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ABSTRACT: One of the key technologies used in electrified vehicles is regenerative braking, which allows recovering
energy during braking phases by using the electric motor as a generator. In this function mode, energy is transferred from the
motion of the wheels to an energy storage device such as a battery and hence the vehicle is decelerated.
Regenerative braking has notoriously changed the design, integration and testing of braking systems. The development and
integration of new testing tools oriented towards the new technology trends emerging is key.
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1. Introduction
The main objective of this project is the development of a control
module to simulate hybrid braking on a brake dynamometer. This
control module must provide the core functionalities that allow
performing brake applications containing regenerative
component. To achieve the main objective of this project, several
specific objectives need to be accomplished:
✓

Regenerative Braking Capabilities Development: adapt the
Inertia Simulation module to simulate hybrid braking on
brake dynamometer.

✓

Vehicle Testing: obtain relevant regenerative braking data
from vehicle testing.

✓

Validation Tests: validate the developed modules throughout
the usage of the data obtained from vehicle testing.

✓ dbDyno – Noise Tool, which allows analysing and exporting
the NVH data depending on the criterion chosen by the
engineering team.

Figure 1 dbDyno Software Suite

All the stated developments are to be integrated into Applus+
IDIADA’s dbDyno brake dynamometer control system.

2. dbDyno Introduction
dbDyno consists of a suite of software which integrates all the
necessary functions to run a Brake NVH Dynamometer test. That
involves the test programming, the test execution, the data logging
the data processing and the results exporting.
The above mentioned suite contains the following tools:
✓ dbDyno – Control System, which consists in a series of tools
for programming and executing a brake dynamometer test.
✓ dbDyno – Export Tool, which provides tools for exporting the
logged data as desired by the engineering team, as well as
performing calculations.

Figure 2 dbDyno Software

3. Inertia Simulation Development
There are two possible ways to introduce and extract energy from
the brake dynamometer: in the one hand, the braking system can
only extract energy and in the other hand, the electric motor which
generally is used to introduce energy can also be used for extracting
it. Focusing in the electric motor, the way to introduce energy into
the brake dynamometer is generally by controlling the speed of the
shaft, thus performing speed control: normal operation implies that
before a brake application a certain speed value needs to be
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achieved, and the electric motor is accelerated in order to meet
these requirements. This introduced energy is mainly stored in the
inertia flywheels as rotational kinetic energy. During the brake
application normally the motor is switched off, and the braking
system transforms the rotational kinetic energy into heat until the
release speed is achieved.

Where,
𝐼 is the equivalent moment of inertia of the vehicle, in [kgm2],
𝜔 is the equivalent rotational speed of the vehicle, in [rad/s].
It needs to be considered that only one side of one of the vehicles’
axles is mounted into a brake dynamometer, and that each axle’s
contribution to braking is defined by the brake distribution. As a
result, the equivalent kinetic rotational energy for the brake
dynamometer, 𝐸𝑘𝑅 𝑑𝑦𝑛𝑜 in [J], is:

𝐸𝑘𝑅 𝑑𝑦𝑛𝑜 =

Inertia Simulation is to be used during deceleration brake
applications and its principle of function is based on the regulation
of the torque provided by the electric motor during the brake
application either extracting or introducing energy into the
dynamometer.
Conceptually when the braking system actuates on the brake
dynamometer shaft which is loaded with a series of inertia
flywheels, a reaction torque is generated. This reaction torque is
proportional to the moment of inertia mounted on the brake
dynamometer shaft. In order to compensate the difference between
the values of inertia mounted on the brake dynamometer and that
of the real vehicle it is required that the electric motor regulates its
output torque accordingly.
It can be seen that Inertia Simulation directly depends on the
control of the output torque provided by the electric motor. This
statement reflects exactly what a regenerative braking system does:
Regenerative braking consists in the regulation of the torque of an
electric motor in order to provide a certain amount of deceleration.

First of all, the moment of inertia required in a brake dynamometer
is defined. This moment of inertia directly depends on the vehicle
being tested in the brake dynamometer.
From kinematics, the total amount of energy of a vehicle, 𝐸𝑘 in [J],
can be described as:

𝐼𝑓 =

1
𝑚 · 𝑠𝐵 · 𝑟𝑟2
2

(4)

As the brake split is defined as the contribution per unit of the front
axle regarding the total brake force, for the rear axle, 𝐼𝑟 in [kgm2]:

1
𝐼𝑟 = 𝑚 · 𝑟𝑟2 · (1 − 𝑠𝐵 )
2

(5)

The total torque present in a brake dynamometer during a
decelerating brake application, 𝑇𝑡 in [Nm], is:

𝑇𝑡 = 𝐼𝑡 · 𝜔̇

(6)

Where,
𝐼𝑡 is the moment of inertia of the brake dynamometer, in [kgm2],
𝜔̇ is the acceleration of the brake dynamometer, in [rad/s2].

𝑇𝑡 = 𝑇𝑏𝑟𝑘 + 𝑇𝑚𝑜𝑡

(7)

Where,
𝑇𝑏𝑟𝑘 is the torque produced by the braking system, in [Nm],
𝑇𝑚𝑜𝑡 is the torque provided by the electric motor of the brake
dynamometer, in [Nm].

(1)
With the previous consideration, the total moment of inertia of a
brake dynamometer, 𝐼𝑡 in [kgm2], can be described as:

Where,
𝑚 is the mass of the vehicle, in [kg],
𝑣 is the speed of the vehicle, in [m/s].

𝐼𝑡 = 𝐼𝑚𝑒𝑐 + 𝐼𝑚𝑜𝑡

Assuming that all the kinematic energy of the vehicle can be
transformed in rotational kinematic energy, 𝐸𝑘𝑅 in [J]:
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From the previous equations it can be deduced that the amount of
moment of inertia to be mounted in a brake dynamometer for the
front axle of a vehicle, 𝐼𝑓 in [kgm2], is:

Considering Inertia Simulation, the total torque present in the brake
dynamometer can be described as:

2.2. Mathematical model Definition

1
𝐸𝑘𝑅 = 𝐼 · 𝜔2
2

(3)

Where,
𝑚 is the mass of the vehicle, in [kg]
𝑠𝐵 is the brake split or brake distribution, per unit,
𝜔𝑑 is the rotational speed of the brake dynamometer, in [rad/s]
𝑟𝑟 is the rolling radius speed of the wheel of the vehicle, in [m]

Figure 3 Brake Dynamometer Energy Flow

1
𝐸𝑘 = 𝑚 · 𝑣 2
2

1 1
· ( 𝑚 · 𝑠𝐵 · 𝑟𝑟2 ) · 𝜔𝑑2
2 2

(2)

(8)

Where,
𝐼𝑚𝑒𝑐 is the moment of inertia of the flywheels mounted in the
brake dynamometer, in [kgm2],
𝐼𝑚𝑜𝑡 is the inertia provided by the electric motor of the brake
dynamometer, in [kgm2].
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From the equations above, the required torque to be provided by
the electric motor can be described as:
𝑇𝑚𝑜𝑡 = 𝐼𝑡 · 𝜔̇ − 𝑇𝑏𝑟𝑘
(9)
If all the parameters from the equation 3.9 are referred to the torque
provided by the braking system:
𝑇𝑚𝑜𝑡 𝐼𝑡 · 𝜔̇
=
−1
𝑇𝑏𝑟𝑘
𝑇𝑏𝑟𝑘

the regenerative braking concept to be implemented in dbDyno
during this project is based in importing vehicle data and using it
as a demand for the brake dynamometers. Additionally artificial

(10)

Simplifying, the control equation for the Inertia Simulation
algorithm results in:
𝑇𝑚𝑜𝑡 =

𝐼𝑡 − 𝐼𝑚𝑒𝑐
· 𝑇𝑏𝑟𝑘
𝐼𝑚𝑒𝑐

(11)

If road losses are to be considered, the equation results in:
𝑇𝑚𝑜𝑡 =

𝐼𝑡 − 𝐼𝑚𝑒𝑐
· (𝑇𝑏𝑟𝑘 + 𝑇𝑙𝑜𝑠𝑠 )
𝐼𝑚𝑒𝑐

manually generated profiles can be used.

3.1. Concept definition and model modification
(12)

Where,
𝑇𝑙𝑜𝑠𝑠 is summation of torque produced by all the road losses, in
[Nm]

Having previously developed the Inertia Simulation module eases
a lot the task of implementing the regenerative capabilities concept
presented in the previous section, as a means of controlling the
torque of the motor during the brake applications already exists and
the physical and logical interfaces between dbDyno and the drive

3. Regenerative Braking Integration on
Dynamometer
There are mainly two approaches for determining the amount of
regenerative torque to simulate in the brake dynamometers in order
to reproduce vehicle behaviour:
✓

✓

Regenerative braking logics: this would be equivalent to
emulating the vehicles ECUs. The logics of the vehicle
regarding braking would be executed in the brake
dynamometer and dependencies such as the SOC, battery
temperature, pedal effort, pedal stroke, among many others
would need to be simulated as well, as they determine the
outcome of regenerative logics.
Vehicle testing profiles: this method would use data obtained
from vehicle testing. A data logger would record the
information of the motor torque, brake pressure and speed
mainly and this would be used for commanding the brake
dynamometer.

It is important to note that the current project is about providing the
regenerative capabilities, not about completely emulating a hybrid
braking system from the point of logics and other variables. That is
why the chosen approach for this project relates with vehicle testing
profiles. There are many reasons for using it: in one hand, with
proper instrumentation it is possible to obtain directly the required
variables for using the dynamometers regenerative capabilities; on
the other hand it can be used for validating the developed
functionalities. If the developed module works properly, profiles
obtained from the vehicle will correspond to the ones obtained in
the brake dynamometers. As well as that, using vehicle testing
profiles will be useful to get an insight of how real electric vehicles
braking systems work, which is vital for this project. As a summary,
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unit of the electric motors have already been implemented.
In a very simplistic manner, starting from the main equation of the
Inertia Simulation module,
𝑇𝑚𝑜𝑡 =

𝐼𝑡 − 𝐼𝑚𝑒𝑐
· (𝑇𝑏𝑟𝑘 + 𝑇𝑙𝑜𝑠𝑠 )
𝐼𝑚𝑒𝑐

(13)

The amount of torque required for the electric motor, 𝑇𝑚𝑜𝑡 in [Nm],
taking into consideration regenerative braking results in:
𝑇𝑚𝑜𝑡 = (

𝐼𝑡 − 𝐼𝑚𝑒𝑐
· (𝑇𝑏𝑟𝑘 + 𝑇𝑙𝑜𝑠𝑠 ))
𝐼𝑚𝑒𝑐
+ 𝑇𝑟𝑒𝑔𝑒𝑛

(14)

Where,
𝑇𝑟𝑒𝑔𝑒𝑛 is the torque of the regenerative braking system
Once the control algorithms have been defined, in this chapter the
process of integration of the Inertia Simulation and Regenerative
Braking modules into dbDyno is presented.

3.2. dbDyno integration
In order to implement these modules into dbDyno – Control System
it has been necessary to perform the following steps:
Step 1: Create a LabVIEW API containing Inertia Simulation and
Regenerative Braking functionalities.
Step 2: Integrate the developed functionalities into dbDyno’s
control tasks, more specifically in the brake control phase. This

4
function is in charge of generating a control demand in volts taking
into consideration the configuration of the brake dynamometer, the
actual torque feedback and the calibration of the drive unit of the
motor.
Step 3: Modify dbDyno’s user interface to incorporate the set of
parameters to configure the Inertia Simulation and Regenerative
Braking behaviour. These parameters need to be distributed in
different parts of the dbDyno software.

Figure 12: User interface modification
Step 4: Add the necessary modifications in the physical layer in
order to allow communicating dbDyno and the drive units of the
electric motors regarding torque control.

4. Validation
4.1. Brake vehicle testing
In order to obtain relevant data from regenerative braking two
different vehicles have been used as reference. Vehicles have been
selected in order that their regenerative braking regulation is
different, meaning that one of them applies parallel regenerative
braking other one has serial parallel regenerative braking with
multiple levels of regeneration available to be chosen. This brings
the possibility to observe different regenerative braking behaviour
from the same topology of vehicle electrification. Both vehicles are
available in the European market.

Table 1: Vehicle 1 Specs
Model
Type
Battery
Motor
Transmission
Body
GVW [kg]
Brake Split [%]
RR [mm]
Regenerative Braking

Figure 10 & 11: User interface modification
It is now possible to configure the electric motor in four different
modes, allowing the user to activate or deactivate individually
Inertia Simulation or Regenerative Braking on a per stop basis.
This gives the system a certain degree of flexibility, as well as
permits replicating the behaviour of real vehicles which, under
certain conditions, disconnect the regenerative brake.
Another possibility during the configuration of the stop is to use a
different value of inertia than the one configured in the vehicle.
Regarding the regenerative torque demand for the electric motor
during the brake application, two options have been created: it is
possible to manually enter a torque profile based on time and it also
possible to import the profiles from vehicle data. In the latter case
data to be imported is the torque of the electric motor on a specific
wheel, the speed of the vehicle and the time base.

Model
Type
Battery
Motor
Transmission
Body
GVW [kg]
Brake Split [%]
RR [mm]
Regenerative Braking

Vehicle Data
Vehicle 1
BEV
50 kWh, Lithium Ion
1x 200 kW
Auto
4 doors
1700
75
300
Parallel
Vehicle Data
Vehicle 2
BEV
30 kWh, Lithium Ion
1x 90 kW
Auto
5 doors
1900
75
330
Serial, multiple modes

Table 2: Vehicle 2 Specs
4.1.2 Performed Tests
In order to characterize the hybrid braking systems of both vehicles
and to obtain data to be used as a reference during the validation
tests to be conducted in dbDyno, two tests have been performed on
both vehicles. The chosen tests are pedal feeling and blending
characterization tests. The general idea for the feeling test is to
obtain the pedal response to a linearly increasing deceleration
during brake applications whereas for the blending test the
objective is to obtain the contribution of each braking system for
different deceleration situations.
Pedal feeling tests are used for obtaining the dynamic pedal feeling
characterization of vehicles while braking. Generally during this
type of tests brake applications are performed in a way that the
deceleration obtained increases at a constant rate until reaching a
target value. Afterwards deceleration is correlated with pedal travel
and pedal effort.
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Many different pedal feel procedures can be applied. The one
chosen for this project consists in performing several stops at
different speeds applying progressive decelerations up to 1g.

only works as an offset providing a constant deceleration value
when active.

Figure 13: Brake pedal feel principles
Brake pedal feeling is an important topic in hybrid braking tuning
because depending on the regenerative strategy being applied
problems can arise if the system is not properly designed or
adjusted, more specifically in the transition zones from
regenerative to friction-based braking and vice versa

Figure 14: Vehicle 1, pedal feeling raw data @ 50km/h, D
mode

Blending characterization tests are performed on vehicles with
regenerative braking systems in order to obtain the contribution of
each braking system (friction-based and regenerative) in different
deceleration conditions.
Generally, these tests consist in performing a series of brake
applications both in neutral and in drive mode gears and its results
allow to obtain the percentage of regenerative contribution with
respect to the total deceleration, given that in neutral mode the
regenerative brake does not actuate and all the deceleration is
provided by the friction-based braking system whereas in drive
mode both systems contribute simultaneously to deceleration.
In detail, the regenerative braking contribution is defined as the
ratio between the regenerative braking torque and the whole
braking torque. The regenerative braking torque is estimated by the
difference between the brake pressure of a brake interval with a
regenerative contribution and the brake pressure of a brake interval
without regenerative contribution:

Figure 15: Vehicle 1, pedal feeling raw data @ 50km/h, N
mode

𝑅𝑒𝑔𝑒𝑛. 𝑐𝑜𝑛𝑡𝑟. [%] =
𝑀𝑒𝑎𝑛(𝐵𝑟𝑎𝑘𝑒𝑃𝑟𝑒𝑠𝑠𝑁𝑒𝑢𝑡𝑟𝑎𝑙𝑀𝑜𝑑𝑒 )−𝑀𝑒𝑎𝑛(𝐵𝑟𝑎𝑘𝑒𝑃𝑟𝑒𝑠𝑠)
𝑀𝑒𝑎𝑛(𝐵𝑟𝑎𝑘𝑒𝑃𝑟𝑒𝑠𝑠𝑁𝑒𝑢𝑡𝑟𝑎𝑙𝑀𝑜𝑑𝑒 )

· 100

(15)

Regenerative braking estimation is calculated for each driving
mode and each vehicle deceleration tested. The whole braking
torque is calculated from the Neutral mode for each vehicle
deceleration tested.

4.1.3 Vehicle 1 – Test Data
From the analysis of the data of vehicle 1, the typical behaviour of
parallel regenerative braking systems regarding blending is shown:
the representation of both neutral and drive mode characteristics is
fairly linear and of the same slope, which means that regenerative
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Figure 16: Vehicle 1, Blending Characterization raw data
@ 50km/h, 0.2g, D mode
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Figure 17: Vehicle 1, Blending Characterization raw data
@ 50km/h, 0.2g, N mode

Figure 20: Vehicle 2, Blending Characterization raw data
@ 50km/h, 0.2g, D3 mode

4.1.4 Vehicle 2 – Test Data
Vehicle 2 adds some more complexity to the analysis as there are
more than two driving modes that need to be taken into
consideration: we can find one mode (D3) wich prioritises more
energy recovery than Mode 0 (D0). In other words, D3 is more eco
and D0 reflects standard driving condition.

Figure 21: Vehicle 2, Blending Characterization raw data
@ 50km/h, 0.2g, N mode

4.2. Validation tests on brake dynamometer

Figure 18: Vehicle 2, Pedal Feel raw data @ 50km/h, D3
mode

Taking into consideration the specifications of Vehicle 1 and
Vehicle 2, and given that the Inertia Simulation module has been
already proven to work properly, the verification of Regenerative
Braking Capabilities will be performed using Inertia Simulation. A
fixed inertia of 84kgm2 is used.
From the tests conducted in vehicle it has been decided to use the
blending characterization results as a reference to be reproduced in
the brake dynamometers, as it is the test were the contribution of
the regenerative braking can be quantified easier.
Vehicle 1 has been tested on dyno using its original torque signal
from the motor as it was available from the CAN bus, only taking
into account geometric parameters such as the gear ratio. The entire
test consists in 32 brake applications: 8 per driving mode (neutral
and drive modes) at two different initial speeds (50 and 100 km/h).
As the interesting part of this validation tests consists in verifying

Figure 19: Vehicle 2, Pedal Feel raw data @ 50km/h, N
mode
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the deceleration, speed and pressure profiles, only some of the most
relevant brake applications are highlighted.

Figure 22: Vehicle 1, brake dynamometer data, blending
characterization @50km/h, 0.25g, D and N modes (left to
right)

Figure 24: Vehicle 2, brake dynamometer data, blending
simulation @50km/h, 0.25g, D3, D0 and N modes (left to
right)

Figure 23: Vehicle 1, brake dynamometer data, blending
characterization @50km/h, 0.4g, D and N modes (left to
right)

Figure 24: Vehicle 2, brake dynamometer data, blending
simulation @50km/h, 0.4g, D3, D0 and N modes (left to
right)

The left side graphs show the obtained results using Regenerative
Braking Capabilities whereas the right side ones show the results
without any regenerative contribution, equivalent to the vehicle’s
neutral gear. The same level of deceleration is obtained in each
figure but with notoriously lower pressure and friction braking
torque when Regenerative Braking Capabilities are active. Note
that this vehicle had parallel regenerative system and torque
blending cannot be appreciated.

The left side graphs show the obtained results using Regenerative
Braking Capabilities whereas the right side ones show the results
without any regenerative contribution, equivalent to the vehicle’s
neutral gear. The same level of deceleration is obtained in each
figure but with notoriously lower pressure and friction braking
torque when Regenerative Braking Capabilities are active. In this
vehicle it is possible to observe the torque blending when the
regenerative system is actuating.

For Vehicle 2 the entire test consists in 48 brake applications: 8 per
driving mode (neutral, drive 0 and drive 3 modes) at two different
initial speeds (50 and 100 km/h). As the interesting part of this
validation tests consists in verifying the deceleration, speed and
pressure profiles, only some of the most relevant brake applications
are highlighted.

5. Conclusion
The project has been successfully concluded, validating brake
dynamometer regenerative testing capabilities, using vehicle data
testing on proving ground.
It is important to note that this objective does not include the
simulation of regenerative brake logics, as this is not the primary
goal for brake dynamometer testing at this stage.
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Together with that, dynamics of the electric motor must be
evaluated in a passenger car brake dynamometer to confirm that the
torque profiles obtained from the motor fully match with vehicle
profiles. Further tests must be performed but the solutions obtained
up to date look promising for current and future applications.
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