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ABSTRACT For enhancement of the drivability and lifetime of the components, reduction in vehicle
driveline oscillations has been addressed by advanced active control algorithms. However, most of the
existing works involve subjective determination of their critical controller parameters, imposing heavy
adjustment tasks on designers. This research presents an efficient tuning algorithm of the model-based
driveline vibration controller that explicitly considers the adverse influences due to nonlinear backlash.
First, a driveline dynamics model with a dead-zone effect of backlash is established. A dynamic output
feedback H2 controller is designed as a baseline controller to attenuate the low-frequency resonance of
a driveline. A simple control mode switching algorithm is combined with the controller to deal with
the backlash nonlinearity. The optimal values of their important design parameters included in the active
control system are automatically searched by a computationally efficient algorithm, i.e., the simultaneous
perturbation stochastic approximation (SPSA). The proposed active oscillation controller tuned by the
SPSA is validated via several simulation tests. The robustness is evaluated for various patterns of driveline
dynamics fluctuations such as the model parameters, the length of backlash, and the driving conditions.
Moreover, the proposed controller is compared to traditional active controllers including a proportional-
integral-differential (PID) controller tuned by the Ziegler-Nichols method. As a result, the improvement
of the vibration suppression performance as well as its robustness originating from the compensation for
backlash is revealed.

INDEX TERMS Active vibration control, drivetrain, efficient optimization, nonlinear backlash, robustness
evaluation, simultaneous perturbation stochastic approximation.

I. INTRODUCTION
With the recent trend toward downsizing, weight reduction,
and high performance in mechanical and automotive sys-
tems, the importance of vibration suppression technology has
become more pronounced [1], [2]. There are two basic cate-
gories of vibration suppression: passive control [3], [4] and
active control [5], [6]. In particular, active vibration control
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has been widely investigated because of their high attenuation
ability [7], [8].
Vibration suppression is also one of the indispensable key

technologies for automotive powertrains [9], [10]. When an
abrupt change occurs in a driving torque, transient vibrations
are caused in an automotive driveline, significantly providing
adverse influences for the comfortability and lifetime of the
parts. Active vibration suppression has been known to be one
of the powerful countermeasures because it allows for higher
attenuation effects based on advanced control technolo-
gies. For example, a disturbance rejection approach with an
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adaptive disturbance observer (ADO) [11], an adaptive active
control [12], and a model reference adaptive linear quadratic
tracking (ALQT) controller have been implemented to effec-
tively reduce vehicle oscillations [13]. Recently, the devel-
opment of controllers with network communication-induced
delay compensation has facilitated implementation inmodern
vehicles [14], [15].

The above control approaches neglect the nonlinear
backlash, which results in the growth of the oscillation
amplitude [16], [17], caused within a gear of driveline.
The backlash makes a driveline mechanism discontinuously
change between two dynamics: ‘‘contact mode’’ where the
mechanical connection is established through the driveline
and ‘‘backlash mode’’ where the motor and wheel sides are
decoupled because of the clearance crossing. Such nonlinear-
ity forces us to tackle a challenging situation with difficulty
in the design of a more complicated active control struc-
ture [16], [17], [18], [19], [20], [21]. Specifically, advanced
control schemes are required. Switching control strategies
according to the two modes are promising [18], [19]. In [16]
and [18], a clunk controller based on a soft landing refer-
ence governor was proposed to reduce the impact due to
backlash. In [20], backlash was addressed in a flatness-based
feedforward control logic. This was combined with a propor-
tional feedback controller to actively damp driveline oscil-
lations. Another study has used a control-oriented model
and an extended state observer [21]. In [17], a control
mode switching algorithm was applied to a model-based
driveline oscillation controller. This algorithm is aimed at
effectively reducing the shock after backlash traversal is
finished.

Moreover, some driveline oscillation controllers consider-
ing backlash have been reported such as a robust disturbance
observer-based approach [22] and applications of sliding
mode control techniques [23], [24]. One of the most reason-
able concepts is switching of the control strategies accord-
ing to contact or backlash mode. Such examples include a
linear-quadratic regulator (LQR) and a proportional-integral-
differential (PID) controller [25].
Nevertheless, there remain issues in most of the conven-

tional works:
• The above previous studies do not provide an efficient
tuning scheme of multiple design parameters required
for driveline oscillation control considering backlash.
The automatic optimization process has the benefits of
decreasing the designer’s subjective tasks and improve-
ment of the attenuation.

• A strategy to compensate for backlash needs to be sim-
pler with fewer online calculation requirements.

As is generally known, the application of optimiza-
tion algorithms efficiently generates the appropriate solu-
tion to feedback control problems [26], [27]. Some works
have reported the idea that formulates powertrain dynamics
controls as optimization problems [28]. Their applications
include fuzzy logic-based gear shifting and engine opera-
tion controllers refined with an Interactive Adaptive-Weight

Genetic Algorithm [29], [30]. Those papers have implied the
importance of iterative offline simulations with powertrain
models and the necessity of introducing efficient optimization
algorithms.

Among active oscillation reduction techniques for a drive-
line, optimization problems introduced to compromise with
some competing requirements can be found. For example,
a model-based torque shaping controller was proposed to
reduce the induced impact when a clunk occurs in backlash
while enabling a smooth response during crossing in back-
lash [16]. Another study found that the genetic algorithm
(GA) can give the optimal weighting coefficients required
to design an LQR vibration controller [31]. Recently, the
application of Bayesian optimization was reported to be use-
ful [32]. Many works have employed a model predictive
control (MPC)-based approach [33], [34], [35] because of
its attractiveness of being able to determine optimal control
commands online while explicitly handling limitations.

Nevertheless, there are still residual problems in the above
existing studies, such as neglecting backlash nonlinearity,
the absence of auto-tuning of important controller parame-
ters (e.g., contact mode controller) by efficient optimization
algorithms, and the necessity of online high computational
tasks. Moreover, a simpler backlash compensation strategy is
required to be combined with the optimization.

To tackle these issues, this paper presents an efficient tun-
ing algorithm of a model-based driveline vibration controller
considering the nonlinearity of backlash based on SPSA. This
is an improved work of our previous studies [17], [36] in
which the critical control parameters were subjectively set via
the designer’s trial-and-error adjustments. According to the
contact and backlash modes, the backlash compensation is
constructed to be a simple control mode switching algorithm
combined with a single model-based H2 controller. The
proposed algorithm is aimed at sufficiently suppressing the
low-frequency resonance of a driveline while alleviating the
impact caused during the backlash mode. The critical control
parameters, which are required for both the active damping
and the backlash compensation, are automatically determined
based on SPSA, focusing on its computational efficiency.
SPSA [37], [38] is an optimization algorithm, which can
be classified as the stochastic approximation method. The
algorithm stochastically approximates the gradient of a loss
function (objective function) to be minimized based on the
simultaneous perturbation vector. Specifically, at each iter-
ation, the gradient is stochastically estimated by providing
simultaneous random perturbations for all design variables
together. A remarkable advantage of SPSA is its superior
computational efficiency. This is because loss function calcu-
lations are necessary to be performed only twice to estimate
the gradient at each iteration, and it is independent of the
dimension of optimization problems. Based on SPSA, this
study designs the oscillation controller for the contact mode
and the soft-landing compensator for the backlash mode.
All the critical tuning parameters for the contact and back-
lash mode controls are stored in a vector updated by SPSA.
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Therefore, both the contact and backlash mode controls can
be optimized based on the simultaneous perturbation tech-
nique at once. The proposed scheme can automatically tune
the driveline control system, leading to a decrease in adjust-
ments depending on the designer’s trial-and-error tasks.

The contributions of this paper are summarized below.
(C1). An efficient tuning scheme of an activeH2 oscillation

controller with compensation for backlash is presented. In the
present method, the simultaneous perturbation stochastic
approximation (SPSA) automatically searches for the opti-
mal controller parameters to decrease trial-and-error tasks
imposed on designers. To the best of our knowledge, this
work shows the first application of SPSA for driveline active
oscillation suppression.

(C2). The nonlinear backlash is explicitly addressed by the
simpler mode switching algorithm with less online calcula-
tion loads.

(C3). The active controller designed by the proposed
method is tested via simulations based on a driveline dynam-
ics model. The robustness is analyzed for various fluctuation
patterns of driveline dynamics such as the plant parameters,
the amount of backlash, and the driving conditions.Moreover,
comparison studies with other traditional controllers such as
a proportional-integral-differential (PID) controller tuned by
the Ziegler-Nichols method are conducted in detail.

II. DRIVELINE DYNAMICS WITH NONLINEAR BACKLASH
EFFECTS
A. DRIVELINE MODEL
Originating from our previous works [17], [39], Fig. 1(a)
shows the driveline dynamical model that has been estab-
lished as a simplification of an actual automobile driveline.
This model is aimed at focusing on the transient oscillations
due to an abrupt driving force change and nonlinear backlash.

TABLE 1. Parameters of drivetrain model.

The model parameters are listed in Table 1. The influence
due to backlash is contained in the form of a discontinuous
dead-zone region. More detailed explanations of this model
can be founded in [17] and [40].

Fig. 1(b) represents the two modes of driveline dynamics.
The contact mode allows for the coupling of the driven side
ME and the output side MB (i.e., actuator and vehicle body).

FIGURE 1. Driveline dynamics: (a) simplified model (b) contact and
backlash modes.

In the backlashmode, they are forced to be decoupled because
of clearance traversal.

B. MODELING FOR OSCILLATION CONTROL DESIGN
To design a baseline oscillation controller, the linearized
model should be firstly derived from the driveline dynamics
including nonlinearities such as the backlash. The previous
studies have established the time-varying linear state equation
of the plant model [17], [36]:

Ẋd = AdXd + Bd1wd + Bd2u (1)

yd = CdXd + Dd1wd + Dd2u (2)

Each coefficient matrix is given as (3), shown at the bottom
of the next page.

Xd =
[
XB xG XE ẊB ẋG ẊE

]T (4)

u is the control input, and wd is the disturbance including
force due to the backlash. The parameter Sw plays a role in
expressing the dead-zone effect of backlash. Eq. (5) shows
the switching rule [41], [42]. |δ| is the dead zone width and
F is the force by the stiffness KG. For deriving a baseline
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controller, Sw is set to be 1.0.

F = Sw · KG · 1X + OKG

= Sw · KG · (XE − xG) + OKG

Sw =


1, XE − xG > |δ|

1, XE − xG < − |δ|

0, |XE − xG| ≤ |δ| ,

OKG =


− |KG × |δ|| , XE − xG > |δ|

|KG × |δ|| , XE − xG < − |δ|

0, |XE − xG| ≤ |δ|

(5)

The time-varying linear state equation of the plant model
with the backlash and other nonlinear characteristics is also
described in [17].

III. ACTIVE OSCILLATION SUPPRESSION WITH
COMPENSATION FOR BACKLASH
The configuration of the proposed active control is demon-
strated in Fig. 2. This system deals with both the contact mode
and the backlash mode.

A. H2 OUTPUT FEEDBACK VIBRATION CONTROLLER
To explicitly evaluate the transient responses of a vehicle
body, the baseline controller is designed as an output feed-
back H2 control [43], [44]. In the block diagram shown in
Fig. 3(a) that is used to derive the controller, the H2 norm
∥Tzw(s)∥22 of the transfer function Tzw(s) from the exter-
nal input w to the controlled variables z =

[
zy zu

]T is
minimized. The expanded plant G(s), which includes the
controlled object Pc(s), a high pass filter WHighpass, and a
low pass filter WLowpass, is constructed to limit the effective
controlled frequency band of the vehicle body vibration to a
low-frequency band [17], [36]. The design is performed based
on MATLAB’s ‘‘Control System Toolbox’’ and ‘‘Robust
Control Toolbox’’.
Qi and Ri are important weighting constants that need to

be tuned carefully. i indicates the number of iterations for

FIGURE 2. Active vibration suppression for contact mode and backlash
mode.

the later offline optimization. zy and zu are amplifications
of the vehicle vibration yG and the control input uG from
the expanded plant by Qi and Ri, respectively, as shown
below:

zy =
√
Qi · yG (6)

zu =
√
Ri · uG (7)

According to Eqs. (6) and (7), selection of Qi and Ri affects
the oscillation performance level. Similar discussions are also
found in [31] and [36]. If more aggressive vibration suppres-
sions are required, Qi should be adjusted to a larger value.
On the other hand, larger values of Ri give energy-saving
control and put emphasis on robust stability. They have
been manually and subjectively determined in our previous
works [36].

Ad =



0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

−
(KD + KC )

MB

KD
MB

0 −
(CD + CC )

MB

CD
MB

0

KD
mG

−
(SwKG + KD)

mG

SwKG

mG

CD
mG

−
(SwCG + CD)

mG

SwCG
mG

0
SwKG
ME

−
SwKG
ME

0
SwCG
ME

−
(SwCG + Ccl)

ME



Bd1 =

 0 0 0 0
1
mG

−
1
ME

0 0 0
1
MB

0 0


T

, Bd2 =

[
0 0 0 0 0

1
ME

]T
, Cd =

[
1 0 0 0 0 0

]
Dd1 = 0, Dd2 = 0 (3)
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FIGURE 3. Active oscillation control system: (a) block diagram used to
design a H2 controller (b) mode switching algorithm.

B. MODE SWITCHING ALGORITHM TO ADDRESS
NONLINEAR BACKLASH
To suppress the influences on the vehicle body due to
backlash, the switching algorithm of the control modes
shown in Fig. 3(b) is combined with the H2 oscillation con-
troller [17], [24]. The backlash mode control is aimed at
allowing backlash to be quickly crossed from negative contact
towards positive contact while alleviating the impact when
the backlash crossing finishes via soft landing.

In the contact mode, the discretized state equation
(AKi,BKi,CKi,DKi) of the H2 controller is normally per-
formed as indicated in Eqs. (8)-(10).

In the backlash mode control indicated in Eqs. (11)-(15),
the reference signal R(k) commanded to the H2 controller is
switched to a key compensation reference RBLi . This value
plays a role in making the controller generate a moderate
control input to allow the backlash to be speedily traversed
while making a soft landing when it finishes. Simultaneously,
anti-windup, which temporarily stops updating the state vec-
tor XK (k) of (AKi,BKi,CKi,DKi), is applied to prevent the
accumulation of the control errors induced by a dead-zone

effect of the backlash. z−1 in Eq. (13) shows an one-control
cycle delay operator to perform the anti-windup. Conse-
quently, unnecessary large control inputs in the backlash
mode are suppressed, helping the realization of a soft landing.
More details on this compensation strategy are shown in [17]
and [36].

Both the contact and backlashmode controls are performed
based on the same single H2 controller. Thanks to this simple
structure, the design of multiple different controllers dedi-
cated to handling the mode switching is unnecessary.
(Contact Mode Control):

E (k) = R (k) − XB (k) (8)

XK (k + 1) = AKiXK (k) + BKiE (k) (9)

UCO (k) = CKiXK (k) + DKiE (k) + KCR(k) (10)

(Backlash Mode Control):

EBL (k) = RBLi (k) − XB (k) = RBLi − XB(k) (11)

XAW (k + 1) = AKiXK (k) + BKiEBL(k) (12)

XAW (k) = z−1 [XAW (k + 1)] (XAW (k) = XK (k))

(13)

XK (k + 1) = XAW (k)

(Substitute XAW (k) for XK (k + 1)) (14)

UBL (k) = CKiXK (k) + DKiEBL (k) + KCRBLi (15)

For estimating the moment at which the backlash is fin-
ished to be crossed, a pulse-shaped steep value of a vehicle
jerk, which originated from the time derivative of the vehicle
acceleration discontinuously changed, is utilized. A threshold
condition is established as below:

|Jerk(k)| ≥ Threshold (16)

Note that the soft-landing reference RBLi is key to the suc-
cess of the above compensation. While overly large values of
RBLi fail to make a soft landing, miniscule values of RBLi lead
to deteriorated responsiveness. Finding a reasonable value for
RBLi has been challenging and burdensome, imposing manual
trial-and-error tasks on designers [17], [36].

IV. EFFICIENT TUNING SCHEME FOR ACTIVE
OSCILLATION CONTROL CONSIDERING BACKLASH
A. SPSA
Focusing on its computational efficiency, the SPSA is used
in the proposed tuning scheme. L(θ ) is a positive scalar loss
function to be minimized and θ ∈ Rp is a design variable for
L(θ ). The θ update of the SPSA is shown in Eq. (17) [37].
The index i means the ith iteration. Here, ĝi(θi) ∈ Rp is a
stochastic estimate of g(θ ) = ∇L(θ ) = ∂L/∂θ , the gradient
of L(θ ). 1i ∈ Rp shows a random perturbation vector. ĝi,m
is the mth element of ĝi and 1i,m is that of 1i. 1i,m is
independent and symmetrically distributed about 0 with finite
inverse moments E[

∣∣∣1−1
i,m

∣∣∣] for all i,m [37], [38]. A Bernoulli
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distribution is often employed as 1i [45].

θi+1 = θi − aiĝi(θi) (17)

ĝi,m(θi) =
L (θi + ci1i) − L(θi − ci1i)

2ci1i,m
(18)

1i =
[
1i,1 1i,2 · · · 1i,p

]T (19)

The gains ai and ci are set to meet Eqs. (20)–(23) [37].
Equations (24) and (25) indicate typical selections of ai and
ci [37], [38], where a, A, c, α, and γ show positive constants.

ai > 0, ci > 0 (20)

lim
i→∞

ai → 0, lim
i→∞

ci → 0 (21)

∞∑
i=1

ai = ∞ (22)

∞∑
i=1

a2i
c2i

< ∞ (23)

ai =
a

(A+ i)α
(24)

ci =
c
iγ

(25)

Table 2 compares some optimization techniques: Genetic
algorithm (GA) [46], Particle swarm optimization (PSO) [47]
and SPSA [37], [38], which are frequently applied to tune
parameters of feedback control systems. This table summa-
rizes the basic concepts and features of each algorithm [48]
and contributes to highlight the difference of SPSA with
respect to other optimization techniques.

Compared to other optimization techniques, a remarkable
feature of SPSA is its superior computational efficiency.
Equation (18) means that loss function calculations are nec-
essary to be performed only twice to construct ĝi, and it is
independent of the dimension p of the design variable θi [37].
Obtaining loss function values requires significant computa-
tional costs in practical optimization applications [49], [50].
Consequently, the SPSA, which requires few loss function
computations at each iteration, is highly efficient, especially
in multi-variable optimizations. The efficiency of SPSA has
promoted its applications to various complicated engineering
problems [50], [51], [52], [53], [54]. To the best of our
knowledge, this research is the first example that SPSA is
combined with an active oscillation controller for a driveline
with backlash.

B. TUNING ALGORITHM BASED ON SPSA
The proposed tuning algorithm for the active driveline oscil-
lation controller considering backlash is shown in Fig. 4.

Hereafter, the parameters updated by SPSA in Eq. (17)
are called the design variables (θi ∈ Rp). Parameters for
control system design are called tuning parameters. J (θi)

indicates a positive scalar value loss function to measure
the controller’s attenuation performance. SPSA eventually
outputs the θi value that minimizes J (θi). Cend ∈ N is the
maximum number of iterations.

TABLE 2. Representative optimization algorithms.

FIGURE 4. Pseudo code of the tuning algorithm based on SPSA.

The proposed method can automatically tune the oscilla-
tion controller, leading to a decrease in adjustments depend-
ing on the designer’s trial-and-error tasks. The contact and
backlash mode controls can be simultaneously optimized.
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All the critical tuning parameters, Qi, Ri, and RBLi , for the
contact and backlashmode controls are stored in the vector θi.
Equations (26)-(28) express Qi, Ri, and RBLi by the design
variable θi.

Qi =
∣∣θi,1∣∣Q0 (26)

Ri =
∣∣θi,2∣∣R0 (27)

RBLi =
∣∣θi,3∣∣RBL0 (28)

θi,m shows the mth element of θi. Q0, R0, and RBL0 are the
initial values. θi is a three-dimensional vector. Those initial
values were set as Q0 = 1.0, R0 = 1.0, and RBL0 = 1.0.

Equation (29) shows the loss function J (θi) to be mini-
mized as below:

J (θi) = Ji =
1
N

{
Sy

(
N∑
k=1

ỹ2i,k

)
+ Su

(
N∑
k=1

u2i,k

)}
(29)

Here, ỹi,k shows the control error between the vehi-
cle vibration and an ideal reference signal at the
kth sampling point at the ith iteration. ui,k shows the control
input at the kth sampling point at the ith iteration. N shows
the number of sampling points. Sy and Su show scaling factors
on ỹi,k and ui,k , respectively. This work sets those initial
conditions as Sy = 103 and Su = 1 by considering the scale
difference between the first and second terms in Eq. (29).
J (θi) is the sum of the mean square of the control error
and that of the control input that originated from the active
controller designed based on θi.

C. OPTIMIZATION SETTINGS
Table 3 indicates the settings for the SPSA shown in
Eqs. (17)–(25). According to the guideline on the imple-
mentation of the SPSA [45], the settings in Table 3 can be
determined.

TABLE 3. Setting for the SPSA employed in this study.

D. OPTIMIZATION RESULTS
Fig. 5 shows the tuning results given by the above approach.
The iteration histories of each tuning parameter are shown in
Figs. 5(a)-(c). Fig. 5(d) shows the iteration history of tuning
of J (θi).

In Fig. 5(d), the initial value of J (θi), which is tremen-
dously large, is finally decreased to a relatively small value

FIGURE 5. Tuning history: (a) Qi (b) Ri (c) RBL
i (d) loss function J(θi ).

TABLE 4. Tuning result of the active oscillation control system (the mean
of 5 trials).

after the tuning process, meaning successful optimization of
the active damping system. These tuning results are quantita-
tively summarized in Table 4. The large difference between
the initial J0 and tuned J100 values of the loss function is
regarded as improved oscillation control performance.

V. SIMULATION VERIFICATIONS
A. SIMULATION CONDITIONS
The active oscillation controllers are validated via simulations
with abrupt transient input changes.
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FIGURE 6. Simulink configuration used for simulation tests.

The verifications were performed based on MATLAB/
Simulink. Fig. 6 indicates the configuration of the
closed-loop system described by the Simulink diagram used
for testing the proposed oscillation controller. The sampling
time is set to be 2.0 × 10−5 s in all of the simulation tests.

The simulations involve some comparisons to other design
approaches. One is an SPSA-based tuned H2 controller with-
out backlash compensation. Another is a control system
shown in Fig. 2, but whose parameters were manually deter-
mined. In the latter one, we use an insufficiently adjusted
value for RBLi .

B. SIMULATION RESULTS AND DISCUSSION
Fig. 7 shows the test result (‘‘Case No. 0’’). This case in
Fig. 7 is defined as the simulation verification for the driveline

FIGURE 7. Time responses of the vehicle oscillation and the control input
(Case No. 0).

system without any fluctuations in the model parameters: the
verification for the nominal plant is called ‘‘Case No. 0’’
hereafter. The purpose of considering this condition is to
firstly validate the basic damping performance owing to the
proposed approach. The time responses of the vehicle oscilla-
tions and the control inputs are shown in the upper and lower
graphs, respectively.

As can be seen in Fig. 7, the good transient response perfor-
mance is provided by the proposed method. Compared to the
cyan (open loop response without controls), blue (insufficient
manual tuning), and green (no compensations for backlash)
lines, the vehicle oscillations after 2.0 s are sufficiently
reduced in the red line (proposed method). We can see the
importance of addressing backlash effects from the large
overshoot indicated by the green line. Moreover, a compar-
ison to the blue line tells us the necessity of proper control
parameter tunings, especially for RBLi .
Table 5 lists the 2-norm of the control error between the

ideal response (black line) and each oscillation to quanti-
tatively compare the results shown in Fig. 7. Note that the
proposed approach realizes the smallest value. This result
illustrates the effectiveness of the SPSA-based tuning design.

TABLE 5. 2-norm computed for each oscillation response in fig. 7
(case No. 0).

The 2-norm by the proposed method is decreased by
67.9203%, 39.5197%, and 69.5913% compared to ‘‘Insuf-
ficient manually tuned’’, ‘‘No compensation’’, and ‘‘Open
loop’’, respectively.

The above control performance originates from the auto-
matic controller tuning based on SPSA. The approach is
aimed at reducing the designer’s burden and costs due to
trial-and-error-based manual tunings for designing driveline
vibration controllers. This study focuses on automating the
controller design process with an algorithm that is as simple
and computationally efficient as possible. Therefore, SPSA
was employed because it is the simple and efficient algorithm
in terms of computational amount. Regarding the compu-
tational efficiency, SPSA is superior to other optimization
algorithms, as described in section IV. This is because it
has been theoretically shown that loss function calculations
are necessary to be performed only twice at each itera-
tion [37], [38], unlike other algorithms with a large number
of the calculations.

In terms of the resultant control performance, however,
comparative investigations with the application of other opti-
mization techniques may need to be considered to pursue the
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best vibration performance. This comparison will be included
in our future works of this research.

C. TEST OF THE ROBUSTNESS AGAINST PLANT
PARAMETER UNCERTAINTIES
This sub-section investigates the robustness of the controller
against fluctuations in the plant parameters. Table 6 shows
the two patterns of the specific fluctuations introduced in this
research.

Figs. 8 and 9 show the simulation results with the plant
parameter fluctuations ‘‘Case No. 1’’ and ‘‘Case No. 2’’,
respectively. Specifically, these cases are defined as the ver-
ifications for the driveline dynamics with the fluctuations
±10% in each parameter and ±30% in the backlash, which
are indicated in Table 6. Through simulations using such
perturbed plant models, we aim to verify the robustness of
the proposed control system.

TABLE 6. Fluctuation in plant model parameters.

In both Figs. 8 and 9, the best damping performance
is seen in the red line compared to the other lines. Even
though the modeling errors in Table 6 are included in the
plant model, the proposed method maintains good transient
responses, implying its robustness. These results can be quan-
titatively evaluated by comparing the 2-norm values shown
in Tables 7 and 8.

TABLE 7. 2-norm computed for each oscillation response in fig. 8
(case No. 1).

The combination of the errors in backlash length and
the other parameter fluctuations has serious effects on the
degradation of the oscillations, as indicated by the blue and
green lines. Considering what is different between the pro-
posed method and the other controllers, we can conclude

FIGURE 8. Simulation result with plant parameter fluctuations
(Case No. 1).

FIGURE 9. Simulation result with plant parameter fluctuations
(Case No. 2).

TABLE 8. 2-norm computed for each oscillation response in fig. 9
(case No. 2).

that the robustness is originating from the mode-switching-
based compensation mechanism with the properly tuned
parameters.
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FIGURE 10. Simulation result with the changed driving condition
(Case No. 3).

TABLE 9. 2-norm computed for each oscillation response in fig. 10
(case No. 3).

D. TEST OF THE ROBUSTNESS AGAINST CHANGES OF
DRIVING CONDITIONS
Fig. 10 shows another test result. This case is called ‘‘Case
No. 3’’, which is defined as the verification when the
driving condition is changed, unlike that in Fig. 7. Specifi-
cally, compared with that in Fig. 7, another ideal response
(i.e., step reference signal) indicated by the black line that
rises to a larger value is newly validated, and its rise time
is also changed to 1.0 s. The purpose of considering Case
No. 3 is to confirm the applicability of the proposed controller
to different driving conditions.

Even though the driving condition (i.e., reference signal
value) is changed, the red line demonstrates that the proposed
method greatly suppresses the oscillations after 1.0 s, making
the vehicle body response close to the reference signal (ideal
response) shown by the black line. The comparison of the
2-norm values is given in Table 9. The larger value of ‘‘No
compensation’’ than those in Tables 5, 7, and 8 can be trans-
lated into a more prominent influence of backlash increased
by a greater driving condition. Therefore, it is considered that
the robustness of the proposed method seen in Fig. 10 and
Table 9 is provided by the SPSA-based optimized backlash
compensation.

E. COMPARISON WITH TRADITIONAL TUNING METHOD
In order to further verify the proposed method’s applicability
to a driveline with nonlinear backlash, another traditional
tuning approach is introduced just for comparison with the
proposed approach. It is a PID oscillation controller tuned
by the Ziegler-Nichols (Z-N) method, which is well-known
to be effective [55]. This comparison test is called Case
No. 4. That is, Case No. 4 is defined as the verification to
compare the proposed SPSA-based active controller and the
Z-N method-based PID controller. Firstly, the PID control
is simply applied to a driveline without backlash to tune it
via the Z-N method. After that, the proposed system and the
PID controller are validated for the driveline with backlash to
compare their oscillation suppressions. One of the purposes
of investigating Case No. 4 is to further verify the effect of
compensation for backlash due to the proposed method by
comparing the absence of it (i.e., Z-N-based PID control).
In addition, Case No. 4 is aimed at confirming the necessity
of simultaneous optimizations for the contact and backlash
mode controllers.

Unlike the proposed strategy in this study, the PID con-
troller tuned by the Z-N method, which is a traditional
approach, cannot include a backlash compensation (i.e., soft-
landing compensator). It is because, in general, the Z-N
method can tune only the PID controller applied to the contact
mode of a driveline model without backlash. In other words,
there is no tuning policy of the Z-N method for the case
involving both the contact mode and the backlash mode.
Hence, the Z-N method has no tuning guidelines to achieve
the soft-landing purpose. Consequently, in this study, the
PID controller was designed by applying the Z-N method
for a driveline model without backlash (i.e., only the contact
mode).

One of the main goals of this study is to clearly evaluate
the compensation effect for backlash owing to the proposed
vibration control system. This can be assessed by setting
the presence or absence of a compensation mechanism for
the control systems under consideration. In the comparative
evaluation, a PID controller tuned by the Z-N method is
suitable for comparison. This is because the Z-N method-
based PID controller, although simple and practical, does
not include compensation for backlash, as described above.
Therefore, such a method to compare is appropriate to eval-
uate the difference between the proposed method, which can
automatically tune backlash compensation and vibration con-
trol simultaneously, and other control methods. From another
viewpoint, Z-N method-based tuned PID control is the most
common approach, which is widely used in industry. Hence,
it is suitable for comparison in terms of demonstrating the
practicality of the proposed control method.

Fig. 11(a) shows the time response of the vehicle oscilla-
tion when the PID controller is applied to a driveline without
backlash. Because the controlled plant (i.e., driveline) does
not include nonlinear backlash, the yellow line shows that
the PID controller designed by the Z-N method can achieve
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FIGURE 11. Control results of the vehicle oscillations: (a) the time
response of the vehicle oscillation with application of the PID controller
tuned by the Ziegler-Nichols method to a driveline without backlash (b)
the time responses of the vehicle oscillation obtained by applying each
control system to a driveline with nonlinear backlash (Case No. 4). The
responses by the proposed method and the Z-N-based PID controller are
shown in the red and yellow lines, respectively.

TABLE 10. 2-norm computed for each oscillation response in fig. 11
(case No. 4).

excellent oscillation control performance. The vehicle body
response almost agrees with the ideal response indicated by
the black line. In the yellow line in Fig. 11(a), which shows
the control result for the drivelinemodel without backlash, the
PID controller has very little overshoot and no excessive gain.
This means that the Z-Nmethod is effective if the system does
not include backlash.

However, such high control performance cannot be
obtained by the above traditional PID controller when a
driveline is subjected to the effects of nonlinear backlash.
Fig. 11(b) shows the oscillation control result for the driveline
with backlash. Each color line has the same meaning as that
shown above. The oscillation shown by the yellow line is
hardly reduced meaning that the same PID controller as that
in Fig. 11(a) is no longer effective at all due to backlash,
whereas the oscillation indicated by the red line is greatly
reduced despite the presence of backlash.

The reason why the PID controller has the poor perfor-
mance with large gain and overshoot in Fig. 11(b) is that it

TABLE 11. Summary of decreasing (improvement) rates in 2-norm by the
proposed method (cases No. 0 and No. 4).

does not include any compensation mechanisms for backlash.
Therefore, when just the PID controller is applied, the control
errors are accumulated in the controller and the unneces-
sary (excessive) large control inputs are calculated due to
the dead-zone effect of backlash, resulting in generation of
the shock and intensive oscillation. On the other hand, the
proposed approach has the backlash compensation, leading
to the sufficient oscillation suppression indicated by the red
line in Fig. 11(b). Consequently, the red line in Fig. 11(b)
proves the applicability of the SPSA-based tuned active oscil-
lation controller. The 2-norm value by each control method is
also summarized in Table 10. The 2-norm by the proposed
method is decreased by 84.0145%, 60.4236%, 85.9063%,
and 78.3816% compared to ‘‘Insufficient manually tuned’’,
‘‘No compensation’’, ‘‘PID control tuned by Z-N’’, and
‘‘Open loop’’, respectively.

For the representative verifications, which are Figs. 7
and 11(b), Table 11 summarizes the main results with the
improvement rates by the proposed method. In Table 11,
decreasing rates in 2-norm by the proposed method against
other control systems are indicated.

The limitation of this research is the absence of experimen-
tal verifications as well as the necessity of the application to
more realistic driveline models. These works will be included
in our future research.

VI. CONCLUSION
With the aim at ensuring the comfortability and durability of
a vehicle, this research presented the SPSA-based efficient
tuning scheme of the active driveline oscillation controller
considering backlash nonlinearity. The present methodology
reduces low-resonant frequency oscillations induced in a
driveline by the H2 output feedback controller while mit-
igating the impact due to the nonlinearity of backlash by
the simple control mode-switching-based compensation. The
SPSA automatically searches for the optimal values of the
tuning parameters required for the realization of the backlash
compensation as well as the design of the H2 controller. The
resultant active control system was validated via several sim-
ulation tests that employ the nonlinear driveline oscillation
model with backlash. Detailed comparative investigations
with other traditional methods such as the PID controller
tuned by the Ziegler-Nichols method were conducted. As a
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result, the highest oscillation control performance by the
proposed method was quantitatively observed, meaning the
effectiveness of the SPSA-based tuning design.

The future tasks of this research include experimental
verifications using an actual test device. Additionally, one
of the future directions of this research will be dedicated
to comparative investigations with the application of other
optimization techniques.
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