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Project Summary

Timeline: Key Partners:

Start date: 10/01/2016
Planned end date: 09/30/2019

Oak Ridge National Laboratory

Industry Technical Advisory Group

Key Milestones

1. Machine learning methods with simulated Project Outcomes:

data attain <5% RMSE accuracy
(met 09/2017) 1)

2. Adaptive supervisory control demonstrated
>15% energy consumption reduction

(met 01/2018)
3. Online model learning with building data

attain <5% RMSE accuracy (due 09/2018) 2)
4. Adaptive control tested at a building site

(due 09/2019)

3)

Budget:
Total Project $ (to date): Total Project $:
DOE: $1M DOE: $2.1M
Cost Share: $0 Cost Share: $0
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Supervisory adaptive control algorithms for
commercial buildings with AHU and VAV
equipment that can reduce >15% HVAC
energy consumption relative to existing
ASHRAE 90.1 supervisory baseline.

Open-source controls software compatible
with the open-source building control platform
VOLTTRON™,

A high fidelity virtual testbed and baseline
control strategies, to serve as a benchmark
and to enable the R&D community to develop
advanced building controls.
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Challenges and Opportunities

Operate >95% of time Operation under uncertainty
at partial load load variability, equipment aging
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Challenges and Opportunities

* Retro-commissioning: cut energy bills by 10-15% [1]
e BAS and control retrofits: up to 30% energy savings [2]

> | Adoption challenges
accenture 4 dD

opTIMuNE NERS) * Product maturity: less than 5 years

‘ VW VARDS

Technology: proprietary optimization algorithms

* Energy savings: 10% -40%: no common baseline

e Cost: limited information for full-cycle deployment

% CL|M ATEC Q « Deployment and security: Most products are cloud-

MER CHNOLO based; Security concerns

11 SHIET
BuildingiCO &Eierey

1. Mills, E., H. Friedman, T. Powell, N. Bourassa, D. Claridge, T. Haasl, and M.A.
Piette, “The Cost-Effectiveness of Commercial-Buildings Commissioning” (2004),
Lawrence Berkeley National Laboratory

2. Fernandez N., S. Katipamula, W. Wang, Y. Xie, M. Zhao, C. Corbin, "Impacts of
Commercial Building Controls on Energy Savings and Peak Load Reduction,”
(2017), Pacific Northwest National Laboratory
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Background

Energy Usage (Trillion Btu) for
different types of
Commercial Buildings

Central air-handling
unit with CAV
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( 43% |

Central air-handling

\_ unitwith VAV )

HVAC Energy Consumption: 3,080

Total: 6,932

Office : 637

Education : 458 -
Mercantile :393 [
Health care _: 371

Public assembly :299
Warehouse and storage : 164 =

Lodging : 155 ==
Service _: 153

Other building types : 111

TFood service 107w

Religious worship : 103 ===

Public order ]::ind safety :57

Non-HVAC Energy Consumption: 3,852

ood sales 49 —
Vacant —: 19

Mercantile: 613 .
Office: 568
Lodging: 410 ||
Food service: 407 [l
Education: 384 [l
Health care: 347

‘Warehouse and storage: 239 Wl

Buildings Energy Usage based on Cooling Ventilation Type

m All Building m Office Building = Education Building
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Dedicated outside air
system

Underfloor air
distribution

Demand controlled
ventilation

None of these types Building with missing
data point (for cooling
ventilation type)
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Food sales: 213
Public assembly: 176

Other building types: 173

Service: 116

Public order and safety: 76

Religious worship: 56 —
Vacant: 15

24%

More than one
ventilation type*



Approach: Adaptive Control

Current state: Desired state:

Expert engineered rules . .
Machine-learning
% automated online learnin
e i, Self-optimizing

- oplimize efficiency
| Prediction |

Economizer

 Machine learning, Model-based predictive control (MPC), Dynamic adaptation
* Test performance in simulation and at building test sites
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Approach: Machine Learning

e Fan power consumption model
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Approach: Machine Learning

 Predictive zone temperature models
Performance evaluation on test data - prediction horizon 120 min.
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Approach: Dynamic Optimization (MPC)

 Optimization problem for one Air Handling Unit serving N zones

Minimize heating and cooling capacity over prediction horizon while satisfying comfort constraints

2(©) = min_ {Z (ns Pf + Py +nePr) + )\.Uz} ’

teT
q
s.t. Tri = Z a_‘;j";—j + gﬂm; (Tjn - Tri) + ;}jﬂTot + Q?za
j=1
2
P} = bOp + b1 Z m;, + 62 (Z 'm‘:?) + 63p",
neN neN

(pf__, > m;) 4
neN

Px’i — VnCp Z ”l‘}‘.:a (Trt - Irrrz) + Cp Z yﬂ-ﬂ""iJ (Trn - -Tj)

'..\,-’ '.'\_-'— . « . .
e e Constraints on decision variables
P' =v.c E mt (T =T,
€ “r ; . ( ! s ) : Variable Notation | Units | Range
neN Supply-air temperature Tt °C [12.8, 70.0]
Tt — E mt Tt / E mt Discharge-air temperature in zone n Tt °C [TE,70.0]
r ntn mn’ :
e e Mixed-air temperature Tt °C [min{T¢, T}, max{T*, Tt}]*
- ot Mass-flow rate in zone 1 m} kg/s | [1.31, 13.10]
it -t it
1, =dT,+(1—-d )Tr: Mass-flow rate in zone 2 mé kg/s | [0.27, 2.70]
£ , Mass-flow rate in zone 3 i kg/s | [0.18, 1.79]
T' >T —wv . : / t . 99
n = -n ’ Mass-flow rate in zone 4 Ty kg/s | [0.23, 2.28]
Tass-flow ; ¢ o /s 91 ¢
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n—-n ’ Static pressure pt Pa [24.88, 171.70]

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY




Approach: Testing

Virtual Testbed: high-fidelity simulation

System Model
Cooling Load (sensible & Manmred Variables
latent), Heating Load, l{e.g power, weather)
Weather

Building HVAC System Adaptive
Model Modelica Mudel Controller

1
|
Zone Temperature, | Set Points
Humidity e.g duct static pressure)

—

Chilled Water System Large Office Building

ORNL: Flexible Research Platform (FRP) PNNL: System Engineering Building (SEB)
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Impact

e Contribute to 30% savings for HVAC by 2030 in the commercial sector
through advanced controls and $0.12/square feet cost target

Objectives Activities Outputs Short-Term Mid-Term Long-Term
\ / \ / \ 4 ) /Vendors offer \ / \
Improve cost & .
Control . Vendors offer easy- to-use Controls widely
performance of ) Predictive
design & . sensors control systems used to
fault-tolerant adaptive
. software for & control enhance
integrated controls that -
automated . systems that Owners & building
O S learning and optimize optimize operators erformance
with automated NINE 3 building HVAC S ob s ’
. optimization . building install control Demand
and continuous operations :
. under operations systems that response,
commissioning . -
uncertainty maximize lower costs
Current project > Expected impact >

 Meet cost & performance targets to enable optimized building performance
* Mitigate the technical challenges to facilitate market transition
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Progress: Virtual Testbed

 Baseline controls implemented

35
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Progress: Online Learning Methods

Tested with FRP data (10 zones, 2 floors) 3/29/2018
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Progress: Control Evaluated in Simulation

 Model predictive control
sample simulation result (prediction horizon 60min, summer week)
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Stakeholder Engagement

Technical Advisory Group meetings
— May 2017 - Project objectives, concept description, market evaluation
— Feb 2018 - Simulation model, baseline control implementation

Collaboration and coordination Technical Advisory Group representing controls
with other national laboratories providers, technical experts, market users

U.S. DEPARTMENT OF
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Remaining Project Work

Improvements on computational scalability
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Remaining Project Work

Control Performance Evaluated in Simulation

New Controller ‘ Control Testing (simulation) Performance Evaluation (result analysis) ‘
Select testing scenarios Define metrics Data processing
Representative scenarios Automated process
-weather
-short-term Result (raw) Metrics Result comparison
-long-term Dataset B_1 |2reach datasel) ooy ysage (processed-data)
-disturbance
Dataset B_2 » Comfort
Virtual building | — Quantitatively:
testbed Dataset B_3 *| Power demand % of improvement
. Dataset B_n | AIr quality
Baseline Scenario 1 » System operation | compare | Qualitatively:
controller : > | graphic comparison
test || Scenario 2 | create » Control dynamics
Scenario 3 Dataset N_1 — » Fault sensitivity R
New : @ ‘
controller Scenario n || [Dataset N.2 Computation e
Dataset N_3 » Installation i — ‘
Dataset N_n Deployment || | 7
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Remaining Project Work

Testing at PNNL's Systems Engineering Building Testbed

System Engineering Building (SEB, 3820)
2,121m?, Office + Laboratory
Operating Since 2015

Roof Top Unit System
Multiple-Zone VAV System
Single-Zone VAV System

Fan Coil System
Data Center System
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Thank You

Pacific Northwest National Laboratory
Draguna Vrabie
Draguna.Vrabie@pnnl.gov

Oak Ridge National Laboratory
Teja Kuruganti
kurugantipv@ornl.gov
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Project Budget

Project Budget: 2100K (700K/year)
Variances: None
Cost to Date: 1000K

Budget Histor

FY 2017 (past) FY 2018 (current) FY 2019 (planned)

DOE Cost-share DOE Cost-share DOE Cost-share
700K 0] 700K 0] 700K 0]

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY




Project Plan and Schedule

Project Schedule

Completed Work
Project Start: 102016 _Active Task (in progress work)
Projected End: 09/2019 Planned Task (not started)
’ Go/No Go decision point
FY2017 FY2018 FY2019 FY2020
Task Q1 0z 03 04 a1 02 03 o4 a1 Q2 03 o4 a1

| Past Work

Model-based testing infrastructure; barriers for technology to market transition
Established Technical Advisory Group

Defined experiment test procedures, Identified building test bed

Machine learning methods with simulated data attain <5% RMSE accuracy
Adaptive supervisory control demonstrated >15% energy consumption reduction ‘
Exploration for improving machine learning models. Adaptive optimal start.

Current/Future Work

Energy performance assessment with diverse operating conditions

Online model learning with building data attain <5% RMSE accuracy
Automated explanations of adaptive control decisions to building operators.
VOLTTRON application for model characterization tested at building site
Test procedure for evaluation of advanced control at building test site
Multi-seascnal testing demonstrates model adaptation capabilities
Adaptive control implementation tested at a building testbed site
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Stakeholder Engagement

Publications and presentations

. 2018 ASHRAE Building Performance Analysis Conference and SimBuild

— Sen Huang, Yan Chen, Paul Ehrlich, Draguna Vrabie, A control-oriented building envelope and HVAC system
simulation model for a typical large office building

— Yan Chen, Sen Huang, Draguna Vrabie, A Simulation Based Approach to Impact Assessment of Physical
Faults: Large Commercial Building HVAC Case Study

. 2018 IEEE Conference on Control Technology and Applications (CCTA) Copenhagen, Denmark, August 21-24

— Optimal Energy Consumption Forecast for Grid Responsive Buildings: A Sensitivity Analysis, by Soumya
Kundu, Thiagarajan Ramachandran, Yan Chen, Draguna Vrabie

. 2018 10th IFAC Symposium on Fault Detection, Supervision and Safety of Technical Processes (SafeProcess
2018), Warsaw, Poland, August 29-31

— Indrasis Chakraborty, Draguna Vrabie, Fault Detection for Dynamical Systems using Differential Geometric
and Concurrent Learning Approach

. 2019 ASHRAE Winter Conference, Atlanta, GA, January 12-16

— Jin Dong, Piljae Im, Sen Huang, Yan Chen, Jeffrey Munk, Teja Kuruganti, Draguna Vrabie, Development and
Calibration of an Online Energy Model for an AHU Fan
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