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Abstract: In order to meet the increasingly stricter emissions’ regulations, road vehicles require
additional technologies aimed at the reduction of emissions from the internal combustion engine
(ICE). A favorable solution from the standpoint of costs and simplicity of integration is a 48-V
electrical architecture utilizing a low-voltage/high-power induction machine, which operates as the
so-called engine belt starter generator (BSG) coupled via a timing belt with the ICE crankshaft within
a P0 mild hybrid power train and used for starting up and boosting of the ICE power output, as well
as for recuperating kinetic energy during vehicle deceleration. The aim of this work was to design a
vibration damping system for the belt transmission within the so-called front end accessory drive
(FEAD), which couples the BSG with the ICE crankshaft and to test the control system by means of
simulations for realistic operating regimes of the P0 mild hybrid power train in order to show the
functionality of the proposed approach in terms of mild hybrid vehicle performance improvement.
Simulation results have pointed out effective attenuation of belt compliance-related vibrations using
the proposed active damping control, with vibration magnitude reduced between three and five
times compared to the default case during engine start-up phase. They have indicated the realistic
belt slippage effects during engine start-up phase and have illustrated the effectiveness of the FEAD
torque boosting capability with 30% gain in acceleration during vehicle launch.

Keywords: P0 mild hybrid power train; belt starter generator; vibration control; simulations; realistic
driving conditions; MATLAB/Simulink; AVL ECXITE/CRUISE M

1. Introduction

Road transport sector is one of the key contributors to the emissions of greenhouse
gases (GHGs), with CO2 being of particular importance [1], and related effects that these
emissions have on the global climate. Hence, humanity’s aim should be to minimize the
net greenhouse gases’ production in order to reverse these alarming trends in pollutant
gases’ emissions [2]. Moreover, road transportation is the main cause of air pollution in
cities, thus mandating a gradual shift towards hybridized and fully electric vehicle power
trains [1]. With the global shift to a low-carbon economy and transport emissions’ reduction,
it is necessary to make an irreversible shift towards low-emission mobility, which will
benefit society in general by improving the quality of air, reducing acoustic noise levels,
reducing traffic congestion, and generally improving traffic safety [3]. In order to comply
with this strategy, the European Commission has outlined three priority action areas [4]:
(1) increasing the transport system’s energy efficiency, (2) accelerating the deployment of
low-GHG emission technologies and alternative energy sources in the transport sector, and
(3) gradually moving towards zero-emission vehicles, i.e., those with fully electrified power
trains, such as battery-based electric vehicles [5], and hydrogen fuel cell electric vehicles [6].
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Due to transport electrification not only being an endeavor in terms of new technol-
ogy development, but also having an impact on the overall economy and infrastructure,
intermediate solutions have been implemented in order to ease the transition from the
conventional internal combustion engine (ICE)-powered vehicles to those featuring fully
electrified power trains [7]. This intermediation phase introduced hybrid power train
architectures characterized by at least two power sources used for vehicle propulsion,
wherein the internal combustion engine is augmented by an electrical machine acting as
both the auxiliary motor and the generator, which can supply the on-board battery energy
storage system with electrical energy [8]. The power train of such a hybrid electric vehicle
(HEV) is quite complex because it needs to contain all the components of the conventional
(ICE-based) vehicle while also adding a number of specialized electrical propulsion system
components, depending on the level of power train hybridization [9,10].

Apart from the aforementioned advantages of hybrid electric and fully electric vehicles
in terms of reduced greenhouse gases’ (GHG) emissions and quieter operation, which are
especially valued in urban operation, there are also other advantages of a partial or a fully
electrified road vehicle power train [11]. Namely, due to HEVs being equipped with one or
more controlled electrical machines [12], the electrified power train can feature driveline
torsional vibration damping control [13], as well as torque boosting and torque filling
functionalities [14,15]. These features can then be used to reduce vehicle jerking during
starting/launching [16] and to generally improve the drivability of passenger vehicles, such
as buses [17]. However, the very same coupling of ICE and a motor/generator electrical ma-
chine within the hybrid electric vehicle requires a different mechanical transmission system
configuration compared to the one found in a conventional (ICE-based) road vehicle [18].
To this end, mild hybrid electric vehicles offer certain advantages in terms of straightfor-
ward coupling of the front end accessory drive (FEAD) using a high-power/low-voltage
(typically 48-V DC) electrical machine via a belt drive, the so-called belt starter generator
(BSG) equipped with its own electronic power converter unit [19], thus serving both as
the engine starter/torque booster and a generator unit [20], with some applications also
including a planetary gear system to facilitate a wide range of BSG drive operations [21].
Utilization of BSG may even simplify the power train design; the more traditional torque
boosting solution in the form of a turbo-charger unit [22] may be omitted from the automo-
tive engine because BSG is capable of near instantaneous torque assistance [23]. Among
other benefits, this type of hybrid drive offers distinct improvements in fuel economy with
relatively moderate installation costs [24], with up to a 16% reduction of CO2 emissions [25].
This, however, introduces considerable compliance in the power/torque transmission path
of the electrical servomachine within the FEAD, which needs to be accounted for in the
overall system design. One way of dealing with the compliance-induced vibrations is
to equip the mechanical part of the system with a passive vibration absorber [26], which
is typically done with vehicle suspensions [27], bridges [28], and other large mechanical
systems [29]. In vehicular power train applications though, this would result in an un-
acceptable increase of the overall power train mass and dimensions; so control system
solutions are sought especially if the power train is equipped with a servo-controlled BSG
electrical machine [30].

However, belt drive vibration active damping measures in mild hybrid vehicles have
not been extensively investigated in the available literature, which primarily investigates
the possibilities for improvement of mild hybrid drive torque boosting performance [24]
and energy efficiency [15]. Typically, the torque transmitted by the electric machine within
the hybrid power train is assumed to be instantaneous [18], and the dedicated electrical
machine speed controller is tuned without regard to possible inducing of transmission
vibrations [18]. This is justified in the case of a full hybrid power train using a high-power
electrical machine supplied from the high-voltage DC bus and a suitably chosen battery,
whose planetary transmission provides a very stiff coupling between the electrical machine
(motor/generator) and the ICE [18]. However, this is not the case with mild hybrid power
trains whose belt drive coupling between the electrical machine and ICE is not stiff enough
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to provide a virtually vibration-free operation [10]. An active vibration damping control
strategy for a BSG drive requires the development of a suitable control-oriented model,
which needs to account for the dominant effects of the belt compliance and moments of
inertia of the individual rotational elements. Reference [31] proposes an analytical geometry-
based modeling method, which results in a high-order state-space model of the belt drive
system dynamics. Typically, this type of model is simplified to a more convenient two-mass
elastic model [10] characterized by a single resonant mode, which can be conditioned
using a suitable linear controller in order to achieve virtually vibration-free closed loop
dynamics. This may then be used as a basis for the development of the more advanced
engine control strategies. These may include the model-predictive control-based idle speed
control system [32], characterized by superior engine speed control performance, or a self-
organizing fuzzy control system coupled with the equivalent consumption minimization
strategy based on BSG utilization, which has shown about 15% fuel consumption reduction
compared to the conventional automotive power train [33].

Therefore, this paper investigates the possibility of designing a vibration active damp-
ing control system suitable for mild hybrid vehicles equipped with the low-voltage direct-
current (DC) bus [14] supplying the suitable integrated starter-alternator-booster (also
known as the belt starter generator or BSG [21]) within the so-called P0 mild hybrid power
train architecture. The active damping control system design is based on the suitable
dynamic model of the FEAD, used for ICE starting and torque boosting, and the practical
optima design methodology based on the so-called damping optimum criterion [34]. The
FEAD control system is arranged in the so-called cascade control system structure [35],
with the superimposed active damping proportional-integral (PI) controller (see [36]),
commanding the inner (subordinate) current/torque control system embedded within the
FEAD electrical machine power converter. The effectiveness of the proposed control system
design was verified by means of simulations, initially by using MATLAB/SimulinkTM [37],
followed by the more realistic simulation environment AVL EXCITETM and AVL CRUISETM

M software suites [38].
The paper is organized as follows. Section 2 outlines the methodology presented

in this work, including the P0 mild hybrid vehicle architecture, the main reasons for its
use, and the structure of the front end accessory drive (FEAD) used for starting/torque
boosting of the internal combustion engine (ICE). This is followed by the derivation of the
FEAD electrical drive model incorporating an electronic power converter and an induction
machine suitable for starting/torque boosting purposes, which are used in the control
system design based on the damping optimum criterion. Comprehensive simulation
results for the considered control system and realistic vehicle operating modes are given in
Section 3. Concluding remarks are given in Section 4.

2. Materials and Methods

This section presents the derivation of the BSG drive active damping control system
design, based on the BSG drive control-oriented process model.

2.1. P0 Mild Hybrid Architecture

This sub-section outlines the P0 mild hybrid vehicle architecture and its key func-
tionalities including the low-voltage DC bus topology and the front end accessory drive
(FEAD) configuration.

2.1.1. Inherent Benefits of Mild Hybrid System Utilization

With the emerging 95 g of carbon dioxide per kilometer (gCO2/km) fleet emissions’
target coming into force in 2021, many vehicle manufacturers are turning to the 48-V mild
hybrid electric vehicle (MHEV) technology to help them comply with the new regula-
tions [10,39]. There are certain advantages of a 48-V mild hybrid configuration compared
to other vehicle power train electrification schemes [10,25].
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• The particular system is relatively simple and cost effective to re-engineer or even
retrofit to existing platforms, especially if the belt starter generator (BSG) is fitted into
the P0 hybrid vehicle configuration.

• Cost versus benefit ratio is rather good, while still achieving between 12% and 20%
emissions’ reduction.

• The technology can be integrated using all MHEV configurations (from P0 to P4).

Furthermore, using the 48-V DC system maximizes the system voltage without the sig-
nificant cost burden associated with increased safety regulations [10], while simultaneously
enabling utilization of electrical machines with output power ranging up to 20 kW [40],
with recent emergence of 48-V electrical machines with powers up to 30 kW being reported
in [41]. Note that these types of electric systems are also found in special purpose all-terrain
vehicles, such as medium-duty tactical trucks, whose fuel economy may also be improved
by means of hybridization using the DC voltage bus operating above the traditional 12-V
voltage level [42]. In that way, significant energy recuperation improvements can be real-
ized compared to the traditional 12-V DC system-based electrical machines typically found
in micro-hybrid vehicles [8], primarily due to increased electrical machine power ratings in
the case of a 48-V power system. Obviously, specific automotive power train hybridization
solutions need to account for realistic loading profiles and ecological impacts [43], which
may be dealt with by using suitable optimization tools [44].

In the case of a mild hybrid power train, there are several functionalities that improve
the fuel efficiency and drivability of such vehicles. The start/stop function that switches
the ICE on/off when the vehicle is stationary without the need for additional driver‘s
command through the ignition key or ignition button reduces the fuel consumption and
GHG emissions in urban driving conditions [8]. The function of a hybrid vehicle with
the greatest impact on drivability is the torque assistance to the ICE engine provided
by the electrical machine. There are two types of torque assistance: torque filling and
torque boosting [10,15]. Torque filling is aimed at reducing the inherent and pronounced
delay of the ICE torque production, which is perceptible when the driver presses the
accelerator pedal requesting more torque from the power train in order to accelerate the
vehicle. Torque boosting is an operation mode of an electrical machine used when the ICE
engine has reached its maximum torque output defined by the engine speed. By adding
the torque of the electrical motor to the ICE torque, the maximum overall torque of the
power train is increased in turn [8]. Since the availability of torque boosting is strongly
dependent on the state of charge of the battery energy storage system, this intervention is
only possible during relatively short periods to prevent battery charge depletion. Electric
torque assistance can be provided by mild hybrid electric vehicles (MHEV), full hybrid
electric vehicles (FHEV), and plug-in hybrid electric vehicles (PHEV). Figure 1 illustrates
the shifting of an ICE engine operating point during torque filling and offsetting during
torque boosting [10].
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Figure 1. Illustration of internal combustion engine operating point shifting and offsetting [10].

Within a hybrid electric vehicle, kinetic energy can always be recuperated during
braking irrespective of the level of hybridization through the regenerative braking regime
of the electric motor/generator coupled to the main driveshaft, which enters the generator
braking mode; so, the resulting kinetic energy is subsequently stored within the on-board
battery energy storage system. The amount of electrical energy generated and stored within
the battery during braking is predominantly determined by the rated power of the electrical
machine [8], but also by the battery charge capacity [15]. Figure 2 shows the power flow in
a hybrid vehicle when in energy recuperation mode [10].

Energies 2022, 15, x FOR PEER REVIEW 5 of 25 
 

 

 

Figure 1. Illustration of internal combustion engine operating point shifting and offsetting [10]. 

Within a hybrid electric vehicle, kinetic energy can always be recuperated during 

braking irrespective of the level of hybridization through the regenerative braking regime 

of the electric motor/generator coupled to the main driveshaft, which enters the generator 

braking mode; so, the resulting kinetic energy is subsequently stored within the on-board 

battery energy storage system. The amount of electrical energy generated and stored 

within the battery during braking is predominantly determined by the rated power of the 

electrical machine [8], but also by the battery charge capacity [15]. Figure 2 shows the 

power flow in a hybrid vehicle when in energy recuperation mode [10]. 

 

Figure 2. Hybrid vehicle power flow in recuperation mode [10]. Figure 2. Hybrid vehicle power flow in recuperation mode [10].



Energies 2022, 15, 1311 6 of 24

2.1.2. Electrical System Architecture of a 48-V DC Mild Hybrid

Figure 3 shows the principal electrical schematic of the 48-V system considered in this
work, utilizing an induction motor connected via belt to the crankshaft pulley in a P0 mild
hybrid configuration [10]. The key benefit of a 48-V hybrid system is that it consists of
only a few core components: an alternating current (AC) electrical machine of induction
(asynchronous) type, an inverter, an energy storage system with high dynamic capability,
and a DC/DC converter [45].
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The main functions of the induction motor are (1) to convert the kinetic to electrical
energy during deceleration phases (energy recuperation), (2) to support the ICE with
additional torque (torque boosting or torque filling functionality, Figure 1), and (3) to
run the ICE crankshaft up to the speed at which combustion starts during the stop/start
operating regimes. Since an induction motor used for a BSG purpose requires a three-phase
alternating current power supply, an DC to AC power converter (inverter) is used for
that purpose. In order to supply the 12-V electrical consumers with energy from the 48-V
DC bus, a unidirectional DC/DC power converter is used to safely transfer energy from
the 48-V to the 12-V level. For more details about AC/DC and DC/DC electronic power
converter operation, the reader is kindly referred to [46].

Additional components needed to make the system operational are the timing belt
and the so-called belt tensioner. The belt has to be designed to meet very high torque
requirements and must be kept evenly tensioned by the tensioner, regardless of the power
train operating regime or rotation direction [10].

2.1.3. Front End Accessory Drive (FEAD)

The front end accessory drive (FEAD) is an electromechanical system of timing belt-
connected pulleys that transfers the power from the crankshaft of the ICE or the rotor
of the BSG to auxiliary consumers, such as the air conditioning system and the cooling
water pump [10]. Depending upon whether the starter generator is operated for power
generation (energy recuperation) or as a motor providing the additional torque to the belt
drive, the tight and slack spans alternate and the tensioner function is needed in different
sections of the belt [14].

The simplest way to satisfy this requirement is to implement two separate tensioning
elements, one positioned before and the other after the pulley of the BSG, as illustrated in
Figure 4. This enables the pre-tensioning force to be optimal for the respective timing belt
drive operating point [47]. However, by using the timing belt and pulley system, additional
compliance (elasticity) is introduced into the FEAD electrical drive system, which may,
in turn, produce notable belt longitudinal vibrations under certain operating conditions
(i.e., start/stop operation and torque boosting). This may become an issue in the FEAD
electrical drive control system design and is addressed in the following sections.
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2.2. FEAD Model

This section presents the mathematical model of the FEAD electrical drive, including
the induction machine suitable for field-oriented (vector) control and the model of the belt
drive used as the mechanical transmission system between the FEAD and the ICE.

2.2.1. Control-Oriented Model of the Servo-Controlled BSG Electrical Machine

It is assumed that the induction machine used in the belt starter/generator electri-
cal servo drive is current/torque controlled by means of an embedded power converter
(inverter) equipped with phase current sensors and a field-oriented (vector) control sys-
tem [48]. Moreover, it is assumed that the embedded current/torque controller is tuned
for a well-damped and fast reference step response [49]. In that case, the developed BSG
servomachine torque vs. torque reference dynamics can be approximated by a first-order
lag term, characterized by unit gain and a small (parasitic) time constant, Tm, which is
represented by the following Laplace domain transfer function model:

Gm(s) =
mBSG(s)
mR(s)

=
1

Tms + 1
. (1)

For more detailed insight into the alternating current machine control system design
and power converter control, the reader is kindly referred to references [35,47–49].

2.2.2. Belt Drive Dynamic Model

The relatively complex belt-driven mechanism of the front end accessory drive is mod-
eled as a two-mass spring-damper system. In this approach, the BSG and ICE crankshaft
in Figure 4 represent the rotational inertia elements, coupled by a parallel, connected
spring-damper system corresponding to the compliance and damping properties of the
belt transmission system, as shown in Figure 5. The model is characterized by the ICE
and BSG inertias, JICE and JBSG, and their respective radii, rICE and rBSG, whereas the belt
transmission is characterized by its longitudinal stiffness, kL, and longitudinal damping, dL.
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Figure 5. Multi-mass model and two-mass elastic model approximation of FEAD [10].

Equations describing the rotational dynamics of the accessory drive modeled as a two-
mass elastic system and belt tension force in Figure 5 are obtained using the D’Alembert
principle (cf. [50]), and read as follows:

JBSG
dωBSG

dt
= mBSG − FbeltrBSG, (2)

Fbelt = kL(xBSG − xICE) + dL(vBSG − vICE), (3)

JICE
dωICE

dt
= FbeltrICE −mICE, (4)

where ωBSG and ωICE are timing belt angular velocities at BSG and ICE crankshafts and
vBSG and vICE are timing belt tangential velocities at BSG and ICE crankshafts, measured
relatively to the center of their rotation, while xBSG and xICE are the corresponding belt
tangential displacements at BSG and ICE sides, respectively. The tangential displacements
(belt elongation xBSG − xICE) and tangential speed difference vBSG − vICE define the belt
tension force, Fbelt, which transfers the torque between the BSG pulley and ICE pulley element.

However, the active damping control system design described in [36,51], which is well
suited for electrical drive speed control, considers the torsional form of compliant coupling
between the two inertias (in this case, JICE and JBSG); so, the longitudinal model of the belt
dynamics needs to be transformed into its rotational equivalent, as shown in Figure 6.
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Figure 6. FEAD model with belt drive longitudinal dynamics and its corresponding rotational
equivalent [10].

The equivalent rotational dynamics of the belt drive are given by the following set of
dynamic equations:

JBSG
dωBSG

dt
= mBSG −m, (5)

m = kT(αBSG − αICE) + dT(ωBSG −ωICE) = kT∆α + dT∆ω, (6)

JICE
dωICE

dt
= m−mICE, (7)
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where αBSG and αICE are the angular positions of the BSG and ICE crankshafts, ibelt = rICE/rBSG
is the belt drive transmission ratio, ∆α and ∆ω are the angular displacement and speed
differences, and m is the equivalent torque of the belt drive rotational model, while the
equivalent torsional stiffness and damping factors, kT and dT, are defined as (see, e.g., [51]):

kT ≈ kLr2
ICE, (8)

dT ≈ dLr2
ICE. (9)

The overall dynamic model may also include friction at the motor side, which can be
described by the so-called Stribeck friction characteristic [52]:

m f (ωBSG) = [ MC + (MS −MC)e−|ωBSG/ωs |δ ] sgn(ωBSG), (10)

where MC is the Coulomb or dry friction torque, MS is the maximum static friction torque
(breakaway torque), ωs is the Stribeck speed, and δ is the Stribeck coefficient (δ ∈ [0.5,2]).

2.3. Control System Design

This section presents the results of the FEAD control system design, which is based
on the cascade control system structure comprising the inner fast current/torque control
system and the superimposed induction machine speed control system. The cascade control
system design has been carried out based on the damping optimum criterion.

2.3.1. Damping Optimum Criterion

The feedback controller tuning in this work is based on the damping optimum cri-
terion [34], which is a pole-placement-like method of designing linear continuous-time
control systems with a full or reduced-order controller using the following formulation of
the closed-loop system characteristic polynomial:

Ac(s) = Dn−1
2 Dn−2

3 · · ·DnTn
e sn + · · ·+ D2T2

e s2 + Tes + 1, (11)

where Te is the closed-loop system equivalent time constant and D2, D3, . . . , Dn are the
so-called characteristic ratios. In the optimal case of Di = 0.5 (i = 2 . . . n), the closed-loop
system of any order n has a quasi-aperiodic step response characterized by an overshoot of
approximately 6% (resembling a second-order system with damping ratio ζ = 0.71) and the
approximate rise time between 1.8·Te and 2.1·Te.

For larger Te value choices, the dominant closed-loop modes are characterized by a
slower response, which generally improves the control system robustness and decreases the
noise sensitivity. The response damping can be adjusted through varying the characteristic
ratios D2, D3, . . . , Dn. In particular, the damping of dominant closed-loop modes is deter-
mined by the most dominant characteristic ratio D2, with their damping being increased
through reducing of the characteristic ratio D2 below the optimal value 0.5, and vice versa.

2.3.2. BSG Electrical Machine Speed Control System

Figure 7 shows the BSG electrical servomachine control system structure in a so-
called cascade control system arrangement [35]. In this control setup, the superimposed
speed controller commands the torque reference to the current/torque-controlled BSG
induction machine, which, in turn, drives the timing belt drive connecting the belt starter
generator and the internal combustion engine. As explained above, the BSG servo-drive is
characterized by two inertias (i.e., BSG and ICE inertias) connected through the compliant
(elastic) belt transmission system, which results in the following characteristic (resonant)
frequencies of the electrical servo-drive:

Ω01 =

√
kT

JBSGi2belt
, Ω02 =

√
kT

JICE
, Ω0 =

√
Ω2

01 + Ω2
02, (12)
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with Ω01 corresponding to the case of “locked” ICE inertia, Ω02 corresponding to stiff
BSG-side speed control, and Ω0 being the resonant frequency of the freely oscillating belt
drive [29,50].
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Figure 7. Block diagram of electrical servomachine speed control system with fast inner current/
torque control loop embedded within the frequency converter.

2.3.3. Active Damping PI Speed Controller Tuning

If the belt transmission compliance is neglected (i.e., stiff transmission assumption),
the PI speed controller can be tuned according to the so-called symmetrical optimum [35,50].
This approach results in the following expressions for PI speed controller integral time
constant Tcω and the proportional gain Kcω with respect to the BSG and ICE inertias
(JBSG and JICE), timing belt drive transmission ratio ibelt, and the equivalent torque lag TΣ
(which also includes the speed measurement lag and effects of sampling in the case of a
discrete-time controller):

Tcω = 4TΣ, (13)

Kcω =
JBSG + JICE/i2belt

2TΣ
. (14)

However, this kind of tuning typically results in pronounced electrical drive vibrations,
i.e., oscillations of the load-side (ICE side) speed and transmission torque in the case of
compliant transmission, which mandates that an active damping PI controller tuning
should be sought instead [50].

In order to tune the PI speed controller with vibrations’ active damping capability
using the damping optimum methodology, some realistic assumptions can be made related
to the speed control system in Figure 7. Namely, if BSG servomachine friction torque
variations are negligible during the drive motion (∆mf = 0, linear drive operating regime)
while the equivalent torque lag TΣ is rather small (TΣ << 1/Ω02) [50] and the belt drive
equivalent damping coefficient can be regarded as negligible (dT = 0), the following fourth-
order transfer function model is obtained between the speed reference ωR and ICE speed
referred to the BSG side (Figure 7, see also analysis in [50]):

Gc(s) =
ibeltωICE(s)

ωR(s)
=

1
ac4s4 + ac3s3 + ac2s2 + ac1s + 1

, (15)

with the individual transfer function coefficients ac1 . . . ac4 defined as:

ac4 = (JBSG + JICE/i2)TcωK−1
cω Ω−2

0 , (16)

ac3 = TcωΩ−2
02 , (17)

ac2 = (JBSG + JICE/i2)TcωK−1
cω + Ω−2

02 , (18)

ac1 = Tcω. (19)
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By equating the above coefficients ac1, ac2, ac3, and ac4 with the coefficients of the
fourth-order damping optimum characteristic polynomial according to (11), the following
expressions for active damping PI controller tuning are obtained:

Tcω = Teω =
1

D2ω
√

D3ωΩ02
, (20)

Kcω =
Tcω(JBSG + JICE/i2belt)Ω

2
02

D2ωT2
cωΩ2

02 − 1
. (21)

The above expressions indicate that the PI speed controller is tuned with respect to the
resonance frequency Ω02 and the closed-loop system dominant dynamics should be well-
damped for the optimal characteristic ratio values (D2ω = D3ω = 0.5). It should be noted,
however, that the PI controller having only two tuning parameters (proportional gain Kcω

and integral time constant Tcω) is unable to freely tune the damping of high-frequency
modes related to the highest-order coefficient ac4 of the closed-loop transfer function
denominator. Even though this means that some high-frequency vibration modes may still
be observed in the speed control system transient response with the active damping PI
controller, the dominant closed-loop control system behavior should still be rather well
damped [50].

3. Simulation Results

The BSG drive active damping speed control system was verified by means of com-
parative simulations, conducted in MATLAB/SimulinkTM software environment, followed
by a more through simulation within AVL EXCITETM and AVL CRUISETM M simulation
software suites [10].

3.1. MATLAB/Simulink Environment

The MATLAB/Simulink-based simulation represents the first step in the verification
of the proposed active damping control of the BSG electrical drive, due to its flexibility
and ready connectivity with the more sophisticated AVL EXCITE/CRUISE M simulation
software environments. Table 1 lists the parameters of a BSG electrical drive with em-
bedded current torque/control, while the parameters of PI controllers for the case of stiff
transmission assumption (symmetrical optimum tuning) and for the case of active damping
control of the compliant timing belt drive are listed in Table 2.

Simulation results for the two characteristic cases of PI speed controller tuning in
Table 2 are presented in Figure 8. The simulation scenario consists of two characteristic
phases encountered during the ICE start-up: (1) the initial engine start-up phase under
BSG drive speed control (interval 0 s–0.4 s in Figure 8) and (2) ICE idling at approximately
constant throttle and speed with BSG drive speed controller disabled (interval 0.4 s–0.8 s in
Figure 8). Figure 8a shows the simulations’ results for the case when the “stiff” PI controller
(i.e., one tuned for fast response according to Equations (13) and (14)) is used for BSG
drive speed control. The results showed that such controller tuning results in unavoidable
excitation of timing belt drive resonant modes, characterized by the resonant frequency of a
freely oscillating BSG drive (Ω0 = 133.7 rad/s) during the initial BSG operation at its torque
limit and after the start-up is completed, whereas resonant mode characteristic for a freely
oscillating load due to stiff BSG speed control (Ω02 = 47.4 rad/s) is present when the BSG
torque is not limited (saturated) during the second part of the start-up phase. After the ICE
start-up is completed, and ICE starts idling with constant throttle (torque) and timing belt
drive oscillations with relatively high magnitudes persist due to relatively low damping of
the timing belt (Table 1). The results in Figure 8b show that timing belt vibrations can be
effectively suppressed during the initial ICE start-up phase by using the active damping
PI controller. After the speed control is turned off following the end of start-up phase, the
relatively small-magnitude speed and belt force vibrations do occur, which are much less
emphasized compared to the case when the “stiff” PI controller was used in Figure 8a.
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Namely, the active damping PI controller does not excite these vibration modes in the first
place, so their effect is much less emphasized once the BSG speed-controlled start-up is
finished, thus resulting in three to five times smaller magnitudes of residual belt drive
oscillations after the engine start-up phase (cf. BSG torque traces in Figure 8a,b).

Table 1. Servo-controlled timing belt drive model parameters.

Parameter Description Value

BSG moment of inertia JBSG 0.003 kg m2

ICE moment of inertia JICE 0.12 kg m2

Timing belt drive crankshaft radius at BSG side rBSG 0.0316 m
Timing belt drive crankshaft radius at ICE side rICE 0.0753 m

Timing belt equivalent longitudinal stiffness kL 47,520 N/m
Timing belt equivalent longitudinal damping factor dL 10 Ns/m

Belt drive equivalent torsional stiffness kT 269.4 Nm/rad
Belt drive equivalent torsional damping factor dL 0.057 Nms/rad

Belt drive transmission ratio ibelt 2.383
Torque closed-loop system equivalent time constant Tm 0.16 ms
Equivalent overall lag in speed control system design T∑ 0.2 ms

Coulomb friction torque MC 9 Nm
Static friction torque MS 12 Nm

Stribeck coefficient δ 1.0
Stribeck speed ωs 0.01 rad/s

Table 2. BSG speed PI controller parameters for stiff and compliant transmission.

Parameter Description Value

Symmetrical optimum (stiff)
tuning of PI controller

PI controller proportional gain Kcω 11.92
PI controller integral time constant Tcω 4 ms

Active damping tuning of
PI controller

PI controller proportional gain Kcω 1.07
PI controller integral time constant Tcω 60 ms
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3.2. AVL EXCITE/CRUISE M Environment

AVL EXCITETM (version 2020) developed by AVL List GmbH (Graz, Austria) is a multi-
body dynamics software for power-train analysis, which reduces the need for prototyping,
which is characterized by high computational efficiency. Timing Drive module within
AVL EXCITETM is used to model the FEAD and to couple it with the speed-controlled
BSG drive model from MATLAB/SimulinkTM release R2019b (with the latter developed
by MathWorks, Natick, MA, USA) in order to perform a co-simulation for the purpose of
obtaining more realistic results compared to the simplified simulation model in Figure 7.
The connection between the MATLAB/SimulinkTM and EXCITE TM software environments
is made by using a so-called S-function block within Simulink, serving as an interface
between these two software environments, wherein EXCITE TM controls the time step
size and the convergence of the simulation. Figure 9 shows the principal schematic of
MATLAB/SimulinkTM co-simulation with EXCITETM, along with the FEAD multi-body
model [10].
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Figure 9. Principal scheme of EXCITETM with MATLAB/SimulinkTM co-simulation model with
FEAD multi-body model in EXCITETM [10].

FEAD model is implemented and coupled to the MATLAB/Simulink BSG model by
using The Timing Drive module, which is a dedicated module specialized for the analysis of
belt-driven systems within EXCITE capable of capturing many more physical phenomena
compared to the dynamics of the two-mass elastic FEAD approximation, such as the belt
vs. pulley slippage. The accessory drive is modeled using the Non Toothed Belt macro
element within EXCITE, corresponding to the particular FEAD configuration shown in
Figure 9. FEAD model parameters and configuration settings within the EXCITE model are
given in Figure 10, with the compliance (stiffness) and damping properties of the elastic
belt multi-segment model shown in Figure 11. For the particular simulation study, the
elastic belt is modeled by 150 discrete elastic segments [10].

AVL CRUISETM M (version 2020 also developed by AVL List GmbH, Graz, Austria)
is a multi-disciplinary vehicle system simulation tool that can be used for power train
concept analysis, sub-system design, and virtual component integration, as well as control
function development on the HIL (Hardware-in-the-Loop) and test-bed environments.
AVL CRUISETM M system simulation environment was used herein to integrate the speed-
controlled BSG drive model from Simulink, compiled as the so-called Functional Mock-up
Unit (FMU), into a model of a P0 hybrid vehicle power train, as shown in Figure 12a [10].
This power train sub-model was a part of the larger overall model of the road vehicle,
illustrated in Figure 12b, which was also equipped with an appropriate vehicle driver
model (see, e.g., [53]) and mechanical transmission gear shifting logic.
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Figure 12. Principal scheme of CRUISETM M integration of BSG drive FMU model within P0 mild
hybrid power train model (a), and overall road vehicle model (b) [10].

A suitable engine starting scenario followed by a vehicle launch was generated within
AVL CRUISE M for the purpose of testing the start/stop and torque boosting functions of
the considered P0 hybrid vehicle. These vehicle operating regimes were represented by the
desired vehicle velocity profile, which serves as the speed reference (target value) for the
driver model. The particular driving regime was designed to emphasize the response of the
BSG in the boosting mode of operation by using an abrupt change of the vehicle velocity
target, which will provoke the control system to request the maximum torque output from
the BSG in order to accelerate the vehicle [10]. The stop/start and torque boost control
logic flowchart corresponding to the aforementioned vehicle driving regime is shown in
Figure 13, wherein it determines the statuses (logic states) for key power train variables
defining the power train start-up and vehicle launch operating regimes [10].
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Figure 14 shows the BSG and ICE speed responses, and the BSG torque generated by
MATLAB/Simulink model and exchanged via the S-function interface with the EXCITE
FEAD model [10], as well as the torque transferred to the ICE crankshaft. It is apparent that
there existed a notable difference between ICE crankshaft speed profiles of the simplified
MATLAB/Simulink model (Figure 8b) and the more comprehensive result obtained by
using the ECXITE FEAD model co-simulation with the MATLAB/Simulink-based PI speed
control system (Figures 9–11). The main reason for the discrepancy between these results
was the timing belt tangential slippage, which lowered the torque transferred from the BSG
side to the ICE crankshaft according to Equation (6). This consequently resulted in lower
acceleration of the ICE crankshaft according to Equation (7). In actual implementation, the
EXCITE-based FEAD simulation model used the timing belt mass-spring-damper model
comprising 150 finite elements, whose contact with BSG and ICE pulleys is characterized by
belt vs. pulley friction modeled within the EXCITE programming suite such that realistic
simulation of belt slippage observed in an actual engine can be reproduced [10].
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Figure 15 shows the tangential slippage profiles of five equidistant belt mass elements
(numbered 30, 60, 90, 120, and 150) as they come into contact with the ICE crankshaft
pulley. The results showed that the slippage tended to be larger at the beginning of the
co-simulation, which was when the BSG drive started accelerating (slippage higher than
35% is observed in that case), which was due to the tensioner not being able to keep the belt
tightened when such high-speed changes of the BSG pulling torque and BSG acceleration
were applied. As the co-simulation progressed, and the applied BSG torque and angular
speed entered a quasi-steady state, the slippage tended to decrease, as would be expected
in the realistic BSG electrical drive.
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The above results of the MATLAB/Simulink co-simulation with the EXCITE-based
FEAD model showed that the active damping tuning or the BSG electrical drive PI speed
controller also resulted in favorable behavior of the overall FEAD system characterized by
the realistic timing belt slippage effects, i.e., it did not excite timing belt vibrations due to
belt compliance effects. This means that the active damping controller can be used for the
more comprehensive simulation study of the overall vehicle driveline system and testing
of the FEAD torque boosting capability within the CRUISETM M software environment.

For the purpose of testing the start/stop and torque boosting functions of the P0 hybrid
vehicle within the CRUISETM M software environment, a step change of the desired vehicle
velocity (a vehicle launch scenario) was used to provoke the control system to request the
maximum torque output from the BSG after the engine start-up in order to help accelerate the
vehicle. Simulations results for this driving scenario are shown in Figures 16 and 17.

Figure 16 shows the vehicle velocity, BSG and ICE angular speed, and torque responses
within the time frame during which the engine start-up occurred, which was immediately
followed by the vehicle launch sequence characterized by successive gears shifting from
idle (gear = 0) to fourth gear (gear = 4). Responses in Figure 16 show that the stop/start
functionality of the BSG was working properly since the ICE started developing its torque
after it was run up to an angular speed of 750 rpm. This corresponded to the ICE switch-on
point (middle plot in Figure 16), wherein the transmission was engaged in the first gear
and the vehicle slowly accelerated to 10 km/h (time interval from 5 s to 15 s). The boosting
operating mode of the BSG depended on the request from the driver, which, in this case,
consisted of fully engaged gas pedal intervals, interspersed with low acceleration demands
(idle gas pedal) during transmission shifting from the first to the fourth gear (cf. traces in
the middle and bottom plot in Figure 16). This sequence of commands was due to the action
of the vehicle driver model aimed at achieving zero velocity tracking error, as discussed
in [5], which, in turn, tried to reach the fixed vehicle velocity target of 80 km/h in the
minimum time by commanding the maximum driveline torque (see top plot in Figure 16).
In order to fulfill this task, the BSG drive performed torque boosting with the maximum
available torque (characterized by its torque limit value of 75 Nm) throughout the vehicle
acceleration process, i.e., from 10 km/h to 80 km/h, finally reaching the desired vehicle
velocity within 8 s (time frame between 15 s and 23 s).
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Figure 17 shows that the vehicle accelerated faster when the boosting function was
enabled, that is, when both the BSG and ICE provided the power train torque (red traces
in Figure 17), as opposed to the case when the ICE was accelerating the vehicle by itself
(green traces in Figure 17). The comparison was made with the gear shifting point being
set at 2500 rpm, which was a suboptimal gear shifting point for the ICE but was chosen as
a practical trade-off related to the rated speed of the BSG electrical machine. Nevertheless,
for this particular gear shifting regime, about 30% acceleration gain was obtained during
the vehicle launch phase. In order to obtain a more faithful comparison, the ICE was
also operated alone with the gear shifting point set to 4425 rpm (blue traces in Figure 17),
which represented the ICE maximum torque operating point in the model. This case
was characterized by a slightly better acceleration performance, i.e., about 10% greater
acceleration was obtained compared to the case of torque boosting with gear shifting at
2500 rpm. However, in this case, the beneficial effect of the BSG-based torque boosting and
the related fuel savings due to the battery-based power boost could not be utilized due to
BSG speed constraints [54].

4. Conclusions

The paper presented the design of a speed control system with active damping of
timing belt vibrations for an induction machine-based belt starter generator (BSG) drive
of a mild hybrid vehicle in a P0 configuration using a common 48-V DC bus. The control
system design was based on the damping optimum criterion, yielding analytical relation-
ships between the process model and controller parameters for the desired closed-loop
system damping.

The performance of the presented BSG drive control system as a part of the frontend
accessory drive (FEAD) was initially tested within the MATLAB/SimulinkTM environment
using a simplified two-mass elastic model representation of the FEAD system. This was
followed by a more thorough verification using a comprehensive multi-body model of the
FEAD system within AVL EXCITE TM and finally using a macro level simulation of the
overall vehicle dynamics in AVL CRUISETM M featuring the proposed BSG control system
as an integral part of the P0 mild hybrid power train of the road vehicle.

Simulation results showed that the proposed BSG drive speed control system with
an active damping PI controller tuned according to damping optimum and implemented
within the MATLAB/SimulinkTM is indeed capable of mitigating the timing belt drive
vibrations. In particular, the vibration magnitude during engine start-up was reduced
between three and five times compared to the case of default PI speed controller tuning.
Moreover, the more comprehensive multi-body model of the FEAD in AVL EXCITETM is
capable of reproducing the timing belt slippage effects, while also showing the effectiveness
of the active damping PI controller in terms of belt vibrations’ mitigation.

Finally, the proposed BSG drive speed control system was successfully integrated
within the AVL CRUISETM M simulation environment and was used to simulate the ICE
start/stop functionality and torque boosting performance for the particular launching
(acceleration) scenario of the vehicle equipped with the P0 mild hybrid power train. The
results of such more-comprehensive simulations confirmed that the proposed active damp-
ing BSG speed controller can be integrated within the control system of a mild hybrid
power train and facilitates a favorable torque boosting performance during vehicle launch,
resulting in 30% gain in acceleration compared to the case without torque boosting when
gear shifting was performed at ICE speed of 2500 rpm. This was only slightly less effective
(10% slower) compared to the “optimal” vehicle acceleration result achieved with gear
shifting at 4425 rpm engine speed, which, in turn, cannot fully utilize the benefits of the
FEAD-based torque boosting.

Future work on P0 hybrid power train speed/torque control may be directed towards
(1) implementation of the proposed active damping control system on the embedded
microcontroller hardware, (2) control system testing on a virtual test bed, and (3) hardware-
in-the-loop (HIL) simulation tests.
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Nomenclature

Abbreviations
AC Alternating current
AVL Anstalt für Verbrenneungskraftmachinen List (company name)
BSG Belt starter generator
CO2 Carbon dioxide
DC Direct current
FEAD Front end accessory drive
FMU Functional Mock-up Unit (model within AVL CRUISETM M software)
GHG Greenhouse gases
HIL Hardware-in-the-Loop
ICE Internal combustion engine
HEV Hybrid electric vehicle
FHEV Full hybrid electric vehicle
MHEV Mild hybrid electric vehicle
PHEV Plug-in hybrid electric vehicle
PI Proportional-integral (controller)
Variables
Fbelt Timing belt transmitted force [N]
m Equivalent torque of the belt-drive rotational model [N·m]
mBSG, mR BSG servomachine developed torque and reference value [N·m]e
mf Friction torque [N·m]
vBSG, vICE Timing belt tangential velocities at BSG and ICE crankshafts [m/s]
xBSG, xICE Timing belt tangential displacements at BSG and ICE crankshafts [m]
αBSG, αICE Timing belt angular displacement at BSG and ICE crankshafts [rad]
∆α Two-mass elastic model angular displacement [rad]
∆ω Two-mass elastic model angular velocity (speed) difference [rad/s]
ωR, ωBSG BSG reference speed and actual angular velocity [rad/s]
ωICE ICE angular velocity [rad/s]
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Parameters
D2, . . . , Dn Damping optimum characteristic ratios (dimensionless)
D2ω, D3ω Active damping controller design characteristic ratios (dimensionless)
ibelt Belt drive transmission ratio (dimensionless)
JBSG, JICE BSG and ICE moments of inertia [kg·m2]
kL Timing belt equivalent longitudinal stiffness [N/m]
kT Belt drive equivalent torsional stiffness [N·m/rad]
dL Timing belt equivalent longitudinal damping factor [N·s/m]
dT Belt drive equivalent torsional damping factor [N·m·s/rad]
Kcω PI controller proportional gain (dimensionless)
Tcω PI controller integral time constant [s]
Mmax Servomachine torque limit value [N·m]
MC, MS Coulomb and static friction torque [N·m]
rBSG, rICE Timing belt drive crankshaft radii at BSG and ICE side [m]
Te, Teω Equivalent time constant: general case and speed control loop [s]
Tm Current/torque closed-loop system equivalent time constant [s]
TΣ Equivalent overall torque lag in speed control system design [s]
δ Stribeck coefficient (dimensionless)
ωs Stribeck speed [rad/s]
Ω0, Ω01, Ω02 Timing belt drive resonant frequencies [rad/s]
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