance. (b) Capacitance tolerance. (c) Inductor resistance variation. This is because that, based on (3.19) -(3.21), the parameter 𝑘𝑘 𝑏𝑏 within the proposed controller can be expressed as:

Fig. 3 .

 3 11 Simulation results of the converter under load current disturbance in healthy mode (left) and in switch fault mode (right). (a) Controller with constant b 0 . (b) Proposed controller with adaptive b 0 . (a) (b) Fig. 3.12 Experiment results of the converter under load current disturbance in healthy mode (left) and in switch fault mode (right). (a) Controller with constant b 0 . (b) Proposed controller with adaptive b 0 .

Fig. 3 .

 3 13 Simulation results of the converter under input voltage variation in healthy mode (left) and in switch fault mode (right). (a) Controller with constant b 0 . (b) Proposed controller with adaptive b 0 . (a) (b) Fig. 3.14 Experiment results of the converter under input voltage variation in healthy mode (left) and in switch fault mode (right). (a) Controller with constant b 0 . (b) Proposed controller with adaptive b 0 .

Fig. 3 .

 3 15 Response of the converter during switch S 2 fault, simulations (left) and experiments (right) results. (a) Controller with constant b 0 . (b) Proposed controller with adaptive b 0 .

Fig. 4 .

 4 Fig. 4.2 FIBC topology with fuses in series with power switches.

Fig. 4 . 4

 44 Fig. 4.4 Fault diagnosis scheme based on linear observer.

Fig. 4 . 5

 45 Fig. 4.5 Fault diagnosis scheme based on sliding mode observer.

  λ = 0.05, α = 40 Outer-loop ω o = 400, k p = 200, b 0 = 800 A. Threshold SelectionThe threshold has a direct impact on the diagnosis robustness and speed, thus its selection is very critical. The small threshold may generate false alarm in converter healthy mode, reducing the diagnosis robustness. On the contrary, the large threshold would increase the diagnosis robustness, but also the diagnosis time. The diagnosis reliability and speed need to be balanced carefully. According to (4.23), ideally, the residual in converter healthy mode is zero, and the post-fault residual diverges from zero considerably. The threshold can be selected as an arbitrary small positive number. However, in real applications, the residual under healthy mode would be influenced by the discrete sampling of the diagnosis variable, resulting in a small fluctuation around zero. It is observed from Fig.4.6 that the residual fluctuation is about [-0.2, 0.2], therefore, the threshold is set as Γ 1 = Γ 2 = 0.6 , by considering a margin.

Fig. 4 . 6

 46 Fig. 4.6 Simulation results of the residual under converter healthy mode, V in = 20 V, R = 50 Ω.

7 8

 78 Simulation results of the residual under converter healthy mode with load current variation, V in = 16 V. (a) Sinusoidal load current i o = 1 + 0.5sin(20πt) A from t = 0.2 s. (b) Step load current from 0.5 A to 1 A at t = 0.25 s. Simulation results of the residual under converter healthy mode with converter parameter uncertainty, load current steps from 0.5 A to 1 A at t = 0.25s. (a) Inductance deviation. (b) Capacitance deviation. (c) Inductor resistance variation. (d) Input voltage variation.

Fig. 4 . 9

 49 Fig.4.9 Simulation results of the residual for FIBC in healthy mode interfaced with FC stack, load current steps from 0.5 A to 1 A at t = 0.5s.

Fig. 4 .

 4 Fig. 4.10 Simulation results of the fault diagnosis for two-phase FIBC with multiple switch faults, V in = 20 V, R = 50 Ω.

4

 4 

. 11 .

 11 Similar to the result of Fig.4.10, the converter is operating in healthy mode at the start. The residuals are lower than the threshold, without generating false alarm. The OCF occurs in switch S2 at t = 0.6s, the residual 1 is still maintained around zero, without generating false alarm, despite the fluctuation of the input voltage (FC voltage) during fault transient. In contrast, the residual 2 starts to increase, and soon overs the threshold, diagnosing the switch fault. The final value of residual 2 is 34.3, which is also consistent with the theoretical calculation by (4.23).

Fig. 4 .

 4 Fig. 4.11 Simulation results of the fault diagnosis for two-phase FIBC interfaced with FC stack, R = 50 Ω, OCF occurs in switch S 2 at t = 0.6s.

  MBR20100 are used. The nominal converter parameters are the same as that in the simulations. The simulation model established in the previous Chapter 4.4.1, including the closed-loop control and the fault diagnosis strategy, is implemented in dSPACE DS1007. An extra FPGA board is utilized to phase shift the switch control signals. The parameters configuration of the controller and fault diagnosis are the same as that of the simulation. The threshold is Γ 1 = Γ 2 = 0.6. Fig. 4.12 shows the picture of the experimental set-up.

Fig. 4 .

 4 Fig. 4.12 Picture of the experiment set-up.

Fig. 4 .

 4 Fig. 4.13 Experiment result of the residual in converter healthy mode, with load current sinusoidal disturbance, V in = 20 V.

Fig. 4 .

 4 Fig. 4.14 Experiment results of the fault diagnosis for single switch (S 2 ) fault under various converter operation points, oscilloscope with 20ms/div. (a) V in = 12 V, R = 100 Ω. (b) V in = 20 V, R = 100 Ω. (c) V in = 20 V, R = 50 Ω. (d) V in = 30 V, R = 50 Ω. (e) V in = 30 V, R = 25 Ω.

Fig. 4 .

 4 Fig. 4.15 Experiment result of the fault diagnosis for single switch (S 2 ) fault under V in = 12 V, R = 100 Ω, oscilloscope with 200μs/div.

Fig. 4 .

 4 Fig. 4.16 Example to illustrate the calculation way of fault diagnosis time.

Fig. 4 .

 4 Fig. 4.18 shows the dual-loop control scheme for the presented N-phase FIBC. The output voltage outer-loop generates the current reference 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 for the inner-loops. The inductor current inner-loops produce the duty cycles 𝜙𝜙 𝐿𝐿 (𝑘𝑘 = 1,2, … , 𝑁𝑁 ), 𝜙𝜙 𝐿𝐿 ∈ [0,1], for the corresponding PWM block. Then the generated ON-OFF signals 𝛿𝛿 𝐿𝐿 are sent to the gatedriver to control the switch.

Fig. 4 .

 4 Fig. 4.17 N-phase FIBC topology.

Fig. 4 .

 4 Fig. 4.18 Control scheme for N-phase FIBC.

Fig. 5 . 2

 52 Fig. 5.2 Dual-loop control scheme for FIBC.

Fig. 5 . 3

 53 Fig. 5.3 Inductor current waveform for FIBC.

Fig. 5 . 4

 54 Fig. 5.4 Fundamental harmonic component elimination of input current ripple.

5 . 5 5

 555 that for the sawtooth carrier wave, there are 𝜃𝜃 2 = 𝜙𝜙 2 , 𝜃𝜃 3 = 𝜙𝜙 3 (5.24) Phase sequence of the carrier wave with the inductor current. (a) Sawtooth carrier wave. (b) Triangle carrier wave. For the triangle carrier wave, there are 𝜃𝜃 2 = 𝜙𝜙 2 , 𝜃𝜃 3 = 𝜙𝜙 3 -(𝜙𝜙 1 -𝜙𝜙 3 ) × 180°

  5), there is 𝐷𝐷 ∈ [1/3, 1]. It means that to ensure the proper operation of the converter after switch fault, the equivalent duty cycle of the converter should satisfy 𝐷𝐷 ∈ [1/3, 1].

(5. 27 )

 27 By applying the proposed uneven phase shift angle, the three remaining phase angle follows from (5.5) and (5.23) can be written as: the phase shift (5.28), the corresponding peak-to-peak input current ripple is:

Fig. 5 . 6

 56 Fig. 5.6 Comparison of input current ripple of FIBC under switch fault with different phase shift angles. Case 1 is no phase shift reconfiguration, case 2 is even phase shift reconfiguration and case 3 is the proposed phase shift reconfiguration.

Fig. 5

 5 .7 presents the corresponding inductor currents and the input current. The maximum current ripple can reach ∆𝑖𝑖 𝑖𝑖𝑁𝑁 = 3.03 A, when there is no phase shift reconfiguration. After applying the even phase shift reconfiguration of (0°, 120°, 240°), the input current ripple can reduce to ∆𝑖𝑖 𝑖𝑖𝑁𝑁 = 2.42 A, as shown in Fig.5.8.

Fig. 5 . 7

 57 Fig. 5.7 Simulation results of the inductor currents and input current of the converter under switch fault, no phase shift reconfiguration, V in = 18 V.

Fig. 5 . 8

 58 Fig. 5.8 Simulation results of the inductor currents and input current of the converter under switch fault, even phase shift reconfiguration, V in = 18 V.

Fig. 5 .

 5 Fig. 5.11 Simulation results of the output voltage and input current of the converter under switch fault, before and after the proposed phase shift reconfiguration.

Fig. 5 .

 5 Fig. 5.12 Simulation results of the proposed phase shift reconfiguration under sinusoidal input voltage variation, R = 52 Ω.

Fig. 5 .

 5 Fig. 5.13 Simulation results of the proposed phase shift reconfiguration under sinusoidal load current variation, V in = 18 V.

Fig. 5 .

 5 Fig. 5.14 Picture of the experiment set-up.

Fig. 5 .

 5 Fig. 5.17 Experiment results of the inductor currents and input current of the converter under switch fault, proposed phase shift reconfiguration, V in = 18 V.

Fig. 5 .

 5 Fig. 5.18 Experiment results of the output voltage and input current of the postfault converter, before and after the proposed phase shift reconfiguration, V in = 18V.

2 [ 4 ]

 24 , it is possible to cancel low-order harmonics up to N-2 . To obtain the corresponding phase shift angle, the following harmonic equations need to be solved.

Fig. 6 . 1

 61 Fig. 6.1 Timeline of the fault reconfiguration.
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	ADRC	Active disturbance rejection control
	DAC	Digital-to-analog converter
	DC	Direct current
	DSP	Digital signal processor
	ESO	Extended state observer
	FC	Fuel cell
	FFT	Fast fourier transform
	FIBC	Floating interleaved boost converter
	FPGA	Field programmable gate arrays
	IAE	Integral absolute error
	IBC	Interleaved boost converter
	IPOP	Input-parallel output-parallel
	OCF	Open-circuit fault
	PI	Proportional-integral
	PWM	Pulse width modulation
	SCF	Short-circuit fault

4 Relationship of converter state with 𝒇𝒇𝑘𝑘 ............................................................ Table 5.1 Circuit parameter of the four-phase FIBC ......................................................... Table 5.2 Experimental performance comparison ........................................................... xviii Abbreviations

  𝑉𝑉 𝑜𝑜 and 𝑉𝑉 𝑖𝑖𝑁𝑁 are the DC values of the variable 𝑣𝑣 𝑜𝑜 and 𝑣𝑣 𝑖𝑖𝑁𝑁 , respectively.

	where 𝑘𝑘 = 1,2. The symmetric circuit parameters are generally considered for modularity
	design, there are 𝐿𝐿 𝐿𝐿 = 𝐿𝐿, 𝑓𝑓 𝐿𝐿 = 𝑓𝑓. The ideal static voltage gain of the converter operating in
	continuous conduction mode is:				
	𝑀𝑀 (𝐷𝐷) =	𝑉𝑉 𝑜𝑜 𝑉𝑉 𝑖𝑖𝑁𝑁	=	1 1 -𝜙𝜙		(2.2)
	where 𝜙𝜙 is the duty cycle, Current Controller Current Controller Voltage Controller	PWM PWM
	𝐿𝐿 𝐿𝐿 𝐶𝐶 𝜙𝜙𝑣𝑣 𝑜𝑜 𝜙𝜙𝑖𝑖 𝐿𝐿𝐿𝐿 𝜙𝜙𝑡𝑡 𝜙𝜙𝑡𝑡 = �(1 -𝛿𝛿 𝐿𝐿 )𝑖𝑖 𝐿𝐿 𝑛𝑛 -𝑖𝑖 𝑜𝑜 = 𝑣𝑣 𝑖𝑖𝑁𝑁 -𝑓𝑓 𝐿𝐿 𝑖𝑖 𝐿𝐿𝐿𝐿 -(1 -𝛿𝛿 𝐿𝐿 )𝑣𝑣 𝑜𝑜	(2.1)

Table 2 .

 2 1 Circuit parameter of the two-phase IBC

	Description	Variable	Value
	Output voltage	V o	48 V
	Input voltage	V in	12 ~ 22 V
	Inductor current	I L	0 ~ 7 A
	Inductor	L	400 μH
	Inductor resistor	r L	0.43 Ω
	Capacitor	C	1000 μF
	Capacitor resistor	r C	0.04 Ω
	Switching frequency	f s	25 kHz

Table 2 .

 2 2 Circuit parameter of the two-phase FIBC

	Description	Variable	Value
	Output voltage	V o	48 V
	Input voltage	V in	12 ~ 20 V
	Inductor	L	400 μH
	Capacitor	C	1000 μF
	Switching frequency	f s	25 kHz

Table 2 .

 2 3 Gain and phase margin with different observer

	Observer type Phase margin	Gain margin
	ESO	60.2 ~ 77.8 ° 29.5 ~ 42.9 dB
	2-ESO	48.8 ~ 56.3 ° 24.1 ~ 37.6 dB
	3-ESO	41.8 ~ 46.1 ° 20.5 ~ 34.2 dB

  When the converter operating in healthy mode, let derivative in (3.6) be zero, the equilibrium point in ideal converter case can be obtained as follows.

	A. Healthy Mode 3.3.3 ADRC voltage control		
	According to the above analysis, the equivalent control plant for the outer-loop is
	𝐼𝐼 𝐿𝐿 = 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 = 𝑉𝑉 𝑜𝑜 (𝜙𝜙) 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙) = 𝑘𝑘 -𝑐𝑐𝜙𝜙 𝑉𝑉 𝑜𝑜 𝑉𝑉 𝑐𝑐 𝑅𝑅𝑉𝑉 𝑖𝑖𝑁𝑁 𝜙𝜙 + 𝑎𝑎 , � ℎ𝑒𝑒𝑎𝑎𝑒𝑒𝑡𝑡ℎ𝑦𝑦 𝑚𝑚𝜔𝜔𝜙𝜙𝑒𝑒, 𝑎𝑎 = 𝑎𝑎 1 , 𝑘𝑘 = 𝑘𝑘 1 , 𝑐𝑐 = 𝑐𝑐 1 = 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 + 𝑉𝑉 𝑖𝑖𝑁𝑁 2𝑉𝑉 𝑖𝑖𝑁𝑁 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 𝜙𝜙𝑎𝑎𝑢𝑢𝑒𝑒𝑡𝑡 𝑚𝑚𝜔𝜔𝜙𝜙𝑒𝑒, 𝑎𝑎 = 𝑎𝑎 2 , 𝑘𝑘 = 𝑘𝑘 2 , 𝑐𝑐 = 𝑐𝑐 2 𝑅𝑅 For convenience, denote the output 𝑦𝑦 = 𝑣𝑣 𝑜𝑜 , and the control action 𝑢𝑢 = 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 . 𝐺𝐺 𝑖𝑖𝑐𝑐 (𝜙𝜙) = (3.13) (3.7)
	Linearization of (3.6) around the equilibrium point gives Therefore, it follows from (3.13) that
	𝜙𝜙𝑣𝑣̃𝐶𝐶 𝜙𝜙𝑡𝑡	=	𝑅𝑅𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 + 𝑉𝑉 𝐶𝐶 𝑅𝑅𝐶𝐶𝑉𝑉 𝐶𝐶 𝑉𝑉 𝐶𝐶 -𝑉𝑉 𝑜𝑜 + 2𝑉𝑉 𝐶𝐶 𝑣𝑣̃𝑖𝑖 𝑁𝑁 + 𝑅𝑅𝐶𝐶 𝑉𝑉 𝑖𝑖𝑁𝑁 -2𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶 𝑣𝑣̃𝐶𝐶 𝑦𝑦̇= 𝑘𝑘 0 𝑢𝑢 + 𝜙𝜙(𝑦𝑦, 𝑢𝑢, 𝑢𝑢) 𝚤𝚤 ̃𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 -	𝐿𝐿𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶	𝜙𝜙𝚤𝚤 ̃𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝜙𝜙𝑡𝑡	(3.8) (3.14)
	Applying the Laplace transform, the inner closed-loop transfer function in healthy
	mode is therefore derived as follows.
						𝐺𝐺 𝑖𝑖𝑐𝑐 (𝜙𝜙) =	𝑉𝑉 𝑜𝑜 (𝜙𝜙) 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙)	=	2𝑉𝑉 𝐶𝐶 (𝜙𝜙) 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙)	=	𝑘𝑘 1 -𝑐𝑐 1 𝜙𝜙 𝜙𝜙 + 𝑎𝑎 1	(3.9)
		𝑎𝑎 1 =	1 𝑅𝑅𝐶𝐶	𝑉𝑉 𝑜𝑜 + 2𝑉𝑉 𝐶𝐶 𝑉𝑉 𝐶𝐶	, 𝑘𝑘 1 = 2	𝑉𝑉 𝑖𝑖𝑁𝑁 -2𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶	, 𝑐𝑐 1 =	2𝐿𝐿𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶
									𝐼𝐼 𝐿𝐿 = 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 =	𝑉𝑉 𝑜𝑜 𝑉𝑉 𝐶𝐶 𝑅𝑅𝑉𝑉 𝑖𝑖𝑁𝑁	=	𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 𝑉𝑉 𝑖𝑖𝑁𝑁	𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 𝑅𝑅	(3.10)
	Linearization of (3.6) around the new equilibrium point gives:
	𝜙𝜙𝑣𝑣̃𝐶𝐶 𝜙𝜙𝑡𝑡	=	𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶	𝑣𝑣̃𝑖𝑖 𝑁𝑁 +	𝑉𝑉 𝑖𝑖𝑁𝑁 -2𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶	𝚤𝚤 ̃𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 -	𝐿𝐿𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶	𝜙𝜙𝚤𝚤 ̃𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝜙𝜙𝑡𝑡	-	2 𝑅𝑅𝐶𝐶	𝑣𝑣̃𝐶𝐶	(3.11)
	Applying the Laplace transform, the inner closed-loop transfer function in switch fault
	mode is thus derived as follows.		
						𝐺𝐺 𝑖𝑖𝑐𝑐 (𝜙𝜙) =	𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 -𝐿𝐿 𝐶𝐶𝑣𝑣 𝐶𝐶 𝑉𝑉 𝑜𝑜 (𝜙𝜙) 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙) = 𝑉𝑉 𝐶𝐶 (𝜙𝜙) 𝜙𝜙𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝜙𝜙𝑡𝑡 𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙) = 𝑘𝑘 2 -𝑐𝑐 2 𝜙𝜙 𝑖𝑖 𝐿𝐿 -𝑣𝑣 𝑜𝑜 𝑅𝑅𝐶𝐶 𝜙𝜙 + 𝑎𝑎 2	(3.6) (3.12)
						𝑎𝑎 2 =	2 𝑅𝑅𝐶𝐶	, 𝑘𝑘 2 =	𝑉𝑉 𝑖𝑖𝑁𝑁 -2𝑓𝑓𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶	, 𝑐𝑐 2 =	𝐿𝐿𝐼𝐼 𝐿𝐿𝑁𝑁𝑐𝑐𝐿𝐿 𝐶𝐶𝑉𝑉 𝐶𝐶

B. Switch Fault Mode

When switch open-circuit fault occurs, the capacitor voltage of the healthy module 𝑣𝑣 𝐶𝐶 is equal to the output voltage 𝑣𝑣 𝑜𝑜

[15]

. Let derivative in (3.6) be zero, the new equilibrium point for the ideal converter under switch fault can be obtained as follows.

  𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 ) 𝑘𝑘 𝑏𝑏 𝜙𝜙 2 �𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 � + �𝑘𝑘 𝑝𝑝 𝑔𝑔 1 + 𝑔𝑔 2 �𝜙𝜙 + 𝑘𝑘 𝑝𝑝 𝑔𝑔 2 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙) -�𝑘𝑘 𝑝𝑝 𝑔𝑔 1 + 𝑔𝑔 2 �𝜙𝜙 + 𝑘𝑘 𝑝𝑝 𝑔𝑔 2 𝑘𝑘 𝑏𝑏 𝜙𝜙 2 �𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 � + �𝑘𝑘 𝑝𝑝 𝑔𝑔 1 + 𝑔𝑔 2 �𝜙𝜙 + 𝑘𝑘 𝑝𝑝 𝑔𝑔 2

	+ -	+ -	b 0		total disturbance	δ n noise
					+ +	1/s	y
	Fig. 3.3 ADRC control for the equivalent control plant.
	𝑣𝑣 𝑜𝑜 (𝜙𝜙) =		𝑘𝑘 𝑝𝑝 (𝛿𝛿 𝑁𝑁 (𝜙𝜙)	(3.26)
	+	𝑘𝑘 𝑏𝑏 𝜙𝜙�𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 � 𝑘𝑘 𝑏𝑏 𝜙𝜙 2 �𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 � + �𝑘𝑘 𝑝𝑝 𝑔𝑔 1 + 𝑔𝑔 2 �𝜙𝜙 + 𝑘𝑘 𝑝𝑝 𝑔𝑔 2	𝜙𝜙(𝜙𝜙)
	Suppose that 𝑘𝑘 𝑏𝑏 = 1, (3.25) can be simplified as
			𝑧𝑧 2 (𝜙𝜙) 𝜙𝜙(𝜙𝜙)	=	𝑔𝑔 2 𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2	(3.27)

  Define 𝑘𝑘 𝜔𝜔 = 𝜔𝜔 𝑐𝑐 /𝜔𝜔 𝑜𝑜 = 𝑘𝑘 𝑝𝑝 /𝜔𝜔 𝑜𝑜 , then 𝑘𝑘 𝜔𝜔 ≤ 1, since the observer is generally faster than the controller. The root locus of (3.30) with 𝑘𝑘 𝜔𝜔 = 1 and 𝑘𝑘 𝜔𝜔 = 1/3 are plotted in Fig.3.4 as two examples, where 𝑘𝑘 𝑏𝑏 varies from 0.2 to 5. As can be seen from the figure, the condition for no overshoot of step response is 𝑘𝑘 𝑏𝑏 = 1 when 𝑘𝑘 𝜔𝜔 = 1, while the condition for no overshoot of step response is 1 ≤ 𝑘𝑘 𝑏𝑏 ≤ 1.09 when 𝑘𝑘 𝜔𝜔 = 1/3 . It can be inferred and validated that the lower bound of 𝑘𝑘 𝑏𝑏 to ensure zero overshoot is one, while the upper bound of 𝑘𝑘 𝑏𝑏 is determined by 𝑘𝑘 𝜔𝜔 . The smaller the 𝑘𝑘 𝜔𝜔 , the larger the upper bound of 𝑘𝑘 𝑏𝑏 .

	𝑁𝑁 (𝜙𝜙) =	𝑉𝑉 𝑜𝑜 (𝜙𝜙) 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙)	=	𝑘𝑘 𝑝𝑝 (𝜙𝜙 2 + 𝑔𝑔 1 𝜙𝜙 + 𝑔𝑔 2 ) 𝑘𝑘 𝑏𝑏 𝜙𝜙 2 �𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 � + �𝑘𝑘 𝑝𝑝 𝑔𝑔 1 + 𝑔𝑔 2 �𝜙𝜙 + 𝑘𝑘 𝑝𝑝 𝑔𝑔 2	(3.29)
	The characteristic equation can be rewritten as follows
		1 + 𝑘𝑘 𝑏𝑏	𝜙𝜙 2 �𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 � �𝑘𝑘 𝑝𝑝 𝑔𝑔 1 + 𝑔𝑔 2 �𝜙𝜙 + 𝑘𝑘 𝑝𝑝 𝑔𝑔 2	= 0	(3.30)
	Moreover, substitute 𝑘𝑘 𝑏𝑏 = 1 to (3.29) , there is
			𝜙𝜙 𝑁𝑁 (𝜙𝜙) =	𝑉𝑉 𝑜𝑜 (𝜙𝜙) 𝑉𝑉 𝑁𝑁𝑐𝑐𝐿𝐿 (𝜙𝜙)	=	𝑘𝑘 𝑝𝑝 𝜙𝜙 + 𝑘𝑘 𝑝𝑝	(3.31)

  ). 𝑔𝑔 2 �𝜙𝜙 + 𝑘𝑘 𝑝𝑝 𝑔𝑔 2 𝑘𝑘 𝑏𝑏 𝜙𝜙 2 �𝜙𝜙 + 𝑔𝑔 1 + 𝑘𝑘 𝑝𝑝 � + �𝑘𝑘 𝑝𝑝 𝑔𝑔 1 + 𝑔𝑔 2 �𝜙𝜙 + 𝑘𝑘 𝑝𝑝 𝑔𝑔 2 (3.33)

	𝜙𝜙 𝑁𝑁 (𝜙𝜙) =	𝑉𝑉 𝑜𝑜 (𝜙𝜙) 𝛿𝛿 𝑁𝑁 (𝜙𝜙)	=	�𝑘𝑘 𝑝𝑝 𝑔𝑔 1 +

Table 4 .

 4 1 Relationship of converter state with 𝒇𝒇 𝐿𝐿 (𝑡𝑡)

	𝑘𝑘 converter state	𝒇𝒇 𝐿𝐿 (𝑡𝑡)

Table 4 .

 4 3 Diagnosis time for switch OCF

	Operation point	Diagnosis time

Table 4 .

 4 4 Relationship of converter state with 𝒇𝒇 𝐿𝐿

	𝑘𝑘 converter state	𝒇𝒇 𝐿𝐿
	0	no fault

  3 ′ ) is 𝐴𝐴 11 𝑒𝑒 𝑗𝑗𝜑𝜑 11 + 𝐴𝐴 12 𝑒𝑒 𝑗𝑗(𝜑𝜑 12 +𝜙𝜙 2 ′ ) + 𝐴𝐴 13 𝑒𝑒 𝑗𝑗(𝜑𝜑 13 +𝜙𝜙 3 ′ ) = 0 𝐴𝐴 11 + 𝐴𝐴 12 𝑒𝑒 𝑗𝑗𝛼𝛼 2 + 𝐴𝐴 13 𝑒𝑒 𝑗𝑗𝛼𝛼 3 = 0 (5.20) 𝛼𝛼 2 = 𝜑𝜑 12 + 𝜙𝜙 2 ′ -𝜑𝜑 11 , 𝛼𝛼 3 = 𝜑𝜑 13 + 𝜙𝜙 3 ′ -𝜑𝜑 11

	It is easy to rewrite (5.19) as follows:
	(5.19)
	where 𝜙𝜙 1 ′ is set as 0° as a reference.

Table 5 .

 5 1 Circuit parameter of the four-phase FIBC

	Description	Symbol	Value
	Input voltage	𝑉𝑉 𝑖𝑖𝑁𝑁	12 ~ 30 V
	Output voltage	𝑉𝑉 𝑜𝑜	72 V
	Nominal load	𝑅𝑅	52 Ω
	Switching frequency	𝜙𝜙 𝑁𝑁	25 kHz
	Inductance	𝐿𝐿	150 μH
	Inductor resistor	𝑓𝑓 𝐿𝐿	0.32 Ω
	Capacitance	𝐶𝐶	470 μF
	Capacitor resistor	𝑓𝑓 𝐶𝐶	0.04 Ω

Table 5 .

 5 2 Experimental performance comparison

	Method	Input current ripple First harmonic amplitude Ripple reduction
	no reconfiguration	1.92 A	-6.8 dB (0.457)	--
	even reconfiguration	1.76 A	-6.8 dB (0.457)	8.3%
	proposed reconfiguration	1.04 A	-20.4 dB (0.095)	45.8%

  Résumé: Dans le but d'améliorer les performances statique et dynamique du système pile à combustible en modes de fonctionnement sain et défaillant , la commande du convertisseur à phases parallèles et à commandes entrelacées avec prise en compte de la robustesse face aux perturbations internes et externes est étudiée dans cette thèse. D'abord, pour mieux gérer les incertitudes liées aux paramètres électriques du convertisseur et les perturbations externes (pile à combustible ou charge), un contrôleur de tension robuste basé sur un observateur d'état étendu (ESO) est proposé et appliqué à la topologie de convertisseur envisagée pour une application pile à combustible. Ensuite, pour maintenir un fonctionnement continu et obtenir de bonnes performances en cas de défauts, un contrôleur adaptatif amélioré, avec la prise en compte des défauts électriques sur les interrupteurs, est proposé sur la base du contrôleur développé précédemment. De plus, une méthode de diagnostic basé-modèle de défauts d'interrupteurs de puissance en s'appuyant sur un observateur de mode glissant est proposée et appliquée au système pile à combustible étudié. Enfin, pour optimiser l'ondulation du courant d'entrée élevée suite à la perte d'une phase du convertisseur provoquée par un défaut sur l'un des interrupteurs, une nouvelle méthode de reconfiguration de la commande en appliquant une adaptation du déphasage entre les phases restantes est proposé. Les différentes méthodes proposées sont toutes validées par des résultats de simulation et expérimentaux.

The work of this thesis is carried out in the Energy Department of FEMTO-ST Institute, and FCLAB, in Belfort, under the direction of Prof. Fei Gao. I would like to acknowledge the financial support of China Scholarship Council for my doctoral study in France.
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The converter average model is utilized to alleviate the sampling rate requirement. The proposed method is applied to a DC-DC two-phase FIBC [30]. The switch fault can be diagnosed in less than two switching periods. The diagnosis variables are already within the control system, and the required sampling rate is the same level as that of the main controller. Therefore, it is very convenient to integrate the proposed diagnosis method into the available digital control system. 

Converter Topology and Control

The two-phase FIBC has been introduced in Chapter 2.5. In this section, for convenience, the converter topology is re-plotted in Fig. 4.2, wherein 𝑆𝑆 𝐿𝐿 (𝑘𝑘 = 1, 2) is the power switch, 𝐷𝐷 𝐿𝐿 (𝑘𝑘 = 1, 2) is the diode, 𝐿𝐿 𝐿𝐿 (𝑘𝑘 = 1, 2) is the inductor, 𝐶𝐶 𝐿𝐿 (𝑘𝑘 = 1, 2) is the capacitor, 𝑓𝑓 𝐿𝐿 (𝑘𝑘 = 1, 2) is the lumped parasitic resistor of the circuit, and 𝑅𝑅 is the load resistor.

𝑖𝑖 𝐿𝐿𝐿𝐿 (𝑘𝑘 = 1,2) is the current through the inductor 𝐿𝐿 𝐿𝐿 , 𝑣𝑣 𝐶𝐶𝐿𝐿 is the voltages across the capacitor 𝐶𝐶 𝐿𝐿 (𝑘𝑘 = 1,2), 𝑣𝑣 𝑖𝑖𝑁𝑁 is the input source voltage, 𝑣𝑣 𝑜𝑜 is the output voltage, and 𝑖𝑖 𝑜𝑜 is the load current.

Chapter 5

Current Ripple Optimization of the Interleaved Converter under Switch Fault

Introduction

For the input-parallel interleaved converter, which consists of 𝑁𝑁 identical DC-DC converters, an even phase shift of 360°/𝑁𝑁 can achieve the minimization of the total current ripple, as analyzed in Section C of Chapter 1.2. However, the switch fault would cause the loss of the phase of the interleaved converter, resulting in that the input current ripple increases considerably. A high input current ripple has adverse effects on the new energy source. For FC application, the large current ripple would lead to accelerated degradation of electrode-electrolyte material and additional hydrogen consumption [1,2]. Therefore, proper measures need to be taken to alleviate the post-fault input current ripple. Provided that the switching frequency is fixed, one straight solution to reduce the current ripple is to oversize the inductor during the converter design stage. However, this will increase the volume of the converter, as well as the hardware cost. Another possibility to reduce the input current ripple is to reconfigure the phase shift angle. It is well understood in the literature that reconfiguring the even phase shift angle from 360°/𝑁𝑁 to 360°/(𝑁𝑁 -1) is effective in reducing the undesired high input current ripple under switch fault. However, for the FIBC, the loss of one phase results in totally different duty cycles between the two modules due to the floating interleaved feature. The symmetrical reconfiguration with even phase shift angle is no longer optimal.

The asymmetrical phase interleaving (also termed as variable interleaving) technique, which uses the uneven phase shift angles, has been proposed in the literature to deal with the asymmetry condition [3]. In [4], this technique is used to correct the phase shift angle to account for the small inductor tolerance. In [5][6][7][8], the asymmetrical interleaving technique is applied to optimize the output current (or voltage) ripple of a three DC-DC buck (or boost) The transient performance of the proposed phase shift angle reconfiguration is shown in Fig. 5.11. At 𝑡𝑡 = 0.05𝜙𝜙, the switch fault occurs in 𝑆𝑆 4 . It is observed that the input current ripple increases considerably, and the output voltage drops and then recovers to the reference value. Then at 𝑡𝑡 = 0.15𝜙𝜙, it is supposed that the switch fault is diagnosed, and the phase shift angle reconfiguration is applied. The imposed uneven phase shift angle is calculated and updated according to (5.23), and (5.24). As can be seen from the figure, there is almost no variation in the output voltage, and the input current ripple is effectively reduced soon after the reconfiguration.

After switch 𝑆𝑆 4 fault, the dynamic performance of the proposed phase shift angle reconfiguration under input voltage variation is presented in Fig. 5.12. As can be seen, the sinusoidal input voltage disturbance of 𝑣𝑣 𝑖𝑖𝑁𝑁 = 18 + 2sin(20𝜋𝜋𝑡𝑡)V is imposed at t = 0.3s, and the required phase shift angles (𝜙𝜙 2 , 𝜙𝜙 3 ) start to update accordingly, based on (5.23), and (5.24). The dynamic input current ripple optimization is thus validated. For the proposed method, the phase shift angles are updated in real time based on (5.23). The corresponding inductor currents and the input current ripple are shown in Fig. 5.17. As can be observed, the input current ripple is reduced to 𝛥𝛥𝑖𝑖 𝑖𝑖𝑁𝑁 = 1.04 A, and the amplitude of the first harmonic is -20.4 dB.

The above experimental results are summarized in Table 5.2 for better comparison. It is noted that for the proposed method, the first harmonic is not eliminated totally, while it is restricted to a very small value (only 0.095). The small error is mainly probably caused by the calculation error of the digital control system and the small inductance deviation. Moreover, it can be seen from the experiment results that, the even phase shift Chapter 6

Conclusions

Conclusions

Fuel cell (FC) is considered as a clean and efficient energy converter, and has been increasingly used in the fields of portable, stationary, and transportation applications. FC stack has nonlinear volt-ampere characteristic. To fulfill the load requirement, it is essential to interface with a step-up DC-DC power converter to regulate a constant DC bus. The interleaved converter is an attractive choice, especially taking into account the low-voltage high-current feature of FC system. This thesis focuses on the control of the interleaved DC-DC converter with switch fault consideration for FC application, aiming to improve the steady-state and dynamic performance of the system under both healthy mode and switch fault mode. The main contributions are concluded as follows.

Due to the dynamic load demand, and the nonlinear volt-ampere curve of FC stack, the DC-DC power converter for FC application inevitably suffers from the disturbance from both the load-side and source-side. It also needs to encounter the converter uncertainty, such as the parasitic resistance, and the circuit parameter deviation caused by the manufacturing and aging. To better deal with the disturbance and uncertainty, a robust controller based on extended state observer (ESO) within the framework of active disturbance rejection control (ADRC) algorithm is proposed for an interleaved boost converter (IBC) for FC application. The disturbances and uncertainties are treated as the total disturbance, which is estimated by ESO and then canceled in the control law. The theoretical comparison with PI controller reveals that the proposed controller can achieve stronger anti-disturbance ability without overshoot in step response. The proposed controller is also applied to a floating interleaved boost converter (FIBC), which has higher voltage gain. Moreover, be same to that of the PI control, the limitation of the ESO-based method is that, it cannot deal with the time-varying disturbance, for example ramp disturbance, appropriately, resulting in a small steady-state error in the output voltage. Therefore, an enhanced controller based on high-order ESO is proposed and applied to the FIBC. Theoretical analysis is carried out to evaluate the controller performance of arbitrary order ESO. It is shown that compared with the ESObased method, the controller with high-order ESO has enhanced anti-disturbance ability, while at the expense of small reduction in the anti-noise performance and stability margin. The simulation and experimental results demonstrate the validity of the proposed controllers.

The switch fault generally leads to the loss of the phase of the interleaved converter, which has considerable adverse effects on the controller performance. To ensure the continuous converter operation and maintain the control performance in both healthy and switch open-circuit fault cases, an improved adaptive controller is proposed for the FIBC, based on the previously developed ESO-based controller. The switch fault uncertainty, external disturbance, and converter uncertainty are regarded as the total disturbance. The controller parameter b0 is adapted in real-time, which allows reducing the estimation burden of ESO. The simulation and experiment results show that, compared with that of the controller with constant b0, the performance of the proposed controller with adaptive b0 is improved considerably, especially under switch fault.

To diagnose the switch open-circuit fault, a sliding mode observer-based method is proposed and applied to the FIBC for FC application. The inductor current within the main controller system is selected as the diagnosis variable. The proposed method requires only a crude converter model with nominal parameters, and it is robust to the circuit parameter uncertainty and external disturbance. The effectiveness and robustness of the proposed method are verified by the simulation and experiment results. The experiment results show that the switch open-circuit fault can be diagnosed in less than two switching periods.

To optimize the undesired high input current ripple of the four-phase FIBC caused by the switch fault, an innovative post-fault control method by reconfiguring uneven phase shift angle is proposed. The reconfigured uneven phase shift angles are derived based on the selected harmonic elimination. The performance evaluation results show that, in comparison with the even reconfiguration, the proposed uneven reconfiguration can achieve significant improvement in reducing the input current ripple under switch fault. The simulation and experimental results validate the effectiveness of the proposed reconfiguration.

Future works

A. Diagnosis of Other Faults of Interest

In addition to the switch open-circuit fault, the switch short-circuit fault, sensor fault, passive component fault are also the faults of interest in industry applications. Therefore, extending the proposed diagnosis method to the other faults of interest is an interesting work.

B. Autonomous Phase Shift Adaption

The proposed phase shift reconfiguration to optimize the post-fault current ripple is activated after the fault diagnosis, as shown in Fig. 6.1. One future work could be developing an autonomous phase shift adaption that can achieve the seamless current ripple optimization, from healthy mode to fault mode.