Purdue University

Purdue e-Pubs

International Compressor Engineering Conference School of Mechanical Engineering

1988

A Study on the Kinematics of a Variable
Displacement Compressor for Automotive Air
Conditioners

Kenji Tojo
Hitachi Ltd.

Kunihiko Takao
Hitachi Ltd.

Youzou Nakamura
Hitachi Ltd.

Kenichi Kawasima
Hitachi Ltd.

Yukio Takahashi
Hitachi Ltd.

Follow this and additional works at: https://docs.lib.purdue.edu/icec

Tojo, Kenji; Takao, Kunihiko; Nakamura, Youzou; Kawasima, Kenichi; and Takahashi, Yukio, "A Study on the Kinematics of a Variable
Displacement Compressor for Automotive Air Conditioners” (1988). International Compressor Engineering Conference. Paper 66S.
https://docs.lib.purdue.edu/icec/665

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html


https://docs.lib.purdue.edu?utm_source=docs.lib.purdue.edu%2Ficec%2F665&utm_medium=PDF&utm_campaign=PDFCoverPages
https://docs.lib.purdue.edu/icec?utm_source=docs.lib.purdue.edu%2Ficec%2F665&utm_medium=PDF&utm_campaign=PDFCoverPages
https://docs.lib.purdue.edu/me?utm_source=docs.lib.purdue.edu%2Ficec%2F665&utm_medium=PDF&utm_campaign=PDFCoverPages
https://docs.lib.purdue.edu/icec?utm_source=docs.lib.purdue.edu%2Ficec%2F665&utm_medium=PDF&utm_campaign=PDFCoverPages
https://engineering.purdue.edu/Herrick/Events/orderlit.html
https://engineering.purdue.edu/Herrick/Events/orderlit.html

A Study on the Kinemalics of a Variable Displacemant
Compressor for AulomoLive Ait Condilioners

Kenji Tojo, Kunihiko Takao, Youzou Nakarura
Mechanical Engineering Research Laboratory, Hitachi ILtd
Tsuchiura, Ibaraki, Japan

Kenichi Kawasima, Yukio Takahashij
Sawa Works, llitachi Ltd
Kalsuta, Ibaraki, Japan

ABSTRACT

A variable displacemenl wobble plate compressor is developed Lo meet the
demand for improvement in comforl, driveability standards and fuel econony.
The compressor changes ils displacement volume io exactly match the vehicle
air conditioning requirements, allowing smooth conlinuous operation. Variable
displacement is achieved by the kinematics of a nutating wobble plate
rotating journal, drive shaft assembly and sliding shalt sleeve

This paper 1investigates the dynamics of the variable displacement
mechanism and develops a mathematical model For evalualing stresses and
bearing Toads, and flor optimizing inertia balance. The model gives detailed
geometrical and kinematic information about Lhe behavier of each element
These results of this can be used 1o estimate the elfect of relevanl
parameters on compressor displacement contral

INTRODUCTION

With the popularization of automotive air conditioners, energy
efficiency ratio and high compressor efficiency over a wide range of driving
condition must be improved. An air conditioning system must keep a
compartment comfortable, in which an automobile operates in various weather
conditions. However, an air condilioning system inevitably rconsumes engine
output power, which reduces fuel economy and driveability, To balance the
comfortable enviromment against low fuel consumption, the concept of a
variable capacity compressor was born and such type of compressors has been
researched and developed - %) 3>,

Recently a new Lype of continuously variable displacemenl compressor has
been developed and put into conmercial production *'. The compressor has
unique displacement control mechanism, which automatically changes its
displacement volume to match the system cooling requirement. It controls the
pressure differential between Lhe crankcase pressure and the cylinder inlet
pressure and uses the piston as the actuator to nutate the wobble
plate/rotating journal

This type of variable displacement compressor gives several advantages.

1) More comfortable environment and better driveability - because the smooth,
continuous operation eliminates clutch on/off shock and outlet air
temperature fluctuation. Compressor displacement can be controlled
depending on engine outpul power

2) Lower fuel consumption - since Lhe compressor is controlled auteomatically
to exactly match the vehicle air conditioning demand

3) Higher reliability and durability - since a variable displacement
compressor mostly operates with a small displacement and low pressure
ratio. Therefore, the compressor operates al a lower rubbing speed and
avoids excessively high discharge pressure and temperature

|
This paper oullines an analytical model for evaluating the effect of
relevant parameters on the compressor displacement control. The model gives
detailed geometrical and kinematic information about the variable
displacement compression mechanism
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Fig.1 Construction of variable displacement COMpPressor

VARTABLE DISPLACEMENT MECHANISM

A cross-sectional view of the variable displacement compressor is shown
jn Fig. 1. The basic elements of the compression mechanism are the shaft-drive
plate assembly, the sliding shaft sleeve, the rotating journal and the
nutating wobble plate. The wobble plate is connected to each of the six
pistons with a double ended ball comnecting rod. The wobble plate translates
the journal motion into linear reciprocation of Lhe pistons.

Variable displacement is achieved by the kinematics of the journal,
shaft sleeve and driving plate assembly. As the mechanism destrokes, the
shaft sleeve slides up the shaft toward the cylinder head, and the journal
angle and position are controlled by the sliding joint in the contour slot
located in the drive plate. The contour and location of the slot are selected
to give a displacement range from 10 to 100% while maintaining a constant
piston head clearance at all stroke positions. Operating compressor
efficiency is therefore maintained relatively high at all displacements.

A simple model of Lhe displacement mechanism is shown in Fig. 2. Basic
forces affecting compressor displacement control are the combined force,
FFep:. acting on each piston head due to the gas compression in the cylinder,
and the combined force .ZFses: acting on Lhe back of cach piston due to the
crankcagse pressure. Variable displacement is achieved by regulating one of
these combined forces as follows:

1. Crankcase pressure control

The control valve 18 gset in the passage between the crankcase and
suction chamber. At full load, Lhe valve will maintain a bleed from the
crankcase to the suction chamber and Lhere will be no crankcase-suction
pressure differential. At partial Tload, the valve will respond in order to
pressurerize the crankcase by reslricting the passage from the crankcase to
suctjion. The valve will regulate the combined force, ZIFgei, and in turnm,
conkrol resultant moment, M,e, on the wobble plate/journal about the journal
pivot pin.

Pi

Pe

-

Fig. 2 Principle of displacement control
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2. Cylinder inlel pressure control

Thir conLrol valve 1s sel in the passage Moturen the suction chamber and
cthe eylinder inlet as shown in Fig. 1. Blesd fron the orockeass 1o the suetion
chamber is maintained at any displacement. A1 [ul1l load, the valve will open
and Lbers, will bLe ae erankesco-suchinn presar- diflerential, & partial
Toad,  the valve will respond in order to ‘o redu: Che eylinder dnlel
pressure by restricting the passage from suction chamber Lo cylindor indal
and regulale 1he combined forea, LF,, ., and in turn, control the rcsultant
nement, My, .

GROMITRICAL RELATTON

To reveal the dynamic behaviour ol Lhe variable displacement mechanism,
the equation of moticn of the piston/connccring rod assembly, wobble plals
and rolational journal must be derived. [For this purpese, the arthogonal
coordinites and vartables are defined as shown in Fig. 2 and 4. Tre Y., Y., 7.
coordindales are Tixed on (he oylinder block. The origin coincides with thoe
goutnal pivol pin 0 at full siroke, Lhe Y, axis coineides with the apposibe
center line of the wobble plate anli-rotakion mechanism and the 7, d4%is
coincides with the drive shaft center. The 4,1, 7 and X, Y, 7 coordinates are
fixed to the journal and rotate with the dJrive plate. The X, .Y..7,
coordinales are fixed Lo cack cylinder bore.

The main variable is Lhe shaft rotating angle. ¢. The center of the
wobble plate/conpneting rod joinl, Q., 10 X,,Y., % coordinates is gliven hy,

Xao1 = Rq {8in(¢'+81)cosd- cos(d '+ )cosasind } + essinasind

Yaor = Rq {sin(¢ +8)sind+ cos(d +8 ()cosacosd } - eqsinacosé

Zaor = Rq cos(p +8 1)sina+ eqcosa e e (1)
where ¢ is the rolaslional angls (o Lhe wobble plate, @ is the mutalion angle
of the wobble plate and 8, gives the angular position of cach cylinder bore
center. Since the wobble plate is prevenlod from rotating by the guidn

arrangement al the periphery of Lhe crankcase, rtotalional angle, ¢, is
defined as:

¢ = tan-'(cosptane) = ... R e (2)
The center of the piston/connecting rod joint, 0,,, is given as:
Xpo1 = Rp 8in @, , ¥por = Rp cos &
Zrer = Zaor + 1 Lp® = ((Xpot-Naot) T+ (Yro1-Yaoi)8) } O 5 cornneniiiinn.s (3)

When the fluctuation of the wobble plate/connecting rod joint in X, direction
is ignored, the piston stroke gz,,, is given as:

Zpsi = Ra(sina- sina,) teq(cosa-cosa, )+ Lo{cos @8- COS By ) ~venernnn (4)
where B = sin~! { ({(Re-(Racos @ -eqsine )) / Ly}
@o= tan~*(cos( ¢+ 8 Jtana), Bs= sin-' { ((Ro-(Rqcos & -eqsine,)) / Ly}
As the mechanism destrokes, the Jjournal anglc and shaft sleeve position

are controlled by the sliding joint to maintain a conslant, piston head
clearance. The cenler, 0. (0, YesZ), ol bhe instantaneous nutalion of the

Journal is given as:
Yo = (Rqcos@-eqsina)-( Resinateqcos a)tan 8

Ze = 7Zs = Rq(sinanax—sina)+eq(t:osam”—cosa)+Lp(cosB.u—cosB) - (5)

The Tlocalion of Lhe sliding joint, O, (0,¥a. %), in Lhe contorr slal is
obtained by

Ve = ley'cosa+les sina

Ze = Zs*lev’COSQ‘lcz‘Sina’ e e ......(6)
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EQUATION OF MOTION OF COMPRESSION MECHANISM

The modeling of the dynamics of the variable displacement compression
mechanism consists of the determination of the forces acting along with a
force balance on the each compressor element. To simplify the analitical
model, we assume that all members of the compression mechanism are solid, and
friction forces acting on the moving elements are negligible.

Piston/connecting rod

Figure 5 shows the forces acting on the piston/connecting rod assembly.
The X,,Y.,Z: coordinates are fixed to each cylinder bore. Gas force Fy,: acts
on the front of the piston due to the gas compression in the cylinder and
Fec. acts on the back of the piston due to crankcase pressure. From Lhe
equilibrium equation of the forces and moment exerted on the each element,
the resulting forces, Fp:,Fq.,and Foy having % y,and z components, are
derived.

Wobble plate

Each of the six piston/connecting rod assemblies is connected to the
wobble plate. At the connecting rod joint, the resultant forces Foxis Fayus
and F,;:; act on the wobble plate as shown in Fig.6. A ball bearing pressed
into the inside diameter of the wobble plate carries the resultant radial
force, F., and a needle bearing carries the resultant thrust load, F.,
through the wobble plate to the journal.

A unique guide arrangement prevents the wobble plate from rotating.
Point 0. shows the center of the guide/shoe arrangement. where reaction force
Fw acts on the wobble plate. From the equilibrium equation, each force acting
on the wobble plate and the coordinates of the thrust center, 0:s (lisslsyv),
are obtained.

Rotating journal
As Fig. 7 shows, the driving torque acts on the guide rib of the journal
glide joint. On the other hand, reaction force F. acts on the journmal pivot

pin at the shaft sleeve. Considering all forces acting on the rotating
journal, the equilibrium equations in the x v, and z directions are given by

Fbx‘th"Fex+ch = 0

(Foy1+Feye)-Fiy cog@+Fssina+FeyesinrtFey = 0

(Foz1+fvza)Foy sina-Focos@+Feyzcosyr=0 coreeecreroece n
where T, = mX0*, Fou = mye* .
Moreover, considering the equilibrinm of the moment about the instantaneous
nutation center, 0., y and z axis, the following cquations can be derived.

Fslsy"Fey:COSTIey"chzSi“Tlez"’F:vZJ =0

(Fozi-Foza)loa—Focos @lextFay=cos 7 lex-FoxleaRexzy = 0

FesinalextFexloptFeyesinylex =0 oerrosmereermsrosoney (8
Where v is the angle of the line O 0.in Fig. 4.

o= tan-t {(yemye)/(Zomze) b rerrrreressseeeerrieeeeeee (9)

From equations (7)~(9), the resultant forces Fey.,FexsFox FoysFuze, and Fpgz
are given by Lhe following matrix.

Fayz Fex = Fex

Fex Fiy cosa- Fesina-Foy

Fox =[A]-t |Fuy'sina+ Facose

Fuy Felay'— Fovzy

Fbzy R (10
Fbazz | Fosinalsx



fiere TAY tis Lhe inverse malreix of Lhe malrix [AT below,

0 -1 1 0 o0 0
ziny 0 0 1 o0 (I
[A)- cosy 0 0 0 1 1] eeens P (11)

-(cos7leytsinyle) 0 0 0 O 0
o057 lex “lez 0 0 Tox ~lex
$in7lex ley 070 0 0

Then Lhe driving torqua T, is then given as:
To = Foyley (12)

At full stroke, the reacting force (Fo.y+Fy2, ) on the journal pivol pin.is
positive. When Lhe reacling Force becomes negative, the mechanism reduces its
displacement unlil the react ing force becomes zero.

Computer program outline

The program requires the physical characloristics of Lhe mechanism and
the operatinog purameters as inputs.  The geomelrical properlies of the
compressiou mechanism are firsl calculated. Then, 1he cylinder prosaure and
gas forces acting on Lhe pistons ars caloulalod. Finally, [lorces arling on
each element, and Lhe shall torque are calrulated at each shalt rotalion.
After each cycle has becn completed, the crankease-cylinder inlet pressura
differenlial roquired For displacenen! contrel is determined.

RESULTS AND DTSCUSSTON

Figure 8 shows the behavicur of Lhe wohble plate for sanple variable
displacement comprossor characterized “n Table 1. As Lhe wobble plate is
prevented from rotating by the guide/shoe arrangement al 1he periphery on tLhe
Y., 7% plane, the center of the wobble plate/connecting rod joint Lraces an
c¢lliptical orbll. on the X, Y, plane Lwice in every shafll roltation. The
fluctnation caused by the wobbling motion of Lhe Joint maximizes the
amplitude at the chosen angular position of x/2.

The forces acting on Lhe piston are shown in Fig 8. The solid Tine shows
the net gas force and Lhe dotied line stiows reacling force in the X, and Y.
directions. As a result of the elliptical wobbling mobtion of the wobble
plate, the reaction farce aclLs on Lhe piston not only in the Y. direction,
but also in the X, direction, during the latter half of the compression
process of each cylinder.

The thrusL cenLer, 0;,, on the rotaling journal is shown in Fig 10. The
point Ofs slightly changos its position six Limes while the shaft rotates
once. For stable operalion of Ll wobble plals,

R, 2 /1, + 1,7 (13)

is necessary, where R, is Lhe center radius of thrust bearing.

The  crankcase-cylinder inlet pressure differential  required lor
displacemont control is shown in Fig. 11 and Fig 12. Tn Lhese fugures, the
bressure differential in the cylinder inlel pressure  conlrol system at
nutation angle of 20 deg and discharge pressure of 1.5 Mpa is Laken as 100 %,
Dpending on the operating conditions of the compressor, the control valve
regulates the pressure differential and in turn controls the resuliant moment
on the wobble plate/journal about the Jjournal pivot pin, tn move the
mechanism to the required dispJacement. The dotted line shows the pressure
differential in the cylinder inlot, pressurce control system. The snlid 1ine
shows the pressure differenlial in the crankease pressure conlrol System,
which requires a sl ightly larger pressure differential.

These fTigures clearly show Lhat, Lhe smaller the nulating angle of Lhe
wobble plale/journal is, and higher the operating discharge pressure is, tha
larger the required prassure different.ial is.



CONCLUSIONS

An analytical model for ovaluating the compressor displaceranl contrel
mechanism was developed. The model calrulates Lhe compressor’s geometry
analyses Lhe forces and moments acting on each element of the cohpression
mechanism and determines the pressure differential required for displacement
control.

The result of calculations on a sample variable displacemenl compressor
proved:

1) Because the wobble plate is prevented from rotating by the guide-shoe
arrangement, the wobblc plate/connect.ing rod joint traces an olliptical
orbit and side forces act on Lhe piston.

2) Both the crankcase pressure control system and cylinder inlet pressure
control system can regulale the compressor displacement at the required
posilion. The crankcase pressure control system requires a slightly
Jarger pressure differentisl.

3) The increase in operating discharge pressure and Lhe decrease 1in
nutating angle of the wobble plate/journal require Jlarger pressure
differcntials for displacement controi.

NOMENCLATURE
Fox, Fuy, Fo @ resultant forces on journal pivol pin
Fers Faxy . resultant forces on drive plate
Fyx» Fpys Foo @ resultant forces on piston/connecting rod joinl
Fax» Fay. T,z ¢ resultant forces on wobble plate/conunecting rod joint
F. . thrust force on wohble plate/rotating Jjournal
Fex.Foy’ . radial forces on wobble plale/rotaling journal
Fuxs Fuy . resultant lorces on anli rolalion mechanism
L, : connecting rod length
0. : instantaneous nutation center
0. : location of sliding joint

0., : thrust center on the journal
0, : center of piston/connecting rod joink

0, : center of wobble plate/conneeting rod joint
0, : center of journal pivat pin

P, : crankcase prossure

P, : suction pressure

P," : cylinder inlef pressure

P, : discharge pressure

R, : arranged radius of cylinder bore center

R. : arranged radius oF wobble plate/connecling rod Jjoinl cenler
R, : center radius of thrust bearing

%.,Y.,Zo : orthogonal coordinate

X,Y,Z : rotating orthogonal coordinate Tixed to journsl

X.,Y..% : orthogonal coordinate fixed to cach cylindar bore cealer
7,. : piston stroke

a @ nulating angle
p, : angular position of gach cylinder boroe conter
¢ : shaft rotational angle
6} . rolational angle on wobble plato
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Table 1 Variable displacement compressor specifications

displacemen(. volume !CC{IE&LH_%?gLQ_
__;ériébié_range “% _}Qz}pq__
-_T;ilf-l'll;e}_of piston __6_ _
cilinder bore | m | 336 |
pls_l;)n_ stroke | fm 29._(_)____'
muitation angle (@) deg 22.5
Y
Y
L z
X

X CONNECTING ROD
2,
e ___ag
Xo™ 2
PISTON
&
—— —0y h
SHAFT SLEEVE
Fig. 3 Coordinates and variables
PISTON
L 0]
&, Z T
Q"Q Oc - = |'O°
;? Oe = Oar =
by ; o
SHAPT | | i/ il
SLEEVE'a CONNECTING ROD [asy
NJF ! | JOURNAL,
- 41— WOBBLE PLATE. —— Y1
OSH
7

Fig.4 Variable displacement mechanism
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Fig.5 Forces acting on the

piston/connecting rod

Jig. 7 Forces acting on the rotating journal
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Fig. 8 Behaviour of Lhe wobble plate
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Fig. 11 Nutation angle vs. crankcage-cylinder Fig. 12 Discharge pressure vs. crankcase-cylinder
inlet pressure differential required for inlet pressure differential required for
displacement control displacement control

Pressure differential in cylinder inlet pressure control system at

nutigé;‘n angle of 20 deg and discharge pressure of 1.5 Mpa is Lbaken
as .
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