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EXPERIMENTAL EVALUATION OF METHODS FOR CALCULATING VEHICLE
ACCELERATION TIME

The article demonstrates that the advancement of automobiles inevitably leads to a dramatic increase in the
complexity of the mathematical description of their motion. Modern vehicles are complex technical systems comprising
numerous interconnected components and subsystems - electronic, mechanical, hydraulic, and pneumatic - each of
which influences the overall dynamic properties of the vehicle. Consequently, the use of simple analytical relationships
becomes ineffective: they do not fully account for the real physical processes occurring during acceleration, braking,
gear shifting, or changing road conditions. To calculate acceleration time standards during vehicle diagnostics, it is
advisable to use numerical methods that allow for the consideration of a large number of parameters, including engine
power and torque, transmission characteristics, air and rolling resistance, mass distribution, and road surface conditions.
Such methods ensure the required accuracy regardless of the complexity of the mathematical model and allow for the
description of nonlinear processes, transient conditions, and random parameter deviations.

The use of numerical models also opens up extensive opportunities for conducting virtual tests and preliminary
predictions of vehicle performance without the need for costly in-kind experiments. This is especially important when
developing automatic diagnostic systems that can analyze unit operating parameters in real time and identify deviations
from the norm. Furthermore, numerical methods make it possible to optimize vehicle design at the design stage, select
optimal engine and transmission operating modes, reduce fuel consumption, and improve driving safety. The ideas
presented in the article are supported by calculations of specific examples and a comparison of the obtained results with
experimental data, demonstrating the validity and practical applicability of the proposed approach. The results of this
work can be used in the development of intelligent technical control systems, modeling vehicle dynamics, and
improving methods for assessing their performance.

Key words: car, wheel, acceleration, calculation, numerical methods, discretization, step, Hyundai Accent,
Honda Accord.

INTRODUCTION

The modern automotive and transportation industries are increasingly focused on reducing their
negative impact on the environment, particularly thermal and greenhouse emissions. Addressing this
challenge is directly linked to the need to reduce fuel consumption, especially hydrocarbon fuel. An
important area of development in this area is improving the theoretical foundations of vehicle and engine
design, which allows for the creation of more fuel - efficient and environmentally friendly vehicles.

Maintaining the technical condition of rolling stock is a key task for transportation workers. This
requires promptly identifying and eliminating faults, which is achieved through regular diagnostics and
forecasting of vehicle technical conditions. Modern vehicles are typically equipped with built-in self-
diagnostic systems capable of monitoring the condition of key components and assemblies. However, in
Ukraine, the share of such vehicles remains relatively small. According to [1], the average age of the
passenger car fleet is approximately 15.5 years, indicating a significant degree of wear and tear and
obsolescence.

Furthermore, the number of specialized traction testers required for accurate diagnostics remains
limited. In this regard, simplified methods for checking the technical condition of a vehicle, which can be
performed directly by the user without the use of complex equipment or the need for specialized knowledge,
are particularly important. Such methods include, for example, determining the vehicle's acceleration or
coastdown time and subsequently comparing the obtained values with established standards [2]. These
approaches allow for a quick and accurate assessment of the engine, transmission, and chassis, making them
particularly relevant in conditions where diagnostic resources are limited.

AIM AND TASKS OF THE RESEARCH

Traditionally, the unsteady motion of a car during acceleration or coasting is described using a
differential equation:

dv . P P.—2P,
= (1)
dt m, -8 m. -8

a

where P, — is the force accelerating the vehicle;
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P, — is the circumferential force on the drive wheels;

>P.—is the total resistance force to movement;

m, — is the mass of the vehicle with the load;

— is the coefficient for taking into account rotating masses (the product m, * & is the reduced mass of
the vehicle).

Menmpikio H
P=——— 2P.=tP +P;, +P,; P =m,0-i;, Pr=m,g-f;
r

K

P, =05pC F-Vv? )

where M, — is the effective engine torque, Nm;

nye— 1S the transmission efficiency;

i, io — are the gear ratios of the transmission and final drive;

r.— is the dynamic radius of the wheel, m;

P, P, P,, — are the downward rolling resistance, rolling resistance, and air resistance, respectively, in

g — is the acceleration due to gravity, 9.81 m/s%;
i —is the slope;
f — is the rolling resistance coefficient;
p — is the air density, kg/m?;
C, — is the aerodynamic drag coefficient;
— is the frontal area of the vehicle, m?;
v is the speed, m/s.

RESEARCH RESULTS

The process of simulating the unsteady motion of a vehicle on a roller rig is described in a virtually
identical manner. The fundamental difference is that in this case, it's not the vehicle itself that accelerates,
but the rig's rollers, which are connected to the flywheels and other rotating masses. The system is subject to
a different type of resistance than when the vehicle is moving on the road.

Differential equation (1), which describes the dynamics of such a process, is solved relatively simply
in cases where all its parameters and functions depend on velocity to a power of no greater than two. After
combining the coefficients for equal powers of velocity and dividing the resulting expression by the total
reduced mass of the system, the equation can be represented in the following form:

ﬂ+Av2+Bv+C:0 or ZL:—dt.
dt Av°+Bv+C
The integral of the right side is —t. The integral of the left side:
| dv 1 [2Av+B-V-2a)
AZ+BV+C J-A ‘2Av+B+«/ Al

Where A=4AC — B?, and A<O0.

. [ 2AV, +B—=A| | [2Av, +B-V-4| -
‘2Av +B++/- ‘ ‘2Av +B++— ‘
If A>0, then
1 2Av, +B 2Av, +B
t==——|arcty —2— —arctg ———— J (4)
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DISCUSSION OF THE RESEARCH RESULTS

This method ensures satisfactory agreement between calculated data and experimental results in
cases where the dependence of engine torque on engine speed can be accurately approximated by a square
parabola. However, even for carbureted engines, such a simplified description of the torque characteristic is
only a rough approximation and does not always yield reliable results.

In situations where the differential equation of dynamics includes third-degree terms, E. A.
Belogurov [2] proposed the following general solution:

+— +
In (Vz - yl)

o [ In (v, - yl)J B, In‘vl’"+pvl + q‘
B 2 In‘vz2 +pv, +q‘

(®)

( Blpj 2 2v, +p 2V, +p
+|C, - arct —— —_—

2 )\4q-p’ V4q - p’ V4q-p?

The resulting formula is already significantly cumbersome and inconvenient for practical application.
Meanwhile, for modern injection engines with electronic control systems, the dependence of torque on
crankshaft speed is becoming increasingly complex. In such cases, the torque curve is described not by
simple second- or third-degree polynomials, but by expressions of the fourth to sixth degree, or even by
several functions with a piecewise approximation (Fig. 1). A similar situation is observed for driving
resistances, which also have a complex nonlinear dependence on vehicle speed.

With such a complex nature of parameter changes, the use of labor-intensive analytical
approximations and subsequent integration of cumbersome expressions becomes pointless. This approach
requires significant computational effort and does not guarantee high accuracy, since the original

dependences are still only an approximate description of real processes. The result is only a rough estimate
of the desired quantities, not their reliable values, which reduces the practical value of the obtained results.
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Fig. 1. Torque on the drive wheels of the Honda Accord [3].
Table 1
Piecewise approximation of characteristic sections of the torque curve at the drive wheels of a Honda
Accord
Speed range Approximation formula
From 1000 to 3009 y =-7,1602-10 °x° + 3,4648-10 °x" — 3,3273-10 °x + 126,88
From 3009 to 6806 y =—5,7073-10 °x* + 5,1800-10 °x + 40,369
From 3009 to 4311 y =—8,0338-10 °x° + 8,7483-10 °x* —3,0390- 10 'x + 486,63
From 4311 to 5518 y=4,0051-10 "% — 5,5474-10 °x* + 2,4920- 10 "x — 205,54
From 5518 to 6806 y =-3,1948-10 x* + 7,8463-10 'x° —7,2183-10 °x” + 29,461x —44839
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Validation of Numerical Methods. Numerical methods for solving vehicle dynamics problems are well
known and widely used in practice. The examples below examine real-world cases of vehicle diagnostics,
particularly when testing their traction characteristics. The main goal of such diagnostic procedures is to
determine the actual engine torque as a fraction of its nominal value. This fraction is determined by
comparing the calculated vehicle acceleration time with the experimentally measured one.

The purpose of this analysis is to evaluate the accuracy of the numerical method—specifically, to
identify and quantify two error components: the error associated with the numerical solution of the
differential equation and the error caused by the approximation of the initial relationships.

Example 1. It is necessary to evaluate methods for calculating the acceleration time of a Honda
Accord on a road section from 60 to 100 km/h (the so-called elasticity test). During field tests conducted by
Autoreview magazine [4], the car demonstrated an acceleration time of 6.7 seconds in Drive mode.

The torque at the vehicle's drive wheels, i.e., the torque measured by the engine's external speed
characteristic (ESC) minus transmission losses, is shown in Figure 1. Figure 2 shows the automatic
transmission (AT) gear shift sequence during acceleration. The graph shows that acceleration from 60 to 100
km/h is accomplished in second gear, with the crankshaft speed range being from 3179 to 5298 min~ '.

0 113 163

Engine speed (x1000/min)

40 80 120 160 200 240
Speed, km/h
Fig. 2. Acceleration graph of the Honda Accord [4]

The vehicle's final drive ratio is i, = 4.437. Goodyear UG 500 205/55 R16 tires have a dynamic
radius r(7 = 0.307 m. These tires are classified as ECO in terms of rolling resistance [5].

The vehicle's unladen weight, determined based on weighing results at the test site, is 1,280 kg. Since
information on the actual load is unavailable, the minimum standard load for a passenger car of 180 kg, is
assumed in the calculations. Therefore, the total vehicle weight, including the driver, passengers, and
measuring equipment, is m, = 1,460 kg.

The reduced mass of the rotating wheels is 43 kg, and that of the driven transmission elements is 6.4
kg (determined experimentally using the bifilar suspension and coasting methods). The calculated effective
mass of the engine and transmission in second gear is 149 kg. Consequently, the total effective mass of the
vehicle during acceleration is 1,658 kg.

The manufacturer's stated aerodynamic drag coefficient is Cy = 0.31 [6]. However, according to the
results of processing the experimental coastdown data, performed using the methodology [5] based on tests
conducted by Autoreview magazine, the actual value of the coefficient was C, = 0.381.

Vehicle frontal area (calculated):

F=084-B-H

where B, H are the width and height of the vehicle, respectively, in m.
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F=0,84-1,715-1,44=2,074 M

The air density on the day of the Autoreview experiment is unknown. Therefore, the standard average
value commonly used in similar problems, p = 1.2 kg/m?, was adopted in the calculations.

The dependence of the torque on the drive wheels on the crankshaft speed in the range of 3000-6800
min~ ' is shown in Figure 1 (dashed line, second line of the caption). For this frequency range, this
dependence is approximated by the following equation:

M, =-571.10°-n” +518-107°n +40,4. (6)

Substituting (5) into (2), we obtain the dependence of the traction force on the torque; in numbers for
the 2nd gear:

M, -1534-3945
© 0,303

=M, -17,8=-1140-10"* -n* +1,035- n + 806. 7)

Further calculations will become more convenient if we switch from crankshaft revolutions to vehicle
speed in m/s:

Vel ol 9155v-1,534-3,945 <191y | ®)

n=955
r, 0,303

Then the dependence of the traction force on the speed will take the form
P. =—415-v* +197-v +806. )
The equation for the dependence of air resistance on speed:
P,=05pC F-v*=05-12-0,38-2,074-v* = 0,473v* (10)

Based on the vehicle coasting [4], the rolling resistance coefficient f = 0.0122 was calculated for a
speed of 6.6 m/s (23.75 km/h), therefore the f(v) dependence was adopted according to the upper curve for
ECO tires [7], which gives a close value of 0.01238 for this speed:

f(v) =1,36-10" v* - 7,54-10° v + 0,01248 (11)

Coefficient that takes into account the reduction in rolling resistance when tires are not fully loaded
(at Gpax = 615 kg for tires with index 91):

Ke =13-03-4-G,,, /m, =13-0,3-4-615/1460 ~ 0,80 (12)
Then the dependence of the rolling resistance force on speed:
P, =m.g- f(v)-K, =2,73:10% v* -0,471v +152.(13)
The force accelerating the car:
P,=P,—3P,= —411-v* +176v +565. (14)

The equation of motion of a car during acceleration:
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v _

dt

j, =—2,19-10°v* +9,39-10°v +3,22-10" .

(15)

The solution using formula (3) yielded a time value of 6.6996321 s, which is closest to the 6.7 s
measured in the test, with the engine torque reduced to 89.4%. The results of the numerical calculations are

shown in Table 2.

Table 2

Results of calculating acceleration times from 60 to 100 km/h using a numerical method with different
speed increments

Step, km/h Time from 60 to calcﬁll; St?cl)ztgrror Relative.error of
' 100 km/h AL s calculation g, %
By solving the differential
equation 6,6996321 0 0
0,5 6,699673 4,072-10° 0,000608
1 6,699795 0,000163 0,002432
2 6,700284 0,000652 0,009733
5 6,703712668 0,004081 0,060907
10 6,716027314 0,016395214 0,244718124
20 6,766356427 0,066724327 0,995940172

As the table shows, even at a 10 km/h increment, the numerical calculation result deviates from the
differential equation solution by less than 0.02 s. This is a relatively small error, as acceleration time is
typically measured to the first decimal place. Therefore, using a numerical calculation instead of a general
solution to the differential equation is acceptable.

In the example shown, the diagnosis was: torque is reduced to 0.894 of the nominal value. This value
is excessively low for a practically new car, too close to the maximum of 0.85. It is possible that the
diagnosis is incorrect, caused by an excessively rough approximation of the section of the torque curve from
3000 to 6800 min—-1. To estimate the error caused by the approximation, the torque characteristic was
represented as a piecewise smooth curve, broken down into characteristic sections, and approximated by
polynomials of degrees 3—4 (Fig. 1). The acceleration calculation was performed in 5 km/h increments — as
shown in Table 1, this yields an error of less than 0.1%. The calculated acceleration time at a torque of 0.894
was 7.04 s (versus 6.7 s for the general approximation of the 3000...6800 min—1 section). A discrepancy of
0.34 s is 80 times greater than the error of the numerical method of 0.00408 s.

The diagnosis made using the piecewise approximation is 93.3% of the nominal value. Since the car is
new, this is a more probable estimate.

A more refined solution in general would require solving three differential equations for three
sections, where the dependencies are described by polynomials of degrees 3 and 4, and the integrals are not
reducible to tabular ones. Under these conditions, the numerical method should be considered more rational.

Example 2. Evaluate methods for calculating the acceleration time in fourth gear (ix = 1.031) for the
drive wheels of a Hyundai Accent vehicle using the PDS KHADII test rig (certified by the Institute of
Metrology, certificate No. 100-2151/2006). In our experiment, the average acceleration time from 50 to 70
km/h was 1.60 s with a load (additional resistance) of Pu = 600 N created by the rig's hydraulic brake.

The engine's maximum torque curve is shown in Fig. 3. The actual torque as a percentage of the
nominal torque is Km = 0.9835 (our measurement on the rig in steady-state mode). The final drive ratio is i0
=4.412. We will adopt the efficiency of the mechanical transmission as nrp = 0.92. The dynamic radius of
Fulda Montero 2 195/65 R15 91T tires on a working roller with a diameter of 0.24 m is rd = 0.295 m. The
load on the drive wheels, taking into account the operator's weight, is 800 kg. The reduced mass of the rig is
200 kg (included in the design, verified using the drop weight method). The reduced mass of the two drive
wheels and the driven part of the transmission is 27.5 kg (our measurements). The calculated reduced mass
of the engine with the driving part of the transmission in 4th gear is 61.8 kg. Total reduced mass of the
system tpr.s = 289.3 kg.
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Fig. 3. External speed characteristics of the Hyundai Accent 1.4 petrol engine [8]

The generally accepted range for testing traction properties from 50 to 70 km/h corresponds to

speeds from 2045 to 2863 min-1. This section is marked in Fig. 3 with triangular markers and is
approximated by a second-degree polynomial.

M, =1-10°n* -3,9-10%n +157 (16)
Traction force on this section in 4th gear:

M, i iy 1031 .
p _Mehido (M, 10814412002 (oo
r, 0,295 17)
=M, -1395=1,372-10* - n® — 0,535n + 2154.

Relationship between the crankshaft rotation speed and the linear speed of the wheel contact with the
rollers in m/s:

Ny =955 T _gggV 10314412 ) \7, (18)
r, 0,295

Traction force versus speed:
P. =2975-v* —788-v +2154.(19)

The dependence of the total resistance force to rotation of the wheels and rollers of the stand on the
speed (our measurement):

P, =0,460-v*> —8,98-v +404. (20)
Accelerating force:
P,=P,—Ps— P, = 2,515-v* —69,8-V +1150. (21)

The acceleration equation for a system with reduced mass tpr.s = 289.3 kg:
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v _

= s =8,693-10° -v* —2-0,1206 v +5,06 . (22)

Here A>0, and the solution using formula (4) yielded an acceleration time from 50 to 70 km/h of
1.6009506 s. The results of the numerical calculation are shown in Table 3.

Table 3 Results of calculating acceleration time from 50 to 70 km/h using a numerical method
with different speed increments

Time from 50 to Absplute Relative error of
Step, km/h calculation error .
70 km/h ALS calculation ¢, %
By solving the differential
equation 1,600951 0 0
1 1,600897 —0,00005 -0,0034
2 1,600734 —-0,00022 -0,0135
5 1,599599 -0,00135 -0,0844
10 1,595568 —0,00538 -0,3362

An attempt to apply a general approximation of the torque curve to this example using a fourth-degree
polynomial (Fig. 3) yielded a clearly erroneous result of 2.2 s.

In both examples, the acceleration was described by a second-degree polynomial. If we analyze more
complex cases, using fourth- to sixth-degree polynomials, the general solution will be cumbersome and
difficult to use, and the numerical method will be the only viable solution.

CONCLUSIONS

The numerical method can yield negligible errors even with a fairly coarse partitioning of the range
into intervals.

The error caused by a generalized approximation can be excessively large, so it is better to use a
piecewise approximation.
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HO0.B. 3ubues, II1.A. Bopowunos, IM. Illegepdin. ExcnepuMeHTaJbHa OLIHKA MeETONIB
PO3paxyHKY 4Yacy po3roHy TPaHCIOPTHOIO 3aC00y

VY crarTi mOKa3zaHO, IO PO3BHTOK aBTOMOOUIIB HEMHWHYYE IPH3BOAMUTH JO PIi3KOTO 3POCTaHHS
CKJIQJIHOCTI MaTeMaTHYHOTO OMUCY IXHBOro pyxy. CydacHi TPaHCHOPTHI 3aCO0M — II¢ CKJIaJHI TEeXHIYHI
CUCTEMH, IO CKIAJATHhCA 3 YHCICHHHX B3a€EMOIIOB’SI3aHMX KOMIIOHEHTIB Ta MiJICHCTEM — EIIEKTPOHHUX,
MEXaHIYHUX, TIPaBIIYHUX Ta THEBMATUYHUX — KOXKHA 3 SKUX BIUTUBAE HA 3aralibHi TUHAMIYHI BIACTHBOCTI
TPAHCIOPTHOTO 3aco0y. OTKe, BUKOPUCTAHHS MPOCTHX aHAIITUYHHUX CIIBBIIHOIICHb CTA€ HEC(PEKTHUBHHM:
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BOHH HE IIOBHICTIO BpaxOBYIOTh peajbHi (i3MuHI MPOLECH, IO BiAOYBAalOThCS I Yac pO3TOHY,
raJbMYyBaHH, IEPEMUKAHHA Tiepenad abo 3MiHU TOPOXKHIX YMOB. JIJIsl po3paxyHKy HOPM Yacy pO3TOHY IIij
Yac MiarHOCTHUKH TPAHCIIOPTHOTO 3aco0y AOLIJIIHO BHKOPUCTOBYBAaTH YHCIIOBI METOAHM, IO JO3BOJSIOTH
BpPaxOBYBAaTH BENUKY KUIbKICTh MapaMeTpiB, BKJIIOYAIOYM MOTYXHICTh 1 KPYTHHH MOMEHT JABWIYHA,
XapaKTEPUCTHKHU TPAHCMICIi, OITip MOBITPS Ta KOYCHHIO, PO3IOILT MACH Ta CTaH JOPOKHBOTO MOKPUTTS. Taki
MEeTO 3a0e3MeuyloTh HEOOXiHYy TOYHICTh HE3aJIeKHO BiJ] CKIAQOHOCTI MaTeMaTHYHOI Mojaemni Ta
JI03BOJISIIOTH OMUCYBATH HEJiHIMHI MPOLIECH, TIEPEXiAHI PeXKUMH Ta BUITAKOBI BIIXUICHHS MapaMeTpiB.

BukopucTaHHs 4YHCIIOBHX MOJENEHl TAaKOXK BIIKpPUBA€ IIMPOKI MOMKIMBOCTI ISl TPOBEACHHS
BIpTyaJbHUX BUIPOOYBaHB Ta MOMEPETHHOTO MPOTHO3YBAHHS XapaKTEPUCTHK TPAHCIOPTHHX 3aco0iB 0e3
HEOOXIAHOCTI MPOBENEHHS JOPOTHX HATypajbHUX eKClepuMeHTiB. Lle 0coOiarBO BaskiIMBO NMpH po3poOLi
ABTOMATUYHUX IIarHOCTHYHHUX CUCTEM, SKi MOXKYTh aHaji3yBaTH poOOdYi MapaMeTpH arperatiB y pexumi
peaslbHOTO dYacy Ta BHSBIITA BIiAXWIEHHS Bix HOpMH. KpiM TOro, YHCIOBI METOIM O3BOISIOTH
ONTUMI3yBaTH KOHCTPYKIIIIO TPaHCIOPTHOTO 3aco0y Ha eTami NPOSKTYBaHHS, BUOUpPATH ONTHUMAIbHI
PEXUMH poOOTH ABUTYHA Ta TPAHCMICii, 3MEHIIYBaTH BUTpATy MaJMBa Ta MiJBUILYBaTH Oe3neky pyxy. luei,
MIPENICTaBIeHI B CTaTTi, MATBEPKYIOTHCA PO3paXyHKaMH Ha KOHKPETHUX IPHUKIAgaX Ta MOPIBHSHHIM
OTPUMAaHHX PE3YJbTATIB 3 €KCIICPUMEHTAIBHIMHU JaHUMH, 110 JAEMOHCTPY€E OOIPYHTOBAHICTh Ta MPAKTUYHY
3aCTOCOBHICTh 3alPOMOHOBAHOTO TMinxomy. Pesymbrate miei poOOTH MOXYTh OYTH BHKOPHCTaHI NpHU
PO3po0IIi IHTENEKTya IhbHUX CUCTEM TEXHIYHOTO KepyBaHHS, MOJICITIOBaHHI JMHAMIKH TPAHCTIOPTHUX 3aC00iB
Ta BIOCKOHAJIEHHI METO/IB OI[iHKH IXHBOI MPOTyKTUBHOCTI.

KirodoBi crnoBa: aBTOMOOIB, KOJIECO, IPUCKOPEHHS, PO3PAXyHOK, YUCIOBI METOIH, AUCKPETH3AIlis,
kpok, Hyundai Accent, Honda Accord.
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