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Abstract

:

In order to improve the durability and economy of a hybrid power system composed of a battery and supercapacitors, a control strategy that can reduce fluctuations of the battery current is regarded as a significant tool to deal with this issue. This paper puts forwards a disturbance rejection control strategy for a hybrid power system taking into account the degradation of the battery. First, the degradation estimation of the battery is done by the model-driven method based on the degradation model and Cubature Kalman Filter (CKF). Considering the transient and sinusoidal disturbance from the load in such a hybrid system, it is indispensable to smooth the behavior of the battery current in order to ensure the lifespan of the battery. Moreover, the constraints for the hybrid system should be considered for safety purposes. In order to deal with these demands, a cascaded voltage control loop based on a super twisting controller and proportional integral controller with an anti-windup scheme is designed for regulating the DC bus voltage in an inner voltage loop and supercapacitors’ voltage in an outer voltage loop, respectively. The specific feature of the proposed control method is that it operates like a low-pass filter so as to reduce the oscillations on the DC bus.
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1. Introduction


The world is facing some serious environmental problems, such as the fossil energy crisis, global warming caused by greenhouse gas emissions, etc. [1,2,3]. Traditional vehicles account for a large proportion of carbon dioxide emissions [4]. Many countries and global organizations have tried to develop environmentally friendly vehicles to replace traditional fossil energy vehicles. Therefore, hybrid electric vehicles based on batteries as the main power source are regarded as the most promising technology to solve the energy crisis and reduce greenhouse gas emissions [5,6].



Due to their light weight, high energy density, and wide operating temperature range, lithium batteries are widely used in many fields, such as mobile phones, laptops, electric vehicles, household appliances, etc. [7,8]. When a battery is used in a electric vehicle, there are disadvantages such as slow response and short life [9]. The ratio of the peak power-to-the average power of an electric vehicle can reach 16:1. This often causes the battery to withstand large peak currents, which will accelerate the degradation of the battery [10,11]. The performance of the battery degrades greatly after many times of discharging/charging, which severely limits the use and promotion of electric vehicles [12,13,14]. The supercapacitor lifetime is more than one million cycles and possesses a higher power density (300–5000 W/kg) [15,16]. Therefore, supercapacitors are applied to electric vehicles to improve battery durability to provide and absorb peak power [17,18]. It is very important to set effective control strategies for the hybrid system that integrate the battery and supercapacitors to further improve system durability.



Usually, the structure of the hybrid system is divided into three categories: fully-active, passive, and semi-active [19,20]. For the fully-active structure, two DC/DC converters are used, which lead to more flexible control, but a higher cost. For the passive structure, no DC/DC converter is used, which results in less cost, but poor performance. For the semi-active structure, one DC/DC converter is adopted. Considering the economics and control effects, one DC/DC converter is used here.



For the control of hybrid systems, some researchers have proposed different control strategies. The work in [21] proposed the model predictive control for fuel cell/battery/supercapacitor hybrid power sources with the fully-active structure. The work in [22] proposed the passivity-based controller for a PV/battery/fuel cell/electrolyzer hybrid power system with the fully-active structure. The work in [23] proposed the fuzzy logic controller for the fuel cell and supercapacitor hybrid source with the fully-active structure. At present, there are few studies on the semi-active structure. In addition, none of the above control methods considered the degradation of the hybrid system. Some other researchers studied data-driven control, which is useful to design the proper controller for a complex system based on fitting the system models to the recorded experimental data [24,25,26]. The data-driven control focuses on the dynamic response of the system [27,28]. However, the constraints and degradation of internal devices are not easy to consider with data-driven control currently. Therefore, a disturbance rejection control strategy considering the constraints and degradation of internal devices is proposed in this paper.



As the hybrid system operates, both the battery and the supercapacitors will experience degradation in performance. The most common degradation phenomena of batteries are the loss of electrode active materials, the loss of lithium caused by side reactions, and the increase of resistance by solid electrolyte interface growth and current collector corrosion [29,30,31]. The degradation prognosis of the battery is usually made by the model-driven method and data-driven method [32,33]. The model-driven methods predict the degradation of the battery by the empirical or semi-empirical model [34]. The data-driven methods use artificial intelligence to predict the degradation of the battery based on many historical data [35]. The model-driven method considering the battery operation is more suitable for battery control modeling. In the long-term operation of the battery, the maximum available capacity, internal resistance, and power of the battery will change [36,37,38]. The supercapacitors have a much longer service life than the battery, so their degradation is negligible [39]. In this paper, the degradation of the battery is considered in the design of the control algorithm to improve the dynamic response of hybrid system effectively. Moreover, in this hybrid system, some transient and sinusoidal disturbances may occur from the load, which will lead to some oscillations on the DC bus and influence the behavior of the battery current. In order to deal with these uncertain disturbances, it is obligatory to design a robust control strategy. Due to the fact that the Super Twisting (ST) sliding mode controller is one of the best choices for controlling the perturbed system with uncertainty and unexpected fluctuations, ST is adopted in this paper [40,41,42,43,44,45,46,47].



This paper proposes a disturbance rejection control strategy for a single converter hybrid electrical system integrating battery degradation. The main contributions of this paper are as follows:




	
The degradation of the battery is estimated based on the battery degradation model and the Cubature Kalman Filter (CKF). The CKF can effectively provide battery aging status, and the estimated degradation state can be applied in the control design of the hybrid system.



	
A cascaded voltage control loop is designed based on the Super Twisting (ST) controller and the Proportional Integral (PI) controller for the single converter hybrid electrical system considering the degradation of the battery. Moreover, the constraints of the battery and supercapacitors are integrated in the anti-windup schemes for protection purposes.



	
The effectiveness of the proposed control strategy is validated by simulations in three operation modes and different State Of Charge (SOC) conditions. Besides, the comparison simulation is done between the proposed control strategy and the method of two PI controllers. It shows that the proposed control strategy has good robustness and operates like a low-pass filter, which can be applied in rejecting the disturbance for the hybrid system in this paper.








This paper is organized as follows. In Section 2, the degradation of the battery is estimated by the battery degradation model and CKF. The control strategy based on the anti-windup ST controller and anti-windup PI controller and the current limitation constraints of the battery and supercapacitors are illustrated in Section 3. In Section 4, the simulation results and discussions are presented to verify the effectiveness of the proposed control strategy. The main conclusions are presented in Section 5.




2. Battery Degradation


2.1. Battery Degradation Experiment


The Li-ion battery was operated through three different running modes (charge, discharge, and electrochemical impedance spectroscopy) at room temperature [48]. The battery was charged at a Constant Current (CC) of 1.5 A until the voltage reached 4.2 V and then at a constant voltage until the charging current dropped to 20 mA. The battery was discharged at a CC of 2 A until the voltage dropped to 2.2 V. The electrochemical impedance spectroscopy was performed at frequency sweep from 0.1 Hz to 5 kHz. The battery experienced 168 charge and discharge cycles, as shown in Figure A1 in Appendix A.



As shown in Figure A1, the operating time of the battery was significantly reduced as the discharge cycle increased. As the battery degraded, the battery capacity would decrease, and the battery internal resistance would increase. This would bring great challenges to the control system.




2.2. Battery Degradation Model


The battery degradation model consisted of an Open Circuit Voltage (OCV) and an internal resistance connected in series [49], as shown in Figure 1. The OCV is the measurement terminal voltage of the battery when the load current is zero. The OCV is a nonlinear function of the State Of Charge (SOC). The relationship between OCV and SOC is shown in Figure A2 in Appendix A. When the SOC of the battery is less than 20% or greater than 80%, the measurement terminal voltage drops faster.



The battery state equations are as follows:


  S O C  ( t + 1 )  = S O C  ( t )  −  ( I  ( t )  · Δ T )  /  Q  m a x   +  w 1   



(1)






   R  b a t    ( t + 1 )  =  R  b a t    ( t )  +  w 2   



(2)




where   I ( t )   is the battery current at time t,   Q  m a x    is the lithium battery’s total capacity, and   Δ T   is the sampling period.   w 1   and   w 2   are process noises.



The voltage observation equation is as follows:


  V  ( t + 1 )  =  V  O C V    [ S O C  ( t )  ]  − I  ( t )  ·  R  b a t    ( t )  + v  



(3)




where    V  O C V    [ S O C ]    is the nine-order function for SOC and v is the observation noise.




2.3. Degradation Estimation Based on the Cubature Kalman Filter


The nonlinear system can be expressed by the following formula.


   x  k + 1   = f  (  x k  ,  u k  )  +  w k   



(4)






   y  k + 1   = h  (  x  k + 1   ,  u k  )  +  v k   



(5)




where x     k + 1   =   [ S O C  ( t + 1 )  ;  R  b a t    ( t + 1 )  ]  T    is the system state, y     k + 1   =  [ V  ( t + 1 )  ]    is the output state of the system, u   k   is the input of the system, f is the state transfer function from x   k   to x    k + 1   , h represents the system measurement function, and w   k   and v   k   represent the system process noise and system measurement noise, respectively. w   k   and v   k   are considered as the Gaussian noises with zero mean and covariance Q and R.



CKF is based on a third-degree spherical-radial cubature rule and uses a set of cubature points to approximate the state mean and covariance of a nonlinear system with Gaussian noise [50,51,52]. The main calculation steps of CKF are shown in Appendix B.



The SOC and internal resistance are estimated by CKF and the degradation model. As shown in Figure 2, the estimated SOC and internal resistance were close to the calculations. The CKF estimated voltage was close to the measured terminal voltage. The maximum Absolute Percentage Error (APE) between the measurement terminal voltage and CKF estimated voltage was less than 8%. The mean APE between the measurement terminal voltage and CKF estimated voltage was about 0.49%. The estimated degradation state was applied to design the control systems.





3. Control Strategy for the Hybrid System


3.1. Control Structure of the Hybrid Power System


In this work, the hybrid power system was based on the battery and supercapacitors. The topology and control structure of the hybrid power system is illustrated in Figure 3. The battery was the main power source, and supercapacitors provided the transient power. The architecture of this hybrid system adopted the semi-active structure where only a single DC/DC converter was used.



As shown in Figure 3, the proposed control structure was on the basis of cascaded control loop where the inner voltage loop was mainly based on an ST controller, and the outer voltage loop was mainly based on a PI controller. In each voltage loop, an anti-windup scheme was designed in order to prevent the occurrence of integral saturation. The complete model of the hybrid power system can be represented as the following equations.


   d  d t    v b   ( t )  =    i  b a t    ( t )  +  ( 1 −  a  s c    ( t )  )   i  s c    ( t )  −  i l   ( t )   C   



(6)






   d  d t    v  s c    ( t )  = −    i  s c    ( t )    C  s c     



(7)






   d  d t    i  s c    ( t )  =    v  s c    ( t )  −  v b   ( t )   ( 1 −  a  s c    ( t )  )    L  s c     



(8)






   i  b a t    ( t )  =    V  o c v   −  v b   ( t )    R  b a t     



(9)




where    i  b a t    ( t )    is the battery current,    i  s c    ( t )    is the supercapacitors’ current,    i l   ( t )    is the load current,    v b   ( t )    is the DC bus voltage,    v  s c    ( t )    is the supercapacitors voltage, and   a  s c    is the duty cycle of the bidirectional DC/DC converter.



As shown in Figure 3, the reference current of the supercapacitors   i  s c  ∗   was regulated via the DC/DC converter with its own current control loop. In order to design the controller in the inner voltage loop, the bandwidth of the DC/DC converter was presumed as decoupled from the inner voltage loop. The following relationship could be deduced with this hypothesis.


   L  s c    d  d t    i  s c    ( t )  = 0  



(10)







Substituting (10) into the (8), the following equation can be obtained.


   a  s c    ( t )  = 1 −    v  s c    ( t )     v b   ( t )     



(11)







Hence, the dynamic expression of the DC bus voltage can be represented as (12) and (13), where    i  s c  ′   ( t )    is the new input of this reduced system.


  C  d  d t    v b   ( t )  =    v  s c    ( t )     v b   ( t )     i  s c    ( t )  +  i  b a t    ( t )  −  i l   ( t )   



(12)




with:


   i  s c  ′   ( t )  =    v  s c    ( t )     v b   ( t )     i  s c    ( t )   



(13)








3.2. Inner Voltage Loop


According to the cascaded loop in Figure 3, the inner voltage loop aimed to regulate the voltage of DC bus to its reference value so as to attenuate the external perturbations and transient changes from the load side. In this work, the controller of the inner voltage loop adopted the ST controller, which is a type of sliding mode controller and is notable for its robustness in the presence of uncertain conditions. The sliding mode surface s and control law u in this paper are defined as follows:


  s =  v b  −  v b ∗   



(14)






  u =   v  s c    v b   ·  i  s c    



(15)







Then, the derivative of sliding mode surface is presented as below.


   s ˙  =   v b  ˙  −   v b ∗  ˙   



(16)







Substituting (12) into the (16), the following equation can be obtained.


   s ˙  =   u +  i  b a t   −  i l   C  −  v b ∗   



(17)




namely:


   s ˙  =  1 C  u +    i  b a t   −  i l   C  −  v b ∗   



(18)







According to [53], the ST algorithm is defined as (19).


  u = −   λ | s |   1 2   s i g n  ( s )  − α ∫ s i g n  ( s )  d t  



(19)







In (19), s is the sliding mode surface, which is defined as the difference value between the voltage of the DC bus   v b   and the reference voltage of the DC bus   v b ∗  ;  λ  and  α  are the control gains; u is defined as   i  s c   ′ ∗   .   s i g n ( s )   represents the symbolic function, which means that when the value of s is positive, negative, or zero, the value of   s i g n ( s )   will be 1, −1, or 0, respectively. Therefore, (19) can be represented as follows:


   i  s c   ′ ∗   = − λ   |  v b  −  v b ∗  |   1 2   s i g n  (  v b  −  v b ∗  )  − α ∫ s i g n  (  v b  −  v b ∗  )  d t  



(20)







As shown in (19), the control law u consists of two parts. The former part   −   λ | s |   1 2   s i g n  ( s )    permits getting a soft response via ensuring the derivative of the sliding mode surface to zero. The latter part   − α ∫ s i g n ( s )   allows converging the sliding mode surface to zero. According to (18), the derivative of the sliding mode surface can be written in the following form.


   s ˙  = ρ  ( . )  u + ψ  ( . )   



(21)




where:


  ρ  ( . )  =  1 C   



(22)






  ψ  ( . )  =    i  b a t   −  i l   C  −  v b ∗   



(23)







According to [54], in order to ensure system stability, the gain parameters  λ  and  α  for the ST algorithm are chosen as follows.


  α >   C o   k m    



(24)






   λ 2  ≥   4  C o   k M   ( β +  C o  )     k  m  3   ( β −  C o  )     



(25)




where   k m  ,   k M  , and   C o   depend on the system,    | ψ  ( . )  | <   C o    and    k m  < ρ  ( . )  <  k M   . Then, the parameters are tuned to satisfy the dynamic requirement of the battery.



Moreover, in order to avoid the integral saturation and ensure the security of supercapacitors, the anti-windup scheme is added in the inner voltage loop.



For the mentioned ST algorithm, the stability mechanism can be verified by the Lyapunov function   V  n o m    in [55,56]:


   V  n o m   = α  | s |  +  1 2   υ 2   



(26)




where   | s |   represents the voltage error and  υ  is defined as   ∫ [ − α s i g n ( s ) ] d t  . In order to prove that the Lyapunov function converges to zero in finite time,   V  n o m    must be semi-negative definite. According to (12), the mentioned dynamic system can be expressed as follows.


   x ˙  = b u + G  



(27)




where u is the control input and G represents the disturbance and the parameters uncertainties in System (12).



Suppose the boundary of disturbance G is as follows.


  G ≤  G  m a x     | s |   1 2    



(28)







Therefore, the differential form of   V  n o m    can be presented as follows.


    V ˙   n o m   ≤   α s i g n  ( s )  ( − λ | s |   1 2   s i g n  ( s )  +  G  m a x     | s |   1 2    )   



(29)







When choosing   λ >  G  m a x    , this differential form is negative definite, which means that the system has asymptotic stability.




3.3. Outer Voltage Loop


As shown in Figure 3, the outer voltage loop aims to regulate the voltage of the supercapacitors to its nominal condition via indirectly controlling the current of the battery and thereupon the voltage of the DC bus. Considering the infinitesimal relationship of (9) and assuming the inner voltage loop has faster dynamic compared with the outer voltage loop, the voltage of the DC bus is supposed to be equal to its reference voltage value. The controller of the outer voltage loop adopts the PI controller, which is designed as (30).


   v b ∗  =  k p   (  v  s c  ∗  −  v  s c   )  +  k i  ∫  (  v  s c  ∗  −  v  s c   )  d t  



(30)







In (30),   k p   represents the gain of the proportional term, and   k i   represents the gain of the integral term. Meanwhile, the anti-windup scheme is added in the outer voltage loop so as to avoid the integral saturation and protect the battery.




3.4. Constraints of the Hybrid Power System


In this hybrid power system, component constraints are considered to protect the operation of the supercapacitors and battery. The first constraint that is integrated in the anti-windup scheme of inner voltage loop aims to limit the current of the supercapacitors. The principle of this constraint is illustrated in Figure 4.



As shown in Figure 4, the safe voltage range of the supercapacitors is   [  v  s c _ m i n   ,  v  s c _ m a x   ]  . Within this range, the security thresholds of the supercapacitors reference voltage   v  s c  ∗   are defined as   v  s c _ l o w    and   v  s c _ h i g h   . The blue curve and red curve represent the supercapacitors operating in charge mode and discharge mode, respectively. When the voltage of the supercapacitors reaches the maximum threshold or minimum threshold, the absolute value of the supercapacitors’ reference current will decrease quickly so as to ensure the supercapacitors are in a safe operation condition. The mathematical expressions of this constraint are concluded in (31) and (32).


    i  s c _ m a x _ c h a    =  i  m a x   · m a x  − 1 , m i n  0 ,    v  s c   −  v  s c _ m a x      v  s c _ m a x   −  v  s c _ h i g h        



(31)






   i  s c _ m a x _ d i s   =  i  m a x   · m i n   1 , m a x   0 ,    v  s c   −  v  s c _ m i n      v  s c _ l o w   −  v  s c _ m i n        



(32)







The second constraint that is integrated in the anti-windup scheme of the outer voltage loop aims to limit the current of the battery. According to Fig.3, the battery is linked to the load directly. Due to this reason, the current of the battery is indirectly regulated via controlling the voltage of the DC bus. The fixed voltage range of the DC bus is   [  v  b _ m i n   ,  v  b _ m a x   ]  . Within this range, after calculating by the outer voltage loop, the dynamic thresholds of the DC bus reference voltage   v b ∗   are defined as   v  b _ m i n _ d y n    and   v  b _ m a x _ d y n   . The expressions of the second constraint are summarized in (33) and (34).


   v  b _ m a x _ d y n   =  v b ∗  +  K  i b a t    (  i  b a t    ( t )  −  i  b a t _ m a x _ c h a   )   



(33)






   v  b _ m i n _ d y n   =  v b ∗  +  K  i b a t    (  i  b a t    ( t )  −  i  b a t _ m a x _ d i s   )   



(34)







Overall, there are two main advantages of the proposed method. The first advantage is that the proposed method presents a new controller to attenuate the oscillations on the DC bus. The proposed super twisting controller adopted in the inner voltage loop operates like a low-pass filter so as to reject the perturbations from the load to the DC bus. The second advantage is that the proposed method takes into account the practical situation, such as the limitation of battery current and supercapacitors’ current. These practical constraints are considered and integrated in the anti-windup schemes of the inner voltage loop and outer voltage loop. Therefore, the proposed method has application value in a practical hybrid battery/supercapacitor system. Besides, there is a disadvantage of the proposed method as well. The gains of the super twisting controller are constant, so that the proposed method may be overestimated in the practical case due to these fixed parameters.





4. Simulation Results and Analysis


In order to verify the effectiveness of the proposed control strategy for the hybrid power system considering battery degradation, the simulation study was carried out with MATLAB. As shown in the Figure 3 in Section 3, the semi-active architecture and its associated control structure based on a cascaded control loop were taken into account in this simulation study. According to (19) and (30), which present the control theory of the super twisting controller and PI controller, the gains of these two controllers were considered in the simulation. Besides, the limitation theory for the supercapacitors and battery current was implemented in the anti-windup scheme in this simulation study based on the constraints shown in (31)–(34). The dynamic thresholds in the anti-windup scheme would be activated when these two power sources reach their limitation in the simulation. Moreover, the hybrid system in this simulation considered the battery degradation theory based on degradation model and CKF in Section 2 as well. With the theory of CKF according to Appendix B, the SOC and internal resistance of battery were estimated and utilized in this simulation. In this simulation, the disturbance of the load current was assumed as a sinusoidal perturbation current with a frequency of 7.5 Hz and an amplitude of 2 A. For supercapacitors, the initial reference voltage was 125 V, the voltage range [62.5 V, 136 V], and the low voltage security threshold and high voltage security threshold 93.75 V and 131 V, respectively. For the DC bus, the maximum threshold and minimum threshold were 55.5 V and 30 V, respectively. The initial desired voltage of the battery was achieved by connecting 12 battery cells studied in Section 2 in series.



4.1. Simulation of the Proposed Control Strategy under Three Operation Modes


The simulation results of the proposed control strategy under nominal, charge and discharge mode are shown in Figure 5, Figure 6 and Figure 7, respectively. From Section 2, the degradation estimation of the battery was made via the model-driven method on the basis of the degradation model and CKF method. According to this estimation method, the internal resistance value of the battery under each SOC condition during the battery degradation process could be obtained. Considering the moment when the SOC of the battery after long-time degradation was 100% as shown in Figure 2, the internal resistance estimation value of a single battery cell was about 0.06714  Ω , which was adopted in this simulation part.



As shown in Figure 5, in nominal mode, the value of all the currents and voltages was in the allowed range. Therefore, there was no change in the dynamic thresholds of the DC bus voltage, and the anti-windup scheme was not activated.



As shown in Figure 6, in charge mode, the battery current reached the maximum limit value at the time of 170 s, which caused the decrease of the dynamic maximum threshold of the DC bus voltage for security consideration. Meanwhile, the anti-windup scheme was activated so as to protect the battery.



As shown in Figure 7, in discharge mode, the battery current reached the minimum limit value at the time of 25 s, which caused the increase of the dynamic maximum threshold of the DC bus voltage in order to ensure the safety of the battery. Similarly, as the case in charge mode, the anti-windup scheme was activated as well.



In Figure 8, the simulation results of the battery current, supercapacitors’ current, and load current with perturbations are presented under these three operation modes. It can be found obviously that the supercapacitors provided the transient current with fast dynamics when there was a sudden change in load. Moreover, the supercapacitors absorbed the transient and sinusoidal perturbations efficiently so as to smooth the behavior of the battery current.




4.2. Simulation of the Proposed Control Strategy with Different SOC Conditions


In order to validate the effectiveness of the proposed control method considering battery degradation in different SOC conditions, the simulation and analysis are done in this part. According to Section 2, the degradation estimation results of the battery were obtained as shown in Figure 2.



Considering after long-time degradation, the battery was in Discharge Cycle 168. During this discharge cycle, the battery SOC would decrease from 100%, the internal resistance of battery would increase, and the voltage of the battery would decrease. The simulation results of the 100% SOC, 65% SOC, and 30% SOC conditions are shown in Figure 9, Figure 10 and Figure 11, respectively.



In Figure 9, the simulation results of the 100% SOC condition are presented. When the load current increased abruptly, supercapacitors discharged rapidly in order to offer the transient power. Then, the battery with low dynamics supplied the main power. Moreover, due to the adoption of the proposed control method, the voltage oscillations on the DC bus were attenuated to a large extent, which could ensure the smooth behavior of the battery current and increase the lifespan of the battery.



Figure 10 and Figure 11 present the simulation results of the 65% SOC and 30% SOC conditions, respectively. In order to analyze the results of different SOC conditions easily, the load current was the same in this simulation work.



It can be seen from Figure 10 and Figure 11 obviously that the difference between these two SOC conditions and the previous 100% SOC condition occurred only in the value of the DC bus voltage due to the increase of internal battery resistance and the decrease of battery voltage caused by the degradation of the battery. In the 65% SOC condition, the value of the DC bus voltage decreased from 44.8 V, and in the 30% SOC condition, the value of DC bus voltage decreased from 42.5 V, while in the 100% SOC condition, the value of the DC bus voltage decreased from 50.4 V. For battery current, supercapacitors’ current, and voltage, their behaviors were the same no matter in which SOC condition they were. Therefore, the effectiveness of the proposed control strategy with different SOC conditions was validated.




4.3. Comparison Analysis of the Proposed Control Strategy with the Method of Two PI Controllers


In order to make a comparison between the proposed control strategy and the traditional control method on the basis of two PI controllers, the simulations of two PI controllers for this hybrid power system were done as well. In other words, the simulations were done after replacing the ST controller in the inner voltage loop by a traditional PI controller, and the outer voltage loop adopted the PI controller still.



Figure 12 presents the main comparison results of battery current in nominal mode, charge mode, and discharge mode. As shown in the zoomed in detail in Figure 12, the oscillations of the red curve were obviously smaller than the blue curve. That is to say, the battery current of the proposed method was obviously smoother than the method of two PI controllers, which benefited increasing the lifespan of the battery. Therefore, the proposed control strategy based on one ST controller and one PI controller operated like a low-pass filter effectively and was better than the method based on two PI controllers to a large extent.





5. Conclusions


In this paper, a disturbance rejection control strategy for a hybrid power system considering the degradation of the battery was developed. The paper first made the degradation estimation of the battery based on the battery degradation model and Cubature Kalman Filter method. Then, the control strategy was proposed on the basis of the super twisting controller and proportional integral controller with some constraints integrated in the anti-windup scheme. Finally, the effectiveness of the proposed control strategy was verified via simulation work.



The novelty and main contributions of this paper were as follows: Firstly, this paper was the first to propose a robust control strategy that adopted the super twisting controller in the inner voltage loop to operate like a low-pass filter for such a single converter hybrid battery/supercapacitor system, in order to reject the disturbance and attenuate the perturbations on the DC bus. Secondly, the proposed control method worked well when the degradation of the battery was taken into account in such a hybrid electrical system, while many other researchers have not considered this battery degradation phenomenon in previous control research. Thirdly, this paper took into account the practical situation for limiting the battery current and supercapacitors’ current, and some constraints were implemented in the anti-windup schemes in the cascaded control loop. Therefore, the proposed method has application value in a practical hybrid battery/supercapacitor system to some extent.



In future research work, the experimental research will be carried out based on hardware-in-the-loop tests. Then, in order to avoid the gains being overestimated in the practical system, the current control method will be considered to be improved by designing an adaptive super twisting controller so that the control gains will be adaptive instead of constant. In addition, more than two types of power sources will be considered. A more complex hybrid power system that consists of a fuel cell, battery, and supercapacitors will be studied in future research.
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Figure A1. Battery voltage for different discharge cycles. 
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Figure A2. Battery OCV and SOC. 
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Appendix B


The main calculation steps of CKF are as follows:




	(1)

	
Initialization: initialize the system state and covariance:


    x ^  0  = E  [  x 0  ]  ,   P 0  = V a r  [  x 0  ]   



(A1)








	(2)

	
Cubature points’ calculation:


   P k  =  S k   S k T   



(A2)






   x k i  =  S k   γ i  +   x ^  k  ,  i = 1 , 2 , … , 2 n  



(A3)




where n is the dimension of the state variable and   γ i   is a set of cubature points.


   γ i  =       n   E i  ,      i = 1 , 2 , … , n       −  n   E i  ,      i = n + 1 , n + 2 , … , 2 n       



(A4)




where   E i   is a unit matrix.




	(3)

	
Cubature points’ propagation:


   x  k + 1 | k  i  = f  (  x k i  ,  u k  )   



(A5)








	(4)

	
State prediction:


    x ^   k + 1 | k   =  1  2 n    ∑  i = 1   2 n    x  k + 1 | k  i   



(A6)






    p ¯  k  =  1  2 n    ∑  i = 1   2 n    x  k + 1 | k  i    (  x  k + 1 | k  i  )  T  −   x ^   k + 1 | k     (   x ^   k + 1 | k   )  T  + Q  



(A7)








	(5)

	
Cubature points’ calculation:


    p ¯  k  =  S  k + 1 | k    S  k + 1 | k  T   



(A8)






   X  k + 1 | k  i  =  S  k + 1 | k    γ i  +   x ^   k + 1 | k    



(A9)








	(6)

	
Cubature points’ propagation:


   y  k + 1  i  = h  (  X  k + 1 | k  i  ,  u k  )   



(A10)








	(7)

	
Measurement update:


    y ^   k + 1   =  1  2 n    ∑  i = 1   2 n    y  k + 1  i   



(A11)






   p  y y   =  1  2 n    ∑  i = 1   2 n    y  k + 1  i    (  y  k + 1  i  )  T  −   y ^   k + 1     y ^   k + 1  T  + R  



(A12)






   p  x y   =  1  2 n    ∑  i = 1   2 n    X  k + 1 | k  i    (  y  k + 1  i  )  T  −   x ^   k + 1 | k     y ^   k + 1  T   



(A13)








	(8)

	
The state and covariance update: update the Kalman gain  K , the state    x ^   k + 1   , and covariance   P  k + 1   :


  K =  p  x y     p   y y   − 1    



(A14)






    x ^   k + 1   =   x ^   k + 1 | k   + K  (  y  k + 1   −   y ^   k + 1   )   



(A15)






   P  k + 1   =   p ¯  k  − K  p  y y    K T   



(A16)
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Figure 1. Battery degradation model. 
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Figure 2. Degradation estimation of battery: resistance estimation; SOC estimation; voltage estimation; APE of voltage estimation. 
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Figure 3. System topology and control structure. 
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Figure 4. Constraints of supercapacitors. 






Figure 4. Constraints of supercapacitors.



[image: Energies 13 02781 g004]







[image: Energies 13 02781 g005 550] 





Figure 5. Simulation results, in nominal mode. 
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Figure 6. Simulation results, in charge mode. 
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Figure 7. Simulation results, in discharge mode. 
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Figure 8. Simulation results of the battery, supercapacitors’, and load currents with sinperturbations. 
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Figure 9. Simulation results: 100% SOC. 
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Figure 10. Simulation results: 65% SOC. 
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Figure 11. Simulation results: 30% SOC. 
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Figure 12. Comparison result of the proposed method with two PI controllers. 
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