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Abstract. In the context of global energy instability caused by the transformation of global
demand for energy and energy resources, one of the most important areas in the automotive indus-
try is the development of electric vehicles. Serial production of high-tech electric vehicles with
a long range contributes to the stabilization of the energy market and the sustainable development
of the whole fuel-energy sector. To evaluate the possibility of optimizing the electric vehicles
energy consumption, various regenerative braking strategies are discussed in the article based on
the Nissan Leaf electric vehicle, which simulation model includes submodules of the traction elec-
tric motor, hybrid braking system, traction rechargeable battery and tires. In order to test the ade-
quacy of the simulation model to reproduce the relationship between the operating parameters
of electric vehicles various systems and evaluate their ability to regenerate energy during braking
the simulation results were compared with the actual experimental data published by the Lab Avt
research laboratory (USA). The relative error of the mathematical modeling results of the braking
energy regeneration processes is 4.5 %, which indicates the adequacy of the electric vehicle simu-
lation model and the possibility of its using as a base for research and comparison of the energy
efficiency of various regenerative braking strategies. As the results of experiments have shown,
the usage of the proposed control strategy of the regenerative braking maximum force allows
increasing 2.14 times the energy recharging traffic to the battery as compared with the basic con-
trol strategy of fixed coefficient braking forces distribution with an increase in braking distance by
10 m. An alternative control strategy of regenerative braking optimal efficiency as compared to the
basic control strategy provides a reduction in braking distance by 13.2 % at increasing by 84.4 %
the amount of energy generated by the electric motor for recharging the batteries. The carried out
investigations confirm the available significant potential for improving the efficiency of the elec-
tric vehicles usage by developing the control strategy and algorithms of the braking energy rege-
neration.
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HccnenoBanue crparerum peKynepaTuBHOIO

TOPMOKEHHS IEKTPOMOOHJIeit
Jle Ban Hrua", Jlam Xoanr Ixyk", Hryen Upour Xoaun", C. B. Xaputonunk?,
B. A. Kycsk”

DX anofickuii yHUBEpPCHTET HAayKH H TEXHONOrHit (XaHoii,
Counanucruyeckas Pecry6nuka BoetHam),
YBenopyccKuil HAMOHATBHEIN TeXHUIeCKHH yHIBepenTeT (MuHck, PecryGika Bemapycs)

Pedepar. B ycnoBusix sHepreTuueckoil HecTaOMIBHOCTH, BBI3BAHHOM TpaHcdopMaryeil rirobas-
HOTO CIIpoca Ha SHEPTHI0 U 3HEPropecypchl, OAHUM U3 BaKHEHIIMX HaNpaBlIeHHHA B aBTOMOOH-
JIECTPOSHNH SIBISIETCA Pa3pabOTKa TPAHCIIOPTHBIX CPEJCTB Ha dMeKTpuueckoil Tsare. CepuitHoe
MIPOXU3BOJICTBO BHICOKOTEXHOJIOTUYHBIX 3JIEKTPOMOOMIIEH ¢ GONBIINM 3a11acoM X0J1a CHOCOOCTBYET
CTa0WIN3aluy PHIHKAa SHEPrOpecypcoB M YCTOWYHMBOMY Pa3BUTHIO BCErO TOILIMBHO-YHEPreTHYE-
cKoro cekropa. J[Jisi OLEHKHM BO3MOKHOCTH ONTHMM3AIMU DHEPrONOTPEOICHHs IIEKTPOMOOHIIeH
B CTaTh€ PACCMATPHUBAIOTCS PA3IMUHBIE CTPATETHM PEKYNEPATHBHOIO TOPMOXEHHs Ha Oase MMH-
TaIMOHHOW Monenu snektpomodmist Nissan Leaf, Bxitogaromeld cyOMOAyIIN TATOBOTO JIEKTPO-
JIBUTATEIIsI, THOPHIHOM TOPMO3HON CHCTEMBI, TATOBOI aKKyMyJISITOpHOH Oatapew M muH. Pe3yis-
TaTbl MOJEJIHUPOBAHMS COIOCTABISUINCH C DKCHEPHMEHTAJIbHBIMH JAQHHBIMH Hay4HO-HUCCIENO-
BaTebcKoi Jtaboparopun Lab Avt (CILA), omyGIUKOBaHHBIMU Uil NPOBEPKH aJE€KBAaTHOCTH
MMHTAOHHBIX MOJENEH, BOCIPOM3BOIAIINX B3aMMOCBSI3b MEXKIY PAOOUNMH MapaMeTpaMu pas-
JIMYHBIX CUCTEM DJIEKTPOMOOMIIS ¥ OLIEHUBAIOIINX UX CIIOCOOHOCTH PEreHEepHPOBATh YHEPTHIO IIPH
TOpMOKeHUH. OTHOCHTENBHAsl IIOTPEIIHOCTh PE3yJbTaTOB MaTEeMaTHYECKOro MOZIEIHPOBaHHMS
MPOIIECCOB PEKYIepaIlui SHEPTUH cocTaBisieT 4,5 %, 4TO CBHUACTENLCTBYET 00 aJeKBATHOCTH
HMMHTALMOHHON MOJIETH 3JIEKTPOMOOMIIS U BO3MOYKHOCTH €€ HCIOJIb30BaHUS B KauecTBe 0a30BOi
JUISL MCCIIEJIOBAHUM M COIOCTABJICHHS SHEProd(p(eKTHBHOCTH pa3IHUYHBIX CTPATETHH peKyIepa-
THBHOTO TOpMOXeHHs. Kak rokas3ann pe3ynbTaTsl SKCIIEpUMEHTOB, HCIIOJIL30BaHUE TpeIaraeMoit
CTpaTeruy yIpaBJeHUss MAKCUMAIBHOH CHIIOH PeKyNepaTHBHOIO TOPMOXKEHHS ITO3BOJISIET YBEIIH-
4uTh TpaUK FIHEPruu Moa3apsaAKy B 2,14 pasa mo cpaBHEHHIO ¢ 0a30BOM CTpaTeruei yrnpaBieHUs
Ha OCHOBE (PMKCHPOBAHHOTO KOA(PPHIIUECHTA PaCTpEICICHIsI TOPMO3HBIX YCHIHN MO OCSM TpaHC-
MIOPTHOTO CPEACTBA INPU YBEJIMYCHUH TOPMO3HOrO ImyTH Ha 10 M. AJbTepHaTHBHAs CTpaTerHs
YIpaBJIEHHsI ONTUMAIBHOH 3 (HEKTHBHOCTBIO PEKYIEPATHBHOTO TOPMOXKEHUSI 0OECIICUHBACT IO
cpaBHEHHIO ¢ 6a30BOil cTpaTerueil yMeHblIeHHE TOPMO3HOTO IMyTH Ha 13,2 % mpu oJHOBpEMEH-
HOM yBenudeHnu Ha 84,4 % KomudyecTBa BbIPaOAThIBAEMOM 3JIEKTPOBUIaTENIEM SHEPTUU AT MOA-
3apAIKH TATOBBIX aKKyMYyJISITOPHBIX Oatapeil. [IpoBeeHHbIE MCCIEROBAHMS TTOJTBEPKIAIOT HME-
Iomuificss MOTEHIHAN 10 MOBBIICHNIO 3()(GEKTUBHOCTH UCIIOIb30BAHUS JIEKTPOMOOHIEH 3a cdeT
COBEPILCHCTBOBAHMS CTPATEI UK U alITOPUTMOB YIIPABJICHHS peKyIeparyeil SJHeprui TOPMOKEHHSI.

KnrodeBble ciioBa: 371€KTpOMOOUIb, YHpaBIEHHE YHEProcOepeKeHHeM, peKynepanusl SHEPTruH,
TSATOBBIN JEKTPOABUTATEND, TATOBBIE aKKyMYJIATOPHBIE OaTaper, UMHTAI[IOHHOE MOJIETTHPOBAHHE

Jns nurupoBanusi: ViccienoBanue CTpareruy peKyrnepaTuBHOrO TOPMOXKEHHs DIEKTPOMOOuIIeH /
Jle Ban Hrua [u np.] // Duepeemuxa. Hze. evicui. yueb. 3aéedenuil u snepe. oo6veounenuii CHI'.
2023. T. 66, Ne 2. C. 105-123. https://doi.org/10.21122/1029-7448-2023-66-2-105-123

Introduction

The gradual transition of the automotive industry to the production of electric
vehicles deals with the necessity of reducing the negative impact of traffic on the
environment and, first of all, with the decreasing of the exhaust gases emission
into the atmosphere, leading to climate change and global warming. A constrai-
ning factor in the launch of large-scale electric vehicles (EV) production is the
relatively small driving range of the electric car on a single traction batteries
charge. Brake energy recovery in EV is an ideal technical solution to this problem,
because this process allows converting the vehicle’s kinetic energy into electrical
energy for recharging the batteries during braking, forced deceleration or downbhill
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movement. Regenerative braking increases the EV range about 16.3 %, at the same
time reducing the total time of the braking process [1].

Another serious disadvantage of EV is the using of the batteries as the only
source of energy, which requires a long charging time from an external electrical
network in the optimal current mode. It should also be noted that traction bat-
teries, having relatively low specific energy consumption and power, cannot
fully satisfy the short-term needs of the traction motor for power consumption
during acceleration or uphill movement, when the efficiency of electric motor
energy recovery is significantly degraded [2, 3]. In addition, under various bra-
king conditions, the feedback current generated by the generator can be quite
significant [4]. At the same time, high levels of charging current negatively
affect the operational life of the battery [5, 6], and the rate of energy recovery by
the storage system may not reach the desired level due to the limitation caused
by the characteristics of the traction motor and batteries. The disadvantages
of electric vehicles include the high cost of traction batteries and the limitations
of their usage in heavy vehicles [7]. However, it’s also worth noting the fact that
for heavy vehicles exploited in urban areas, this problem has been solved by
using supercapacitors as an energy board storage device. Large urban passenger
transport and delivery medium-duty trucks on electric traction are equipped with
supercapacitors, which are charged both from stationary power sources at the
final points of the route, and during movement around the city due to the rege-
nerated kinetic energy during recuperation braking [8].

Nowadays, several control strategies of the regenerative braking process are
used in world practice, among which one can note the sequential control stra-
tegy, the ECO strategy and the strategy of regenerative braking based on the
fuzzy sets theory [9]. This paper has focused on the research of two control
strategies for regeneration process, viz. a strategy for controlling the maximum
force of regenerative braking and a control strategy for the optimal braking effi-
ciency. In order to optimize energy management [10] the analysis of the com-
plex parameters influence of the wheel electric drive, brake system, traction bat-
teries and the chosen regenerative braking strategy on the EVs energy consump-
tion was carried out on the basis of simulation modeling. The presented
simulation model of the energy recovery system was developed on the technical
and operational characteristics of the Nissan Leaf passenger car. The model al-
lows simulating the process of braking energy regeneration at different EVs
speeds and deceleration, taking into account the features of the chosen control
strategy and the type of road surface. In addition, the mathematical model takes
into account the level of the traction batteries charge and the tire slip coefficient
in wheel contact with the road, which allows the possibility an in-depth research
of the two proposed regenerative braking control strategies.

Regenerative braking principle

Regenerative braking is a high-tech, essentially energy-saving process,
which consists in converting the kinetic energy of a vehicle moving in braking
mode into electricity, and then using it to recharge traction batteries (or super-
capacitors) and also the control system accumulator. The implementation of this
process is technologically possible only on the board of the vehicles with electric
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drive wheels. Equipping a car with an electric drive by integrating traction
motors into the front and rear drive wheel design has a number of undeniable
advantages in comparing with a conventional vehicles using an internal combus-
tion engine as the main source of driving force. Firstly, in addition to the internal
combustion engine and a multi-stage gearbox, the transmitting and distributing
torque mechanisms (dry friction clutch, inter-wheel and axle differentials, multi-
plate friction clutches, viscous couplings, etc.) are excluded from the vehicle
design. Secondly, when power distribution between all vehicle wheels is re-
quired (for example, when driving on a snowy road, off-road or in icy condi-
tions), there is a technical possibility of implementation the full-wheel drive.
Finally, in the braking mode, forced deceleration or downhill movement, traction
electric motors can be effectively used as a generator sets, realizing the process
of regenerative braking [11], which saves energy consumption due to the rege-
neration of braking energy [12].

However, the implementation of the seemingly simple principle of braking
energy recuperation requires full integration of the regenerative braking system
with the EV regular braking system, which is the most important element of the
driver, passengers and vehicle safety. To ensure reliable and efficient operation
of the regenerative system, its integrated soft- and hardware platform must pro-
vide smooth and precise control of the combined mechanical and regenerative
braking [13]. Therefore, the operation coordination of the regular hydraulic
braking and the EV regenerative braking systems is an essential factor in deve-
loping a control strategy for the hybrid braking mode [14, 15]. Besides, in case
of the regenerative braking system failure, safety requirements must be strictly
observed. Braking torque distribution on the wheels should ensure the full usage
of the EV grip weight during braking of any intensity, but at the same time, its
value should have the minimum allowable value to maintain vehicle controlla-
bility during braking process.

Electric vehicle simulation model development. The EV simulation mo-
del [16], which includes submodels of traction electric motor, hybrid brake
system, traction accumulator batteries, tires, driving cycle module, and the mathe-
matical model of transient dynamics, is shown in Fig. 1.

The development of a complex EV simulation model was carried out in ac-
cordance with the practical recommendations for modeling vehicles on electric
traction [10], which regulate the including tires models and the SOC percentage
effect into the mathematical description of the EV dynamics and traction accu-
mulator battery respectively.

Tire models. Tires are represented in the model by an elastic shell that de-
forms in the normal and tangential directions during operation. The correspon-
ding forces F,,, F,, compatible with tire slip ratio can be calculated as [17]:

e front axle: F,, =, (sf)F 5

Zj

erearaxle: F, =p, (S,)FZ,,, (1)

Xi

where F,; F,, are traction forces respectively on the front and rear axles, N;
us M. are traction coefficients of the front and rear axles, respectively;
ss, s, are the front and rear tire slip ratio, respectively; F., F., are vertical forces
respectively on the front and rear axles, N.
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The slip ratio for each driving condition is calculated by the following equa-
tions [17]:

) V- 7.
» acceleration: s =—— (_] <5 <0);
.,

wh' wh
V-7,
e braking: s =——*(0<5<1), )
v

where v is vehicle speed, m/s; ,; is wheel rotation speed, rad/s; r,, is wheel

dynamic radius, m.
The relationship between the coefficient of traction and the slip ratio of the
tires, determined experimentally, is shown in Fig. 2.
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0.8 :
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Fig. 2. The relationship between traction coefficient and tire slip ratio

Accumulator battery model. Accumulator battery equivalent circuit cir-
cuit (Fig. 3) does not directly simulate the flow of complex chemical processes
inside the battery system, but allows approxima-
ting the output nonlinear characteristics and para-
R, meters of the traction accumulator battery in
T QD bC all EV operating modes, including the regenera-
: tive braking.
En Each element of the equivalent circuit (inter-
nal resistance R,, open circuit voltage E,, and di-
rect current DC of the battery) is the basis for the
construction of algebraic nonlinear equations,
including constant parameters and variables. The internal resistance R, parame-
ters are presented in non-linear equations by constants obtained empirically
using an interpolated data table.
From the equivalent circuit model, we have the output power of the battery

=P +F, 3)

Fig. 3. Battery equivalent circuit

where P, is battery output power, W; P, =UI ; P, is consumed power of the

traction electric motor, W; P, is capacity loss due to internal resistance R, of the
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battery, W; P.=R,[ 2. U, I are respectively operating voltage, V, and operating
current, A, of the battery, respectively.

To calculate the current strength of the main branch, we substitute P,, P,
into equation (3)

Ul =P, +R1I" (4)

Equation (4) has two solutions /;, as in the bellow formuler (5). The current
value will be taken according to the solution that has an absolute value less than.

)

SOC battery capacity, as one of the main output parameters of the battery
block, is calculated by

1 t
S0C,) = 50C,, \ - Ejl(t)dt, (6)
l

where SOC(t) is the instant SOC at time #; SOC( o) is the original SOC at time ¢,y;

C is battery capacity, A-h; I(¢) is instantaneous discharge current strength, A.
In accordance with the equivalent calculation scheme the voltage on the bat-
tery terminals is determined from the equation

U-u, =U,, (7)

where U, is voltage drop on the internal resistance, V; U is the same on the
load, V.

Regenerative braking models. During recuperative braking, the electric traction
motor performs the function of a generator, converting the vehicle kinetic energy
into electric energy, which is sent back to the accumulator battery for its rechar-
ging. It was experimentally established that the torque curves in the traction mode
of the electric motor and in the generator mode are symmetrical (Fig. 4), i. e. the
torque accepts negative values for regenerative braking [18, 19].

Motor mode

Torgue

gl ¥ &
S RIS /
A =1
BA=—"V ¥ Generator mode

A

C Y

Rotor angular speed

Fig. 4. Engine maximum braking curve
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If required for EV deceleration the total braking moment on the front axle
wheels is less than or equal to the maximum possible braking torque of the ge-
nerator at a given speed (Fig. 4, points 4, B), then only a recuperative brake is
used for service braking. The EV regular hydraulic braking system is not activated.
When the required brake moment exceeds the torque limit (Fig. 4, point C),

the generator operates at the point of maximum torque ( £,,,, ) and the rest of the

egen
power (P, ) is wasted as heat on the brake discs surface due to mechanical

braking. In addition, the regenerative braking system is not activated at low
speeds due to low energy efficiency and therefore the required brake force on the
front wheels during full vehicle stopping is created only by hydraulic actuators
of the regular brake system.

To simulate this activity, the mathematical description of the transient pro-
cess includes the speed-dependent recovery factor. The value of this indicator
depends on the vehicle speed threshold v, m/s, during service braking. At initial
braking speeds exceeding the upper threshold value v, of 12.0 m/s, the generator
operates in the maximum renewable capacity, generating energy to recharge the
batteries and participating, in parallel, in the formation of the total braking
torque on the EV front axle drive wheels. If the actual vehicle speed falls below
threshold v; in 4.47 m/s, the generator is deactivated and goes into “sleep” mode.
For speeds between v, and v,, it is assumed that the percentage of brake power
that can be recovered increases linearly with vehicle speed up to the point of
maximum resiliency, as shown in Fig. 5.

120
100
80
60
40
20

0
Vi V2 Speed, m/s

Regeneration factor, %

Fig. 5. Speed-dependent regeneration factor coefficient

Taking into account the dependence shown in Fig. 5, the 7(v) function of the
electric motor braking torque 7' from the actual EV velocity v was built, which
shows the influence of the EV speed mode on the electric motor regeneration
coefficient during braking process.

Recharging the battery with regenerative energy while braking from 60
to 10 mph. The simulation results of the battery recharging with regenerative
energy during braking from a speed of 60 mph (28.62 m/s) to 10 mph (4.47 m/s)
were compared with the actual experiment results [20] to evaluate its vali-
dity. The main parameters and technical characteristics of the tested EV are pre-
sented in Tab. 1.
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Table 1
Model parameters and EV technical characteristics

Parameters, dimensionalities Values
Air density, kg/m’ 1.25
Battery energy, kW-h 24
Battery round trip efficiency 0.95
Drag coefficient 0.29
Frontal area, m’ 2.19
Gear efficiency 0.95
Gear ratio 8.2
Maximum motor power, kW 80

(2730-9800 rpm)
Maximum motor torque, Nm 280
(0-2730 rpm)

Tire radius, m 0.316
EV total mass, kg 1663

The transition to the regenerative braking mode was carried when the EV
reached the set speed of 60 mph with activations at that very moment the trac-
tion electric motor as a generator to recharge the accumulator battery.
The changing in the regenerative braking energy efficiency during EV decelera-
tion in the above speed range is represented in Fig. 6.
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Fig. 6. Regenerative braking energy efficiency

As can be seen from modeling results the regenerative energy during EV
braking from 60 to 10 mph is 76.19 W-h. According to the experimental results
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of Lab AVT (USA) [20], a similar indicator of the regenerative braking energy
efficiency under the identical conditions of the transition process is 79.8 W-h.
Thus, the error of the regenerative braking simulation is less than 5 %, which
indicates the adequacy of the EV simulation model and the correctness of the
developed mathematical description. The computer experiment error depends
on the conditions of using the auxiliary load, environmental conditions, weather
and the road surface grip.

The presented EV model is used as a basis for evaluating the effectiveness of
the two proposed regenerative braking control strategies and developing the cor-
responding algorithms for the recuperation process control.

Proposed regenerative braking control strategies

Control strategy of the regenerative braking maximum force. The structure
of the hybrid braking system control algorithm, developed on the basis of the
proposed control strategy, allows realizing the law that ensures the redistri-
bution of the maximum total braking forces to the front axle wheels. Braking
forces distribution of the specified disproportion (the maximum possible braking
force (according to the grid conditions), respectively, on the front wheels, the
smallest one — on the rear axle wheels) is regulated by the Economic Commis-
sion for Europe (ECE) adjustment and described by the 0-a-b-c curve (Fig. 7).

0.8
0-a-b-c Front axle braking force distribution coefficient ¢ d

0.7} 0-a-/-g Front axle regenerative braking force distribution coefficient
0-h-i-c-d Front axle mechanical braking force
distribution coefficient
" 0-h-j-k-m Front axle mechanical braking force
distribution coefficient b

0.6
0.51
0.4
031

0.2} k/ o m

Braking force distribution coefficient

0.1+ 7 J—

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Braking strength, g

Fig. 7. The relationship between braking force distribution coefficient
and braking strength

During braking with a deceleration of less than 0.2g, the hydraulic actuators
of the regular brake system are not activated [21], and the required braking force
on the front wheels is created only by traction electric motor due to the activa-
tion of the regenerative braking mode. In this case, the generator braking torque
is regulated with ECU by signals processing from the EV brake pedal position
and wheels speed sensors. When the deceleration exceeds 0.2g, the regular brake
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system begins to create pressure in the hydraulic actuators cylinders and the me-
chanical braking force on the front and rear wheels begins to increase in a linear

relationship, shown in Fig. 8 by the f,, line.
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Fig. 8 Diagram of braking force distribution on the wheels

At this time, the traction motor continues to generate an electric braking
torque on the front wheels, providing, together with the regular brake system,
a total braking force corresponding to the distribution coefficient regulated
by ECE. For example, when the EV deceleration is 0.5g, the total braking force
is at point b, and the mechanical braking force on the front and rear wheels is
at point d. In this case, the maximum possible braking force for regenerative
braking is d-b line, marked F/,o, mar—possi-

The battery recharge efficiency directly depends on the duration of the recu-
peration process in each braking cycle, i. e. the longer the regenerative brake
takes part in the formation of the total braking torque on the front wheels,
the more energy the battery will receive for recharging. However, for the grea-
test possible recovery of braking energy, the following two conditions must
be satisfied.

The first condition is that the electric motor must be able to generate braking
force. Assuming that at a deceleration of 0.5g the maximum braking force of the
electric motor is limited in Fig. 8 by the f-e line, then the operating point of the
total braking force should be at point e, and the mechanical braking force should
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be at point /. However, for producing a maximum of regenerative electrical
energy per braking cycle, it is necessary to harmonize the generation of the ma-
ximum braking force by the electric motor with the ECE adjustment for the
axle brake force distribution. The second condition is that the road surface grip
coefficient u must be greater than 0.67, otherwise the front axle wheels will

be locked during braking. It is illustrated on Fig. 8, that in a case of decelera-
tion j = 0.5g and u = 0.6, the total braking force will be determined by the
operating point g.

It should also be noted that for braking systems with ABS, the required total
mechanical and regenerative braking force under identical braking conditions
will differ from the operating values shown in Fig. 8. For vehicles equipped with
an anti-lock braking system, the mechanical force generated by the hydraulic
brake actuators when the front wheels are locked will be less than the potential
values (Fig. 8, point g,) approximated by the line , , i. e. the value of the ma-

ximum mechanical braking force on the front axle will be determined by the
operating point i. In this case, the motor can still provide the greatest braking
torque (Fig. 8, braking force F, ) with the largest recovery energy for bat-

ofo—max
teries recharging.

Thus, the ECE curve (Fig. 8), which illustrates the minimum allowable
by ECE adjustment braking forces distribution along the vehicle axes, can
be replaced by a simple straight line B, max the coordinates of which can be used
to form the required total braking torque depending on actual EV deceleration

2,/0.07L,h, + L, +0.07h, ®

P = 0.85L :

where L is the EV wheelbase, m; 4, is the height of the EV’s center of gravi-

ty, m; L, is the distance from the EV’s center of gravity to the rear axle, m.

Equation (8) shows that, in fact, the braking forces distribution coefficient
is determined by the geometric parameters of the vehicle. Having calculated the
total braking force B,, .. from the hydraulic brake actuators and the regenera-
tive braking, which is necessary for providing the required EV deceleration, it is
possible to construct the braking forces distribution diagram on the front and
rear axles wheels based on the straight line f3,, ..., as shown in Fig. 8. At the
same time, the control algorithm for the combined brake system is greatly
simplified.

For simulation the proposed control strategy of the regenerative braking
maximum force, the regenerative braking model represented by the function 7(v)
was transformed. In particular, based on the diagram in Fig. 8, the line 0-a-f-g
was built (Fig. 7), which allows creating the 7, (v) function of the electric mo-
tor braking torque 7, during the recovery process from the actual EV decele-

ration V.
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Optimal brake efficiency control strategy. The hybrid braking system (Fig. 9)
allows to carrying out independent regulation of the total mechanical and rege-
nerative braking forces on each wheel of an EV. During service braking,
the torque generated by the hydraulic brake actuators on the front and rear
wheels is H-EBS controlled by applying a PWM-signal to the appropriate pro-
portional solenoid valve, taking into account the data processing from indivi-
dual pressure feedback channels, the brake pedal position, the actual and re-
quired EV deceleration and the regenerative braking torque value transmitted
to the front axle.
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At the developing of control algorithm for the above-described combined
braking system, the key point is the aspect of realizing the optimal control stra-
tegy for the total electrical and mechanical braking torque, which allows obtai-
ning the required vehicle braking efficiency along with the maximum regene-
rative braking energy.

The concept realization of independent braking forces regulation on each
wheel allows the hybrid braking system to precisely control the braking tor-
que on the front and rear wheels according to the ideal brake forces distribu-
tion curve / (Fig. 8, 10). This control strategy can provide optimal braking
efficiency.

When the required (on the condition of providing the necessary deceleration)
total braking force on the front wheels is less than the potential capabilities
of the electric motor, the braking torque on the front axle wheels is formed only
by the regenerative brake without using of hydraulic brake actuators. In this
case, the braking force on the rear axle wheels is created by the hydraulic actua-
tors of the regular brake system in accordance with the distribution coefficient
determined by curve / (Fig. 10). If the required total braking force on the front
wheels is greater than the maximum braking force of generator, then both elec-
tric and hydraulic braking systems are used during service braking.
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Fig. 10. Control strategy for the most optimal braking efficiency

For simulation the proposed control strategy of optimal brake efficiency,
the regenerative braking model represented by the function 7(v) was trans-
formed. In particular, on the diagram of Fig. 10 reconstruction path 0-a-b was
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built, which allows creating the 7, (v) alternative function of the electric motor

braking torque 7> in the recovery process from the actual EV deceleration v.

Simulation results

In order to research the described above two regenerative braking strategies
(Strategy 2 and 3), a scenario was developed to simulate the respective regenera-
tive processes and calculate their effectiveness in terms of braking dynamics and
the amount of renewable energy. The obtained results, namely the braking dis-
tance, the amount of regenerated energy for recharging per braking cycle and
SOC battery capacity, were compared with similar indicators from the braking
process simulation based on the basic control strategy with a fixed ratio of the
braking forces distribution (Strategy 1). The transient processes simulation con-
ditions are shown in Tab. 2.

Table 2
Scenario conditions
Condition Value
Deceleration speed range, mph From 60 to 10
Maximum grip coefficient @, 0.7
SOC start at, % 50
Braking time, s 55.6 (from 100 to 155.6)

The simulation results of the regenerative braking process with display of the
braking distance, the current vehicle speed and the brake pedal position are
shown in Fig. 11. The braking distance comparison in the context of the three
analyzed regenerative braking control strategies is shown in Fig. 12.
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Fig. 11. Braking distance evaluation graph

As can be seen from the Fig. 12 diagrams, the usage of the optimal braking
efficiency control strategy (Strategy 3) provides the shortest braking distance
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during transient process. Compared to Strategy 1 (fixed ratio of the braking for-
ces distribution) and Strategy 2 (control strategy for the regenerative braking
maximum force), the braking distance at applying Strategy 3 is reduced by
an average of 13.7 % and its value is 768.2 m, thus confirming the braking pro-
cess optimality in terms of braking efficiency.
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Fig. 12. Braking distance graph

The simulation results of the regenerative braking process with the display
of the total regenerated energy per time and the instantaneous values of the bat-
teries recharging capacity are shown in Fig. 13. Graphical comparison of the
most important energy efficiency characteristics of the researched regenerative
braking control strategies is shown in Fig. 14.
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Fig. 13. Battery charging energy evaluation graph

As can be seen from Fig. 14, the peak batteries recharging capacities for va-
rious recovery braking control strategies are almost identical (deviation within
4.5 %). However, when using Strategy 2 and Strategy 3, the total energy gene-
rated by an electric motor for battery recharging is 2.14 and 1.84 times more,
respectively, than when using Strategy 1.
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The simulation results of the regenerative braking process with the display
of SOC battery percentage and its ampere discharge are presented in Fig. 15.
The graphic comparison of the indicated values in the context of three analyzed
regenerative braking control strategies is presented in Fig. 16.
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After comparing the efficiency indicators of two proposed recovery braking
control strategies (Strategy 2 and 3) with similar indicators of the Strategy 1, we
can conclude that each strategy has its own advantages and disadvantages. When
using the Strategy 2, the EV braking distance is the longest among the other
ones, but instead, the battery receives maximum of recharging energy — 173.2 W
per braking cycle. Strategy 3, on the contrary, provides the smallest braking dis-
tance, but, at the same time, the recharging energy transmitted by the generator
to the battery is 13.6 % less compared to the Strategy 2 and 1.84 times more that
of Strategy 1. Thus, Strategy 3 is the most optimal in terms of providing the
smallest brake distance and minimal electric motor energy intake.

CONCLUSIONS

1. The relative error of the simulation results of the braking energy regenera-
tion processes and the actual experimental data of the Lab Avt research labora-
tory (USA) is less than 5 %, which indicates the adequacy of the EV simulation
model and the possibility of its using as a base for research and energy efficien-
cy comparison of various regenerative braking strategies without conducting
expensive bench and road tests.

2. As the simulation results shows, from two proposed regenerative braking
strategies, the best one is the optimal brake efficiency control strategy, which
provides a reduction in the brake distance by 13.2 % compared to the basic con-
trol strategy based on fixed ratio braking forces distribution with simultaneously
increasing by 84.4 % of the total battery recharging energy produced by the elec-
tric motor in generator mode. The research confirms the existing significant
potential to increase the efficiency of using electric vehicles by improving the
control strategies and algorithms of the braking energy recovery.

Funding: This research was funded by HANOI UNIVERSITY OF SCIENCE and
TECHNOLOGY, grant number T2020-TT-005.
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