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Abstract
Distributed energy resources such as solar photovoltaic (PV) systems are seeing
significant expansion in power grids worldwide. However, serious system integration issues have arisen including voltage fluctuations and accelerated aging
of voltage regulation devices, when adopting mass amounts of volatile energy resources onto legacy distribution networks originally designed for unidirectional
power flow. Building heating, ventilation and air-conditioning (HVAC) systems,
collocated with the distributed generation, can be considered as flexible loads
due to the inherent building thermal inertia. HVAC systems can be proactively
controlled to improve voltage regulation of distribution networks with high PV
penetrations. This paper presents a smoothing solution that modulates HVAC
power in response to volatile PV generation as a means to mitigate fluctuations
in the net demand and generation. To demonstrate the effectiveness and evaluate performance gains, hardware-in-the-loop (HIL) tests were carried out using
a 3-ton variable-speed heat pump. The HIL tests leveraged a building thermal
dynamic model and a steady-state power flow model for a 33-bus distribution
network to capture realistic indoor thermal responses and distribution voltage
variations during PV smoothing control. Test results showed that the developed
strategy was effective in reducing variations of net demand and generation with
negligible impact on indoor comfort. More than 55% reductions of voltage fluc-
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tuation were achieved and tap operations of voltage regulators could be fully or
partially eliminated with proactive PV smoothing.

1. Introduction
The U.S. has seen significant growth in renewable energy installations in
recent years. As of 2018, 18% of all electricity in the U.S. was produced by
renewable resources. The growth of renewable generation will continue with
rapidly falling installation costs and as states are making efforts to pass renewable portfolio standards to diversify their energy resources, promote economic
development and reduce green-house gas emissions [1]. On May 9, 2018, the
California Energy Commission adopted standards and became the first state in
the U.S. that mandates PV panels in new houses built after Jan. 1, 2020 [2].
Although renewable energy plays a critical role in achieving a sustainable
energy eco-system, the increased deployment imposes significant challenges for
the power grid to maintain reliable and stable operation, due to the increased
variability in power generation. The widespread solar deployment has led to
“duck curve” effects in several power markets around the world, which is caused
by the timing imbalance between the peak demand and renewable generation
[3]. At sunset, the rapid drop of solar power on the grid causes a steep rise in
the net electricity demand. It is difficult for conventional generation assets to
provide the required ramping capacity within this short period of time. The
uncertainty of power output from renewable resources, such as solar and wind,
also cause reliability and power quality issues including voltage deviations outside regulatory limits, bidirectional power flows leading to protection system
maloperation and overloads, and harmonic distortion in the current and voltage
waveforms [4].
Renewable resources cause operational issues that involve dynamic behaviors
of the power system at various time scales ranging from microseconds to several
hours. The U.S. Department of Energy (DOE) has published results showing
the current power infrastructure in the California market needs to curtail at
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least 30% of solar generation when the annual energy contribution of renewable
resources reaches 20% [3]. To mitigate the adverse impact and increase the
hosting capacity of renewable resources on the electric grid, system operators
are actively seeking solutions to increase the grid power flexibility and inertia
[5]. In response to these system integration requirements, technologies are being
studied to attenuate the power output fluctuation of renewable resources [6].
Most of the technologies are targeted at variability mitigation of PV output,
which involves the most aggressive fluctuations.
Curtailment and dump load controls are effective in slowing down the upward
ramping of PV output when solar irradiance increases, by cutting the effective
energy output. The conventional curtailment strategy operates the system below the maximum power point (MPP) to limit the power output [7], while the
dump load control uses a resistor to consume and dump a portion of the available power to reduce power generation [8]. These solutions are straightforward
to implement but result in lower efficiency and reduced value of the asset. In
addition, the two strategies are only applicable for limiting upward ramping
and are not capable of reducing downward ramp rates. Dispatchable generation, such as diesel and natural gas generators, can be paired with PV and wind
resources to reduce the output variation by providing make-up power when the
renewable power drops [9]. However, such dispatchable generation assets are
usually slow and cannot be used for high-frequency ramp rate control.
Various forms of energy storage have been investigated for mitigation control of renewable generation, which all share a similar control logic: charge
the storage during overgeneration periods and discharge to meet the load when
the available renewable power is limited. The flywheel is a mechanical energy
storage device that works by maintaining a rotor speed to store the rotational
energy and has been used for PV smoothing control by taking advantage of its
high power-to-energy ratio [10]. However, flywheels have degraded performance
for long-term energy storage due to friction losses and are not suitable to use for
mild days with occasional power fluctuations. Compressed air energy storage
(CAES) is another mechanical storage device that has been used for PV ramp
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rate control [11]. Excess PV power can be used to compress and pressurize air
in a storage tank. During low PV output hours, the pressurized air is directed
to a turbine to generate power. Both the flywheel and CAES are mechanicalbased and have advantages including lower capital costs, longer life spans and
smaller environmental impact, especially when compared to electrochemical energy storage. However, their round-trip energy efficiency is lower in general,
ranging from 40% to 70%. Electrical energy storage such as supercapacitors
were recently explored for renewable mitigation control [12]. Supercapacitors
have superior life cycle performance and high power density, which makes them
good candidate for dynamic storage applications. However, material reliability
issues and high capital cost make them not commercially viable for large-scale
utility applications.
Electrochemical energy storage, such as batteries, is most widely studied and
used for renewable fluctuation suppression. Batteries offer fast response, reasonable upfront costs (compared to supercapacitors), and reliable performance.
A good number of strategies were proposed in the literature for control of battery charging/discharging for PV smoothing which share the same basic control
structure as shown in Figure 1. The controller applies a smoothing filter to
the raw PV generation (PP V ) to obtain a target power output that has much
reduced fluctuations. Both moving-average [13] and full term low-pass filters
[14] were proved effective for PV generation smoothing. The major drawback
of filter-based algorithms is the delayed estimation of the PV output midpoint
because of the memory effect. Filter-based control could also lead to fast battery degradation with aggressive charge/discharge actions. Ramp rate limiting
control, a special type of filter, is only concerned about the power output change
between consecutive time steps and attempts to limit the change within a given
threshold, e.g., 10% of rated PV capacity per minute set forth by the Puerto
Rico Electric Power Authority [15]. Compared to low-pass filter algorithms,
the ramp-rate control requires minimum computing and memory resources and
involves reduced battery energy throughput leading to lower round-trip energy
losses and improved life time [16]. However, the ramp-rate control solution typ4

ically requires greater battery sizes to prepare for both upward and downward
ramping. With the combination of ramp-rate control and inverter curtailment,
the battery size requirement can be cut by half where the upward PV ramping
can be bounded through power curtailment [17].

Figure 1: Smoothing control diagram using batteries.

More than 50% of solar power deployed in the U.S. is connected to distribution networks [5]. The volatility of PV power disturbs the operation of
power distribution networks, and its potential impact on distribution voltage
stability represents a major technical barrier for deeper renewable integration
[18, 19]. Traditional voltage control devices, such as on-load tap changers, shunt
capacitors and step voltage regulators (SVR), offer staged voltage modulation
of a distribution feeder through mechanical switches [20, 21]. Therefore, the
disturbance effect induced by distributed generation will lead to more frequent
operations and may cause pre-mature failures of these legacy regulation devices
[5, 18, 19]. In recent years, researchers proposed and investigated advanced voltage control methods to accommodate the ever-increasing renewable penetration.
The majority of these methods utilize the inverter four-quadrant switching functionality, such as active power capping [22, 23], Volt/Var optimization [24, 25],
active power management with electrical batteries (either dedicated [26] or inelectric-vehicle [27]) and coordinative control of multiple technologies [28]. High
upfront costs represent a major limiting factor for widespread deployment of
these advanced methods.
Buildings consume more than 74% of electricity in the U.S. [29] and can
act as a “virtual battery” to offer renewable energy smoothing and distribution
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voltage controls, by leveraging the inherent thermal storage associated with the
construction and indoor furniture. The building thermal loads, including refrigeration, space heating and cooling, account for approximately 50% of the total
building electrical loads and are flexible due to the vast thermal inertia. The
building envelope contributes a significant portion of the total thermal mass and
involves time constants ranging from a few hours to several days. The heating,
ventilation and air-conditioning (HVAC) system involves smaller storage capacity and faster response with time constants in the order of a few minutes. The
storage associated with HVAC equipment has higher depth of charge/discharge,
due to the proximity to cooling/heating sources. The integrated building thermal system offers storage capacity at a wide range of time scales and is an
ideal resource for both daily load scheduling to cope with the diurnal renewable
power variation and smoothing control to reduce high-frequency power fluctuation. Compared to other mitigation resources, building thermal systems have
the following advantages:
• Fast response: a majority of the power associated with building thermal
systems is consumed by electric motors which have fast power response to
speed changes [30];
• Low capital cost: almost all buildings have HVAC systems installed and
the cost to enable the smoothing control capability in existing equipment
is marginal compared to installation of new storage systems;
• No round-trip efficiency loss: charging and discharging a thermal system
involves no additional heat loss compared to normal operation, leading to
little to no opportunity costs for provision of smoothing control [31];
• Environment-friendly compared to batteries and fossil fuel plants, especially with the shift to low- or zero-GWP refrigerant.
This paper presents a smoothing control strategy for renewable generation
using building thermal systems. The smoothing solution is designed to pair with
solar PV applications but can be applied directly for variability mitigation of
6

other renewable resources. The strategy utilizes a quasi-steady-state heat pump
model, derived from either manufacturer performance data or field/laboratory
measurements, to determine the unit power flexibility on the fly, which is dictated by the base power and upward and downward ramping margins. The instantaneous PV output is monitored and projected onto the power modulation
range in determining a desired heat pump power level. A feedforward-feedback
controller is then used to vary the speed of the heat pump compressor to follow
the power setpoint. Experimental tests were carried out with a hardware-inthe-loop (HIL) testbed, which integrates a 3-ton heat pump (hardware) and numerical models for a representative building and a 33-bus distribution network
(software). Test results are reported including power tracking performance, distribution nodal voltage variations, voltage regulator operations and indoor comfort impact. The tests cover a range of building thermal load, PV penetration,
compressor ramp rate limit and voltage regulator setting. To the authors’ best
knowledge, this is the first attempt to use building thermal loads for mitigating
high-frequency fluctuation of renewable generation. Considering the significant
electrical energy consumption by buildings worldwide, the proposed technology
can leverage the vast untapped storage resources associated with building end
uses, helping mitigate the adverse impact and increase the hosting capacity of
renewable resources on the electric grid.
The paper is structured as follows. Section 2 introduces the smoothing
control methodology, which is comprised of multiple control blocks including
smoothing filter, power flexibility estimator, power tracking controller and zone
temperature regulation controller. Section 3 describes the HIL testing methodology, including the experimental setup and simulation models for the distribution network and buildings. Section 4 presents and discusses the key test
results. Concluding remarks are given in Section 5.
2. PV Smoothing Control Strategy
Figure 2 depicts the proposed overall PV smoothing control strategy for
variable-capacity HVAC systems. At each decision time step, the PV generation
7

and building thermal load need to be pre-conditioned to estimate the respective
base power, which is used to identify the HVAC power setpoint on the fly. The
control method consists of three major control modules: 1) a low-pass filter to
estimate the base PV power, a midpoint around which the actual PV output
fluctuates, 2) a HVAC power flexibility estimator that takes the instantaneous
cooling load and generates the upper/lower bounds for HVAC power modulation, and 3) a power tracking controller that modulates the compressor speed
to follow the identified power setpoint. The pre-conditioning step ensures energy neutrality in the compensating power so that the average building thermal
load can be met to maintain indoor comfort. The various control modules are
elaborated as follows.

Figure 2: Overall control diagram

2.1. PV smoothing filter
A moving-average filter is implemented to identify the midpoint of PV power
fluctuation during partly cloudy and partly sunny days. The difference between
the filter output and the instantaneous PV power, termed compensating power,
should ideally be offset by smoothing resources such as building thermal loads
in order to obtain a relatively smooth net generation/demand. In the experimental tests, a 30-minute time window and uniform weights were assumed in
the implemented moving-average filter. Figure 3 shows the raw and filtered PV
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power output, based on field power measurements from a 14 kW solar plant.
The 30-minute data used in the experiments is also highlighted.

Figure 3: Raw and filtered diurnal PV power.

2.2. Power flexibility estimator
HVAC systems are primarily designed to maintain indoor comfort, which
represents a major constraint in determining control actions for PV smoothing. Therefore, it is critical to develop a method to estimate the HVAC power
flexibility, dictated by the base power and the upper/lower limits. During PV
smoothing control, the HVAC power is modulated around the base level and
within the upper/lower limits to absorb excessive fluctuation of PV output. As
long as the modulation power is energy neutral with respect to the base power,
the average cooling effect and indoor temperature regulation performance would
not be impacted.
2.2.1. HVAC system model
The first task of the flexibility estimator is to identify the base compressor
speed and power at a given building load. A simplified quasi-steady-state model
was developed to capture the relationship between the cooling rate and AC
power, based on a compressor map and empirical correlations on temperature
differentials of the condenser and evaporator. The compressor map uses the
9

following 20-term correlations for compressor power (P) and cooling capacity
(Q) predictions:
P = cT
1x

(1)

Q = cT
2x

(2)

where c1 and c2 are the coefficient vectors, provided by the equipment manufacturer. The vector x is equal to [1, Te , Tc , R, Te Tc , Te R, Tc R, Te2 , Tc2 ,
R2 , Te Tc R, Te2 Tc , Te2 R, Te3 , Te Tc2 , Tc2 R, Tc3 , Te R2 , Tc R2 , R3 ]> , where R is the
compressor speed, and Te and Tc are the saturated evaporating and condensing
temperatures. The evaporating and condensing temperatures are intermediate
variables that vary with operating conditions such as the zone/return air temperature (Tz ) and outdoor temperature (To ). The air-to-refrigerant temperature
differentials, defined as
dTe = Tz − Te

(3)

dTc = Tc − To ,

(4)

drive the heat transfers on the evaporator and condenser, respectively. For
variable-capacity HVAC systems, the temperature differentials are highly dependent on boundary conditions (i.e., Tz and To ) and compressor speed. This
dependence can be approximated by the following linear correlations:
dTe = a0 + a1 To + a2 Tz + a3 R

(5)

dTc = b0 + b1 To + b2 Tz + b3 R

(6)

where the coefficients ai and bi can be estimated from system performance data.
In this study, offline experimental tests were carried out for the test unit covering
a wide range of operating conditions and linear regression was applied to obtain
the coefficient values from the experimental data. It should be noted that the
supply airflow could also impact the temperature differentials; this dependence
is neglected in the present study since the smoothing control strategy tends to
maintain a relatively constant airflow when appropriate power limits are used.
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Dehumidification is not considered since all tests were carried out under dry air
conditions (i.e., the sensible heat ratio is always equal to unity). Figures 4 and
5 compare the experimental and model prediction results. The model is in good
agreement with measurements for both cooling capacity and power predictions,
with relative errors less than 10% of a majority of the points.

Figure 4: HVAC power prediction performance.

The developed HVAC system model has an input-output form of
[P, Q] = HVAC(To , Tz , R).

(7)

Figure 6 shows the relationship between the cooling capacity and HVAC power
at Tz = 25◦ C and To = 35◦ C when the compressor speed varies in the full
range (35% to 100% of nominal speed). There is a clear one-to-one projection
between capacity and power, which allows easy conversion from one to the other
as needed in the flexibility estimator.
2.2.2. Flexibility estimator
The flexibility estimator is designed to predict the range of HVAC power
modulation for given load and boundary conditions (Tz and To ). Firstly, the
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Figure 5: HVAC cooling capacity prediction performance.

Figure 6: Variation of cooling capacity with compressor power, for Tz = 25◦ C and To = 35◦ C.

upper and lower bounds of cooling output need to be identified as
Qmin = HVAC(To , Tz , Rmin )

(8)

Qmax = HVAC(To , Tz , Rmax )

(9)

where Rmin and Rmax are the compressor speed lower and upper limits. For
the test unit, the lowest speed of the compressor is approximately 35% of the
nominal or maximum speed. For a given cooling load Q, the modulation margin
of the cooling capacity can be estimated as
∆Q = min(Qmax − Q, Q − Qmin )
12

and the upper and lower bounds for capacity modulation can be found as QU B =
Q+∆Q and QLB = Q−∆Q. During PV smoothing, the cooling capacity would
modulate with a midpoint equal to the load Q and ramp-up/-down margin equal
to ∆Q. These bounds dictate the thermal flexibility of the HVAC system. The
power flexibility, i.e., the corresponding upper and lower bounds (PU B and PLB )
of the compensating HVAC power, can be easily estimated using the HVAC
system model in Eq. (7), since the model gives a one-to-one mapping between
the power and cooling capacity. The base HVAC power is simply the arithmetic
average of the upper and lower bounds
Pbase =

PLB + PU B
2

Figures 7 and 8 depict the variations of thermal and power flexibilities of the
HVAC system under study, for different load levels and at boundary conditions
To = 35◦ C and Tz = 25◦ C. It can be seen that for extremely high or low load
conditions, the flexibility is reduced because the base compressor speed is closer
to its upper or lower bounds and the speed modulation margins are reduced,
which is attributed to the symmetric requirements for upward and downward
ramping. The flexibility peaks at intermediate load conditions with maximum
speed modulation margins.

Figure 7: The cooling capacity flexibility at different load levels.
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Figure 8: The power flexibility at different load levels.

2.3. Power tracking controller
The estimated power flexibility can be leveraged to identify the desired
HVAC power, which is set to the base HVAC power plus the PV compensating
power (Pcomp ) and must be bounded by the power modulation limits, i.e.,
Pdes = max min(Pbase + Pcomp , PU B ), PLB



(10)

A power tracking controller is designed to determine the compressor speed on
the fly in order to follow the desired power level Pdes . A feedforward-feedback
approach is adopted where a feedforward block estimates the compressor speed
needed to match the power setpoint value based on the HVAC model and a
feedback controller takes corrective control actions to compensate for model
inaccuracies. The tracking control diagram is shown in Figure 9.
The feedforward controller relies on the quasi-steady-state HVAC model described in Section 2.2.1 to obtain an approximate estimation of the compressor
speed for the given power setpoint value. This is achieved through a NewtonRaphson-based numerical solver that finds the target speed R for a given power
level P . This feedforward controller enables fast responses to sudden changes in
the power setpoint, which is an essential requirement for PV smoothing control
during partly cloudy and partly sunny days.
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Figure 9: Power tracking control diagram.

The feedback block is necessary to compensate for mismatches between
model predictions and actual system behaviors and to mitigate steady-state errors. A proportional-integral (PI) controller is used with PI gains tuned through
offline tests using the Ziegler-Nichols method. The sum of the feedback and feedforward control outputs is fed to a ramp rate filter, which enforces the ramp rate
limit before the control command is sent to the compressor variable frequency
drive (VFD).
2.4. Zone temperature control
The primary function of a HVAC system is to maintain desirable indoor
conditions. In provision of grid services, such as PV smoothing, the building
thermal load must be met by the HVAC equipment for satisfactory indoor temperature regulation. A PI-type feedback loop is used to monitor the actual zone
air temperature and vary the indoor fan speed to regulate the zone temperature
close to its setpoint. When the zone temperature goes beyond the setpoint, the
supply air flow delivered by the indoor blower will be increased to provide more
cooling to the indoor space; the reverse action will be taken when the temperature drops below the setpoint. The zone temperature control loop is designed
to cope with the building envelope dynamics, which are typically very slow and
could have time constants up to a week. As a consequence, the interactions
with other control loops are negligible.
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3. Testing Methodology
3.1. HIL experimental testing approach
Figure 10 shows the experimental test rig and the HIL testing methodology. The test unit is a 3-ton (10.5 kW) split heat pump, with variable-speed
drives for the compressor, supply and condenser fans. The outdoor unit is
placed in an environmental chamber which is used to reproduce desired outdoor
conditions (dry-bulb temperature and humidity). The environmental chamber
has dimensions 18’×15’×12’ (5.5m×4.6m×3.7m) and is built with 5” (0.13m)
thick polyurethane insulation panels. The chamber is served by a mediumtemperature refrigeration system and can accommodate psychrometic testing
of air-conditioning/heat pump units up to 12 ton (42 kW). The indoor airhandling unit is connected to an indoor environmental test loop that is able
to maintain specified indoor temperature and humidity. The test loop is made
of 21”×21” (0.53m×0.53m) square duct that has a total length of 30’ (9.1m)
and is instrumented with high accuracy flow station and temperature/humidity
sensors. A conditioning system, which is sized according to the thermal capacity of the outdoor chamber, is used to generate desired conditions in the
indoor test loop. A monitoring system is in place and major operating conditions are recorded, including the instantaneous air-side cooling rate and power
consumption of the compressor, supply and condenser fans.
In the HIL tests, the measured cooling effect is fed to the building thermostat model described in Section 3.2 and the zone temperature is predicted for
the next time step (1 second). The predicted temperature is sent to the indoor
loop controller which actuates the indoor conditioning system so that the return
temperature closely follows the predicted indoor temperature. The indoor temperature is also used for supply fan speed control. However, due to the small
variation in the simulated indoor temperature (see results in Section 4.6), the
supply fan speed was relatively constant in the experimental tests. This bidirectional feedback mechanism ensures the indoor unit experiences realistic indoor
environmental variations during PV smoothing control. The thermal HIL system also plays a critical role in evaluating any impact that PV smoothing may
16

have on indoor temperature regulation and comfort delivery. HVAC systems
are primarily operated to maintain indoor comfort and any negative impact on
comfort delivery will limit the technology’s acceptance among building owners/operators. The measured compressor (plus condenser fan) power draw is
fed to the power distribution network model presented in Section 3.3, which is
used to simulate nodal voltage variations. Since no feedback of power system
operation is involved, there is only unidirectional communications from the test
unit to the distribution network model. In the experimental tests, indoor fan
power was not used for PV smoothing since it was relatively constant and had
magnitudes much smaller than that of the outdoor unit.

Figure 10: Experimental test schematic.

The proposed control strategy was programmed in a National Instruments
CompactRIO controller using LabVIEW. The generated control command, i.e.,
the compressor speed, is communicated to the test unit via a proprietary communication protocol acquired from the manufacturer. The control signal is sent
to the unit and feedback information, such as actual compressor and condenser
fan speeds, is received by the NI controller every second.
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3.2. Building thermal model
The compressor power modulation required by the PV smoothing control
leads to fluctuations in the cooling effect delivered by the HVAC system and may
adversely impact indoor comfort. To accurately capture this effect, a lumped
capacitance building thermal model is implemented to emulate indoor environmental variations during PV smoothing.
Assuming time-invariant thermal parameters, a discrete-time model can be
obtained to calculate the zone temperature response for given cooling effect
delivered to the indoor space [31]
Cbld


Tz (t)
= U A To (t) − Tz (t) + Qint (t) − Q(t)
dt

(11)

where Cbld is the effective thermal capacitance of a building, U A is the overall
conductance between indoor and outdoor spaces, Qint is the internal heat gain
and Q is the instantaneous cooling delivered by the HVAC system. The building
thermal capacitance can be estimated based on a cyclic thermostat model
Cbld =

Qrate
8Nmax Tdb

(12)

where Qrate is the rated cooling capacity of the HVAC system. Tdb is the thermostat deadband and Nmax is the maximum compressor cycling rate per hour,
for a single-stage HVAC unit. These parameters assume Nmax = 3 cycles/hr
and Tdb = 0.56◦ C, based on results reported in a field study by Henderson
and Rengarajan [32]. The building thermal capacitance is derived from field
measurements in a dozen of residential houses that were served by single-speed
HVAC systems. However, it captures typical building thermal inertia and can
be used to analyze representative indoor environmental responses for any type
of HVAC equipment. The building overall thermal conductance U A is estimated
as
UA =

Qrate
1
fos TOD − Tbal,D

where fos is the HVAC equipment oversizing factor (assuming a value of 1.2 in
this study), TOD is the design outdoor temperature (set to 35◦ C) and Tbal,D is
the balance point outdoor temperature (19.4◦ C) (see [33] for modeling details).
18

3.3. Power distribution network model
The smoothing control strategy can bring a variety of benefits to the electric
grid. One of the performance improvements is in voltage regulation for distribution networks having high PV penetrations. Voltage variation caused by
renewable variability has been recognized as one of the main barriers for deep
integration of distributed generation into low- and medium- voltage distribution networks [19, 34]. The proposed smoothing strategy aims to reduce the
variability of net demand/generation, which will consequentially stabilize the
distribution voltage and minimize the adverse impact of renewable resources on
the life time of legacy voltage regulation devices. To quantify this benefit, a
power flow model for the IEEE 33-bus test distribution network, depicted in
Figure 11, is adapted and utilized to analyze nodal voltage variations with and
without PV smoothing. The distribution network model is implemented using
MATPOWER in MATLAB [35] and values of model parameters can be found
in [36].

Figure 11: 33-bus low-voltage distribution network

3.3.1. PV integration on distribution network
For simplicity, it is assumed that solar PV panels are installed across all
buses in the distribution network with identical penetration levels. The PV
penetration at a distribution node is defined as the ratio of the total nameplate
19

capacity of solar PV systems to the nominal apparent load of the bus. Only
real power is assumed to be injected by the PV panels. Measured solar power
output from a 14 kW PV system is applied to all the buses (see Figure 3) but
scaled appropriately to the nominal PV sizes. Therefore, the solar power fluctuations across the different buses are all synchronized and the test performance
presented in this paper corresponds to the worst case scenario without considering geometrical averaging effect. An actual distribution network at the same
PV penetration level would experience smaller disturbance due to the averaging
effect among a large number of PV panels in the service territory.
3.3.2. Step voltage regulator
As shown in Figure 11, a step voltage regulator (SVR) is assumed to be
installed between buses 5 and 6 to compensate for voltage drops along the radial
distribution line. A SVR is an autotransformer that can vary the turns ratio
through automatic tap changing to achieve voltage regulation. For conventional
grid operation with no or low PV penetrations, SVRs work along with onload tap changers and/or capacitor banks to regulate voltage on a distribution
network against diurnal load variations. Figure 12 compares the voltage profiles
along the feeder with and without SVR, at the nominal load conditions and
without PV integration. It can be seen that without SVR, the voltage of the
buses at the far end of the feeder would drop below 0.95 p.u. and violate
the ANSI C84.1 Standard [37]. The SVR installed after bus 5 can boost the
voltage of downstream buses to be in compliance with the standard. It may be
noted that the SVR secondary voltage is typically set at a slightly higher value,
e.g., 1.05 p.u., to compensate for large voltage drops in a long radial network.
However, the tests conducted in this study assumed a setpoint of 1 p.u. at bus
6 to prevent overvoltage issues due to distributed PV penetration.
Growing installations of solar PV generators in distribution systems may
cause frequent variations of distribution voltage and overstress voltage regulation devices [38]. To quantify this impact and capture potential benefits of the
proposed PV smoothing solution on operations of voltage regulation devices,
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a SVR installed in the middle of the feeder is considered. Most utility SVRs
are able to modulate the output (secondary) voltage in the range of 90% to
110% of the input (primary) voltage. This regulation is usually accomplished
in 32 discrete steps so that each step would result in 0.625% or 0.75 V voltage
change on a standard 120 VAC base. The 32 steps are equally divided between
-10% and +10% so there are 16 steps each for voltage boost and reduction. In
this study, the SVR is operated to maintain the secondary voltage (of bus 6)
within a prescribed deadband through adjusting the tap position. Two different
deadband settings, i.e., ±0.625% (±0.75 V) and ±1.6% (±2 V), are simulated
to evaluate the impact on operation behaviors. Most SVR controllers apply a
time delay to prevent too frequent tap operations; a tap position change is only
executed when the voltage stays out of the deadband for a minimum duration.
A time delay setting of 30 seconds is assumed in this study [18, 38].

Figure 12: Feeder voltage profiles with nominal load and without PV.

3.3.3. Load characteristics
To simplify the overall analysis, commercial load characteristics are assumed
for all the buses. Figure 13 shows an example load profile for a peak summer day
of a small office building located in Oklahoma City. This load profile was generated with the DOE prototypical building model using EnergyPlus, a whole
building energy simulation tool developed and maintained by the DOE [39].
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HVAC loads are regarded as the major flexible loads and all other electrical end
consumers, e.g., lighting, computers etc., are assumed to be non-controllable;
non-HVAC appliances together contribute approximately 47% of the total building peak load for this specific case. Therefore, it is assumed in the PV smoothing
analysis that only 53% of the nodal peak power is consumed by HVAC equipment and used as the main flexible resource. The power consumed by the test
unit during the experimental tests is scaled to the nominal power capacities
of the various buses in a synchronized manner. This allows assessment of the
effectiveness when the smoothing solution is adopted by all buildings connected
to the distribution network. The same (nominal) power factor is applied for
HVAC and non-HVAC loads.

Figure 13: Diurnal electrical demand of a typical commercial building.

4. Results and Discussions
A number of parametric tests were undertaken to understand the sensitivity
of control performance under different operation settings. The parameters and
the tested values are shown in Table 1. The tests covered two voltage regulator
deadbands, three compressor speed ramp rate limits, two PV penetration levels
and three building load ratios.
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Table 1: Test parameter values

SVR deadband (p.u.)
Compressor ramp limit (RPM/s)
PV penetration
Cooling load ratio

Test cases
0.00625, 0.016
120, 240, 360
50%, 100%
60%, 70%, 80%

4.1. Power tracking performance
An upper limit for the motor speed ramp rate was imposed to protect the
motor from overstress. This limit determines how fast a compressor can respond
to a speed command and thus can directly impact the power tracking performance. A higher ramp rate limit can enable faster speed and power responses
but may overstress the motor and lead to premature failures. The VFD for the
test unit has a reconfigurable parameter for the maximum ramp rate, which is
defaulted at 120 RPM/s and has the highest allowable value of 360 RPM/s. The
authors confirmed with the compressor manufacturer that the products passed
reliability tests for different ramp rates in the range without noticeable impact
on the compressor lifespan. Experimental tests were carried out for three ramp
rate limits: 120 RPM/s, 240 RPM/s and 360 RPM/s. The test results are
shown in Figure 14. The target power was generated by the control strategy
discussed in Section 2. The compressor speed command was determined by the
feedback-feedforward controller elaborated in Section 2.3 and sent to the compressor VFD control board. The same control settings were used in the three
tests with the only difference being the VFD ramp rate limit. As expected, the
ramp rate limit of 360 RPM/s resulted in the best tracking performance, while
significant delays in control actions could be observed in the case with a ramp
rate limit of 120 RPM/s. The results presented in the remainder of the paper
were all obtained under a ramp rate limit of 360 RPM/s.
Figures 15 and 16 compare the power variations with and without PV
smoothing control at node 6, for a load ratio (αld ) of 70% and a PV penetration level (αP V ) of 50%. The outermost profile is the total building electrical
demand, including both controllable (HVAC) and non-controllable power uses.
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Figure 14: Power tracking results at different ramp rate limits.

In these plots, the HVAC power collected in the experiments was scaled according to the bus nominal load. The yellow shaded areas correspond to PV
power generation and the net demand is highlighted by blue shaded areas. For
the baseline case without PV smoothing, the building demand was relatively
constant, leading to a highly fluctuating net demand because of the volatile PV
power output. The PV smoothing controller varied the compressor speed in
sync with the instantaneous solar power and was able to effectively reduce the
variation of the net demand. A few spikes were present in the net demand,
which were mainly caused by the communication delays (1 second) and limited
ramp rate of the compressor speed. With PV smoothing, the standard deviation
of the net demand was reduced from 0.012 MW to 0.0035 MW compared to the
base case without PV smoothing.
4.2. Impact on distribution voltage regulation
Figure 17 compares variations of the voltage at bus 6 with and without
PV smoothing. To eliminate the influence of SVR tap operations on the nodal
voltage, the SVR was temporarily removed for this analysis. With suppressed
fluctuations in net demand, the nodal voltage variation is significantly reduced
using the PV smoothing strategy. Figure 18 shows comparative histograms of
the bus 6 voltage for the two cases. Two voltage clusters existed associated
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Figure 15: Power variations at node 6 with PV smoothing, αld =70% and αP V = 50%.

Figure 16: Power variations at node 6 without PV smoothing, αld =70% and αP V = 50%.

with the rising and falling of the solar power. Without PV smoothing, the two
clusters centered at 0.966 p.u. and 0.982 p.u., respectively. The smoothing
strategy was able to shorten the distance between the two clusters, with the
voltage standard deviation reduced from 0.0072 p.u. to 0.0032 p.u. Only bus 6
voltage is presented here since it has a direct impact on the voltage regulator
operations, which will be discussed in the following sections. Buses further
downstream of the network would see even greater voltage fluctuations driven
by solar volatility.
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Figure 17: Comparison of bus 6 voltage for cases with and without PV smoothing; αld =70%,
αP V = 50% and no SVRs. Standard deviations (STDs) are 0.0072 p.u. and 0.0032 p.u. for
cases without and with PV smoothing.

Figure 18: Histograms of bus 6 voltage; αld =70%, αP V = 50% and no SVRs.

4.3. Impact on SVR operations
The SVR is operated to maintain the secondary voltage, i.e., voltage at bus
6, within a prescribed deadband [20]. Fluctuations of the control voltage could
trigger frequent SVR tap operations, which may accelerate aging of the tap
changer and cause premature failures [18]. SVR tap operation control sequences
were simulated as part of the distribution network model described in Section
3.3. Figure 19 depicts the variations of the SVR secondary voltage and Figure 20
shows the tap operations for cases with and without proactive PV smoothing.
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These simulations assumed a voltage deadband of 0.00625 p.u. It should be
noted that results during the simulation initialization period are not presented.
At the beginning of the simulation, the tap changer stepped up from an initial
position (zero) to a point where the resultant voltage fell within the deadband.
It can be observed that with PV smoothing, the voltage was maintained well
inside the deadband and no tap position change was executed. A few voltage
excursions were present, but they did not trigger any tap operations because
the duration was all shorter than the delay setting, i.e., 30 seconds. For the
base case without PV smoothing, the voltage drifted out of the deadband for
prolonged periods of time, which triggered 10 tap operations in total for the
30-minute test period.

Figure 19: Bus 6 voltage variations for αld =70%, αP V = 50% and SVR deadband=0.00625p.u.
Voltage STDs are 0.0065 p.u. and 0.0052 p.u. for cases without and with PV smoothing.

The SVR tap operations are highly dependent on the deadband setting.
A tighter deadband can provide better regulation, especially for downstream
buses far away from the SVR, but may lead to frequent tap operations. On
the other hand, a wider deadband reduces the frequency of tap changes but
could result in nodal voltage floating out of acceptable ranges [18]. Figures 21
and 22 compare the voltage variations at bus 6 and the SVR tap operations for
deadbands of 0.00625 p.u. and 0.016 p.u., both without PV smoothing. With
a relaxed deadband setting of 0.016 p.u., the SVR secondary voltage stayed
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Figure 20: VR tap position changes for αld =70%, αP V = 50% and SVR deadband=0.00625p.u.

within the deadband even without proactive PV smoothing, resulting in no tap
operations during the test period. Therefore, PV smoothing would not make
any difference in terms of SVR operations for this specific case with a 50% PV
penetration; however, the benefit of voltage improvement still existed. For cases
with high PV penetrations, the SVR control behaviors could be altered significantly and this will be discussed in Section 4.4. Reduced tap operations with a
relaxed deadband setting may come at a cost of deteriorated voltage regulation
performance. Figure 23 compares the bus 33 (farthest node on the network)
voltage variations for the two deadband settings. It can be seen that the voltage fluctuation at bus 33 has a magnitude almost twice of the fluctuation at
bus 6. Thus, using a larger deadband may lead to voltage violations of regulatory limits (e.g., the ±5% threshold set forth by ANSI C84.1 [37]), especially
for long radial networks with high PV penetrations. However, PV smoothing
could ensure consistent voltage regulation performance along the feeder even
with relaxed SVR deadband settings. Figure 23 shows that when the 0.016 p.u.
deadband was used in combination with PV smoothing, the voltage variation
was even smaller than the results obtained with a 0.00625 p.u. deadband setting
(without PV smoothing).
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Figure 21: Bus 6 voltage variations under two deadband settings; αld =70%, αP V = 50% and
without PV smoothing. Voltage STDs are 0.0065 p.u. and 0.0082 p.u. for SVR deadbands of
0.00625 p.u. and 0.016 p.u.

Figure 22: VR tap position changes under two deadband settings; αld =70%, αP V = 50% and
without PV smoothing.

4.4. Impact of PV penetrations on voltage regulation
PV penetration levels directly affect the magnitude of voltage fluctuations
on the distribution network [34]. It was shown in the preceding section that a
50% penetration level would not cause any SVR tap changes when a 0.016 p.u.
deadband setting was used, even without PV smoothing. Simulations were also
carried out for a case with 100% PV penetration to evaluate the influence of
PV penetration levels on voltage regulation performance. Figure 24 compares
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Figure 23: Bus 33 voltage variations under two deadband settings; αld =70%, αP V = 50%.
Voltage STDs are 0.0094 p.u., 0.012 p.u. and 0.0064 p.u. for blue, red and orange curves.

the SVR secondary voltage variations for 50% and 100% penetrations, assuming
a voltage deadband of 0.016 p.u. It can be seen that without PV smoothing,
doubling the PV size resulted in the secondary voltage drifting outside the
deadband and a few tap changes were undertaken to bring the voltage back into
range. Figure 24 also shows the SVR secondary voltage behaviors when PV
smoothing was enabled. The PV smoothing solution was able to maintain the
voltage within the deadband without any need for tap operations, as can be
seen in Figure 25.
4.5. Impact of building load on voltage regulation
As illustrated in Figure 8, the smoothing capacity varies significantly with
the instantaneous building load. For excessively high or low load conditions,
the available smoothing capacity is limited due to reduced margins to the speed
upper/lower bounds (see Section 2.2.2 for detailed explanations). Experimental
tests were conducted for three load levels, i.e., αld = 60%, 70% and 80%, and
the resultant net demand profiles at bus 6 are depicted in Figure 26. It can be
observed that the smoothing capacities were similar for load ratios of 60% and
70%. At 80% load ratio, the smoothing capacity was much reduced, leading
to a greater magnitude of fluctuation in the net demand. As a consequence,
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Figure 24: Bus 6 voltage variations with and without PV smoothing, at different PV penetration levels and with αld =70%. Voltage STDs are 0.012 p.u., 0.0098 p.u. and 0.0082 p.u.
for blue, red and black curves.

Figure 25: Tap operations with and without PV smoothing; αld =70%, αP V = 100% and SVR
deadband = 0.016p.u.

the voltage drifted out of the deadband, even after PV smoothing, for a few
occasions which triggered tap position changes, as can be seen in Figures 27
and 28. With load ratios of 60% and 70%, the PV smoothing was able to
maintain the voltage in range without any tap operations. The pattern of power
flexibility variation with the building load is consistent with results reported in
prior studies such as [31] and [40].
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Figure 26: Net demand of bus 6 at different load conditions, with PV smoothing, αP V = 50%
and SVR deadband = 0.00625p.u.

Figure 27: VR tap operations at different load conditions, with PV smoothing, αP V = 50%
and SVR deadband = 0.00625p.u.

4.6. Comfort impact from thermal HIL tests
Thermal HIL test results are presented in this section to analyze the potential impact of PV smoothing on indoor temperature regulation. The (air-side)
cooling rate delivered by the AC unit was measured in real time and fed to the
lumped load model described in Section 3.2. The zone temperature was simulated and used as the return air temperature setpoint for the indoor control
loop. Figure 29 depicts the cooling rate variation and compressor power for a
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Figure 28: Bus 6 voltage at different load conditions, with PV smoothing, αP V = 50% and
SVR deadband = 0.00625p.u. Voltage STDs are 0.0058 p.u., 0.0052 p.u. and 0.0051 p.u. for
load ratios of 80%, 70% and 60%.

test with a load ratio of 70% and compressor ramp rate limit of 360 RPM/s.
Driven by the compressor speed modulation, the cooling rate moved up and
down around the load line. The cooling rate had damped fluctuations relative
to the compressor power, which was attributed to the thermal inertia associated
with the fin-tube evaporator and condenser coils in the heat pump. Figure 30
shows the resultant indoor temperature variation. The temperature deviation
from the setpoint (25◦ C) was within 0.2◦ C, due to a combined thermal buffering effect of the building construction and HVAC equipment. This proves that
PV smoothing has negligible impact on indoor comfort, even at the maximum
smoothing capacity.
Table 2: Tap operations for different test scenarios.

0.00625 DB,
αP V =50%

αld =70%

αld =60%
αld =70%
αld =80%
0.00625 DB
αP V =50%
0.016 DB
0.00625 DB
αP V =100%
0.016 DB
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Num. of tap operations
No PV-SC W/ PV-SC
8
0
7
0
6
3
7
0
0
0
9
6
5
0

Figure 29: Variations of cooling capacity and compressor power for a test with αld =70% and
compressor ramp rate limit of 360 RPM/s.

Figure 30: Indoor air temperature

4.7. Discussion
Distribution voltage variations and SVR tap operations are highly dependent on the load pattern, compressor speed ramp limit, PV penetration levels
and SVR deadband settings. The thermal load determines the smoothing capacity while the compressor speed limit influences the power tracking accuracy.
PV penetration and SVR dead band only affect distribution voltage variations,
which are related to benefits that PV smoothing can provide; but they have no
direct effect on PV smoothing performance. The impact of PV smoothing on
distribution voltage stability varies significantly. Table 2 summarizes the tap
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operations during the 30-minute test period for all test scenarios. With significantly mitigated voltage fluctuations, the PV smoothing strategy was able to
reduce or even fully eliminate tap operations for all cases. For extreme load
conditions and for cases with high PV penetrations but tight SVR deadband
settings, tap position changes were present but effectively reduced with the
PV smoothing control strategy. This is due to the combined effect of reduced
smoothing capacity from HVAC equipment and more significant disturbance
effect from volatile PV output. HVAC power flexibility was shown to vary with
the building cooling load; at excessively high or low load levels, the smoothing
capacity is reduced due to smaller margins to the compressor speed limits. To
achieve consistent power flexibility, building load scheduling techniques, through
dynamic zone temperature reset, can be leveraged to optimally shape the load
profile [41].
The PV smoothing strategy was proved to be effective in mitigating the
variations of net demand and voltage caused by solar power volatility. However,
spiky tracking errors existed during sudden changes of solar power, due to the
hardware limits of compressor ramp rate imposed by manufacturers. This analysis assumed the solar power generation at all buses follows exactly the same
trajectory, which was extracted from power measurements in a 14 kW solar
generator. For actual distribution networks with distributed solar generation,
variation of the total solar power is expected to be smoother with geographical
averaging and better power tracking performance would be expected [42, 43].
In addition, the PV smoothing can be combined with advanced inverter control
features to achieve improved voltage regulation performance. When solar power
increases suddenly, curtailment control can be leveraged to reduce the upward
ramping requirement of the compressor [23]. During sharp drop of solar irradiance, reactive power can be injected to boost the nodal voltages [24]. These
control features could potentially be implemented within either the PV inverter
or the compressor VFD.
This feasibility study assumed identical control behaviors and did not consider diverse and random load patterns across the different buildings connected
35

to a distribution network. As a result, the compressor speed limits between
40% and 100% have led to reduced power flexibility. For low load conditions, a
variable-capacity HVAC system would cycle on (at minimum compressor speed
of 40%) and off to meet the load and would not be able to provide any continuous smoothing capacity. However, HVAC units serving different buildings can
coordinate the on/off cycles to offer semi-continuous power modulation [44].
This could recover the flexibility loss caused by the speed limits and provide
greater smoothing capacities.
5. Conclusions
This paper presented an entirely new approach to photovoltaic power injection smoothing through a novel control strategy utilizing building thermal
equipment. For the first time, a control strategy that modulates the compressor speed through a variable speed drive to follow the instantaneous solar power
output was demonstrated to reduce the variation of the net demand/generation.
Hardware-in-the-loop tests were carried out with a 3-ton heat pump inside environmental chambers to experimentally verify and validate the control strategy.
The testing approach integrated a 33-bus distribution network model and a
lumped building load model in order to evaluate the impacts on distribution
voltage and indoor comfort. Test results showed that the proposed smoothing
strategy could effectively reduce the variations of net demand and nodal voltage
with negligible indoor comfort impact. Major benefits offered by the technology include reduction in duty cycles and prolonged service life of legacy voltage
regulation equipment.
The proposed strategy is applicable to air-conditioning/heat pump systems
with variable capacity control, which are widely used in medium to large-sized
commercial buildings. This type of system serves almost half of the total commercial building floor space in the U.S. Its market share is growing in both the
residential and commercial sectors, mainly driven by the increasingly stringent
efficiency standards and a higher demand for improved indoor comfort delivery.
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Nomenclature
αld

Load ratio

αP V

PV penetration level

∆Q

Modulation margin of the cooling capacity

x

Compressor map input vector

ai ,bi ,c1 ,c2 Model coefficients
Cbld

Effective thermal capacitance of a building

dTc

Air-to-refrigerant temperature differential in condenser

dTe

Air-to-refrigerant temperature differential in evaporator

fos

HVAC equipment oversizing factor

Nmax Maximum compressor cycling rate per hour
P

HVAC power

Pbase

Base HVAC power

Pcomp PV compensating power
Pdes

Desired HVAC power

PP V

Raw PV generation

PU B(LB) Upper (lower) bound of the compensating HVAC power
Q

HVAC cooling capacity

Qint

Internal heat gain

Qrate

HVAC rated cooling capacity

R

Compressor speed

Rmin(max) Compressor speed lower (upper) limit
Tc

Saturated condensing temperature

Te

Saturated evaporating temperature

To

Outdoor temperature

Tz

Zone/return air temperature

Tbal,D Balance point outdoor temperature
Tdb

Thermostat deadband

TOD

Design outdoor temperature

UA

Overall conductance between indoor and outdoor spaces
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CAES Compressed air energy storage
DOE

The U.S. Department of Energy

HIL

Hardware-in- the-loop

HVAC Heating, ventilation and air-conditioning
MPP

Maximum power point

PI

Proportional integral

PV

Solar photovoltaic

SVR

Step voltage regulator

VFD

Variable frequency drive
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