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Abstract

Air-conditioning and heat pump (ACHP) systems are traditionally rated us-
ing steady-state performance tests conducted under fixed indoor and outdoor
conditions, with pre-defined compressor and fan speeds. However, an ACHP
system’s field performance can differ significantly from such steady-state lab-
oratory ratings because of the building load dynamics and their interactions
with the native controller. To address this limitation, a load-based test-
ing methodology has been developed to evaluate the dynamic performance
of an ACHP system operated under its native controller. This approach
emulates a typical building’s load and thermal dynamics in a controlled lab-
oratory setting, allowing the unit to respond naturally to changing indoor

and outdoor conditions as it would in the field. Therefore, it is expected to
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better characterize an ACHP’s field performance. This new dynamic testing
methodology has been adopted by various standards such as CSA SPE-07
and AHRI 210/240. Numerous studies have evaluated the testing procedures
in the laboratory, and almost all units tested exhibited oscillatory or cycling
behaviors that should not occur for variable-speed systems. These erratic
behaviors can degrade an ACHP’s field performance and lead to issues in
performance ratings such as failures to earn variable-speed certification, long
testing times, and poor reproducibility. This paper presents a control stabil-
ity and performance analysis framework using a linearized simulation toolkit
developed in a companion paper [1]. Control performance impacts of the ther-
mostat and testing facility dynamics and the adopted virtual building model
are presented. Informed by the control analyses, a proportional-integral and
lead controller was proposed to accelerate the closed-loop response, while en-
suring an adequate stability margin. Performance of the proposed controller
was demonstrated through both simulation and experimental tests subject to
different load-based testing configurations and virtual load models. The pro-
posed controller was shown to achieve almost perfect load and temperature
tracking performances with much reduced testing time.

Keywords: Load-Based Testing, Air Conditioners and Heat Pumps,

Performance Rating Standard, Feedback Control Analysis

1. INTRODUCTION

In the United States, residential air conditioners and heat pumps (ACHPs)
are rated under the Air-Conditioning, Heating, and Refrigeration Institute

(AHRI) Standard 210/240-2023 [2], which uses steady-state performance



measurements at specified indoor and outdoor conditions in conjunction with
a temperature-bin approach to calculate seasonal efficiency metrics such as
the Seasonal Energy Efficiency Ratio (SEER) and the Heating Seasonal Per-
formance Factor (HSPF). While this enables performance comparisons across
manufacturers, it doesn’t include testing with the unit’s integrated controls
and ignores the interactions with the actual building environment. Early
studies observed discrepancies up to 35% in SEER values between regulatory
steady-state tests conducted in testing facilities and real-world operation of
heat pump units [3, 4].

To address these gaps, the industry and regulatory agencies are devel-
oping dynamic, load-based testing methods that characterize an ACHP sys-
tem’s performance under native control with simulated dynamics for the
indoor environment. This dynamic performance testing approach has been
adopted by the CSA SPE-07:23 [5] and has been added to AHRI 210/240-
2023 [2] as Appendix I, which describes a Control Verification Procedure
(CVP) following a load-based testing method. Several studies have demon-
strated the feasibility and superiority of load-based testing methods over
traditional steady-state rating approaches. Cremaschi and Paez conducted
a laboratory feasibility study of load-based testing for a light commercial
AC system [6]. Hjortland et al. [7] applied it for performance assessments
of constant- and variable-speed rooftop units, finding significant deviations
from steady-state performance under part-load conditions and underscoring
the need for climate- and building-specific metrics. Patil et al. [8] compared
performance ratings for a 5-ton heat pump and found steady-state methods

overestimated seasonal performance by 22-27%. Building on this, Cheng



et al. [9] developed convergence criteria and standardized procedures with
improved consistency and reproducibility. Dhillon et al. [10, 11, 12, 13]
have consistently demonstrated that load-based testing could more accu-
rately capture an ACHP system’s performance, providing detailed analyses
of seasonal discrepancies and recommendations to improve load-based testing
procedures.

Load-based testing has its roots in a more general testing methodology
that has existed for a long time - hardware-in-the-loop (HIL) testing. A HIL
test integrates both software and hardware components in a single test to
evaluate component- (mostly hardware) or system-level performance when
testing with all hardware components is infeasible. It provides a powerful
tool for early-stage controller design and prototyping, and has been adopted
by different disciplines and industries [14, 15, 16]. Some of the first applica-
tions of HIL testing in buildings are the International Energy Agency (IEA)
Annex 17 and European SIMTEST projects that pioneered testing meth-
ods for HVAC control systems aided by building emulation, connecting real
controllers to virtual building and plant models to facilitate market introduc-
tion of advanced control technologies [17, 18]. However, the developed HIL
test bed was software-dominant, with the controller being the only hardware
component. More recent HIL research in buildings involved more physical
components in the HIL tests. A common HIL experimental setup involves a
physical ACHP system coupled to an emulator for the dynamics of the build-
ing envelope, which has been adopted for investigating an ACHP system’s
interactions with buildings and the power grid [19, 20, 21, 22].

The increasing adoption of variable frequency drives in ACHP systems



offers significant energy efficiency potential, but involves more sophisticated
control algorithms that would require a dynamic testing approach to best
characterize their performance and quantify the benefits over fixed-capacity
counterparts. This is a critical step toward incentivizing the adoption and
continuous innovation of energy efficient ACHPs. The newly added CVP in
AHRI 210/240 is exactly aimed at (1) certifying variable-speed equipment
based on whether a variable-speed ACHP system provides an effective ca-
pacity modulation at part load and (2) verifying the consistency between the
claimed efficiency rating and actual performance under native control. Reid
23] highlighted the importance of improved control strategies of variable-
speed AC systems to attaining high SEER ratings. The studies in [24, 25]
presented multi-input multi-output (MIMO) control strategies to achieve si-
multaneous control of indoor temperature and humidity through compressor
and indoor blower speed modulation, enabling accurate control of both sen-
sible and latent capacity. Cai and Braun [26] developed a heuristic control
strategy for near-optimal coordination of compressor and fan speeds to maxi-
mize operational efficiency of direct-expansion cooling systems. The benefits
of such advanced control developments for ACHP systems can be best quan-
tified and demonstrated via load-based testing.

In a load-based test, the testing chamber needs to accurately track time-
varying temperature and humidity setpoints, generated by a virtual dynamic
building model based on the real-time capacity measurements and load esti-
mation. This represents a challenge for existing mechanical and control sys-
tems of a testing chamber, which are primarily designed to facilitate steady-

state performance testing. Advanced control strategies may need to be im-



plemented to achieve fast and reliable setpoint tracking to accommodate dy-
namic load-based tests. Although validation studies have demonstrated the
feasibility of load-based testing, its successful adoption by next-generation
rating standards requires a comprehensive evaluation of the methodology’s
ability to accurately capture a system’s dynamic field performance in labora-
tory settings. Giannetti et al. [27] investigated a range of factors that influ-
ence the reliability and reproducibility of dynamic measurements in psychro-
metric chambers. Their analysis considered the dynamics of the chamber’s
reconditioning system and the temperature and humidity sensors, and the
thermal and moisture characteristics of the chamber envelope. Collectively,
these factors contribute to slow chamber dynamics, which not only pose a sig-
nificant control challenge for dynamic load-based testing but also affect the
reproducibility of results across different testing facilities. To improve dy-
namic temperature tracking performance, Giannetti et al. [28] developed a
feed-forward compensation strategy for emulator-type testing facilities used
in dynamic load-based testing. In their approach, linear dynamic models
were estimated for the testing chamber and incorporated in a feed-forward
loop to determine predictive control actions. The study demonstrated that
feed-forward compensation could reduce the delay in the return air temper-
ature tracking to within 60 seconds across different testing conditions, while
enhancing reproducibility of load-based tests to limit performance deviations
to within 2%.

The two studies by Giannetti et al. addressed the dynamics and control
strategies for testing chambers to accommodate load-based testing. However,

other component dynamics, such as those for the thermostat, virtual building



model, and heat pump test unit, were not considered, but could influence
the closed-loop response of the heat pump and impact the accuracy of load-
based testing approaches. For example, in [27], tests were conducted with the
thermostat placed in the return air stream of the indoor unit, which could
result in much faster responses than what would be seen in the field. To fill
the void, a companion paper [1] presents a holistic simulation framework that
captures the dynamics and interactions across all key components involved
in a load-based test, including the testing chamber, thermostat, test heat
pump, and load controllers. The study showed that the thermostat has slower
dynamics than the testing chamber and thereby plays a more important role
in the closed-loop response and for controller design.

The Purdue team has conducted load-based CVP tests of four ACHP
units provided by different manufacturers, and they all exhibited oscillatory
or even cyclic behaviors [29, 13, 30]. The unsatisfactory control performance
led to a variety of negative impacts, including failures to earn variable-speed
certification, lower efficiency ratings, and high test burden. If the cyclic
behaviors are also present in the field operation, additional concerns could
arise related to operational efficiency, indoor comfort, and equipment lifes-
pan. Understanding the dynamics and control interactions between the dif-
ferent components in load-based testing is a critical step toward identifying
the root causes of unsatisfactory control behaviors and developing improved
control strategies. Leveraging the simulation and analysis tool developed in
the companion paper [1], this study presents a control stability and perfor-
mance analysis framework for the load-based testing methodology. Based

on the control analysis, we propose a PI plus lead controller to accelerate



and stabilize indoor temperature control against dynamic load conditions of
a building. Simulation and experimental test results are presented for three
scenarios representing cases with different thermostat and chamber responses.
The CSA SPE-07 and AHRI 210/240 CVP procedures involve different vir-
tual building models, and their impact on the closed-loop system response is

also analyzed through both simulation and experimental tests.

2. Background
2.1. Overiew of Load-Based Testing Methodology

Figure 1 depicts a typical laboratory setup for load-based testing with
twin psychrometric chambers reproducing desired indoor and outdoor con-
ditions for performance assessments of ACHP systems. During a load-based
test, a virtual building model is used to calculate the virtual indoor air tem-
perature, which is sent to the reconditioning system of the indoor chamber
as its setpoint. The outdoor chamber temperature typically follows a pre-
determined trajectory. The virtual building model employs a lumped capaci-
tance approach to predict the virtual indoor temperature based on a sensible

energy balance:

dT . .
Csﬁ = QBL;S Qs (1)

where T|p is the virtual indoor temperature and Qs is the measured sensible

heating (negative) or cooling (positive) rate delivered by the test unit. Qgp.s

is the emulated sensible building load that can be calculated by
QsLs = UA(Top  Teal) (2)

where UA is the overall thermal conductance of the building envelope, Top

is the outdoor temperature, and Tga, is the balance outdoor temperature
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(temperature at which the net cooling or heating load becomes zero after
accounting for internal gains). Both CVP and CSA adopt the above virtual
building model form, but differ in the method used to calculate UA and
TearL. In the CSA load model, the balance outdoor temperature TgaL is
dependent on the indoor temperature T,p, while the CVP load model relates
TeaL to the test unit thermostat setpoint and is constant. This difference
causes the transfer functions of two load models to have different forms with
different controller design requirements - the CSA model transfer function
has a standard first-order form, while the CVP load transfer function is a
simple integrator. The details can be found in the companion paper [1].
This study uses CVP tests to highlight control issues observed with cur-
rent heat pump controllers and the overall testing methodology. The CVP
is primarily employed to (1) determine whether an ACHP system should be
rated as a variable-speed or staged unit and (2) verify the consistency in
the performance between the native control operation and regulatory control
override. The cooling CVP consists of three primary load intervals, namely,
full, intermediate, and minimum load, connected by two transitional periods
that emulate varying outdoor ambient conditions. This sequential approach
evaluates system performance across the complete load and outdoor condi-
tion ranges under native control. Each load interval begins with specific
outdoor dry-bulb temperatures: 95°F for full load, 79-85°F for intermediate
load, and 67°F for minimum load. In CVP tests, the test unit thermostat
setpoint is fixed at 80°F, and both indoor and outdoor chamber wet-bulb

temperature setpoints for the reconditioning systems are fixed.

2.2. Example CVP Test Results
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Figure 1: Typical equipment setup for load-based testing. [1]

Figure 2 presents capacity and power variations for a cooling CVP test
with a 3-ton variable-speed heat pump. The test was conducted with the
thermostat placed on a board within twelve inches from the center point of
the return duct vent, per AHRI 210/240 requirement. The test heat pump
was able to match the cooling load at the high load interval of the dynamic
test, where the compressor and fan speeds saturated at their upper limits,
leading to a relatively constant cooling effect. The minor oscillation in the
cooling rate was caused by unstable superheat control. The test unit started
cycling on and off to meet the load within the first transitional period as
the load gradually descended to the intermediate level. In each start-up of a
duty cycle, the unit started at the minimum compressor and indoor blower
speeds, and then quickly ramped up to the maximum capacity with a trend

line characteristic of a PI controller. This led to overcooling of the indoor
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space, which eventually triggered the unit to shut down. The cyclic operation
continued throughout the rest of the test.

Figure 3 shows the dynamics of the thermostat temperature alongside the
return air temperature (RAT, assumed to be a proxy of the indoor chamber
temperature) and the virtual indoor temperature generated by the virtual
load model. The manufacturer-provided thermostat has a 1°F resolution, re-
sulting in integer-only temperature readings extracted from a video recording
of the thermostat display post-processed with a custom image-processing al-
gorithm [31]. The test unit cycled off a few minutes after the thermostat
temperature reached its setpoint, and cycled back on when the thermostat
temperature stayed beyond its setpoint for a certain duration. This phe-
nomenon implies that a deadband logic is used by the native load controller
to determine when to cycle on or off the unit. The CVP involves temperature
control tolerance requirements for both indoor and outdoor chambers’ recon-
ditioning system - the chamber temperatures should stay within 1°F of
the respective setpoints. The tolerance bands are presented as green shaded
areas in Figure 3. It can be seen that the test failed to meet the control
tolerance for both the outdoor and indoor chambers. The temperature ex-
cursions were mostly caused by the cyclic operations of the test unit - the
abrupt changes in the indoor and outdoor coil heat transfer rates during a
cycling event posed significant disturbances to the chambers’ reconditioning
systems.

The authors have tested four variable-speed heat pumps from different
manufacturers using the CVP, and all showed cyclic behaviors similar to

the results presented above. The native controller, which constantly forces
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Figure 2: Test unit capacity and power variations for the cooling CVP test under native
control.

the test unit into on/off cyclic operations under part-load conditions, causes
multiple issues for CVP tests: (1) failure to comply with the chamber temper-
ature control tolerances specified in the standard due to disturbances induced
by the cyclic operation of the unit, (2) failure to earn a variable-speed certi-
fication (CVP requires that the standard deviation of system power remains
within 20% of the mean system power during the intermediate-load interval
for the unit to be certified as a variable-speed one), and (3) very high test

burden.

3. Load-Based Testing Control Analysis Tool

A control simulation and analysis tool was developed in the companion

paper [1] that is used for the analysis and development of the heat pump
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Figure 3: Indoor and outdoor temperature variations for the cooling CVP test under
native control.

controller presented in the current study. This section first introduces the
common testing infrastructure required for load-based testing and then pro-
vides a high-level overview of the component models included in the control

analysis tool.

3.1. Testing Setup

The load-based testing apparatus is configured within dual psychrometric
chambers that provide independent control of indoor and outdoor environ-
mental conditions while enabling real-time interactions between the test unit
and virtual building load emulation. A National Instrument CRIO controller
is used to monitor the system performance and execute the virtual building
model with the measured system capacity and calculated loads in real-time

to update the virtual indoor temperature, which is sent to the indoor cham-
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ber’s reconditioning system as its setpoint. Baseline control results presented
in Figures 2 and 3 were collected with the manufacturer-provided thermostat
under its native control. For laboratory tests of the new controller proposed
in this study, an emulated thermostat with a model derived from offline ther-
mostat dynamic tests was used in place of the original thermostat, and the
determined control commands for the compressor and fan speeds were sent
to the heat pump through a proprietary communication protocol provided
by the manufacturer. Control of the electronic expansion valve (EXV) was
achieved through an external drive board, as the EXV control access is not

available through the proprietary communication protocol.

3.2. Simulation Model

A suite of linear dynamic models was developed for all major components

involved in a load-based test to facilitate control analysis. Transfer functions
of the component models and the respective inputs and outputs are summa-
rized in Table 1. Case III of Figure 4 illustrates a complete feedback control
loop involved in a heat pump load-based test. Details of the developed mod-
els covering all control blocks therein can be found in [1], while a high-level
overview is presented in this section so that the control analysis presented in
later sections can be easily followed.
Heat Pump: A heat pump model receives the percentage compressor and
supply fan speed as input (%) and outputs sensible cooling capacity (W).
This study assumes fully synchronized compressor and fan control with the
same percentage speed settings for the two components.

Virtual Building Model: The virtual building model, downstream of the heat

pump in the control loop, accepts sensible cooling rate delivered by the heat
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Model Transfer Function Input Output

Heat Pump Ghp = 286‘5:341 Compressor & blower speed (%) Sensible cooling capacity (W)
CVP: Gyp = 1571555
Virtual Building A G Vb T TI87,I0% Sensible cooling capacity (W) Virtual IDT (°F)
CSA: Gwb = Trgrraossvaszs
Testing Chamber ~ Genp = % Virtual IDT (°F) Zone air temp. (°F)
Thermostat Gstat = Tog0577 Zone air temp. (°F) Thermostat temp. (°F)

Table 1: Component models in the load-based testing simulation tool.

pump as its input in W, and outputs virtual indoor air temperature (°F).
The virtual building model is the only component in the control loop without
a corresponding physical element in the laboratory setup. Both the CVP and
CSA load models are presented in Table 1.

Psychrometric Chamber: The indoor psychrometric chamber model receives

the indoor chamber temperature setpoint as its input, and outputs the ac-
tual zone temperature (both in °F). This chamber model combines a PI
controller for temperature regulation and a first-order energy balance model
for the chamber temperature emulation. The chamber’s reconditioning sys-
tem employs two pairs of cooling coils that provide continuous cooling with a
near-constant capacity, while a solid-state relay-controlled electric heater is
modulated to raise the supply air temperature for fast and accurate chamber
temperature regulation.

Thermostat: The thermostat model accepts the indoor chamber temperature
as its input and outputs the measured temperature (°F) used for heat pump
load control. It functions as a first-order low-pass filter that characterizes
the dynamics of the temperature-sensing element within a thermostat using

a lumped capacitance model. The time constant of the thermostat model

15



was derived from laboratory test results of five thermostats from different

manufacturers.

Load Controller: The temperature difference between the thermostat temper-

ature reading and its setpoint is fed to the load controller, which determines

the speed commands for the heat pump (%). A baseline PI controller and a

proposed PI plus lead controller are considered in this study, to be detailed

in the sections to follow.
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Figure 4: Control diagrams for the three scenarios.

4. Control Performance Analysis

Control analysis is presented for three different scenarios:

e Testing chamber and thermostat dynamics are ignored (Case I - NoCham-

berNoThermostat);

16
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Figure 5: Loop transfer function Bode diagram comparison.

e Testing chamber dynamics are ignored while thermostat dynamics are

considered (Case II - NoChamberWithThermostat);

e All dynamics are considered (Case III - WithChamberWithThermo-
stat).

Figure 4 shows control diagrams for the three cases. Case I represents a
field operation scenario with a fast-responding thermostat, where chamber
dynamics are not involved in the control loop. Typically, thermostats used
in commercial buildings have faster responses than those used in residential
buildings [32]. Ventilated thermostats, either with an active or passive de-
sign, tend to respond faster than those with tight enclosures. Representing
an extreme case with the fastest response, Case I provides a benchmark to

evaluate the impact of thermostat and testing chamber dynamics on the con-
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trollability of the system. Case II is the best representative of a heat pump’s
field operation, considering typical residential thermostat dynamics. How-
ever, it is difficult to implement or realize in a psychrometric chamber testing
environment. Case III represents the most common setting for load-based
testing inside psychrometric chambers. However, the test results obtained
under this setup are likely to misrepresent a heat pump’s field performance
due to the involvement of chamber dynamics which would not be present
in a field operation. Using a fast-responding environmental chamber for the
thermostat, e.g., the Thermostat Environment Emulator (TEE) proposed in
[33], can help reduce the discrepancy when a physical thermostat has to be
tested alongside the heat pump. If emulated thermostats are allowed, this
issue can be overcome by feeding the virtual indoor temperature, instead of
the actual chamber temperature, to the thermostat emulator. This will be
re-visited in Sections 5 and 7.

Figure 5 compares Bode diagrams of the following open-loop transfer
functions corresponding to the three cases, with a unity-gain load controller

C=1:

CaseI: L} =C Gpy Gu
Case II: L|| =C th Gvb Gstat
Case IIT: |_||| = C th Gvb Gstat Gchb

We are mainly interested in two performance metrics: (1) gain cross-over fre-
quency ! and (2) phase margin . The gain crossover frequency is directly
related to the closed-loop response rate, while the stability margin relates to

closed-loop stability, overshoot, and severity of oscillation in the closed-loop
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response. For a heat pump load controller, a gain crossover frequency above
0.005 rad/s was found to achieve reasonably fast responses from preliminary
simulation tests conducted using the control analysis tool. From Figure 5,
it is clear that high feedback gains are needed to shift the magnitude curve
upward to speed up the response, for all three scenarios. Case I has the
fastest response, while Case III, which considers both chamber and thermo-
stat dynamics, has the slowest closed-loop response and thereby requires the
highest feedback gain. The phase margin should preferrably be kept above
45°, a commonly adopted margin used in feedback controller design to ac-
count for model inaccuracies, uncounted disturbances, etc. It is evident from
Figure 5 that the slow chamber and thermostat dynamics can sag the phase
curves, making it a challenge to meet the phase margin requirement. For
Case III, a phase addition of at least 60° is needed to achieve a positive
phase margin at I = 0:005 rad/s. Achieving a faster response for this case
would require a more aggressive phase boost, which may require multiple cas-
caded lead controllers. These results highlight the control challenges induced

by the slow responses of the thermostat and testing chamber.
5. Controller Design

A baseline PI controller and its control issues are presented first through
simulation tests. To address the identified issues, the PI controller is aug-
mented with a lead control block that adds phase and increases the gain
crossover frequency. Simulation test results are presented in this section and
Section 6, while experimental validation results and analysis are presented

in Section 7.
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5.1. Simulation Test Design

A simulation test is designed for evaluating the performance of the base-
line and proposed controllers. The test sequence consists of the following

segments:

A 25000-second warmup period for the system to reach steady state;

CVP test sequence with three load intervals and two transitional peri-

ods lasting for 30000 s;

A temperature setpoint change from 73°F to 75°F imposed at 55000 s;

A change of load from the low-load setting to the intermediate load

level imposed at 65000 s.

This test sequence starts with a complete CVP test to evaluate the control
responses under a load-based testing setup. However, the CVP mainly aims
to assess (1) the load and temperature setpoint tracking performances of
the native controller at the intermediate load level and (2) the heat pump
efficiency under native control. It does not fully characterize a heat pump’s
control performance. An actual building is subject to frequent thermostat
setpoint changes (e.g., during transitions between occupied and unoccupied
modes) and abrupt load variations (e.g., during engagement of cooking or
other power-intensive appliances). The last two segments of the simulation
tests are geared toward evaluating the setpoint tracking and load disturbance

rejection performances of a controller.
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5.2. Baseline PI Controller

A baseline PI controller is considered, which is commonly used in thermal
system applications. The proportional and integral gains were obtained by
matching the native control behaviors of the test unit. The baseline control

transfer function was determined as:

84:55 + 0:00845
< :

Cpl =

Figure 6 compares the Bode diagrams of the loop transfer functions for
the baseline PI controller as well as the gain margin (GM), gain crossover
frequency, and phase margin (PM) across the three cases. The dashed ver-
tical lines highlight the gain cross frequencies and the corresponding phase
margins. Figures 7 and 8 compare the simulated closed-loop responses in
the time domain for the three cases under the baseline PI control. Case
I results shown in Figure 6 have the highest gain crossover frequency and
phase margin. This is consistent with the simulation results shown in Fig-
ures 7 and 8 as Case I involves the fastest response and minimum overshoot.
The PI controller works well for this case, meeting the performance require-
ments discussed in the proceeding section. For Case II, the phase margin
and gain crossover frequency are significantly lower, resulting in very slow
and oscillatory responses as evident from Figures 7 and 8. This is mainly
caused by the slow thermostat dynamics which are neglected in Case I. The
closed-loop response is still stable, but can easily become unstable when the
operating conditions change and model mismatch emerges. For Case III, the
PI controller results in unstable responses with negative margins, caused by
the additional dynamics associated with the testing chamber’s reconditioning

system.
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Case I: GM = inf, PM = 65.6 deg, w = 0.0054 rad/s
Case ll: GM = 5.88 dB, PM = 9.1 deg, w = 0.0021 rad/s
Case lll: GM = -1.98 dB, PM = -5.6 deg, w = 0.0022 rad/s
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Figure 6: PI control Bode diagram and margins.

Experimental tests were also conducted for the PI controller under Case
IT and Case III configurations, but only subject to the CVP intermediate
load conditions due to the long test durations. The experimental tests led
to a consistent outcome - the PI controller can result in stable closed-loop
responses for Case II, but becomes unstable for Case III. Detailed experi-
mental results and analysis can be found in [1]. The results clearly highlight

the following issues:

e The baseline PI control approach, which is commonly adopted by heat
pump controllers, can result in slow and even unstable responses when
a slowly responding thermostat is in place. Increasing the control gains
could speed up the response, but would reduce the stability margins.

A higher-order controller is needed, which is addressed in the following

22



Cooling rate (W)

10000 NoChamber-NoThermostat ' '
NoChamber-WithThermostat
9000 - WithChamber-WithThermostat ]
= = Load
8000 1 [ E
7000 b
6000 f N
\‘ \/
5000 - b
4000 ) &
n
3000 b
3 4 5 6 7 8
Time (s) x10*
Figure 7: PI control simulation results - cooling rate.
77 T T T T T
NoChamber-NoThermostat
NoChamber-WithThermostat
76 - WithChamber-WithThermostat
= = Setpoint
el L
-
o
=
=
& 74
@
o
5
s
72
71 1 Il L 1 1 Il
3 4 5 6 7 8
Time (s) x10*

Figure 8: PI control simulation results - temperature.

23



subsection.

e The load-based testing methodology with the thermostat placed in a
psychrometric chamber may mischaracterize a heat pump’s native con-
trol performance — the controller can result in unstable response in
a testing chamber, which may otherwise be stable in the field. The
load-based testing methodology should be modified to address this in-
consistency. Recommendations are provided in [1]. It is not a focus of

this study.

5.3. Pl and Lead Controller

The major problem of a PI controller for Cases II and III is that the
phase curves sag at high frequencies, leading to low or negative margins,
which limits the P gain allowed. Phase addition is needed to overcome this
problem and a lead control action is proposed to be used on top of the PI
controller - the integral control action is still required to reduce or eliminate
steady-state errors. A lead controller has the following transfer function:

S:!Z_l_l.

Cleag = ————:
lead S:!p+1

As shown in Figure 9, a lead controller contributes a peak phase addition of
¢, at frequency 'y, = p!p_!z, where @ = sin™ (( 1)=( +1)) and

= 1,=1,. A larger value of provides more phase addition and adds a
gain of 10log at the central frequency !,. However, an excessively large
setting of  may shift the gain crossover frequency to the right toward the

deep phase sagging region. This study used = 100, and set the central

frequency 1y, = 0:01 rad/s, higher than the target gain crossover frequency of
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0.005 rad /s to compensate for the phase sag for Case III. The final controller,

combining the PI and lead actions, has the following transfer function:

~ 84:55 +0:00845 1000s + 1

C :
S 10s+1

This PI+4lead controller is designed to provide stable and fast heat pump
control under Case II, which best represents a heat pump’s field operation.
However, the parameter is configured to offer a phase boost over a wide
frequency spectrum so that reasonable control performance could also be
achieved for Case III. Further, this design improves the control robustness

against model inaccuracies and unexpected disturbances.
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Figure 9: Lead controller Bode diagram.

5.3.1. Control Performance Analysis for Case Il

Figure 10 compares the Bode diagrams of the unity-feedback, PI, and
PI+lead controllers for Case II. It can be seen that the PI controller shifts

the magnitude curve to the right, significantly accelerating the closed-loop
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response compared to a unity-feedback controller. The PI controller results
in a lower phase, but only at low frequencies relative to the unity-feedback
controller. The phase margin of the PI controller is very low (9.1°), mainly as
a result of the gain crossover frequency being shifted to the right. The lead
control action more than doubles the gain crossover frequency compared to
the PI controller, leading to a further accelerated response (close to the target
response rate); more importantly, it boosts the phase margin significantly to
64°.

Figure 11 compares the simulation results of the different controllers for
Case II. The top subplot depicts the cooling rate delivered by the heat pump
under PI and Pl+lead controllers along with the cooling load. The bottom
subplot shows the variations of the indoor temperature and its setpoint. The
results verify that the PI4+lead controller results in a much faster response

while completely eliminating oscillations in the settling process.

5.3.2. Control Performance Analysis for Case Il

Figure 12 compares the Bode diagrams of the different controllers for Case
II1. As discussed in Section 5.2, inclusion of the chamber dynamics makes the
PI controller unstable with a negative phase margin. The lead control action
accelerates the system response while bringing the phase margin to a positive
level. However, the phase margin is significantly lower than that of Case II
and also lower than the target margin of 45°, caused by the inclusion of the
chamber dynamics. Since a phase margin is closely tied to the damping ratio,
the reduced margin in Case III results in an oscillatory closed-loop response
in the transient periods right after the step changes imposed on the setpoint

and load, as evident in Figure 13. However, the overall test performance is
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Unity: GM =77 dB, PM = 90 deg, w = 2e-6 rad/s
Pl: GM = 5.88 dB, PM = 9.1 deg, w = 0.0021 rad/s

. Pl+lead: GM = 27 dB, PM = 64 deg, w = 0.0046 rad/s
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Figure 10: Bode diagram of controllers for case II.

still satisfactory.

The PlI+lead controller is shown to provide a fast and stable response,
even for Case III with chamber dynamics involved. The controller is also able
to provide satisfactory temperature control performance, with maximum er-
rors below 0.3 °F, against setpoint adjustments and abrupt load changes.
However, some slow residual dynamics can be observed following major load
or temperature setpoint changes. This is caused by the “imperfect” cancel-
lation of a pair of closed-loop pole and zero that are very close to each other.
This issue can be mitigated by increasing the PI gains (especially the integral
gain). It is not pursued in this study since the comfort impact of the residual

dynamics is negligible.

27



10000 T T T T

8000 ]/_\/\/\

Pl+lead | |
Load

6000 - V\/\f\ (

4000 - LR~ JI_!;

TARTSNV NS

Cooling rate (W)

3 4 5 6 7 8
Time (s) «10%
7 T T T
— 76 Pl
%i Pl+lead
5 757 Setpoint
=
© 74
N
E 73 P
= 72+
71 L ! L L L !
3 4 5 6 7 8
Time (s) x10*

Figure 11: Comparison of controller performances for case II.

6. Building Virtual Load Model Impact

The analyses presented above are all based on the CVP load model. How-
ever, different building virtual load models can lead to differing closed-loop
responses for the same controller. Therefore, it is important to understand
the impact of different virtual load models on the control performance. To
this end, the above control analyses were repeated for the CSA load model,
and the analysis results are compared with the CVP case. Note that the CVP
virtual load model is a pure integrator, while the CSA virtual load model
has a full first-order transfer function. This leads to different magnitudes and
phase angles between the two models only at low frequency ranges, while at

intermediate or high frequencies, the two models have similar or identical
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Unity: GM = 69 dB, PM = 90 deg, w = 2e-6 rad/s
Pl: GM = -2 dB, PM = -5.6 deg, w = 0.0022 rad/s
Pl+lead: GM = 8 dB, PM = 30 deg, w = 0.0046 rad/s
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Figure 12: Bode diagram of controllers for case III.

dynamics.

Figure 14 compares the Bode diagrams and phase margins associated
with the two load models for the PI controller for Case II. It is clearly seen
that the magnitude and phase curves of the two load models overlap at high
frequencies but bifurcate when the frequency is reduced. If smaller control
gains were used, the CVP load model would result in faster response with
the magnitude curve above that of the CSA model. However, the CVP load
model involves a constant phase angle of -90° and thereby, results in a much
lower phase margin compared to the CSA model at low frequencies. For
the given PI controller, the gain crossover frequencies are almost the same,
and the associated phase margins differ by 5°, which is significant relative to

the small phase margin available at this low frequency. Figure 15 compares
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Figure 13: PI+lead control simulation results for case III.

the Bode diagrams and margins of the PI+lead controller for the two load
models. Since the lead control action results in an increased gain crossover
frequency, the difference in the phase margin between the two load models is
reduced to 2.3°. Also, since the absolute margin is significantly higher, the
relative margin difference between the two load models is even smaller. This
implies that the closed-loop control dynamics will be very similar across the
two load models under this fast-responding controller.

To better understand the different closed-loop responses associated with
the two load models, a multiplier is applied to the PI and PI+lead con-
trollers, i.e., C = Cpjor C = Cp|Cjeag, to achieve different gain crossover
frequency and evaluate the margin sensitivity. Figure 16 compares the phase

margins for the different control and load model scenarios for ranging from
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CVP: GM = 6.3 dB, PM =9.05 deg, w = 0.00213 rad/s
CSA: GM = 6.8 dB, PM = 14.2 deg, w = 0.00212 rad/s

100

-100

Magnitude (dB)

-200
-45

CvP

-90

-135
-180

Phase (deg)

-225

-270

10* 103 102 10°
Frequency (rad/s)

Figure 14: Comparison of PI control Bode diagrams between CSA and CVP load models
for case II.

0.1 to 10. It verifies that a faster-responding controller, e.g., the PI+4lead
controller with a higher gain crossover frequency, is less sensitive to the load

model compared to a slower-responding PI controller.

7. Experimental Tests of Proposed Controller

The proposed Pl+lead controller was implemented in a National Instru-
ments CRIO controller and tested with the same heat pump used for the
collection of the native control results presented in Section 2.2. The deter-
mined control actions, i.e., the compressor and blower speeds, were sent to
the unit’s onboard controller through the manufacturer-provided communi-
cation protocol. In this remote control mode, the original thermostat was
replaced by the proposed controller in the CRIO and thus could not be used

for temperature sensing. An emulated thermostat was utilized by feeding the
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CVP: GM = 27 dB, PM = 63.8 deg, w = 0.00464 rad/s
CSA: GM = 27 dB, PM = 66.1 deg, w = 0.00464 rad/s
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Figure 15: Comparison of PI+lead control Bode diagrams between CSA and CVP load
models for case II.
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Figure 16: Phase margins of different controllers under CSA and CVP load models for
case II.
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indoor temperature to the thermostat transfer function shown in Section 3.2,
and the emulated thermostat temperature was fed to the PI+lead controller.
To verify the impact of chamber dynamics on the closed-loop control perfor-
mance as discussed in Section 5.3, experimental tests were conducted for two
cases, one with the virtual indoor temperature and the other with the return
air temperature being fed to the thermostat emulator. The first case re-
sembles Case II by neglecting the chamber dynamics during control decision
making, while the latter resembles Case I1I with chamber dynamics affecting
the final control actions. To further demonstrate control performance under
fast load-changing conditions, the transitional periods were accelerated from
a 1°F/15-minute rate, specified by the CVP, to 1°F/3-minute, resulting in
steeper load transitions between intervals that can stress test a heat pump’s
load-following performance, with the benefit of reduced test duration. The

proposed Pl+lead controller was tested with the complete CVP cooling test.

7.1. Feedback Control With Virtual Indoor Temperature

Figure 17 presents the experimental test results for the case with the
virtual indoor temperature fed to the thermostat emulator. The controller
showed superior load-tracking capability throughout the CVP test, achieving
precise load matching throughout all load intervals and transitional periods
without overshoot or undershoot. The CVP load profile for the experimental
tests was slightly modified, mainly for the low-load interval. According to the
CVP, the sensible load during the low-load interval should be set to 103% of
the Fiow sensible capacity in override mode. However, when communicating
with the unit using the manufacturer-provided protocol, the indoor blower

speed could not be lowered to the Foy speed. Therefore, the Foy test was
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repeated using the minimum speeds allowed in the “remote” control mode
and the resultant sensible capacity was chosen as the low load in the CVP
test. The compressor and fan speeds were fully synchronized following the

same percentage speed setting generated by the controller.
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Figure 17: Test unit capacity and power for cooling CVP test under PI+lead controller
with virtual indoor tempearture input.

Fig. 18 shows the indoor and outdoor temperature variations in the
CVP test. Throughout the test, the indoor temperature was well regulated
within  0.3°F around the setpoint. This stable temperature control will
provide much improved indoor thermal comfort compared to the native con-
troller that had temperature fluctuations up to  2°F. The outdoor tem-
perature control achieved by the outdoor chamber’s reconditioning system
maintained compliance with the 1°F tolerance specified in the CVP for a

majority of the test duration. Occasional drifts outside the tolerance band
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Figure 18: Indoor and outdoor temperature dynamics for cooling CVP test under PI+4lead
controller with virtual indoor temperature input.

during transitional periods resulted from erratic electric heat control within
the psychrometric chamber’s reconditioning system, which employs electric
heaters comprised of two heating strips, each providing 50% of the nominal
heating capacity. The leading heat strip is modulated continuously with a
solid-state relay, while the second strip is only engaged when the heating
demand exceeds 50%. Delays in the activation of the secondary heating el-
ement produce discontinuous heating capacity transitions when the heating
demand crosses 50%, resulting in temperature spikes observed in the out-
door temperature. These outdoor chamber temperature excursions can be
easily addressed by retrofitting the chamber heater to enable continuous heat

modulation.
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7.2. Feedback Control With Return Air Temperature

The CVP test results with the return air temperature (RAT) as input
to the thermostat model are displayed in Figures 19 and 20. The test unit
cooling capacity followed the virtual building load well throughout the dy-
namic test, although with more fluctuations compared to the preceding case.
The delivered cooling capacity fluctuated within a 300 W band around
the load for the duration of the test, caused by the high control tempera-
ture fluctuation. Although the thermostat functions as a low-pass filter and
helps remove high-frequency noises, the lead action is sensitive to small vari-
ations in the control temperature caused by the feedback modulation of the
chamber’s reconditioning system, resulting in minor control chattering in the
closed-loop response. Similar to the previous case, the indoor temperature
stayed within ~ 0.3°F around the setpoint throughout the test, with a single
overshoot outside this bound at the beginning of the CVP test. This high
overshoot was caused by the significantly reduced phase margin when cham-
ber dynamics were in play (30° in Case III versus 64° in Case II). This is also
consistent with the simulation results presented in Section 5.3.

Although similar load tracking and temperature control performances
were observed (expected as the PI4lead controller was designed to accom-
modate both Cases II and III), the impact of chamber dynamics on the
closed-loop response can be better revealed when the thermostat temper-
ature and control actions of the two cases are compared in Figure 21. In
contrast to the smooth sensing temperature in the case with virtual indoor
temperature as the thermostat emulator input, using the RAT for thermostat

control resulted in small oscillations in the sensing temperature and, in turn,
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Figure 19: Test unit capacity and power for cooling CVP test under PI+lead controller
with RAT input.

the control action. In addition, the chamber dynamics led to some minor
delays in the sensing temperature and control actions.

The resultant oscillatory control actions for the compressor and fan speeds
disturbed the superheat control. Figure 22 compares the electronic expansion
valve (EXV) and superheat control behaviors between the two cases. The
EXV PI controller, designed in a previous study [34], showed satisfactory
superheat control performance for the case with the virtual indoor tempera-
ture as the thermostat emulator input. However, for the test with the RAT
used as the thermostat input, the superheat fluctuated significantly due to

the disturbance from the oscillatory compressor and fan speeds.
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Figure 20: Indoor and outdoor temperature dynamics for cooling CVP test under PI+4lead
controller with RAT input.

7.3. CSA Load Model Test With Feedback Control Using Virtual Indoor Tem-
perature

To verify the performance of the PI+lead controller under the CSA load
model discussed in Section 6, experimental tests were repeated following the
three load intervals in the CVP, but using the CSA equation to update the
virtual indoor temperature. To ensure fair comparisons, modifications were
made to the outdoor temperature profile to achieve consistent load ratios
across the three load intervals between the CVP and CSA tests. The design
outdoor balance point of 67°F was used for this test, and the balance point
was updated according to the instantaneous indoor temperature per the CSA
load model. The test was conducted using the virtual indoor temperature as

the thermostat emulator input.
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