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Abstract: The green energy transition threatens stability of the power grid due to associated reduction
in grid synchronous inertia. Primary frequency control (PFC) can compensate for the challenge;
however, sufficient procurement of primary frequency capacity could depend on more extensive
employment of demand-side loads for PFC. Ventilation fans in particular present a promising class
of such loads because of ubiquity of variable-frequency drives and relatively slow thermal and
ventilation dynamics of indoor spaces. This research proposes a novel method for PFC by an air
handling unit: the open loop control is shown to have favorable dynamic characteristics, and its
impact on indoor climate is shown to be tolerable. This study suggests that the largely unused
primary frequency capacity of ventilation fans could be exploited to provide primary frequency
response for low inertia power grids.

Keywords: primary frequency control; frequency containment reserve; air handling unit; variable-
frequency drive

1. Introduction

Increasing penetration of inverter-connected variable renewable energy sources and
decrease in fossil-fuel powered turbine-generated electricity production threaten perfor-
mance and stability of the power grid due to a reduction in grid synchronous inertia.
Generators and loads—asynchronous included—can compensate for the reduced inertia
by providing primary frequency response (PFR). Resources providing PFR adjust their
energy production or consumption in proportion to grid frequency deviation from nominal
frequency. Traditionally the response has been provided by generators; however, afore-
mentioned trends in power systems challenge the response capacity of generators, and
hence demand-side PFR is becoming increasingly attractive. Heating, ventilation and air
conditioning (HVAC) loads provide potentially valuable resources for provision of PFR as
they constitute a significant proportion of global energy demand [1]. Further, buildings
provide buffers (e.g., thermal mass of a building) between control actions and quantities
of interest, such as indoor air temperature and carbon dioxide concentration [2]; however,
these quantities must satisfy certain minimum requirements that are typically set nationally.

Variable-frequency drive (VFD) controlled induction motors constitute a promising
class of primary frequency control (PFC) capable HVAC loads: VFDs enable precise and
fast control of motor speed and consequently of instantaneous active power. Ventilation
fans in particular present a promising case study because they account for a significant
part of the energy consumption of an air handling unit (AHU), which in turn is a major
energy consumer in a commercial HVAC installation. The robustness of modern induction
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motors suggests that continuous fan speed adjustment is unlikely to markedly impact the
lifetime of the equipment; however, the impact on indoor climate and air quality ought
to be considered. Implementing PFC should also be economically viable—something
challenging in retrofit scenarios.

Rules and regulations concerning PFR vary considerably between different syn-
chronous areas, and thus any investigation pertaining to PFC must be either generic
or focused on a particular synchronous area. The Nordic synchronous area presents an
interesting case study because new technical requirements [3], enforced since September
2023, are considerably more stringent and involved than the currently enforced require-
ments. Specifically, new frequency domain dynamic requirements are introduced as an
addition to the current stationary and time domain dynamic requirements, among other
modifications and additions.

PFR procurement—by transmission system operators (TSOs)—in the Nordic syn-
chronous area is implemented by a market-based mechanism [4]. There are markets for fast
frequency reserves (FFR), frequency containment reserves for disturbances (FCR-D) and
frequency containment reserves for normal operation (FCR-N). PFR provided by FCR-D
and FCR-N may be procured either yearly or day-ahead. PFR provider must pre-qualify a
frequency containment reserve before it is allowed to bid capacity in the marginal pricing
markets. PFR capacity quantifies how much a reserve is prepared to alter its instantaneous
active power in response to a measured grid frequency deviation from nominal frequency
(50 Hz in the Nordic countries). Each bid consists of capacity, price and period (the hour
during which PFR is provided if the bid is accepted).

This research aims to evaluate the applicability of PEC with VFD controlled ventilation
fans (induction motors). The research questions are:

*  What kind of PFC design ensures sufficient dynamic response?
*  What is an economically viable PFC implementation?
¢ What is the estimated impact on indoor climate?

FCR-N market is studied because it has the best profit potential [5] and is by far the
most energy intensive type of primary frequency reserve; thus, posing a greater challenge
for indoor climate. The main contributions are:

*  Anovel design for PFC by ventilation fans of an AHU.
*  Assessment of the impact of PFC on indoor climate.

In particular, an open loop control is implemented, pre-qualified in accordance with
the new requirements, and lastly, assessed for ventilation efficiency based on specific
fan power (SFP) consideration. Exemplary intervals of historical grid frequency data [6],
made available by Finland’s TSO Fingrid, are utilized in the assessment. The research is
conducted on an AHU installed in a HVAC laboratory located at Myllypuro campus of
Metropolia University of Applied Sciences in Helsinki, Finland.

The current body of research does not adequately consider PFR dynamics despite
continually increasing importance of power grid dynamics in the modern low inertia grid.
Further, previous research has focused on the direct impact of PFR on quantities such
as indoor air temperature and humidity. This is an important consideration too, which
however does not generalize well since such results are often highly dependent on the
ventilated zone. Thus, this article aims to fill a research gap by focusing on PFR dynamics
of PFC provided by an AHU and introducing SFP as a more general measure of ventilation
efficiency, and consequentially indoor air quality, to demonstrate potential feasibility of
PEC with an AHU.

This article article expands on our extended abstract [7], and is structured as follows.
Section 2 reviews previous research on PFR provided by AHUs. Section 3 first introduces
the new Nordic technical requirements for PFR. Then, the laboratory installed AHU
and the implemented control are described. Section 4 then analyzes the results from pre-
qualification and tests performed with historical grid frequency data. Next, Section 5
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proceeds with a discussion of the relevance of this article and future research directions.
Finally, Section 6 concludes the article.

2. Related Work

Several studies have investigated PFC with an AHU or an aggregate of AHUs; how-
ever, to the best of the authors” knowledge, no research validates the control in accordance
with the new Nordic technical requirements for PFR. In general, most previous work does
not consider frequency domain dynamic impact on the power grid.

Rominger et al. pre-qualify an aggregate of AHUs for PFR provision (FCR-N) in
Germany [8]. Each VFD is controlled in closed loop by a PID controller for instantaneous
active power, and the response is validated against time domain dynamic requirements,
which are assessed by a step test sequence (synthetic frequency steps are injected to the
controller reference).

Beil et al. investigate secondary frequency control (SFC) using the ventilation fans
in the AHUs of a variable air volume (VAV) system [9]. They identify three strategies for
frequency regulation: direct fan speed, static pressure setpoint and thermostat setpoint
control. Control of thermostat setpoint suffers from substantial delay and inaccuracy, and
hence, is not applicable for PFC. Static pressure setpoint control is considerably faster
due to small time constants of the involved gas dynamics; however, it still introduces
additional latency and inaccuracy compared to direct fan speed control. Thus, direct fan
speed control appears most promising for fast and accurate control necessitated by the new
Nordic requirements.

Zhao et al. identify similar control strategies [10] and additionally propose a super-
visory HVAC control method to manage capacity limitations and interdependencies in a
HVAC system. Maasoumy et al. and Adetola et al. implement frequency regulation by
static pressure setpoint control and show that the impact on indoor air temperature is
negligible with a capacity of 15-20 % [11,12]. Adetola et al. note that static pressure setpoint
has a response time of 4-6's, which could negatively impact dynamic stability of PFC.

Lin et al. study SFC using ventilation fans of a single commercial air handling
unit [13,14]. The closed loop control is shown to pass the technical requirements of the
independent system operator of Pennsylvania-New Jersey-Maryland Interconnection (PJM).
Moreover, they also consider dynamic response in frequency domain, but the control is
not directly applicable to PFEC—where stricter dynamic requirements are enforced—since
frequency measurement is band-pass filtered. The authors also remark that active power
measurement noise is not negligible. In general, VFDs tend to have notable active power
measurement noise, indicative of potential challenges in closed loop active power control
due to increased latency and consequential degradation of PFR dynamics as a result of
low-pass filtering.

Hao et al. propose that 15 % of the fan power in an AHU at the University of Florida
is usable for frequency regulation [15]. They assume the fan power is independent of the
VAV boxes and the chiller, justifying the assumption by the low frequency dynamics of
the ventilated zones and the chiller (in comparison to PJM’s regulation signal). However,
they remark that large reserve capacity can violate the assumption. The authors model the
building thermal dynamics and the fan power by linear models, the latter derived from
affinity (fan) laws by linearization. The model is then employed in an optimal control
problem formulation (linear-quadratic regulator).

MacDonald et al. retrofit a VFD to a heat pump supply fan and implement SFC in
accordance with PJMs requirements [16]. A linear model is constructed for mapping VFD
frequency to active power. Active power is then controlled in open loop for provision of
SFC. They suggest the linear model—as opposed to an exponential model as hinted by
affinity laws—is sufficient due to narrow control band.

Harkonen et al. assess the impact of load shedding on air quality of an occupied
classroom [17]. They conduct experiments where total power of the ventilation fans is
reduced for a set time period. They suggest that up to 60 % of the ventilation power of
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an educational building could be allocated for frequency regulation. In another study
they assess the economic potential of various primary frequency markets in Finland based
on historical data [5]. One of the main challenges identified is the high investment cost
relative to market returns, suggesting that economic viability is a key consideration in
PFC implementation.

Keskar et al. investigate whether participation in ancillary services affects the energy
efficiency of commercial buildings [18]. Their investigation shows the need for a careful
assessment of the overall impact of a building participating in ancillary services. Lu et al.
make similar conclusions: they note that frequency regulation capacity is an important
parameter affecting the overall energy efficiency of a HVAC system [19]. MacDonald et al.
criticize round-trip efficiency as a metric to assess energy efficiency of demand response
resources [20]. They propose an extension to the metric of additional energy consumption.
It should be noted that such metric is related to SFP in the context of this article.

The new Nordic requirements have not yet been extensively researched in any disci-
pline. Mékinen et al. pre-qualify a simulated aggregate of a battery energy storage system
and a hydropower plant [21]. They show the conventional hydropower plant is unable
to fulfill the new requirements on its own. Their findings indicate that a conventional
hydropower plant alone is unable to meet the new requirements. This is significant, as
hydropower plants previously accounted for the largest share of primary frequency capac-
ity in Finland before the introduction of the new technical requirements. This suggests a
potential shift in the participants providing primary frequency capacity (PFC) in Finland
and other Nordic countries.

3. Materials and Methods

This research employs an experimental design to investigate the research questions
stated in Section 1. Namely, the proposed open loop control is implemented by custom
designed software for a laboratory installed AHU. Impact of the PFC on indoor climate is
assessed based on air flow measurements from the AHU, and the dynamic stability and
performance of the PFC, from the power grid point of view, is evaluated based on the new
Nordic requirements, which involve an empirical linearization of the PFR.

This section first introduces the new Nordic technical requirements for FCR-N. Then
Section 3.2 describes the AHU and related systems in the HVAC laboratory at Myllypuro
campus of Metropolia. Finally, Section 3.3 presents the open loop control.

3.1. FCR-N Technical Requirements

The document [3] prepared by European Network of Transmission System Operators
for Electricity (ENTSO-E) specifies requirements for PFC steady state response; dynamic
linearity, performance and stability; provision from aggregated resources; and measurement
devices, among others. This article does not focus on aggregation; however, it shall be noted
that any resource fulfilling all requirements by itself is categorized as a stand-alone unit,
which can be pre-qualified independently as in this study. Requirements for both FCR-D
and FCR-N are established in the document; however, in this article only requirements for
FCR-N are considered. Frequency domain dynamic requirements for FCR-D and FCR-N are
equivalent in principle but assume different first order linear power grid models. FCR-D
also has additional time domain dynamic requirements and activates within a different
grid frequency range.

FCR-N stationary requirement specifies the mandatory target for (steady state) PFR as
a function of grid frequency. The requirement is depicted in Figure 1. Capacity activation
(on the vertical axis) is defined as normalized active power response, that is, response
scaled by the amount of procured PFR capacity and shifted by a possibly time-varying
baseline which accounts for any active power not accountable to PFC. By definition,
positive capacity activation is a response which up-regulates grid frequency (attempts
to recover the grid from an under-frequency disturbance). Thus, positive activation of a
demand-side resource corresponds to a decrease in active power.
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A notable characteristic of the stationary requirement is the symmetrical target re-
sponse about the nominal frequency. Mathematically, the mandatory target for active
power P is defined by a sum of two terms

A
P = Pyaseline + T(j):CFCRfN/ @)

where Af is grid frequency deviation from the nominal value clamped between —0.1 Hz
and 0.1 Hz; and Cpcr—n is the procured PER capacity, which is a constant for each one-hour
interval of PFC [3].
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Figure 1. FCR-N stationary requirement; blue graph and the shaded blue area depict, respectively,
the mandatory target response and the allowed region for steady state activation of PFR.

Steady state activation of PFR is assessed by a step and a linearity test. In the step test a
synthetic grid frequency signal, consisting of steps from 50.00 Hz to 49.90 Hz, from 49.90 Hz
to 50.10Hz and from 50.10 Hz back to 50.00 Hz, is injected to a reserve system either
directly to a frequency measuring device or in software. The active power measurements
are recorded for validation. In the linearity test sequential 20 mHz steps are injected so that
linearity—in accordance with the stationary requirement depicted in Figure 1—is validated
for the full range of feasible capacity activations.

The dynamic requirements for PFR are validated by a set of sine sweep tests. In each
sine sweep test a synthetic sinusoidal grid frequency signal with a specified time period
(10s, 155,255,405, 505, 60s, 70s, 90s, 150 s and 300 s) and amplitude of 0.1 Hz is injected
to the reserve system and the active power measurements are recorded for validation. The
response of a linear time-invariant system (LTT) to a sinusoidal input is also sinusoidal.
In accordance with the stationary requirement a FCR-N is approximately linear. Thus,
sinusoidal least squares fit is performed in order to determine frequency response (gain
and phase shift) for each input frequency. The frequency response data are represented by
complex numbers. The set () of input frequencies and frequency response data define an
empirical frequency function

Flw): Q—C, )

where w is the input frequency in unit of radians per second.
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Fingrid specifies analytic first order transfer function model G(w) of the power grid.
Dynamic stability is assessed by application of Nyquist’s stability criterion to the open
loop model constructed from G(w) and F(w). Qualitatively, the Nyquist’s criterion states
that a negative feedback LTI system is stable if the corresponding open loop system has
sufficiently small gain at input frequencies for which the phase shift is close to 180°
(otherwise the system would effectively suffer from destabilizing positive feedback at the
specific input frequency). Dynamic performance is sufficient if the closed loop gain of the
negative feedback model constructed from G(w) and F(w) is below a predefined upper
bound. Dynamic linearity requirement is specified in terms of normalized root mean square
error of the sinusoidal least squares fit [3].

The analytic first order transfer function model G(w) for dynamic stability assessment
is defined by (for FCR-N)

600
*) = I80s 1 23' )

where s = ¢+ iw is the Laplace variable [3]. It is noteworthy that a pure delay of ap-
proximately 0.7 s results in failure of the requirement. Of course, a real reserve system
does not introduce pure delay; however, the value provided here can still serve as a guide
during implementation.

G(

3.2. Case Study: HVAC Laboratory

Figure 2 shows a picture of the stand-alone AHU installed in the HVAC laboratory at
the Myllypuro campus of Metropolia. Figure 3 is a simplified schematic of the AHU and
other interconnected components. The unit consists of supply, return and recirculation air
ducts with associated dampers. The supply and return ducts contain air filters and VFD
controlled three-phase squirrel cage induction motors rated at 1.5 kW which are attached
to centrifugal fans. The supply duct also has heating and cooling coils.

Figure 2. The air handling unit located in the HVAC laboratory at Myllypuro campus of Metropolia.

The VFDs (VLT HVAC Drive FC 102 by Danfoss [22]) implement two internal motor
control modes: open loop control (V/f control) and closed loop control with configurable
PID controller parameters and external reference (analog or digital over Modbus RTU).
Both modes implement programmable motor ramp rate limiters. In this research the VFDs
are configured to operate in the open loop control mode. Thus, PFC must be implemented
by altering motor speed setpoint based on grid frequency measurement. This choice
facilitates implementation since the setpoint can usually be controlled via a building
automation system (BAS) instead of directly interfacing with the VFD—a factor favorable
for economic viability.
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Figure 3. Schematic of the air handling unit in the HVAC laboratory at Myllypuro. It is desirable to

stream the frequency measurement over a network to improve economic viability of an aggregated
reserve. PFC can be alternatively implemented in the BAS.

Unfortunately, providing PFC by altering fan speed setpoint via a BAS, as opposed
to directly interfacing with a VFD, comes with a compromise: delay is introduced by the
BAS and any additional communication links. Delay in closed loop active power control
can degrade performance and stability. Smaller controller gains are generally needed to
alleviate the degradation; however, dynamic performance and stability of PFR, from the
power grid point of view, can suffer as a consequence. Further, variations in the loop
delay—for example due to BAS communication link congestion—could destabilize the
control of an already pre-qualified reserve resource. Thus, a certain degree of robustness,
at the expense of PFR dynamics, would be required from the closed loop control. Open
loop active power control, which is implemented in this research, does not suffer from the
challenges associated with closed loop active power control.

The right-hand side of Figure 3 shows components external to the AHU that are part
of the reserve system. In this research, software generated synthetic frequency signals
are injected into the reserve during pre-qualification tests and operational test runs are
carried out against historical frequency data for reproducibility. Hence, real-time frequency
measurement is not utilized for demonstrating the PFC. A three-phase energy meter
(EM24 by Carlo Gavazzi [23]) is installed on premises to measure supply and exhaust fan
instantaneous active power in isolation of other electric loads. The VFDs also measure
active power but the accuracy and precision are slightly worse. However, the open loop
control selected in this article is not critically affected by reduced measurement accuracy
and precision since measurements are not fed back to the controller so VFD provided
measurements could be utilized (for data logging as required by the TSOs) to improve
economic viability. Lastly, the PFC block in Figure 3 implements the open loop control,
data acquisition and logging. The implementation is executed on a Linux-based operating
system running on Raspberry Pi Compute Module-based EN61131-2 compliant Internet of
Things gateway (RevPi Connect by Kunbus [24]).

A simple quantitative way of assessing the impact of PFC on indoor climate is by
consideration of specific fan power (SFP). In general, SFP quantifies the required power to
circulate a given amount of air through a fan system, such as an AHU. Various definitions
exist so it is important to explicitly state the definition assumed in this article. Namely, the
SFP of the AHU is calculated by the formula

(4)

N

SFP = max ' ON
Yis0 s 2i=0e,i

Yol XD }

where N is the number of measurements, P is an active power measurement, and g5 and g,
are, respectively, measurements of supply and exhaust air flow rate. That is, the ratio of fan
energy consumption to circulated air is calculated for both supply and exhaust fans, and
SEP is then defined as the worse (greater value) of the two.
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3.3. Open-Loop Control

The relation between fan speed and fan power is approximated by the affinity laws.
Specifically, fan power is approximately proportional to the third power of fan speed.
However, VFDs introduce losses, and thus a more accurate relation between fan speed
and incoming power is obtained by a general cubic function. The method of least-squares
provides a straightforward approach for estimating parameters of the cubic function;
however, the standard non-recursive least-squares used in this study does not take into
account variations in the HVAC system. For example, control of VAV dampers has an
impact on the fan speed-power relation.

In the absence of significant variations in the system curve—which characterizes
the degree of obstruction to air flow in a HVAC system—the speed-power mapping can
be predetermined by incrementally increasing fan speed in steps and recording average
power over a short time interval. Figure 4 shows a plot of the mapping constructed for
the ventilation fans of the case study. The function is inverted in order to compute target
speed as a function of target active power which in turn is a function of reserve baseline,
maintained reserve capacity and real-time frequency measurement (see Equation (2)).

3000 A

2500 A

2000 A

Power (W)

1500 A

1000 A

500 A

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Speed (%)

Figure 4. Least-squares cubic speed-power mapping (blue line) for the combined supply and exhaust
fans of the AHU at Myllypuro campus. Red markers indicate the average power during a short
interval of constant fan speed.

VEDs frequently implement a configurable motor ramp rate limiter, which has the
important function of reducing magnitude of motor acceleration caused by frequent set-
point changes, potentially improving occupant comfort (e.g., less noise) and increasing
both the VFD and the motor lifetime. Decreasing the ramp rate, however, comes with a
crucial compromise: significant phase shift is introduced which degrades PFR dynamic
stability. Ramp rate limit can be decreased until the stability criterion is close to not being
satisfied. In this study the ramp rate was set to 0.05 Hz by an iterative process.

4. Results

This section first shows the results of the pre-qualification tests. Then the outcome
of several PFC test runs against exemplary intervals of historical grid frequency data are
explored; calculated SFP for each interval of PFC is compared to a benchmark value. PFC
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baseline is held constant at 1600 W in each test, and PFC capacity is varied (400 W, 600 W,
800 W). In validation of the dynamic requirements, sine tests with periods of 60s, 70s, 90s,
150's and 300 s are not included since the proposed method trivially fulfills the requirements
at low frequencies.

4.1. Pre-Qualification

Figure 5 shows results from validation of the stationary linearity (capacity of 600 W).
Smoothed steady state PFR activation remains within the allowed region shown in Figure 1.
Figure 6 shows an example of a sine sweep test (time period of 50s).

— Input

—— Response
50.10 A - 2200
- 2000
50.05 A
= - 1800
z —
9 =
c 50.00 A - 1600 ©
g S
g &
w - 1400
49.95 A
- 1200
49.90 A - 1000
0 200 400 600 800 1000 1200
Time (s)

Figure 5. FCR-N pre-qualification linearity test result. Blue graph shows the injected synthetic
grid frequency (left-hand axis), and green graph shows combined instantaneous active power of
the fans filtered as per Fingrid’s requirements (right-hand axis). The shaded blue area depicts
the allowed region.

Figures 7 and 8 show results from the sine sweep tests. Each marker corresponds to a
specific sine sweep test (input frequency). However, it should be noted that the requirement
must be satisfied for interpolated values as well. Dynamic performance criterion is satisfied
by a large margin for all input frequencies; the performance is slightly worse at high input
frequencies as expected due to the motor ramp rate limiter. The black circle in Figure 8
depicts the stability margin: the open loop (constructed from F(w) and G(w), which are
defined by Equations (2) and (3) frequency response must remain outside the circle for all
input frequencies. Larger reserve capacity reduces gain but increases phase shift so that the
criterion is not satisfied with a reserve capacity of 800 W. Decreasing the motor ramp rate
would be necessary for the particular value of reserve capacity. Table 1 shows extracted
data from the sine sweep tests (capacity of 600 W). Notably, normalized root mean square
error of the sinusoidal fits are less than one (dynamic linearity requirement) by a significant
margin of 0.678 or more although nonlinear ramp rate limiting is adapted.
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Figure 6. FCR-N pre-qualification sine test result. Blue graph shows the

injected synthetic grid

frequency (left-hand axis), and green graph shows combined instantaneous active power of the fans

(right-hand axis).
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Figure 7. Closed loop gain of the system constructed from G(w) and F(w) for varying

reserve capacities.
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== Grid
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Capacity 600 W
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Figure 8. Nyquist’s plot for the open loop system constructed from G(w) and F(w) for varying
reserve capacities.

Table 1. Data extracted from sine sweep tests (reserve capacity is 600 W).

Period (s) No;{nlc/?;léed Gain Phase (Radian) Delay (s)
10 0.283 1.091 1.051 1.673
15 0.248 1.100 0.634 1.514
25 0.322 1.046 0.394 1.566
40 0.250 1.028 0.249 1.585
50 0.210 1.019 0.184 1.467

4.2. Historical Data

Figure 9 shows an exemplary interval of PFC against historical frequency data with
reserve capacity set to 600 W. Table 2 lists the calculated SFP values for various 15-min
intervals of historical frequency data. The 15-min intervals are chosen such that mean
frequency is within 0.5mHz from nominal frequency and the variance is the highest
of the year 2022. The criteria enable fair comparison because long term frequency is
remarkably close to nominal value of 50 Hz. Higher than normal variance is chosen so
that the results are representative of the worst-case scenario. Calculated SFP for a constant
power corresponding to reserve baseline (1600 W) is 2.04856 kPa. The results indicate that
ventilation efficiency; and consequently, indoor climate is not markedly impacted by PFC.

Table 2. PFC test runs against historical grid frequency data collected and processed by Fingrid.

Date and Duration SFP (kPa) A SFP (%) fsta (Hz) favg (Hz)
2022-02-24T08:00:00Z/PT15M 2.0624 0.68 0.04563 50.00011
2022-08-16T08:00:00Z/PT15M 2.0603 0.57 0.04969 50.00042

2022-10-06T06:30:00Z/PT15M 2.0625 0.68 0.04423 50.00030
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Figure 9. Exemplary interval of PFC against historical frequency data (24 February 2022).

5. Discussion

The green energy transition threatens performance and stability of the power grid due
to associated reduction in grid synchronous inertia. Generators and loads can compen-
sate for the reduced inertia by providing PFR. However, recent trends in power systems
challenge the response capacity of generators, and hence demand-side PFR is becoming in-
creasingly attractive. Ventilation fans in particular present a promising class of demand-side
loads capable of PFR, because of their ubiquity in modern HVAC installations, relatively
large power consumption, excellent controllability by modern VFDs and inherent flexibility
attributable to relatively slow thermal and ventilation dynamics of indoor spaces.

Unfortunately, PFR provision by ventilation fans of an AHU poses several challenges:
PFR must have dynamically acceptable impact on the power grid, must have tolerable
impact on indoor climate and should be economically viable to implement. This research
focused on the Nordic synchronous area where stringent new technical requirements—
including frequency domain dynamic requirements—have been recently established. The
PFC method proposed in this article for a stand-alone unit consisting in an AHU is shown to
pre-qualify according to the technical requirements. Further, it is shown that the proposed
PFC design has tolerable impact on ventilation efficiency, and consequently, indoor climate.
Finally, the open loop control could be implemented by interfacing with a BAS rather than
directly with an AHU (VFDs) which positively affects economic viability.

Indoor climate could be assessed in a multitude of methods; for example, PFC could
be performed while an occupied zone is measured for CO, concentration. However; CO; is
only one of many compounds that can cause occupant discomfort [25] so a more thorough
study would involve human subjects who provide information about perceived impact of
PFC on air quality, noise levels etc. Unfortunately, obtaining trustworthy results from such
a study would require a large cohort, and would not necessarily generalize to different
HVAC installations. Hence, this article conducted an analysis based on SFP for assessment
of the impact of PFC on indoor climate.

In contrast to previous research, this article provided several novel contributions.
Rominger et al. do not investigate dynamic performance or stability of the control [8].
PID control (for active power) can effectively eliminate steady state error in the response;
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however, performant and stable PID control requires low delay in the feedback loop—a
requirement which may incur additional implementation costs. The authors include a brief
assessment of the impact of PFC on air supply based on a distribution of historical grid
frequency data. However, given the presently relatively low valuation of PFR capacity it is
worthwhile to assess ventilation efficiency based on measurements of active power and air
flow in order to account for any inefficiencies caused by frequent changes in fan speed.

The approach taken by Hao et al. has the benefit of improving setpoint temperature
tracking [15]; however, it is questionable whether such approach could be adapted for
PFEC fulfilling the new Nordic technical requirements without significantly reducing the
temperature tracking performance (by adjustment of linear-quadratic regulator weights).
Both Hao et al. and MacDonald et al. consider linearized model for fan power. A linear
model is not suitable for the case study investigated in this research as indicated by the
pre-qualification requirements presented in Section 3.

The primary limitations of this study should be reiterated. The open loop control
described in this research requires a mapping from fan speed to fan power. Such mapping
was deduced by the least-squares method prior to PFR provision. Therefore, variations,
such as those caused by VAV dampers, in the HVAC system cannot be accounted for during
PEC. Furthermore, impact on indoor climate was analyzed based on an investigation of the
impact of PFR on ventilation efficiency. The assessment utilized historical grid frequency
data with high variance and near-nominal average value. This choice guarantees good
estimate of long-term impact on ventilation efficiency due to annual average frequency
being very close to the nominal frequency; however, persistent frequency disturbances,
which temporarily impact indoor climate, were not in the focus of this study. As stated
in Section 3.1, aggregation is necessary for provision of PFR by AHUs so an aggregation
strategy could aim to mitigate risks concerning lengthy under-frequency disturbances
(resulting in lowered ventilation rate). However, such strategies were not in the focus of
this research.

Future research could investigate PFC methods in VAV systems with interdependent
variables and significantly varying HVAC system curves. Methods for estimating reserve
baseline and controlling ventilation fans in such a way that PFC does not affect the baseline
(since baseline ought to only account for active power not part of PFR) are crucial. In a
broader context aggregation is also an important consideration: motor ramp rate limits
could be significantly reduced to potentially improve occupant comfort and equipment
lifetime if fast-reacting resources (e.g., a battery) were aggregated with ventilation fans. The
open loop control method used in this study could be extended to an adaptive implementa-
tion by an online least-squares method such as the recursive least-squares (RLS). Finally,
dynamic characteristics of PFC provided by closed loop active power control requires
further research.

6. Conclusions

This research proposed a method for PFC by an AHU. The implementation was
pre-qualified in accordance with the new Nordic requirements for PFC, which introduce
stringent frequency domain dynamic requirements. Despite its excellent dynamic perfor-
mance, the PFC was shown to have reasonable dynamic stability and tolerable impact on
indoor climate. Further, the proposed open loop control simplifies implementation which
is a crucial factor for economic viability.

This article has thus contributed to the green energy transition by showing that an
AHU of a commercial HVAC system can participate in fast and dynamically favorable
power grid balancing by providing PFR, which is becoming increasingly important form
of frequency response in the modern low inertia power grid. Furthermore, overall energy
efficiency is, in addition to enabling green forms of energy production, of paramount
importance for the green energy transition. Thus, the acceptable impact of the proposed
PFC design with an AHU on indoor air climate is a promising finding since a sizable portion
of global energy consumption is attributed to HVAC systems and specifically AHUs.
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Abbreviations

The following abbreviations are used in this manuscript:

AHU Air handling unit

BAS Building automation system

FCR Frequency containment reserve

FCR-D  Frequency containment reserve for disturbances
FCR-N  Frequency containment reserve for normal operation

FFR Fast frequency reserve

HVAC  Heating, ventilation and air conditioning
PFC Primary frequency control

PFR Primary frequency response

RLS Recursive least squares

SFC Secondary frequency control

SFP Specific fan power

VAV Variable air volume

VFD Variable-frequency drive
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