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Advanced Rule-based Energy
Management for Better Fuel Economy
of Hybrid Electric Tracked Vehicle

All recent technological developments in the field of power distribution in
hybrid electric tracked vehicles are often hard to apply and carry high
computational burden which makes them impractical for real-time
applications. In this paper, a novel control strategy is proposed for
parallel hybrid electric tracked vehicle based on robust and easy to
implement thermostat strategy with added merits of power follower control
strategy (PFCS). The goal of the control strategy is enhanced fuel
economy. Serbian infantry fighting vehicle BVP M80-A is chosen as the
reference vehicle. For the purpose of validation, a backward-looking, high
fidelity model is created in Simulink environment. Investigation of the
results indicates that the proposed control strategy offers 12.8% better firel
economy while effectively maintaining battery state of charge (SOC). Even
better results (23.2%) were achieved applying the proposed strategy to a
model with an additional generator. It is concluded that further
improvements can be made with combined sizing and control optimization.

Keywords: Energy Management, Hybrid Tracked Vehicle, Thermostat

Strategy, Power follower strategy, Rule-based Control, Energy Efficiency.

1. INTRODUCTION

Hybrid propulsion systems have been very common in
wheeled vehicles for many years and can be
implemented in numerous ways [1]. On the other hand,
few studies in the field of hybrid powertrains for
military tracked vehicles have been conducted so far
due to various technical and economic reasons [2].
However, in recent years, due to the increased demand
for power in such vehicles, the potential benefits of fuel
economy and silent-watch capabilities, as well as energy
crisis, there has been a significant increase of scientific
research activities on the subject matter [3-6].

Simultaneously with the research on the topic of
hybridization, research was conducted on the topic of
energy optimization of hybrid tracked vehicles.

In the literature [7], a genetic algorithm has been
applied as a hybrid electric tracked bulldozer (HETB)
energy management strategy. Validation of the obtained
results was performed by HIL simulation, which
showed a 6.74% fuel economy improvement compared
to hybrid drive without optimization. In [8], a
comparison of several machine learning-based strategies
applied to a hybrid tracked vehicle was performed; the
obtained data showed that the strategy based on the
deep-Q learning algorithm achieved the best results, i.e.
fuel economy improvement of 13.9%. Strategies based
on machine learning have also been analyzed in the
literature [9-11] in which they have been applied to
hybrid tracked vehicles. In the literature [12], a
predictive strategy on HETB was applied, which
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enabled a reduction of fuel consumption by 8%, while
in [4] a unique procedure of energy optimization of
HETB was applied while optimizing vehicle system
parameters. For optimization of energy management, a
strategy based on dynamic programming (DP) was used,
while for optimal sizing of vehicle subsystems the so-
called bi-level optimization that combines DP and
vehicle parameters optimization. In this way, a
reduction in fuel consumption of as much as 16.2% was
obtained. A similar procedure was performed in the
literature [13] where the methods of multicriteria
decision-making defined the ideal kinematic scheme,
and then used the energy efficiency strategy Efficiency
Evaluation Real-time Control Strategy (EERCS) which
analyzes all possible power flows taking into account
the speed of the vehicle, the torques achieved, the
turning radius and the state of charge of the battery
(SOC); after checking each possible condition, the
strategy adopts the most effective one.

As can be seen, a large part of the research has
included genetic algorithm and dynamic programming
that represent strategies that cannot be implemented in
reality [14,15]. To the best of authors’ knowledge, the
possibility of applying heuristic strategies that are very
robust and easy to implement has not been analyzed so
far [16]. Therefore, the topic of this paper is to define an
efficient rule-based strategy for a hybrid high-speed
tracked vehicle.

2. VEHICLE MODEL

The conceptual design of the hybrid tracked vehicle
described in [6] was adopted as a reference vehicle. The
mentioned conceptual solution is a hybridization model
of the BVP M80-A powertrain which includes adding
two electric motors and appropriate changes to the
transmission (Figure 1) while keeping the existing IC
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engine (so that changes in initial hybridization were
minimal). The basic characteristics of the vehicle are
given in Table 1. For more information about the
mentioned vehicle, as well as its conceptual design
adopted as the reference model, the reader is referred to
the literature [6,17].

Table 1. Reference model specifications

Parameter Value
Vehicle weight 13850 kg
Track width 2.526 m
Contacting track length 33m
Rolling resis. coeff. 0.07

Sprocket radius 0.2577 m
IC Engine power 235 kW @ 2500 rpm
Electric motor 2x60 kW, 1800 rpm

Battery 460 V, 54 Ah

3
abi

%

Figure 1. Kinematic scheme of hybrid drive system
2.1 Calculation of the power requirement

The foundations of tracked vehicle dynamics were laid
in the middle of the last century in [18]. A re-synthesis
of available knowledge was published in [19]. In recent
times, processes that occur during the interaction of the
track and terrain are often taken into account [20-22].
However, such problems must be solved numerically,
which is very demanding in terms of the computational
time. Therefore, in this paper, a model was adopted that
considers only the longitudinal, lateral, and yaw
movements on a flat surface while neglecting the
centrifugal force. The model is described by the
equations from [19]:

d’s
mdt_zzFoJ'_F;'_Rtot (1)
d*0 B
IszZE(Fo_F})_Mr ()
0 , dO/dt=0
Mr = /umgL (3)

, d@/dt#0

where Fo and Fi are the thrusts of outside and inside
tracks, R,,; and Mr are the total longitudinal and yaw

motion resistances, L is the contact track length, € is
the heading angle of the vehicle, B is the track width,
I, the moment of inertia, m is the vehicle mass, and

u is the coefficient of lateral resistance.
Coefficient  is calculated based on the empirical
expression [23]:
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where p1,,, is the maximum value of coefficient of la—

teral resistance, a is the experimental coefficient, and
R is the turning radius.
Power required can be defined as:

Py =R V+Mr-o 6))

Z

where 7 is the speed of the center of gravity of the
tracked vehicle, and @ is the angular speed.

Efficiency from the sprockets to the tracks is
calculated as follows:

Ngm =0.95-0.018-7 (6)
where V' is the vehicle speed.
2.2 Engine model

The quasi-static model with no transient dynamics was
adopted [24]. Fuel consumption is defined as:

dm
th:f(Tesne) (7
where T, and n, are effective torque and rotational

speed of the engine.
Total consumption is:

t
C = [ dm, ®)
0

The ICE model is based on a fuel map of reference
vehicle (Figure 2) [25].

DIESEL FUEL

BMEP [bar]

0 I
1000 1500 2000 2500
ENGINE SPEED [RPM]

Figure 2. Fuel map contour of ICE (g/kWh)
2.3 Modeling electric motors and battery

The power of electric motor is calculated as:
P=U-I ©)

where U and / are voltage and current.
Motor efficiency is a function of torque and angular
velocity of the electric motor:
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where F,, ., is the required power, while 7,, and
®,, are the torque and angular speed of the electric

motor.
Due to the interdependence between the electric
motor and the battery, the torque of the electric motor is

defined as:
min(7, T,

em_req>*em _dis

(@), Te

em_bat

( SOC, @y, )) >

T o= em_req (11)
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where T

em_req 18 the required torque (load), 7.,

and T,, 4, are the maximum motor torque in
motoring and generating modes, 1, ,, 1S the torque

limit due to the battery current limits during charging
and discharging.

The battery model ignores the effects of aging and
heating. The battery is represented by a simple electrical
circuit (Figure 3), and the batter state of charge is
defined as:

2 — T
Voc _\/Voc _4(Rint +Rt)'Tem * Oy 'Uerrstgn( em)
2(Rint +Rt)'Qbat

where V. is the open circuit voltage, R, is the inter—

S0C = (12)

nal resistance, R; is the terminal resistance, O, is the
maximum battery charge.

R, (SOC) R
— 1 L1 O

+
C) V,.(80C)

Figure 3. Equivalent battery circuit model

3. PROPOSED ENERGY MANAGEMENT
STRATEGY

In the literature [6] which refers to the reference
conceptual design of a hybrid tracked vehicle, the
control strategy is not unambiguously defined. The
research focus was functional feasibility and the
achieved performance of the hybrid drive while energy
efficiency was not a priority. However, the idea that
electric motors work only during turning motion is
clearly stated. Given that the rated power of electric
motors is 60kW each, it is clear that the energy of the
electric motors is not fully utilized. Therefore, a new
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energy management strategy was proposed based on the
following premises:
- minimize the fuel consumption
- effectively harness regenerative braking energy
- maintain the battery state of charge within a
predefined range
- maintain the engine operating point in an
energy-efficient area
The input parameters of the model are vehicle
acceleration, vehicle speed, and battery state of charge
(SOC). After processing input parameters, the strategy
selects the appropriate operating mode.

3.1 Operating modes

Operating modes can be classified into three groups as
shown in Table 2.

Table 2. Operating modes

EM - electric only

E - engine only

HM - hybrid mode

EB - engine supplies power for
traction and charging

Charge RB - regenerative braking

Pure traction

Traction + Charge

EM: In this mode, traction is enabled exclusively by
electric motors. If the battery SOC is in a predefined
range, the control strategy compares the desired vehicle
speed with the predefined speed threshold for the EM
mode.

E: When it is not realistically possible to
significantly improve vehicle performance and energy
efficiency, the control strategy activates E mode in
which the vehicle is powered exclusively by the engine
while the battery SOC is saved.

HM: In this mode, the vehicle is powered by both
the engine and electric motors. The control strategy
selects the speeds of both the electric motor and the
engine so that the operating point of the engine is
maintained in the most efficient operating range at all
times. It is possible to select several engine speeds for
one specific desired vehicle speed due to the existence
of a planetary gear in the transmission (Figure 4). This
mode is the main difference between the proposed and
the reference model strategy. The largest share of fuel
economy improvement is expected to come from this
mode provided the fact that it is supposed to be the most
frequent of all modes due to the large speed range.

Fb

et Fa
Sprocket Motor - Vem +Vem
= s

(u-l‘ :c\:; Engine

Figure 4. Possibility of engine speed control via electric
motors

Figure 4 shows the essence of the motor-assist
strategy. With a ring gear speed acting as a constraint
(desired output speed), with the adequate control of the
sun gear speed it is possible to achieve a large range of
speeds of the carrier. The middle line represents the
current speed profile of the planetary gear set elements,
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while the possible speed range of the sun gear and the
corresponding carrier speed is shaded. By further
increasing the speed range of the sun gear it is possible
to provide even greater flexibility of the hybrid drive.

The control strategy works by discretizing the range
of possible speeds of all three elements of the planetary
gear set. Then, for each of the possible combinations
(candidates), the most efficient one is determined
(Figure 5).

EB: In this mode, the vehicle is power solely by the
engine while electric motors act as generators driven by
the engine. In this way, both traction and SOC
maintaining are achieved. This mode is activated when
the battery SOC reaches a value of 0.45 and lasts until
the SOC reaches a value of 0.60 when it is deactivated
as shown by the algorithm (Figure 6).

Input data; fmp, nb, 1

Y

Calculation of candidates:
-7

i .
m, =(nb-k+rsm]- ’T_i_f'

WNext candidate:
i=i+l

Selection of flem
which satisfies the
equation

Figure 5. HM operating mode algorithm

RB: During braking, the regenerative braking mode
is activated, which uses the kinetic energy of the vehicle
and recharges the battery.

Table 3. Possible states with corresponding operating modes

Input data: 30C, t, min=1

4: SOC (2,) =0.60

50C(2)= 060

S0C (1) < SOC 1)

EB mode ACTIVE

Figure 6. EB operating mode algorithm

3.2 Rule-based control

The proposed strategy is based on the thermostat
strategy but incorporates elements of power follower
strategy (PFCS) in hybrid mode (HM) as a tool for
energy-efficient operation of IC engine.

The power follower part of the strategy was used in
only one operating mode where, based on the motor-
assist model, the operating point of the engine is
maintained in an energy-efficient range.

The thermostat part of the strategy is threshold-
based, i.e. it is based on an on/off mechanism where the
decision on whether a particular mode will be active or
not is made based on the accuracy of certain conditions.

All conditions can be true or false depending on the
current state value and the predefined threshold value.
Operating modes are selected based on the current
functional state in accordance to Table 3.

Functional states
No Operating | Acceleration Batt. tate of ch Speed stat
. mode state attery state of charge peed state
a()>0 SOC(t) > 0.45 min=0.45 SOC(t) < 0.60 V()< 10 V(1) > 50

1 EM + + - + + -

2 E + + - + - +

3 HM + + - + - -

4 EB + + + + + +

5 RB - + + + + +
"+" state is correct (true); "-" state is not correct (false); "£" correctness of state is irrelevant for given mode;
"min" the minimum value of battery SOC in time range where SOC [0.45,0.60]
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Based on the functional states, it is possible to
construct a set of rules (Table 4) based on which the
operating modes are updated during the simulation in
accordance with instantaneous values of input para-
meters.

Table 4. Set of rules for proposed strategy

OM Rule

EM  a(t)>0 ] SOC(t) > 0.45 [ V(t) < 10 [ minz0.45
E a(t) >0 [1 SOC(t) > 0.45 [1 V(t) > 50 [] min#£0.45
HM  a(t)>0 1 SOC(t) > 0.45 [1 10<V(t)>50 [J min#0.45
EB a(t)>0 0 SOC(t) <0.60 [ min=0.45

RB a(t)<0

The hierarchical organization of the possible
functional states by the degree of importance can be
observed from Table 3 and Table 4 as follows:

The state of acceleration is hierarchically the most
important and enables efficient use of regenerative
braking energy.

The state of SOC that enables efficient conservation
of electricity.

Minimum SOC value in the predefined range that
allows easy energy management in the SOC range in
which several operating modes are possible as shown in
Figure 7.

0.65

0.6 —

SOC[]

0.5

0.45

5 10 15 20 25 30 35

0
I Vreme
t,m[u 45,0,60] |
= =1
Figure 7. Operating mode selection problem at SOC <

(0.45,0.60)

The SOC value at points A and B is the same (Figure 7),
but the operating mode is not the same even though both
acceleration and speed have the same values. At point
A, one of the three traction modes is active depending
on the other conditions, while at point B the
traction+charge mode is active with the battery being

Acc ICE mipm|
Acceleration . EM1 pm

soc . . OMmi
Speed [km/h] EM2 rpm

» Operating mode selection Brake signal|

s
psa

Controf law
Veh. Speed [m/s]
—=PGST Out1
32 Speed ——slPGS2 Out2
Power demand
Plan. gear set logic

recharged to the desired upper limits. Therefore, it was
necessary to introduce another functional state on the
basis of which the current mode of operation can be
determined. This supplementary state is the minimum
SOC value on the range. If the condition is met then EB
mode is active.

The speed state is hierarchically the least
important and serves to determine one of the traction
modes when all other states are met.

4. RESULTS AND DISCCUSION

Based on the mathematical model, a backward-looking
model was created in the Simulink environment shown
in Figure 8.

Unlike wheeled vehicles, a small number of
recorded tracked driving cycles are available in the
literature. The only requirement when creating a driving
cycle for tracked vehicles is that in addition to the
vehicle speed, the cycle must also contain turning data.
Therefore, the driving cycle shown in Figure 9 is
formed. The drive cycle includes significant acce—
leration, braking, and steering. The average vehicle
speed is 18.5 km / h, and travel distance is 11.12 km.

Wﬂw

0 400 1000 1200 1400 1600 1800 2000
Time [s]

=

=
Lateral Acceleration [m/s"2]

=] o

&}

Vehicle Speed [m/s]
-

0 ﬂ
0 2

Figure 9. Drive cycle A) Speed, B) Lateral acceleration

The proposed control model has proven to be a very
efficient motor-assist mechanism that significantly
balances the operation of the engine allowing constant
operation of the engine at a speed of about 1400 rpm
despite the oscillations of the vehicle speed (Figure 10).
The operation of the engine in the speed range of
approximately 1400 rpm is very efficient as can be seen
in Figure 2.

25
e Vm‘t@ Int
Battery
Bat. Voltage [V]

= Tarque [Nm)|

Req. Torque [Nm,

Electric motor 1 OM © out!

Regen. braking eff.

Electric motor 2

Transmission

Figure 8. Vehicle model in Simulink

FME Transactions

Results

W
Actuator dyn. ﬁ
T o
e
ICE

VOL. 49, No 3, 2021 = 715



3000

2000 A

=
=]
=]
=]

Engine Speed [rpm]
kY
\
1
i
I
'/
4

0
0 200 400 600 8OO

Figure 10. Engine (A) and Sprocket (B) speed profiles

1000 1200 1400 1600 1800 2000
Time [s]

B @
=} =]
5] S

[
5]
a

Sprocket Speed [rpm]

Table 5 shows the percentage share of individual
modes during the driving cycle.

Table 5. Share of simulation time between modes

Operating mode % of simulation time
EM 8.61%
E 2.10%
HM 42.81%
EB 10.82%
RB 35.66%

a) b)
vehicle vehicle
engine / engine /
motor motor /
nev=0 nev # 0
. b)
engine e
speed.: 2/
Ax

Figure 12. lllustration of the difference between the
required speed of the engine (carrier) in a) the reference
vehicle and b) the proposed model

The hypothesis that the HM will be the most
prevalent has been confirmed. Also, from the
percentage share of the RB mode, it is clear why it is
essential to efficiently use regenerative braking energy.

In the part of Figure 10 marked with the dashed
line, it can be seen that the engine speed is constant
despite the significant change in the sprocket wheel
speed. This trend continues during the simulation until
the time mark of about 1600 seconds when the speed of
the engine starts to oscillate together with the sprocket
speed. This occurs due to the vehicle entering the EB
mode. In this mode the engine is forced to compensate
for any change in the desired vehicle speed due to the
predefined speed of the electric motor in generating
mode. This is reflected in increasing specific fuel
consumption in that part of the diagram (Figure 11). In
the last quarter of the simulation, the fuel consumption
is higher compared to the reference vehicle due to the
necessary increase in the speed of the engine, which is
illustrated in Figure 12.

500

B

N

A

[ w B
=1 =1 =1
=2 =] =]

bsfc [g/kWh]

=]
=2

0

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time [s]

Figure 11. Brake specific fuel consumption A)Proposed
model, B)Reference vehicle

In the reference vehicle model [6], the electric
motors only work when turning, which means that
rotors are kept stationary most of the time in order to
keep the sun gear of the planetary gear set locked. In the
proposed control strategy described in this paper, in EB
mode, when recharging the batteries, the electric motors
maintain a constant speed of "negative" sign (ng, ),

which allows them to work in generating mode.
According to Figure 10, the engine must compensate for
this speed of the electric motor in order to maintain the
desired vehicle speed.
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In addition to the unfavorable speed, the torque of
the engine is quite low for most of the simulation time
(Figure 13A), which has a very unfavorable effect on
the specific fuel consumption. The increase of the
battery SOC is quite slow, as shown in Figure 14A.
With the conventional drivetrain of BVP M80-A, the
engine is designed to provide the required torque in all
driving modes, including turning motion where the
resistances are significantly higher compared to straight-
line motion. Therefore, the engine is designed according
to the maximum load, which in the reference model
presented in [6] is significantly less because the electric
motors take over the entire load of the auxiliary drive
(sun gear) when turning.

Further reduction of fuel consumption can be
achieved by reducing the power of the IC engine, which
would bring the operating point of the engine closer to
the efficient operating range. Besides that, there is a
sound possibility of installing a generator powered by
the engine, which would avoid the need for engine
downsizing while eliminating the fuel-inefficient EB
mode and simplifying the control algorithm.
wﬂ i

AR | 111 N N M
D 80 1000 1200 1400 1600 1800 2000

Time [s]

1000 ¢

Torque [Nm]
[=2] ==
g B

.
=
=

20

=

[;ﬂ”' T,

Figure 13. Engine torque A) Without generator, B) With
generator

>

0 200 400 600 8OO 1000 1200 1400 1600 1800 2000
Time [s]

Figure 14. Battery SOC A) Without generator, B) With
generator
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Figure 15. Brake specific fuel consumption A) Without
generator, B) With generator

For comparison, a model was created with a
generator that activates when the EB mode starts in the
proposed model. The results showed that the following
was achieved with the generator model:

1. much faster increase of battery SOC

2. lower fuel consumption due to more efficient

operation of the engine

3. simplification of an energy management

algorithm that now has one functional state less
A comparison of the model's parameters without (A)
and with (B) a generator is shown in Fig. 13 to Fig. 15.

An overview of the achieved fuel economy

improvement is shown in Table 6.

Table 6. Fuel consumption comparison

Relative fuel Improvement
Control strategy consumption P [%]
Ref. model [6] 100 -
Proposed model 87.2 12.8
Model with
generator 76.8 23.2

5. CONCLUSION

The application of a novel rule-based strategy was
presented in this paper. The proposed strategy combines
thermostat and power follower strategies and is
threshold-based and easy to implement. Mathematical
models of vehicle and control strategy were validated
via high fidelity Simulink model. As a result, the
proposed strategy achieved fuel economy increase of
12.8% compared to the reference vehicle. Such
improvement is remarkable considering its simple
nature and easy implementation. However, this
simplicity compromises strategy performance during
charge sustaining mode. It is shown that, during SOC
maintaining operation engine operating point drifts
away from most efficient region of operation.

In order to eliminate this disadvantage, a model with
generator was proposed and implemented. Simulation
results showed fuel economy increase of 23.2%
compared to the reference model with very effective
battery SOC sustaining and further simplification of
control algorithm. This kind of performance has not
been claimed by any other known rule-based strategy
but feasibility questions arise as generator was not
provided by the reference model.

In addition, it was concluded that fuel consumption
could be reduced by downsizing the engine, which
remained unchanged despite the installation of two
electric motors with a total power of 120 kW.
Therefore, it is clear that the best optimization results
can be achieved by simultaneously optimizing the
system parameters and the control algorithm.

FME Transactions

Further improvements to the proposed strategy can
be made, namely by applying one of the optimization
strategies in hybrid mode of operation. The applied
optimization  strategy would not carry high
computational burden as it is exempt of battery SOC
constraints.
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HAITIPEJHU MOJEJI YITPAB/bAIBA
EHEPI'MJOM 3ACHOBAH HA ITPABUJINMA 3A
MNOBO/bITAILE EKOHOMHWYHOCTHU
XUBPUIHUX EJJEKTPUYHUX I'YCEHNYHUX
BO3MJIA

C.B. MunauheBuh, U.A. Baarojesuh, C.P. My:xnexa

CBa HemaBHA TEXHOJNOMIKAa JOocTHTHyha Ha TOJBY
pacmonene cHare u3Mely IIOTOHCKHMX arperara y
XUOPHIHUM TYCEHHYHMM BO3WINMAa CY YIJIaBHOM
TENIKO NMPUMEHBHBA U TEUIKA 33 M3pauyHaBambe IITO MX
YHHU HENPAaKTHYHUM 32 TIPUMEHY y CTBADHOM BpEMEHY.
Y oBOM pagy IpelokKeHa je HOBa CTpaTeruja
yIpaBJbatha NapajieTHUM XUOPHUIHUM €IeKTPUYHUM
TYCEHHYHHM BO3WJIMMa 3acHOBaHa Ha pOOYCHOj W
JEAHOCTaBHO] TEPMOCTATCKO] CTPATETHjU ca JIOJATKOM
HEKMX Kapakrepuctuka power-follower crpareruje
(PFCS). Hwmse cTpaTeruje ympaBibamba je CMambebe
moTpomme ropuBa. Kao pedepeHTHO BO3mIo m3abpaHo
je Oopbeno Bo3mno mnemaauje BBII M80-A nomahe
Mpou3BoAlKe. Y CBpXy Bamupanmje, y Simulink
okpyxewy je kpeupan (backward-looking) wmomen
peanHor Bo3WiIa. AHanmu3a pesyirara IoOKasyje na
npeaokeHa  CcTpaTerwja  ymnpaBjbamba  omoryhasa
ymreny ropua ox 12,8%, a uctoBpeMeHO eduKacHO
onpxaBa cTame Hamymenoctd Oatepuje (SOC). Jom
6ospu pesynratu (23,2%) TMOCTUTHYTH Cy NPHMEHOM
MpeaJIoKEeHe CTpaTervje Ha MOJeNy ca JoJaTuM
TeHepaTopoM 3a JOMyHY Oarepuje. 3aKkJbydeHo je Ja ce
JoJaTHA TMOOO0JbIIaha MOTY TMOCTHNH KOMOMHOBaHOM
ONITHMH3AIMjOM KOHCTPYKLIMOHMX Mapamerapa BO3MIIA
U IapaMeTapa MoZeNa yIpaBJbamba.
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