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Abstract 
In order to solve the problem of energy depletion and fossil fuel pollution, the 
development of electric vehicle industry has been widely concerned. Aiming at the 
problem of low efficiency of the system caused by the unreasonable configuration of 
energy and power in hybrid power electric vehicle, the traditional logic threshold 
control strategy and fuzzy control strategy are combined to form a composite strategy, 
and the vehicle model in ADVISOR software is redeveloped by MATLAB. Combined with 
the Urban Dynamometer Driving Schedule (UDDS), the results of different strategies are 
compared and analyzed. The simulation results show that the composite control strategy 
can slow down the output of the battery and make full use of the auxiliary power supply 
of the ultra-capacitor. 
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1. Introduction 

According to the data of the National Bureau of Statistics, since 2014, the annual growth rate of 
China's new energy vehicle sales has exceeded 30%, substantially exceeding the overall growth rate 
of the automobile industry. In 2016, the sales was 507000, 777000 in 2017, and 1256000 in 2018, 
including nearly 80% of pure electric vehicles [1]. In urban driving cycle, vehicles have the demand 
of frequent acceleration, starting and stop. As a new energy storage device, ultra-capacitor has the 
advantages of higher power density and long cycle life, which can provide peak power for vehicles 
and restore braking energy.[2]  

At present, logic threshold control and fuzzy control are widely used in the energy management 
strategy of on-board hybrid power supply. The logic threshold control strategy is relatively simple 
and can be used to decide the power allocation based on the information such as vehicle speed and 
SOC (state of charge) value of battery, but its economy is poor [3]. The biggest characteristic of fuzzy 
control method is that it can deal with the uncertainty of vehicle demand under complex working 
conditions, and has strong robustness [4]. However, the setting of membership function and fuzzy 
rules depends on expert experience, so the effectiveness is difficult to guarantee.[5]  

Considering the limitation of the above control strategy, a real-time wavelet-fuzzy control method is 
proposed. The strategy can decompose the vehicle power demand into high and low frequency to 
realize the reasonable energy allocation; let the battery process low frequency information, ultra-
capacitor process high frequency energy demand. Finally, compared with the logic threshold control 
strategy and the single real-time wavelet control strategy, it is proved that the new method is superior 
in smoothing the output curve of battery and can effectively prolong the battery life.  
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2. Logic Threshold Control Strategy 

The logic threshold control strategy is simple and real-time, but the threshold is a static parameter. 
The key of logic threshold control strategy is to set logical threshold value reasonably [3]. Because 
of the low energy of ultra-capacitor, the SOC value of it can be determined by the current voltage 
value. Generally, the logic threshold control strategy is mainly determined by the required power of 
electric vehicles and the SOC value of ultra-capacitor. The required power of the whole vehicle can 
be determined by the acceleration, accelerator depth, speed and other information of the vehicle. 
When the vehicle is in the driving state, if the vehicle demand power (Pne) is less than the battery 
output power limit (Pth), combined with the current ultra-capacitor SOC state, if SOCuc < 20%, the 
battery will supply power to the motor and ultra-capacitor at the same time. If SOCuc > 20%, the 
battery is powered separately. All in all, the ultra-capacitor does not work in this case. If the required 
power (Pne) of the whole vehicle is greater than the output power limit (Pth) of the battery, and SOCuc 
is less than 20%, it can be seen that the ultra-capacitor has no power supply capacity, and the battery 
supplies power to the motor separately. If SOCuc > 20%, the basic power demand is provided by the 
battery, and the over limit part is handled by the ultra-capacitor to smooth the output of the battery. 
When the vehicle is in the braking state, the ultra-capacitor is used as the main power source to 
recover the regenerative braking energy, and the battery is used for auxiliary recovery.[6] The specific 
control strategy flow is shown in Fig.1. 

 
Fig. 1. Logic threshold control strategy 

 

3. Fuzzy Control Strategy 

Because fuzzy controller does not need accurate mathematical model, it is widely used. The 
simplified analysis shows that the required power Pr of the motor is provided by the power of the 
battery Pm and the power of the ultra-capacitor Puc. Taking into account the loss in the process of 
energy transfer, the efficiency parameter η can be introduced, and formula (1) can be obtained: 

( )r m ucP P P     

/m r uc rP P K P                                 (1) 

In formula (1), Kuc is the ratio of the power provided by ultra-capacitor to the total required power of 
the motor, thus the output power of each energy source can be calculated. 
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3.1 Fuzzy language 

In principle, the more fuzzy language variables, the more accurate control of the system will be, but 
too many variables will also increase the unnecessary amount of calculation.[7] The fuzzy language 
used in this paper is shown in Tab.1, in which the corresponding relations of abbreviations are L (low), 
M (medium), H (high), S (small), B (big), V (very). 

 

Tab. 1. Fuzzy language table 

Variable Fuzzy language 
Suc Drive (L,M,H) Braking (VL,L,M,H) 
Sbat Drive, Braking (L,M,H) 
Pm Braking (VS,S,M,B,VB) 
Kuc Drive (VS,S,M,B,VB) Braking (VS,S,M,B) 

 

3.2 Fuzzy rules 

Fuzzy rule is the core part of the controller, which depends on the experience of experts.[8] In this 
paper, we use Mamdani type fuzzy system to connect different input variables with ‘or’ plus ‘and’, 
the specific sentence pattern is “if Pm is…, and Sbat is…, and Suc is…, Then Kuc is…”. Because the 
energy flow of electric vehicle in braking mode is relatively simple, the negative fuzzy controller 
does not judge the degree of Pm. The setting of fuzzy rules should be perfect enough and there is no 
conflict between them [9]. Accordingly, 45 fuzzy rules are set in driving mode and 12 in braking 
mode, 57 fuzzy rules are set totally. The detailed rules are shown in Fig.2 and Fig.3. 

 
(a) Fuzzy rules (a part)                 (b) Distribution of fuzzy rules 

Fig. 2. Fuzzy rules and its distribution in driving mode 

 

 
(c) Fuzzy rules                       (d) Distribution of fuzzy rules 

Fig. 3. Fuzzy rules and its distribution in braking mode 
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3.3 Membership function 

Considering the over charge and over discharge of battery and ultra-capacitor, the universe of 
membership function is planned. The domain of power demand Pm is [0,1], the domain of Sbat of 
battery is [0.2,0.9], the domain of ultra-capacitor SOC is [0.5,1], and the domain of power distribution 
factor Kuc is [0,1]. The commonly used membership function shapes are triangle, trapezoid and 
normal shape. Whether the membership function is reasonably constructed determines the quality of 
fuzzy control effect [8]. Taking the power demand Pm of battery as an example, the image is shown 
in Fig.4. 

 
Fig. 4. Membership function of Pm 

 

It is assumed that the function images for example, S, M and B in power demand Pm of battery are 
bilateral symmetrical, so the function graph can be completely determined by the intersection point 
between them and abscissa. Then the parameters can have x1 to x5 five variables in total which can be 
optimized by experience or algorithm. 

4. Wavelet filtering 

4.1 Wavelet function 

In this paper, the input part of the fuzzy controller is connected in series with wavelet function module 
for real-time filtering processing. The high-frequency information in the vehicle power demand signal 
is filtered, and the low-frequency signal demand is processed by the battery. At the same time, the 
real-time wavelet transform is applied to the bus demand power input of the fuzzy controller to make 
up for the defect that the wavelet transform can not monitor the SOC of the energy source in real time, 
and an improved real-time wavelet-fuzzy combined control strategy is formed. The specific system 
structure is shown in Fig. 5. 

 

 
Fig. 5. Overall structure of system control strategy 
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Wavelet transform can decompose the signal into different displacement and scale components. It is 
similar to Fourier transform, but the difference is that the basis function is different. The commonly 
used wavelet functions are Haar wavelet, Daubechies wavelet, Morlet wavelet and Meyer wavelet.[10] 

Each wavelet basis function has its own characteristics, even if the same signal is processed, it will 
produce different results. Considering the complexity of the algorithm, this paper uses the Haar 
wavelet as the basis function. Its expression is shown in formula (2) and the waveform is shown in 
Fig. 6. 

1,        [0,1/ 2]

( ) 1,     [1 / 2,1]

0,       
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t t

other




  



                             (2) 

 
Fig. 6. Wavelet function graph of Haar 

4.2 Sliding window 

In order to meet the real-time requirements of wavelet transform, sliding window is added to the 
algorithm. In this paper, fixed length rectangular box is selected to slide on the signal sequence, and 
the intercepted signal is transformed by wavelet transform. The length of sliding window has a great 
influence on the filtering effect. If the length of sliding window increases, the filtering time will 
increase continuously, which will affect the overall efficiency. If the length is too small, it will be 
difficult to meet the requirements of filtering level.[11] Therefore, the window length should take 
into account the filtering efficiency and effect. Suppose that the real-time data at time x are a1,a2,…,ax. 
According to the requirements of the algorithm, the amount of data in the time window is set to 2p (P 
is a positive integer), and the specific steps are as follows: 

Step 1 When x < 2p, the amount of sampled data is less than the value needed by sliding window, so 
wavelet transform is not needed, and the sampling value at this moment can be output directly;  

Step 2 When x = 2p, the condition of wavelet filtering is satisfied, the first wavelet transform is carried 
out, and the data sequence is a1

*,a2
*,…,ax

*, the output value is ax
*. 

Step 3 When x = 2p+1, the sliding window is shifted to the right by one unit. After transformation, 
the data sequence is a2

*,a3
*,…, a2

p
+1

*. The output value is a2
p

+1
*. 

After that, the above steps are repeated. After each transformation, the last value in the sequence is 
taken as the output value. According to the above analysis, after many times of simulation and 
debugging, the sliding window length is 16. The more decomposition layers, the higher frequency 
signals filtered out, the higher utilization rate of ultra-capacitor. At the same time, the inherent 
relationship between the length of sliding window and the number of decomposition levels should be 
considered. Finally, the number of decomposition levels is determined to be 4. The running process 
of the sliding window is shown in Fig. 7. 
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Fig. 7. Sliding window running process 

 

5. Modeling and Simulation 

5.1 Construction of simulation model 

ADVISOR is an advanced vehicle simulation software which developed by the United States of 
America. The overall model is built through the modular connection of various components of the 
vehicle [12]. Pure electric vehicle model called BD_EV mainly includes driving cycle, vehicle, wheel 
and axle, final drive, gearbox and so on. The original model uses a single power supply and can not 
be directly used for the simulation experiment of hybrid power electric vehicles. Therefore, based on 
this model, the graphical user interface (GUI), assembly model, top-level model and so on are 
modified to carry out the secondary development of the model.[13]  

 

 
Fig. 8. Vehicle model after secondary development 

 

The overall block diagram of the improved wavelet-fuzzy controller is shown in Fig. 8. The sliding 
window and wavelet transform adopt S-function module. The double fuzzy controller is stored as 
subsystem, and the specific structure is shown in Fig. 9 and Fig. 10. 

 

 
Fig. 9. Improved overall control strategy 
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Fig. 10. Double fuzzy controller 

 

5.2 Vehicle simulation parameter setting 

In the vehicle input interface, the vehicle model, battery and working conditions can be quickly 
selected. The vehicle parameter setting is shown in Tab. 2, mainly including the model, quantity and 
weight of the battery and ultra-capacitor. Because this paper mainly focuses on the lateral comparison 
and optimization of different control strategies, the model and parameters of each vehicle component 
remain unchanged in the simulation experiment. In order to ensure the stability of DC/DC converter 
and reduce its influence on the overall simulation results, the total voltage of battery is set close to 
ultra-capacitor. 

Tab. 2. Vehicle parameter setting 

vehicle components parameters specific value 

battery 
(ESS_NIMH90_OVONIC) 

quantity (piece) 21 
monomer capacity (Ah) 90 

weight (kg) 351 
total voltage(V) 281 

ultra-capacitor 
(ESS_UC2_Maxwell) 

quantity (piece) 104 
unit voltage (V) 2.7 

weight(kg) 67 
total voltage(V) 281 

motor 
(MC_AC75) 

efficiency 0.92 
weight(kg) 90 

vehicle 
(VEH_SMCAR) 

cargo(kg) 70 
air drag coefficient 0.32 
windward area (m2) 1.89 

vehicle mass(kg) 1198 

 

6. Analysis of simulation results 

The test condition used in the simulation is UDDS (Urban Dynamometer Driving Schedule). The 
specific parameters and images of UDDS are shown in Fig. 11. It can be seen from the figure that 
there are as many as 17 stops and a large degree of acceleration and deceleration in this condition, 
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which conforms to the characteristics of urban driving conditions and is suitable for simulation. In 
order to achieve different control algorithm effects, win10 system and core i5 processor are used in 
this simulation experiment, which is completed by ADVISOR software on Matlab 6.1 platform. 

 

 
Fig.11. Main parameters and images of UDDS 

 

6.1 Comparison of single and hybrid power supply 

Firstly, under the condition that the vehicle mass is equal, the single power supply is compared with 
the hybrid power supply which adopts the logic threshold control strategy to verify the necessity of 
using the hybrid power supply. 

 
Fig. 12. SOC curve of battery 

 

The number of cycles in the simulation experiment is 1. It can be observed from Fig. 12 that the SOC 
value curve of the hybrid power supply is always higher than the single power supply, and the gap 
becomes larger with the passing of time. It shows that the ultra-capacitor in the hybrid power supply 
starts working, which enhances the endurance of electric vehicles. From the battery demand power 
curve in Fig.13, it can be found that the hybrid power supply can effectively reduce the peak demand 
of the battery, indicating that the ultra-capacitor has played a important role in handling the peak 
power demand. 
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Fig. 13. Battery power demand(UDDS) 

 

6.2 Comparison of different strategies 

In order to fully reflect the important role of ultra-capacitor in the process of vehicle driving, the 
number of set cycles is set to 10. The algorithm modules of logic threshold control strategy, single 
real-time wavelet control strategy and real-time wavelet-fuzzy control strategy are used to modify the 
model accordingly. In all simulation experiments, the control variable method is used to make lateral 
comparison of strategies under the same vehicle parameters. 

 
Fig. 14. Comparison of battery SOC curves under different control strategies 

 

As shown in Fig.14, the SOC curve of the battery, from which we can see that the SOC value of the 
battery managed by the logic threshold control strategy is always higher than the other two control 
strategies. It shows that the effect of real-time wavelet control and real-time wavelet-fuzzy control 
strategy is better than logic threshold control strategy. 
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Fig. 15. Comparison of ultra-capacitor SOC curves with different control strategies 

 

The main difference of control strategy is concentrated in the SOC curve of ultra-capacitor. From 
Fig.15, we can see that the SOC of the ultra-capacitor in the logic threshold control strategy will drop 
to zero and then rebound. When vehicles need higher power output due to special needs, ultra-
capacitor can not play its auxiliary role. The SOC value of ultra-capacitor controlled by a single real-
time wavelet control strategy is maintained at a high level above 0.9, which indicates that it has not 
fully participated in the vehicle operation and has not enough margin to restore braking energy. The 
combined strategy of real-time wavelet and fuzzy control can maintain the SOC value of ultra-
capacitor at about 0.8, which can balance the higher power demand and energy recovery of the system 
reasonably. 

7. Conclusion 

In view of the fact that it is difficult to establish an accurate mathematical model for the hybrid energy 
system of electric vehicle and that the ultra-capacitor is not fully utilized in use, a combined real-time 
wavelet-fuzzy control strategy is proposed. Based on UDDS condition, the improved strategy is 
compared with logic threshold control strategy and single real-time wavelet control strategy. The 
SOC curves of the battery and ultra-capacitor in the simulation results show that the real-time 
wavelet-fuzzy control strategy can save battery energy better and give full play to the "peak clipping 
and valley filling" effect of ultra-capacitor. At the same time, this paper puts forward some 
improvement suggestions on the energy management strategy of hybrid power supply for electric 
vehicles. In the future, intelligent optimization algorithm can be used in the selection of membership 
function parameters of fuzzy controller to further improve the operation performance of electric 
vehicles. 
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