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Abstract: This research aims to minimize CO4 emissions of a retro-fitted diesel-hydrogen fueled
truck by optimizing the gear shift strategy of its standard sixteen-speed automated manual
transmission. The approach involves developing a dynamic programming algorithm aimed at
maximizing diesel displacement by hydrogen for a given drive cycle, while taking driveability
metrics into account. The developed gear shift strategy controls the gear position and shifts
the engine operating region towards a high torque-low engine speed region, more favorable for
hydrogen injection. The gear shift optimization is performed for the mono-fuel diesel engine
map, serving as a baseline, and for the dual-fuel engine map. The theoretical reduction in CO9
emissions ranged from 1.3% up to 4.6%, depending on the vehicle payload and the drive cycle
under consideration. Furthermore, the algorithm is used to generate real-time implementable
shift maps designed to maximize dual-fuel efficiency for unknown drive cycles. Implementing
the dual-fuel shift maps led to a reduction in CO, emissions, spanning from 0.8% to 2.6%, in
comparison to the mono-fuel optimized shift map. This reduction of 2.6% was observed near

the maximum allowable payload of 20 tonnes.
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1. INTRODUCTION

The transportation sector is a significant contributor to
greenhouse gas emissions. Although heavy-duty vehicles
represent less than 8% of the total number of vehicles on
the road, they account for up to 35% of CO5 emissions, and
this figure continues to rise International Energy Agency
(2023). For heavy-duty applications such as trucks, ma-
rine vessels, and construction equipment, transitioning to
electrified powertrains in the near future appears overly
optimistic, as it will require a significant expansion of
infrastructure and further advancements in battery tech-
nology to compete with the well-matured internal combus-
tion engine (ICE). Therefore, developing clean and efficient
powertrain control strategies is crucial to meet future emis-
sion reduction targets. In addition to changing the power-
train layout, which has already demonstrated substantial
reductions in COs emissions, as shown in Moghadasi et al.
(2024), the adoption of advanced combustion strategies
can further facilitate these reductions. One promising con-
cept is the co-combustion of hydrogen and diesel, which
effectively lowers all carbonaceous emissions compared to
conventional diesel engines Hosseini et al. (2023). The
current generation of heavy-duty trucks can be retrofitted
with a hydrogen injection system to support this dual-
fuel combustion concept without losing the ability to run
on diesel only Shahpouri et al. (2023). Achieving the best
balance between efficiency and emissions in dual-fuel mode
requires modifications to the air and fuel path controls
Saravanan et al. (2007); Talibi et al. (2017). In addition
to modifying the engine controls, re-calibration of the gear

shift strategy can further enhance dual-fuel efficiency. Ngo
et al. (2013) optimizes the gear position of a conventional
vehicle over a specified drive profile, considering both fuel
consumption and driveability. Ngo et al. (2014) extends
this method, resulting in a sub-optimal feedforward gear
shift map, by using a data-based approach. Both methods
apply a dynamic programming (DP) algorithm to generate
the optimal gear shift points.

This paper presents a dynamic programming approach
that minimizes engine-out COy emissions while taking
driveability into account during optimization. The calcu-
lation of the optimal gear position is non-recursive and
therefore, significantly requires less computational effort.
The developed gear shift strategy is later applied to create
a real-time (RT) implementable shift map which can be
used to enhance dual-fuel engine operation.

The structure of this paper is as follows: first, a system
description of all the related vehicle components is pro-
vided. Next, the DP optimization algorithm is presented
alongside the method used for generating ideal shift lines.
Following, simulation results are compared for both known
and unknown drive cycles. Finally, the conclusion summa-
rizes the findings.

2. SYSTEM DESCRIPTION

The studied heavy-duty truck features a 12.7-liter tur-
bocharged Ecotorq engine running in either mono-fuel
(diesel only) or dual-fuel (diesel - hydrogen) mode and
is equipped with automated manual transmission (AMT).
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This gearbox consists of 16 distinct gear positions with
fixed gear ratios. Figure 1 illustrates the powertrain layout.
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Fig. 1. Powertrain layout of the studied heavy-duty dual-
fuel truck.
2.1 Engine

Engine fuel consumption is modeled as a static fuel map,
which is calibrated based on stationary experiments con-
ducted on an engine dynamometer. The hydrogen injection
map is calibrated by injecting the maximum amount of hy-
drogen without exceeding certain combustion constraints,
such as maximum pressure, peak pressure rise rate, and
detonation limits. The standard engine ECU compensates
for the additional torque generated by the diesel-hydrogen
combustion by reducing the amount of diesel fuel injected
at this set point. The static fuel maps for the dual-fuel
engine are shown in Figure 2 as a static pointwise function
of engine speed (w.) and engine torque (7). The engine
speed is constrained within a specified range, and the
torque is limited by a nonlinear torque constraint. These
constraints are expressed as follows:

we,min S We(k) S We,mam (1)
0< Te(k) < Te,max(we(k)) (2)

where We min and we mae are the minimum and maximum
engine speeds, respectively. k denotes the discrete timestep
of the algorithm and T, jqq(we(k)) the maximum engine
output torque as a function of the current engine speed.
During periods of deceleration, no fuel is consumed; there-
fore, engine braking is omitted from this study.

In addition, a new term, diesel displacement (DD), is
introduced for the engine operating in dual-fuel mode.
Diesel displacement is defined as the reduction of diesel
fuel consumption between the engine running in dual-
fuel mode and mono-fuel mode. The diesel displacement
is calculated according to:

DD(TG(k)awe(k)) =1- M (3)

mf,dieseLMF
where 11 ¢, gicsel, DF Tepresents the diesel fuel mass flow rate
in dual-fuel mode and ¢ gieser, mr [kg/h] represents the
diesel fuel mass flow rate in mono-fuel mode. The diesel
displacement metric is a measure for the COs reduction
potential when operating in dual-fuel engine mode.

2.2 Drivetrain

The mechanical power conversions within the gearbox are
determined by the mathematical relationships presented
below. These equations are functions of engine speed and
the current gear ratio (i4), which is dependent on the
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Fig. 2. Static fuel maps (contour) for the engine run-
ning in dual-fuel mode (Left: diesel fuel mass
rate (1M diesel,pF), right: hydrogen fuel mass rate
(M f hydrogen,pF)) With a maximum engine torque
constraint (black). The absolute minimum engine
speed is set at 550 RPM and the maximum engine
speed is given as 1800 RPM.

selected gear position (n,(k)) determined by the optimiza-
tion algorithm.

we (k) = wg(k)ig(ng(k)) (4)
An efficiency term is incorporated into the torque con-
version step, accounting for the mechanical losses that
occur within the gearbox and the friction losses within
the dry clutch (ntotal = Tgearbox * nclutch)a which connects
the gearbox to the engine.

T,y (k)
T(k) = ——9**/

) ety (n () ©)
The gearbox behavior is governed through the difference
equations ng(k+1) = ng(k) +u(k) where u(k) is the shift
command, ng(k) is the current gear position and ny(k+1)
equals the gear position at the next time step with gear
position constraints:

1 <ngy(k) <16 (6)
and ng4 can only take discrete values. The propulsion force
driving the vehicle forward is given by:

T,(k . T.(k
B8 (g ) T
with r,, the tire radius.

2.8 Vehicle dynamics

The vehicle acceleration follows from Newton’s second law
of motion:

1
dv(k) = E(Fw(k) - Froad(k))At (8)
with total vehicle mass m. The road load is given by:
1
F’road(k) = §CdAf’U(k)2

+ mg[Creos(a(k)) + sin(a(k))]
with « the road inclination of the drive cycle. The main
vehicle parameters are defined in Table 1.

3. GEAR SHIFT OPTIMIZATION
8.1 Optimization problem
This work aims to optimize the gear shift strategy for

a given dual-fuel vehicle, such that CO5 emissions are
minimized by reducing diesel fuel consumption (FC).
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Table 1. Main vehicle parameters

Vehicle component Parameter

Fuel type diesel or diesel - hydrogen
16-speed AMT, dry clutch
[17.03,14.1,11.99,9.93,7.97,
6.6,5.46,4.52,3.76, 3.12, 2.65,

2.19,1.716,1.46,1.2, 1]

Transmission

Gear ratios ig4

Empty vehicle mass m 15779 [kg]
Maximum payload 20000 [kg]
Tire radius 0.2 [m]
Frontal area Ay 9.974 [m?]
Air drag coefficient Cy 0.6 []
Rolling resistance coefficient C, | 0.008 [-]
Drivetrain efficiency m¢otai 95 [%]

Given a speed and acceleration profile of a drive cycle, find
the optimal gear shifting pattern u*(k) = wug4(k) for the
discrete system ng(k + 1) = ng(k) + ug(k) that minimizes
FC according to:

u* (k) = argmin Jy_,511 (10a)
ug (k)€U
st 1<ny(k) <16 (10b)
with Jx_r+1 the step cost, denoted as
Jpskp1 = FCag(k+1),k+ 1] + C(ng(k+ 1))  (11)

where FC[ng(k + 1), k + 1] presents the fuel consumption
of the possible future state ny(k + 1) and C(ng(k + 1))
a penalty imposed onto a gear shift action. The gear
position or system state ng4(k) is bounded and uy(k) €
U, presents the set of admissible inputs at time %k for
U, = {—-2,-1,0,1,2}. The optimization problem is solved
using a dynamic programming approach, presented in the
following subsection.

3.2 Dynamic programming

The approach of calculating the optimal gear shift pattern
for a specific drive cycle can be written as:

(1) Discretize the reference velocity and acceleration pro-
file.

(2) Create a mesh grid FC € R"*Y with N the length
of the drive cycle, and assign the associated system
state ng(k) to each individual coordinate within the
mesh grid.

(3) For every grid point, perform a backwards calcula-
tion:

(a) Determine the required engine speed we (k) to at-
tain the velocity reference v(k) at every possible
gear position ng(k).

(b) Determine the required engine torque T.(k) to
reach the consecutive state for every possible gear
position.

(¢) Set the grid points that do not abide by the en-
gine constraints (T¢ mazs We,min/mae) as unreach-
able: F'Clng, k] = Inf.

(d) Assign a fuel rate (rivf gieser) to each grid point
using we (k) and T, (k).

(4) Step across the complete mesh grid and determine
the consecutive system state ng(k + 1) based on the
lowest step cost:

Jeskt1 = FCng(k+ 1),k + 1]

+ Cig(k +1)) (12)

where the possible future states ny(k + 1) are:
gk +1) = ng(k) + U, (13a)
st. 1< ng(k) <16 (13b)

The step cost Jx_ k41 consists of two separate parts.
First, the fuel cost of the potential future states
FC[ng(k + 1),k + 1], stored inside the mesh grid.
Second, C(fig(k + 1)) is a penalty imposed on gear
shift actions, given as

C(rg(k+1)) =

0, if g (k + 1) = ng (k)
B FC(ig(k+1),k+1), if fig(k+ 1) # ng(k)

representing a fraction (8 = 0.01) of the fuel
cost of adjacent gear positions, placing a penalty
on switching gears. The addition of C(ng(k + 1))
ensures that the benefit of switching gears results
in a substantial improvement of the engine’s fuel
efficiency.

(14)

The presented dynamic programming approach differs
from other algorithms in that it only needs to find the op-
timal solution for a single future state and not over a finite
time horizon, thereby reducing computational complexity
van Schijndel et al. (2014). The shift penalty C(n4(k +
1)) ensures that the number of shifts is reduced during
optimization over the complete drive cycle, which can be
controlled by tuning the §-value.

The reference drive cycle is discretized with a sampling
frequency of 1 Hz, corresponding to a time step of 1
second. This sampling rate allows the dynamics associated
with gear position changes, such as shift delays, to be
disregarded.

3.8 Real-time implementable shift map

The proposed optimization algorithm in subsection 3.2
is designed to create a shift pattern over a known drive
cycle, aiming to minimize the accumulated diesel fuel
consumption. Additionally, this algorithm can be used to
generate real-time implementable feedforward shift maps,
which will result in a sub-optimal shift pattern for an
unknown drive cycle. These shift maps aim to approximate
the gear shift strategy from the DP algorithm for unknown
drive cycles.

Approach:

(1) Acquire shift data from different drive cycle simula-
tions and various payloads. Categorize each individ-
ual upshift and downshift event.

(2) Visually inspect the data and remove potential out-
liers to create a generalized shift cloud.

(3) Use a combination of hierarchical and k-means clus-
tering methods to generate centroids that form the
backbone of the shift line. Ikotun et al. (2023)

(4) Connect the centroids and extrapolate them towards
the engine’s torque limit constraint.

This approach is visualized in Figure 3 for the optimized
upshift event from ng : 15 — 16 for the engine in running
mono-fuel mode. Every dot represents an upshift action for
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Fig. 3. Extracting a single shift line from optimal gear shift
actions. Left: obtaining shift data from multiple drive
cycles and removing outliers (x). Right: Constructing
optimal shift line by connecting centroids (®) and
extrapolate towards the torque limit (dashed).

an arbitrary drive cycle calculated using DP. These maps
approximate the fuel economy savings and the driveability
metrics from the dynamic programming algorithm.

4. SIMULATION RESULTS

This section presents the simulation results for various
drive cycles (Table 2) and applies these results to generate
the sub-optimal feedforward shift maps as described in
subsection 3.3. The improvements in diesel displacement
are based on a comparison between two dual-fuel vehicles:
the first vehicle implements the strategy ’as is’, which is
optimized for a mono-fuel engine, while the second vehicle
uses an optimal shift strategy for the dual-fuel engine
map. Initially, the arterial segment of the Transit Coach
Operating Duty Cycle (Figure 4) is used to validate the
plain dynamic programming algorithm. Subsequently, the
shift maps are introduced, and the results of additional
cycles, optimized with the DP algorithm (DP optimized)
are presented alongside those which are optimized using
the shift maps (Real-time optimized).

For these simulations, the lower engine speed limit is
set at 600 RPM to prevent the engine from running too
close to idle (550 RPM) and increase drive comfort. Three
individual load cases are simulated to cover a wider range
of required engine power for the various drive cycles.
The first case is a simulation with no additional payload,
followed by a medium payload of 10 tons and a heavy
payload of 20 tons. The vehicle with the additional 20-ton
payload comes close to the maximum gross vehicle weight
(40 tons) allowed on European roads for trucks up to 16.5
meters in length. Katsarova (2014)

4.1 Optimized gear shift strategy using DP

The optimized shift patterns for the arterial segment of
the Transit Coach Operating Duty Cycle are shown in
Figure 4 for a payload of 20 tons. This figure displays the
optimal gear position sequences for both the mono-fuel
and dual-fuel DP optimized shift strategies, illustrating
the differences in shift decisions for a single drive cy-
cle segment. The improvements in diesel displacement
achieved by these different shift strategies range from a
5.8% improvement for the case with no additional payload,
to improvements of 2.8% and 2.4% for the 10-ton and
20-ton payload, respectively. These improvements can be
directly linked to the different engine operating areas as
the operating point is controlled and manipulated through
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Fig. 4. DP optimized shift strategy for mono-fuel (blue)

and dual-fuel (red) operation assuming a payload of

20 tons for uniform velocity profile (black): single

drive cycle segment extracted to visualize differences

in shift decisions.
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Fig. 5. The mono-fuel strategy (blue) aligns the engine op-
erating region to maximize engine efficiency while the
dual-fuel strategy (red) is optimized along maximum
hydrogen injection at high engine output power (pink,
dashed). Simulation performed for no payload, 10 and
20 tons.

gear selection. Figure 5 illustrates this, where the mono-
fuel gear shift strategy fails to place the engine operating
points near the most fuel-optimal region for hydrogen
injection, the dual-fuel strategy successfully achieves this
optimal alignment.

The results of these simulations indicate that the dynamic
programming algorithm effectively maximizes hydrogen
injection over a known drive profile. This optimization
leads to higher diesel displacement values, resulting in a
significantly lower overall CO2 emission rate.

4.2 Development of real-time shift maps using optimized
shift data obtained from DP

Optimal shift decisions, as shown in Figure 4, are used as
input data to create real-time shift maps. By evaluating a
sufficient number of drive cycles with varying load profiles,
a large set of optimal shift decisions across the entire
engine map is obtained, which is then used to derive the
shift maps. A fixed number of 5 clusters for the k-means
algorithm is considered to generate all the shift lines.

The additional drive cycles from Table 2 are simulated
for the three payload cases, resulting in an accumulated
driving time of 5 hours and 21 minutes to generate the
shift maps shown in Figure 6.
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Table 2. Drive cycles representative for various heavy-duty transport scenarios from National
Renewable Energy Laboratory (NERL) (2023). (a)-(e) used for real-time map development.

Duration Maximum Mean Mean Kinetic Numb
1 Speed Speed Acceleration intensit, umber
Drive cycle name P p y of stops
Minutes km/h km/h m/s? 1/km
Arterial Segment of the Transit Coach Oper- 4.5 64 41.6 0.405 0.802 4
ating Duty Cycle
a.  City Suburban Heavy Vehicle Cycle (CSHVC) 28.33 70.08 22.88 0.314 1.119 13
b. CARB Heavy Heavy-Duty Diesel Truck 34.73 94.88 63.77 0.082 0.075 6
(HHDDT) Cruise Segment
c. CARB Heavy Heavy-Duty Diesel Truck 11.13 76.01 24.57 0.298 0.863 4
(HHDDT) Transient Segment
d. Urban Dynamometer Driving Schedule for 17.68 92.81 30.14 0.274 0.381 14
Heavy-Duty Vehicles (UDDS HD)
e. NREL Refuse Truck Cycle (Miama-Dade) 15.02 84.43 12.38 0.423 0.818 20

Both strategies implement a fixed RPM upshift and down-
shift control action because the drive cycle data was not
extensive enough to accurately predict the optimal shift
line for these gear positions. The fixed RPM strategy is
implemented from gear ng, : 1 — 7 for the mono-fuel map
and ng : 1 — 5 for the dual-fuel map. This method has
been applied for both up- and downshift lines. Since the
double up- and downshift control actions (u, = {—2,2})
were rarely seen as optimal, these data points were omitted
from the analysis as well. The shape of both shift maps
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Fig. 6. Sub-optimal shift maps for mono-fuel (blue) oper-
ation and dual-fuel (red) operation. The fixed RPM
decision is indicated as a straight vertical line. The
dashed lines represent the downshift action.

varies significantly for similar shift actions. The analysis
of these differences is divided into two categories: high- and
low engine load. At low engine load, a faster upshift is more
desirable to keep the engine running at low engine speed,
which is favorable for dual-fuel operation. In the higher
load range, the shift actions are moved to higher vehicle
speeds compared to the mono-fuel map. At higher loads,
the upshift is delayed ensuring that the engine operates at
high engine speed and low output torque, which is ideal
for maximizing hydrogen injection and thus, maximizing
diesel displacement. Besides the individual optimizations
using DP, additional simulations are performed for each

shift map. Although the real-time maps result in a less
optimal approach, they remain more advantageous for
dual-fuel operation when comparing the two shift maps
side-by-side. We compare two dual-fuel vehicles, equipped
with different shift strategies. The mono-fuel optimized
control policy represents our baseline and we compare
this with a dual-fuel optimized solution. This is done for
the DP optimized and the the Real-time optimized shift
policies. The results of simulating the drive cycles with a
payload of 20 tons, which is the most critical for achieving
improvements, are shown in Figure 7. The improvements
in RT range from a minimum of 0.8% for the cruise seg-
ment to a maximum of 2.6% for the transient segment in
the CARB heavy-duty cycle. This compares to 1.3 % and
4.6 % improvements for the DP optimization on the same
drive cycles. The RT improvements are less significant, as
they represent a sub-otpimal shift policy averaged over
multiple drive cycles.

‘DP optimized 2 Real-time optimized ‘

V) w = ot
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—
T

Relative improvements (%)

T - T = 2 T ' T
CARB Heavy

1
City Suburban CARB Heavy

Urban NREL Refuse
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Vehicle Cycle  Diesel Truck Diesel Truck Driving (Miama-Dade)
(CSHVC) (HHDDT) (HHDDT) Schedule for
Cruise Transient Heavy-Duty
Segment Segment Vehicles
(UDDS HD)

Fig. 7. Relative improvements in diesel displacement be-
tween mono-fuel shift strategy and dual-fuel opti-
mized shift strategies (DP- and Real-time optimized).

Vehicle payload equals 20 tons.

A high number of required accelerations leads to a larger
amount of possible shift actions, facilitating increased
hydrogen injection through an optimal shift decision. For
drive cycles with a larger mean acceleration, the benefits of
a modified gear shift strategy are emphasized more clearly.
The optimal operating regions from the simulations are
shown in Figure 8.
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are shown, highlighting optimized regions for a mono-fuel

engine (blue, representing the baseline gear shift strategy of the truck) and a dual-fuel engine (red, optimized for
retro-fitted truck). The engine operating region for the real-time dual-fuel shift map (green) approximates the ideal
operating region for a dual-fuel engine. Vehicle payload equals 20 tons.

5. CONCLUSIONS

A dynamic programming algorithm has been developed
to optimize the gear shift strategy and thereby, reducing
CO5 emissions of a dual-fuel heavy duty truck. This
algorithm is used to generate real-time implementable shift
maps that are able to decrease COy emissions during
vehicle operation. The relative increase between a mono-
fuel and a dual-fuel optimized shift map were validated in
a simulation environment. The simulation results varied
between 0.8% and 2.6% for an assumed payload of 20 tons.
The maximum increase in diesel displacement equal to
2.6% was achieved for the transient segment of the CARB
heavy-duty cycle. The achievable improvements depend
on each individual cycle and the required acceleration
behavior of the vehicle. This study demonstrates the
practical applicability of an optimized gear shift strategy
by further decreasing CO5 emissions of a dual-fuel vehicle
in a real-world environment.
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