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Abstract— This study describes an approach to estimate the
maximum friction between the pushbelt and pulley set in
a mass-produced Continuously Variable Transmission. Up-to-
date friction knowledge is useful to accurately determine the
maximum transmittable torque and to monitor the variator
condition. Besides standard sensors, torque signals are assumed
to be available. An adaptive estimator is presented based on
the Kalman filter, which estimates friction-related parameters
to find the maximum friction. The filter requires no a priori
knowledge of the maximum friction and needs no detailed
friction model. Experiments show that this method can be used

for both an undamaged and damaged pushbelt.

Index Terms— Automotive Control, Estimation, System Iden-
tification

I. INTRODUCTION

The market for Continuously Variable Transmissions (CVTs)

is rapidly growing, especially in Asia [1]. The key compo-

nent in the CVT is the variator, which transfers torque and

varies the speed ratio. The variator consists of a metal V-belt,

i.e., pushbelt which is clamped between two pulley sets; one

on each side of the variator. Torque is transferred from the

primary pulley set via the pushbelt to the secondary pulley set

by means of friction. The amount of friction depends on the

relative velocity between the contact surfaces, as for example

characterized by a typical friction curve shown in Fig. 1. The

belt-pulley friction is a key parameter in variator control

designs to calculate the required clamping force for the

pulley sets for the desired torque transfer. Clamping forces

lower than the required minimum result in a relatively large

(i.e., macroscopic or macro) belt slip that may cause severe

damage [2], whereas higher clamping forces (over-clamping)

result in higher internal losses — thereby decreasing the

overall transmission efficiency [3]. The belt-pulley friction

is not constant; it depends on its operating conditions such

as the angular speed, torque, and speed ratio [4], but it may

also vary in time as it is influenced by temperature, wear

of the contact surfaces, and quality of the lubrication fluid,

among others [5]. In current mass-produced CVTs, the actual

friction curve is unknown, which contributes to a rather

conservative variator control design, i.e., the pulley sets are

over-clamped to avoid macro slip [6] — the transmission
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efficiency is not optimal. The following research question

arises: is it possible to estimate the belt-pulley friction in a

mass-produced CVT under driving conditions? Thereby, the

purpose is twofold:

1) improving transmission efficiency: with up-to-date

knowledge of the belt-pulley friction, the clamping

forces (and internal losses) may be reduced;

2) condition monitoring: the change in belt-pulley friction

can be used to indicate damage and wear of the CVT.
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Fig. 1. Schematic friction curves for a new and damaged friction surfaces.

A. Main contribution and outline of the paper

A small number of publications is found on friction esti-

mation in CVTs. Friction estimators described in [7]–[9]

are model-based and designed for macro slip detection, yet

not to estimate the maximum friction. This study presents a

novel method to estimate the maximum belt-pulley friction

in a mass-produced CVT, based on the Kalman filter. The

proposed method requires no a priori knowledge of the

friction curve, but uses a random-walk-like friction slope

model for the Kalman filter. The following is assumed:

1) measurements, or estimates are available for the speed,

torque1, and clamping pressure of both pulleys;

2) the belt-pulley friction estimation is not part of a

closed-loop control system, i.e., there are no require-

ments on bandwidth, or causality.

The outline is given as follows: Section II describes the

variator working principle and defines suitable measures

for slip and friction. Section III presents an estimation

algorithm, which distinguishes different regions in the

1Torque sensors are not common, mainly for reasons of cost and pack-
aging [6]. Instead, estimates can be used, e.g., based on the throttle valve
position by the Engine Control Unit, and based on vehicle acceleration by
control systems such as Anti-lock Brake System, Electronic Stability Control,
and Cooperative Adaptive Cruise Control system [10].
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friction curve in order to estimate the maximum friction.

Section IV presents experimental results for both an

undamaged and damaged pushbelt. Finally, Section V gives

conclusions and directions for future work.

II. SYSTEM DESCRIPTION

A. Variator working principle

The considered variator consists of a metal pushbelt, which

is clamped between a pulley set on each side of the variator

(cf. Fig. 3). Subscript i ∈ {p, s} denotes the primary

(i.e., driving) pulley side p and the secondary (i.e., driven)

pulley side s. Each pulley pair consists of one axially fixed

sheave and one axially moveable sheave. On each moveable

sheave, an axially pulley force Fi is generated by an oil

pressure pi, controlled by a hydraulic system. The level of

the clamping forces determines the maximum transmittable

torque, whereas the ratio of the clamping forces determines

(non-linearly) the speed ratio.
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Fig. 2. Schematic view of the pushbelt variator, with angular speeds ωi,
torques Ti, clamping forces Fi and corresponding pressures pi, i ∈ {p, s}.

The pushbelt consists of around 400 V-shaped compression

elements (i.e., segments, or blocks) that are held together

by two sets of 9 − 12 thin tension bands (i.e., rings), cf.

with Fig. 3. The amount of friction depends on the relative

velocity between each contact surface within the variator.

There exists several contact surfaces: (1) between the pulley

and the elements, (2) between the element and the bands, and

(3) between the bands [5]. For variator control purposes, the

overall friction between the pushbelt and pulley is of interest,

which can be described as a function of the overall relative

velocity (i.e., slip) of the variator.

Fig. 3. The metal V-shaped pushbelt [11].

B. Belt-pulley slip

The overall slip of the variator is defined by

σ :=
ωpRp − ωsRs

ωpRp

= 1−
rs
rg

, (1)

where ωi denotes the angular speed of pulley i and Ri

denotes the radius of the pushbelt to the pulley center. The

speed ratio is defined by rs = ωs/ωp and the geometrical

ratio is defined by rg = Rp/Rs. The geometrical ratio

is affected by the clamping force, caused by deformations

within the variator [12], and may be formulated as

rg = f(rg0, Fs). (2)

Here, the deformation function f(rg0, Fs) monotonically

increases with increasing Fs for fixed rg0, where rg0 denotes

the geometrical ratio ideally defined at zero clamping force,

i.e., rg0 = {rg|Fs = 0}. In our case, both the geometrical ra-

tio (rg) and deformation function (f(rg0, Fs)) are unknown,

but rg0 is constant and known at the kinematical boundaries

of the variator, i.e., at speed ratios low and overdrive.

Therefore, at these boundaries, slip can be approximated by

σ ≈ σ∗ := 1−
rs
rg0

, (3)

where rg0 = 0.405 for speed ratio low and rg0 = 2.25 for

speed ratio overdrive.

C. Belt-pulley friction

The overall belt-pulley friction µi of pulley i is defined by

µi :=
Ticosθ

2RiFi

, (4)

where Ti denotes the torque acting on pulley i and θ half

the pulley wedge angle (θ = 11o, [2]). In the following, the

secondary friction (µs) is considered, as this value is usually

used to determine the minimum required clamping force (Fs)

for torque transfer [13]. In practice, often an approximate is

used, i.e., µs ≈ µ∗, which relates the primary torque Tp with

the secondary clamping force Fs, such that the estimated

engine torque can be used to calculate Tp. Here, µ∗ is defined

by

µ∗ :=
Tpcosθ

2RpFs

. (5)

For fixed Tp and Rp, thus with varying Fs, (3) and (5)

describe a friction curve as schematically depicted in Fig.

4. This friction curve is dominated by variator deformation

for low µ∗ (i.e., high Fs), whereas it is dominated by macro

slip for high σ∗. The shape of this curve differs with the

curve shown in Fig. 1; this is explained with the difference

in the definitions (1) and (3). Note that for fixed Fs (i.e.,

varying Tp), the variator deformation will be constant, so

the shape of the friction curve will be similar to Fig. 1.
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Fig. 4. Schematic friction curve for varying clamping force Fs.

D. What is a suitable measure to quantify friction?

The friction will be estimated for two purposes, i.e., to

determine the maximum transmittable torque (thus maximum

friction) and to monitor the variator condition. The friction

curve is, however, subject to change due to changes in

temperature, material wear of the contact surfaces, and

quality of the lubrication fluid. Hence, a suitable measure

to quantify friction is: (i) related to the maximum friction,

and (ii) independent of the value for σ∗, as the shape of the

friction curve may change. Suitable candidates are, e.g.,

1) the maximum friction µmax;

2) the friction at minimum σ∗, denoted as µesc,

as shown in Fig. 4. The (dis-) advantages of each candidate

will be explained next. The maximum friction is defined by

µmax := maxµ∗(σ∗). (6)

This candidate estimates directly the desired quantity. The

main concern, however, is that the slip cannot be controlled

at this point (without additional sensors as in [4]) and µmax

locates on the edge of the instable slip region (cf. Fig. 4).

The friction at minimum σ∗ is defined by

µesc := µ∗(σ∗

min), (7)

σ∗

min := minσ∗(µ∗). (8)

This point coincides with the operation point of Extremum

Seeking Control (ESC), as described in, e.g., [3], [6].

ESC uses the concave shape of the friction curve around

the minimum in σ∗ (i.e., maximum in rs) to operate the

variator at µ∗ ≈ µesc. The main advantage of using µesc

is that ESC can be used to control the slip. However, the

relation between µesc and the maximum friction is not clear,

especially when the friction curve changes.

In this study, the estimation of µmax is explored using

experiments. Although the slip cannot be controlled, it

is possible to cross this region with increasing slip (by

decreasing the clamping pressure), then stop the experiment

when the slip becomes too large and estimate µmax with the

experimental data. It is sufficient to perform this experiment

occasionally, as the friction estimation is not part of a

closed-loop control system (see, assumption 2 in Section

I-A). It might be difficult to avoid macro slip, however, in

[2] and [4] the authors show that with either a relatively

low applied torque, or a relatively low slip velocity, no

damage occurs with macro slip. Then, a suitable situation

to perform an experiment would be, e.g., during coasting

down (with low torque) in front of a traffic light.

III. ESTIMATOR DESIGN

An example of a measured friction curve is shown in Fig. 5.

It can be observed that the signal-to-noise ratio is relatively

lw, especially, for low values of σ∗ (see, black line). Also,

with this experiment, the amount of slip is more than

necessary to estimate µmax. For the estimator design, three

questions arise: (1) what type of estimator is suitable?; (2)

when can the experiment be stopped?; (3) how can µmax be

estimated using the experimental data?
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Fig. 5. Measured friction curve for decreasing clamping force Fs in
overdrive. Low-pass filters with cut-off frequencies of 5 Hz (gray line) and
1 Hz (black line) are applied.

A. What type of estimator is suitable?

Many friction estimator designs are based on (detailed)

friction models, such as the black-box Bakker-Pacejka model

(magic formula) [14], [15], the dynamic LuGre model [16],

and the static Coulomb model [11]. The main advantage of

such estimators is that knowledge of the friction model is

exploited for accurate estimation. The main concern is that

in our case, the friction curve is subject to change and it is not

clear how the friction curve changes, e.g., due to wear of the

contact surfaces. Consequently, each model parameter needs

to be estimated (e.g., 6 parameters for LuGre model), thereby

increasing the complexity of the estimator. This motivates

the use of a estimator that uses no detailed friction model,

such as the Kalman Filter (KF) [17] as suggested in [18] and

[19] for tire-road friction estimation. The KF can be used to

estimate the friction slope k(t):

k(t) =
dµ∗(t)

dσ∗(t)
, (9)

which provides qualitative information of the friction curve,

at time t. The friction slope contains sufficient information

to detect the maximum friction region (i.e., k(t) = 0) and to

detect macro slip (i.e., k(t) < 0). Furthermore, k(t) can still
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be used when the friction curve changes. This makes the KF

very suitable for friction estimation.

B. When to stop the experiment?

The experiment is stopped when sufficient experimental data

is obtained for accurate estimation. Estimators that contain

(detailed) knowledge of the friction curve require less experi-

mental data, so µmax can be predicted before the experiment

has reached µmax. Then, in order to stop the experiment,

macro slip detectors can be used, e.g., as described in [7]–

[9]. Another useful measure may be the so-called slip-state

ID, based on the magnitude of the transfer function from ωp

to ωs [20]. Estimators that use no (detailed) friction model

require more experimental data for accurate estimation, so

the experiment is preferably stopped after µmax has reached.

This requires a different detector to stop the experiment, e.g.,

k(t) < ck with ck < 0 to be determined.

C. How to estimate the maximum friction?

In the following, the use of the KF is explored to estimate

the friction slope k(t). The KF design is inspired on the

adaptive tire-road friction estimator as described in [19]. The

estimated friction slope k̂(t) is used to estimate µmax and

used in a detector to stop the experiment. Two problems

are identified using k(t): (i) in the microscopic (or, micro)

slip region (i.e., before µesc), the slip σ∗ is not sufficiently

excited for accurate estimation; and (ii) the friction slope

goes to infinity around µesc, which results in numerical

issues. One way to avoid these problems is suggested as

follows: monitor a measure that indicates the slip excitation

(v(t)), and activate the KF when the slip is excited, i.e., after

point µesc, using v(t) > cv with cv > 0 to be determined.

The next algorithm is proposed:

1) start experiment by reducing the Fs; estimate the slip

excitation v(t);
2) when v(t) > cv , estimate friction slope k(t);
3) when k̂(t) < ck, stop experiment; estimate µmax from

experimental data for which |k̂(t)| < cm holds;

with cm > 0 to be determined. In the following, the

estimation in each step is described in more detail.

1) Estimate the slip variance: The variance of σ∗ over

a time interval of T time samples is a suitable measure to

indicate the slip excitation, given by

v(t) =
1

T

t
∑

τ=t−T+1

(σ∗(τ))
2
−

(

1

T

t
∑

τ=t−T+1

σ∗(τ)

)2

,

(10)

for t > T . This filter has one tuning parameter: T determines

the time constant of the estimation, i.e., a small value gives

a quick, but noisy response to changes in the slip excitation,

whereas a large value gives a slow, but smooth response. The

variance v(t) and threshold cv will be used to distinguish

measurement noise from significant changes in σ∗.

2) Estimate friction slope: The friction slope k(t) is

estimated when σ∗(t) is sufficiently excited. This is imple-

mented as follows: if v(t) > cv, the KF updates estimate

k̂(t), if not, k̂(t) is held constant. For the KF design, the

non-linear friction curve is modeled by a discrete-time linear

regression model with time-varying parameters, given by

µ∗(t) =
[

σ∗(t) 1
]

[

k(t)
µ0(t)

]

+ e(t), (11)

z(t) = H(t)x(t) + e(t). (12)

Here, µ0(t) is a (time-varying) friction offset, x(t) =
[

k(t) µ0(t)
]T

is a state vector, z = µ∗(t) is a measurement

output term, H(t) =
[

σ∗(t) 1
]

is a regression vector and

e(t) is an error term for the measurement and model errors.

The states vary like a random walk, described by

x(t+ 1) = x(t) + w(t), (13)

with variance w(t). Both e(t) and w(t) are considered as

independent white-noise processes, with zero mean and

Q(t) = E[w(t)wT (t)], (14)

R(t) = E[e(t)eT (t)], (15)

where E[y] denotes the expectation value of variable y.

With these assumptions, the KF gives the optimal (in the

minimum-variance sense) state estimates x̂(t):

Ŝ(t) = P̂ (t− 1) +Q(t− 1), (16)

K(t) = Ŝ(t)HT (t)(H(t)Ŝ(t)HT (t) +R(t))−1, (17)

x̂(t) = x̂(t− 1) +K(t)(z(t)−H(t)x̂(t− 1)), (18)

P̂ (t) = (I −K(t)H(t))Ŝ(t). (19)

Here, the gain K(t) can be interpreted as a weight for the

estimations based on model and measurement knowledge.

P̂ (t) is interpreted as the covariance matrix of the state

estimates. The following matrices are freely to choose: the

tuning matrices Q(t) and R(t), and initializations x̂(0) and

P̂ (0). The ratio ||Q(t)||/||R(t)|| may be considered as the

time constant of the estimation: a large value gives a quick,

but noisy response to changes in the states, whereas a small

value gives a slow, but smooth response. It is assumed that

no prior information is available when large state variations

are expected, so the matrices can be chosen time-invariant.

Note that the states vary dependently, but since there is no

friction model, the following is chosen:

R(t) = 1, (20)

Q(t) =

[

qk 0
0 qµ0

]

, (21)

with constants qk and qµ0
. The magnitudes of qk and qµ0

determine the time constants of each state estimate, i.e.,

k̂ and µ̂0. A smooth k̂ is desired, so qk << qµ0
. For
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well-chosen time constants, the estimates converge quickly

so that initializations x̂(0) and P̂ (0) do not influence the

experiment (if reasonably chosen). The estimated friction

slope k̂ and threshold ck will be used to stop the experiment.

3) Estimate maximum friction: µmax is estimated after

the experiment, hence a time-invariant estimator suffices.

Here, sample mean estimation is used to find µmax from

a data set µset (with length N ) for which the friction slope

approximates zero, i.e.,

µ̂max =
1

N

N
∑

n=1

µset(n), (22)

µset = {µ∗ | |k̂| < cm}. (23)

IV. EXPERIMENTS

A. Experimental setup

Experiments are performed on a test-rig as described in [21].

It consists of a variator with a speed-controlled electric ma-

chine on the input side, a torque-controlled electric machine

on the output side, and two sensors that measure torque and

speed on both sides of the variator. The clamping forces of

the variator are controlled by two pressure control valves,

supplied by an external hydraulic source. Data is sampled at

200 Hz, but a low-pass filter with a cut-off frequency of 5 Hz

is applied to signals used in the estimator. The experiments

are performed with a primary speed of ωp ≈ 105 rad/s (1000

rpm), primary torque of Tp ≈ 50 Nm, decreasing clamping

force Fs at a rate of −26 N/s, and the geometric ratio is

held in overdrive. Under these conditions, excessive slip (i.e.,

σ & 10%) causes severe damage to the belt-pulley contact

surfaces, as will be shown next. The experiments are stopped

manually, when too much slip is observed.

B. Experimental results

The estimator discussed in Section III is applied to the data

obtained with three experiments. For each experiment, the

same parameters are used, as listed in Table I.

TABLE I

ESTIMATOR PARAMETERS

parameter T qk qµ0
cv ck cm

value 1s 5 · 10−3
0.5 0.05 −1 · 10−3

1 · 10−3

First, an experiment will be discussed that has resulted in

damaged belt-pulley contact surfaces due to excessive slip.

Fig. 6 shows from top to bottom respectively, the friction

(µ∗), slip (σ∗), slip variance (v), and estimated friction slope

(k̂) as a function of time. The thresholds (ci, i ∈ {v, k,m})

are shown by the dotted gray lines, whereas the friction

estimate (µ̂max) is indicated by the solid gray line. The

following is observed: during the first 85 s the friction

steadily increases, whereas the slip remains constant — the

slip variance remains low and the friction slope estimate

remains its initial value. After 85 s, the slip starts to increase,

also observed in its variance and the KF starts to estimate

the friction slope. Around 89 s, the friction reaches its

maximum value, also observed in k̂ (k̂ ≈ 0). After 90 s, the

friction rapidly decreases, while the slip rapidly increases;

this is where the macro slip starts, and the experiment should

be stopped. This is also indicated by the negative k̂. The

corresponding friction curve is shown in Fig. 7, where the

data sets for each estimation step are indicated with different

gray tints. A low-pass filtered friction curve is shown in black

(with cut-off frequency 1 Hz). It is seen that the estimator is

able to identify the different data sets, i.e., from left to right:

(1) data with a low variance in slip (t < 85 s); (2) data

suitable to estimate k (85 s < t < 89 s); (3) data suitable to

estimate µmax (89 s < t < 90 s); and (4) macro slip (t > 90
s). The resulting estimate µ̂max = 0.105 seems a reasonable

estimate by visual inspection.
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Fig. 6. Experimental results with macro slip after 90 s.
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Fig. 7. Measured friction curve with macro slip. Data sets for each
estimation step are indicated with different gray tints. The estimated
maximum friction equals µ̂max = 0.105.
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Two other experiments are shown in Figs. 8 and 9, which are

obtained some experiments before and after this damaging

experiment, respectively. Both experiments are stopped in

time; no excessive slip occurred. Although these experiments

show less slip, the estimator distinguishes the different data

sets, necessary to estimate µmax. The estimator is able to

detect a decreased maximum friction after the damaging

experiment: from µ̂max = 0.105 to µ̂max = 0.100. Finally,

it can be seen that the shape of the friction curve indeed has

changed after damaging the belt-pulley contact surfaces.
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Fig. 8. Measured friction curve obtained some experiments before the
experiment shown in Fig. 7. The estimate equals µ̂max = 0.105.
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Fig. 9. Measured friction curve obtained some experiments after the
experiment shown in Fig. 7. The estimate equals µ̂max = 0.100.

V. CONCLUSIONS

This study has presented a algorithm to estimate the

maximum belt-pulley friction in a CVT. The algorithm

uses a Kalman filter to estimate the friction slope, which

is a useful parameter to distinguish different regions in the

friction curve. Experiments show that with this algorithm (i)

a reasonable estimate is found for the maximum friction, and

(ii) a lower maximum friction is detected after damaging the

belt-pulley contact surfaces. Topics of further research are

related to the robustness of this algorithm, e.g., the effect

of increasing measurement noise (e.g., due to damaged

belt-pulley contact surfaces) on the estimator parameters.
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