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Fuzzy control and wavelet transtorm-based
energy management strategy design of a

hybrid tracked bulldozer

Ming Pan, Jun Yan, Qunzhang Tu* and Chengming Jiang
College of Field Engineering, PLA University of Science and Technology, Nanjing, China

Abstract. A new hybrid system of a tracked bulldozer is designed, which primarily consists of an engine-generator set, a battery
pack, and a supercapacitor. According to the power requirements of typical working conditions and the output feature of three
power sources, a fuzzy control and wavelet transform-based energy management strategy is proposed. Models of the hybrid system
are built in Matlab/Simulink and are then transformed into C codes, which are sent to dSPACE. The energy management strategy
is verified through HILS (hardware in loop simulation), which demonstrates that the designed strategy is good for increasing the
fuel efficiency of the engine and prolonging the working life of the battery pack, which can be used in the real-time control of the

hybrid tracked bulldozer.

Keywords: Fuzzy control, wavelet transform, energy management, hybrid bulldozer, HILS

1. Introduction

Along with the deepening of the global energy crisis
[7], exhaustion of oil resources, and aggravation of
global warming problems [4], electric driving has been
widely used in numerous areas, such as the automo-
bile industry, engineering machinery, ships, and harbor
hoisting machinery. Thus, the relevant energy manage-
ment strategy as the core content of vehicle control
has also been extensively investigated, including: (1)
Rule-based Logic threshold control strategy. Based on
the static torque characteristics of engines, threshold
parameters are obtained, and logic control rules are built
[3]. (2) Fuzzy logic control strategy. Accurate variables
are transformed into fuzzy variables, and the fuzzy rules
are built in this strategy. Control system outputs are
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achieved through a series of algorithms, such as fuzzi-
fication, fuzzy reasoning, and defuzzification [13]. (3)
Local instantaneous optimization strategy. The power
consumption of a battery is converted to the fuel con-
sumption of the battery charged by the engine, and the
minimum of the equivalent fuel consumption per hour
is taken as the objective function to control the out-
put torque of the hybrid system [5]. (4) Global static
optimization strategy, such as the Bellman dynamic
programming and minimum (or called maximum) prin-
ciple [6, 15]. The strategy relies on a given driving cycle
and has a large amount of calculation, which can not
be used in real automobile control and is usually used
for providing reference and evaluating other control
strategies.

The strategies mentioned above only took the fuel
efficiency, emissions, and SOC (state of charge) of the
battery and the capacitor into consideration, and they
neglected the frequent changes in current and required
power, which impose a huge shock on batteries and the
engine-generator set.
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Aimed at a hybrid system that has three energy
sources (an engine-generator set, a battery pack, and
a supercapacitor), the energy management strategy is
designed using fuzzy control and wavelet transform
theory.

2. Structure of the hybrid tracked bulldozer

The series electric drive system with two motors
driving sprockets on both sides of the tracked dozer
was adopted, as shown in Fig. 1.

The system primarily consists of a general controller,
an engine-generator set, a rectifier, a battery pack,
a supercapacitor, two bidirectional DC/DC convert-
ers, and two driving motors and their controllers. The
engine-generator set, battery pack, and supercapacitor
make up the front power chain, which provides energy
for the whole system. The driving motors, motors’ con-
trollers, and sprockets compose the back power chain.
There is not a mechanical joint between the front and
back power chain, so the electric drive structure is sim-
ple and can be easily arranged in the limited space of a
bulldozer.

3. Energy management strategy design

A tracked dozer usually works in complicated con-
ditions, and its loads change rapidly at a large scale.
Using a typical operating condition as an example, the
target speed, the working resistance, and the power
requirement are shown in Fig. 2.

Among the three power sources of the front power
chain, the engine-generator set’s response is slow, and
the battery pack is not suitable to charge and discharge
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Fig. 1. Structure of the hybrid tracked bulldozer.
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Fig. 2. A typical operating condition of a tracked dozer.

in a high frequency or with too heavy of a current [1];
therefore, neither can conveniently handle the instan-
taneous energy requirement. In contrast, the power
density and charge-discharge cycles of the supercapac-
itor are much higher than those of the battery, which
is good for responding quickly to instantaneous energy
requirements [9, 10].

Based on the energy requirements of the back power
chain and the characteristics of each power source,
the energy control strategy is designed by combining
fuzzy control with wavelet transform theory, as shown
in Fig. 3. The low frequency part of the target power
requirement (P.,,,_r, r) was obtained by wavelet trans-
form. If P.om_rr < 0, the bulldozer was in the braking
state, and the feedback energy would be used to charge
the battery packs. If Py _r > 0, it was delivered to
the fuzzy controller where the outputs of the engine-
generator set and the battery packs were determined.
The total power requirement minus the outputs of the
engine-generator set and the battery pack would be the
target output of the supercapacitor.
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Fig. 3. Fuzzy control and wavelet transform-based energy management strategy.
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3.1. Fuzzy control

A double-inputs and single-output fuzzy control
strategy is proposed in the thesis, as is shown in Fig. 4
[2]. The inputs of the fuzzy controller are the engine
load f, and the battery SOC, and the outputis the power
distribution coefficient x :

Membership function of engine load

0.8
0.6
0.4

Degree of membership

0.2

S M B

A

fp — Pcom,LF (1)
P gen_max
where Peom_L F 18 the positive low frequency part of the
target power requirement, and Pge;_max i the maximum
output power of the engine-generator set.
The target outputs of the engine-generator set and the
battery packs are:

Pcom,gen =Xf- Peom_LF ()

Peom bar = (1 _xf) “ Peom_LF- 3)

The guidelines for making the fuzzy rules are:

Reduce x y when f), is high and let the battery output
power for supplement in time.

Raise x ¢ when f), is low so as to ensure the engine
works in an efficient load zone.

Maintain SOC at a value of 0.7 by regulating r ¢ in
order to achieve a high charge/discharge efficiency. The
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Fig. 5. The membership function of fuzzy controller inputs.
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Table 1
The membership function of x s

Xy Vs S RS MS  RB B VB
values 08 085 09 095 105 11 12

Table 2
Rules based on Mamdani fuzzy control algorithm
SOC fp CS CM CB FS FM FB
S VB VB B RB M RS
M VB VB B M RS N
B VB B RB RS S Vs

membership functions of the engine load f), and the bat-
tery SOC after fuzzification are shown in Fig. 5, which
are defined as follows:

fp :{S, M, B}, range [0~ 1] that presents the
engine load and varies from 0 to Pgep_max-

SOC : {CS, CM, CB, FS, FM, FB}, range [0.6 ~
0.8] presents the battery SOC and varies from 0.6 to
0.8.

The definition of the distribution coefficient x s is
shown in Table 1, and eighteen rules based on the Mam-
dani fuzzy control algorithm were designed, as shown
in Table 2.

The membership functions of fuzzy controllers
greatly affect the efficiency and fuel consumption of
electric drive systems. If the power management is
regarded as a high dimension nonlinear optimization
problem, the membership functions, which are deter-
mined by experts’ knowledge, can be seen as the
optimization variables [11, 14]. Therefore, in order
to further improve the fuel economy, a differential
evolution-based hybrid particle swarm optimization
algorithm (DEHPSO) is adopted to optimize the fuzzy
controller.

PSO (particle swarm optimization) is an effective
evolutionary algorithm that comes in two forms: global
PSO and local PSO. The velocity and position updating
formulas of the global PSO can be expressed as follows
[8, 12]:

ng+1 = a)ngf‘D + C1r1(PfD — XfD)
+cara(GY, — X5p) 4)

Xt = x¥, + Vel )

where i is the swarm number with i =0,1,...,
ng; D is the dimension number with D =1, 2,
..d; and k is the iteration number. Furthermore,
Vek = [Vgir, ..., Vaal',  X\=1[Xa,..., X",

PE=[Py,...,Pul", and G* =[Gy, G ...,
G417 are the vectors of swarm velocity, swarm
position, individual extreme position, and global
extreme position, respectively. Furthermore, w; is the
inertia factor that represents the degree to keep the
original velocity, and ¢ 2 and ry > are the learning and
convergence factors which are valued at 2 and 0.729 in
this article, respectively. Replacing the global extreme
position G’z) with the local extreme position L{FD in
Equation (4), the updated expressions of local PSO
can be expressed as follows:

Vlf'{;)rl = wxwi'(D + clrl(PikD - X{'(D)
+eara (LY, — X5p) (6)

k+1 k k+1
Xigt=xt, + viig ©)

Research shows that global PSO has advantages in
calculation speed but disadvantages in premature con-
vergence; in contrast, local PSO converges slowly, but
the calculation time is too long. Based on this, a hybrid
PSO that combines the two algorithms is proposed to
improve optimization efficiency. The updated expres-
sions of the hybrid PSO are shown as follows:

‘/hk+l — bvgk+1 + (1 b)Vlk+l (8)

k+1 k+1
X5 = x5, + valg 9)

where b is the combination factor. To alleviate the prob-
lem of premature convergence in the early period and
slow convergence in the later period, the b value should
be gradually increased with the iteration.

To increase the population diversity and guarantee
global convergence, the particles should have an ability
to mutate and crossover in a certain probability. Based
on this, this paper introduces the method of differential
evolution (DE) to obtain new particles by crossover and
recombination between original particles. The process
is described in the following:

The method of judging local convergence: The vari-
ance of particles’ fitness is selected as the reference for
judgment. The variance of fitness in k iteration can be

defined as:
k

where f,-k is the fitness of particle i, £ is the average
fitness of particles, and g is the normalized factor. When
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Fig. 6. Flow chart of DEHPSO.

o2 is less than threshold variance osz, the algorithm is
judged for convergence.

The mutation method: Particles are mutated based on
the DE theory, and the position of the new particle in
the D dimension can be expressed as follows:

k+1 k k k
H3' = Xip+ s(Gh — Xip)

Xf'{zD) an

where i # i1 # i», and ¢ and v are zoom factors that
affect the convergence rate and diversity of population,
respectively.

The crossover method: The mutated particle and its
original particle are chosen as the crossover objects, and
the cross operation is completed by exchanging posi-
tion coordinates in random dimensions. The particle
position in D dimension after crossover is:

+U(X£{1D -

random > CROSS or
D = Drand

k+1
iD
Ck+1

iD (12)

Xx¥,  otherwise

where CROSS is the cross probability, random is a
random number generated by the system, and D, is
a preset cross location.

The elimination method: After the mutation and
crossover operations, the newly created particles are
compared to the original particles in order to elimi-
nate those that have a worse fitness; this process can be
described as follows:

Cf»‘; Vif Jr+ris better than fyx
i i

Xk+l —

iD = (13)

X%, otherwise

The specific flow of DEHPSO is described in Fig. 6.
The optimization target in this paper is to minimize
the fuel consumption after a certain working time, and
SOC is also an important factor that influences the fuel

consumption (when the fuel consumption is forcibly
reduced, the battery undertakes more tasks, and the
SOC of which will decrease); therefore, variance of
SOC (ASOC) should be limited in a short interval to
ensure the optimization effect. The optimization func-
tion (or fitness value) can be expressed as follows:

fi=miV, ASOC € [—¢, +e¢]. (14)
The optimized membership functions are shown in

Table 3 and Fig. 7.

Table 3
The optimized membership function of x
Xf A N RS M RB B VB
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Fig. 7. The optimized membership function of fuzzy controller
inputs.
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Fig. 8. The decomposition and reconstruction processes of the 3-order Haar DWT.

3.2. Wavelet transform

As the power requirement signal is discrete in one
dimension, the discrete wavelet transform (DWT) is
used to decompose it in different levels. The DWT and
IDWT (inverse discrete wavelet transform) are:

W(k,u):/x(t)JX¢(w)dt (15)
X0 =YY W, i) (16)

JjEZ keZ

where x(¢) is the original signal; A is the scale factor, A =
27, J € Z; ® is the mother wavelet; w is the shift factor,
n= k2J and J, k € Z; and finally, W is the wavelet
coefficient.

Compared to other common wavelets, the generating
function of the Haar wavelet has the shortest filter length
in the time domain, and the transformation and the
inverse transformation are the same. Thus, the decom-
position process of the Haar wavelet is much simpler
than those of other wavelets, which makes it feasible to

extract transient signals in real-time control of the elec-
tric drive bulldozer. The expression of the Haar wavelet
is:

1 t€(0,0.5)
o) =4 -1 t€ 0.5,1) A7)
0 others

A two-channel filter bank based on the Haar wavelet
was adopted. The original signal x(¢) is decomposed
into reference signals and detail signals by a low-pass
filter Hy(z) and a high-pass filter H{(z), and the signal is
rebuilt by a reconstruction filter bank [G1(2), Go(z)] T
The decomposition and reconstruction processes of the
3-order DWT based on the Haar wavelet are shown in
Fig. 8. Only eight sampling points of power require-
ment (which is composed of one point in current time
and the previous seven points) are necessary for the
3-order DWT. There is no need to know the whole work-
ing condition in advance, which is superior to Fourier
transform. The DWT could also be used for processing
signals in unknown working conditions.
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Fig. 9. Models built in Matlab/Simulink.
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4. Modeling and simulation
4.1. HILS platform

The simulation platform of the hybrid system was
built in MATLAB/Simulink, which primarily consists
of a control strategy model, an engine-generator set
model, a battery pack model and its DC/DC model,
and a supercapacitor model and its DC/DC model, as
shown in Fig. 9.

4.1.1. Engine-generator set model

The engine and generator are modeled as a whole
according to the rotation speed relationship between
them. The generator is connected to the DC bus through
a three-phase bridge uncontrolled rectifier with a filter
capacitor, and the equivalent circuit of PMSM (perma-
nent magnet synchronous motor) with a bridge rectifier
is shown in Fig. 10.

The internal resistance and torque losses of the gen-
erator are neglected, and the voltage of the DC bus and
the electromagnetic torque are:

Upc = Kewg — KywglIpe
) (18)
Te == KEIDC - KXIDC

where K, wy is the induced electromotive force, K w,
is the equivalent resistance, and IpC is the current of
the DC bus.

4.1.2. Battery pack model

As the electric energy storage unit of the electric drive
system, the main functions of the battery pack are sup-
plying power when the engine is unable to respond to the
power requirement and recycling the braking energy of
the driving motors. The battery pack provides or accepts
energy according to the control signals from the gen-
eral controller, and it sends signals of SOC in current
time and the maximum charge-discharge power limit

Fig. 10. Equivalent circuit of the engine-generator set.

to the general controller. The battery pack is connected
to the DC bus through a DC/DC converter. The equiva-
lent resistance model is adopted, as is shown in Fig. 11.
The battery pack is equivalent to an ideal voltage source
with a series resistance:

Upar = Vbar — Ipart Rs. (19)

Both the open-circuit voltage Vj,; and the equiva-
lent resistance R, vary by changes in the SOC and the
temperature; however, the effect of temperature is small
and can be neglected when modeling. Vp,; and R are
obtained through lookup tables by inputting the SOC,
and the SOC of the battery pack is calculated by the
ampere-hour integration approach:

Qo — [y i(v)dr
Qmax

where SOC () is the battery’s SOC of current time, Qg
is the initial capacity of the battery, i(7) is the battery’s
charge-discharge current, and Q. iS the maximum
capacity of the battery.

SOC(t) = (20

RS
L] ©
I bat
I Upa
V,.,(SOC)
O

Viar- Open-circuit voltage; R,- Equivalent internal resistance;
I~ Battery output current; Uy, Battery terminal voltage.

Fig. 11. Equivalent circuit model of the battery pack.

N

1y~ Capacitor ideal output current;
I~ Capacitor actual output current;
C- Equivalent capacitance; V.,,- Open-circuit voltage;
R~ Equivalent series resistance; Rp- Equivalent parallel resistance.

Fig. 12. Equivalent RC model of the supercapacitor.
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4.1.3. Supercapacitor model

The equivalent RC model is adopted and is shown
in Fig. 12. Based on the equivalent circuit, the output
current is:

RealftimesSimulationtolitybrid

M. Pan et al. / Fuzzy control and wavelet transform-based energy management strategy design

Icap =1Iy— (21)

1
Todt
c/o

Rp

The series resistance of the supercapacitor changes
little when charging and discharging and is usually
taken as a constant. The parallel resistance is small,
which has less of an effect on the circuit and is usually
ignored. The SOC of the supercapacitor is:

Vcap — Viin
Vinin

SOC = (22)

Vmax -
where Vi, and V., are the minimum and maximum
open-circuit voltages of the capacitor, respectively.

By choosing driver input equipment and testing the
controller as hardware, the HILS platform is established
based on dSPACE Micro-AutoBox 1401/1504, and the
structure of which is shown in Fig. 13. Models of the
engine-generator set, the battery, and the supercapacitor
built in host computer are compiled and downloaded
into dSPACE by the Matlab/RTW interface. The control
strategy model is first compiled by Matlab/Stateflow
and then transcoded by TargetLink and downloaded into
the tested controller.

After processing of A/D conversion, the controller
receives the signals and communicates with dSPACE
by USB CAN. The hardware components of the HILS
platform are shown in Fig. 14. To obtain the driving
states of the dozer, a monitor interface is built in a mon-
itor terminal based on Controldesk, which is shown in
Fig. 15.
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15. ControlDesk monitoring interface.
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Fig. 16. Power distribution result of the front power chain.
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4.2. Simulation results

The power distribution result of the front power chain
is shown in Fig. 16. As the main power source, the
engine-generator set is expected to provide most of the
power requirement. As the auxiliary power unit, the bat-
tery pack affords power when the engine-generator’s
output is not sufficient and recycles energy when brak-
ing, which plays arole in peak shaving and valley filling.
The supercapacitor, which has the advantage of fast
charging and discharging, is required to respond to the
instantaneous power requirement.

The SOC curves of the battery pack and the superca-
pacitor are shown in Fig. 17. It is observed that the
battery SOC changes little and essentially stabilizes
around 0.7, and the supercapacitor SOC changes in
a wide range from 0.4 to 0.75. The supercapacitor’s
advantages of fast discharging and deep discharging
are exhibited. The charge-discharge voltage and cur-
rent of the battery and the supercapacitor are shown in
Figs. 18 and 19, respectively. The charge-discharge cur-
rent of the battery varies from —100 A to 250 A, which
is more stable than that of the supercapacitor that varies
from —200 A to 400 A.

5. Conclusions

The fuzzy control and wavelet transform-based
energy management strategy of the hybrid tracked
bulldozer is proposed, which realizes the energy dis-
tribution among the engine-generator set, battery pack,
and supercapacitor according to the changing frequency
of the required power and thus improves the sys-
tem performance and prolongs the service life of the
components. Modeling and HILS are conducted, and
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the results show that the designed strategy can properly
distribute power and is suitable for the real-time control
of a hybrid dozer.
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