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ABSTRACT In this paper, a novel method to actively damp the powertrain vibration by utilizing a flywheel
integrated starter generator (FISG) is proposed and validated on the testbench. A more light-weighted,
economical, and compact hybrid powertrain devoid of clutches or dampers is built by replacing its flywheel
with the ISG rotor. Motor torque having the opposite phase of the engine torque is applied to reduce the
vibration. As opposed to the passive methods, which usually make use of the inertial and/or the damping
properties of the components to absorb the vibration, this active approach is defined as active damping.
Firstly, active damping is proved to be theoretically feasible by simulation based on an engine torque
observer. To get the practical-application-oriented motor torque waveform, the observer torque is then
processed by considering some realistic factors, such as the motor’s response delay and the torque demand
limit at MCU (Motor Control Unit), and is finally simplified as the rectangular waveform by off-line
simulation. Secondly, an algorithm operating on the original resolver aimed at calculating the real-time crank
position is proposed and programmed directly in the MCU. Finally, active damping is realized online utilizing
a feedforward method by programming the crank-torque table in MCU. Experiments in both stable and
transient conditions are conducted. Results show that active damping can attenuate the vibration effectively,
especially over low speed and load ranges. The speed fluctuation range and the cyclic squared angular
acceleration can be reduced by 79.7% and 89.7% respectively at 700 rpm when cranking. The crank vibration
in transient conditions, including dragging and free deceleration, can also be suppressed, showing potential
to realize fast and quiet engine start and halt.

INDEX TERMS Active damping, crank position calculation, engine torque cancellation, flywheel ISG,
hybrid powertrain.

I. INTRODUCTION

Energy saving and emission reduction are becoming two of
the most urgent tasks for the global automotive industry.
Hybrid technology is one of the most attractive and inten-
sively investigated topics for researchers worldwide [1]-[4].
However, hybrid vehicles have their common and unique
NVH (noise, vibration, and harshness) problems. And the
driver’s attention to the vehicle’s NVH performance is
comparable to its fuel consumption. Besides, the cus-
tomer’s perception of the vehicle quality closely parallels

The associate editor coordinating the review of this manuscript and

approving it for publication was Shiwei Xia

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

its NVH characteristic. Therefore, NVH refinement is an
important aspect of powertrain development and vehicle
integration [5].

For common internal combustion engines, the periodic fuel
combustion in cylinders and the masses of the oscillating
moving parts result in pulsing engine torque, which leads to
rotational speed fluctuation in crankshaft [6]. Additionally,
the torque ripples on the crankshaft may cause the rolling
vibration of the engine block. This vibration is then trans-
mitted to the chassis through the engine mounts, affecting the
powertrain life span, causing increased noise and vibration,
and reducing the drivers’ comfort [7]. One method to reduce
the rotational speed variation is to increase the crankshaft
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moment of inertia by installing a flywheel to the end of the
crankshaft. Since this method is not able to directly reduce
the pulsing engine torque, the vibration on the powertrain
can’t be damped in the most effective way. More specifically,
it acts as a low-pass filter, which would be more effective at
higher engine speed. Besides, the powertrain vibration can
also be suppressed by the front damper mass, which, how-
ever, only reduces vibration at the specific frequency while
causes a new resonance frequency at the same time, making it
difficult to determine its appropriate damping characteristic.
Both methods will put on extra weight on the vehicle, result-
ing in additional fuel consumption. In a hybrid powertrain,
the usage of the electric motor to actively damp the engine
torsional vibration should be explored. In such scenario,
motor torque having the opposite phase of the engine torque
is applied, so that the torsional excitation of the driveline
can be minimized. For the implementation of active damping
control (ADC), the crankshaft position must be known and a
good understanding of the engine torque is mandatory [5].

The concept of using motor to actively damp the vibration
has been investigated by many research groups worldwide.
This concept was firstly applied to suppress vibration in the
rolling piston type compressor in the air conditioner by uti-
lizing an alternator [8], [9]. This concept was then re-adopted
by Yuzo Kadomukai at Hitachi to reduce the vehicle idling
vibration caused by the engine torque pulses from the individ-
ual cylinder combustion by using a motor generator instead
of an alternator based on the repetitive learning control algo-
rithm [10]. The results were impressive but the mechanical
system in this research was complex with a flywheel mounted
to the crankshaft. A microcomputer and extra crank position
sensors were also required. In [11], researchers from Nissan
Motor used a simple feedforward method to suppress the
engine speed variation and the engine block rolling vibration
with motor connected directly to the crankshaft end of a four-
cylinder gasoline engine. Various insights were obtained with
regards to using different motor torque waveforms that could
help to reduce the motor size and the energy loss.

The concept of active flywheel was firstly proposed in [12].
This concept was programmed on Matlab, aimed at improv-
ing the uniformity of the engine’s rotational speed in parallel
with lowering the engine weight. This system was also named
as ISAD (integrated starter-alternator-damper) [13] in the
same year. Subsequent researches were conducted by the
Ford Motor Company and Roy 1. Davis over the next few
years. The term active damping of the engine crankshaft oscil-
lation was firstly proposed and proved to be effective based
on the learning control scheme by simulation in research [14].
The scheme compromised a linear feedback controller and
a learning feedforward term which could predict the engine
torque. This algorithm was finally validated online ona 2.0 L
diesel engine [15], in which the controller utilized a classical
idea for periodic disturbance attenuation by increasing the
open loop gain over the frequency range of the engine pul-
sations while preserving a reasonable system phase margin.
However, the effectiveness of this algorithm was limited by
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the quality of the speed sensor, which at higher gains would
result in audible noises. In [16] and [17], a control system
combining an observer-based high-fidelity wide-bandwidth
engine torque feedforward term and an engine speed feedback
term was adopted for the active cancellation of the torque
ripples on a four-cylinder direct injection diesel engine. The
experimental results were impressive. However, a feedback
controller operating on the crank speed signal as well as
an extra encoder with high resolution for the field-oriented
starter alternator control were necessary for its online imple-
mentation. Besides, the motor was significantly overdriven,
which may harm its life span. Patrick Coirault’s research
group at Poitiers University also did a series of continu-
ous researches on active damping. Their control strategy to
use a motor acting separately on various harmonics of the
engine speed was simulated in [18] and validated in [19]
on a mono-cylinder diesel engine. This algorithm ensured
partial or complete attenuation of each harmonic but could
only work at constant speed. Therefore, an oversized flywheel
was necessary to add extra inertia to the crankshaft to ensure
constant speed. This algorithm had been improved by using
the LPV (linear parameter varying) control method for con-
ditions where the engine speed varies. The simulation and
experimental results can be found in [20] and [21] separately.
The suitability of the LPV control for the engine torque rip-
ples reduction was demonstrated through the torque control
implementation of a PMSM (permanent magnet synchronous
motor). Experimental results on the same test bench showed
that, for the first and the second orders of the engine speed,
their amplitudes could be reduced significantly. While the
speed fluctuation range, however, could not be suppressed
effectively with only the low order harmonics attenuated.
In fact, the amplitudes of the higher order harmonics were
even larger with this method. This problem might be even
more severe for applications on the engine with multiple
cylinders. Besides, the experimental driveline was complex.
An extra hardware called dynamic-output feedback controller
as well as a flywheel were needed. In other researches such
as [22] and [23], a new active damping method employing
the Harmonic Activation Neural Network was simulated to
discuss on the boundaries of this concept due to the limited
power of the motor. In [24], a 2 degree-of-freedom controller
structure was adopted for the integration of the MPC (model
predictive control)-based vibration controller with the MCU
(motor control unit). Simulation analysis of the proposed
approach under stationary and dynamic operating conditions
was discussed focusing on its stationary and dynamic perfor-
mance and the time variant constraint handling.

Currently, active damping is online applied with high-
resolution sensors installed on the crank or extra control units
added in the control system, making the prototype much more
complex. In this paper, the testbench is simplified by remov-
ing the flywheel and connecting the crank and the motor rotor
rigidly. Also, the torque to actively damp the vibration can be
programmed directly into MCU, so that no additional sensors
or controllers are necessary for its final online application.
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The overall hybrid system in this paper can be more light-
weighted, more compact, and more economical with better
comfort.

Il. METHODOLOGY AND NOVELTY

In this paper, motor torque having the opposite phase of the
engine torque is applied to actively damp the rotational speed
fluctuation of the hybrid driveline due to the pulsing engine
torque caused by the periodic fuel combustion in cylinders
and the masses of the oscillating moving parts. The overall
methodology of active damping is show in Fig. 1.
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FIGURE 1. The methodology of active damping.

The engine and the motor are mounted rigidly by removing
the flywheel and replacing it with the ISG (integrated starter
generator) rotor, namely FISG (flywheel ISG). Resolver is a
necessary component in the common motor control system.
The resolver stator is installed around the inside surface of
the flywheel shell. Whereas, its rotor is mounted to the end
of the motor rotor, so that the resolver rotor and the stator can
be ensured in the same plane. Then, a lumped-mass model of
the whole testbench is established to calculate the engine-out
torque Ttarget, Which is also the torque on the connecting shaft
between the engine and the ISG. Next, by considering some
realistic factors, the calculated engine-out torque is then pro-
cessed and simplified to get the online-application-oriented
motor torque demand. In a hybrid powertrain, the engine
usually works in stable operating conditions. Besides, its
periodic and highly crank-position-related torque waveform
makes it feasible to calculate offline with the help of the
advanced simulation platform. Therefore, active damping
can be accomplished by simply adding a feedforward torque
control procedure at MCU for applying such opposite-phase
engine torque in synchronization with the crank angle.
No real-time engine torque observer is needed in the control
system. The feasibility of active damping and the reasonabil-
ity of the engine torque waveform simplification are verified
using simulation method, where active damping with differ-
ent torque strategies, including the phase-inversed engine-out
torque waveform and the feedforward method using
the simplified torque waveform (rectangular waveform),
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are compared. In this paper, the feedforward method is
adopted for the final online application. The simplified
opposite-phase engine torque is programmed in the MCU as
the crank-torque map. The real-time motor torque demand
can be determined by looking up the crank-torque table
with current crank position. The crank position should be
accurate and be obtained real-time. Therefore, a crank online
calculation method is developed based on the motor’s original
resolver. This algorithm is also programmed in MCU. Finally,
experiments are conducted in both stationary and transient
operating conditions. For transient condition, dragging and
free deceleration are tested, which are typical working con-
ditions for a hybrid powertrain.

In this paper, the engine and the motor are integrated by
connecting crank and the motor rotor rigidly. No clutches
and dampers are needed, making the hybrid powertrain more
compact and light-weighted. Also, the engine-out torque
can be calculated and simplified offline, so that no engine
torque observer is needed in the real-time control system.
The crank-torque table can be programmed directly into
MCU. Therefore, no additional sensors, computational units
or controllers are necessary for its online application. Sensors
are only needed when calculating the engine torque and for
experimental verification purposes. In conclusion, the overall
hybrid system has the potential to be more light-weighted,
more compact, and more economical without sacrificing its
comfort.

Following the Methodology and Novelty section,
section III describes the necessary hardware update for tasks
including engine torque calculation and the online application
of active damping. In section IV, simulation studies are
conducted based on a dual-lumped-mass testbench model.
In this part, the feasibility of active damping under different
torque strategies are validated and their simulation results
are compared. In section V, a novel crank position real-time
calculation algorithm based on the original resolver is pro-
posed and online demonstrated. Before the conclusion and
the outlook section, section VI presents the experimental
results obtained in both stationary and transient working
conditions.

Ill. EXPERIMENTAL SETUP

A. THE OVERALL TESTBENCH

Fig. 2. shows the overall testbench. To make room for the
strain sensor and the encoder, the motor rotor is moved
coaxially by a distance. Here between the engine and the
motor installs an extended ISG shaft. Thereby, the resolver
rotor is moved from the motor rotor to the engine-side
extended ISG shaft end, whereas on the shaft’s motor side
installs an encoder. Around the ISG extended shaft, a hous-
ing connecting the flywheel shell and the motor stator is
designed for supporting purpose. There is also a strain
sensor attached to the output shaft. The controllers shown
in Fig. 2 are self-developed but typical controllers with noth-
ing particularly special compared with their original ones.
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FIGURE 2. The overall testbench.

The self-developed ones are adopted, for no access authority
can be obtained to their original ones.

Fig. 3 shows the sectional view of the mechanically mod-
ified structure. From the engine crank end on the left all the
way to the right locates the extended ISG shaft, the encoder,
the ISG rotor and the output shaft.

FIGURE 3. Mechanically modified structure. 1. Engine crank end, 2.
Extended ISG shaft, 3. Encoder, 4. ISG motor, 5. Output shaft.

B. EXPERIMENTAL ENGINE AND MOTOR
The specifications of the engine are shown in Table 1. Itis a
4 cylinder in-line diesel engine manufactured by Yuchai.
The parameters of the FISG are listed in Table 2. Its
peak torque is 600 Nm. For safety and durability reasons,
the torque demand in MCU is limited within 400 Nm, which
is the rated torque of the motor.
The specifications of the battery system are listed
in Table 3. It consists of two series-connected ternary-
lithium-battery packs, which are manufactured by KeyPower.

C. SENSORS AND SIGNAL COLLECTING SYSTEM
The in-cylinder pressure signals are collected by PSG (pres-
sure sensor glow-plug), which is a type of mass-produced
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TABLE 1. Specifications of the engine.

Parameter Description *
Engine model YC4EG185
Ignition order 1-3-4-2
Idle speed (rpm) 650+25
Min fuel consumption rate (g/kWh) 198
Max torque/speed (Nm/rpm) 700/1300 to 1800
Rated power (kW) 136
Speed at rated power (rpm) 2500
Compression ratio 17.5
Displacement (L) 4.73
Crank radius (mm) 60
Connecting rod mass (kg) 2.291+0.1
Connecting rod length (mm) 187
Cylinder bore (mm) 112
Piston diameter (mm) 111.65
Offset of the piston pin (mm) 0.5+0.1
Piston mass (kg) 1.562+0.012

TABLE 2. Specifications of the motor.

Parameter Description *
Motor model TZ435XS-SLO80OF
Motor type PMSM
Peak power (60s) (kW) 80+5%
Peak Torque (60s) (Nm) 600+5%
Rated torque/ speed (Nm/rpm) 400+5%/1275
Max no-load speed (rpm) 3000

piezoresistive pressure sensor integrated with a fast response
glow plug. Its structure and main components are shown
in Fig. 4. In-cylinder pressure information is needed when
calculating the engine-out torque.
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TABLE 3. Specifications of the battery system.

Parameter Description *
Battery type Ternary lithium
Nominal voltage (V) 503.7
Nominal capacity (Ah/kWh) 148/74.5
Peak discharge current (A) 450
Peak charge current (A) 300
Continuous discharge current (A) 150

Continuous charge current (A)
Cooling method

60 (Fast), 20 (slow)
Natural cooling

FIGURE 4. Components of the PSG: 1 - Plug, 2 - Circuit board with
electronics, 3 - Glow plug body, 4 - Glow plug heating rod, 5 - High
voltage connection, 6 - Measuring diaphragm, 7 - Gasket [25].
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Board g Board
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FIGURE 5. (a) is the block diagram of the strain sensor. (b) is the picture
of the ready-to-use strain sensor. There are strain gauges attached onto
the shaft. The PCB is responsible for data processing and data
transmitting. The antenna of 2.4 GHz wireless data transfer can be
observed.

In order to extract the shearing strain, which is linear to
the torque, a Wheatstone Bridge is used. Four strain gauges
are attached on the shaft surface next to each other, acting
as 4 resistors in the Wheatstone Bridge. Since the shaft is
rotating, a non-contact wireless signal transfer approach is
adopted. A battery is also attached to the shaft for continu-
ous power supply. Fig. 5 (a) shows its block diagram. The
sampling rate of its analog-to-digital modular is 500 Msps.
The bottle neck occurs at the wireless data transfer, whose
frequency is 2.4 GHz. Through test, the maximum transfer
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rate is over 6 Ksps, which takes about 0.17ms to update one
value. For engine analysis, at 1000rpm, there still would be
nearly 360 samples per round. Fig. 5 (b) shows the picture of
the ready-to-use strain sensor.

An encoder is used to sample the angular position, from
which the rotational speed and acceleration can be obtained.
Its key technical parameters are listed in Table 4. The resolu-
tion is 2048 pulses per round, which is high enough for our
research.

TABLE 4. Specifications of the encoder.

Parameter Description *
Power supply (V) DC 540.25
Encoder model STS256T
Output type Driver AM26C311
High level output voltage (V) >2.5
Low level output voltage (V) <0.5
Resolution 2048 P/r
Maximum speed (rpm) 5000

All signals are synchronized in a data logger named Saleae
Logic Pro 16 logic analyzer. 4 channels for the analog inputs
are used to capture the in-cylinder pressure signals. 2 chan-
nels for the digital inputs are used to record the encoder angle
and the lap flag. 1 channel of CAN (controller area network)
is used to communicate with the strain sensor. The digital
and analog sample rates are set as 500 Msps and 5 Ksps
respectively.

It should be noted that all the sensors introduced above in
the signal collecting system are installed for the engine torque
off-line calculation and experimental verification purposes.
None of them are needed during the final online application
of active damping.

T:
T
c
5 T
k
% CE Cdrag
P P

FIGURE 6. Dual-lumped-mass model of the Testbench.

IV. SIMULATION RESEARCH OF ACTIVE DAMPING

A. FEASIBILITY VALIDATION BASED ON

ENGINE TORQUE OBSERVER

As shown in Fig. 6, the overall testbench is simplified as a
dual-lumped-mass elastic model. The engine crank is rep-
resented as the lumped mass Jg on the left while the rest
part of the testbench, including the rotors of the motor and
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the dynamometer, is simplified as the lumped mass Jgraz On
the right. The connecting shaft is elastic with stiffness k and
damp c. The angular crank position and the damp of each
lumped mass are ¢ and ¢ with the same footnotes as their
moments of inertia. The torques exerting upon each lumped
mass are Tg and Ty respectively. The model is built to
calculate the torque on the connecting shaft Target.

The dynamical differential equation set drawn from the
dual-lumped-mass model is organized as (1).

Jege = T — ¢ece — k (9 — Qdrag) — ¢ (9F — Qdrag)
Jdrag¢drag = Tdrag — ¢dragcdrag +k (‘pE - §0drag)
+c ((PE - ¢drag) (D

The space-state variables can be defined as the vector (2).

T
1.7 .77 _ . .
r= [(,0 ¢ ] - I:(pE Pdrag YE ‘Pdrag]
2
Then, equation (3) can be given as
JX=Ax+T 3)

where J, A and T can be given as (4), (5) and (6).

1
(1 1
J= _ J:| = Je 4)
Jdrag
[0 I
A=k —Ci|
[ 022 x>
= | —k k —cdrag — ¢ c (@)
|k —k c —Cdrag — €
T=[0" 77 =[0 0 T¢ Tuw] (6

Then, (1) can be reorganized as (7).

Tdrag ]T @)

The observer torque Targer can be obtained by solving (8).
Ttarget is the torque on the shaft connecting the engine and the
motor. It is also the ideal torque demand that the motor should
follow to best reduce the speed variation.

Jg+Cop+Kop=T=Tg

JeGE =T + Target — CEQE (®)
Which can also be given as (9).
Ttarget =Je@E +cege — TE 9

Ty consists of the gas torque, the reciprocating inertial
torque due to the piston motion, and the torque from the recip-
rocating and the rotational lumped inertias of the connecting
rod. Based on the energy conservation law, we can get (10).

Te (p)dp = pg (p) Apds
d
T, () = pq (cp)Apﬁ (10)
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where Ty (¢) is the gas torque. pg (¢) is the in-cylinder pres-
sure. s is the piston displacement and Ap is the area of the
piston top surface. According to the mechanical structure of
the crank-connecting-rod system, (11) can be obtained, where
A is the crank-to-connecting-rod ratio.

ds A

do r |:s1n<p + 2szn2<pi| 1D

The connecting rod can be simplified as the dual-mass

model, where the mass of the connecting rod is lumped on
the piston pin and the crank pin, which are ma and mg. The
total mass and the centroid position of the simplified model
remains the same. While its moment of inertia, however,
varies. If converting the reciprocating mpa to the rotational
inertia about the crankshaft axis Ja, Ja is the function of the
crank position.

Ja =Ja (@) (12)

The torque resulting from the reciprocating motion of mp
can be given as (13).
Ldls () .,
2

Tma (@) = =Ja (@) ¢ — 2 dy

The torque due to the equivalent mass mp can be calculated
by (14).

(13)

T (¢) = —mpr*§ (14)

Therefore, the torque resulting from the connecting-rod
motion can be expressed as (15).

T () = Tma (@) + TvB (@)

. ldia(e) .,
= — (Ja (@) +mpr?) 4 — 5 =G
2 do
The relationship between ma and Ja can be derived from

the energy conservation law as (16).

15)

lj()dga2 1 ds\? (16)
— —_ = —m J—
274 2"\
So, Ja can be given as (17).
ds \?
Ja (@) =my 70 (17)
@
Then,
2
d ds
dJa (¢) |:mA <d‘/’) j| ds d’s
= =2mp——— (18)
dg do do dg?
where,
d*s
—— =7 (cosp + Acos2) (19)
dy

Similarly, for the torque due to the piston motion, T, (¢)
can be obtained from the following equations.
1dlp, (¢)
— P52

Tp (p) = _Jp ()¢ — 2 dg

(20)
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Jp (@) = my <£>2 21
de
For a 4-cylinder engine, Tg can be calculated by (22).
4 4
Te (9) =Y Ti(p) =Y _ [Tg (9) + T (9) + T, ()]

i=1 i=1

(22)

The torque observer has been mathematically established
as (9). The inputs are the p, (¢) of each cylinder and the crank
signal. The output is the observer torque Tirger, Whose main
component is the opposite-phase engine torque —TE.
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FIGURE 7. Active damping simulation results using the observer torque
Ttarget-

Fig. 7 shows the active damping simulation results when
letting motor generate the torque waveform Tiarger With the
joint help of Matlab and AMESim. The blue curves are results
without active damping. The red curves show the results
with this algorithm. In the top two figures, the speed and
the output torque vibration can be reduced effectively. In the
last picture demonstrates a new indicator called the square of
the angular acceleration, representing how much energy the
vibration contains. With active damping, this indicator can
also be reduced significantly. In conclusion, suppressing the
crank vibration by active torque cancellation is theoretically
feasible.

B. ONLINE APPLICATION ORIENTED

TORQUE WAVEFORM FOR MOTOR

In this section, some realistic factors, including the
motor response delay and its torque demand limit, are
taken into consideration. Fig. 8 takes engine cranking at
700rpm for example, showing how to get the practical-
application-oriented motor torque demand from Tiget.
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FIGURE 8. Online application oriented torque demand for motor.

To compensate the motor’s response delay, the ideal
torque waveform Tjq;, represented as the grey dotted curve,
is obtained by adding a differential module right after Ttarget
in the simulated control system. Therefore, Tig has a more
advanced phase and a larger amplitude than Tiarger. Next,
in MCU, the motor’s torque demand is limited by 400 Nm,
shown as the red solid waveform Tiny. It is concluded in [11]
that applying motor torque having the rectangular waveform
is the most effective in reducing the driveline speed variation
and can get the same damping performance with the smallest
peak torque and the lowest energy loss level compared with
the sine waveform and the opposite-phase engine torque.
Finally, to realize a better damping level of the vibration with
a compact motor, as in this research for a parallel hybrid
powertrain, where the peak torque of the motor is limited
by £400 Nm, the motor’s target torque can be further sim-
plified as the rectangular waveform Tqr, shown as the blue
dash-dot line in Fig. 8.

Tsqr can be obtained by solving the following optimization
problem to get the optimal A, w and 6.

Minimize J = aJ;1 + BJ, =J (A, w, 0) (23)
a+p=1
0 <A <400

Subject to 0 T 24)

<w<=< —
2

0<6<m

where A and w are the amplitude and the width of the square
waveform. 6 is the crank position where Tsq crosses the free
position of the crank (0° CA) from the positive end to the
negative end. J; is defined as,

_ o 1 Tialde — [§" |Tsgr|do| _ g+ S, = Sp

I =
Jo | Tiarl do Jo | Tiarl do

(25)

Which is the absolute mechanical work difference ratio
between the absolute square wave torque T'sqr and the absolute
ideal torque waveform Tigq. When taking J; as part of the cost
function J, the total work done by the square wave torque Ty,
in both rotational directions can be close to that done by the
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ideal torque waveform Tiq;.

_ foﬂ |Tlmt - qur|d(p _ Sy + Sp
Jo | Timel do Jo 1 Time| dep

Besides, J; in the cost function J is defined to indicate how
close are the phases of the square wave torque Ty and the
limited torque demand Tin. To help clarify this issue more
clearly, S,, Sy and S, are defined as the following equations,
also illustrated as the colored blocks in Fig. 8.

J (26)

Y I v T
Sg =S +Sp + 55
Sp=Sp +Sph+ S5+ Sh 27)
S, =8,+5L+S5

In equation (23), @ and B are used to balance J between
J1 and J;. When @ = 1, the work done by the motor will
be sufficient but may be exerted at the wrong crank phase,
probably resulting in an even larger vibration level. When
B = 1, the work done by the motor would be exerted at
the proper crank position, so the vibration would be damped
but may not in the most effective way due to the insufficient
motor power. In this paper, eand g are set to be 0.4 and 0.6.
In this scenario, the optimal A, w and 6 are calculated to be
400, 50 and 172 respectively. The active damping simulation
results under different torque strategies using Time and T
respectively are shown in Figure 8.
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FIGURE 9. Active damping simulation under different torque strategies.

The top subfigure in Fig. 9 illustrates and compares the
motor’s responses under Tim and T, presented in red solid
curve and blue dash-dot curve respectively. Besides, the green
dotted curve is the observer torque Target, Which should be
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the ideal output torque of the motor. The lower two subfig-
ures demonstrate two indicators, including the crank speed
and the square of the angular acceleration, in conditions
without active damping (green) as well as under two different
torque strategies 7im¢ and Tgqr (in red and blue). With realistic
factors considered, the vibration amplitudes of the two indi-
cators can still be effectively attenuated, indicating that both
of the two motor torque demand waveforms are competent
and can be used online. More specifically, the speed vibration
range under the rectangular waveform Tq, is slightly smaller
than that under Tin. Therefore, the simplification of the Tiq
is reasonable and the rectangular waveform Tq is adopted
for online application.

V. RESOLVER-BASED CRANK POSITION REAL-TIME
CALCULATION METHOD

A. ALGORITHM DESIGN

The real-time crank position must be known so that the
motor can output crank-position-based torque ripples. One
possible way is to let the engine control unit (ECU) send the
crank position message to MCU via CAN. Once the MCU
receives the message, the torque demand can be determined
by looking up the crank-torque table. However, this method
might still not work well because of the bad synchronization
between MCU and ECU due to the lag in the CAN com-
munication, which could be several milliseconds. Therefore,
areal-time crank position calculation method with the help of
the original resolver is proposed, which can be programmed
directly in MCU. The crank position can be updated by the
interval of the MCU’s single control cycle, which is 0.2 ms.
No additional sensors or controllers are needed for the crank
position calculation.

FIGURE 10. The stator and the rotor of the resolver.

Motor needs to know the real-time shaft position with
the help of the resolver when generating the rotating mag-
netic field. As shown in Fig. 10. As for the experimental
motor, it has 12 pole pairs. Therefore, its resolver rotor has
12 repeating waves. The output voltage of the resolver, which
is represented as a 16-bit unsigned binary word, refers to a
specific position on each wave. This unsigned binary word
is defined as digital angular position. Here, 16-bit is the
resolution of the resolver-to-digital converter. So, the range
of the digital angular position is 0 to 65535. When the shaft
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rotates by one revolution in certain direction, this parameter
repeats from O to 65535 for 12 times.

The circumference is evenly divided by these 12 waves
so that each wave refers to 30 °CA, which is defined as
a crank step in Table 5. A new parameter named Counter
is defined at MCU to be a counter, which is used to count
how many complete waves (crank steps) have passed. For a
four-stroke engine, a complete working cycle consists of 2
complete crank revolutions. Therefore, the counter would
change from 0 to 23 within single working cycle, representing
24 crank steps that evenly divides the crank, whose range is
from 0 to 720 °CA.

TABLE 5. Relationship between digital angle and crank position.

Digital angular
position
DigAngPos
Crank step
CrankStep (CA)
Counter
Counter
Crank Position (CA)
CrankAbsPos

0-26-1 0-216-1 0-216-1 0-2'°-1

0-30 0-30 0-30 0-30
0 1 22 23
0-30 30-90

660-690 | 690-720

In conclusion, the real-time crank position can be calcu-
lated by the digital angular position and the counter with (28).
The pending parameter k is the resolution of the resolver-to-
digital converter, and p is the pole pair of the motor.

CrankAbsPos = (Counter + w> X @ (28)
B. REALIZATION AND DEMONSTRATION

The most essential part of the crank position calculation
algorithm is to get the accurate counter, for which an algo-
rithm is proposed. The revolutionary speed of the crank is
defined as n (rpm) and the digital angular speed is represented
as DigAngVel (rpm). Their relationship can be established
as (29) with the pole pair p.

DigAngVel = np (29)

The duration of single MCU control cycle is defined as
CtrlCyc (us). Cyclic digital angle A is defined as the vari-
ation of the digital angular position within one control cycle.

k

A= 6x2—1()7 x DigAngVel x CtriCyc (30)
1) STEP 1: BOUNDARY FOR COUNTER CHANGING
At MCU, the crank calculation algorithm is conducted during
each control cycle. Therefore, the boundary, across which
the counter should add or minus 1, must be a flexible range
instead of a constant. The boundary range is defined as the
cyclic digital angle A multiplied by coefficient Riz. Shown as
the following.
1 DigAngPos (i —1) > 2k —Rit x A &

DigAngPos (i) < Rit x A

Counter = Counter + 1
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Elseif DigAngPos (i — 1) < Rit x A & DigAngPos (i) >
2k — Rit x A

Counter = Counter — 1

Else
End

There are several requirements the coefficient Rir must
meet.

i. In order to prevent the misjudgment caused by the
signal glitch and noise, a margin must be added to A.

Rit > 1 31)

ii. According to the range of the digital angular position
DigAngPos, which is 0 to 28 — 1.

2k _1>2_Rirx A>0

32
2 _1>RitxA>0 (32)

iii. The judging conditions should be isolated from each
other.

2 _ Rit x A > Rit x A (33)

In summary, the coefficient Rif can be determined by the
following inequality.
) 3 x 107
l <Rit < ———— (34)
n x p x CtrlCyc
In our research, the pole pair of the motor p is 12. The con-
trol cycle of the MCU CtrlCyc is 200 ps. At n = 3000rpm,
which is the highest cranking speed of the engine,

1 < Rit <4.17 35)

In our research, coefficient Rit is set to be 2.

2) STEP 2: COUNTER DOUBLE CHECK AND MODIFICATION
The crank position cannot make step change because of its
inertia. When there exists a gap, exceeding a certain criterion,
between the calculated crank positions in the current and
the former control cycles, the counter must be incorrect and
should be modified. The mentioned criterion is defined as
the crank step CrankStep divided by coefficient o. Therefore,
the following if-judgements are necessary.

If abs [CrankAbsPos (i) — CrankAbsPos (i — 1)] < S[@kStep
Elseif CrankAbsPos (i) — CrankAbsPos (i — 1) > Cr%k%tep

Counter = Counter — 1
Elseif CrankAbsPos (i) — CrankAbsPos (i — 1) < —Cr%ksmp
Counter = Counter + 1

End

Regarding the robustness of the algorithm, the criterion
defined as the CrankStep/o should be smaller than CrankStep
to avoid misjudgment due to the signal noise. Meanwhile,
the threshold should also be larger than the normal amount
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of the crank position change within single control cycle to
prevent misjudgment.

n CtrlCyc  CrankStep
360 x — X <
60 106 o
Similarly, the following inequality can be obtained with

pending parameters by solving (36).

< CrankStep (36)

l <a <833 (37)

In our research, « is set to be 2. This step is the double
check of the step 1. It is necessary for the robustness of the
overall algorithm.

3) STEP 3: RANGE CHECK OF THE COUNTER

In this part, the Counter is limited within O to 0.5ps-1. By the
time the counter rises up beyond 23, it should fall back to 0.
Also, when it falls below 0, it should turn into 23.

If Counter > %ps -1

1
Counter = Counter — Eps
Elseif Counter < 0

1
Counter = Counter + Eps

Else
End

By the end of the step 3, the crank position can be calcu-
lated with the following formula.

. DigAngPos (i)
CrankAbsPos (i) = | Counter + —————

2k
x CrankStep (38)

The overall MCU-embedded crank position calculation
algorithm is summarized as the logic flow chart in Fig. 11.

This algorithm has been validated online. Note that this
algorithm can be programmed directly in MCU. No extra
controllers are needed for putting this algorithm into online
application. Fig. 12 demonstrates how the parameters in
this algorithm vary during the engine dragging and free
deceleration.

The blue solid and the red dash-dot curves demonstrate
how the counter and the crank position change. The green
dash-dot curve is the crank speed and the grey dotted line
shows part of the digital angular position. The digital angular
position does not seem to be from 0 to 65535. This distortion
results from the sampling rate, which is 10ms per sampling.
Whereas the control cycle of the MCU is 200 us. There exists
no step-jumps in the crank position. All the other parameters
change reasonably and accurately with no interruptions.

VI. RESULTS AND DISCUSSION

A. ACTIVE DAMPING IN STATIONARY

OPERATING CONDITIONS

In this section, active damping is realized online. Fig. 13
shows the experimental results at 700rpm when the engine is
cranking. The engine speed fluctuation range can be reduced
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Main Loop Begins

igAngPos (i 1) = 2" - Rit x&
&&  DigAngPos(i) < Rit xA

YES
DigdngPos(i~1)< Rit x A

O && _DigngPos(i)>2' ~ Rirx
CrankAbsPos(i) = f[ DigAngPos i), Counter |

Counter = Counter-1
AdngPos = CrankAbsPos (i)~ CrankAbsPos i 1)

CrankStep.

1
AdngPos > —Ci
a

A,

CrankAbsPos (i) = f[ DigAngPos i), Counter ]

Main Loop Ends

FIGURE 11. Diagram of the crank position calculation algorithm.

a) Dragging

b) Free Deceleration

Speed (rpm)

\ TN,
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3 /
\.
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245 25 255 26 26.535 35.5 36 36.5 37
Time (s) Time (s)

FIGURE 12. Parameters in MCU during the crank position calculation.

by active damping from 42.4 rpm to 8.6 rpm, whose reducing
rate is 79.7%. The signal from the strain sensor has been
normalized to the maximum positive output voltage. The
normalized strain range on the output shaft can be suppressed
by 64%. The cyclic squared angular acceleration is defined
as the integral of the squared angular acceleration over a
complete engine working cycle. This parameter is used to
indicate the power of the vibration, which can be reduced by
89.7% by active damping.

Fig. 14 presents the frequency analysis of the driveline
speed signal with and without active damping using FFT (fast
Fourier transformation). Note that the harmonics correspond-
ing to each frequency have been significantly attenuated.

This algorithm is also validated at different load from 0 Nm
to 400 Nm and different speeds from 700 rpm to 1200 rpm.
Active damping only needs to be activated at low engine
speed because the natural filtering due to the rotor inertia,
acting as a passive flywheel, is competent at high engine
speed. Fig. 15 shows the range of the speed fluctuation with
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FIGURE 18. Reduction rate of the cyclic squared angular acceleration.

FIGURE 15. Speed fluctuation range w/ and w/o active damping.

same control parameters, except for applying active damping
or not. At higher engine speed, the speed fluctuation range is
smaller, resulting from less time for the crank to accelerate
or decelerate. At high load, the speed fluctuation range is
larger due to the larger gas torque exerting on the crank.

and without active damping control. The color of the MAP
indicates the speed fluctuation range, which is smaller at the
point in cooler color. Each dot of the two MAPs uses the
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FIGURE 19. Active damping experimental results during engine dragging and free deceleration.

With active damping, the blue area can be greatly expanded,
which indicates that the speed fluctuation can be suppressed
effectively.

Fig. 16 shows the reducing rate of the speed fluctuation
range after applying active damping. It can be concluded that
this algorithm is more effective at low speed and load. At high
speed, the speed fluctuation range is already small, which
leaves barely no room for further improvement. At high
load, its effectiveness is limited by the maximal motor output
torque.

Fig. 17 shows the cyclic squared angular acceleration with
and without active damping control. Similar with how the
speed range changes, this indicator is larger at low speed and
high load. With active damping, the blue area can be greatly
expanded, meaning that the vibration power can be reduced
effectively.

Fig. 18 shows the reducing rate of the cyclic squared angu-
lar acceleration after switching on active damping. Compared
with the results of speed fluctuation, active damping is less
sensitive to the load than the speed. This indicator is an energy
indicator, which refers to the mean vibration power during a
complete engine working cycle. Therefore, active damping
control is the most effective at low speed and below medium
load.

B. ACTIVE DAMPING IN TRANSIENT

OPERATING CONDITIONS

This algorithm is also validated in transient working con-
ditions, such as dragging and free deceleration, shown as
Fig. 19. From subfigure (a), where the details in the green
dot box (a) are amplified, the speed fluctuation during the
dragging process can be greatly suppressed into nearly a
slope. In subfigure (b), the speed fluctuation due to the res-
onance can also be attenuated. During the free deceleration,
with active damping turned on, the speed fluctuation range
can also be reduced. Because of their different decelerations,
the results are plotted with the crank angle, instead of time,
as the x axis in subfigure (c). Results show that the normalized
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strain during the free deceleration can be reduced by active
damping. In contrast to the situation without active damping,
where the speed signal looks like repetitive waves, the speed
curve under active damping looks much smoother.

The normalized strain and the squared angular acceleration
during dragging with and without active damping are shown
in Fig. 20. With active damping, these two indicators can be
reduced significantly. Similar conclusions can also be drawn
from the free deceleration experiment results.

1.2
0.9 r
0.6
03 r

0
-03 |
-0.6

Normalized Strain

2)2

Square of Acceleration (rad/s

Time (s)

FIGURE 20. Active damping results during dragging.

In conclusion, the vibration during engine dragging and
free deceleration can be attenuated effectively, which shows
great potential to realize quick and quiet engine start and halt.
In fact, this algorithm can also be applied to other typical
transient conditions where the drivetrain’s speed and load
both vary.

VII. CONCLUSION AND OUTLOOK
Conclusions drawn from this research are summarized as:

1) The flywheel of the engine is replaced by the ISG
rotor. There are no clutches or dampers either. The
new hybrid system could be more light-weighted, more
economical, more compact and have the potential to be
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more reliable while maintaining or even improving its
comfort.

2) Anovel active damping method was proposed to reduce

the driveline vibration by compensating the engine
torque ripples with high-frequency motor torque pul-
sations. It is designed to be a feedforward method with
the crank-torque look-up table directly programmed
in MCU. The crank-torque table can be obtained by
off-line simulation. Therefore, no extra sensors and
controllers are needed when realizing active damping
online.

3) An algorithm to calculate the real-time engine crank

position with the help of the motor’s original resolver
was proposed and validated. It can also be programmed
into MCU. Thus, no extra sensors or controllers are
needed to get the real-time crank position.

4) Active damping was validated to be effective in both

stationary and transient conditions, especially at low
speed and below medium load. The cyclic squared
angular acceleration can be reduced by 89.7% at
700 rpm cranking.

The electric energy consumption of the active damping
needs future efforts. Comprehensive optimization consider-
ing both energy consumption and vibration attenuation is
necessary. How active damping would change the in-cylinder
combustion needs further exploration. When switching off
individual cylinders for better fuel economy at partial load,
comfort can be maintained or even enhanced using active
damping control.
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