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Abstract: Hybrid electric vehicles are certainly one of the key solutions for improving fuel efficiency and 

reducing emissions, especially in special vehicle application and with the use of CO2 neutral fuels. Determining 

the energy management strategy and finding the optimal solution with regard to the aforementioned goals 

remains the one of the main challenges in the design of HEV. This paper presents a new vehicle modeling 

method, with an emphasis on HEVs, which is based on the frequency analysis of emissions and consumption 

according to the current specific traction power of the vehicle. The evaluation of the newly introduced model 

in the RDE, NEDC and WLTP cycle was performed and the results were compared with the standard verified 

vehicle model that was created in AVL's CruiseM software package. Positive traction energies have positive 

deviations of between 0.35% and 2.85%. The largest deviation in CO2 emissions was recorded for the HEV 

model in the RDE cycle and in the non-hybrid model in the WLTP cycle of 3.79% and 4.4% respectively, all 

other combinations of cycle and vehicles had deviations of up to about 1%. As expected, the largest relative 

deviations were recorded for NOx emissions from 0.13% to 9.62% for HEV in the WLTP cycle. 

Keywords: Hybrid Electric Vehicles; Vehicles models; VSP analyses  

 

1. Introduction 

The constant increase in transport needs and the desire for sustainability is forcing vehicle 

manufacturers towards significant reductions in harmful exhaust emissions and emissions of 

greenhouse gases, especially carbon dioxide. Several countries, especially EU members and some US 

states, are planning to ban the sale of new passenger vehicles powered by fossil fuels [1], but this 

prohibition model has been difficult to apply in the less developed parts of the world with 

underdeveloped infrastructure [2]. The EU plans to reduce CO2 emissions to 95g/km for new 

passenger vehicles by 2025 [3], an additional reduction of 17% is planned between 2025 and 2030, and 

a reduction of 37.5% from 2030 onwards [4]. In the last 15 years, high-speed internal combustion 

engines have achieved very high efficiency, diesel engines achieve peak mechanical efficiency of over 

40% [5], but still can barely meet the requirements of the next Euro 7 standard as a stand-alone 

powertrain [6]. The main reason for this is the inefficient energy management due to absence of 

regenerative braking and a large drop in efficiency at low loads due to engine operation at low 

efficiency region. Hybrid Electric Vehicles (HEVs) combine the advantages of EVs and standard 

vehicles, they have a high degree of flexibility as well as the ability to meet a wider range of driving 

requirements [7]. The most significant advantage compared to standard vehicles powered only by an 

ICE is a far more efficient disposal of mechanical energy through the possibility of saving energy 

from regenerative braking or storing excess energy when moving the engine operating region 

towards the one with the highest efficiency of the internal combustion engine, as well as the use of 

smaller, lighter and simpler single-range ICE. Also, the constant possibility of choosing different 

operating parameters of the ICE enables a better emission control management and almost 

completely solves their problems in exploitation [8]. The most significant advantage of HEVs 

compared to fully electric vehicles (EVs) is their superior range with a single charge and fast refueling, 
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which is achieved by using chemical energy instead of electricity [9]. Hybrid electric vehicles are one 

of the key solutions for increasing efficiency and reducing emissions, especially with the use of 

environmentally friendly, synthetic CO2 neutral fuels at an acceptable price [10] or for developing 

countries alternative fuels such as LPG with significantly lower emissions and CO2 footprint [11]. 

Such power trains will certainly find their application in heavy trucks for long distances, special 

purpose vehicles, off road and military vehicles [12,13]. The share of hybrid vehicles, with all levels 

of hybridization from plug-in hybrid electric vehicles, full hybrid vehicles, to mild hybrid vehicles, 

predicts to be over 36% by 2030 [14]. The above indicated advantages are made possible due to the 

high complexity of the HEV system, which is also the biggest challenge both in terms of the number 

of installed systems and in terms of finding the optimal control method [15–17]. The use of multiple 

energy sources and the high complexity of the HEV drive system require a more complex high-level 

control system that in turn requires complex modeling methods with high demanding models in user 

and computational terms [18–20]. Various approaches to the modeling of hybrid road vehicles have 

been developed and, according to literature, we distinguish kinematic (backward approach), quasi-

static (forward approach) and dynamic models [21,22]. The optimal solution depends on the specifics 

of the application, but in most cases the energy management strategy is a compromise between 

minimizing energy consumption and exhaust gas emissions [23], increasing the durability of 

components such as batteries, meeting power requirements, ensuring vehicle performance and 

comfort [24]. 

The main goal of this paper is to present a new Vehicle Specific Power (VSP) model of a hybrid 

vehicle based on frequency analysis of energy, emissions and consumption. This method should 

enable a faster and easier arrival at the pre-set HEV optimization objective, or it can be used as a 

guideline that leads to an optimal solution avoiding local minima. The model is based on a real 

vehicle emissions, fuel and energy consumption which were recorded in real driving conditions 

according to the Real Driving Emissions (RDE) rules which are today mandatory segment of type 

approval process. Validation and result comparison was done regarding to standard time based 

CruiseM model results. 

2. Materials and Methods 

First a non-hybrid vehicle model was created and validated in AVL's CruiseM software package. 

The purpose of this model is to check the accuracy of the newly introduced VSP frequency model in 

different tested conditions or cycles. A new VSP model was developed based on the specific power 

of the vehicle, and frequency analysis. The CruiseM model is based on maps of consumption and 

emissions which were obtained with chassis dynamometer in laboratory conditions. The vehicle 

models are validated with obtained parameters under RDE driving cycle. Next step was 

hybridization of both models into a parallel hybrid electric vehicle under equal conditions with 

CruiseM model as a control model. At the end, the obtained results of the newly developed VSP 

frequency model and the time domain CruiseM model were compared. The comparison was made 

on a non-hybrid and hybrid vehicle in RDE, NEDC and WLTC cycles. 

2.1. Measurement and Equipment  

Portable emissions measurement system (PEMS) AVL M.O.V.E. was installed on a test vehicle 

for the purpose of measuring emissions carbon dioxide and other pollutants in real driving 

conditions. This system continuously monitors and records data vehicle emissions. The PEMS device 

is composed of several basic parts that are interconnected and controlled by a central computer. More 

detailed information about the AVL M.O.V.E. measuring instrument is shown in the Figure 1. 
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Figure 1. Technical features of PEMS devices. 

To diminish impact on the driving dynamics the majority of equipment is installed in the trunk 

of the vehicle: gas analysers, solid particle counter, central computer and battery Exhaust gas mass 

flow meter, GPS receiver and meteorological station for monitoring atmospheric conditions are 

installed outside. Photo of the vehicle with all the measuring equipment is shown in Figure 2. 

Measurements of current power, consumption and emissions were recorded on a 87 km long route 

that meets the RDE measurement criteria and all measurements were performed according to the 

RDE test procedure. The calibration of the measuring instruments was performed before the start of 

the measurement and after the measurement was completed. Continuous power measurement was 

carried out via OBD diagnostics, whose power values were previously calibrated on chassis 

dynamometer at several operating points throughout the entire engine operating range. The emission 

maps and consumption maps that were used in the creation of the time domain CruiseM model were 

obtained by measuring emissions and consumption on chassis test bed at different engine loads and 

speeds. In all laboratory measurements, a MAHA chassis dynamometer LPS 3000 was used. The 

vehicle was type approved according to the EURO6b standard based on the laboratory NEDC test 

cycle, which characteristics are shown in Table 1. Coast-down analysis was used to determine the 

resistances of the vehicle. This was obtained by recording the speed from the OBD system with a 

resolution of 1s. The measured speed from OBD was previously calibrated with the GPS system. 

Table 1. Characteristics of the tested vehicle. 

Year of 

Production 

Emission 

Norm 

Engine 

Volume l 

Max. 

Power 

kW/HP 

Max. 

Engine 

Torque 

Nm 

Anti 

pollution 

Systems 

Fuel Transmission 
Weight 

kg 

2014 Euro 6 1.6 77/105 250 
EGR, 

DOC, DPF 
Diesel Manual 5s 1395 

 

Figure 2. Test vehicle with built-in measuring equipment. 
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The vehicle model was created in the CruiseM software package with a quasi-static or forward 

approach, which starts from the driver's request to follow predetermined speed pattern or driving 

cycle, schematic representation is on Figure 3. The request is transmitted to the drive system via the 

appropriate regulator and accelerator pedal which has its own characteristics and transient response. 

The torque is transmitted to the transmission system, which has its own gear ratios and losses all the 

way to the wheels, which needs to achieve the necessary torque or driving force to meet the required 

velocity pattern. This approach gives particularly good results in CO2 emissions, consumption 

estimation as well as NOx emissions estimation [21]. 

 

Figure 3. Schematic representation of the quasi-static or Forward model of the vehicle [21]. 

A full hybrid vehicle with a parallel configuration was modelled. The same model was also used 

in the simulation of a non-hybrid vehicle with the exclusion of the corresponding components, 

marked blue in Figure 4. As it is a moderate daily driving style, the transverse and vertical dynamics 

have negligible influence, so the model was reduced to longitudinal vehicle dynamics described by 

a physical model. The vehicle resistance forces are defined as a function of the vehicle speed, by a 

polynomial of second degree (1) obtained from the Coast Down analysis [25]. Vehicle drag force 

equation is defined as: 𝑓଴ + 𝑓ଵ × 𝑣 + 𝑓ଶ × 𝑣ଶ = 𝑇𝑀 𝑑𝑣𝑑𝑡  (1)

where parameter f0 is the free term, f1 is the linear component and f2 is the quadratic component. 

The internal combustion engine is modeled as a black box based on the corresponding 

consumption or CO2 maps, and NOx maps which give the correlation of the corresponding emissions 

with the engine current operating point. Engine maps were also obtained by testing on chassis test 

bed sweeping the entire operating range. Engine is controlled by desired load from controller. Engine 

limits are determined by the maximum torque as a function of rotation speed. The motoring torque 

losses were set up with interpolation curve depending on the speed of rotation. A classic gearbox 

with 5 forward gears is modeled, with the same transmission ratios as the physical one. The efficiency 

as well as the moments of inertia were held constant. The vehicle powertrain contains two clutches, 

the first one (separator) serves to separate the ICE from the rest of the Powertrain and the second one 

is a standard clutch for coupling power devices with the transmission. The separator enables to 

connect/disconnect the ICE to/from the whole system according to the applied HEV strategy (e.g., e-

drive, e-brake regeneration, etc.). In addition, a transmission controller is required for gear up-

/downshifting as well as actuating both clutches. Both clutches are driven by thrust force and 

modeled with following parameters: maximum torque, moment of inertia and "clutch release" 

dependence characteristic on thrust force. 

A 48V electric drive system was used, which consists of a battery, a power consumer and an 

electric machine (EM) that is mechanically connected between two clutches. The EM is modeled as a 

basic quasi-static model that instantly responds to the torque demand. The characteristics of EM are 

defined in both working quadrants separately. The maximum torque limit is defined in generator 
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and motor mode depending on the rotation speed as well as the efficiency characteristics with an 

additional parameter of the operating voltage. The drive control calculates the e-motor load signal in 

both traction and recuperation conditions, by modifying the cockpit output signals. If the braking 

effect of the e-motor torque is below the driver's request in terms of equivalent brake pressure, then 

the mechanical brakes are supplied with pressure. The HEV controller contains a basic state machine 

which smoothly applies different hybrid strategies according to the current driving situation. A 

baseline management strategy was chosen according to the rules, which does not have the ability to 

adapt to different driving conditions [26], so that the change of control parameters during testing in 

different cycles was done manually. For an easier comparison of fuel and energy consumption 

between different models, the Charge Sustain mode was used, which requires the battery to be 

equally charged at the beginning and at the end of the each testing cycle. 

 

Figure 4. Schematic representation of the CruiseM vehicle model. 

2.2. VSP Model  

Vehicle specific power (VSP) is defined as a ratio of the instantaneous power to the vehicle's 

mass, which is used on overcoming the vehicle's resistances, which includes rolling and aerodynamic 

resistances, and kinetic and potential energies (2) [27]: 

𝑉𝑆𝑃 = 𝑑𝑑𝑡 (𝐾𝐸 + 𝑃𝐸) + 𝐹௥௢௟௟ ∙ 𝑣 + 𝐹௔௘௥௢ ∙ 𝑣𝑚 = 𝑑𝑑𝑡 (𝐾𝐸 + 𝑃𝐸) + 𝐹௥௘௦ ∙ 𝑣𝑚= 𝑑𝑑𝑡 ቀ12 𝑚 ∙ 𝑣ଶ + 𝑚𝑔ℎቁ + (𝑓଴ + 𝑓ଵ × 𝑣 + 𝑓ଶ × 𝑣ଶ) ∙ 𝑣𝑚  

(2)

All vehicle resistances including rolling resistances are also defined by longitudinal dynamics 

as in the classic Cruise M model with the fact that moments of inertia are approximated with a 3% 

increase in vehicle mass [28]. The total traction energy is calculated according to: 

𝐸௧௥ = න 𝑚𝑉𝑆𝑃𝑑𝑡்
଴  (3)

The mathematical description of the vehicle's specific power (2) is the basis for the model of the 

current traction power or energy consumption. This model was created using a kinematic or 

backward approach that starts from the end components of the vehicle, i.e. the wheels, which require 

a certain torque to follow the cycle. The schematic representation of the backward model is shown in 

Figure 5, the flow of information or requests is opposite to the flow of energy. The movement of the 

vehicle absolutely coincides with the cycle being followed, so additional condition is added which 

takes into account whether vehicle can meet power request in every point of the driving cycle. 
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Figure 5. Schematic representation of the kinematic or backward model of the vehicle [21]. 

The VSP model is a discrete model formed by frequency analysis of measured emissions and 

consumption within certain power ranges or classes. The starting assumption is that the amount of 

each emission per unit of traction energy are always equal within the observed power class, 

regardless of the driving cycle. More accurate results are obtained by using a larger number of small 

ranges classes, but a large number of classes increases the complexity of data processing. The power 

classes are determined according to the power binning method within EU regulation 2016/427 [29], 

which gives normalized values of their power ranges. Some changes are introduced in classes 2 and 

3. The change in the 2nd class refers to the division into its positive and negative parts separately, 

and class 3 is divided into two equal parts in order to increase the accuracy of the model. The 

denormalized values of power class ranges for the tested vehicle are shown in Table 2. 

Table 2. Power classes for modelled vehicle. 

Power class No Pc,j [kW] from Pc,j [kW] to 

1 -∞ -2.368 

2 -2.368 0.000 

3 0.000 2.368 

4 2.368 11.840 

5 11.840 23.680 

6 23.680 44.992 

7 44.992 66.304 

8 66.304 ∞ 

The bin classification is done according to the limits specified in Table 2, and according to the 

conditions of maximum and minimum traction power according to (4): 𝑃௖,௝ ௟௢௪௘௥ ௕௢௨௡ௗ ൏      𝑃௪௛௘௘௟ ൑  𝑃௖,௝ ௨௣௣௘௥ ௕௢௨௡ௗ       (4)

The bin classification is done according to the limits specified in Table 2, and according to the 

conditions of maximum and minimum traction power according to (4): 𝑚௫,௝ = ෍ 𝑚௫,௞௔௟௟ 𝒌 ௜௡ ௖௟௔௦௦ 𝒋  (5)

The traction energy of the j class is calculated according to (6): 𝑊௧௥,௝ = 𝑚௩௘௛௜௖௟௘ ෍ 𝑉𝑆𝑃௧௥,௞𝑡௞௔௟௟ 𝒌 ௜௡ ௖௟௔௦௦ 𝒋  (6)

The value of individual emissions per unit of traction energy of the j class is equal to the ratio of 

the total amount of emissions of the grade and its total traction energy (7): 𝑚ሶ ௫,௝ = 𝑚௫,௝𝑊௧௥,௝ = ∑ 𝑚௫,௞௔௟௟ 𝒌 ௜௡ ௖௟௔௦௦ 𝒋∑ 𝑃௧௥,௞𝑡௞௔௟௟ 𝒌 ௜௡ ௖௟௔௦௦ 𝒋 = ∑ 𝑚௫,௞௔௟௟ 𝒌 ௜௡ ௖௟௔௦௦ 𝒋𝑚௩௘௛௜௖௟௘ ∑ 𝑉𝑆𝑃௧௥,௞𝑡௞௔௟௟ 𝒌 ௜௡ ௖௟௔௦௦ 𝒋  (7)

The distribution of emissions and energy by power classes during the testing in real driving 

conditions are shown in diagram in Figure 6. The energy shares of the classes are expressed in 

percentage relative to the total positive traction energy. 
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Figure 6. Classes distribution of traction energy, CO2 emissions and NOx emissions during RDE 

route. 

The total amount of emissions and consumption is obtained by summing the emissions of all 

individual classes, i.e., the product of specific emissions and the traction energy coming from the 

internal combustion engine, according to (8): 𝑀௫ = ෍ 𝑚௫,௝௝ = ෍ 𝑚ሶ ௫,௝௝ 𝑊௧௥,௝ (8)

At modelling of a non-hybrid vehicle, all power classes were calculated in the assessment of 

complete cycle emissions. The main point of hybrid vehicles, including this hybrid vehicle model, is 

to use the most favourable operation regions of each available power source, according to a defined 

objective function that usually evaluates emissions and consumption. Traction energy of the j- class 

produced by an internal combustion engine is given in (9): 𝑊௧௥,௝ = 𝑤௧௥,௝ + 𝑤௠௪௔,௝ − 𝛾௝𝑤௦௧௢௥௘ௗᇱ  (9)

wtr,j represents the total traction energy of j class that the engine would generate without hybrid 

drivetrain components, wmwa,j represents the additional mechanical energy due to the shift of the 

operating region of the engine to the more favorable class. Stored energy w’stored (10) consists of the 

regenerative braking energy Wbr and the stored energy of the engine produced by moving operating 

region Ws,mwa 𝑤௦௧௢௥௘ௗᇱ = 𝜂௚𝜂௦௧𝜂௠൫𝛼𝜂௚௕ଶ 𝜂௙ଶ𝑊௕௥ + 𝜂௚௕𝜂௙𝑊௦,௠௪௔൯ (10)

Inserting equation (10) into equation (9): 

              𝑊௧௥,௝ = 𝑤௧௥,௝ + 𝑤௠௪௣,௝ − 𝛾௝𝜂௚𝜂௦௧𝜂௠൫𝛼𝜂௚௕ଶ 𝜂௙ଶ𝑊௕௥ +𝜂௚௕𝜂௙𝑊௦,௠௪௔൯ 
(11)

The energy flows are based on the flow diagram from [30] with slightly modified labels and 

definition of all energy sources and sinks with regard to the drive shaft. The objective function is the 

minimum product of certain emissions and associated weighting factors (12): J = 𝐴𝑀஼ைଶ + 𝐵𝑀ேை௫ + 𝐶𝑀௉ே + 𝐷𝑀஼ை  (12)

Due to the limitations of the classic CruiseM model, only CO2, fuel consumption and NOx 

emissions, were retained, and the objective function (13) preferred only the minimization of 

consumption and CO2 emissions: J = 𝐴𝑀஼ைଶ = ෍ 𝑚ሶ ஼ைଶ,௝௝ 𝑊௧௥,௝ (13)

Inserting equation (11) into (13) gives (14): 
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              𝐽 = 𝐴 ∑ 𝑚ሶ ஼ைଶ,௝௝ ൣ𝑤௧௥,௝ + 𝑊௠௪௣,௝ − 𝛾௝𝜂௚𝜂௦௧𝜂௠൫𝛼𝜂௚௕ଶ 𝜂௙ଶ𝑊௕௥ −𝜂௚௕𝜂௙𝑊௦,௠௪௔൯൧ (14)

The total stored engine moving operating region energy is obtained by multiplying power differences 

between the engine average j-class power Pe,j and required traction power j-th class with engine 

operating time Tj,mwa (15): 𝑊௦,௠௪௔ = ෍ 𝑇௝,௠௪௔(𝑃௘,௝௝ − 𝑃௝) (15)

The total recuperated energy from braking is obtained by the sum of the braking energies of all 

individual classes (16): 𝑊௕௥ = ෍ 𝑊௕௥,௝௝  (15)

3. Results and Discussion 

3.1. Vehicle Models 

Based on emission measurements and other relevant parameters, a CruiseM model, as well as a 

new frequency model of a non-hybrid vehicle was created. The vehicle energy balance and the main 

conversion pathways of chemical energy derived from the fuel are shown in the diagram in Figure 7 

below: 

 

Figure 7. Vehicle energy balance. 

The overall efficiency of the internal combustion engine in the test conditions of the vehicle was 

quite high, over 32%, but it should be emphasized that the efficiency in city driving conditions is far 

lower and in certain conditions falls below 10%, while the maximum engine efficiency is around 42 

%. This difference shows the utility of the hybrid drive, which has the ability to move the load point 

towards the higher efficiency. Of the total traction energy, 84% was spent on overcoming the vehicle’s 

resistances and that part of energy is irreversible, while the rest was spent on vehicle braking and 

that can be returned to the system through regenerative braking. The testing was caried out on roads 

without a significant change in altitude and in conditions of moderate traffic, which resulted in more 
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uniform driving with only 16% reversible energy. The distribution of emissions and traction energy 

according to power classes is shown in a bar graph in Figure 6, where all energy values are shown 

relative to the total positive traction energy of the RDE cycle, while emissions are shown as a 

percentage of the total emissions generated during the cycle. The relevant parameters for the 

comparison of the VSP non-hybrid model and CruiseM non-hybrid vehicle model are presented in 

Table 3. 

Table 3. The relevant parameters for the comparison of the VSP and CruiseM models. 

Clasic vehicle RDE cycle RDE [1/km] Deviation 

 

MeasuredCruiseM VSP Measured CruiseM VSP CruiseM CruiseM 

[%] 

VSP VSP 

[%] 

Distance [km] 86.21 86.63 86.21 1.000 1.005 1.000 0.005 0.48% 0.000 0.00% 

Positive 

Traction 

energy [kWh] 

13.37 13.33 13.46 0.155 0.154 0.156 -0.035 0.22% 0.092 0.69% 

Negative Trac. 

energy [kWh] 

-2.14 -2.22 -2.27 -0.0248 -0.0256 -0.0263 -0.080 3.26% -0.130 6.08% 

CO2 emission 

[g] 

10540 10556 10540 122.2 121.9 122.2 16.259 -0.33% 0.000 0.00% 

NOx emission 

[mg] 

39806 40051 39806 461.7 462.3 461.7 245.136 0.13% 0.000 0.00% 

Consumption 

[kg] 

3.366 3.371 3.366 0.039 0.039 0.039 0.005 -0.33% 0.000 0.00% 

The distance and emissions of the VSP non-hybrid model match the measured data perfectly 

because the model was calculated using those parameters. Positive and negative traction energy 

deviate from the measured values because they are calculated via Equation (2) based on current 

specific power. The distance deviation of the CruiseM model is a consequence of Forward approach 

which controls velocity using PI regulator. In this approach the driving cycle is not perfectly followed 

because it considers system response time. Deviations of positive traction energy, distance, 

consumption and CO2 emissions are within 1% of actual values. Only the relative negative traction 

energy significantly deviates between the two models, while the absolute deviation is small due to 

the small value of negative traction energy. The reason for this deviation is the same as for the 

distance deviation. 

3.2. Testing of Hybrid and VSP Vehicle Models in RDE, NEDC and WLTC Driving Cycles 

Both hybrid models were tested and compared using standard cycles, the RDE cycle which is 

identical to the already performed measurement, the NEDC cycle which is outdated by today's 

standards and in the WLTC cycle which has gradually replaced NEDC. The CruiseM model is 

optimized based on set of simple rules described with global objective function. The VSP model 

works in the frequency domain, so it does not have the possibility of real-time optimization, but the 

same rules can be used to compare these two models. In this case, the primary goal is to compare the 

two models so that the VSP frequency model follows the conditions of the CruiseM model. The 

objective function is minimization of CO2 emissions or consumption, so the optimization prefers 

medium and higher power classes in which the internal combustion engine works more efficiently. 

On the other hand, the highest classes generate high NOx emissions, which in this case are not 

penalized because they are not covered by the objective function (14). The distribution of traction 

energy, emissions, and consumption for the hybrid vehicle under the RDE cycle is graphically 

depicted in Figure 8A using a bar chart. 
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Figure 8. A. Energy distribution and emissions of the VSP hybrid model in the RDE cycle. B. Time 

shares of power classes.C. Time shares of power classes. 

All emissions and energy shares are expressed relative to the emissions of a non-hybrid vehicle 

and to the positive traction energy of each cycle respectively. Classes 1 and 2 have a negative traction 

power where any engine operation is generally unnecessary, but regenerative braking is possible. 

The internal combustion engine remains switched on in class 2 only 1.92% of the time, Figure 8B, 

consuming 0.2% of the total traction energy, Figure 8A. This small amount of energy consumption is 

not the most optimal solution from an energy point of view, but it is a consequence of replicating the 

energy management strategy of the CruiseM model. 
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Class 3 represents the lowest values of positive traction power with a mean power of 1.1kW, 

Figure 8C. This engine operating region is very inefficient, so the goal is to completely eliminate the 

engine's work and replace that energy with stored regenerative braking energy. The engine remained 

in operation for only 1.28% compared to 11.3% of the total operation time of the non-hybrid vehicle, 

Figure 8B and generated 0.2% of the total traction energy, Figure 8A, the same as in the CruiseM 

model. In class 3, the vehicle emits 0.4% instead of the initial 3.5% of CO2 emissions and 0.3% of NOx 

emissions instead of the initial 2.3%. 

Class 4 has a slightly higher average power of 6.9kW, but still deep in the inefficient region in 

terms of consumption and CO2 emissions. With a hybrid drive, it would be desirable to completely 

eliminate the operation of the engine in this region as well, but the engine remains on for 3.6% of the 

total driving time, Figure 8B generating 3.1% of the total traction energy. Class 4 contains 32.2% of 

the total traction energy, where 8.7% of energy was gained from regenerative braking. The remaining 

20.4% was obtained by moving the operating region of the engine to a more efficient class 6. Of the 

20.4% of the mentioned energy, 9.6% was obtained directly from the internal combustion engine 

operating in a higher class and this is marked in Figure 8A as Moving Operating Point Direct 

(MOPD), while 10.8% is obtained from stored energy from the battery, which is generated as excess 

engine energy gained from moving engine operating point, marked on the graph as Moving 

Operating Point Stored (MOPS). Considering the time shares of individual classes, Figure 8C, the 

engine works only 3.6% of the time with the power of the original class, 10.9% of the time it works 

with the average power of the preferred 6th class, and in the remaining time the vehicle is powered 

by energy from the battery, 9.9% from regenerative braking and 12.3% from MOPS. In class 4, the 

vehicle emits 3.3% instead of the initial 34.3% of CO2 emissions and 1.7% of NOx emissions instead 

of the initial 17.1%. 

In class 5, 20.5% of the energy comes from the internal combustion engine, while the rest of 13.4% 

is used from the battery and gained through MOPS. The engine generates 18% of CO2 emissions 

instead of the initial 29.7% and 12.9% of NOx emissions instead of the initial 21.3%. Class 6 is the 

preferred considering engine efficiency, so the share of internal combustion engine energy increases 

in favor of other classes from 23.3% to 71.7% of the total initial traction energy. At the same time, CO2 

emissions of class 6 increase from 19.3% to 29.3% of initial total CO2 emissions, while NOx emissions 

increase from 31.1% to 95.6%. 

Class 7 also belongs to the less efficient region, compared to class 6, and engine energy covers 

only 1.3% of the initial required 7.4%. This 1.3% of the traction energy also results from the CruiseM 

model energy management strategy. The total CO2 emissions of the hybrid vehicle were reduced from 

6.1% to 1%, while NOx emissions were reduced from 19.2% to 3.3%. The bar diagram in Figure 10 

shows the comparative results of the vehicle travelled distance for VSP and CruiseM models of 

hybrid and non-hybrid vehicles in RDE, NEDC and WLTP cycles. In contrast to Table 3, where the 

deviations were expressed in relation to the measured values of the RDE cycle, the following bar 

diagrams show the deviations between the VSP and CruiseM models. 
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Figure 9. Comparison of distances covered for different models and cycles. 

As before mentioned, the cause of the deviation between the two models lies in different 

modeling approaches, the VSP was created as a backward model that perfectly follows the given 

speed profile, while the deviation of the travelled distance of the CruiseM model is a consequence of 

the forward approach which includes the PI regulator in this case. Despite different approaches, the 

maximum deviation of the travelled distance is less than 0.7%, which is a more than acceptable result. 

In the RDE cycle, the travelled distance of both models deviates the most, -0.69% for the hybrid 

model, and -0.48% for the non-hybrid model. Better results were achieved with laboratory cycles 

compared to the RDE cycle. One of the important reasons is certainly the influence of altitude, which 

laboratory cycles do not have. In the NEDC cycle, the travelled distance of classic vehicles differs by 

0.29% for a non-hybrid vehicle and 0.13% for a hybrid vehicle. The smallest deviations of 0.05% for 

the non-hybrid vehicle and 0.04% for the hybrid vehicle were recorded in the WLTP cycle. Although 

the deviations in the travelled distance are small, they were taken into account as a corrective factor 

when comparing other parameters. The bar graphs in Figures 10 and 11 show the comparative results 

of positive and negative traction energies required for the vehicle to overcome the test driving cycles 

for different cycles. The differences that arise in the traction energies are also a consequence of the 

forward model, i.e. the settings of the PI regulator. The largest deviation of positive traction energy 

was recorded between RDE models of hybrid vehicles at 2.85%. Relative deviations of negative 

traction energies are significantly higher due to small absolute amounts, but the absolute amounts 

are small and acceptable considering the impact on emissions and consumption. The largest relative 

deviation of negative traction energies is shown by the non-hybrid vehicle model in the WLTP cycle 

of over 8%, but on an absolute scale only 0.07kWh. 

 

Figure 10. Comparison of positive traction energies for different models and cycles. 
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Figure 11. Comparison of negative traction energies for different models and cycles. 

The comparison of CO2 emissions and fuel consumption is shown in the bar diagrams in Figures 

12 and 13. CO2 emissions are expressed in absolute values i.e., in grams and corrected according to 

the travelled distance, while consumption is traditionally expressed in litres per 100 kilometres. The 

most significant deviations were recorded for the hybrid vehicle model in RDE conditions at 3.79% 

and for the non-hybrid vehicle model in the WLTP cycle at 4.4%. If we compare the results according 

to cycles, the NEDC cycle in both modelled vehicles, hybrid and classic, gives deviations slightly 

higher than 1%. The CruiseM model was used as a reference, but it is possible that this model also 

causes some deviations because it does not include transients. 

 

Figure 12. Comparison of consumption per 100 km for different models and cycles. 
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Figure 13. Comparison of CO2 emissions for different models and cycles. 

The reason for the good overlap between the results of the NEDC cycle lies in the cycle itself, with 

constant accelerations where the classic CruiseM model which is based on consumption and emission 

maps approximates the real situation relatively well due to less influence of transient phenomena.  

Since the vehicle is type approved according to the Euro 6b standard, which includes testing in 

laboratory conditions according to the NEDC cycle, it is possible to compare the results with the type 

approved values. The declared value of CO2 emissions in the NEDC cycle for the tested vehicle is 102 

g/km, while the value of CO2 emissions of the modelled vehicle is slightly less than 111 g/km. A deviation 

of 8.8% was expected considering that the type approval procedure at that time was performed on the 

"golden vehicle" which gave significantly better results than the tested one. All these results of the hybrid 

models were achieved by following a strategy of the CruiseM model based on set of rules, but the best 

result achieved by optimizing the VSP hybrid model, without taking into account the CruiseM strategy, 

in terms of CO2 emissions gives about 4% better results than those shown in Figure 13, which would put 

this vehicle inside legal limit of 95g of CO2 emissions in real conditions.  

The absolute amounts and corrected deviations of NOx emissions of both models applied to 

different cycles are shown by a bar graph in Figure 14. The deviations of NOx emissions are on 

average slightly higher than CO2 emissions and fuel consumption primarily due to the larger possible 

deviations of the classic map-based CruiseM model that does not include transients. Transient 

phenomena in the assessment of NOx emissions have a greater impact due to the way NOx emissions 

are regulated through exhaust gas recirculation [8]. 

 

Figure 14. Comparison of NOx emissions for different models and cycles. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 November 2023                   doi:10.20944/preprints202311.0600.v1

https://doi.org/10.20944/preprints202311.0600.v1


 15 

 

The largest deviations of NOx emissions of 9.62% are shown with the hybrid vehicle models in 

the WLTP cycle, while the same models in the NEDC and RDE cycles show deviations slightly higher 

than 6%. Non-hybrid vehicle models in RDE, NEDC and WLTP conditions differ by 0.13%, 2.53% 

and 6.07%, respectively. Larger deviations in the WLTP cycle, especially in NOx emissions, are 

expected due to extremely dynamic driving. 

4. Conclusions 

The paper presents a VSP model based on frequency analysis, which represents a new way of 

modeling primarily hybrid, but also classic non-hybrid vehicles. A comparison of two independent 

models, VSP and CruiseM, was performed in order to prove the usefulness of the much simpler VSP 

model with the possibility of obtaining results with similar accuracy. Positive and negative traction 

energies data, which are necessary to follow the desired cycle, as well as CO2 emissions data, fuel 

consumption and NOx emissions, were analyzed and compared. First, the VSP model was tested on 

a hybrid vehicle under RDE conditions following the same rule-based strategy as the CruiseM model. 

Furthermore, the energy balance calculation is presented in detail, as well as the calculation of the 

corresponding CO2 and NOx emissions for each individual class. All hybrid modes time shares, as 

well as the shares of individual traction energy components and average ICE power are graphically 

presented and classified into the necessary traction power classes. Absolute comparative data are 

presented graphically with all deviations expressed relatively with a correction according to the 

travelled distances. The deviations of the travelled distances are very low with the highest value of 

0.69% for the hybrid vehicle and the RDE cycle. The causes of the deviations lie in the different 

modeling approaches, Backward approach for the VSP model and Forward approach for the CruiseM 

model, where PI controller causes slight deviations. All positive traction energies have positive 

deviations of the VSP model between 0.35% for the WLTP model of the non-hybrid vehicle to a 

maximum of 2.85% for the RDE hybrid model. The deviations of the negative traction energy are 

relatively higher, up to 8.38%, which is expected because of their small absolute values compared to 

the total positive traction energy, so they have negligible impact to the overall results. The most 

important element of the comparison of the two models are CO2 emissions and fuel consumption, 

where the biggest deviation of the results was recorded for the hybrid model of the vehicle in RDE 

cycle conditions of 3.79% and for the non-hybrid vehicle model in WLTP conditions of 4.4%. All other 

combinations of cycles and models give deviations of about 1%, which is an excellent result that 

directly proves the reliability of the model. The best result obtained by optimizing the VSP model of 

the hybrid vehicle in RDE conditions, independently of CruiseM model, is about 4% better relative 

to the result obtained following the CruiseM strategy. This outcome means that this vehicle would 

reach the legally prescribed, penalty-free limit of 95g/km under real-world conditions. Regarding the 

results of the comparison of NOx emissions, the deviations are somewhat larger compared to CO2 

emissions and consumption. The largest deviations of NOx emissions of 9.62% are shown by the 

hybrid vehicle models in the WLTP cycle, while the same models in the NEDC and RDE cycles show 

deviations slightly higher than 6%. Models of non-hybrid vehicles in RDE, NEDC and WLTP 

conditions differ by 0.13%, 2.53% and 6.07%, respectively. Larger deviations of these emissions are 

expected due to the worse performance of the CruiseM model in predicting NOx emissions which 

are controlled by the EGR system, which is very sensitive to transient phenomena that are not 

described by this model. This research showed very good results of the simpler VSP model in 

predicting fuel consumption and CO2 and NOx emissions without using complex time domain 

models which require great skills and complex algorithms to realize real objective functions. Another 

problem of the time domain model is that it sometimes gets stuck in local minima without finding an 

optimal global solution, so there is also the possibility of using the VSP model as a control mechanism 

of the time domain model. Such a model enables a much simpler definition of the objective function, 

and thus the simplification of the optimization of complex energy management systems such as 

hybrid propulsion systems. Future research should be directed towards determining the influence of 

various parameters of the VSP model on its accuracy, especially the selection of the number of classes 
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and their ranges. The possibility of expanding the model in a multidimensional domain should also 

be investigated, that is, it should be expanded with additional influential parameters. 
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