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Energy management for hybrid energy storage systems: a comparison of current tracking control methods

In order to correctly implement an energy management strategy for a multi-source system, the output currents of different sources should be regulated to the desired references precisely and rapidly. In this paper, the underlying control of hybrid energy storage system composed by battery and supercapacitor is presented. Three current tracking controllers, PID, sliding mode, and fuzzy logic, are designed for the proposed system. Then, the control performances of the three controllers are compared according to the control precision, feasible control parameter range, and robustness to input voltage variation. The comparison is realized by carrying out a series of simulations.

I. INTRODUCTION

Hybrid energy storage systems (HESSs) have been becoming more and more widely used in different kinds of electric vehicles (EVs). HESS composed by battery and supercapacitor (SC) ensures a longer life span of battery, higher efficiency and higher power density than using only battery as storage unit [START_REF] Camara | Polynomial Control Method of DC / DC Converters for DC-Bus Voltage and Currents Management Battery and Supercapacitors[END_REF]. The battery/SC HESS has not only been used in EVs, but also found applications in renewable energy systems and in microgrids [START_REF] Jung | Control design for robust tracking and smooth transition in power systems with battery/supercapacitor hybrid energy storage devices[END_REF].

In a HESS, battery and SC are usually connected to the DC bus via DC/DC converters to obtain a controllable DC bus voltage. Thus, the control of HESS is realized by controlling these DC/DC converters. A number of studies are dedicated to new topologies and structures of DC/DC converters.

With a configured HESS, the energy management strategy (EMS) of the HESS is concerned. Most of the literature focused on the strategies by which the current references of different energy storage units are determined. Some strategies were proposed to maximize the system efficiency. While the others are dedicated to prolong the battery life span as possible. The multiple objectives can also be compromised and grouped into one objective function [START_REF] Wang | A novel multimode hybrid energy storage system and its energy management strategy for electric vehicles[END_REF].

In most of the proposed EMSs, it is assumed that the current references generated by an EMS can be perfectly tracked by real output currents and the differences between the references and real outputs are usually neglected. However, the current tracking control of a HESS should be put more importance in consideration of the wide-range varied load, the different operating modes, the characteristics of different energy storage units and the interactions between different sources.

This paper is dedicated to the study of the underlying control, i.e. current tracking and DC bus voltage controls, of a HESS. With an identical EMS and voltage regulation method, three current tracking methods, PID control, sliding mode (SM) control and fuzzy logic (FL) control, are designed and compared. The evaluation of the control performances for the three controllers is based on control precision, feasible parameter range, and robustness to parameter uncertainty.

The paper is organized as follows: in Section II, the studied HESS is described and its model is provided. Section III is dedicated to the underlying control of the HESS. The design of voltage controller and three different current controls are respectively illustrated. Then, the EMS adopted in this study is provided and summarized in Section IV. The simulation results are shown in Section V and the comparison of the three current tracking controls is carried out in the same section. The study is finally concluded in Section VI II. SYSTEM DESCRIPTION AND MODELING The studied HESS consists of a battery and a SC and two DC/DC converters which connect the two energy storage units to the DC bus. As Fig. 1 shows, the upper IGBT of the battery side converter is disabled in our case, which makes the converter an unidirectional one, while the SC side converter is bidirectional. The battery and SC here are simply described by an ideal voltage source, a parasitic series resistance and a capacitor.
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Fig. 1. System composed by battery and supercapacitor

In [START_REF] Jung | Control design for robust tracking and smooth transition in power systems with battery/supercapacitor hybrid energy storage devices[END_REF], a 5-order average model of the is built, as

ẋ = (A 0 + A 1 D 1 + A 2 D 2 )x + B e v e y = Cx (1)
where

x = [V 1 , V 2 , i 1 , i 2 , V o ] T .
The meanings of the parameters are shown in Fig. 1.

A 11 = -1 R bat C1 0 0 -1 R SC C2 , A 12 = -1 C1 0 0 0 -1 C2 0 , A 21 = ⎡ ⎣ 1 L1 0 0 1 L2 0 0 ⎤ ⎦ ; B e = ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 1 R bat C1 0 0 1 R SC C2 0 0 0 0 0 0 ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ ; W 0 = ⎡ ⎣ -R L1 +Ron2 L1 0 -1 L1 0 -R L2 +Ron4 L2 -1 L2 1 C0 1 C0 im V0C0 ⎤ ⎦ , W 1 = ⎡ ⎣ Ron2-Ron1 L1 0 1 L1 0 0 0 -1 C0 0 0 ⎤ ⎦ W 2 = ⎡ ⎣ 0 0 0 0 Ron4-Ron3 L2 1 L2 0 -1 C0 0 ⎤ ⎦ ; A 0 = A 11 A 12 A 21 W 0 , A 1 = 0 0 0 W 1 , A 2 = 0 0 0 W 2 ;
V e = E bat SC , C = 0 0 1 0 0 0 0 0 1 0 .

III. CURRENT TRACKING AND DC VOLTAGE CONTROL

The control of HESS can be separated into two phases. The first phase is the EMS through which the current references of the storage units are generated. Then, the references are exported to the second phase named current and voltage tracking phase, which is the concern of this paper.

To execute correctly the EMS, the current and voltage should be tracked precisely, rapidly, and stably. Here, the tracking control in HESS is regarded as a multi-input and multioutput nonlinear control problem. The control difficulties lie on three aspects: 1) The tracking control is subject to input saturation due to the limits on the duty cycles (D 1 , D 2 and D 3 ), which is normally within [0, 1]. 2) Regarding the system model (1), the control inputs D 1 and D 2 are multiplied by the system states in the model, which means a bilinear term exists in the model. 3) The inputs are highly interacted, since the two converters are interconnected through the DC bus.

In the concerned control of HESS, the reference current of battery (i ref L1

) is generated through EMS. i ref L1 is tracked by regulating the battery side DC/DC converter. While the DC bus voltage is maintained by regulating the supercapacitor side converter. The DC voltage control also insures that the load power is compensated by SC. The flow chart of the tracking control is shown in Fig. 2. Note that in SC side control, a double-loop control frame is adopted. The outer loop is voltage loop from which the reference current of SC is generated. In the inner loop, the SC current is controlled by varying the duty cycle of the corresponding switches. The double-loop structure benefits the high stability and inductor current limitation and control [START_REF] Chen | Double loop control of buck-boost converters for wide range of load resistance and reference voltage[END_REF].

In [START_REF] Song | Sliding-mode and lyapunov function-based control for battery/supercapacitor hybrid energy storage system used in electric vehicles[END_REF], it was shown that the time constant of voltage control loop is much longer than that of current loop. The voltage loop can be set by assuming that the current has been tracked to the desired value. It has been shown in the same study that a simple PI controller can insure the Lyapunov stability condition. In this study, a PI controller is used as the voltage loop controller.

i ref bat = k p,v (V ref o -V o ) + k i,v (V ref o -V o ) s (2)
The more importance of this study is put on the design of current controller. Here, three emerging controllers are designed and compared in the perspectives of control performance, facility of parameter configuration, robustness.
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Fig. 2. Voltage and current tracking control flowchart

A. PID control

A proportional-integral-differential (PID) controller is usually considered for a traditional DC/DC converter control design. Although the effectiveness of PID has been validated in the current loop control of DC/DC converters, its performance in HESS should be evaluated since complex interactions exist in HESS. In addition, as a reference, PID control is compared to other emerging methods.

D 1 D 2 = k p,bat (i ref bat -i 1 ) + k i,bat (i ref bat -i1) s k p,SC (i ref sc -i 2 ) + k i,SC (i ref sc -i2) s (3)

B. Sliding mode control

As a model based controller, the main advantages of SM control are mainly its stability and robustness against parameter uncertainties [START_REF] Siew-Chong Tan | Sliding Mode Control of Switching Power Converters[END_REF]. Moreover, the SM control method is relatively easy to implement when compared to some other nonlinear control methods.

In [START_REF] Song | Sliding-mode and lyapunov function-based control for battery/supercapacitor hybrid energy storage system used in electric vehicles[END_REF], the SM control is designed based on the model (1). In the controllers, the control outputs can be calculated as

D 1 D 2 = -V1 Vo + i 1 R L1 +Ron2 Vo + 1 + k 1 L1 Vo (i ref bat -i 1 ) + ε 1 L1 Vo sat(i ref bat -i 1 ) -V2 Vo + i 1 R L2 +Ron4 Vo + 1 + k 2 L2 Vo (i ref sc -i 2 ) + ε 2 L2 Vo sat(i ref sc -i 2 ) (4) 
where saturation function sat(S) is defined as

sat(S) = ⎧ ⎪ ⎨ ⎪ ⎩ 1 S ∈ (1, ∞) S S ∈ [-1, 1] -1 S ∈ (-∞, -1) (5) 

C. Fuzzy logic control

Different from the model based control methods, FL control, known as a rule based controller, benefits several advantages such as robustness and model-free [START_REF] Solano-Martinez | Type-2 fuzzy logic control of a DC/DC buck converter[END_REF].

Taking the current control loop of battery side as example, the inputs of fuzzy controller are the error e and the change of error de e = i ref bati 1 de = e ke k-1 [START_REF] Siew-Chong Tan | Sliding Mode Control of Switching Power Converters[END_REF] where k denotes the kth control cycle. The values of e and de are normalized before entering in the FL controller. The normalized values of e * and de * are given by e * = β e e de * = β de de [START_REF] Solano-Martinez | Type-2 fuzzy logic control of a DC/DC buck converter[END_REF] where β e and β de are respectively the normalized factors of e * and de * . According to the input and output membership functions, predefined fuzzy rules and inference method, the relative change in the duty cycle δD 1 can be inferred, as

δD 1 = f (e * , de * ) ( 8 
)
where f is imagined as the function corresponding to the concerned FL control. The universe of e * and de * are divided into seven fuzzy sets and shown in Fig. 3(a). Triangular membership functions, denoted by μ(e * ) and μ(de * ), are used for fuzzy sets. Singleton membership function, denoted by μ(δD) is adopted as the output membership functions. The singletons are uniformly distributed within the domain of the fuzzy sets as shown in Fig. 3(b). The membership functions are defined with linguistic labels: Negative Big (NB), Negative Mean (NM), Negative Small (NS), Zero (ZE), Positive Small (PS), Positive Mean (PM) and Positive Big (PB), respectively. Note that for both input membership functions, the values of two parameters ph and pl can be set to achieve a satisfying performance.

To infer the output given an arbitrary inputs, Sugeno-Type fuzzy inference is adapted in this study. The inferred output z i of ith active rule is written as

z i = min{μ(e * ), μ(de * )}.C i = ω i • C i (9)
where C i is the output according to ith rule. The final output of the system is the weighted average of all rule outputs, as

δD 1 = N i=1 C i • ω i N i=1 ω i (10)
where N is the number of the active rules. 

IV. ENERGY MANAGEMENT METHOD

EMS is not the main concern of this study. A simple rule based EMS approach used in the literature is selected and adopted in this study [START_REF] Song | Sliding-mode and lyapunov function-based control for battery/supercapacitor hybrid energy storage system used in electric vehicles[END_REF]. With the EMS, the reference current i ref bat of battery can be determined according to the load power and the voltage of supercapacitor. Specifically, as concluded in Algorithm 1, four modes are encountered in practice. When the supercapacitor voltage (V SC ) is lower than the predefined threshold, 0.5 times full charged voltage (V SC,max ) in our case, the battery, whose output power is P bat , will provide the demanded load power (P dem ) and the power for charging the supercapacitor (P chg ). When the supercapacitor voltage is higher than the threshold and the load power is small (P dem < P min ), the battery will supply the demanded power and the output power of supercapacitor is idle. Otherwise, the battery will provide a constant power (P min ) and the supercapacitor compensate the rest demanded power.

Algorithm 1 Energy management rules

if P dem < 0 then P bat = 0 (mode 1) else if V SC < 0.5V SC,max then P bat = P dem + P chg (mode 2) else if P dem < P min then P bat = P dem (mode 3) else P bat = P min (mode 4) end if

V. SIMULATION RESULTS AND DISCUSSIONS

A. Simulation setting

The parameters of the concerned HESS are summarized in Table II. The maximum output powers of battery and SC are 1260 W and 2688 W.

The simulation can be carried out by using the average model ( 1) or using the Simpower models. With the same configuration of model and control parameters, the simulation results from the average model and Simpower model are shown in Fig. 4. It can be seen that consistent results can be obtained by using the two models. However, by using the average model, the simulation time can be much shortened. Hence, the following comparative study is based on the average model. In order to valuate the performance of the three controllers, the load power profile shown in Fig. 5 is proposed. In the profile, the processes of starting up, different operating modes, and the transitions between different modes and load levels are investigated.

Parameters of different controller are set in consideration of the control performance. To do so, integral absolute error (IAE) of the battery current control is defined to evaluate the control performance, as

IAE = t l t=t0 |i ref bat (t) -i 1 (t)|dt (11) 
where t 0 and t l are the beginning and end of the investigated process.

Here, the battery side and SC side current controllers are configured with the same parameters. For PID control and SM, two parameters are to be set for each. As for FL control, ph and pl for membership function μ(e * ) and μ(de * ) are to be set. Moreover, the normalized factors β e and β de need to be set. In [START_REF] Solano-Martinez | Type-2 fuzzy logic control of a DC/DC buck converter[END_REF], to have a fast and precise response, ph and pl are set to be 0.3 and 0.15 for μ(e * ), and set to be 0.7 and 0.4 for β de . By using this configuration, two parameters β e and β de of FL controller are left to set.

B. Control precision

For each controller, grid search method is adopted to find the optimal parameters which minimize IAE. The optimal parameters and the corresponding values of IAE are collected in Table III From Table III, it can be seen that the value of IAE by using PI controller is bigger than those by using SM and FL controllers. The minimized value IAE is obtained by using SM controller, although it is only a little smaller than that by using FL controller. The reference battery current i ref bat and the measured output currents by using different controllers are shown in Fig. 6. Evident overshoots can be observed in the transition periods with PI control, while for the other two controls, no obvious overshoots can be observed. Some details of the system starting up process is shown in Fig. 7(a), while a transition process in 0.8s is shown in Fig. 7(b). From Fig. 7(a), SM control has acquired the fastest starting up process with the smallest overshoot, while PID control performs worst in the two aspects. In Fig. 7(b), the performance of SM and FL controls can be further compared. For SM control, only two control periods are taken to reach the reference current. For FL control, more time is needed to reach the objective in this transition process.

C. Feasible control parameter range

In practice, it is hoped that the control performance could be maintained acceptable in a wide range of control parameters. This benefits not only an easier parameter tuning stage, but also a more robust control versus parameter uncertainty.

The value of IAE is calculated by varying control parameters to 0.1 and 10 times the optimal values. The results of the three concerned controls are collected respectively in Table 

D. Robustness to input voltage variation

In model [START_REF] Camara | Polynomial Control Method of DC / DC Converters for DC-Bus Voltage and Currents Management Battery and Supercapacitors[END_REF], it is assumed that the states of charge, i.e. E bat and E SC , are constant since the variation of these variables can be neglected in a control period or switching period. In this study, in order to compare the robustness of different current tracking controllers, the E bat and E SC are considered to be varied during the simulation. In fact, with a constant E bat and E SC , the control outputs, i.e. D 1 and D 2 , are maintained at the same level. The variation of E bat and E SC can result in the variation of control outputs. Thus, the control performance of different operating points with respect to duty cycle can be investigated. In addition, the effect of model uncertainty of battery and SC can be imitated by varying E bat and E SC .

Here, E bat and E SC are assumed to evolve as shown in Fig. 8. The same load power profile is used in the simulation. The battery currents with different control methods are shown in Fig. 9. Similar as the previous simulation result, the overshoots by using PI control are obvious in the transitions, 0.15s, 0.3s for instance. While no evident overshoot is observed using the other two controller. The values of IAE are respectively 0.1790, 0.0532, 0.0548 by using PI, SM, FL controllers. The DC bus voltage V o is shown in Fig. 10. Since the time constant of current control loop is much shorter than that of voltage control loop, the voltage control performance is mainly determined by the voltage controller, which is identical in the 
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  From the three tables, the range of feasible parameters for PI controller is relatively narrow. When the optimal parameters are increased or decreased by 10 times, the performance is degenerated significantly. Regarding SM and FL controls (see TableVand VI), the control performance is maintained at a high level.
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The paper focuses on the underling control of HESS. Specifically, three classical current controllers, PI, SM, and FL controllers, are compared from the perspectives of control precision, feasible parameter range, and robust to input voltage variation. From the simulation results, the performances of SM and FL are obviously better than PI control in the three aspects. Between SM and FL, SM performs slightly better than FL regarding the control precision. However, that FL is independent of model makes it also a good choice in practice.