Duty Cycle for Low Energy Operation of a Personal Conditioning
Device

Rohit Dhumane Jiazhen Ling Vikrant Aute Reinhard Radermacher

Center for Environmental Energy Engineering, University of Maryland, College Park, 4164 Glenn L. Martin Hall
Bldg., MD 20742, USA

{dhumane, jiazhen,vikrant, raderm}@umd.edu

Abstract

The Roving Comforter (RoCo) is an innovative personal
thermal management technology that provides ultimate
personal thermal comfort for individuals in inadequately
or even unconditioned environments. It is a miniature heat
pump system mounted on a robotic platform capable of
autonomously following individuals to deliver comfort by
directing hot or cold air through automatically controlled
nozzles. This allows buildings to relax their thermostats
up to 4°F (2.2°C), leading to energy savings anywhere be-
tween 10 to 30% depending on climatic conditions. Since
RoCo is a portable device, it needs to be operated on bat-
tery. A smaller battery pack will require frequent charging
making it inconvenient for the users, while a bigger battery
pack will add to the weight of the device leading to higher
power consumption during motion. To address this prob-
lem, a multi-physics model for the operation that incorpo-
rates thermodynamics, electricity and mechanics of RoCo
is developed and two duty cycles analyzed. Strategies for
the operation of RoCo are provided from the observations
of results.
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1 Introduction

Climate change and global warming have been hot top-
ics of discussion over past few decades. The greenhouse
gas emission from human activities has lead to disrup-
tion of several natural systems leading to rising sea-levels,
increased ground instability in mountains and change in
seasonal winds. The United Nations IPCC has identified
the building industry as the one with the most climate
mitigation potential (Intergovernmental Panel on Climate
Change Fourth Assessment, 2007).

Building Heating, Ventilation and Air Conditioning
(HVAC) account for 13% of energy consumption in
the United States (United States Department of Energy,
2011). Much of this energy goes into maintaining narrow
indoor temperature ranges that building operators consider
necessary for comfort but are really not necessary for oc-
cupant comfort (Zhang et al., 2011).

Hoyt et al. (2015) demonstrated the potential of energy
savings from extending thermostat set-points in the build-
ing. They concluded that if it were possible to relax the
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Figure 1. Current prototype of RoCo

temperature range in either the hot or cold direction, to-
tal HVAC energy is reduced at a rate of 10% per °C. To
enable expansion of building set-point temperatures, it is
necessary to provide supplementary Personal Condition-
ing System (PCS) operating at significantly lower energy
consumption.

PCS offer dual benefits of energy saving and increased
comfort. As a result, several PCS have been developed
and are summarized in the review articles by Zhang et al.
(2015) and Vesely and Zeiler (2014). However, except
for the desk and ceiling fans, they are not commercially
available. This can be attributed to a variety of factors
unique to the designs like poor thermal performance, low
energy efficiency, high cost and poor aesthetics. To ad-
dress these issues and to achieve the benefits of PCS, an
innovative robotic personal conditioning device called the
Roving Comforter (RoCo) shown in Figure 1, is being de-
veloped (Du et al., 2016).

2 System Description

In technical terms, RoCo is a vapor compression system
mounted on an autonomous robotic platform and deliver-
ing comfort by directing hot or cold air using its automat-
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Figure 2. Conceptual representation of RoCo in operation

Thermosiphon System
Recharging Mode

Condenser

Charging
Port (@A
—D8t—

P

eceiver

ically controlled nozzles. It is a heat pump on wheels.

RoCo stores its condenser heat in a compact phase
change material based thermal storage which needs to be
recharged before its next cooling operation. Thus RoCo
operates in two modes and it is necessary to size the bat-
tery to deliver multiple operating cycles. Figure 2 shows
the schematic of the two alternating modes of RoCo. The
left schematic in Figure 2 shows the onboard vapor com-
pression system using R134a as the refrigerant. The cool-
ing operation is terminated when the PCM surrounding
the condenser is completely melted. Before the next cool-
ing operation, there is a need to re-solidify the PCM.
This PCM recharge is achieved by a gravity assisted ther-
mosiphon operation. Details of this recharge operation
and its modeling are discussed in Dhumane et al. (2016).

The current prototype has separate battery packs for its
robotic platform and vapor compression system. For the
new prototype, a single unified battery pack is desired. An
innovative nozzle design which permits nozzle rotation us-
ing motors in both horizontal and vertical plane is being
developed for the new prototype. To understand various
power draws for a single unified battery pack a duty cycle,
representative of a worst-case operation of the new RoCo
prototypes incorporating all the modifications is conceptu-
alized. Simulations are carried out for the operation of var-
ious components to come up with strategies for increased
the battery operation time.

3 Component Modeling

The model for the current simulation is shown in Figure 3.
The top portion of the model contains components for
modeling the vapor compression cycle. The compressor
pumps the refrigerant in the circuit. A non-adiabatic tube
element accounts for heat losses from the refrigerant be-
tween the compressor and the condenser. The condenser
consists of inlet and outlet headers, and four refrigerant
tubes immersed in PCM (See Figure 2 to understand the
tube layout). The headers are modeled by lumped refriger-

ant control volumes. The four refrigerant circuits formed
by each of the refrigerant tube immersed in the PCM are
assumed to be symmetric. To avoid computational ex-
pense, only one of these refrigerant circuits is modeled.
Flow splitter and flow mixer components are used to ac-
complish this. The splitter component divides the refrig-
erant mass flow rate into four equal parts and the mixer
merges it back to resume the original mass flow rate for
the next component in the refrigerant circuit. The PCM
blocks interact with the refrigerant control volume using
the HeatPort interface. The refrigerant then flows through
receiver, valve and evaporator before reaching the compressor.
Component models for refrigerant tube connecting various com-
ponents are also included.

The bottom left portion contains the battery model and a
power load component. The latter needs power draw as an input.
The components which draw current from the battery are Com-
pressor, fan, nozzle, robotic platform and on-board electronics.
The power consumption from all of them is added and provided
as input for the power load component. It then determines the
current draw from the battery. This section discusses equations
involved in calculating the power consumption from all these
components.

3.1 Vapor Compression System Components

RoCo is a heat pump on wheels and detailed modeling for vapor
compression cycle is carried out using components from CEEE
Modelica Library (CML) (Qiao et al., 2015). Compo-
nents used from the library are compressor, evaporator, pipe, re-
ceiver and fixed orifice expansion device.

3.2 Phase Change Material Heat Exchanger

The condenser consists of helical refrigerant tubes surrounded
by the phase change material (PCM). The PCM melting is a
complex phenomenon due to the fact that the solid-liquid bound-
ary moves depending on the rate of heat transfer and hence its
position with time forms part of the solution. The rate of heat
transfer varies progressively during the melting due to varying
effects of conduction and natural convection. It decreases in at
early times, attains a minimum, then rises again to a maximum
and subsequently decreases (Sparrow et al., 1977). The helical
nature of the refrigerant tube further increases the complexity by
making the problem 3D. Due to strong non-linear nature of the
problem, a simple 2D problem of melting in a square cavity may
take several days on a personal computer (Wang et al., 2010). Fi-
nally, the two-phase refrigerant circuit exchanging heat with the
PCM adds difficulty in convergence.

The model used in the current work is a trade-off for accu-
racy, complexity and usability. The PCM block is taken as a
lumped control volume to eliminate the momentum equation.
Two components are used to model PCM: PCMConductor
and PCMCapacitor which are PCM analogous versions
of HeatCapacitor and ThermalConductor from the
Thermal package of Modelica Standard Library.
Temperature transforming model by Cao and Faghri (1990) is
used to model the energy equation since it also captures temper-
ature glide over melting without much oscillatory effects. A heat
transfer coefficient vs melt fraction profile based on the various
heat transfer regimes discussed in Sparrow et al. (1977) is used
and fitted to match experimental data.
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Figure 3. Schematic of System Model for RoCo.

3.2.1 PCM Capacitor

The PCM Capacitor block includes a HeatPort and models
the heat storage of PCM. The equations for temperature trans-
forming model use scaled temperature (7* [K]) as input. It is
defined as:

T =T-T, 1)
where T, [K] is the mid-point of the temperature glide and T
[K] is the lumped PCM temperature. The specific enthalpy (h
[J kg_1 ]) is calculated by:

h=c(T"+5) 2)
The specific heat capacity (¢ [Tkg~! K~!]) and the source term
(s [K]) are defined as:

Cs, T* < 6T
_ s+
c=<¢ L[+25T’ —8T <T*< 8T 3)
cy, T > 6T

where, 67 [K] is the temperature range over which the PCM

melts.

The if-else loops are implemented using NoEvent operator as
shown below for the specific heat capacity block.

oT,
¢55T+ sl7

if T <oT

T > 8T )

if noEvent (T_star < -deltaT) then
c c_s;
elseif noEvent (T_star <= deltaT)

then

c = (c_s + c_1)/2 + h_sl/(2xdeltaT);
else

c = c_1;
end if;

The melt fraction (1) of PCM is calculated from its enthalpy
value as:

h
A = max(0,min(1, —)
hy

(&)

where ; [Jkg~!]is the enthalpy at the point where the PCM just
turns liquid. The equation is simplified because of the fact that
the enthalpy scale is defined as zero for the point where the PCM
starts to melt. The melt fraction is made available for the PCM
capacitor block through the RealOutput interface.

3.2.2 PCM Conductor

PCM Conductor block connects the refrigerant control volume
of the condenser to the PCM Capacitor block. It extends
Modelica.Thermal.HeatTransfer.Interfaces.
Element 1D block and provides for the heat flow, which is cal-
culated using CombiTablelD fitted function for heat transfer
coefficient as a function of melt fraction. The RealInput
interface is used to obtain melt fraction input from PCM
Capacitor.

Table 1 contains the anchor points given to the CombiTable
block used as input for the normalized heat transfer coefficient
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as a function of melt fraction. The constant value used to mul-
tiply the normalized function to obtain heat transfer coefficient
(HTC)is 116 Wm?K~!. These numbers are obtained by match-
ing the condenser pressure from simulation to the experiment
since there are no correlations to capture the behavior in litera-
ture. Pal and Joshi (2001) discusses the heat transfer variation
in the four regimes captured by Table 1. The initial heat transfer
occurs in a conduction dominated regime. Then there is a reduc-
tion in heat transfer coefficient with the appearance of small melt
layer because the velocity of the liquid PCM due to buoyancy
force is low. The melting then progresses to a convection domi-
nated regime where the velocity of liquid PCM increases causing
a higher rate of heat transfer. Finally, the magnitude of velocity
decreases as the temperature in the molten PCM becomes more
uniform with time due to natural convection stirring, leading to
reduced buoyancy force for convection.

Table 1. Input table for PCM Conductor block.

Melt Fraction Normalized HTC
0 1
0.2 0.9
0.4 1
0.7 0.9
1 0.8

3.3 Battery

Battery modeling is necessary to reduce the total weight and
cost, which are critical parameters in the design of RoCo. Accu-
rate prediction of the state of charge (SOC) of the battery is es-
sential to determine how long the battery will last with a typical
user case scenario. The battery capacity should be sufficient to
run the whole cooling operation with charging and discharging
operations without entering regions of overcharging and over-
discharging for longer operation.

There are a variety of methods for mathematical model-
ing of the battery which vary in complexity, computational re-
quirements and reliability of the prediction. The models based
on electrochemical principles which model first-principle phe-
nomena require significant computational resources and detailed
datasets for input (Marco et al., 2015). Equivalent circuit mod-
els have a good trade-off between exactness, complexity and us-
ability while still providing some insights into the battery state
(Einhorn et al., 2011b). As a result, the equivalent circuit ap-
proach is used for the current research. Modeling for the bat-
tery is carried out using the Electrical Energy Storage Library
(Einhorn et al., 2011a). The battery pack is modeled using the
model LinearDynamicImpedance from the battery stack
sub-package.

The battery model in the library involves modeling a single
cell as an effective resistance capacitor [R-C] circuit. By taking
inputs of the number of cells in series and number of cells in
parallel of the battery, the behavior of the battery can be modeled
by appropriate scaling of the cell model.

The state of charge of a cell (SOC) is calculated as:

SOC = SOC, — % (6)

where, AQ [C] is the charge removed and C [C] is the capacity
of the cell. SOCy [C] is the initial state of charge of the cell.

Figure 4. Free Body Diagram for Robotic platform

The model provides inputs for modeling the capacity of the cell,
resistances and capacitances as variables using parameters for
calendaric aging and aging due to cycling. The charge removed
from the battery is calculated as shown in Equation (7).

AQ:iAvdt Q)

Various components are available to model different types of
loads in the circuit, which determines the current / [A]. For
the present study, the component SignalPower is used. This
component takes power draw as input and creates loads on the
battery accordingly.

3.4 Platform

The power consumption from the motion of Robotic plat-
form is estimated from first-principles based approach used by
(Gonullu, 2013). The free body diagram of the platform is
shown in Figure 4. The total force required for motion (F; [N]) is
the sum of gravitational force acting along the incline (F, [N]),
the drag force by the air (F; [N]), the force to overcome friction
(Fr [N]) and the force required to produce acceleration (F, [N]).

Fi = Fy+Fy+ Fp+F, )

Since the platform operates at speeds of around 1 ms~!, the
drag force (Fy;) can be neglected. If m [kg] is the total mass of
RoCo, g [ms~2] the acceleration due to gravity, the remaining

30

28 e
E 26
(5]
g2
S 2

20
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Time [min]
—Simulation --Experiment

Figure 5. Comparison of simulation results to experimental for
the battery discharge test
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forces can be calculated as:

F, =mgsin(a) )
Fy= frmg cos(a) (10)
F,=ma (1)

Finally, the net power for the motion of the platform (P [W])
is obtained as:

P=Fyv (12)
where v [ms~!] is the velocity of the platform.

Typical variations in the motion are changes in velocity, mo-
tion over different surfaces and on surfaces with different in-
clinations. A TimeTable block for each of acceleration (a
[ms™2]), rolling friction resistance of surface (f,) and inclina-
tion angle of surface with horizontal () is used to capture these
variations in the motion.

3.5 Fan

The fan operates continuously during the op-
eration of RoCo and can be modeled by
Modelica.Blocks.Sources.Constant. The power

measured from the experiment is given as input. The power
draw from on-board electronics is also constant and is lumped
together with the fan power.

3.6 Nozzle

The stationary nozzle modeled in Figure 1 can be housed with
two motors to rotate it along horizontal and vertical direc-
tions. The power consumed by the rotary nozzle is taken
as the maximum power draw of two DC motors used for its
motion. The transient power draw from the nozzle is given
by Modelica.Blocks.Sources.TimeTable block. The
nozzle is assumed to move continuously for a period of 10 sec-
onds, for every S5-minute interval.

4 System Model

The screenshot for the system model is shown in Figure 3. The
inputs for various components are discussed in this section. The
displacement volume and RPM for the compressor are provided
from manufacturer’s data. The efficiency is adjusted to match
the power consumption measured from experiment (Du et al.,
2016). For pressure drop calculations, values are calculated us-
ing various correlations (McAdams et al., 1942; Friedel, 1979;
Lockhart and Martinelli, 1949; Miiller-Steinhagen and Heck,
1986) and nominal values selected based on the range calculated
from them. For refrigerant heat transfer coefficient, single phase
heat transfer coefficients are evaluated using Dittus and Boel-
ter (1985) correlation. Two phase heat transfer coefficient in
the evaporator is evaluated using Shah (1982) correlation. Con-
denser consists of helical coils inside the PCM. The single phase
liquid only heat transfer coefficient is calculated using Schmidt
(1967) correlation to be used as input to Shah (2016) correlation
for two phase heat transfer coefficient calculation. The air side
heat transfer coefficients are calculated using Wang et al. (2000).

The battery used in the prototype shown in Figure 1 consists
of 21 cells, consisting of 3 parallel lines of 7 cells of Samsung
ICR18650-26F in series (7s3p). Its capacity is 7.8 Ah. Ob-
taining the input parameters for battery requires results from ex-
tensive battery testing carried out primarily to obtain parameters
for the model which were not available in open literature. To

1
0
0 20 40 60 80 100 120
Time [min] VCC
0
0 20 40 60 80 100 120
Time [min] —Nozzle
1
0
0 20 40 .60 0 100 120
Time [min] ~ —Robotic Platform

Figure 6. Typical operation of RoCo with VCC always ON

address this, the resistance and capacitance values for the model
are taken from Muenzel et al. (2015) for Sanyo UR18650FM
since it has similar cell capacity and initial internal impedance as
Samsung ICR18650-26F. These two parameters are most
important for modeling overall battery performance as can be
seen from results of Einhorn et al. (2011b). For accurate predic-
tion of battery performance, a battery discharge test is conducted
using a constant power drawing circuit. The power draw of this
circuit is selected to be similar to that of RoCo during a steady
operation. The SOC vs OCV (Open Circuit Voltage) table is
modified in the model to match the experimental discharge pro-
file. The comparison of voltage discharge profile of simulation
and experimental case is shown in Figure 5.

The weight of the system applied to the platform is taken to
be 30 kg. RoCo is assumed to be moving upwards a slope with
10° incline. The coefficient of rolling friction is taken to be 0.05
which applies for poor condition stone paving to represent the
worst conditions.

Two duty cycles are considered for the operation. The logic
for the operation of various power draw sources in a two hour
time duration is shown in Figure 6 and Figure 7. In the first
one, the fan and compressor continue to operate for the whole
duration (hereby referred to as Cycle 01, see Figure 6) while
in the second one, they are stopped when RoCo is in motion
(hereby referred to as Cycle 02, see Figure 7). This is done to
avoid peaks in the power draws for battery. In the simulation,
the compressor and fan are first turned off. The platform motion
is started after a delay of 1 second.

5 Results and Discussion

The model is simulated using Dymola 2017 with Radau Ila -
order 5 stiff solver. The tolerance selected for the solver is le-6.
The simulation time on a PC with 16 GB RAM, 64-bit Operating
System and 3.5 GHz is 1159 seconds.

Figure 8 and Figure 9 show comparison of the simulated re-
sults with the experimental data. It can be observed that the sim-
ulation predicts the experimental trends to a reasonable extent.
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Figure 7. RoCo Operation with VCC turned off during motion
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Figure 8. Pressures at suction and discharge of compressor

The experimental setup uses a variable expansion valve which
is modulated by an operator. The valve model used in the simu-
lation assumes fixed opening and constant discharge coefficient.
These two effects lead to the deviations in measured pressures
and mass flow rates in the initial part of the operation. Another
factor for the deviation of discharge pressure in the initial 20
minutes (Figure 8) is from the inaccuracy of the heat transfer
coefficient.

The dynamic modeling for cycle 02 is complicated due to
cycling. So to model it, the power consumption profile of
compressor is extracted from cycle 01 results. For the portion
where RoCo is in motion, the values are set to zero in the pro-
file. This load is now given as an input to the battery using a
Modelica.Blocks.Sources.TimeTable block.

The results of power consumption can be seen in Figure 10.
It can be observed that in cases where all the components oper-
ate power exceeds 100 W. However, by turning off the fan and
compressor when RoCo is in motion, it is possible to limit the
power draw to 70 W.

For improved results, a few parameters from the simulation
are calibrated for a better match with the experimental data (Du
et al., 2016). A fixed opening valve is used in the model. Its
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Figure 9. Cooling capacity and power consumption of RoCo
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Figure 10. Power draw during the two operating cycles

opening and flow coefficient are adjusted using the experimental
refrigerant mass flow rate. The suction and discharge pressure
from simulation also need to be noted during the txv parameter
calibration. Since the RPM and displacement volume of com-
pressor are available from manufacturer’s data, the valve as the
only component to significantly affect the refrigerant mass flow
rate, permitting the aforementioned adjustment. Calibration is
also needed for the battery, compressor power and PCM, which
is already discussed in the respective sections.

6 Conclusions

A first principle based multi-physics model is developed to
model the behavior of a portable air conditioning device. The
model is used to capture power consumption of new version of
the device for two different operating cycles. Based on the re-
sults of power consumption, it is observed that turning off the
VCC during the motion can reduce peak load on the battery by
up to 34%.
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