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N ote: S n a ps h ot P DF is t h e pr o of c o py of c orrecti o ns m ark e d i n E dit Ge ni e, t h e
lay o ut w o ul d be diff ere nt fr o m ty peset P DF a n d E dit Ge ni e e diti n g vi e w.

A ut h or Q u eri es & C o m m e nts:
Q 1 : Pl ease n ote t hat t he O R CI D has b e e n create d fr o m i nf or mati o n pr ovi d e d t hr o u g h C A T S. Pl ease c orrect if t his is i nacc urate.

R es p o ns e: I have a d d e d O R CI D f or all a ut h ors i n t he C AT S s yste m. F or s o m e r e as o n t hes e d o n ot s h o w her e.

Q 2 : Pl ease c heck if t he affili ati o ns of all t he a ut h ors a n d P hysical a d dress of t he c orres p o n di n g a ut h or i ncl u d e d are a p pr o pri ate.

R es p o ns e: T he affiliati o n b s h o ul d b e writte n o ut as " N e arly Zer o E ner g y B uil di n gs R es e arc h Gr o u p" as i n p hysical a d dr ess

Q 3 : Pl ease e dit t he a bstract d o w n t o n o m ore t ha n 1s5 0 w or ds.

R es p o ns e: R es olve d

Q 4 : Pl ease n ote t hat t he F u n di n g secti o n has b e e n create d by i nf or mati o n give n i n t he ack n o wl e d g e m e nts a n d fr o m C A T S x ml, a n d

t he “ ack n o wl e d g e m e nts” secti o n has b e e n re m ove d. Pl ease c orrect if t his is i nacc urate.

R es p o ns e: R es olve d

Q 5 : T he f u n di n g i nf or mati o n pr ovi d e d ( Est o ni a n Mi nistry of E d ucati o n a n d R esearc h a n d E ur o p ea n R e gi o nal F u n d; H 2 0 2 0 pr oj ect

Fi nest T wi ns) has b e e n c hecke d a gai nst t he O p e n F u n d er R e gistry a n d w e f ail e d t o fi n d a matc h. Pl ease c heck a n d res u p ply t he

f u n di n g d etails.

R es p o ns e: T he pr oject li nk at E ur o p e a n C o m missi o n is her e: htt ps://c or dis. e ur o p a. e u/ pr oject/i d/ 8 5 6 6 0 2

Q 6 : T he discl os ure state m e nt has b e e n i nserte d. Pl ease c orrect if t his is i nacc urate.

R es p o ns e: R es olve d. Is c orr ect.

Q 7 : T he ref ere nc e “ Akai ke 1 9 7 4” is liste d i n t he ref ere nc es list b ut is n ot cite d i n t he text. Pl ease eit her cite t he ref ere nc e or re m ove

it fr o m t he ref ere nc es list.

R es p o ns e: R es olve d

Q 8 : Pl ease pr ovi d e missi n g city f or t he ref ere nc e "[ b 2 0]" ref ere nc es list e ntry.

R es p o ns e: R es olve d

C M 1 : Pl ease re pl ac e t he g mail a d dress wit h t u ul e. parts @taltec h.e e f or c orres p o n di n g a ut h or c o ntact

C M 2 : I n c ol u m n D escri pti o n, t he " d el aye d heati n g si g nal", " O n" a n d " Off" s h o ul d n ot b e hi g hli g hte d i n yell o w. Pl ease re m ove t he

hi g hli g ht or take t he ta bl e fr o m t he cl ea n versi o n of t he s u b mitte d articl e.

C M 3 : Pl ease re m ove u n nec essary a n d c o nf usi n g grey back gr o u n d fr o m Fe br uary w e ek i n t he l ast c ol u m n

C M 4 : I n t he 2 n d r o w, c ol u m n Para m eters, t he [ 4 7] s h o ul d b e a ref ere nc e t o K ull, T half el dt, K ur nitski 2 0 2 0. R e m ove it fr o m here,

a d d e d t o t he f o ot n ote. I ncrease Ste p a n d Para m eter c ol u m wi dt hs s o t hat t he ta bl e takes u p t he w h ol e pa g e wi dt h.

C M 5 : T he a p p e n dix titl e has g o ne l ost b ef ore t he Ta bl e C1. It s h o ul d b e - " C. M o d el fitti n g res ults f or t he c haracteristic ti m es". Als o

t he ta bl e s h o ul d fit o n o ne pa g e.

C M 6 : T he articl e has b e e n writte n i n A m erica n ( US) E n glis h. T he syste m has ma d e c ha n g es t o c ha n g e it t o Britis h E n glis h i n t he

c o ncl usi o n a n d s o m e ot her parts (z- >s a n d o - > o u). H o w ever, n ot every w here. T he Fi g ures are i n A m erica n E n glis h s o pl ease c ha n g e

back t o A m erica n E n glis h.

C M 7 : pl ease fit i nt o o ne c ol u m n wi dt h

C M 8 : R e pl ac e wit h c orrecti o n fr o m attac h m e nt (Fi g ure 4).

C M 9 : Pl ease re pl ac e wit h b etter siz e d ne w versi o n fr o m attac h m e nt (Fi g ure 1 8).

Wax act uat or’s e m pirical m o d el d evel o p me nt a n d
a p plicati o n t o u n d erfl o or h eati n g c o ntr ol wit h
varyi n g c o m pl exity of c o ntr oll er m o d elli n g d etail
R ect o r u n ni n g h e a d : J O U R N AL OF B UIL DI N G PE RF O R M A N CE SI M UL A TI O N

V ers o r u n ni n g h e a d : T. M. P A R T S E T AL.



0 0 0 0- 0 0 0 2- 2 1 7 0- 9 5 7 5T u ul e Mall Parts a ,b , A n drea Ferra ntelli a ,b ,d , H e n dri k Na ar c, Marti n T half el dt a ,b , Jarek K ur nitski a ,b ,d

a Fi nEst Ce ntre f or S mart Citi es (Fi nest Ce ntre), Talli n n U niversity of T ec h n ol o gy , Talli n n, Est o ni a
b n Z E B R esearc h Gr o u p, Talli n n U niversity of T ec h n ol o gy , Talli n n, Est o ni a
c Mec ha nics a n d Fl ui ds a n d Str uct ures R esearc h Gr o u p, Talli n n U niversity of T ec h n ol o gy , Talli n n, Est o ni a
d D e part m e nt of Civil E n gi ne eri n g, A alt o U niversity , A alt o , Fi nl a n d[ Q 2]

C O N T A C T  T u ul e Mall Parts t u ul e mall @ g mail.c o m ​ Nearly Z er o E ner gy B uil di n gs​ R esearc h Gr o u pFi nEst Ce ntre f or S mart Citi es (Fi nest

Ce ntre) , Talli n n U niversity of T ec h n ol o gy, E hitaj ate te e 5, Talli n n 1 9 0 8 6 , Est o ni a

Hist or y : rec eive d : 2 0 2 2- 5- 2 0 acc e pte d : 2 0 2 3- 4- 3
C o pyri g ht Li n e: © 2 0 2 3 I nter nati o nal B uil di n g Perf or ma nc e Si m ul ati o n Ass oci ati o n (I B PS A)

A B S T R A C T

T his pa p er i nvesti gates h o w a si m ul ate d r o o m’s e ner gy a n d te m p erat ure p erf or ma nc e are aff ecte d if its u n d erfl o or heati n g c o ntr ol is
m o d ell e d wit h i ncreasi n g d etail. E x p eri m e nts w ere p erf or m e d t o d evel o p a n d cali brate a n e m pirical m o d el of wax m ot or a n d t o
cali brate t he valve c urve. T hese m o d els w ere use d t o i m pl e m e nt a n d test t he O n/ Off a n d pr o p orti o nal -– i nte gral (PI ) c o ntr ol pr oc esses at
vari o us l evels of m o d elli n g d etail. C o ntr oll ers w ere i m pl e m e nte d by gra d ually a d di n g o pti miz e d c o ntr ol para m eters, si g nal d el ay,
cali brate d valve c urve, si g nal m o d ul ati o n, a n d act uat or m o d elli n g. T he O n/ Off c o ntr ol d ea d ba n d a n d PI para m eters ex hi bite d t he
l ar g est i m pact, re d uci n g e ner gy use (1 % – 5 % ) a n d te m p erat ure fl uct uati o ns (ca 1  K ). M o d ul ati n g t he PI o ut p ut si g nal i ncrease d
te m p erat ure fl uct uati o ns t o t he sa m e a m plit u d e as O n/ Off wit h 0. 5  K d ea d ba n d, i ncreasi n g s pac e heati n g d e ma n d by 1. 3 %. T he wax
act uat or c o u nte d f or l ess t ha n 1 %; h o w ever, it i ncrease d ti m e d el ays t o maxi mally 7  mi n a n d re marka bly c ha n g e d t he mass fl o ws [ Q 3].

KE Y W O R D S
P hase c ha n g e materi al
hy dr o nic u n d erfl o or heati n g
te m p erat ure c o ntr ol
d etail e d c o ntr ol m o d elli n g
c o ntr ol valve c haracteristic
gri d i nteracti o n

T his st u dy[ Q 4] was s u p p orte d by t he E ur o p ea n R e gi o nal D evel o p m e nt F u n d vi a t he Est o ni a n Ce ntre of Exc ell e nc e i n Z er o E ner gy a n d
R es o urc e Effici e nt S mart B uil di n gs a n d Districts Z E B E, gra nt 2 0 1 4- 2 0 2 0. 4. 0 1. 1 5- 0 0 1 6, fr o m t he Est o ni a n R esearc h C o u ncil t hr o u g h t he
gra nts PS G4 0 9, P R G6 5 8, a n d Di gi A u dit, fr o m t he Est o ni a n Mi nistry of E d ucati o n a n d R esearc h a n d E ur o p ea n R e gi o nal F u n d ( gra nt 2 0 1 4-
2 0 2 0. 4. 0 1. 2 0- 0 2 8 9), a n d by t he E ur o p ea n C o m missi o n t hr o u g h t he [ Q 5]H 2 0 2 0 pr oj ect Fi nest T wi ns ( gra nt N o. 8 5 6 6 0 2).

B uil di n gs [ Q 1] are res p o nsi bl e f or 3 6 % of gre e n h o use gas e missi o ns a n d f or a b o ut 4 0 % of t he t otal e ner gy c o ns u m pti o n, of w hic h 1/ 3
g o es i nt o heati n g (Bi e nve ni d o -H uertas et al. 2 0 2 1 ). E xte nsive i nv olve m e nt of re ne wa bl es i n t he e ner gy pr o d ucti o n is i m p orta nt f or
re d uci n g car b o n e missi o ns (R o g elj 2 0 1 8 ), b ut it p oses seri o us pr o bl e ms t o t he el ectricity gri d, d ue t o t he hi g hly fl uct uati n g nat ure of
p h ot ov oltaic a n d wi n d g e nerate d e ner gy. To g uara nte e sta bility a n d effici e ncy of t he distri b uti o n net w ork i n t he i m mi ne nt f ut ure,
matc hi n g el ectricity d e ma n d a n d re ne wa bl e e ner gy g e nerati o n ne e ds t o b e realiz e d rat her s wiftly ( B o ß ma n n a n d Staff ell 2 0 1 5 ).

El ectricity-base d heati n g syste ms, s uc h as heat p u m ps t o g et her wit h hy dr o nic u n d erfl o or heati n g (U F H ), are i ncreasi n gly use d i n
resi d e nti al b uil di n gs t o re d uc e heati n g d e ma n d. T hese pr ovi d e b ot h el ectrificati o n of t he heati n g d e ma n d as w ell as str uct ural t her mal
st ora g e. B al a nci n g t he p o w er gri d of hi g h s hares of re ne wa bl e e ner gy is t h us p ossi bl e, t o s o m e exte nt, t hr o u g h d e ma n d -si d e
ma na g e m e nt (W olisz et al. 2 0 2 0 ; Z ha n g, G o o d, a n d M a ncarell a 2 0 1 9 ). D y na mic c o ntr ol of t hese syste ms ex pl oits i n d e e d t he b uil di n gs’
i ntri nsic str uct ural t her mal mass t o s hift b ot h heati n g a n d c o oli n g ti mi n g, wit h o ut re d uci n g t he i n d o or cli mate q uality (W olisz et al. 2 0 2 0 ;
L e Dréa u a n d H eisel b er g 2 0 1 6 ; Pe d erse n, H e d e ga ar d, a n d Peterse n 2 0 1 7 ; Rey n d ers, Diri ke n, a n d S a el e ns 2 0 1 7 ). I m p orta ntly t h o u g h, t he
t her mal fl uct uati o ns i n t he e ncl os ure critically aff ect t he c har gi n g a n d disc har gi n g of s o m e fracti o n of t his t her mal mass. A n acc urate
bal a nc e of t he p o w er gri d vi a str uct ural t her mal st ora g e s h o ul d t h us b e acc o m plis he d t hr o u g h several c o ntr ol m et h o ds (Z ha n g, G o o d,
a n d Ma ncarell a 2 0 1 9 ; W olisz et al. 2 0 1 6 , 2 0 2 0 ).

O ne way t o partici pate i n t he bal a nci n g of t he p o w er gri d is bi d di n g o n t he s o -call e d ma n ual Fre q ue ncy Rest orati o n Reserve, w hic h
hel ps sta bilizi n g t he el ectricity gri d by rest ori n g t he re q uire d fre q ue ncy of t he gri d. O p e n f or p u blic partici pati o n is i n m ost c o u ntri es t he
ma n ual Fre q ue ncy Rest orati o n Reserve, w hic h is pr ovi d e d by t he Tra ns missi o n Syste m O p erat or. T his is a terti ary c o ntr ol reserve, w hic h
ste ps i n t o c orrect l o n g er l asti n g d evi ati o ns t hat ca n n ot b e fix e d by t he ot her u pstrea m bal a nci n g ser vic es al o ne (O k ur, H eij ne n, a n d
L uksz o 2 0 2 1 ). At l east 1  M W is ofte n re q uire d f or bi d di n g (O k ur, H eij ne n, a n d L uksz o 2 0 2 1 ), b ut i nter m e di at ors a g gre gati n g several heat
p u m ps c o ul d pr ovi d e e n o u g h p o w er (Z ha n g, G o o d, a n d M a ncarell a 2 0 1 9 ). I n s uc h Fre q ue ncy Rest orati o n Reserve market, t he pr ovi d ers
m ust b e a bl e t o s witc h  t heir l o a ds wit hi n 5 t o 1 5  mi n (Art el ys 2 0 1 7 ; Fi n gri d Oyj 2 0 2 2 ). To t his ai m, heat p u m ps re q uire ma n ual
i nter ve nti o n a n d over writte n c o ntr ol (Li n da hl 2 0 2 0 ); t he start-u p ti m e of t he heat p u m p syste m c o ul d als o g e nerate a b ottl e neck t hat is

1

F U N DI N G

1.  I ntr o d ucti o n



critical t o t he l ocal syste m res p o nse t o t he gri d. E ve n if t he heat p u m p ca n b e activate d as f ast as wit hi n 5  mi n, a heat si nk is ne e d e d f or
its e ner gy t o av oi d over heati n g t he s mall a m o u nt of water i n t he heat p u m p’s cl ose d circ uit. T his w o ul d l ea d t o st o p pi n g t he el ectricity
c o ns u m pti o n a n d n ot f ulfilli n g t he bi d. I n case of i nverter-base d heat p u m p syste ms, l ar g e st ora g e ta nks are ty pically n ot i nstall e d, a n d
t he b uil di n g str uct ures s h o ul d b e use d as a heat si nk. T his re q uires o p e ne d valves i n t he hy dr o nic heati n g syste m, e. g. U F H ma nif ol d.
H o w ever, valves i n U F H syste ms are c o ntr oll e d by t her m o el ectric act uat ors wit h s oli d wax, w hic h react rel atively sl o wly. I n cl ose d valve
p ositi o ns, t he syste m v ol u m e is ver y s mall a n d te m p erat ure li mits i n t he heat p u m p circ uit may b e reac he d t o o q uickly w he n t he heat
p u m p is starte d at f ull p o w er. A sl o w m ove m e nt of t he act uat or’s pist o n wit h sl o w o p e ni n g of t he valves w o ul d t he n hi n d er t he
a g gre gat or fr o m d eliveri n g t he bi d d e n l o a d f or t he gri d.

To e ns ure e ner gy fl exi bility a n d t her mal c o mf ort si m ulta ne o usly i n real a p plicati o ns, t he c o ntr ol al g orit h ms ne e d t o b e caref ully
d esi g ne d, teste d, a n d vali date d. F or i niti al d evel o p m e nt a n d testi n g, b uil di n g p erf or ma nc e si m ul ati o ns (B P S ) are a s uita bl e t o ol f or
s p e e di n g u p t he testi n g f or diff ere nt heati n g syste ms, b uil di n g ty p es, cli mates, usa g e pr ofil es. Si m ul ati o ns are als o ne e d e d t o c o m pare
diff ere nt al g orit h ms at exact sa m e b o u n dary c o n diti o ns. H o w ever, B P S are w ell k n o w n t o si m plify t he c o ntr ol pr oc ess t o cl ose -t o-i d eal,
i g n ori n g c o ntr ol para m eter t u ni n g, si g nal ti m e d el ays, act ual valve c haracteristic, a n d act uat ors. Us ually, m o d elli n g of t hese is o mitte d as
t he c o ntr ol ti m e c o nsta nt is several or d ers of ma g nit u d e s mall er t ha n t hat of t he w h ol e syste m. T he r o o m te m p erat ure m eas ure m e nt
ti m e d el ay c o ul d b e as l ar g e as 2  mi n (B urt a n d d e P o d esta 2 0 2 0 ). A d diti o nally, a d el ay of 2 −3  mi n f or t he act uat or-valve m ec ha nis m is
n or mally ass u m e d (D a nf oss A/ S 2 0 1 7 ; Ve ntil ati o n C o ntr ol Pr o d ucts S w e d e n A B 2 0 2 2 ). E ve n t o g et her, t hese ti m escal es are t o o s mall t o
si g nifica ntly alter t he a n n ual e ner gy c o ns u m pti o n of t he b uil di n g, es p eci ally if t he users a da pt t he set p oi nt i n res p o nse t o te m p erat ure
fl uct uati o ns i n d uc e d by t he d el ay. T his ti m escal e c o ul d still b e i m p orta nt i n si m ul ati o ns ai m e d at testi n g c o ntr ol al g orit h ms t hat i ncl u d e
l o gic f or bi d di n g or ex p eri m e ntal sit uati o ns f or a nalysi n g t he valve eff ects o n v ol u m e fl o ws.

M o d elli n g t he c o ntr ol i n a d etail e d ma n ner re q uires, a m o n g ot her d etails, a wax m ot or m o d el. T his is a maj or c o ntri b uti o n of t he prese nt
st u dy, si nc e a n i m pl e m e ntati o n t hat all o ws i nvesti gati n g t he a b ove syste ms’ c o ntr ol wit h s uffici e nt acc uracy is still missi n g. A d diti o nal
a p plicati o ns of P C Ms i nt o t he b uil di n gs’ d esi g n are c urre ntly i m pl e m e nte d i nt o B P S wit h a br o a d sc o p e, fr o m, e. g. t her mally activate d
wall pa nels (Kli m eš, C harvát, a n d Ostrý 2 0 1 9 ) t o P C M ta nks (Li et al. 2 0 2 0 ). T hese have ofte n b e e n m o d ell e d as t her mal hysteresis ( G oi a,
C ha u d hary, a n d Fa nt ucci 2 0 1 8 ). S o m eti m es, t he act uat ors are si m ply m o d ell e d as a d el ay i n B P S ( Wetter 2 0 0 9 ), or m ore c o m m o nly als o
as hysteresis, m o d elli n g t heir m ove m e nt (Rizz ell o, N as o, a n d S e el ecke 2 0 1 9 ). To o ur k n o wl e d g e, t here ca n b e f o u n d o nly o ne d etail e d
wax act uat or m o d el f or H V A C a p plicati o ns, na m ely a p hysical e nt hal py -base d m o d el i n I D A I C E (E Q U A A B 2 0 2 0 ), w hic h was teste d i n
K ull, T half el dt, a n d K ur nitski (2 0 2 1 ). T he st u dy cali brate d t he p hysical wax m ot or m o d el by n u m erically o pti mizi n g t he para m eters a n d
c o m pare d t he cali brate d m o d el err or t o a si m pl e c haracteristic m o d el. T he cali brati o n a n d c o m paris o n w ere p erf or m e d o nly o n a s h ort
a n d p eri o dic si g nal. It was c o ncl u d e d t hat t he para m eters of t he si m pl e m o d el s h o ul d b e vari a bl e, t o p erf or m w ell als o i n ot her
sit uati o ns. I n t his c o nsta nt case t he c haracteristic m o d el i n d uc es sli g htly s mall er err ors t ha n t he p hysical m o d el. T he mai n li mitati o n of t he
p hysical m o d el li es h o w ever i n t he exte nsive a m o u nt of materi al testi n g or o pti miz ati o n re q uire d t o d eter mi ne all t he pr o p erti es of eac h
wax m ot or pr o d uct i n practic e.

Overall, sci e ntific p u blicati o ns o n t he ex p eri m e ntal as w ell as t he m o d elli n g as p ect of wax act uat ors are i n d e e d very scarc e. T he eff ect of
wax m ot ors o n B P Ss has n ot b e e n s h o w n i n t he literat ure. I n t his st u dy, w e atte m pt at filli n g t his c o m p elli n g researc h ga p t hat is e ntail e d
fr o m t he a b ove disc ussi o n by d evel o pi n g a c haracteristic m o d el wit h vari a bl e para m eters a n d testi n g its eff ect o n si m ul ati o n res ults i n a
realistic c o ntr ol pr oc ess. M otivati o n is give n by b ot h f or mal a dva nc e m e nts a n d p ossi bl e eff ects of t he m o d elli n g o n e ner gy p erf or ma nc e
pre dicti o ns, c o ntr ol al g orit h m testi n g a n d p o w er gri d bal a nci n g.

M ore i nt o d etail, several researc h q uesti o ns e m er g e:

1  H o w ca n w e c haracteriz e H V A C wax act uat ors wit h li mite d materi al testi n g? T his st u dy pr o p oses a ne w e m pirical wax act uat or
m o d el ( wit h discrete hysteresis) f or si m ul ati o ns i n I D A I CE.
2  H o w m uc h ti m e d o es t he valve o p e ni n g wit h wax m ot ors take? C a n it b e ma na g e d wit hi n 5  mi n, s o t hat it w o ul d matc h t he li mit
i m p ose d by t he fre q ue ncy market f or e ner gy gri ds?
3  I n t he m o d elli n g of U F H f or testi n g te m p erat ure c o ntr ol al g orit h ms, t he c o ntr ol is ofte n ass u m e d t o b e c o nti n u o us (e. g. PI ).
H o w ever, t he act ual c o ntr ol is ofte n O n/ Off (m o d ul ate d ) a n d ex hi bits a wax m ot or d el ay. H o w m uc h are te m p erat ure c o ntr ol
acc uracy a n d e ner gy p erf or ma nc e t he n aff ecte d?
4  H o w d o wax m ot or a n d m o d ul ati o n eff ects c o m pare t o p erf or ma nc e diff ere nc es fr o m ot her m o d elli n g si m plificati o ns s uc h as
n o n- o pti mal c o ntr ol para m eters, n o d el ays i n si g nals a n d li near valve c haracteristic?

To a d dress t hese pr o bl e matics, i n t his st u dy w e first p erf or m e d ex p eri m e nts o n wax m ot ors t o d evel o p a n d cali brate a n e m pirical m o d el
of wax act uat or. T he n, m eas ure m e nts w ere p erf or m e d t o esti mate t he valve p erf or ma nc e i n o ne U F H circ uit a n d cali brate t he valve c urve.
T he wax act uat or a n d t he valve c urve m o d els w ere t he n use d i n B P S t o i m pl e m e nt a n d test t he vari o us l evels of d etail i n m o d elli n g t he
c o ntr ol al g orit h ms.

T he pa p er is or ga niz e d as f oll o ws. I n S ecti o n 2, w e pr ovi d e a s h ort overvi e w of wax act uat ors a n d t heir m o d elli n g. S ecti o n 3 ex pl ai ns o ur
m et h o d ol o gy, f eat uri n g wax m ot or m o d el d evel o p m e nt, valve c urve esti mati o n, a n d set u p of r o o m si m ul ati o ns. S ecti o n 4 f ully re p orts
ex p eri m e ntal a n d si m ul ati o n res ults, i ncl u di n g a disc ussi o n at eac h sta g e. Fi nally, w e dra w o ur c o ncl usi o ns i n S ecti o n 5, a n d i ncl u d e s o m e
a d diti o nal ex p eri m e ntal i n p uts a n d res ults i n t he A p p e n dix.



T her m o el ectric wax act uat ors are el ectrically c o ntr oll e d a n d use paraffi n wax as p hase c ha n g e materi al (P C M ) f or v ol u m e c ha n g e ( B urt
a n d d e P o d esta 2 0 2 0 ; D a nf oss A/ S 2 0 1 7 ). T he wax is s oli d at r o o m te m p erat ure a n d li q ui d at hi g her te m p erat ures. It is heate d by a
p ositive te m p erat ure c o effici e nt (P T C ) heater. T hese act uat ors are k n o w n by ot her na m es as w ell, s uc h as wax m ot ors (use d i n t his w ork,
a b brevi ate d as W M ), wax p ell et act uat ors, t her m o-el ectric act uat ors, or t her mal act uat ors (Ve ntil ati o n C o ntr ol Pr o d ucts S w e d e n A B 2 0 2 2 ;
Kli m eš, C harvát, a n d Ostrý 2 0 1 9 ; Li et al. 2 0 2 0 ; G oi a, C ha u d hary, a n d Fa nt ucci 2 0 1 8 ). I n t he a bse nc e of a n el ectric heati n g si g nal, t he
syste m act uat or-valve is n or mally cl ose d. W he n v olta g e is a p pli e d, t he wax starts m elti n g a n d ex pa n di n g, t h us m ovi n g t he valve’s pist o n.
B y t he acti o n of a syste m of s pri n gs, t he pist o n m ove m e nt re d uc es t he act uat or’s i n ner hei g ht, t h us o p e ni n g t he valve. S uc h m et h o d of
valve c o ntr ol has b e e n use d i n U F H f or a l o n g ti m e, as t he act uat ors are sil e nt a n d d ura bl e ( Wetter 2 0 0 9 ). Sl o w er reacti o ns als o av oi d t he
water ha m m er t hat is ass oci ate d wit h m ot oriz e d valves. A d diti o nally, wax act uat ors are use d b ef ore f a n c oils i n c o oli n g syste ms, a n d f or
press ure -i n d e p e n d e nt c o ntr ol valves i n heati n g syste ms. R a di at or t her m ostats als o i ncl u d e si mil ar m ot ors; h o w ever, t hese are ofte n
base d o n t he ex pa nsi o n of li q ui d or gas i nstea d of t he p hase c ha n g e of t he wax.

S o m e wax act uat ors use a c o nti n u o us c o ntr ol wit h v olta g e b et w e e n 0 a n d 1 0  V. Ot hers use discrete c o ntr ol wit h a bi nary heati n g i n p ut,
na m ely n o v olta g e f or n o heati n g a n d 2 3 0  V or 2 4  V f or heati n g. C o nti n u o us 0 – 1 0  V wax act uat ors still use 2 4  V t o p o w er t he P T C heater.
T heref ore, if a c o ntr oll er wit h c o nti n u o us o ut p ut s uc h as a PI c o ntr oll er is use d t o c o ntr ol t he U F H wax act uat ors, t he c o nti n u o us si g nal
m ust b e m o d ul ate d i nt o a bi nary si g nal f or t he PT C heater.

T he 0 – 1 0  V act uat ors ca n t he oretically stay parti ally o p e n. H o w ever, t he parti al o p e ni n g c o ntr ol is easi er f or valves t hat have a
l o garit h mic valve c haracteristic c urve, i.e. a l o garit h mic v ol u m e fl o w d e p e n d e ncy o n t he valve o p e ni n g. I n U F H ma nif ol ds, q uick-o p e ni n g
valves are i nstea d a p pli e d. T hese ex hi bit m ost of t he c ha n g e i n v ol u m e fl o w w he n t he valve is o nly sli g htly o p e n. T he parti al fl o w w o ul d
b e realiz e d o nly i n a very s mall ra n g e of valve o p e ni n g; t heref ore, t hese valves p erf or m cl ose t o O n/ Off wit h eit her act uat or, by usi n g
c o nti n u o us or discrete c o ntr ol. Si m pl er 2 4- V O n/ Off- m ot ors are ofte n a p pli e d, w hic h is t he case of t his w ork.

T he act uat or’s cr oss secti o n, valve, a n d part of t he ma nif ol d are s h o w n i n Fi g ure 1 . T he pist o n m ove m e nt i n f u ncti o n of t he wax
te m p erat ure c ha n g e is s h o w n i n Fi g ure 2 . T he hysteresis of u p a n d d o w n m ove m e nts is g e nerate d by t he te m p erat ure diff ere nc e at t he
m ove m e nt start a n d st o p o n b ot h e n ds, ca use d by t her mal i nerti a of t he wax a n d fricti o n of t he i nter nal parts t hat i ncl u d e a s pri n g
( Ver nat her m 2 0 2 3 ). T he hysteresis i n te m p erat ure ca n b e li neariz e d f or si m plificati o n a n d prese nte d o n a ti m e scal e t hat is d e p e n d e nt o n
t he bi nary heati n g si g nal, as s h o w n i n Fi g ure 3 . T his li neariz e d si m pl e m o d el was call e d ‘c haracteristic m o d el’ i n K ull, T half el dt, a n d
K ur nitski (2 0 2 1 ). Of c o urse, t he o p e ni n g a n d cl osi n g pr oc ess ca n b e n o n-li near acc or di n g t o Fi g ure 2 . I n t he c o ntext of t his pa p er, t he
diff ere nt ti m e p eri o ds i n Fi g ure 3  are call e d ‘c haracteristic ti m es’ a n d d efi ne d as f oll o ws:

D ea d ti m e ( t ): s oli d wax heati n g u p t o t he m elti n g te m p erat ure, n o v ol u m e c ha n g e.
Rise ti m e ( t ): p hase c ha n g e of t he wax fr o m s oli d t o li q ui d a n d ex pa nsi o n.
H ol d ti m e ( t ): li q ui d wax c o oli n g d o w n t o t he m elti n g te m p erat ure, n o v ol u m e c ha n g e.
Fall ti m e ( t ): p hase c ha n g e of t he wax fr o m li q ui d t o s oli d a n d c o m pressi o n.

2.  Wa x act uat ors

d e a d

ris e

h ol d

f all

 V alv e o pe ni n g wit h w ax act uat or w ar mi n g vis ualize d wit h part of m a nif ol d, fi g ur e parts a da pte d fr o m ( Beiji n g M U Y Y 
Tec h n ol o gi es C o., Lt d 2 0 2 3 ) a n d ( T h e U n derfl o or Heati n g Site 2 0 2 3 ).

Fi g ur e 1.

 T h e or etical pist o n m ov e m e nt ( dis place m e nt) acc or di n g t o w ax te m per at ur e, a da pte d fr o m ( V er nat h er m 2 0 2 3 ).Fi g ur e 2.



B ase d o n t hese, a d diti o nal ti m es f or a nalysis c o ul d b e calc ul ate d as w ell:

F ull activati o n ti m e (F A T): t   = t   + t
D eactivati o n ti m e ( D A T): t   = t   + t
Over heati n g ti m e ( t ): t he ti m e w he n t he valve is f ully o p e n, b ut t he m ot or is still heate d, li q ui d wax is heate d u p
U n d erc o oli n g ti m e ( t ): t he ti m e w he n t he m ot or is n ot heate d, a n d t he valve is f ully cl ose d, s oli d wax is c o oli n g d o w n

T he c haracteristic ti m es c o ul d b e e m pirically esti mate d a n d d o n ot ne e d p hysical m o d elli n g of t he wax te m p erat ure a n d p hase c ha n g e
pr oc ess t o make t he wax act uat or m o d el. T his w o ul d make t he m et h o d m ore a p pr o ac ha bl e t ha n esti mati n g all p hysical para m eters s uc h
as materi al pr o p erti es, mass, v ol u m e, c o n d uctiviti es, s pri n g pr o p erti es, etc. I n K ull, T half el dt, a n d K ur nitski (2 0 2 1 ), t he c haracteristic ti m es
w ere c o nsta nt. I n t his w ork, t he m o d els are fitte d f or eac h c haracteristic ti m e d e p e n di n g o n previ o us acti o ns. T he f oll o wi n g ass u m pti o ns
ca n b e dra w n:

T he d ea d ti m e s h o ul d b e d e p e n d e nt o n h o w l o w t he te m p erat ure of s oli d wax has f all e n, re prese nte d by t he u n d erc o oli n g ti m e:

td e a d ,i = a d e a d � e −

tu c ,i− 1

τdead
+ b d e a d

w her e  [s] is t he d ea d ti m e at cycl e i, w hic h d e p e n ds o n t he u n d erc o oli n g ti m e of t he previ o us cycl e  [s] a n d o n t he
e m pirically fitte d para m eters  [s],  [s], a n d  [s], w here  re prese nts t he ti m e c o nsta nt, a  a n d b  are t he li near re gressi o n
para m eters.
T he h ol d ti m e s h o ul d b e d e p e n d e nt o n h o w hi g h t he te m p erat ure of li q ui d wax has rise n, re prese nte d by t he over heati n g ti m e
( wit h si mil ar d efi niti o ns):

th ol d, i = a h ol d � 1 − e −

to h ,i

τh ol d
+ b h ol d

T he rise a n d f all ti m es s h o ul d b e c o nsta nt f or a give n wax m ot or pr o d uct a n d at c o nsta nt a m bi e nt te m p erat ure, as t he wax a m o u nt
is c o nsta nt a n d t heref ore s o is t he a m o u nt of e ner gy give n wit h t he heati n g si g nal t hr o u g h P T C d uri n g m elti n g, or t he heat l oss

 Defi niti o n of c har acteristic ti m es f or t h e n or m alize d li n ear dis place m e nt of t h e pist o n of w ax act uat or or v alv e.Fi g ur e 3.
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d uri n g s oli dificati o n.

A vis ualiz ati o n of t he g e neral w orkfl o w of t he st u dy is d e picte d i n Fi g ure 4 . T he m o d el of wax m ot or a n d t he valve c urve ac hi eve d fr o m
m eas ure m e nts w ere use d t o esti mate t heir eff ect i n si m ul ati o ns. T he dis pl ace me nt , t he li near m ove m e nt or p ositi o n of t he pist o n
d e p e n d e nt o n t he give n el ectric si g nal, was m eas ure d wit h o ut t he valve b ei n g c o n necte d t o t he U F H syste m, se e Fi g ure 5 . T he
dis pl ac e m e nt m eas ure m e nts w ere use d t o d efi ne t he e m pirical m o d el of t he wax act uat or. T he n, w e i nstall e d t he wax m ot or o n a valve
i n t he U F H ma nif ol d a n d m eas ure d t he v ol u m e fl o w w hil e k n o wi n g t he el ectric si g nal, se e Fi g ure 1 . T he wax m ot or m o d el fr o m previ o us
ste p was t he n use d t o calc ul ate t he pist o n’s li near dis pl ac e m e nt i n fl o w m eas ure m e nts. T he valve o p e ni n g t o v ol u m e fl o w c haracteristic
c urve –  t he valve c urve –  c o ul d b e cali brate d fr o m t hese m eas ure m e nts a n d calc ul ati o ns. T he res ulti n g m o d els w ere use d t o assess t he
eff ect of t he wax act uat or i n B PS.

We have divi d e d t he ex p eri m e nts i nt o (i) dis pl ac e m e nt m eas ure m e nts of t he act uat or b ut n ot i n t he U F H syste m, a n d (ii) fl o w
m eas ure m e nts wit hi n t he syste m, f or t w o mai n reas o ns. First, a se parate wax m ot or m o d el w o ul d e na bl e a p plyi n g a ny valve m o d el o n
t o p of t he wax m ot or m o d el. As valve c haracteristics are q uite w ell k n o w n a n d m o d ell e d, t his w o ul d res ult i n a br o a d er fi el d of
a p plicati o n, p ossi bly wit h n o f urt her m eas ure m e nts. S ec o n dly, it was n ot p ossi bl e t o directly m eas ure t he wax m ot or p ositi o n i n t he sa m e
ex p eri m e nt as fl o w m eas ure m e nts, si nc e m eas uri n g t he pist o n dis pl ac e m e nt i nsi d e t he ma nif ol d’s pi p es or t hr o u g h tra ns pare nt pi pi n g
d uri n g ex ec uti o n is n ot c o m m o nly avail a bl e.

T he mai n p hysical diff ere nc e b et w e e n t he t w o ex p eri m e nts was t he existe nc e of water fl o w. I n t he fl o w m eas ure m e nt case, t here was
water fl o w a gai nst t he pist o n, drive n by circ ul ati o n p u m p. I n t he dis pl ac e m e nt m eas ure m e nt case, t here was n o ne. Still, w e ass u m e d t hat
t his water fl o w ha d i nsi g nifica nt i nfl ue nc e o n t he m ove m e nt of t he pist o n, t h us w e use d t he wax m ot or m o d el g e nerate d fr o m t he
dis pl ac e m e nt m eas ure m e nt case o n t he fl o w m eas ure m e nt case wit h o ut m o dificati o ns. T his ass u m pti o n was s u p p orte d by a c o m paris o n
of press ures. T he p u m p i n t he s mall m eas ure d syste m g e nerate d maxi mally  a 3 0  k Pa press ure hea d i n t he exa m pl e v ol u m etric fl o w
m eas ure m e nts. T he wax m ot or, o n t he ot her ha n d, g e nerates 1 0 0 0  k Pa w hil e ex pa n di n g. If w e ass u m e a 1 c m  valve hea d cr oss secti o n,
t he f orc e is ca 1 0 0  N. T his was c o nfir m e d by s o m e data s he ets w here t he f orc e was cl ai m e d t o b e, i.e. 1 0 0  N  ±  5 % (Li n d a b 2 0 2 1 ).
T heref ore, t he f orc e t hat is g e nerate d o n t he valve by t he p u m p (3  N ) was over 3 0 ti m es l o w er t ha n t he f orc e a p pli e d by t he wax m ot or
( 1 0 0  N). T he pist o n m ove m e nt w o ul d n ot b e aff ecte d si g nifica ntly by t he press ure diff ere nc e t hat is g e nerate d by t he circ ul ati o n p u m p.

3.  Met h o ds

 G e n er al ov ervi e w of t h e r es earc h pr ocess.Fi g ur e 4.

8

 Vis ualizati o n of a w ax act uat or f u ncti o ni n g a n d m eas ur e m e nts w h e n n ot i nstall e d i n t h e  m a nif ol d ( H B M Fi nla n d 
2 0 2 2 ), i n m eas ur e m e nt t h e syste m w as v ertical ( 9 0 de gr ees t ur n e d).

Fi g ur e 5.

2

3. 1.  Wa x m ot or m o del de v el o p me nt

3. 1. 1.  M e as ur e d act u at ors



T he wax act uat ors t hat w ere m eas ure d i n t his w ork w ere c o m m erci al pr o d ucts t hat are c o m m o nly i nstall e d i n t he U F H ma nif ol ds i n
Est o ni a n b uil di n gs. Pr o d ucts A a n d B, ori gi nati n g fr o m se parate pr o d uc ers, w ere teste d. F or pr o d uct B, f o ur diff ere nt ex e m pl ars w ere
teste d j ust t o se e w het her pr o d ucts a n d ex e m pl ars w ere diff ere nt. D escri bi n g t he w h ol e p ote nti al ra n g e of vari a nc e was o ut of t he sc o p e
of t his w ork, s o n o m ore pr o d ucts n or ex e m pl ars w ere i ncl u d e d. I n t he data s he et of pr o d uct A, t he p ositi o ni n g ti m e t  is cl ai m e d t o b e
3  mi n, t he f ull m ove m e nt ra n g e (als o call e d ‘ n o mi nal str oke’) is 2. 5  m m, a n d t he p ositi o ni n g f orc e is 1 0 5  N. T he data s he et of pr o d uct B
d o es n ot i ncl u d e t hese d etails.

I n s o m e m eas ure m e nts, a q uick-o p e ni n g valve was scre w e d t o t he act uat or as s h o w n i n Fi g ure 5 . I n s uc h case, t he i niti al p ositi o n of t he
s pri n g i n t he m ot or is sli g htly m ore c o m presse d, t heref ore t he f ull m ove m e nt ra n g e c o ul d b e s mall er. H o w ever, t he m ove m e nt ti m e
s h o ul d b e si mil ar as it d e p e n ds o n t he ti m e of wax p hase c ha n g e at c o nsta nt p o w er. T his is t he eff ect t hat was a nalyse d. As a res ult, t he
c o m bi nati o ns are na m e d A, Av, B 1, B 1v, B 2, B 2v, B 3v a n d B 4v, w here n u m b ers l a b el t he ex e m pl ars, a n d ‘v’ sta n ds f or t he q uick -o p e ni n g
valve if attac he d. T he ex pl a nati o n of all m eas ure d c o m bi nati o ns is s h o w n i n t he first f o ur c ol u m ns of Ta bl e 1 . T he l ast c ol u m n is
ex pl ai ne d i n t he next secti o n ( 3. 1. 2. 0 ).

F A T

 Meas ur e d w ax act uat or a n d v alv e c o m bi nati o ns f or clarificati o n of c o m bi nati o n na m es; i n t h e last c ol u m n ar e t h e  
m eas ur e d h eati n g pr ofil es.

T a bl e 1.

C o m bi nati o n Pr o d uct
Ex e m pl ar

N o.
Valve

i ncl u d e d H eati n g pr ofil es m eas ure d (si g nal o n– off)

A 1 A 1 n o 1 5  mi n– 1 5  mi n; 1 5  mi n– 4 5  mi n; 5  mi n– 5  mi n

    1 5  mi n– 4 5  mi n

    5  mi n– 5  mi n

A 1v A 1 yes 1 5  mi n– 1 5  mi n

B 1 B 1 n o
1 5  mi n– 1 5  mi n; 1 5  mi n– 4 5  mi n; 3 0  mi n– 3 0  mi n; 1 0  mi n– 1 0  mi n; 1 8  mi n– 6  mi n;

3  mi n– 3  mi n

    1 5  mi n– 4 5  mi n;

    3 0  mi n– 3 0  mi n

    1 0  mi n– 1 0  mi n

    1 8  mi n– 6  mi n

    3  mi n– 3  mi n

B 1v B 1 yes 1 5  mi n– 1 5  mi n

B 2 B 2 n o 1 5  mi n– 1 5  mi n

B 2v B 2 yes 1 5  mi n– 1 5  mi n; 1 5  mi n– 4 5  mi n

    1 5  mi n– 4 5  mi n

B 3v B 3 yes 1 5  mi n– 1 5  mi n

B 4v B 4 yes 1 5  mi n– 1 5  mi n; 1 5  mi n– 4 5  mi n; ra n d o m 5 t o 1 5  mi n

    1 5  mi n– 4 5  mi n

    ra n d o m 5 t o 1 5  mi n

 E m pirical w ax m ot or m o del wit h its calc ulati o n pr ocess.T a bl e 2.



2

 Mai n b uil di n g par a m eters.T a bl e 3.

Para m eter Val ue a n d u nit C o m m e nt

Fl o or area 1 0 0  m / 1 0. 4  m2 2 H o use/r o o m



A n i niti al c o ntr oll er (O n/ Off or PI ) is al w ays i ncl u d e d, t h e ot h er c o m p o n e nts/ p ara m et ers ar e gra d u ally a d d e d or a d a pt e d. T  is t h e d ea d b a n d, K  is t h e pr o p orti o n al g ai n, t

is t h e i nt e grati o n ti m e, t  is t h e trac ki n g ti m e, a n d t  is t h e ti m e d el ay.  A d a pt e d PI p ara m et ers t ak e n fr o m K ull, T h alf el dt, K ur nitski​ ( 2 0 2 0 ).

R o o m wi n d o w area 2  ×  3  m 2 s o ut h a n d w est

Wi n d o ws T otal U-val ue  of wi n d o ws 0. 7 5  W/ m K2 t otal

Gl axi n g g-val ue  of gl azi n g 0. 3  

Exter nal walls U-val ue  of exter nal walls 0. 1 2  W/ m K2 ti m b er-fra m e

Fl o or U-val ue of fl o or a b ove o ut d o or air 0. 0 8  W/ m K2 c o ncrete , a b ove o ut d o or air

Av g. T ther mal bri d g es  ( avera g e) 0. 0 3 1  W/ K/ m 2 area of exter nal s urf ac e

I nfiltrati o n at Δ p  5 0  Pa  press ure diff ere nc e 0. 6  m / h/ m3 2 area of exter nal s urf ac e

Fix e d i nfiltrati o n fl o w 0. 0 0 4 8 L/s/ m 2 area of exter nal s urf ac e

I nter nal walls A di a batic  

UF H PE X pi pi n g  ( Wet i nstall ati o n) 2 0  ×  2. 0  m m 3 0 0  m m i ntervals , w et i nstall

Fl o or c over u p o n pi pi n g 4 0  m m of scre e d n o c over o n t o p

UF H p o w er n o mi nal heat o ut p ut 6 8  W/ m 2 n o mi nal heat o ut p ut

D esi g n te m p erat ures 3 4/ 2 9° C heati n g c urve i n A p p e n di x . B

Over- di m e nsi o ni n g 4 0 %  

 I m pl e m e ntati o n of all c o ntr ol sce nari os f or b ot h O n/ Off ( T h er m ostat) a n d PI c o ntr ol.T a bl e 4.
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Gr ey e d o ut v al u es si n gl e o ut irr el ev a nt c o m bi n ati o ns f or B P S.

We m eas ure d t he dis pl ac e m e nt of t he wax act uat or a n d valve c o m bi nati o n’s l ast el e m e nt as s h o w n i n Fi g ure 5 . T he se ns or was a
vertically fix e d dis pl ac e m e nt tra ns d uc er wit h 1 0-m m m eas uri n g ra n g e. A d diti o nally, t he act uat or’s s urf ac e te m p erat ure, t he r o o m
te m p erat ure a n d t he act uat or’s s u p ply v olta g e w ere m eas ure d. T he m eas ure m e nt ste p was 1  s a n d t he data was l o g g e d by a n H B M
C X 2 2 B W data rec or d er ( H B K 2 0 2 2 ) t hr o u g h a M X 8 4 0 A m eas uri n g bri d g e ( H B K 2 0 2 1 ).

I n all ex p eri m e nts, t he act uat ors w ere p o w ere d a n d c o ntr oll e d by a Si e m e ns L O G O! 2 4 CE c o ntr oll er wit h 2 4- V tra nsist or o ut p uts ( Si e m e ns
2 0 2 1 ), w hic h g e nerate d t he heati n g pr ofil es as s h o w n i n t he l ast c ol u m n of Ta bl e 1 . T he first val ue b ef ore t he das h is t he heati n g ti m e
d uri n g w hic h t he wax act uat or is heate d, wit h t he 2 4  V si g nal give n as i n p ut. T he sec o n d n u m b er after t he das h is t he c o ol -d o w n ti m e i n
b et w e e n t w o heati n g cycl es. T heref ore, a ‘1 5 mi n -4 5 mi n’ pr ofil e m ea ns t hat t he v olta g e was 2 4  V f or 1 5  mi n, t he n t ur ne d off f or 4 5  mi n.
T his was re p eate d p eri o dically a n d t he test d urati o n f or eac h pr ofil e is give n i n A p p e n dix A.

T he heati n g pr ofil es w ere c h ose n t o e ns ure c o m pl ete o p e ni n g a n d cl osi n g of t he valve d uri n g eac h heati n g cycl e. If t his di d n ot ha p p e n,
t he teste d heati n g pr ofil e was excl u d e d fr o m t his st u dy, si nc e t h ose cycl es w here t he valve is n ot f ully o p e ne d or cl ose d are ty pically n ot
use d f or 2 4 -V act uat ors. B ase d o n literat ure a n d i niti al tests, at l east 3 – 5  mi n of heati n g a n d c o oli n g ti m e was ne e d e d. I n t his st u dy, t he
c ut-off li mit f or t his excl usi o n re mai ne d cl ose t o 3  mi n f or b ot h heat -u p a n d c o ol -d o w n. L o n g er ga ps b et w e e n heati n g c har g es w ere
teste d, f or all o wi n g t he wax t o c o ol d o w n b et w e e n cycl es a n d t o a nalyse its eff ect o n valve o p e ni n g ti m e. A 1 5  mi n– 1 5  mi n heati n g
pr ofil e was m eas ure d f or all c o m bi nati o ns t o e na bl e c o m paris o n, a n d m ost heati n g pr ofil es w ere teste d o n t he m ot or B 1.

T he m eas ure d dis pl ac e m e nt was n or maliz e d f or eac h ex p eri m e nt. T he maxi m u m dis pl ac e m e nt is t he cl ose d c ol d p ositi o n w he n t he hea d
was at t he l o w est p ositi o n. W he n t he valve o p e ne d, t he hea d m ove d hi g her, a n d t he m eas ure d val ues w ere l o w er. T he diff ere nc e
b et w e e n t he f ully o p e n a n d f ully cl ose d p ositi o ns, t he str oke, was i d e ntifi e d i n eac h ex p eri m e nt f or n or malizi n g t he dis pl ac e m e nt as
f oll o ws:

n or m Dis place me nt =

|dis place me nt − str o k e |

str o k e

w her e  [m m ] is t he m eas ure d ti m e seri es d uri n g o ne ex p eri m e nt. T he 0-V or 2 4 -V i n p ut v olta g e was als o n or maliz e d t o a
ti m e seri es wit h val ues b et w e e n 0 a n d 1, t he heati n g si g nal.

F or eac h heati n g cycl e i n eac h ex p eri m e nt, w e esti mate d t he c haracteristic ti m es d escri b e d i n S ecti o n 2. F or a n i d eal tra p ez oi d
dis pl ac e m e nt as s h o w n i n Fi g ure 3 , all t hese ti m es are cl early d efi ne d. H o w ever, f or c o nti n u o us s m o ot h res p o nse, t he c ut-off b et w e e n
t hese p eri o ds is n ot cl ear. I n t his w ork, t he rise a n d f all ti m es w ere se parate d fr o m t he rest by d efi ni n g a mi ni m u m sl o p e of t he ra m pi n g.
We ass u m e d t hat t he li near c ha n g e fr o m 0 t o 1 w o ul d take n o l o n g er t ha n 1 0  mi n i n t otal. F or a n or maliz e d str oke, t his is 1 0 % i n a
mi n ute, s o a sl o p e ste e p er t ha n 0. 8 3 % i n 5 s was cl assifi e d t o b e part of t he rise ti m e. To s m o ot he n o ut m eas ure m e nt err ors, a n avera g e
sl o p e f or 5 sec o n ds was use d i nstea d of a 1-sec o n d m eas ure m e nt ste p. F or f all cl assificati o n, t he sl o p e was ste e p er a n d t heref ore a t wic e
as l ar g e li mit of −1. 6 7 % c ha n g e i n 5 s was use d. T hese li mits w ere c h ose n by q ualitatively assessi n g t hat t he cl assifi e d p eri o ds di d n ot
have disc o nti n uiti es (exa m pl e res ult i n S ecti o n 4. 1. 2, Fi g ure 1 0 ). W he n t he str oke s h o ul d have b e e n 0, a sl ack of 5 % was a p pli e d t o
excl u d e s mall s hift offsets. T he ti m este ps t hat w ere n ot i ncl u d e d i nt o rise or f all ti m es w ere se parate d i nt o d ea d ti m e, h ol d ti m e,
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3. 1. 3.  P ost- pr oc essi n g a n d c ut- off c o n diti o ns
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over heati n g ti m e, a n d u n d erc o oli n g ti m e acc or di n g t o heati n g si g nal a n d n or maliz e d dis pl ac e m e nt val ues, acc or di n g t o t he l o gic
d escri b e d i n S ecti o n 2. T he i n p ut heati n g si g nal was acc o u nte d t o b e 1 w he n l ar g er t ha n 0. 5, or 0 w he n e q ual t o 0. 5 or l o w er.

T he f o ur c haracteristic ti m es –  d ea d ti m e, rise ti m e, h ol d ti m e, a n d f all ti m e –  w ere i d e ntifi e d f or eac h heati n g cycl e, a n d a re gressi o n
m o d el f or calc ul ati n g eac h c haracteristic ti m e c o ul d b e d efi ne d by fitti n g t he ex p eri m e ntal data. T he m o d els f or all n o n -c o nsta nt
c haracteristic ti m es i n S ecti o n 2 ca n b e give n as

to ut = a � f(ti n/τ) + b

w here  is  i n E q uati o n (1 ) a n d  i n E q uati o n (2 ), a n d  is  or  c orres p o n di n gly. T he para m eters τ,  a n d  are e m pirical
para m eters a n d ne e d t o b e fitte d. To fi n d t he para m eters a n d t o test t hese ass u m pti o ns, τ was first esti mate d. T he c orrel ati o n b et w e e n 

 a n d t he o ut p ut ti m e  was calc ul ate d f or diff ere nt τ val ues, a n d t he τ val ue wit h b est c orrel ati o n was c h ose n. T he ass u m e d
m o d els fr o m E q uati o ns (1 ) a n d (2 ) w ere t he n teste d by usi n g li near m o d els (l m) a n d t he para m eter si g nifica nc e was teste d acc or di n g t o
p -val ues i n R (R C ore Tea m 2 0 2 0 ). If t he p -val ue f or a ny para m eter was l ar g er t ha n . 0 0 1, n o si g nifica nc e was f o u n d a n d t he m o d el was
n ot use d. If si g nifica nt, t he para m eters  a n d  w ere fitte d.

T he para m eters i n c haracteristic ti m es’ m o d els ca n c ha n g e f or eac h pr o d uct, d ue t o a diff ere nt wax mass a n d b uil d of t he m ot or. If n o
c o m m o n m o d el was si g nifica nt, w e a p pli e d m ulti -l evel m o d els (l m e) i n R, w hic h vary t he para m eter  f or t he pr o d uct m o d els. H o w ever,
c o m m o n m o d els are cl early t o b e pref erre d. Alt h o u g h t he rise ti m e was ass u m e d t o b e c o nsta nt, it ca n b e se e n i n t he res ults
( S ecti o n 4. 1. 2) t hat it was n ot. A si mil ar m o d el as i n E q uati o n ( 1) was t heref ore a p pli e d.

T he  e ntire fitti n g pr oc ess was base d o n t he res ults fr o m S ecti o ns 4. 1. 1 a n d 4. 1. 2, a n d is d escri b e d i nt o d etail i n A p p e n dix C. T he res ulti n g
m o d els are s h o w n i n Ta bl e 2  wit h yell o w back gr o u n d. T hese m o d els w ere c o m pil e d i nt o o ne as t he next secti o n d escri b es.

T he e ntire pr oc ess fr o m dis pl ac e m e nt m eas ure m e nts t o e m pirical m o d el is s h o w n i n Fi g ure 6 . T he fi nal e m pirical li near-se g m e nts m o d el
of a wax m ot or was a c o m bi nati o n of t he f o ur c haracteristic ti m e m o d els –  d ea d ti m e, rise ti m e, h ol d ti m e, a n d f all ti m e –  eac h wit h
pr o d uct -s p ecific para m eter val ues. F or i m pl e m e ntati o n, t he c haracteristic ti m e l e n gt hs ne e d t o b e calc ul ate d i nt o dis pl ac e m e nt at a ny
give n ti m e. T his c o ncl u di n g i m pl e m e ntati o n is s h o w n i n Ta bl e 2  as a calc ul ati o n pr oc ess fr o m t he heati n g si g nal t o t he li near m ove m e nt
of t he wax m ot or valve. Fi g ure 3  hel ps wit h t he vis ualiz ati o n of t he diff ere nt ti m e p eri o ds a n d n otati o n. B ase d o n t he heati n g si g nal s(t)
a n d t he sa m e si g nal d el ay –  d(t) , j u m ps i n t he si g nal w ere d eter mi ne d as its sl o p e k (t). B ase d o n t he heati n g si g nal a n d its sl o p e, t he l ast
‘ O n’ a n d ‘ Off’ ti m es of t he heati n g si g nal w ere calc ul ate d. T he u n d erc o oli n g ti m e was f o u n d i n o ne heati n g cycl e, w he n b ot h t he
n or maliz e d dis pl ac e m e nt a n d t he heati n g si g nal w ere z er o. T he n, it was use d i n t he o btai ne d f or m ul as t o esti mate t he d ea d ti m e a n d
rise ti m e f or t he next cycl e.

W he n t he n or maliz e d dis pl ac e m e nt r ose t o 1 or its gra di e nt sl o w e d d o w n, t he over heati n g ti m e starte d a n d was re gistere d u ntil t he
heati n g si g nal dr o p p e d t o 0. T he f oll o wi n g h ol d ti m e was calc ul ate d acc or di n g t o t his over heati n g ti m e. T he f all ti m e was a c o nsta nt f or
a give n wax m ot or pr o d uct. After t he n or maliz e d dis pl ac e m e nt ha d reac he d 0, t he u n d erc o oli n g ti m e starte d a gai n. T he fi nal n or maliz e d
dis pl ac e m e nt val ue was set t o 0 d uri n g d ea d ti m e a n d t o 1 d uri n g t he h ol d ti m e. D uri n g rise ti m e a n d f all ti m e t he val ue s h o ul d b e
ra m pi n g u p or d o w n. T heref ore, t he ra m pi n g s p e e d was calc ul ate d a n d i nte grate d fr o m t he start of t he give n p eri o d, t o g et t he o ut p ut
dis pl ac e m e nt.

T he o btai ne d m o d els w ere t he n teste d o n t he m eas ure d data. F or eac h ex p eri m e nt, b ot h t he m ea n a bs ol ute err or (M A E ) a n d r o ot m ea n
s q uare err or (R M S E ) w ere eval uate d, a n d t hese w ere c o m pare d b et w e e n m ot ors a n d pr ofil es. T he li near se g m e nts m o d el f or o ne of t he
pr o d ucts was i m pl e m e nte d a n d teste d i n I D A I C E. Pr o d uct B was c h ose n as it was i nstall e d by d esi g n i n t he test f acility disc usse d i n t he
next secti o n.

To si m ul ate t he eff ect of m o d elli n g t he c o ntr ol d etails o n B P S, t he c haracteristic c urve of t he valve was ne e d e d. I nstea d of usi n g a
t he oretical c urve, a n act ual c urve was esti mate d fr o m m eas ure m e nts (se e S ecti o n 3. 2. 2). F or t he m eas ure m e nts i nsi d e t he U F H syste m, t he
wax act uat or B 2 was i nstall e d i n t he U F H ma nif ol d of t he T U T n Z E B test f acility. T his is a 1 0 0 -m  h o use t hat was c o nstr ucte d f or testi n g

3. 1. 4.  M o d els of c h ar act eristic ti m es

ti n tu c to h to ut tdead th ol d a b

f(ti n /τ) to ut

a b

b

3. 1. 5.  E m piric al m o d el of w a x m ot or

s

 T h e pr ocess of esti m ati n g t h e e m pirical w ax m ot or m o del fr o m t h e dis place m e nt m eas ur e m e nts.Fi g ur e 6.

3. 2.  Val v e c urv e esti mati o n

3. 2. 1.  V ol u m e fl o w m e as ur e m e nts
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n Z E B s ol uti o ns. It f eat ures bal a nc e d heat rec overy ve ntil ati o n, a gr o u n d s o urc e, a n d a n air -t o-water heat p u m p syste m wit h b ot h
ra di at ors a n d U F H, a m o n g ot her tec h n ol o gi es. T he b uil di n g m o d el has b e e n previ o usly b uilt a n d cali brate d i n t he I D A I C E s oft ware, as
d etail e d i n K ull, T half el dt, a n d K ur nitski (2 0 1 9a ). T he fl o or pl a n of t he test f acility is s h o w n i n Fi g ure 7  a n d t he key para m eters f or
m o d elli n g t he b uil di n g are liste d i n Ta bl e 3 .

T he ai m was t o calc ul ate t he give n valve’s c haracteristic c urve f or f urt her m o d elli n g as a pr o of of c o nc e pt, s o o nly o ne m ot or was
m eas ure d. I n t he ex p eri m e nt , t he L O G O c o ntr oll er (se e S ecti o n 3. 1. 1) g e nerate d 1 5  mi n– 1 5  mi n heati n g pr ofil es –  1 5  mi n-l o n g heati n g
si g nals, wit h a 1 5-mi n ga p b et w e e n heati n g cycl es. T he v ol u m e fl o w was g e nerate d by si g nifica nt set p oi nt c ha n g es i n o ne U F H circ uit
t hat serves a 1 0-m  r o o m, marke d wit h a re d b ox i n Fi g ure 7 , w hic h was c o ntr oll e d as d escri b e d i n S ecti o n 3. 3. T he v ol u m e fl o w was
m eas ure d by t he heat m etre S e ns us P oll ustat E (S e ns us I nc. 2 0 2 1 ). All ot her circ uits w ere cl ose d d ue t o m uc h l o w er set p oi nts. T he
m eas ure m e nts are f ully d escri b e d i n M aivel, F erra ntelli, a n d K ur nitski (2 0 1 8 ; V õsa, F erra ntelli, a n d K ur nitski 2 0 1 9 ; K ull, T half el dt, a n d
K ur nitski 2 0 1 9 b ).

T he m eas ure d v ol u m e fl o ws a n d t he heati n g si g nal w ere use d t o esti mate t he valve c haracteristic c urve f or t he give n U F H circ uit. First,
t he e m pirical m o d el d evel o p e d acc or di n g t o S ecti o ns 3. 1. 4 a n d 3. 1. 1 was a p pli e d t o esti mate t he li near valve dis pl ac e m e nt d ue t o t he
el ectrical heati n g si g nal fr o m t he c o ntr oll er. T he c haracteristic v alve c urve is t he rel ati o ns hi p b et w e e n t his dis pl ac e m e nt a n d t he
m eas ure d v ol u m e fl o w.

T o  a p ply a valve c urve f or si m ul ati o ns, a m o d el is ne e d e d f or ma p pi n g v ol u m e fl o w t o a ny valve dis pl ac e m e nt. T he m eas ure d valve
c urve d evel o ps i n t w o parts. First, t he li near valve o p e ni n g creates o p e n area w hic h i n i d eal case w o ul d b e li nearly c orrel ate d t o v ol u m e
fl o w. H o w ever, t his t he oretical valve c urve is c ha n g e d by valve a ut h ority, w hic h d escri b es h o w w ell t he valve ca n c o ntr ol t he v ol u m e fl o w.

T he valve c urve m o d el was esti mate d i n t w o ste ps: first w e d efi ne d t he t he oretical q uick o p e ni n g valve c urve, w hic h is ty pical of U F H
valves, t he n t he valve a ut h ority eff ect. All t he para m eters w ere c h ose n s uc h t hat t he fi nal v ol u m e fl o w b est fits t he m eas ure m e nts.

T h e q uick o pe ni ng v alve c urve  is w here m ost of t he v ol u m e fl o w i ncrease ha p p e ns at l o w o p e ni n g val ues. T here are n o precise val ues

d efi ne d, s o t he t he oretical n or maliz e d valve c ur ve, here rel ati o n h  t o  was here d efi ne d i n a si m plifi e d way wit h t hre e p oi nts ( K u mar
2 0 1 7 ),

T he mi ni m u m effici e nt dis pl ac e m e nt ( h ) – t he n or maliz e d dis pl ac e m e nt fr o m w hic h t he v ol u m e fl o w starts t o i ncrease
T he maxi m u m effici e nt dis pl ac e m e nt ( h ) –  t he n or maliz e d dis pl ac e m e nt starti n g fr o m w hic h t he v ol u m e fl o w d o es n ot i ncrease
f urt her

T he mi d- p oi nt ( h , ) – t he p oi nt fr o m w hic h q uick o p e ni n g st o ps a n d sl o w er o p e ni n g c o nti n ues

w her e h  is t he n or maliz e d s hift fr o m 0 t o 1, a n d  is t he n or maliz e d v ol u m etric fl o w. T he valve a ut h ority ca n si g nifica ntly c ha n g e t he

t he oretical valve c urve. To take t his i nt o acc o u nt, t he t he oretical c urve  was m o difi e d by t he valve a ut h ority N  i nt o n or maliz e d a n d

a ut h ority-c orrecte d v ol u m e fl o ws ( ) (J o h ns o n C o ntr ols LT D 2 0 2 0 )  wit h

 Fl o or pla n of t h e test facility, ex peri m e nt r o o m R 6 m ar k e d i n r e d.Fi g ur e 7.
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3. 2. 2.  V al v e c ur v e a n d a ut h orit y c orr ecti o n

V̇

0

m a x

p
V̇

p

V̇

V̇

V̇
aut h



V̇
a ut h =

1

N

1

N − 1 +

1

V̇ 2

w her e  is t he t he oretical valve c ur ve a n d N  is t he valve a ut h ority. T he valve a ut h ority ca n b e calc ul ate d fr o m t he f oll o wi n g f or m ul a
( Petitj ea n 1 9 9 4 ),

N =

d p v

d p p u m p =

d p p u m p − d p s ys

d p p u m p

w here d p , d p , d p  are t he press ure diff ere nc es acr oss t he c o ntr ol valve i n k Pa, t he p u m p, or t he rest of t he syste m wit h a f ully o p e n
v al v e. d p  ca n b e esti mate d by a d di n g u p press ure dr o ps acr oss eac h c o m p o ne nt i n t he syste m. I n o ur teste d c o nfi g urati o n, w e
esti mate d t hat t he syste m c o nsists of b ot h t he circ uit’s strai g ht c o m p o ne nts (1. 1 k Pa ) a n d t he b e n ds i n its pi p e (7. 1 k Pa ), a heat m etre (4. 5 
k Pa ), a bal a nci n g valve o n t he mai n pi p e (1 0. 8 k Pa ), a n d bal a nci n g valves o n eac h circ uit’s s u p ply si d e (3. 6 k Pa ). Alt o g et her, d p  res ults i n
2 7. 1 k Pa. T he p u m p w orks at sec o n d s p e e d a n d g e nerates 3 0 k Pa, t heref ore d p  res ults i n 2. 9 k Pa.

As t he t he oretical c urve c o nsists of li near se g m e nts, t he E v ol uti o nary Micr os oft E xc el S olver was a p pli e d t o mi ni miz e t he M A E b et w e e n

t he m eas ure d a n d calc ul ate d  n u m erically. T he para m eters h , h  a n d  w ere vari e d t o fi n d t he o pti m u m. T he li mits w ere set as 0. 1

t o 0. 3 f or h , 0. 1 t o 1 f or h , a n d 0 t o 1 f or . T he h  was f orc e d t o b e l o w er t ha n h . T he para m eter h  was set t o 1 a n d t he part w here
t he valve o p e ni n g was a b ove 0. 9 5 or b el o w 0. 0 5 was excl u d e d fr o m t he err or calc ul ati o n, si nc e alt h o u g h carr yi n g ma ny p oi nts, t he fl o w
vari ati o n was very s mall.

To q ua ntify t he  i nfl ue nc e of t he wax act uat or a n d ot her c o ntr ol m o d elli n g d etails o n e ner gy p erf or ma nc e a n d te m p erat ure c o ntr ol
acc uracy, several c o ntr ol sc e nari os w ere d efi ne d i n t he I D A I C E b uil di n g si m ul ati o n m o d el. T he m o d ell e d b uil di n g a n d r o o m w ere
d escri b e d i n S ecti o n 3. 2. 1. T he U F H i n t he r o o m was m o d ell e d wit h a n ‘ H C Fl o or m o d el’, w hic h is basically a fl o or l ayer wit h diff ere nt
te m p erat ure ( CE N 2 0 0 8 ). T he l ayer te m p erat ure d evel o ps wit h heat tra nsf er fr o m t he pi pi n g t o t he l ayer materi al calc ul ate d acc or di n g t o
l o garit h mic te m p erat ure diff ere nc es. T he s u p ply te m p erat ure a n d v ol u m e fl o w of t he li q ui d w ere give n as i n p uts, t he press ure a n d ret ur n
te m p erat ure w ere m o d ell e d. T he heati n g c urve is i ncl u d e d i n A p p e n dix B.

T he i nstall e d p o w er a n d sc he d ul es of i nter nal gai ns d efi ne d by t he Est o ni a n l e gisl ati o n f or e ner gy p erf or ma nc e calc ul ati o ns ( Maj a n d us-
j a tarist u mi nister 2 0 1 5 ) w ere use d, wit h a n avera g e i nter nal heat gai n of 4  W/ m . T he fl o w rate of t he bal a nc e d heat rec overy ve ntil ati o n
was 0. 5 l/s/ m . T he s u p ply air te m p erat ure was 1 8° C a n d t he ve ntil ati o n was c o nsta ntly w orki n g. T he Est o ni a n Test Ref ere nc e Year cli mate
data f or Talli n n (K al a m e es a n d K ur nitski 2 0 0 6 ) w ere a p pli e d. T he first w e ek i n J a n uary a n d t he sec o n d w e ek i n F e br uary w ere c h ose n t o
b e si m ul ate d, as t hese have si mil ar heati n g c o ns u m pti o n b ut diff ere nt s ol ar heat gai ns. T he heati n g c o ns u m pti o n was 2. 4  k W h/ m / w e ek
wit h I D A I C E d ef a ult PI c o ntr ol. T he s ol ar heat gai ns w ere 0. 1 5  k W h/ m / w e ek a n d 0. 8 2  k W h/ m / w e ek i n t he J a n uary a n d F e br uary w e eks
res p ectively. T he avera g e dry b ul b o ut d o or te m p erat ures w ere −1. 9° C i n J a n uary a n d −6. 8° C i n F e br uary. A l o n g er p eri o d was n ot
si m ul ate d, as t he e m pirical wax m ot or m o d el c urre ntly re q uires ti m este ps of 5 s, w hic h dra matically i ncreases b ot h si m ul ati o n ti m e a n d
o ut p ut fil es siz e.

T he  O n/ Off t her m ostat (O ) a n d PI c o ntr oll er (P ) cases w ere si m ul ate d f or e na bli n g c o m paris o ns, a n d b ot h i ncl u d e d a gra d ual i ncrease i n
t he l evel of d etail. First, t he b usi ness-as-us ual si m ul ati o ns w ere d efi ne d, wit h I D A I C E d ef a ult para m eters t hat are ty pical f or B P S
si m ul ati o ns, c orres p o n di n g t o I Ds O_ 0 a n d P_ 0. T he n, ste p-by -ste p a da pte d c o ntr ol para m eters, si g nal d el ay, a da pte d valve c urve, si g nal
m o d ul ati o n, a n d wax m ot or m o d el w ere a d d e d. T he pr oc ess listi n g t he se q ue nti al ste ps t hat c orres p o n d t o t he si m ul ate d sc e nari os is
d e picte d i n Ta bl e 4 . O n t o p of b usi ness-as-us ual cases, first, t he d ef a ult c o ntr ol para m eters (C P ) w ere a da pte d i n ste p C P. T hese are d ea d
ba n d (D b ) f or t he O n/ Off c o ntr oll er a n d pr o p orti o nal gai n K, i nte grati o n ti m e Ti a n d tracki n g ti m e Tt f or t he PI c o ntr oll er. A 2-mi n d el ay
( D) of i n p ut si g nal fr o m t he r o o m te m p erat ure se ns or t o t he c o ntr oll er, w hic h is us ually n ot c o nsi d ere d ( We n a n d S mit h 2 0 0 1 ), was a d d e d
starti n g fr o m ste p D i n cases O_ D a n d P_ D (El nakl a h, Wal ker, a n d N ataraj a n 2 0 2 1 ). T he cali brate d a ut h ority-c orrecte d q uick-o p e ni n g
valve c urve (V C ) was t he n i ncl u d e d. It was esti mate d as d escri b e d i n S ecti o n 3. 2. 2 a n d i m pl e m e nte d i n I D A I C E wit h s mall li near se g m e nts
re pl aci n g t he I D A I C E d ef a ult li near c o ntr ol. M o d ul ati o n of t he c o nti n u o us PI c o ntr ol si g nal, t he m o d ul ati o n c o ntr ol (M C ) was t he n
a p pli e d i n ste p M C o n PI o nly as t he O n/ Off o ut p ut is alrea dy bi nary. Si nc e t he give n 2 4  V wax act uat ors ca n o nly b e c o ntr oll e d by a
bi nary si g nal, t he c o nti n u o us o ut p ut of t he PI c o ntr oll er was tra nsl ate d wit h a n h o urly m o d ul ati o n, w here at t he b e gi n ni n g of eac h h o ur
t he al g orit h m d eci d e d w het her a n d f or h o w l o n g t o heat. T he a p pli e d m o d ul ati o n c o ntr ol pri nci pl e is s h o w n i n Fi g ure 8 . Fi nally, t he
d evel o p e d e m pirical wax act uat or m o d el of pr o d uct B was fi nally i ncl u d e d i n t he cases O_ W M a n d P_ W M (w here ‘ W M’ sta n ds a gai n f or
‘ wax m ot or’).
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3. 3.  R o o m c o ntr ol si m ulati o ns
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T he m ost d etail e d cases O_ W M a n d P_ W M w ere use d as t he b e nc h mark f or all sc e nari os of t he sa m e c o ntr oll er. T he c o m paris o n of
e ner gy c o ns u m pti o n b et w e e n diff ere nt cases is se nsi bl e o nly at si mil ar c o mf ort l evels, si nc e l o w er te m p erat ures w o ul d cl early res ult i n
l o w er e ner gy c o ns u m pti o n f or heati n g. All si m ul ati o ns w ere t h us i niti ally carri e d o ut wit h a c o nsta nt air te m p erat ure set p oi nt, w hic h was
t he n s hifte d iteratively u ntil t he o p erative te m p erat ure at 0. 6  m fr o m t he fl o or i n t he mi d dl e of t he r o o m was b el o w 2 1° C f or u p t o
a p pr oxi mately 3 3  h p er w e ek. T his c orres p o n ds t o t he 2 0 % li mit f or w e ekly d evi ati o n fr o m t he i n d o or cli mate cl ass b o u n dari es (E N
1 6 7 9 8 -2: 2 0 1 9 sta n dar d (C E N 2 0 1 9 )). Fi nally, t he te m p erat ure fl uct uati o ns a n d heati n g e ner gy c o ns u m pti o n of t he sc e nari os w ere
c o m pare d.

T he dis pl ac e m e nt is t he li near m ove m e nt of t he act uat or’s pist o n tri g g ere d by el ectric si g nal, a n d its m eas ure m e nts d escri b e d i n
S ecti o n 3. 1 w ere use d t o d efi ne t he e m pirical m o d el of t he wax act uat or. S o m e exa m pl es of t he dis pl ac e m e nt d uri n g a 1 5  mi n – 1 5  mi n
heati n g pr ofil e f or eac h of t he m eas ure d act uat ors are s h o w n i n Fi g ure 9 . T here was a cl ear diff ere nc e b et w e e n t he first p eri o d (l eft) a n d
t he f oll o wi n g p eri o ds (vis ualiz e d o n t o p of eac h ot her o n t he ri g ht), as t he m ot ors w ere n ot c o n diti o ne d i d e ntically b ef ore t he b e gi n ni n g
of eac h ex p eri m e nt. T he fi g ure s h o ws t hat t he wax i n m ot or B 1 was alrea dy war m e d u p b ef ore t he first cycl e. T here has b e e n a sli g ht
m ove m e nt i n t he m eas uri n g d evic e d uri n g t he first cycl e f or B 2. H o w ever, t he first p eri o d c o n diti o ns t he m ot ors a n d w e ca n se e t hat t he
f oll o wi n g p eri o ds p erf or m e d very si mil arly wit hi n eac h m ot or’s m eas ure m e nts. T here was al m ost n o diff ere nc e f or cases wit h a n d
wit h o ut valve f or t he sa m e m ot or eit her. L ar g er diff ere nc es w ere f o u n d b et w e e n diff ere nt pr o d ucts, a n d s mall diff ere nc es existe d a m o n g
i nsta nc es of t he sa m e pr o d uct. I n t he o bserve d cases, t he res p o nse f or m ot or A 1 l o oke d li ke a tra p ez oi d, w hil e t he pr o d uct B m ot ors ha d
a sli g ht m ove m e nt eve n d uri n g t he over heati n g. Q uite li kely, t hese diff ere nc es c o ul d b e ca use d by diff ere nt g e neral b uil ds, c overs,
materi als, etc. T he pr o d uct A’s datas he et states t hat t he c over is ma d e of p olycar b o nate, t his is n ot k n o w n f or pr o d uct B b ut t he di a m eter
of t he m ot or B c over is 1 5 % s mall er. T he act uat or hei g hts are very si mil ar. T he s m o ot h c ha n g e i n dis pl ac e m e nt f or pr o d uct B makes it
c hall e n gi n g t o se parate t he rise ti m e a n d over heati n g ti m e, w hic h is w hy t he li mits f or ra m ps w ere d efi ne d as i n S ecti o n 3. 1. 3.

T he c haracteristic ti m es of a wax m ot or –  d ea d ti m e, rise ti m e, h ol d ti m e, a n d f all ti m e –  w ere d efi ne d i n S ecti o n 2 a n d s u m mariz e d i n
Fi g ur e 3 . T heir esti mati o n reli e d o n t he d efi niti o n of t he c ut-off c o n diti o ns f or t he p eri o ds. A sa m pl e res ult of t he c ut -off c o n diti o ns is
s h o w n f or a 1 5  mi n– 1 5  mi n p eri o d of m ot or B 3v i n Fi g ure 1 0 . After filteri n g o ut s o m e cases w here t he esti mati o n f ail e d as o ne or m ore of
t he c haracteristic ti m es w ere esti mate d t o b e z er o, 3 8 0 p eri o ds re mai ne d t o b e a nalyse d. All res ulti n g c haracteristic ti m es are s h o w n i n
Fi g ur e 1 1 , w here t hey are c ol o ure d acc or di n g t o t he m ot or. T he rise a n d f all ti m es vari e d l ess t ha n t he d ea d a n d h ol d ti m es. T his was
ex p ecte d, as t hese s h o ul d b e c o nsta nt f or o ne pr o d uct at t he sa m e r o o m te m p erat ure. H o w ever, w hil e t he f all ti m e s h o ws t o b e m ostly
c o nsta nt f or o ne m ot or, t he rise ti m e has a m ore t ha n 1- mi n vari a nc e f or pr o d uct B.

 I m pl e m e ntati o n of t h e m o d ulati o n f or t h e PI o ut p ut i nt o w ax m ot or’s i n p ut, t h e h eati n g si g nal s. T h e calc ulati o n is 
perf or m e d o nce per h o ur.

Fi g ur e 8.

3.  Res ults a n d disc ussi o n

4. 1.  Wa x m ot or m o delli n g

4. 1. 1.  Dis pl ac e m e nt m e as ur e m e nts

 Diff er e nt w ax m ot ors’ n or m alize d dis place m e nt dy na mics i n t h e 1 5  mi n– 1 5  mi n pr ofil e as s h o w n by t h e h eati n g si g nal  
( n or m alize d v olta ge).

Fi g ur e 9.

4. 1. 2.  C ut- offs f or c h ar act eristic ti m es

 Exa m pl e of h o w t h e c har acteristic ti m es hav e bee n s e par ate d wit h c ut- off defi niti o ns. T h e black li n e i n dicates t h e  
h eati n g si g nal.

Fi g ur e 1 0.



F or heat p u m p i ncl usi o n i n gri d bal a nci n g, it is als o i m p orta nt t hat t he valves w o ul d o p e n wit hi n 5  mi n. T he f ull activati o n ti m e t  was
calc ul ate d by a d di n g u p t he d ea d a n d rise ti m es. I n m ost cases, t he t  was very cl ose t o 5  mi n, as s h o w n i n Fi g ure 1 2 . H o w ever, t here
w ere s o m e cycl es w he n t  exc e e d e d 5  mi n, yet stayi n g b el o w 7  mi n. F or pr o d uct B, t hese w ere of ex p eri m e nts w here t he c o ol-d o w n
ti m e was 3 0  mi n or 4 5  mi n, a n d t he wax c o ul d c o ol d o w n m ore. T he li mit was exc e e d e d als o f or t he first p eri o d of 1 0  mi n– 1 0  mi n a n d
first t hre e p eri o ds of 1 5  mi n– 1 5  mi n pr ofil es, d ue t o t he previ o us l o n g er c o ol -d o w n. F or pr o d uct A, eve n t he 1 5  mi n – 4 5  mi n pr ofil e’s
cycl es w ere very cl ose t o t he li mit. H o w ever, f alli n g t o eit her si d e of t he li mit d e p e n d e d heavily o n t he d efi niti o n of all o w e d ra m p
d efi niti o ns. T hese i nfl ue nc e d t he c ut -off b et w e e n rise ti m e a n d over heati n g ti m e. F or reac hi n g b el o w 5  mi n f or all pr ofil es, sta n d by
heati n g c o ul d b e activate d. T he c o ntr ol w o ul d ne e d t o ke e p t he wax at hi g her t ha n r o o m te m p erat ure wit h s h ort heati n g p ulses, w hic h
d o n ot o p e n t he valve. T he s uita bl e patter n f or sta n d by heati n g s h o ul d b e d eter mi ne d eit her by ex p eri m e nts or wit h a p hysical m o d el,
w hic h ca n ha n dl e pr ofil es wit h s h ort heati n g ti m es.

T he m ea n a bs ol ute err ors b et w e e n m eas ure d a n d m o d ell e d dis pl ac e m e nt f or s o m e pr ofil e -m ot or c o m bi nati o ns are s h o w n i n Fi g ure 1 3 .
O n t he l eft, t he exa m pl es fr o m m ot or B 1 s h o w t hat t here was a te n d e ncy f or l o w er err or i n l o n g er pr ofil es, w here u n d erc o oli n g a n d
over heati n g d o mi nate i n t he p eri o d. At t hese ti m es t he dis pl ac e m e nt is t he easi est t o m o d el, as it is al m ost c o nsta nt a n d cl ose t o 0 or
cl ose t o 1. T heref ore, t he err or is als o t he s mall est, re d uci n g t he avera g e err or. T he gra p h o n t he ri g ht ill ustrates t he diff ere nc es b et w e e n
ex p eri m e nts wit h a n d wit h o ut t he valve. N o cl ear c o ncl usi o n ca n b e dra w n fr o m t he sli g ht diff ere nc es. Res ults f or m ot or A w ere m ore
precise a n d t here w ere sli g ht diff ere nc es b et w e e n diff ere nt sa m pl es of t he sa m e B m ot or. All t he fitti n g err ors are s h o w n i n A p p e n dix A,
Ta bl e A 1. F or all t he pr ofil es, t he M A E re mai ne d b el o w 1 0 % (0. 1 ) a n d t he R M S E b el o w 1 5 % (0. 1 5 ); t he avera g e M A E is 0. 0 4 1 or a b o ut 4 %.
E xa m pl es of t he ty pical, t he b est, a n d t he w orst p erf or ma nc e f or o ne h o ur are s h o w n i n Fi g ure 1 4 . T he gra p h f or A 1 s h o ws t he s uita bl e
s ha p e c h oic e f or t he e m pirical m o d el. F or m ot or B, t he heat-u p pr oc ess diff ere d, b ut t he eff ective v ol u m e fl o w c orrecte d t he sli g ht
diff ere nc e, as s h o w n i n t he next secti o n. I n t he w orst case, t he maxi m u m d el ay b et w e e n t he m eas ure d a n d si m ul ate d si g nal start was 1 t o
1. 5  mi n.

 C har acteristic ti m es i de ntifi e d fr o m all ex peri m e nts, m ot or wit h a n d wit h o ut v alv e gr o u pe d t o get h er.Fi g ur e 1 1.
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 F AT de pe n de nce o n pr ece di n g u n derc o oli n g ti m e a n d m ot or’s pr o d ucer. T h e p oi nts ar e m eas ur e d v al u es, t h e li n es  
s h o w m o dell e d v al u es, t h e s ha de d ar ea t h e m o delli n g err ors; t h e das h e d li n e i n dicates t h e 5- mi n li mit.

Fi g ur e 1 2.

4. 1. 3.  E m piric al m o d el p erf or m a nc e

 Err or esti m ati o ns f or all m eas ur e d pr ofil es of o n e m ot or (l eft) a n d f or all c o m bi nati o ns of o n e pr ofil e (ri g ht).Fi g ur e 1 3.



We  recall t hat t he v ol u m e fl o w m o d el, i.e. t he c haracteristic c ur ve of t he valve, was ne e d e d t o esti mate t he eff ect of m o d elli n g t he
v ol u m e fl o w i n d etail o n B P S (S ecti o n 3. 2 ). A n exa m pl e of t he m eas ure d v ol u m e fl o ws d uri n g o ne heati n g cycl e t hat was m eas ure d i n t he
test f acility is give n i n Fi g ure 1 5 . A d diti o nally, t he i n p ut heati n g si g nal, wit h e m pirical m o d el calc ul ate d valve dis pl ac e m e nt, a n d t he
m o d ell e d v ol u m e fl o w are s h o w n. T he m o d ell e d v ol u m e fl o w was o btai ne d by fitti n g t he t he oretical m o d el fr o m S ecti o n 3. 2. 2. T he
gra p h of m eas ure d a n d m o d ell e d v ol u m e fl o w t o dis pl ac e m e nt is s h o w n i n Fi g ure 1 6 , o n t he l eft, wit h esti mate d valve c ur ves as f oll o ws:
t he t he oretical valve c urve is s h o w n wit h das he d li ne, a n d t he a ut h ority-c orrecte d valve c urve wit h s oli d li ne. T he a ut h ority-c orrecte d

valve c urve matc he d t he m eas ure m e nts t he b est w he n t he t hre e -p oi nt q uick o p e ni n g c haracteristics w ere at h   =  0. 4 1,   =  0. 5, h   = 
0. 1 7. F or t he c o nsi d ere d re gi o n, t he M A E was 1. 0 2 %. I n t he gra p h o n t he ri g ht, t he err or b et w e e n t he m eas ure d a n d m o d ell e d a ut h ority -
c orrecte d valve c urves is s h o w n.

 P erf or m a nce of esti m ate d w ax m ot or m o del o n pr e dicti n g n or m alize d dis place m e nt.Fi g ur e 1 4.

4. 2.  V ol u me fl o w m o delli n g
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 Meas ur e d (s oli d) v ers us m o dell e d ( das h e d) v ol u m etric fl o ws, pl us h eati n g i n p ut si g nal (r e d) t o t h e w ax m ot or.Fi g ur e 1 5.

 V alv e c urv e m o delli n g pr ocess a n d r es ult o n t h e l eft; m eas ur e d v ers us m o dell e d v ol u m e fl o ws o n t h e ri g ht.Fi g ur e 1 6.



I n secti o n 3. 3, several c o ntr ol sc e nari os w ere d efi ne d i n I D A I C E t o q ua ntify t he i nfl ue nc e of t he wax act uat or a n d ot her el e m e nts of
c o ntr ol pr oc ess o n e ner gy p erf or ma nc e a n d te m p erat ure c o ntr ol acc uracy. I n t his secti o n, w e c o m pare t he res ults of t he e ner gy
p erf or ma nc e  si m ul ati o ns. We recall t hat t he ‘0’ case was t he b usi ness-as us ual case, na m ely a si m ul ati o n m o d el wit h cl ose -t o-i d eal
c o ntr ol of t he U F H syste m. T his i g n ores t he m o d elli n g of b ot h wax m ot ors (W M ) a n d exact valve c urves V C, w hil e t he PI c o ntr ol or O n/ Off
t her m ostats w ere re prese nte d by para m eters t hat are set t o d ef a ult val ues c o m m o nly use d f or B P S. T he ot her sc e nari os use a da pte d
c o ntr ol para m eters C P, t he n se q ue nti ally a d d ti m e d el ay D t o t he i n p ut si g nal, a V C; m o d ul ati o n c o ntr ol ( M C), a n d fi nally, a W M. T he l evel
of m o d elli n g d etail is t heref ore gra d ually i ncrease d fr o m i d eal t o W M.

F or c o m para bility of e ner gy c o ns u m pti o n, air te m p erat ure set p oi nts w ere s hifte d s o t hat 2 0 % of t he o p erative te m p erat ure re mai ne d
b el o w 2 1° C (S ecti o n 3. 3 ). T he a p pli e d set p oi nt s hifts f or all t he cases, a n d t he res ulti n g e ner gy c o ns u m pti o n is s h o w n i n Ta bl e 5 . I n t he
c ol u m ns, t he air te m p erat ure s hift fr o m 2 1° C dT  a n d t he M A E of t he air te m p erat ure M A E(T ) c haracteriz e t he te m p erat ure fl uct uati o ns. Q
is t he fl o or heati n g e ner gy c o ns u m pti o n p er s q uare m etre of fl o or area p er o bser ve d w e ek, a n d its rel ative diff ere nc e was calc ul ate d as
Δ Q   = (Q   − Q )/Q  [% ] f or t he give n w e ek. T his q ua ntifi e d t he c o ns u m pti o n u n d er-/ overesti mati o n i n t he o bserve d case, c o m pare d
t o t he m ost d etail e d case O_ W M or P_ W M, res p ectively.

T he ta bl e s h o ws t hat o nly a d di n g t he wax m ot or o nt o t he previ o us l evel of d etail d o es n ot c ha n g e t he e ner gy c o ns u m pti o n a l ot. T here
are l ar g er c ha n g es i n o ne ste p, s uc h as c orrecti n g t he para m eters or a d di n g m o d ul ati o n. H o w ever, t he w h ol e pr oc ess of a d di n g
m o d elli n g d etail, c ha n g es t he res ults vivi dly b ot h i n te m p erat ure fl uct uati o ns a n d i n e ner gy c o ns u m pti o n. T he c ha n g es are disc usse d i n
d etail i n t he f oll o wi n g secti o ns.

T he set p oi nt c ha n g es w ere ne gative f or PI, b ut cl ose t o z er o or eve n p ositive f or O n/ Off (Ta bl e 5 ). T his m ea ns t hat t he o p erative
te m p erat ure staye d m ost of t he ti m e a b ove t he d esire d 2 1° C eve n after l o w eri n g t he air te m p erat ure set p oi nt b el o w 2 1° C f or PI. I n b ot h
cases, t he o p erative te m p erat ure a n d air te m p erat ure fl uct uate d si mil arly, yet wit h a n offset. Re gar di n g t he O n/ Off case, t he fl uct uati o ns
w ere m uc h l ar g er, a n d t he set p oi nt ha d t o b e hi g her. A n exa m pl e of t his b e havi o ur is s h o w n i n Fi g ure 1 7 , w here li ne ty p ol o gy
c orres p o n ds t o air te m p erat ure set p oi nt ( d otte d), air te m p erat ure (s oli d) a n d o p erative te m p erat ure ( das he d).

Fi g ure 1 8  p ortrays all t he s hifte d o p erative te m p erat ures by c u m ul ati n g t heir occ urre nc e d urati o ns. W hil e te m p erat ures i n J a n uary staye d
cl ose t o t he ori gi nal set p oi nt f or t he w h ol e w e ek, exc e pt f or s o m e h o urs, t he s ol ar gai ns i n F e br uary raise d t he te m p erat ures. T hese r ose
over 2 4° C a n d w ere m ore t ha n a d e gre e over t he set p oi nt f or a b o ut 2 0 % of t he w e ek. T he t w o extra hi g h te m p erat ure cases are t he O_ 0
cases f or J a n uary a n d F e br uary w e eks; t he ot hers li e cl oser t o g et her, alt h o u g h t he s oli d (O n/ Off ) li nes are rel atively hi g her. T his a gre es
wit h Ta bl e 5 , w here i n all cases exc e pt P_ W M t he te m p erat ure fl uct uati o ns w ere cl early s mall er f or PI t ha n f or t he c orres p o n di n g O n/ Off
cases. W M cases are s h o w n i n darker c ol o ur a n d t hicker li nes i n Fi g ure 1 8 .

4. 3.  Eff ect o n e n er gy perf or ma nc e si m ulati o ns

h

h h h, w h, w

4. 3. 1.  T e m p er at ur e s et p oi nt c h a n g es

 Air a n d o per ativ e te m per at ur e c o m paris o n d uri n g o n e J a n uary day f or PI ( P_ C P) a n d O n/ Off ( O_ C P) cas es. Gr ey li n e  
s h o ws 2 1° C r ef er e nce.

Fi g ur e 1 7.



F or O n/ Off, t he s o urc e of te m p erat ure fl uct uati o ns is t he d ea d ba n d (T ). T he set p oi nt c ha n g e a n d M A E of O_ 0 cases (T   =  2  K) w ere
m uc h hi g her t ha n f or t he rest of t he cases ( T   =  0. 5  K). W hil e M A E f or O n/ Off i n Ja n uary is m ostly ar o u n d 0. 2  K, it was ar o u n d 0. 6  K f or t he
d ef a ult (O_ 0 ) case. D ue t o sy m m etric fl uct uati o ns ar o u n d t he air te m p erat ure set p oi nt, t he M A E is cl ose t o 6 0 % of t he d ea d ba n d i n all
O n/ Off cases.

T he fl uct uati o ns f or PI w ere i n d uc e d by n o n-o pti mal para m eters as w ell as m o d ul ati o n. W hil e n o n -o pti mal para m eters alter t he
c o nti n u o us si g nal, m o d ul ati o n tra nsl ates it t o O n/ Off-li ke si g nal. T he t he oretical d evel o p m e nt of c o ntr ol si g nal f or P_ W M was d escri b e d
i n Fi g ure 8 . Fr o m si m ul ati o n o ut p uts, a n exc er pt was c h ose n t o vis ualiz e t his d evel o p m e nt fr o m PI o ut p ut si g nal t o valve c urve o ut p ut,
a n d it is s h o w n i n Fi g ure 1 9 .

T his tra nsl ati o n fr o m c o nti n u o us t o bi nary si g nal res ulte d i n t he PI cases wit h m o d ul ati o n cases, P_ M C a n d P_ W M, havi n g M A Es cl ose t o
t he O n/ Off cases fr o m ‘ C P’ t o ‘ W M’. T he te m p erat ure fl uct uati o ns f or t he P_ W M a n d O_ W M cases are s h o w n i n Fi g ure 2 0 , t o g et her wit h
t he b e nc h mark cases P_ 0 a n d O_ 0 as w ell as t he i m pr ove d para m eter cases P_ C P a n d O_ C P. Si g nifica ntly hi g her fl uct uati o ns occ urre d at a
greater d ea d ba n d f or O n/ Off (O_ 0 case ), a n d t he s mall er d ea d ba n d starti n g fr o m O_ C P i m pr ove d t he O n/ Off c o ntr ol re marka bly.
I m pr ove d PI para m eters res ulte d i n a n al m ost i d eal c o ntr ol, w hil e m o d ul ati o n a n d W M d el ay rei ntr o d uc e d t he te m p erat ure fl uct uati o ns.
Alt o g et her, t he te m p erat ure p erf or ma nc e of cases P_ 0, O_ C P, O_ W M, a n d P_ W M was si mil ar, a n d t he W M cases c o ul d b e s u bstit ute d by
si m pl er c o ntr ol i n si m ul ati o ns. T he si mil arity b et w e e n O n/ Off a n d PI occ urre d as t he PI cases di d n ot p erf or m o pti mally, w hil e t he O n/ Off
cases i m pr ove d si g nifica ntly fr o m O_ 0. I n t his w ork, t he a da pte d d ea d ba n d f or O n/ Off was c h ose n t o b e 0. 5  K. F or t his t o b e realiz e d, t he
r o o m air te m p erat ure se ns or m ust b e precise, cali brate d, a n d p ositi o ne d o pti mally. T he r o o m air s h o ul d als o b e i d eally mix e d. E ve n
t h o u g h t he vertical gra di e nt f or U F H s h o ul d b e s mall (M aivel, F erra ntelli, a n d K ur nitski 2 0 1 8 ; V õsa, F erra ntelli, a n d K ur nitski 2 0 1 9 ),
realizi n g o ne si n gl e u nif or m te m p erat ure p er z o ne is cl early still a n i d ealiz ati o n.

 C u m ulativ e o per ativ e te m per at ur e gr a p hs after s et p oi nt c orr ecti o n f or all cas es.Fi g ur e 1 8.
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4. 3. 2.  T e m p er at ur e fl uct u ati o ns

D b D b

D b

 C o ntr ol si g nal dev el o p m e nt f or P_ W M d uri n g 4 h o urs. O ut p uts fr o m PI ( PI), m o d ulati o n ( M C), w ax m ot or ( W M), a n d  
v alv e c urv e ( V C) bl ocks.

Fi g ur e 1 9.

 Air te m per at ur e fl uct uati o ns f or detail e d cas es ( O_ W M, P_ W M) i n J a n uary, t h e defa ult cas es ( O_ 0, P_ 0) ar e s h o w n i n  
c o m paris o n as w ell as t h e cas es wit h i m pr ov e d par a m eters ( O_ C P, P_ C P), gr ey h el per li n es ar e at 2 1  ±  0.2 5° C.

Fi g ur e 2 0.



T he e ner gy p erf or ma nc e i n t he give n sc e nari os vari e d si g nifica ntly acr oss t heir l evels of d etail. Si m ply m o d elli n g t he wax m ot or i nstea d
of c o nti n u o us c o ntr ol (V C t o W M case ) s h o w e d u p t o 2. 5 % e ner gy c o ns u m pti o n diff ere nc e i n t he o bserve d w e eks, as Ta bl e 5  ill ustrates.
T his is c o nsiste nt wit h t he literat ure, se e e. g. Cl a uß a n d G e or g es (2 0 1 9 ) a n d ref ere nc es q u ote d t herei n. E xte n d e d t o a n a n n ual basis, t his
ca n b e a siz ea bl e eff ect f or e ner gy effici e ncy.

Alt h o u g h t he s h ort d el ays a n d t he m o d elli n g of t he valve c urve ha d l ess i nfl ue nc e o n t he t otal e ner gy p erf or ma nc e, t hese res ulte d i n
diff ere nt l o a d pr ofil es (se e t he next secti o n). We f o u n d t hat t he c h oic e of para m eters f or b ot h O n/ Off a n d PI, as w ell as t he m o d elli n g of
m o d ul ati o n i n t he PI case, ha d a si g nifica nt eff ect. All O n/ Off cases overesti mate d t he e ner gy c o ns u m pti o n c o m pare d t o t he m ost
d etail e d case (O_ W M ). F or t he b usi ness-as-us ual a p pr o ac h (O_ 0 ) t he diff ere nc e was 5. 7 % f or O n/ Off i n t he J a n uary w e ek a n d 4. 8 % i n t he
Fe br uary w e ek. T he b usi ness-as- us ual PI case P_ 0 wit h d ef a ult para m eters a n d n o m o d ul ati o n diff ers fr o m t he ot her si m pl e PI cases ( P_ C P,
P_ D, P_ V C – o pti mal para m eters, n o m o d ul ati o n). Yet, its e ner gy c o ns u m pti o n was li ke t hat of t he m o d ul ati o n cases P_ M C a n d P_ W M wit h
o pti mal para m eters a n d m o d ul ati o n. P_ 0 overesti mate d t he e ner gy c o ns u m pti o n by 0. 1 % i n t he J a n uary w e ek a n d 0. 7 % i n F e br uary
c o m pare d t o P_ W M. H o w ever, all t he ot her PI cases u n d eresti mate d t he e ner gy c o ns u m pti o n c o m pare d t o P_ W M.

As i n m ost cases, a l o w er e ner gy c o ns u m pti o n was ac hi eve d t ha nks t o s mall er te m p erat ure fl uct uati o ns, w hic h e na bl e d a l o w er
te m p erat ure set p oi nt. T he ste p fr o m ‘0’ t o ‘ C P’, wit h re d ucti o n of e ner gy use by usi n g i m pr ove d PI para m eters, was over 3. 4 p erc e nta g e
p oi nts i n t he F e br uary w e ek. T he re d ucti o n i n te m p erat ure fl uct uati o n fr o m o pti mal PI para m eters was ca nc ell e d o ut by a n i ncrease i n
fl uct uati o ns, w hic h was ca use d by t he c o nversi o n of t he c o nti n u o us PI o ut p ut t o bi nary val ues, s o fr o m P_ V C t o P_ M C, a n d by wax m ot or
d el ay, fr o m P_ M C t o P_ W M. T he ste p fr o m ‘0’ t o ‘ C P’ was hi g her t ha n t he 2. 5 % i ncrease fr o m ‘ V C’ t o ‘ W M’, a d di n g m o d ul ati o n a n d W M, i n
t he F e br uary w e ek. T his hi g hli g hts t he i m p orta nc e of o pti mal PI para m eters. H o w ever, t he para m eters t hat w ere o pti miz e d i n t he
b usi ness -as-us ual sit uati o n di d n ot p erf or m o pti mally t o g et her wit h a m o d ul ati o n a p pr o ac h. T he o pti miz e d para m eters f or c o nti n u o us PI
c o ntr ol (wit h o ut m o d ul ati o n ) ca n t h us b e p ote nti ally use d f or 0– 1 0  V act uat ors, w hil e t he c o u pli n g of m o d ul ati o n wit h para m eters’
o pti miz ati o n s h o ul d b e f urt her researc he d. T he PI para m eters t hat w ere s p ecifically a da pte d t o t he a p pli e d m o d ul ati o n c o ul d p ote nti ally
i m pr ove t he p erf or ma nc e ( A p p e n dix D).

I n m ost occ urre nc es a ny way, t he PI cases c o ns u m e d l ess heati n g e ner gy t ha n t he c orres p o n di n g O n/ Off cases. W hil e f or O n/ Off a n d PI
b usi ness -as-us ual, t he PI was al m ost 6 % m ore effici e nt f or b ot h w e eks (2. 4 1 vs. 2. 5 5 a n d 2. 3 1 vs. 2. 4 2 ), t here was practically n o diff ere nc e
i n t he W M cases. T he diff ere nc e b et w e e n O_ W M a n d P_ W M is g e nerally s mall er t ha n t he rest, h ol di n g at 0. 2 % i n J a n uary a n d 2. 1 % i n
F e br uary. F or t he ‘ C P’ t hr o u g h ‘ V C’ cases it a p pr o ac he d 2 % i n J a n uary a n d 5 % i n F e br uary. T heref ore, s u bstit uti n g t he PI wit h W M
m o d elli n g wit h O n/ Off as s u g g este d f or te m p erat ure fl uct uati o ns i n S ecti o n 4. 3. 2 w o ul d n ot pr ovi d e t he sa m e e ner gy p erf or ma nc e. T he
s mall est diff ere nc e was t o O_ V C a n d t o P_ 0.

All t he b usi ness -as-us ual cases overesti mate d t he e ner gy c o ns u m pti o n, l eavi n g t he res ults o n t he saf e si d e re gar di n g syste m d esi g n.
H o w ever, it was cl ear t hat t he v ol u m e fl o ws i n t he circ uit are diff ere nt b et w e e n t he b usi ness -as-us ual a n d t he W M cases. B ot h
overesti mati o n of e ner gy c o ns u m pti o n a n d i nacc urate mass fl o ws c o ul d b e n o n -c o nservative f or ot her a p plicati o ns s uc h as gri d
bal a nci n g, str uct ural t her mal st ora g e, etc.

To b etter u n d ersta n d t he d evel o p m e nt of e ner gy c o ns u m pti o n, Fi g ure 2 1  dis pl ays o n se parate r o ws t he mass fl o ws (r o w a), water ret ur n
te m p erat ures (r o w b), a n d fl o or s urf ac e heat fl ux (r o w c) as c u m ul ative f or t he J a n uary w e ek. T he o ut d o or te m p erat ure-d e p e n d e nt s u p ply
te m p erat ures w ere t he sa m e f or all sc e nari os a n d are p ortraye d as das he d li nes i n c harts 1 b a n d 2 b.

4. 3. 3.  E n er g y c o ns u m pti o n

4. 3. 4.  L o a d d y n a mics

 C u m ulativ e perf or m a nce i n t h e J a n uary w eek.Fi g ur e 2 1.



F or t he O n/ Off sc e nari os, O_ 0 sta n ds o ut fr o m t he rest. F or PI, t he distri b uti o n of mass fl o ws, ret ur n te m p erat ures as w ell as heati n g l o a ds
vary b et w e e n all t he cases, i ncl u di n g ‘ C P’, ‘ D’, a n d ‘ V C’. T hese ot her wise p erf or m e d si mil arly, diff eri n g by n o m ore t ha n 0. 0 1 K i n set p oi nt,
0. 0 1 5  K i n M A E (T ), a n d by 0. 5 p erc e nta g e p oi nts (0. 0 1  k W h/ m / w e ek) i n e ner gy c o ns u m pti o n d uri n g o ne give n w e ek. T his m ea ns t hat
a d di n g a 2-mi n d el ay t o t he i n p ut si g nal a n d c orrecti n g t he valve c urve di d n ot have a si g nifica nt eff ect o n t he air te m p erat ure a n d
e ner gy p erf or ma nc e. H o w ever, it c ha n g e d t he mass fl o w dy na mics. P_ M C a n d P_ W M ha d mass fl o ws li ke t h ose of t he bi nary O n/ Off
cases, w hil e t he ‘ C P’ a n d ‘ D’ cases ha d mass fl o ws m ostly at t he 2 5 % l evel. P_ 0 a n d P_ V C w ere b et w e e n t he t w o extre m es, wit h a cl ose t o
li near fl o w.

A d di n g a W M ha d al m ost n o i nfl ue nc e i n J a n uary c o m pare d t o t he c o ntr ol t hat was si m pl er by o ne ste p, eit her O_ V C or P_ M C. H o w ever,
t he c u m ul ative gra p hs i n Fi g ure 2 1  s h o w t hat t he ret ur n te m p erat ures f or t he W M sc e nari os w ere l o w er. T his w o ul d ref er t o a diff ere nt
ti mi n g of t he heati n g p eri o ds i n rel ati o n t o o ut d o or te m p erat ures. A d di n g t he W M i n F e br uary, t he e ner gy c o ns u m pti o n d ecrease d f or
O n/ Off a n d i ncrease d f or PI. F or O n/ Off, t he a d diti o nal d el ay fr o m t he W M re d uc e d t he M A E a n d e ner gy c o ns u m pti o n. T his c o ul d b e d ue
t o t he c o m bi nati o n of d el ay a n d s ol ar gai ns, as t he t w o c harts o n t he l eft si d e of Fi g ure 2 2  s h o w. T he d el ay e na bl e d t o o mit o ne heati n g
cycl e w he n s ol ar gai ns e m er g e d, ke e pi n g l o w er s ol ar p eak te m p erat ures. F or PI, t he a d diti o nal d el ay g e nerate d hi g her te m p erat ure
fl uct uati o ns a n d, d ue t o t he hi g her i n d uc e d set p oi nt, t his i ncrease d t he c o ns u m pti o n (se e t he t w o c harts o n t he ri g ht i n Fi g ure 2 2 ).

2

 C o ntr ol a n d te m per at ur e d uri n g a day i n F e br uary, h o urs fr o m mi d ni g ht, gr ey li n e s h o wi n g t h e s hifte d s et p oi nt.Fi g ur e 2 2.
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I n t his pa p er, w e have atte m pte d at s he d di n g li g ht o n t w o as p ects of UF H c o ntr ol m o d elli n g by

a nalysi n g h o w a ste p wise i ncrease i n t he m o d elli n g d etail ca n aff ect its p erf or ma nc e, re gar di n g b ot h te m p erat ure fl uct uati o ns a n d
e ner gy c o ns u m pti o n,
pr o p osi n g a n e m pirical wax m ot or m o d el, cali brati n g it wit h exte nsive ex p eri m e ntal res ults, a n d i m pl e m e nti n g as w ell as testi n g it
wit h si m ul ati o ns.

To s uc h ai m, a n ex p eri m e ntally base d e m pirical m o d el of t her m o -el ectric act uat ors, or wax m ot ors use d i n H V A C c o ntr ol was here
d evel o p e d. T he ex p eri m e ntal as p ect was a d dresse d i nt o d etail, first by m eas uri n g t he li near dis pl ac e m e nt of t he attac he d valve’s pist o n
wit h o ut t he rest of t he syste m. B ase d o n t hese m eas ure m e nts, w e d efi ne d a n e m pirical m o d el c o nsisti n g of f o ur s u b -m o d els of li near
se g m e nts t hat esti mate d t he c haracteristic ti m es. T he fi nal m o d el res ulte d i n a n avera g e M A E of n or maliz e d li near dis pl ac e m e nt t hat
staye d b el o w 1 0 %.

T he v ol u m e fl o ws w ere t he n m eas ure d wit hi n o ne circ uit of a n U F H syste m wit h a pre d efi ne d c o ntr ol si g nal t hat was a p pli e d t o t he wax
m ot or. B ase d o n t he v ol u m e fl o w m eas ure m e nts, t he valve c urve was cali brate d, a n d t he m o d els w ere fi nally i m pl e m e nte d i n t he I D A I C E
si m ul ati o n s oft ware, f or q ua ntifyi n g t he eff ect of t he m o d els o n B PS res ults.

R ef erri n g t o t he researc h q uesti o ns t hat w ere f or m ul ate d i n t he I ntr o d ucti o n, t hey ca n n o w b e a ns w ere d as f oll o ws:

1  H o w ca n w e c haracteriz e t he wax act uat ors f or H V A C i n a n a p plica bl e way?
a  T he d evel o p e d e m pirical wax m ot or m o d el c o nsists of d ea d ti m e, rise ti m e, h ol d ti m e, a n d f all ti m e, w hic h d e p e n d o n
u n d erc o oli n g or over heati n g ti m es. T he d ea d ti m e was u p t o 4  mi n, t he rise ti m e u p t o 3  mi n, t he h ol d ti m e u p t o 2. 5 or 4  mi n
d e p e n di n g o n t he m ot or pr o d uct. As a n exc e pti o n, t he f all ti m e was c o nsta nt f or o ne pr o d uct, eit her 2 or 3  mi n. A da pti n g t he
d evel o p e d m o d els t o ne w pr o d ucts d o es n ot ne e d exte nsive m o d elli n g n or ex p e nsive m eas ure m e nts.

2  H o w m uc h ti m e d o es t he valve o p e ni n g wit h wax m ot ors take? C a n it b e ma na g e d wit hi n 5  mi n, s o t hat it w o ul d matc h t he li mit
i m p ose d by t he fre q ue ncy market f or e ner gy gri ds?

a  After l o n g er u n d erc o oli n g ti m es, t he wax heate d u p sl o wly, s h o wi n g t hat t he f ull activati o n ti m e, i.e. t he valve o p e ni n g
ti m e, ca n b e l ar g er t ha n 5  mi n. H o w ever, t he maxi m u m F AT di d n ot exc e e d 7  mi n. Q uick-o p e ni n g valve c urves, t o g et her wit h
a l o w valve a ut h ority, e ns ure d t hat nearly maxi mal fl o w rates w ere reac he d wit h 5 0 % valve o p e n ness. If a s h orter F AT is
ne e d e d, t he wax act uat ors s h o ul d b e c o nti n u o usly ke pt o n sta n d by, t h us a p plyi n g s h ort heati n g cycl es.

3  H o w are te m p erat ure c o ntr ol acc uracy a n d e ner gy p erf or ma nc e aff ecte d by t he c o ntr ol strate gy?
a  M o d elli n g t he c o ntr ol wit h t he e m pirical wax m ot or m o d el, i ncl u di n g m o d ul ati o n f or PI, valve c urves, si g nal d el ays a n d
realistic para m eter val ues is i m p orta nt f or s o m e a p plicati o ns. C o m pare d t o i ncl u di n g all t hese o pti o ns, a b usi ness-as-us ual
B P S overesti mate d t he e ner gy c o ns u m pti o n by 5 % f or O n/ Off a n d l ess t ha n 1 % f or PI. W hil e f or O n/ Off t he te m p erat ure
fl uct uati o ns w ere re d uc e d by a s mall er d ea d ba n d, f or PI t hese w ere i ncrease d d ue t o m o d ul ati o n. T he te m p erat ure
vari ati o ns w ere t h us critically aff ecti n g t he e ner gy bal a nc e.

4  H o w d o wax m ot or a n d m o d ul ati o n eff ects c o m pare t o p erf or ma nc e diff ere nc es fr o m ot her m o d elli n g si m plificati o ns?
a  C ha n gi n g c o ntr ol para m eters a n d a d di n g m o d ul ati o n res ulte d i n t he l ar g est c ha n g es re gar di n g all t he ste ps take n f or
d etaili n g t he c o ntr ol m o d elli n g. T he c o ntr ol para m eters c ha n g e d e ner gy c o ns u m pti o n by a b o ut 2 % – 5 % a n d a d di n g
m o d ul ati o n by 2 %– 3 %. A d di n g a wax m ot or w he n t he heati n g si g nal was alrea dy bi nary c ha n g e d t he res ult by l ess t ha n 1 %.

As  a practical c o nsi d erati o n, it was f o u n d t hat t he b usi ness-as-us ual PI c o ntr ol di d n ot refl ect t he act ual mass fl o ws i n t he syste m. T he
act ual b e havi o ur is si mil ar t o t hat of t he O n/ Off b e havi o ur, s o t he PI si m ul ati o ns c o ul d b e s u bstit ute d by O n/ Off si m ul ati o ns wit h a s mall
d ea d ba n d, a n d a n act ual valve c urve b ut wit h o ut t he wax m ot or. H o w ever, t he te m p erat ure set p oi nt i n t he si m ul ati o ns ha d t o b e set
hi g her t ha n f or t he PI by at l east 0. 1  K, t o e ns ure t he sa m e e ner gy  p erf or ma nc e.

T he w ork has s o m e li mitati o ns, w hic h s h o ul d b e f urt her a nalyse d i n f ut ure st u di es:

T he st u dy ca n b e exte n d e d o n several as p ects, f or i nsta nc e by i m pl e m e nti n g a p hysical m o d el f or 0 – 1 0  V wax act uat ors, w hic h
c o ul d als o m o d el pr ofil es w here t he m ot or d o es n ot c o m pl etely o p e n/cl ose t he valve d uri n g eac h p eri o d. E x p eri m e nts t o
d eter mi ne pr o p erti es of t he s pri n g, t he wax, a n d t he m ot or c over s h o ul d b e carri e d o ut acc or di n gly. T he pist o n m ove m e nt i nsi d e
t he ma nif ol d s h o ul d b e m eas ure d as w ell.
Als o, t he i m pl e m e nte d e m pirical m o d el c urre ntly uses very s mall ti m este ps, maki n g it ti m e-a n d res o urc e-c o ns u mi n g w he n use d f or
si m ul ati o ns i nv olvi n g l o n g er ti m e s pa ns. S p e e di n g u p t he m o d el wit h a caref ully p erf or ma nc e-o pti miz e d i m pl e m e ntati o n w o ul d
e na bl e si m ul ati n g a n n ual e ner gy c o ns u m pti o n diff ere nc es.
Fi nally, as t he para m eters t hat w ere o pti miz e d i n t he b usi ness-as-us ual sit uati o n mi g ht n ot w ork o pti mally t o g et her wit h a
m o d ul ati o n a p pr o ac h, t he c o u pli n g of m o d ul ati o n wit h t he para m eters’ o pti miz ati o n s h o ul d b e f urt her researc he d.
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A. Meas ur e d act uat ors, heati n g pr ofil es, a n d err or esti mat es

T a bl e A 1.  T h e err or esti m ati o ns f or all pr ofil es.

B. Heati n g c ur v e f or UF H s u p pl y wat er t e m per at ur e i n si m ul ati o ns

Fi g ur e B 1.  Heati n g te m per at ur e c urv e us e d i n si m ulati o ns.

C o m bi nati o n Pr o d uc er
M ot or

s p eci m e n
Valve

i ncl u d e d?
H eati n g pr ofil es m eas ure d (si g nal O n-

Off)
D urati o n
( mi n) M A E R MSE

A 1 A 1 n o 1 5  mi n– 4 5  mi n 5 1 5 0. 0 1 4 0. 0 4 2

A 1 A 1 n o 1 5  mi n– 1 5  mi n 3 6 2 0. 0 1 8 0. 0 4 7

A 1 A 1 n o 5  mi n– 5  mi n 4 5 4 0. 0 5 8 0. 0 8 9

A 1v A 1 yes 1 5  mi n– 1 5  mi n 2 7 7 4 0. 0 1 1 0. 0 1 9

B 1 B 1 n o 1 5  mi n– 4 5  mi n 1 2 4 1 0. 0 2 3 0. 0 4 7

B 1 B 1 n o 3 0  mi n– 3 0  mi n 7 2 0 0. 0 2 0 0. 0 3 7

B 1 B 1 n o 1 0  mi n– 1 0  mi n 6 4 6 0. 0 4 5 0. 0 9 7

B 1 B 1 n o 1 8  mi n– 6  mi n 7 1 1 0. 0 3 3 0. 0 5 0

B 1 B 1 n o 1 5  mi n– 1 5  mi n 1 0 4 9 0. 0 4 8 0. 0 7 9

B 1 B 1 n o 3  mi n– 3  mi n 1 4 1 0. 0 9 8 0. 1 2 2

B 2 B 2 n o 1 5  mi n– 1 5  mi n 1 1 1 0 0. 0 2 8 0. 0 4 8

B 1v B 1 yes 1 5  mi n– 1 5  mi n 1 1 8 0. 0 6 1 0. 1 5 3

B 2v B 2 yes 1 5  mi n– 1 5  mi n 1 0 9 0 0. 0 2 5 0. 0 4 2

B 2v B 2 yes 1 5  mi n– 4 5  mi n 1 4 8 6 0. 0 1 9 0. 0 3 6

B 3v B 3 yes 1 5  mi n– 1 5  mi n 1 4 4 0. 0 3 0 0. 0 5 6

B 4v B 4 yes 1 5  mi n– 1 5  mi n 1 3 6 0. 0 5 8 0. 1 0 6

B 4v B 4 yes ra n d o m 5 t o 1 5  mi n 4 8 2 0. 0 8 6 0. 1 4 8

B 4v B 4 yes 1 5  mi n– 4 5  mi n 4 1 6 0. 0 4 3 0. 0 9 0



T a bl e C 1.  T h e pr ocess of fitti n g t h e e m pirical m o dels t o t h e c har acteristic ti m es esti m ate d fr o m t h e m eas ur e m e nts.5

T he esti mate d d ea d ti m es ha d a cl ear d e p e n d e nc e o n t he
u n d erc o oli n g ti m e of t he previ o us p eri o d, t heref ore t d ea d,i  = 
f(t uc,i- 1). T he ne gative ex p o ne nt m o d el was fitte d as give n i n
E q uati o n ( 1). T he ti m e c o nsta nt val ue τ  =  7 8 0 s ha d t he hi g hest
c orrel ati o n, wit h R-s q uare d b et w e e n t he ne gative ex p o ne nt a n d
t he d ea d ti m e e q ualli n g 0. 8 8 5. H o w ever, t he li near m o d el
res ulte d i n maxi m u m resi d uals of over 1. 5 mi n. T o i m pr ove t he
p erf or ma nc e, a li near m ulti-l evel m o d el was teste d a n d c h ose n
f or se parate pr o d ucts, w hic h c o nstrai ne d t he resi d uals t o
maxi m u m 1 0 s. I n t he fi g ure, bl ue is t he m o d el f or pr o d uct A a n d
re d f or t he pr o d uct B.

T he rise ti m es vari e d b et w e e n 1 0 0 s a n d 1 8 0 s a n d it was
t heref ore n ot c o nsta nt as ex p ecte d. T he n ull hy p ot hesis of rise
ti m e d e p e n di n g o n r o o m te m p erat ure was n ot c o nfir m e d as t he
a m bi e nt te m p erat ure vari e d i n a very s mall ra n g e d uri n g t he
m eas ure m e nts. I nstea d, t here was a sli g ht d e p e n d e nc e o n t he
u n d erc o oli n g ti m e’s ne gative ex p o ne nt si mil arly t o t he d ea d ti m e.
T heref ore, trise,i  = f(t uc,i- 1) w here t he m ost s uita bl e τ was 1 1 4 0 s.
T he para m eter k was s mall b ut cl early si g nifica nt ( p  < . 0 0 1). T he
resi d uals w ere over t w o mi n utes, s o i nstea d, a m ot or-s p ecific
s ol uti o n was a gai n i d e ntifi e d usi n g m ulti-l evel m o d elli n g.

T he h ol d ti m e di d d e p e n d o n t he over heati n g ti m e, as ex p ecte d
i n E q uati o n ( 2). H o w ever, t he d e p e n d e nc e was n ot si g nifica nt. As
t he h ol d ti m e c o ul d b e q uite diff ere nt f or t he m ot ors, as
Fi g ure 1 1  s h o ws. T h us, a pr o d uc er-se parate d m o d el was
g e nerate d. As t he i nterc e pt was i nsi g nifica nt f or l m e, se parate
li near m o d els w ere fitte d. M ore over, as i n t his case t here is n o
reas o n t o ass u m e t he sa m e ti m e c o nsta nts a n d para m eters, w e
searc he d f or se parate τ val ues. T hese res ulte d t o b e τ  =  2 4 0 s f or
pr o d uct A a n d τ  =  6 0 0 s f or pr o d uct B.



D. PI par a met ers o pti miz e d f or c o nti n u o us a n d m o d ul at e d o ut p ut

Fi g ur e D 1.  T h e c u m ulativ e te m per at ur e gr a p hs f or P_ W M cas e ( 1 8/ 2 3 0 0) a n d t h e s a m e cas e wit h PI par a m eters a da pte d f or t h e
m o d ulati o n ( 3 0 0/ 3 0 0 0).

Att ac h me nt Fil es

1  Fi g ur e 4. p n g :

2  Fi g ur e 1 8.j p g :

3  Fi g ur e 1 9.j p g :

4  Fi g ur e 2 1.j p g :

5  Fi g ur e 2 2.j p g :

T he f all ti m e was c o nsta nt f or a pr o d uct, as t he sta n dar d
d evi ati o n was ar o u n d 1 0 s. N o r o o m te m p erat ure d e p e n d e nc e
was se e n i n t he data. I n t he fi g ure, t he or d er of ma g nit u d e of t he
over heati n g ti m e is s h o w n i n t hre e c ol o urs f or t he t w o pr o d ucts.


