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ABSTRACT: This report shows the control algorithm and performance of the Predictive EV Drive and its benefit on fuel 

efficiency in real life. This control switches over the driving modes automatically depending on road load, battery level 

and traffic conditions. Furthermore, the application of this control for geo-fencing is also shown in this report. In order to 

achieve these functions, navigation system and plug-in hybrid control has been newly developed.   
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1. Introduction 

In order to contribute to the improvement of real-world fuel 

efficiency of HEVs and PHEVs towards carbon neutrality, "PED-

Predictive Efficient Drive" has been developed. It aims more 

efficient State Of Charge (SOC) management by predicting 

driving conditions and driver’s behavior in cooperation with 

connected navigation technology.  

Predictive EV Drive predicts traffic conditions and road load 

towards the destination set by the driver.  It formulates a real-

time control plan based on the current battery level and switch 

over between electric and hybrid driving - to improve fuel 

efficiency. Further explanation is about control architecture and 

benefit. 

 

2.  Predictive EV Drive 

2.1 Improvement for current PHEV behavior 

In order to use up all the battery energy which is charged by 

plugging-in, electric driving is performed when such charged 

power is available. And hybrid driving (with engine support) is 

automatically performed when the battery energy is low. When 

engine power output is low in hybrid mode, efficiency is 

generally low. The engine efficiency is generally better on 

highways and uphill than in urban areas and traffic jams. 

Therefore, as an example shown in Fig.1 - current PHEV can be 

more efficient by driving in hybrid mode at uphill. 

 

 

    Fig.1: Current Toyota PHEV behavior 

 

2.2 Aim of Predictive EV Drive 

To improve the above situation, this control shifts into the hybrid 

driving in high road load areas (highway, uphill, etc.) and 

chooses electric driving in low road load areas (urban, traffic 

jam, etc.) - to   improve real world fuel efficiency by optimizing 

the use of charged battery energy (See Fig.2). 

  

        Fig.2: Image of Predictive EV Drive 
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In order to manage SOC control for the entire route, predicting 

the route information until destination is necessary. Therefore, 

this control is activated when route guidance is set in Toyota 

navigation system. 

Fig.3 shows the customer journey with Predictive EV Drive. 

This control changes the driving mode automatically between EV 

and HV mode in order to consume all remaining energy in the 

battery when arriving at the destination.  

The result of this control system is displayed at the destination. 

 

 
Fig.3: Customer journey with Predictive EV Drive 

 

2.3 Control architecture 

 The navigation system takes care of calculating road load 

towards the destination and creates predictive information which 

can be shared with hybrid ECU.  

The hybrid ECU performs vehicle mode planning and execution 

of control based on the current battery level and available 

predictive information (See Fig.4).  

 

 

 

 

Fig.4: Control architecture  

 

2.4. Generation of predictive information in navigation 

system 

The navigation system generates predictive information that 

could estimate the energy (Wh) and driving power (kW) along 

the route ahead, to fulfil the below boundary conditions: 

・ To use up all battery energy until arriving at the destination  

・ To switch over to hybrid driving in high road load areas  

The route to the destination is divided into several sections (See 

Fig.5).  It predicts driving power (based on road type, traffic 

conditions, road load), time (based on distance, vehicle speed) 

and distance for each section.  

 

Following three additional processes are necessary to above basic 

information, in order to generate accurate predictive information. 

 

  Fig.5: Image of predictive information linked to route 

 

(1) Calculation of driving power  

Topography and traffic information from route is necessary to 

predict driving power, if the route has not been traveled before. 

In such a case, driving power is calculated using gradient 

information available in the map and vehicle speed coming from 

live traffic services (see the following equation).  

・Driving power[kW]= (Gradient resistance + Driving resistance) 

                 ×Estimated Velocity ÷ 3600 

・Gradient resistance[N]=Vehicle weight × Estimated slope 

×9.8÷ 100 

・Driving resistance[N]= RLa × Estimated Velocity 2 + RLb 

×Estimated Velocity + RLc 

・Estimated Velocity[km/h]=Velocity based on road category and  

from live traffic services 

・Estimated slope[%]=Gradient data from Geospatial Information 

 Authority (GSI) 

However, the acceleration and deceleration losses cannot be 

considered since the navigation provided vehicle speed and 

gradient values are averaged over sections. So, the estimated road 

load can be different from actual road. Therefore, road load 

learning function has been implemented in order to improve the 

accuracy on the roads already travelled.   

 

(2) Road load learning function  

In order to adapt to real driving conditions and driving style, the 

system learns vehicle speed, road load and gradient in sections 

along the route. Then driving load is calculated by hybrid ECU in 

real-time. This real-time driving load is transmitted to the 

navigation system and then linked to the map. The real-time 

driving load calculation is according to the following formula:   

  Driving load [N] 

 = Driving force (from engine and motor) × System efficiency  

On roads that have been already travelled, this learning 

information has priority to generate predictive information. 

 

G
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(3) Integration Process 

When the destination is at a distant location, the amount of data 

to handle becomes too large. A typical case is long-distance 

driving scene as this control supports trips that cannot run only 

with battery energy. 

Therefore, sections next to each other with small road load 

differences will be combined so they can be easily handled by the 

hybrid ECU.  

Also considering the processing load and communication delay 

on the hybrid ECU, information from the current vehicle position 

until a certain distance away is extracted from navigation 

system at a time and processed at fixed interval along with the 

latest traffic information. (See Fig. 6)  

 

 

 

    Fig.6: image of predictive information generation 

When the destination is more than certain distance away, hybrid 

ECU is notified that whole route information is not available. As 

a result, HV mode is planned to maintain current battery energy 

regardless of current SOC, until whole route information is 

available. 

 

2.5.  Planning of mode control in hybrid ECU  

The hybrid ECU receives the predictive information and makes a 

mode control plan as follows:  

 

(1) Target area selection of all battery energy consumed (near the 

destination): 

 To ensure all battery energy is consumed until arriving at the 

destination, some area before the destination is excluded from the 

EV mode control planning since the accuracy of predictive 

information is limited. 

 

(2) Determine whether vehicle could reach the destination in EV 

mode:  

The control calculates whether the vehicle could reach its 

destination in only EV driving mode based on current battery 

energy. 

(3) Order of priority for EV mode:  

The control prioritizes the EV mode planning in certain areas 

where electric driving is expected – even though it can be less 

efficient.   

 

        Fig.7: Priority level of the EV mode 

 

(4) EV/HV mode plan for each section: 

 The control allocates the EV driving mode in descending order 

of EV priority. When the cumulative energy consumption of the 

EV mode planned areas exceed current battery energy, control 

allocates HV mode to remaining area. In case areas have same 

priority level for EV mode, lower road load area is prioritize to 

EV mode. 

When the destination is more than certain distance away and 

whole route information is not yet available, step (2) is skipped. 

And EV priority 6 and 7 in the table 1 is planned as HV mode 

because battery is supposed to be consumed until arriving at 

destination. 

(5) Final optimization:  

In addition to above priorities, final driving mode is determined 

by consideration of avoiding unnatural behavior due to 

fluctuations from quick mode changes and to select EV mode for 

avoiding overflow of battery - in case of downhill with high 

SOC. 

 

3. Real world evaluation in vehicle 

The efficiency of the system was tested and verified in real world 

on Japanese and European roads with various battery levels and 

driving lengths.  

 

3.1 Route 

The evaluation route selected is as shown in Fig. 8. This route 

represents various road load conditions such as downhill, uphill 

and highway. In addition to above route, short-length(~30km), 

medium-length(~100km) and long-length(~200km) routes has 

been tested. Since this function will be introduced in Japan and 
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Europe, real environment test has been performed in Belgium 

and Germany - to consider European conditions also. Fig.9 

shows the route of long length trip in Europe. 

 

Fig.8: Short Course1@JPN 

 

Fig.9: Long Course 2 and Long Course 3 @Euro 

 

3.2 Method to evaluate benefit of the system 

The fuel efficiency benefit is calculated by simulation of actual 

vehicle data (see the Fig.10). The Predictive EV Drive function 

was active to record vehicle data during driving the routes. The 

recorded data was used in the simulation to evaluate fuel 

efficiency with Predictive EV drive ON. To simulate fuel 

efficiency with this control OFF, only driving pattern from the 

above recorded data was used. 

The reason for choosing this method was to avoid repeatability 

issue in real world while testing with control ON & OFF. 

Input information for the simulation: 

・Velocity, road gradient, air conditioning and SOC at start  

・ The actual change between EV & HV mode during testing 

with control ON 

 

 

 

 

 

 

Fig.10: Simulation of fuel efficiency benefit based on the actual 

vehicle data 

 

3.3 Results 

Above procedure has been performed to all routes. Table1 shows 

the summary of benefit in each route. 

Table1: Benefit of Predictive EV Drive in each route 

 
*CO2  is including both CO2  expelled with gasoline and 

necessary for power generation of plug-in electricity. 

Note) CO2 intensity of electricity generation(kg-CO2/kWh) is 

estimated value by Toyota Motor Corp. for consideration in IEA 
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WEO2021, Data Statistics and so on. (This is calculated life 

cycle factor including upstream emission) 

 

3.4 Observations 

(1) Predictive information accuracy 

Following case is an example that shows difference in control 

planning beween first and second trip due to improvement in 

predictive information accuracy. 

 Fig.11 shows EV/HV control behavior and trip result using 

navigation information on short course1. Battery depletion was 

high in 1st half of the trip and then battery was fully depleted on 

the highway, before city driving. EV mode was selected for a 

long time in this 1st half of trip because road load from navigation 

was assumed less than actual load road. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11: Result of the Short Course1 trip1 

 

Fig.12 shows better control on same route after road load 

learning.  The prediction becomes more accurate on previously 

travelled roads, thanks to the accumulated route data from the 

learning system. 

If prediction information error is high, it can result in a different 

battery depletion than original mode plan. 

Even without learning data, hybrid-ECU re-calculates the mode 

plan every 1 minute to minimize the impact of prediction error. 

In fact, it is possible that recalculation might not be enough to 

compensate prediction error. 

 

 

 

 

Fig.12: Result of the Short Course1 trip4 

 

The accuracy of predictive information is analyzed to show the 

difference between the first trip and repeated trips with learning. 

Fig.13 shows accumulation of difference between predictive 

energy consumed and actual energy consumed to compare before 

and after learning. 

In the first trip, actual energy tends to be larger than predictive 

energy from navigation map. In this case, it shows 89Wh/km 

difference. On the contrary, repeated trips show only up to 

22Wh/km difference - thanks to the learning system.  Graph on 

right hand side in Fig.13 shows the variation of actual vehicle 

energy consumption during each trip. Generally, real testing 

environment has variation due to traffic, environment, etc. These 

tests have up to 17Wh/km variation. Therefore, we can conclude 

benefit of learning system from these results.  

 

     
        Fig.13: Short Course1 accuracy of Predictive info. 
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Table2 shows error due to predictive information accuracy with 

other routes. It is evident that improvement from learning system 

is observed in other routes as well.  

Table2: Predictive information error 

 

 

 

Table3 shows average of fuel efficiency and CO2 results for all 

routes before and after learning. 

Table3: Result of the before and after learning 

 

 

(2) Long trip data result 

Fig.14 shows long course 2 and 3 in the Europe. Route 

information is shown in Fig9. 

 
 

  

 

Fig.14: Result of the Long Course 2 

 

When destination is more than certain distance away, predictive 

information for whole route is not available at the beginning of 

the trip. HV mode is typically planned until whole route 

information is available. Fig 14 shows good result because 

highway driving is in 1st half of the trip which is planned as HV. 

On the contrary, Fig.15 shows not ideal scenario because city 

driving is in 1st half of the trip which is planned as 

HV(Fig.15(a)). Therefore, EV is selected during highway driving 

after whole route information is available. This issue is due to 

ECU capability limitation, which will be improved in future. 

 
 

 

 

Fig.15: Result of the Long Course 3 

 

 

4. Application for geo-fencing 

4.1. Expanding on predictive EV Drive function 

In Europe, geo-fencing is coming under the spotlight for 

encouraging PHEV customers to drive more electric in city areas. 

Some other competitors have already implemented geo-fencing 

system for their PHEV in specific areas to encourage drivers to 

switch over into EV driving mode. (See Fig.16) 

 

 

  Fig.16: Geo-fencing image (PHEV) 

The Predictive EV Drive is originally designed to drive in EV 

mode by considering the total route, but it can also support geo-

fencing requirement by adding information about specific geo-

fencing areas and promote driving as EV. (See Fig.17) 

 

 

 

 

 

 

 

Fig.17: Image of application of Predictive EV Drive for geo-

fencing 
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Fig.18 shows control architecture of Predictive EV Drive for geo-

fencing.  Geo-fencing functions are implemented over the 

Predictive EV Drive. 

 

Fig.18: Control architecture of Predictive EV Drive for geo-

fencing 

To ensure that the benefits from Predictive EV Drive are kept 

even with geo-fencing feature, a new control considering geo-

fencing is added dedicated to EV/HV mode planning. 

Geo-fencing feature is implemented in addition to the original 

vehicle mode control that manages switching between EV and 

HV mode.  

Geo-fencing area information which prioritizes EV mode is 

implemented in the navigation. This information is sent to hybrid 

ECU to be combined with other section information. 

Geo-fencing planning in hybrid ECU is the new function to 

realize EV mode in the geo-fencing area.  

EV/HV mode planning control calculates energy demand to 

achieve EV mode in whole geo-fencing area. When battery 

energy is not enough, HV mode is requested to reserve battery 

energy before entering geo-fencing area. Conventional predictive 

EV/HV switching mode control is also working in parallel to 

achieve both - fuel efficiency benefit and geo-fencing function. 

 Fig.19 is the case that combines both functions. 

 
Fig.19: Image of vehicle mode control including geofencing 

 

4.2. Method to evaluate benefit of geo-fencing function 

There are 2 main concerns when practically implementing geo-

fencing function.  

First concern is how to estimate the battery energy consumption 

to drive as EV since predictive information is not perfectly 

matching with actual driving condition.  

Second concern is to ensure that battery energy is consumed as 

much as possible at destination - to achieve good CO2 results. 

Therefore, calibration of battery energy margin before destination 

has been optimized to address these two concerns. Fig. 20 shows 

two example of geo-fencing driving scenarios.   

 If SOC depletes less than predicted, battery energy is able to be 

consumed after geo-fencing area to optimize better CO2. If SOC 

depletes more than predicted, battery energy is used for geo-

fencing function is stead of later EV. Therefore Case (b) which 

has geo-fencing area at the end of trip is more severe than other 

Case (a).   

 

 

        Fig.20: Geo-fencing driving case 

Therefore, geo-fencing at the end of trip is set for each course in 

Japan and evaluated.  

 

4.3. Results of Predictive EV Drive for geo-fencing 

Since geo-fencing regulation is not fixed yet, this evaluation 

allows engine starting in the geo-fencing area if battery energy is 

depleted before destination. EV driving distance ratio, EV 

driving time ratio, fuel efficiency and CO2 benefit is evaluated 

with these routes. 

Table4 shows the results of geo-fencing function from real world 

evaluation with the actual vehicle.  
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Table4: Benefit of the control in each route 

 

 
 

(1)EV driving ratio 

There are two cases in which battery depleted before reaching the 

destination in geo-fencing area, but table5 shows EV time ratio is 

more than 95% in geo-fencing area. After learning, EV driving 

performance improved for all cases, as expected. 

Table5: Result of the EV rate 

 

 

 

 

(2) CO2 result 

CO2 benefit becomes worse as expected from -0.89g in table1 to 

0.92g in table4 with Euro CO2 calculation, because battery 

energy is remaining at the destination to achieve full EV driving 

in geo-fencing area.  

Since Europe and Japan has different geography, CO2 generating 

electricity in Europe is smaller than Japan. Therefore, remained 

energy in the battery at the destination has bigger impact in 

Europe because battery energy remained means more engine 

starting. Therefore, it is important that battery energy 

optimization takes the energy situation in each country into 

account. 

 

5. Conclusion  

The development of Toyota’s Predictive EV Drive and validation 

of its benefit in real world usage is explained. 

It can be confirmed that this control improves fuel efficiency by 

up to 0.98% and can reduced CO2 emissions by up to 0.77% in 

Japan. This effect is similar than Euro data.  

We will proceed with our developments to further refine fuel 

efficiency and expand the application and commercialization of 

geo-fencing function. 




