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Abstract

In this work, an optimized HEV power management fuzzy control strategy is proposed with the aim to further
improve the fuel efficiency of the rule-based control strategy and overcome the drawbacks of the conventional
control strategies. The driving pattern recognition method is used to classify the driving condition into one of the
driving patterns to select proper control algorithm. The dynamic programming solution is used to design the fuzzy
control strategies for each driving pattern. The simulation results indicate that by adopting the proposed strategy the
fuel efficiency of HEV is improved, especially under complex driving conditions.
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1. Introduction

Hybrid electric vehicles (HEVs) are widely considered as one of the most viable solutions to the
world’s need for cleaner and more fuel-efficient vehicles. The performance of HEV is closely related to
the adopted energy management control strategy. The control strategy should distribute the drive power
between the engine and the motor reasonably to realize efficient energy saving and balance of battery
SOC.

The rule-based control strategy is widely adopted in the modern HEVs due to the advantages of strong
robustness, high operation efficiency and being easy to implement [1]-[2]. However, the threshold values
of the rule-based control strategy are fixed, and the control strategy is not optimized for different driving
conditions [3]. In order to solve the problems of the rule-based strategy, a number of studies have been
undertaken to design the optimized HEV control strategy [4]-[5]. Some researchers focused on global
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optimization strategies such as dynamic programming (DP) [6]-[9]. The global optimization strategy can
achieve optimal fuel efficiency; however, it is based on a priori knowledge of scheduled driving cycles,
and the implementation of the global optimization control strategy requires the prediction of the real-time
driving pattern, and the required computation is huge, which makes it hard to be used for practical
application. On the other hand, the fuzzy logic control strategy has been widely used in modern industry
in recent years, which is a quite promising direction in the HEVs energy management.

Although the DP cannot be implemented in real-time, it can act as benchmark for evaluation of real-
time control strategies. In this work, a new HEV energy management control strategy that combines the
merits of conventional rule-based control strategy and global optimization strategy is proposed. Four
representative urban driving patterns are designed based on the driving characteristics to represent
different urban driving scenarios. The driving pattern cycle recognition method is subsequently used to
classify the current driving condition into one of the driving patterns to select proper control algorithm.
The fuzzy logic control strategy of each driving pattern is the refined by the dynamic programming
technique. Finally, simulation results are presented to investigate the performance of the proposed control
strategy.

2. Urban driving pattern recognition

A driving cycle is a series of data points representing the speed of a vehicle versus time; it is widely
used to determine the fuel consumption, pollution emissions and development of new automotive
technologies. In this work, a number of urban driving cycles are utilized, according to the driving
characteristics (average speed, maximum speed, maximum acceleration, average acceleration, etc.)
driving cycles is classified into four driving patterns:

1. Stop-and-go: The mean speed of the vehicle is low (lower than 20 km/h) but the dynamic is very
high. There are a lot of start/stop, acceleration and deceleration phases.

2. Urban: The mean speed is medium (around 30 km/h) and the dynamic of the vehicle is average.

3. Suburban: The mean speed is high (around 60 km/h) and the dynamic of the vehicle is low due
to the low number of start/stops.

4. Highway: The mean speed is high (up to 100 km/h) and the number of start/stop phases is zero.
The dynamic is low because the vehicle is constantly running at high speed.

The process flow of urban driving pattern recognition is illustrated in Figure 1. Vehicle speed data of
100 seconds prior is stored and characteristic parameters of real time driving condition are extracted. The
driving pattern is determined by the fuzzy controller based on the characteristic parameters. Figure 2
shows the test result of driving pattern recognition method by using a mixed driving cycle
(MANHATTAN*1+UDDS*1+US06H*1+ NYCC*1), it can be seen that the driving pattern recognition
system adopted in this paper is able to reflects the current driving condition correctly with only a
reasonable delay.
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Fig. 1. Driving pattern recognition
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Fig. 2. Test of driving pattern recognition method
3. DP-based fuzzy logic control

Due to the requirement of a priori-knowledge of scheduled driving cycles, the dynamic programming
method cannot be implemented for practical application. Nevertheless, the theoretical optimal solutions
can be utilized for the design of other control strategies. This work introduces a systematic design
procedure of HEV power management fuzzy logic control strategy based on the dynamic programming
results.

One attractive characteristics of the fuzzy logic control strategy is that it does not require accurate
models for its implementation, making it effective for controlling of non-linear systems such as HEVs
whose accurate models may not be available. Furthermore, HEVs also have high requirements for the
high control response and stability, which can be fulfilled by the fuzzy control strategy due to its strong
robustness and low computational cost. However, the design of the fuzzy logic controller is based on the
objective human experience and knowledge. Real-time test is the most reliable way to obtain this
experience and knowledge but requires a long time and involves high cost. Another effective way is by
using simulation technologies to tune the control parameters iteratively until achieving optimal
parameters for the specified operation environment. This work may be time consuming. It is easier to use
off-line optimization technologies than iteratively running rules/fuzzy logic-based simulation to obtain the
optimal control parameters. Dynamic programming is one of these techniques.

In this paper DP technique is adopted to obtain the theoretical optimal solutions to further refine the
proposed fuzzy control strategy [10]-[11]. For driving pattern 3, Figure 3 shows some vehicle operating
points of a parallel HEV based on DP method, which can be used to design the fuzzy controller of the
proposed control strategy. In order to make the fuzzy control strategy practical in real application the
input variables should be easy to obtain. Vehicle speed, vehicle power and battery SOC are three
parameters. The diagram of fuzzy logic control is shown in Figure 4.
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Fig. 3. HEV operating points based on DP method
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Figure 4 Diagram of Fuzzy Logic Control

Based on the vehicle operation point distribution, the input variables are described by linguistic values
as low (L), medium (M) and high (H). In addition, the input variables can be described using more
linguistic values to achieve better control performance. The battery packs used in this paper have a high
efficiency range of 0.3 to 0.8.

For torque coupling parallel HEVs, when the motor and the engine are coupled to the torque coupler

T
T :—“+% )
0 =0i=0] 2)

where wcdenotes the output rotational speed of the torque coupler, we is the engine rotational speed, ®m
represents the motor speed, 7cis the output rotational torque of the torque coupler, 7c and Tm denotes the
engine torque and motor torque, ie is the gear ratio of the engine and im is the motor gear ratio in the
torque coupler mechanism.

It is noted that when the vehicle load and speed profile are determined, the engine torque and motor
torque can be controlled by each other. Because of the goal of the proposed power management control
strategy is to minimize the fuel consumption, in consideration of the huge efficiency gap between inner
combustion engine and electric motor, it is better to control the engine torque close to the optimal torque
at the corresponding speed.

The goal of the fuzzy controller is to find the reasonable engine torque under the corresponding vehicle
condition. While the target value of the engine torque is hard to be calculated by the fuzzy controller,
hence the torque split ratio k is introduced, which represents the ratio of engine torque 7m to optimal
engine torque Topt at the corresponding engine speed, k=Tm/Topt .

The optimal engine torque can be obtained by looking up the engine map. Generally, at low speed,
the engine is shut down to avoid low engine efficiency, k=0. In some high power demand circumstances,
such as during sharp accelerating or steep hill climbing, the engine provide more power to meet the power
demand, k>1.When the engine is able to supply sufficient power to meet the power demand of the vehicle
and operating efficiently, k=1. In order to keep the SOC balance, the SOC level should also be taken into
consideration. When the SOC is very high, to prevent overcharging, the engine power needs to be cut
down, and the rest of the vehicle power demand is supplied by the battery, k<l. Vice versa, the engine
must produce extra power to charge the battery if the SOC level is low, k>1. As can be seen from the DP
results, during the driving cycle most k are distributed in the range of [0.85 1.1]. The range of k is divided
into several intervals based the above rules. The refined membership functions are shown in Fig. 5.
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Fig. 5. Membership functions design of driving pattern 3
4. Simulation results

The simulation results of two different driving cycles are shown in Table 1 to 2. Urban Dynamometer
Driving Schedule (UDDS) driving cycle is a typical urban driving cycle with average speed of 31.51km/h
and has frequent braking and acceleration. In the simulation of UDDS driving cycle, the optimal DP
algorithm has an improvement of 8.57% in fuel consumption compared with the conventional rule-based
strategy, while under the proposed strategy the number is 3.85%, and other simulations also indicate that
the proposed strategy can achieve improvement of average 3-4% in fuel consumption in different urban
driving cycles. Nevertheless, the proposed control strategy still has a difference of 4.72% with DP method.
There are multiple reasons for this gap. Firstly, the fuzzy control strategy can only ensure the engine
torque varying within a reasonable range, but not at the optimal operation point. Secondly, the motor
efficiency is ignored, as it is much higher than the engine. In order to further improve the efficiency more
membership functions can be added in the design of fuzzy logic controller

Table 1. Simulation results of UDDS driving cycle
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Strategy Fuel consumption (L/100km) Improvement
Conventional 5.72 -
DP 5.23 8.57%
Proposed 5.50 3.85%
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Table 2 shows the simulation of a mixed driving cycle (MANHATTAN*1+UDDS*1+US06H*1+
NYCC*1). With the benefit of the driving pattern recognition technique, the fuel efficiency of the
proposed strategy is improved by 5.53%. In conclusion, the proposed strategy can achieve batter fuel
efficiency under a variety of driving cycles especially under complex road conditions.

Table 2. Simulation results of mixed driving cycle
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Strategy Fuel consumption (L/100km) Improvement
Conventional 6.33
DP 5.63 11.1%
Proposed 5.98 5.53%

5. Conclusion

In this paper a new HEV energy management control strategy is proposed. The control strategy of
each driving pattern is refined by the simulation results of dynamic programming. The driving pattern
recognition algorithm which uses historical vehicle data to determine the current driving pattern is
introduced. The performance of the proposed control strategy was evaluated by using different driving
cycles. It is found that the multi-mode control strategy achieves significant fuel efficiency improvement
in all driving cycle tests, especially when the driving condition changes frequently. The comparison study
also shows that for the proposed strategy, there is still room for improvement the fuel by revising the
membership functions of the fuzzy controller.

In the future study, the driving pattern recognition technique and DP algorithm can be further improved
by using real time driving data that obtained during real-time driving.
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