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This study describes an energy flow distribution control strategy based on a combined method for hybrid 

energy storage systems to achieve multiple control objectives. The strategy including wavelet transform 

algorithm, fuzzy logic controller and Markov chain model. Firstly, Wavelet Transform based frequency 

control algorithm is introduced to extract low frequency power demand from load power for satisfying 

battery dynamics. At the same time, the remaining high frequency power demand is assigned to 

supercapacitor.  Benefiting from this mode, the battery is protected from rapid heat generation because 

of high frequency charging and discharging operations. Then, to control battery peak current as small 

as, a fuzzy logic controller is constructed using a series of preset control logics. Besides, future driving 

cycle information is predicted by a Markov chain model to improve the fuzzy controller. Finally, the 

proposed strategy is validated by comparing with wavelet transform and dynamic programming 

algorithms based on a scaled down hybrid energy storage system experimental test platform. 
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1. INTRODUCTION 

 

For the last few years, climate variation, environment pollution, and oil energy crisis have 

speeded up new energy automobile markets, including hybrid, Plug-in, pure electric vehicles. Lithium 

batteries are potential energy storage units for supplying energy and power demands of various electric 

vehicles. Lithium batteries have many preponderances, for instance large specific energy, high cell 

voltage, high charge efficiency,etc. Of all energy storage devices, Lithium batteries are the excellent 

candidate for powering electrocars to meet kinds of performance requirements. However, Lithium 

batteries have their drawbacks in reality, such as short lifetime, poor adaptability to low temperature, 
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slow charge and discharge rate, etc. In addition, large current and continual charge operations would 

accelerate the aging process of the battery. These drawbacks are inherent characteristics of the battery 

and are hard to be overcame based on current battery technology[1][2]. Composite energy storage unit 

contributes to a feasible alternative to battery awkward situation in application of pure electric vehicles. 

Supercapacitor is an ideal candidate for paring with the battery to construct such a hybrid system. 

Supercapacitor possess large specific power density and extremely long lifetime. Besides, it can be 

frequently used with large charge and discharge current. However, the specific energy of supercapacitor 

is too low to match the energy requirement of an electric vehicle [3][4]. Theoretically, composite energy 

storage unit composed of two kinds of energy sources can show better performance compared with any 

single system (battery or supercapacitor only) through optimized designed and efficient energy 

management. 

Energy management control strategy is the core technology of hybrid energy storage system for 

ensuring performance. At each sample interval, energy management control strategy decides the amount 

of the power allocated to each energy source depending on series of input variables, such as load power, 

battery SOC and supercapacitor SOC. From present research literature, a mass of energy management 

control strategies has been reported to regulate power flow between the two energy sources. These 

strategies have been designed using various control principles. From this perspective, the existing energy 

flow control methods can be roughly grouped into two types of families, namely optimal design and 

logic control[5][6].  

Optimal design uses optimal algorithms to solve power flow allocation problem for composited 

energy storage units. They can find optimal power distribution sequences to achieve perfect control 

performance, however typically being time-consuming. Dynamic programming (DP) algorithm is 

representative and most time employed to compute the optimum distribution problems of energy 

management [7]. The DP algorithm adopts backward solution method to find optimal power distribution 

according to the state of charges (SOCs) of both battery and supercapacitor. The computation time-

consuming depends on the sizes of the SOC grid. Owing to large computation burden, the DP algorithm 

fails to work in on-line scenarios, however the optimized results can be utilized as a reference of rule 

energy management strategy design. Some other optimization algorithms, such as particle swarm 

optimization (PSO) [8], genetic algorithm (GA) [9], DIRECT global optimization[10], are all belong to 

heuristic optimization algorithms, which can find the optimal power distribution results with a certain 

probability. The computation time of these heuristic optimization algorithms is less than that of the DP 

algorithm, and therefore they are also widely applied in offline optimization problem. Some researchers 

have simplified the complex optimization algorithms into simple ones for improving computation 

efficiency. For example, among the energy management optimization problems, equivalent energy 

expend minimum control method has been proposed to in-time compute optimal power flow distribution 

problem among energy sources. In this algorithm, the battery charge cost is transformed into fuel 

consumption cost at each sampling instant. To control the state parameters of battery and supercapacitor 

within preset limits during the optimization, model predictive controller (MPC) algorithm was proposed 

to minimize the variations of supercapacitor in [12]. However, the MPC algorithm strongly depend on 

accurate mathematic model, which further limits its engineering application. 
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By comparison, rule-based strategies use logic thresholds to define the switching points of state 

variables during the implementation. For each switching operation, a series of control rules are often 

designed for carrying out power distribution mission. The switching points and control rules are usually 

tested repeatedly for obtaining better control performance. The rule-based strategies have good real-time 

performance, and therefore they can be applied in real hardware system. Such strategies include logic 

threshold control, fuzzy logic control, filtration control, etc. The researcher designed a logic threshold 

control strategy to regulate power flow between the energy sources[13]. According to the SOC 

fluctuation areas of battery and supercapacitor, different control logics were developed to satisfy the 

vehicle power requirement. A multi-mode control strategy with nine switch logics was designed to 

control the energy sources in [14]. The rules were designed to implement power distribution operation 

to improve the energy efficiency of the bidirectional DC/DC converter. A straightforward logic rule 

control method was designed to control the supercapacitor discharge in [15]. In this study, the 

regenerative braking energy of the electric vehicle was absorbed by the supercapacitor effectively by 

using a series of control rules. As a result, the electric vehicle range was extended successfully. Fuzzy 

logic control is a tool that uses expert information to make decisions and has been successfully applied 

in solving energy management problem of various hybrid systems [16-20]. For instant, the researcher 

proposed an adaptive fuzzy control strategy to regulate pow flow between the energy sources in [17]. 

The results have demonstrated that the fuzzy logic control can achieve satisfactory performance. To 

remove high frequency power component from the battery, Filtration-based approach was proposed. 

Haar Wavelet algotirhm is an efficient method to deal with such problem. In [19], Wavelet Transform 

was employed to decomposing charge and discharge power into some frequency parts to adapt to the 

power variations of each energy source. 

From above literature review, although various energy management control strategies have been 

proposed, however, all of them fail to cope with the fluctuation and magnitude of battery charge demand 

at the same time. For example, frequency-separation algorithms can reduce the variation of battery 

current demand, but they cannot suppress the battery peak current effectively. Fuzzy logic controllers 

can successfully reduce battery peak current, but they fail to remove the high frequency components of 

battery current demand. Optimization-based strategies cannot be applied in real-time hardware systems. 

With these problems in consideration, a combined strategy including a frequency-separation algorithm 

and an energy flow regulator with a series of fuzzy rules is thus described for deal with magnitude and 

variation of battery current demand. In addition to this, considering the stochastic and adverse impact of 

vehicle driving condition on optimal energy flow distribution, Markov chain model is further developed 

and integrated into the control strategy. To the best knowledge of the author, this is the first time that 

such a combined strategy is used for hybrid energy storage system to deal with multiple performance 

objectives. Besides, it has good real-time performance for engineering application. 

 

 

 

2. ENERGY FLOW CONTROL METHOD 

In the control method, HWT (Haar wavelet transform) algorithm is employed to separate driving 

and braking current into high and low parts. Then energy flow regulator with a series of fuzzy rules is 
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designed to suppress battery peak current according to the state of charge of supercapacitor and load 

current demand, which is predicted by a Markov chain model. 

 

2.1.  Harr Wavelet Transform Algorithm   

The Haar WT algorithm is basically described by the following expression.  

 

𝑊𝑧𝑥(𝑡) = 𝑥(𝑡)∅𝑧(𝑡) =
1

𝑧
∫ 𝑆(𝑡)

+∞

−∞
∅(

𝑡−𝑢

𝑧
)𝑑𝑢                                                        (1) 

 

where signal 𝑧 is a ratio factor, x(t) is system input variable. 

The implementation process of the algorithm can be expressed by Mallat formula: 

𝑆𝑗𝑥(𝑛) = ∑ ℎ𝑘S2𝑥(𝑛 − 2𝑗−1𝑘)𝑘∈𝑍                                                                        (2) 

𝑊𝑗𝑥(𝑛) = ∑ 𝑔𝑘S2𝑥(𝑛 − 2𝑗−1𝑘)𝑘∈𝑍                                                                       (3) 

where ℎ𝑘 and 𝑔𝑘 are the high and low pass filtering factors, 𝐻(𝜔) and 𝐺(𝜔) can be calculated 

by 

𝐻(𝜔) = ∑ ℎ𝑘𝑒−𝑖𝑘𝜔
𝑘∈𝑍                                                    (4) 

𝐺(𝜔) = ∑ 𝑔𝑘𝑒−𝑖𝑘𝜔
𝑘∈𝑍                                                   (5) 

The elementary procedure of the WT algorithm is shown in Fig. 1. The implementation operation 

includes decomposition and reconstruction two parts. The function of the first part is to decompose 

original signal into different frequency components according to specific requirement. The function of 

the second part is to reconstruct the original signal.  
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Figure 1. Schematic of decomposition and reconstruction. 

 

 

The WT decomposition involves approximation and detail, which can be calculated by 

 

𝑒𝐴1(𝑘) = ∑ ℎ0(𝑘 − 2𝑓)𝑛 𝑐𝐴0(𝑛)                                                           (6)                                  

𝑒𝐷1(𝑘) = ∑ ℎ1(𝑘 − 2𝑓)𝑛 𝑐𝐴0(𝑛)                                                            (7) 
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Consequently, the original input variable 𝑥(𝑡)  includes following two parts. 

 

𝑥(𝑡) = ∑ 𝑐𝐴1∅𝑗−1,𝑘(𝑡)𝑘 + ∑ 𝑐𝐴1∅𝑗−1,𝑘(𝑡)𝑘                                          (8) 

In this study, the load demand 𝑥(𝑛) generated from driving cycles would be decomposed. As 

shown in Fig. 1, after decomposing with four levels, the low frequency power signal 𝑥0(𝑛)   is extracted 

from load power and assigned to the battery. Other high frequency parts will be assigned to the 

supercapacitor. Detailed distribution process is written by 

 

{
Pbat,1 = x0(𝑛)                                                           

PSC,1 = x1(𝑛) + x2(𝑛) + x3(𝑛) + x4(𝑛)         
                                     (9) 

 

{
Pbat,2 = x0(𝑛)                              

PSC,2 = x1(𝑛) + x2(𝑛) + x3(𝑛)
                                                              (10) 

 

{
Pbat,3 = x0(n)              

PSC,3 = x1(n) + x2(n)
                                                                              (11) 

 

2.2 Load Power Prediction Using Markov Chain Model 

In order to obtain possible vehicle running states at the next moment, the acceleration action of 

a driver is assumed to be Markov process, therefore the prediction model is constructed as following 

probability form. 

 1Pr | ,ijm k k kP ob c w c v s s                               (12) 

 

where the variables sk and ck represent speed and acceleration, the variable Pijm represents a 

specific transition probability value. To obtain all the transition probability values in the matrix, the 

following calculation method is used. 

,

,

i j

i j

i

m
P

m
                                                                                   (13) 

where the variable mi,j represents the occurrence number of the state variables moving from one 

state to another. 

 
(1) State transition probabilities of ArtRoad 
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(2) State transition probabilities of INDIA_HWY_SAMPLE 

 
(3) State transition probabilities of LA92 

 
(4) State transition probabilities of WLTP 

 

Figure 2.  State transition probabilities of ArtRoad, INDIA_HWY_SAMPLE, LA92 and WLTP driving 

cycles. 

 

 

Fig. 2 gives the state transition probability maps of four driving cycles including 

INDIA_HWY_SAMPLE, ArtRoad, LA92 and WLTP. Based on these maps, the upcoming vehicle speed 

can be predicted using the following expression. 
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                                                                       (14) 

After the prediction, vehicle running power requirement can be obtained using following 

expression. 

    21
1 1 1cos sin
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All the parameters involved in expression (15) and related to studied objective electric vehicle 

are itemized in Table 1. 

 

Table 1.  Vehicle parameter items from vehicle manufacturers 

 

Parameter items                      

Values                                        

m                              800  

A                              1.13                                 

Cd                              0.2                                   

A                              0.26                                  

f                               0.01  

𝛿                               1.08                                            

 

2.3. Energy Flow Regulator Design 

The energy flow regulator is realized based on a well-designed fuzzy rule controller. The main 

function of the fuzzy controller is to remove peak current from the battery power demand obtained 

according to the wavelet transform algorithm. According to the battery current (including low frequency 

current and predictive current) and the supercapacitor voltage, the fuzzy rule controller will implement 

the power amount of the battery reduction. With this in mind, the battery current (including low 

frequency current and predictive current) and supercapacitor voltage three parameters are used as inputs 

of the fuzzy logic controller, the system output variable refers to the removed electricity that delivering 

to the supercapacitor power system. The Gaussian membership function is used to define the control 

domains of the system input-output values of the designed fuzzy rule controller. Both the electronic 

current and the removed current have the same fuzzy control domains.Table 2 displays the fuzzy rules 

that are utilized to combine removed current to battery current and supercapacitor voltage. 

 

 

 
(a) The electronic current. 

 

(b) The supercapacitor voltage.  
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(c) The supercapacitor voltage when a vehicle has continuous braking demand.  

 
(d) The added current. 

Figure 3.  The membership degrees of the described fuzzy controller. 

 

 

Table 2.  The control rules designed in the study. 
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Figure 4. The outline of energy flow distribution strategy. 
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Here, the described energy flow distribution framework has been given in Fig. 4. First, according 

to vehicle model and driving cycle data, the load current demand of composite energy storage unit can 

be calculated. Second, the load current demand is decomposed into the low frequency and the high 

frequency two parts, and the former is used as the input of fuzzy logic controller. The fuzzy decisions 

can be made according to the predictive load current demand and the supercapacitor voltage. 

 

 

3. EXPERIMENTAL PREPARATION FOR ENERGY STRATEGY VALIDATION 

To implement the proposed energy management control strategy and validate its effectiveness in a 

practical way, a reconfigurable scaled-down hybrid energy storage system hardware-in-loop experimental 

platform is installed and tested, as displayed in Fig. 5. This hardware-in-loop test platform includes a 

battery pack, a supercapacitor pack, a bidirectional DC/DC converter, a rapid prototyping ECU controller, 

a load simulator and some other auxiliary equipment. For each device, the primary parameters can be found 

in [32]. The load simulator is used to generate frequency charge and discharge electronic currents of 

composite energy storage unit. The current demands can be obtained according to embedded vehicle model 

and driving cycle data. The load simulator transmits data signals to devices or receive data signals from 

devices by data bus technology. The energy flow management distribution model is established by 

matrix laboratory, then simulation model will be downloaded to the rapid prototyping controller for 

implementation operation. For each sampling step, the actual distributed current demands of the battery 

pack and the supercapacitor pack are in comparison with current values obtained from yielded from above 

designed controller.  

 

DC/DC

Controller

Load

Battery pack

Supercapacitor pack

DC/DC Converter

RapidECU

Load Simulator

CAN Bus

Power Circuit

 
 

Figure 5.  An experimental platform used in this work. 

 

 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

The developed energy flow controller is validated based on above experimental platform. A 

combined profile consisting of ArtRoad, INDIA_HWY_SAMPLE, LA92 and WLTP standard driving 

cycles, are employed as vehicle condition. Since the experimental platform is scaled one, therefore the 
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charge and discharge current is scaled down according to actual physical limits. Figs. 6-9 give the 

experimental results of wavelet transform(WT), the proposed strategy and dynamic programming(DP). 

The battery current dynamic behaviors tested under ArtRoad vehicle cycle are described in Fig. 

6(a). Observed from the curves, it can clearly conclude that the maximum current of battery by the 

described method is obviously shaved compared with the WT. The battery current of the DP is used as 

a benchmark for quantifying the performance of other two methods. In fact, the battery current reduction 

is achieved by the fuzzy logic controller. It can be observed that the braking current absorbed is also be 

reduced by the proposed method. As a result, more braking current is absorbed by the supercapacitor. 

This can be demonstrated from the displayed results in Fig.6(c). Since the supercapacitor have higher 

energy efficiency, therefore more baring power is reasonably assigned to the supercapacitor, which can 

help to improve energy efficiency of the whole vehicle. 

Figs. 6-9(b) give battery voltage results based on the above three methods. We can observe that 

the described method successfully realize an excellent voltage performance. As for the ArtRoad driving 

cycle, the maximum voltage drop is11V by maximum probability estimation, which is obviously smaller 

than 15V by the WT. Still, at most interval of the test cycle, the voltage drops using the described method 

is much smaller than that by the WT. From the voltage results of other three driving cycles, these results 

indicate that the proposed method can improve the work condition of the battery.  

The curve evolutions of supercapacitor current based on the three methods are illustrated in Figs. 

6-9(c). From the current description, it can be seen the supercapacitor is enabled to supply the large 

electronic current demand during the whole vehicle running cycle. Consequently, the battery work 

burden is effectively relieved. In addition to this, the supercapacitor is also assumed to undertake the the 

high frequency current demand that is extracted from the vehicle cycle. As a result, the battery is 

protected from the fluctuating current damage.  

Fig. 6-9(d) displays the supercapacitor voltage variations by the three energy flow controls. From 

the comparisons, it is clearly demonstrated that the described method can enable the supercapacitor to 

participate in the load current distribution more actively compared with the WT method, namely the 

voltage curves of the supercapacitor fluctuate more frequently as the load current variation. It 

demonstrates that the design fuzzy rule regulator is effective in adjusting current demand between the 

two sources. 

 

 
(a) Experimental comparative results of battery current. 
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(b) Experimental comparative results of battery voltage. 

 
(c) Experimental comparative results of supercapacitor current. 

 
(d) Experimental comparative results of supercapacitor voltage. 

 

Figure 6. Test result comparisons based on ArtRoad driving profile. 

 

 

 
(a) Experimental comparative results of battery current. 
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(b) Experimental comparative results of battery voltage. 

 

 

 
(c) Experimental comparative results of supercapacitor current. 

 

 

 
(d) Experimental comparative results of supercapacitor voltage. 

 

 

Figure 7. Test result comparisons based on INDIA_HWY_SAMPLE driving profile. 
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(a) Experimental comparative results of battery current. 

 
(b) Experimental comparative results of battery voltage. 

 
(c) Experimental comparative results of supercapacitor current. 

 
(d) Experimental comparative results of supercapacitor voltage. 

 

 

Figure 8. Test result comparisons based on LA92 driving profile. 
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(a) Experimental comparative results of battery current. 

 
(b) Experimental comparative results of battery voltage. 

 
(c) Experimental comparative results of supercapacitor current. 

 
(d) Experimental comparative results of supercapacitor voltage. 

 

Figure 9. Test result comparisons based on WLTP c 
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5. CONCLUSIONS 

This paper introduced a combined energy management strategy and its experimental 

implementation for multi-source composite energy storage units of pure electric vehicles. A scaled down 

battery and supercapacitor hybrid system experimental test platform was developed to implement energy 

management strategy based on ArtRoad, INDIA_HWY_SAMPLE, LA92 and WLTP Driving cycles. 

The proposed energy flow control method is designed with three algorithms including wavelet transform, 

fuzzy logic control and Markov chain model. Experimental results showed that the proposed strategy 

can remove the high frequency current from the battery current demand at the same time the battery peak 

current can be suppressed effectively, which can eventually increase the lifetime of the battery.  

Future research work would introduce battery life test and its evaluation based on the proposed 

energy management control strategy. 
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