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Analysis of energy management strategies for hybrid electric vehicles  

in urban driving conditions 
 

The pursuit of fuel consumption reduction by vehicles leads to a sudden increase in the share of hybrid and electric drives in the 

vehicle market. Replacing hybrid vehicles with electric vehicles requires long-term technological solutions, both for the infrastructure 

and the vehicles themselves. Therefore, one of the leading types of passenger car drives is currently the hybrid drive. The generated work 

share of electric drives used to power hybrid vehicles is a determinant of the viability of using electric drives. The article estimates the 

operating time share of electric and hybrid modes operation in real driving conditions (RDC) based on the latest Toyota hybrid model. 

The research object was a vehicle from the crossover group equipped with a fourth generation hybrid drive. Analysis of the drive's 

operation allowed to determine the conditions of energy flow and determine the work share of the electric drive in the total driving time. 
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1. Introduction 
For a long time, due to economic and ecological as-

pects, solutions have been sought that would minimize the 

use of conventional fuels in transport. Such solutions are 

used in various branches of transport, including in road, rail 

and even air transport [7, 11]. One of the proposed solu-

tions is the use of a hybrid drive containing at least two 

sources of power and energy. The most common system 

includes a spark-ignition engine and an electric motor. In 

2016, road transport accounted for the transport of 84.2% of 

all cargo [1]. However, the share of passengers transported 

by this type of transport amounted to 56.2%. Considering 

this data, it seems justified that the majority of effort in the 

field of reducing emissions to the environment is carried 

out towards road transport. 

It has been 20 years since the first serial production of 

full hybrid vehicles by Toyota [4, 8, 9]. During this time the 

company has been developing the hybrid drive system 

through several iterations [6, 10, 12, 19].  

The current technological trend of reducing emissions 

from vehicles are technologies that allow the use of alterna-

tive fuels or alternative drives themselves. Tests of vehicles 

powered with alternative fuels (ethanol, CNG, bi-fuel) or 

with alternative propulsion systems (full and mild hybrid 

system) are carried out with respect to energy flow [3, 13, 

14, 19] and their harmful components emissions in real 

operating conditions and in RDE (Real Driving Emissions) 

tests [5, 15–17]. 

2. Aim of research 
At present, there is a strong emphasis in the construction 

of hybrid vehicles on increasing their travel range in elec-

tric mode. This means an increased share of electric motor 

operation in the total operating time of the hybrid system 

[2]. In order to demonstrate the electric mode work partici-

pation, tests were conducted in urban driving conditions. 

The practical goal of the conducted research was to analyze 

the energy flow in the latest generation hybrid drive system 

on the example of Toyota C-HR and indication of the actual 

shares of electric and hybrid drive time when driving in 

urban conditions.  

3. Research object 
The Toyota C-HR vehicle, which was used to test the 

hybrid drive system in urban driving conditions, has a pro-

pulsion system construction similar that of the newest 2015 

Toyota Prius (IV generation). The basic parameters of the 

drive system components are presented in Table 1.  

 
Table 1. Test vehicle technical data [18] 

Combustion engine 2ZR-FEX 

Engine type 

 

16-valve DOHC 

with VVT-i 

Displacement [cm3] 1798 

Bore x stroke [mm] 80.5 x 88.3 

Compression ratio [-] 13:1 

Fuel injection system 
electronic multi-

point injection 

Max power [kW] at 
speed [rpm] 

72/5200 

Max torque [Nm] at 

speed [rpm] 
142/3600 

Emission standard Euro 6 

Electric front motor 

Max power [kW]  

 

53 

Max torque [Nm] 153 

Max speed [rpm] 12400 

Battery system 

Type of battery 

 

Nickel-metal 
hydride  

(Ni-MH) 

Cell quantity [-] 

168 cells  

(6 cells x 28 
modules) 

Battery capacity [Ah] 6.5 

Hybrid drive system 

Total power of the 

hybrid drive system 
[kW] 

 

90 

Top vehicle speed 

[km/h] 
170 

CO2 emission combined 
[g/km] 

87 
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The hybrid drivetrain consists mainly of a 1.8 dm
3
 At-

kinson-cycle petrol engine (assembled at the Toyota plant 

in Derby), a 1.31 kWh HV battery, and an electric motor all 

tied together by Toyota's planetary gear transmission. The 

effect of combining these motors provides 90 kW (120 

KM) of power and 142 Nm of torque at 3600 rpm. 

The Toyota C-HR is equipped with a fourth-generation 

hybrid drive. The structure of the drive is a series-parallel 

system (the scheme and principle of operation are described 

in [9]), shown in Fig. 1 together with the measuring devices 

used during the tests. The drive consists of a battery, plane-

tary gear, generator, electric motors and an internal com-

bustion engine. 

The hybrid drive is mainly meant for use in urban driv-

ing, due to the frequency and intensity of traffic, which is 

associated with acceleration changes and thus, the ability to 

recover more energy from braking. 

 

 

Fig. 1. A schematic of Toyota C-HR hybrid drive system along with the 

applied measuring devices (based on [18]) 

 

Toyota hybrid cars have four drive modes: Normal, EV, 

ECO and Power. After first starting the car, the system 

default settings is the ‘Normal’ drive mode, which automat-

ically manages the most efficient use of both engines. Driv-

er can also select one of the car’s on-demand drive modes 

to achieve better fuel consumption in certain circumstances. 

Two of these modes, ECO and EV, were analysed in this 

article.  

4. Research methodology 
The tests were carried out in Warsaw in real driving 

conditions on a regular work day. Two drive modes of 

Toyota C-HR have been compared. The first test was per-

formed with the ECO drive setting, and the other in the 

ECO setting but with the EV mode active. (further referred 

to as ECO + EV), Traffic congestion was observed during 

tests (traffic volume higher than the capacity of a given 

road). The average route length (Fig. 2) was 11.5 km, and 

the average test duration was 32.2 minutes.  

 

 

Fig. 2. Map of the road tests route 

 

In order to record the vehicle motion parameters and 

hybrid drive operating conditions, a diagnostic system was 

connected that allows reading data directly from the hybrid 

drive monitor system. The following values were recorded 

in the tests: vehicle speed (S), combustion engine speed (n), 

battery charge status (SOC), electric motor speed and bat-

tery current (IB – positive value was defined as charging 

the battery, and negative indicates battery discharge). In 

addition, an independent system recorded the geographical 

position of the vehicle to determine the route. The charac-

teristic drive conditions are shown on Fig. 3 and in Table 2. 

The conditions in both of the drives are similar and any 

differences negligible. Therefore, it can be assumed that the 

tests were repeatable, allowing for further comparative 

analysis of the drive system parameters depending on the 

selected driving mode. 

 

a) 

 
b) 

 

Fig. 3. The route drive characteristics with marked time densities of accel-

eration, constant speed, braking and stopping of the vehicle in the repeated 
drives on the same route: a) ECO mode, b) ECO + EV mode 

 
Table 2. Test conditions for hybrid drive in two driving modes 

Mode  
Parameter 

ECO ECO + EV 

Test duration [s] 1962 1902 

Test route length [m] 11,554 11,437 

SOC (initial/final) 60.4/47.5 47.5/60.4 
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To determine the share of the electric mode driving, sec-

tions of the route characterized by certain specific parame-

ters were determined. Thus, the modes of operation of the 

hybrid drive system were determined: driving, acceleration 

and braking during the operation of the hybrid drive (HV), 

as well as vehicle standstill, driving, acceleration and brak-

ing with the internal combustion engine not active, i.e. 

drive system operation in electric mode (EV). The adopted 

criteria are listed and presented in Table 3.  

The energy flow in the drive system during battery dis-

charging, charging and recuperative braking was also calcu-

lated: 

energy flow: 

 ∆E = U ∗ I ∗ ∆t (1) 

discharging: 

 ∆Edis = U ∗ I ∗ ∆t (if ∆E < 0)  (2) 

charging: 

 ∆Ech = U ∗ I ∗ ∆t (if ∆E > 0 and Mreg ≥ 0) (3) 

recuperative braking: 

 ∆Ereg = U ∗ I ∗ ∆t (if∆E > 0 and Mreg < 0) (4) 

where: 

U – voltage [V], I – current [A], t – time [h], Mreg – brak-

ing torque [Nm]. 

 
Table 3. Criteria for determining individual modes during the test 

Mode Parameters 

HV drive a = 0, n > 600, v > 0 

EV drive a = 0, n < 600, v > 0 

HV acceleration a > 0, n > 600, v > 0 

EV acceleration a > 0, n < 600, v > 0 

standstill v = 0 

braking a < 0, v > 0, n > 600 

EV braking a < 0, v > 0, IB > 0, n < 600 

5. Results analysis 
The energy flow rates were calculated with the formulas 

(1)–(4) and Table 3. The charging of the battery, its dis-

charging and the regenerative braking conditions have been 

taken into account. The results are shown in Fig. 3 and 4. 

The energy flow rate is influenced also by the state of 

charge of the battery, both the initial and the final values 

(Fig. 4). 

Driving in ECO mode results in increased energy flow 

values (up to 0.23 kWh) compared to the ECO + EV mode 

(up to 0.03 kWh). This is due to the lower initial charge 

status of the battery (SOC = 47%). Using the ECO + EV 

mode means that the battery discharge time density is much 

greater than during the ECO mode (by 37%). In spite of the 

varied changes in the discharge energy, the battery charging 

and energy recovery modes have similar energy flow 

shares. The differences do not exceed 11% (for charging) 

and 8% for regenerative braking. 

Analysis of the energy flow change (Fig. 4) indicates 

significant similarities to the battery charge level. There are 

noticeable changes in the energy flow proportional to the 

battery charge level. However, it is not possible to specify 

the proportionality value. During the battery discharge 

(ECO + EV mode) changes in both these quantities are 

proportional in varying degrees.  

 

 

Fig. 3. Energy flow to/from the battery in a hybrid drive in urban condi-

tions (negative values indicate discharging the battery) 

 

From the data in Table 3 the operating time density of 

individual vehicle driving modes have been calculated. The 

results were presented in terms of both the time and the 

distance traveled (the differences in the result are from the 

vehicle's standstill).  

The data comparison is included in Fig. 5, where the 

distance and time are shown in relative terms. Despite the 

different driving modes, there are significant similarities in 

the time densities of individual driving modes. Driving in 

electric mode at a constant speed (a0 EV) and braking in 

this driving mode (a– EV) represent high total drive time 

contributions. Their shares are large both in relation to the 

test route distance and the total travel time. 

Using these analyzes, the percentage share of electric 

mode operation time was determined, this was done by 

summing the values of the EV system operation modes, i.e. 
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driving without the active combustion engine, acceleration 

and braking with energy recovery without the internal com-

bustion engine being on. The obtained results are compared 

in Fig. 6. 
 

 

Fig. 4. Comparison of energy flow and changes in battery charge 

 

 

 

Fig. 5. The percentage share of individual driving modes in relation to time 

and distance traveled during the test 

 

Fig. 6. The share of hybrid and electric mode in urban traffic conditions in 
relation to the road and time of the vehicle test drive 

 

After summing up individual vehicle energy flow types 

in electric mode, the EV mode participation in the overall 

drive was determined (Fig. 6). 

6. Conclusions 
Based on the obtained results, it can be stated that the lat-

est hybrid vehicles are characterized by a larger share of the 

system's operation in electric mode than in the hybrid mode. 

The percentage share of the electric mode operation was in 

the range 51%–53% of the distance traveled and about 46–

51% of the test duration (depending on the test). The final 

percentage result is influenced by many factors, including the 

current traffic volume, vehicle load, initial high-voltage bat-

tery charge (SOC), standstill time at the intersection with 

traffic lights, and the driving style of the driver. 

The performed tests in urban conditions indicate, the 

share of energy recovery from regenerative braking is over 

50% of all energy supplied to the battery while driving (from 

both charging from the generator and regenerative braking). 

This indicates the efficiency of energy recovery from braking 

and indicates the desired energy flow (battery charge) in the 

hybrid drive system. Braking energy recovery, a significant 

share of electric drive operation, operating costs reduction, 

lower emission of harmful and toxic compounds into the 

environment without significant financial costs are undoubt-

edly arguments in favor of using hybrid drives. 

The obtained results apply to currently used vehicles 

with hybrid drive systems using Ni-MH batteries. The share 

of hybrid vehicles in electric mode with Li-Ion batteries in 

use (vehicles that can also be charged from a plug-in elec-

trical socket) should be much larger. This is influenced by 

the much larger electric capacity of the batteries and the 

higher discharge values relative to the nickel-metal hydride 

batteries. However, this solution is also associated with 

much greater battery pack mass and dimensions. When 

choosing a vehicle, its place of exploitation should be taken 

into account. In the hybrid systems of current vehicles with 

Ni-MH batteries, the usefulness of a vehicle in urban traffic 

means a reduction of the classic internal combustion engine 

use by more than 50%. However, this trend will not be 

reflected in vehicles used on non-urban routes, where an 

increased operating time share of the internal combustion 

engine is necessary to achieve higher vehicle speeds.  
 

The research presented in this paper was performed within the 

statutory work, project no. 05/52/DSMK/0265. 
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Nomenclature 

a  acceleration 

CNG compressed natural gas 

CO2 carbon dioxide 

E energy 

ECO eco mode 

EV electric vehicle 

HEV hybrid electric vehicle 

I current 

IB  battery current 

Li-Ion lithium-ion battery  

Mreg braking torque 

n engine speed 

NiMH  nickiel hydride battery 

RDC real driving conditions 

RDE real driving emission 

SOC state of charge 

S  vehicle speed 

t  time 

U voltage 

v velocity 
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