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ABSTRACT This paper works on the oscillation of electrified powertrain system in an integrated man-
ner where combined mechanical-electric-network effects are all taking into consideration, and a robust
oscillation controller is proposed to suppress the effects-caused oscillation and to maintain the system
stability. An integrated model is developed in which driving motor, drivetrain and communication network
are all included. Thus, torque ripples in the driving motor, nonlinear gear backlash as well as driveshaft
flexibility in the drivetrain and network-induced delays that may cause powertrain system oscillation can
be all considered. In order to dealing with the coupling effects of network-induced delays and event-driven
manner of the controller nodes, a delay-free discrete model is further built via polytopic inclusion approach
and system augmentation technique. An energy-to-peak performance based robust controller is proposed to
ensure the torsional oscillation damping as well as vehicle speed tracking performance. During backlash
mode, as the driving motor and the load are decoupled, a sliding mode compensator is further adopted to
restrain the torsional oscillation. The stability of electrified powertrain control system is ensured by using
Lyapunov theory, and the controller gain is obtained by solving a set of linear matrix inequalities (LMIs).
Comparative simulation tests are carried out by using Matlab/Simulink in which a delicate controller area
network (CAN) model is developed via SimEvent. The combined mechanical-electric-networked effects on
torsional oscillation are demonstrated during the simulation tests, while the performance of the proposed
controller is well verified.

INDEX TERMS Electrified powertrain, nonlinear gear backlash, network-induced delays, robust energy-to-
peak controller, sliding mode compensator.

I. INTRODUCTION

The growing environmental pollution and the energy cri-
sis urge the development of electric vehicles (EVs) for
the emission reduction and the improvement of energy
efficiency [1]-[3], what followed is a steadfast trend to the
electrification of powertrain in recent years [4]. In order to
reduce the efficiency loss, the electrified powertrain system
trends to be compact with less damping parts and more
simple mechanical structure. For most instances, the motor
is directly connected to the gearbox of drivetrain with-
out clutches or torque converter. Thus, the powertrain is
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becoming more sensitive to the oscillation caused by the
driveshaft flexibility and the backlash [5], [6]. In order to
optimize the powertrain system’s oscillation damping perfor-
mance, plenty of methods have been carried out. Comparing
with passive approaches [7], [8], using controller design,
which is classified as the active methods, demonstrates
more superiority in cost, convenience and flexibility [9].
Liu et al. [10] provide an adaptive optimal shaking vibration
controller for EVs, in which torsional vibration is considered
without the effect of nonlinear gear backlash. While Lager-
berg et al. [11] present nonlinear gear backlash estimators via
the Kalman filtering theory for powertrain system with exper-
imental validation. Zhang et al. [12] adopt the dual Kalman
filter to estimate vehicle mass and half shaft torsional angle
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of driveline, which is further used to realize active vibration
compensation. A mode switching based active controller for
electrified powertrain system during regenerative braking is
proposed in [13], which can effectively suppress driveline
oscillation that caused by shaft flexibility and gear backlash.

It can be seen that most of the researches on powertrain
oscillation are focusing on the mechanical features [14].
However, for the electrified powertrain system, torque wave
of the driving motor with high ripples can also induce vibra-
tion and noise [15], [16]. Through theoretical modeling, anal-
ysis and experiments, Mao et al. [17] reveal and explain
the high frequency vibration characteristics of electric wheel
system brought by motor torque ripple excitation. Based on
the effects of the rotor position error in the performance of
field-oriented-control permanent magnet synchronous motor
(PMSM) for EVs, Lara et al. [18] develop an extended
and generalized PMSM model to evaluate the torque rip-
ple. Arias et al. [19] develop a comprehensive discrete-time
model to assess the field-oriented-controlled PMSM stability
issues of EVs. Ye [20] propose a flux sliding mode observer
in a sensorless control PMSM system to eliminate high-order
harmonics, which can improve the performance of the PMSM
drives.

Owning to the development of in-vehicle network and
X-by-wire technologies, information in EVs is currently
exchanged through CAN [21]. Electrification of EVs
enhances delivery requirement, while the limitation of band-
width restricts the requirement, which would inevitably
induce time-varying delays [22], [23]. Jia et al. [24] propose
an improved robust stability criterion to estimate the asymp-
totically stable for load frequency control system of EVs
considering the inertia uncertainty and time-varying delays.
Caruntu et al. [25] present the impact of network-induced
delays to the oscillation of a vehicle drivetrain proposing a
predictive controller to deal with time-varying delays. The
impact of network-induced delays was taken into considera-
tion in the lateral motion of vehicles [26] and the braking pro-
cess of EVs [27]. The network-induced delays can deduct the
control performance to the electrified powertrain system and
may cause oscillation as well. The delays can be quantized
and considered as uncertainties in a discrete-time system,
which can be modeled as polytope type [28]. A backstepping-
based quantized control algorithm is proposed in [29], which
guarantees the robustness of non-strict-feedback systems.
The quantizer’s parameter of feedback control can be given
based on the LMI technique [30].

Few works have been carried out to synthetically con-
sider the combined mechanical-electric-network effects of
the driving motor characteristics, network communication
and drivetrain dynamics including driveshaft flexibility and
gear backlash. Hence, it is necessary to develop a dynamic
model of the electrified powertrain system, which can simul-
taneously reflect characteristics of motor and drivetrain sys-
tem. Besides, the controller for the system should possess
the robustness against the oscillation. Wang et al. [31] pro-
pose an observer-based adaptive backstepping decentralized
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controller for interconnected nonlinear systems suffering
stochastic disturbances. Robust control method is effec-
tively capable of handling the modeling error caused by
system uncertainties and external disturbances [24], [32].
Chang et al. [33] propose a robust controller with Hy, and
energy to peak performance to deal with resilient control
condition for lateral motion regulation of an intelligent vehi-
cle, which can well compensate the fluctuation of con-
troller. In this paper, the control performance is verified
via Simulink, and the contributions of this study lie in four
aspects:

(1) An integrated model of electrified powertrain system
is established combining PMSM, drivetrain and CAN which
can overall reflect the flux characteristics of PMSM, the non-
linear backlash, the flexibility of driveshaft in drivetrain and
the CAN-induced delays.

(2) A delay-free discrete model is developed via sys-
tem augmentation technique, where the CAN-induced
time-varying delays are described via polytopic inclusion
approach. And a robust controller basing on the energy-to-
peak performance is designed to suppress the torsional oscil-
lation of the electrified powertrain system against external
disturbances.

(3) Due to the decoupled gear gap between the motor and
the load in the backlash mode, a sliding mode compensator is
further adopted to restrain the backlash-caused oscillation.

(4) A detailed CAN bus model is elaborated via SimEvent,
by which the robustness of the proposed controller against the
delays and the oscillation suppression control performance
are verified.

The remainder of this paper is listed as follows: in
Section II, problem formulation and dynamical modeling
are presented. The robust controller and SMC compensator
design are presented in Section III. Results and analysis of
simulations via Simulink are shown in Section IV. Finally,
section V summarizes this study to draw the conclusion of
this paper.

Il. PROBLEM FORMULATION

A. ARCHITECTURE OF THE PROPOSED ELECTRIFIED
POWERTRAIN SYSTEM

The scheme of the proposed electrified powertrain system is
shown in Fig.1 where the powertrain is mainly composed of
a driving motor, a gearbox, a differential and drive shafts.
The driving motor, which is a PMSM, is directly connected
to the gearbox without clutch. Both the non-linear backlash
in the gearbox and the torsional vibrations of the flexible
driveshaft may cause the oscillation of the powertrain. The
signals among the sensors, integrated controller unit (ICU)
and driver are transmitted through the CAN network which is
as the communication medium. The ICU receives the signal
of the system states and the reference vehicle speed, and
calculates the command voltage which is sent directly to the
electrified powertrain system through CAN. The standard
controller for a PMSM is a vector-based cascade arrangement

VOLUME 8, 2020



W. Li et al.: Robust Oscillation Suppression Control of Electrified Powertrain System

IEEE Access

B o \
Differential Fr |
[ ] gloml |
L) |
Flexible | ] |
Driveshaft - ITJ I
SN Moo
I | '
il ! |
= ) |
1
L |7, | |
! |
1
| ]
—_— ! /
Ry J:'i_pﬂ“fn_miﬂ__:.__/
1 ®,.0,.iy 5 @O,
1
:
1
1 \ 4 A 4
[caN CAN]
7 - A
u, v

FIGURE 1. Scheme of the proposed electrified powertrain system.

[34], thus the signal of the current of the q axis is necessary.
During the control process, the sensors are working in time-
driven mode, while the ICU is working in event-driven mode.

B. DYNAMICAL MODELING OF DRIVING MOTOR
Based on the flux-linkage characteristics of the PMSM,
dynamic model of the driving motor is described as

uszs = Ri3s + <i’3s

@3, = Lagizs + ¢ - F35(6) (1
1 0 7
T = Epn% (l3s : (I)3s)

where the variables are defined and calculated as

isg = [ia ip iC]T, @35 = [ ¢a ¢5 ¢C]T,
Uz, = [MA up MC]T9
sin 6,
sin (6, — 27 /3) |,
sin (6, + 27 /3)
1 cos (2mr /3) cos (4w /3)
cos (2 /3) 1 cos (2 /3)
cos (4 /3) cos (2w /3) 1

R = diag{RRR}, Fi;(0,) =

L3s = L3 + Lzl

(2)
After taking the Clark and Park transformation, the model can
be rewritten into
g = Rig + Laig — nywnLyig
g = Rig + Loiq + npwm (Laia + dy) 3)
Ton = o [ (La = L) + 0]

where u is voltage, i is current and L is inductance in which
the subscript 4 and , represent respectively the d axis and q
axis. R is the resistance, n, is the number of pole-pairs, wy, is
the motor speed, 7}, is the output torque of the motor and ¢y
is the flux of the permanent magnet.
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FIGURE 2. Dynamic model of drivetrain.

Consider the PMSM as a surface-mounted one, thus it can
be obtained that L = Ly = L. Since it is under the vector-
controlled mode, the d-axis current is tracked to zero, i.e.
ig — 0, the dynamic model can be simplified as

. R n 1

ig=——i4 — p¢fa)m+—uq
L L L (4)
3 .

Tn = Enplqd’f

C. DYNAMICAL MODELING OF DRIVETRAIN

As is shown in Fig.2, the backlash contributions throughout
the powertrain are lumped together into one single backlash
angle 2¢, and the dynamics of the drivetrain can be obtained
that

Img@ry, = Ty — Tf [ig — Cnom
Sy = Tp — Tipad
Ty = kp On/ia — Ow — ) + ¢f (Wm/ia — 0w — 6p)
Tioaa = Tron + Tgrad + Tairinag

Tairdrag = Caw ©)

where J,,; is the composite inertia of motor and gear box,
oy, and w,, are the speed of motor and wheel respectively,
while 6,, and 6,, are the output angles respectively. Ty is the
driving torque in the driveshaft with stiffness factor kr and
damping coefficient c. i, is the total transmission ratio of the
powertrain, J,, is the equivalent inertia of the vehicle, T}y, is
the external load torque comprised of air drag T girgrag, rolling
torque T,y and resistant torque T'gqq due to the road grade. ¢,
is a linear approximation parameter for T;y4rq. Besides, the
wheel slip is not considered in this model. 6, is the position
in the backlash with the gap size 2«, which non-linear model
for the backlash position can be described as [35]

. ky
max (0,60, + =65}, Op=—«
¢t
éh = éd + lesa
cf
) . ky
min{0,0; + =65, 6=«
¢t

10y < (6)

where the angle position of 6; and 6, are defined as

041 = O /ia — O
Os - =64 — 6p @)
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Thus, it can be obtained that the powertrain is switching
between two linear modes, called contact mode (co) and
backlash mode (bl), which are defined as

co: |6pl =a, A0, >0

bl : 16p] <aor (|6p] =a, A0, <0)

. ky
L= 04 + =0 (3)
Cf
And the backlash mode in (6) can rewritten as
. 0, mode : co
Op =1 9
b [k, mode : bl ©)

Substituting (4) and (9) into (5), the motor torque turns into
an intermediate variable instead of control input. Taking the
errors of motor speed, wheel speed, axle wrap of the drive-
train and the g-axis current in the PMSM as the system states
and the g-axis voltage as the control input, i.e.

. T
* * * %
x = [on — o, o — o), 0 — 0] ig — iy |

u=uy, (10)

The integrated state space model of electrified powertrain
system can be described in two switching modes as

X :Amx—i—B(u—u*)—f—w

)'c:Ablx+B(u—u*)+w (11)
where the matrices are given by
[ g o K 3mer]
Img  Imgi>  Imgia  Imgia  2Jmg
g _gta ko
Ay = Dya I Iy
— -1 0 0
ig R
npds 0 0 _=
L L L
[ _Cm 0 0 3npy
Jimg 2Jmg 0
Ca
0 7 0 o 0
Apr = 1 v , B=1|o0
— -1 0 0 1
lg R Z
_ ¢ 0 0 ——
L L L
[T T, T
w=10 —% 0 0} (12)
L v

Based on the reference vehicle speed and the nominal load,
other reference values can be all calculated for the controller.
The disturbance term here mainly represent the characteristic
of Ty and Tgraq, but it can also cover other external load
disturbances and modelling errors, which will be handled via
robust controller once and for all. The matric Ap; indicates
that no torque is transmitted through the driveshaft in the
backlash gap and that the motor and the load are decou-
pled. Thus, only in co-mode is the powertrain fully control-
lable, in which the CAN-induced delays are considered via
modeling.
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FIGURE 3. Signal transmission of electrified powertrain control system
via CAN.

D. MODELING OF CAN-INDUCED DELAYS

As the signal transmission diagram shown in Fig.3, the time-
driven sensors periodically deliver the data of states to the
CAN under a fixed sampling period T§, which are collected
by event-driven ICU node from CAN. Then the ICU node
sends the calculated voltage command to the powertrain via
CAN. The signals will be transmitted twice through CAN to
complete one closed loop. The ICU node and the powertrain
are affected by the CAN-induced delays 7, which leads to
the voltage command as time-varying value. The electrified
powertrain system should be discretized because of the time-
varying control period, which can present the effects of the
delays as well, where the control period is described as

tete +t, tiegr + Tyl e = kT (13)

The signals are incapable of interlacing on the timeline [36],
ie. x > 141 — T§. Thus, the CAN-induced delays can be
described as

=0T+uvT,YeZy, ve R[O,l) (14)

The discretized electrified powertrain model under CAN-
induced delays can be described as
x(k+1) = Aix (k) + Biu (k) + Eyw (k)
+ Aok (u(k — 1) —u(k))
+ Ak (uk—2) —uk —1))
o Ak k=Y =1 —u(k — )
0, T—i — il <0

NI fo‘fk—i*iTx AT Dgop  0<1y_;—iT, < T
foTS AT gppB, Ts < tg—j — iT;
Ts
Ay = tols) Bl i= f et Ts=0 g,
0

Ts
El = / eAm(T.v*G)dQE’ i = O’ 1---7 (15)
0

The item A; is highly nonlinear with the random value of
delays and needs to be linearized. Taylor series expansion
approach is adopted here making the system rewritten as

Ai,k =Arxer X; = [_x )C2 xh]T

A, ZeATS[<—1>2A90 LTI (—D”*‘A,;a]}
1! 2! (h)!
(16)
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where x; is the integral upper limit to system matrices A; g,
and £ is the order of Taylor expansion.

The polytopic inclusions method is appropriate to describe
the vertices of the CAN-induced delays [36], [37], and the
A; ;. can be synthetically defined as

I h

Ai,k = Z Z Ni,m,n (k) Ar,mxr,l,nB,

m=0 n=0

vVi=0,1,---T —1

1 h
Ai,k = Z Z Ni,m,n (k) Ar,mxr,O,nBy i=7
m=0 n=0

1 h
S i (k) =1 (17)

m=0 n=0

where 7; ., are the weighting coefficients. Besides, B; and
E/ can be defined similarly.

IIl. ROBUST OSCILLATION SUPPRESSION CONTROLLER
DESIGN

A. ROBUST TORTIONAL VIBRATIONS CONTROLLER
DESIGN

In order to present the CAN-induced time-varying delays
into the states for the controller design, a delay-free model
is established via system augmentation technique, the new
states are defined as

sky=[xT K ul k—=1) - ul k-7 - 1)]T (18)
then the discretized model in (17) can be rewritten as

X (k+1) = Axx (k) + Bau (k) + Exw (k)
Al Aok —Arg - Av—1k — Av g Ay

0 0o .- 0 0
A= O I 0 0

0 0o .- I 0
By=[Bl-al, 1 0 - o]
E=[E" 0 o ... o] (19)

Based on the delay-free model in (19), the state-feedback
controller structure is selected as

u (k) = Kx (k) (20)
Thus, the closed-loop control system can be described as
X(k+1) = (A + BK) x (k) + Exw (k) (21)

The torsional vibrations represented as the axle wrap will
be inhibited during the EV’s speed tracking. Thus, both the
wheel speed error and axle wrap rate error are selected as the
control outputs, which can be described as

_ 010[0-~-0]
Zy=Cxk)y, C= -
T+1
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1
_ —~_10f0---0
Z = Cre (b, cz=[ig,nif 0[_,_]} (22)
T+1

The energy-to-peak performance indexes are defined as

122ll0c < ¥2 Wl (23)

In order to prove the stability of the electrified powertrain
control system, the Lyapunov function is defined as

V (k) = x" (k) Px (k)

1Zilloe < v lIWll2

P>0 24)

Without considering the disturbance wy, the difference of
Lyapunov function should satisfy following condition as

AV (k) = 77 (k) (ATPA _ P))'c (k) < 0
A = Ay + BK (25)
Define a cost function to further ensure the robust of the
electrified powertrain system and the matrix inequalities as
k—1
I=V )=y wh(kywk)<0ClCy < yP. n=1,2
i=0
(26)
Furthermore, (26) is equivalent via Schur complement theory
to
—P P(A> + B2K) PE;

* —P 0 <0
* * -1
P T _
[ . _ynzl]<0, n=12 27

Removing the bilinear terms and taking the vertices of the
convex polytope for the system matrices into consideration,
both the stability and the energy-to-peak performance of the
electrified powertrain system can be ensured through expand-
ing the matrix as [36]

—P L Ay P~V + By Y Ep
1

* —P~ 0 | <O
* * —1I
_p—1 p—1,T
[ PP g” ] <0, n=1,2
* -yl

j=12,-, (h4+DrH! (28)

The desired control gain K can be calculated via LMI toolbox
as

K =YP (29)

B. SLIDING MODE COMPENSATOR DESIGN FOR

ELECTRIFIED POWERTRAIN IN BACKLASH MODE

During the speed tracking of the electrified powertrain sys-
tem, the bl-mode is a transient comparing to co-mode. The
robust controller is proved to be capable to maintain stability
of the system in co-mode, thus a sliding mode compensator is
further adopted in bl-mode as a compensator for the backlash
because of its ability to address non-linearity and to achieve
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a good performance and a fast response. The objective in
bl-mode is to track the motor speed to the reference speed
which is calculated via wheel speed in ICU. Thus, the error
is defined as

e=0n/ia— 6y (30)

The sliding mode surface with derivation and integration is
defined as

S=§e+é+%‘/e 31)

where { > 0 and & > 0 are two parameters that need to be
designed, and it can be easily obtained that

S=te+e+te (32)

Make the reaching law an exponential one, which is

S =—asgnS —BS (33)

where @ and 8 (¢ > 0 and B8 > 0) are two design parameters.
The Lyapunov candidate is chosen as Vgyy = %S 2, which
yields

Ve =88 = —a|S| — BS? <0 (34)
The control voltage u, can be obtained from (32) and (33) as

sgn S

u = Hxsy + [ —a —,3]|: < ]+dSM (35)

where the matrices are given by

XSM = [Gm O Oy @y iq]T
B 2JmgLE 17
3n,r
202 L
3Jimgialty by

mgla

3np¢r
2mgialc®  2JmgiaLeal
3J2ny¢r 3Jvnp¢r

Lc,,
—+R—-L¢
L Jingia _

2ngiaL (ca —Iv8)
T T 36
3J1)2np¢f ( roll + gmd) (36)

Remark: The decoupling during the bl-mode oversets the
robust controller to obtain the control gain K. For bl-mode
is transient comparing with co-mode, it is reasonable that
control gain K in bl-mode follows the one in co-mode.
Meanwhile the sliding mode compensator is further adopted
in bl-mode to make sure ¢ — 0 and thereby suppress the
non-linear-backlash-caused oscillation. Thus, the proposed
controller can work in co-mode as well as bl-mode.

2emlLE
3npdr

+ n,,q)f

dsy =
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FIGURE 4. Simulation model of electrified powertrain control system over
CAN.

FIGURE 5. Simulation model of CAN (a. CAN bus model and b. CAN node.

TABLE 1. Parameters of PMSM.

Parameters Value Unit
D/qg-axis phase inductance ( L) 0.35 mH
Phase resistance (R ) 100 mQ
Flux linkage (¢, ) 0.07 Wb
Pole-pair (n,) 5 -

IV. SIMULATION RESULTS AND ANALYSIS
The robustness and the control performance are verified via
simulation in Matlab/Simulink. The model is established as
shown in Fig.4 where a detailed CAN model is built via
Matlab/SimEvent, which is composed of one bus model and
four CAN node models. The details of the bus model and
node model are shown in Fig.5. The controller works mainly
in co-mode via the robust control gain K. Once the system
turns into the bl-mode, the sliding mode compensator will
be switched on to restrain the backlash and to suppress the
oscillation of the electrified powertrain system.

The main parameters of the PMSM model are listed in
Tab.1 [19], [38].

The main parameters of the drivetrain model are listed in
Tab.2 [25].

The control gain is calculated via LMI toolbox, which is

K = [-0.0023 -93.9654 -568.0545
-0.0132 -0.2216 -0.1229]  (37)

Parameters for the simulation are given by Tab.3.
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TABLE 2. Parameters of drivetrain.

Parameters Value Unit
Inertia of motor and gearbox (/,,)  0.0162 kg -m’
Inertia of vehicle (J,) 104.52  kg-m’
Motor damping (c,, ) 0.15 -
Driveshaft damping (¢, ) 42 -
Driveshaft stiffness (%, ) 6000 -
Approximation parameter (¢, ) 2.7 -
Transmission ratio (i,) 13.854 -
TABLE 3. Parameters for simulation.
Parameters Value Unit
Parameter § 0.5 -
Parameter & 200 -
Parameter 55 -
Parameter g 6 -
Step size of solver 1 ms
Channel capacity 12000 bit/s
Loss probability 0.01% -
12 —Delay
— Utilization|( g
2 9 g
£ 0.6-2
Z 6 IS
& 043
3 0.2
% 1 2 3 4 s

Time(s)

FIGURE 6. CAN performance under normal condition during acceleration
test.

To make the result more convictive, two groups of simu-
lation tests are conducted under with/without CAN-induced
delays conditions, and a PI controller is adopted as a compa-
ration to the proposed controller.

A. ACCELERATION TEST

Under this condition, the electrified powertrain system is con-
trolled to acceleration process tracking to the vehicle speed of
SOkm/h. The results are shown from Fig.6 to Fig.15.

It can be seen from Fig.6 that when there is no background
traffic to cause delays, the utilization of the CAN bus is
around 50% and there is only one solver step as 1ms, which
can be considered as no-induced-delay condition.

Under normal CAN condition, there are some slight oscil-
lation caused by backlash shown in Fig.7, which PI controller
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FIGURE 7. Vehicle speed tracking performance under normal CAN
condition during acceleration test.
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FIGURE 8. System oscillation performance under normal CAN condition
during acceleration test.
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FIGURE 9. Phase A of the PMSM current under normal CAN condition
during acceleration test.
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=-PI Controller
—Proposed Controller

Torque(N)

-100

2 3
Time(s)

FIGURE 10. Driving torque of the electrified powertrain system under
normal CAN condition during acceleration test.

cannot restrain, while it is acceptable for speed tracking and
both the PI controller and proposed controller can track the
reference vehicle speed and keep the system stable.
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FIGURE 11. CAN performance under congestion condition during
acceleration test.
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FIGURE 15. Driving torque of the electrified powertrain system under
congested CAN condition during acceleration test.
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FIGURE 12. Vehicle peed tracking performance under congested CAN
condition during acceleration test.
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FIGURE 13. System oscillation performance under congested CAN
condition during acceleration test.
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FIGURE 14. Phase A of the PMSM current under congested CAN condition
during acceleration test.

It can be seen clearly from Fig.8 that the backlash can
cause system oscillation which may impact the powertrain
efficiency and service life of gears, and the proposed con-
troller is able to compensate the backlash-caused oscillation.
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FIGURE 16. CAN performance under normal CAN condition during tip-in
tip-out test.

It can be seen from Fig.9 and 10 that the backlash can affect
the current of PMSM and driving torque, and the proposed
controller can restrain the side effects of backlash.

It can be seen from Fig.11 that when the background
traffic disturbance is added to cause time-varying delays, the
utilization of the CAN bus is risen up over 80% and the CAN-
induced delays are randomly around 9ms, which is 9 times to
the solver step.

It can be inferred from Fig.12 that the CAN-induced delays
will deduct the speed tracking via PI controller in a certain
extent, while the proposed controller remains the perfor-
mance of speed tracking.

It is obvious that PI controller cannot suppress the torsional
vibrations of driveshaft with induced delays shown in Fig.13,
while the proposed controller can effectively suppress the
torsional vibrations.

It can be seen from Fig.14 and 15 that torsional vibrations
can impact the current of PMSM and its output torque, and
the proposed controller instead of PI controller is competent
to ensure the robust performance of the electrified powertrain
system.

B. TIP-IN AND TIP-OUT TEST

Tip-in and tip-out test is conducted to further show the perfor-
mance of proposed controller, in which the reference vehicle
speed goes from 50km / h at the beginning and jumps into
30km /h at 4s, then into 40km /h at 6.5s, which can be seen
in Fig.18 and 19. The results are shown from Fig16 to Fig23.
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FIGURE 17. CAN performance under congested CAN condition during
tip-in tip-out test.

60

40

30 == Reference Speed
2 =+PI Controller
2.6 4.8 5 —Proposed Controller

0 2 4 6 8 10
Time(s)

Vehicle Speed(km/h)
[3*]
S

FIGURE 18. Vehicle speed tracking performance under normal CAN
condition during tip-in tip-out test. FIGURE 19. Vehicle speed tracking
performance under congested CAN condition during tip-in tip-out test.
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FIGURE 19. Vehicle speed tracking performance under congested CAN
condition during tip-in tip-out test.

Fig.16 and 17 present the CAN utilization and delay under
different CAN conditions, which are similar with Fig.6 and
11, except the simulation time is longer.

It can be inferred from Fig.18 and 19 that the PI controller
cannot deal with the effect of the backlash and CAN-induced
delays respectively. While the proposed controller can main-
tain the stability and robustness of the electrified powertrain
system. There is a fluctuation in the performance of proposed
controller at 5s due to the rigid switch of the sliding mode
compensator, which may be further considered in the follow-
up work to make switch smoother.

Comparing Fig.20 and 21, both the two controllers can deal
with the torsional vibrations under normal CAN condition,
while PI controller fails with the delays. Moreover, the PI
controller has no capability to restrain the backlash, while
the proposed controller can suppress the system oscillation
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FIGURE 20. System oscillation performance under normal CAN condition
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FIGURE 21. System oscillation performance under congested CAN
condition during tip-in tip-out test.
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FIGURE 22. Phase A of the PMSM current under congested CAN condition
during tip-in tip-out test.
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FIGURE 23. Driving torque of the electrified powertrain system under
congested CAN condition during tip-in tip-out test.

composed with backlash and torsional vibrations even against
the CAN-induced time-varying delays.

Fig.22 and 23 can further present that system oscillation
can impact the current and torque of PMSM as well as the
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rigid switch. The proposed controller can generally meet the
controller objective for the electrified powertrain system, and
it is reasonable to set the saturation of the driving torque as
[—300, 350] N - m.

V. CONCLUSION

In this paper, a robust oscillation suppression controller
is designed for electrified powertrain system considering
combined mechanical-electric-network effects. An integrated
model is developed including driving motor, drivetrain and
communication network so that torque ripples in the driving
motor, nonlinear gear backlash as well as driveshaft flexibility
in the drivetrain and network-induced delays that may cause
powertrain system oscillation can be all taken into consider-
ation. The polytopic inclusion approach and system augmen-
tation technique are adopted to further develop a delay-free
discrete model that can theoretically deal with the coupling
effects of network-induced delays and event-driven manner
of controller nodes. An energy-to-peak performance based
robust controller is proposed to suppress the torsional oscil-
lation as well as to maintain the vehicle speed tracking per-
formance. Since the driving motor and the load are decoupled
in the backlash mode, a sliding mode compensator is further
adopted to restrain the torsional oscillation. The stability of
the electrified powertrain control system is proved through
Lyapunov theory and is validated through acceleration
and tip-in tip-out tests. The combined mechanical-electric-
networked effects on torsional oscillation are demonstrated
during the comparative simulation tests, while the perfor-
mance of the proposed controller is well verified.
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