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Abstract: The objective of the present study is to conduct experiments for investigating heating
performances of integrated system with serial and parallel circuits for battery and heating ventilation
and air conditioning system (HVAC) of electric vehicles under various operating conditions. In
addition, the artificial neural network (ANN) model is proposed to accurately predict the heating
performances of integrated system with serial and parallel circuits for battery and HVAC. A test
bench of integrated system with serial and parallel circuits has been developed for establishing the
trade-off between battery heating and HVAC heating. The heating performances namely, battery
out temperature, battery temperature rise rate, battery heating capacity, HVAC heating capacity and
total heating capacity are evaluated experimentally for the integrated system with serial and parallel
circuits. The behavior of various heating performances is evaluated under influence of flow rate and
heater power. Battery out temperature reaches 40 °C within 10 min with rise rate of 2.17 °C/min for
the integrated system with serial circuit and that within 20 min with rise rate of 1.22 °C/min for the
integrated system with parallel circuit. Integrated system with serial circuit shows higher HVAC
heating capacity than integrated system with parallel circuit which are 5726.33 W and 3869.15 W,
respectively. ANN model with back-propagation algorithm, Levenberg-Marquardt training variant,
Tan-sigmoidal transfer function and 20 hidden neurons presents the accurate prediction of heating
performances of the integrated system with serial and parallel circuits for battery and HVAC.

Keywords: battery; heating performance; HVAC; parallel; serial

1. Introduction

In recent times, increasing demand of high energy efficiency and zero emission has
resulted into shifting the major means of transportation towards the electric vehicle [1].
The low driving range and battery life are two major hurdles in the development of electric
vehicles. The cabin is heated in winter using electric energy of the battery, which results
into reduction in driving range of vehicle [2]. The charge-discharge performances of the
batteries are degrading significantly as the temperature reduces. In cold weather conditions,
to maintain the battery performance and battery life, effective battery thermal management
in form of preheating of battery is essential [3]. Numerous studies have been conducted
focusing on cabin heating and battery heating in cold weather conditions to improve the
driving range and battery performance.

Guo et al. presented effective heating for battery cell and battery pack using echelon
internal heating strategy [4]. Ruan et al. developed an optimal internal heating strategy
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for rapid battery heating [5]. Lei et al. suggested an intermittent self-heating lithium-
ion battery method for heating of battery with temperature uniformity [6]. Shang et al.
proposed buck-boost conversion based high frequency alternating current heater for battery
heating in low temperature conditions. As the AC heating frequency increases, the heating
speed and efficiency improve, due to lithium-ion transport and increase in heat generation
of ohmic resistance [7]. Fan et al. concluded that the discharge rate has negligible effect on
the heating performance of battery thermal management system compare with external
heating source. In addition, a higher mass flow rate of the heating medium gives better
heating performance [8]. Delos Reyes et al. investigated the behavior in driving ranges of
Mitsubishi i-MiEV and Nissan Leaf for the ambient temperature variation in a range of 20
to —15°C [9].

Positive temperature coefficient (PTC) heaters are widely used for cabin heating, how-
ever, they consume more energy. Therefore, heat pumps have been used as the replacement
of PTC heater for cabin heating [10]. Zhang et al. showed coefficient of performance
(COP) of 1.25 and improvement of 57.7% in heating capacity using economized vapor
injection heat pump system [11]. Cho et al. proposed a coolant source heat pump which
uses waste heat from electric devices for heating a passengers” compartment of electric
bus [12]. Qin et al. presented that the air source heat pump with refrigerant injection
shows enhancement in the heating capacity compared with the conventional air source
heat pump for electric vehicles [13-15]. Ahn et al. investigated heating performances of
air source heat pump, waste heat pump and dual source (air + waste heat) heat pump for
electric vehicle, and concluded that the dual source heat pump shows superior heating
performances compared with air source and waste heat pumps [16]. Lee et al. proposed
an R744 based stack coolant heat pump, which attains a heating capacity of 5.0 kW at an
ambient temperature of —20 °C [17]. Shi et al. suggested R32 based economized vapor
injection heat pump system for temperature range of —2 to 15 °C, and showed higher
coefficient of performance compare with conventional single stage heat pump [18]. Jung
et al. showed that the single injection heat pump with optimum port angle of 440° and
dual injection heat pump with optimum port angles of 535° /355° present enhancement of
7.5% and 9.8%, respectively, in coefficient of performance, compared with non-injection
heat pump at ambient temperature of —10 °C [19]. Patil et al. proposed a 2.0 kW burner
that shows a maximum efficiency of 96.7% for the cabin heating of an electric vehicle [20].
Zhang et al. showed that the heat pump system with desiccant reduces cabin heat load
and power consumption by 42% and 38%, respectively, at an ambient temperature of
—20 °C, compared to traditional heat pump system [21]. Choi et al. investigated the
heating performances of vapor injection heat pump system for cabin heating of electric
vehicle in cold weather conditions [22,23]. Ahn et al. showed that the dual evaporator
heat pump has 62% higher heating coefficient of performance for cabin in electric vehicle
compare with conventional heat pump [24]. Lee et al. proposed a mobile heat pump which
uses waste heat of electric devices for heating in an electric bus. The heating coefficient
of performance of proposed heat pump is evaluated as 2.4 [25]. Liu et al. investigated
heating performances of propane-based heat pump system for cabin heating in electric
vehicles and found that the proposed system shows superior heating performance above
the ambient temperature of —10 °C [26]. Li et al. compared heating performances of an
R134a based heat pump and an R1234yf based heat pump, and showed that the R1234yf
based heat pump is a potential candidate for the replacement of the R134a based heat pump
for cabin heating in cold weather conditions [27]. Bellocchi et al. developed a heat pump
with a regenerative heat exchanger, which reduces power consumption by 17-52% and
reduces the decrease in driving range up to 6% for electric vehicles [28]. Lee et al. proposed
air source heat pump system with a heating coefficient of 3.26 and a heating capacity of
3.10 kW at an ambient temperature of —10 °C for cabin heating in electric vehicle [29].
Lee et al. have experimentally investigated the performance characteristics of heat pump
system integrated with a high pressure side chiller under cold and hot weather conditions
for light duty commercial electric vehicles [30]. Jeffs et al. integrated five different heat
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sources with heat pump system for efficient heating of battery and cabin. An energy saving
of 14.8% was achieved with a heat pump system integrated with different heat sources [31].
Further, Jeff et al. proposed an optimal strategy for tradeoff heating between battery and
cabin. The optimal strategy enables 6.2% of improvement in range for no battery heating
and 5.5% of improvement in cabin comfort for full battery heating [32].

From the literature review, there are very few studies that discuss combined cabin and
battery heating. Therefore, the objective of the present study is to develop an integrated
system with serial and parallel circuits to enable the trade-off between battery heating and
heating ventilation and air conditioning system (HVAC) (cabin) heating. The battery and
HVAC heating performances, namely, battery out temperature, battery temperature rise
rate, battery heating capacity, HVAC (cabin) heating capacity and total heating capacity, are
compared experimentally for the integrated system with serial and parallel circuits under
the influence of heater power and flow rate. In addition, an ANN model is developed in
the present study, to accurately predict the battery and HVAC heating performances.

2. Experimental Method

The experimental set-up of the integrated system with serial and parallel circuits is
shown in Figure 1. To control the experimental ambient conditions, the experimental set-up
is housed inside the psychrometric calorimeter which is controlled using PID controller.
The experimental set-up comprises of serial and parallel circuits with components namely,
battery, HVAC heater core, heater, water pump, working fluid tank, radiator, temperature
sensors, flow meters and valves. The specifications of various components of experimental
set-up are presented in Table 1. Both the circuits are operated using three valves, named
valvel, valve2 and valve3. For the integrated system with serial circuit, valvel and valve3
are cutoff and only valve2 is operated. Whereas, for the integrated system with parallel
circuit, valve2 is cutoff and valvel and valve3 are operated. The valvel supplies working
fluid for the battery heating and valve3 supplies working fluid for HVAC heating in
the integrated system with parallel circuit. The battery is not the actual battery but the
mimic of GM Volt (2010) battery model whose specifications are: weight = 198 kg, specific
heat = 143 J/kg K and battery capacity = 16 kWh. The total working fluid flow rate of
24 L/min is divided for battery heating and HVAC heating in the integrated system with
parallel circuit using valvel and valve3. For the integrated system with parallel circuit, the
flow ratio term is defined which is the ratio of battery flow rate to HVAC flow rate. In the
case of an integrated system with serial circuit, full working fluid flow rate of 24 L /min
is either supplied for battery heating or HVAC heating using valve2. The working of the
integrated system with serial and parallel circuits involves a supply of working fluid using
water pumped to a heater, where it is heated to higher temperature. From the heater, the
heated working fluid is divided between the battery and HVAC in the case of an integrated
system with a parallel circuit, and totally supplied for either the battery or HVAC in the
case of an integrated system with serial circuit. The collected heated working fluid in
tank is transferred through the radiator where it is cooled and again transferred to the
heater using a water pump. To analyze the heating performances of the battery and HVAC,
two modes (serial and parallel) of operation are employed. In addition, the heater power
is varied as 2 kW, 4 kW and 6 kW in both the modes, and the flow ratio is varied as
2/8,3/7,5/5,7/3 and 8/2 in a parallel mode of operation, to investigate the behavior of
battery and HVAC heating performances. Battery out temperature, battery temperature
rise rate, battery heating capacity, HVAC heating capacity and total heating capacity are
investigated under various operating conditions. The accuracy of various experimental
devices and instruments is shown in Table 2. Additionally, Figure 1b shows the picture of
an experimental set-up of the integrated system with serial and parallel circuits.
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Figure 1. (a) Schematic diagram and (b) picture for experimental set-up of integrated system with serial and parallel circuits.

Table 1. The specifications of components of experimental set-up.

Component Specification
Pipe Material: stainless
Heater Type: sheath
Max flow: 25 L/min
Water pump Max head: 25 m

Power voltage: 24 VCD
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Table 1. Cont.

Component Specification
. Applied vehicle: GM Volt
Radiator Core size: 147 x 206 x 28 mm
Applied vehicle: Kona
HVAC Core size: 152 x 222 x 26 mm
Heater 510 V,11.8 A

Table 2. Accuracy of various experimental devices and instruments.

Device/Instrument Accuracy

T-type thermocouple 0.75%
DAQ —200°C < TS < —100 °C, £ (0.10% of reading)
—100 °C < TS < 400 °C, £ (0.10% of reading)
Flow rate sensor +1.50%

The poor calibration, instrumental errors, positional errors of probes, environmental
error etc., are responsible for the uncertainty in the experimental results [33]. Therefore, the
uncertainty analysis is conducted on the experimental results of the integrated system with
serial and parallel circuits, to ensure the accuracy and reliability of the experimental test
results [34]. The errors in experimental data of temperature and flow rate measurements
cause uncertainties in the heating performances of battery and HVAC of the integrated
system with serial and parallel circuits. The uncertainties in the output parameter due to
uncertainties in the input parameters are calculated using Equation (1) [35]. The uncertain-
ties in various parameters for the experimental study on integrated system with serial and
parallel circuits could be calculated using the concept of linear fraction approximation [36].

1
oF 2 9F 2 oF 272
= (== — e — 1
Here, X1, Xy, ... X, are the input parameters, Uj, Uy, ... U, are the uncertainties in

the input parameters, F is the output parameter and Ur is the uncertainty in the output
parameter. Using Equation (1), the uncertainties in flow rate, battery out temperature and
HVAC heating capacity are calculated as 1.50%, 0.75% and 1.68%, respectively.

3. Artificial Neural Network (ANN)

In recent times, ANNs are used for the performance prediction, forecasting, modeling,
simulation and optimization of various physical systems. The working principle of ANN
is based on a biological neural network [37]. When the input and output parameters
with a larger data set is interrelated in a nonlinear relationship with each other, in those
cases the ANN is the efficient tool to relate these parameters with less complexity than
the conventional mathematical techniques [38]. The structure of the ANN model includes
three layers namely, an input layer, a hidden layer and an output layer [39]. Each layer
comprises a suitable number of neurons: the number of neurons in the input layer is equal
to the number of input parameters, the number of neurons in the output layer is equal to
the number output parameters and the number of neurons in the hidden layer is adjusted
based on the training error [40]. Neurons in one layer are connected with the other layer’s
neurons using weights and two neurons are connected by a single weight value [41]. The
structure of the ANN model including layers, neurons and weights is trained using a
training algorithm. The construction of training algorithm includes training variant and
transfer function [39]. The maximum training error and maximum number of epochs are
set as stopping criteria for training. The structure of the ANN model is trained using the
selected training algorithm until the desired output or permissible error is obtained [42].
In the training process, the weights assigned between neurons are adjusted to achieve the
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Input layer

desired output. If the desired output or the permissible errors is not achieved, then the
different combination of training algorithm, training variant, transfer function, number of
hidden layers and hidden neurons is used for further training. The trained ANN model
that shows a higher prediction accuracy, with a predicted output closer to the actual results,
is suggested as the optimum ANN model.

In the present study, an ANN model with various algorithms is developed for the
prediction of battery and HVAC heating performances of the integrated system with a
serial circuit and with a parallel circuit. The formulated structure of an ANN model for the
integrated system with serial and parallel circuits is presented in Figure 2. The aim of the
development of ANN models is to predict the battery and HVAC heating performances,
which are indicated by battery out temperature and HVAC temperature difference. The
battery out temperature and HVAC temperature difference are most affected by heater
power and flow rate, which vary in real time. Therefore, the ANN model for the integrated
system with serial and parallel circuits is formulated to predict the battery out temperature
and HVAC temperature difference as the output parameters, for various conditions of
heater power, flow rate and time as the input parameters. The training algorithm comprises
of back-propagation algorithm, Levenberg-Marquardt (LM) training variant, Tan-Sigmoidal
(Tan) and Log-Sigmoidal (Log) transfer functions, one hidden layer and 10, 15 and 20
number of hidden neurons [38]. The maximum training error and maximum number of
epochs are set to 10~° and 1000, respectively. The ANN model is trained for the selected
algorithm with various combinations, until the maximum training error and the maximum
epochs are reached.

Output layer

Output: Battery out temperature
Or
HVAC temperature difference

Hidden layer

Figure 2. Artificial neural network (ANN) model for integrated system with serial and parallel circuits.
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4. Data Reduction

The battery temperature rise rate is calculated using Equation (2). The battery temper-
ature rise rate is presented in °C/min [4].

End time temperature — Initial time temperature

Battery temperature rise rate = .
total time

@

The battery heating capacity is calculated using the battery temperature rise rate, mass
of battery and specific heat of battery, as presented by Equation (3).

Battery heating capacity = mp x Cpp X Battery temperature rise rate 3)

Here, mp is mass of battery and C,p is specific heat of battery.

The HVAC heating capacity is calculated using the temperature difference of working
fluid at the inlet and outlet of HVAC, flow rate of working fluid in HVAC and specific heat
of working fluid, as presented by Equation (4).

HVAC heating capacity = p X Qpyac X Cpf % (Trvac,n — THvAC,out) 4)

Here, p is density of working fluid, Qyac is flow rate of working fluid in HVAC,
Cyp is specific heat of working fluid, Tyvac,in and THyacour are the temperatures of the
working at the inlet and outlet of HVAC, respectively.

Equations (5)—(7) are used to calculate the coefficient of determination (R?), root mean
square error (RMSE) and coefficient of variance (COV), respectively [43].

21:1 (Xpre,m - Ymea,m)z

RE=1- ©)
Z%:l (Ymea,m)z
2
RMSE = \/221—1 (Xpre,:: - Ymeu,m) (6)
COV = W % 100 @)

|Ymeu |

Here, n presents number of data points, X, presents predicted value of output
parameter at data point 1, Yyeq,m presents experimental (actual) value of output parameter
at data point m and Y/,e; presents the average value of all experimental data points.

5. Results and Discussion

The experimental results of battery and HVAC heating performances for the integrated
system with serial and parallel circuits are comprehensively discussed in this section.
Battery and HVAC heating performances of the integrated system with parallel circuit are
discussed in Sections 5.1 and 5.2 elaborates the battery and HVAC heating performances of
the integrated system with serial circuit. The comparison of integrated system with serial
and parallel circuits for battery and HVAC heating performances is presented in Section 5.3.
Section 5.4 discusses the results of ANN model for prediction of battery and HVAC heating
performances in the case of an integrated system with serial and parallel circuits.

5.1. Heating Performances of Battery and HVAC for Integrated System with Parallel Circuit

The experimental results for battery and HVAC heating performances of the integrated
system with parallel circuit namely, battery out temperature, battery temperature rise rate,
battery heating capacity and HVAC heating capacity at various heater powers and flow
ratios are elaborated in this section.
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5.1.1. Battery out Temperature and Battery Temperature Rise Rate

The variation of battery out temperature with time for the integrated system with
parallel circuit at various heater powers and flow ratios is presented in Figure 3a. The max-
imum battery heating temperature is cutoff at 40 °C because battery functions effectively
below this temperature [8]. Therefore, the stopping criteria for the experiment at each flow
rate and various heater powers is set as 40 °C, as shown in Figure 3a. The purpose of battery
heating is to reach the maximum cut off temperature (40 °C) in minimum time using the
proposed integrated heating system. If the experiment reaches the cut off temperature
at any flow ratio and heater power, then it is stopped. However, if the experiments fail
to reach cutoff temperature or the increasing gradient of temperature curve at any flow
ratio and heater power is low then the experiment is stopped. For all flow ratios, as the
heater power increases from 2 to 6 kW, the battery out temperature increases. This means
higher heater power enables higher and faster heating of battery. A higher flow ratio
indicates higher flow rate of working fluid for battery heating. Therefore, as the flow ratio
increases from 2/8 to 8/2, the battery out temperature enhances towards the higher heating
temperature. In the case of heater power of 2 kW, the battery heating temperature reaches
to only 35 °C after 3000 s. The increasing gradient for each temperature curve increases
slowly with time, hence, experiments are stopped on or before 3000 s, because, from the
trends of temperature curve, it is not expected that they could reach to cutoff temperature.
Whereas the battery heating temperature reaches to 40 °C within 2000 s for heater power
of 4 kW and within 1000 s for heater power of 6 kW.

Heater power:2 kW Heater power:4 kKW
47.5 60.0
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55.0 |-

525 -

50.0 -

475 |-

45.0 |-

asr Maximum operating mit
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(a) Battery out temperature

Figure 3. Cont.
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Figure 3. Variation of (a) battery out temperature and (b) battery temperature rise rate of parallel circuit for various heater

power and flow ratios.

The variation of the battery temperature rise rate with flow ratio for the integrated
system with parallel circuit at various heater powers is shown in Figure 3b. Due to an
increase in the battery out temperature with increase in the heater power, the battery
temperature rise rate enhances with heater power. In addition, the higher flow rate of
working fluid for battery heating increases the battery temperature rise rate as the flow
ratio increases. As the flow ratio increases from 2/8 to 8/2, the battery temperature rise
rate increases by 48.20% for heater power of 2 kW, 38.90% for heater power of 4 kW and
53.90% for heater power of 6 kW. The maximum battery temperature rise rate for heater
powers of 2 kW, 4 kW and 6 kW are observed 0.39 °C/min, 0.66 °C/min and 1.17 °C/min,
respectively, at the flow ratio of 8/2.

5.1.2. Battery and HVAC Heating Capacities

The behavior of battery heating capacity with flow ratio for the integrated system
with a parallel circuit at various heater powers is shown in Figure 4a. The battery heating
capacity increases with increase in flow ratio as well as heater power, due to an increase
in the battery out temperature and the battery temperature rise rate with heater power
and flow ratio. The battery heating capacity curves are less steep with the flow ratio for
the lower heater powers of 2 kW and 4 kW, compared with the higher heater power of
6 kW. The battery heating capacities increase from 124.14 to 183.99 W, 224.62 to 311.65 W
and 456.36 to 702.43 W for heater powers of 2 kW, 4 kW and 6 kW, respectively, when the
flow ratio increases from 2/8 to 8/2. The maximum battery heating capacities for heater
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powers of 4 kW and 6 kW are higher by 69.30% and 281.70%, respectively, than that for
heater power of 2 kW.

The effect of flow ratio and heater power on HVAC heating capacity of the integrated
system with parallel circuit is presented in Figure 4b. The lower flow ratio indicates
higher flow rate of working fluid through HVAC and vice versa. Therefore, the HVAC
heating capacity is higher at the lower flow ratio and lower at the higher flow ratio.
This means HVAC heating capacity decreases as the flow ratio increases for all heater
powers. The HVAC heating capacities decrease by 26.50%, 39.40% and 50.00% for heater
powers of 2 kW, 4 kW and 6 kW, respectively, as the flow ratio increases from 2/8 to
8/2. The decreasing curve of HVAC heating capacity are steeper at higher heater power
compared with lower heater power. The maximum HVAC heating capacities for heater
powers of 2 kW, 4 kW and 6 kW are observed at flow ratio of 2/8 which are 1315.50 W,
1915.22 W and 3482.23 W, respectively. Min et al. have proposed fuzzy logic based electric
vehicle thermal management system to maintain the desire temperatures of battery and
cabin [44]. Seo et al. have investigated heat transfer characteristics of an integrated heating
system for thermal management of cabin and battery of electric vehicle [45]. In the case
of the integrated system with a parallel circuit, the sum of heating capacities for battery
and HVAC are not equivalent to the supplied input for all heater powers of 2 kW, 4 kW
and 6 kW. The heat losses occurred in experimental components, valves, pipes, pipe
fittings / connections and ambient from the heated working fluid.

—&— Heater power:2 kW
—@— Heater power:4 kW
—&— Heater power:6 kW

2/8 3/7 5/5 7/3 872

Flow ratio

(a) Battery heating capacity

Figure 4. Cont.
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Figure 4. Variation in (a) battery heating capacity and (b) HVAC heating capacity of parallel circuit with flow ratios for

various heater powers.

5.2. Heating Performances of Battery and HVAC for Integrated System with Serial Circuit

The experimental results for battery and HVAC heating performances of the integrated
system with serial circuit, such as battery out temperature, battery temperature rise rate,
battery heating capacity and HVAC heating capacity at various heater powers are discussed
in this section.

5.2.1. Battery out Temperature and Battery Temperature Rise Rate

The variation of battery out temperature with time for the integrated system with
serial circuit at various heater powers is presented in Figure 5a. As the heater power
increases from 2 kW to 6 kW, the battery out temperature increases. Hence, higher heater
power shows faster battery heating performance compare with lower heater power. In
the case of an integrated system with a serial circuit, full flow rate of working fluid is
used in battery heating, therefore, the time needed to reach 40 °C is shorter than the
integrated system with parallel circuit for all heater powers. The battery out temperature
reaches to 40 °C within 400 s for 6 kW heater power, which is within 600 s for 4 kW heater
power and that within 1200 s for 2 kW heater power. Ruan et al. have also shown the
heating temperature behavior of single cell battery over the time. The battery heating from
temperature of —30 °C to 2.1 °C is achieved within 103 s [5].

The variation of battery temperature rise rate of the integrated system with serial
circuit for various heater powers is shown in Figure 5b. As a result of the increase in the
battery out temperature with increase in the heater power, the battery temperature rise
rate is higher at higher heater power. The battery temperature rise rates are 102.90% and
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Battery out temperature (°C)
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204.60% higher for heater powers of 4 kW and 6 kW, respectively, compared to the battery
temperature rise rate at heater power of 2 kW. The battery temperature rise rate is higher
for the integrated system with serial circuit compare to the integrated system with parallel
circuit for all heater powers because full flow rate of working fluid is used for battery
heating in the integrated system with serial circuit which significantly enhances the battery
out temperature for the integrated system with serial circuit compared with the integrated
system with parallel circuit. The battery temperature rise rates in the case of an integrated
system with serial circuit are higher by 83.20%, 119.20% and 94.60% for heater powers
of 2 kW, 4 kW and 6 kW, respectively, compared to the integrated system with parallel
circuit. Guo et al. have achieved the battery cell heating from temperature of —20.30 °C
to 10.02 °C within 13.70 min at an average temperature rise of 2.21 °C/min and battery
pack heating from a temperature of —20.84 °C to 10 °C is achieved within 12.40 min at an
average temperature rise of 2.47 °C/min [4].
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Figure 5. Variation of (a) Battery out temperature and (b) Battery temperature rise rate of serial circuit for various

heater power.

5.2.2. Battery and HVAC Heating Capacities

The effect of heater power on battery heating capacity of the integrated system with
serial circuit is shown in Figure 6a. Due to higher battery heating performance at higher
heater power, the battery heating capacity increases with increase in the heater power.
The battery heating capacities at heater powers of 2 kW, 4 kW and 6 kW are 336.37 W,
682.75 W and 1025.16 W, respectively. As a result of higher battery heating temperature of
the integrated system with serial circuit compare to integrated system with parallel circuit
for all heater powers, the battery heating capacities of integrated system with serial circuit
for the heater powers of 2 kW, 4 kW and 6 kW are higher by 82.80%, 119.10% and 45.90%,
respectively, than those of integrated system with parallel circuit.

The effect of heater power on HVAC heating capacity of the integrated system with
serial circuit is shown in Figure 6b. As whole flow rate of working fluid is used for HVAC
heating in the case of an integrated system with serial circuit, the HVAC heating capacity of
integrated system with serial circuit is higher than that of integrated system with parallel
circuit for all heater powers. The HVAC heating capacities of integrated system with
serial circuit for heater powers of 2 kW, 4 kW and 6 kW are higher by 46.50%, 93.60%
and 64.40%, respectively, than those of integrated system with parallel circuit. The HVAC
heating capacity of integrated system with serial circuit also increases as the heater power
increases. The HVAC heating capacities at heater powers of 4 kW and 6 kW are enhanced
by 92.30% and 196.90%, compared to that of 2 kW. Zhang et al. have shown maximum
cabin heating capacity of 2097 W using an economized vapor injection heat pump system
whereas, Patil et al. have presented maximum cabin heating capacity of 2171.5 W using a
2.0 kW burner [11,20].
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5.3. Total Heating Capacity of Integrated System with Serial and Parallel Circuits

The total heating capacities comparison of the integrated system with serial and
parallel circuits for various heater powers is presented in Figure 7. In addition, in the case
of an integrated system with parallel circuit, the effect of flow ratio on total heating capacity
is also included. As presented in Figure 7, the total heating capacity for parallel circuit is
the sum of heating capacities of battery and HVAC at all heater powers and flow ratios,
whereas the total heating capacity for the serial circuit is the heating capacity of the battery
when the battery only heated using an entire flow rate, and that is the heating capacity of
HVAC when only HVAC is heated using a full flow rate of working fluid. In the integrated
system with parallel circuit, the total flow rate of working fluid (24 L/min) is divided to
heat up the battery and HVAC therefore, the total heating capacity is the sum of heating
capacities of battery and HVAC. While, in the case of an integrated system with serial
circuit, the total flow rate of working fluid is used for heating of battery or heating of HVAC,
therefore, the heating capacity of the battery or heating capacity of HVAC is only the total
heating capacity. In total, the heating capacity of the integrated system with parallel circuit,
the heating capacity of HVAC is more dominant compare with heating capacity of battery.
Therefore, the total heating capacity of the integrated system with parallel circuit decreases
as the flow ratio increases for all heater powers because of decrease in the heating capacity
of HVAC. The maximum total heating capacities for the integrated system with parallel
circuit are found at flow ratio of 2/8 for heater powers of 2 kW, 4 kW and 6 kW, which are
1439.66 W, 2139.60 W and 3938.59 W, respectively. For the integrated system with serial
and parallel circuits, the total heating capacity increases as the heater power increases.
The total heating capacity increases by 173.50% for the integrated system with parallel
circuit, 204.80% for battery heating of integrated system with serial circuit and 197% for
HVAC heating of the integrated system with serial circuit, as the heater power increases
from 2 kW to 6 kW. For heater power of 2 kW, the maximum total heating capacity of
the integrated system with parallel circuit is 327.90% higher than total battery heating
capacity of the integrated system with serial circuit, and that is 25.30% lower than total
HVAC heating capacity of the integrated system serial circuit. At heater power of 4 kW,
the total heating capacity of the integrated system with parallel circuit is 212.30% higher
and 42.30% lower than the total battery heating capacity and total HVAC heating capacity
of the integrated system with serial circuit, respectively. In the same way, at a heater power
of 6 kW, the total heating capacity of integrated system with parallel circuit is 284.20%
higher and 31.20% lower than the total battery heating capacity and total HVAC heating
capacity of the integrated system with serial circuit, respectively. As shown in Figure 7,
the output as the sum of heating capacities of battery and HVAC in the case of parallel
circuit and heating capacity of battery or HVAC in the case of serial circuit are lower than
the input as heater power. The heat losses for the integrated system with serial and parallel
circuits are occurred into experimental components. as well as three valves, pipes and pipe
fittings/connections. In addition, some heat loss occurs from working fluid to ambient.
The integrated system with serial circuit shows rapid heating performance compared with
the integrated system with parallel circuit, but the tradeoff heating between battery and
HVAC is not possible in the case of the integrated system with serial circuit. However, the
integrated system with parallel circuit enables the tradeoff between the heating of HVAC
and that of the battery. Despite of slow heating performance of the integrated system with
parallel circuit, the desired heating performance could be achieved.
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Figure 7. Comparison of total heating capacities of parallel and serial circuits for various heater powers.

5.4. ANN Model for Battery and HVAC Heating Performances

The battery and HVAC heating performances of the integrated system with serial
and parallel circuits predicted by ANN model with various algorithm are compared with
corresponding experimental (actual) results. The comparison of predicted results and actual
results is done in terms of three statistical parameters namely, coefficient of determination
(R?), root mean square error (RMSE) and coefficient of variance (COV). The algorithm with
highest value of R? and lowest values of RMSE and COV are suggested as the optimum
algorithm for ANN model.

5.4.1. Integrated System with Parallel Circuit

The battery out temperature of the integrated system with parallel circuit for various
heater powers, flow ratios and time is predicted using various algorithms of ANN models.
The experimental data of battery out temperature of the integrated system with parallel
circuit at various time, flow rates and heater powers are used for the training, testing and
validation of ANN models with various algorithms. The prediction accuracy of various
algorithms of ANN model for battery out temperature at flow ratio of 5/5 and all heater
powers is presented in Table 3. A higher prediction accuracy is obtained for other flow
ratios as well. For all heater powers and hidden neurons, LM with Tan training variant
shows better prediction accuracy compared to LM with Log training variant. In addition,
prediction accuracy increases as the number of hidden neurons increases for all heater
powers. Therefore, in respective case of each heater power, LM-Tan with 20 hidden neurons
shows highest prediction accuracy for battery out temperature of the integrated system
with parallel circuit. The prediction accuracy of ANN model with LM-Tan-20 algorithm for
battery out temperature of the integrated system with parallel circuit is R? with 0.999971,
0.999979 and 0.999979, RMSE with 0.154166, 0.183539 and 0.201043, as well as COV with
0.536230, 0.460489 and 0.472796 for heater powers of 2 kW, 4 kW and 6 kW, respectively.
The comparison of battery out temperature of the integrated system with parallel circuit for
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experiment and ANN model with LM-Tan-20 algorithm at various heater powers is also
presented in Figure 8a. Figure 8a shows the prediction capability of suggested algorithm
and closeness of predicted results by suggested algorithm with the experimental results.

The same algorithms of the ANN model are used to predict the HVAC temperature
difference of the integrated system with parallel circuit. The ANN model with various
algorithms is trained, tested and validated for the experimental HVAC temperature differ-
ence data at various flow rates, heater powers and time. The prediction accuracy of various
algorithms of ANN models is presented at flow ratio of 5/5 and all heater powers for
HVAC temperature difference in Table 3. For other flow ratios, a higher prediction accuracy
is also obtained. In the case of HVAC temperature difference of the integrated system
with parallel circuit, the LM with Tan training variant also shows superior prediction
accuracy than the LM with Log training variant for all heater powers. Additionally, higher
number of hidden neurons shows higher prediction performance for all heater powers.
For the HVAC temperature difference of the integrated system with parallel circuit, the
LM-Tan-20 shows R? of 0.803624, 0.956737 and 0.994077, RMSE of 0.631449, 0.549005 and
0.245819, as well as COV of 44.75612, 21.27336 and 7.909049 for heater powers of 2 kW, 4
kW and 6 kW, respectively. The prediction accuracy of the LM-Tan-20 algorithm is better
for the battery out temperature than the HVAC temperature difference, because of linear
trends of battery out temperature and zigzag trends of HVAC temperature difference for
all heater powers. Figure 8b shows the closeness of LM-Tan-20 algorithm predicted HVAC
temperature difference and corresponding actual results for all heater powers. For some
points deviation between the predicted and actual results is larger because of zigzag trend
of HVAC temperature difference curves at all heater powers, the suggested algorithm is
not able to follow all points accurately. However, the minimum prediction accuracy is 0.8,
which is an acceptable prediction performance for the suggested ANN model. Mohanraj
et al. have suggested the Levenberg-Marquardt training algorithm as the optimum for the
accurate performance prediction with maximum R? of 0.999 and lowest values of RMSE
and COV [39].

Table 3. Prediction accuracy of ANN models for battery heating performance and HVAC heating performance of integrated

system with parallel circuit.

Heater Power Algorithm Number of Hidden Neurons R? RMSE cov
10 0999964 0172015  0.598317
LM-Tan 15 0999965 0170036  0.591433
20 0999971 0154166  0.536230
2kW 10 0999962 0176631  0.614369
LM-Log 15 0999965 0170120 0591725
20 0999968 0163048  0.567126
10 0999976 0197036  0.494352
LM-Tan 15 0999978 0189969  0.476623
Battery heating 20 0999979 0183539  0.460489
performance 4kw 10 0999976  0.198585  0.498239
LM-Log 15 0999976 0196935  0.494101
20 0999978 0187425 0470238
10 0999975 0218650 0514204
LM-Tan 15 0999976 0211399 0497152
20 0999979 0201043 0472796
6 kW 10 0999931 0360343  0.847426
LM-Log 15 0999976 0212566  0.499896

20 0.999977 0.208056 0.489290
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Table 3. Cont.

Heater Power Algorithm Number of Hidden Neurons R? RMSE cov
10 0.786929 0.657742 46.61972
LM-Tan 15 0.798038 0.640366 45.38813
2 kW 20 0.803624 0.631449 44.75612
10 0.785127 0.660519 46.81651
LM-Log 15 0.794651 0.645714 45.76716
20 0.799947 0.637332 45.17311
10 0.955619 0.556058 21.54665
LM-Tan 15 0.956040 0.553408 21.44398
HVAC heating LKW 20 0.956737 0.549005 21.27336
performance 10 0.954056 0.565763 21.92271
LM-Log 15 0.955687 0.555626 21.52991
20 0.956573 0.550047 21.31374
10 0.993304 0.261362 8.409131
LM-Tan 15 0.993737 0.252775 8.132854
6 KW 20 0.994077 0.245819 7.909049
10 0.991877 0.287864 9.291802
LM-Log 15 0.993562 0.256273 8.245384
20 0.993748 0.252538 8.125237
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Figure 8. Comparison of (a) battery out temperature and (b) HVAC temperature difference of parallel circuit for experimental

and ANN model with LM-Tan-20 algorithm at various heater powers.

5.4.2. Integrated System with Serial Circuit

The battery out temperature of the integrated system with serial circuit is predicted
for various algorithms of ANN model using heater power, flow rates and time as the
input conditions. The experimental battery out temperature, heater powers and flow
rates at various time are considered to train, test and validate the various algorithms of
ANN model. The prediction accuracy of ANN model with various algorithms for battery
out temperature of the integrated system with serial circuit at various heater powers is
presented in Table 4. The prediction accuracy of ANN model with LM-Tan-20 algorithm is
superior for all heater powers. LM-Tan-20 algorithm shows R?, RMSE and COV values of
0.999970, 0.205704 and 0.554591, respectively, at a heater power of 2 kW, those values of
0.999980, 0.170831 and 0.479862, respectively, at a heater power of 4 kW, and those values
of 0.999982, 0.158077 and 0.431001, respectively, at heater power of 6 kW. The battery out
temperatures predicted by the LM-Tan-20 algorithm for various time and heater powers
are compared with the corresponding experimental values in Figure 9a. A higher degree of
closeness between the actual and predicted results could be observed for the suggested
algorithm of ANN model.

The experimental results of HVAC temperature difference, heater power, flow rates
and time are used to train, test and validate the same algorithms of the ANN models.
Trained ANN models are used to predict the HVAC temperature difference for various
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heater powers with time. Table 4 shows the prediction accuracy of various algorithms of
the ANN model for HVAC temperature difference of the integrated system with serial
circuit at various heater powers. ANN model with LM-Tan-20 algorithm is suggested as
the optimum model, which shows higher value of R? and lowest values of RMSE and COV.
ANN model with LM-Tan-20 algorithm shows R?, RMSE and COV values of 0.987539,
0.128786 and 11.30589, respectively, at 2 kW heater power, those of 0.998338, 0.132884 and
4.164997, respectively, at 4 kW heater power and those of 0.998081, 0.134271 and 4.444122,
respectively, at 6 kW heater power. Figure 9b shows the comparison of experimental
HVAC temperature difference and LM-Tan-20 algorithm predicted HVAC temperature
difference for various heater powers. For all heater powers, the predicted results show
closer agreement with corresponding experimental results.

Table 4. Prediction accuracy of ANN models for battery heating performance and HVAC heating performance of integrated system

with serial circuit.

Heater Power Algorithm Number of Hidden Neurons R? RMSE cov
10 0999963  0.227245  0.612664
LM-Tan 15 0999966  0.220835  0.595383
20 0999970 0205704  0.554591
2kW 10 0999961 0234787  0.632999
LM-Log 15 0999964  0.226566  0.610835
20 0999967 0216158 0582773
10 0999979  0.164997  0.463474
LM-Tan 15 0999978  0.197546  0.470634
Battery heating 20 0999980  0.170831  0.479862
performance 4kw 10 0999969 0201567  0.566196
LM-Log 15 0999978  0.170591  0.479186
20 0999980  0.161314  0.453130
10 0999972  0.198939  0.542413
LM-Tan 15 0999981  0.164124  0.447487
20 0999982  0.158077  0.431001
6 kW 10 0999967 0214850  0.585792
LM-Log 15 0999975  0.188060 0512750
20 0999981  0.161996  0.441684
10 0986886  0.132118  11.59836
LM-Tan 15 0987196  0.130549  11.46062
20 0987539  0.128786  11.30589
2kW 10 0986881  0.132142  11.60054
LM-Log 15 0987086  0.131105  11.50950
20 0987226  0.130393  11.44697
10 0.998091  0.142413  4.463665
LM-Tan 15 0.998137  0.140689  4.409637
HVAC heating 20 0998338  0.132884  4.164997
performance 4kW 10 0.998029 0.144687 4.534949
LM-Log 15 0998106  0.141871  4.446673
20 0998229 0137182  4.299688
10 0997789  0.144090 4769143
LM-Tan 15 0997864  0.141669  4.688989
20 0998081  0.134271  4.444122
6 kW 10 0997779  0.144445  4.780861
LM-Log 15 0997815  0.143260  4.741652

20 0.997894 0.140671 4.655938
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Based on the results discussed in Sections 5.4.1 and 5.4.2, ANN model with LM-Tan-20
algorithm is suggested to accurately predict the heating performances of battery and HVAC
for the integrated system with serial and parallel circuits. Kunal et al. proposed an ANN
model with the optimum structure as the Levenberg-Marquardt training algorithm and
Tan-sigmoidal transfer function for the accurate performance prediction [43].
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Figure 9. Comparison of (a) battery out temperature and (b) HVAC temperature difference of serial circuit for experimental

and ANN model with LM-Tan-20 algorithm at various heater powers.

6. Conclusions

An experimental study is conducted on the integrated system with serial and parallel

circuits to investigate the heating performances of battery and HVAC for an electric vehicle.
In addition, ANN models are developed to predict the battery and HVAC heating perfor-
mances of the integrated system with serial and parallel circuits. The following findings
are summarized from the present study.

(@)

(b)

(©

The effect of heater power on heating performances of the integrated system with
serial and parallel circuits and effect of flow ratio on heating performances of the
integrated system with parallel circuit are analyzed. As the heater power increases,
the heating performances increases for the integrated system with serial and parallel
circuits. With an increase in the flow ratio to the battery, battery heating performance
enhances, whereas HVAC heating performance decreases.

In the case of integrated system with parallel circuit, battery out temperature reaches
40 °C within 20 min at the rate of 1.22 °C/min. Battery heating capacity is evaluated
as 764.99 W and HVAC heating capacity is evaluated as 3869.15 W.

The battery out temperature reaches to 40 °C within 10 min at the rate of 2.17 °C/min
for the integrated system with serial circuit. The battery and HVAC heating capacities
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for the integrated system with serial circuit are evaluated as 1025.16 W and 5726.33 W,
respectively.

(d) The integrated system with serial circuit enables faster heating performance than
the integrated system with parallel circuit for both battery and HVAC. However, the
integrated system with parallel circuit enables the tradeoff heating between battery
and HVAC at the desired level with the slower rate.

(e) The battery and HVAC heating performances of the integrated system with serial
and parallel circuits are accurately predicted using the developed ANN models
with back-propagation training algorithm, Levenberg-Marquardt training variant,
Tan-sigmoidal transfer function and 20 hidden neurons.

(f) The effects of various operating conditions on the heating performances of battery
and HVAC using the proposed integrated system with serial and parallel circuits
could be investigated and optimized, to find the optimum point for tradeoff heating
of battery and HVAC under various conditions. The extracted results could be used in
practical applications such as under cold weather conditions, the extracted optimum
point for tradeoff heating of battery and HVAC could successfully achieve the efficient
battery and HVAC heating performances of full size commercial electric vehicles with
increased driving range and improved battery performance and life. The integrated
system with serial circuit could be used for applications where rapid heating of battery
or HVAC is needed, whereas the integrated system with parallel circuit could be used
for applications where tradeoff simultaneous heating of battery and HVAC is needed.
Thus, the proposed integrated system with serial and parallel circuits has the practical
applicability to enable rapid, as well as tradeoff heating for both battery and HVAC
in electric vehicles.
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