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Abstract—This paper studies the use of power electronic
drives to implement dynamic thermal inertia control in low-
energy buildings. Dynamic management of energy components
is used to offset the variability of stochastic solar resources.
Emphasis is on power electronic heating, ventilation, and air-
conditioning (HVAC) drives that can act as an effective electric
swing bus to mitigate the solar power variability. In doing so,
grid power flows become substantially more constant, reducing
the need for fast grid resources or dedicated energy storage
such as batteries. The concept is equivalent to using the building
thermal energy as a virtual dynamic storage in support of power
grid operation. This paper defines a bandwidth over which such
HVAC drives can operate. To test the methods, 18 months of solar
data have been collected on submillisecond timescales as a basis
to evaluate the efficacy, determine the solar frequency-domain
content, and analyze the mitigation of variability. A practical
bandpass filter is realized with a lower frequency bound such
that the building maintains a consistent temperature, and an
upper frequency bound to ensure that the commanded HVAC fan
speeds do not update arbitrarily fast, avoid acoustic discomfort
to occupants, and prevent undue hardware wear and tear. The
combination is illustrated in simulation and with experimental
results based on various update rates of a variable frequency
fan drive over the stochastic solar data. Building electrical and
thermal energy systems modeling is addressed, including solar
and HVAC systems as well as batteries and large-scale thermal
storages. A full-scale multiple-day case study provides insight
into potential grid-side and storage-related benefits.

Index Terms— Complex system energy management, energy-
efficient buildings, grid-level energy storage, heating, ventilation,
and air-conditioning (HVAC) systems, power electronic drives,
solar energy, stochastic energy resources, thermal storage.

I. INTRODUCTION

NERGY-EFFICIENT buildings, including several net-
zero energy commercial buildings, have been constructed
worldwide. Research activities on this topic have increased
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Fig. 1. Examples of large energy-efficient buildings. (a) Upcoming Apple
headquarters [5]. (b) ECE building at the University of Illinois [6].
(¢) Research Support Facility at the National Renewable Energy
Laboratory [7].

in recent years [1]-[4], and many occupants seek net-zero
energy buildings as their future offices such as the new
Apple “Spaceship” in Cupertino, California [Fig. 1(a)] [5]. The
Department of Electrical and Computer Engineering (ECE) at
the University of Illinois—Urbana-Champaign currently occu-
pies a 236000 ft> or 22000 m? facility that is targeted to
become the second largest net-zero energy building in the U.S.
[Fig. 1(b)] [6]. The largest is the Research Support Facility at
the National Renewable Energy Laboratory in Colorado, sized
at 360000 ft> or 33500 m? [7], as shown in Fig. 1(c).
Energy-efficient buildings, from an electrical engineering
perspective, often employ onsite generated renewable energy,
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such as solar power, to support a portion of the energy
demand, and therefore, to reduce the power drawn from
or send excess power back to the electricity grid. Net-zero
energy buildings take this concept one step further. The
onsite generated renewable energy is sufficient such that on
average a net-zero building does not consume energy from
the grid and may provide excess power to the grid [8]. The
design of such buildings is a comprehensive multidisciplinary
challenge for improving construction materials, lighting sys-
tems, air condition, and thermal insulation, for example, to
reduce building energy consumption. In the long run, it is
envisioned that low-energy buildings will become integrated
systems where renewable energy generation, electric vehicle
charging, and onsite energy storage function together and
interact effectively with the electricity grid. Given the various
energy generation and consumption devices in a building, it is
vital to manage the energy flow dynamically in such complex
systems.

In energy-efficient buildings with onsite photovoltaic (PV)
solar panels, the panel power can vary rapidly due to weather
conditions, local intermittent shading, passing clouds or flocks
of birds, differential soiling, and time of day. Although the
most familiar challenge is the diurnal solar cycle (imposing
substantial energy storage requirements for evening and
night loads), rapid dynamic changes in solar energy are more
difficult to address. Considering this inconstancy to represent
an unwanted noise signal from a PV system, a suitable filter
could be implemented but would require storage. Batteries or
supercapacitor banks, capable of filtering fast dynamic solar
power, are often discussed, but their installed size and expense
can be substantial [9]-[11]. Also mentioned are hot or cold
water tanks. In fact, water heating accounts for about 6% of
energy usage in commercial buildings [12]. However, water is
better suited for energy storage intervals of minutes to hours,
given its large specific heat.

On the other hand, there is thermal storage capacity or
thermal inertia inherent in the air enclosed inside a building,
which can potentially act as a virtual electrical storage, much
like an electric swing bus [13], [14]. Such a resource could
offset fast variations in the local solar power from a grid
perspective while reducing the need for conventional storage.
If this can be done dynamically, thermal inertia will replace
the roles of inherently expensive, fast-varying, grid-side
(or building-side) resources. This is nearly equivalent to plac-
ing a low-pass filter on a building’s net generation and usage,
mitigating grid-side assistance until changes in the load-side
demand persist beyond an extended interval [15]. Given the
slow thermal response of a building, it may be anticipated that
timescales of a few minutes or faster can be used to advantage
to offset the resource variability without a noticeable impact
on the occupants.

The unit linking the desired electrical storage and the
building thermal storage is the heating, ventilation, and
air-conditioning (HVAC) system, which in modern buildings
is a power electronic controlled variable speed ac motor-
driven energy conversion system. Power electronics enables
this control via dc—dc converters, inverter-based drives, and
other existing hardware, as illustrated in Fig. 2.
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Fig. 2. Energy flow inside a building with various types of converters that
may be utilized to implement dynamic energy filtering.

This paper demonstrates how intelligent control of HVAC
drives can compensate, within the predetermined frequency
and amplitude limits, for onsite solar power variation
over short time intervals without disrupting the building
temperature and comfort. The conceptual framework and
methods follow from ideas in [16]-[18]. In particular,
Hao et al. [16] and [17] show how low-pass filtering concepts
can take advantage of HVAC dynamic adjustment to offset the
grid-side variability, with a focus on the modest timescales
associated with a power system’s area control error (ACE).
The results establish building thermal storage as an effective
ancillary service to reduce the varying power demands from
grid generators, boosting a power system’s stability.

In this paper, the emphasis is on mitigating building-side
dynamic variability from fast changing onsite solar generation,
more akin to treating HVAC as accessing thermal inertia. Much
effort is spent on determination of the full available HVAC
filtering bandwidth, including lower and upper frequency
bounds for slow and fast timescales associated with solar
energy variations. The implementation details of the concept
realization as well as the application notes with limitations
will be discussed. The effectiveness of the HVAC system for
mitigating the dynamic solar power changes is examined, and
the potential impact on battery storage and grid regulation is
evaluated (see [16], [17] for the previous results on scaling).
Occupant comfort requirements, including temperature regu-
lation and acoustic expectations, as well as fan drive hardware
and software properties, limit the opportunities to adjust the
HVAC operation. These previously unexplored areas will be
uncovered by means of simulation and experimental data.

This paper extends prior conference presentations [19], [20]
to show and test how the dynamic virtual storage concept
can be implemented. The analysis here is on greater depth,
and extended experimental results along with a case study
are presented. Should this HVAC system-based solar power
filtering concept be successfully implemented, the scaling
potential would be sizeable, given that nearly 40% of the
annual U.S. energy is consumed in residential and commercial
buildings with nearly half of that energy consumed by HVAC
systems [21], [22]. This proposed dynamic energy system
management is summarized in Fig. 3. The various storage
devices operate on different timescales relative to stochastic
solar resources.

II. HVAC FILTERING CONCEPT FORMULATION

The filtering potential of thermal inertia follows from the
fact that a solar power conversion system delivers output that
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Fig. 4. Fast, medium, and slow frequency content of a typical day’s solar
profile (shown in a 12-h window).

contains a wide range of frequencies (more easily interpreted
as timescales), ranging from a few hertz and fractions of
hertz (subseconds to seconds), to multiple millihertz (minutes),
and to fractions of millihertz (hours). These relatively fast,
medium, and slow frequency bands are illustrated in Fig. 4,
based on the measured solar power tracked during a sample
day. Frequency domain analysis is therefore performed to
illustrate the dynamic energy filtering concept. This analysis
takes advantage of 18-month data collected from solar panels
and recorded at sample rates up to 5 kHz [23].

It is important to recognize that HVAC-implemented energy
resource filtering has both upper and lower frequency band
limits. A lower frequency limit, meaning the lowest useful
update rate for the HVAC speed and power commands, is
established to shield building users from substantial tem-
perature swings, ideally keeping variations imperceptible.
An upper frequency limit, meaning the highest useful update
rate for the HVAC speed and power commands, is needed such
that the following conditions are met: 1) HVAC drives must be
capable of responding; 2) undue wear and tear is not imposed
on the drives or mechanical parts; and 3) update rates avoid
discomforting audible pitch or amplitude changes. Both the
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Fig. 5. Block diagrams of HVAC adjustment for dynamic thermal storage.

bounds may also be associated with amplitude limits, as rapid
bang—bang control action is likely to violate conditions that
determine the upper frequency bound. The approximate upper
and lower frequency bounds are discussed in the subsequent
sections.

If the HVAC system can effectively filter power usage over
a useful frequency band, the power grid would then be better
able to provide and absorb slower changes to balance the
longer term building energy flow. Beyond the upper frequency
boundary, more conventional onsite energy storage, such as
batteries, could be used to balance the remainder. Larger
scale thermal storage units such as water tanks or swimming
pools [24] could be used to absorb the excess solar energy
when HVAC starts to violate thermal comfort, i.e., beneath
the lower frequency boundary. As a result, the power grid
benefits from a slower variation in the energy demand at the
building coupling point, and the conventional energy storage
size is substantially reduced.

A fundamental advantage of the HVAC adjustment for
effective dynamic thermal storage is that it is relatively easy to
implement. It can be achieved by the fan speed-based power
alteration. Conventional building energy management systems
and thermostats are designed to perform in slow control loops,
on timescales of minutes. The HVAC adjustment can use
timescale separation and stay away from this “effective dc”
loop action. In this sense, a compensation feedforward signal
with zero dc content is injected into a drive to adjust the
power flow on fast timescales, while avoiding interference
on slow timescales. The average performance of the HVAC
system remains intact, and the fast adjustment is transparent
to users. Fig. 5 shows this implementation control. Bandpass
filtered solar power must be applied with band and amplitude
limitations before getting converted into feedforward speed
offset signals via a predetermined motor speed—power rela-
tionship. The following sections explain the control loop in
detail and explore the limitations. A case study using realistic
parameters and data demonstrates the practicality of HVAC-
based stochastic solar power filtering.

III. HVAC FILTERING LOWER FREQUENCY BOUND

A full 18 months of continuous data were collected from
roof-mounted solar panels on the Illinois ECE department’s
building during 2012—13. The solar data, at 200 us (5 kHz)
intervals, are used to determine the energy-source-side band-
width boundaries for an HVAC fan drive to support dynamic
energy filtering services. Details of the data are described
in [25], but the 5-kHz rate was selected to be fast enough
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Fig. 6. Solar power profile from three sampled days (4 A.M.—8 P.M. per day).
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Fig. 7. Day 1 solar power profile in frequency domain (log scale).

to capture the PV power dynamics. In [23], the data show that
there is minimal energy delivered by PV systems in variations
faster than a few tens of hertz. Hence, extracted 50-Hz data
were used for analysis in this paper.

Representative segments in the 18-month set were identified
to establish the target bandwidths and the operating dynamics.
For this paper, 100 days were selected at random and analyzed.
A sample from three consecutive days in summer 2013 is used
here to illustrate the concept. Fig. 6 shows the normalized
maximum solar power per unit for this subset. Data were
collected from 4 A.M. to 8 P.M. (16 h) each day to capture
all sunlight. A frequency-domain analysis is shown as a
semilog plot in Fig. 7. The lowest frequency components
correspond to diurnal solar power changes, which essentially
form a “parabola” shape of the daily solar profiles. Higher
frequency components arise from dynamic cloud cover and
similar changes. In particular, from Fig. 7, frequencies lower
than 1 mHz (~15 min) are associated with substantial Fourier
transform (FT) magnitudes. FT magnitudes in the ~1-20 mHz
frequency range (~15-1 min) are likely to be suitable for
dynamic regulation with the building’s thermal storage and
HVAC system, since the internal environmental changes at
this timescale are not likely to be perceptible. Note that
the FT magnitudes in this range are 0.1%-1%. Frequency
components above about 20 mHz are nearly absent, so update
rates faster than about 30 s may be unnecessary.

With the frequency-domain analysis, the effects of an ide-
alized HVAC system that offsets variations are modeled by
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Fig. 9. Solar power to be filtered by the HVAC systems.

passing the solar data through various low-pass filters, each
with a different cutoff frequency. In reality, this means that
solar energy variation faster than a defined frequency limit in
effect is filtered by the HVAC system without being imposed
on the power grid. In other words, dynamic filtering stores
or releases the building thermal energy via the HVAC system
so that the grid sees a smoother net energy resource, i.e., the
low-pass filtered solar waveform. Consider Day 1 from Fig. 6
as an example. Fig. 8 shows the low-pass filtered solar panel
power from this day under filters with 1-, 5-, 15-, and 30-min
cutoff time constants normalized to the daily maximum.
Comparing Figs. 6 and 8, it appears that the filtered data
with 5- and 15-min cutoff intervals are of primary interest
for thermal storage regulation as they effectively eliminate
rapid power change. Filtered data with a 1-min cutoff interval
appear nearly identical to the original waveform and therefore
dynamic filtering may not effectively mitigate variation in the
solar energy if performed too quickly. 30-min filtered data
are likely to make building users uncomfortable owing to
excessive thermal swings, as will be documented later.

Fig. 9 shows the amount of power (per unit) filtered by
the HVAC system for the filter configurations in Fig. 8.
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Fig. 10. Percentage of energy filtered for different cutoff intervals.

The graphs indicate the energy storage requirements, via
integration, when the solar energy variation is mitigated via
the building thermal energy and not by the grid. Fig. 10
summarizes the degree to which various cutoff intervals or
frequencies help the grid reduce its requirements for regulation
of stochastic solar energy, given that the thermal inertia is able
to absorb and release this varying solar energy. The results
are expressed in percentages, and shown in this way, must
increase monotonically as the time interval increases. Even
the 1-min cutoff interval invokes substantial energy. The band
from 1 to 17 mHz (1000 to 60 s) appears to be of greatest
interest for dynamic mitigation of the solar resources.
The range from about a 5% (1-min buffering) to about
a 25% (15-min buffering) reduction falls within this band and
reduces the grid variability requirements substantially. As a
result, a suitable objective is to create control mechanisms for
an HVAC system that alleviates the stochastic power up to the
15-min range, or about 1 mHz. The effect is that of offsetting
real, and costly, energy storage or variability resources with an
essentially “free” thermal resource. One point worth empha-
sizing is that the processes implied by this analysis do not
alter the average power or the total building energy demand
from the grid, since thermal control rates faster than 1 mHz
are not altered. The grid-supplied total energy required for the
facility stays the same, although the grid supplies this energy
more constantly rather than tracking rapid swings.

The frequency-domain analysis has determined the appro-
priate lower frequency bounds for the HVAC system to update
the building’s thermal operation based on stochastic solar
resources. To demonstrate this further, the following physics-
based lumped thermal model [26] of a commercial building is
considered:

Cd T(r) _ 1

— _R_w[T(t) — T+ cpmOIT — T ()] + Qo
(h

and the variables and constants are described in Table I [16].
This thermal model relates the air mass flow rate to the
building temperature. The first term on the right-hand side
of the equation represents heat loss through the walls. The
second term denotes the heat gain from the HVAC system.
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TABLE I
PARAMETER DESCRIPTION OF THE THERMAL MODEL

Parameter Description Value
C Building thermal capacitance 7x10° J/°C
1(1) Building room temperature (variable) °C
Ry Building wall thermal resistance | 5x107 °C/W
0 Outside air temperature (variable) °C
ni(t) HVAC air flow rate (variable) kg/s
cp Air specific heat 1006 J/kg/°C
T; HVAC cooling air temperature 12.8 °C
Qo Heat gain max 2.3x10* W

The third term is the heat gain from reheating, solar radiation,
occupants, lighting, etc., which varies depending on the time
of day. The data in Table I, originally from [16], are estimated
based on measurements obtained from a 4000 m? university
building. The outside temperature is extracted from historic
data [27]. The HVAC air flow rate is determined from a
linear relationship with the fan speed, whereas the fan speed
follows the cube root of fan power. This fan power is linked
by control with a fluctuating solar power as discussed in the
previous sections. In this section, it is assumed that all of the
filtered solar power in Fig. 9 is offset by the HVAC system.
In summary, the following relationship holds:

1 (1) o wpan (1) o Py (8). @)
In particular
m(t) = kla)fan(t); Pfan(t) = kZCU?an(t) 3)

where k1 = 0.0964 kg/s and kp = 3.3 x 1075 kW, and the
nominal fan power is 35 kW for the sample building [16].

A MATLAB/Simulink simulation based on the thermal
models and parameters is run for the four filtering scenarios
in Fig. 8. The initial condition is 25 °C and a conventional
HVAC system with a grid connection. Room temperature
change is simulated as the stochastic solar power in Fig. 9
is offset by the building thermal mass via the HVAC system.
In summer, a positive value in the solar power means addi-
tional cooling power, thus lowering the room temperature, and
vice versa. As a result, four temperature profiles are simulated
and presented in Fig. 11. It can be observed that there is only
about a 0.5 and +1.5 °C change throughout the day for the
1- and 5-min cutoff filters, respectively. The +3.0 °C change
for the 15-min cutoff filter may be pushing the occupant
comfort boundaries and, is likely to be noticeable, but the
+8 °C for the 30-min cutoff filter is considered too much for
the occupants to accept. Although the results are unique for
a given building, larger buildings with more thermal mass are
likely to support 15-min filters more readily, while the large
changes for the 30-min case may be almost insurmountable
for conventional structures.

Summarizing the frequency-domain analysis and the ther-
mal modeling simulation results, this paper therefore proposes
that 1 mHz, the inverse of 15-min intervals, is an appropriate
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Fig. 11. Room temperature profile for different filtering scenarios.

HVAC filtering lower frequency bound. As mentioned earlier,
as many as 100 randomly selected days of solar data were
analyzed and simulated, and the results support this bound.
Note that the result has a similar scale with the lower
cutoff frequency of 1/600 Hz, determined in [17] from a
power system’s ACE point of view. This bound coincides
with the existing electric grid 10-15 min spinning reserve
schedule [28]. Spinning reserve is the online reserve capacity
synchronized to the grid and able to meet the power demand
within the required time based on a dispatch instruction by
an independent system operator. It is required to maintain the
system frequency stability during unforeseen load swings and
emergency operating conditions.

IV. HVAC FILTERING UPPER FREQUENCY BOUND

Hardware capabilities, including motors and drives, in addi-
tion to physical structures such as ducts and vents, determine
in part the HVAC filtering upper frequency bound. To explore
this, possible control schemes are set up and tested in a
small HVAC system. A fan drive was characterized, and
a 1/2 HP, three-phase, four-pole induction machine was cou-
pled with a squirrel-cage fan tied to a 4-m duct, representative
of typical blowers found in full-scale HVAC systems. For this
experiment, the fan speed (rad/s) and the motor power (W)
are related as

P(w) = 1.152 x 10%0® + 5.205 x 10~ 4w?
+1.224 x 102w + 6.538 4)

where the coefficients were identified by a least squares fit.
An initial motor drive calibration is required to produce a
relationship such as (4), after which a lookup table will suffice.

There are limits on the available speeds and rates of change
at any given moment, as well as acoustic constraints. In a
series of tests to be described, these limitations were quantified
and then used as parameters in a final version to determine
the maximum feasible filtering potential that would pre-
serve the occupant comfort and respect the drive capabilities.
A three-phase 480-V Yaskawa Z1000 drive was used to control
the fan speeds. This drive is in wide commercial use in
HVAC systems. The drive was digitally controlled by an

1435

w
(=]

——With max/min caps only
— — With max/min & ramp-limiting

=23
[=]

'f..-—u-—f"“"“*—--—____.

&L Y D =~
e o o (=]

Fan drive speed (Hz)
(]
o

0 10 20 30 40
Time (s)

Fig. 12. Commanded speed profile with speed caps and ramp-limiting.

external computer to adjust the fan speeds with a 20-ms update
rate. The high update rate permitted tracking of solar power
profiles with high fidelity. In the following discussion, the
fan speed is converted into electrical frequency. The baseline
speed command from the drive was chosen to be 60 Hz,
corresponding to the motor synchronous speed of 1800 r/min.
During testing, the acoustic effects of the fan drive were
recorded with a high-fidelity microphone.

There are several inherent HVAC constraints that limit the
potential energy to be filtered and stored. HVAC systems
have maximum and minimum power capabilities. They neither
generate power nor operate above a certain power or speed
limit. The maximum and minimum clamp values were required
for the speed commands, within typical bounds of 0%—150%.
Acoustic bounds are subjective as noticeable changes can arise
from various acoustic effects. One example is fan acceleration
or deceleration, in turn linked to a fan drive ramp-rate limit, in
electrical hertz per second, since the rate of the motor speed
changes directly influences the recurrence rate of the acoustic
peaks. The ramp-rate limit was established based on acoustic
data and subjective reactions.

To illustrate the audio analysis, a sample solar power
profile was chosen from Day 1 in Fig. 6, spanning approxi-
mately 1 min starting at 10:00 A.M. This sample was selected
because it includes a mix of relatively constant (£3%) and
rapidly varying (£20%) power. The solar profile data faster
than the previously determined 1 mHz lower frequency bound
were filtered and fed as a feedforward offset into the HVAC
system. From the experiment, a limit preventing the blower
from ramping between 0% and 150% speed in less than 10 s
was found to be acceptable. In other words, the suitable
ramp rate limit was determined to be 9 Hz/s. This ramp
rate is much slower than the maximum response rate of the
drive and is therefore likely to avoid concerns about undue
wear and tear. The motor/fan speed command abiding by this
limitation using the 1-min solar profile is shown in Fig. 12,
along with a purely capacity-limited speed command.
Fig. 13 depicts audio samples measuring amplitude changes
for the motor profiles without and with ramp-limiting controls,
in the positive and negative parts of Fig. 13, respectively.
The negative side is the inverse of the magnitudes, presented
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for comparison purposes. Most noticeable in Fig. 13 are
the slower and smoother amplitude changes in the ramp-
limited case, which is acoustically more comfortable to the
building occupants. However, reduced amplitudes and delayed
responses in this case result in diminished HVAC filtering
capability with respect to the stochastic solar power.
Absolute changes in the pitch or audible frequency content
are inherent to speed changes and specific blower architec-
tures. Therefore, after determining how fast the sound pitches
are allowed to change, attention was given to the filtering limits
imposed by how much the acoustic amplitudes may change at
once. This limit avoids the excessive rise and fall in loudness
from the ducts and vents. A series of acoustic tests, inject-
ing several 1-min sinusoidal speed commands with various
amplitudes into the motor drive controller, was conducted.
Taking 60 Hz as the baseline speed, the speed amplitudes
varied by 5%, £10%, . .., £45%, with 90 Hz as the absolute
maximum speed. The respective recorded noise envelopes in
dB are shown in the top half of Fig. 14. The bottom half
is the peak—peak amplitude of each curve compared with the
baseline magnitude to generate a normalized expectation about
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Fig. 15. Measured sound amplitudes across audible frequency spectrum for
the baseline, “Loud” sample, and “Quiet” sample.

amplitude variations. A speed variation corresponding to 0 dB,
or equivalently a peak-to-peak change equal to the baseline
magnitude (£16%), was found to be imperceptible. This
means that about 50 and 70 Hz are the appropriate minimum
and maximum fan speed limits when the fan operates around
the baseline of 60 Hz. Amplitude limits using absolute fan
speed changes of +10 Hz are implemented across the full
motor operating range.

In addition to amplitude changes, shifts in the dominant
audible frequencies occur when following a filtered solar
power profile. These dominant frequencies can originate from
motor properties, structural resonances, or effects in the HVAC
system. Fig. 15 highlights the recorded sound amplitudes,
without the ramp-rate limited control, across the audible
spectrum when moving from a high-speed “Loud” regime
to a low-speed “Quiet” regime as designated by the left
and right shaded regions in the top part of Fig. 15. The
middle depicts the frequency content so that the frequency
amplitudes can be compared. The bottom half of Fig. 15
normalizes the peak frequency amplitudes to isolate the pitch
from changes in the amplitude. The circled regions indicate the
dominant frequencies that arise or become noticeably absent
relative to the baseline operation and would likely contribute
to the conspicuousness of the speed changes. This analysis
emphasizes the importance of the ramp-rate and amplitude
limits.

After determining the speed and acoustic constraints using
the scaled down HVAC fan drive, a MATLAB model was
created to extrapolate to a building-level implementation.
Fig. 16 depicts a 1-min sample of this power curve in gray.
The HVAC filtering capabilities can be found by integrating
the area under the dashed curve and under the gray region
and then finding the ratio between the two. This was done
by stepping through each time and determining the filtra-
tion desired and available based on the solar fluctuations,
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Fig. 16.  Desired power compensation requested from full-scale HVAC

systems with and without speed clamps and ramp limiting.

fixed capacity limitations, and dynamic acoustic limitations.
The ramp-limited case is more complicated because, as
observed in Fig. 16, the power consumption represented by the
dotted curve cannot always be tracked and is effectively time-
delayed relative to the ideal filter. Thus during periods of rapid
power fluctuation, there are times during which the HVAC
filter is potentially counterproductive because of acoustic-
based slew limits.

Given the operating limitations and the need for long-term
occupant comfort, only a fraction of the HVAC capacity in a
building is available for filter implementation. In the proposed
approach, the ventilation fan speed is the primary mechanism,
and this in turn is a portion of the HVAC consumption. For
a quick estimate, since the operating frequency range can be
adjusted to +16%, the fact that the fan power changes as
the cube of speed suggests that the ventilation power can be
adjusted up to about £40% on millihertz or faster timescales.
For a building in which 20% of the energy consumption is
for ventilation, this provides a fast 8% change capability
in the total building energy consumption. Simulation analysis
suggests a more optimistic result, since the £16% limit is
not always reached depending on the weather, and when the
operating frequency is below 60 Hz, the percentage limit is
higher.

During simulation, when the acoustic constraints are
included and the assumption of 20% ventilation energy con-
sumption in a building is made, it is found that the HVAC fil-
tering capability is, on average, 56.6%, 36.9%, and 17.3% for
buildings with PV installations rated at 25%, 50%, and 100%
of average building load, respectively, over the course of
randomly selected 100 days from the solar database. Fig. 17
shows this complete trend in solid black lines. In Fig. 17(a),
larger ventilation energy consumed in building loads results
in a higher capability for the HVAC system to mitigate the
dynamic solar power. A building’s regional weather pattern
also affects the HVAC filtering capability. Steady sunny days
are favored, and days with fluctuating solar radiation are unde-
sirable, as illustrated in Fig. 17(b). The general takeaway from
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this analysis is that realistic HVAC filter implementation can
offset a substantial fraction of the solar variability to timescales
of about 15 min, helping to bring solar resources into a more
conventional utility dynamic management interval [29]. This
approach is not self-sufficient for large PV installations and
they must rely on additional energy storage devices or on
the grid.

In summary, the fan drive and acoustic experiments suggest
0.1 Hz, or the inverse of a 10-s interval, to be a plausible upper
frequency bound. The result improves on the upper cutoff fre-
quency of 1/8 Hz in [17], which is estimated from the implicit
mechanical stress and ACE sampling rate. Acoustic frequency
changes and amplitude limits impose extra constraints on
the control of the fan drive operation. The HVAC filtering
capability is therefore reduced. However, the capability varies
depending on the percentage of installed PV generation given a
building’s load, the percentage of HVAC loads in the building,
and the solar radiation conditions.

V. CASE STUDY DEMONSTRATION

To demonstrate and validate the potential of dynamically
controlled HVAC loads that implement filtering of the sto-
chastic energy content, a small fan drive was first used to
follow scaled responses to various band-limited solar power
profiles. The results were then employed in a full-scale model
to determine the building-level filtering potential.
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Fig. 18. Fan drive speed profile (a) without and (b) with dynamic HVAC
filtering.

For direct tests, the Z1000 drive with a motor and duct was
fed with two speed command profiles for approximately 2 h.
The first speed profile is a piecewise constant signal to
represent the conventional HVAC loop control, as shown
in Fig. 18(a). From time to time the fan speed has step
changes, but for the majority of the time it is held constant.
The second speed profile implements a feedforward signal
injected control loop as in Fig. 5. The feedforward signal
is generated from bandpassed (1 mHz-0.1 Hz) solar power
(10 A.M.—12 p.M. in Fig. 8) followed by speed calculation
from the relationship in (4). Acoustic constraints are enforced.
Fig. 18(b) shows the resulting combined speed commands.
As would be expected, the speed changes are more sensitive
to the power variations at lower speeds due to the cubic
power—speed relationship. The experiments collected two sets
of power consumed by the fan system and measured the differ-
ence, which represents the fluctuating power to be mitigated.
This measured power difference along with the modeled result
is plotted in Fig. 19. Except during short transients when the
motor steps, the modeled curve follows the experimental curve
closely, providing an accurate basis for a large-scale multiple-
day simulation. Although the magnitudes in Fig. 19 appear
small, they are approximately 10% of the full magnitudes
during this experiment using the small fan drive.

The lower frequency bound provides an opportunity for
larger scale thermal storage such as water tanks to store
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or compensate solar energy at slow rates, while the upper
frequency bound probably requires batteries to react to fast
solar radiation changes. An additional MATLAB simulation
is performed when utilizing batteries, HVAC, and water tanks
together as shown in Fig. 3, while imposing several days
of solar profile, selecting 1 mHz and 0.1 Hz as the HVAC
filtering lower and upper frequency bounds, and taking into
consideration the acoustic amplitude and ramp-rate limits.
This particular case study assumes an energy-efficient building
with solar installation at peak 300 kW and an HVAC system
at 150 kW capacity of which 20% is used by ventilation.
The power grid is modeled to track the solar profile with
moving average step responses every 15 min, similar to the
role of the conventional spinning reserve. Ten random days
out of the 18-month database were simulated for analysis; the
results from one sample day as shown in Fig. 8 are illustrated
in Figs. 20-22.

Fig. 20 depicts the conventional scenario in which all
stochastic solar energy is supported by the grid (by means of
grid-based external storage or spinning reserve). The situation
in Fig. 21 is much improved with assistance from building
thermal inertia alone via HVAC filtering. In Fig. 22, if water
tanks are included and can effectively mitigate the solar
power on scales slower than 1 mHz, the grid experiences a
minimal power fluctuation except when fast solar power vari-
ations cannot be filtered due to acoustic and ramp-rate limits.
A battery storage requirement can be calculated for each
scenario by integrating the area under the battery power curve
and finding the peak value. Over the course of these 10
days, a total of 53.0-kWh battery energy is required for grid
support when filtering is not engaged. With HVAC for dynamic
energy regulation, this number drops to 39.1 kWh. For the
final combined scenario, only 2.68 kWh of battery capacity is
necessary. Not only is the battery storage reduced, but also the
amount of energy entering and exiting the battery is drastically
reduced. In this particular sample day from Fig. 20, 34.80 and
120.12 kWh energy flows are eliminated for the scenarios in
Figs. 21 and 22, respectively. The power electronics converter
(see Fig. 2) losses as a result of these energy flows can
therefore be avoided and the battery life can be improved due
to less frequent energy flowing in and out.
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VI. CONCLUSION

This paper discusses the use of power electronics to imple-
ment the dynamic thermal inertia to offset stochastic solar
resources, especially in low-energy buildings. It builds on ideas
introduced in [16] and [17] to set up a dynamic energy balanc-
ing and storage solution linked to HVAC systems. It focuses
on dynamic mitigation of building-side rapid solar energy
variations through an energy filtering concept. In a practical
implementation, the lower HVAC update frequency limit is
shown to be about 1 mHz (the inverse of 15 min) and limits
the temperature variations in occupied spaces while reducing
the conventional long-term onsite energy storage needs. The
higher update frequency limit in the range of about 0.1 Hz (the
inverse of 10 s), combined with ramp-rate and acoustic limits,

lets a ventilation drive respond without generating annoying
noise and reduces short-term onsite electrical energy storage
needs, such as batteries. The process has been demonstrated
based on solar data frequency-domain analysis and system-
level electrical and thermal interaction modeling, as well as
fan drive experiments. A full-scale multiple-day simulation
case study has provided insight into the potential grid-side
and storage-related benefits. This paper has discovered that
the practical solar energy filtering capability of an HVAC
system varies with multiple factors that include installed solar
capacity, regional weather patterns, building functionality, and
dynamic building usage.

Although the HVAC filtering lower and upper frequency
bounds are restricted by the occupant comfort, the constraints
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can be relaxed for some buildings used for unmanned environ-
ments, such as data centers or product warehouses. While a
single building’s thermal inertia may not be enough to mitigate
the solar energy variability for its entire supply, neighboring
nonsolar buildings can be retrofitted to contribute their thermal
inertia to assist in the same fashion.
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