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Abstract
Utilization of renewable energy resources, such as solar and wind, has seen rapid
growth on the power grid worldwide. To mitigate the adverse impact of these volatile
generation on the reliability of the power grid, fast balancing services are increasingly
procured by system operators from various resources, such as flexible air-conditioning
and space heating loads. Recent work of the authors has demonstrated technical feasibility and various benefits of using variable-speed vapor compression equipment for
two fast load balancing services, namely frequency regulation and solar photovoltaic
power smoothing. A major control issue was also identified in prior experimental
tests: the drastic changes of the compressor speed for fast load balancing have caused
severe superheat regulation issues including oscillations and even wet compression.
To this end, a gain-scheduled feedforward and proportional integral (PI) controller is
proposed and presented in this paper, which uses the real-time compressor speed in
determining compensating control actuation of the expansion valve to mitigate the
disturbance effect. Both simulation and experimental validations of the proposed control strategy were carried out with a 3-ton variable-speed heat pump. Test results have
shown that the proposed controller is effective in improving the superheat regulation
performance for three load balancing scenarios, i.e., compressor speed step changes,
frequency regulation and photovoltaic smoothing. The demonstrated performance
gains include fast post-disturbance recovery of the superheat with the settling time
∗ Corresponding

author. Tel.: +1 (405) 325-5390.
Email addresses: Haopeng.Liu-1@ou.edu (Haopeng Liu), jcai@ou.edu (Jie Cai)

Preprint submitted to Elsevier

August 8, 2021

shortened by 63% to 83%, complete avoidance of wet compression and enhanced transient energy efficiency.
Keywords: Fast ancillary services; superheat control; gain-scheduled feedforward
control; disturbance mitigation.

Nomenclature
Abbreviations
ANN

Artificial Neural Network

COP

Coefficient of Performance

EXV

Electronic Expansion Valve

HEV

Hybrid Expansion Valve

MIMO Multi-Input Multi-Output
OEM

Original Equipment Manufacturer

PI

Proportional Integral

PID

Proportional Integral Derivative

PJM

Pennsylvania–New Jersey–Maryland Interconnection

PV

Photovoltaic

SISO

Single-Input Single-Output

TXV

Thermostatic Expansion Valve

VCS

Vapor Compression System

Greek Numbers
𝛿

EXV opening (Step)
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𝛿𝐹

EXV opening from feedforward controller (Step)

𝜆, 𝛾

correlation parameters

𝜔

compressor speed (RPM)

𝜎

gain for feedforward controller

Other Symbols
𝐾𝑖

I gain for PI controller (Step/K/sec)

𝐾𝑝

P gain for PI controller (Step/K)

𝑇𝑐𝑎𝑖

condenser air inlet temperature (K)

𝑇𝑒𝑎𝑖

evaporator air inlet temperature (K)

𝑇𝑠ℎ,𝑒

superheat error (K)

𝑇𝑠ℎ,𝑚

measured superheat (K)

𝑇𝑠ℎ,𝑠

superheat setpoint (K)

𝑣𝑓

evaporator air flow rate (CFM)

1. Introduction
Increasing penetration of renewable energy resources, e.g., solar and wind, causes
challenges to sustain reliable and efficient operations of the electric grid. Driven by
the increased generation uncertainties, the power market has seen record demand for
procurement of fast ancillary services, e.g., frequency regulation. Vapor compressionbased loads, such as air conditioning and heat pump based space heating, consume
more than 20% of total electricity generation in the U.S. EIA (2021), and are recognized
as low-cost resources for grid reliability support. The use of vapor-compression systems (VCS) for ancillary services in various forms has been studied in recent years,
including frequency regulation (Cai and Braun, 2019), smoothing control of solar photovoltaic (PV) (Jiang et al., 2020), distribution voltage regulation (Elhefny et al., 2021),
etc.
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In provision of ancillary services, the compressor speed of a VCS is modulated
to follow a reference power signal sent by system operators, and depending on how
accurately the signal is followed, the resource can receive a payment for the services
offered. In typical fast ancillary services, the reference power signal can change drastically every few seconds which would require aggressive modulation of the compressor speed and could cause challenges in superheat regulation. It is widely known
that evaporator superheat affects both system efficiency and reliability. A low superheat can lead to control instability and occasional wet compression that may cause
catastrophic failure of the compressor. On the other hand, excessively high superheat
may result in low coefficient of performance (COP). Therefore, appropriate superheat
control is critical in achieving maximum system efficiency and reliable operation.
There is rich literature on control algorithm design of electronic expansion valve
(EXV) for evaporator superheat regulation. Proportional-integral-derivative (PID)
controllers are most commonly used for control of systems with moderate nonlinearity. To better handle plant nonlinearities, advanced control algorithms have been
proposed that adapt the control policy with variable operational conditions. For example, Outtagarts and Lallemand (1997) developed a PID controller with gain scheduling
for evaporator superheat control. The transfer function of the EXV-evaporator system
was established from experimental data in a simple form of first-order system subject
to time delays and a functional relationship was proposed to vary the proportional
integral (PI) gains with the evaporating temperature and compressor speed. Elliott
et al. (2009) and Elliott and Rasmussen (2010) proposed a new design and controller
of expansion valve that combines mechanical and electronic regulation mechanisms.
The new device, named hybrid expansion valve (HEV), consists of an inner control
loop relying on the diaphragm of a traditional thermostatic expansion valve (TXV)
to regulate evaporator pressure and an outer loop that adjusts the desired pressure
to control evaporator superheat. The pressure setpoint is adjusted by an additional
spring driven by a stepper motor. The claimed advantages of the HEV include less
actuation of the stepper motor and extremely fast response. The experimental results demonstrated the efficacy of the HEV in improving system stability compared
to traditional TXV and EXV. In Chen et al. (2005), the authors implemented a dual
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single-input single-output (SISO) control strategy for multi-evaporator air conditioners, to achieve individual room temperature control; the suction pressure is controlled
by the compressor speed to modulate the cooling capacity and the EXV openings are
controlled to regulate the room temperatures rather than superheat. A self-tuning
fuzzy control algorithm was incorporated to modify the control gains with variable
loads. Marcinichen et al. (2008) applied a similar dual SISO control strategy to regulate
the superheat and brine (secondary fluid) exit temperature, through modulating the
expansion valve opening and compressor speed, respectively. In Orhan et al. (2010),
three different control algorithms, namely PI, fuzzy logic and artificial neural network
(ANN), were compared for control of EXV and compressor speed of a chiller and the
ANN controller was shown to provide better superheat regulation against sudden
changes in load.
In the aforementioned work, superheat regulation was achieved by controlling the
expansion valve only in the context of SISO control and did not explicitly consider the
cross couplings between different control channels. Proper coordination between the
valve opening, compressor speed and fan speed can provide optimal superheat regulation performance and improve the system’s ability to withstand external disturbances.
Multi-input multi-output (MIMO) control techniques are readily available to serve this
purpose. He et al. (1997) presented a moving boundary model for characterizing the
dynamics of a VCS. The model was used in deriving transfer function matrices via linearization of the model at nominal operation points, and the relative gain array was
adopted to measure the interactions of different input-output pairs. The results revealed strong cross-couplings between inputs, such as valve opening and compressor
speed, and outputs including evaporating pressure and superheat, which indicate the
limitation of independent SISO control techniques. In a follow-on study by He et al.
(1998), a MIMO control strategy was developed for VCS to achieve more accurate load
matching and superheat regulation. The MIMO controller was implemented in a residential air conditioner and compared with the SISO control through experiments. The
results showed improved performance of the MIMO control in disturbance rejection
and response acceleration. In Rasmussen and Alleyne (2009), the authors proposed
a MIMO gain-scheduled control strategy to achieve desired cooling capacity while
5

ensuring an appropriate level of superheat. The obtained nonlinear controller calculates the control command as a weighted sum of the outputs of individual linear
controllers corresponding to different operating conditions, with the weights determined by the Youla parameterization method (Niemann and Stroustrup, 1999). The
above-mentioned MIMO controllers treat the compressor speed as a controllable input
rather than a disturbance and thus, cannot be directly used for disturbance mitigation
control, although the transfer function matrices obtained as part of MIMO controller
synthesis provide direct information of the disturbance effect.
Very few publications can be found addressing the disturbance effect of fluctuating compressor speed on superheat control. Somehow relevant, Michael et al. (2006)
proposed a superheat regulation strategy for automotive VCS that combines a feedforward controller and a traditional PI controller, to mitigate the disturbance effect
arising from the variation of engine speed of a vehicle. The feedforward transfer
function was devised for a nominal operation point and the performance at other
conditions was not discussed. The present study describes a PI plus gain-scheduled
feedforward controller with the feedforward gain calculated from measurable disturbances on the fly. The proposed approach can adapt to variable operating conditions
to provide tight superheat control during provision of fast balancing services, such
as frequency regulation and PV smoothing. Both simulation and experimental validation results are presented to demonstrate the control performance. To the authors’
knowledge, this is the first study reporting the superheat control issues caused by fast
load balancing control. This study makes a unique contribution on the development
of a mitigation control strategy that can reject the disturbance effect associated with
compressor speed changes under a wide range of operating conditions. The strategy
can be applied for fast load balancing control as well as other situations that involve
drastic compressor speed changes, e.g., automobile air-conditioning systems.

2. Superheat control issue
This section introduces the superheat control problem observed in previous experiments during provision of fast balancing services. This problem is illustrated through
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both experimental and simulation tests for a 3-ton variable-speed heat pump.
2.1. Overview of superheat control
TXV and EXV are the most commonly used refrigerant flow regulation devices to
maintain desired superheat. In a variable-speed VCS, superheat is typically controlled
with fast responding EXV, the opening of which is modulated through a stepper motor. There is a trade-off between efficiency and operational safety in the superheat setting: a high superheat results in larger safety margins for the compressor but comes
at the cost of lower energy efficiency. Appropriate superheat setpoints range from 5K
to 15K. Disturbances to superheat control include time-varying load and boundary
conditions. However, these disturbances typically involve slow dynamics and don’t
pose any control challenge.
2.2. Test unit and its dynamic model
The test unit is a split system consisting of an indoor unit, which houses an Ashaped indoor coil, an electronically communtated motor-driven supply fan and an
indoor EXV, and an outdoor unit that packages a scroll compressor and the outdoor
coil. The outdoor unit has been installed in a psychrometric chamber that reproduces
desired outdoor conditions, while the indoor unit is connected to an indoor load loop
to accommodate flexible load testing.
A schematic diagram of the sensing instrumentations for the test unit is shown
in Figure 1. The system consists of a single vapor compression circuit with R410A
as the working fluid. Sensors have been installed to measure key operation variables
such as pressures, temperatures and volumetric flow rates, etc. In Figure 1, letters ‘E’
and ‘C’ denote the sensors for the evaporator and condenser, respectively; ‘I’ and ‘O’
denote the inlet and outlet of a heat exchanger, respectively; ‘R’ and ‘A’ represent the
refrigerant- and air-side measurements. ‘T’ and ‘P’ represent the temperature measurement via thermocouples and pressure transducers, respectively. Detailed sensor
information and the corresponding uncertainties are presented in Table 1. Note that
the superheat is a derivative variable from the refrigerant pressure and temperature
measurements at the evaporator outlet and its uncertainty was calculated based on
7

the two sensor uncertainties in combination with CoolProp, which was used in estimation of the partial derivative of the saturated evaporation temperature with respect
to the evaporation pressure.

Figure 1: Sensor instrumentation diagram for the test unit.

Table 1: Sensor names and accuracies

Measurement point

Sensor name in

Uncertainties

Figure 1
Condensation &
evaporation pressures

CRO_P, LLO_P,
DIS_P, SUC_P,

±0.25%

ERO_P, ERI_P

Condensation &

CRO_T, DIS_T,

evaporation temperatures

ERO_T, SUC_T

Return/ supply air

CAI_T, EAI_T,

temperature

CAO_T, EAO_T

Evaporator airflow

-

Refrigerant flow

-

±0.5%

Superheat

-

±0.51◦ C

±0.5◦ C
±0.5◦ C
±2%

Figure 2 shows a schematic diagram of a superheat control test bed built for the
heat pump under study. A pressure sensor and a temperature sensor are installed
at the outlet of the evaporator for measurements of the evaporating pressure and
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outlet refrigerant temperature. The temperature/pressure readings are acquired by
a high-performance programmable logic controller, which runs the baseline and the
proposed control algorithms in generating a control command (0-10 VDC) to the EXV.
A stepper motor driver board is used to convert the control command to a pulse sequence for the stepper motor that drives the EXV to open or close.

Figure 2: Schematic diagram of VCS and its superheat control.

To facilitate control analysis and synthesis, a gray-box dynamic model was developed for the heat pump unit (Liu and Cai, 2021) using a three-stage model estimation procedure: (1) identification of component models for the evaporator, condenser,
compressor and expansion valve, from quasi-steady-state performance data, (2) system integration in which the total refrigerant charge is estimated and 3) fine tuning of
thermal capacitances of the heat exchangers to capture the system dynamic responses.
This modeling approach decouples the estimation of the steady-state component performances and the system transient behavior, with various benefits including reduced
computation load and enhanced model identifiability. The model was trained and validated with laboratory test data covering a wide range of operating conditions. All the
simulation results presented in subsequent sections were obtained using this model.
2.3. Baseline control results
Experimental tests were carried out using a traditional PI feedback controller to illustrate the superheat control issue, demonstrate the necessity of the proposed control
strategy and validate the accuracy of the established gray-box model. In the experiments, the setpoints for indoor/outdoor air temperatures assumed 295K and 305K,
9

respectively, while the evaporator air flow rate was fixed at 1400 CFM. The P/I gain
settings of the original equipment manufacturer (OEM) superheat controller were recovered through offline tests of the EXV: the superheat setpoint was perturbed in the
tests and the EXV control action by the OEM superheat controller was recorded along
with the superheat error; the obtained results were used in estimation of the P/I gains
of the OEM controller, which were determined to be approximately 2 (Step/K) and
0.01 (Step/K/sec), respectively. The estimated P/I gains were assumed for all the experimental and simulation tests reported in this study. To minimize mechanical wear
and tear of the EXV, the OEM superheat controller executes EXV control actuation
every 10 s and the same setting was used in the experiments.
Simulations were also carried out using the calibrated dynamic model, with a simulation time step of 0.05 s. The measured boundary conditions were fed into the simulation tests and the same control settings (e.g., PI gains, control execution time steps)
were used in order to evaluate the accuracy of the model compared to actual system
responses. Figure 3 shows the comparisons of superheat and EXV opening between
the experiment and simulation. In this experiment, all boundary conditions and control settings were maintained constant until time 1400 s when the compressor speed
was suddenly reduced from 3500 RPM to 1500 RPM. The experimental and simulation results show a good agreement. It can also be observed that the superheat (for
both experiment and simulation) drifted from the setpoint (10K) and dropped to 0K
following the compressor ramp-down, indicating the presence of wet compression,
which can cause damage and pre-mature failures of the compressor. The results show
that drastic change of compressor speed, which can occur frequently during provision of fast load balancing services, affect the superheat regulation, highlighting the
necessity of an improved control approach with better mitigation ability of dynamic
disturbances.
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Figure 3: Baseline superheat control results between experiment and simulation under PI control.

2.4. Causes of superheat control issues
As can be observed in the first subplot of Figure 3, the descent of the compressor
speed followed a constant ramp rate of approximately 60 RPM/s, although an immediate speed change command was sent to the unit. From the spec sheet of the compressor variable frequency drive, the default ramp rate for both upward and downward
ramping is 60 RPM/s but can be adjusted to up to 360 RPM/s through proprietary software. It has been confirmed through simulation tests that the superheat regulation
problem is severer with higher compressor ramp rates; when a ramp rate of less than
20 RPM/s is used, wet compression can be completely avoided with the traditional
PI controller, because a small ramp rate would allow adequate time for the feedback
controller to respond and take remedial actions. However, high ramp rates are always
preferred for fast load balancing services. For example, the dynamic frequency regulation service (RegD) is paid at a much higher price compared to the slow regulation
service (RegA); PV smoothing control also requires high ramp rates from mitigation
resources as solar irradiance can vary dramatically within a few seconds due to passing clouds.
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It is widely known that PI controllers are effective in rejecting disturbances with
slow variations. However, internal disturbances such as changes of compressor speed
can have an immediate effect on the superheat and therefore cannot be mitigated
by feedback controllers. In addition, PI controllers can take corrective actions only
after the process output (superheat) has drifted from the setpoint; the delay in the
reading of temperature sensors can exacerbate the superheat regulation problem (Xia
and Deng, 2016). This finding motivates the proposed feedforward + PI controller to
be discussed in the next section.

3. Gain-scheduled feedforward + PI control
3.1. Control architecture
As highlighted in the previous section, sudden changes of compressor speed can
disturb the superheat, and traditional feedback controller may not be able to maintain a positive superheat and thereby may jeopardize safe operation of a VCS. The
control stability issue is also partially due to the separate control loops used for the
EXV opening and compressor speed, which work well traditionally for a VCS subject
to slowly varying boundary conditions. However, for provision of fast ancillary services, the traditional approach fails and we propose a PI control strategy combined
with a feedforward action, that uses the real-time compressor speed available in a
VCS central controller to proactively compensate for its disturbance effect. In addition, the DC gain of the feedforward block is varied with the evaporator air flow rate
and temperature to further improve the superheat performance by accounting for the
disturbance effect of the slowly varying boundary conditions. All these disturbances
measured by the VCS central controller are used to adjust the EXV position to make
corrective actions before the superheat drifts too far away from its setpoint. The proposed gain-scheduled feedforward + PI controller has the following formulation
𝛿 (𝑛) = 𝐾𝑝𝑇𝑠ℎ,𝑒 (𝑛) + 𝐾𝑖

𝑛
Õ

𝑇𝑠ℎ,𝑒 (𝑖) + 𝛿 𝐹 (𝑛)

(1)

𝑖=1

where 𝛿 is the EXV opening in step (0 to 500 with a fully closed valve at 0 step and
fully open valve at 500 steps), 𝑛 indicates the 𝑛 th sampling time, 𝐾𝑝 and 𝐾𝑖 are the
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(discrete-time) P and I gains of the PI controller, respectively, and 𝑇𝑠ℎ,𝑒 is the error
between the measured superheat 𝑇𝑠ℎ,𝑚 and its setpoint 𝑇𝑠ℎ,𝑠 . The first two terms in
Equation 1 represent the proportional and integral actions of a traditional PI controller
(Franklin et al., 2015) while the third term, 𝛿 𝐹 , represents the proposed gain-scheduled
feedforward control action to compensate for the effect of drastic compressor speed
changes, which is calculated with
𝛿 𝐹 (𝑛) = 𝜎 (𝑛)

𝑛𝑢
Õ

𝜆𝑢,𝑖 𝜔 (𝑛 − 𝑖) +

𝑖=1

𝑛𝑦
Õ

!
𝜆𝑦,𝑖 𝛿 𝐹 (𝑛 − 𝑖)

(2)

𝑖=1

where 𝜎 is the gain for the feedforward action, which is adjusted based on the operating conditions; 𝑛𝑢 , 𝑛 𝑦 are the degrees of the numerator and denominator polynomials
in 𝑧 −1 of the feedforward transfer function; 𝜆 are the coefficients of the transfer function polynomials; 𝜔 is the compressor speed. The determination of the feedforward
gain and transfer function is discussed in the following subsections.
Figure 4 shows a block diagram of the proposed controller. The fast ancillary controller converts a reference power signal of a given ancillary service into a compressor
speed command. The variable compressor speed represents an external disturbance
to the evaporator superheat; the disturbance transfer function is denoted by 𝐺 (𝑠). The
response of superheat to the EXV opening is characterized by the plant transfer function 𝐻 (𝑠). The actual compressor speed, along with other influencing disturbances
such as evaporator air flow rate 𝑣 𝑓 and return air temperature 𝑇𝑒𝑎𝑖 , is fed to the feedforward controller, represented by the transfer function 𝐾 (𝑠).

Figure 4: Block diagram of the proposed feedforward + PI controller.
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3.2. Scheduling of feedforward gain
To accommodate the nonlinearity of a VCS, the feedforward control gain 𝜎 is
adapted with variations of measurable boundary conditions. To investigate an appropriate functional relationship between controller gain 𝜎 and operation conditions,
parametric dynamic simulations were conducted under the traditional PI control (without feedforward block). The simulations covered a pre-defined set of different combinations of boundary conditions, shown in Table 2, where the range of evaporator
air inlet temperature was selected based on the measured mixed air temperature in
an air-handling unit serving a campus building of University of Oklahoma over the
month of July 2020, and the outdoor air temperature range was based on ambient
temperature measurements of the same month for Oklahoma City. The temperature
upper and lower limits were determined as the 95 percentile of the respective measurements, rounded to the nearest multiple of 5K. The ranges of compressor speed and
evaporator air flow rate followed suggestions by the manufacturer of the test unit for
a design outdoor temperature of 308K. For each operating condition, a continuous
dynamic simulation was carried out sweeping through a sequence of step changes in
the compressor speed, from 3500 RPM to 1500 RPM with a 100 RPM increment. Each
compressor speed was held constant within a 20-min time window for the system
to reach steady state, in which the PI controller identified the new EXV opening to
maintain the desired 10K superheat. The obtained EXV step was recorded together
with all boundary conditions and compressor speeds, to be used for estimation of the
feedforward gains.
Table 2: Range of operating variables

Operating variables

Range

Evaporator air flow rate (CFM)

1000-1800

Compressor speed (RPM)

1500-3500

Evaporator air inlet temperature (K)

290-300

Outdoor air temperature (K)

295-310
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Figure 5: Variation of EXV step to achieve 10◦ K superheat with different compressor speed.

Example simulation results are depicted in Figure 5. It can be observed that for
each operating condition, the relationship between EXV opening and compressor
speed in achieving the same superheat is nearly linear, i.e., there is an approximately
constant change of EXV opening corresponding to each 100 RPM change of the compressor speed. The feedforward control gain 𝜎 should be set equal to the slope of the
EXV-compressor speed line, which clearly varies with the boundary conditions. The
results show that the slope is not sensitive to the outdoor temperature but is highly
dependent on the evaporator inlet air temperature and evaporator air flow rate. Therefore, the following functional relationship was developed to correlate the feedforward
control gain with these two boundary conditions:
𝜎 = 𝛾 1𝑣 𝑓 + 𝛾 2𝑇𝑒𝑎𝑖 + 𝛾 3𝑣 𝑓 · 𝑇𝑒𝑎𝑖 + 𝛾 4𝑣 2𝑓 + 𝛾 5

(3)

where 𝛾 1 to 𝛾 5 are the correlation coefficients. Figure 6 and Figure 7 show the curve fit
results. The scattered points correspond to the results from the parametric dynamic
simulations while the curves represent the predicted feedforward control gain using
the estimated model of Equation 3. The model exhibits a good agreement with the
simulation test results.
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Figure 6: Comparisons of feedforward gain with respect to evaporator air flow rate between the
correlation and simulation test results.

Figure 7: Comparisons of feedforward gain with respect to evaporator air inlet temperature between the
correlation and simulation test results.

3.3. Transfer function of the feedforward controller
As depicted in Figure 4, 𝐶 (𝑠), 𝐻 (𝑠) and 𝐺 (𝑠) represent the transfer functions of
the PI controller, the dynamics of superheat in response to EXV opening and the disturbance effect from compressor speed, respectively. The feedforward controller 𝐾 (𝑠)
should be designed to effectively eliminate the disturbance effect of the compressor
speed on the evaporator superheat, i.e., the following disturbance closed-loop transfer
function should be maintained small and close to 0
𝐾 (𝑠) · 𝐻 (𝑠) + 𝐺 (𝑠)
1 + 𝐶 (𝑠) · 𝐻 (𝑠)
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(4)

𝐺 (𝑠)
which can be satisfied with 𝐾 (𝑠) = − 𝐻
(𝑠) . It is clear that the plant and disturbance

transfer functions (𝐻 (𝑠) and 𝐺 (𝑠)) need to be estimated for the synthesis of the feedforward controller.
Open-loop step response simulation tests were conducted to facilitate identification of the disturbance transfer function 𝐺 (𝑠), with identical boundary conditions
shown in Table 2. Each test started with a 10-min warmup period for the system to
reach steady state; at the end of the warmup period, a step change was imposed on
the compressor speed while all other operating conditions, including the EXV opening, were held constant. Simulation results of example cases are depicted in Figure 8,
with the superheat response normalized to enable comparison across different operating conditions. It is evident that the normalized superheat response curves for the
different cases are almost overlapping, indicating the (normalized) disturbance transfer function 𝐺 0 (𝑠) is invariant with operating conditions. The results were used with
the aid of the Matlab System Identification toolbox Ljung (1999) in identifying the
following third-order transfer function for 𝐺 0 (𝑠)
𝐺 0 (𝑠) =

𝑠3

−5.634e−4𝑠 + 2.371e−4
+ 0.1635𝑠 2 + 0.01203𝑠 + 2.371e−4

(5)

The simulated response with the identified model is also plotted in Figure 8, which
shows very good agreement with the simulation results of the high-fidelity VCS model.

Figure 8: Comparison of normalized superheat responses to compressor speed step changes under
different boundary conditions.
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Figure 9: Comparison of normalized superheat responses to EXV opening step changes under different
boundary conditions.

Similar open-loop step response simulation tests were performed for identification
of the normalized plant transfer function 𝐻 0 (𝑠). In these simulations, step changes
were artificially injected to the EXV opening while other operating conditions were
maintained constant. Example simulation results are shown in Figure 9. It can be
observed that the evaporator air flow rate has the most significant impact on the
superheat response to EXV opening: the two response curves corresponding to the
evaporator airflow rate of 1800 CFM are almost overlapping, while the three alike
curves associated with the airflow rate of 1000 CFM show much slower responses
compared to the higher airflow cases. This is expected as the rate of heat propagation through the heat exchanger wall is highly dependent on the evaporator airflow
rate and this behavior is consistent with prior studies (e.g, Xia et al., 2019, Yan et al.,
2019). However, for a given boundary condition, the response curve is close to that of
a first order system (also consistent with previous work such as Rasmussen, 2012). An
average response curve was obtained from all simulated responses, which was used
in identification of the first order transfer function for 𝐻 0 (𝑠). The response of the
first-order surrogate model is shown in Figure 9 and the estimated transfer function
is:
𝐻 0 (𝑠) =

−1
47.3908𝑠 + 1

(6)

From Equation 4, the feedforward controller has a transfer function of 𝐾 (𝑠) = 𝜎𝐾 0 (𝑠)
18

where the unity-gain feedforward transfer function 𝐾 0 (𝑠) is
𝐾 0 (𝑠) = −

𝐺 0 (𝑠)
−0.0267𝑠 2 + 0.0106𝑠 + 2.371e−4
=
𝐻 0 (𝑠) 𝑠 3 + 0.1635𝑠 2 + 0.01203𝑠 + 2.371e−4

(7)

This continuous-time transfer function (𝑠 domain) was converted into the following
discrete-time transfer function (𝑧 domain, Fadali and Visioli, 2013)
𝐾 0 (𝑧) =

0.2196𝑧 −1 + 0.1568𝑧 −2 − 0.2705𝑧 −3
1 − 1.59𝑧 −1 + 0.8909𝑧 −2 − 0.195𝑧 −3

(8)

where 𝑧 −1 is a time shifting operator so the above discrete-time transfer function
recovers the time series formulation given in Equation 2.
4. Control performance validation
The proposed control approach was validated with both simulation and experimental tests. The simulation-based validation firstly evaluates the control performance under step changes of compressor speed, which represents the worse-case scenario with the most aggressive disturbance. Then Sections 4.1.2 and 4.1.3 present the
simulation-based assessments of the control performance under two representative
fast ancillary services, namely fast frequency regulation and PV smoothing. Section
4.2 presents the experimental validation results against step changes in compressor
speed.
4.1. Simulation-based validation
4.1.1. Mitigation of disturbance effect from step changes in compressor speed
The compressor speed undergoing a step change, either upward or downward,
between the speed upper and lower limits, presents a worst-case disturbance that a
VCS system can experience in terms of superheat regulation. Such drastic compressor
speed changes are not common in daily VCS operations (except during start-up and
shut-down) but could be frequently encountered in provision of fast ancillary services.
The proposed control strategy was firstly evaluated under this worst-case scenario to
validate the feasibility and potential limitations.
Two simulation tests, one for ramp-up and the other for ramp-down in compressor
speed, were carried out under representative boundary conditions, i.e., 𝑇𝑒𝑎𝑖 = 290K,
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𝑣 𝑓 = 1000 CFM and 𝑇𝑐𝑎𝑖 = 305K. The PI gain settings and the control time step were
identical to those in the baseline test presented in Section 2.3 to enable fair comparison. A ramp rate of 60 RPM/s was applied during these tests (same as baseline). For
the ramp-down test, the compressor speed was firstly operated at 3500 RPM until the
system reached a steady state; then a sudden ramp-down to 1500 RPM was injected
and the simulation continued until the superheat returned to its setpoint. The rampup test followed the same operation sequence except that the compressor speed was
changed in the opposite direction.
Figure 10 shows the ramp-down test results. The first subplot compares the variations of EXV opening under the baseline and the proposed controller, along with the
compressor speed profile, while the second subplot depicts the resultant superheat responses of the two controllers. It can be seen that after the sudden compressor speed
drop (3500→1500 RPM), the baseline PI controller had not much response until the
superheat control error built up, and it took a long time, almost 1000 s, for the integral
action to catch up and completely offset the disturbance effect. Because of the slow
response, the superheat under the traditional PI controller dropped to and remained
at 0K for several minutes before it eventually re-settled at the setpoint. This caused
wet compression lasting for a few minutes. In contrast, the feedforward action of the
proposed controller sensed the compressor speed drop and took counteracting control
actuation (close the valve) immediately so the superheat could be maintained positive
preventing harmful wet compression. A comparison of Figure 8 and Figure 9 reveals
that the superheat response to EXV opening is slightly slower than the response to
compressor speed changes. This difference is explicitly captured by the feedforward
controller 𝐾 (𝑠), which led to a slight over-compensation in the control action (see
first subplot of Figure 10) for maximum disturbance mitigation.
Figure 11 shows the compressor ramp-up test results. The compressor speed
ramp-up would cause the superheat to drift upwards, so wet compression is not a
concern in this case. After a sudden increase of the compressor speed (1500→3500
RPM), the superheat of the PI controller went through a significant overshoot and it
took a long time for it to come back to its setpoint. This superheat overshoot has reduced the system energy efficiency (coefficient of performance, or COP) as shown in
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the third subplot. Nevertheless, the proposed controller could take compensating actions against the sudden compressor speed increase and provided improved superheat
regulation performance with less fluctuation and higher overall COP.

Figure 10: Simulation results for the compressor speed ramp-down test.
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Figure 11: Simulation results for the compressor speed ramp-up test.

4.1.2. Disturbance rejection for frequency regulation
The power grid has seen record increase in renewable energy integration. Most
of the renewable energy resources, such as solar power and wind, are intermittent
and highly uncertain, which cause stresses on the power grid in matching real-time
power supply and demand and maintaining a stable power frequency. As one of ancillary services procured by system operators, frequency regulation aims to balance
the transmission system as it moves electricity from generating sources to consumers.
In a frequency regulation market, a regulation power signal, generated by the system
operator based on the area control error, is broadcast to the participating resources
every few seconds, as a means to steer the instantaneous power supply/demand up
or down to offset any power imbalances. If a resource is able to accurately follow the
regulation signal, a monetary credit can be earned. Frequency regulation can involve
very aggressive power modulation and thereby is regarded as one of the highest-value
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services (Zhou et al., 2016).
The Pennsylvania–New Jersey–Maryland Interconnection (PJM) market is most
favorable for demand-side regulation resources and thereby PJM test signals are used
for performance assessment in this study. The PJM dynamic regulation service (called
RegD) requires the most aggressive variation of the resource power, which is directly
related to the compressor speed for a VCS-type resource. Assuming the compressor
speed and power are linearly related, the RegD signal downloaded from PJM (2021)
website can be linearly projected to the operating range of compressor speed (1500
to 3500 RPM); this treatment eliminates the requirement of a frequency regulation
controller (practical VCS frequency regulation controllers can be found in Cai and
Braun, 2019).
Figure 12 shows the compressor speed input in the top subplot, the EXV steps
in the middle subplot, and the comparison of the simulated superheat in the bottom
subplot, under the traditional PI controller and the proposed controller for a PJM
RegD test. It can be observed that the superheat under the traditional PI controller
underwent significant fluctuations due to the aggressive compressor speed adjustment required by provision of RegD service. After a major RegD signal ramp-down
at time around 800 s, the superheat dropped to zero and the wet compression lasted
for approximately 4 minutes. The proposed controller was effective in mitigating this
oscillation and led to much improved regulation of the superheat around its setpoint
of 10K. More importantly, the proposed controller was successful in avoiding wet
compression throughout the entire simulation period.
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Figure 12: Simulation results under RegD frequency regulation.

4.1.3. Disturbance mitigation under PV smoothing
The increasing deployment of PV generation, especially those tied to the distribution grids, has caused reliability and stability concerns, due to 1) the misalignment of
the peak demand and renewable generation and 2) the uncertainty of power availability from solar resources. Frequency regulation can counteract the solar volatility on
a transmission level; but it cannot help solve and in some cases may even exacerbate
the distribution grid reliability issues caused by distributed PV generation. Numerous mitigation methods were thereby introduced to directly attenuate the aggressive
fluctuations of PV output, including the use of smart power inverters (Tonkoski et al.,
2010) and energy storage (Wang et al., 2014). Very recently, we have demonstrated the
technical feasibility of using variable-speed VCS to smooth on-site solar PV generation (Jiang et al., 2020). Various benefits of PV smoothing control to the distribution
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grid have been shown, including reduced variation of distribution voltage and reduced
operations of step voltage regulators.
Solar irradiance data of Kalaeloa, Hawaii for a summer day was downloaded from
the National Renewable Energy Laboratory Measurement and Instrumentation Data
Center website (NREL, 2021). The irradiance data was then converted to active power
output using the solar PV cell model (Jiang et al., 2020), which was used in this study
to validate the disturbance mitigation ability of the proposed controller under PV
smoothing. Similar to the frequency regulation case, the obtained PV power was normalized according to the upper (sunny) and lower (cloudy) limits and then linearly
projected to the operating range of compressor speed (1500 to 3500 RPM), for simplicity; practical PV smoothing control algorithms can be found in Jiang et al. (2020).
Figure 13 depicts the resultant compressor speed and the comparison of the simulated superheat under the baseline and proposed controllers for the PV smoothing
test. Compared to the frequency regulation service, PV smoothing requires more aggressive modulation of the compressor speed between the upper and lower limits, to
smooth out the net generation against passing clouds. It can be seen that the superheat under the traditional PI controller underwent very significant fluctuations and 4
wet compressions were experienced within this 40-min test period. The longest wet
compression occurred at around 1500 s after a sudden drop of PV power availability
and lasted for over 5 minutes. In contrast, the proposed controller could attenuate the
oscillation of superheat and successfully prevented wet compression throughout the
whole simulation period.
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Figure 13: Simulation results under PV smoothing test.

4.2. Experimental validation
The proposed control strategy was experimentally validated for the worst-case
scenario, i.e., the case with step changes in the compressor speed. To enable cross
comparison with simulation results, the boundary conditions and control settings
were kept the same as the simulation counterpart, described in Section 4.1.1, during
the experiments.
Figure 14 depicts the experimental results under a compressor speed ramp-down.
Similar behaviors were observed: the superheat under the conventional PI controller
dropped to and remained at 0K for several minutes after the sudden compressor speed
drop, while the superheat of the proposed controller was maintained positive, with
complete avoidance of wet compression, and came back to its setpoint much faster.
For the compressor ramp-up case shown in Figure 15, the superheat associated with
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the PI control underwent a significant overshoot and then slowly approached the
setpoint. This caused system efficiency degradation as shown in the third subplot. On
the other hand, the proposed controller could take immediate counteracting actions
resulting in much improved superheat regulation performance with less oscillations
and higher COP.
Although the general trends of the experimental results match those of the simulation test results presented in Section 4.1, small discrepancies can be noticed. Model
inaccuracy can be a major contributor as model calibration had been conducted more
than eight months prior to the experiments of this study, and system performance
degradation and sensor drifts may have occurred during this period. Communication
and control delays could also cause mismatch in the system dynamics. Despite of the
discrepancy, the obtained control performance is consistent.

Figure 14: Experimental results for compressor speed ramp-down test.
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Figure 15: Experimental results for compressor speed ramp-up test.

5. Conclusion and Discussion
Stable superheat regulation is crucial for safe and efficient operations of a VCS.
However, provision of fast load balancing services, the demand of which has seen fast
growth in recent years driven by the increased renewable energy deployment, creates
operational challenges for a VCS. This is the first study of its kind in reporting experimental evidence and developing a control strategy for mitigation of the disturbance
effect associated with provision of fast power ancillary services. The current paper
presented a new gain-scheduled feedforward + PI control strategy, which incorporates a feedforward mechanism to provide immediate compensating actions to offset
the disturbance effect. The proposed superheat control strategy was validated with
both simulations and experiments. The simulation validation included performance
assessments under three load balancing scenarios, namely, step ramp-up/-down of
compressor speed, fast frequency regulation and PV smoothing. Wet compression
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was present under the traditional PI control in all three numerical test cases, while
much improved superheat regulation performance was demonstrated with the proposed control approach, including complete avoidance of wet compression, fast return
to the setpoint and higher system efficiency. The experimental tests consolidated the
findings from the numerical studies and further proved the efficacy of the proposed
controller.
A previously developed high-fidelity dynamic VCS model was leveraged in this
study to facilitate design and validation of the improved superheat control strategy.
However, for practical control implementation, such a model is not required and the
proposed controller can be synthesized with the aid of system identification techniques along with historical operation data. To reduce the training data requirement,
the control structure could be simplified assuming a constant feedforward gain. This
simplified control structure was also evaluated as part of this study and was found
to be capable of eliminating wet compression for all the test cases, although its disturbance rejection performance was not as satisfactory as the full controller. Testing
results of the simplified controller are not presented due to space limitations. The
overall approach proposed in this study is applicable to general VCS including airconditioning, heat pump and refrigeration systems.
It should be noted that in addition to the reported superheat control issue, fast
load balancing control may cause other reliability impacts for VCS. Frequent modulation of the compressor speed could accelerate mechanical wear and tear, especially for
components with moving parts such as compressors and expansion valves. Thermal
and electrical cycling may cause degradation and even premature failures of electrical components, e.g., winding insulation of compressor motors. However, fast load
balancing control can improve oil circulation in a variable-speed VCS, especially at
low load conditions, since intermittent operations with high compressor speeds can
generate instantaneous thrust for the refrigerant to bring the oil back to the compressor. This study addressed the superheat control issue. The other reliability impacts
associated with fast balancing control should be investigated in future studies.
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