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ARTICLE INFO  This article presents an analysis of the operation of the electric motor, generator, and internal combustion 

engine within the hybrid powertrain system of a Toyota Corolla. To compare energy utilization data from these 

sources, a specially designed diagnostic scanner was used in our laboratory to capture data from the vehicle's 

Controller Area Network (CAN). 

The tests were conducted on a laboratory chassis dynamometer, taking into account the NEDC (New European 

Driving Cycle) and WLTP (Worldwide Harmonised Light Duty Vehicle Test Procedure) protocols. Additionally, 

experiments were performed under real urban traffic conditions. The analysis of the collected data provided 

detailed insights into the operation of the aforementioned components, which are integral to the powertrain 

during characteristic driving scenarios. For selected test fragments, an analysis of energy consumption and 

recovery by the electric motor and generator is presented. 
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1. Introduction 
Modern hybrid powertrains are complex; optimal ener-

gy-flow management is therefore essential for high overall 

efficiency [1, 4, 6, 13, 14, 21]. There are wide varieties of 

drive systems, differing in design, operating strategy and 

the method of power distribution between combustion en-

gines and electric motors [2, 8, 10, 16]. Car manufacturers 

use their own energy management strategies tailored to 
their needs, which makes it difficult to assess the efficiency 

of individual solutions [3, 5, 9, 11, 12, 15, 19]. In the Toyo-

ta Corolla 1.8 Hybrid equipped with a 5th generation hybrid 

system, a drive system consisting of an internal combustion 

engine and two electric motor-generators was used [24]. 

The single planetary gear set sums the torques of the indi-

vidual sources. 

The drive system provides stepless gear change (E-

CVT), enabling the vehicle to reach a maximum speed of 

180 km/h [20, 24]. 

This article attempts to present the performance of indi-

vidual drive sources, including a comparison of the behav-
iours of MG1/MG2 electric machines and the ICE engine 

under various operating conditions: during standardized 

tests and in real-world traffic conditions. The analysis was 

based on selected test fragments: at start, during accelera-

tion, at constant speed, and during deceleration, i.e., under 

variable load conditions and for different battery charge 

states. 

In order to analyse data on the use of energy from the 

above-mentioned sources, a specially designed diagnostic 

scanner was used to capture data from the vehicle's CAN 

network [17, 18, 23]. The tests of the vehicle's drive system 
operation were performed on a chassis dynamometer during 

WLTP and NEDC tests and in real city traffic. The opera-

tion of individual electric motors and engines in different 

phases of vehicle movement is presented in the following 

section. 

2. Tested vehicle drive system 
The object of the research and analysis was a Toyota 

Corolla 1.8 Hybrid equipped with a 5th generation hybrid 

drive system. The drive system uses Hybrid Synergy 

Drive® technology. This is a system that connects two 

three-phase synchronous AC electric machines (MG – 
motor generator) with an internal combustion engine (ICE). 

The drive system parameters of the tested vehicle are pre-

sented in Table 1. 

The summation of the energy of individual drive 

sources is carried out by the E-CVT gearbox, using a single 

planetary gear for this purpose [24]. 

The combustion engine operating according to the At-

kinson cycle is connected to the planetary gear satellite 

carrier. The MG1 electric motor (reversible machine - mo-

tor or generator), working mainly as a generator and acting 

as a starter for the combustion engine, is connected to the 

sun gear of the planetary gear. The MG2 electric motor 
(reversible machine - motor or generator) is connected via  

a cylindrical gear to the ring wheel of the planetary gear, 

from which the torque is directed to the final drive of the 

vehicle's drive system. The E-CVT system works by select-

ing the appropriate operating conditions of individual drive 

system components to meet the current energy demand. 

Differentiation of the speed at the input of the vehicle's 

final drive is achieved by comparing the speeds of the MG2 

and MG1 electric motors when the combustion engine is 

not operating, or of the MG2 and the combustion engine 

when the latter is used to drive the vehicle. At this time, the 
MG1 engine works as a generator, supplying the MG2 

electric motor with electricity and charging the traction 

battery. At the same time, by loading the combustion en-

gine, it increases its efficiency. This allows for approaching 
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the optimal operating range of the combustion engine. Fig-

ure 1 shows the kinematic diagram of the drive system of 

the tested Toyota Corolla 5th generation vehicle.  

 
Table 1. Drive system parameters 

Internal combustion engine 

Number and arrangement of 

cylinders  

4, in-line, Atkinson cycle 

Timing system  4 valves per cylinder, DOHC 

with VVT-i 

Fuel supply system  Direct fuel injection 

Displacement  1798 cm
3
 

Piston diameter x stroke 80.5 × 88.3 mm 

Compression ratio 13 

Maximum power 72 kW at 5200 rpm 

Maximum torque 142 Nm at 3600 rpm 

Electric motor MG2 

Maximum voltage 600 V 

Maximum power 70 kW at 13500 rpm 

Maximum torque 185 Nm 

Electric motor MG1 

Maximum voltage 600 V 

Maximum power 23 kW 

Maximum torque 40 Nm 

Battery 

Type Lithium-ion 

Nominal voltage 207.2 V 

Capacity (3HR) 0.85 kWh 

 

Fig. 1. Kinematic diagram of the HEV Toyota Corolla 5th generation drive 

system 

 

This system can operate in various modes that automati-

cally adjust based on load and driving dynamics. The hy-

brid drive system of the Toyota Corolla Hybrid can operate 

in series and parallel configurations. It can also operate 

solely in electric mode or use the internal combustion en-

gine and electric motors simultaneously. The vehicle's drive 

system is a self-charging system. The battery is charged 

both during regenerative braking and during internal com-

bustion engine operation. 

3. Different operating modes of the hybrid drive 

system 
When stationary, both the combustion engine and the 

electric motor are automatically switched off to reduce fuel 

consumption and exhaust emissions. In this phase, the sys-

tem operates in standby mode, monitoring the battery 

charge level and readiness to restart the drive. This is possi-

ble thanks to the Start-Stop system, which minimizes ener-

gy losses by switching off the combustion engine when it is 

not needed. 

When starting from a standstill, the hybrid drive system 

operates in electric mode (EV), which uses only the energy 

stored in the traction battery for propulsion. The electric 

motor, due to its ability to generate maximum torque from 

the moment of start-up, is suitable for initiating movement 

and driving at low speeds. At this point, the combustion 

engine is not running, and the vehicle is not emitting ex-

haust fumes. When accelerating or reaching higher speeds, 

the system automatically starts the combustion engine and 
uses the MG1 electric motor to provide additional power, 

ensuring greater driving dynamics. The combustion engine 

also starts up when the battery charge level drops below  

a certain level, and then charges the battery. During low-

speed manoeuvres, such as parking, the drive system uses 

only the electric motor. Such operations require little power 

and are short-lived, so an electric drive is sufficient. On the 

other hand, when driving at a constant speed with moderate 

loads, the hybrid system works in the most energy-efficient 

way. At low speeds, the main source of power is the electric 

motor, while the combustion engine operates in support 
mode, switching on periodically to maintain optimal battery 

energy levels. At higher speeds, the combustion engine 

takes over the dominant role, but is still supported by the 

electric unit, which allows for optimisation of fuel con-

sumption. During full acceleration, for example, when 

overtaking, the hybrid drive system engages both power 

sources to provide the maximum available energy. The 

combustion engine operates in its optimal speed range, 

while the electric motor provides additional torque, ena-

bling the desired speed to be reached quickly. This is the 

operating phase in which fuel consumption and exhaust 

emissions are at their highest. During long-term high-speed 
driving, the main source of power is the combustion engine, 

which provides adequate power to maintain high speeds on 

expressways. The electric motor, in such conditions, plays  

a supporting role but does not directly drive the vehicle – it 

supports energy recuperation and provides assistance when 

a momentary increase in power is needed. 

When decelerating, the hybrid drive system recovers 

energy. The MG2 motor, operating in generator mode, 

converts the vehicle's kinetic energy into electrical energy, 

which is stored in the traction battery. During this process, 

the combustion engine is switched off, and the drive system 
switches to charging mode. Anticipating driving situations, 

such as gradual deceleration, maximizes the efficiency of 

the recuperation process. 

During braking, when deceleration is more intense, the 

system actively recovers energy, converting part of the 

vehicle's kinetic energy into electrical energy stored in the 

traction battery. 

In situations where braking is long (downhill), it is pos-

sible to use mode B, which increases braking force by using 

the combustion engine's resistance. In this case, the vehi-

cle's drive wheels drive the MG2 motor, operating in gener-

ator mode, to charge the traction battery and supply electri-
cal power to the MG1 motor, which, while maintaining the 

combustion engine's rotational speed, uses its braking 

torque. It allows for speed control and reduced brake wear. 
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The smoother and more gradual the braking, the more ef-

fective the recuperation process is [24]. 

4. Vehicle tests during WLTP, NEDC and city  

traffic tests 

4.1. Measuring equipment 

The energy flows were determined from data recorded 
during chassis dynamometer tests and read from the vehi-

cle's CAN network. The diagnostic connector used in OBD 

(On-Board Diagnostics) systems was used to read data from 

the CAN (Controller Area Network). For this purpose,  

a scanner developed at the Department of Combustion 

Engines and Vehicles at the University of Bielsko-Biala 

was used, allowing for the reading of 36 selected vehicle 

operating parameters from the CAN network. The scanner 

consists of a motherboard with a microcontroller, a network 

module, a colour touchscreen panel, and DC/DC converters 

assembled in a single housing. During chassis dynamome-

ter and road-vehicle tests, data from the scanner were rec-
orded at 5 Hz. In both cases, the operating parameters of the 

drive system components were saved to a memory card. 

[17, 22]. Figure 2 shows a diagram of the measurement 

system used in chassis dynamometer tests. 

 

Fig. 2. Diagram of the measurement system used in the energy consump-

 tion tests of the Toyota Corolla Hybrid 

 

Due to the significant amount of data to record, only 

those data ranges were selected that allowed for the assess-

ment of the energy flow in the vehicle during its collection 

from various sources, i.e., the combustion engine, the trac-

tion battery or energy generated during vehicle movement. 

Additionally, a number of data points were collected to 

support diagnostics of the drive system of the tested vehi-

cle. This CAN scanner is shown in Fig. 3. 
The device allows you to observe the values of 36 se-

lected parameters in real time on the scanner screen. Select-

ed data read from the CAN network were used for the anal-

yses included in the article: 

 vehicle speed 

 accelerator pedal position 

 throttle opening angle 

 brake pedal position 

 wheel speeds 

 engine speed 

 electric motors MG1 and MG2 speeds 

 engine torque 

 electric motors MG1 and MG2 torques 

 coolant temperature 

 battery charge level (SOC) 

 battery voltage 

 current intensity of MG1 and MG2 motors 

 voltage of MG1 and MG2 motors 

 hybrid battery current intensity 

 instantaneous fuel consumption. 

 

Fig. 3. ADEL CAN BUS diagnostic scanner 

4.2. Vehicle tests 

The tests of energy consumption and generation for the 

Toyota Corolla Hybrid 5th generation were conducted 

during WLTP and NEDC tests and in real-world city traffic 
conditions. The tests were performed on a chassis dyna-

mometer at the Department of Combustion Engines and 

Vehicles at the University of Bielsko-Biala. For technical 

reasons, the maximum speed during the dynamometer tests 

was limited to 100 km/h. The real-world drive took place 

during rush hour in Bielsko-Biała and on a section of the S1 

national road. The selected route included driving through 

streets with numerous intersections controlled by traffic 

lights, and the final part allowed higher speeds. The select-

ed route traverses mountainous terrain, requiring the need 

to overcome larger hills and descents.  
The tests on the chassis dynamometer and during city 

driving allowed for the assessment of various driving con-

ditions and thus various operating modes of the hybrid 

drive system. Figure 4 shows the total energy consumption 

in the NEDC, WLTP and city traffic tests, with a break-

down of energy drawn from the traction battery, generated 

by the combustion engine and supplied by the MG1 and 

MG2 electric motors.  

The use of the vehicle's traction battery energy was also 

analysed. Assessment of the hybrid drive system required 

selecting fragments from the test results that illustrated the 

individual operating modes. In the tests carried out, the 
combustion engine showed the highest energy consump-

tion, respectively: ~5100 kJ in the NEDC test, ~1800 kJ in 

the WLTP test, and ~5000 kJ in city driving. The MG1 

electric motor, which primarily served as a starter for the 

combustion engine, consumed only a small amount of elec-

tricity. The MG2 electric motor used more electricity at 

start-up, with lower motion resistance and lower driving 

speeds, whereas the combustion engine required more en-

ergy at higher motion resistance and higher driving speeds. 
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In the individual tests, this consumption was: NEDC ~1800 

kJ, WLTP ~3100 and ~2900 kJ in the city driving test.  

 

Fig. 4. Total energy consumption during NEDC, WLTP and city driving 

 tests 

 

During vehicle deceleration and braking, the MG2 elec-

tric motor, operating in generator mode, recovered part of 

the vehicle's kinetic energy by converting it to electrical 

energy. The energy recovered by the MG2 motor in indi-
vidual tests is similar to the energy required to drive the 

vehicle. It should be noted that a relatively large amount of 

electrical energy was generated by the MG1 motor, driven 

by excess combustion engine power in generator mode. 

5. Analysis of energy consumption and recovery 

during various aspects of vehicle movement 

5.1. Starting from a standstill 

From the obtained waveforms, fragments were selected 

to illustrate the hybrid drive system's individual operating 

modes. The first one concerns starting from a standstill at 
low speed. 

Figure 5 shows the vehicle starting from a standstill 

with different battery charge levels. 

In the case shown in Fig. 5a, the battery of the tested 

vehicle was charged to 68%. In this case, the vehicle starts 

moving solely with the MG2 electric traction motor, draw-

ing energy from the battery. At higher speeds (about 35 

km/h), the combustion engine powers the vehicle. The 

MG2 electric motor, to a lesser extent, periodically supports 

the internal combustion engine. 

In turn, the MG1 generator uses the surplus energy of 

the combustion engine and works in generator mode, charg-
ing the battery. Figure 5b shows a case in which the battery 

was partially discharged (charge level ~30%), leading the 

combustion engine to serve as the main source of vehicle 

drive even at low speeds (10 km/h). In this case, the MG1 

electric motor, driven by the combustion engine, also gen-

erates electricity. The share of the MG2 electric motor in 

the vehicle drive is insignificant. 

 

Fig. 5. Accelerating the vehicle at low driving speeds in the NEDC test: a) with a charged battery, b) with a discharged battery 

 

Fig. 6. Vehicle acceleration in a road test: a) with low intensity, b) with high intensity 
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5.2. Acceleration 

Figure 6 shows the vehicle's acceleration at different in-

tensities. In the case shown in Fig. 6a, the vehicle begins to 

accelerate, initially using only the MG2 electric motor 

powered by the energy drawn from the traction battery. 

After the vehicle reaches a driving speed of ~25 km/h, the 

MG1 electric motor starts the combustion engine. From that 

moment on, the combustion engine is the main source of 

drive, which generates more than twice as much energy as 
the MG2 electric motor. Additionally, the combustion en-

gine is "loaded" by the MG1 motor, which generates elec-

tricity used to power the MG2 electric motor. A temporary 

reduction in the acceleration intensity causes the combus-

tion engine to turn off, and the MG2 motor is responsible 

for the vehicle drive using the energy drawn from the bat-

tery. Figure 6b shows a case in which the vehicle acceler-

ates with high intensity. Initially, the vehicle also moves 

using the MG2 electric motor at the expense of the battery's 

energy, but in this case, the combustion engine starts oper-

ating sooner, at approximately 15 km/h. Due to the high 
resistance to motion caused by the vehicle's intensive accel-

eration, the MG2 electric motor further supports the com-

bustion engine by using energy generated by the MG1 

motor, which is powered by the combustion engine. 

5.3. Driving at a constant speed 

Figure 7 shows the energy flow at fixed speeds of 70 

km/h and 100 km/h. In the case shown in Fig. 7a, the vehi-

cle moves at a lower speed, at which the resistance to mo-

tion is lower. In this case, only the combustion engine 

drives the vehicle, generating energy at a level of ~2.8– 

~3.2 kJ. The MG2 machine operates in generator mode at 

this stage, recuperating small amounts of electrical energy. 

The MG2 machine operates in generator mode at this 
stage, recuperating small amounts of electrical energy, on 

average at a level of ~0.3 kJ. Figure 7b shows a fragment of 

the test in which the vehicle moves at ~100 km/h. In this 

case, the combustion engine also serves as the main drive 

source, generating 4 kJ of energy. The MG1 generator uses 

power from the combustion engine to generate electricity. 

A small portion is used by the MG2 motor, and the remain-

der is directed to the traction battery. In the first period of 

this part of the test, the MG2 motor consumes little electric-

ity and contributes little to supporting the combustion en-

gine. In the final part of the test, the combustion engine 
reduces the power required to drive the vehicle; this reduc-

tion is supplemented by the MG2 electric motor using ener-

gy generated by the MG1 electric machine. 

 

Fig. 7. Driving at a constant speed in the NEDC test: a) driving speed ~70 km/h, b) driving speed ~100 km/h 

 

Fig. 8. Deceleration of the vehicle in the WLTP test: a) low intensity, b) high intensity 
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5.4 Deceleration 

Figure 8 shows the energy flow during deceleration. In 

this phase of the test, shown in Fig. 8a, the vehicle deceler-

ates relatively slowly. In this case, the combustion engine is 

switched off, and the MG2 motor periodically operates in 

the drive engine mode, drawing small amounts of energy 

from the traction battery, then switching to the generator 

mode to brake the vehicle and recover some of the vehicle's 

kinetic energy. The MG1 draws negligible electrical power 
throughout deceleration. Figure 8b shows a phase of the test 

in which the vehicle decelerates more intensely. In this 

case, the MG2 motor operates in the generator mode until 

the vehicle stops. Depending on the braking intensity, it 

generates varying amounts of electrical energy, which is 

stored in the traction battery. 

6. Summary and conclusions 
The study supports the following conclusions: 

1. The NEDC and WLTP tests, as well as city driving, 
were selected for the analyses. The NEDC test includes 

many ranges with fixed conditions for acceleration, con-

stant speed and vehicle deceleration. The WLTP test is 

much more dynamic, allowing analysis under rapidly 

changing vehicle traffic conditions. City driving allows for 

verification of the obtained results in real conditions. 

2. A hybrid drive system based on two electric machines 

and a combustion engine with a planetary gear designed to 

sum up the power generated by the system and transfer it to 

the main gear and wheels, allows for such a selection of the 

drive source to optimise fuel consumption and, at the same 

time, recover the greatest amount of energy during deceler-

ation and braking. This has been presented in graphs in 

individual phases of vehicle movement. 

3. During driving, the MG2 motor-generator draws and 

returns similar amounts of energy to the batteries, regard-

less of the conditions in which the vehicle is moving, re-

gardless of whether it is a NEDC or WLTP test, or city 
driving. Driving at high speeds increases the combustion 

engine's contribution; at higher vehicle speeds, it supplies  

a correspondingly larger share of the total energy. 

4. During driving, the MG1 motor-generator is used to 

obtain the required driving speed and during the combus-

tion engine operation to generate energy to power the MG2 

engine and batteries. During the tests, the amount of gener-

ated energy is significantly greater than the energy drawn. 

5. During the tests, the battery charge level was moni-

tored by the controller and after the charge level dropped 

below 30%, the combustion engine was used to recharge 
them. 

6. For high-dynamic acceleration, the combustion en-

gine was mainly used, supported by the MG2 engine in the 

initial acceleration phase. 

7. During intensive braking, the MG2 engine was used 

to recover energy stored in the battery. 

 

Nomenclature 

CAN controller area network 

e-CVT electronically-controlled continuously variable 
transmission 

EV electric vehicle 

ICE internal combustion engine 

MG1 motor-generator 1 

MG2 motor-generator 2 

NEDC New European Driving Cycle 
OBD on-board diagnostics 

SOC state of charge 

WLTP Worldwide Harmonized Light Vehicles Test 

Procedure 
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