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Abstract

The pure electric vehicle with dual-energy storage system is driven under complex driving
states. Owing to its nonlinear model, the fuzzy control is usually used in energy distribution.
It is difficult for the conventional fuzzy controller without integral part to eliminate the static
errors. Its control effect is not satisfactory. The required power minus actual power is the
deviation. The self-adaptive fuzzy PI control adjusts the deviation values through tuning the
parameters of Pl controller in real time. Its control effect is satisfactory. The results of
simulation experiment indicate that the self-adaptive fuzzy Pl control is more economical
than the fuzzy control under the same driving states.

Keywords: pure electric vehicle with dual-energy storage system, driving states, self-
adaptive fuzzy PI control, energy distribution

1. Introduction

Nowadays, international environment is in the shortage of energy and serious
pollution. Vehicle industry brings about convenience and comfortableness for us but it
also consumes a lot of nonrenewable resources such as oil. Hybrid vehicles are a
electric vehicle which have the most potential future in new energy vehicles since they
have the advantages of energy conservation and environmental protection [1]. Electric
vehicles need energy storage device when they are driven in normal mode. Chen
Qingquan is the chairman of the International Electric Vehicle Association. He
proposes that the ultra-capacitor can provide energy for electric vehicles which can
make them start, accelerate and climb. Moreover, it also can retrieve regenerated energy
which is caused during the electric vehicles braking. It has a broad prospect of
application as auxiliary power of electric vehicles [2]. Energy storage device of pure
electric vehicle with dual-energy storage is composed of batteries and ultra-capacitors.
They cooperate with each other and drive the motor. The key issues of energy control
are how distributes the energy of batteries and ultra-capacitors and coordinates the
output better. The current methods of energy distribution are fuzzy control. Shi
Qingshen of Shandong University suggests that fuzzy control can distribute the power
factor of batteries. Batteries charge and discharge with large current can be decreased.
The ultra-capacitor can charge and discharge with large current so the energy can be
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retrieved during electric vehicles braking. It can enhance the power efficiency greatly
[3]. However, the controller is equivalent to a PD controller near the origin when the
system applies the fuzzy control. There are static errors in the control system and
therefore the dynamic control effect is not ideal [4-5]. Bai Zhonghao of Hunan
University proposes that fuzzy Pl control can distribute energy of hybrid electric
vehicles. The engine can work in the best area when fuzzy control distributes power
factor of motor and the rules of fuzzy control change the parameter of Pl in real time. It
ensures the best fuel capability of vehicles [6]. But the available data rarely involve the
fuzzy PI control in energy distribution of pure electric vehicle with dual-energy storage
system. Fuzzy PI control is introduced into energy distribution system of pure electric
vehicle with dual-energy storage system in the paper. It can eliminate the static errors
of fuzzy control system effectively. The results of simulation experiment show that
energy consumption and driving distance are improved through self-adaptive fuzzy Pl
control.

2. The Structure and Power Distribution Principle of Pure Electric Vehicle
with Dual-energy Control System

2.1. The structure of energy control system

The energy control system of pure electric vehicle with dual-energy is comprised of
dual-energy storage system, motor and controller, in which dual-energy storage system
is the core of ensuring electric vehicles running well. Driving force of electric vehicles
derives from the motor. The motor can also be used as the generator when the electric
vehicles retrieve energy in braking [7]. The controller can make the electric vehicles
start, accelerate, climb and brake when it controls batteries and the ultra-capacitor
charge and discharge reasonably. So it can increase the life span and power
performance of pure electric vehicles [8].
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Figure 1. Structure diagram of energy control

2.2. The principle of power distribution

The working modes of dual-energy control system consist of batteries, ultra-
capacitors, braking and composite power which is composed of the first two. The power
distribution principles decide what kind of mode the motor works [9].

Batteries and the ultra-capacitor need provide energy with the motor when it is used as
electric motor. The motor need large power when the speed and torque of the vehicle are low.
If batteries SOC (state of charge) is big and ultra-capacitor SOC is small, batteries power the
motor separately. Both the ultra-capacitor and batteries power the motor in other cases. When
the speed and torque of the vehicle stride over Py line, they are moderate. The required power
is small. If batteries SOC is small and ultra-capacitor SOC is big, the ultra-capacitor powers
the motor separately. Batteries power the motor in other cases. When the speed and torque of
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the vehicle stride over Pc line, they are bigger than the former. The power distribution
principle is the same as the first case.

When the motor is used as the generator, it charges batteries and the ultra-capacitor. The
system is in the braking mode. The case lies below zero point of the horizontal axis in Figure
2. In order to ensure the ultra-capacitor charging and discharging appropriately, the
regenerative braking energy is provided with it at first. When ultra-capacitor SOC is small, it
absorbs all the braking energy. When ultra-capacitor SOC is big and batteries are small,
batteries absorb the braking energy at first [10-13].
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Figure 2. Diagram of motor efficiency and power distribution principle

3. The Design of Self-adaptive Fuzzy Pl Controller

3.1. The design of fuzzy controller

Fuzzy controller summarizes its control rules through a large number of experimental
data. The rules which are also expressed by fuzzy language based on operating
experience. The largest difference between fuzzy control and traditional control is that
fuzzy control does not need to know the mathematical model of the controlled object.
The control can be done when we know the operating experience and data of the
controlled object. Fuzzy controller is composed of four parts. They include
fuzzification, fuzzy reasoning, fuzzy rule base and defuzzification. Its principle is that
input exact value is become fuzzy quantity through fuzzification at first. Secondly, the
fuzzy quantity is reasoned according to the fuzzy rules. Finally, the defuzzification
model clears fuzzy quantity which is obtained through fuzzy reasoning [14-15]. The
schematic diagram of fuzzy controller is shown in Figure 3.
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Figure 3. Schematic diagram of fuzzy control

The number of input x in the fuzzy controller is called the dimension of the fuzzy
controller. We usually use the deviation e as the input of fuzzy controller. Common
structure of fuzzy controller is shown in Figure 4. Figure 4(a) is one-dimensional fuzzy
controller. It adjusts the output signal u by the change of deviation e. Its dynamic
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performance of control system is worse. Figure 4(b) is two-dimensional fuzzy controller.

It adjusts the output signal by the deviation e and the change rate of deviation € =de/dt.
Its dynamic performance of control system is better. Figure 4(c) is three-dimensional
fuzzy controller. It adjusts the output signal by the variations of three components,

namely, the deviation e, the change rate of deviation € and the change rate of the

change rate of deviation € =d%/dt?. Its dynamic performance of control system is fine in
theory, but the increased dimensions of the input will lead to the increase of fuzzy
reasoning computation. Generally, we don’t select it as the structure of fuzzy controller
[16]. The two-dimensional fuzzy controller is selected as the structure of fuzzy
controller in the paper. The inputs of the controller are the power deviation e and the
change rate of deviation Ae.
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Figure 4. Structure diagram of fuzzy controller

After determining the structure of fuzzy controller, we start to quantize and fuzzify
the input of fuzzy controller. The results of quantization and fuzzification can apply to
fuzzy rules. In general, similar things can be classified several different levels such as
big (B), middle (M) and small (S), or positive big (PB), positive middle (PM), positive
small (PS), zero (O), negative small (NS), negative middle (NM) and negative big (NB).
The more language description is, the more careful description of things is. But it is
difficult to lay down control rules. Normally, there are two to ten fuzzy subsets in
fuzzy domains. The fuzzy subsets of the input power deviation e and change rate of
deviation Ae are {NB, NM, NS, ZO, PS, PM, PB} and their fuzzy domains are {-3, -2,
-1, 0, 1, 2, 3} in the system. The outputs of the fuzzy control are proportional
coefficient K, and integral coefficient K;. Their fuzzy subsets are{S (small), SM
(middle small), M (middle), LM (middle large ), L (large)} and their fuzzy domains
are {0, 0.25, 0.5, 0.75, 1}.

Membership function is the characteristic function of fuzzy set. It includes triangular
membership function (trimf), trapezoidal membership function (trapmf), Z membership
function (zmf), S membership function (smf), Gauss membership function (gaussmf)
and bell type membership function (gbellmf), etc. The paper adopts triangular
membership function as the membership functions of inputs and outputs owing to its
simple calculation and fast response. Their graphs are shown in Figure 5 and Figure 6.
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Select the interface of membership function in fuzzy control box of matlab and then
select triangular membership function. Finally, input fuzzy subsets of the variables.
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Figure 5. The membership function of e and Ae
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Figure 6. The membership function of K, and K;
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Figure 7. The interface of membership function in matlab

Fuzzy reasoning is the core of fuzzy controller. It is composed of a series of
conditional statements of fuzzy rules. The fuzzy control system consists of two inputs
and two outputs in the paper. The statement expression of control rule is:

If Aand B, thenCand D @

According to the above description, the simulink model of fuzzy control is shown in
Figure 8, in which the edited interface of overall fuzzy control system is shown in
Figure 9.
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Figure 8. The model of fuzzy control
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Figure 9. The edited interface of fuzzy control

3.2. The design of PI controller

The algorithm of PI control is simple and its robustness is strong. It is widely used in
automatic control system. It calculates the control quantity by means of the different
combination of proportional errors and integral errors. The common PI algorithm is:

u(t):Kp[e(t)+Ti § evat] @

1

Where: e (t) = r (t) — vy (t): the deviation signal between given value r(t) and measured value
y(t); Ky: proportional coefficient; T,: integral time constant; K;: integral coefficient, and K,
divided by T, equals K;. K, can both amplify error signal and accelerate the response speed of
the system. But K, is too large, the system will cause the static error of output. Integral
coefficient K; is proportional to the integral of the error signal. If the system has the static
error, the integral will increase with time. The error will be accumulated in the integral state
constantly until the static error is eliminated. But K; is too large, the system will slow down
the modulation speed of the system and lead to the oscillation of the system [17-19].

The dynamic response curve is shown in Figure 10. The curve can be divided into five
parts, i.e., OA, AB, BC, CD and DE. In section OA, y is less than r, so the deviation is less
than zero. The change rate of the deviation is more than zero since the slope of OA is more
than zero. In section AB, y is more than r, so the deviation is more than zero. The change rate
of the deviation is also more than zero. In section BC, y is more than r, so the deviation is
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more than zero. The change rate of the deviation is less than zero since the slope of BC is less
than zero. In section CD, y is less than r, so the deviation is less than zero. The change rate of
the deviation is also less than zero. In section DE, y is less than r, so the deviation is less than
zero. The change rate of the deviation is more than zero. The established fuzzy rules should
speed up the response of system and reduce the overshoot as far as possible. For example, the
output value of fuzzy controller should be greater in order to accelerate the response speed of
the system in section OA. Near A point, the output value should be reduced immediately in
order to avoid overshooting [20-22]. According to the above principles, we establish the
fuzzy rule of PI control:

1. When e is less than zero and Ae is more than zero, K, changes first big and
small and K; changes first small and big.

2. When e is more than zero and Ae is more than zero, K, changes first small and
big and K;changes first big and small.

3. When e is more than zero and Ae is less than zero, K, changes first big and
small and K;changes first small and big.

4. When e is less than zero and Ae is less than zero, K, changes first small and big and
K; changes first big and small.

5. When e is less than zero and Ae is more than zero, K, changes first big and
small and then stabilizes gradually. K; changes first small and big and then stabilizes
gradually.

/\C
r A

0 t

Figure 10. The dynamic response curve

Lay down fuzzy rule sets for control center according to the above fuzzy control rules.
Control statement is (1). The fuzzy control rules of K, and K;are in Table 1 and Table 2.

Table 1. Fuzzy control rule of K,

Ae e

NB NM NS Z0 PS PM PB
NB L LM M LM M LM LM
NM LM M SM M SM SM LM
NS LM SM SM SM S SM M
Z0 M S S S S S M
PS LM SM S SM S S SM
PM LM M SM M S SM SM
PB L LM M L SM SM SM
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Table 2. Fuzzy control rule of K;

Ae e

NB NM NS Z0 PS PM PB
NB S LM L S M S S
NM LM L M S SM M S
NS L M SM S SM SM M
Z0 L LM SM SM SM M L
PS LM SM SM S S SM SM
PM M LM SM S S S S
PB S SM LM S S S S

The forty-nine fuzzy control rules include all situations that the working process of the
control system could encounter. Use the fuzzy box, input control rules and then fuzzy rule
base will be obtained. Parts of the fuzzy rule sets are shown in Figure 11.
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Figure 11. Parts of the fuzzy rule sets

After we finish designing the fuzzy controller of the system, we can obtain the change
surface of proportional coefficient K, and integral coefficient K; with the deviation e and the
change rate of the deviation Ae.

The model of PI control alone is shown in Figure 14.
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3.3. The principle of self-adaptive fuzzy PI control

In many cases, electric vehicles are driven in complex situations. The speed of the vehicles
need be adjusted frequently. Energy distribution of pure electric vehicle with dual-energy
storage system need be controlled in real time and requirements for the control precision are
higher. Self-adaptive fuzzy PI control is composed of fuzzy controller and PI controller. The
schematic diagram is shown in Figure 15.
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Figure 15. The schematic diagram of self-adaptive fuzzy PI

The system compares given power with actual power and then it will obtain the deviation e.
According to the fuzzy relationship between proportional coefficient K, and integral
coefficient K; of PI control and the system deviation e and the change rate of deviation Ae, the
system adopts the fuzzy reasoning and modifies K, and K; online. It can satisfy the different
driving states demand of electric vehicles. The adjustment steps are as follows. Above all,
according to the given power and the actual power, the system calculates the deviation e and
the change rate of deviation Ae. The outputs of the system are K, and K;. Secondly, process
the fuzzy domains of input variables and output variables by means of quantification factor.
And the fuzzy controller can adjusts quantification factor according to the practical
requirement. At last, the fuzzy reasoning is done on the basis of the fuzzy rules. So the
parameters of PI controller can be controlled in real time and the system can complete the
adjustment of controlled object. The algorithm is widely used in nonlinear system since it can
adjust the parameters automatically [23-24].

3.4. The model of self-adaptive fuzzy PI control

The simulink model of self-adaptive fuzzy PI control of pure electric vehicle with dual-
energy in matlab is shown in Figure 16. The first fuzzy controller is used to allocate the
power of batteries and the ultra-capacitor. The self-adaptive fuzzy Pl controller consists of the
second fuzzy controller and PI controller. The inputs of fuzzy controller are required power
and actual power. The inputs of Pl controller are the output of fuzzy controller and the
deviation of power.

4. Simulation Experiments and Results Analysis of Self-adaptive Fuzzy Pl
Control

The driving state of the system adopts city six cycle cases. The speed curve of input is
shown in Figure 17. The total vehicle weight of pure electric vehicle with dual-energy is
520kg, maximum speed is 50km/h, frontal area is 10.5m? maximum gradeability is 15%,
rolling radium is 30cm, coefficient of aero dynamic drag is 0.35 and coefficient of rolling
resistance is 0.015. The battery is lead-acid battery. The rated voltage of single battery is 6V
and the rated capacity is 180 A-h. The system uses six battery modules. The rated voltage of
ultra-capacitor is 48V and the rated capacity is 165F. The rated power of the motor is 3kw
and maximum speed is 6000 rpm. Its rated voltage is 36V. Compare the fuzzy control with
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self-adaptive fuzzy PI control in matlab/simulink, the results of the simulation experiment are
shown in Figures 18-23.
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Figure 16. The simulation model of self-adaptive fuzzy PI control
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Figure 18. The SOC curve of battery and ultra-capacitor in fuzzy control
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Figure 19. The SOC curve of battery and ultra-capacitor in self-adaptive fuzzy
Pl control
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Figure 20. The curve between energy consumption and distance in fuzzy
control
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Figure 21. The curve between energy consumption and distance in self-
adaptive fuzzy PI control
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Figure 23. The curve between distance and SOC in self-adaptive fuzzy PI

control

From Figure 18 and Figure 19, we can draw the conclusion that SOC of batteries and the
ultra-capacitor decreases conformably in two kinds of control algorithms. In the fuzzy control
algorithm, SOC of batteries is decreased to 0.97 and SOC of the ultra-capacitor is decreased
to 0.67. In self-adaptive fuzzy PI control algorithm, SOC of batteries is decreased to 0.985
and SOC of the ultra-capacitor is decreased to 0.816. The SOC decline of batteries and the
ultra-capacitor is less in self-adaptive fuzzy Pl control algorithm than in fuzzy control
algorithm. SOC curve of the ultra-capacitor is smooth since self-adaptive fuzzy PI control can
eliminate the static errors and resist interferences strongly. So its control efficiency is higher
than fuzzy control. From Figure 20 and Figure 21, we can draw the conclusion that the energy
consumption rate of the electric vehicle in a hundred kilometer is 20kwh/100km in fuzzy
control algorithm. The energy consumption rate of the electric vehicle in a hundred kilometer
is 17kwh/100km in self-adaptive fuzzy PI control algorithm. The latter is 15% lower than the
former. It indicates self-adaptive fuzzy PI control can enhance economy of electric vehicles.
From Figure 22 and Figure 23, when SOC of batteries is down to about 0.38, the mileage of
the electric vehicle is 1200km in fuzzy control algorithm. When SOC of batteries is down to
about 0.38, the mileage of the electric vehicle is 1400km in self-adaptive fuzzy Pl control
algorithm. The latter is more 200 kilometers than the former. It explains self-adaptive fuzzy
PI control can increase driving range of electric vehicles.
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5. Conclusions

Energy control system of pure electric vehicle adopts self-adaptive fuzzy PI control as the
control algorithm in the paper. The control system is verified by simulink simulation. The
results of simulation experiment indicate that the system has good control effect, can
eliminate the static errors in the process of control and resist interferences strongly. Compared
the self-adaptive fuzzy PI control with the fuzzy control, there is greater improvement in
control accuracy and stability. Through the comparison between self-adaptive fuzzy PI
control and traditional fuzzy control, we analyze and draw the conclusion that adaptive fuzzy
PI control can reduce the energy consumption of electric vehicle and prolong the mileage of
the electric vehicle. It can also improve the life span of the batteries.
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