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Abstract. The article examined the results of an experimental study on the energy-efficiency indicators of a
hybrid electric automotive power unit based on a spark-ignition engine. The purpose of the study was to conduct a
comprehensive assessment of the energy efficiency of a hybrid electric automotive power unit based on a spark-ignition
engine. The research method involved experimental bench tests of a hybrid electric automotive power unit in defined
operating modes to determine the regularities of changes in control parameters of the internal combustion engine,
electrical subsystems, fuel economy, and environmental indicators. The experimental study of the hybrid electric
automotive power unit identified regularities in energy-efficiency indicators and working-process characteristics
depending on the output shaft rotational speed and power. Changes were observed in the speed and load modes of
the internal combustion engine, motor generator 1, and motor generator 2, as well as in fuel consumption, the air-fuel
equivalence ratio, and the ignition timing of the internal combustion engine. The state of charge of the traction battery,
thermal-regime parameters of the air supply, lubrication, cooling, and exhaust systems of the internal combustion
engine, motor generator 1, motor generator 2, inverter, and battery, and exhaust pollutant concentrations and their
neutralisation efficiency were also analysed. Notably, a nearly direct relationship was found between the rotational speed
and load of the internal combustion engine and the overall load mode of the power unit. Controlling the air-fuel mixture
composition and ignition timing in all modes ensured high fuel efficiency and low emissions of harmful substances.
High energy-efficiency indicators under various operating conditions were achieved due to the electric subsystem of the
power unit, which provided optimal control of the speed and load mode of the internal combustion engine

Keywords: torque; hybrid transmission; operating mode; traction battery state of charge; fuel economy;
environmental indicators

Introduction
The most common sources of energy in transport, par-  contributors to environmental pollution through harmful
ticularly in the automotive sector, remain internal com-  substances emitted with engine exhaust gases. The per-
bustion engines (ICEs). Consequently, motor vehicles formance indicators of automotive engines depend on
are significant consumers of fuel resources and major the nature and characteristics of their energy conversion
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processes, the fuels used, parameter regulation, and their
technical condition. At the same time, these features of the
working processes largely determine the level of pollutant
emissions. Therefore, fuel economy indicators, as well as
the energy and environmental performance of engines,
can be combined into a general group of energy-efficiency
indicators. Modern requirements for automotive vehicles,
particularly Regulation (EU) 2019/631 (2019), emphasise
substantial reductions in carbon dioxide emissions, pri-
marily achieved through improvements in fuel economy.
For this reason, continuous efforts are made to improve
the working processes of automotive engines to achieve
higher fuel-efficiency levels, as noted by P. Kumbar (2020)
and D. Rimpas et al. (2025). One of the approaches to such
improvement is enhancing engine efficiency under the
most common operational modes. According to Y. Pan et
al. (2025), a relevant direction in the development of au-
tomotive engines is the adjustment of their operating
modes toward those that ensure high efficiency through
the use of a hybrid electric drivetrain. Among such hybrid
electric automotive power units, spark-ignition engines
have become the most widely used. A significant num-
ber of recent studies have been devoted to determining
the performance indicators of hybrid electric automotive
power units. N. Sergienko et al. (2023) presented simu-
lation models of the control and monitoring system and
provides an investigation of the dynamic behaviour of pa-
rameters of elements of a hybrid vehicle with a series-par-
allel drivetrain using simulation modelling in the Matlab/
Simulink environment. The analysis by O.V. Bazhynov &
M.M. Kravtsov (2023) is devoted to theoretical research on
methods for assessing the performance indicators of elec-
tric and hybrid vehicles during operation, with particular
regard to the vehicle’s average speed. The work by B. Sar-
kan et al. (2019) highlighted the significance of hybrid ve-
hicles in urban traffic from an environmental perspective.
Results obtained using an exhaust gas analyser, together
with emission calculations based on engine control unit
data, indicate that during urban operation the hybrid ve-
hicle functioned in electric-drive mode for up to 75.40%
of the time, while CO,, HC, and NOx emissions were sub-
stantially lower than those of conventional vehicles of a
comparable class. C. Saju et al. (2022) examined the is-
sue of optimal control of hybrid vehicle drivetrain com-
ponents and determined vehicle characteristics through
modelling in Matlab/Simulink using the EPA HWFET
(United States Environmental Protection Agency Highway
Fuel Economy Test) highway driving cycle (United States)
to evaluate fuel economy.

N.N. Mustafi (2021) provided an overview of modern
hybrid electric vehicle technologies, including an analy-
sis of the main configurations combining different ener-
gy sources, characteristics of hybrid system components,
methods of energy storage and conversion, hybrid power-
train control strategies, environmental indicators, and the
critical problems and challenges faced by contemporary
hybrid power units. Among the most significant issues
identified are: the efficiency, availability, and reliability of
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electrical energy storage systems; effective management
of energy flows from various sources; efficient system
architecture based on power-demand and cost consid-
erations; efficiency and reliability of power electronics;
characteristics of primary electric machines; and effective
control of key hybrid power unit components. The work
by Y. Wang et al. (2021) presented a novel hybrid power
unit based on a linear free-piston engine intended for hy-
brid light commercial urban vehicles. The study analysed
the efficiency of the proposed hybrid power unit as well as
the various factors influencing its performance. M. Tomi-
ta et al. (2024) described new Toyota technologies aimed
at enhancing Toyota Prius hybrid vehicles to increase their
efficiency and reduce CO, emissions globally. In particu-
lar, improvements were made to traction battery capac-
ity, transmission efficiency, internal combustion engine
energy efficiency, and power-electronics performance.
These advancements led to an increase in the elec-
tric-drive range to 72 km while simultaneously enhancing
overall energy efficiency. The work by A.N.E Abdelbaky et
al. (2025) investigated the efficiency of implementing a
series-parallel hybrid electric powertrain in a commercial
VW (Volkswagen) Crafter vehicle equipped with a diesel
engine, with respect to fuel consumption, CO, emissions,
and driving range under standard driving cycles (New Eu-
ropean Driving Cycle, Worldwide Harmonised Light Vehi-
cles Test Procedure, Federal Test Procedure-75, and HW-
FET). The results of Matlab/Simulink modelling indicate
that the average fuel consumption and CO, emissions are
reduced by about 29%, while the driving range increases
by nearly 41% when using a hybrid powertrain compared
with a conventional one, provided that the nominal pow-
er and torque are similar. At the same time, the study by
E.V. Rojas-Reinoso et al. (2024) showed that despite the
declared high fuel efficiency and low CO, emissions, vehi-
cles with hybrid electric powertrains may exhibit reduced
fuel economy under conditions of extremely dense traffic
with severe congestion. Based on the results of this study,
the dependence of fuel consumption for vehicles with
gasoline engines of various displacements and for a vehi-
cle with a hybrid powertrain was analysed under condi-
tions of overloaded urban highways in high-altitude areas.
The highest fuel efficiency was demonstrated by the ve-
hicle with the smallest analysed engine displacement of
1.2 L, whereas the hybrid vehicle showed relatively high
fuel consumption under the specified driving conditions.
The analysis of these and other recent studies in the
field of hybrid electric automotive power units demon-
strates the significant interest of researchers and automo-
tive developers in such transport energy-supply technolo-
gies. Leading global automotive companies have already
developed and continue to refine hybrid vehicle com-
ponents. However, substantial unresolved critical issues
remain concerning the efficiency, reliability, and cost of
hybrid electric power units. In Ukraine, the development
of hybrid electric vehicle technologies is at an early stage,
prompting furtherresearchin this direction, particularly the
study of existing technologies, their efficiency, and features



of implementation. This will enable the introduction and
development of such power units in the domestic automo-
tive sector to enhance energy efficiency and environmen-
tal safety. A primary step in studying existing hybrid power
units is experimental laboratory research, which makes it
possible to determine the main operational characteristics
of these units and the regularities of controlling their op-
erating modes. The aim of the work was a comprehensive
assessment of the energy efficiency of a hybrid electric au-
tomotive power unit featuring a spark-ignition engine. To
achieve this objective, the following tasks were carried out:

1. Development of a structural and functional di-
agram of an experimental setup and justification of the
technical characteristics of the equipment necessary for
conducting experimental research on a hybrid electric
motor unit for a vehicle.

2. Conducting experimental bench tests to determine
energy efficiency indicators and study the features of the
working processes of a hybrid electric motor unit of a car
based on an internal combustion engine.

7
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3. Conducting a comprehensive analysis and scien-
tific discussion of the results of experimental studies of
the energy efficiency indicators of a hybrid electric motor
unit for a car, with an assessment of their practical and
theoretical significance.

Materials and Methods

The object of the experimental research was the hybrid
electric power unit of a Toyota Prius vehicle equipped
with a 1NZ-FXE spark-ignition engine (4FS 7.5/8.47) with
arated power of 57 kW, featuring electronically controlled
fuel injection, variable valve timing, and an exhaust-gas
(EG) aftertreatment system with a three-way catalytic
converter (Fig. 1). The setup was installed in the Engine
Testing Laboratory of the Department of “Engines and
Heating Engineering” at the National Transport Univer-
sity (Ukraine). The subject of the study was the influence
of operating modes on the energy efficiency indicators
of a hybrid electric automotive power unit based on a
spark-ignition engine.

15 14 3

Figure 1. A hybrid electric power unit equipped with a Toyota 1NZ-FXE engine
Note: 1 — accelerator pedal with a device for fixing its position; 2 — transmission mode selector; 3 — inverter and transmission cooling
system; 4 — ICE cooling system; 5 — diagnostic device for connection to the OBD (on-board diagnostics) data-reading system; 6 — exhaust
gas sampling system; 7 — instrument panel; 8 — energy flow monitor; 9 — ICE; 10 — hybrid transmission; 11 — exhaust and exhaust-gas
aftertreatment system; 12 — electric load machine; 13 - fuel supply system; 14 — inverter; 15 — high-voltage traction battery; 16 — oil

temperature measurement device
Source: authors’ photo

Figure 1 depicts a hybrid electric power unit featuring
an engine, highlighting key components like energy mon-
itoring, cooling systems, and diagnostic tools. It demon-
strates the integration of traditional ICE technology with
hybrid systems, ensuring optimised performance, fuel effi-
ciency, and emissions control. The experimental setup also

includes other components not shown in Figure 1, in par-
ticular: a brake pedal, a control panel for the load machine,
a power unit control system, a device for displaying OBD
system parameters, and gas analysis equipment for deter-
mining the composition of the exhaust gases. A brief tech-
nical specification of the power unit is provided in Table 1.

Table 1. Brief technical specifications of the experimental research object

No. Parameter name Parameter value
1 Engine model INZ-FXE
2 Number of cylinders 4
3 Firing order 1-3-4-2
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Table 1, Continued

No. Parameter name Parameter value
4 Cylinder arrangement inline
5 Displacement, L 1.497
6 Cylinder bore and stroke, mm 75/84.7
7 Compression ratio 13
8 Number of intake/exhaust valves per cylinder, pcs 2/2
9 Rated power, kW 57 at 5,000 min-!
10 Maximum torque, Nm 111 at 4,200 min-!
11 Fuel type gasoline A-95
12 Fuel injection system port fuel injection
13 Variable valve timing system hydraulically controlled camshaft drive clutch
14 Ignition system electronic, with individual ignition coils and knock control
15 Exhaust gas aftertreatment system three-way catalytic converter
16 Hybrid system type series-parallel
17 Traction battery type nickel-metal hydride (NiMH)
18 Battery voltage, V 201.6
19 Traction battery capacity, kWh 1.31
20 Battery mass, kg 40.3
21 Battery power, kW 21
22 Inverter voltage range, V 200...500
23 Type of MG1 and MG2 motor-generators AC motors with permanent-magnet rotors
24 Rated power of MG1, kW 33
25 Rated power of MG2, kW 50 at 1,200...1,540 min-!
26 Maximum torque of MG2, Nm 400 at 0...1,200 min-!
27 Hybrid transmission single planetary gearset for power-split
28 Planetary gearset ratio -2.6
29 Final drive ratio 4.113
30 Maximum system power, kW 82 at>85km/h
31 Maximum system torque, Nm 478 at<22 km/h

Note: MG - motor generator

Source: developed by the authors based on Toyota Motor Sales (2004), R.H. Staunton et al. (2006), Toyota Motor Europe (n.d.)

The power unit consists of two main parts: the ICE
and its associated systems, and the electrical subsystem.
The ICE is an inline four-cylinder gasoline engine with
a four-valve valve train, spark ignition, and a relatively
high geometric compression ratio, operating on an At-
kinson cycle with a high expansion ratio. The electrical

subsystem of the hybrid power unit is based on a se-
ries-parallel configuration with a nickel-metal hydride
high-voltage battery, two synchronous alternating current
electric machines (MG1, and MG2), and a planetary gear
set for power splitting. The schematic diagram of the ex-
perimental setup is shown in Figure 2.
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Figure 2. Diagram of the experimental setup

Source: developed by the authors
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The structure of the experimental setup comprises
four subsystems: the test control subsystem (A), the in-
formation subsystem (B), the power subsystem (C), and
the thermal management subsystem (D). The test con-
trol subsystem (A) consists of the accelerator and brake
pedals, the transmission mode selector, and the control
panel of the load unit. The information subsystem (B)
includes devices for data display and acquisition, name-
ly the OBD system parameters interface, gas analysis
equipment for determining exhaust gas composition,

Table 2. Specifications of the instruments

No. Measured parameter Unit

Brake test bench parameters
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the instrument panel, and the energy flow monitor. The
power subsystem (C) comprises the ICE, the hybrid
transmission with MG1 and MG2, the fuel supply sys-
tem of the ICE, the high-voltage battery, the inverter, the
exhaust and exhaust-gas aftertreatment system, and the
electric load machine. The operating modes of the power
unit components are controlled by the control system.
Measurement accuracy was evaluated based on the ab-
solute or relative errors of the respective instruments and
sensors listed in Table 2.

and equipment used during the experiment

Measuring instruments Error

SAK-670 with electric brake machine GPF al7h, 250 kW,
1 Brake test bench - . -
max 3200 min-!
2 Rotor speed min-! Pulse device for measuring rotational speed £1
3 Torque N-m Dynamometric link with strain-gauge sensor 0.01%
Fuel consumption measurement system parameters
4 Fuel mass kg Electronic scales MERA VM-2/3 +0.0005
5 Time S Stopwatch +0.01
Power unit control system parameters
6 Power unit control parameters - . Device for connection -
to engine control system (OBDII), laptop

7 Crankshaft speed min-! Hall-effect rod sensor +0.25
8 Mass air flow g/s Hot-wire air flow meter +0.01
9 Intake manifold air temperature °C Temperature sensor with thermistor *1
10 Ignition timing advance °CA Individual ignition coil +0.5
11 Coolant temperature °C Temperature sensor with thermistor +1
12 Throttle valve opening angle deg Potentiometric throttle position sensor +0.1
13 Oil pressure in lubrication system kgf/cm? Low-pressure warning sensor +0.01
14 Exhaust gas temperature °C Thermistor in wideband A-sensor housing +1
15 Excess air ratio - Wideband A-sensor before catalytic converter +0.001
16 Vehicle speed km/h Half-shaft rotation speed sensor +1
17 Inverter temperature MG1/MG2 °C Thermistor in MG1/MG2 inverter housing +1
18 MG1/MG2 speed min-! Inductive sensors +1
19 MG1/MG2 torque N-m Equivalent electric current meter +0.125
20 Traction battery state of charge % Battery current and voltage meters +1
21 MG1/MG2 temperatures °C Thermistor in MG1/MG2 housing *1
22 Traction battery temperature (1,2,3) °C Thermistors 1, 2, 3 in battery housing +1

Lubrication system condition parameters
23 Engine oil temperature in oil pan ‘ °C Bosch BEA 030 temperature meter *1
Exhaust gas composition
24 O, concentration in exhaust gases vol.% +0.010
25 CO concentration in exhaust gases vol.% +0.001
26 CO, concentration in exhaust gases vol.% Multicomponent gas analyser Bosch BEA 060 +0.010
27 C,H, concentration in exhaust gases ppm +1.0
28 NO, concentration in exhaust gases pPpm +1.0
29 | Excess air ratio (\) from exhaust gas composition - +0.001
Ambient conditions

30 Atmospheric pressure Pa Barometric aneroid ND-49-A +100
31 Air temperature °C Mercury thermometer +0.1%
32 Relative humidity % Hair hygrometer +2.5

Source: developed by the authors

Table 2 presented brief specifications of the instru-
ments and equipment used in the study. The measuring
equipment includes instruments for measuring the rota-
tional speed and torque at the output shaft of the pow-
er unit using the SAK-670 test bench with the GPF al7h
electric brake machine; fuel consumption by the weight

method; parameters of the power unit control system by
means of the corresponding built-in sensors and by read-
ing the obtained values from the onboard OBD system
using an appropriate adapter and a laptop; oil tempera-
ture in the ICE lubrication system using a Bosch BEA 030
sensor; exhaust gas composition using a Bosch BEA 060
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multicomponent gas analyser; and ambient environ-
mental parameters. During the experimental studies, the
following parameters were measured using the specified
equipment: output shaft rotational speed n; torque on
the output shaft of the power unit M; engine crankshaft
rotational speed n, throttle opening degree ¢,,; hourly
fuel consumption G;,; hourly air consumption G,; in-
take manifold air temperature ¢,,; excess air ratio a; igni-
tion timing advance 6; engine coolant temperature ¢,,;
oil temperature f,,; exhaust gas temperature f,; trac-
tion battery state of charge S, rotational speed of MG1
N, torque of MG1 M,,.,; rotational speed of MG2 n,,.,;
torque of MG2 M, ., MG1 temperature f,,,; MG2 temper-
ature t,,,,, MG1 inverter temperature f,,,,,;; MG2 inverter
temperature f,,,,,» traction battery temperatures fg,, t;,
1,5 exhaust gas concentrations of O, (C,,), CO (C_,), CO,
(Ceon)y C,H, (Cepin)y and NOy (Cy,,); and the equivalent
vehicle speed V,. The parameters of the power unit control
system, determined by reading them from the onboard
OBD system during measurements at each test point,
were accumulated in the corresponding data file with a
time interval of approximately 1 s. For further analysis, the
arithmetic mean values of these parameters over the time
interval corresponding to each test mode were used. The
experimental research programme included determining
a series of load characteristics of the hybrid power unit
at output shaft rotational speeds of 250 min-!, 500 min-!,
and 750 min-'. The load characteristics were determined
by measuring the specified parameters under steady-state
conditions with selected loads ranging from minimum to
maximum at a given rotational speed, such that the num-
ber of test points made it possible to establish the nature
of the dependence of the corresponding parameter on the
load, as specified in ISO 15550:2016 (2016).

The rotational speeds of the power unit output shaft
were selected so as to uniformly cover the range of varia-
tion of this parameter under operating conditions, which
are determined by the vehicle speed. The equivalent vehi-
cle speed V,, km/h, during bench testing of the power unit
can be determined from relationship:

3.6TnT,
Vo=—7" (1)
where 7 is the rotational speed of the output shaft, min-;
r, is the rolling radius of the wheel, m.

The rolling radius of the wheel can be approximately
determined from the geometric dimensions of the tire us-

ing relationship:
+25 B, @)

where d is the rim diameter, m; % is the ratio of the tire
profile height to its width; Bis the tire section width, m; 4,
is the radial deformation of the tire profile, which can be
assumed as A,=0.9 (Sakhno et al.,, 2004).

For the Toyota Prius 2004 vehicle, on which the in-
vestigated power unit is installed, the parameters of the
standard P185/65R15 tires specified in relationship (2) are
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as follows: d=15 inches or 0.381 m;%: 0.65; B=0.185 m
(Toyota Motor Sales, 2004). Therefore, the rolling radius
is r,=0.299 m. For the specified rotational speeds of the
power unit output shaft, the corresponding equivalent ve-
hicle speeds of 28.2 km/h, 56.3 km/h, and 84.5 km/h were
determined using relationship (1). These speeds practi-
cally divide the speed range of 0...120 km/h uniformly,
which is defined for M1 category vehicles during compli-
ance testing with environmental standards in accordance
with Regulation No 83 of the Economic Commission for
Europe of the United Nations (UNECE) (2015). This al-
lows the performance indicators of the power unit to be
evaluated under these Regulations in further studies. Fuel
consumption was determined by the weight method us-
ing the electronic scales and the stopwatch (Table 2). The
measurement procedure involved determining the time
required for the power unit to consume a specified mass
of fuel (the fuel dose mass was selected to ensure a min-
imum measurement time of at least 30 s) under steady-
state operating conditions at each test point.

The value of the hourly fuel consumption G, kg/h, is
determined from relationship:

_ AGpyel
Gruet = 7254+ 3.6, 3)
where AG;,,, is the mass of the fuel dose whose consump-
tion time is measured, g; 7, is the time required to con-
sume the measured fuel dose, s.

All measuring equipment was verified for accuracy
prior to testing using reference instruments in order to
achieve the required measurement accuracy in accord-
ance with ISO 15550:2016 (2016). At this stage of the re-
search, all the above-mentioned energy efficiency in-
dicators were measured directly using the equipment
specified in Table 2. The measured parameters of the pow-
er unit constitute the basis for further analysis and mod-
elling of the vehicle’s energy efficiency performance under
driving cycle conditions. Within the scope of this study,
it is intended to evaluate the patterns of variation of the
measured power unit parameters as a function of its effec-
tive power. The effective power N at the output shaft of the
power unit, kW, is determined by relationship:

_ Mn
~ 9550’

4

where M is the torque at the output shaft, N-m; n is the
rotational speed of the power unit output shaft, min-'.

The errors of direct measurements are specified in
Table 2. The errors of indirect measurements were deter-
mined in accordance with generally accepted calculation
formulas. In this case, the relative errors in measuring the
hourly fuel consumption and the power of the power unit
are equal to the sums of the relative errors of the directly
measured parameters included in equations (3) and (4),
as determined from Table 2. According to the results of
the evaluation, all errors of direct and indirect measure-
ments are within the permissible limits for engine testing
as specified in ISO 15550:2016 (2016).



Results and Discussion
The energy-efficiency indicators of an automotive power
unit include fuel-economy indicators, as well as energy
and environmental indicators, which are described by
fuel consumption and emissions of harmful substances
with exhaust gases under the main operating modes. In
modern engines, these indicators substantially depend
on the engine’s air consumption, the concentrations of
pollutants in combustion products, and the efficiency
of the exhaust-gas aftertreatment system. Therefore, the
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experimental bench studies of the energy-efficiency in-
dicators of the hybrid electric automotive power unit are
aimed at determining the mass flow rates of fuel and air,
the concentrations of harmful substances in the exhaust
gases, and establishing the operating parameters of the
electrical components in different operational modes,
which define the speed parameters and load levels of the
energy-source components. The results of the study of the
ICE parameters under the above-mentioned operating
modes of the hybrid power unit are presented in Figure 3.
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Figure 3. Load characteristics of the hybrid power unit with a Toyota 1NZ-FXE engine (measured ICE parameters)
Note: a — crankshaft rotational speed; b — hourly air consumption; ¢ — hourly fuel consumption; d — excess air ratio; e — intake air

temperature; f — coolant temperature; g — oil temperature; h - ignition timing advance; i — exhaust gas temperature

Source: developed by the authors

As can be seen from the dependencies of the engine
crankshaft rotational speed n, there is an almost linear
relationship between n, and the power of the power unit
N (Fig. 3a). In higher-speed operating modes of the power
unit, a higher engine rotational speed is achieved at corre-
spondingly higher output power. In low-load modes, the
curves of n, for different output shaft rotational speeds n
overlap. Thus, there is a direct relationship between the
load mode of the power unit and the engine rotational
speed n,. The influence of the power unit load on the ICE
load is also confirmed by the dependencies of hourly air
consumption G, (Fig. 3b) and the associated hourly fuel
consumption G, (Fig. 3¢). A nearly linear effect of load
on G, and G,,, is observed; the curves of G, and G, for

different n overlap. Therefore, the dependence of the ICE
load mode on the hybrid power unit load is also practi-
cally linear. The measured values of the excess air ratio a
(Fig. 3d) indicate that the control system maintains a sto-
ichiometric air-fuel mixture across all operating modes of
the power unit. The thermal operating conditions of the
ICE systems are characterised by the intake manifold air
temperature ¢, (Fig. 3e), engine coolant temperature ¢,
(Fig. 3f), oil temperature ¢, (Fig. 3g), and exhaust gas tem-
perature . (Fig. 3i). These dependencies confirm that the
thermal operating conditions of these systems remained
within acceptable limits during the tests. The ignition
timing advance 6 dependencies (Fig. 3h) characterise the
engine control unit (ECU) algorithm for controlling this

Bulletin of the National Transport University. 2026. Vol. 30, No. 1
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parameter. Up to an external load of 20 kW and, corre-
spondingly, n,<2,500 min-, 6 increases significantly from
14° CA to 23° CA with increasing N. This corresponds to
6 adjustment to compensate for combustion duration in
crank-angle degrees under rising n, ensuring the high-
est cycle efficiency. At loads of N~20...45 kW and at cor-
responding 7, values in the range of 2,500...4,700 min,
6 remains within 23...25° CA. This reflects 6 correction

under medium-load conditions to ensure optimal cycle
efficiency and to minimise NO, emissions. At loads above
45 kW and with increasing rotational speed up to the nom-
inal 5,000 min-!, 8 sharply decreases to 17° CA. This corre-
sponds to 6 correction at high load conditions to prevent
knock combustion. The results of the study of the electrical
component parameters under the investigated operating
modes of the hybrid power unit are presented in Figure 4.
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Figure 4. Load characteristics of the hybrid power unit with a Toyota 1NZ-FXE engine
(measured parameters of the electrical components)
Note: a—MG1 rotor speed; b—MG1 torque; c— MG2 rotor speed; d - MG2 torque; e — traction battery state of charge; f—-MG1 temperature;

g—MG2 temperature; h - MGI inverter temperature; i — traction battery temperature

Source: developed by the authors

The rotational speed of MG1, n,,;, (Fig. 4a), varies ac-
cording to nearly linear dependencies similar to those of
n, because MGl is kinematically linked to the ICE through
the planetary gearset and serves as the regulator of the
ICE crankshaft speed. The maximum n,,;, value is 10,000
min-. At the same time, the rotational speed of MG2, n,,,
(Fig. 4c), does not depend on the external load, since MG2
is connected to the output shaft of the hybrid power unit
through a fixed gear ratio; therefore, n,,, is determined
exclusively by the vehicle speed. The MG1 torque M,,,
(Fig. 4b) depends on the rotational speed and direction of
rotation n,,;, which in turn are determined by the required
gear ratio of the hybrid transmission depending on vehi-
cle speed (MG2 rotational speed n,,;,) and external load.
If the required n,,;,, determined by the planetary gearset
relationships, is opposite to the ICE direction of rotation
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(n,,;<0), as observed at loads up to 10 kW for n=500 min!
and up to 15 kW for n =750 min, then MG1 operates in
motor mode. The mechanical energy generated by MGl is
added to the ICE energy, and as the absolute value of n,,,
decreases, the absolute value of M,,;, increases, since in
this case M, ., is the driving torque. If the required n,,;,>0,
then MG1 operates in generator mode, consuming me-
chanical energy, and with increasing n,,;, the absolute
value of M,,, increases, because M,,;, in this case repre-
sents resisting torque. To maintain the energy balance of
the hybrid power unit (supplying mechanical energy and
consuming generated electrical energy during generator
operation) under operating modes without involving the
traction battery, both motor-generators MG1 and MG2
must operate cooperatively: one in motor mode, the other
in generator mode. Therefore, in modes with N<10 kW at



n=500 min-! and N<15 kW at n=750 min-!, when MG1 op-
erates in motor mode, MG2 operates in generator mode.
The resisting torque of MG2 (Fig. 4d) in generator mode
is related to the torque of MGI1 in motor mode (and vice
versa) in such a way that when reduced to the same shaft
(MG1 or MG2), the torques satisfy the conditions:

| > ez
s | > ™} ©)

The difference between these torques is related to
the efficiency of converting mechanical energy into
electrical energy in the generator and electrical energy
into mechanical energy in the motor, and it determines
the overall efficiency of the hybrid transmission. The
traction battery state of charge S, (Fig. 4e) remains at

1

08 ¢ o
06 > ‘_l,k'%\‘\\ 0.8
o —511&35- R i 0.6

' At A 04

02 4
& )

. Nkw o 02
a'0 10 20 30 40 50 60 o
350 4,000
300 Somunw PPM " Cnow PPM
250 W A, 3,000
200 (A

A, 2,000
150 N Eg Sy
L ~
00 A o WA 1,000
&K A

50 A" 0

o N, kW 0 10 20 30
d) e)

0 10 20 30 40 50 60

Tsiuman & Sadovnyk 25

approximately 60% in most of the investigated modes
and decreases under high-load conditions. This is asso-
ciated with prolonged operation of the power unit at sus-
tained high loads, where charging the battery becomes
impossible (due to high mechanical power demand,
thermal condition of the battery), as well as with poten-
tial loss of battery capacity as a result of long-term use.
The temperature modes of MG1 (Fig. 4f), MG2 (Fig. 4g),
the inverter (Fig. 4h), and the traction battery (Fig. 4i)
remain within permissible limits. A battery temperature
above 50°C (Fig. 4i) leads to a reduction in charging-dis-
charging efficiency, as can be seen in Figure 4e. The en-
vironmental performance of the power unit is described
by the measured concentrations of pollutants and other
substances in the exhaust gases before and after the cat-
alytic converter (Fig. 5).
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Figure 5. Load characteristics of the hybrid power unit with a Toyota 1NZ-FXE engine
(measured environmental indicators)
Note: a — CO concentrations in the exhaust gases; b — O, concentrations in the exhaust gases; ¢ — CO, concentrations in the exhaust

gases; d - C,H, concentrations in the exhaust gases; e - NO, concentrations in the exhaust gases

Source: developed by the authors

The variation in concentrations of different substanc-
es in the exhaust gases for this engine is determined pri-
marily by the air-fuel mixture composition, described
by « (Fig. 3d), and by the load. Since, according to Fig-
ure 3d, the air-fuel mixture composition in all investigated
modes is nearly stoichiometric (a~ 1), the concentrations
of O, in the exhaust gases before the catalytic converter
(Fig. 5b) vary only slightly and remain within the range of
0.4...0.9%. This, in turn, results in changes in the pre-cat-
alyst concentrations of CO (Fig. 5a) within 0.5...0.7% and
CO, within 13.3...13.7% (Fig. 5¢). Concentrations of C H,
in the exhaust gases (Fig. 5d) before the catalytic convert-
er change from 300 to 100 ppm as a decreases from 0.997
to 0.992. The concentrations of NOy in the exhaust gases
(Fig. 5e) before the catalytic converter at low loads strong-
ly depend on a: when the mixture is leaned from a=0.993
to @=0.997, C,,, increases from 500 to 2,400 ppm. With
a further increase in load, C,,, increases from 2,500 to
3,600 ppm. After treatment by the catalytic converter, the

concentrations of O,, CO, C H,, and NOy in the exhaust
gases decrease significantly, while the concentration of
CO, increases. The degree of concentration change is de-
termined by the neutralisation reactions, the efficiency
of which depends on the size and placement of the cat-
alytic converter. The obtained relatively low neutralisa-
tion efficiencies for CO, C H,, and NO, are explained by
the non-standard design of the exhaust aftertreatment
system. Based on the measured parameters of the hybrid
power unit, it becomes possible to determine the follow-
ing: MG1 power, MG2 power, ICE torque, ICE power, spe-
cific effective fuel consumption, cycle air consumption,
volumetric efficiency of the ICE cylinders, ICE efficiency,
hybrid transmission efficiency, hybrid power unit efficien-
cy, and the transmission ratios of the hybrid transmission
from MG1 and from the engine. According to the results of
the experimental study of the energy efficiency indicators
and the features of the operating processes of the hybrid
electric automotive power unit based on a spark-ignition
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engine, the following dependencies were established as
functions of the output shaft speed and the power of the
power unit: speed and load modes of the ICE, MG1, and
MG?2; fuel consumption, air-fuel ratio, ignition timing of
the ICE; traction battery state of charge; temperature re-
gime parameters of the air supply, lubrication, cooling,
and exhaust systems of the ICE, MG1, MG2, the inverter,
and the traction battery; pollutant concentrations in the
exhaust gases and the efficiency of their neutralisation.
The obtained results have formed the basis for fur-
ther determination of the efficiency of individual compo-
nents of the power unit and refinement of the mathemat-
ical model of the hybrid vehicle’s motion in order to study
the influence of individual parameters of its power unit
on fuel economy and environmental performance. These
results can also be compared with related studies by other
authors. A theoretical generalisation and a new solution
to an important applied scientific problem - enhancing
the operational efficiency of hybrid vehicles through the
rational use of the ICE and electric motors — is present-
ed by O.P. Smyrnov (2016). According to the obtained re-
search results (Fig. 3c), at a power unit output of 5.3 kW
(which, under the conditions of this study, corresponds
to the power at the driving wheels), the fuel consumption
is about 1.7 kg/h. This correlates fairly well with the re-
sults reported in the study by O.P. Smyrnov (2016) and,
at the same time, differs due to the apparently more ef-
ficient design configuration of the power unit and the
different experimental conditions. The study by V. Dvad-
nenko et al. (2022) considered an improved control algo-
rithm for the traction induction motor of a mild hybrid
vehicle by increasing the efficiency of regenerative brak-
ing in order to improve economic and environmental pa-
rameters. O.V. Bazhynov ef al. (2018) focused on substan-
tiating the efficient use of electric and hybrid vehicles to
support their widespread introduction into production
and to minimise the environmental hazards posed by
existing ICEs. A mathematical model for evaluating ve-
hicle quality based on the key consumer indicators is
presented, and the influence of electric components in
electric and hybrid vehicles on overall and environmen-
tal safety indicators is analysed. According to the results
of this study, relationships between environmental safety
criteria and the vehicle speed of conventional and hy-
brid vehicles have been established. For example, at the
above-considered speed of 55 km/h, the environmental
safety criterion for the Toyota Prius hybrid vehicle was
about 0.5. In the present study, the NO, concentration,
which is proposed by O.V. Bazhynov et al. (2018) as a ba-
sis for determining the environmental safety criterion,
is about 200 ppm (Fig. 5e), which corresponds to 0.15 g/
km at the given speed and, according to the calculation
methodology, yields an environmental safety criterion
of approximately 2.5. Such a discrepancy between the
results of this study and those reported by O.V. Bazhy-
nov et al. (2018) is primarily explained by the efficien-
cy of the exhaust aftertreatment system, which exhibits
low efficiency under the conditions of the present study,
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as discussed above. The study by Kh. Maush (2017) fo-
cused on developing a concept for converting a vehicle
equipped with an ICE and a manual transmission into
a hybrid vehicle. Experimental research was conducted
to select a suitable traction electric motor for the con-
version, complemented by mathematical modelling and
experimental evaluation of the economic characteristics
of the converted hybrid vehicle under urban driving con-
ditions. Based on the results of the mathematical model-
ling of fuel economy and emissions for both conventional
and hybrid vehicles operating under driving-cycle con-
ditions, it was determined that the hybrid vehicle’s fuel
consumption is 28% lower, while emissions of regulat-
ed pollutants are reduced by 48%. Experimental studies
have further indicated a reduction in fuel consumption
by a factor of 2 to 3 compared with the baseline vehicle.
According to the results, it is not possible to assess how
the type of power unit (hybrid electric or conventional)
affects fuel consumption or pollutant emissions in a driv-
ing cycle or under real urban driving conditions. At the
same time, it is possible to compare the hourly fuel con-
sumption obtained at the same power output of the pow-
er unit in hybrid and conventional configurations. As has
been determined above, at a power output of 5.3 kW, the
hourly gasoline consumption of the considered hybrid
power unit is 1.7 kg/h. For the compared conventional
gasoline power unit, as reported by S.V. Sosida (2023), at
a power output of 5.3 kW and an engine speed of 2,400
min-1, the gasoline consumption was 2.2 kg/h. Thus, it
can be concluded that the fuel consumption of the hy-
brid electric power unit under steady-state driving con-
ditions is reduced by 23% compared to the conventional
gasoline power unit. This result correlates well with that
obtained in Kh. Maush (2017). Mathematical modelling
of fuel economy indicators and CO, emissions under
transient operating conditions was performed by I. Tay-
maz & M. Benli (2014) for a conventional commercial
vehicle and a hybrid vehicle designed on its basis. The
results showed that, at the same performance level, the
hybrid vehicle emits nearly 30% less CO,. A comparison
of the obtained result on the effect of using a hybrid pow-
er unit on CO, emissions with the results of this study can
be carried out in a manner analogous to the comparison
of the effect on fuel consumption described above. The
measured CO, concentrations for a load of 5.3 kW of the
hybrid power unit are about 13.4% (Fig. 5c), whereas for
the conventional gasoline power unit they are about 13%
(Sosida, 2023). Since the CO, concentration for the hy-
brid power unit is higher by approximately 3% compared
to the conventional one, while the fuel consumption, as
indicated above, is lower by 23%, the CO, emissions are
reduced by about 20% when using the hybrid power unit
under steady-state driving conditions at a vehicle speed
of 55 km/h. This also correlates fairly well with the results
reported in (Taymaz & Benli, 2014). The differences in the
obtained effects on CO, emissions are explained by dif-
ferent emission determination conditions, different types
of vehicles, and other factors. R.H. Staunton et al. (2006)



focused on determining the energy-efficiency indicators
of elements of the Toyota Prius II hybrid transmission —
specifically the electric motor, inverter, and mechanical
gear — based on experimental bench tests of the compo-
nents. Based on the results of study of R.H. Staunton and
this research, the efficiency of energy transfer from the
ICE to the output shaft through the electric hybrid trans-
mission can be determined for a given power unit load,
for example, 16.5 kW at a vehicle speed of 56 km/h. In
this operating mode, MG1 produces a resisting torque
of about 23 N-m (Fig. 4b) at 2,700 min! (Fig. 4a), corre-
sponding to 6.5 kW, to generate electrical energy, which
in MG2 produces a torque of 22 N-m (Fig. 4d) at 2000
min-! (Fig. 4c), corresponding to 4.6 kW. Thus, in order to
obtain an output shaft power of 16.5 kW, the ICE produc-
es 18.4 kW, and the transmission efficiency is 0.89. At the
same time, according to the authors, the efficiency for the
specified operating mode was 0.87, which correlated with
the results of this study.

Conclusions
The study provided a comprehensive assessment of the
energy efficiency of a hybrid electric automotive power
unit based on a spark-ignition engine. The assessed in-
dicators include component operating parameters, fuel
consumption, and exhaust gas pollutant concentrations
under specific control system settings and thermal con-
ditions. Following this methodology, an experimental
setup was created at the Engine Testing Laboratory of
the Department of Engines and Heating Engineering,
National Transport University, using a Toyota Prius hy-
brid power unit with a INZ-FXE engine. The test bench
setup with an electric brake machine simulated various
speed and load conditions and measured OBD param-
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to maximise cycle efficiency at low and medium loads,
reduce NO, emissions at medium loads, and prevent
knock at high loads. MG1 speed varied almost linearly
with vehicle speed and load, while MG2 speed depended
solely on power unit speed. MG1 and MG2 torques ad-
justed to maintain the energy balance in modes without
traction battery involvement, with one machine operat-
ing as a motor and the other as a generator depending
on MGI rotation. In this case, the resisting torque in
generator mode is always greater than the driving torque
in motor mode, and their difference determines the ef-
ficiency of the hybrid transmission. The state of charge
of the traction battery is about 60% and decreases under
high-load conditions due to the influence of the thermal
regime and capacity degradation. The composition of
the exhaust gases under various operating modes of the
power unit is determined primarily by the air-fuel mix-
ture composition of the ICE and the load. However, due
to the use of a non-standard exhaust aftertreatment sys-
tem design, its efficiency is reduced. The research results
align with related studies on the impact of power unit
type on fuel consumption, CO, emissions, and hybrid
transmission efficiency. Compared with a conventional
power unit, the hybrid unit reduces fuel consumption
by approximately 23%, CO. emissions by approximate-
ly 20%, and achieves a transmission efficiency of 0.89.
However, the low efficiency of the non-standard exhaust
aftertreatment system used in the experiments led to
lower environmental performance than reported by oth-
er authors. Future work will focus on developing a math-
ematical model of the hybrid vehicle to evaluate energy
efficiency under driving-cycle conditions.
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AHOTAUifA. ¥V cTaTTi HaBeIeHO Pe3yJIbTaTH eKCIIEPUMEHTABHOTO JOCTiPKeHHsI TOKA3HUKIB eHeproedeKTUBHOCTI
ribpuaHoi eeKTPUYHOI aBTOMOOIIBHOI CHIOBOI YCTAHOBKY Ha 0asi ABUTYHA 3 iCKPOBUM 3amlajIloBaHHAM. MeToio
pob6oru Oysio 3mificHEHHS KOMILJIEKCHOI OI[iHKM eHeproedeKTMBHOCTI TiOpHAHOI eJIeKTPUYHOI aBTOMOOITBHOL
CHJIOBOI YCTAaHOBKM Ha 0as3i ABUTyHA 3 IiCKpOBHM 3amaiioBaHHSAM. MeTOAMKa JOCHIIKeHHS Tependavasia
NIpOBeJlIeHHSA eKCIIepUMeHTAJbHUX CTEeHJOBUX BUIPOOyBaHb TiOPUOHOI eJIeKTPUYHOI aBTOMOOIJBHOI CHJIOBOL
YCTaHOBKY Y BU3HAUYEHHX PesKIMax poOOTH JjIs BCTAHOBJIEHHs 3aKOHOMIpHOCTel 3MiHM KepyBaJIbHUX ITapaMeTpiB
JBUT'YHA BHYTPIIIHBOI'O 3rOPSHHSA, €JIEKTPUYHUX IiJCUCTEM, IOKAa3HUKIB ITAJIMBHOI EKOHOMIYHOCTI Ta eKOJIOTiYHUX
XapaKTEePUCTUK. Y XONi eKCHepUMEHTaJbHOI'0 [OC/IiIKeHHs BCTAaHOBJIEHO 3aKOHOMIPHOCTI 3MiHU NOKa3HUKIB
eHeproeeKTUBHOCTI Ta XapaKTepPUCTHUK pob0YOro Iporecy 3ajiesKHO BiJ] 4acTOTH OOepTaHHA Ta IOTY)KHOCTI
BUXIJHOTO Bajia. BUsABJIE€HO 3MiHM MIBUAKICHUX | HABAaHTA)XyBAJIbHUX PEKUMIB IBUTYHA BHYTPIIIHBOI'O 3rOPSHHS,
MOTOp-reHepaTopa 1 i MOTop-reHepaTopa 2, a TaKOK BUTpATH MaJNBa, KoedillieHTa HAJIUIIKY MIOBITPS Ta KyTa
BUIIEPE)KEHHsI 3allaJlOBaHHA JBUATYHAa BHYTPIIIHbOrO 3ropsiHHA. [IpoaHasi3oBaHO CTyHiHB 3apsAgy TAroBOI
aKyMYJIATOpHOI OaTapel, mapaMeTpH TEIJIOBOIO PEXKUMY CHUCTEM BITYCKY IOBIiTps, 3MalllyBaHHSA, OXOJIOI)KEHHS Ta
BUITYCKY ABUTYHA BHYTPIIITHBOTO 3ATOPSIHHSA, MOTOp-TeHepaTopa 1, MoTop-reHepaTopa 2, iHBepTopa if akyMyJIsITOPHOL
farapel, a TaKO)K KOHIIEHTpAIil IIKiJJINBUX PEYOBUH Yy BilllpanboBaHMX rasax i eeKTUBHICTE ix HeHTpasisarii.
BcTaHOBJ/IEHO Maike MPSAMUM 3B’SI30K MK YacTOTOI0 0O0epTaHHS Ta HaBAaHTa)KEHHSM [BUTYHA BHYTPIIIHBOTO
3rOpPAHHA | 3arajJlbHUM HAaBaHTAKYBAJIBHUM DPEKHUMOM CHUJIOBOI YCTAaHOBKU. KepyBaHHs CKJ/IaJOM IaJUBHO-
MOBIiTpsAHOI cyMmimnmi Ta KyTOM BUIlepe[’KeHHs 3alajloBaHHA B YCiX peskuMax 3a0e3Nedusio BUCOKY HaJUBHY
eKOHOMIYHICTh i HU3BKWUH piBeHb BUKHU[IB IIKi[JINBUX pedYOBUH. BHCOKi MOKa3HUKHU eHeproedeKTHUBHOCTI 3a
Pi3HHMX YMOB eKCILJTyaTallil JOCATHYTI 3aBAAKY eJeKTPUYHIH migcucreMi CHIOBOI YCTAaHOBKY, sIKa 3a0e3IevyBasa
onTUMaJIibHE KepyBaHHA HIBI/IHKiCHI/IM i HaBaHTaXyBaJbHUM pEeXUMaMU IBUT'YHA BHyTpiIHHbOI‘O 3ropsAHHA
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