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MATHEMATICAL MODELING OF HYBRID VEHICLE’S
RECUPERATION BRAKING MODE

Abstract. The paper considers the synthesis of mathematical model of recuperation braking mode for hybrid
vehicle as a complex control object. The results of computer simulation as diagrams of transients of
different operating parameters of hybrid vehicle power system are obtained on the basis of developed
model. The analysis of simulation results confirms the adequacy of the mathematic model of the
recuperation braking mode of hybrid vehicle to real processes. The developed model can be used for
synthesis of automatic control systems of the electric motors, power converters, power supplies and
chargers for hybrid vehicles. Hematical and simulation models of the hybrid vehicle’s recuperation braking
mode is carried out. The presented models are based on equations of physics of processes and allow to
study the recuperation braking mode of the different types hybrid vehicles under various conditions and
parameters values (initial linear vehicle’s speed, electrical power of generator, inclination angle and the
quality of the road surface, etc.). The designed mathematical model has a rather high adequacy to the real
processes, which take place in the hybrid vehicles in the recuperation braking mode, that is confirmed by
the obtained simulation results in the form of graphs of transients of the main variables changes. Further
research should be conducted towards the development of the functional structures, control devices as well
as software and hardware for automatic control systems of the different types hybrid vehicles on the basis

of the obtained mathematical and simulation models.
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Introduction

In recent years, the issue of economic use of world
fuel resources is becoming more acute. There are several
ways to solve this issue. One of them is the creation of
hybrid and electric cars [1-3]. The use of an electric drive
with implementation of an energy recovery system
makes it possible to replenish energy during the
movement of the vehicle. At present, the use of energy
recovery systems has reached its greatest development in
the field of urban electric and railway transport. Modern
research of hybrid cars is mainly related to the modeling
of layout schemes, determination of traction and speed
properties, energy reserve. The issue of studying the
braking properties of hybrid vehicles on which energy
recovery and storage systems are applied remains open,
as such work is still under development in different
countries of the world [4-6].

Complexity of hybrid power systems of modern
vehicles as technical objects causes necessity of complex
control systems development, that are especially
effective at functioning in automatic mode [7-9].
Mathematical and computer modeling methods are
appropriate to be used for the research of the efficiency
of hybrid engines automatic control system (ACS) at the
stage of its development [3, 10, 11]. Analytical
mathematic and computer modeling are quite effective
and cheap instruments, comparatively with experimental

and the other ones. Thus, the development of
mathematical model of hybrid engines’ is quite
necessary.

One of the interesting tasks in the study of hybrid
vehicle engines, which deserves special attention, is the
research of the recuperation braking mode of a hybrid
vehicle [12-14]. Studies of this mode will allow the
development of highly efficient energy systems, power
converters, power supplies, chargers for hybrid vehicles,
as well as their automatic control systems.

The purpose of this work is development and
research of mathematical model of hybrid vehicle’s
recuperation braking mode.

Development of the mathematical and
simulation models of hybrid vehicle’s
recuperation braking mode

The movement of the hybrid vehicle during
recuperation braking is described by the equation of force
balance for the case of braking a wheeled vehicle [2, 12,
15]:

Pi:F;'_Pr_Pn_F,f_PW’ (l)

where P; is the inertial force of the hybrid vehicle;
P+ is the traction force of the main engine of the hybrid
vehicle; Py is the drag force caused by recuperation
braking of the hybrid vehicle; P, is the lift resistance
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force caused by movement of the hybrid vehicle on an
inclined plane; Py is the rolling resistance force of the
hybrid vehicle; Py, is the air resistance force of the hybrid
vehicle.

In turn, the inertial force P;is calculated according
to the following equation:

pom 2%, @
I \Y dt
where my is the hybrid vehicle mass; vy is the hybrid
vehicle current speed of linear movement.

The traction force of the main engine of the hybrid
vehicle Pr is equal to zero in the recuperation braking
mode, Pt =0 [2].

The lift resistance force P, caused by movement of
the hybrid vehicle on an inclined plane is defined by the
following expression:

P =m gsina, @)

where g is the acceleration of gravity; a is the angle of
inclination of the plane at which the vehicle is moving.

The rolling resistance force Ps of the hybrid vehicle
is calculated using equation (4)

P, =m gf cosasgnv,, 4)

where f is the rolling friction coefficient that depends on
the type of road surface on which the vehicle is moving.
For hard surfaces, the coefficient f lies within range
0.01...0.03 [2, 12, 13].

In turn, the rolling resistance force Ps always acts in
the opposite direction to the movement of the vehicle,
which in the equation (4) is described by the sign function
from vehicle speed vy.

The air resistance force Py of the hybrid vehicle is
determined by means of the expression (5)

P =k FV, 5)
w v \2
where F is the drag area of the vehicle; ky is the hybrid
vehicle air resistance coefficient.
The drag force P, caused by recuperation braking of

the hybrid vehicle is calculated on the basis of the
following equation [3]:

> _MY,
r r n !
n
where M is the generator electromagnetic torque of the
recuperation braking; Uy is the main gear of transmission
of the hybrid vehicle; ry is the wheel radius of the hybrid
vehicle; n is the efficiency of the hybrid vehicle
generator.
In turn, the generator electromagnetic torque M;
caused by the recuperation braking can be calculated as
follows [5]

(6)

M =C_I (7)

mM r’
where I is the current of generator anchor in the
recuperation braking mode; Cnwm is the electromagnetic
torque coefficient, which is determined by the parameters
of the generator anchor and the value of its magnetic flux.

Moreover, the generator anchor current I, in the
recuperation braking mode is defined by the the
electromotive force E; in the following way

Er:RaIr+La(j;tr, )]
where R, is the total resistance of the anchor winding of
the generator and battery charger; L. is the total
inductance of the anchor winding of the generator and
battery charger.

In turn, the electromotive force E; of the generator
anchor depends on the angular speed of rotation of the
generator anchor o, in the following way

E =C o )

mo r’
where Cr, is the electromotive force coefficient, which
is determined by the parameters of the generator anchor
and the value of its magnetic flux.

The angular speed of rotation of the generator
anchor wr is connected with the hybrid vehicle current
speed vy of linear movement by the formula (10) [6]

vU
o = Vr 2,
n

In particular, the hybrid vehicle current speed vy can

be determined from equation (2) in the following way

(10)

t
1y 11
vvzm—.[Pidt+vV0, (11)

v
where t; and t, are selected start and end time moments
of the recuperation braking process; vy is the initial speed
of the vehicle before starting of the recuperation braking
process.

To convert vehicle’s speed vy in meters per second
to kilometers per hour, the first value is multiplied by
ratio 3.6.

The electrical power Ne of the generator, which is
generated during the recuperation braking process, can be
calculated using the formula (12)

N_.=E I cose,
where cos is the generator power factor.

In turn, the electrical energy We generated during
the recuperation braking process is found by integrating
the electrical power Ne of the generator by time

(12)

t2

W, = [N_dt. (13)
L1

Thus, mathematical model of hybrid vehicle’s
recuperation braking mode consists of the equations (1)
— (13). In this paper the study of the recuperation braking
mode based on the developed mathematical model is
carried out for the hybrid vehicle with the following main
parameters: vehicle mass my = 1200 kg; angle of road
inclination a = 0°; rolling friction coefficient f = 0.02;
vehicle drag area F = 1.86 m? vehicle air resistance
coefficient ky = 0.29; main gear of transmission Up=3.875;
wheel radius of the vehicle r, = 0.263 m; nominal electric
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power of the generator of the hybrid vehicle Ng; = 90 kW;
efficiency of the generator n = 0.9; generator power factor
cos¢ = 0.8; electromagnetic torque coefficient Cym = 1.93;
electromotive force coefficient Cno, = 1.022; total
resistance R, = 1.72 ohm; total inductance L, = 0.03 H;
initial speed of the wvehicle before starting of the
recuperation braking process vyo = 100 km/h.

To study the processes of recuperation braking of the
hybrid vehicle, in this work, a simulation model is created
in Matlab Simulink based on the above equations. The
functional structure of the Simulink model of the hybrid
vehicle in recuperation braking mode is presented in Fig. 1.
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Figure 1 — Functional structure of the Simulink model of the Hybrid Vehicle in Recuperation Braking Mode
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The subsystem “Pf” of the rolling resistance force @
Ps calculation has the structure, presented in Fig. 2.
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u ; oS Figure 5 — Structure of the subsystem “Pr” for the

calculation of the drag force Pr caused by
recuperation braking of the hybrid vehicle

Figure 2 — Structure of the subsystem “Pf” for the

rolling resistance force P calculation
The subsystem “Anchor” for the anchor current I,

In turn, the subsystem “Pn” of the lift resistance  calculation based on the electromotive force E; value has

force P, calculation has the following structure (Fig. 3) the structure shown in Fig. 6.
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Figure 6 — Structure of the subsystem “Anchor” for the
b—b sin anchor current Ir calculation
Finally, the structure of the subsystem “Transm” of

Figure 3 — Structure of the subsystem “Pn” of the the angular speed of the anchor rotation , calculation is
lift resistance force Pn calculation shown in Fig. 7.

Moreover, the Fig. 4 shows the subsystem “Pw” of -

the air resistance force Py, calculation.
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Figure 4 — Structure of the subsystem “Pw” of the
air resistance force Pw calculation Figure 7 — Structure of the subsystem “Transm” for the
angular speed of the anchor rotation wr calculation
The subsystem “Pr” for the calculation of the drag
force P, caused by recuperation braking of the hybrid
vehicle is presented in Fig. 5

On the basis of the developed simulation model, the
hybrid vehicle’s recuperation braking mode is simulated
with obtaining the following results.
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Conclusion

In this work the development and research of

The designed mathematical model has a rather high
adequacy to the real processes, which take place in the

hybrid vehicles in the recuperation braking mode, that is
confirmed by the obtained simulation results in the form
of graphs of transients of the main variables changes.

Further research should be conducted towards the
development of the functional structures, control devices
as well as software and hardware for automatic control
systems of the different types hybrid vehicles on the basis
of the obtained mathematical and simulation models.

mathematical and simulation models of the hybrid
vehicle’s recuperation braking mode is carried out.

The presented models are based on equations of
physics of processes and allow to study the recuperation
braking mode of the different types hybrid vehicles under
various conditions and parameters values (initial linear
vehicle’s speed, electrical power of generator, inclination
angle and the quality of the road surface, etc.).
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MATEMATHUYHE MOJAE/JTIOBAHHS PEKUMY I'AJIbBMYBAHHSA I''BPUITHUX TPAHCIIOPTHUX 3ACOBIB

Anomauia. Posensanymo cummes MamemMamuyHoi MOOeNi pPelcuMy peKynepayitinozo 2aibMy8aHHs 01a 2iOpuoH02o
agmomoobins K CKkiaoHoeo 00'ekma ynpaeninus. Ha ocHogi pospobnenoi mooeni ompumano pe3yivmamu KOMn'tomepHozo
MOOeNo8anHs sIK diazpam NepexioHux npoyecie pizHux pobouux napamempie 2iOpUOHOi cucmemu JHCUBNIEHHS MPAHCHOPNIHOZ0
3aco0y. Ananiz pezynbmamie MOOemOS8AHHS NIOMBEPOACYE AOCKEAMHICIb MAMEMAMUYHOL MO0 pexcumy peKynepayitiHo2o
2a1bMYBAHHA 2IOPUOHO020 A8MOMODINA peanbHum npoyecam. Pospobnena mooens modce 6ymu UKOPUCMAHA OIS CUHME3Y CUCTHEM
ABMOMAMUYHO20 YNPAGLIHHA eNeKMPOOBUSYHAMY, NePemeoplosayamu ROMYAICHOCMI, OIOKAMU IICUBTEHHS MA 3apAOHUMU
npucmposmu 0 2ibpudHux agmomoodinia. Ilposedeno cemamuuni ma imimayiini MoOeni pexcumy 2aibMy8aHHs peKynepayii
2ibpuonoeo agmomobins. IIpeocmasneni modeni 6azyromobcsi HA PIGHAHHAX QI3uKU npoyecié I 00360AI0Mb BUBHAMIU DEXCUM
PEKynepayiiino2o 2anibMy6anHs 2IOPUOHUX A8MOMOOLIIE PI3HUX MUNIE 3a PIHUX YMOS8 MA 3HAYEHb NAPAMempI8 (HOUAmMKO8a NHINHA
WBUOKICIb MPAHCNOPMHO2O0 3AC00Y, eeKMPUUHA NOMYHCHICIb 2eHEPamopa, Kym HAXUiy ma sSKiCmb 00po2U, NOGEPXHsI MOW0).
Pospobnena mamemamuuna mooeib Mae 0OCUmMb GUCOKY AOEKEAMHICHb PEANbHUM NPOYeCaMm, ujo 8i06yeaiomscs Ha 2i6pUOHUX
MPAHCROPMHUX  3ACO0AX Y PEANCUMI PEKYNepayiiHo2o 2aibMY8aHHs, WO RIOMEEPONCYEMbCS OMPUMAHUMU De3YTbmamamu
MOOEN08aHHs Y 6UensA0i epaiKie nepexionux 3MmiH 0CHO8HUX 3minnux. ITlooanvuii 0ocniodicenHs nosunHi Oymu npoeedeHi wooo
PO3POOKU (DYHKYIOHAILHUX CMPYKMYD, NPUCMPOI8 YNPAGIiHHA, A MAKOJIC NPOSPAMHO20 MdA Anapamuo2o 3a6e3nedeHts Oms
ABMOMAMUYHUX CUCTNEM YNPABNIHHA 2IOPUOHUMU ABMOMOOIIAMU PI3HUX MUNIE HA OCHOGI OMPUMAHUX MAMEMAMUYHUX Ma
iMimayitinux mooeneil.

Kntouoei cnosa: 2iopuonuit mpancnopmuuil 3acio; Mamemamuina Mooejib; Peicum peKynepayiiitHo2o 2anbMy8anHs
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