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Abstract— We study providing ancillary service to the power " |
grid by using the flexibility of HVAC (Heating, Ventilation, Air 12 | /
Conditioning) systems in commercial buildings. The buildihg 10 3 .

HVAC system’s thermal and power consumption models are // Projected
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method for optimal output tracking of a time-varying regulation Historia
signal by manipulating the fan speed of the HVAC system. Due
to the large thermal capacity of commercial building and its
flexibility of HVAC systems, we show that it is highly feasibe
for commercial buildings to provide ancillary service to the
grid by dynamically adjust its fan power consumption without Fig. 1. History and projection of U.S. renewable energy comstion.
noticeably impacting the building inside environment and he
comfort of occupants. In addition, numerical experiments ae
f:r;]rlg\‘;itgg ;%osuﬁog)%)h?)ﬁ‘ fl?sr % rgyggv?'eng/Q& ;%l;tf%ﬁrletqueig? responsive load remains the largest underutilized rdiigbi
regulation, with the building inside temperature deviation less resources ava_lla_lble tp the Nor_th American Power system
than 0.2 °C. today [3]. Buildings in the United States consuriie%
of its electricity [4], [5]. Furthermore, the building HVAC
|. INTRODUCTION (Heating, Ventilating, and Air Conditioning) systems agob
Due to growing environmental concerns as well as ecder 40% of the electricity consumption.
nomic and political requirements, the envisioned future The idea of using buildings to provides ancillary services
power grid will increasingly rely on renewable sources sucto improve grid reliability is novel. Callaway and Hiskeets
as wind and solar energies. For example, President Obamals proposed to using aggregated thermostatically controlled
“New Energy for America” calls for renewable energy toloads such as refrigerators, air conditioner and waterehgat
supply10% of the nation’s electricity by 2012, rising %%  in the residential buildings for demand response [6]-[8].
by 2025 [1]. Figurel shows the historical and projectedBesides buildings, some aluminum manufacturing companies
curve of U.S. renewable energy consumption [2]. We sesnd agriculture farms provides demand responses by ramping
from the figure that in the next 20 years, the renewablep and down their energy use in response to the uncertainty
resources are going to increag#i¥, from 9 Quads in 2012 in the grid [3], [9].
to 14.4 Quads in 2032. In this paper, we focus on commercial buildings. The
However, these variable generations are volatile, intermireasons for choosing commercial buildings have several man
tent and uncontrollable. With deep penetration of renewvablfolds. First, Building Energy Management Systems (BEMS)
resources, it is challenging to maintain the reliability ofserve about one-third of the overall commercial buildings
the current electricity grid infrastructure, since thestixig in the United States [10]. These systems can receive the
regulation services do not have enough capacity to comegulation signal from the ISO without any requirements
pensate the volatility of renewables. Moreover, most aurreon the smart meter infrastructures that are not currently
ancillary service comes from fossil fuels, which producesature. Second, the BEMS already integrates the control
green-house gas. To find other clean sources of flexibilitgystem of the building which can easily manipulate the
_ _ _ control variables such as fan speed, valve position etedThi
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Urbana-Champaign, IL 61820, emaiakowl i 2@ | I_| noi s. edu. have shown that the owners of residential buildin
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1000 ‘ ‘ ‘ ‘ The rest of this paper is organized as follows. Section
0 5 10Time ") 15 20 presents thermal and power consumption model of the com-
mercial building HVAC system. The linearized model of
thermal and power consumption dynamics is derived in Sec-
Fig. 2. Regulation signal of PIM for a typical day. tion Il and its model parameters are estimated in Sedtion
Numerical experiments are conducted in Sectidin The
paper ends with conclusions and future work in Sectitin
buildings have large thermal capacitances, small varatio 1. BUILDING HVAC THERMAL AND POWER
in mass flow rate (thus fan speed) do not change the indoor CONSUMPTION MODELS

enwro_nment. ] ) . A. Configuration of HVAC system in commercial buildings
Ancillary services provide the resources the ISO requires

to reliably maintain power balance between generation andA typical multi-zone HVAC system in a modern commer-
load for all kinds of time-scales. One of the ancillary seevi cial building is depicted in Figuré. Its main components
is frequency regulation, which aims to compensates fdgionsist of AHU (air handling unit), supply fan, and VAV
minute-to-minute fluctuations in total system load and unco (variable air volume) boxes. The AHU recirculate the return
trolled generation and maintain a constant system frequen@ir from each zone and mixes it with fresh outside air. The
In this work, we focus frequency regulation by using thdatio of the fresh outside air to the return air is controlbsd
flexibility of commercial building HVAC systems. Figurz dampers. The mixed air is drawn through the cooling coil
depicts the regulation signal of PIM for a typical day. We sei@ the AHU by centrifugal fans, and it is cooled down to
from the figure that regulation is zero-energyservice [11]. & constant setpoint temperature (usuallyC’) by adjusting
The regulation signal fluctuates around zero and has an mef§ valve position of the supplied chilled water. The legvin
of about zero. It was shown that the regulation deployed iffooled) air is then distributed to each zone through duts.
ERCOT remains in one direction f@0 minutes on average, the entrance of each zone, a VAV box determines the air flow
with a peak 0f94 minutes in one direction [12]. This feature into the zone by controlling the damper position. In additio
of regulation signal is suitable for buildings, who havegkar the VAV box also controls the supply air temperature into
thermal capacitance. By dynamically ramping up and dowfach zone by appropriate reheating.

the supply fan speed (thus power consumption) of the HVAC

system, it is feasible to tracking a regulation signal witho B. Thermal model of commercial buildings

much change to the building inside environment. We consider the following physics-based thermal model
In this paper, we first construct a thermal model for th&f a commercial building

commercial building and a power consumption model for

its HVAC system. The key parameters of these models are Cd_T - _L(T —Toa) + coyit(Tha — T) + Qs (1)

estimated based on the measurement date from Pugh Hall of ~ dt Ry ! ’

University of Florida. We developed a fast control methad foyhere the parameters and their units are described in Table
tracking of a time-varying regu_lat|on S|gnal by manlpuigtl The first term—RL(T —T,,) on the RHS of {) represents
the supply fan speed of the air handling unit in the HVAGhe heat loss due to heat conduction through the walls, and
system. querlcgl experiments show that for a typical HVAGhe second terne,m(T;, — T) denotes the heat gain from
system, it is feasible to provide0% of the total fan power ihe air conditioner. The last ter@, on the RHS of {) is

to the grid without noticeably impacting the building insid {he heat gain from reheating, solar, occupants, lights, etc
environment and the occupants’ comfort.



TABLE |

to dynamics utility prices, ambient temperature, etc. [13]
DESCRIPTION OF PARAMETERS OF A BUILDING THERMAL DYNAMICS

For those HVAC systems that the power consumptions of

Parameter Description Unit . .

| | — P | | the furnaces and chillers/cooling towers are dependent of
T building inside temperature °C . .
c thermal capacitance of building Jj °C the fan power, dynamics models that relate the fan action to
Ruw wall thermal resistance of building °C/W the furnace and chiller powers can be identified from sensor
Toa outside air temperature °C data. In that case, those HVAC systems can provide more
Tia leaving air temperature °C . . . .
e specific heat of air 7/g/°C capacity of ancillary service to the grid. O
m supply air flow rate kg/s
Qs heat gain from reheating, solar, etc. W/ I11. LINEARIZED MODELS OF BUILDING HVAC THERMAL

AND POWER DYNAMICS

During occupied operation mode (08:00 am - 22:00 pm),
The overall air flow rate supplied into the building is the building HVAC system is operating near a steady-state
determined by the fan spedd*". We assume the air flow status. The building inside temperature is controlled to a
rate is in a linear relationship to the fan speed, fixed setpoint (abou22.4°C, see Figured), and the supply
. an fan is also running at relative constant speeds. For control
m(t) = V7 (), 2) purpose, we linearize the building thermal dynamits(B)
wherec; is a constant, and/' /%" is the rated fan speed in and the power consumption dynamic$ (@t its operation
percentage. For exampl&)0% represents the fan is running equilibrium. At steady-state, the thermal mod#) §atisfies
at full speed and0% means it is running at half speed. 1 .
In practice, the fan speed is controlled by a variable 0= _}_%(T* = Tout) + cpit™ (Tia = T*) + Qz,  (5)

frequengy drive (VFD), see Figur The VFD 1S a f"?‘St' whereT™ andrm* are the steady-state temperature and supply
responding and programmable power electronic device thgltr flow rate. In addition, we have assumed the outside air

changes the AC motor speed by varying motor input fret’emperaturd“oa and the heat gaiy,, are constant. We now

guency and voltage. Besides the function of adjusting MotQL sider the following perturbation profiles
speed, the VFD also ramps the fan gradually up and down
to prevent sudden jump which can trip on an over current T=T4+T, 1m=rm"+nm, (6)
alarm or excessive stress on the gear boxes. Because of thiqs - ~ . i

ramping feature of VFD, we assume the transfer functio ere T and m are respectively the deviations of the

from the control command to the fan speed is of first-orde uilding inside temperature and supply air flow rate from
their nominal values™ andm*. Substituting €) into (1),

dvien(t) fan fan and using %), we obtain the linearized model of building
T T VIR = v (@), 3) thermal dynamics:
wherer is the time-constant, and/*"(t) is the fan control dT 14 cyRutit* 2 cp(Tha — T*)
i di R L) (R m. (7)
command (in percentage) sent from the building energy dt CR., C

management system (BEMS). Based on %) and @), the linearized dynamics of the supply

C. Power consumption model of HVAC system in commerciair flow is given by
buildings ~
dr 1~ - fan
The major electricity power consumer of a building HVAC ar A +au T, (8)

system s the supply fan. The supply fan is the heart %hereﬁf‘m is the deviation of the actual fan speed control
the HVAC system. Like a heart that pumps blood through .
. : command from the nominal fan speed control command. In

a human body, the fan distributes the leaving (cooled) alf, ...
o addition, we let

throughout the buildings over ducts. The power consumption

of a fan is proportional to the cubic of its speed pfan — pfans 4 pfan — y/fan _ yfans 4 yrfan

Plan — ¢y (v famy3, (4) where P/e"* is the nominal fan power consumption and
. fan _ Pfan is the power consumption deviation from the nominal
wherec; is a constant, and’’*" is the rated fan speed in \ 5,6 The other variable can be interpreted in a similar. way
percentage. Substituting the above equations intd) @s well as using

Remark 1:In this paper, we assume the electricity poweé3), we obtain the following linearized model for fan power

consumptions of 1) the furnace that supplies the hot wat b

nsumption
to the VAV boxes (for reheating), 2) the chiller and cooling P o
tower that provide the chilled water to the cooling coil are dplon _Lasan " 302(Vf“"*)2ﬂfan )
independent of the fan power. In many HVAC systems, a7 T '

the furnaces consume natural gas instead of electricity. In Combining the above equationg){(9), we represent the
addition, for some HVAC systems, the chilled water iSinearized system in the state-space form

supplied from a water storage tank. The purpose of using )

water storage is to shift the peak colling demand in respond & = Az + Bu, y = Cuz, (10)



where the state, input and output are definedzas=

[T, 1, PToM]T, .= afon, 3y .= PIo" and the state matrix, 2
input matrix and output matrix are respectively given by - - -Simulation
- liepRum®  ep(Tia—T") 245 — Measurement
A= e 5 o 24r :
T _l ’ o\q: "
L T 2
- 0 2
_302(VT ) g
c=10, 0, 1].
Remark 2:In practice, although the outside air tempera ¢
ture T, and the heat gain from occupants, solar, etc. ai 22r i
time-varying, these changes are compensated by the reh

in the VAV boxes to keep the overall heat gajhconstant 253
in the occupied operation. In addition, the rate of chang

of these parameters are very slow when compared to the
dynamics of thermal and power consumption models. Henc&g. 4. Comparison of building inside temperature betwegmktion and
in real applications, the above linearization process aan feasurement

repeated every few minutes to mitigate these time-varying

effects. O

12:00 16:00  20:00

Time (h)

:00 04:00 08:00 00:00

IV. OPTIMAL OUTPUT TRACKING OF REGULATION
SIGNAL

, . . . . V. PARAMETERS ESTIMATION
With the linearized model given in1(), the control

objective is to output track of a time-varying regulatiogrsal
by manipulating the supply fan speed of the HVAC system. In this section, we aim to identify the constant parameters

We pose the following optimal control problem

min J(z¢) = min
u u

T,
Q(y(t) — r(t)* + Ru(t)® dt,

0

(such as thermal capacitan€§ given in the previous sec-

tions from measurement data of Pugh Hall in University of
Florida. The Pugh Hall, a LEED (Leadership in Energy and
Environmental Design) certified building, was constructed

in 2008 and has an area ab,690 square feet. There is
three AHUs in the building. The parameters in this paper
are identified from the measure data for AHU1.

Figure 4 depicts the comparison between the mea-
sured temperature and the simulated temperature using

wherer(t) is the regulation signal provided by the indepen-
dent system operator (ISO), arid is the regulation time
period. The parameter, R € R are positive weights. The
first term of the integrand in the cost functiQy(t)—r(t))?
penalizes the tracking error, and the second teétn(t)?
penalizes violation of linearization. model (). The constant parameters selected @re= 7 x
From standard optimal control theory [14], the optlmal10 J/°C, Ry = 5 x 1072 °C/W, Tiq 13 °Cicp

control solution is given by the following form 1006 J/g/°C. The outside air temperatuf&,, is obtained
from historical data [15]. In simulation, the external hgain
u(t) =

are divided into two partg), = Q.. + Q,, where reheating
part@, is measured from sensor, and for simplicity, the other
where P(t) solve the following finite-time differential Ric-
cati equation

—R'BT(P()x(t) + b(t)),

heat gainQ, is assume to be a consta@t = 2.3 x 10* .
The constante; in model @) is estimated asc;

dP(t) . Lo 0.0964 kg/s. Figure5 depicts the comparison of supply air

— =~ P®)A-ATP()+ P)BRT B P(t) flow rate between the measurement and the simulation using
4 CTQO, model Q) . - -

P(T,) =0, The constant, in model @) is estimated ag, = 3.3 x

10~5 kW. Figure 6 depicts the comparison of supply fan
power between the measurement and the simulation using
model @).

andb(t) satisfies the following differential equation

ab(t) _

—(A—=BR'BTP@))"b(t) — CTQr(t), In addition, the time constant given in (3) depends on
dt the setting of VFD, this parameter is programmable. In this
b(T,) = 0. paper, its value is picked as= 0.1 s.
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VI. NUMERICAL SIMULATIONS

— Péwer Oﬁtput léW)
- - - Regulation Signal KIV) 1

1500 2000 2500 3000 3500
Time (s)

0 500 1000

Input (%)

_10 n n n n n n
0 500 1000 1500 2000 2500 3000 3500
Time (s)

0.2 \ \ \ \ \ \ \

O\/\_—_

Temperature Deviation® (') |

-0.2

0 500 1000 1500 2000 2500 3000 3500
Time (s)

Fig. 7. Numerical experiment of output tracking a regulatgignal for a
single building.

depicts the regulation signal and the power output of the
HVAC system. We see that the output perfectly tracks the
regulation signal. The optimal control solution is shown in
the middle plot. Its magnitude is less that%. Recall the
control input is in percentage, this means the actual cbntro
is within the boundu/*"* — 10, uf*"* + 10], whereu/"*

is nominal control value «f*"* ~ 65%). This justified
the linearization assumption. The bottom plot depicts the
temperature deviation of the building inside temperatwe.
observe that the maximum deviation is less tlia2f, this
means the building inside environment rarely changes and th
occupants inside the building would not notice any change
in the climate.

In this section, we conduct numerical experiment of opti- Additional simulations have been conducted for the cases
mal control of a single building HVAC system to tracking awhere the regulation signal durations are shorter than one
scaledtime-varying regulation signal. The regulation signahour. It was shown that the time to solve the optimal control
is obtained from PJM [16]. For the purpose of simulatiorsolution is only1/30 of the duration of the regulation signal.
for a single building, the magnitude of the regulation signaThis implies the proposed method is highly feasible for+eal
is scaled to be less or equal 40kWW. The weights used in time frequency regulation. In addition, for shorter durati

the cost function/ are @ = 100, R = 1.

of regulation and/or for a typical regulation signal with

Figure 7 shows the simulation result of output trackingaverage positive and negative period 2if minutes [12],
a scaled regulation signal with duration of one hour. Théhe temperature deviation of the building inside tempegatu
time took to solve the optimal control problem is a typicais much smaller thar).2°, which is unnoticeable for the
desktop computer is about three minutes. The top plotccupants inside the building.



VII. CONCLUSIONS ANDFUTURE WORK [14] D. Kirk, Optimal control theory: an introductian Dover Publications,

We studied providing ancillary service to the power gri 2004.
; uat p V" g flary vi ] pow 9'0[15] “Weather underground.” [Online]. Available:
by using the flexibility of HVAC systems in commercial http:/Awww.wunderground.com/

buildings. We constructed models for the buildings therma#6l “Pim regulation data.” [Online]. Availablenttp://www.pjm.com/
and power consumption dynamics of the HVAC system. Key

models parameters are estimated by using the measurement

data of the Pugh Hall in University of Florida. Thanks to

the large thermal capacity of commercial buildings and the

flexibility of the HVAC systems, we show that commercial

buildings could dynamically adjust it power consumption to

provide ancillary service without noticeably impactingeth

building inside environment and the occupants’ comfort.

Based on the simulation results, we show that for a single
HVAC system with35 kW supply fan, it is able to provide
about4kW capacity of ancillary service to the grid. In Pugh
Hall of University of Florida, which serves abodt 000
square feet, there are three HVAC systems. This means for
a typical commercial building, it could provide abouitt W
regulation capacity to the grid. In an aggregated manner, fo
a group of thousands of building, it is expected that they
can provide the whole regulation service for an ISO such as
PJIM.

In this paper, we studied providing ancillary service us-
ing flexible HVAC systems in commercial buildings. The
next step is to study optimal dispatch of distributed energy
resources by commercial buildings. Another task is to im-
plement the proposed method in a commercial building for

on-site test.
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