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Abstract:



This paper proposes a fault identification system for short and open-circuit switch faults (SOCSF) for a dc/dc converter acting as a Maximum Power Point Tracker (MPPT) in Photovoltaic (PV) systems. A closed-loop operation is assumed for the boost dc/dc converter. A linearizing control plus a Proportional-Derivative (PD) controller is suggested for PV voltage regulation at the maximum power point (MPP). In this study, the SOCSF are modeled by using an additive fault representation and the fault identification (FI) system is synthesized departing from a Luenberger observer. Hence, an FI signal is obtained, which is insensitive to irradiance and load current changes, but affected by the SOCSF. For FI purposes, only the sensors used in the control system are needed. Finally, an experimental evaluation is presented by using a solar array simulator dc power supply and a boost dc/dc converter of 175 [image: ] in order to validate the ideas this study exposes.
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1. Introduction


In spite of spectacular progress of the Photovoltaic (PV) solar energy in the last years, some problems remain to be solved in order to maximize the efficiency and security (on-site diagnostic functions) of PV systems. In this regard, reliability and high conversion efficiency of power electronic converters (PEC) must be taken into account for PV systems design. On the one hand, PV maximum power point tracking (MPPT) systems, based on dc/dc power converters, are responsible for high tracking efficiency. Indeed, MPPT systems are operated through a closed-loop structure such that an improved tracking efficiency is obtained in comparison with open-loop structures, [1,2,3,4,5,6]. On the other hand, switching devices are the most fragile components in PEC [7], which are mainly affected by thermal stress conditions [8]. Recently, the negative effects of conventional MPPT algorithms on the thermal stresses and reliability of PEC were presented in [9]. Therefore, a fault identification (FI) system for short- and open-circuit switch faults (SOCSF) in MPPT systems would be useful to increase the efficiency and reliability of PV systems.



With this goal in mind, some fault detection and isolation (FDI) proposals have been reported so far in the literature. In [10], an FDI technique is proposed for dc/dc converters by using the magnetic component voltage and the switch gate-driver signals. SOCSF were detected and isolated through this proposal. The magnetic component voltage is obtained by means of an auxiliary winding in the inductor element. Meanwhile, switch gate-driver signals are obtained from the control circuit. In [11], an FDI algorithm for SOCSF was presented for single-switch dc/dc power converters by considering any duty cycle and switching frequency operation. In this case, the switch gate driver signals are also used in the FDI stage in conjunction with the sign of the inductor current slope. In addition, a fault-tolerant topology was presented, where a redundant switch and a bidirectional switch are required for power converter reconfiguration ( Figure 1). More recently, an FDI system was proposed in [12] for SOCSF by using a new Rogowski coil sensor (RCS). Once more, the switch gate-driver signals are used but now in conjunction with the RCS output. An important characteristic of these FDI techniques [10,11,12] is that the fault detection time is less than one switching period. Nevertheless, the robustness of these FDI techniques against disturbances has not been detailed. Moreover, proposals such as [10,12] could be considered as invasive FDI methods. A few works have studied SOCSF diagnosis dedicated to PV systems. First, open-circuit switch FDI and fault-tolerant strategy in a three-level boost converter were proposed in [13] for a PV power system supplying batteries. In that paper, the PV power, voltage and current are required for fault detection. Meanwhile, the unbalance between the input capacitor voltages is used for fault isolation. In [14], an open-circuit switch FDI system was carried out for interleaved dc/dc converters. In that study, once more, the switch gate driver signals are used, but now the dc-link input current and the duty cycle are also required for FDI purposes. More recently, a fast Field Programmable Gate Array (FPGA) based FDI system and fault-tolerant boost converter for SOCSF was presented in [15]. Again, the switch gate-driver signals and the inductor current were used for FDI purposes. It is worth mentioning that in all these FDI techniques [13,14,15], no detailed evaluation has been considered by including actual PV scenarios, such as sudden irradiance drops. Hence, the present paper highlights the robustness of observer-based FI techniques against varying irradiance conditions. It is worth noting that, these kind of FI techniques have widely been reported in the literature, [16]. Indeed, in a recent work [17], an observer-based FI system was proposed for switching power converters described by switched linear systems. Arbitrary faults in components (passive or switching elements) and sensors were considered in that proposal. Faults in the switching devices are modeled through an additive structure. In this case, an open-loop observer (without correction terms) is employed for residual generation. Nevertheless, short-circuit switch fault conditions have not been described in the experimental results stage. Now, in the present paper, an observer-based FI system is proposed for PV MPPT systems. SOCSF can be identified through this proposal. It should be noted that, FI follows FDI as the size and time-variant behavior of the fault are determined by the FI system, [18]. The averaged nonlinear model of the boost dc/dc power converter is employed for the FI algorithm synthesis. The results are specifically illustrated for the boost converter. Nonetheless, the main idea can easily be extrapolated to another topologies. The main contributions of this work are:

	
An FI system operating under the influence of a closed-loop control system. In fact, the fault modeling is carried out by considering the nominal control algorithm.



	
An FI system which requires only the information demanded by the control system, i.e., no extra sensors are needed in the FI stage.



	
An FI system decoupled from the PV and load currents. Consequently, robust against varying irradiance conditions and disturbances in the load element.



	
An experimental evaluation carried out by taking into account varying irradiance conditions.







Figure 1. Boost dc/dc power converter as a Photovoltaic Maximum Power Point Tracker (PV MPPT) system with fault tolerance capability, [11].



[image: Energies 11 00616 g001]






Finally, the remaining part of the paper is organized as follows. The nominal MPPT controller is presented in Section 2. Next, the averaged nonlinear faulty model of the boost dc/dc power converter is presented in Section 3. The FI system proposed in this work is presented in Section 4. Finally, the experimental results are illustrated in Section 5 and the conclusions are given in Section 6.




2. Nominal MPPT Controller


This study considers a boost dc/dc power converter as illustrated in Figure 1. An averaged model of this system is obtained departing from the electrical circuit, which is represented by the following nonlinear system:


[image: ]



(1)




where [image: ], [image: ], [image: ],


[image: ]











And [image: ]. Here, the input voltage in the terminals of the capacitor [image: ] is represented by [image: ], the current of inductor L by [image: ] and the voltage in the terminals of the output capacitor C by [image: ]. In addition, the PV current is denoted by [image: ], which is described as [image: ], where G denotes the irradiance and T the PVM’s temperature, [19]. Moreover, the load current [image: ] is considered as an unknown and arbitrary signal. Lastly, [image: ] is the control action (duty cycle for the switch Q). As a consequence, it has a limited operating range, [image: ].



The nominal MPPT controller synthesis is carried out by departing from the input-output linearization control technique [20] and by taking advantage of the model given in Equation (1). This controller design perspective was recently used in [1] for a buck dc/dc converter. Now, an extension for the boost converter is considered in this study. For this, define the error variable [image: ] where the voltage reference value [image: ] is obtained departing from a MPP searching technique (MPP-ST). Thus, the main purpose of this section is to propose a control law for the duty cycle [image: ] such that:


[image: ]











guaranteeing internal stability and a desired performance. Therefore, the MPPT controller suggested in this work is given by:


[image: ]



(2)




where [image: ] represents the damping factor, [image: ] is the switching frequency and the settling time is chosen as [image: ], with [image: ] [2,6]. In addition, the voltage reference [image: ] required in Equation (2) can be obtained by different MPP-ST [21,22,23,24]. In the present work, the Fractional Method is used due to its simplicity [24]. Nevertheless, the control algorithm given in Equation (2) (detailed in Appendix A) is independent from the method used as MPP-ST.




3. Fault Modeling


In Figure 1, a short-circuit switch fault (SCSF) is represented by the normally open switch [image: ]. While, the open-circuit switch fault (OCSF) is symbolized by the normally closed switch [image: ]. In this study, an additive actuator fault representation is considered for SOCSF [18], i.e., the control action is modeled as:


[image: ]



(3)




where [image: ] is the nominal control and [image: ] is the additive fault effect, which is also consistent with the previous result given in [17]. In the following, a steady-state analysis is carried out for SOCSF. For this, the steady-state values involved in this analysis are defined in upper case letters. Therefore, the actuator fault representation at steady-state is represented as:


[image: ]



(4)




where:

	
[image: ]: Linearizing control law (Nominal duty cycle for the switch Q at steady-state).



	
[image: ]: Actuator switch fault of the switch Q at steady-state.








Remark 1.

It is worth noting that the auxiliary control law [image: ] in Equation (2), in a free-fault scenario, converges to zero as the PV voltage converges to [image: ] and the inductor current at steady-state is equal to the PV current. As a consequence, the nominal control action at steady state is given by:


[image: ]



(5)




where


[image: ]













3.1. Open-Circuit Switch Fault Modeling


Under an OCSF condition the switches [image: ] and [image: ] are open. As a consequence, after the open-circuit switch fault is triggered at [image: ], the PV voltage at steady-state is equal to the open-circuit PV voltage [image: ], i.e., [image: ]. In addition, the inductor current at steady state is equal to the PV current, i.e., [image: ]. Hence, by taking into account the control algorithm suggested in Section 2 under an open-circuit fault scenario, the control action U at steady-state is defined by:


[image: ]



(6)







As such, departing from Equation (4) the open-circuit fault profile is identified as:


[image: ]



(7)




where [image: ] is the voltage reference.




3.2. Short-Circuit Switch Fault Modeling


Now, in an SCSF condition the switches [image: ] and [image: ] are closed. In this case, after the short-circuit fault is triggered at [image: ], the PV voltage decreases to zero, i.e., [image: ]. Once more, the inductor current at steady state satisfies that [image: ]. Thus, by taking into account the control algorithm suggested in Section 2 under a short-circuit fault scenario, the control action U at steady-state is defined by:


[image: ]



(8)







Therefore, the short-circuit fault profile is identified as:


[image: ]



(9)







Result 1.

Firstly, if the output voltage [image: ], the open-circuit voltage [image: ] and the voltage reference [image: ] are piecewise constant time functions, then departing from Equations (7) and (9), SOCSF can be characterized by piecewise constant fault profiles. Secondly, note that SOCSF could be isolated by taking into account the sign of these fault profiles, i.e., for OCSF the fault profile [image: ] will be positive and negative for SCSF.





Based on the nominal model Equation (1) and the additive fault representation Equation (3), SOCSF can be represented through the following nonlinear system:


[image: ]



(10)







Remark 2.

Note that Equation (10) is sensitive to the fault [image: ]. However, it is also sensitive to PV and load currents changes, [image: ] and [image: ] respectively, which are considered in this study as disturbances and arbitrary signals. Therefore, a subsystem affected by the fault [image: ] but decoupled from the PV and load currents is needed to avoid false alarms in the FI system.







4. Observer-Based Fault Identification System


The FI system this work proposes is detailed in this section. This is derived in two stages. First, a decoupled subsystem from the load current [image: ] but sensitive to the fault [image: ] is obtained by using two linear mappings. Then, a residual generator is constructed by designing a Luenberger observer for this subsystem. The two linear mappings, one in the state space [image: ] and one in the output space [image: ] are given by:


[image: ]








and


[image: ]











It is worth noting that [image: ] and [image: ] only establish a suitable partition in two subsystems. In this way, through these linear mappings the subsystem [image: ] given in Equation (11) is sensitive to the fault [image: ] but insensitive to the load current [image: ] and represented in compact form as:


[image: ]



(11)




where [image: ],


[image: ]










[image: ]











Proposition 1.

Consider the subsystem Equation (11). Assume that:

	A.1 

	
The pair [image: ] is observable.




	A.2 

	
The PV current [image: ], the input voltage [image: ] ([image: ] in the new coordinates) and the output voltage [image: ] ([image: ] in the new coordinates) are available for measurement.




	A.3 

	
The duty cycle u is a signal available from the control algorithm.




	A.4 

	
The parameters L, C and [image: ] are known and constants.




	A.5 

	
The output voltage [image: ] is a piecewise constant signal.









Then, a residual signal [image: ] is constructed departing from a Luenberger observer for subsystem Equation (11) given by:


[image: ]



(12)




where [image: ] and [image: ] are the estimate of [image: ] and [image: ], respectively. Hence, the residual signal [image: ] defined as:


[image: ]











is sensitive to the fault [image: ], insensitive to the inputs ([image: ], [image: ]) and exponentially converges to the equilibrium point (the origin) in the absence of the fault [image: ]. A desired performance is achieved by choosing the observer gains [image: ] as:


[image: ]








where the settling time is considered equal to [image: ] times the [image: ], i.e., [image: ] and [image: ] is a desired damping factor.





Proof of Proposition 1.

The proof of the above proposition can be followed by using the basic tools of dynamical system theory. Nevertheless, the observer gains selection is briefly detailed in Appendix B.  ☐





Remark 3.

From the observer dynamics Equation (12), it should be noted that for the observer implementation, the PV current [image: ], the output voltage [image: ] and the PV voltage [image: ] have to be measurable. Nevertheless, this information is available from the nominal control algorithm given in Equation (2), i.e., no extra sensors are needed for FI purposes.





Fault Identification Stage


The FI system for SOCSF is developed in this section. For this, the error signals are defined as [image: ], [image: ] and [image: ]. Departing from this definition, the error dynamics can be written in a compact form as:


[image: ]



(13)




where [image: ] and [image: ]. Note that, the error dynamics is defined by a linear and invariant time system. As a consequence, if assumption A.5. is satisfied and [image: ], then the input-output transfer function [image: ] of the linear system Equation (13) is obtained:


[image: ]



(14)




where


[image: ]



(15)







As a result, the step response is given as:


[image: ]



(16)







Therefore, the FI signal [image: ] is achieved by scaling the residual signal [image: ] as:


[image: ]



(17)




where the scaling factor [image: ] is given by:


[image: ]











Consequently, the steady-state value of the fault identification is defined as:


[image: ]



(18)







In addition, the steady-state value for [image: ] under SOCSF can be verified departing from Equations (7) and (9). Finally, a block diagram of the FI system suggested in this paper is illustrated in Figure 2.


Figure 2. Fault identification system for a boost dc/dc converter.
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Remark 4.

From the error dynamics Equation (13), it is worth noting that the residual signal [image: ] is decoupled from the inputs ([image: ], [image: ]). As a consequence, the FI system proposed in this work is robust against irradiance and load current changes.







5. Experimental Validation


In this section, the FI system proposed in this paper is evaluated by considering a closed-loop operation and varying irradiance conditions under two fault scenarios, i.e, (E1) OCSF and (E2) SCSF.



5.1. Testing Workbench


The proposed FI system is evaluated against a varying irradiance condition by using a ramp gradient of 80 [image: ] with two different irradiance levels, from 100 to 500 [image: ] (low to medium irradiance). The experimental results were carried out by using a solar array simulator dc power supply. The parameters defined in the solar array simulator are: voltage in MPP, [image: ][image: ], and power in MPP, [image: ][image: ]. The boost dc/dc converter is operating at a switching frequency of 15 [image: ] and its parameters have been declared as [image: ], [image: ] and [image: ]. A battery bank, composed by 5 lead-acid batteries of 80 [image: ] with a rated voltage of 12 [image: ] each, has been contemplated as load during the experiments. The nominal control and the diagnosis algorithm were implemented in a DS1104 dSpace board at a sampling frequency [image: ] of 50 [image: ]. The control parameters were chosen as [image: ] and [image: ] while the observer parameters as [image: ] and [image: ]. The controller and observer gains are given in Table 1 and the experimental test bench is illustrated in Figure 3.


Figure 3. Experimental Test Bench.
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Table 1. Proportional-Derivative (PD) Controller and Observer Parameters.


	Parameter
	Value
	Parameter
	Value





	[image: ]
	[image: ]
	[image: ]
	[image: ]



	[image: ]
	[image: ]
	[image: ]
	[image: ]










5.2. Experimental Test E1


The OCSF scenario is considered in this experiment. It is worth noting from Figure 4, that a varying irradiance condition is emulated by using a ramp gradient of 80 [image: ] with two different irradiance levels, from 100 to 500 [image: ]. This disturbance can be easily visualized through the PV current [image: ] (Figure 4a), the PV power [image: ] (Figure 4c) and the inductor current [image: ] (Figure 4d). Nevertheless, in spite of this varying irradiance condition, the PV voltage [image: ] (Figure 4b) is well regulated at the MPP (35 [image: ]) through the control signal u (Figure 4e). According with the batteries array, the output voltage [image: ] is kept around 60 [image: ] as visualized in Figure 4f. Additionally, the estimated states [image: ] and [image: ] are illustrated in Figure 4b,d, respectively. Note that, the states estimation is correct under a free-fault scenario. The OCSF is triggered at [image: ][image: ]. Under this fault condition, the PV current [image: ], the PV power [image: ] and the inductor current [image: ] go down to zero (Figure 4). The control signal u tries to compensate the fault condition as can be observed in Figure 4e. However, the PV voltage [image: ] increases up to the open-circuit voltage [image: ][image: ] (null PV power) (Figure 4b). Meanwhile, the output voltage [image: ] is kept around 60 [image: ]. The results of the FI stage are illustrated in Figure 5. Here, the FI signal [image: ] can be observed in the Figure 5a. This signal at steady state increases up to [image: ], as expected from the result given in (7). Note that the estimated fault profile [image: ] is constant, which is consistent with Result 1. Also, the FI signal is never affected by the varying irradiance condition. It is worth noting that under this condition, the operation of the boost dc/dc converter presents a varying duty cycle. Therefore, the FI system is independent of the duty cycle value. In addition, as can be observed in Figure 5b, the threshold is selected as [image: ][image: ]. Consequently, the fault detection time is approximately 500 [image: ]s, which is equivalent to 8 switching periods.


Figure 4. Experimental test [image: ] by considering varying irradiance and open-circuit fault conditions. (a) PV current [image: ]; (b) PV voltage [image: ] and PV voltage estimation [image: ]; (c) PV power [image: ]; (d) inductor current [image: ] and inductor current estimation [image: ]; (e) control signal u; (f) output voltage [image: ].



[image: Energies 11 00616 g004]





Figure 5. Open-circuit switch fault (OCSF) Identification for experimental test [image: ]: (a) FI signal [image: ] and (b) fault detection signal (FD).
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5.3. Experimental Test [image: ]


The short-circuit fault scenario is considered in this section. Once more, the same varying irradiance condition is emulated in this experiment. This disturbance is visualized through the PV current [image: ] (Figure 6a), the PV power [image: ] (Figure 6c) and the inductor current [image: ] (Figure 6d). Despite of the varying irradiance condition, the PV voltage [image: ] (Figure 6b) is regulated at the MPP (35 [image: ]) through the control signal u (Figure 6e). Meanwhile, the output voltage [image: ] (Figure 6f) is kept around 60 [image: ]. The short-circuit fault is again triggered at [image: ][image: ]. Under this fault condition, the PV voltage [image: ] and the PV power [image: ] go down to zero, as can be seen in Figure 6. On the other hand, the PV current increases up to the short-circuit current. Again, the control signal tries to compensate the fault condition as can be observed in Figure 6e. Nonetheless, the PV voltage [image: ] decreases to zero (null PV power), as can be seen from Figure 6b. Meanwhile, the output voltage [image: ] is kept at 60 [image: ], as illustrated in Figure 6f. It is worth noting that under this fault condition, the PVM absorbs a peak of power as shown in Figure 6c, which is associated to the storage energy in the passive elements of the boost dc/dc converter. The results of the FI stage for short-circuit fault conditions are illustrated in Figure 7. Here, the FI signal [image: ] can be observed in the Figure 7a. As can be seen in Figure 7, the FI signal at steady-state decreases up to approximately [image: ], as expected from the result given in (9). Once more, a constant fault profile can be visualized from Figure 7. Besides, note that the FI signal [image: ] is not affected by the varying irradiance condition, which implies a varying duty cycle condition. Hence, the FI system is also being evaluated with different duty cycle values. Lastly, as can be observed in Figure 7b, the threshold is selected as [image: ][image: ]. As a result, the fault detection time is again approximately 500 [image: ]s, which is equivalent to 8 switching periods.


Figure 6. Experimental test [image: ] by considering varying irradiance and short-circuit fault conditions. (a) PV current [image: ]; (b) PV voltage [image: ] and PV voltage estimation [image: ]; (c) PV power [image: ]; (d) inductor current [image: ] and inductor current estimation [image: ]; (e): control signal u; (f) output voltage [image: ].
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Figure 7. Short-circuit switch fault (SCSF) Identification for experimental test [image: ]: (a) FI signal [image: ] and (b) fault detection signal (FD).
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6. Conclusions


This paper proposed a model-based FI system for SOCSF in a boost dc/dc converter acting as a PV MPPT system. Recently, closed-loop MPPT systems have been suggested in order to maximize the PV energy transferred to the load. Hence, the FI system was designed by taking into account a closed-loop operation of the boost dc/dc converter. The FI system requires only the information demanded by the controller, i.e., no extra sensors are needed in the FI stage. In addition, contrary to the previous results, the proposed FI system was validated against varying irradiance conditions. It should be noted that the efficiency is seriously degraded after SCSF or OCSF is triggered. In fact, the worst case is for an SCSF condition as the PVM absorbs a peak of power. Therefore, a fault reconfiguration strategy can be added to this FI stage [11] for increasing the availability of the global system. Finally, as future work, the proposed FI algorithm will be extrapolated to PV configurations with an MPPT-Distributed scheme.
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Abbreviations


The following abbreviations are used in this manuscript:





	FI
	Fault identification



	SOCSF
	Short- and open-circuit switch faults



	MPPT
	Maximum power point tracker



	PV
	Photovoltaic



	PD
	Proportional derivative



	FDI
	Fault detection and isolation



	MPP-ST
	Maximum power point searching technique



	MPP
	Maximum power point



	PVM
	Photovoltaic module








Appendix A. MPPT Controller Derivation


First, to address the MPPT control problem, the input capacitor voltage is chosen as the control output [image: ] (voltage-oriented controller). By calculating the derivatives of the output [image: ] the following expressions are obtained:


[image: ]



(A1)




where [image: ] is the linear differential operator. As can be seen from Equation (A1), the control signal [image: ] appears up to the second derivative. Therefore, the system has a relative degree [image: ] in [image: ]. As consequence, the state feedback control law


[image: ]



(A2)







Reduces the input-output mapping to:


[image: ]



(A3)




where [image: ] is constructed departing from a proportional-derivative (PD) controller:


[image: ]



(A4)







With [image: ]. As such, [image: ] is selected to guarantee the MPP in the PVM. Therefore, by substituting Equation (A4) in Equation (A3), the error dynamics [image: ] are described by:


[image: ]



(A5)







Hence, Equation (A5) satisfies the characteristic equation given by:


[image: ]



(A6)







Asymptotically stability of Equation (A5) is guaranteed simply by considering


[image: ]











However, a desired performance is achieved by matching the error dynamics in Equation (A5) to the following second order system:


[image: ]



(A7)







In Equation (A7), [image: ] represents the damping factor and [image: ] the undamped natural frequency. Therefore, the PD controller gains ([image: ], [image: ]) are defined such that the step response of the system behaves like an overdamped system. Hence, the PD controller gains are chosen as:


[image: ]



(A8)




where the settling time [image: ] is considered equal to [image: ], where [image: ] and [image: ] is the switching period [2,6]. By assuming that the voltage reference is a piecewise constant signal ([image: ]) and by using the differential equation [image: ] given in Equation (1), then the auxiliary control law [image: ] results as:


[image: ]



(A9)







Finally, the term [image: ] in Equation (A3) is considered as a perturbation, which at steady-state is rejected by the control algorithm. On the other hand, the zero dynamics is characterized by the output capacitor dynamics. Consequently, the equilibrium point of the zero dynamics is asymptotically stable by assuming that the boost dc/dc converter is operating with load.




Appendix B. Observer Gains Selection


As can be observed from Equation (13), the error dynamics is described by a linear time-invariant system. Consequently, as the pair [image: ] is observable, then the eigenvalues of [image: ] can be assigned arbitrarily by selecting a vector [image: ]. Thus, in the absence of the fault [image: ], the origin of the error dynamics Equation (13) is exponentially stable if the matrix [image: ] is Hurwitz. Lastly, by considering [image: ], then the characteristic equation is given by:


[image: ]



(A10)




which is assigned to the standard second-order system


[image: ]



(A11)







From this, by specifying a desired damping factor [image: ], and a settling time as [image: ] the observer gains presented in Equation (13) are finally obtained.
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