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Chapter 1

Introduction

A simplified model of the AR-CVT would be a convenient tool in commercial de-
signing processes. Especially a geometry and load dependent model such as pre-
sented in this report adds some interesting benefits to the design process. The
model can be used as a standard for future design of an AR-CVT for any set of
requirements giving the advantage of not having to go through the entire develop-
ment process again.

Important for current and future design processes is gaining a good insight
in the working principle of the AR-CVT. The model derived in this report provides
the insight required for optimal design of the AR-CVT.

An analysis of the AR-CVT is also important for predicting the specifications
of the actuation system.

First the geometry of the AR-CVT is analysed as well as the forces and power
required to actuate the AR-CVT. Hereby a simplified, geometry dependent model
is derived and analysed to show the influence of several geometrical properties of
the AR-CVT. Accordingly the results are evaluated for a European Transient Cycle,
which contains data concerning a commercial vehicle during a city cycle. Subse-
quently the parameters are changed to analyse their influence on for instance the
actuation power and an optimal configuration is presented. Finally several con-
structive alternatives for the actuation system are discussed.

Since an extensive analysis of the axial movable pulley and the passive con-
trol by a torque sensor in being executed parallel to this analysis, this report focuses
mainly on modeling and analysing the radial pulley and its active electromechani-
cal actuation.
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Chapter 2

Introduction to the CS-PTO and AR-CVT concepts

A CS-PTO is a Constant Speed Power Take-Off used mostly on commercial vehi-
cles to drive auxiliaries. Energy efficient use of auxiliaries often demands a con-
stant power supply while the engine speed goes through its entire range. A CS-
PTO provides this constant output speed to drive for instance a cooling generator.
The current CS-PTO uses an electromechanically actuated Continuously Variable
Transmission or CVT to deliver a constant output speed for varying input speeds.
The CVT has two axially moving pulleys, one actively controlled with an electric
motor, the other passively controlled with a torque sensor. The current CS-PTO
is limited in the amount of transmittable power, about 15 kW. In the near future
however the power demand increases to 30 kW.

The main limitation of the current system is the use of a dry hybrid pull
belt, incapable of transmitting the increased power and torque. Also the actuation
will demand too much power for increasing output demands and another prob-
lem of the current system is the self-locking actuation. The latter could cause large
problems. For instance if the engine speed is low and the actuation would fail the
CVT would remain at the same transmission ratio. Now if the engine speed is in-
creased this causes a cooling generator on the output shaft of the CS-PTO to rev
up accordingly, which might, due to far too high rotational speeds, have destruc-
tive consequences for the generator. This is of course a situation to be avoided.
Another problem is the principle of actuating a rotating pulley in axial direction
since there is always a contact surface between the actuation and the pulley which
causes high friction or unstable connections, for systems with higher output de-
mands this problem is only becoming larger.

The AR-CVT concept is a possible solution for the problems that will occur
with the current CS-PTO. AR-CVT stands for Axial Radial-CVT which refers to the
moving directions of the two pulleys. In contradiction to the current system, only
one pulley moves in axial direction and it is passively controlled by a torque sen-
sor. The other pulley is mounted on a lever and is electromechanically actuated in
radial direction. The pivoting point of the lever is the ingoing shaft of the CS-PTO,
meaning the ingoing shaft remains fixed while the radial pulley is free to trans-
late on an circular trajectory around the ingoing shaft. In Figure 2.1 the working
principle of the AR-CVT is shown.
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Chapter 2. Introduction to the CS-PTO and AR-CVT concepts

Figure 2.1: The AR-CVT for maximal (a) and minimal (b) transmission ratio (outgoing
speed/ingoing speed)

The first problem with the current system is avoided by using a Van Doorne
push belt, capable of transmitting far higher torque and power than a dry hybrid
pull belt. Secondly the power required for actuation is to remain, at the most, equal
to the current requirements to make the system commercially and technically in-
teresting. Furthermore the problem of a self-locking system is taken into account
in designing the actuation and finally the constructional problem of actively con-
trolling a rotating pulley in axial direction is solved by actuating the pulley in radial
direction from solid ground.
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Chapter 3

Modeling the AR-CVT

3.1 Geometry

The dimensions of the AR-CVT are partially obtained from earlier research con-
ducted by Jos den Ouden [1]. In fact by these prescribed geometrical properties,
all system parameters are indirectly determined. The geometry and power analysis
show that the geometry and position of the components are all a function of the
ratio of the transmission, which in its turn is determined by merely the ingoing
speed, or engine speed, because the outgoing speed should be constant at 3000
RPM.

In Figure 3.1 the AR-CVT is schematically represented. The right pulley has
two pulley flanges moving axially and by doing so the radius on this pulley R,
varies. This pulley is referred to as the axial pulley. The left pulley translates in
radial direction resulting in a change in the center distance a;, and is referred
to as the radial pulley. For low engine speeds the transmission ratio r, defined
as outgoing speed/ingoing speed, is maximal, the radius R, is minimal and the
center distance a;, maximal (solid). For high engine speeds the ratio is minimal,
R, maximal and a;, minimal (dashed). These two extreme situations are shown in
Figure 3.1, in reality the position of the radial pulley differs, since the trajectory of
the pulley is circular around the ingoing shaft and not linear as could be interpreted
from the Figure. The center distance a;, however is the same. R, and a;, are only

Figure 3.1: Simplified overview of the AR-CVT
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Chapter 3. Modeling the AR-CVT

dependent on each other, since all other parameters are prescribed by geometrical
boundaries such as the fixed belt length and radius R,. A relation between R,
and ay, can be derived, and in addition their time derivatives. The relation between
R, and ay, is used to determine the forces acting on the radial pulley at a certain
transmission ratio r and thus at certain R, and a;. The time derivatives of R,
and ay, are used to analyse the power that is required to actuate the radial pulley
sufficiently fast.

The center distance between the two pulleys a;, can be written as a function
of the geometry of the belt transmission [2]:

ap = L — Rrﬁ'r' - Ra (27T B Br) (31)
2sin (%)

Where L is the length of the Van Doorne push belt, R, the fixed radius of the radial
pulley, R, the variable radius of the axial pulley, 3, the angle of wrap on the radial
pulley and (27 — 3,) the angle of wrap on the axial pulley. The angle of wrap on
the radial pulley can be written as [2]:

B, =2cos ! (Ra — Rr) (3-2)
ap
Replacing (3.2) in (3.1) results in a relation where a; and R, are the only variables:

B L — 2R, cos™! (Raa;hﬂﬁ> — 2R, (7r — cos ™! (M))

ap
ap =

(3-3)
2
9. /1 (Ra;%Rr)

Note that aj, is not an explicit function of R,. This equation cannot be solved analyt-
ically, so solutions for ay, are found by implementing the equation in MATLAB and
using a zero finder for certain values of R,, where the values of R, are obtained
from the research of Jos den Ouden [1] and shown in Table[3.1. For the entire range
of R,, aj, can now be determined since a certain engine speed, requires a certain
transmission ratio to keep the outgoing speed at 3000 RPM, indicating a certain
R, since R, is fixed. The extreme values of a;, are presented in Table 3.1

To determine the velocity of the radial pulley, needed for power calculations,
the time derivative of ay, is to be calculated. The time derivative of a;, equals the
velocity of the radial pulley along the center line of the two pulleys v,,, where a
positive velocity indicates an increase of ay,. Since ay, itself is not a function of time
but there does exist time dependency of R,, the partial time derivative of ay, is

written as:
dap, OR,

" 6R, ot
Here merely the partial derivative day, /0 R, is evaluated. The time derivative of R,

is discussed in Chapter 4/since additional data concerning the rate of change of the
engine speed is needed. Again it is very difficult to analytically determine day, /dR,,

(3-4)

Qap
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Chapter 3. Modeling the AR-CVT

so to find a solution, first the relation between a;, and R, is approximated using a
fitter in MATLAB. The fitter uses a polynomial relation:

ap = po + p1Ra + paR2 (3-5)

This second order fit results in a maximal approximate error in ay, of 4 - 1074 m.
Considering aj, to be of order 10~! m this is sufficiently accurate to describe the
relation between ay, and R,,. It is now fairly simple to determine da, /6 R,,.

5ah
R,

=p1+2p2R, (3.6)

The results for both a;, and day/dR, are plotted in Figure 3.2, where the upper
graph shows the calculated values of a;, and the lower graph shows the approxi-
mated values of day, /0 R,

Ra,,., = 30-1073 [m]
R, =101-1073 [m]
an,,;, =151-1073 [m]

ah,ye =279 - 1073 [m]
R, = 30-1073[m]

Table 3.1: Basic dimensions of the AR-CVT
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Figure 3.2: Values of aj and day /dR, for the entire range of R,
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Chapter 3. Modeling the AR-CVT

3.2 Forces

In this section a simplified model is obtained for the forces that act on the com-
ponents of the AR-CVT. The starting point hereby is the assumed constant load
torque at the outgoing shaft. This load causes the passive controller - i.e. a torque
sensor in the axial pulley - to generate a clamping force on the two pulley flanges.
The push belt is squeezed and, due to the wedge angle of the pulley flanges, pushed
out of the pulley. Because the radial pulley is held in a fixed position, this generates
tension forces in the push belt. In other words one can say that the clamping force
is transferred to the radial pulley through the tension forces in the belt. Secondly
the load torque is transferred to the push belt by friction between the belt and the
pulley flanges and subsequently the torque is transmitted to the radial pulley by
compression forces in the push belt. To calculate the forces in the belt we make
some assumptions:

e all load torque is transferred by the compression forces in the belt which are
linearly built up along the angle of wrap by tangential friction.

o the tension forces in both the compressed and the slack part of the push belt
are assumed equal for the friction between the belt bands and belt segments
is neglected.

e the clamping force in the axial pulley is distributed uniformly along the angle
of wrap.

o the tangential components of the friction force, responsible for torque trans-
fer, between the push belt and the pulley flanges is distributed uniformly
along the angles of wrap on both the radial and the axial pulley.

e the radial component of the friction between the pulley flanges and the push
belt is neglected, for it is very small compared to the tangential component
of friction.

o furthermore losses in and between the belt and pulleys are neglected.

e Also centrifugal forces on the push belt are neglected.

Considering the uniform distribution of the friction and clamping forces
first the forces on a single belt element are discussed. Force equilibriums on the
axial pulley and the belt are used to determine the forces on the radial pulley. As
mentioned the load torque is assumed to be constant, in table 3.2/ values are given
for the demands as they currently exist for the output of the AR-CVT.

T, = 96 [Nm] Maximal Load Torque
P,= 30 [kW] Maximal Output power
w, =3000 [Rpm] Maximal Output angular speed

Table 3.2: Output requirements of the AR-CVT

Geometry Dependent Model and Analysis of the AR-CVT Actuation 9



Chapter 3. Modeling the AR-CVT

3.2.1 Forces on the push belt

The forces acting on a single segment are shown Figure 3.3 which, because of sym-
metry, shows only half a single segment. As mentioned above the tension forces in
the belt are caused by the clamping force Fi4,), in the axial pulley, subsequently
causing a radial force F, .4 distributed along the angle of wrap. Considering the
symmetry of the segments we can write for the forces on a single segment in ra-
dial direction:

dFyqq = 2 tan(@)ch (37)

Where 6 is the pulley wedge angle and dF. is the axial clamping force per unit of
angular width. Note that dW,.,4 is neglected since it is assumed to be very small in
comparison to the radial force on each component dF,,; and the friction in tan-
gential direction dW,, [3]. Since the friction between the belt segment and bands
is neglected, the internal belt forces are of no interest. The only forces of interest
are then the normal and tangential friction forces dN and dF, (i.c.w. neglecting
the radial friction dW,,4) . Thus the contribution of @ and @ + dQ to dF,.q is
neglected. dF,,q determines dN preventing the belt being pushed out of the pul-
ley. The tension forces Fs, and Fj, then transmit the forces to the other pulley
resulting in a horizontal force Fj,,, on the radial pulley (Figure 3.4).

—
dfn Bands dN
| A
! dFrad ——
-— : 4 » e
dFe | \@ Q™ QrdQ
| "dWrad dWtan
—/8

Figure 3.3: Forces per unit angular width, front view (left) and side view (right)

Since the total clamping force is assumed to be distributed uniformly over
the angle of wrap, the clamping force per unit of angular width dF, can be deter-
mined by dividing Fijq.,, over the angle of wrap on the axial pulley (27 — f3,.). The
angular width of a segment is assumed to be de. The clamping force per segment
is then written as:

F, clamp
dF, = ———d 8
c (271’ - 67”) € (3 )
To evaluate the total of radial forces that cause the tension forces Fy, and
F,, the effective angle of wrap on the axial pulley is introduced. In Figure 3.4 one
can see that in the shaded area on the pulley, between 3, and (27 — (3, ), the radial

Geometry Dependent Model and Analysis of the AR-CVT Actuation 10



Chapter 3. Modeling the AR-CVT

forces counter act one another. One might say that the forces in this area are not
‘effective’ implying that the effective angle of wrap on the axial pulley equals ;.

Fst

Fst

Feo

Figure 3.4: Forces on the push belt caused by the load and output torque resulting in equilibrium
forces For and Fyert on the radial pulley

The 'vertical’ components of the radial forces counter act each other not only
outside the effective angle of wrap, in fact they do so over the entire angle of wrap.
So the focus is merely on the horizontal parts of dF, 4. From Figure 3.4/ it can be
seen that for the "horizontal’ components can be written:

dFrad,,, = dFqqcos(e)
= 2tan(0)dF. cos(e) (3-9)

Fo
= 2tan(0)——"2_ cos(e)de
O g0«
Where the "horizontal’ is the center line between the two pulleys. The total hor-
izontal force Fqq,, . on the belt resulting from the axial clamping force is now
obtained by integrating 3.9 over the effective angle of wrap:

1
Y Frad = 2/2ﬂr 2tan(0)M cos(€)de
hor 0 (27T _ ﬂ’,‘)

(3.10)

FC am, .
= 4 tan(@)ﬁ sm(%ﬂr)

Furthermore in the side view in Figure 3.3, @) and @ + dQ are the compres-
sion forces between successive segments and dWy,,, is the tangential component
of friction between a segment and the pulley, while dW},,, equals the compression
force between segments d() since ¢ is small. Due to uniformly distributed axial
clamping force, the transmitted torque is assumed to build up linearly along the

Geometry Dependent Model and Analysis of the AR-CVT Actuation 11



Chapter 3. Modeling the AR-CVT

angle of wrap. We can write d@ as a function of the total compression force () and
per unit of angular width. Note that d@ is evaluated over the part of the belt on
the radial pulley instead of the axial pulley since it is the forces on the radial pulley
we are interested in. For the increase in compression force per segment along the
angle of wrap d( can be written:

Q
dQ = 3, de (3.11)
Where @ is the total uniformly distributed compression force easily determined
from the load torque by Q = T,/R,. Considering a uniform distribution of the
tangential friction components, the "horizontal’ parts of dW},, = dQ counter act
each other. So concentrating on the vertical parts of d@Q) we integrate (3.11) over the
angle of wrap on the radial pulley:

dQvert = dQCOS(E)

dQUCTt = /[?COS( )d

(3.12)
YdQuert = / e COb

= 2E(sm( 5,)—1)

From Figure 3.4/it can be seen that there are two forces required two obtain
force equilibrium on the push belt. A horizontal force F},, resulting from the
clamping force on the axial pulley transmitted to the push belt by ¥ F,..q,  and
through the push belt by Fs; and Fs. A vertical component F,; resulting from
the load torque on the radial pulley transmitted to the push belt by dW;,,, = dQ
and through the push belt by Q:

. Fclamp .1
FhOT = 4tan(9)m Sln(iﬂr)

(3-13)

Foery = 2§(Sln( /67‘)_ )

3.2.2 Forces on the radial pulley

Now two of the three main forces on the radial pulley are known. From Figure 3.5
it can be seen that the third major force on the radial pulley is the input torque.
This torque is transmitted to the radial pulley by a spur gear mounted to the radial
pulley shaft. The force that is caused by this this is determined by R; the radius of
the spur gear. The input torque always works tangential to the actuation arm, while
the angle of F},,, and F,.,+ with the actuation arm changes when the radial pulley

Geometry Dependent Model and Analysis of the AR-CVT Actuation 12



Chapter 3. Modeling the AR-CVT

pivots. Furthermore it can be seen from equation (3.13) that the magnitudes of F},,,
and F¢,; are dependent on the angle of wrap on the radial pulley 3, and therefore
determined by a;, and R,. Two forces keep the radial pulley in place: a reaction
force Fjeyer in the direction of the arm and the actuation force F,.; tangential to
the arm. F,; is the most relevant for it is the amount of force required to hold
and actuate the radial pulley while Fj.,e, is compensated by the stiffness of the
actuation arm and bearing.

Spur gear Radial pulley

A
. Oh"

Frert Radial pulley

Redial pulley shaft

Actuation arm

= Input shaft

Figure 3.5: A schematic view of the radial pulley/spur gear/actuation arm for clockwise rotation of
the radial pulley

To determine F,.; an insight in the angles that the forces Fj,, and Fyept
make with the arm is required. In Figure 3.5 one can see that there is one angle
of importance, the angle between Fj,, and the pulley heart line: a. This angle
changes when the radial pulley moves along its trajectory and, since it is deter-
mined by the geometry the can be expressed in a;, and R,.

Figure 3.6: Schematic overview of the dimension of the AR-CVT

In Figure (3.0) one can see a schematic overview of the geometry of the AR-
CVT. RS is the radial pulley shaft, OS the axial pulley or output shaft and IS the
input shaft. Furthermore L, is the length of the actuation arm, a;, the pulley
center distance and a,.; the distance between the axial pulley shaft and the input
shaft. The cosine rule is used to express « as a function of the geometry:

1
a?zct = CL% + Lgrm — 2ap Lgrm cos (277 - a) (314)

Geometry Dependent Model and Analysis of the AR-CVT Actuation 13



Chapter 3. Modeling the AR-CVT

Since cos (27 — a) = sin(«) equation (3.14) can be rewritten as:

afwt = a% + Lgrm — 2ap Larm sin («) (3-15)

From which « can be isolated:

2 _ 2 2
. (a—act® —ay, — Ly, 6
o = sin ( “SanLor ) (3.10)

Since Fleyer is supported by the arm itself, only F,; is of interest. Force equilib-
rium around the radial pulley center gives for the actuation force:

T;
Foet = cos(a) Fror — - + sin(a) Fyert (3-17)
The torque that is required to hold and move the radial pulley can be calculated
from:

Tact = FactLarm (318)

Feert Radial pulley

Radial pulley shaft

Actuation arm

“— Input shaft

]

Figure 3.7: A schematic view of the radial pulley/spur gear/actuation arm for counter clockwise
rotation of the radial pulley

Furthermore the direction of rotation of the AR-CVT has a significant in-
fluence on the required actuation force. In Figure 3.5 the forces were shown for
clockwise rotation of the radial pulley. In Figure 3.7 the forces are shown for coun-
terclockwise rotation. When switching the direction of rotation the direction of the
input torque is mirrored with respect to the longitudinal of the actuation arm and
the direction of the vertical force is mirrored with respect to the pulley center line.
Equation (3.17) describes the forces for clockwise rotation of the radial pulley. For
counterclockwise rotation of the radial pulley (3.17) becomes:

T; .
Fact = COS(O&)F}wr + TZ - Sln(a)FUETt (319)

(2

Equations (3.17) and (3.19) describe the dependency of the forces on the ratio
r,via R,, and the geometry, via Ly, and a,q¢. The optimization of these parame-
ters is discussed in Chapter[5. To show the variation of the forces over the range of
R, some dimensional assumptions are made. These are shown in Table 3.3.

Geometry Dependent Model and Analysis of the AR-CVT Actuation 14



Chapter 3. Modeling the AR-CVT

0 = 11 [Degrees] Halfaxial pulley wedge angle
Faamp= 20 [kN] Maximal Clamping force
R, = 30 [mm] Radius at which the ingoing torque acts
Lgrm =100 [mm] Length of the actuation arm
aget =200 [mm] Input/output shaft distance

Table 3.3: Parameters of the AR-CVT used to calculated the forces on the pulleys and the required
actuation torque

In Figure 3.8/ the actuation force is shown for both rotational directions. Note
that the contribution to F,.; of the vertical force, sin(a)F,er, becomes negative
about halfway the trajectory of the radial pulley. This is due to the fact that there
is a switch between supporting and counteracting the actuation force F,.; halfway
the trajectory.

8000

7000} -

6000 - F
cos(a) hor
5000 - g
m\mw 00 00 DD

4000 -
F_: clockwise
act

‘ Fact: counterclockwise 1

@e

=
8 3000f
o
5 e
20001 o
&
o
10004°
o |
H *|
-1000} sin(a)*F 1
2000 ‘ ‘ ‘ ‘ ‘ ‘ ‘
003 004 005 006 007 008 009 01

Radius of the axial pulley [m]

Figure 3.8: Force components tangent to the actuation arm and required actuation force Fo.; for
both rotational directions

3.3 Power

The required power to actuate the radial pulley is now determined rather easily. It
is obvious that the actuation power can be written as:

Pact = Factvact (3'2'0)

Where v is the component of the pulley velocity tangential to the actuation arm.
For v, we write:
ap

cos(a) (-21)

Vact =
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Chapter 3. Modeling the AR-CVT

So for clockwise rotation we write:

T . a
P = (cos(a)Fhor — T—ZZ + s1n(a)va> K?a) (3.22)

and for counterclockwise rotation:

B I an
Pact - (Cos(a)Fhor + . - Sln(a)Fvert> COS(O&) (32'3)

Values for P, are presented in Chapter|4 since at this stage the required shift rate,
which determines a,, is not known.

3.4 Model validation

Earlier research conducted by Bas Vroemen on conventional CVT’s resulted in a
complex static model. A horizontal force is obtained from these calculations which
corresponds to Fj,, used in this model:

Fhory, =6.1-10° +1.3- 10" R, (3.24)

As can be seen from Figure 3.9 Fj,o,,, is significantly higher than Fj,,.

8000

7000 a

6000 - = a

Force [N]
<

500086 65 05 o - | : : : : 1
4000 : : Tﬁm\\m\ i
3000 3
2000 i

1000 - a

0 1 1 1 1 1 1 1
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Radius of the axial pulley [m]

Figure 3.9: Comparison between Fj,o., and the corresponding force from a complex model
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Chapter 3. Modeling the AR-CVT

The figure above indicates that some of the made assumptions are not justi-
fied. Herein the assumptions of homogenous distribution of the clamping and fric-
tion forces are the most probable cause for the difference in the obtained results.
In the model of Bas Vroemen complex integrals are used to calculate the build-up
of torque along the angle of wrap, where in the simplified model this build-up is
assumed to be linear. Also the parts of the angle of wrap where torque and friction
forces are build up don’t agree with the assumptions made. Furthermore the strict
separation between the friction that causes the compression force @), used only to
calculate F+ and the clamping force, used to calculate F},,, causes deviations.
The build-up of the compression along the angle of wrap may well contribute to the
radial force on each segment, and thus to F},,, and the non-linear build-up of the
clamping force along the angle of wrap may well cause the belt tension in the slack
and compressed part to deviate, thus contributing to F¢,¢. Also the assumption of
linear build-up of compression forces causes deviations. The assumptions neglects
the presence of a so called idle arc which in reality has a fairly large contribution
to the distribution of torque build-up aling the angle of wrap [3].

However, the direction of the horizontal force in the complex model differs
barely from the direction of Fj,, in the simplified model. The direction of Fj,, is
assumed to be on the center line of the pulleys and Fj,,,, deviates no more than
three degrees from this center line for all transmission ratios. Furthermore from
Figure 3.8 it can be seen that the contribution of the vertical force component F,c,¢
to the actuation force F, is small. Obviously the ingoing torque is equal in both
models. The remaining calculations in this report are made with an adjusted F},,,
based on Vroemen’s model resulting in the forces shown in Figure 3.10.
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Figure 3.10: Forces on the radial pulley adjusted for Vroemen’s model
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Chapter 4

AR-CVT on a European Transient Cycle

Considering the fact that the AR-CVT will be used to drive refrigerant devices on
commercial vehicles, it is assumable that the AR-CVT is applied mainly in city
environments. A European Transient Cycle (ETC) is used to analyse a commercial
vehicle engine speed on a ten minute city tour. From the engine speed change
rate the required shift rate R, can be determined, which is subsequently used to
determine the required actuation power.

The ETC has a duration of 600 seconds. Every second a data point is recorded
containing the engine speed which is evaluated to obtain the change rate of the en-
gine speed. Since for every value of the engine speed a particular ratio is required
to maintain a constant output speed, the ratio r can be determined for all 600
seconds. Accordingly the time derivative of R,, i.e. the required shift rate R,, is
incrementally (At = 1) determined (note that for an accurate determination of the
shift rate, the sample frequency should be much higher than 1 Hz):

_ dR, R,

5 n Ran—l
R =5

= S e (4.1)

t=n

According to equations (3.4), (3.22) and (3.23) the shift rate is used to deter-
mine the required actuation power. In Figure 4.1/the time derivative of R, is shown
for the entire ETC. Note that for the same radius R, different shift rates can occur.
Most of the time the shift rate is of small magnitude and most shifting during a
city tour occurs at radii between 60- 1072 m and 80 - 10~3 m. Within this range also
occur the highest shift rates of about 35 - 1073 m/s. Considering a radius range of
about 70 - 1073 m the entire ratio range is reached in 2 seconds.

Using the same assumed values for L, and a4 as in section [3.2.2| the
required actuation power is evaluated for an ETC. Here the forces are used as
calculated in Chapter 3, thus Figure /4.2 gives an impression of the distribution of
the actuation power. Again it can be seen that most of the time the radial pulley is
nearly static in one position.
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Chapter 4. AR-CVT on a European Transient Cycle

Shift rate [m/s]

Furthermore power is calculated for clockwise rotation of the radial pulley.
Negative values of the power, due to negative velocities, are neglected. The actu-
ation requires power only for holding the radial pulley in place and upshifting
(increasing r, decreasing R,, increasing ay). Downshifting is achieved by merely
releasing the actuation arm and thus requires no power. Note that for this system
upshifting occurs at decreasing engine speed i.e. the transmission ratio r decreases
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Figure 4.1: Shift rates, R,, on an ETC
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Figure 4.2: Required actuation power during an ETC
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Chapter 5

Geometrical Optimization

From Chapter 3/it follows that the magnitudes of the forces are determined by the
geometrical properties of the AR-CVT. Here an analysis is made of the influence
of those properties on the forces. An optimum is sought for the one combination
of dimensions that results in the lowest actuation power and torque. In addition
to the geometrical dependency of the forces the direction of rotation is of great
influence on the magnitude of the forces for certain pulley positions. Therefore
first a choice is made between the two directions of rotation.

5.1 Direction of rotation

Actually only one argument is decisive in this matter. From Figures3.5and 3.7 one
can see that the ingoing torque 7; can either support or counteract the actuation
force (this holds for both the simplified and Vroemen’s model). To keep the actua-
tion force as low as possible we choose the direction of rotation to be clockwise for
it results in a lower actuation force.

5.2 Geometrical configuration

To find an optimum configuration of geometrical properties, three dimensions are
varied, namely the length of the actuation arm L, the distance between the
actuation shaft and the outgoing shaft a,. and the radius of the gear transmitting
the ingoing torque to the radial pulley R;. Where Ly, and a; are only possible
in certain combinations. They determine one another because of the fixed belt
length and pulley radii (or radius range), R; can be chosen within a certain range
independent of the two former. First we look at Ly, and age;.
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Chapter 5. Geometrical Optimization

The evaluated geometrical configurations are shown in Figure 5.1. One can
see that for very large a,., the limiting factor is the length of the arm which has
to have a certain minimal length to let the radial pulley pivot from maximal ay,
to minimal a,. For smaller a,. the push belt of the AR-CVT becomes a critical
factor because insufficient arm length will cause the input shaft to collide with the
belt. The numbers in the figure indicate the position of the actuation shaft and the
corresponding trajectory of the radial pulley shaft.

Figure 5.1: Different geometrical configurations

The positions shown in Figure 5.1 are chosen to be of practical value, consid-
ering the final outside dimensions of the AR-CVT, and the requirement that the
trajectory of the radial pulley includes maximal and minimal a;. In other words,
for each evaluated ..+ the arm length is minimized. For each position the actua-
tion torque is calculated. These torques are shown in Figure 5.2, In addition each
configuration the maximal required actuation power is calculated and shown in
Figure[5.3. In these calculations R; is assumed equal to the radial pulley radius R,.
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Chapter 5. Geometrical Optimization

Looking at Figures [5.2) and [5.3/ one can see that configuration number 3 re-
sults in the lowest actuation torque. The lowest actuation power, although the dif-
ferences are fairly small, occurs in configuration 1, while the torque is very large
due to a long actuation arm. Considering the practical use of the AR-CVT the po-
sition of the input shaft is designed as close to configuration 3 as possible. This
configuration results in the smallest dimensions and the required actuation power
is very acceptable.

Now looking at the third variable R; and considering equation (3.17) we can
easily that R; is to be chosen as small as possible to minimize F,.; for clockwise
rotation. Several values of R; are evaluated where the maximal value for R; is con-
sidered to be half the arm length. A gear larger then half the arm length R; would
result in a transmission ratio larger than one between the ingoing shaft and the
radial pulley shaft, which is not desirable. From gear calculations follows that the
minimal value of R; lies at about 28 mm since, considering the forces on the gear,
a smaller gear would result in possible failure. The influence of varying r; on the
required actuation power however is fairly small.

Research by Jos d. Ouden [1] shows that a pre-reduction of 6 is required to
give the radial pulley the right rotational speed. This means that R; can be chosen
freely to obtain the right transmission ratio in combination with a certain belt
transmission connecting to either the flywheel of the crankshaft of the engine,
resulting in a total pre-reduction of 6. Also different belt transmission ratios can
be corrected by choosing r; properly.

In Table 5.1 the optimized dimensions are presented, where R; is chosen
just as large as the radial pulley. Furthermore the dimensions are an indication
for the actual design dimensions since there are still some unknown factors in
the design, such as the diameter of the input shaft and consequently the required
distance between the input shaft and the push belt.

R; = 30 [mm] Radius atwhich the ingoing torque acts
Lorm = 100 [mm] Length of the actuation arm
Gqet = 240 [mm]  Arm pivot—axial pulley shaft distance
Toet = 560 [Nm]  Maximal required actuation torque
Pyt = 350 [W] Maximal required actuation power
Weet =0.64 [rad/s] Maximal required angular shifting velocity

Table 5.1: Indications for optimized dimensions of the AR-CVT, maximal torque and power for
these dimensions
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Chapter 6

Actuator Alternatives

The actuation of the AR-CVT is preferably electro-mechanically. Conventional CVT’s
use hydraulic pressure to realize shifting, this is however a complex system us-
ing rotating seals, hydraulic manifold and valves and an external hydraulic pump.
Electromechanical actuation is cheaper and much easier to produce and on top
of that easier to control. In this chapter several alternative actuation systems, all
using an electric motor to actuate, are analysed and compared. Important in this
comparison is the safety feature which makes sure that if the actuation fails the
AR-CVT automatically shifts down due to the forces in the belt and on the pulleys.
This means that the actuation is preferably non-self-locking. Furthermore the al-
ternatives are compared with respect to the supplied actuation power and torque,
the hold torque they can generate without overheating or failing, the shift rate they
can achieve and some constructive details. The comparison of the alternatives is
represented in Table 6.

Alternative 1: spur gear transmission connected to the actuation shaft

At first glance the most simple solution seems an electric motor in combination
with a spur gear transmission connected to the actuation shaft. Electric motors
that can deliver the required power are very commonly used and commercially
available at low cost. They can be small and operate at high velocities, guaran-
teeing sufficient shift rate. From the previous chapter emerged however, that the
maximal required actuation/hold torque is about 560 Nm. To generate torques
this large with an electric motor, without it weighing more than a few kilograms,
requires a very large transmission ratio (order » = 500) between the motor and
the actuation shaft. This requires a lot of construction space and a transmission
of this magnitude is probably self-locking. On top of that, electric motors are very
unsuited to deliver a large hold torque at very low shift rates. However if the trans-
mission is self-locking this is not a problem because the required hold torque is
then delivered by the transmission itself.
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Chapter 6. Actuator Alternatives

Alternative 2: worm gear connected to the actuation shaft

More or less the same principal as the one mentioned above is using an electric
motor in combination with a worm gear connected to the actuation shaft. It has
the same advantages as the first alternative i.e. it can deliver enough power and
shift rate and it is cheap. In addition, the worm gear system is small compared to
the first alternative, however it is per definition self-locking. This does mean it is
able to deliver sufficient hold torque.

Alternative 3: spur gear transmission indirectly connected to the actuation
shaft

A third possibility is using an electric motor in combination with a spur gear trans-
mission connected to a curved rack attached to the actuation arm at a certain dis-
tance from the actuation shaft. The electric motor generates sufficient power and
shift rate. By choosing this distance larger than the actuation arm length it is possi-
ble to decrease the actuation torque and in addition it can be decreased by choosing
the right gear transmission. However if you choose the distance between the rack
and the actuation shaft twice the arm length it still requires a very large transmis-
sion ratio and moreover it becomes a very impractical solution considering the
size and manufacturability. It might even result in a self-locking transmission and
again the electric motor is unsuited to provide a large torque at very low shift rates.

Alternative 4: lead screw fixed at an offset from the actuation shaft

A different type of electric motor can be used to actuate the arm at a certain dis-
tance from the actuation shaft. A lead screw is a device which can deliver a lot of
force in the longitudinal direction. They have small dimensions and are easy to
build in. The required power might however be a problem since either the velocity
in longitudinal direction is very low for commercially available lead screws. It is
possible to obtain lead screws with larger longitudinal velocities but this means a
decrease in axial load-taking capacity. Thus either the velocity or the force is to low.

Alternative 5: electromechanically braked actuation

Another solution for the problem of being unable to supply sufficient force at prac-
tically zero shift rates is mounting a brake to the actuation shaft. One might be able
to compensate for the large required hold torque. However from Chapter 4] it ap-
pears that on a European Transient Cycle, the shift rate is hardly ever completely
zero. Depending on the allowable margin in the shift rate, this means the brake
is hardly ever closed, rendering the alternative obsolete. However one might con-
sider a solution with a slipping brake which, due to a clever control system, does

Geometry Dependent Model and Analysis of the AR-CVT Actuation 25



Chapter 6. Actuator Alternatives

not interfere with the actuation. This is a rather complex solution considering the
required controllers, losses in due to friction and hysteresis but it is not dependent
on extra external sources. At least not an electromechanical brake, for a pneumatic
brake gives the same manufacturability problem as alternative 6. Also this alter-
native still needs a large gearing which might appear self-locking resulting in the

problem mentioned before.

Alternative Power (hold) Shift Self- Size | Cost | Manufac-
Torque | Rate | locking turabillity
Spur gear (s.g.) + - ++ - ++ 0 ++
Worm gear + ++ + —— + | ++ +
s.g. on rack + — + — - 0 0
Lead screw —— |+ ) = =)+ ++
Brake & s.g. + ++ + - 0 - 0
Table 6.1: Properties of several actuation design
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Chapter 7

Conclusions and Recommendations

A simplified model depending on geometry and based on the required outputs is
presented in this report. However the assumptions made to simplify a complex
CVT model appearers to result in significant differences in outcomes. These dif-
ferences nevertheless are found mainly in the numerical values of the calculated
variables. The principle of the model holds and the dependance on geometry and
load isn’t compromised. Because of this an analysis could be made of the AR-CVT
with the current list of demands, resulting in an overview of the specifications of
the actuation system. Also these requirements can be recalculated for every change
in the list of demands i.e. in designing future AR-CVT applications the presented
method could be used with a different list of demands.

Based on the European Transient Cycle the required actuation power has
been calculated and it doesn’t impose any insurmountable obstacles in the princi-
ple of an electronically actuated AR-CVT. The required power is about the same as
the currently required actuation power for a system with half the capacity.

A geometrical optimum has been found an it is shown that the direction of
rotation of the system is of great influence to the specifications of the actuation
system.

The design of the actual actuation requires more research. Two requirements
seem to counteract one another since there is a large hold torque required at very
low shift rates which is very difficult to achieve with electric motors if a self-locking
actuation is not preferable.

Furthermore the model itself can be expanded and made more accurate and
versatile by implementing more complex methods of calculating torque and clamp-
ing force build-up. Especially the negligence of some forces, for instance the inter-
nal belt forces, can be re-evaluated resulting in a more accurate model. Hereto
different assumptions have to be made resulting in more profound calculation
methods without losing the benefits of a simple and direct designing tool for AR-
CVT applications.
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