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ABSTRACT
Accurate range prediction requires good knowledge of the prevail-
ing wind conditions and how they affect the energy consumption
of the ego vehicle. A few different simplified vehicle air drag models
that explicitly include the effect from crosswinds are presented and
compared through some objective criteria. The models are devel-
oped from the normal air drag equation where the effect from wind
is implicit and therefore often forgotten or neglected. The purpose
is to find a low-complexity model complementing CFD models and
wind tunnel tests, that can be used for range estimation and predic-
tive energy management algorithms. To simplify online estimation,
a requirement is that the air drag models only contain a few tuning
parameters. The models are validated against CFD calculations for
a few vehicle combinations and the best models show good accu-
racy for air attack angles up to at least 60 degrees. It is shown that
the parameters of the simplified models can loosely be connected
to some basic geometrical attributes of a vehicle combination so it
should be possible to give at least a rough estimate of the parame-
ters of a simplifiedmodel based on these geometrical attributes. This
is useful for making a first estimate of the aerodynamic properties of
a vehicle combination after major changes in the exterior, e.g. when
adding a trailer. It also highlights that the size and the shape of the
vehicle side may be mainly responsible for the high longitudinal air
drag sensitivity to crosswinds for large vehicle combinations.
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1. Introduction

Range anxiety is regarded as one of the real obstructions to a broad public acceptance of
battery electric road vehicles [1]. For many commercial transport missions, there are also
requirements for delivery on time. The combination of limited range and time require-
ments is especially bothersome since an attempt to increase the vehicle speed in order to
increase the probability of fulfilling the time requirement may decrease the range and the
probability of reaching the end destination or a charging spot and vice versa. Range predic-
tion is about estimating available energy stored onboard the vehicle and predicting future
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vehicle energy consumption. There is a vast amount of research around range estimation
(e.g. [2–4]).

It is well known that the environment is impacting vehicle energy consumption a lot.
Road surface type (e.g. asphalt, concrete, dirt), roughness and conditions (e.g. dry, humid,
wet) interact with the ambient conditions (e.g. temperature, precipitation) and the tires
to form rolling resistance, [5,6] and weather factors like ambient temperature, wind, and
ambient pressure have an effect on air drag [7]. Crosswinds may also cause energy losses
from lateral forces in the form of cornering resistance [8]. Furthermore, [9] discusses the
aerodynamic properties ofwings andhow they can be used to harvestwind energy. It relates
the power generation to the total aerodynamic force of the wing, the wind speed, and the
angle between the aerodynamic force and the wind and it mentions that wind can generate
up to 2MW from a single kite system.With that said, wind is a powerful force, and it needs
to be taken into account when doing vehicle range estimation.

It is well established that the longitudinal (axial) air drag is proportional to the square
of the airspeed, implying that a 10% increase in airspeed is actually increasing the air drag
by 21%. The large body of a heavy-duty vehicle combination makes it sensitive not only
to wind in longitudinal direction (headwind/tailwind) but also to wind in lateral direction
(crosswind). This is also true for all types of vehicles from passenger cars to trains, [10,11],
airplanes, and ships, [12], as well as offshore rigs, [13,14], but to different extent.

Computational Fluid Dynamics (CFD) calculations and wind tunnel tests, see e.g.
[15–18], can be used to show howhuge the effect is fromheadwind and crosswind. Figure 1
is illustrating the relative air drag of a tractor and semitrailer combination in different wind
conditions using CFD simulations. The simulations show the influence of wind speeds rel-
ative to the case of no wind when driving at 85 km/h (23.6m/s). As can be seen in Figure
1(a), the crosswind is at least as important as the headwind. Applying this knowledge to a
range estimation application, the relative effect fromcrosswinds turns out to be very impor-
tant. For a truck going back and forth on the same road, assuming that the wind is in the
same direction as the road, a large proportion of the increase in air drag induced energy
consumption that comes from the headwind effect in one direction is canceled out by the
tailwind in the other direction. However, this is not true for the crosswind component. It
is more or less equally bad in both directions, and the combination of both headwind and
crosswind is by far the worst.

Figure 1(b) shows how the air drag is changing with wind speed if the wind comes in at
45◦ from the front (positive velocity) or back (negative velocity). When driving at 85 km/h
(23.6m/s) a wind speed of 6m/s almost doubles the air drag, while a wind speed of 15m/s
increases the air drag by a factor of four.Worth noting is that the air drag dependency from
thewind coming from 45 degrees tail/side (negative wind speed in Figure 1(b)) is quite low.
A conclusion is that while the combination of crosswinds and headwinds is affecting energy
consumption a lot, the combination of crosswinds and tailwinds is not. In the latter case,
the impaired aerodynamic properties due to crosswinds are canceled out by the reduction
in longitudinal airspeed. Altogether, since the wind contributes to the propulsion energy
loss, in some conditions a lot, it is beneficial from a vehicle range estimation perspective to
have an air drag model that is capable of taking wind information into account.

The focus of this paper is on how the wind is affecting aerodynamic resistance, or air
drag, as air drag contributes a large share of the total propulsion energy loss of a vehi-
cle combination. Sarrafan et al. [21] is pointing out that the air drag often is the largest



VEHICLE SYSTEM DYNAMICS 3

Figure 1. CFD simulations, [19], of air drag dependency on headwind and crosswind for a truck with
semitrailer combination. The CFD tool used is called Simcenter STAR-CCM+, [19] and the calculations
are done using a method called RANS (Reynolds Averaged Navier Stokes) with a standard k − ε model
for the turbulent flow [20]. (a) Relative air drag as function of headwind and crosswind speed and (b)
Relative air drag as function of wind speed. The wind comes in at 45◦ from the front (positive velocity)
or back (negative velocity).
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energy loss of an electrified vehicle and that the effects of air drag from crosswinds cannot
be neglected. The platooning effect is well known and [22] has done a comprehensive lit-
erature study of the research in this field. Worth mentioning is that according to [23,24],
platooning effect remains in crosswind conditions even though somewhat reduced. Air
drag is also affected by the surrounding traffic. McAuliffe and Ahmadi-Baloutaki [25] and
McAuliffe et al. [26] have investigated the influence of close-proximity traffic and calls the
resulting reduction in air drag background platooning since the effect resembles the effect of
running vehicles closely after each other, i.e. in a platoon. The effect from traffic is complex
though and is not yet fully understood.

Even though CFD calculations and wind tunnel tests can give quite accurate results, due
to the shadowing effect, i.e. the change in air drag on a component that is behind (in the
shadow of) another component, that is pointed out by both [14,27], air drag of any com-
bination of geometrical shapes is not the same as the sum of the air drag of the individual
components alone.Hence, when the exterior of a vehicle changes, for examplewhen adding
a trailer, changing a trailer, changing the setting of an air deflector, or adding headlights, it
is not enough to know the aerodynamic properties of the added or removed parts, the air
drag of thewhole combination after the change needs to be taken into account. The exterior
of a heavy-duty vehicle can change often and many times and the option of redoing CFD
calculations or wind tunnel tests every time this happens is expensive, time-consuming,
and not always feasible. This gives a strong motivation for estimating the air drag proper-
ties online instead, as done in [28,29]. However, the effect on the air drag coefficient from
crosswinds is discussed [28] but it is not dealt with in the actual estimation in any of the
mentioned works, probably because it is very difficult to estimate an air drag coefficient
online for every possible air attack angle since this would require a massive amount of data
to properly excite the system. This motivates the development of a simple air drag model
which only requires determination of a few parameters.

Using a simplified air drag model including crosswind effects together with accurate
predictions of the wind speed and wind direction at the road level has the potential to
improve the accuracy of air drag energy consumption predictions substantially. This is
essential not only for doing accurate vehicle range prediction but also for investigating
how the vehicle speed in different road segments affects the overall energy consumption
which is fundamental for advanced predictive energy-efficient cruise controllers and route
planning functions. Moreover, a simplified model can be very useful for understanding
how the crosswind sensitivity of a vehicle combination changes when the geometry of the
combination changes, for example when adding or removing a trailer. This understanding
could be used for improving range estimationmodels for vehicles that are used to transport
different kinds of trailers as well as improve route and charge planning for vehicle combi-
nations when information on crosswind speeds on the possible route options are available
and also serve as an initial guess for the aerodynamic parameters using an on-line esti-
mation algorithm. As seen in Figure 1, crosswind induced air drag energy consumption
is something that cannot be neglected and is interacting with the longitudinal airspeed
induced air drag.

The aim of this paper is to derive and evaluate different models that can include both
head- and crosswinds. The models should be simple with only a few parameters and the
intended use of the models is model-based control and estimator design, with a particular
interest in range estimation or energy management. It is important to point out, that such
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simplifiedmodels by nomeans replaceCFDmodels orwind tunnel tests. It is a complement
to achieve amore accurate understanding of the air drag in different wind conditions when
detailed CFDmodel information andwind tunnel test results aremissing, for example after
the change of trailer or loading of a timber truck.

The paper is organised in the following way. In the Modeling section it is shown how
crosswinds are implicitly affecting the results from calculating air drag force using the stan-
dard equation. From this, a number of different simplifiedmodels including explicit effects
from crosswinds are proposed. In the Results section, the performance of the proposed
models for three different heavy-duty vehicle combinations is evaluated through a few
objective criteria and using CFD calculations as a comparison. The results are followed
by a discussion on what model to use, why and when, and plausible causes for the strong
influence of crosswinds on air drag, and at the end, the paper is summarised with some
concluding remarks.

2. Modeling

Air drag is a complex force counteracting the vehicle’smotion. The state-of-the-art air drag
model used in a vast amount of research papers related to aerodynamics is:

Fair,x = 1
2ρCDAf v2a (1)

where Fair,x is the air drag force acting on the vehicle in the longitudinal direction, ρ the air
density, CD the air drag coefficient, Af the frontal projection area of the vehicle, and va the
relative airspeed. In many papers, e.g. [30–32], this equation is used as it is with constant
values on air density, air drag coefficient, frontal area, and the relative airspeed equal to the
vehicle speed.

Before extending the model to also include crosswinds we need to make some defini-
tions related to wind and airspeed. The wind speed is divided into a headwind speed com-
ponent, vwx, acting opposed to the vehicle’s motion direction and a crosswind component,
vwy, perpendicular to the vehicle motion direction, see Figure 2.

The wind direction is determined as the angle between the headwind and the crosswind
components:

α = arctan
|vwy|
vwx

. (2)

The relative longitudinal airspeed, vax, then becomes the sum of vwx and the relative air
speed due to the vehicle speed, vv, i.e.:

vax = vv + vwx, (3)

and the relative lateral airspeed becomes the crosswind component, vwy. The total relative
airspeed va can be determined from the longitudinal and lateral air speed components as:

va =
√
v2ax + v2wy, (4)

and the angle between them is commonly denoted as the so-called air attack angle:

θ = arctan
|vwy|
vax

. (5)
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Figure 2. Definitions and notation of air speeds, air attack angle, wind direction and areas.

CFD calculation and wind tunnel tests can be used to get detailed information on the air
drag of a specific vehicle for different values of θ . Figure 3(a) shows the heavy-duty vehicle
combinations used as examples throughout this paper, i.e. a rigid truck, a tractor with a
semitrailer, and a timber truck with a trailer. Figure 3(b) shows how CdA, i.e. the shape
factor lumped together with the projection area, relative to CdA for the tractor-semitrailer
combination at θ = 0 changes with θ and the corresponding area projections, while as
Table 1 gives some geometrical data for the three vehicle combinations. The CdA values
are based on CFD calculations, [19,20], of the air drags with respect to θ . From Figure 3(b)
it can easily be seen that both the air drag coefficient and the projection area vary with θ ,
confirming that to consider the effect of crosswinds, the independent variable of the air
attack angle needs to be introduced in the aerodynamic drag function.

As mentioned earlier, the idea of the paper is to derive models which can capture cross-
winds in a better way compared to the state-of-the-art model, Equation (1). The model
must therefore be dependent on θ , so the model structure will be modified to:

Fair,x = 1
2ρCdA(θ)v2a (6)

where CdA(θ) is the air drag coefficient as a function of θ and lumped together with the
projection area.1

Another thing to clarify with Equation (6) is that it only gives the air drag, i.e. the aero-
dynamic force component in the longitudinal direction of the vehicle. If being interested
in the total force or perhaps any of the other force components, the lateral component
(the side force) and the z-component (the lift force) can be computed by replacing CD in
Equation (6) with CS, the aerodynamic side force coefficient and CL, the lift coefficient,
respectively.

The function CdA(θ) in Equation (6), is the function to be modeled and the method
used is a data-driven approach with CFD data to represent the true physical system. It
should be noted that the function CdA(θ) includes the dependency on θ for both the air
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Figure 3. Examples of heavy-duty vehicle combinations and how the air drag is changing with θ . The
data comes from CFD calculations for the corresponding vehicle combinations. (a) Heavy duty combina-
tions used as examples and (b) Relative CdA and projection areas of example vehicles. CdA is normalised
with respect to CdA in pure headwind, i.e. θ = 0 for tractor with semitrailer.
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Table 1. Geometrical vehicle data.

Vehicle type Af [m2] As[m2]

Tipper 9.8 23.0
Tractor with semitrailer 10.3 57.6
Rigid timber truck with trailer 11.0 65.8

drag coefficient, Cd(θ), and the projection area, Ap(θ), lumped together. Different model
structures are proposed using physical insights, and the model parameters are determined
using regression.

2.1. Model structures

Vehicle air drag consists of two different parts, pressure drag and friction drag. Pressure
drag is the force acting perpendicular to the vehicle’s surface, as air impact the area of the
vehicle it builds up an air pressure and consequently a force acting on the surface area.
Furthermore, as air slides across the surface of the vehicle, this sliding motion generates
friction forces that act parallel to the vehicle’s surface. This is denoted as friction drag.
Without the influence of crosswinds, most vehicles can be approximated as symmetric in
the relative air directionwhichmeans that pressure drag ismainly dependent on the frontal
area size while friction drag is mainly dependent on the size of the side area. However,
when adding the influence from crosswinds, it gets more complex since the vehicle will no
longer be symmetric in air direction and due to this asymmetry, pressure drag may also
arise on the side area and friction drag on the frontal area. The intention of this section is
to reason around how the pressure drag, friction drag and total air drag for a commercial
heavy-duty vehicle combination is changing with air attack angle. The reasoning is then
formalised into some simplified model structures including crosswind effects.

Force is the product of pressure and area. Neglecting friction drag, and separating the
air drag coefficient Cd(θ) in Equation (6) from the area projection Ap(θ), suggests that the
pressure build-up on the vehicle’s surface is proportional to the square of the airspeed, v2a.
When crosswinds are added, the air attack angle starts to grow and so does the area projec-
tion in air direction and pressure will be built up on the side area as well. Since the vehicle
body will no longer be symmetric with respect to the air attack angle the resulting aerody-
namic force will no longer act only in the air direction but will also have a perpendicular
component. Assuming that the average pressure delta in the vehicle motion direction is
proportional to the square of the longitudinal air speed component, vax = va cos(θ) gives

CdA(θ) = c1 cos2(θ)Ap(θ), (7)

where c1 is a constant to be determined from measurements or CFD calculations.
Equation (7) is denoted Model 1. If the area projection is not known but measures of the
frontal and side areas can be obtained, it can be estimated by approximating the geometry
of the truck as a cuboid according to

Ap(θ) = Af cos(θ) + As sin(θ), (8)

where Af is the frontal area and As is the side area. Figure 4 shows the accuracy of the
cuboid approximation of the three vehicle combinations. A plausible reason for the rela-
tively large deviation between the true area projection of the rigid timber truck with trailer
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and the cuboid formula is the large air gaps between the different sections of this vehicle
combination. For small values of θ , these spaces will not be visible and Ap(θ)will be closer
to the area of a cuboid where these air gaps are part of the side area. Hence, Ap(θ) grows
faster than the cuboid approximation based on the side area.When θ becomes large, the air
gaps start to be visible, and the deviation between the true projection area and the cuboid
model area shrinks.

It is likely that crosswinds also increase pressurisation of less aerodynamic shaped details
like wheelhouses, gaps between tractor and trailer, and so on, and therefore increase the
pressure drag. Friction drag may also be affected by crosswinds since they are ’pushing’
the airflow along the windward side of the vehicle combination towards the side area. This
can motivate a model that is somewhat more affected by crosswinds. A simple assumption
would be that the air drag is increasing linearly with the product of the longitudinal and
lateral air speeds, i.e. vaxvwy, which gives

CdA(θ) = (c1 cos2(θ) + c2 cos(θ) sin(θ))Ap(θ), (9)

where c1 and c2 are constants. This model is denoted Model 2. An alternative model is
formed by assuming that the air drag simply increases linearly with the product of the side
area and θ . This gives

CdA(θ) = (c1Af + c2Asθ) cos2(θ), (10)

where c1 and c2 are constants. Thismodel is denotedModel 3. It may also be complemented
with a term dealing with asymmetries of the vehicle combination’s side area projection.
Due to this asymmetry, both pressure drag and friction drag may arise from direct cross-
winds. Assuming that the sum of these drag components is proportional to the product of
the side area, As and the square of the crosswind speed, v2ay this component can be added
toModel 3 to form

CdA(θ) = (c1Af + c2Asθ) cos2(θ) + c3As sin2(θ), (11)

where c1, c2 and c3 are constants. This model is denotedModel 4.
A direct crosswind component can also be added to Model 2. Since the model now

have separate terms for effects from longitudinal airspeed, lateral airspeed and interaction
between them, the dependency of the area projection, Ap(θ) may be split and spread out
so that there is a frontal area dependency on longitudinal airspeed, a side area dependency
on lateral airspeed and a dependency on the square root of the product of frontal area and
side area on the interaction term. This can be summarised as

CdA(θ) = c1Af cos2(θ) + c2
√
Af As cos(θ) sin(θ) + c3As sin2(θ), (12)

where c1, c2 and c3 are constants. Thismodel is denotedModel 5 and has some nice intuitive
properties. By expanding va into the vehicle speed vv and the wind speed components vwx
and vwy respectively, the model can be rewritten as:

Fair,x = 0.5ρc1Af (vv + vwx)2 + 0.5ρc2
√
Af As(vv + vwx)vwy + 0.5ρc3Asv2wy (13)

It divides the air drag into three components. The first component is only affected by the
longitudinal airspeed, the second, the interaction effect from both lateral and longitudinal
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Figure 4. Cuboid projection area approximations.

airspeed, and the last component is only affected by the lateral airspeed. An interpretation
of the first component is the nominal air resistance. This is exactly the air resistance that is
normally stated which assumes that there is no crosswind.

The second component can be interpreted as the crosswind sensitivity air resistance. It
relates to how sensitive the combination is to airspeed in driving direction and crosswind.
The investigated vehicle combinations with large side areas have higher crosswind sensi-
tivity than vehicle combinations with smaller side areas, but this factor is also likely to be
affected by how irregular the surface of the side area is. For example, the Rigid timber truck
with a trailer only has a slightly larger side area than the Tractor with a semitrailer combi-
nation but still, the crosswind sensitivity air resistance is much higher. This is likely to be
partly due to the irregular side surface of the timber and partly due to larger gaps between
different units of the combination.

Finally, the third component is the vehicle’s direct crosswind air resistance. This term
holds a direct effect on the road resistance from crosswinds. For the investigated truck
combinations, the direct crosswind air resistance is negative and quite small in magnitude
suggesting that it often can be neglected and only have a significant effect if driving slowly
in hard crosswinds.

A common crosswind model found in the literature is the model proposed by Baker
[33] and later used by Walczak [34]. In their work they present a model of CdA(θ) on the
form:

CdA(θ) = (c1 + c2 sin(3θ))Af (14)
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Table 2. Model overview.

Model CdA(θ)

1 c1 cos2(θ)Ap(θ)

2 (c1 cos2(θ) + c2 cos(θ) sin(θ))Ap(θ)

3 (c1Af + c2Asθ) cos2(θ)

4 (c1Af + c2Asθ) cos2(θ) + c3As sin2(θ)

5 c1Af cos2(θ) + c2
√
Af As cos(θ) sin(θ) + c3As sin2(θ)

6 (c1 + c2 sin(3θ))Af

where c1 and c2 are constants to be tuned for good model fit. To benchmark, the pro-
posed models,Model 1–Model 5, the model represented by Equation (14) is introduced as
Model 6. All models are summarised in Table 2.

2.2. Parameter estimation

Given themodel structures, presented in Section 2.1, and CFD data, model parameters can
be fitted to match the CFD data as well as possible. The fit is measured by its residual, e, i.e.
the difference between the CFD data and the model output:

ei = y(θi) − CdA(θi, C) (15)

where y(θi) is the i:th CFD data point and CdA(θi, C) is the model output, given θ and the
model parameters C. The model parameters are found by minimising a weighted sum of
squared errors, E:

E = 1
N

N∑
i=1

αie2i = 1
N

N∑
i=1

αi(y(θi) − CdA(θi, C))2 (16)

where N is the number of data points, and αi is the weighting factor.
As all model structures proposed are linear in the parameters, there exists an analyti-

cal solution to the least-squares problem, making it also tractable for use in real vehicle
applications.

3. Results

This section presents the results from the parameter estimation of the models. To be able
to objectively compare the six different models presented in this paper, a few criteria are
used:

• RMS–Root Mean Squared Error of CFD data and model output:

RMS =
√√√√ 1

N

N∑
i=1

(y(θi) − CdA(θi, C))2

i.e. αi = 1 for all data points.
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• Weighted RMSα–Weighted Root Mean Squared Error of CFD data and model output:

RMSα =
√√√√ 1

N

N∑
i=1

αi(y(θi) − CdA(θi, C))2

The scaling factors allows for fitting the data points better to a certain range of θ . The
scaling factors used are:

αi =

⎧⎪⎪⎨
⎪⎪⎩

1, θi < 20◦
40◦ − θi

20◦ , 20◦ ≤ θi ≤ 40◦

0, θi > 40◦

The reason for having scaling factors that are declining with θ is that the total vehicle
energy consumption when θ is large in real-world driving cases is assumed to be rela-
tively small. Kawamata et al. [16] states that up to 50% of the total energy consumption
of cars due to air drag in the U.S. occurs when θ is between 2◦ and 7◦. Even though
θ is likely to be somewhat larger for trucks due to lower average speed, it is safe to say
that formost applications, themajority of the air drag energy consumption occurs when
θ < 20◦ and that the total vehicle energy consumption from air drag when θ > 40◦ is
very low compared to air drag consumption when θ is smaller.

• Model range (MRT)–the maximum allowed deviation, T, between model output and
CFD output. The threshold value T represents the maximum allowed absolute differ-
ence between model output and CFD output. The valid model range is determined in
increasing θ and defines the largest θ for which it is possible to find model parameters
that keep the maximum absolute model error smaller than the threshold T.

• NTP–The number of tuning parameters of the model.
• NGP–The number of geometrical parameters of the simplified model, i.e. parameters

that can be directly connected to geometrical attributes like frontal area and side area.

Figure 5 shows the results of the CdA(θ) values given from CFD calculations for the
three example vehicle combinations. The CFD tool used is called Simcenter STAR-CCM+,
[19] and the calculations are done using amethod called RANS (Reynolds AveragedNavier
Stokes) with a standard k − ε model for the turbulent flow [20]. As can be seen in the figure,
all models are performing well. Note that the CdA(θ) values of the timber truck have been
downscaled by a factor of two in order to give it a similar magnitude as the other vehicle
combinations and that the plottedCdA(θ) are all values relativeCdA(0) for the tractor with
semitrailer combination.

Table 3 summarises the different objective criteria for each of the simplified models
presented. To the results, also a comparison with the state-of-the-art model, Equation (1),
is appended, asModel 0.

An observation is that while Model 1 gives fairly accurate results for a wide range of
θ , it also gives relatively large errors for small values of θ . A conclusion of this is that the
sensitivity to longitudinal airspeed is not the same thing as the sensitivity to crosswinds.

To connect model accuracy to a range estimation application, an error in CdA, �CdA,
scales to air drag energy consumption prediction error per distance, �Wa, for a vehicle



VEHICLE SYSTEM DYNAMICS 13

Figure 5. CdA(θ) approximations as function of θ for different types of vehicle combinations.
(a) Model 1. (b) Model 2. (c) Model 3. (d) Model 4. (e) Model 5 and (f ) Model 6.

running at constant speed vv, in no wind according to:

�Wa = ρ�CdAv2v
2

. (17)
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Table 3. Model performance comparison.

Objective criteria

Model Vehicle combination RMS RMSα MR0.5 MR2 NTP NGP

Rigid truck 2.55 1.12 10 60 1 1
0 Tractor w. semitrailer 3.23 1.68 5 20 1 1

Rigid timber truck w. trailer 6.83 5.02 2 7 1 1
Rigid truck 0.58 0.33 40 80 1 2

1 Tractor w. semitrailer 1.19 0.59 10 80 1 2
Rigid timber truck w. trailer 1.71 0.82 2 50 1 2
Rigid truck 0.57 0.19 40 80 2 2

2 Tractor w. semitrailer 0.51 0.20 40 80 2 2
Rigid timber truck w. trailer 1.18 0.76 7 80 2 2
Rigid truck 0.65 0.21 60 80 2 2

3 Tractor w. semitrailer 1.04 0.16 15 80 2 2
Rigid timber truck w. trailer 0.79 0.44 20 80 2 2
Rigid truck 0.19 0.18 80 80 3 2

4 Tractor w. semitrailer 0.14 0.14 80 80 3 2
Rigid timber truck w. trailer 0.64 0.23 20 80 3 2
Rigid truck 0.26 0.19 80 80 3 2

5 Tractor w. semitrailer 0.38 0.14 60 80 3 2
Rigid timber truck w. trailer 0.53 0.25 20 80 3 2
Rigid truck 0.60 0.19 50 80 2 1

6 Tractor w. semitrailer 0.51 0.16 50 80 2 1
Rigid timber truck w. trailer 2.58 0.52 15 40 2 1

For a vehicle driving at 85 km/h (23.6m/s), in no wind condition and ρ = 1.21 kg/m3, this
mean that a model error of �CdA = 1 m2 corresponds to a �Wa = 337 J/m, or equally,
0.09 kWh/km. In a full day of driving, e.g. 600 km, this error grows to more than 50 kWh.

4. Discussion

Amodel with a good fit to data is useful since it is capable of accurately quantifying the air
drag. The wider themodel range, themore different wind and vehicle speed conditions can
be handled, and if themodel contains few tuning parameters, it is likely to bemore suitable
for online estimation. If the model parameters can be roughly estimated from geometrical
attributes, the change in aerodynamic properties can be predicted for changes in the vehicle
exterior which is useful for, for example, when doing the route and charge planning for a
mission that includes exterior change like a pic-up of a trailer. However, using geometrical
attributes as model parameters may also introduce uncertainties and errors in the model
unless detailed information on the geometrical attributes exists. Hence, few geometrical
parameters may also be considered positive. The models are compared through objective
measures but will also be discussed separately in more subjective terms.

The results summarised in Table 3 show that it is difficult to find a model that is best in
all aspects. First of all, the trend is that the model fit and valid model range are improv-
ing with the number of tuning parameters. This is consistent with estimation theory in
general, a larger number of tuning parameters makes it possible to tailor the details of the
model more carefully, i.e. a higher degree of model fit can be achieved. Having too many
parameters can cause problems with overfitting, i.e. fitting the model to noise, measure-
ment/CFDmodeling errors, and other disturbances that were not intended to be modeled,
and it makes it more difficult to estimate the parameters online.
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Which of the simplifiedmodels to use depends on the application and onwhat informa-
tion is available.Model accuracy is for sure of interest for a range estimation algorithm. The
calculation of energy consumption prediction error, �Wa, in the results chapter reveals
that this error, and hence the range estimation error, is linear in model error size, �CdA.
It is very difficult to put a real value on what is a sufficiently precise prediction since it
depends on the situation. However, in some situations, e.g. when the range is very close to
the actual remaining driving distance, accuracy is of high importance. This would suggest
that Model 4 would be the best choice. However, note that the stated error measures in
Table 3 show the model error for the best possible choice of model parameters. There is no
point in choosing a three-parametermodel unless themodel parameters can be foundwith
good accuracy. The choice of model to use should instead be governed by the model error
including model parameter errors which are likely to increase with the number of tuning
parameters. Our recommendation is to use Model 4 or Model 5 for well-known applica-
tions where CFD or wind tunnel test data exists.Model 1 could be used where no such data
exists and online estimation cannot be done whileModel 2 orModel 3may be used when
online estimation can be used.Model 0 should only be used when either wind information
ismissing or whenCdA for θ = 0 is the only informationwe have on the air drag properties
of our vehicle and online estimation cannot be performed.

A learning from this investigation is that CdA(θ) may be seen as mainly dependent
on two factors, the size of the object which can be related to the area projection, Ap(θ),
and the shape of the object. Using this knowledge, it is possible to get an idea of how an
exterior change affects CdA(θ). If the change is just a scaling of either the complete vehicle
combination or only the side area, the effect on CdA(θ) should be reflected in the change
in Ap(θ), i.e. it should be possible to do a fairly good prediction of how CdA(θ) will be
after the change only with knowledge of how Ap(θ) is changed. Changes that are either
targeting improved crosswind sensitivity [17] or targeting improved longitudinal airspeed
sensitivity like changing the setting of a roof air deflector [18], often leave Ap(θ) more or
less unchanged. For these types of changes, the change in CdA(θ)will instead appear in the
shape factor Cd(θ). Exact instructions on how to set the shape factor after such a change
is left for future research. However, some hints can be found in previous work by others
for determining the effect of the change of gap size between tractor and trailer [27], and
for determining the effect of rounding edges on the tractor and air deflector setting [18].
In general, the approach of using research data as a base for setting shape parameters is
recommended to be used only as a starting point when no better information is available.
If using simplifiedmodels, like the ones presented in this paper, combined withmore exact
information of the projection area depending on air attack angle, online estimation can be
used to improve the accuracy of the shape parameters. Combined with precise predictions
of road wind conditions accurate determination of air drag losses depending on vehicle
speed profile over any road segment could be enabled which is an important part of an
accurate range prediction algorithm.

The simplified models in this paper are developed to provide a mean to include cross-
wind in air drag calculations. It will by no means replace CFD models and wind tunnel
tests which will provide a deeper understanding of what really creates air drag and other
aerodynamic forces. As an example, [17], show through CFD simulations not only how
the dimensions of a trailer boat tail affect the air drag forces in crosswinds but also why.
Vortexes created at the rear of the vehicle and in the gap between the tractor and the trailer
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change with crosswinds and boat tail dimensions. These kinds of things are certainly not
something that could be studied through simplified models. With that said, there is room
for models and tests of all levels of detail. What is the best choice is often driven by the
application, i.e. the planned usage of the result and the available information.

5. Conclusion

The combination of limited range, limited charging opportunities, and long charging
times of battery electric vehicles demands accurate range prediction. The effect from both
headwind and crosswind has a huge influence on the air drag of heavy-duty vehicle combi-
nations and can therefore not be neglected. Since the exterior and hence the aerodynamic
properties of a large vehicle combination can change drastically with little possibility of
retrieving good information about the air drag after the change, online estimation may be
the only viable option. To support this process, simplified models of CdA including the
effects of crosswinds were developed and compared through objective measures.

A key parameter for deciding on what model to use is how many model parameters it
should have. If only one tuning parameter is used, a model consisting of a constant mul-
tiplied with the area projection in air attack angle performs surprisingly well. This area
projection gives a measure of the air mass that is affected by the vehicle and CdA seems to
be more or less proportional to this measure. However, in order to have a range estimation
algorithm capable of delivering accurate results in low vehicle speeds andmoderate to high
crosswind conditions, model accuracy in a wider range of air attack angle is of importance.
This demands a model with more degrees of freedom that separates headwind sensitivity
from crosswind sensitivity. Either a linear interaction effect from a lateral wind component
on the longitudinal air component can be added or simply use a model of CdA(θ) that is
linear in θ . These two alternatives can be complemented with a direct effect on CdA from
the lateral air component. In the former case this results in a three parametersmodel that is
quadratic in the longitudinal airspeed component, linear in the product of the longitudinal
air and lateral air components, and quadratic in the lateral air component. In conclusion,
a model with three parameters seems to be a good compromise between model simplicity,
size of the valid model range, and model accuracy for range estimation applications taking
wind conditions into account.

Note

1. It should be noted that air density is far from constant. It has a strong dependency on ambient
temperature, a moderate dependency on air pressure, and a minor dependency on air humidity.
It is hence important to clarify under what weather conditions the air drag will be calculated, as
discussed in [35].
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