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Modeling and Control of Buildings

LIMITED-COMMUNICATION DISTRIBUTED MODEL PREDICTIVE
PARETO OATIMAL EETPOINTS FOR HVAC NETWORKS VIA TERATIVE NEAREST

 Building control traditionally S oo e

Cavisteprer

Thesrres Flais o

focused on energy reduction and = R [

Control for Cowpled and Constrained Subsystems by

ST PR T —
occupant comfort
At T el e e w i g
alrbered s el e 11
e i i e » 4] Ative Power Control for Wind Farms Using Distributed Model THE
L rvaitems irazars, Acerkag Predictive Cantrol and Nearest Neighbor ¢
vorws the irapling siguah [T et ream LG
ot iaapar ey gl
Chrwstepher J. Bay.** Jessier Anoon.® Timosky Taykr? Lacy Pi” and Katheyn Sohmon' LARGE SCALE

* Need for buildings to provide
ancillary services (while keeping

people happy)

e
Steadvéitale Predictive Optimal Control of Integrated
Buildi nergy S Using a Mixed Economic
and O«uplnl Comfort Focused O'b]echwa Function

* Need for coordinating large
numbers of building energy systems R

Commitice Members,  Damel A M4

Do E. Clag o
Aniruddba I
Head of Depanment.  Andreas Poly)

e MPC lends itself to a lot of the
challenges found in buildings

Major Subject: Mechanical

Copyright 21T Chrissapher aseph Bay

e Technique presented today has also
been applied to wind farm control
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Modeling and Control of Buildings

. D-|st-r|buted contrc?l W-Ith th.e | Electrical Connections
Limited-Communication Distributed 650

MPC method (LC-DMPC) g

* |EEE 13 Node Test Feeder consisting ¢4 645 632 633 634
of building nodes ° ® ® ° 3% ®

Subsystem i
s TR
I Upstream Ivi‘ Plant i Izil Downstream : 611 684 6 1 692 675
| Subsystems :_:" | Subsystems : o 7 @ \. o

|

Vi 1 Controller i QJ_I//I-I | | |

Commmoneaton Fm o Zi, Z3.
f 652 630
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Modeling and Control of Buildings

e Distributed control with the Electrical Connections
Limited-Communication Distributed e
MPC method (LC-DMPC)

A few key notes:

* |EEE 13 Node Test Feeder consisting ¢ o _ 1
. e Distributed algorithm can scale
of building nodes o _ _
= computationally beyond centralized R
= E
| methods
Subsystem i d.

(""" \ ‘\» - - ;l,- Sy (T \ * Subsystems don’t require model ]

| Upsream :,"f » Plant i 'Z;: Downstrear i 6: knowledge of other subsystems P

\

, Iy ., (robust to changes, modular)

. I I : . . . .
L Controller i 4—I—w-l  (Can be done in hierarchical manner,

System | ] System . .
Communication N _ _ _T_ _ _ 7/  Communication with local and supervisory setups

)
1174

NREL | 6



Limited-Communication Distributed MPC

PAST A FUTURE/PREDICTION

< >
REFERENCE
MEASURED -
OUTRUT e PREDICTED OUTPUT
/\ ""pf
CONTROL e OPTIMAL CONTROL
‘e TRAJECTORY
——t++—+—t—t—1—1—1—1>
k k+c k+p

CONTROL HORIZON ¢ | |
PREDICTION HORIZONp | >
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LC-DMPC: The method

( iy | I
I Upstream i Plant i 1Z i | Downstream I
| Subsystems : » | Subsystems I
|
| I I |
7/1' | l//
Controller i
System | ] System
Communication \ —_ - _T_ —_ Communication
v,
1

Divide system into subsystems with
local models

Establish prediction horizons

Identify connections between
subsystems

. k)+D U, (k)

yi i

(
2,(k)=C. (k) + D. u, (k)

Z, 1

Vi:[v.T(k+l) vi (k+2) - VfT(k+N’i)]T

N, is the prediction horizon.

V=TIZ

I is the interconnection matrix.
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LC-DMPC: The method

Subsystem i
_____ : \’_f’fi___. e, Y,=F, x, (k)+M U+N, V+P.D,
I{ Upstream |V]. ‘ \l :|r Downstream : Z F xO’(k)+M U +N V +PZ’D1
| Subsystems :_l" Plant/ | Subsystems :
\_ IuT l A S 5 NPTT
T | y : yl (CyzAz) (CyzAz ) (Cy,iAi )
7/1' | l//
I Controller i 4-|_-|l ot Fr
Comsnyus.lt:i::nution \ —_ - _T_ —_ Comnzzr:?afion zz = |:(Cz zAz) (Cy zAzz) o (Cz,iAin) :|
F;

« By repeated application of the local D, 0 0
model along NV, the future v | ©Bu D, 0
dynamics for Yand Zcan be found . : 0

C,4""’B, C,A""B, ¥

e These prediction matrices are built - b 0 0 -

for each subsystem C.B, D o
M. = . ’ .

* N,/N,and P,/P, are the same as : 0

M, /M, with B, replaced by B,/B, C..A"7B,, C,A""B,, - D,| ..,



LC-DMPC: The optimization

: T T T
min J; = ¢; Qe +U; Sili + ¥ Zi minJ =UTHU +2UF +V EV +2V'T
i Ul- 1 1 1 1 1 1 1 11 1 1
s.t. Yi = Fyixo,i(k) + My ;Ui + Ny i Vi s.t. AU, < B,
Zi = Fgix0,i(k) + M;;U; + N;;V,
Uiin S Ui = Uiy H =M OM, +5, E =N, ON,,

F=MQ[F,x,(k)+N,V+P,D~r(k)]|+05M] ¥,

Vi
o _ _ T,=N] Q| F,x,(k)-r(k)]+05N] ¥,
e Objective function has quadratic
. . Ii*Np T r 7
error and control terms with a A=diag| | B =lul Ul ]
linear penalty term

ik
i Np

e Local dynamics can be moved into .
. y . . yi+1 = % = 2|:E1iVi+1 + T;+1 + N§i+lQi+1My i+1Ui+1:|
objective function from constraints v, ’ ’

W= W =TTt | =Ty

* Sensitivities are calculated based on
upstream system disturbances (alal, et al., 2016) ! NREL | 10



LC-DMPC: The optimization

Subsystem i
di
{ _____ \ == - "'\ r _____ \
| Upstream IVi ‘ ; IZ?' | Downstream :
I o Plant i |
| Subsystems I | Subsystems I
|
I I
Controller i
System | ] System
Communication N _T_ —_ Communication
v
1

Objective function has quadratic
error and control terms with a
linear penalty term

Local dynamics can be moved into
objective function from constraints

Sensitivities are calculated based on
upstream system disturbances

Algorithm 1 LC-DMPC Algorithm

Initialization: Given xy;(k) & Ng, V;(0), U;(0), ¥;(0) = 0.
Step 1: Exchange current information with local agents:
VG +1)=TZ(), PG +1) =TTy()
Step 2: Solve problem (13) and assign the result as U, %" .
Step 3: Compute the convex summation for § € [0,1):
UG+ 1) = BUi() + (1 = BHU ()

Step 4: Use the result from step 3 to compute:

Z;(j+1) =F,;xq;(k) + M,;U;(j +1) + N, ;V;(;)
Step 5: Use the result from step 3 to compute:

v+ 1) = —ZNTLer (k) + 2N, ;Q;M, UG + 1) +

2N QN Vi (j) + N W;(j) + 2N lQ, Fyix0:(k)
Step 6: If j # Na go to step 1, otherwise go to step 7.
Step 7: Apply the first value of U;.

Step 8: Get new measurements for x, ; and go to step 1.

(Jalal, et al., 2016) NREL | 11



The Model

Subsystem i d.
(""" \ - - ;l,- S\ (TTTC \ Electrical Connections
Iy, 1Z, |
I Upstream i Plant i i | Downstream __ 650
| Subsystems —tp _|_>| Subsystems : Ll
Ry o i Ko
| |
L Controller «_V’-I 646 645 632 633 634
Comsnyus.lt:i::nution I\ /l Comxzfr:?aﬁon g g g N 3 % ®
* |EEE 13 Node Test Feeder
consisting of building nodes 611 684 - 692 675
7 e
. . ® ® °
 Added grld_aggregator to d|§tr|bute 2 A éE é.k': éF:
reference signal from the grid e — = '
AN AN
e Grid aggregator is at same level as Z= Z: o

buildings, not hierarchical 652 630



Interconnections

Subsystem\i d.
(T"T°" \ ‘f“ilv“'\ (T"" 77 \ Electrical Connections
Iy, z, |
| Upream \Lip{ Panti | LI Downsheam | 650
‘e :”-T I . E
7/- I 13 7 I w
LI l Controller i 4-|_-|I 646 645 632 633 634
Comsnyus.lt:i::nution I\ e ! Comxzfr:?aﬁon ¢ = * . 3 % &
e Grid aggregator is both upstream
and downstream to each building
611 684 692 675
Upstream Downstream ° 671. \;. Py
é?‘: é?‘: °

652 680




Interconnections

Subsystem\i di
( ol oo \ ] Communication Connections
| Upst i i i| D f
| subsystems b "o | subsystems |
|
ey
|
7/1' 1 i : l//i
Controller i
System | ] System
Communication \ —_ - _T_ —_ Communication
7

e Grid aggregator is both upstream
and downstream to each building

Upstream Downstream
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Interconnections

Subsystem\i di
( ol oo \ ] Communication Connections
| Upst i i i| D f
| subsystems b "o | subsystems |
|
ey
|
7/1' 1 i : l//i
Controller i
System | ] System
Communication \ —_ - _T_ —_ Communication
7

e Grid aggregator is both upstream
and downstream to each building

Upstream Downstream

Y bidg 1
C——

7 grid 1
——
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Grid Aggregator Model

* A bulk reference signal is sent from the Communication Connections
grid to the feeder 1
: . AN
 The grid aggregator determines power 12 = 2
references for the buildings 1 == == 5
* Model includes summation of ég \ ' é?:
individual building powers \ /
* Optimization chooses reference 10 28 [[] «—— 284

signals such that the reference
tracking error is minimized

* Through iterative communication,
aggregator and buildings come to
consensus on control actions
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Building Model

* Used DOE Large Office Building Model

e For first implementation, used the
ground floor
* Lumped the 5 zones into 1 zone
* Equipment consists of 1 AHU

* Only considered cooling

e Used to generate truth model

* Control model was then identified

from the truth model
DOE Large Office Building Model

NREL | 17



EKF-based prediction model

EKF-based approach adopted to make RC models feasible for real world implementation

. 3R-2C model used to describe building thermodynamics

ln(k + 1) = ln(k) + (Te ln) t—— (T ln) + (Qsolar + anternal + thac + anf )

RlTL ClTL Rl n,a ClTL

t t
Te (k + 1) = Te (k) + > (Tin - Te) + > (T ln) + (Qsolar + anternal + thac + anf )
Rin,e ’ Ce Re,a ’ Ce e

*  Tin- Indoor air temperature

e T, - Exterior wall temperature

e T,-Outdoor air temperature

e tg- Duration of simulation time step

*  k —Current time step

*  Ripa Rines Req- Equivalent resistances

* (i, Co- Equivalent capacitance values

*  Qsorar- Solar heat gain through windows

*  Qinternal - Internal heat gain

*  Qiny- Infiltration heat load

*  Qnyac - Cooling or heating energy
delivered by the HVAC system
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EKF-based prediction model

Initial modeling assumptions

Usolar is assumed to bear a simple relationship with Q 4p;
Usotar = @ Qghi

* Effect of wind on Q;; is not captured by the model
Qinf X (Ta _ Tin)

Qinternal 1S known to us.
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EKF-based prediction model

EKF algorithm

e State-space representation of the 3R-2C model

x(k+1) = Ax(k) + Bu(k)
y(k) = Cx(k)

 Model parameters are represented as states of the equation
X = [Tin' T, Cin, Rin,e: Rin,a' Ce, Re,a: a]

* One-month historical data of indoor air temperature and
weather information is used to train the data.

* Discrepancy between measured and predicted values of Tj,, are
used to update the initial estimates of the states

NREL | 20



EKF Algorithm

EKF Pseudocode

EKF Matrices and Equations

for k = 1:ngrqin

Ilfk == :

else:

else:

X' = Xini¢ (Initial state estimates)

emse—otda = 100 (Initial state mean squared error)

Nyal
1 2
Cmse = (Tl ) : Z (Tin(i + npred) - Hxi+npred|i)

val =1

if emse < €mse—old:

€mse—old = €mse
X = Xgjk (measurement update)

X (1:2) = xp(1:2) (measurement update only
for temperature states)

Xk = Xk+1lk  (time update)

X = [Tinv Te, Cin, Rin,a' Rin,ev Ce, Re,a' 0(]
h =Tip,u= [T, Qghi: Qheat]
Qheat = Qinternal + Qinf + thac

f(xk,ux) = derived from 3R2C Model

Measurement Update

Oh(xy, ug)
H=—2"k
ox |

Xk, Uk
Yk = Tin(k) — Hxp -1

T T -1
K = Pk|k—1H (HPk|k—1H +R)

Xijke = Xpe—1 + KYk
Prike = Xppe—1 + Ky

Time Update

Xk+1|k = f (s ug)

_ af (xXx, u)
F= ox |

V= of (xp, ug) |
Ju

Xk Uk

Xk Uk

Pk+1|k = FPklkFT + VMVT

NREL
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Temperature(C)

EKF 4-hour Prediction

30 .
— EnergyPlus simulation ) B
— Model Predicted - -
28 - [
26 1
24 1
? 35 la.0
20 ] ; . T T T T T
0 1 2 3 a 5 6 7 5 5
time (days)

5 Zone building modeled as a single zone.

NREL |
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Linear Parametric Model for MPC

* Linear parametric equation for building envelope modeling
—ARX model structure to predict room temperature dynamics

yk) =a;y(k—1) + ay(k —2) + ..+ a, y(k —ng) +
biu(k — 1) + byu(k —2) + ...+ by, (k —np,) + e(t)

—System identification to find the parameters 8 of the ARX model.
6 = [a1,, .., Ay by, by, ooy by ]

25

L]
w

241 ﬁ_‘l |
e o | T
! . /, Wi
T,q(Outside air temperature) I
A\l

Qint (Internal convective heat gain)

Temperature (C)
S
-
P
_——
—

B
==
e e e = ——— = =

Qgni(Solar heat gain) Tin

Qnvac(Sensible heat from HVAC system)

20 '1

— Measured
= = = Predicted
1

1 1
1 2 3 4 5 ] 7 NREL | 23




Building Power Models

P.=P +P

bldg fan chiller

e Building model has 2 power

consuming components: Py, =ay -1} +a, -] +a, i +a,
e AHU Fan a, =0.0029 a, =-0.0151
« Chiller a, =0.1403 a, =0.0086
. -li i 1.005 .
Truth model uses non linear equations P =g, (T, -T,)
shown on the right HyAC
* Controller model uses linearized T,=03-T,+(1-03)-T,

version of the equations around the
current operating point

m_ = air mass flow rate

COP,,,. = coeffecient of performance
T, = mixed air temperature

T, = supply air temperature

T, = zone temperature NREL | 24



Preliminary Results

Temperature [C]

temperature within constraints even when

24.5 4
24.04
2354
23.04

2254

220

Tested first with one building node
tracking a power reference

Additionally, buildings able to maintain

power reference exceeds capabilities

Reference Tracking

Building Temperature

Building Power

80

—— Bldg Power
=== Power Ref
70 4
_. 60
z
—— Zone Temp =
=== Temp Constraints H
& 501
N 40 4
30 4
12:30 13:20 14:10 15:00 15:50 12:30 13:20 14:10 15:00 15:50
Time: Time

Temperature [C]

Temperature [C]

Forcing to Lower Temperature Constraint

Building Temperature

Building Power

— Zone Temp
=== Temp Constraints

100

_\

—— Bldg Power
=== Power Ref

B

13:20

14:10
Time

15:00 15:50

12:30 13:20

14:10
Time

15:00 15:50

Forcing to Upper Temperature Constraint

Building Temperature

Building Power

—— Zone Temp
=== Temp Constraints

80

Power [kw]
&

— Bldg Power
=== Power Ref

ik

12:30

13:20

14:10 15:00 15:50

Time

12:30 13:20

14:10 15:00

Time
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Power [kW]

Preliminary Results Cont.

Building Temperatures

307 __ Bldgo
—— Bldg 1 //
—— Bldg 2
2g{ — Bldg 3
—— Bldg 4
o —— Bldg 5
@ —— Bldg 6
,3 261 — Bldg 7
bl —— Bldg 8
g —— Bldg 9
e 4| — Bdglo o TTTTTTTTTTTTETmmEEmmmEEmEEETmET
—— Bldg 11
—— Outdoor Air Temp
22 A
T T T T T T T
12:00 12:20 12:40 13:00 13:20 13:40 14:00
Time
Building Powers
22.04
21.5 A
—— Bldg 0
21.0 — Bldgl
—— Bldg 2
— Bldg 3
20.51 —— Bldg 4
—— Bldg 5
20.0 4 —— Bldg &
—— Bldg 7
19.5 4 — Bldg 8
—— Bldg 9
—— Bldg 10
19.0 4 —— Bldg 11
12:00 12:20 12:40 13:00 13:20 13:40 14:00

Time

Error [%]

Total Power

265

260 -

255 4

250 A

Power [kw]

245 4

240 -

2354

—— Bldg Power
—— Power Ref Stpts
—-= Grid Power Ref

T T
12:00 12:20

T
12:40

T
13:00
Time

Power Error

T
13:20

T
13:40

T
14:00

1.50

1254

1.00 1

0.751

0.50

0.25 1

0.00 1

—0.251

—0.50 1

T T
12:00 12:20

T
12:40

T
13:00
Time

T
13:20

T
13:40

T
14:00
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Preliminary Results Cont.

Building Temperatures Total Power
301 — Bidgo 265 —— Bldg Power
—— Bldg1 ///- —— Power Ref Stpts
—— Bldg 2 2604 " Grid Power Ref
2§ — Bldg 3
—— Bldg 4
g —— Bldg 5 255
v —— Bldg 6 E
%26- —— Bldg 7 = 250
o] —— Bldg 8 g
£ —— Bldg 9 £
s B el 245 4
—— Bldg 11
—— Outdoor Air Temp 240 4
22 ] _— ————————
_______________________________________________ 235 A
T T T T T T T T T T T T T T
12:00 12:20 12:40 13:00 13:20 13:40 14:00 12:00 12:20 12:40 13:00 13:20 13:40 14:00
Time Time
Building Powers Power Error
—— Bldg 0
287 Bidg1
—— Bldg 2 24
269 — Bidg 3
—— Bldg 4
247 — Bldg 5 14
5 —— Bldg 6 =
2229 — Bldg 7 &
g — Bldg 8 5
= £ g4
2201 — Bldg9 w
—— Bldg 10
18 1 — Bldg 11
—14
16 4
14 4 =24
T T T T T T T T T T T T T T
12:00 12:20 12:40 13:00 13:20 13:40 14:00 12:00 12:20 12:40 13:00 13:20 13:40 14:00 NREL | 27
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Conclusions

. . ( \
e Grid aggregator allows for buildings to t upsteam Vil [0 | 12,1 pownstream ;
“ ” . . . | Subsystems :_:" | Subsystems |
pushback” with own objectives DA ”'T P S
| i v
| Vi I ] ! v,
* Used novel EKF approach for building model syom 1 °°""f"°” I system
Communication > _ _ _& _ _ 7/ Communication
?‘;
 LC-DMPC allows for systems to be both -
upstream and downstream agents (mesh J Yo
networks) 646 645 632 633 3¢ 634
@ L @ L 2 3§—.
* Method can be used at different levels of 23 2 A 23 23
systems
61. 1 684 61 692 675
£5 Z3.
652 680 NREL | 28



Additional Opportunities/Ongoing Work

Subsystem i d
_____ NS oo —— e
. . ( 3 {’ i R \
® Implement VOItage COnStralntS/reaCtlve pOWGr I  Upsiream |‘l—’:. Plant i |Z:‘| Downstream :
| Subsystems :_:" | | Subsystems |
. . . l_ - - a= N . ‘_ - - =
 Convergence studies for communication ; SR E L ] ’
iterations/beta sysom 1 Lo [T sytem
Communication N o _T_ — Communication
,

* Reduce power model time-step and aggregate <0
control actions to reflect thermodynamics at a J 7

larger time-step 646 645 &2 63 3 64
@ L 4 L 4 L 4 3§—.
* Examine higher fidelity truth modelling; use 23 28 £ Z3 Z3
machine learning/data-driven techniques
for control models 611 €84 €02 675
. 6714\
652 680 NREL | 29
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