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Abstract

Electrification of automotive systems presents
significant opportunities for improvements in cogli
system efficiency and performance. This paper
describes an effort to develop an analytic platféom
Hanon Systems to evaluate the electrification p@kn
for powertrain cooling systems. The paper dessribe
the development of a baseline diesel cooling system
model based on the Ford 6.7L Power Stroke diesel. A
variant of the system with electric pumps is also
modeled. Performance of the baseline conventional
and electric pump system are compared on a typical
automotive drive cycle to quantify potential betseff

the electric pump system and advanced controls.
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1 Introduction

Electrification is a pervasive trend in the autduistry,
from fully electric vehicles to hybrids to eleciciition

of individual subsystems and components. For all
powertrain systems, thermal management of the
components is a critical requirement for the safd a
efficient operation of the system. Furthermorerried
constraints for electric powertrains can limit
performance (Stellato, 2017). Significant energy i
required to pump cooling fluid for thermal
management. Though varying with engine,
cycle/operating conditions, fuel type, system desig
etc., 1-3% of fuel energy can be consumed by pumps
for cooling and lubrication systems (Thiruvengadam,
2014).

In conventional cooling systems, mechanical pumps
are driven by the engine. Connected through afixe
drive ratio to the engine, mechanical pumps operate
based on engine speed. Since the flowrate isdité&e
the engine speed, sizing of the pumps for mechkanica
systems for maximum cooling load can be problematic
In many vehicles, maximum cooling load results from
operating conditions with high engine load and
potentially low engine speed and vehicle
speed/external air flow. To meet this maximum
demand, the requirement drives a large pump size.
With the linking of pump speed to engine speed,
significant inefficiencies can result from mismatch
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pump efficiency to typical operating conditions,
overflow in the system, and potentially even over
cooling under some conditions.

Replacing a mechanical pump with an electric pump
can yield significant benefits. With the pump gpee
decoupled from the engine speed, the electric pump
can be sized more appropriately to meet coolintggys
demand. Decoupling from the engine operation also
means that the electric pump speed can be comtrolle
provide flowrates on demand to better match the
cooling load demand. Advanced control strategas c
also lead to additional benefits by optimizing warm
for lubricating fluids like engine oil and transisisn
oil. Previous analytic studies have demonstrated
potential benefits of 1.2% for electric pump system
with advanced controls on a vehicle driven by a 1L
turbo gas direct injection engine with additional
benefits due to optimized transmission thermal
conditions (Zheng, 2018). While careful desigrthuf
system is required to fully realize these efficienc
improvements, there is clearly motivation to pursue
given the potential impact on fuel economy or elect
range.

System modeling with Modelica has been widely
used for vehicle thermal management simulations
(Bouvy, 2012; Kriger, 2012; Batteh, 2014; Stellato,
2017). With a powerful and flexible modeling
framework and proven commercial libraries, Modelica
provides an ideal platform for architectural stsdind
controls prototyping for advanced vehicle thermal
management. This paper describes an effort tolajeve
an analytic platform for Hanon Systems to evaldlage
electrification potential for powertrain coolingssgms.
The goal of this analytic platform is to allow rdpi
virtual prototyping of different cooling systemsrfo
evaluation of the potential of Hanon hardware and
controls solutions for system optimization. To
demonstrate this platform, a model of a dieseliogol
system based on a Ford Power Stroke diesel 6.7L V8
was developed. A baseline model of the system is
developed with Liquid Cooling Library (Modelon AB,
2018) and then modified to include electric pumps
from Hanon. The results from the simulations are
compared on a typical automotive drive cycle to
guantify potential benefits of the electric pumpgtsyn.

DOI
10.3384/ecp19157117

Proceedings of the 13" Internati

onal Modelica Conference 117

March 4-6, 2019, Regensburg, Germany



Diesel Cooling System Modeling for Electrification Potential

2 Diesd Cooling System M odel

This section provides an overview of the dieseliogo

thermostat controls the balance of flow between the
radiator and the bypass. The heater core flow eserg
downstream of the radiator and then flows to thgade

system model. The model is based on the Ford Powelyitje The resulting flow is mixed with the bypasd

Stroke (code name *“Scorpion”) 6.7L V8 diesel
designed for the North American light commercial
truck market (Deraad, 2010). The Power Strokeetlies
is used in Ford F series and Super Duty pickupgksruc
The Ford Scorpion diesel was designed with an
innovative dual loop cooling system. The following
sections provide an overview of the full system giod
and relevant component modeling details.

2.1 System and Model Overview

flow from the engine oil cooler and then flows tet
pump.

The low temperature loop is a fairly complex
hydraulic circuit with multiple flow branches and
operating modes based on coolant temperature. The
low temperature loop also has operation at higher
temperatures and at lower temperatures. The highe
temperature portion of the system operates at nbola
temperatures greater than 45°C and maintained
approximately at 60°C. The lower temperature pért

The Scorpion diesel system has two cooling loops: athe circuit operates at coolant temperatures gréfzae

high temperature loop and a low temperature lotye. T
two circuits are completely unmixed and interacthwi

20°C and maintained approximately at 45°C. Stgrtin
from the pump, some of the flow splits to the upper

each other via the two stage EGR cooler and via thesection of the radiator and the other part of toev f

radiator air flow with the low temperature radiator
front of the high temperature radiator. The high
temperature loop provides cooling and coolant flow
the following components:

¢ Engine block and head
¢ Turbocharger

« EGR cooler (1 stage)
* Heater core

» Engine oil cooler

The low temperature loop provides cooling and auola
flow for the following components:

+ EGR cooler (¥ stage)
¢ Transmission oil cooler
* Charge air cooler

» Fuel cooler

Figure 1 shows the entire diesel cooling system
model. The model was built without substantial
system hierarchy per request when getting startéd w

goes to a high temp thermostat that can direct flow
the EGR cooler second stage and the transmission oi
cooler. When the coolant temperature is below 45°C
the high temp thermostat is closed, and some of the
flow is sent directly to the transmission oil caosnd
EGR cooler. When the coolant temperature is above
45°C, the high temp thermostat starts to open kv f

to the EGR cooler and transmission oil cooler is
extracted after passing through the radiator upper
section. The low temperature thermostat is locaied
the radiator tank. This thermostat controls trevfl
between the upper and lower sections of the radiato
When the coolant entering the radiator is less than
20°C, the radiator is bypassed altogether, andidie

is directed to the fuel cooler and charge air aoole
When the coolant reaches 20°C, the low temperature
thermostat starts to open and allows coolant flow
through the upper and low sections of the radiator
before flowing to the charge air cooler and fuadleo.
Recall that the flow to the EGR cooler and

Modelica-based modeling. The model was built based transmission oil cooler can be extracted after the

on publicly available information on the system,
including the service manual for the engine andingo
system. Characterization of the model is discussed
Section 2.2. To help understand the coolant flow a
system operation, a discussion of relevant sectifns
the model follows.

The high temperature loop operates at typical
coolant operating temperatures around 100°C. iSgart
from the high temperature pump, the coolant flow
splits between the EGR cooler and the engine. e Th
flow through the engine goes to the left and rigibtk
and head. Some flow from the left side is serth®
turbocharger. Some flow from the right side of the
engine is sent to the engine oil cooler. The ffosm
the EGR cooler, turbocharger, and resulting flow
through the engine join downstream before the
thermostat. Some flow goes to the heater coitewh
the remaining flow goes through the thermostat.e Th

radiator upper section. Under different operating
conditions, it is possible to bypass the radiator
altogether, use only the upper section of the tadiar
use both the upper and lower sections of the radiat
To allow this capability, the two sections of the
radiator are modeled as separate heat exchandes. T
flow from all coolers joins at the degas bottle tugsm

of the pump.

The Scorpion diesel system provides a nice
benchmark for an analytic platform for virtual
prototyping of hardware and control strategies e
overall complexity with multiple loops, multiple
coolers, and multiple different temperature levels.
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Figure 1. Diesel cooling system model based on the Ford P8iveke diesel 6.7L V8 with high temperature and lo
temperature circuits
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In addition to the coolant hydraulic circuitsmple
hydraulic circuits are modeled for the transmissidn
and engine oil. Figure 2 shows this simple ciréoit
the engine oil cooler and also the implementatibn o
the simple circuit. The inputs to the circuit &ne oil
flowrate through the cooler and the heat inpuhtodil
and are considered boundary conditions. With this
simple circuit, it is possible to simulate dynanait
temperatures including warmup. While more detailed
models can be built if information is availabledo so,
it is important to have dynamic estimates of olil
temperature to ensure that oil temperature limits a
respected when considering system variants andalso

electric pump system, controllers are implemented a
discussed in subsequent sections.

The focus of the system model is on the cooling
system, but obviously simulation of the coolingtsys
is not possible without the relevant heat inputsl an
boundary conditions. While a full vehicle simudati
can provide some of these inputs, that scope was
outside of the focus of the current effort. To [sond
the cooling system modeling effort, a simple map-
based engine shown in Figure 3 was developed to
estimate heat input from the engine and turbocharge
along with operation conditions (flow and
temperatures) for the EGR cooler, fuel cooler, and

estimate potential benefits of faster oil tempemtu
warmup for friction reduction.

charge air cooler as a function of engine operating
conditions. The inputs to the model are the engine
brake power and engine speed. The brake speaéic f

consumption (BSFC) map was used to calculate fuel
flow based on published data (Deraad, 2010). Eigur
shows the BSFC map as extracted. While highly
simplified, this engine model allows simulation tog
key inputs from the engine without requiring highly
detailed information on the engine and engine
operating conditions. Data for this model was inpu
based on some published operating conditions ([deraa
2010) and then supplemented with nominal
information for diesel engines. Predictive capgbof

this model would obviously be improved with actual

QflewTeOl

engine characterization data, but the basic modes d
provide a practical computational approach for the
engine in lieu of detailed engine mapping data.
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Figure 2. Simple engine oil circuit

Several configurable elements are included in the »
model to provide the flexibility to switch betweéme
mechanical pump system and the electric pump system
The pump models in the high temperature and low
temperature circuits are replaceable models andean
changed individually. A control bus structure Isoa
established. Sensor signals from relevant comgenen
are placed onto the control bus. A controller
component is then connected to the coolant pumps to
specify the pump speed. For the mechanical pump
system, the engine speed is passed through to the
mechanical pumps offset by a fixed ratio. For the

Figure 3. Map based engine model
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contours ° °

®  datapoints

\ operating speeds. No mechanical efficiency data wa
\ provided so the pump was assumed to operate at a
constant 55% efficiency.  This value could be

o considered on the high side, but a conservativaeval
{ : was chosen so as to not bias results towards ¢céiel

. pumps. For the calculation of energy to drive the
pump, the fuel power required to drive the pump was
calculated using the engine BSFC.

For the electric pump system variant, Hanon
provided estimates of the pump efficiency and
flowrates vs. head characteristics at various speed
based on development and actual hardware. The flow
characteristics for the HCP-1KW pump used in the

Engine BMEP [bar]
)
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be o oo0es ,.--m\'.;;“’ sy high temperature circuit are shown in Figure 5.e Th
T e 2000 200 3000 efficiency data provided mapped from hydraulic powe
Engine speed [rpm] to electric power. Since the electric pump system

i ) included in a conventional system and to provide
Figure 4. Engine BSFC map as extracted from reference consistent comparisons of energy to drive the pump,
(Deraad, _2010_) _ _ the fuel power required to drive the electric pumpgs

In conjunction with the engine model, the boundary calculated based on the efficiency data providetizan

conditions for the system are as follows: estimate of the alternator efficiency along witte th
» Engine brake power engine BSFC. The alternator efficiency was assumed
« Engine speed to be 55% at all operating conditions. With this

approach, fuel energy comparisons can be made
between the mechanical and electric pump systems.

HCP-1KW Pump Affinity Pressure vs Flow

» Vehicle speed

» Heat input and flow for engine oil
+ Heat input and flow for transmission oil 500
» Heater core air temperature and flowrate

* Inlet air temperature of low temperature radiator 400

An initialization component is included with the
system model to allow convenient, consistent
initialization of the system and specification diet
boundary conditions. The initialization component
also includes the ability to override the engine
calculations to allow isothermal simulations and
simulation of the system at specified steady state
boundary conditions.

Summary records are included for both the high
temperature and low temperature circuits to allow 0
easy access to relevant outputs, including flovgtate 0 50 100 150 200 250 300 350 400
temperatures, heat rejection in the coolers, etc. Flow (LPM)

Figure 5. Flow characteristics for Hanon HCP-1KW
pump used in high temperature cooling loop
One of the main challenges in building the model of  gjnce no detailed flow information was available fo
the Scorpion diesel cooling system is the lackatddo the individual flow branches at different condition
parameterize the components and characterize theyssymptions were made based on information fowa fe
system outside of publicly-available data in litera. operating points to establish a flow distributiofthe
This data along with knowledge of similar systen@Ww  cqoling system service manual provided information
used to get a reasonable, first cut system modelgth o, the thermostat opening conditions for both tigh h
is admittedly imperfect and not desirable for model temperature and low temperature circuits. As oan b
accuracy. o . seen in Figure 1, lumped flow resistances were
One key piece of characterization data is the flow jnclyded in the various branches to allow calitomatf
and efficiency data for the mechanical pump. Ha®  the flow distribution. The flow resistances are
was not re_adlly ok_)talned from published literature. parameterized with an operating point friction mode
Hanon provided estimates of the flow and systenthea that takes nominal flow and pressure drop dataafor
requirements for the circuits. This data was thgad given operating point. Using information for the
to characterize the mechanical pump model at eiffer

w
o
o

Pressure (kPa)
N
(=
o

100

2.2 System Characterization
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thermostats, isothermal flow tests were conducted a 2.3 Electric Pump Control
various operating conditions to calibrate the flow
resistances in the model to provide the desired flo
distribution. The flow characterization of the t&ya
remains fixed and only the pumps are switched to go
from the mechanical to electric pump system.

The system volume for the high temperature and
low temperature circuits were provided in the aogli
system manual. The distribution of the volume imith
the individual circuit was provided based on rough
judgement of the sizes of the various componente
volume of the oil circuits was also obtained basad
available data and entered into the simplifieduiiec

Following the flow characterization of the system,
thermal characterization of the system is requieed
run reasonable thermal simulations. Typically gost
of characterization is easily provided based ont hea
exchanger performance characteristics that can be
readily entered into the model. The heat exchaniger
the system shown in Figure 1 include the high -

The conventional mechanical system operates without
active control for the coolant flow as the pumpesfs

are determined by the engine, and thermostats are
passive flow control devices based on operational
setpoints. For the system retrofit with electnanps,

a controller is implemented to control the pumpeshe
Figure 6 shows the electric pump controller. The
controller operates based on target coolant
temperatures for the various coolers. The commanded
pump speed increases as coolant temperatures exceed
the target temperatures. A minimum pump speed is
specified to ensure that there is sufficient flowrto
avoid hotspots in the system. In addition, the pum
hardware is designed to only operate in a particula
speed range. A maximum pump flowrate is also
specified to ensure that the pump stays within
operational limits.

temperature radiator, heater core, engine oil colue e g}

temperature radiator broken into upper and lower e 57
sections, EGR cooler broken into high temperatack a —

low temperature sections, transmission oil codle| B =1 S e R

cooler, and charge air cooler. These heat exchange s TE #”/ >—:J>—’%

are all modeled using th&aticEffectivenessTable o J

model in Liquid Cooling Library. This model spdeg oS, 17}

the heat exchanger performance as a 2D effectigenes

table based on the mass flowrates of the individual (|

fluid streams. However, this sort of data was not w5 ,

readily available in public literature. To provide e — —
characterization data for the heat exchangers, iano = *&t o
provided data for similar types of heat exchangers s T QJ
based on simulated and actual hardware. Thisveeda _—

then scaled as needed to provide the effectivanaps ety 27}

used in the model. The heater core was not

characterized but was set to an inactive statehén t Figure6. Electric pump controller

model. . .
To characterize the radiator airflow, the flow area 3 Simulation Results
to the high temperature radiator and the two sestaf Following the characterization of the system, deser

the low temperature radiator were estimated. Aetab of simulations were run to evaluate the potentiahe

for the griII factor as a function of vehicle spe\eds electric pump system as Compared to the baseline
estimated. Using this table, the external air )0  mechanical pump system. The simulations were
was calculated. This velocity was then convertedt  conducted on the FTP cycle. Figure 7 shows operati
mass flow using the flow area parameters. Sinee th conditions for the FTP cycle used for the simulagio
low temperature radiator is in front of the high including the following plots from top to bottom:
temperature radiator, the external air outlet tewrpee « Vehicle speed [kph]

from the low temperature radiator is used as thet in .

temperature for the high temperature radiator. lgvhi ° ENgine speed [rpm]

manually considered in this model, detailed heat ° Engine power [W]

exchanger models using Heat Exchanger Library « Fuel flow rate [g/s]

(Modelon AB, 2018) handles this stacking effectain « High temperature radiator flow rate [kg/s]
natural, distributed way based on component gegmetr
and stack layout. These models could be integrated
into the cooling system circuit but were beyond the
scope of this effort given that they require design
oriented geometric data not readily available.

Low temperature radiator flow rate [kg/s]
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Vi spaad temperatures as in the baseline mechanical pump
7NA
(/1T (s system.
i ‘ NA NN ™M A A A Figure 9 compares coolant temperatures in and out
o] ! ' A of the high temperature radiator along with the
! — - - - thermostat opening and mass flowrate through the
e ssecs o Erame e radiator for the mechanical and electric pump sgste
The coolant profiles are very similar.
bl Mechanical pump —— 1000 rpm —— 1500 rpm 2000 rpm
0 120
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3.1 Baseline Electric Pump Controller

The electric pump controller is based on targetato
temperatures for various parts of the system. Kdnli
the mechanical pump system, the electric pump syste
can operate at lower pump speeds and flowrates.
However, effectiveness of coolers can be low at low
flowrates. With low effectiveness, there is minima

Mechanical pump : Tin_radiator

Figure 8. Effect of minimum electric pump speed on
engine and transmission oil temperatures

Electric pump : Tin_radiator

heat extracted in the cooler and thus no real effiac
the coolant temperature. In this situation, the
temperature of the fluid being cooled rises, b th §
electric pump controller will not respond to incsea  ~
the flowrate since it is based on coolant tempegatu
targets. Thus, a series of simulations were run to
identify the appropriate minimum pump speed to
ensure that the engine oil and transmission olil
temperatures are kept under control. Figure 8 stew
comparison of the engine oil and transmission oil
temperatures for the mechanical pump system and
electric pump system at different minimum pump %
speeds. Based on these simulations, the minimum
pump speed is set to 2000 RPM for the high

—————————
-
S04 o8
. © 89.4048 degC
3 ® 87.9197 degC
T T T T T T
0 200 400 600 800 1000 1200 1400
Mechanical pump : Tout_radiator Electric pump : Tout_radiator
o0 [ e e (1 L
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04
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0

T T
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600 800 1000 1200

temperature electric pump and 3000 RPM for the low Figure 9. Comparison of coolant temperatures and

temperature electric to provide

pump

similar  flowrates at high temperature radiator
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Figure 10 compares high

Mechanical pump : Coolant temp at TOC outlet

temperature pump

Electric pump : Coolant temp at TOC outlet

conditions between the mechanical and electric pump z 1 s
. . . V/4 4 N
systems. Since the FTP cycle is such a lightlyléola _— SI37.0582 duic
cycle, the electric pump system can operate at the °
mlnlmum pump Speed for the entlre CyCle. A Mechanical pump : Coolant temp at EGR outiet Electric pump : Coolant temp at EGR outiet
comparison of the pump flowrates shows how much 3 « - S IO D S S s
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temperature circuit between the mechanical and |
electric pump systems. Temperatures are similay 0 200 400 600 800 1000 1200 1400

between the two systems though slightly higheh t

electric pump system.

Figure 12 compares low

the minimum pump speed for the entire cycle. Ahwi

the high temp pump,

significantly less in the electric pump system. eTh
overall efficiency of the electric pump system gmim

temperature pump

discussed previously,

Figure 12. Comparison of low temperature pump
conditions for mechanical and electric pump systems

conditions between the mechanical and electric pump Table 1 shows a comparison of the fuel consumption

systems. Again, the electric pump system can tun a between the mechanical and electric pump systems.
The fuel consumption on the cycle is reduced from

the overall flowrates are 1.6% of the total cycle fuel to approximately 0.9%
the total cycle fuel with the electric pump systeks
the electric pump system

lower than the mechanical pump system. For the low provides a benefit on the high temperature cirbuit
temperature circuit, the total pump energy for the not on the low temperature circuit due to the flatsr

electric pump system is larger than the mechanical required to manage the transmission oil tempersiture
pump system as the reduction in hydraulic poweois ~ given that the mechanical pump system is inherently

enough to offset the reduced efficiency.

more efficient.

124

Proceedings of the 13" International Modelica Conference

March 4-6, 2019, Regensburg, Germany

DOI
10.3384/ecp19157117




Diesel Cooling System Modeling for Electrification Potential

Table 1. Fuel consumption comparisons for the
mechanical and electric pump systems

Fuel consumption | % of total fuel
[g] consumption

 96.4201 degC
® 107.223 degC

(deC)

Vehicle 1762.3
HT Mechanical 26.62 1.5
pump
HT Electric pump 12.10 0.69
LT Mechanical 1.591 0.090
pump
LT Electric pump 3.493 0.198

3.2 Electric Pump Controller with Oil-Based
Control

(dooC)

® 85.9553 degC
® 99.004 deC

As described in Section 2.3, the baseline eleptiimp
controller is based on target coolant temperatures.
However, this control scheme requires that the
minimum pump speed is set to control oil tempeesur
indirectly. As seen in the previous section, theeteic
pump system basically operates at minimum pump
speed due to the light loads in the FTP cycle.

Another potential benefit of the electric pump
system is the ability to accelerate the warmuphef t
engine and transmission oil by controlling the flea
the oil coolers. This benefit translates into fuel
consumption due to reduced losses and frictiontdue
oil temperatures that more rapidly reach the dédsire
operating range. To evaluate this potential, therol
algorithm was modified to explicitly control thegine
and transmission oil temperatures in addition tge
coolant temperatures for the other coolers. Figie
shows a comparison between the two different etectr
pump control strategies for the engine and trarsions
oil temperatures. By explicitly considering thd oi
temperatures in the electric pump strategy, thetride
pump system can deliver oil temperatures that more
quickly reach desired operating range while still
managing the maximum temperature constraints.

Though the additional steps to translate these
operating temperature benefits into fuel consumptio
metrics were beyond the scope of this work, they ar
being considered for further development of the
simulation platform for Hanon. Potential future Wwor
also includes simulation of different vehicle cxl®
evaluate fuel economy potential on a wider range of
relevant usage profiles.

Figure 13. Comparison of electric pump systems with
coolant only and coolant + oil temperature conteolgine
and transmission oil

4 Summary

This paper describes an effort to develop an aigalyt
platform for Hanon Systems to evaluate the
electrification potential for powertrain coolingstgms.
This analytic platform allows rapid virtual protping

of different cooling systems to evaluate the paiéof
Hanon hardware and controls solutions for systems
optimization. This platform was demonstrated on a
model of the diesel cooling system for the Ford @ow
Stroke diesel 6.7L V8. A baseline model of the
mechanical pump system was built and characterized
for flow and thermal response. An electric pump
variant of the system was built by replacing the
mechanical pump with electric pumps from Hanon.
Two different electric pump control strategies were
implemented. The electric pump system demonstrated
a fuel economy benefit when evaluated on the FTP
cycle and also showed the potential benefit foremor
rapid warmup of engine and transmission oil with a
modified control algorithm.

Future work on this model includes opportunities fo
better system characterization if data on the &ctua
system can be obtained. In particular, actual
characterization of the mechanical pump and heat
exchanges would greatly improve model accuracy.
Quantifying the benefits of the increased warmup of
the oil temperatures for reduction in friction dondses
is also a focus of future work. Integrating thelooy
system model with a full vehicle simulation would
reduce the need for driving the simulations witgiea
conditions and pick up additional interactions wtttle
vehicle loads. Simulation on different vehicle leygc
would also allow the evaluation of fuel economy
potential on a wider range of usage profiles.
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While this work focused on simply replacing the
mechanical pump with electric pumps, future work
with this modeling capability includes evaluatioh o
concepts to redesign the system and develop control
strategies to take full advantage of the capabilitthe
electric pump system to deliver flow on demand to
individual coolers in the high and low temperature
circuits.
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