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This article proposes a sliding mode observer based dynamic equivalent state of charge (ESOC) estimation method for hybrid energy storage system (HESS). Since different types of energy storage components and power electronics circuit are coupled in the HESS, the traditional SOC estimation method cannot reflect the real-time operation characteristics of the HESS. To tackle this problem, a sliding mode observer based on the model of the HESS is built in this article. By collecting the corresponding voltage and current signals, the internal parameters of energy storage elements can be observed accurately in real time. The dynamic ESOC is further defined with the idea of real-time charge balance to reflect the accurate available capacity of the HESS. Finally, the simulation results based on MATLAB/Simulink model are given to verify the feasibility of the proposed dynamic ESOC.
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INTRODUCTION
Because of the high performance and flexibility of the hybrid energy storage system (HESS), HESS has been widely concerned and studied (Choi et al., 2012; Kim et al., 2015; Akar et al., 2017). The HESS can be applied to applications like motor driving, distributed generation, and backup power (Hammond, 1995; Franquelo et al., 2008; Kouro et al., 2010). The HESS usually consists of two or more types of energy storage components. Battery and supercapacitors are a classic combination. With the high energy density of the battery and the high power density of the supercapacitors, the battery/supercapacitor HESS can provide instantaneous high power output while meeting the capacity demand of the system.
Since the characteristics and parameters of different types of energy storage components vary greatly, power electronic circuits are required in the HESS to couple these components. DC bus-based structure is a common solution (Wang et al., 2014). As a result, unlike the single energy storage technology system, the state of charge (SOC) evaluation of HESS is tricky. The operation mode and power allocation ratio between the components change in real-time according to the need of loads; thus, the dc source of the HESS can be included with either or both of the components. Therefore, neither the SOC of single type of components nor their summation can be simply used as the residual capacity evaluation result of the system.
On the other hand, the SOC is an important factor to be used in the control of the HESS (Xie et al., 2018). Without the accurate estimation of the capacity, the remaining operation time, the power output capability, and the safety of the system cannot be determined.
The SOC evaluation technologies for traditional energy storages have been studied for many years and can be classified into four categories: the open-circuit voltage method, the ampere hour integration method, the neural network method, and the state observation method (He et al., 2012; Lu et al., 2013; Kang et al., 2014).
The open-circuit voltage method is one of the earliest approaches for battery SOC evaluation, which requires experiments’ results to generate the SOC curve. The preparation of open-circuit voltage measurement is tedious. The ampere hour integration method is simple and easy to implant, but the disadvantage is obvious: it needs the accurate initial SOC value of the battery. At present, the open-circuit voltage method and the ampere hour integration method are frequently used in combination due to their complementary functions in practical battery SOC evaluation applications. The neural network method is a novel approach that has received more and more attention in recent years. As a data-driven technology, its parameters can be automatically updated. However, its drawbacks include the overreliance on historical data and computation complexity.
Overall, the above SOC estimation methods mainly aim at the single energy storage technology system. For the HESS, the SOC estimation method must consider not only the nature of the energy storage component, but also the overall operating characteristics of the system. The estimation method requires high real-time performance and accuracy. The state observation method is the method to estimate SOC by establishing a state space model, which has a clear physical meaning, as well as outstanding dynamic performance. The current commonly used methods include the Kalman filter method and the sliding mode observation method. The sliding mode observation method is based on the state space model of the energy storage component. It directly uses the control theory to make the SOC estimation results gradually converge to a specific value. It has the advantages of small calculation, good convergence property, and robustness in the interference environment (II-Song, 2008; II-Song, 2010; Li et al., 2017). The application of sliding mode observation method in SOC estimation has been more and more widely studied. In Gong et al. (2016), the sliding mode observation method is used to estimate the SOC of the battery, and the equivalent circuit model including the uncertain disturbance is established. The reliability of the observer is verified by simulating the constant current discharge and the operation of the electric vehicle. In Chen et al. (2016), a robust sliding mode observer for power battery is built and studied. The radial basis function (RBF) neural network is used to adjust the switch gain of the sliding mode observer, and the target factor recursive least square algorithm is used to identify the parameters of the equivalent model in real time. According to the electrochemical and thermal characteristics of the battery/supercapacitor, a real-time estimation scheme of the state parameters of the energy storage element composed of multiple sliding mode observers is designed in reference Dey et al. (2015). This scheme simulates the internal characteristics of the energy storage element and verifies the convergence of the overall estimation scheme.
To summarize, the sliding mode observation method is more suitable for SOC estimation in HESS, because of its robustness and simple control algorithm. However, it has not been applied on the estimation of SOC of the HESS. The difficulty lies in the coupling between the energy storage components and the power electronics’ circuit in the HESS. Traditionally, the remaining energy of the energy-density component is the basis of the SOC in the HESS. However, the restrictions in the discharging ability and dynamic performance of the energy-density component cannot be reflected in these models, resulting in the overrated SOC.
In this article, a dynamic equivalent SOC (ESOC) index of the HESS is proposed. With the established index, the equivalent SOC can be well reflected. Moreover, the estimation algorithm of the dynamic equivalent index is proposed based on the sliding mode observer. In addition, the models of battery, the supercapacitor, and the DC-DC converter are established to build the observer. The principle of the ESOC is introduced, and an overall dynamic ESOC estimation system is given and verified.
MATHEMATICAL MODEL OF THE HYBRID ENERGY STORAGE SYSTEM
Battery Cascaded Supercapacitors Hybrid Energy Storage System
Battery cascaded supercapacitors structure is one of the most common topologies for HESS. As shown in Figure 1, the battery bank and the supercapacitors module are coupled with a DC-DC converter. Since the focus of this work is to illustrate the ESOC evaluation principle, the Boost circuit is used in the following analysis. In microgrid related applications, the HESS needs to interface AC bus. Therefore, a DC-AC inverter is connected to the terminal of the supercapacitor.
[image: Figure 1]FIGURE 1 | The topology of hybrid energy storage system.
In this design, the supercapacitors operate as an energy buffer. It is charged by the battery through DC-DC converter to maintain the DC side voltage of the inverter. In a normal operation, the SOC and the terminal voltage of the supercapacitors keep constant, because their energy can be recovered by the battery in real-time. When high power demand occurs, the supercapacitor can respond quickly and provide an instantaneous output with high climbing rate (Ben et al., 2014; Golchoubian and Azad, 2017). Due to the terminal voltage decline of supercapacitors in high power mode, the operation duration is restrained. When the voltage reaches the lower threshold, the HESS needs to quit the high power mode to recover the energy of the supercapacitors module from battery.
According to the operation principle of the battery cascaded supercapacitors HESS, the working energy storage components in different modes are as follows:
1) Normal operation mode. In this mode, it can be considered that only the battery provides power to the system. The supercapacitor acts as the DC bus buffer. The operation duration in this mode mainly depends on the capacity of the battery.
2) High power mode. In this mode, the battery and the supercapacitor respond to the output at the same time. The power allocation ratio between them usually depends on the frequency characteristics and the peak value of the output. Since the energy is extracted from the supercapacitor faster than that in the normal operation mode, there is not sufficeint time for its terminal voltage to recover from the battery. Therefore, the operation duration in this mode mainly relies on the residual energy of the supercapacitor and the output power it shares.
3) Extreme high power mode. In this mode, the output power share of the supercapacitor is much larger than that of the battery. Since the battery cannot maintain the output of the supercapacitor, the operation duration of the HESS completely depends on the SOC of the supercapacitor.
Thus, at different moment, the energy can be extracted from the HESS, which is determined by the SOC of the battery or/and the supercapacitors, as well as the output power of the system. Meanwhile, the energy recovery speed of the supercapacitors relies on the discharge speed of the battery and the rated power of the DC-DC converter. Therefore, the equivalent models of the two types of energy storage components and the DC-DC converter need to be built and integrated.
Model of the Energy Storage Components
In the HESS studied in this article, the energy-density and power-density energy storage components are the battery and the supercapacitor, respectively. In order to establish the comprehensive model of the HESS for ESOC estimation, the equivalent circuit model of the battery and the supercapacitor should be analyzed first.
As shown in Figure 1, the battery model used in this article is the second-order Thevenin equivalent circuit model, which has been proved to be effective in the static and dynamic characteristics simulation of the battery (Chen and Rincon-Mora, 2006).
In Figure 2, Cn represents the rated capacity of the battery, IB and UB, respectively, represent the terminal voltage and operating current of the battery, Uocv is the ideal open-circuit voltage source, and R0 represents the internal resistance. The parallel RC network is composed of electrochemical polarization capacitor CB1 and resistor RB1, concentration capacitor CB1 and resistor RB1, and concentration polarization capacitor CB2 and resistor RB2, which are used to reflect the short-term and long-term dynamic characteristics of the battery. UB1 and UB2 represent the terminal voltages of the two RC branches.
[image: Figure 2]FIGURE 2 | The equivalent circuit model of battery.
According to the circuit theory, there are
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As a power-density energy storage component, the supercapacitor belongs to the double electric layer capacitor family, whose electrode surfaces are coated with the activated carbon. In this article, an improved second-order RC equivalent circuit model is adopted, which is shown in Figure 2.
The improved second-order RC model simulates the effect of supercapacitor leakage current by adding parallel resistance on the basis of the traditional RC model and reflects the dynamic characteristics of the supercapacitor while ensuring a simple structure (Solano et al., 2013; Graydon et al., 2014). It includes three branches as follows:
1) The branch where RC1 and Csc1 are located is an instantaneous branch, which is used to simulate the instantaneous external characteristics of supercapacitor under the state of charging and discharging, and its time constant is small. Usc1 is its terminal voltage.
2) The branch where RC2 and Csc2 are located is the self-adjusting branch, which reflects the internal of the supercapacitor charging redistribution. Usc2 is its terminal voltage.
3) The branch where RL is located is the self-discharge branch, which is used to represent the self-discharge phenomenon of the supercapacitor. RP is the additional internal resistance. IC and Uout represent the operating current and output voltage during the charging and discharging of the supercapacitor, respectively.
According to the Figure 3, there are
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[image: Figure 3]FIGURE 3 | The equivalent circuit model of Supercapacitor.
The above models will be integrated into the comprehensive model of the HESS. Meanwhile, their internal components will be selected as the state variables of the sliding mode observer to estimate the remaining energy of the battery and the supercapacitor.
Equivalent Model of the Hybrid Energy Storage System
According to the equivalent circuit model of the energy storage components and the Boost converter, the comprehensive model of the battery cascaded supercapacitors HESS is established as shown in Figure 4.
[image: Figure 4]FIGURE 4 | The internal structure diagram of the HESS.
The large signal circuit model consists of controlled voltage and current sources used to represent the dynamic characteristics of the boost converter. (Chen et al., 2004). In Figure 4, D represents the duty cycle of the switching device, so the input and output voltage of the converter are as follows:
[image: image]
The state space model of the HESS reflects the relationship of the internal voltage and current signals, which is the basis for the sliding mode observer. Based on the internal structure diagram of the HESS, the output voltage of the energy storage system Uout, the terminal voltages of the ideal voltage source and two polarization capacitances of the battery model Uocv, UB1 and UB2, and the terminal voltages of the two branch capacitances of the supercapacitor model Usc1 and Usc2 are taken as the state variables x. There is
[image: image]
The sampled output currents of the system and the supercapacitor compose the input vector [image: image]. The output voltage of the system is selected as the output vector y = Uout.
Based on Eqs. 1–3, Eqs. 4–6 and Eq. 7), the state space model of hybrid energy storage system is given as follows:
[image: image]
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where a11 = −1/RB0CB1, a12 = −(1/RB1CB1+1/R0CB1), a21 = −1/RB0CB2, a22 = −(1/RB2CB2 + 1/R0CB2), a31 = −1/RC1Csc1, a41 = −1/RC2Csc2.
When the state space model is given, the ESOC estimator needs the accurate voltage and current signals in the equivalent circuit model of energy storage elements, which will be achieved with the sliding mode observer.
DESIGN OF SLIDING MODE OBSERVER
The sliding mode observer is a nonlinear observer that obtains the estimated values of the state variables through the measured input and output values of the system. The sum of the input and the negative feedback of the output can force the system to move along a specific state curve with small and high frequency steps, which is defined as the sliding motion. Finally, the state estimation value will approach a hyperplane. Therefore, the error between the estimated output and the actual value approaches zero, so as to realize the accurate estimation of the state variables.
The sliding mode observer is based on the Luenberger observer. Its structure can be expressed as follows:
[image: image]
where x is the state variable, u is the input variable, and y is the output variable. A and B are the system matrix and input matrix, respectively. K is the constant of the feedback correction, which is used to make the system stable, and e is the error between the observed value and the actual measured value of the state. The function M is the control variable of the sliding mode observer. When the output error is not zero, the variable is used to make the system move along the sliding mode surface at a high frequency.
The premise that the sliding mode observer can estimate the internal energy storage elements of the energy storage system is that the matrix system is observable (Gong et al., 2016). The observability matrix of the nonlinear system is expressed as
[image: image]
According to Eq. 9 and Eq. 10, it can be easily proven that Ob is full rank. Therefore, the system is observable; that is, the observer can be used to observe the parameters of the HESS.
By adapting the Walcott–Zak observer (Chang and Zheng, 2015), the sliding mode observer of the HESS is established:
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], respectively, represent the estimated values of Uout、UB1、UB2、Uocv、UC1、UC2 and define eout、eB1、eB2、eocv、eC1、eC2 as the errors between the estimated value and the actual value. Lout、LB1、LB2、Locv、LC1 and LC2 are the feedback gains. The function sgn is defined as
[image: image]
If the sliding surface s = eB is defined, the state equation of error is
[image: image]
where d1−d6 is used to simulate the influence of system noise.
According to the requirements of Lyapunov stability function, it is necessary to ensure that the difference value of each voltage of the state variable approaches 0. Take Uout as an example. If the system is stable on the sliding surface, it needs to meet the following requirements:
[image: image]
According to Eq. 15, if Eq. 16 stands, the feedback gain Lout should satisfy
[image: image]
Assuming that the estimated terminal voltage gradually stabilizes in a certain period of time and finally reaches the sliding mode surface, that is, [image: image], at this time, the observation of UB1 in the battery equivalent model is considered first. If it can still meet the requirements of Lyapunov stability function, [image: image] in the stable state, then there is
[image: image]
Considering the observation of UB2 and Uocv, the following formula stands:
[image: image]
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Then, the observation of UC1 and UC2 inside the supercapacitor is analyzed. According to the requirements of Lyapunov stability function, its feedback gain meets the following formulas:
[image: image]
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According to the above analysis, if the designed sliding mode observer can realize the accurate estimation of relevant parameters, and Lout、LB1、LB2、Locv、LC1 and LC2 need to meet the requirements of Eqs. 17–22. In the practical design, because the above feedback gains are only constrained by the minimum value, the error value in the formula can be considered as the extreme value. Through the reasonable selection of Lout、LB1、LB2、Locv、LC1 and LC2, the state variables in the HESS can be accurately estimated by using the sliding mode observer.
THE ESTIMATION OF DYNAMIC EQUIVALENT STATE OF CHARGE
First, we introduce the proposed estimation System of the dynamic ESOC. The complete estimation system of the ESOCD is based on sliding mode observer and shown in Figure 5. The output voltage Uout, current Iout and supercapacitor branch current IC of the DC side are collected in each TSOC. Based on the sliding mode observer defined in Eq. 13, the observed values of [image: image], [image: image]and [image: image] can be obtained. Through Eq. 23 and Eq. 24, the SOCs of the battery and supercapacitor can be obtained.
[image: Figure 5]FIGURE 5 | Estimation system of the dynamic ESOC.
At the same time, the average values of PB_av and Pout_av are generated from the collected voltage and current. Consequently, Eq. 28, Eq. 29, and Eq. 30 are used to obtain the weighting coefficients α1 and α2 for Eq. 31 to finally calculate the ESOCD. With this design, the estimation of the dynamic ESOCD can be realized with the available voltage and current signals.
According to the above analysis, the voltage of ideal voltage source UOCV and the capacitance voltages UC1 and UC2 of the two branches of the supercapacitor in the state space equation of the HESS can be accurately estimated with the sliding mode observer. Considering that the observed value of UOCV has a nonlinear function relationship with the SOC of battery, which can be obtained through experiments, the specific method is to measure the UOCV of the battery after a period of continuous discharge with a fixed current value. The SOC at the corresponding time can be obtained by simple integral calculation. After several experiments, UOCV and SOC value data can be synthesized into a curve by the least square method. In this article, they can be calculated by the following Eq. 25:
[image: image]
where K0−K2 are the experimental constants.
According to the definition of SOC, that is, the ratio of residual capacity to rated capacity, the SOC of supercapacitor can be defined as
[image: image]
where UC1N and UC2N are rated voltages of capacitors CSC1 and CSC2.
As aforementioned, for the HESS, which is composed of battery and supercapacitor, its SOC cannot be defined as the sum of the remaining capacity of the two energy storage components and the total capacity of the system. Since the energy-density of the battery is far larger than that of the supercapacitors, the sum of their remaining capacity will mainly represent the SOC of the battery. However, in high power and extreme high power operation modes, the capacity of the battery cannot be utilized because of its discharge speed. In these modes, the SOC of the HESS is determined by the supercapacitors.
Therefore, the ESOC of the HESS needs to be evaluated dynamically according to the real-time operation mode of the system. In this work, the dynamic ESOC ESOCD is defined with two weighting coefficients α1 and α2, which change with the real-time operation mode:
[image: image]
ESOCD is estimated in every time period TSOC. With the proposed sliding mode observer, the average output powers PB_av and Pout_av of the battery and the system can be obtained based on the real-time detected Uout, IC and Iout in TSOC:
[image: image]
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The SOC lower and upper thresholds of battery and supercapacitor are defined as (SOCBmin, SOCBmax) and (SOCSCmin, SOCSCmax), respectively. Nt1 and Nt2 are defined as the number of time periods that two kinds of energy storage components can continue to operate with the current output power:
[image: image]
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where EBN and ESCN, respectively, represent the rated capacity of battery and supercapacitor.
Therefore, Nt1 and Nt2 dynamically change with time and reflect the duration of continuous operation of the two kinds of energy storage components in real time. In order to ensure that the SOCs of energy storage components are restricted within the threshold range, the weighting coefficients are further designed as the reciprocal value of Nt1 and Nt2:
[image: image]
The physical meaning of α1 and α2 is the ratio of the energy consumed by the battery and supercapacitor to their respective residual capacity in the current time of TSOC. With this design, the corresponding weighting coefficient of the energy storage component with long operation duration will be relatively small, and that of the one with short duration will be relatively large. The greater the operation duration difference, the greater the weight coefficient difference, so that ESOCD can reflect the residual operation duration of the HESS according to its operation mode. For example, with extreme high power output mode, although the SOCB is high, since PB_av is low, α1 will be a small number. Therefore, the effective proportion of SOCB in ESOCD will be small.
Denote m = α2/α1, and then the dynamic ESOCD can be expressed as
[image: image]
In Equation 31, since both values of the SOCB and SOCsc are between 0 and 1, the calculated ESOCD value will be between 0 and 1. According to Eq. 31, there is
[image: image]
It can be seen from Eq. 32 that the upper and lower limits of ESOCD will not exceed those of the battery and supercapacitor. By defining the ESOCD, the real-time estimation of output power and SOCs of the battery and supercapacitors can be used to accurately determine the residual operation duration of the HESS in the current conditions.
SIMULATION RESULTS
In order to verify the effectiveness of the designed sliding mode observer in SOC estimation, a simulation model is built based on the MATLAB/Simulink platform. The model is based on the HESS model in Figure 1, while an adjustable resistive load is connected to the output of the DC-AC inverter to change the output power of the system. The simulation parameters are shown in Table 1.
TABLE 1 | Simulation parameters.
[image: Table 1]According to the simulation model, considering the corresponding accuracy requirements of the sliding mode observer, the parameters are selected as follows: Lout = 100, LB1 = 21, LB2 = 12, Locv = 0.01, LC1 = 1 and LC2 = 1. In order to intuitively reflect the real-time observation effect of sliding mode observer on the battery and supercapacitor, the HESS is considered in the high-power working mode. For comparison, when the basic output characteristics are the same, the existing battery and supercapacitor models in Simulink are also used at the same time, and the value of SOC, which is measured directly, is taken as the actual value.
In the high-power operation mode, the battery and the supercapacitor provide power to the load at the same time, and the SOC of the two energy storage components changes in real-time according to their outputs. Figures 6A,B are the actual and estimated values of the SOC of the battery in operation, while Figures 7A,B show those of the supercapacitor. From Figures 6,7, it can be seen that the actual value is basically consistent with the estimated value.
[image: Figure 6]FIGURE 6 | Schematic diagram of SOC actual value and estimated value change of battery in high power mode.
[image: Figure 7]FIGURE 7 | Schematic diagram of SOC actual value and estimated value change of supercapacitor in high power mode.
The error between them is within 0.02, which proves the accuracy of SOC estimation based on sliding mode observer proposed in this article.
According to the definition of ESOCD in Eq. 31, the simulation model is established to analyze its effectiveness. The max–min ranges of the energy storage components are, respectively, set as (SOCBmin, SOCBmax) = (0.4, 1), (SOCSCmin, SOCSCmax) = (0.6, 1), PBmax = 324 w, PSCmax = 3 KW, EB = 1 Ah. The initial SOC of the battery is set to 0.69. The supercapacitor capacity CSC is 3 F. The experiments are designed in three modes.
In the normal operation mode, the supercapacitor is not involved in providing energy and the output power of the battery PB1 = 240 W. In the high power mode, the battery and the supercapacitor supply power to the system at the same time. The output power of the battery PB2 = 300 W, and the output power of the supercapacitor PSC1 = 1100 W. In the extreme high power mode, the output of the supercapacitor occupies the main power output, and PSC2 = 2000 W.
Figure 8 shows the changes of the SOC of the battery SOCB, the SOC of the supercapacitor SOCSC, and two sets of ESOC values in different mode. Except the proposed ESOCD, the EOSCs is defined as
[image: image]
[image: Figure 8]FIGURE 8 | Schematic diagram of SOCB, SOCSC, ESOCs, and ESOCD changes.
EOSCs mainly reflects the direct definition of the ESOC of HESS by calculating the residual capacity of all energy storage elements. In this work, EOSCs is used for comparison.
Figure 8A shows that, in the normal operation mode, SOCSC keeps constant. The ESOCD follows SOCB. Figure 8B shows that, in the high power mode, the SOCSC starts to decline from the initial time, since its power cannot be recovered from the battery. Therefore, the change trend of ESOCD is consistent with that of the supercapacitor. In this process, although the SOCB of the battery drops faster than that in Figure 8A, ESOCD is mainly affected by the supercapacitor. Figure 8C shows the change of SOCs in the extreme high power mode. It can be seen that the SOCSC drops more rapidly, which drops to about 0.3 within 3S. At this time, the change trend of ESOCD is almost the same as SOCSC. The influence of SOCB on ESOCD can be ignored.
As the ESOCs reflects the residual capacity of the HESS, it can be seen from Figure 8 that the change of ESOCs in the three modes is consistent with SOCB. It is obvious that the residual energy of the HESS cannot reflect the remaining operation duration. If the real-time equivalent SOC index is not properly defined and used, the overcharge and overdischarge of energy storage components will occur, which will reduce the safety and reliability of the system.
CONCLUSION
A sliding mode observer based dynamic ESOC estimation method for HESS is proposed in this article. By analyzing the topological structure of the HESS and the equivalent circuit model of the energy storage elements, the corresponding sliding mode observer is established by using the state space model. The parameters of the sliding mode observer are designed to realize the real-time and accurate estimation of the internal parameters of the HESS. In view of the high coupling of different types of energy storage elements, the concept of dynamic ESOC is proposed. Using the real-time acquisition value and estimation value, the remaining working time of energy storage elements is taken as the comparison way, so that ESOC can evaluate the working state of the whole energy storage system. The simulation results further verify the accuracy and real-time performance of SOC estimation based on sliding mode observer, as well as the effectiveness of dynamic ESOC evaluation.
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