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A Control Algorithm of an Idle Stop and Go System
With Traffic Conditions for Hybrid Electric Vehicles

Kyuhyun Sim

Abstract—This paper proposes a control algorithm for IGS
(Idle Stop and Go) systems and a stop prediction algorithm.
A new ISG system has been introduced to reduce fuel con-
sumption by improving the conventional ISG system for hybrid
electric vehicles (HEVs), including plug-in hybrid electric vehicles
(PHEVs). When the HEVs stop or pass in front of a traffic
light, the control algorithm determines when to turn off the
internal combustion engine (ICE) while comparing the driving
energy consumption. A stop prediction algorithm was proposed
to determine whether a vehicle will stop at traffic lights. Traffic
information and driving test results were obtained using a
driver-in-the-loop simulator, and the stop prediction algorithm
was verified through these results. The proposed ISG with the
stop prediction function can reduce fuel consumption. With the
developed traffic flow model, the effectiveness of the proposed
ISG was evaluated in terms of the transportation system.

Index Terms—Idle stop and go system, traffic signal, hybrid
electric vehicle, stop prediction, traffic flow model, driver-in-
the-loop simulation.

I. INTRODUCTION

ONVENTIONAL vehicles with only an internal combus-
Ction engine (ICE) use an idle stop and go system (ISG)
to reduce fuel consumption and pollution in various situations.
The ISG system uses an idle stop state in which the engine
automatically stops for a few seconds when a vehicle stops
and the brake pedal is depressed [1]. However, if traffic signals
change immediately from a red light to green light when the
vehicle stops, the ISG is not helpful; this is because the engine
must stop for several seconds to reduce fuel consumption and
pollution [2]. Therefore, traffic signal information can solve
this problem for a basic ISG system. There have been many
studies that reduces driving energies by controlling vehicle
speed under given traffic signal conditions [3], [4], but few
studies have been to improve an ISG system.

The U.S. Department of Transportation describes an appli-
cation program for connected vehicles that consists of a
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connected car and intelligent transport system (ITS) services,
including vehicle-to-infrastructure (V2I), vehicle-to-vehicle
(V2V) safety services, emergency data transmission services,
and eco-friendly driving assistance services [5]. In Europe,
the DRIVE C2X project established seven national test sites
and a harmonized testing environment for C2X technologies
to accelerate cooperative mobility [6]. An ISG system using
V2I communication has been investigated [7]. When engine
stop time and traffic signals are predicted, this method can
improve the ISG system. However, it has limits in which
the traffic signals and engine stop time must fit properly.
Specifically, if the engine stop time is short, an unnecessary
fuel consumption occurs because the ICE turns on. In this
research, a hybrid electric vehicle (HEV) system addressed
the limitations by using mode transition. The objective is
to propose an ISG system with traffic conditions by pre-
dicting vehicle deceleration. The control algorithm stops the
ICE and switches the electric driving mode from the hybrid
driving mode for a predicted deceleration section. Our previ-
ous research has been published [8]. This paper designs the
proposed control algorithm and verifies its effectiveness with
simulation methods.

Driver-in-the-loop simulation is that a driver drives a vehicle
in virtual driving environment. Specifically, it is suitable that
the simulation can control the virtual transportation system
and receive the data of subjective vehicle, traffic signals, and
surrounding vehicles. It also repeatedly simulates the same
conditions. The developed driver-in-the-loop simulator with
the powertrain model evaluates the ISG system.

A conventional ISG is operated during braking and stop
situations. In this research, the HEV turns off the ICE when
braking. To develop a control algorithm with traffic signals,
an ISG algorithm is proposed that includes the conventional
ISG system of the HEV. Driving condition were divided into
four sections, as shown in Fig. 1. The first section is hybrid
driving mode which operates the electric motor and ICE.
The second section is regenerative braking when the vehicle
decelerates. The conventional HEV turns off the ICE unless
the charge state of the battery is low. The third section is
when the vehicle stops because a traffic signal is red. The
final section is when the vehicle starts and speeds up when
the traffic signal is green. In the second and third sections, the
ICE turns off. We will validate the ISG with the developed
simulation environments.

The paper is organized as follows. Section 2 proposes
a control algorithm of the ISG system with traffic sig-
nals. Section 3 describes stop prediction algorithm for the
ISG control algorithm. Sections 4 simulates the ISG control
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algorithm through stop predictions. Section 5 analyzes the
effectiveness of the control in transportation system using the
traffic flow model. Section 6 concludes the paper.

II. A CONTROL ALGORITHM OF AN IDLE STOP AND
GO SYSTEM WITH TRAFFIC SIGNALS

As mentioned before, if the traffic light turns green immedi-
ately after the engine has stopped, a short engine stop time may
not have any benefit for improving fuel economy. A control
algorithm is proposed to predict energy consumption when the
vehicle is driving, decelerating, and starting. Figure 2 shows
the flow chart for the control algorithm.

SAE J2735 [9] describes Signal Phase and Timing (SPAT),
including the distance from the vehicle to the traffic light
and the remaining time of the traffic signals. For example,
when a traffic light turns red, the duration of the red light
is transmitted. Also, the duration of the green light is known
when the light turns green.

The algorithm acquires traffic signals and predicts when to
stop. The next step is to confirm whether it is decelerating
or not. The energy consumption is then calculated from the
ICE BSFC (Brake Specific Fuel Consumption) map and the
electric motor power map (Fig. 3). For example, when specific
ICE rotational speed and torque are set in the dynamometer,
the ICE consumes fuel, which is measured.

A new time value is defined. The fuel consumption is
0.6975 g when the ICE is cranking, extracted by a dynamome-
ter test [10]. After cranking, the ICE is idling, and its
idling fuel rate is 0.16 g/s. The cranking fuel consumption
is divided by the idling fuel rate, which is 4.359 s according
to equation (1). We defined the constraint time, 7.s;. Energy
consumption values are converted to time to utilize V2X data.
The braking time is determined by taking into account the
vehicle’s braking performance.

cranking fuel consumption
Iest = . (1)
idle fuel rate

If the idle time is longer than the constraint time, properly
turning the ICE off & on is more efficient than keeping the idle
state. Conversely, if the idle time is shorter than the constraint
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time, keeping the ICE idle is more efficient than turning the
ICE off & on.



SIM AND HWANG: CONTROL ALGORITHM OF ISG SYSTEM WITH TRAFFIC CONDITIONS FOR HEVs

An HEV selects a more efficient driving mode by comparing
the energy consumptions during EV and HEV driving modes.
The EV mode is operating only an electric motor for driving.
The HEV mode is operating both electric motor and ICE for
driving. However, the EV mode needs the ICE idling when
a battery is at a low state to charge. This case is that the
ICE charges the battery to a specific high charge state without
ICE propulsion.

The braking time is estimated using the current vehicle
speed, the distance to the traffic light, and the braking per-
formance. The vehicle stops, and the vehicle operation can
be predicted during the stop time in front of the traffic light.
The stop time is compared with the idling time to determine
whether to keep the ICE idle or turn it off. However, the
control can only be applied if the condition is satisfied.

HEVs can convert mechanical braking energy into electrical
energy by an electric motor that provides regenerative energy.
The controller keeps the battery SOC low before driving situa-
tions such as downhill deceleration, where much regenerative
energy can be accumulated. If the acceleration/deceleration
status of the vehicle is predicted through road information,
the fuel economy of the vehicle can be increased by using
this energy flow. The control algorithm selects a more efficient
driving mode by comparing EV and HEV driving modes’
energy consumption.

Eondromor and Eopgrpeng are the energy consumption when
the electric motor operates and when the ICE operates, respec-
tively, before decelerating. Eg;ro, iS the energy consump-
tion when the ICE is turned on during cranking. E,,pk 1S
the energy consumption when the ICE is idle. Regenerative
braking energy is not considered in this control because
regenerative braking at deceleration is the same in EV and
HEV driving modes. It assumes that the regenerative braking
energy is regardless of any mode.

Eondromot + Estron < Eondrveng + Eonbrk (2)

If the above inequality is satisfied, the HEV driving mode
is transferred to the EV driving mode when the electric
motor drives the vehicle while the ICE turns off. The energy
consumption at EV driving mode and the fuel consumption
when the ICE drives the vehicle are calculated via the motor
map and ICE map. The electrical energy is converted to fuel
consumption using the equivalent conversion factor, Fp, [11].

Eondromor = / P(Tp, CUm)XFeth (3)

Eondrveng = / fuelrate(T,, w,)dt 4)

T» and T, are torques of the electric motor and ICE, respec-
tively. w,, and w, are rotational speeds of the electric motor
and ICE, respectively. According to the motor efficiency, P is
the motor power function of the motor torque and rotational
speed, as shown in Fig. 3 (a). fuelrate is the fuel rate function
of the ICE torque and rotational speed from the engine BSFC
map, as shown in Fig. 3 (b).

The fuel rate calculated when the ICE is idle can also be
determined based on the ICE speed.

Eonpric = f”elrateidling (we) % Lyehstop (5)

14429
TABLE 1
TYPICAL STOPPING DISTANCES [12]
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distance
Stopping 15 23 36m 53m 73m 9%m
distance
St‘t’frfl’;“g 2025s 2775s 3375s 4.095s 4800s 5.496s

N Speed
Stopping
Recognizing Braking

stop

Y

e Tork

Fig. 4. A condition when the vehicle stops in front of traffic lights.

fuelrate;qiing is a fuel rate function of the ICE speed at
idling. The energy consumption is estimated for the time,
tvehstop» When the vehicle stops at the traffic lights.

III. STOP PREDICTION ALGORITHM

The ISG control algorithm works only when a vehicle
stops. Therefore, it is necessary to predict whether the vehicle
stops. This paper determines whether the vehicle will stop by
using the distance from the vehicle to the traffic light and the
remaining time of the traffic signals.

The United Kingdom government proposed general rules,
techniques, and advice for all drivers and riders. The stopping
distances are among the guidelines, as shown in Table I [12].
The stopping times can be defined using distances and speeds.
The recognizing distance is the driving distance over which a
driver decides to stop while driving the vehicle. The braking
distance is the driving distance traveled as the driver brakes the
vehicle until the vehicle stops. The stopping time is the driving
time for both the recognizing distance and braking distance.
Figure 4 shows the condition when the vehicle stops in front
of traffic lights. Suppose the vehicle travels at a constant speed
during the recognizing distance and decelerates at a constant
rate during the braking distance; as shown in Fig. 4, the
stopping time can be calculated using the following equation.

Xrec + 2Xprk

Istop = lrec + ok = ———— (6)
Utr
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case 1 when a traffic light turns red, and (c) stopping case 2 when a traffic
light turns green.

fsiops trec, and 1y, are the stopping time, recognizing time, and
braking time, respectively. x;.. and xp,; are the recognizing
distance and braking distance, respectively. v, is the vehicle
speed in front of traffic lights. It assumes that the braking time
is constant depending on the vehicle speed.

The control point is P O.;,; where the vehicle is driving a
distance during the control time, #.;,;, from the front traffic
light, where the control algorithm determines which driving
mode is more efficient, as shown in Fig. 5. It assumes that the
control time is 5 seconds. Firstly, as the vehicle is at P O,
the traffic signal times and recognizing time are compared to
predict whether the vehicle stops. The stopping possibility is
proposed depending on the traffic signal time. The adjusting
time is defined as 7,, which is the control time minus the
stopping time.

tq = Itetrl — Lstop (7

If the remaining time of the red light, 7., is less than the
adjusting time, 7,, the vehicle does not stop and passes through
the light. If #, is greater than t,, it can stop or pass through
according to the possibility of passing. When 7, is closer
to t.r1, the possibility of stopping increases. If ¢, is greater
than ./, the vehicle must stop at the traffic light.

On the contrary, if the remaining time of the green light,
tg, is less than #,, it must stop. If 7, is greater than f,, it may
or may not pass through the light according to the possibility
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Fig. 6. Possibility of passing according to (a) red traffic signal and (b) green
traffic signal.

of passing. When ¢, is closer to 7., the possibility of passing
increases. If t, is greater than ., the vehicle must pass the
traffic light.

Two stopping cases are shown in Fig. 5. In Fig. 5 (b),
the light turns red at PO,y whereas the light turns green
at PO in Fig. 5 (c).

Figure 6 (a) shows the possibility of passing when a red
light remains at the PO, point and Fig. 6 (b) shows the
possibility of passing when a green light is at the PO
point. When the possibility is one, it passes through the front
traffic light. When the possibility is zero, the vehicle stops in
front of the traffic light. Depending on the vehicle speed, the
possibility can change. High speed increases the possibility of
passing, which represents the solid lines as shown in shown
in Fig. 6. Conversely, low speed increases the possibility of
stopping, which represents the dotted lines as shown Fig. 6.
The high speed is 50 km/h, and the low speed is 30 km/h. As a
result, the model can predict the stopping situation. When the
stopping conditions are satisfied, the energy consumptions for
each driving mode are calculated to decide which driving mode
is more efficient using the proposed control. To obviously
predict the stop situation, it assumes that the model predicted
whether it is passing or stopping if 7, or f, is lower than #,
and greater than 7.;,;.

The ISG time, t;y,, is time to decide whether to idle or not.

The ISG time considers only the Eg;ro, when the ICE is
turned on during cranking and E,,p-x when the ICE is idle.

Estron < Eonbri (8)

If the inequality (8) condition is satisfied, the engine
sustains at idle state. However, the condition is limited,
and the engine can turn on inefficiently. We propose the
EV time, tgy. It determines which the engine turns off and
the motor provides forward propulsion under the condition
that inequality (2) is satisfied. The tgy is longer than the f;4,.
The tpy can increase the possibility in which the engine
turns off before the vehicle brakes. When the deceleration
condition is predicted, the driving modes are determined under
given driving conditions for managing the HEV power more
efficiently.

IV. SIMULATIONS OF THE IDLE STOP AND GO SYSTEM

Using the developed backward simulator in Appendix A,
the control algorithm is verified. The simulator calculates the
energy consumptions. For the conventional ISG, case #1 in
Fig. 7 is an example of when it is better to stop the ICE.
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TABLE II
SUMMARY OF THE SIMULATION RESULTS FOR THE IDLE
STOP AND GO CONTROL STRATEGIES
ISG time,  Constraint Fuel consumption Fuel consumption

¢ time. ¢ when the ICE is when the ICE
isg > Cest 7

kept idle restarts
5s 4359 s 26.04 ml 2591 ml

Figures 8 (a) and (b) are the vehicle speed and traffic signal
time conditions, respectively. When the ICE is kept idle, the
fuel consumption is 26.04 ml. When the ICE turns off and
restarts, the fuel consumption is 25.91 ml, demonstrating that
turning off the ICE reduces the fuel consumption. Table II
summarizes the results.

If #;5¢ is 5 seconds, greater than a 7.5, of 4.359 seconds, the
ICE turns off as shown in Fig. 8 (c), from 15 to 20 seconds.
At 20 seconds, the ICE turns on and its fuel consumption
increases, as shown in Fig. § (d),

©)

Case 2-1 and 2-2 are examples where it is better to keep
the ICE idling. The driving conditions of 2-1 and 2-2 are
the same they produce different results depending on the
control algorithm, as shown in Figs. 9 and 10, respectively.
Figures 11 (a) and (b) show the vehicle speed and traffic
signal time conditions, respectively. In case 2-1, the ICE is
kept idling by the basic control shown in Fig. 11 (c). However,
in the case of 2-2, an extended ISG control turns off the ICE

tisg > lest-

14431

am
(7 (M)

2. Regenerative braking

@
[0 )

3.Stop 4. Hybrid driving

Engine state
—— Vehicle speed

Case 2-1
No idle stop and go
‘. a .'

1. Hybrid driving

Engine Engine on Engine on i Engine on
state i
Vehicle [-= i
speed !
A1l A2 | A3 A4

'
'
i
|

H S

>

Start < tlsg (< tcs t) > Time

Fig. 9. Case 2-1: no idle stop and go.

Extended idle stop time
ap S Ay AR 6

1. Hybrid driving 2. Electric driving 3. Regenerative braking 4. Stop 5. Hybrid driving
Engine state
—— Vebhicle speed
Engil \ Engi
Engine ngine on ' ngine on
state \_ P H
Engine stdp !
Vehicle J== !
speed !
A1 A2 1 A3 A4
'
i
'
Engine off | Q
: S
>
Start Engine restart  Time
< tlsg (< tcst) >
< tEV > tcst >

Fig. 10. Case 2-2: an extended engine-off time.

TABLE III

SUMMARY OF THE SIMULATION RESULTS FOR THE IDLE
STOP AND GO (ISG) CONTROL STRATEGIES

_ Fuel
Proposed ISG COI.ISt Fuel consump-
. . raint p
EV time time : consump- . Improve-
> > time . tion of the
> tion of ment
ty lig ‘ ISG extended
o ISG
50s 4s 4359s  28.68 ml 28.39 ml 1.04 %
55s 4s 4359s  28.68 ml 28.21 ml 1.64 %
6.0s 4s 4359s  28.68 ml 28.02 ml 231 %

in which the value of 7gy is newly defined and it is more
efficient to turn the ICE on and off, as shown in Figure 11 (d).
Table III summarizes the results. Because the f;5, is less than
the constraint time, 7.y, it is better to keep the ICE idling.
However, if gy is more than 7., the energy consumptions of
the controls should be compared. If it is better to operate in
the EV driving mode while the ICE turns off before braking,
the ICE idling stops.

IEV > lest > tisg (10)
Figure 12 shows the different fuel consumptions in the

controls. The extended ISG operates an electric motor and the
ICE in HEV driving after 13 seconds, as shown in Fig. 12 (b).
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Fig. 11. Case 2 simulation results: (a) vehicle speed, (b) traffic signal time,

(c) engine on/off signal in the basic idle stop and go (ISG) control, and
(d) engine on/off signal in the extended ISG control.

When the ICE restarts, the fuel of the ICE ignition is con-
sumed.

In the case of defining gy as 5 seconds which is higher
than ;5 by 1 second, 28.68 ml of fuel is consumed in the basic
control. However, the proposed control consumes 28.39 ml of
fuel, resulting in a reduction of 1.04%. Additionally, if tgy is
defined as 6 seconds which is higher than #,, by 2 seconds,
the proposed control consumes 28.02 ml of fuel, resulting in
a reduction of 2.31%.

Increasing tgy consumes more electrical power and it can
deteriorate powertrain efficiency because the electrical energy
consumed must be charged by the ICE generating power to
convert the fuel to electrical energy. However, this energy
circulation can be eliminated by regenerating the braking
energy that otherwise would have been lost. If the EV driving
mode is used instead of the HEV driving mode, the equivalent
fuel consumed is 0.27 g, which is equivalent to the electrical
energy for 2 seconds. Additionally, if the energy is calculated
that the ICE generates electrical energy for the consumed
electrical energy, 3.49¢g is required for 2 seconds. The sum
of the two equivalent fuels obtained previously must be less
than the energy obtained during regenerative braking. The fuel
amount by regenerative braking is 4.86 g, which is equivalent
to electric energy. Therefore, it is advantageous to drive from
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HEV mode to EV mode when it is at least 2.6 seconds
as shown in Fig. 13. Restarting the ICE after EV driving
rather than keeping the ICE idling in the HEV driving mode
helps to reduce fuel consumption. Three fuel consumptions are
obtained by calculating electrical energies at each time, with
the equivalent conversion factor as used in the calculation of
energy consumption.

Using the driver-in-the-loop simulation in Appendix B, the
stop prediction developed was validated.

For virtual driving conditions, traffic lights are located at
equidistant distances on a straight road with limited speeds.
There are surrounding vehicles that follow the UDDS cycle.
When the vehicles stop according to the red traffic signal, they
stop following the cycle. When the signal turns green, the
vehicles continue the cycle. The developed PHEV is driven
by a driver under virtual driving conditions. Cases 1 and 2
show the results of driving at 50 km/h. Figure 14 shows the
traffic conditions. Figures 15 and 16 show the case 1 and
case 2 results, respectively. Two cases are attempts of the
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driver driving in the same test scenario where the driver cruises
at 50 km/h, and the surrounding vehicle and traffic signals
are the same. However, because the driver’s behaviors in the
two cases are subtly different, the situations encountered are
different, affecting the simulation results.

In case 1, the distance traveled is 13.6 km, and the vehicle
goes through 17 traffic lights. Among them, the number
of traffic lights stopped at is 9. With the stop prediction
algorithm, the number of predicted stops is nine, and the
stop prediction probability is 100%. Table IV summarizes
the case 1 results, including the traffic signal times and stop
prediction probability.

In case 2, the distance traveled is 9.7 km, and the vehicle
goes through 12 traffic lights. Among them, the number
of traffic signals stopped at is 6. With the stop prediction
algorithm, the number of predicted stops is 4, and the pre-
diction success probability is 66.7%. The reason for these
two failures is that the vehicle speed is different from the
given speed of 50 km/h at the predicting time. The vehicle
could not accelerate to 50 km/h because of the surrounding
vehicles. These vehicles affect the prediction. In the next study,
the limitation needs to be solved. Table V summarizes the
case 2 results of the traffic signal times and the stop prediction
probability.
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TABLE IV
CASE 1 TRAFFIC SIGNAL TIMES, STOP RESULT, AND STOP
PREDICTION AT TRAFFIC LIGHT POSITIONS
Number ~ Green Red  Simula .
of traffic signal signal -tion Predict Stop
light time, 7, time, 1, results -ed prediction

1 0 15.41 Stop Stop Success
2 6.21 0 Pass Pass -

3 0 5.61 Stop Stop Success
4 2.51 0 Pass Stop -

5 20.42 0 Pass Pass -

6 3.13 0 Stop Stop Success

7 4.86 0 Stop Stop Success

8 491 0 Pass Stop -

9 0 5.51 Stop Stop Success
10 2.49 0 Stop Stop Success
11 6.21 0 Pass Pass -

12 0 6.61 Stop Stop Success
13 5.41 0 Pass Stop -
14 0 6.27 Stop Stop Success
15 5.64 0 Pass Stop -
16 0 5.20 Stop Stop Success
17 2.11 0 Pass Stop -
TABLE V
CASE 2 TRAFFIC SIGNAL TIMES, STOP RESULT, AND STOP
PREDICTION AT TRAFFIC LIGHT POSITIONS
Number Green Red Simula .
of traffic signal signal -tion Predict Stop
light time, 7, time, 7. results -ed prediction

1 0 11.31 Stop Stop Success
2 4.61 0 Pass Stop -

3 0 5.13 Stop Stop Success
4 4.03 0 Pass Stop -

5 0 3.58 Pass Stop -

6 7.78 0 Pass Pass -

7 0 7.92 Stop Stop Success

8 14.65 0 Stop Pass Failure

9 6.65 0 Stop Pass Failure
10 21.73 0 Pass Pass -

11 0 8.26 Stop Stop Success
12 16.07 0 Pass Pass -

This simulation is applied using the backward simulation
results. If the stop prediction is 100%, the average fuel
consumption reduction is 2.47% for cases 1 and 2. With
the stop prediction algorithm and the proposed ISG control
system, the reduction is 2.12%. The stop prediction algorithm
is improved, higher energy efficiency improvement will be
possible.

V. ANALYSIS OF TRANSPORTATION SYSTEM
WITH A TRAFFIC FLOW MODEL

In terms of the transportation system, how the proposed
control algorithm improves energy efficiency is validated in
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Fig. 16.  Case 2 simulation results of the (a) vehicle speed, (b) traffic
signal times, and (c) vehicle distance, traffic light positions and vehicle stop
positions.

this section. The traffic flow model uses a Poisson distribution,
which is probability of exacting the number of vehicles arriv-
ing in a time interval [13]. Figure 17 shows that & represents
the vehicle headway in a time interval z. The equation for the
Poisson distribution [14] is

n,—m
e

p(n) = Y

n!
where p is the probability, m is the average number of vehicles
in a time interval, n is the number of vehicles arriving in a
time interval, and e is the base of the natural logarithm. The
equation for the cumulative probability is

q
pn<)=>"pl), (12)
k=0

where ¢ is a number and k is an arbitrary number.

The driving conditions assume that the traffic lights are
equidistant from a straight road of 800 m, and the vehicle
runs at an average speed of 50 km/h, the same conditions
used in the previous simulation. Figure 18 shows the Poisson
distribution, which is the probability that vehicles exist in the
red signal time interval. The probability is calculated based
on the number of vehicles. Figures 18 (a) and (b) show the
probability and cumulative probability, respectively.

If the vehicle does not arrive within the time interval, the
probability is 0.758. Conversely, the probability is 24.2% if
there exists at least one vehicle in the red signal time interval.
If the vehicle drives on a 12 km long straight road and there
are 15 traffic lights at equal intervals of 800 m, the 3.64 traffic
lights turn red based on the probability. When the vehicle stops
three times in front of the red light, the proposed ISG control
system reduces the energy consumption by 1.05%.
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distribution for a traffic flow model.

The Annual Energy Outlook 2019 estimated transportation
energy use for light-duty vehicles by the powertrain type [15].
Compared to 2017, total vehicle sales growths are 0.5% and
6.4% in 2035 and 2050, respectively. Above all, EVs and
HEVs are increasing due to the advancement of vehicle electri-
fication technology. In 2035 and 2050, sales of electric hybrids
and plug-in electric hybrids increases by 126% and 171%,
respectively. Table VI summarizes the energy use of the HEVs,
which include an electric-gasoline hybrid, plug-in 40 gasoline
hybrid, and plug-in ten gasoline hybrid. The electric-gasoline
hybrid is charge-sustaining. The plug-in 40 gasoline hybrid
and plug-in ten gasoline hybrid have 40 miles and 10 miles
electric ranges, respectively. The proposed ISG control system
will apply to almost all HEVs. The plug-in hybrid can also be
driven like a conventional HEV when all the electric energy
is consumed. If the control system reduces energy use by
9.5% according to the above efficiency improvement of 1.05%,
it will reduce the HEV energy use. In 2020, the energy use can
be reduced by 6.685tWh (trillion Watt hour). This reduction
value is more than those of the plug-in 40 gasoline hybrid
or the plug-in ten gasoline hybrid. In addition, the reduction
accounts for 1.9 times the annual energy generation of Korea’s
400MW Cheongpyeong pumped-storage hydroelectric power
plant. The value is also equivalent to 90% of the annual energy
generation of the Yeongwol combined cycle power plant in
Korea, which is 848.055 MW.

In 2035 and 2050, the energy use can be reduced by 12.485
and 17.933tWh, respectively. The reductions are more than
half of the plug-in 40 gasoline hybrid or plug-in ten gasoline
hybrid. Though the energy efficiency improvement reduces
the energy use, the vehicle electrification and HEV market
growth will gradually increase their energy uses, according
to estimated values. When all vehicles are connected cars
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TABLE VI

TRANSPORTATION ENERGY USE ESTIMATION AND THE EFFECTIVENESS
OF THE PROPOSED ISG CONTROL SYSTEM (UNIT:
TRILLION WATT HOUR, tWh) [15]

Year 2020 2035 2050

1. Hyl?l‘ld electric vehicles energy 70343 131393 188717
use without the proposed control

1.1 Electric-gasoline hybrid 60.135 93.047  129.728

1.2 Plug-in 40 gasoline hybrid 5.255 18.182 29.026

1.3 Plug-in 10 gasoline hybrid 4.950 20.163 29.967
2. Hyl?l‘ld electric vehicles energy 63.658 118.908  170.787
use with the proposed control
3. Energy use reduction due to the 6.685 12,485 17.933

proposed control

equipped with V2X technology and stop prediction is realized,
the proposed technique will improve HEV energy efficiency
and reduce energy use.

VI. CONCLUSION

This paper proposed a control algorithm of an idle stop
and go (ISG) system and a stop prediction algorithm. The
basic ISG system was limited to certain conditions, and
then, a new braking time is proposed for a hybrid electric
vehicle to improve the ISG and reduce fuel consumption.
In comparing energy consumptions, the control algorithm
determines when to turn off an internal combustion engine
(ICE). If the ICE turns off and an electric motor operates the
vehicle at a stopping point, it can reduce fuel consumption with
regenerative braking energy. However, the control algorithm
is effective only if the stop condition is known. A stop
prediction algorithm predicts whether a vehicle will stop at
traffic lights, using braking performance and traffic signal
time information. The traffic signal information and driving
simulation results were obtained with the driver-in-the-loop
simulator, and the stop prediction algorithm was validated.
The proposed ISG with the stop prediction can reduce fuel
consumption by 2.12%.

The traffic flow model calculated the probability of a vehicle
arriving in a red signal time interval using a Poisson distrib-
ution. According to the traffic flow model, the proposed ISG
was evaluated and validated to improve the vehicle’s energy
efficiency in the various traffic situation.

APPENDIX A
PERFORMANCE SIMULATORS FOR
AN IDLE STOP AND GO SYSTEM

A performance simulator was developed to verify the ISG
system and control algorithm [16]. Figure 19 (a) shows a
forward simulator of an HEV with a pre-transmission parallel
hybrid structure in which the vehicle system consists of an
ICE, electric motor, hybrid starter generator (HSG), engine
clutch, transmission, and battery. The HEV’s performance
simulator was developed using MATLAB/Simulink based on
system dynamics and experimental data. Table VII shows the
parameters of the PHEV components. All component models
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Fig. 19. Concepts of (a) a forward simulator and (b) a backward simulator.
TABLE VII
VEHICLE SPECIFICATION
Components Parameters Values

Vehicle Mass 1,321 kg
Internal combustion engine  Displacement / 1.6L/

maximum power 77 kW
Electric motor Maximum power 32 kW
Dual clutch transmission Gearbox 6-speed
Battery Capacity 1.56 kWh

are quasi-static. The correlation process with the actual system
was performed to verify the models including the battery
state of charge and the powertrain models. Also, a backward
simulator was developed. Given the driving cycle and traffic
information, energy consumption is calculated using the vehi-
cle dynamics and powertrain model as shown in Fig. 19 (b).
The vehicle model is based on the same model as in the
forward simulator.

APPENDIX B
A DRIVER-IN-THE-LOOP SIMULATOR
WITH TRAFFIC CONDITIONS

A vehicle powertrain model calculates energy consumption
and virtual driving simulation controls traffic signals. A driver-
in-the-loop simulator was developed for a driver to drive a
vehicle in virtual driving environment according to traffic
conditions. The electric motor and internal combustion engine
of the vehicle can calculate the energy consumption while the
vehicle is running.

The driver-in-the-loop simulator consists of a virtual
driving environment model and a real-time target model of
PHEV [17]. Figure 20 shows a diagram of the driver-in-
the-loop simulation. A host computer visualizes the virtual
driving environment, debug panel, and initializing panel in
real time. It also saves the simulation data. It shows virtual
driving environments developed by 3D physics modeling.
A real-time computer, National Instruments (NI) compact RIO
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TABLE VIII
DRIVING PATTERN FACTORS FOR THE DRIVER-IN-THE-LOOP SIMULATIONS

Driving Cycle UDDS Cruise Case 1 Case 2
Average speed 38.85 km/h 68.20 km/h 44.93 km/h 38.63 km/h
Average acceleration 0.505 m/s? 0.077 m/s? 0.028 m/s? 0.033 m/s?
Average deceleration -0.578 my/s’ -0.082 m/s? -0.015 my/s? -0.016 my/s?
Standard deviation of the acceleration 0.451 m/s? 0.088 m/s? 0.076 m/s? 0.075 m/s?
Maximum speed 91.25 km/h 95.05 km/h 60.30 km/h 58.17 km/h
Maximum acceleration 1.475 m/s? 0.420 m/s? 0.559 m/s? 0.525 m/s?
Maximum deceleration -1475 m/s? -0.595 m/s? -1.948 my/s’ -1.426 n/s?
Relative positive acceleration 0.165 m/s? 0.028 m/s? 0.201 m/s? 0.238 m/s?

% of time when v <2 km/h 20.45% 8.16% 12.51% 17.06%
Frequency of oscillation of the speed curve per 100 s 7.82 4.46 27.79 25.94

- APS,BPS
- Steering

Driver
. Intention

Driver

Tractive
Force

Real-Time Simulation
\ S (NI cRIO, Verfstand)
= Virtual Driving Environment (Host Computer) = HEV Model (Real-Time Target Computer)

J/ — Hybrid Electric Vehicle System Architecture

— Traffic Light, Surrounding vehicles
— Vehicle Dynamics Model
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~ Driver-in-the-loop Simulation
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(Battery SOC and Fuel use)
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T RN
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Fig. 20. A diagram of the driver-in-the-loop simulator.

(1.33 GHz Dual-Core, RAM 1GB), simulates in NI Veris-
tand, which helps the hardware-in-the-loop simulation. This
simulation includes the developed forward simulator based
on MATLAB/Simulink. Vehicle controller can be developed
and imported into the vehicle model. The host and real-time
computers are connected with TCP/IP.

When a driver controls the acceleration and brake pedals
as well as the steering wheel, the virtual driving environ-
ment visualizes vehicle motions and the surrounding traf-
fic environment [18]. Acceleration and brake pedal signals
are sent to the real-time model. The display and control
panel shows the driver intentions (acceleration and brake
pedals, steering angle), powertrain data (hybrid clutch state,
motor and engine speeds, and battery state), vehicle dynamics
(longitudinal speed and yaw), traffic signals (signal remand-
ing time), surrounding vehicles (relative position to driving
vehicle), data communication information, and the simulation
controller.

When a driving cycle, which is the vehicle speed versus
time profile, has to be given a priori in most simulators [19],

Virtual driving road

L
® trea = tew + ;oad (crosswalk light time + flashing time)
i ved

@

Fig. 21. A diagram of the driver-in-the-loop simulator.

the driver operates the vehicle model directly and the driving
cycle is generated simultaneously by a driving simulation. The
driving environment includes traffic signals and surrounding
vehicles in urban and highway tests. The driving actuators
are acceleration and brake pedals, as well as the steering
wheel. Lateral vehicle dynamics are contained in the virtual
driving environment model. The real-time model has longitu-
dinal vehicle dynamics and an energy consumption predictive
model, which is the forward simulator modified for real-time
simulation. The sampling time for the real-time simulation is
1 ms and the time interval for logging is 10 ms. The simulation
is realized in real-time.

The virtual vehicle drives straight on a three-lane road.
The surrounding driving environments, including buildings
and trees, exist only around the vehicle. The environments
which the vehicle passes disappear and new environments are
created around the moving vehicle. In addition, if the vehicle
travels more than a certain distance, the vehicle is relocated
back to the starting point. Hence, a driver feels like they are
driving on an infinite road due to this environment.

The traffic lights are set by a document of the transportation
operating system [20]. Figure 21 shows the top-view of the
virtual driving road and pedestrian crossing signal. The green
pedestrian signal time when a vehicle stops is determined by
the sum of the initial additional time and pedestrian flashing
time. The flashing time is the pedestrian passing distance
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Figure 22 shows the traffic conditions and the vehicle speed g Diancs ‘ ‘
results. The road is straight and contains 10 traffic lights, (h) gﬂsmiﬂ -
as shown in Fig. 22. Figure 23 shows the simulation results. 2 oot°p #1y = ﬂ"'ﬁo - . " o
When a driver commands the acceleration pedal signal (APS) Time (sec)
and brake pedal signal (BPS), the vehicle Speeds up and Fig. 23.  Driver-in-the-loop simulation results: (a) vehicle speed, (b) accel-

down, as shown in Figs. 23 (a) and (b). As the control
algorithm of the HCU, the driving modes were changed from
the electric driving mode to the hybrid driving mode or vice
versa, as shown in Fig. 23 (c). The gear state also changes
based on the transmission shift map as shown in Fig. 23 (d).
The battery state of charge (SOC) was depleted, as shown
in Fig. 23 (e). The energy efficiency was 21.3 km/l, which
was calculated simultaneously as shown in Fig. 23 (f). The
traffic signal remaining times are shown in Fig. 23 (g). The
green light and red light remaining times were known. Finally,
when the vehicle stopped, its distances were sustained and the

eration and brake pedal signals, (c) motor and engine speed, (d) gear state,
(e) battery state of charge, (f) energy efficiency, (g) traffic signal remaining
times, and (h) vehicle driving distance with traffic light positions.

light turned red. When a light changed from red to green, the
vehicle did not start right away, as shown in Fig. 23 (h).

APPENDIX C
DRIVING PATTERN FACTORS

This appendix is to analyze the vehicle speed profile
the driver-in-the-loop simulations in section 4. A vehicle
speed profile is a simulation result of the vehicle speed in
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time domain. Figure 23 (a) is an example of vehicle speed
profile. The analysis method uses driving pattern factors [24].
There are several ways to analyze the relationship between
fuel economy-related factors [25]. For example, regression
analysis, neural network, etc. Here, correlation analysis and
regression analysis were used. The driving pattern factors
consist of average and maximum speed, acceleration, and
deceleration, and so on. Table VIII shows the driving pattern
factors for UDDS, cruise, and two case cycles. They were
a part of the driving pattern factors reported previously. Two
case cycles have characteristics of the UDDS and cruise cycles.
According to the two case cycles, the average acceleration,
average deceleration, standard deviation of the acceleration,
and maximum acceleration are similar to those of the cruise
cycle. Additionally, the maximum deceleration, relative posi-
tive acceleration, and the percentage of time when the vehicle
speed is lower than 2 km/h are similar to those of the UDDS
cycle. Because traffic lights are located at equidistant distances
on a straight road by cruising at 50 km/h, the two case cycles
represent cruise driving in a city.
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