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Knowledge of the authority of control dampers in HVAC systems may be used for diagnostic 
purposes or to enhance control performance. In this paper, a method of estimating damper 
authority in air distribution systems is described. The method only requires measurements that 
are normally available in modem HV AC systems with digital controls. The method is based on a 
technique that allows the static pressure drop across a branch to be regulated even if that pressure 
is not measured. Experimental results on a Variable Air Volume (VA V) air handling unit 
demonstrate the efficacy of the method. A flow control strategy that uses feedforward 
compensation to eliminate the sluggish behavior of conservatively tuned feedback controllers is 
described. The algorithm is based on a quasi-equilibrium model of the flow characteristic and 
makes use of knowledge of the authority. The maximum flow rate, which is generally unknown, 
is estimated from position and flow rate measurements. Therefore the controller is adaptive. The 
feedforward commands are combined with feedback commands to ensure robust behavior in the 
presence of model uncertainty. Computer simulations demonstrate the improvements in control 
performance. 

1. Introduction 

Authority is a parameter of the final control elements (dampers or valves) in fluid distribution 
systems. It is normally described with reference to valves, but the concept also applies to 
dampers. Not all definitions of authority are identical. For example, in [1] authority is defined as 
the pressure drop across a valve when it is wide open divided by the total system pressure drop. 
In [2] authority is defined as the pressure drop across a valve when it is wide open divided by the 
pressure drop across the valve when it is controlling. A problem with both of these definitions is 
that the authority depends on the total system pressure drop, which varies with time. 

Control engineers prefer a high authority because the flow is typically easier to control when the 
authority is high. A higher authority may be achieved with smaller dampers, shorter ducts, or 
fewer obstructions in the ducts. Increasing the authority reduces initial costs. But when it is 
achieved by reducing the damper size, operating costs increase because the total system pressure 
drop becomes higher. Therefore, the selection of authority (and damper size) at the design stage 
is a tradeoff between ease of control and operational cost. In [ 1] it is suggested that the authority 
should be greater than 0.5, while in [3] it is suggested that the authority should be between 0.25 
and 0.33. 
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One benefit of being able to measure authority is that design or installation faults'Ufat wrll eithdr 
make the system difficult to control or make the system inefficient may be detected duriilg 
commissioning. The authority may also be affected over time by operational faults. For.example, 
if a damper is in series with a ·h>eat exchanger, then the authority will change: i:flthe heat exchan!ter 
becomes fouled in a way that restricts the air flow. Therefore, an additional benefit is that certain 
operational faults may be detected if authority is monitored. A third benefit of measuring the 
authority is that it provides additional information about the system behavior that can·lfo~s~d t6 
improve control performance. 
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Ii;i, tPjs paper, a method of estimating the authority of dampers in air distributio~1 systems>.from·: > 

flow, position, and pressure measurements is developed. First, a mathetnaticailimodel of tile · ir.:·i cf 
behavior of a control damper is described. This model leads to the definition of an authority 
parameter which is nearly constant under a large range of normai operating conditiotis•eve:ri· ·: 
though the total system pressure drop is not constant. The method is based on a technique which 
allows tl;iie: static pressure drop acros-$. a branch to be regulated1even if that pre·ssureiis' noti P.< ·· 

measureg ... J'herefore the branch can)be treated as a single-duct system with a ccitilsttirttilptes&'file· '·) 
source. 1 J~)s shown that this method 1tan be applied to systems with at least one.c(l'l\11!toll~d<". ··· · ' iD 

pressur~.and that this method is insensitive to leakage. Experimental results o:tfa VAV terminal 
unit de~onstrate the efficacy of the method.1 ;; . .... ~ .. jf' .: 

The performance of flow controllers in heating, ventilating, and air-eoildi6.'oning(HVA(!) 1" 

systems is critical to the reliability, energy efficiency and overall performance of such systems. 
In variaqle-air-v:o~wn~ ,(VArV~ : t.e-fJP.i·nal; units: ,flow·controllers. ·are casbaded with' :ion~ · '. l r: r' r: u: ' I 

tewp_e~fµre cpntrollers :to raj~tpres~ilre distblrbances in the air supply system~ · U:ndet;nt.5-riifla1111 1 

operation, the most important control performance metrics are good disturbance rejection and 
high reliability. However, during commissioning and manual troubleshooting, a fast response to 

( setpoint changes is the most important controfperformance iµ'etrlc.' Poor flow control 
performance in such systems may lead to reduced energy efffciency, 'degraded temperature 

control pe~fo~1a~c1~r _pr~~atur~ !pechanic~l failures o~ ~~end~d t~~ sp~mt. ~-~po , , , i.~~~~~- t .. 
and troubl~H(j~hng. Fl~~ ~ontr~~lers are also used to ~egt}lateJ~e, 1~m~t')of_~esll, ou~RP~f1 ~lf 
ent~rii;1g b~lcllii~s. ~i1~e the p<c~~· ??i~~?llers :<m~d in~ A .. . te~}. ~ 1~,.i_t i~1 !1e19~ss~·y .t~~~c .. ·,. 

1'fh'bse eontroUers p dvide gd&t setpomt tr~cking and d1sturb_ance reJ.etct1on at:lq. also be exp·eJ,'.llel;Y 
relirlblb:" '">" ·· -:1 1.1. ::? 1 . 1 11 1;11 .n 1 v. .. 1 · · ·,. 11·111 ., • 11 11 .. . ; 
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Typically fixed-gain controllers are used to control flow. In order for t~e controllers. to b(( robust, 
they must!'be turi "tl _d that tHey · are ·s'Jb~e ~ven tinder the .hi&hest-gkµ'.i cohdi~ions ~f~ 1~ d~niper '. 
ot at e. Jlhls Cfu.1' Mad to sfo'ggistl cbf.fi'ttor perfotmance whe'n 'ihi 'ratio of the:maX.irn'um t~ 1 

minimmn gain ,is Mgh."Tlieprl.llia& n'.cin1in~anty in fl~w-b6ntro1 · bops with mo'i~~~dd a~tu~u9W" 
is the nonlinear relationship between the flow rate and the damper or valve position. This·· < 
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nonlinear relationship may cause the open-loop gain to vary over the operating range by an order 
of magnitude or more depending on the system design. 

In this paper, a strategy for eliminating the sluggishness of fixed-gain flow controllers is 
described. The approach is to use feedforward compensation. This requires the use of a model of 
the process. Since the maximum flow rate of the damper or valve, which is a parameter of the 
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model, cannot be measured and will vary with time it is estimated from flow and position 
measurements. Therefore, the feedforward compensation is adaptive. 

1!1. '.the '.~xt ~qc~~on, the behavior of a damper or valve, and the aotuation system is described. A 
mathellJ:.atical model of the flow characteristic is developed which is used to estimate damper 
authority and to1.c.9mpute feedforward position commands. The emphasis is on air flow control 
with dampers, b¥~ the m~thod may be applied to valves and to ouher fluids . 
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First the actuator dynamics are described. Then the inherent characteristic, authority and installed 
charactepstic of ar single damper in a duct is defined. Then the>authority of a damper in a ~'t!t4fi-
branc;hj ,di~,tributio:QiosystcmJ.js defined. : "' .:·. 

'HL :, ' ) -. :fl(1 : t:. 
2.1. Actuat-0r· and .Pos-itioner ,r 

.,. • ' I 

i. ' ." f ' '> fd . J ' '. t'../· ... i .. ,I 

: , U: , I •l' 'I : 

lo _, •-:· , Ir; t '\ 

A positiQQ.eFii&·;i· f~edback loop for the actuator position. Po:sitioners may be either analog'. or 
digit;il. · I?neumath:.t actuators and DC motors often have analog positioners. Stepper motors have 
drivers~tl;i~t 1J111,ay·operate on an analog position comtnand. A detailed description of pdshioners 
for pneumatic actuators may be found in [ 4]. In subsequentJSections, it is assumed that :a· 

positioner is present and that the position indication is available to a digital control system. 

2.2. lnf()mpressible Duct.Flow 'wr. . c 
. (~ nl ~~'.It- iJ1 . ,: 1
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The analysi~ 0fthe·steady.:f10W'of an incompressible fluid· in a•ducf may -~fonnd in any >i, 
introd\lctory 1e:Kt Qn ·fhlid mechanics (e.g., [5]). The equati~tnlesbribihg:this flow .is as fHlloW's: · 

'f ! i I ' ~ 

' I:)'! ( ; r' 
I r 1 ~' 11' T/'2· Tl'~ ' v2 -· '·Yi r 1 ' P2 r 2 -

" i " ,,,., , ' ' Plf ,t 2~·~ z, ~ pg+ ig +z, +K 2i :, " ,,_ ., ;, : ' ·;:·,' '\1) 

wh~~~-.:p · :~'.~~b~Fi s:t'~~f~1~r~~-s~r~r1:1 P is . th~.,fluid. :?ensity, g is th~'.$;~~y1.tat~~h~~ c9r:~1~~' ~ ,., I · 1'. 

detfot~~ ~~~ ~u5~ v.~ldic~~y, z .?.~~!~~es ~ead, K . 1~1 the I9ss c?effic W}~. ~~~p.c~~t~d,. w~t~ fn.((tlo~aJ ~· 
l~~-s;~s, o~.!YJ.,11:).~r. :I.?~.~~~ ~}~~}.tben~~J · ~bsn:ictl.o.ns. ~t~. , an4, tit,~~.~P?~r:npt.~ :denot.e ~- loca~o11~. ~t 
the· ~nds· of the ·duct section. Smee tlie density of alf 1s low, grav1tat1onal energy is 1gnore4 · 1 n:~ll . 
subsequent sections. 

1 
r .- , , , - l' . ~ ; · , j {·L • 1 ! , / 1.J : i t:i · .' .! ! :~. -!. ·:). \ I ; : _, ; ~I' _ \ . 

·When di cussing authoiity, it is more convenient to use volume flow rate$ n1th¢r.,than .air . . . , 
• ;J 'l I j I , . • " l • • ,. . I ' ' .. I ~ \ l I·~ . ' -. ~· ·> ') ' •-' . J • • •• . • ~ • ' 

velocit1~s .. ~~io!Jng ~avitation~!, ~~~f:gx1 dep.otinp the1vo.l~t, :q?r~ 1ate&s1 Q. ~p~ g~notiµgJh~ .. 
cr~,s~-1~e1 ~tipn~; ai:e

1 
~. ~s, A" EquatlR~Jl : f?;ay b~ exP.re~~~d p.1 tyr111~ .<?f. ~<?, lmn.t?:tJ.o;vV: r(\tes a~, 1, , i, L':" c-. 'n .. , I .... • . 
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·.: .. ho r·:~ .l rl ·; .~ 1 . i ' :~iT.i; ·;::: .;r; 'l<.' :•~ 



!t ' ' ' l:... 

.. 
I ' ; •,. . .. 

' .. ' ' Ii • I J, .1 

• i ' •• If.,,'.' : I 1 I 0 t , 0 ~ : ' I I .. 1(2)' 
h· l ;1 J . " , l 

11 •• f I ' I ·., • • 

2.3. Inherent CharacteriStic ; : : ' ' 
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The inherent characteristic is the relationship between the flow rate and' the dal'riper p0siti<!m : , r I 
when the pressure drop acrdss the· damper iS"constant [6]. The inherent· characteristic:: of a damper' 
depends on whether or not the damper blades rotate· iri parallel or in opposition, on h0W the)' · 
blades are constructed, and on how the sea} in constrileted. '·. '. 1 1.·· ,: 

With respect to Figure_l, the inherent characteristic is mathematically defined as 

. ·. ' I 
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when p,, - pd is held constant. 

P2 

. ~1~· 1 
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Figure 1: Schem~tic dia'gram of~· duct'secti~n confaining'a siligle-bladed admtHii-. ' 

Using Equation 2, it can be shown that ~he inherent characteristic is as follows: . ' 
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• J : ' : '. i l I , .1 , : 1 : , 1 1 ! , f ' ; . , , , ; : r • '. .. ; _, f : f , ; .,, :J f i ~ ·;,] ~; 

where .. e. is the;fraetiou ofJhe.fµlly Qpen ,p,o~!~iQn,:· K,0 is.t!J,~lo~~ cqe,Wci.enUn t,he fylljpp,~n . :, 
position, and (th'e subscmpts 'u and !d, re:feli to lo.eati®$ju:st . upsti:.e~,a11P. c;iqwnstrl:?~ p;qhfJip.f!.l 
control element. When Au = Ad , 

I 

t,(e) ,~ C«e ))' (5) 
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2.4. Installed Characteristic 

If the pressure difference across a duct section such as that shown in Figure 1 is constant, then as 
the damper rotates, the pressure across the damper will vary due to changes in the pressure losses 
in the upstream and downstream sections ofJhe duct. Theryfore, the flow characteristic for the 
duct section will be different than the inherent characteristic of the damper, and it will depend on 
the pressure losses in the upstream and downstream duct sections. The characteristic of the duct 
and damper section is referred to as the installed (or system) charactetjstic. 

In [6] the installed C?hsrraoteij~tic is definedJ by the relation betw€'.en flow rate and positi<:?n, 
regardles~ of the syst~m pr({ssure. In this pape~, a slig\:!.tly differ~nt definition is used. The 
inst~lled · charactetjstic is,qefi.ned as the fraption: ofthe,fu~l flo'rras a function of position when 
the system pressure is constant. Mathematically._ the iP:stall~µ cpara9teristic is defined as follows: 

[, , I 

when p 1 - p 2 is held constant. Combining Eqµations 2 and 6, the installed characteristic is as 
follows: 

1 

2 

fs == 

where Ku is the loss coeffiCient ofthe upstream ·auct and Kd is the loss coefficient of the 
downstream duct. .When all areas are equal, Equation 7 reduces to the following: 

''\IT ·, . ' l.~ .. i '· .. '.I :_.,_', ;- !i~ ~- (·~ .' \·~ ·.. --~·>.' 1•- . 

(6) 

(7) 

(8) 

Authority of dampers and valves h~s b'een defined by.others in different ways. In [1,6] authority 
is defined as the pressure drop across ·a damper ot )Valv,e when it is wide open divided by the total 
system pressure drop. In (2] authority

0

is defined;-as the pres~ure drop across a valve when it is 
wide open divided by the pressure drop across the 'valve when it is controlling. By these 
definitions, the authority will vary with timb bec~use the total system pressure drop will be 
affected by the positions of other dampers in the system. In this paper, the authority is defined as 
the ratl'O'hftlib pressute\itr~p across' 'rn@;da'.mper «rneh' ,fully operi io tlie 'pressure ·drop across thie i 

brahchffr:cbn~els ·wheir ful4:ybperi:. Mathematiraily, theauth0rity.is.defined,a'.s folrmwst i .: :.i: }(, 
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when the final control element isJ~ompletely open (Le., e = 1). If can be shown that --. 
' l 

fl 

K
0

: 1 i 1 
-+--·-iA-2 A1 ., Az ' a= . U d u 

ll -;Ko+ Ku + K"- + - 1 _ _ ·~ .. 
A 2 1A2 A~ A 2 A 2 l I 

u ' I dj 2 I I 

I : I I 
When all areas are 'equal, Equati~n lo reduces to the\ following: 

I " • I 

, ' 
(10) 

I ' t '. , IL~ 
. • l " . (11) 

Note that the authority may be constant even if the loss coefficients Ku, K
0

, and Kd arc not 

constant. For example if the flow were laminar in all positions, then Ku ,
1 
~o. d'1\4 : Kd wot~ld be 

inversely proportional to the flow rate. If all areas were equal, then the flow rate terms would 

c~nce! in Equati~n 11, an~ ~he .autho:~tr ~0111~ . b.e . con.~tant. 9-?.~fi~ning Eq~a~i~?,~.fl-.. 7, ~p}q, ,i 
yields the followmg relat10nsh1p between the msfalled charactensti.c, th,e. authqnty, and thF"' ,., " -
inhe'rentcharacteristic: i i :! ' r: ' • 1' - , I .. -_,., ' I I.. 
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• • • t ' • • \ I l . ' .,·'.' ' ! :' 1 , .1 r'' ,- r 'I . ' ;. l .l LL ' . d t : ··: 1 1 ) 
., ' I . . ' - •. •• ,' ,'. ·, .'• , __ J ,", ·- ' I , " f j I,; I ; 'I • ,: ' 'i i i . :1
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i (~. ; ~, ) ! ; i ; I J ( i I • : :. \ 1 ~ ! / / . : ' ! '. '. \ I I 

I ' \,-. ! J f, = (I+a(f,-, -liY (12) 

' ' ' 
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In an air distribution system·such. as the <me .s~own in Figure 2, an auth,.ori~ is define.~ foq:ac;:h j· , 

branclL Hi othei words, the pressute drop u's~d' to define authority is nqt generally dependent o.n I 

the maximum ·system pressure. 'Ferr examp!e~·the authority of damper 1" 1 1 111 
,. •

1 
"'' 

1 

• • ,, , ••• ' ••• 11/ 1 in Figure 2 is defined· as " . ; .:Jt· 1li 1, 11 j.'. <'. · •:< : · 1 
·'' 

\ '1 • '' 

a =Pu.I - PdJ . ~ , .. 
,,. (} .. -... .. \ .1 

l ,i ,,, ., ' 
" Pi' - Patm ' 

!1 

I I I ~ ' I f I • . ) (13) 
r : 

U': .·Jr · I I' 
I . . ,. 

I ' I 

when damper il is completely· op.en, btitthe· atith8nty of cHilnper 2 is 9efined' as 
. ,t\. -:! ; ;_ 1; , ; I i" •. ' '..i •' I l l ', I • f 1 / I 1 t; 

•' f' I.: .. ~I • ' 

•• • t';\ I 

when damper 2 is completely open. The advantagi;: of defining authority this way is that the 
authority is only dependent on pressure loss coefficients and only on those of the branch in which 
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it is installed. Therefore, the authority will be nearly constant unless a system fault occurs such as 
a blocked diffuser. If the maximum system pressure drop were used to define the authority of 
each damper, then the authority of each damper would depend not only on the loss coefficients of 
other branches, but also on the positions and inherent characteristics of the other dampers . 

! ' 
. '. ) 

static pressure I 
,,...-~~.------~~ .. ~-·--~~c-o_n_tr_o_lp_o_in_t...:._~' ----~ +,,~r--~~----~~~ 

r;i ~ . 

Ptlt 

'r 

u ' ih 'J' 

/ ' / ' / ' / ' / / ' 
Figure 2: Schematic diagram of a V AV air di~tribution system with eight control 

dampers. 

,, I ' 

. . : .• ·'' ' • .. 
3. Authority Estimation' 

.Jill •r' '-;1·\, •·• '·'~J' ;;!f-'~';_,' ." .,, 

First~ 1cdrlsider+the1 'd\i'ct section depicfed
1
in ~igure 1:d:;t;~d 

1

'.l:~siim~ .that ~h~ volµme flow rate ~d 
._ •• I. • • l J, ~ ~ ·.j; , :.1 · . · r. 1.._1 · • . ... , • · . 

damper-pos1t10n can be measurea, that the system pressure drop lS constant but ~own, an<;l 
that the authority is unknown. Combining Equations 6 and 12 yields the following relationship 
between the flow rate, the inherent characteristic, and the authority: 

' 
Q!ax +a(r- 1;-2 )Q2~ ~Q2 . . (15) 

The maximum flow r~te is a function of ttie unkno~p pressur.e drop ,ac,ros~. the braIJ,ch, sq ~t is. an 
un1Q~d\vn1 butJtonstru\t'Jp~1#iet~(~fthe due~ secti~p. ·.~_guation p 1~' a lin~:ar regression, on the . 

i f(· t r· , ,~ , . . ,. ·f \ a ' ' • U I\ ~ 1 1 1 I ... >J , . t;, · 

unki:iow1i parameiers a anc\ Q:,.jt,· :By mo;y.~. F.l~e~ ~.'ill?P.er to tW:O .different!position,.s and·, '. 
measuring the flow rate,. one can solve a linear set of two equations for the twoiunknowns, a ·· 

and Q!ax. 

Now-re-consider the system depicted in Figure 2 i:o.. which the system consists of a single main 
with dampers controlling each of the branches. Like the single duct section described above, 

assume that the flow ~flt~Ji1?1"?1;19h e~c4Jt~w.pe:t; a11i:}Jhe_:PO~itipn of ~Gp d~ll1P~f·ca.nibe measurei. 
The pressure at the control point will be denoted as pc . 

First consider branches upstream of the con~dl pdi~t:If the dampers downstream of the pressure 
c~ntrol point are controlled so that the total'fl~w· ra1e past the pressure control point is constant, 



" 1 

then since pc is: constant, the static pressure at branch point number 5 will be constant regardless 
of the flow rate through branch number 5 or any of the other branches upstream ofnumber 5. 
Therefore, under these conditions branch 5 will behave in such a way that Equation 15 can be 
used to estimate: th~ branch authority and the maximum flow rate through the braneli 'under these 
conditions. Now if the flow rate through branch number 5 is held constant, then the static°" 
pressure at branch point number 4 will be constant, and the same procedure may be appli~d to 
branch number 4. This technique may be applied to all the remaining upstream branches. Note 
that the flow rate through branch 5 need not be controlled with a feedback controller. If tije 
damper is held in a fixed position, then the flow rate through the branch will be ~ohstant .·because 
the pressure at the branch point will. be constant. ' 

Now consider the branches downstream of the pressure control point. Since the pressure 'at the 
control point is constant, the pressure at branch point number 6 will be constant if the flow rate 
past the pressure control point is constant. In 6tder t6 'use Equation 15 tri'determine the authority 
of branch 6, the position. 1 ~nd:flow ~ate o.f d~per 6 m:i}st be adj,uste~.1 ;r?is will alter the flow rate 
past the control point unless the flow rate through one or more of the ·other branches downstream 
r.f hr<>nf'h r:. i "' ailinct.iil tr. f'r.mn;,.n"<>tP fr.r.tnR PvnP.ritnPm.t. "" hr<ln<'.n n .ThP.rP.fnrP. . tn ilP.tP.nnlnP. 
'-J.&. ........ - ............. _.._ ........... ...._ ..... _....._J_..., ............... "''-' ..... ._ ......... .t' ................. _., __ ..... _ _.._ ...... ..._ ..... ._ .. .. r-... ............ - ... _ .. "':: ...., ... _ ........... -... .... .,... ... ..-; ..... ,. _,...,~ .... - .... - .... ......... ""':.' .. ; ;;- ... -7 .... .... ................ _. 

the authority of branches downstream of the pressure control point, the fl9w r~te(s) along the 
main from the pressure control point to the branch to be tested must be held constant by 
appropriately;. controlling <'>ne 'Or more oftheJDranches :downsti-:eam of the bra~1;h.to be te~ted. Jhe 
exception is .'t11e last branch;1To:determine ·theauthority of th;{! last branc\l,; the s~~onq1to Jast · · 
branch must compensate for the changes in the flow ra.t.e duriµg the test. , : : : 1 •. :·. , ,. i , , 

: i ' ! : ' I : , '. ! ' . ; ~ '. • ' i. [i ' { ! •:; ' \ I 1 ' ' ,' l ; 
• ; · : I '. ; ) • ~ '. ! ; • , ( • . , ' 1 ' . ~ () '. ! 1 : j l 

The advantage bf'th'fs metb'od is.that it is insensitive .to leakag¥. To s~~ thi.~, a~sµme : that w~<1U. : !J 

testing branch 41 tihete is leakage. Q~' between branch points 4 and 5 through a liole witq .. ~Joss, . 
coefficient r KL . Since ~he piessm~e'at branch p·oint 5. is constant, the pressure at the Q.qle i~; ~Ii '" J 

cons an·t, s6
1 
Ql is cori.~tant. This frnplies that the flow rate between braneh point 4 and the h(j)lei 

is constant' and tilus thb pressure at brarich'point 4 is constant. This same argument:applies to I 1 I 

leakage ~t 
0

0thef points in the; System'. ;. . .. I . . . r ' f i : . ) 

The disadvantage of this method is that it cannot generally be performed from data acquired 
, , ~~ng normal operation. Instead, it must be p~rformed during commissioning or during times 
· when the normal system operation can.be, interrupted, much as a step test is used to determine 

controller parameters. The authority of each damper, once determined, will only change if a loss 

coefficim\~ iµ, th,e br,a~ch ,chang~s. This co~l~ hm:w~n if ,~,a~~n?in~,~~P~!~ . ~~~ ~~·~e~, _i,~ a d~~t; 
becomes blo~ked, or If a heat exchang~r fouls considerably. Penod1c authonty estimat10n cm be 
u~edtodetect 1thes~faults. ' .: :: ,I: , . ' :i .. ! ii " .• : : •J, , ;;; · .. ; :; ;1 ( ,. 
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· i "Figu're '3: 'The 'effect! of an ckor in:thc nominal inherent characteristic on an estimate of ' 
·: .. :I ' - ; ' \';the authority: ':i ! '" ''"Yi~' .c::<'"1'1 ·· •' ::--,r1:)111;-

The rrietliod described in this sectiOn reqi.tites that the inherent charaoteristic be a kn,QW function 
of the' po'sitiorr. In pn:iot1ce there wm be ·solne 'Uncertainty in~the nominal inherent, char~cteristic, 
even when testing a dampet that lfas :been carefuUy. chara9terized. In order to g'!.in some insight 
into how errors in the nominal inherent characteristic affect estimates of the authority, assume 
thlidh~ authori~y;i'.s est'i.fuated using Eqriatibll' 15' and measurementsJaken aitr.itwo p_osi~~ons: fully 
open and1at sortie partially" op en position~ Also assume·that th~re js-no lUlC~rt:;iint)'\ in thi;; flow 
rate mea·sut~ment. Whenothe damper is fully open, the-inherent cha,r.acteristic is equal,tp one by 
defmition;• so :the 'uncertainty in the estimated authority, !unde~)hes~ condj~ioit~ is ~lely a fu11ction 
of ·the unce1tainty i~Jhe iµheren.t charaqteristic atj the,p_~rtially-open posi#ori. )t can be s.h?w11 that 
under these conditions the authority estimation error is relafpd to the error in 'ihe inherent,, .. ;' 
characteristic as follows: ," · 

1 ;~'J! ~;~ ·=~· rr·~-·1~ ;,~ . )~ .· ·l '{1i1 ~ ...J ,1._)· _..,. .i\ .:.: :,': ·: ~ 
~'I ·· ''. ;·:p'. :-., ~CJ1 ;:_qi .1Ji1, :_·_:rri"'I.' ... 'a -aL:~. 1-.c~·rr-. 1,, . · ··' .:1·.·.·r• 

. . . . l " " . '... . , , q.) ' L '. " ~~- l r ~ 16) 
,.·' :; ; } . ;_ .. 'c.. ' ~· ! ' ' ;., ' I • • " . . J ; ·a· ' r : I i -;-J .. lf.' ~2 J,· . 2 "· • I ' ' ' ... 

- _, ' ~ .1 ~., - l:;\. ·'"''·"' ' 1Jl ,.._ 

' 
i• 

II :!',. ·<VJi-[1, J{ ~!-L _. _1 ~-1r·r: rl ~;,· .. , _ 
1 

·- .' lr ;rin# 

_,'fll~r~ a ,is,,~;'~shial ~ri~hority, .. ~i ~~ the'esful: ~ted 1a\fthoiity, f;··iihhe actual valtie .~Hhe · 
•· - ' J ..... ~, •• ~. .•· •• I ,J\ . ' '; 1' I ', '1 0~' t;'! • 1.d •• '!-~ .. '"!:. -""J jl-' • ' j t• ~ r ' 

inherent characteristic in the partially-open position, 'and c'~ J;/f 'is.·~h~ r~tio. 'of.th,e,riomil1aJ 
• " ~ ' ' ' ' • I ..J- , I j J I , . 

(estimated) value of the inherent characteristic in the partially-open position to the actual · - · 
inherent characteristic at that position. This relationship is shown graphically in Figure 3. In 
order to reduce sensitivity to an error in the nominal inherent characteristic, the low-flow data 
point should be at a position where the inherent characteristic is 0.2 or less. Using more than two 
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(' .. . , . . I II . . .. · :J. . ,.- , 
: ,/I • I ' I ' ' .... , I ')' ' 

L •• I I I,_ 1 

measurement points will change the relation between the authority estimation error and the 
inherent characteristic errors, and'it will reduce.the sensitivity to inherent characteristic -<in,;ors: . . , 

~· I 

. '. 
4. Experimental Results 11 ! 

. l 

! t• ), 'i ' I ,i ', . . ; ' ·: . · , , ;:·1 t .) t•, ,, 

In this section, results of applying the authority estimation method described above to a branch' 
of a variable-air-volume system a:r;e described. The system is constructed as in Figure 2. There 
are eight branches, each cont~ini~g a control clamper. The static pressltre control pb'int is just 
downstream of branch numl;>er five .. The ~uth~rity o°f the daroper fo.qnuidi iiui:nb~r three was 
estimated. At branch point number three, the,_inllin.has: a squfil;'e crnss~sec~ion, 0.609'6 meters on 
each side. Each VA V box, which contaliis a cpntror d~per, i's m,oun.ted tlirectly to the main. The 
v Av box is constructed of a rourrdthroat ·Sectiondi.ttached to· a square housing' for the damper. 

- . . • • ' • \ ' I I 

The round throat is 0.254 meters· in diameter and 0:254 meters long. It contains the :differential 
pressure pickup used by the DDC system·to c~ntrol the flow rate~ The square .housing is 0.3429 
meters on each side. The polymeric seals for the damper are attached to the inside of the square 

i. 
' .. 1 I .' >~ I; ' ' :· ' I • • " ' I . 

During the experiment, the static pressure at the contr~l point ·~as regl!lated to 248.8 Pa. The 
flow rates through all of the branches other th,an number 3 were controlled to a fixed level during 
the test. The position of the damper was comni~ded _by a digital control system, and was 
measured with a protractor attached to the actUator and a'needle attached to the damper shaft. 
After the static pressure reached equilibrium, t~e f1ow rate tlirough the branch, the static pressure 
in the main at the branch point, and the differential pressilie ~cros1s'theVAVbmC'were ree0tded: 1·; · 

The flow rate through branch number 3 was rn.easured at the diffuser with a commercially 
available flow capture hood. The static pressure In the· main was measured at the centerline of the 
branch point.:The,.qiffei:entjal press~e wa~ measured with the static pressure tap in the main and 
a second st~ti~ p,i;essure tap at

1
ti?<1 .Pomt wh~re the b~anch ·due ittaches· to th'eV AV box adapter. · 11 , 

The loss coefficient at each damper position was computed using theToHtrWing·equatiofi: 1, 

(17) 
·' j :'!;I 

~~1ere ' ~fi.
11

!s ~~ J:>i-ess'tn:e drop ad-bss the VAVbo~, A,,· is the.area of the throat.ofthe,,VAV box. 
(0.0~07 m2

) and A" iS 'the area of tb'e brartch duct' (0.1452' m.Z)i ·Nbte that this 'loss coefficient '.'I .. 
contai is th~ 

1
en'trance 

1

pressure 'loss inro the branch from· the main. To :account for this· additional -
loss, the.,8.utJ1ority is coiriyuted a~I foito\Vs: '• I ') i ' . ': :! ' '. ! ','.)I, ' \•; i •· • , '. '~ , !) , '. i : 

•• ' r 11 • ' . • •• r· f ' ( : ; .. , ,, . 

i· ·1 :::~ , :Hi ::· r ... ·.;_: .·.-:,' ·l1" .p;! . ~ >1'. .. > •• .. ·~.·- ·.: .• '. •• -.. '.:·_.' •• 1·)··.:: .... · ·· : :L .; . . ~ ·; ;.h1:::1·.1;j1., :~ ., ;! ., 
. ' ~ J ; ~ i ! j : ' : ; :> ; ( : ~ • 1 \ i . ' r • \ ' ' 

a = - · · - · · · '(18) 
Pmain 
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when the damper is fully open, and where Pmai" is the static gauge pressure of the main at the 
branch point. The inherent characteristic at each position was computed using Equation 4, the 
calculated pressure loss coefficients, and the upstream and downstream areas. 

;( rr ·: i ~ ) ' . ' -· 
Table i show~ 'the recorded data' and the values of the loss~oefficieµts and the inherent 
characteristic at each position. The pressure readings indicate some measurement inaccuracy 
because at the first and second positions, the difference between Pmain and lip cannot be 
recovered by converting the dynamic pressure to static pressure. However, the measurement error 
is small (on the order of 10 Pa or 5% of the reading), so it is ignored. 

: ! :·· : t < J I.. _: r' d LJ' r ' . . , . " ,, ,,, r.1 
' l \ . J - r . - . J ~) , ! i . ( , . • • 

, . , T,,p\~i 1 :< Re~~r~~d ~H~- calculated v~lu~s from: the e~perii;nent . 
. ' 

e;·ND I Q, m?/s· '.-'• i Pmain' Pa . · ·lip, Pa1 K,NP :_;~,ND 
o· I L• 'O:D411' "". 275.91 ·::i 28L39 .. 7391.14 .. 0.0496 ' 

11 • 

0.2951 0.212:31· 275.91 2831.58 17.828 i 0.3272 
j -~ 

•; I .i ( . I( '! 

I .·., I 
J.( .. 

0.655'.7 
1 

0.~074 

0.7Z03 
• ' 

·-
'271.56!" ! ·; 

270.46 I 

< 

'258.42 5.31266 0.6388 
212.48- 2.6931 1 -

~ J • • • . . . . 

·: ., 
· : 

.Ir 

1~u ·~iL J~. ~ .. -'Li :J · • • 
i . ' ' · p . . . ·: j J l . I I I 

The maximum flow r~te anJ authority; are ccimpUted·by solVing a leas~ squares·problem bas~d on · 
Equation 15 us.ing the data ap_d, c,alculated values at the four positions. The estimated values are: 

• i ; r, ~.;' .. ~ ·) _- ~' i· ·.'": ' ) ,,:r l · . 

• "/'i t· ': •. a:= 0.7429 
; ~· 

: ,, ' .1 f 

'I 
:j 

Q;tx ~. 0?~4'.2' .m3/s 
~ . ·~ .· > , ' 

' I . · . . • ~:i ! ~ ·· : b t '. • · :. j J 1. ·: ! ' , . , . :._ ' I .. . . ~ :. ) I ' 

The m.e~ured v~,Ju.e,qf a ., ·.oo~puted from)~:quation)~ is: 

.. o• ) .... 
... • p 

, ~.. J I • :I .. 
. I ' ~ ' r ... . . I 1 . , • .,'• I!••! ·.· l o .:1 

.1 , ! : 'L ;, i:· 
~ ·:, ,~:= 0:18Js;6 · ~-· .-:: -, .:·. i : ).-, ; 

i ·., • r . • I I ,. t ·~ ! :'I J • • j i :: : , ' ! I ·. . . 
IL I ) I IL ' I • • . • . I • 

and the.measured maximllffl flo~ ;retr is sho~ in 1,'~~le 1. T~1e> d~tfer~~ces b'etwebn 'the · ·' .. 
measured a,nq e~timated!yal:t?-es of the aut~ority ,an4 ril~ximum pow rate 1_are 5;44~ arid,0.54%, 
respectively. · '.. · 

I .:· , ) ( 
l l.' 

•/ 

- I 

5. Adaptive Flow Control Strategy 

Figure 14t''sliows· a: 'block dia:gm~'of the control ~lgorith'Ql .. .(\ ~ed~9.r~ard. p~~~ti9.r,i Ri?Fand is . , 
com~uted ilrom the ~ow. se~01nt h~~ed q~ a w.qq~1 g~ the ~O?f f PCU:~:cte~~sti9i Tpe e~t1~.~~e of 1~e 
maximum fl~W: rate is: m.-0d1fie~ ~t ~ach.s~ep . to, ~~ff~~t.:c?an£9~ ~p $~ st~~c \lf~S~~.~e ~~p ~~r~s~ · , 
the duct section controlled by the damper. The feed.forward coiµrnand and the feedbackpositi6tr · 
change commands are used to determine the position co~~-aiid ·~ t~J pd§iiiorie~. Tli~~rett of this 
~f?Von describes the function and design of eac~'l_ of the blocks in Figure 4. 

, -
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Figure 4: Block diagram of the adaptive feedforward plus·feeclback strategyl : ; ·: . :: . 
! ' '.1 . ' · . , ,, ,,· 

5.1. Parameter Estimator r It: 'I 

The purpose of the parameter estimator is to estimate the maximum.flow rate1 thr~ug9iJhe duct r. 
section. The maximum flow rate is proportional to the square root of the unknown pressure drop 
acrossthecon,t,rolledd.uctsection :· , . '. , . . , . , 1 ,, • : . ·: · • 1,, ) :: 

i ; I 

I 

I 1 Q = . ,P1 - P2. ( J 
2 

max p( Ko + Ku + Kd) 
(19) 

and 'i~ mtlrnown'be~ause. P1 ~· P2 ~; Ko ' ku ·, and I Kd 'ar~ ~nknbwn. 'Siiice th~ pressure will 1chahge 
with time, the maximum flow rate will change with time. Assuming that the authority is known 
from a procedure such as that described in Section 4, the maximuin fl°'\,' rate jusf ~ft~r disd.·~ttf ·· · 
time k can be estimated using the following filter: 

··.~ • ' I i · ' ' ,. ' ! ; ; · < j !! . ,' ' ' . ' i / •' I ;J. j I ! I I i ! ~ . i, \. ' ! :; ' ' ) I j · I/ I • ; L '_: , I r 
1 

• 

: 11 , ), . 11 ' ,' ;; ;j. · r•J ! .·:, 

Q!ax( k+) = (1- w)Q!ax( k-) + wQ2 (k)( 1-a +a/;~2 (k))2 (20) 
I' ., 

where w is a free design parameter. The i~erenf icha;r~ct,eris,ti~, m;qst pe laiown t() estitnate the 
maximum flow rate using Equation 18. · · · 

t'. ' ···· 

5.2. Feedforward Command 
: ' ' ~ '. j • :: • • : : ;i . ; i I : r: r i r I • , - \ • JI I I :1 1'. ,I., 

. . 
:,.'' ! .:r I ' './ ~ ;· ' 

Gomputing the·.foedfoiwatd· posi1ion: c01nmandroonsists1 of; tJ1ree steps.1 F~rst the. va~ue. ,of the. · , :" 
ins.talled ;charactbristic rthat : c~n:;espbnds td Jthe :filow:;setpoint is. c.<bmputed; usl'lJi~;the .estimatedi 1 l J c! 1 

maximum flow rate as follows: 
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{' = ~sp 
j SJT Q 

max 

Next, the inherent characteristic corresponding to the installed characteristic computed with 
Equation 18 .is computed as follows: 

(21) 

(22) 

The final stf pis to invert thc;:~nferent characteris_ti_c. For example, ifthe inherent characteristic 
were e8_ual-percentage,-then the feedforward pos1t10n command would be computed as follows: 

• I ln(/i ) 
8 = 1- ff 

ff ln(fc) 

where, in theory, fc is the value of :the itah,erent charact~ristic in the fully-closed position. In 

practice, final control elements that are nominally equal-percentage have a value off; in the 

fully-closed position that is often less than fc . 

5.3. Feedb'a'cl<. Change con\mand v J.. · .. · 1 • ·• t ·-1 • 'C 

'I "!j) . ; .. 

The feedback controller computes a feedback change command that is proportional to the 
difference between the setpoint and the measured flow rate as follows: 

.i 'UjJ; .:: . :.·A ~lJ!! . '\.: }! "t ~·~, '~ 

5.4~ .Ppsit!o~l ~~mmand ~ogic .f.; . 
.. 

I ' • • I ~ ~ ~ • : . 1 • 

(23) 

(24) 

.. ~)J ~ . , . :.. , ; :;_.·· · _; , .• , f ! ·1 ~ ··, • I , 

The feedforward position command and the feedback position change command are combined 
using the following logic: 

'f · 1 I . , ;, , ~-. · ~ . ( . · -· · '1 ·" • 
- • • ~· 1 .l ",i;l' 

sgn(8 ff(k)-8 ff(k-l)) = sgn(ll8 Jb(k)) If 

I 
I• 

. ' 
' • 

'J: i ·Then ~8 ~(k) ~ max[e1ff(lf}'_!._8'jf ( k :.:.'t )~'L'l8; ( k)] · ! • · · · 
'·' ( ' ·,~I jJ . d~ · i :; . .. T•;f 

· ': ( ;.. 

Else L'l8 c(k) = L'l8 Jb(k) 

In words, when the sign of the change in the feedforward command is the same as the sign of the 
feedb~k change:comm:airitl,<.tJ;ien thttrpositioir~oominand. is-Jthecmaxiq:rnm'<Ofthe .. two,l Qth~r.wise it 
is the .feedback..chCl!l.ltigie !a:cbmm~u This logic pY.eV.~nt1uthe i&~dfo.J:Mt~ard)~(1mmand :ftom: fighting , 
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the feedback command but allows for larger movements than feedback alone would provide 
when the larger movements are warranted by a sudden setpoint change or disturbkice. 

' ' 
\ ' 

6. Computer Simulations 

In this section, the behavior of the adaptive feedforward flow control strategy ~s'. demonstrated 
with computer simulations and is compared to a fixed-gain feedback control strategy . 
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The operation of the flow control loop of a VA V box was simulated on a digital computer. The 
box contained a single-blade damper. The inherent characteristic ?.{t.he ~aplp,er, w.a~·.<;l.etefnnined 

frow a la.bon1ton;·teston a· comfuercially av~illable' VA V termiriai unit. Figure 5.sh,ows the data , 
1

point~ fron;:i the laµoratory, test aiong with a b1cu"l:~iB sp~pe interp9.JatipP. petwee~ the.po.ints. Th~ 
oge;n-:ppsitio,Q. pr~ssu.re loss ineluded'.fhat from the·differential pressure array~ ~ f}.ow stntighteqer.1 
i11$talle.o in the bo~ 1byth,em.wmfacturer, ,and the fosses-Clue1 ~tb the ~lid.nges fr~m a ·9µqd \o ." ·· ;>' · 1 • I J • , . • ,, 11 , ~ , 1 l i 1 • I • 1 ~ • • 

rectangular geoµi~f;cy, apd pac •:• Ftigµte15!also sl:'iows·the;inS'tatted"C'h'aracteristic wlien tbe . , 
,. • I ~ · . ' ~ ' . ,.. ~ • ' • • i • ' ' • -, lhH I ')c ! • d JI I .. ' i I 

authqpty .1s
1 
0.3) ~d 0. L~ !l,\cco Q:ing to [9]1thei authont)i'shouH:l be·oerween. ~.25 and Q.~~ .. / .. , . _ 

Ho\vever, rVAV box.~ ar~ .c;q1;rn:nonly1 ©'V:er .. ~dzclcli, which l&~rs 'th '; aiMiohty. Ii{th~_ ~imu atipn~.,.,. 
1 1.1 T . -.r · 

1 
. 1 ( 1• 1 ll . • , 111.-r.-1 "Jti ' . 

described belovy,, the auth01;'t)'1 wa.s):0.'1..,,:;, • 1,'r1 i...: J ••I:.> .1 ' · ·· 11
'' ' 

1
' • • 

!~ ' • • • , •J ~, ~ ... . t ,· -~ ... -

The adaptive feedforward controller was compared to a fixed-gain feedback controller that was 
designed to achieve deadbeat control performancJ when the gain of the damper is highest. The 
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gain of the damper is proportional to the slope of the installed characteristic. Figure 6 shows the 
slope of the damper characteristic of Figure 5. The maximum slope is 4.7 and the ratio of the 
maximum slope to the minimum slope is 66. 
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Figure 6: Damper gain for an authority of0.1. 

Deadbeat control means that the flow rate is driven to the setpoint after just one execution of the 
control loop. Deadbeat control when the damper gain is highest is achieved by setting the gain of 
the feedback controller equal to the inver~e of the damper gain.-Thetefore, the gairi used in the 
simulations described below was 0.212. At the p0int where the damper gain is-highest, the 

. ' ' . 
stability margin with this gain is two. Under mo~t conditions t4,e feedback controller will be 
more sluggish than a deadbeat controller because' the \gain ofthe damper is less than its maximum 
value. When operating in tl~e regioD; w~e\y tl].~ .. stamp~r g:,ain i.s lowc::st• .the feedback controller wjll 
be 66 times more sluggf~h tl:ian w~~P 'the 'd~Ti.Rp~ 1&ain i~ high~st. ll~b.e damper operates with a 
turndown ratio of 20: 1, which is fypic~ 1 

in many VA V box installations, then the peak in Figure 
5 will lie within the normal oper~ting range. , . . ,, ' 1 • •: ·r) · ... '. · 1 • .. 1, 1 : :; · ...r'"! 

• ' lo ~ l ' "-r I ~ ., I • t 1 ··: I 1 ~) ~ ." ~ - -~ . . J: :) " ' .. I I • I ,., lo • I •• I I. . , Af 
• ' .. ' · • I .. ., ... i . . . I' I ' St .! .... I ' .. · ; . " 'J '· ... • . . 

Three silhulations ·were per'.fbrm~lt.9 detnqn~tr~f~ t~e ~~rn#it of the adaptive 'feedfotwat~ coi1tr~l 
action. In all ·three simulations, llie·s:ame ~vtpQ~t s~uence,,and di~tm:bance sequet1de Were us'ed .. 
Figure;!7 ·shows tlir/s6tP~~~fS~q~~4f 1 8:J.1{i~~ ,,Q'1:?X-.1. 13~qµenc~f_or, the thFee stmtilatid1~s: ·A !5?.fili~e 
irl ··Q;,;a~: .. is-. equi~alent'.t~ a" chitng.~, lb the .. ~t~tic p11e.~_i;J;1r~ .at 1ihe.hran~b~·0fntJ iif<tJ:i'e >mairi duct'.'.lli.' fue 

, . . i • , ;. . ' s : • , .~ . ~ • , .. r ,,.,. • I 6' • -· • .... • • • ) i 1 ,, ' • - , • • • ~ ·_, 

first sim~~~1?.~· •. ~es;~}~.~o "It:?.·~;'1: J?R1 .mo~~ling, ©Q"or; -and~the p;n·~ter ?"a!ck'!~g ~~11 V.:~~ . ~f ~; 11 

( ~v = 1 ). Tl?.~', i~ ~~ ~~~t~~~~~.~9e~~P. lqr%r~apitiig .;iJ~eneff from~e'.fee~6~.ri~~ .~.o~pe~~~f~8v1.1 
F1~~~. ~. sho~~ ~1 ~o?:1f':~~?AJ :P~ t95< ·i~~~foffla1Nl .wus fe.edha:qk 1 and 'fa:e~~~f~~JliY ,~~~~oE, . . , ·~ , ~ 
strategies' Mltfer these cond1ttous. The feedforward plus feedba~ksttategy'ptov1lie~ tleaC:llfoat 
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setpoint tracking and deadbeat disturbance rejection. From the figure it is clear how the gain of 
the damper affects the performance of the feedback-only strategy. When the flow rate is a large 
fraction of the maximum flow rate, the feedback-only strategy is much less effective at tracking 
the setpoint and rejecting the disturbance than when the flow rate is a small fraction of the 
maximum flow rate. 

The second simulation demonstrates how the two control strategies compare under a '.'worst
case" situation. For the "worst-case" simulation, the measured· flow rate contained normally
distributed white noise with a standard deviation of one percent of the flow rate. Also two kinds 
of modeling errors were included in the worst-case simulation. The authority used to compute the 
feedforward commands was/0.3 ratherlhan the actual value ofO.l,,and the inherent characteristic 

. ,. . ... ···- -- ·- . 
used to compute the feedforward commands was linear rather than the actual characteristic 
shown in Figure 5. Finally, the gain of the parameter estimator was low ( w = 0.1) which.made 
the feedforward commands sluggish. Figure 9 shows how the adaptive feedforward plus 
feedback strategy compares to the feedback-only strategy under the "worst".case" conditions.J'he 
adaptive feedforwar4 phis feedback strategy is still ~lightly better than the feedback-only strategy 
under these conditions. '' · '' ' 
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The. tl}~;d ~\¥iulation_; ~w9n,strat~$ h~w. Uie twQ·.acmtrol $tl'.ategies compare under a, ~~typic,al" tw( ,: 1 

sitgf!-tj<m-· fpr, ,tpe ' -'typica:L'~ · ~imqh:ition, the(measiued flow, -rater contained:-normally ... distributed1.1!1 :· i 

\lVhiYfJ~oi~~ "°'ith a stand:;tr<il,;devi<Jtion: of PI1:€iJ1p~rcent of the flow,rntG), and:the authority used toh .•I 
compute the feedforward commands was 0.2 rather than the actual value of Q.,l. The gaini of th-a.1 i ·:~ 
parameter estimator was high ( w = 1) which improves the response time. Figure 10 shows how 
tW,t~gaptive ~~ed~O.f":W.d pJµs fei:tdbaclsi_ ~tra.t~gy icompares t0; th~ feedback -.0nly strat~gy tmdet, L- . 

t4y .')ypical" conpWops. '.l'~~ ad~ptive , f,e_~dforwsµ-q. plu$ fe~ql;nwk str.at¢gy ii$:-~igmficarttly• better1~ r:~ 
at bgth seqx~illt tra_f.~ing _ :;i.~d ; dis,ttn·p~1w{{ ;i:aj~~ti9n ·tlian the feedback-only gtrategy:under1tlwse: · ;: . 
condition~~ Piart; l9f~ thff ·imprm!'ed ~~~9nse 1 is ,<ilu,e. to · tJ:i~ ; higli<;g~in, o.fi)h~ paxainete1[ 'estimat9r.,,By!lft 
srgiµg .,, lY = i, Ja.d41li°'1),~l mea~1:11ieple:p.tnqi~e :i~ , intl\qduaed into :tb.y contro H®P• Ji'his. has. the; i I : ::n 

un~e~,r~pJt:; yff~qt, q~1 ~:\'JiCrMa,si1rn;tP~. st,:;i.n9ar4 de;vi~ti9n ,ofthe po$ition ~igmt1li.by·13~% during .. :.1'; . !~ 
"steady-state" condition~ .. A:tra~eof(beM~~n _iictµat<;>r -mqtiQn and co11trolp~fforman~e c,;ould be ·: 
achieved by using a lower value of w. 

Although the objective of the control system is to keep the flow rate as close as, po~i~l~JtO th eh i\ 
setpoint, one may also be interested in how accurately the maximum flow rate is estimated. 

Fi~w.e,~~,- ~h.o,w~ ~e,~~tiwa,.,t~d 1:;ipd;}~9ti1,alrnw.~imwn1fl~wi.i~t~~< -t:or; ~lJ.e !tl:U-~~ 1~ase$1de.swib,~d1r1. <j.: 

above: Under the "best-case" conditions, the estimated values ru;~ n~~W,;indh;ting~shable rfrom. :1 
'.; 

the actual values. However, under the "worst-case" conditions, there are large and persistent 
errors in the estimates. Even under the "typical" conditions, there are large and persistent errors. 
Improved control performance does not imply acourate parameter estimates. 
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In this paper, a method of estimati~g aamperc:authority ill air distribution systems is described. 
The method only 'requires measurements that.are normally av:iilable· in mbdert1 HY.AC systems 
with digital controls. The method is based on a definition which renders the authority a nearly 
constant. parameter and on a technique which: allows the stat:le' ptessure dtop across' a brancli to be 
regulated even if that preS8ure is not measured. It· is shbwn that :the method fa iriserisifive fo chict 
leakage. Experimental results on a Variable Air Volume (VA V) air liai1dling unit demonstrate the 

' . 
efficacy 0f the method. •. · 1 

• : ,,.; '· 1 ., • '' :, · 
-~ ) \ ; ' ' 

I { : /,' l I j J '.:1 / ' _;' ,• .~)J ~· .I < { ! J' ')I ':.:' i 

Additionally; an adaptive flow control algorithm is described. The algorithm is based ori a quasi~ 
static model·oHh'e illstalled:characteristiC of the control dainpei°'ahd duct which' uses the vallie 6f 
the known or estimated.athho:rity. A feedforward positfon·coll1liland·is:eomptited based on the': 
flow :setpoint. The· maximum! flow rate~· wliidhs an unknown iparameter1of the in.ode!; is 
continually· estimated based on p0:Sition arid flow1 information ' so the 0 feedf0rWarcfoomnitlnd's are 
adaptiv.~. 1The algorithm ·provicles significant iihprovemeiit in corl.trol petfom:lance:over the ·best1: 
feedbacfo-only strat{;gy even in the presence ofndise and' mo'deling' errors:·: j \ ;• . e 

: Ii. .· · 

'J.' 'I '; I 
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