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Abstract—This paper proposes a backlash control algorithm
using Terminal Iterative Learning Control (TILC) in the angle
domain. The proposed method addresses the issue of control
time variation in the Iterative Learning Control (ILC) method,
which makes it impractical for vehicle control. By controlling
backlash in the angle domain, the control interval remains the
same for each iteration. The backlash impact is proportional
to the velocity at the end of the backlash mode. However, by
bringing the reference value nearer to zero, the impact was
mitigated. Additionally, the utilization of TILC enhances its
resilience to sensor noise. The proposed method is evaluated
through simulations and experimental results, demonstrating
its practical applicability to vehicles and high accuracy in
various initial conditions. This paper provides a novel approach
to backlash control in-vehicle systems, contributing to the
advancement of control methods for improved ride comfort
and safety.

Index Terms—Electric vehicles and electric vehicle supply
equipmenet, system modeling and control, intelligent trasporta-
tion

I. INTRODUCTION

Backlash is a phenomenon that enables the backdrivability
of a system. However, it can also result in impacts or
deviations when the direction of rotation changes, which
can have a negative impact on system performance. In the
case of automotive powertrains, backlash can lead to ride
comfort problems. Extensive research has been conducted to
address the issue of backlash in internal combustion engine
(ICE) vehicles [1], [2]. However, the slow reactivity of the
ICE engine and short control intervals have limited control.
In contrast, electric vehicles (EVs) use regenerative brakes,
which exacerbate the ride quality problem due to backlash.
Nevertheless, the fast responsiveness of the motor used in
EVs provides a larger control effect than in ICE vehicles.
With the growing popularity of EVs, the importance of
addressing backlash issues has become increasingly apparent.
Backlash problems in EVs commonly occur in Tip-in and
Tip-out situations. Tip-in refers to a situation where the drive
torque suddenly increases, usually when the accelerator pedal
is pressed while driving. Tip-out, on the other hand, occurs
when the torque decreases, such as when the driver releases
the accelerator pedal. These situations are frequent during
driving, and the regenerative brake can cause rapid torque
changes in the case of EVs.

To control backlash, the gap size and current position of
the backlash must be estimated. While the gap size can be
estimated using an observer with motor and wheel speed
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sensors, the current position of the backlash does not satisfy
observability requirements [3]. Despite the use of an observer
such as a Kalman filter for estimation, achieving absolute
accuracy in estimation remains challenging due to limitations
in observability.

Various methods have been proposed for controllers, in-
cluding PID control, nonlinear control, and model predictive
control [4]-[6]. However, since the backlash system is a
nonlinear system that switches models, several studies have
proposed model-switching controllers [7]. One MPC pro-
posed by Lu, which assumes that the next maneuver is known
in advance, has shown good performance in pre-controlling
backlash [8]. However, in most driving situations, it is
difficult to know the next maneuver in advance. Additionally,
since the backlash system operates in a very short time (0.1-
0.15 s), excessive computation can lead to inaccurate control.
Given the short control period, estimation errors, and sensor
noise, applying such systems to production vehicles can be
challenging.

Iterative Learning Control (ILC) is a widely used control
method that effectively utilizes past control inputs and re-
sults, making it particularly useful in situations where the
same task is repeated [9]. However, the practical issue is
that initial conditions and references must be identical in
each iteration, limiting its applicability in specific domains.
In this regard, Terminal Iterative Learning Control (TILC)
has been proposed, which only requires the terminal value
as a reference and has the advantage of not requiring sensor
values and references for all times.

Hou proposed train stop control using TILC by update the
magnitude or start point of the control also, combines both
methods to increase the convergence speed [10]. Inspired by
this paper, we propose a backlash control algorithm using
TILC in the angle domain for the first time, making it
practically applicable to vehicles and reducing the amount of
computation compared to existing controllers. The suggested
controller exhibits exceptional performance despite variations
in the initial velocity of the vehicle. Its mathematical con-
vergence has been established, and simulation outcomes have
validated its effectiveness. As a result, a proposed TILC using
a constant input was introduced to enhance ride comfort and
increase torque responsiveness.

In the remainder of this paper, Section 2 presents a
dynamic model of the driveline backlash system. In section
3, the constant input TILC is described. Finally, the effective-
ness of the proposed methods is demonstrated by numerical
simulations in chapter 4.



II. SYSTEM MODELING AND PROBLEM DEFINITION
A. System Modeling
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Fig. 1. Driveline model of EV with lumped backlash

Backlash is a common problem in various parts of vehi-
cles, with the most considerable amount typically found in
the ball joint between the output shaft and differential gear.
In this study, the vehicle’s backlash is modeled as a single
lumped parameter behind the output shaft, as demonstrated
in Fig. 1 The results obtained from simulation studies and
previous research were consistent with the proposed model
[11]. The torque balance equation of the lumped driveline
backlash model is presented in (1).

I,w, =1T,, — 5 (1a)
Lin =T, T) (1b)
T, = k(61 — 03) + c(w1 — wo) (Ic)
0= 0= 00y 0= 0,05 (1)

where [,w,T, and r mean rotational inertia, angular
velocity, torque, and gear ratio. The subscripts m, 0, L and v
mean motor, output shaft, road load and vehicle. In equation
T7,, the road torque, representing the load on the vehicle due
to external factors such as weight and road slope, is expressed
by Equation (2), but this model provides only approximate
values. The road torque changes over time and is challenging
to measure in production vehicles.

T, = rw(mygsin (6,.) + K.p.myg cos (6,.) + %pv?)CdA)
2)
The angular velocities of the motor and wheels, denoted
by w,, and w,,, respectively, can be measured in produc-
tion vehicles. Depending on the current backlash position,
Powertrain systems with backlash can divide the mode into
Contact mode and Backlash mode. The backlash dynamics
is given by (3).

max{O, éd + %(Qd — 91,)} if Oy = —a
ed—k%(ed—eb) Zf |9b| <« 3)
min{0,04 + £(0a — 05)}  if 6=«

During the contact mode, when 6, = +a, the motor torque
is transmitted to the wheel side via the torsional torque of
the output shaft. However, during the backlash mode when
|0p| < «, the motor torque is not transmitted to the wheel
resulting in a zero value of T, and decoupling of the inertia
of the vehicle and motor. Consequently, there is a significant
difference in angular acceleration, and the angular velocity
difference becomes even more pronounced. The significant

f, —

angular velocity difference causes a shock in the vehicle at
the end of the backlash mode.

In backlash mode, by setting 6, to state and set its
derivative to wy, expression (1) can be converted to (4) using
(1) and (3).

wp = w1 —ws + (wy —wr)
4
iTm - %TL + %(M —wy) @
To ensure the applicability of ILC, it is essential to
maintain a consistent trial length in each iteration. However,
controlling the backlash in the time domain leads to variation
in the control time length, which depends on the magnitude
of the applied torque, thus making it challenging to imple-
ment ILC. In order to overcome this issue, controlling the
backlash in the angle domain is suggested. Remarkably, the
equation (4) derived in the time domain is equivalent to the
equation (5) obtained in the angle domain.

wp =

dw 1 1 1 k
b To—7Tot (@ —w)) )

#, " w1,
A more general expression of the above formula is (6).

j—z:%(b-u—w—g), (6)

where v is wp and s is 6. b and © mean input gain and

control input. w means iteration time-varying disturbance;

in the backlash system, it represents road load (77,). g rep-

resents an iteration invariant disturbance. In the powertrain

backlash system, g represents the uncertainty of the lumped
backlash model.

Expressing 0; — 02 as x and £ as p, the difference in
angular velocity, w; — ws, can be expressed as shown in
Equation (7). In backlash mode, since T = 0, the shaft
rotates in a twisted state in the opposite direction.

T = —pi
T = efthrln:EO (7)
i = _pept+ln )

The rate of change of z, denoted as «, is tiny and exhibits a
monotonic decrease. It is also apparent that x is a function of
k, ¢, the initial deflection x(, and time ¢, independent of the
control input. As a result, x retains the same value at identical
time instances. This property is leveraged in the following
section to account for %(wl —ws), which is not encompassed
in Equation (6). The following reasonable assumptions are
made for backlash system control.

Assumption 1: The position of the backlash (6;,) monoton-
ically increases or decreases. This means that the direction
of the backlash angle does not change within the backlash
mode. In reality, the backlash period is concise, and in most
driving situations, the direction of the backlash angle does
not change within the backlash mode.

Assumption 2: The torque disturbance wy, is constant in
the backlash mode. The road torque 77, is a function of time,
such as vehicle speed and road slope. However, it can be
assumed that it does not change significantly during a short
backlash mode ending within 0.3s.



Assumption 3: The disturbance model gj41(s) is the same
as gr(s). As g is an iteration-invariant disturbance, the
system has the same disturbance at the same position. This
means that if the backlash moves in the same direction, the
uncertainty will always be the same in the angle domain.

ITII. TILC-BASED DRIVELINE BACKLASH CONTROL
ALGORITHMS

In typical situations, backlash impact occurs during Tip-in
and Tip-out events. However, these situations are similar, ex-
cept that the backlash angle moves in the opposite direction.
Therefore, this paper focuses only on the Tip-out situation.

The objective of backlash control is to reduce the speed
difference at the end of the backlash mode. Many studies
have used a reference of 0. However, when the reference is
set low, the speed of torque transmission in contact mode
is slowed. Hence, this paper sets the reference as a tuning
parameter that can be adjusted to suit each user’s preference
and vehicle properties. In particular, an arbitrary value is
selected as the terminal reference.

In repeated Tip-out situations, the terminal angular veloc-
ity difference of the backlash system can be expressed using
the following equation (8).

v) — vk = /_ ﬁ(buk(s) —wy —g(s))ds + hg, (&)

where v) is the terminal velocity difference when the
backlash position reaches the opposite side (6, = —a). v¥ is

the initial velocity difference. By utilizing equation (7), hy
can be expressed as shown in equation (9).

t,; k k K k
h :/ 2w — wo)dt = e—ptf-i-lnmo _ elnmo
v= ] L) o

=h + dJ..

hy depends on the k'" initial velocity (zk). Therefore, it
changes each iteration depending on k, and the average value
is h, and the difference between h and hy is dZ. Like hy,
v can be represented by the sum of © and dy. Finally, wtih

dj, = dY + d, terminal angular velocity at kth iteration is

02:64—/7 L bus(s) — wp — g(s))ds + T + dy.
o  Uk(S) (10)

A. TILC-based driveline backlash control with constant in-
put

This section employs a constant input to regulate the
backlash system. Although the outcome and verification
methods are akin to those presented in Hou and Wang
[10], which was the source of inspiration for this study,
they employed velocity domain control while this paper uses
angle domain control. Because of the divergent attention and
the reciprocal relationship between these domains, additional
steps are necessary to establish the proof for Theorem 1. As
a result, the differences in the verification method will be the
primary focus of the discussion.

Theorem 1: Assuming 1-3 hold for a powertrain driveline
system with backlash, and the motor input uj follows the

updated law (11), Theorem 1 guarantees that the control error
is bounded as k increases and |(1—b8T nq.Mk)| < 1 satisfied,
where 7)., represents the maximum backlash period.

Y

0
Uk4+1 = U, + BAvy,

where 8 > 0 is tunning parameter.
Proof: According to equation (10), the difference be-
tween v, ; and v} :

0 0
Vk+1 — Uk

o 1 1
- G e

e 1 1
- /a (m(wkﬂ + gry1) — e () (wr, + gk))
+ (k41 — di).

uk)ds

(12)
Using the update law (11) and the fact that the v and w
are constant during control, (12) can be rewritten as

U2+1 — )
@ 1 1
=bBT. 1 Av? R
bATi 41 A0) + buy / o~ o) N
—/ <$gk+1 - Lgk>ds
o \Us11(S) vk(8)

+ wi Ty — Wet1Tht1 + (det1 — di),
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where Ty (= [ ids) denote the total time of the kth
control. Since uy is always negative, T}, and it’s maximum
value T),,,, are bounded. Thus, taking the absolute value of
both sides of (13) and denoting the maximum value of the
disturbance as d,,,; and the maximum value of w as W, 4z,
we can rewrite the equation using the mean value theorem

as follows:

e 1 1
0 0
v — v <|bup + a/ _— =
| k+1 k| | k g( )‘ N U/c+1(8) Uk(S)
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Cue o@D | @)
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(14
where —a < a < a, buy, +g(a) > 0, and viy1(s)vr(s) >
0.
Let

bu; + g(a)
vi(s)

with (15), and applying Gronwall ineqaulity to (14):

M2 inf

s€l—a,al,ieZt ds, (15)

[0k 1 — vp
—«
< (0BT mae| AV + 2Wynas + 2dmac)ep / Mds)
«
= (bBTmam\Avg| + 2Whax + 2dmaz ) exp(2M ).
(16)

Defining exp(2M«) = ¢, Wiz + dmaz = Dimax
(16) becomes



\vgﬂ — v2| < bﬁTmaI<p|Av2| + 20D 4z a7
There exists 7 that satisfy (18), with 0 < < @
|U2+1 - U](g)| = 5Tmarnk‘A’Ug| + anDmaz~ (18)
The terminal error at k£ + 1 iteration is
Avgﬂ = Avg — (7}2+1 - vg). (19)

Using input update law, the absolute value of the terminal
error is

|AvRy | = [(ur — uks1)/B — (41 — vp)l- (20)

If ugy1 > wg, then v2+1 < v,g, which is obvious
because in regenerative situations, the motor torque close
to zero makes the final velocity small. By using the fact
that ((up — ups1)/B) (v + 1 —0°k) > 0 and (18), we can
rewrite (19) as follows:

| A 1| = [[AR] = (041 — )|
= |(1 - bﬁTmaxnk)|AU2| - 277kDma:E
< |1 = BT maxti| | AVY] + 20k Dinac-

The convergence performance of the algorithm is deter-
mined by [(1 — b8T 427k, and therefore, its magnitude
needs to be investigated to ensure the effectiveness of the
control. The details of this investigation are the same as
those in [10] and are therefore omitted here. The resulting
conclusion is that the control error is bounded as shown in
Equation (22) for all values of k.

ey

2 Dmaz
Al < [Acf] + =

where 0 < p < 1,1 — p < bBp. If D,par = 0, then the
monotonic convergence is ensured.

(22)

IV. SIMULATION RESULTS
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Fig. 2. Simulation driveline model of EV

The simulation was implemented using SIMULINK’s
SIMDRIVELINE and involved a repeated regenerative brake
scenario. The SimDriveline was configured according to
Equation 1, and to introduce some uncertainty, the backlash
was also incorporated into the reduction gear in front of the
output shaft, as illustrated in Fig. 2.

The vehicle’s weight remained constant throughout the
simulation, and two scenarios were considered: one where
the vehicle’s initial speed was fixed and the other where it
was randomly set between 30 and 70 km/h. The backlash gap
aq is set as 0.1rad, and as is set as 0.3rad. Assuming that

the starting point of backlash can be accurately measured
using an observer based on previous studies. Even though
the control is in the angle domain, the input is constant,
requiring input of the same magnitude during the backlash
period. The simulation used a learning gain /3 of 2, and the
terminal reference was set to -0.2.

Scenario 1

— — —Scenario 2
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Iteration number

Fig. 3. Terminal error along the iteration axis (Scenario 1 & 2)
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Fig. 4. Speed difference (Scenario 1)

Fig. 3 demonstrates the convergence of the error to zero
with an increasing number of iterations. However, for sce-
nario 2, it is observed that the error bound is more significant
than 1, which can be attributed to the more considerable
value of D,,4, in (22) resulting from the difference in initial
velocities and immense value of W,,,4;.

The speed difference results are presented in Figs. 4 and 6,
where the line color darkens with an increase in the number
of iterations. It can be observed that scenario 2 converges
to a broader range compared to scenario 1, similar to Fig.
3. The figures in Figs. 5 and 7 illustrate the results for
the control input and backlash section. As the number of
iterations increases, it converges to a specific control input,
and it can be observed that the duration of the backlash
section increases with a more extensive control input. This



Torque -4 0.55
— — — Backlash period
_ N N jJo05
NN TNt N =~/
10.45
E 104
2 2
0 1035 2
g =
° {03
10.25
10.2
10.15
14 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 01
0 5 10 15 20 25 30 35 40 45 50
Iteration number
Fig. 5. Input and backlash period along the iteration axis (Scenario 1)
06
04
02r
Y
O -
Y
-06
-0.8 1
a4+
1.2
14 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ |
2 22 24 26 28 3 32 34 36 38 4

Time(s)

Fig. 6. Speed difference (Scenario 2)

is because using a smaller input value takes longer to reach
the opposite side of the backlash.

In summary, the simulation results confirmed the proposed
method converged effectively to the terminal target reference.
Furthermore, it was observed that there was no significant
difference in convergence even when the initial velocity was
varied.

V. CONCLUSION

This paper presents a terminal iterative learning control
(TILC) method for regenerative braking systems with back-
lash. The proposed ILC operates in the angle domain, and
its convergence has been mathematically proved. Simulation
results show that the proposed method can precisely control
the regenerative braking system, even when two backlashes
are present in the powertrain. The method is effective for
both constant and random initial velocities. The results
demonstrate the effectiveness of the proposed ILC method
for controlling regenerative braking systems with backlash in
the angle domain. The current study focused on a constant
terminal reference, and further development is required to
apply the proposed method when the terminal reference
changes in each iteration. Additionally, it would be valuable

Torque
— — — Backlash period

Torque (N/m)
o
w
(3]
Time (s)

14 I I I I I I I I I 0.1
0 5 10 15 20 25 30 35 40 45 50

Iteration number

Fig. 7. Input and backlash period along the iteration axis (Scenario 2)

to extend the method to demonstrate convergence in various
scenarios and situations. Future research can focus on these
aspects to further improve the effectiveness and applicability
of the proposed method.
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