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METHOD OF AND APPARATUS FOR MULTIPLE CHANNEL FLOW RATIO CONTROLLER
SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

[0061] This application claims the benefit of U.S. Patent Application No.
13/252,363 filed on October 4, 2011, which relates to U.S. Patent Nos. 6,766,260,
tiled Jaruary 4, 2002; 7,072,743, filed March 9, 2004; 7,621,290, filed April 21,
2005; and 7,673,645, filed February 20, 2007, the disclosures of which are

incorporated herein by reference in their entirety.
BACKGROUND
FIELD

{8062] The present disclosure relates generally to semiconductor processing
equipment and, more particularly to a tlow ratio controlier for delivering contarminant-
free, precisely metered quantities of process gases in predetermined ratios to at least
two locations of a process tool or tools. More particularly, the present disclosure
relates to a system for and method of dividing flow from a single gas box in
predetermined ratios to four locations of a process tool or tools with antisymmetric

optiraal performance.

BACKGROUND
[0003] As used herein the term “gas{es)” mchades the term “vapor(s)” should

the two terms be considered different,

180041 The fabrication of semiconductor devices often requires the careful
synchronization and precisely measured delivery of as many as a dozen gases toa
process tool, such as a vacuum chamber. Various recipes are used in the fabrication
process, and many discrete processing steps can be required, where for example a

semiconducior device 18 cleaned, polished, oxidized, masked, etched, doped, or
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metalized. The steps used, their particular sequence and the materials wvolved all

contribute to the making of particular devices.

{30065] Accordingly, wafer fabrication facilities are commonly organized to
include arcas in which chemical vapor deposition, plastua deposttion, plasma etching,
sputtering and other similar gas manufacturing processes are carried out. The process
tools, be they chemical vapor deposition reactors, vacuum sputtering machines,
plasma etchers or plasma enhanced chemical vapor deposition chambers, or any other
device, apparatus or system, must be supplied with various process gases. Pure gases

must be supplied to the tools in contamunant-free, precisely metered quantities.

160066] Iu a typical wafer fabrication facility the gases are stored in tanks
connected via piping or conduit to a gas delivery system. The gas delivery system
includes a gas box for delivering contaminant-free, preciscly metered quantities of
pure inert or reactant gases from the tanks of the fabrication facility to a process tool
and/or chamber., The gas box typically includes a plurality of gas flow lines cach
having a flow metering unit, which in turn can include valves, pressure regulators and
transducers, mass flow controllers, filters/purifiers and the like. Each gas line has its
own inlet for conpection Lo a separate source of gas, but all of the gas paths converge

into a single outlet of the gas box for connection to the process tool.

10087} Sometimes it is desirable to divide or split the combined process gases
provided at the outlet of a gas box so that they can be dehivered to multiple locations
of a single process tool or among multiple process tools. In such cases, the single
outlet of the gas box 18 connected to the multiple locations through secondary flow
fines or channels. In some applications, where, for example, the upsiream pressure
needs to be kept lower than atmospheric pressure {¢.g., kept below 15 PSIA) for
safety or other reasons, a flow ratio controller is used to insure that the primary flow
of the outlet of the gas box is divided in accordance with a preselected ratio among

the secondary flow paths or channels.
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18008] Flow ratio controller sysierus of the type shown in U.S. Patent No.
6766260 will stabilize to the desirable ratio split after being mitially set, but flows
take time to stabilize, and 1n some applications this can be unsatisfactory. Further, the
pressure drop across the valves of the flow ratio controller system can be significantly
high. Also, the controller systern provides poor control performance for handling
downstream blocking of one of the secondary flow paths.  Additionally, the system
can be difficult to set up because of difficulties in inttially determining fixed valve
posttions of the valves in the secondary flow Hues. And for current ersbodiruents
using two secondary flow lines it is necessary to assign the high flow valve as the

fixed valve and the low flow valve as the controlled valve for flow ratio control,

18069] Oue application for a flow ratio coutroller system 18 to control the flow
of gas to a “shower head”, a fixture used in the process chamber of a process tool for
making semiconductor devices, such as described 1n U.S. Patent No, 7072743,
Shower head fixtures each include two gas outlets, one from opening(s) provided in
the center (or inner portion) of the fixture, and one from opening(s) provided around
the periphery (or outer portion) of the fixture. Flow through opening(s) in the outer
portion of a shower head fixture affects the outer portion or zone of a wafer being
created in the chamber, while the flow through the opening(s) 1u the nper portion
atfects the inner portion or zone of the water being created.  Greater flow to the
outer zone than the funer zone 1s desirable o provide an even application of gas to the
wafer being processed. Thus, carefully controlling the ratio of the gas flow provided
from the inner portion relative to the gas flow to the outer portion results in the even

application of gas to the wafer.

(60618 An improved flow ratio controller system, referred to as a two channel
or DAO tlow ratio coniroller systerm, 18 described in ULS. Patent No. 7621290,
assigned to the present assignee. The erobodiment described in the patent utilizes a

dual antisymmetric optimal {DAO) control algorithm for dividing a single mass into
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two tlow lines. Each flow line includes a flow meter and a valve. Both valves of the
flow ratio controlier system are controlled through a ratio feedback loop by a DAO
conttroller.  The latter includes a single input, single output (SISO} controller, an
inverter and two linear saturators. The output of the SISO controller is split and
moditied betore being applied to the two valves. The two valve control conumnands
are virtually antisymmetric to the maximum allowable valve conductance position as
one of the two saturation limits. This means that one of the valves is kept at its
maximum allowable valve conductance (opened) position at any moment of time
while the other is actively controlled to maintain the flow ratio. This resuits in the
BAQG flow ratio countroller contributing the yointmum pressure drop to the gas flow.
One application for the DAO flow ratio controller system is controlling the flow ratio
to each of the inner and outer openings of a shower head fixture relative to the total

flow through both.

(606611} Current production of wafers can include identical wafers being
sitnultancously manufactured in separaie chambers, with the process for each
chamber being identical. The sequence aud flow rate of gases flowing into each
chamber will therefore be identical, and thus there would be savings to use an
mtegrated control system inclading a single gas box that controls the same ratio of
gases with cach step of the process to cach of the chambers, With a single gas box
used to provide gases to two charabers, considerable savings, and a smaller fooiprint
is needed for the equipment.  Further, with advances, the size of wafers are getting
larger requiring more than onc shower head fixture to be used in order to insure the
gas flow over the entire wafer is properly controlled. However, there is a challenge to

ensure that the proper tlow ratio 1s maintained during cach step of the process,

1800612} Oue flow ratio controller system for controlling the ratio of the flow of
gases through more than two Jow lines is described 1o ULS, Patent No. 7673645, The

flow ratio controlier utilizes a multiple antisymmetric optimal (MAO) algorithm for
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dividing a single mass flow 1nto multiple (more than two} flow limes. Each flow line
is provided with a SISO feedback controller combined with a lincar saturator to
achicve the targeted flow ratio set point. Each valve control command is
antisymmetric to the summation of all of the other valve control commands so that the
MAG control algorithm guarantees that there exists at least one valve at the allowable
maximum open position at any moment so that the optimal solution in terms of the
maximum total valve conductance for a given sct of flow ratio set points is achicved.
This approach provides excellent control with minivouro pressure drop through each
flow line, and can satisfactorily be used for most applications. However, in the
example where it is desirable that the ratio of the rate of flow to the inner openings of
two shower head fixtures are substantially the same and the ratio of the rate of flow to
the outer openings of the two fixtures are substantially the same, all relative to the
total rate of flow into the fixtures, the control functions for the flow lines do not
necessartly settle with precisely the same response time with cach change in tlow

occurring though the flow lines, resulting in imprecise control.

{80613} Oue approach to providing the same ratio o the juner and outer
openings of two shower head fixtures is shown in Fig. 1. The hardware system
mncludes three two channel flow ratio controller uniis 10A, 108 and 10C, cach of the
type described U.LS. Patent No. 7621290, arranged in two stages.  The first stage
mcludes one unit 10A that receives the total flow at a rate of Qt from a gas box or
other source, and initially divides the total flow at rate Qt into two flows at rates (Qa
and Qb (where Qt = Qa + Qb) 1n accordance with a ratio set by the host controiler 12,
The second stage includes two controller units 10B and 10C. Unit 108 receives the
total flow at a rate of Qa {rom controller unit 10A, and divides the total flow at rate
(Ja into two flows at rates Q1 and Q2 (where Qa = (1 + (32} in accordance with a
ratio sct by the host controlier 12, Similarly, unit 10C receives the total flow at a rate
of Qb from controller unit 10A, and divides the total flow at rate Qb into two flows at

rates Q3 and Q4 {(where Qb = Q3 + (Q4) in accordance with a ratio also sot by the host
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controller 12, The two stage control 18 used to conirol the flow of gas to two shower
head fixtures (not shown) both at the same ratio so that the Qa=Qb, Q1 +Q2=Q3 +
Q4, and the ratio Q1/{Q1 + Q2) = Q3/Q3 + (Q4). This result in the ratio of flow to
the inner and outer portions of each shower head fixture being the same. Each
controller unit 10 includes it’s own countrolier 14 for controlling the valves 16 1n
response to the corresponding sensor signals generated by the flow sensors 18 s0 as to
maintain the programimed ratio provided by the host controller 12. Host controlier 12
thus must be ased to coordinate the three hardware units 10, While the arrangerent
works, there is an increase in pressure drop and a reduction in the optimal valve

conductance along each flow path because of the two stage approach,

{80014} Accordingly, it is destrable to provide a flow ratio controller system
that provides relative flow rates through four flow lines with mininum pressure drop
through cach flow line, with antisvmectrical optimal control, and with substantially

the same response times for all of the flow lines.

DIFSCRWPTION GF RBLATED ART

[606G15]  Specific reference is made to U.S. Patent Nos, 4369031, 5453124,
0333272; 6418954; 6418994; 6766260; 6792166, 6941965, 7007707, 7072743;
T143774; 7360551; (U.S. Pab. App. 2006/0272703); 73603551, 7424894; 7621294,
7673645; U.S, Published Application Nos. 2002/0038669; 2006/0272703; and
2007/0240778.

SUMMARY
180016] In accordance with one aspect of teachings described herein, a four channel

gas delivery systems, comaprises: aun inlet channel; four outlet channels; four flow
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sensors; four control valves, wherein each valve 1s arranged s0 as to control the flow
from the inlet channel through a corresponding one of the outlet channels. The gas
delivery system also includes a flow ratio control system configured so as to control
the flow from the inlet channel through the corresponding outlet channels so that the
tollowing flow ratios are controlled: {(a) a first ratio of flows between the outlet
channels of a first pair; (b} a second ratio of flows between the outlet channels of a
sccond pair; and {c} a third ratio of flows between the first pair of outlet channels
relative to the second pair of outlet chaunels; wherein the third ratio 1s controlled by
generating at least one bias signal respectively applied to at least one pair of valves,
the bias signal being a function of a predetermived set point of the third ratio and

measured values of the third ratio.

1886171 In accordance with another aspect of the teachings described herein, a four
channel gas delivery system comprising:  an inlet channel; four cutlet channels and
four contro! valves. Each valve is arranged so as to control the flow from the inlet
channel through a corresponding one of the outlet chanuels, The gas delivery system
also ncludes a fow ratio control system jncluding two dual asymiuetric optimal
{(DAQ) control modules configured and arranged so as to control the respective
control valves so as to control the relative ratios of flow from the iunlet channel
through the four cutlet channels, and a virtual DAG control module configured and

arranged 50 as to control the ratio of flow between the two DAO control modules.

190818] In accordance with yet another aspect of the teachings described herein, a
four channel gas delivery system for controlling the flow from an inlet channel
through four outlet chamnels, coraprises: a flow ratio control systemn including two
dual asymumetric optimal (DA} control modules configured and arranged so as to
control the relative ratios of flow from the inlet channel through the four outlet

channels, and a bias control signal generator configured and arranged so as generate
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bias conirol signal {or each of the two DAO control modules as a function of the ratio

of flow through the two DAO control modules.

190819] In accordance with still another aspect of the teachings described herein, a
multi-channel gas delivery system for controlling the flow from an mlet channel
through four outlet channels comprises: a flow ratio control system including two dual
asymmgetric optimal (DAQO) control modules contigured and arranged so as to control
the relative ratios of flow from the wnlet channel through the four outlet channels, and
a signal generator configured and arranged so as generate a control signal for cach of
the two DAQ control modules as a function of the ratio of flow through the two DAQO

control modules.

[80620] In accordance with yet another aspect of the teachings described herein, a
method of controlling four control valves so as to control the relative ratios of tlow
from an inlet channel through four outlet channels using two dual asymmetric optimal
(DAQ) control modules; comprises: generating a bias control signal for cach of the
two DAQO control modules as a function of the ratio of flow through the two BAO

control modules.

{80021} In accordance with yet another aspect of the teachings described herein, a
method s provided for controlling four control valves so as to control the relative
ratios of flow from an inlet channel through four cutlet channels using two dual
asymmetric optumal (DAQ) control module. The method comprises:  generating a
bias control signal for each of the two DAO control modules as a function of the ratio

of flow through the two DA control modules.

{80022}  These, as well as other components, steps, features, objects, benefits, and
advantages, will now become clear from a review of the following detailed

description of illustrative embodiments, the accompanying drawings, and the claims,
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BriEg DESCRIPTION OF DRAWING

{90023]  The drawings disclose illustrative embodiments. They do not set forth all
embodiments. Other embodiments may be used in addition or instead. Details which
may be apparent or unnecessary may be omitted to save space or for more etfective
iitustration. Conversely, some embodiments may be practiced without all of the

details which are disclosed. In the drawings:

[80024] FIG. | is a block diagram of a prior art approach of a ratio flow controlier

system for providing ratio control with respect o four secondary flow lines;

{B0028]  FIG. 2 1s a block diagram of one embodiment of a gas delivery system

incorporating teachings described herein;

[00826] FIG. 3 is a more detailed schematic diagram of one cmbodiment of a gas

delivery system of the type shown in Fig. 2;

[86627]  FIG. 4 is a functional block diagram of the proferred dual antisymmetric
optimal control algorithm for controlling the ratio of flow through two of the
secondary Hlow lines of the FIG. 3 embodiment, where both valves are controlled with
the same bias current, and the two valve control commands of the two valves shown
are virtually antisymmetric with respect to the maximum allowable valve

conductance;

[86G28]  FIG. 5 is a functional block diagram of the Fig. 4 embodiment, illustrating
the inputs and outputs of a DAQO control module used to implement the FIG. 3
embodiment, as described in conneciion with the embodiments tllusirated in and

described with respect to FIGS. 6 and 7;
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1806291 FIG. 6 15 a functional block diagram of the FIG. 3 system ilhustrating one
embodiment of resulting flow ratio control methods for the four secondary flow

channels; and

[86630]  FIG. 7 is a functional block diagram of the FIG, 3 system illustrating a
second embodiment of the resulting flow ratio control methods for the four secondary

flow channels.
Detailed Description of lustrative Embodiments

[80631]  [ustrative embodiments are now discussed. Other embodiments may be
used in addition or instead. Details which may be apparent or unnecessary may be
omitted to save space or for a more effective presentation. Conversely, some

erubodiroents may be practiced without all of the details which are disclosed.

180032} Refornng to FIG. 2, the flow ratio controller (FRC) system 22 receives the
flow Qt which 1s the total flow available from one or more sources 20, and which
must be divided among four sccondary How channels 24a, 24b, 24¢ and 24d. Two of
the channels 22a and 22b are coupled to a first fixture such as a shower head fixture
26a {or a pair of fixtures), while the other two channels 22¢ and 22d arc coupled to a
second fixture such as a shower head fixture 26b {(or a pair of fixtures). The two
fixtures 26a and 26b can be disposed in a single chamber, or disposed in separate
chambers, FRC system 22 is preferably designed to provide the same flow ratio
QIO + 02} as the flow ratio Q3/(Q3+04), and same flow ratic §2/Q1+(2) as the
flow ratio Q4403 +04). Further, in one preferred application the flow rates 7 and
(J3 are substantially the same, and flow rates (22 and Q4 are substantially the same,
with pernussible adjustments to accormodate certain system variables such as
differences in response times of valves, flow conditions through the channels, etc. Of

irnportance, the control functions for the flow lines scttle with substantially same
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response time with each change n flow though the flow lines, as for example the

transition that occurs with the initial flows through the FRC system 22.

(880331 Referring to FIG. 3, the flow ratio controller 32 includes four flow paths or
hines 35-1, 35-2, 35-3, and 35-4. Each flow path includes a sensor 37 and valve 38.
Sensor 37 generates a flow rate signal for use in controlling the respective valve 38 so
as to control the mass flow through the corresponding flow path, The sensor and
valve of cach flow path are thus used together to control the respective output mass

flow O, Oy, O3 Qsof the tlow path, and thus the flow ratio which is defined as:
Fmi = Q! //Qb izl,Z, 3 4 (1)

wherein £, 18 the flow ratio of line 35-1 relative to the total flow, (), is the flow

through the hine 33-1, and (J; 1s the total flow of all flow lines 35 defined as;
Q=2 Q=0T T+ Oy (2)

According to Eq.{1) and Eq.(2), the summation of all flow ratios cquals one,
g g4 Jota {

which can be expressed as
2r i = Fmg T s T Pz T P / (3 }

Defining the flow ratio setpoint of flow channel 7 as r,, we have the summation

of all flow ratio scipoints equals one as well, Lo,
2 ri=F; + P2 + P2 + Fq = { (4)

[80034]  FIG.3 illustrates one embodiment of a gas delivery system comprising four
channel FRC system 32, System 32 receives a gas or mixture of gases from one or
more sources indicated at 30, defining the total flow Qr at the inlet to the system 32,
System 32 has a dedicated FRC controller 36 configured to control all four valves 38

as a function of the flows seused by the corresponding flow sensors 37, System 32

-11-
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is configured to provide the ratio of flows achieved in Fig. 1, but in one stage, with
the control functions for the flow lines settling with substantially the same response
time with each change n flow occurring though the flow hines. The forcgoing is
accomplished by employing a first DAO control module for controlling one pair of
valves, a sccond DAO control module for controlling the other pair of valves of the
unit 32, and a third DAO control module for providing biased currents to the first and
the second DAO control modules, Controller 36 is configured to provide the
necessary functionality (preferably in software) to provide a DAO countrol for

controlling the flow ratio between the two pairs of valves.

[80635]  FIG. 4 illustrates a functional block diagram of one embodiment of a
antisymmetric feedback control arrangenent for controlling each pair of valves that
are controlled by a DAO control module. The feedback control arrangement shown at
40 1s used to control a corresponding pair of valves of the system 32 in a manuer so
that the ratic of #/=01/(Q7+(2} substantially equals #3=03/Q3+(4), and
r2=02/01+02) substantially equals r4=04/03+04). The feedback conirol system
is preferably accomphished in software run on the dedicated FRC controlier 36 (of
FIG. 3}, although the system can be implemented in other forms. The feedback
control arrangement includes DAO control moodule 42, Module 42 includes annput
to a summing junction 44 for recetving a signal representative of the set point for the
flow ratio ry, and another wnput for recetving a signal representative of the measure
flow ratio r,,; of the feed back arrangement. The summing junction 44 of each unit
calculates the error signal between the setpoint ratio and the measured ratio nput, 7,
and r, , and feeds this error signal to an SISO (single input, single output) controller
46, which for cxample can be a PID controller (although other types of controllers can
be used). The output of the controller 46 1s connected to a first summing junction 48
and through mverter 50 to a sccond summing junction 52. The output of controlier 46
is a control carrent, £.. The control current 7. is applied to the summing junction 48,

and inverted by inverter 50 before being applied to summing junction 52. The fixed
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bias current input fo s added to the sigual /. at sumroing junction 48, and added to the
inverted signal (-1} at the summing junction 52. The summed signals from the
summing junctions 48 and 52 arc then respectively applied to the corresponding
inputs of Hinear saturators {L.SAT)} 54 and 56, which in turn are respectively connected
to provide the valve control currents 77 and /2. Valve control currents #7 and /2 are
applied to corresponding valves 58 and 60 of the pair of valves being controlled. The
flow through the valve 58 is measured by the corresponding flow sensor 62. The
ouiput of the seusor 62 represents the flow rate 7 through the valve 58, Simularly,
the flow through the valve 60 is measured by the corresponding flow sensor 64. The
output of the sensor 64 represents the tlow rate @2 through the valve 60, The two
outputs are provided fo a ratio measurement block 66 for providing a measurement of
the ratio @2/ (Q; + 92). This ratio represents the measured ratio r, provided in the
feedback path to the summing junction 44, The output signal r, is subtracted from

the set pomt ry, at the summing junction 44 as a control feedback arrangement.

[800636]  In connection with a further explanation of at least two embodiments of
the four channel flow ratio countrol system 32, the dual antisymmetric control module
should be thought of as a block of the type shown in FIG. 5 having three inputs and
two outputs, The three inputs are the flow ratio seipoint, r, as the desired ratio of
flow, predetermined by the user, r,, the measured flow ratio as measured by the
seused output How(s) from the flow sensors, and the optivnal bias current [ to set the
optimal bias current, which for a normally open valve is the mininmum allowable
valve current, and for a normally closed valve 1s a maximum allowable valve current
for maintaining a valve fully open. The output currents /; and /> are the valve drive

currents applied to the corresponding valves.

{08037] FIGS. 6 and 7 show two embodiments of the four channel flow ratio
controller sysiern configured 1o accordance with the teachings provided herein. In

order to accomplish the flow ratio control in one stage, the embodiments of FI1Gs. 6
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and 7 utilize three DAO modules of the type described i connection with FIGS. 4
and 5 so as to incorporate the advantages of dual antisymmeetrical optimal control.
The unit controlier 36 15 uniguely contigured to include a dual antisymmetric optimal
control algorithm {indicated by the virtual BAO module 10010 FIG. 6 and 110 in
FIG. 7) that 1s virtual, in the sense that there 15 no need for actual hardware. Instead
two output currents /,; and /,- of the virtual DAO module are generated by the unit
controlier 36 as a function of (1} the user setting for the setpoint ratic r, {2} the
measured flow rates of two of the channels, e.g., the ouiputs from sensors 37-1 and
37-2 (of FIG. 3) provided to one of the fixtures relative to the total flow O (whichis a
function of the sum of all of the outputs of sensors 37-1, 37-2, 37-3 and 37-4); and (3)
an optimal bias current £y, which as described 1s the minimmum allowable valve
current when utilizing normally opened valves, and of @ maximum value when using
normally closed valves. The values of the /,; and /., are preferably determined in
software operating in the unit controller 36. In this arrangement the two currents £,
and /,; provide the bias currents to the actaal flow splitters indicated at 102 and 104 in
FIG. 6 and 112 and 114 in FIG. 7. One of these currents is the optimal bias current
determined 1o accordavce with the cousiderations provided above. The optitnal bias
current is applied to the actual flow splitter 102 or 104 in FIG, 6, and actual flow
splitter 112 or 114 1 FIG. 7, having the valve 58 or 60 with the lowest maximuom
flow when the valve is fully opened. If this valve is a2 normally opened valve this
optiroal bias current s zero, and it the valve is normally closed the optitnal bias
current is the maximum valve control current for that valve. As shown if FIG. 4, the
bias currents £,; and 7, are applied to the summing junctions 48 and 52 of' the

respective DAQ control module 42.

(800381 In the embodiment of FIG. 6, the four channe!l flow ratio controller system
(illustrated at 32 in FIG. 3) evenly splits the flow between two chamber(s} and/or
fixture(s) so that nominally 58% of the flow goes to cach chamber/fixtare and the

ratio setpomt to the virtual flow splitter is hence 7y, y = 50%, and then splits each of
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those so that the ratio of the flow to the one portion of each fixture (e.g., the outer
portion of a shower head fixture) relative to the total flow to the fixture is the same for
each fixture. In general, the ratio setpoint to the virtual flow splitier 18 the summation
of flow ratio setpoints of the first paired channels which ts flowed to the first

chamber/fixture, 1.¢.
Ysp6 = ¥y +r; (1}

[80039]  As shown in FIG. 6 the flow is split by flow splitter 102 as a function of
{1} the set point ratio ry, 51, which equals #/( 1 + r3); (2} the measured flow ratio
{(from flow sensors 62 and 64} r,, ;; which equals to O/ @, + @y); and (3) the bias
current £, from the virtual flow splitter 100, Simularly, the flow 1s split by flow
splitter 104 as a function of (1) the set point ratio ry, >, which equals ro/f ry + 1y (2)
the measured flow ratio (from flow sensors 62 and 64 of that splitter) 7, ;> which
equals to /0 O + Qy; and (3) the bias current /,; from the virtual flow splitter 100,
The output of cach of the actual flow splitters provides the appropriate drive currents

{5, 15, & and 1, for controlling the valves 58 and 60 of the respective pairs of valves,

[80040] A second embodiment iHustrated in FIG. 7 s a four channel flow ratio
controlier unit (illustrated at 32 in FIG. 3} that includes virtual splitter 110 that splits
the flow between the {ixtures or chambers recetving flows in accordance with a ratio
set point ry, pthat is set by the user. For example if flow is to be split between (a) the
outer portions of two shower heads countrolled for example by splitter 112 and (b) the
inner portions of the two shower heads controlled by splitter 114, the two bias current
outputs {,; and I,» 18 a function of (1) the input optimal bias current £, (2) the set
point £y, 0, which equals the ratio of sum of the two ratios #; and vy, and (3) the
measured ratio 7,0 which equals the measured flow ratio (J; + O4/0,. Since flow
splitter 112 is to provide the same flow rate to same portions of the two fixtures or
chambers, the cutput control currents /; and 1, are a function of (1} the sct point ratio

rop 11 {which 1s set for 50%), (2) the weasured ratio v, 57, which equals the measured

-1
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flow ratio of @/(0) + ¢, and (3} the bias current output /7, from the virtual flow
splitter 110, Similarly, since flow splitter 114 1s to provide the same flow rate to
same portions of the two fixtures or chambers, the output control currents 7, and [; are
a function of (1) the set point ratio ry, 1> (which is set for 53%]}, (2) the measured
ralio ry, 0, which equals the measured How ratio of Q)40 + O3}, and (3) the bias
current output /,; from the virtual flow splitter 110, The output of each of the actual
flow splitters provides the appropriate drive currents £;, £, /5 and 1, for controlling the

valves 58 and 60 of the respective paurs of valves.

[86G41]  Agawn it 1s noted that the actual flow to each portion of each fixture is
adjusted to take into account variations in the flow conditions and component parts
along each flow path. Thus, n the exarople described above the flow might actually
be more than 50% of the total flow to the outer portion of one fixture when compared
to the flow to the outer portion of the other fixture, and the divided tlow by the two
flow splitters for each fixture may be different, o take into account these variations.

7
7

In general, the flow ratio setpoint to the flow splitter 112 i F1G.7 15 the relative ratio

between the Jow ratio seipoints in the first paired flow channels, 1e.
Fop 17 =] / ( ¥ 7 I";,{j\

and the flow ratio setpoint to the flow splitter 114 is the relative ratio

between the flow ratio setpeoints in the second paired flow channels, t.e.
Fopiz = P2/ {F2 T 73 (6}

[00042]  Again the arrangements in FIG. 6 and FIG. 7 take advantages of dual
anfisyrmmetrical optimal control, with the unit controller 36 being contigured to tun
three dual antisymmetric optimal control modules (indicated by one virtual flow
splitter 100 i F1G. 6 or 110 1 FIG. 7, and two actual flow sphitters 102 and 104 in

FIG. 6 or 112 and 114 in FIG. 7). The virtual flow splitter 100 or 110 has the similar

- 16 -
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function of the upstrear flow sphiter 10A wn FIG. 1 but i 1s virtual, 1o the seuse that
there is no need for actual hardware as compared to 10A n FIG. 1. Instead two
output currents /,; and 7, of the virtual DAO module 100 or 110 are generated by the
anit controller 36 as a function of (1) the user setting for the setpoint ratio ry,0; (2) the
measured flow ratios of corresponding channcls; and (3} an optimal bias current 1,4,
which as described is zero when uttlizing normally opened valves, and of a maximum
value when using normally closed valves. The values of the /,; and 7, can thus be
determined by the DAQ algonthm i the unit controller 36, In this arrangement the
two output currents 4,; and £, from the virtual DAO module provide the bias currents
to the actual flow sphitters 102 and 104 i FIG. 6 or 112 and 114 1 FIG. 7. One of
these currents is the optimal bias current deternined in accordance with the
considerations provided above. The optimal bias current s applied to the flow splitter
102 or 104 in FIG. 6, or 112 or 114 in FIG. 7 having the valve 58 or 60 with the
maximum allowable conductance when the valve s fully opened. If thisvalveis a
normally opened valve this optimal bias current is zero, and if the valve is normally
closed the optimal bias current is the maximum valve control current. As shown if
FIG. 4, the bias currents /7 and [,» are applied to the summing junctions 48 and 52 of
the respective DAO control module 42.Thus, in each of the FIGs, 6 and 7, the outputs
of all SISO controllers in the DAO arvangement are split and wodified before being
applied to the valves of each unit. The valve control commands applied to the one
flow splitter (in FIG, 6 flow splhitter 102 or 104, and in FIG. 7 flow spitier 112 or 114)
are virtnally antisymmetric with respect to the valve control commands applied to the
other, Due to the fact that these two valve commands are passing through respective
finear saturators with the maximum allowable valve conductance position as one of
the two saturation lirnits, the net effect 1s that two valves of one of the uniis 1s kept at
the maximum allowable valve conduction position at any roowent of time while the
other is actively controlled to maintain the virtual flow ratio. Therefore, the

antisymimetric optimal control algorithm gives a maxumum allowable total valve

-17 -
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conductance at any moment. As discussed above, the moaxumum total valve
conductance will give a fast settling time for ratio, flows and upstream pressure, and
low pressure drop across the flow ratio controller. Thus, the antisymuetric optimal
contro} algorithm greatly improves the control performance of the flow ratio

contiroller.

[000643] It 1s noted that while the embodiments have been described as four channel
gas delivery systems, the privciples described herein apply to any multi~channel gas

delivery system employing at feast two DAO control modules.

i80044] The components, steps, features, objects, benefits and advantages which
have been discussed are merely illustrative. None of thew, nor the discussious relating
to them, are intended to limit the scope of protection in any way. Numerous other
embodiments are also contemplated. These include embodiments which have fewer,
additional, and/or different components, steps, features, objects, benefits and
advantages. These also include embodiments in which the components and/or steps

are arranged and/or ordered differently.

[80045]  Unless otherwise stated, all measurements, values, ratings, positions,
magnitudes, sizes, and other specifications which are set forth in this specification,
mcluding in the claims which follow, are approximate, not exact, They are intended to
have a reasonable range which is consistent with the functions to which they relate

and with what is custorsary in the art to which they pertain,

[80046] Al articles, patents, patent applications, and other publications which have

been cited in this disclosure are hereby incorporated herein by reference.

[66647]  The phrase “means for” when used in a claim is intended to and should be
interpreted to embrace the corresponding structures and materials which have been

described and their equivalents, Similarly, the phrase “step for” when used in a claim
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1s intended to and should be interpreted to erabrace the corresponding acts which have
been described and their equivalents. The absence of these phrases in a claim mean
that the claim 18 not intended to and should not be interpreted to be hmited to any of

the corresponding structures, materials, or acts or to their equivalents.

{66648}  Nothing which has been stated or llustrated is intended or should be
interpreted to cause a dedication of any component, step, feature, object, benefit,

advantage, or equivalent to the public, regardless of whether it 1s recited in the claims.

100049]  The scope of protection is limited solely by the claivas which now follow.
That scope 1s intended and should be interpreted to be as broad as is consistent with
the ordinary meaning of the language which is used in the claims when interpreted 1o
light of this specification and the prosecution history which follows and to encompass

all structural and functional equivalents,
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What 1s claimed 1s:

1. A four channel gas delivery system coraprising:

an inlet channel;

four outlet channels;

four control valves, cach valve being arranged so as to control the flow from
the mnlet channel through a corresponding one of the outlet channels;

a flow ratio conirol system configured 80 as to control the flow from the
inlet channel through the corresponding outiet channels so that the following flow
ratios are countrolled:

{(a) a first ratio of flows between the outlet channels of a first pair;

(b} a second ratio of flows between the outlet chanpels of a second pair; and

(¢} a third ratio of flows between the first pair of outlet channels relative 1o
the second pair of outlet channels;

wherein the third ratio is controlled by generating at least one bias signal
respectively applied to at least one pair of valves, the bias signal being a function of a

predetermived set point of the third ratio and measured values of the third ratio.

2. The four channel gas delivery system of claim 1, further including four flow
sensors arranged to the sense the flows through the corresponding four outlet
channels, wherein the measured values of all three flow ratics are functions of the

flows sensed through the flow sensors.

~

3. The four channel gas delivery system of claim 2, wherein the flow ratio
control system includes antisymmetric feedback control arrangements configured to
control the flows between the first pair of outlet chaunels relative to the second pair of

outlet channels as a function of the third ratio set point,

4. The four channel gas delivery systern of claim 1, wheretn the flow ratio

contro}l system includes a dual antisymmetric optimal control module including a
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feedback control arrangement for controlling the third ratio of flows between the fivst
pair of outlet channels relative to the second pair of outiet channels so as to maintain

the measured third ratio equal to the predetermined set point,

5. The four channel gas delivery systern of claim 4, wherein the dual

antisymmetric optimal control module is implemented in software.

6. The four channel gas delivery system of claim 1, wherein the set point of the

third ratio is the summation of the flow ratio setpoints on the first pair flow channels.

7. The four channel gas delivery system of claim {, wherein the sct point of
cach of the first and second ratios are the relative ratio between the flow ratio

sctpoints in the paired flow channels.

8. The four channel gas delivery system: of claim 1, further including four flow
meters arranged to measure tlow through the corresponding outlet channcls and for
providing a flow measurement signal representative of the measured flow through
cach cutlet channel, wherein cach valve 1s responsive to at least one of the flow

measurement signals.

9. The four channel gas delivery system of claim 8, wherein weasured values
of all three ratios arc determined as a function of the flow measurcment signals

associated with the {our outlet channels,

10. The four chaunel gas debivery systern of claim 1, wherein the flow ratio
control systemn inchudes a controller configured to provide antisymmetric optimal
control of the mass flow through the cutlet channels s0 as to mamtain the first, secound

and third ratios of flow through the outlet channels.

11 The four channel gas delivery systems of claim 18, wherein the controller

further includes three dual antisymmetric optimal (DAO) control modules for
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generating a valve control sigual for cach of the valves, wherein cach of the valves s

responsive to a corresponding valve control signal,

12. The four channel gas delivery system of claim 11, wherein the bias signal is

added to the valve control signals applied to the at least one pair of valves,

13 The four channcl gas delivery systern of claim 12, wherein a second bias

signal 1s added to the valve control signals applied of the other pair of valves.

14, The four channel gas delivery system of claim 13, wherein one of the bias
signals is the optimal bias for maintaining at least onc of the valves in a maxipmum

allowable opened position.

15. The four channel gas delivery system of claam 14, were the valves are

normally opened valves and the one bias signal s minimum allowable valve current.

16. The four channel gas delivery systemn of claim 14, wherein the valves are
normally closed valves and the one bias signal 1s the maximum allowable valve

current required to keep the valve at the maxinum allowable open position.

7. The four channel gas delivery system of claim 1, wherein the flow ratio
control systern inchudes two dual asymmetric optimal (DAO) control modules
configured and arranged so as to control the relative ratios of flow from the inlet
channel through the four outlet channels, and a virtual DAC control module
configured and arranged so as to control the ratio of flow between the two DAO

control modules.

18. The four channel gas delivery system of claim 17, wherein the virtual DAO
control module 18 configured and arranged so to determine a bias current for each of
the DAO control modules as a function of the ratio of flow between the two DAQD

control modules,
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19. The four channel gas delivery system of claim 17, wherewn the ratio set point

of the virtual DAQ control module is nominally set at 50%.

20. The four channel gas delivery system of claim 19, wherein the ratio set point
of one of the DAO control modules s set for r1/{r1+12), wherein vl and 12 are the
ratio of flows through the corresponding outlet channels of the one DAO control

module relative to the total fow.

2L The four channel gas delivery system of claim 19, wherein the ratio set point
of the other of the DAD control modules 13 set for v4/(x3+r4), wherein 3 and r4 are
the ratio of flows through the corresponding outlet channels of the other DAO control

module relative to the total flow.

22. The four channel gas delivery system of claira 17, wherein the ratio set pownt
of the virtual DAQO control module 18 set for ri+r4, wherein rl and v4 are the ratio of
tlows through the corresponding outict channels of the one DAQ control module

relative to the total flow,

23. The four channel gas delivery system of claim 22, wherein the ratio set point
of one of the DAQ control modules is set nonunally for 50% so that the flow rates

through the outlet channels of the one DAO control module is nominally the same.

24, The four channel gas delivery system of claira 22, wherein the ratio set pownt
of the other of the DAO control modules is set nominally for 50% so that the flow
rates through the outlet chanpels of the one DAO conirol module s pominally the

sanie.

25. The four channel gas delivery system of claim 17, wherein the ratio set point
of the virtual DAGO control module 15 the summation of the flow ratio setpoints on the

first pair flow chanunels.
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26. The four channel gas delivery system of claim 25, wherewn the ratio set point
of onc of the DAC control modules is the relative ratio between the flow ratio

sctpoints in the first paired flow channels.

27. The four channel gas delivery system of claim 25, wherein the ratio set point

of the other of the DAQC control modules is the relaiive ratio between the flow ratio

setpoints in the second paired flow channels.

28. A four channel gas delivery system comprising:

an inlet channel;

four outlet channels:

four control valves, cach valve being arranged so as to control the flow {rom
the inlet channel through a corresponding one of the outlet channels;

a flow ratio control systerm including two dual asymmctric optimal (DAQO)
control modules configured and arranged so as to control the respective control valves
50 as to control the relative ratios of flow from the inlet channel through the four
outlet channels, and a virtual DAO control module configured and arranged so as to

conirol the ratio of flow between the two DAQO control modules.

29. The four channel gas delivery system of claim 28, wherein the virtual DAG
control module 1 configured and arranged so to determine a bias current for each of
the DAC control modules as a function of the ratio of flow between the two DAO

control modules.

30. The four channel gas delivery system of elaim 28, wherein the virtual DAO
control module provides a bias current to each of the BAD control modules as a
function of the ratio of flow between the two DAO control modules, and each of the
PDAQO control modules provides a patr of bias currents to two of the control valves

used to control the flow rates through two corresponding outlet channels.
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31 The four channel gas delivery system of claim 28, wheren the ratio set point

of the virtual DAQ control module is nominally set at 50%.

32 The four channel gas delivery system of claim 31, wherein the ratio set point
of one of the DAO control modules s set for r1/{r1+12), wherein vl and 12 are the
ratio of flows through the corresponding outlet channels of the one DAO control

module relative to the total fow.

33. The four channel gas delivery system of claim 31, wherein the ratio set point
of the other of the DAD control modules 13 set for v4/(x3+r4), wherein 3 and r4 are
the ratio of flows through the corresponding outlet channels of the other DAO control

module relative to the total flow.

34. The four channel gas delivery system of claira 28, wherein the ratio set pont
of the virtual DAQO control module 18 set for ri+r4, wherein rl and v4 are the ratio of
tlows through the corresponding outict channels of the one DAQ control module

relative to the total flow,

35, The four channel gas delivery system of claim 34, wherein the ratio set point
of one of the DAQ control modules is set nonunally for 50% so that the flow rates

through the outlet channels of the one DAO control module is nominally the same.

36. The four channel gas delivery system of claira 34, wherein the ratio set pownt
of the other of the DAO control modules is set nominally for 50% so that the flow
rates through the outlet channels of the other DAO control module is nomnally the

sanie.

37. The four channel gas delivery system of claim 28, wherein the ratio set point
of the virtual DAGO control module 15 the summation of the flow ratio setpoints on the

first pair flow chanunels.

[
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38. The four channel gas delivery system of claim 37, wheren the ratio set point
of onc of the DAC control modules is the relative ratio between the flow ratio

sctpoints in the first paired flow channels.

7
7

39. The four channel gas delivery system of claim 37, wherein the ratio set point
of the other of the DAO control modules is the relative vatio between the flow ratio

setpoints in the second paired flow channels.

40. A multi-channel gas delivery system for controlling the flow from an inlet
channel through four outlet channels, comprising:

a flow ratio control system including two dual asymmetric optimal (DAG)
control modules configured and arranged so as to control the relative ratios of flow
from the inlet channel through the four outlet channels, and a signal generator
configured and arranged so as generate a countrol signal for cach of the two DAO
control modules as a function of the ratio of flow through the two DAQO control

maodules.

41. The multi-channel gas delivery system of claim 40, wherein the control
signal generator generates the control signal as a function of the ratio setpoint of the
ratio of flows through the two outlet channels of the respective DAQO control module,
the mcasured ratio of tlows through the two outlet channels of the respective DAO

control module and an optimal bias current.

42. The multi-channel gas delivery system of claim 41, wherein the flow
through cach cutlet channel is controlled by a countrol valve in respounse to a valve
drive signal and the corresponding control signal is added to drive currents generated

by each DAG control module.
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43. The multi-channel gas delivery system of claimn 40, wherein the ratio set

point of the control signal generator module is nominally set at 50%.

44. The multi-channel gas delivery system of claim 43, wherein the ratio set
point of one of the DAO control modules is st for r1/{r1+12), wherein vl and 12 arc
the ratio of flows through the corresponding outlet channels of the one DACO control

module relative to the total fow.

45. The multi-channel gas delivery system of claim 43, wherein the ratio set
point of the other of the DAO coutrol modules is set for ed/(x3+r4), wherein ¥3 and 4
are the ratio of flows through the corresponding outlet channels of the other DAO

control module relative to the total flow,

46, The roulti-channel gas delivery sysiern of claim 41, wherein the ratio set
point of the control signal generator i3 set for ri-+r4, wherein vl and r4 are the ratio of
flows through the corresponding outiet channels of the one DAO control module

relative to the total flow,

47. The multi~channel gas delivery system of claim 46, wherein the ratio set
point of one of the DAO control modules is set nominally for 50% so that the flow
rates through the outlet channels of the one DAO control module is nominally the

same.

48. The multi-channel gas delivery system of claim 46, wherein the ratio set
poiut of the other of the DAO coutrol modules is set nominally for 30% so that the
flow rates through the outlet channels of the one DAO control module 1s nominally

the same.

49, The four channel gas delivery system of claim 41, wherein the ratio set point
of the control signal generator is the summation of the flow ratio setpoints on the first

pair flow channels,
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50. The four channel gas delivery system of claim 49, wherein the ratio set point
of onc of the DAC control modules is the relative ratio between the flow ratio
sctpoints in the first paired flow channels.

51. The four channel gas delivery system of claimn 49, wherein the ratio set point
of the other of the DAQ control modules is the relative ratio between the flow ratio

setpoints in the second paired flow channels.

A method of controlling four control valves so as to control the relative

52.
ratios of flow from an inlet channel through four outlet channels using two dual

asymmetric optimal (DAQ) control modules; the method comprising:
generating a bias control signal for each of the two DAO conirol modules as

a function of the ratic of flow through the two DA control modules.



