
 

Abstract-- In this paper a power delivery control strategy for 
a passenger mild hybrid vehicle is developed and described with 
simulation results. The vehicle is equipped with Integrated 
Starter Alternator (ISA) and Automated Manual Transmission 
(AMT). The transmission and engine control units, and ISA 
torque control for boosting and regenerative braking are 
optimized according to the requirements of the power delivery 
from the vehicle power sources to the driven wheels, and the 
requirements of driver’s demand as well. A gear-shifting 
strategy for AMT is developed to extract the AMT up-shift and 
down-shift maps. These maps are utilized for proper 
gear-shifting and emulating the shifting strategy of a 
professional driver. An ISA power management strategy is also 
proposed and described which considers the driver’s wheel 
torque demand as well as the state of charge (SOC) of the 
battery. In the case of braking, the ISA produces braking force 
in parallel with the mechanical brake system. A braking control 
unit is also presented that computes the mechanical and 
electrical braking forces required to meet driver’s braking force 
command. The electrical braking captures the vehicle kinetic 
energy as much as possible without reducing the stability. The 
feasibility of operation of the vehicle controller has been 
demonstrated by simulating the vehicle with a driver model. 
 

Index Terms--Driver’s demand, Integrated Starter Alternator 
(ISA), Automated Manual Transmission (AMT), power delivery, 
torque distribution, gear-shifting. 

I.  INTRODUCTION 
Hybrid Electric Vehicles (HEVs), using current internal 

combustion engines (ICEs) as their primary power source and 
batteries as the peaking power source, have a much higher 
operation efficiency than vehicles powered by ICEs alone 
[1] [2]. The main problem consists of developing a strategy 
for power delivery from the two power sources – battery and 
petroleum fuel – to the driven wheels. Many requirements 
such as the SOC and peak power density of the battery, ICE 
speed, torque-speed profile of the electrical machine, and 
vehicle stability must be considered in power delivery 
strategy. The driver’s power demand must be considered as 
well to satisfy the driver’s command.  

In the case of a mild HEV the electric power is delivered 
via the ISA. Thanks to the dual directional energy flow 
capability of the electric propulsion system (ISA), recovery of 
the braking energy becomes possible through regenerative 
braking [3]. The energy recovered during this process can be 
returned to the energy storage device for future use [4]. 

For best fuel economy and effective emission control of a 
mild hybrid vehicle with ISA, the gear ratio must be chosen 
correctly, and unfortunately only a few drivers know all 
complex relations how to optimize the driving performance 
and the fuel consumption by the correct choice of the gear 
ratio [5]. The AMT is a promising development on the field 
of vehicle gearboxes that takes the choice of the correct gear 
ratio from the drivers. The AMT can easily be implemented 
using a conventional manual transmission and pneumatic or 
hydraulic actuators to operate the shift levers and clutch [6].  

This paper presents a vehicle control strategy for proper 
power delivery from the HEV power sources to the driven 
wheels. A Transmission Control Unit (TCU) is developed in 
the paper for the desired power delivery via the AMT and 
clutch. The power delivery via the ISA and ICE is 
co-ordinated by the Energy Management Unit (EMU) 
presented is Section V. This paper also presents a braking 
system control unit which will be described in Section VI. 
The whole vehicle is simulated using the Advanced vehicle 
simulator (ADVISOR) [7]. A longitudinal driver model using 
a PI-controller is incorporated which gives the accelerator and 
brake pedal signals. The driver’s torque request is estimated 
by evaluating the accelerator pedal position and brake pedal 
force. In Section III, the inclusion of the driver model in the 
combined backward/forward modeling system is described.  

II.  VEHICLE IDENTIFICATION 
The vehicle studied here is SAMAND passenger vehicle 

with XU7JPL3 normal gasoline engine. The 42-V power 
supply system that is used in the simulation consists of three 
modules of Hawker Genesis 12V, 26 Ah Valve Regulated 
Lead-Acid (VRLA) batteries. The ISA used in simulations is 
a 10 kW direct mounted electrical machine, with the 
maximum continuous torque capability of about 50 Nm and 
over torque factor of 2 for intermittent operation. 

As shown in Fig.1, the proposed vehicle controller consists 
of Transmission Control Unit (TCU), Energy Management 
Unit (EMU), and Regenerative Braking System (RBS), which 
are described in Sections IV, V, and VI respectively. 

III.  DRIVER MODEL AND PEDAL INTERPRETATION 
The driver’s wish is represented here by two profiles. The 

first represents the final speed of acceleration or deceleration 
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that the driver desires to reach and is denoted by Speed 
Demand (see Fig. 1). The second profile represents the 
acceleration or deceleration rate in m/sec² that the driver 
demands in order to reach the final speed and is denoted by 
Accel./Decel. Rate Demand (see Fig. 1).  

The driver model that has been used only considers the 
longitudinal motion. The driver model receives the Speed 
Demand as a reference and controls the vehicle speed via a 
PI-Controller which it’s proportional and integral terms are 
updated constantly during running according to the driving 
type. The driving type is determined based on the demanded 
acceleration or deceleration rate (Accel./Decel. Rate Demand 
profile). The higher the rate demand, the more aggressive the 
driving is, and as a result the greater proportional and integral 
terms will be chosen. However, the small rate demand 
represents a gentle driving type. This driving type will be 
achieved by choosing small proportional and integral terms. 

  In the case of a small deceleration rate demand, the output 
of the PI-Controller is set to zero in order to model the driver 
as neutral without operating any pedals. In this case, the 
driver desires to retard the vehicle movement using the ICE 
braking capability without operating the brake pedal. 

In real condition, the driver’s desire should be estimated 
via the accelerator and brake pedals interpretation and the 
goal here is to do this estimation via a simple method, which 
is described in the following subsections. 

It must be stressed that the utilized backward-facing 
simulator needs the values of the wheel torque request and 
vehicle speed request in every simulation time step. The 
former is estimated by pedal interpretation and the latter is 
extracted from Speed Demand and Accel./Decel. Rate 
Demand profiles by a S-shaped (smooth) ramp function 
generator. The resultant profile of the requested vehicle speed 
is similar to the achieved vehicle speed demonstrated in 
Section VII, and is not depicted for condensation. 

A.  Accelerator Pedal Interpretation 
It should be noted that the driver’s sense of the accelerator 

pedal operation in a vehicle with AMT would be different 
from its operation in a vehicle with manual transmission. In 
AMT application, the driver requests torque by moving the 
accelerator pedal without considering the current gear ratio 
while in manual transmission the driver presses the 
accelerator pedal considering the chosen gear ratio. 

According to Newton’s second law, the tractive force on 
the driven wheels – denoted by Ft – that must satisfy the 
driver’s torque request, can be expressed as 
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           (2) 

 
           (3) 

 

 

where Fw, Fr, and Fg are aerodynamic drag, rolling, and 
grading resistive forces on the driven wheels respectively, 
and Fa is the force needed to accelerate the vehicle. Fg,a is the 
total value of grading and acceleration forces, and Fw,r is the 
total value of Fw and Fr resistive forces.  

The estimation of the driver’s wheel torque demand is 
done according to the accelerator pedal stroke versus the 
vehicle speed in four regions as shown in Fig 2(a). The 
region 1 is high torque demand region as the driver intents to 
move from standstill with high acceleration even with high 
wheel slip, or he/she wants to drive up a very steep slope. As 
a result, it can be interpreted that the driver demands the 
maximum tractive force limited by the tire-ground cohesion 
defined as 

 

           (4) 
 

where μmax is the maximum road friction coefficient, and W is 
the normal vehicle load. The region 2 is also a high torque 
demand region and the requests such as cruising uphill, high 
acceleration on flat road, and medium accelerating while 
driving up a steep slope are possible in this region. However, 
cruising on the flat road, accelerating downhill, and 
decelerating uphill without braking are some possible 
requests in the region 3. If the operating point is in the 
region 4, it can be interpreted that the driver intents to retard 
the vehicle movement or to cruise downhill, using the ICE 
braking effect. 

In order to estimate the driver’s force demand denoted by 
Ft,demanded, this value is divided into two parts. The first part, 
denoted by Fw,r,demanded, is the estimated driver’s force demand 
to overcome the Fw and Fr total resistive force (Fw,r). The 
other part is the estimated total force that is demanded by the 
driver for grading, and acceleration (Fg,a) and is denoted by 
Fg,a,demanded. These values are estimated based on Table I. It 
should be noted that although there is a high aerodynamic 
drag (Fw) while driving at high speeds in region 4, the value 
of Fw,r,demanded is set to zero in this region. It is due to the fact 
that the driver is not demanding any force to overcome the 
aerodynamic drag. On the contrary, he/she is using this 
resistive force to decelerate, or to cruise downhill. 

Finally, the Ft,demanded is calculated by (5).  
 
 

           (5) 
 
Fig. 2(b) shows the resultant estimation. 

B.  Brake Pedal Interpretation 
Firstly, the driver’s commanded deceleration factor 

(commanded deceleration rate divided by g, df) is estimated 

agrwt FFFFF +++=

WFt ⋅= maxmax, μ

TABLE I 
ESTIMATION OF THE DRIVER’S WHEEL FORCE DEMAND 

 Region 1 Region 2 Region 3 Region 4 
Fw,r,demanded Fw,r Fw,r Interp.* 0 
Fg,a,demanded Ft,max Interp.** 0 FICE,clt*** 

*Interpolation between regions 2 and 4. 
**Interpolation between regions 1 and 3. 
***Estimated retarding force of the ICE on the driven wheels. 
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Fig. 1. Functional architecture of the entire vehicle with a driver model. 
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according to the normalized brake pedal force (see Fig. 3). 
Finally, the driver’s wheel force demand is calculated by 
multiplying the df value by the vehicle mass and gravity (g). 

IV.  TRANSMISSION CONTROL UNIT 
The TCU for AMT must emulate the shifting strategy of a 

professional driver. As a result, several road tests were 
conducted with manual gearbox to completely realize the 
gear-shifting criterion. In this paper, an AMT gear-shifting 
strategy is presented which is utilized to extract the up-shift 
and down-shift maps considering the ICE speed, and the 
torque request requirements. This strategy avoids ICE over-
revving and ICE operation at low speeds and it also considers 
the driver’s torque request not to over-burden the ICE or ISA. 

A.  ICE Speed Requirements 
Up-shifting must be executed as soon as the ICE speed 

reaches its maximum allowed value (Ne,max) and down-
shifting must be executed as soon as the ICE speed reaches its 
minimum allowed value (Ne,min). These speed limits depend 
on the accelerator pedal stroke (see Fig. 4) and are also 
dependent on the current gear (see Table II). The criteria of 
determining the values of Table II and their dependency on 
the current gear are all completely inspected and are not 
discussed here for condensation. Moreover, the SAMAND 
vehicle with manual gearbox was tested on the road to 
evaluate these values. 

B.  Down-Shifting Map 
Down-shifting generally occurs in five cases that are 

explained as follows: 

Case 1- Providing much torque to avoid deceleration: If the 
estimated torque request can not be provided by the current 
gear and the current ICE torque capability, then a down-shift 
will occur. The ICE torque-speed profile with engine throttle 
opening is utilized to compute the ICE torque capability. 
Case 2- Avoid ICE operation in extremely low speed: Down-

shifting must be executed as soon as the ICE speed reaches its 
minimum value denoted by Ne,min. 
Case 3- Stop and go (downshift from 2nd to 1st gear): The 

torque request requirements are not considered in down-
shifting strategy from 2nd to 1st gear and this case is only 
possible in low ICE speed range near to the idle speed. In 
other words, even if the 2nd gear is not able to provide the 
requested torque, the TCU waits until the vehicle decelerates 
to very low speed and then downshifts to 1st gear. 
Case 4- Cruising downhill: Down-shifting must be executed 

when driving a steep slope to take advantage of the braking 
effect of the ICE and the regenerative braking. This case is 
considered by using the Ne,min,L parameter. 
Case 5- Sudden acceleration: Down-shifting occurs for high 

positive rate of the accelerator pedal stroke as long as it is 
ensured that the ICE would not over-rev. 

The method used to extract the down-shift map is shown in 
Fig. 5. The cases 1-4 are all considered in this strategy and as 
a result, they are included in the resultant down-shifting map 
(see Fig. 6(a)). To consider the case 5 in AMT down-shifting 
strategy, the accelerator pedal stroke rate (∆acc) is also 
sensed. The case 5 takes precedence over other cases and the 
down-shifted gear is kept as long as the accelerator pedal is 
pressed more than 80% and the ICE speed is lower than a 
predefined value (480 rad/sec). 

C.  Up-Shifting Map 
An up-shift is executed as soon as the ICE speed reaches 
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Fig. 4. The ICE (a) maximum and (b) minimum speed limits.  
Fig. 5. The method used to extract the down-shift map.  

TABLE II 
UP-SHIFTING AND DOWN-SHIFTING ICE SPEED LIMITS 

Current 
Gear 

Up Shift Down Shift 
Ne,max,H 

(RPM)

Ne,max,L  

(RPM) 
Ne,min,H  

(RPM) 
Ne,min,L  

(RPM) 
1st 5000 3000 NA* NA 
2nd 4600 2900 1200 850 
3rd 4300 2800 1800 1200 
4th 4000 2700 2000 1600 
5th NA NA 2100 2000 

    *NA: Not Applicable.   
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Fig. 2. (a) Predefined regions for driver’s request estimation  

(b) Contour of the estimated driver’s force demand (N) on the driven wheels. 

0 20 40 60 80 1000

0.2

0.4

0.6

0.8

1

D
ec

el
er

at
io

n 
Fa

ct
or

 
Fig. 3. The estimation of df using the normalized brake pedal force. 



 

Ne,max value. The resultant map is shown in Fig. 6(b). 
Up-shifting may not be executed in the case of high slip 
detected on the driven wheels. 

V.  ENERGY MANAGEMENT 
An energy management control system for the mild hybrid 

vehicle with AMT is presented in this section. The EMU 
distributes the estimated driver’s wheel torque demand 
between the ICE and ISA. The problem to be solved is how to 
consider all the requirements in the torque distribution 
strategy. The principal requirements consist of the battery 
peak power density, SOC, ISA torque capability that is 
closely related to the ISA speed, and the driver’s power 
demand. 

Firstly, using the equivalent circuit model of the utilized 
lead-acid battery, the maximum charging power acceptance 
and discharging power capability of the battery are extracted 
at the current SOC, which are denoted by Pbat,chrg,max  and 
Pbat,dis,max respectively. Afterwards, the EMU computes the 
ISA output torque request according to (6) and (7), where ηISA 
is the ISA efficiency, N is the ISA speed, TISA,mot,max and 
TISA,gen,max are the ISA maximum motoring and generating 
torques at the current speed, and C is a torque scaling factor 
between -1 and +1. 
 

If C ≥ 0: 
(6) 

 

Otherwise: 
(7) 

 
In fact the main task of the EMU is to calculate the torque 

factor denoted by C, in such a way that a compromise 
between satisfying the driver’s demand and maintaining the 
SOC in the desired level is achieved. The way that the EMU 
calculates the C torque scaling factor is described as follows: 

At first, the EMU senses the SOC and the current speed of 
the ISA and then computes the maximum and minimum 
torque scaling factors denoted by Cmax and Cmin respectively. 
This computation is based on Fig 7. Afterwards, in order to 
consider the driver’s demand as well, this unit computes the 
final torque scaling factor C according to the regions defined 
in Section III (see Fig. 8). It should be noted that the value of 
C in regions 2 and 3 is computed by interpolation, and the 
torque factor in region 1 is set to the maximum value. It is 
because the driver’s demand takes precedence to other 
considerations when the vehicle operating point is in region 1.  

It can be concluded from the above that the EMU 
considers the SOC and ISA torque-speed profile by the Cmax 

and Cmin factors, and it also considers the driver’s demand by 
the C factor. The mathematical calculations used to extract 
the Cmax and Cmin values are not discussed to condense this 
paper and only a brief explanation is presented as follows: 

As shown in Fig. 7, the Cmax and Cmin are set to the 
maximum values (+1 or -1) while the ISA speed is low. It is 
due to the fact that at low speeds, high torque can be 
requested from ISA without exceeding the peak power 
density of the battery. However, the values of Cmax and Cmin at 
higher speeds should be limited in such a way that 
maintaining the SOC in the desired level is ensured.  As an 
example, consider the SOC level of 0.6 and the ISA speed of 
200 rad/s. In this case the Cmax and Cmin values are set to +0.25 
and -0.62 respectively, which means that the ISA is permitted 
to augment the ICE up to 0.25 times the Pbat,dis,max and is 
permitted to charge the battery up to 0.62 times the 
Pbat,chrg,max.  

As can be seen in (6) and (7), the sign of the torque factors 
affects their usage. In an example SOC value of 0.2, the Cmax 
and Cmin torque factors are set to -0.42 and -0.95 respectively 
(see Fig. 7), which means that the ISA is not permitted to 
augment the ICE and it is only permitted to charge the battery 
within the 0.42 and 0.95 times the Pbat,chrg,max. 

VI.  REGENERATIVE BRAKING SYSTEM 
The parallel braking is the brake system of choice as it has 

a simple construction. This system has a conventional 
mechanical brake that has a fixed ratio of braking force 
distribution on the front and rear wheels [1]. The negative 
force of the ISA is applied in parallel. The goal here is to 
present a RBS that takes into account the deceleration 
command from the driver as well as the vehicle stability, ISA 
generating torque capability, and SOC. 

Fig. 9 demonstrates the functional architecture of the RBS, 
where F_mech_f  and F_mech_r are the mechanical braking forces 
on the front and rear wheels respectively, and F_regen is the 
desired regenerative braking force of the ISA on the wheels. 
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Fig. 7 (a) Max. torque factor (Cmax) (b) Min. Torque factor (Cmin), with  

the SOC of battery and the ISA speed. 

 
Fig. 8. Computation of the final torque factor (C). 
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Fig. 6. The AMT (a) down-shift  and (b) up-shift map. 



 

The functions of the blocks are explained briefly as follows: 
Block 1- Interprets the brake pedal (see Section III). 
Block 2- Computes the maximum charging acceptance of 

the battery (Pbat,chrg,max) as explained in Section V.   
Block 3- Computes the maximum regenerative force that 

the ISA can provide on the wheels based on the ISA 
torque-speed profile. The output of the block 2 (Pbat,chrg,max) is 
also considered not to exceed the peak power density of the 
battery. 
Block 4- Adjusts the regenerative force computed by the 

block 3. As shown in Fig. 10(a), when the driver demands a 
df value less than the Max_Regen_Force_1 divided by the 
vehicle mass and the g, then only regenerative force may be 
applied to the wheels. This also depends on the road 
condition that is described in the following block 
explanations. 
Block 5- Uses wheel slip to determine the tire/road friction 

coefficient (μ) with the well-known algebraic slip/friction 
relationship. The peak and sliding values of the μ are assumed 
to be high related to dry asphalt as it is conventional driving 
condition. For an advanced road/tire friction observer, see [8]. 
Block 6- Computes the maximum regenerative force on the 

wheels that can be requested from the ISA without causing 
wheel lockup. It also limits the df to a maximum value 
denoted by df_max, which is the maximum deceleration that 
can be demanded according to the tire/road friction. The 
calculations used in block 6 are not discussed here and only 
an example is demonstrated in Fig. 10(b), in which the df 
value is lower than μ and df_max. The brake distribution to 
meet the maximum deceleration (df_max) is shown in 
Fig. 10(b) by dashed-line. 
Block 7- Computes the mechanical braking forces by 

 

(8) 
 

 

(9) 
 

where M is the total vehicle mass, and β is the ratio of the 
mechanical braking force on the front wheels to the total 
mechanical braking force of the vehicle.  

VII.  SIMULATION RESULTS 
The feasibility of operation of the vehicle controller 

components are demonstrated here by simulating the whole 
vehicle through a 95-second test course with initial SOC of 

0.7. As shown in Fig. 11, at the start of the course the driver 
commands the final speed of about 60 mph with a medium 
acceleration rate. At 20s, the driver desires to speed up with 
high acceleration rate. Afterwards, the driver retards the 
vehicle movement by using the ICE and ISA braking before 
he/she decides to use the brake pedal. The entire behavior of 
the driver model is shown in Fig. 12. The driver’s wheel 
torque demand that is estimated by the pedal interpretation is 
compared with the actual torque demand in Fig. 13. It should 
be noted that the actual wheel torque demand is computed 
by (2) and is not available in real condition. The estimated 
torque demand is distributed between the ICE and ISA. The 
ICE throttle opening is extracted from the ICE torque request 
using the ICE torque-speed profile and is shown in Fig. 14. 

As shown in Fig. 15, the TCU allows down-shifting during 
braking. In this case, the ICE speed reaches to the idle-speed 
in later time; as a result, the clutch can be engaged for longer 
period of time. However, one may suggest remaining in the 
current gear during braking, which is more appropriate for 
full HEVs with a clutch between the electrical machine and 
ICE. This clutch can decouple the ICE from the driveline 
during braking, which also removes the ICE retarding force 
on the wheels. 

The ISA maximum and minimum torque scaling factors 
denoted by Cmax and Cmin, are computed according to the SOC 
and ISA speed and are depicted in Fig. 16. The final torque 
factor (C) is computed considering the driver’s demand and is 
used to calculate the ISA torque command except in braking 
condition (see Fig. 17). The ISA torque command during 
braking is computed by RBS. The braking forces computed 
by RBS are demonstrated in Fig. 18 and Fig. 19. 

 
Fig. 9. Functional architecture of the Regenerative Braking System (RBS). 
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    (a)                                                          (b) 
Fig. 10 Examples for the functions of (a) Block 4 (b) Block 6. 

 



 

VIII.  CONCLUSION 
This paper presented a vehicle controller that co-ordinates 

power delivery in a mild hybrid vehicle. This controller 
considers many driving requirements mainly the driver’s 
demand, via the proper control of the ICE, ISA, transmission, 
and braking system. The presented Transmission Control Unit 
is aware of the driver’s desire so it always chooses the proper 
gear. A strategy for proper torque distribution between the 
ISA and ICE was also developed in this paper that is mainly 
based on the driver’s demand satisfaction; however the 
strategy proposed in the authors' previous work [9] is mainly 
focused on the fuel consumption and emission reduction 
requirements. Although the torque assist and regenerative 
braking of the ISA are limited due to the peak power density 
limitations of the utilized lead-acid battery, this battery is 
chosen as it has shown a good compromise for cost reasons. 
In addition to the battery peak power, there are many other 
requirements that must be considered in the vehicle control 
units such as the braking control unit. The Regenerative 
Braking System that was presented in this paper considers the 

driving conditions in calculating the regenerative and 
mechanical braking forces. The validity of the proposed 
vehicle controller was verified through the vehicle 
simulations with a driver model. 
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Fig. 12. Normalized gas pedal position and brake pressure (%) vs. time. 

 Fig. 11. Vehicle velocity, driver’s speed demand, and ICE speed vs. time. 

Fig. 17. ISA torque command vs. time and ISA operating modes. 

 Fig. 18. Braking forces computed by RBS. 

Fig. 19. The estimated df value computed by block 1 and the maximum  
regenerative force computed by block 4 of RBS. 

Fig. 16. ISA torque factor computation by Energy Management Unit. 

Fig. 13. The estimated and the actual wheel torque demands vs. time.

Fig. 15. Gear number vs. time. 

Fig. 14. The ICE throttle opening (%) vs. time. 


