
 
 

 
 
 
 
 
 
 
 
 

A Comprehensive Thermal Management System Model  
 for Hybrid Electric Vehicles 

 
 

by  
 

Sungjin Park 
 
 

A dissertation submitted in partial fulfillment 
 of the requirements for the degree of 

Doctor of Philosophy 
(Mechanical Engineering) 

in The University of Michigan 
2011 

 
 
 
 
 
     Doctoral Committee: 

 
Professor Dionissios N. Assanis, Co-Chair 
Assistant Professor Dohoy Jung, Co-Chair 
Professor Huei Peng 
Professor Levi T. Thompson, Jr. 
 
 
 



ii 
 

 

Table of Contents 

Table of Figures................................................................................................................. v 

Table of Tables ................................................................................................................. ix 

Nomenclature ................................................................................................................... xi 

Abstract…….. ................................................................................................................. xvi 

Chapter 1 Introduction..................................................................................................... 1 

Chapter 2 Hybrid Electric Vehicle Modeling ................................................................. 9 

2.1 Vehicle Configuration .......................................................................................... 10 

2.2 Power Management Strategy .............................................................................. 13 

2.3 Vehicle Powertrain Modeling.............................................................................. 14 

2.3.1 Power Sources ................................................................................................. 15 

2.3.2 Drivetrain and Vehicle Dynamics ................................................................. 20 

2.4 Driving Condition and Cycle .............................................................................. 23 

2.5 Vehicle Simulation Results .................................................................................. 24 

Chapter 3 Vehicle Cooling System Modeling ............................................................... 30 

3.1 Component Modeling .......................................................................................... 30 

3.1.1 Heat Source Component Modeling ............................................................... 31 

3.1.2 Heat Sink Component Modeling ................................................................... 34 

3.1.3 Fluid Delivery Component Modeling ............................................................ 41 

3.2 Cooling System Architecture .............................................................................. 50 



iii 
 

3.3 Cooling System Sizing .......................................................................................... 52 

Chapter 4 Climate Control System Modeling .............................................................. 55 

4.1 Refrigeration System Modeling .......................................................................... 56 

4.2 Heat Load Modeling ............................................................................................ 58 

4.3 Battery Thermal Management System Modeling ............................................. 59 

4.3.2 Battery Thermal Management Method ........................................................ 60 

4.3.2 Battery Thermal Management System Modeling ........................................ 63 

4.4 Control Strategy of Climate Control System .................................................... 68 

Chapter 5 Integrated Simulation of Vehicle Thermal Management System and 
Vehicle Powertrain System ............................................................................................ 70 

5.1 Integration of Vehicle Thermal Management System and Vehicle Powertrain 
System ......................................................................................................................... 71 

5.2 Cooling System Component Sizing ..................................................................... 73 

5.2.1 Heat Generation by Heat Source Components ............................................ 73 

5.2.2 Pump and Radiator Sizing ............................................................................. 77 

5.3 Results of Integrated Simulation ........................................................................ 83 

Chapter 6 Design of VTMS Architecture for Heavy-Duty SHEV ............................. 94 

6.1 VTMS Architecture Design ................................................................................. 95 

6.2 Comparison of VTMS Power Consumption .................................................... 101 

6.2.1 Power Consumption of Vehicle Cooling System ........................................ 102 

6.2.2 Power Consumption of CCS and VTMS .................................................... 108 

6.2.3 Effect of VTMS on Fuel Economy .............................................................. 110 

6.3 Comparison of Temperature Variations of Powertrain Components .......... 113 

Chapter 7 Summary and Conclusions ........................................................................ 116 

7.1 Integrated Simulation of Vehicle Thermal Management System and Vehicle 
Powertrain System ................................................................................................... 116 



iv 
 

7.2 Design of VTMS Architecture for Heavy-Duty SHEV ................................... 118 

Chapter 8 Suggested Future Work ............................................................................. 120 

REFERENCES .............................................................................................................. 122 

 
  



v 
 

 

Table of Figures 

Figure 1. Energy flow for various vehicle configurations. (A) ICE, the 
conventional internal combustion, spark ignition engine; (B) HICE, a hybrid 
vehicle that includes an electric motor and parallel drive train which eliminates 
idling loss and captures some energy of braking [1]. ................................................ 2 

Figure 2. Comparison of fuel economy impacts of auxiliary loads between a 
conventional vehicle and a high fuel economy vehicle [2]. ....................................... 3 

Figure 3. Temperature dependency of the life cycle of Li-ion battery [11]. ........... 6 

Figure 4. Schematic of series hybrid electric vehicle propulsion system. ............. 11 

Figure 5. Combined BSFC map of PGU and best PGU operation points. ........... 14 

Figure 6. Energy density vs. Power density [25]. .................................................... 17 

Figure 7. Comparison of internal resistance of Li-ion and Lead-acid batteries. . 17 

Figure 8. Schematic of NREL resistive battery model. ........................................... 19 

Figure 9. Battery voltage response under a current pulse. .................................... 19 

Figure 10. Open circuit voltage and internal resistance of Li-ion battery 
depending on the battery temperature. .................................................................... 20 

Figure 11. Efficiency map of drive motor. (150kW) ............................................... 22 

Figure 12. Efficiency map of generator. (300kW) ................................................... 22 

Figure 13. Heavy duty urban + cross country driving cycle. ................................. 24 

Figure 14. Operating conditions of powertrain components under Grade Load 
condition… .................................................................................................................. 26 

Figure 15. Operating conditions of powertrain components under Maximum 
Speed condition. ......................................................................................................... 27 



vi 
 

Figure 16. Operating conditions of powertrain components over Urban + Cross 
Country driving cycle. ............................................................................................... 28 

Figure 17. Engine operation points over Urban + Cross country driving cycle. .. 29 

Figure 18. Staggered grid system for FDM and design parameters of CHE core. 
The design parameters are; core size, water tube depth (a), height (b) and 
thickness (c), fin length (d), width (e), pitch (f), and thickness (g), louver height (i), 
angle (j), and pitch (k). ............................................................................................... 36 

Figure 19. Schematic of concentric heat exchanger for oil cooler model. ............. 40 

Figure 20. Flow rate and efficiency map of mechanical and electric pump. ........ 43 

Figure 21. Schematic of pump model. (heat 1 and 2: heat source components) .. 43 

Figure 22. Valve lift curve of thermostat with respect to the thermostat 
temperature with hysteresis characteristics. ........................................................... 45 

Figure 23. Flow rate calculation of thermostat model based on system resistance 
concept…… ................................................................................................................. 45 

Figure 24. Air duct system based on system resistance concept. ........................... 45 

Figure 25. Schematic of oil cooling circuit model. .................................................. 47 

Figure 26. Performance data of gear pump [39]. .................................................... 48 

Figure 27. PI controller with anti wind-up in Matlab Simulink. ........................... 49 

Figure 28. Schematic of Cooling System Architecture A. (Rad: Radiator, EP: 
Electric Pump, MP: Mechanical Pump, T/S: Thermostat, CAC: Charge Air 
Cooler)…… ................................................................................................................. 52 

Figure 29. Schematic of the CCS for a HEV. .......................................................... 57 

Figure 30. The balance of the heat in the cabin. ...................................................... 59 

Figure 31. General schematic of thermal management using air [16]. ................. 61 

Figure 32. General schematic of thermal management using liquid [16]. ............ 62 

Figure 33. Schematic of a battery bank ................................................................... 64 

Figure 34. Tube arrangement in a bank (Staggered) [37] ...................................... 65 

Figure 35. Friction factor f  and correction factor X for equation (4.15). 
Staggered tube bundle arrangement [51] ................................................................ 68 



vii 
 

Figure 36. Schematic of integrated simulation of the vehicle powertrain and the 
VTMS…… .................................................................................................................. 72 

Figure 37. The snapshot of integrated model of the vehicle powertrain and the 
VTMS in the Matlab Simulink environment. .......................................................... 72 

Figure 38. Heat generation rates under three driving conditions. ........................ 75 

Figure 39. Comparison of heat rejection from powertrain components under 
three driving conditions. ............................................................................................ 76 

Figure 40. Correlation power consumption between the heat transfer rate and 
radiator thickness dependent on the power consumption of cooling fan. ............. 78 

Figure 41. Design criteria of pump and radiator sizing. ........................................ 80 

Figure 42. Performance map of reference mechanical pump. ............................... 81 

Figure 43. Performance map of reference electric pump. ...................................... 81 

Figure 44. Performance map of reference cooling fan............................................ 82 

Figure 45. Temperature histories of electric components under the grade load 
condition (Architecture A). ....................................................................................... 85 

Figure 46. Comparison of heat rejection and power consumption of VCS and 
CCS (Architecture A). ............................................................................................... 86 

Figure 47. State of Charge (SOC) of battery under three driving conditions 
(Architecture A). ........................................................................................................ 89 

Figure 48. Comparison of heat rejection rate of battery pack. .............................. 90 

Figure 49. Parasitic power consumption of cooling components. .......................... 91 

Figure 50. Temperature histories of the electric powertrain components over 
urban + cross country driving cycle. (GEN : Generator, MOT: Motor, PB: Power 
Bus)……… .................................................................................................................. 93 

Figure 51. Schematic of VTMS Architecture B....................................................... 96 

Figure 52. Schematic of VTMS Architecture C. ..................................................... 99 

Figure 53. Comparison of VCS (pumps and cooling fan) power consumptions of 
three VTMS architecture designs under grade load condition. ........................... 104 

Figure 54. Comparison of VCS (pumps and cooling fan for condenser and 
radiators) power consumptions of three VTMS architecture designs under urban 
+ cross country driving cycle. .................................................................................. 105 



viii 
 

Figure 55. Comparison of the power consumption of VCS under three driving 
conditions… .............................................................................................................. 108 

Figure 56. Comparison of the power consumption of CCS under three driving 
conditions… .............................................................................................................. 109 

Figure 57. Comparison of the power consumption of VTMS under three driving 
conditions.. ................................................................................................................ 109 

Figure 58. Estimation of fuel economy of the SHEV under grade load and 
maximum speed condition. ...................................................................................... 111 

Figure 59. Estimation of fuel economy of the SHEV over urban + cross country 
driving cycle. ............................................................................................................. 111 

Figure 60. Temperature histories of electric components in three architectures 
over the urban + cross country driving cycle: (a) generator, (b) drive motor, and 
(c) power bus ............................................................................................................. 115 

 

  



ix 
 

 

Table of Tables 

Table 1. Specifications of series hybrid electric vehicle. .............................................. 12 

Table 2. Diesel engine specifications. ............................................................................. 16 

Table 3. Vehicle driving conditions. .............................................................................. 23 

Table 4. Summary of heat source component models. ................................................ 34 

Table 5. Summary of heat sink component models. .................................................... 41 

Table 6. Summary of fluid delivery component model. .............................................. 50 

Table 7. Thermodynamic and Fluid dynamic properties of Mineral Oil .................. 61 

Table 8. Constants of equation (4.11) for tube bank in cross flow [51] ..................... 66 

Table 9. Correction factor of equation (4.13) for NL <20 [51]. ................................... 66 

Table 10. Battery mechanical characteristics (Saft VL 6A) ........................................ 66 

Table 11. Peak heat generation rates from powertrain components under grade load 
condition……................................................................................................................... 76 

Table 12. General characteristics of a heavy military vehicle (M24) [53]. ................ 78 

Table 13. Radiator size (Width x Height x Thickness) and pump scaling factors for 
Architecture A determined by grade load condition test. ........................................... 82 

Table 14. Control target temperatures of heat source components of SHEV[12]. ... 84 

Table 15. Operation group of heat source components of SHEV............................... 98 

Table 16. Sizing result of radiator size (width x height x thickness) and pump scaling 
factors for three VTMS architectures under grade load driving condition. ........... 101 

Table 17. Accumulated time (seconds) of fan operation without active cooling of 
each circuit over urban + cross-country driving cycle. ............................................. 107 



x 
 

Table 18. Improvement of fuel economy by VTMS redesign. .................................. 112 

 

  



xi 
 

 

Nomenclature 

 

A : area 

a, b, c : pressure drop coefficient 

Cp : specific heat 

C : fluid heat capacity rate 

Cf : friction coefficient 

Cr : the ratio of minimum to maximum fluid heat capacity rate (Cmin/Cmax) 

d : diameter 

f : friction factor 

Gs : solar irradiation 

H : height 

h : convective heat transfer coefficient 

I : electric current 

k : thermal conductivity 

Kloss : loss coefficient 

L : length 

m&  : mass flow rate 

N : rotational speed 

NTU : number of transfer units 



xii 
 

P : pressure 

p : pitch 

q : heat transfer rate 

Q : heat generation rate 

R : electrical resistance 

Re : Reynolds number 

T : temperature 

t : thickness 

T/S : thermostat 

U : overall heat transfer coefficient 

V : voltage 

V  : average velocity 

V&  : volumetric flow rate 

w : width 

W : work 

 

 

Greek 

α  : scaling factor 

sα  : absorptivity 

η  : efficiency 

ω  : angular velocity 

τ  : torque 

ρ  :density 

π  : ratio of the circumference of a circle to the diameter 



xiii 
 

ε  : effectiveness  / emissivity 

σ  : Stefan-Boltzmann constant 

μ  : dynamic viscosity 

θ  : angle 

 

Subscripts and Superscripts 

a : air 

act : active area 

amb : ambient 

batt : battery 

c : cold / cross section 

co : coulombic  

cap : capacity 

comp : component 

cond : condenser 

cool : coolant 

ext : external  

eng : engine 

evap : evaporator 

f : fin 

gen : generator 

h : hot / hydraulic 

heat : heat source 

i : input 

in : inlet 



xiv 
 

int : internal 

lou / l : louver 

min : minimum 

max : maximum 

mot : motor 

o : output/ over all 

oc : open circuit / oil cooler 

p : perimeter 

pb : power bus 

r : ratio 

rad : radiator 

ref : reference 

t : tube 

tc : turbo charger 

 

 

Abbreviations 

AC : alternating current 

A/C : air condition 

BMEP : brake mean effective pressure 

BSFC : brake specific fuel consumption 

CCS : climate control system 

COP : coefficient of performance 

CFD : computational fluid dynamics 

CHE : compact heat exchanger 



xv 
 

FDM : finite difference method 

HEV : hybrid electric vehicle 

LMTD : log mean temperature difference 

OCV : open circuit voltage 

PGU : power generation unit 

PI : proportional integral 

SHEV : series hybrid electric vehicle 

SOC : state of charge 

VCS : vehicle cooling system 

VESIM: vehicle-engine simulation 

VPS : vehicle powertrain system 

VTMS : vehicle thermal management system 

  



xvi 
 

 

Abstract 

This study describes the creation of efficient architecture designs of vehicle thermal man-

agement system (VTMS) for hybrid electric vehicles (HEVs) by using numerical simula-

tions. The objective is to develop guidelines and methodologies for the architecture de-

sign of the VTMS for HEVs, which are used to improve the performance of the VTMS 

and the fuel economy of the vehicle. For the numerical simulations, a comprehensive 

model of the VTMS for HEVs which can predict the thermal response of the VTMS dur-

ing transient operations is developed. The comprehensive VTMS model consists of the 

vehicle cooling system model and climate control system model. A vehicle powertrain 

model for HEVs is also developed to simulate the operating conditions of the powertrain 

components because the VTMS components interact with the powertrain components. 

Finally, the VTMS model and the vehicle powertrain model are integrated to predict 

thermal response of the VTMS and the fuel economy of the vehicle under various vehicle 

driving conditions.  

The comprehensive model of the VTMS for HEVs is used for the study on the architec-

ture design of the VTMS for a heavy duty series hybrid electric vehicle. Integrated simu-

lation is conducted using three VTMS architecture designs created based on the design 

guidelines developed in this study. The three architecture designs are compared based on 

the performance of the VTMS and the impact of the VTMS design on the fuel economy 
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under various driving conditions. The comparison of three optional VTMS architectures 

shows noticeably significant differences in the parasitic power consumptions of the 

VTMSs and the transient temperature fluctuations of electric components depending on 

the architecture design. From the simulation results, it is concluded that, compared with 

the VTMS for the conventional vehicles, the architecture of the VTMS for the SHEV 

should be configured more carefully because of the additional heat source components, 

the complexity of component operations, and the dependency of the parasitic power con-

sumption on driving modes.  
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Chapter 1 Introduction  

 

The automotive industry is facing unprecedented challenges due to energy and environ-

mental issues. The emission regulation is becoming strict and the price of oil is increasing. 

Thus, the automotive industry requires high-efficiency powertrains for automobiles to 

reduce fuel consumption and emissions. Among high-efficiency powertrain vehicles, Hy-

brid Electric Vehicles (HEVs) are under development and in production as one potential 

solution to these problems. Thus, one of the most critical objectives of the HEV devel-

opment is improving fuel economy. There are many ways of maximizing the fuel econo-

my of a vehicle such as brake power regeneration, efficient engine operation, parasitic 

loss minimization, reduction of vehicle aerodynamic drag, and engine idle stop. Figure 1 

compares the balance of the energy of a conventional vehicle with a hybrid electric ve-

hicle [1]. As can be seen in Figure 1, the hybrid vehicle saves fuel by utilizing engine idle 

stop, brake power regeneration, and efficient engine operation. Figure 1 also shows that 

the fuel consumed by the accessories, which include Vehicle Cooling System (VCS), 

Climate Control System (CCS), and electric accessories, is not negligible compared with 

the fuel consumed by the vehicle propulsion system. In addition, the portion of the energy 

consumption of the accessories in HEVs is bigger than that of conventional vehicles. This 



2 
 

observation suggests that the efficient accessory system, particularly the VCS and CCS, 

is more important in high-efficiency vehicles because they have more effect on the fuel 

economy. The effect of the auxiliary load on the fuel economy of high-efficiency vehicles 

studied by Farrington et al [2]. They examined the effect of auxiliary load on vehicle fuel 

economy via a focus on climate control system. Figure 2 compares the impact of aux-

iliary load, i.e. the power consumed by accessory systems, on the fuel economy of the 

conventional and high fuel economy vehicle. As shown in the figure, a high fuel econo-

my vehicle is much more affected by the auxiliary load than a conventional vehicle. 

Therefore, more efficient thermal management systems including VCS and CCS are es-

sential for HEV.  

 

Figure 1. Energy flow for various vehicle configurations. (A) ICE, the conventional 
internal combustion, spark ignition engine; (B) HICE, a hybrid vehicle that includes 
an electric motor and parallel drive train which eliminates idling loss and captures 
some energy of braking [1]. 
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Figure 2. Comparison of fuel economy impacts of auxiliary loads between a conven-
tional vehicle and a high fuel economy vehicle [2]. 

 

Achieving efficient VCS and CCS for HEVs requires meeting particular design chal-

lenges of the VCS and CCS. The design of the VCS and CCS for HEVs is different from 

those for conventional vehicles. VCS design for HEVs is much more complicated than 

that of conventional vehicles because the powertrain of HEVs has additional powertrain 

components. Furthermore, the additional powertrain components are operated at different 

temperatures and they are operated independently of the engine operation. The design of 

CCS for HEVs is also different from that of conventional vehicles because the tempera-

ture of the battery pack in HEVs is controlled by the CCS. Thus, the heat load for the 

CCS of HEVs is much higher than that for the CCS of conventional vehicles. Thus, this is 

another challenge for the design of the VTMS for HEVs. 
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As noted above, these additional powertrain components such as a generator, drive mo-

tors, a large battery pack, and a power bus require proper thermal management to prevent 

thermal run away of the power electronics used for the electric powertrain components. 

Thus, the thermal management of the power electronics and electric machines is one of 

the challenges for the HEV development and various studies have been conducted [3-7]. 

Generally, dedicated VCS for the hybrid components are required as a result of the con-

siderable heat rejections and different cooling requirements of the electric components. In 

the cooling system of HEVs, a cooling pump driven by an electric motor, rather than a 

pump driven by the engine, is used for the cooling circuit of the electric powertrain com-

ponents because they need cooling even when the engine is turned off. The benefits of a 

controllable electric pump over the mechanical pump were studied by Cho et al. [8] in the 

case of the cooling system for a medium duty diesel engine. They used numerical simula-

tions to assess the fuel economy and cooling performance and it is found that the usage of 

an electric pump in place of the mechanical pump can reduce power consumption by the 

pump and permit downsizing of the radiator. In addition to those benefits, the use of an 

electric pump makes the configuration of the cooing circuits in hybrid vehicles relatively 

flexible in terms of grouping components in different circuits. However, this flexibility 

raises an issue in optimizing cooling circuit architecture because of the complexity of the 

system and the parasitic power consumption of the cooling system. The performance and 

power consumption of the cooling system are also very sensitive to the powertrain opera-

tion. The powertrain operation is determined by the power management strategy, which 

changes in response to driving conditions of HEVs. Therefore, the effects of driving con-
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ditions must be considered during the design process of the cooling system. Thus, in light 

of these additional components, design flexibility, and the effects by vehicle driving con-

dition, it is clear that the design of the VCS for HEVs demands a strategic approach com-

pared with the design of the VCS for conventional vehicles.  

  

Another challenge in designing the VTMS for HEVs is managing the cabin heat load 

generated as a result of the placement of the battery pack in the passenger compartment. 

In HEVs, the battery pack is located on board because of its lower operating temperature 

compared with powertrain components. Therefore, battery thermal management system is 

a part of the Climate Control System (CCS) because the battery is cooled by using the 

CCS. Thus, the load on the CCS of HEVs is higher than that of conventional vehicles be-

cause the battery is the major heat source in the cabin. In addition, battery thermal man-

agement is important for the health and life of the battery. Although high temperature op-

eration is better for the battery performance due to reduced battery loss and reduced bat-

tery thermal management power, high temperature operation is limited due to the battery 

durability and safety. Figure 3 shows the temperature dependency of the cycle life of Li-

ion battery. As can be seen in the figure, the battery life drops dramatically when the bat-

tery is operated at higher than 60oC. The same happens at lower temperature. In extreme 

cases, lithium ion battery can explode by a chain reaction. Generally, the battery operat-

ing temperature is limited lower than 60oC for the lithium ion and lead acid battery [9-10]. 

Accordingly, battery thermal management associated with climate control system is a 

critical part of vehicle thermal management system design of HEVs. Therefore, a com-
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prehensive vehicle thermal management system analysis including VCS and CCS is 

needed for the HEV vehicle thermal management system design. 

 

Figure 3. Temperature dependency of the life cycle of Li-ion battery [11]. 

 

Recognizing the need for the efficient vehicle thermal management system (VTMS) de-

sign for HEVs, many researchers have tried to deal with the VTMS design for HEVs 

from various view-points. Because of the complexity and the necessity for the design 

flexibility of the thermal management system of HEVs, numerical modeling can be an 

efficient way to assess various design concepts and architectures of the system during the 

early stage of system development compared with experiments relying on expensive pro-

totype vehicles. Traci et al. [12] demonstrated that a numerical approach could be suc-

cessfully used for thermal management system design of HEVs. They simulated a cool-

ing system of an all-electric combat vehicle that uses a diesel engine as a prime power 

source and stores the power in a central energy storage system. They conducted parame-

tric studies on the effect of the ambient temperature on the fan power consumption and 
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the effect of the coolant temperature on the system size. Park and Jaura [13] used a com-

mercial software package to analyze the under-hood thermal behavior of an HEV cooling 

system and studied the effect of the additional hardware on the performance of cooling 

system. They also investigated the effect of an electronic module cooler on the conven-

tional cooling system. These previous studies, however, focused on parametric studies 

and did not deal with the architecture design of the vehicle thermal management system 

considering the power consumption of the system. 

 

There also have been many efforts to analyze the impact of the CCS on the HEV. Ben-

nion and Thornton [6] compared the thermal management of advanced powertrains using 

an integrated thermal management system model and studied on the peak heat load over a 

transient vehicle driving cycle to minimize the size of cooling system. They also studied 

the cases involving efforts to minimize the cooling circuit by integrating low temperature 

circuits with high temperature circuits or A/C circuits. Kim and Pesaran [14] studied bat-

tery thermal management of HEV focused on the battery temperature distribution in the 

battery pack. Pesaran [15-16] studied the battery thermal models and the various methods 

of battery cooling in HEVs. However, these previous studies did not deal with the battery 

thermal management integrated with the A/C system, which is a part of the vehicle ther-

mal management system. 

 

As introduced above, although HEVs need more efficient VTMS than conventional ve-

hicles, these previous studies do not present design guidelines to improve the efficiency 

and performance of the VTMS for HEVs. Thus, this study is focused on the design of the 
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efficient VTMS for HEVs. The objective of this study is to develop guidelines and me-

thodologies for the architecture design of the VTMS for HEVs, which are used to im-

prove the performance of the VTMS and the fuel economy of the vehicle. To achieve the 

goal, a numerical modeling and simulation is adapted to develop the guidelines and me-

thodologies. For the numerical simulations, a comprehensive model of the VTMS for 

HEVs which can predict the thermal response of the VTMS during transient operations is 

developed. A vehicle powertrain model for HEVs is also developed to simulate the oper-

ating conditions of the powertrain components because the VTMS components interact 

with the powertrain components. The developed model is used for the system analyses 

and the design explorations of the VTMS for HEVs. Thus, this thesis is organized as fol-

lows. Chapter 2 describes the modeling approach for the vehicle powertrain system. 

Chapter 3 and 4 explain the VCS modeling approach and the CCS modeling approach 

respectively. Chapter 5 presents the results of integrated simulations. The vehicle power-

train system and VTMS including VCS and CCS are integrated to simulate the thermal 

response of the VTMS when the vehicle is driven over a specified driving schedule. The 

design guidelines which improve the efficiency and performance of the VTMS for HEVs 

are developed from the observations of the simulation results. In Chapter 6, the guide-

lines developed in Chapter 5 are applied to the architecture design of the VTMS for 

HEVs. Three VTMS architecture options designed based on the guidelines are compared 

based on the performance of the VTMS and the fuel economy of the vehicle. Chapter 7 

summarizes this study and presents the conclusions made in the numerical study on the 

architecture design of VTMS for HEVs.   
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Chapter 2 Hybrid Electric Vehicle Modeling 

The operation of a cooling system is very sensitive to the operating conditions of the po-

wertrain system because the heat generations from powertrain components are entirely 

dependent on their operating conditions. Therefore, the data on operating conditions of 

powertrain components must be provided for accurate simulation of a vehicle cooling 

system. The operating conditions of the powertrain components can be acquired by expe-

rimentation with the vehicle. However, the experimental data acquisition is more expen-

sive than the data acquisition by numerical simulations. Thus, in this study, a numerical 

model is developed for the vehicle powertrain to acquire the operating conditions of the 

powertrain components.  

Among the various types of the hybrid electric vehicles, heavy duty military Series Hybr-

id Electric Vehicle (SHEV) is selected for the VTMS design study. The heavy duty 

SHEV for military use is selected because its VMTS is one of main concerns in the ve-

hicle development. The VTMS of heavy duty military SHEV is critical system for the 

vehicle because:  

a. The VTMS of SHEV has additional powertrain components and thermal require-

ments which induce the complication of VTMS architecture design. 
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b. The operation point of heavy duty military vehicle is high ratio of tractive effort 

to weight in the desert like operating condition which is severe operating condi-

tion for VTMS, thus, heavy duty military SHEVs require reliable VTMS. 

c. The CCS of heavy duty military SHEV is important because it protects high tech 

on-board electric equipment, battery pack, and soldiers from thermal damage. 

 

Thus, this combination (heavy duty military SHEV) provides the best test for a strategic 

approach to the VTMS design of HEVs. In this study, a model for the heavy duty military 

SHEV is developed to simulate the operation of powertrain components when the vehicle 

is driven according to various driving cycle. Each powertrain component is modeled and 

integrated into the SHEV configuration based on the specifications selected for the ve-

hicle. 

 

2.1 Vehicle Configuration  

Compared with conventional vehicle powertrains, those of SHEVs are characterized by 

additional electric components and complicated power management modes. The schemat-

ic of a SHEV propulsion system modeled in this study is illustrated in Figure 4. The 

schematic shows the main powertrain components of the SHEV propulsion system and 

the arrows in the schematic indicate the direction of power flow. The SHEV propulsion 

system is composed of an internal combustion engine, a generator, a power bus, a battery 

pack, and two drive motors. In conventional vehicles, the internal combustion engine is 

the prime power source, thus the mechanical power from the engine is transferred to driv-

ing shafts through a transmission. However, in SHEVs, the engine power is converted to 
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the electricity by the generator and it is stored in the battery pack or directly used by the 

drive motors depending on the power management mode. The electricity is managed to 

power the drive motors or to charge the battery pack by the power bus which includes the 

inverter and the voltage-boosting converter. The drive motors are powered by the elec-

tricity from the generator or the battery. Detailed power management strategy is pre-

sented in the following section. 

 

Figure 4. Schematic of series hybrid electric vehicle propulsion system. 

 

Vehicle simulation softwares such as SIMPLEV[17], CarSim[18], HVEC[19], CSM 

HEV[20], Elph/V-Elph[21], HEVSIM[22], ADVISOR[23] have been developed to simu-

late versatile HEV powertrain layouts. In this study, a vehicle model with a SHEV pro-

pulsion system is created employing Vehicle-Engine SIMulation (VESIM) which has 

been developed at the Automotive Research Center (ARC) at the University of Michigan 

[24]. The model is used to acquire the operating conditions of the SHEV powertrain 
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components. The specifications of the virtual SHEV simulated in this study are summa-

rized in Table 1. They are selected for a 20-ton heavy duty military vehicle. A turbo-

charged diesel engine is chosen for better efficiency against the spark ignition engine and 

for lower cost against the gas turbine. The rated engine power is determined based on the 

power (kW) to weight (ton) ratio of 15. Generator and drive motor capacities are deter-

mined to fully convert the power from the engine to electricity and propulsion. Two AC 

induction type electric motors are used to drive two separate wheels of the vehicle. Li-ion 

battery is used to store and supply electric power. The maximum vehicle speed is go-

verned at 88.5 km/h (55 mph), which is the typical maximum speed of the compatible 

military vehicles. 

 

 

 

 

 

Table 1. Specifications of series hybrid electric vehicle. 

Component Type Specification 

Vehicle Military Vehicle with Series-Hybrid 
Electric Powertrain 20 tons 

Engine Turbocharged Diesel Engine 300 kW 

Generator Permanent Magnetic 300 kW 

Motor AC Induction 2 × 150 kW 

Battery Lithium Ion 6Ah/420 modules 
Maximum 

speed (Governed) 88.5 km/h 
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2.2 Power Management Strategy 

The power management process starts by interpreting the driver pedal signal as a power 

request. Depending on the power request and the state of charge (SOC) of the battery, the 

power management strategy is divided into three control modes: Braking mode, Normal 

mode, and Recharging mode. An active brake pedal position is interpreted as a negative 

power request and the braking mode is engaged. Regenerative braking is activated to ab-

sorb braking power within the limits of the battery and motor. Friction braking is acti-

vated when the braking power request exceeds the regenerative braking capacity. If the 

power request is positive with an active acceleration pedal position, either normal mode 

or recharging mode is used according to a charge-sustaining policy. The charge-

sustaining strategy assures that the battery SOC stays within the preset lower and upper 

bounds for efficient operation and prevention of battery depletion or damage. In a normal 

propulsive driving condition, the Power Generation Unit (PGU) is shut off and the battery 

supplies the requested power to the driving motors. However, once the power request ex-

ceeds what the battery can generate, the PGU is turned on to supply the additional power. 

In this case, the PGU is controlled to operate at its most efficient operating points to mi-

nimize the fuel consumption. Figure 5 shows the combined brake specific fuel consump-

tion (BSFC) map of the PGU. The solid line on the map represents the best BSFC operat-

ing point of the PGU. Whenever the SOC drops below the lower limit, the controller ac-

tivates the recharging mode until the SOC reaches the upper limit and then normal mode 

resumes. In recharging mode, the PGU provides additional power to charge the battery in 

addition to powering the driving motors. If the total power request is greater than the 

maximum PGU power, the battery assists the PGU to power the driving motors [24].  
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Figure 5. Combined BSFC map of PGU and best PGU operation points. 

 

2.3 Vehicle Powertrain Modeling 

The vehicle model is configured in Matlab Simulink® environment.  A feed-forward si-

mulation scheme is employed so as to study the transient response of vehicle under realis-

tic driving conditions. In other words, the first source of excitation comes from the driver 

who controls the vehicle velocity by means of the acceleration and brake pedals. Driver’s 

command is translated by the power management controller into signals defining operat-

ing parameters of the diesel engine, generator, and drive motors.  
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2.3.1 Power Sources 

Diesel Engine 

A simplified but computationally efficient engine module based on a torque look-up table 

is employed for system level studies of the SHEV because simulations are performed 

over a relatively long driving cycle. The look-up table provides the brake torque as a 

function of instantaneous engine speed and the mass of fuel injected per engine cycle. In 

this study, a baseline look-up table is generated for a heavy duty, inline, six cylinder, tur-

bocharged, intercooled diesel engine with the data from engine dynamometer tests. The 

specifications of the baseline diesel engine manufactured by Detroit Diesel Corporation 

are listed in Table 2. The engine torque map generated with the test data is scaled down 

to 300 kW rated power for the SHEV model.  

The fuel injection controller of the engine provides the signal for the fuel injection rate 

based on driver’s demand from the driver module and engine speed. At extreme speeds, 

the speed governor controls the fuel injection rate to prevent the engine from stalling or 

over-speeding. In addition, a carefully calibrated time delay is built-in to represent the 

effect of turbo-lag on the transient response to the rapid increases of the engine rack posi-

tion. The delay function affects only the portion of injected fuel depending on the availa-

bility of boost, and it is carefully tuned to match high fidelity predictions with observed 

system behavior during transient driving conditions [7]. 
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Table 2. Diesel engine specifications. 

Configuration V6, Turbocharger, Intercooled 

Displacement (liter) 12.7 

Bore (cm) 13.0 

Stroke (cm) 16.0 

Connecting Rod length (cm) 26.93 

Compression ratio 15.0 

Rated power (kW) 350@2100 rpm 

 

Battery 

Among various types of batteries, Li-ion, Lead-acid, and Ni-MH are used for HEV appli-

cations. Figure 6 compares the power density and energy density of the batteries which 

are critical factor for the HEV application. As can be seen in the plot, Li-ion battery has 

higher energy and power density which results in weight advantage over Ni-MH and 

Lead-acid batteries for the same battery capacity.  

In addition, from the thermal management viewpoint, Li-ion battery is advantageous be-

cause Li-ion battery have lower internal resistance compared with Lead-acid battery. Fig-

ure 7 compares the internal resistance of Li-ion and Lead-acid batteries. As you can see 

in the figure, the internal resistance of Li-ion battery is much lower than that of Lead-acid 

battery comparing based on same battery capacity and voltage. This means the Li-ion bat-

tery is more favorable for battery thermal management because heat generation in the 

battery is proportional to internal resistance. Thus, in this study, Li-ion battery is selected 

for the vehicle powertrain simulation. 
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Figure 6. Energy density vs. Power density [25]. 

 

 

Figure 7. Comparison of internal resistance of Li-ion and Lead-acid batteries. 

 

Li-ion battery with 6Ah module capacity is chosen for the battery model. Delivering 

more power in driving and absorbing more power in deceleration can be achieved by in-

creasing the total number of battery modules. Higher battery voltage of the battery pack 

is desirable to reduce the power loss in the battery pack. Considering state of art power 

electronics, 400 volt is available for HEVs currently. Based on the battery voltage, we 
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arranged Li-ion battery modules. Thus, a battery pack with 420 modules of Li-ion battery 

is used for the SHEV. The battery capacity is determined as 28.5kWh which has been 

found by optimization study on the SHEV [26]. 

 

NREL resistive model (electrical equivalent circuit model) is employed for the battery 

model in this study [27-28]. The model is developed based on experiment data. The bat-

tery is modeled as an equivalent circuit with no rate-dependent resistance, as shown in 

Figure 8. The internal resistance (Rint) is intended to account for the voltage drop from its 

equilibrium open circuit voltage (OCV) to the terminal voltage under electric load. Inter-

nal resistance is assumed to be dependent on state of charge (SOC), temperature, and the 

direction of current flow. To determine the internal resistance, a series of pulses of con-

stant current for 18 seconds was applied to the battery and the voltage response was mo-

nitored. An example of the voltage response to a current pulse is shown in Figure 9. V1, 

V2, and V3 in Figure 9 are easily measured. Both the OCV and the resistance are assumed 

to be constant over the pulse period such that the ΔV at the beginning of the pulse is the 

same at the end of the pulse. The 18 second pulse length was based on two factors: 1) the 

PNGV Battery Test Manual suggests an 18 second pulse for resistance characterization, 

and 2) 18 seconds was enough time for most of the transient behavior of the cells to die 

away. The starting equilibrium voltage of the battery is correlated to SOC, and the effec-

tive resistance of the battery is determined according to the following equation: 

 terminal 3 2
int

ocV V V VR
I I

− −
= =  (2.1) 
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where V2 and V3 are shown in Figure 9, and I is the current. NREL tested the 6 Ah Saft 

cells at three different temperatures to measure capacity, OCV, and Rint to develop the 

model. The results are shown in Figure 10 . 

 

 

Figure 8. Schematic of NREL resistive battery model. 

 

 

 

Figure 9. Battery voltage response under a current pulse. 
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Figure 10. Open circuit voltage and internal resistance of Li-ion battery depending 
on the battery temperature. 

 

2.3.2 Drivetrain and Vehicle Dynamics  

The drivetrain sub-model consists of a generator and its gearbox, a power bus, and two 

drive motors with a gearbox. The drivetrain model provides the connection between the 

engine and the vehicle dynamics models. The generator gearbox input shaft and motor 

gearboxes are the connecting points to the engine and vehicle dynamics models, respec-

tively. The inputs are engine torque and wheel rotational speed, and the outputs are the 

torque to the wheels, generator rotational speed and battery power. The motors, generator, 
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and batteries are connected to the power bus that controls the power flows between these 

electric components.  

Two 150 kW AC induction motors are selected for this vehicle. The motor efficiency is a 

function of motor torque and speed. The efficiency map (Figure 11) used in this study 

was adopted from the library of ADVISOR which is a vehicle simulation package. Motor 

dynamics are approximated by a first-order lag and motor torque output is limited by the 

maximum battery power and maximum motor torque limits. The generator is connected 

to the diesel engine with a speed reduction gearbox to convert mechanical power into 

electrical power. The engine and generator assembly is referred to as a PGU. A 300 kW 

generator is chosen to match the rated power of the engine. The generator model includes 

the efficiency data which is dependent on its torque and speed (Figure 12). Generator in-

ertia is combined with engine inertia to simulate the dynamic behavior of the PGU. A 

point mass model is used for the vehicle dynamics because it is computationally efficient 

and good enough to include the effects of aerodynamic drag force, gravity force induced 

by road grade, driving, and braking. 
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Figure 11. Efficiency map of drive motor. (150kW) 

 

Figure 12. Efficiency map of generator. (300kW) 
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2.4 Driving Condition and Cycle 

The capacity of a cooling system should be designed to remove all the waste heat gener-

ated by the hardware under an extreme operating condition. To find the extreme condi-

tion for the cooling system, three conditions are evaluated. The three conditions are grade 

load, maximum speed, and urban + cross country driving conditions which are summa-

rized in Table 3. These conditions are simulated and the most severe condition is used for 

sizing the cooling system components. 

One of the goals of cooling system design is minimizing parasitic power consumption of 

the cooling system as the vehicle carries out a typical mission. This mission consists of 

the combined modes of urban + cross country driving and the specific road and speed 

profiles are shown in Figure 13. The first part of the driving cycle represents urban driv-

ing with a flat road profile and frequent accelerations and decelerations. In the second 

part, which represents cross-country driving, the driver attempts to maintain constant 

speed on the road with uneven road profile. This urban + cross-country driving cycle is 

used to evaluate the parasitic power consumption by the cooling system. 

Table 3. Vehicle driving conditions. 

Condition Grade load Maximum speed Heavy duty urban 
 + Cross country  

Vehicle speed 48 km/h 88.5 km/h Figure 13 

Road profile 7% (uphill) flat Figure 13 

Ambient temperature 40ºC 40ºC 40ºC 
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Velocity Profile 

 

Road Profile 

Figure 13. Heavy duty urban + cross country driving cycle. 

 

2.5 Vehicle Simulation Results 

Figure 14, Figure 15, and Figure 16 show vehicle simulation results under three driving 

conditions described in previous section. Figure 14 shows the operating conditions of 

powertrain components under the grade load condition. Although the vehicle is driven at 

constant speed, the power management mode is switched between the normal and re-

charging modes. The motor speed follows the constant speed of the vehicle but the other 

components show transient behaviors as the mode changes. Figure 15 shows the operat-

ing conditions of powertrain components under the maximum speed condition. As can be 
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seen in the figure, the power management mode is switched between the normal and re-

charging modes similar to the grade load case. As can be seen from the results, the beha-

vior of the engine operation under grade load and maximum speed conditions is different 

from that of a conventional vehicle. The operating condition of the engine in a conven-

tional vehicle does not change when the driving condition does not change. However, 

although the driving condition does not change under grade load and maximum speed 

conditions, the operating condition of the engine in the SHEV changes frequently. This 

result suggests that the design of the vehicle cooling system need more strategic approach 

compared with conventional cooling system. 

Figure 16 shows the operating conditions of the powertrain components over urban + 

cross country driving cycle. As can be seen, the engine is at idle for a long period of the 

driving cycle compared with the result of grade load and maximum speed condition be-

cause the required power for driving is lower than that under grade load condition. The 

motor speed follows the vehicle speed of the urban + cross country driving cycle and the 

battery SOC is controlled within the control limits (0.55~0.65).  

Figure 17 shows the operation points of the engine over the urban + cross country driving 

cycle in the combined BSFC map of PGU. The solid line on the map represents the best 

BSFC operating point of the PGU and the small circles on the map represent the engine 

operation points. As can be seen in the figure, most of the engine operation points are 

near the best BSFC line.  
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      Engine Speed/Torque                        Generator Speed/Torque 

  
Motor Speed/Torque                                   Battery SOC      

Figure 14. Operating conditions of powertrain components under Grade Load 
condition. 
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      Engine RPM/BMEP                            Generator Speed/Torque 

 
Motor Speed/Torque                                     Battery SOC      

Figure 15. Operating conditions of powertrain components under Maximum Speed 
condition. 
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      Engine RPM/BMEP                            Generator Speed/Torque 

  
 Motor Speed/Torque                                     Battery SOC      

Figure 16. Operating conditions of powertrain components over Urban + Cross 
Country driving cycle. 
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Figure 17. Engine operation points over Urban + Cross country driving cycle. 
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Chapter 3 Vehicle Cooling System Modeling 

A Vehicle Cooling System (VCS) for Hybrid Electric Vehicles (HEVs) consists of vari-

ous components and the VCS model needs to include physical models associated with 

heat transfer, fluid mechanics, and thermodynamics to simulate coolant pumps, fans, ra-

diators, thermostats, and heat sources. In this study, component models are developed and 

integrated into a cooling system architecture designed for an HEV using Matlab Simu-

link® to investigate the performance and the power consumption of the cooling system 

based on representative vehicle driving conditions. 

 

3.1 Component Modeling 

Each component of the VCS is carefully modeled with different fidelity depending on its 

influence and sensitivity to the system simulation results. The components can be catego-

rized by their function in the cooling system: heat source, heat sink, and fluid delivery 

components. Each component model consists of several sub-models including heat trans-

fer, pressure drop, flow rate, and heat generation. The modeling approaches for every 

component are described in this section. 
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3.1.1 Heat Source Component Modeling 

In the SHEV configuration modeled in this study, an internal combustion engine, a 

charge air cooler, an oil cooler, a generator, drive motors, and a power bus are the heat 

source components. A battery pack is also a big heat source. However, the modeling ap-

proach for the battery pack is described in the CCS modeling section because the battery 

pack is cooled by the CCS.  

The lumped thermal mass model is used for the temperature calculation of all heat source 

components. In this model, the average temperature of the component is calculated from 

the balance of heat generation by the component, heat transfer to the coolant, and heat 

transfer to the ambient air. Thus, the component temperature change is calculated from 

these two equations: 

 comp int ext

p

dT Q q q
dt Cρ

− −
=  (3.1) 

 ( )( )int int comp coolq hA T T= −  (3.2) 

The heat transfer to the ambient air includes heat transfered by natural convection and 

radiation as shown in this equation: 

 ( ) 4 4( ) ( )ext ext comp ext ext comp extq hA T T A T Tσ= − + −  (3.3) 

The heat generated by the engine is modeled with a look-up table. Engine heat rejection 

rate and brake specific fuel consumption (BSFC) data as a function of engine speed and 

brake mean effective pressure (BMEP) are provided by a user input file. In this work, the 

engine heat rejection rate and performance maps are obtained from dynamometer testing 

of the engine.  
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In the engine oil cooling circuit, the heat from the engine is added to engine oil, and the 

engine oil is circulated by an oil pump to the oil cooler. It is assumed that 15% of the 

amount of the heat rejected from the engine is added to the oil [29]. 

The heat generated by the generator and motor are calculated based on their efficiencies, 

the efficiency lookup tables are adopted from the component data library of ADVISOR 

[30]. 

 The heat generations from the generator and motor are calculated by 

 ( )1gen gen gen genQ τ ω η= × −  (3.4) 

 
1 1mot mot mot
mot

Q τ ω
η
⎛ ⎞

= × −⎜ ⎟
⎝ ⎠

 (3.5) 

The motor also works as an electric generator during braking mode. The heat generated 

by the motor during regenerative braking is calculated by 

 ( )1mot mot mot motQ τ ω η= × −  (3.6) 

The heat generated by the power bus is calculated based on the power delivered by the 

power bus and the efficiency of the power bus. The power delivered by the power bus is 

determined on the basis of the power management mode, as has been described in the 

preceding vehicle simulation section. In normal mode, all of the power from power 

sources is supplied to drive motors; thus, the power consumed by the motors is the total 

power delivered by the power bus. Therefore, the heat generated by the power bus is pre-

sented as: 

 ( )1 mot mot
pb pb

mot

Q τ ωη
η

⎛ ⎞×
= − ⎜ ⎟

⎝ ⎠
 (3.7) 
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In recharging mode, the power supplied by the power generating unit (PGU), which in-

cludes the engine and generator, is consumed by both the motors and battery. Thus, the 

heat generated by the power bus is calculated from the summation of the battery power 

and motor power delivered by the power bus as expressed in: 

 ( ) ( )1 ( 1 mot mot
pb pb pb

mot

Q VI VI τ ωη η
η

⎛ ⎞×
= − + − +⎜ ⎟

⎝ ⎠
 (3.8) 

In braking mode, the power generated by the motor using the braking force is the total 

power delivered by the power bus and the heat generated by the power bus is: 

 ( )( )1pb pb mot mot motQ η η τ ω= − × ×  (3.9) 

The power bus includes the voltage regulator and inverter. Typically, the efficiency of the 

voltage regulator is over 90%. In high voltage systems, efficiencies go up to 98% [31]. In 

the case of the inverter, the typical efficiency is 94%. Thus, the overall efficiency of the 

power bus is assumed to be 92% by multiplying the efficiencies of the voltage regulator 

and inverter. 

 

Pressure drop across each heat source component is also calculated and used for the cal-

culation of the coolant flow rate and power consumption of the coolant pump. For the 

calculation of coolant pressure drop across the engine, experimental correlation is used. 

The coolant pressure drop across the electric component is calculated by assuming that 

the coolant path in the component is a smooth pipe and the pressure drops across the 

components are calculated as [32] 

 
4

3 1
4.75 1.754 4

128                      (Re<2300)

0.241   (Re>2300)

LVp
d

p L d V

μ
π

ρ μ −

Δ =

Δ =

&

&

 (3.10) 
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For the oil cooler and turbo charger, map based performance model is used. Table 4 

summarizes the sub models associated with each heat source component. 

Table 4. Summary of heat source component models. 

Component Heat generation model Transient thermal model Pressure drop model 

Engine 
Map-based performance model 

( , )eng eng engQ f N τ=  

Lumped thermal 
 mass model 

intcomp comp ext

p

dT q q q
dt Cρ

− −
=

 
( )coolcomp TThAq −= intint )(  
( )

)(

)(
44

extcompext

extcompextext

TTA

TThAq

−+

−=

σ  

Experimental  
correlation: 

cp aV bVΔ = +& &

Generator ( )1gen gen gen genQ τ ω η= × −

 
Flow in smooth pipe  

[13] 
 

Laminar: 

4
128 LVp

d
μ

π
Δ =

&

 
 

Turbulent: 
3 1

4.75 1.754 40.241p L d Vρ μ −Δ = &

Power 
 Bus 

Battery is charged and motor is 
propelling : 

1 pb mot mot
pb

motpb
Q VI

η τ ω
η η

⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

− ×= +
 

Motor is propelling : 
1 pb mot mot

pb
motpb

Q
η τ ω

η η
⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

− ×=
 

Motor is generating : 
( )( )1 mot mot motpb pbQ η η τ ω= − × ×

Drive  
Motor 

Motor is propelling: 
1 1mot mot mot
mot

Q τ ω
η
⎛ ⎞

= × −⎜ ⎟
⎝ ⎠  

Motor is generating:   
( )1mot mot mot motQ τ ω η= × −

Oil  
Cooler 

Map-based  
performance model 

( , )oc eng engQ f N τ=
Heat addition model N/A 

Turbo 
Charger 

Map-based  
performance model 

( , )tc eng engQ f N τ=  
Heat addition model N/A 

 

3.1.2 Heat Sink Component Modeling 

 

Radiator and charge air cooler models 

The radiator is the main component which rejects the heat generated by the power train 

components of the VCS, thus, a high fidelity model is employed for the VTMS modeling. 
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The thermal resistance concept based 2-Dimensional Finite Difference Method (2-D 

FDM) developed by Jung and Assanis [33] is employed for the modeling of the radiator 

which is graphically described in Figure 18. A typical approach for the radiator modeling 

is the ε -NTU or LMTD method to calculate the capacity of the compact heat exchanger 

(CHE, radiator) at the given design criteria. However, these types of approach are usually 

required to provide experimental results. In contrast to this approach, Jung and Assanis 

[33] have developed a numerical simulation model which can compute radiator capacity 

analytically. Their simulation model, a model of cross flow CHE with louvered fins, can 

solve thermal resistance using a finite difference method over various operating condi-

tions. As a result, the model can predict performance variation of the radiator in terms of 

the temperature distribution of air and coolant. Their simulation model is able to investi-

gate the effect of the detailed design parameters and criteria changes and it is also able to 

predict the performance of the heat exchanger over various design changes.  
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Figure 18.  Staggered grid system for FDM and design parameters of CHE core. 
The design parameters are; core size, water tube depth (a), height (b) and thickness 
(c), fin length (d), width (e), pitch (f), and thickness (g), louver height (i), angle (j), 
and pitch (k). 

 

The temperatures of the air and the coolant can be calculated with overall heat transfer 

coefficient at each node. In order to calculate the overall heat transfer coefficient, the 

thermal resistance concept is employed. The heat is rejected from the coolant to the air 

through three major thermal resistances:  

- Convection from the coolant to the inner surface of the tube 

- Conduction through the tube wall 

- Convection from the outer surface of the tube to the air via the fins 
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Thus, overall heat transfer coefficient can be defined with these three resistances and the 

heat transfer rate can be calculated with sub-models for each of the resistances. The heat 

transfer rate can be expressed with the resistances in series as follows: 

 ( )
1

t cool a

t t

cool t o a o

A T T
q t A

h k h Aη

−
=

+ +
 (3.11) 

The heat transfer rate can be also expressed in the following form using the overall heat 

transfer coefficient, U. 

 ( )t cool aq UA T T= −  (3.12) 

If the tube surface area (At) in Eq. (3.12) is selected as the characteristic area the overall 

heat transfer coefficient can be defined as: 

 
1

1 t t

cool t o a o

t AU
h k h Aη

−
⎛ ⎞

= + +⎜ ⎟
⎝ ⎠

 (3.13) 

In order to specify the overall heat transfer coefficient in Eq. (3.13), the convection heat 

transfer coefficients, hcool and ha and the overall surface efficiency of the fin (ηo) should 

be calculated. 

 

The convection heat transfer coefficient for the coolant side (hcool) is calculated using the 

correlation proposed by Gnielinski [34]: 

 ( )( )
( ) ( )1/2 2/3

/ 8 Re 1000 Pr
1 12.7 / 8 Pr 1

Dcool h
D

c

fh DNu
k f

−
= =

+ −
 (3.14) 

This correlation is valid for 0.5< Pr <2000 and 3000< ReD <5x106, which cover the typi-

cal heat exchanger operating conditions of automotive applications. The hydraulic diame-

ter (Dh) is defined as: 
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 4 c
h

p

AD
L

=  (3.15) 

The friction factor in Eq. (3.14) is defined as: 

 
( )

2

/
/ 2

dp dx D
f

Vρ
−

=  (3.16) 

and the correlation proposed by Petukhov  [35] is used for the friction factor: 

 ( ) 2 60.790ln Re 1.64      for 3000 Re 5 10
h hD Df

−
= − ≤ < ×  (3.17) 

 

The air side convection heat transfer coefficient (ha) is calculated by using an empirical 

correlation for louvered fin suggested by Chang and Wang [36] : 
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⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 (3.18) 

where j is Colburn Factor defined as 

 2/3

,

Pr           for   100 < Re 3000
l

a
P

a a p a

hj
V Cρ

= <  (3.19) 

The overall surface efficiency of the fin (ηo) in Eq. (3.13) is defined as: 

 ( )1 1f
o f

o

A
A

η η= − −  (3.20) 

where 

 o f psA A A= +  (3.21) 

By assuming that the temperature differences between the tubes that share the fins are 

negligible the fin can be considered to be insulated at the center. Therefore fin efficiency 

(ηf) can be calculated as for the case with an adiabatic tip: 
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m L

m L
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where 

 
,

a f

f c f

h P
m

k A
=  (3.23) 

 

The friction factor for the cooling air is determined at a given range of Reynolds number 

are 
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 (3.24) 

 

The same model is used for the charge air cooler. The only difference between a charge 

air cooler and a radiator is that heat is transferred from the compressed charge air to the 

coolant in a charge air cooler while heat is transferred from the coolant to the cooling air 

in a radiator.  

Oil cooler model 

Finned concentric tube annulus pipe is modeled as a heat exchanger for the oil cooler. As 

shown in Figure 19, the engine oil flows over outer finned annulus because the heat trans-

fer coefficient of oil is lower than that of coolant which flows through the inner pipe. Ef-

fectiveness-NTU method [37] is employed for the oil cooler model. NTU for the heat ex-

changer is calculated from 
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min

UANTU
C

≡  (3.25) 

The heat transfer coefficient U is calculated as  

 
1

1 1
cool oil

U

h h

=
+

 (3.26) 

where hwater and hoil is the heat transfer coefficient of water side and oil side respectively. 

The effectiveness of the heat exchanger is calculated as 

 1 exp( ( 1))
1 exp( ( 1))

r

r r

NTU C
C NTU C

ε − −
≡

− −
 (3.27) 

Finally, the heat transferred by the heat exchanger is:  

 min , ,( )h i c iq C T Tε= −  (3.28) 

 
Table 5 summarizes the sub models associated with each heat sink component. 

 
 

 

Figure 19. Schematic of concentric heat exchanger for oil cooler model. 
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Table 5. Summary of heat sink component models. 

Component Heat generation model Heat transfer model Pressure drop model 

Radiator N/A Thermal resistance concept 
 2-D FDM [33]  Water side : 

 ( ) 264.1Reln79.0 −−= DfC
 Air side :  

0.39

0.33 1.1

0.46
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Condenser 
Heat from A/C module 

 is calculated by 
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Heat addition model 

Charge Air 
Cooler N/A Thermal resistance concept 

 2-D FDM[33] 

Oil Cooler N/A 

Heat exchanger model 
(Effectiveness-NTU method) 
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128 LVp
d
μ
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Δ =

&
 

Turbulent : 
3 1

4.75 1.754 40.241p L d Vρ μ −Δ = &

 
 

3.1.3 Fluid Delivery Component Modeling 

The function of fluid delivery component in a cooling system is controlling the fluid flow 

which carries the heat to maintain the heat source component lower than its control target 

temperature. Each heat source component has its own control target temperature, which is 

the maximum allowable temperature that should be maintained by the cooling system. 

Fluid delivery component includes coolant pump, cooling fan, thermostat, and oil pump 

in the oil cooling circuit.  

 

Coolant pump model 

Coolant pump model calculates the coolant flow rate based on the total pressure drop 

across the cooling system components and the pump speed. To calculate the coolant flow 



42 
 

rate, performance map which consists of flow rate, pressure rise and pump speed is used 

as shown in Figure 20. The mechanical pump is driven by the engine and the electric 

pump is driven by an electric motor. The electric pump is used to control the component 

temperature by adjusting the electric motor speed which drives the pump. But, mechani-

cal pump cannot be used to control the temperature because the pump speed is dependent 

on the engine speed. To prevent the overcooling of the coolant, a thermostat is needed for 

the cooling circuit where a mechanical pump is used. The cooling circuits operated by 

mechanical pump and electric pump are schematically described in Figure 21. 

The power consumed by the pump is calculated based on the pressure drop in the cooling 

circuit, coolant flow rate, and efficiency of the pump. 
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Flow rate     Efficiency 

(a) Mechanical pump 

      
Flow rate     Efficiency 

(b) Electric pump 

Figure 20. Flow rate and efficiency map of mechanical and electric pump. 

 

  

Figure 21. Schematic of pump model. (heat 1 and 2: heat source components) 
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Thermostat model  

A thermostat modeled in this study is a three way valve which controls the coolant tem-

perature by channeling the coolant to the radiator or to the by-pass circuit. The valve 

opening sizes to the radiator and to the by-pass circuit are determined by the temperature 

and hysteresis characteristics of the thermostat which is shown in Figure 22.  

The thermostat temperature is calculated by the lumped thermal mass model. Figure 23 

shows the concept of the thermostat model which calculates the flow rates to the radiator 

and to the by-pass. The coolant flow rate to each circuit is determined depending on the 

pressure drop in each circuit. The pressure drop in the radiator circuit is calculated as: 

_ _ / _circuit rad pipe rad T S valve radP P P PΔ = Δ + Δ + Δ     

 ( )
2 2

2 2
rad rad rad

rad loss rad
rad

L V Vf K P V
D

ρ ρ
= + +Δ &  (3.29) 

The pressure drop in the by-pass circuit is calculated as: 

_ _ / _circuit by pass pipe by pass T S valveP P P− −Δ = Δ + Δ      

 
2 2

2 2
by pass by pass by pass

by pass loss
by pass

L V V
f K

D
ρ ρ− − −

−
−

= +  (3.30) 

The coolant volume flow rates to the by-pass circuit and to the radiator circuit are deter-

mined at the point where the pressure drops to the by-pass circuit and to the radiator cir-

cuit are equal. Thus, the flow rate is calculated by solving following equations: 

 
_ _

_ _ _

circuit rad circuit by pass

c total c by pass c rad

P P

V V V
−

−

Δ = Δ

= +& & &
 (3.31) 
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Figure 22. Valve lift curve of thermostat with respect to the thermostat temperature 
with hysteresis characteristics. 
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Figure 23. Flow rate calculation of thermostat model based on system resistance 
concept. 

 

 

Figure 24. Air duct system based on system resistance concept. 
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Cooling fan model 

The cooling fan model is similar to the pump model because it calculates the cooling air 

flow rate based on the total pressure drop across the grilles and heat exchangers and the 

fan speed. Figure 24 illustrates the concept of the cooling fan model. To calculate the 

cooling air flow rate, a performance map which consists of the flow rate, pressure rise 

and fan speed is used. 

A cooling fan provides the required pressure rise for the air flow in order to overcome 

pressure resistance through the cooling compartments. Additionally, the ram air effect by 

vehicle motion also provides additional air flow for the pressure rise. Since the external 

air flow through the cooling compartments results in pressure drops, the system pressure 

drop can be calculated by the integration of the pressure drop through cooling compart-

ments. The individual pressure drop through one cooling compartment which is shown in 

Figure 24 are calculated from the pressure coefficient referred to Ap et al. [38]  as fol-

lows: 

 ,rise grill cond rad ram airp p p p pΔ = Δ + Δ + Δ − Δ  (3.32) 

 0.5condenser radiatorp pΔ = Δ  (3.33) 

 ,
2

2.01
2

grill
p grill

air grill

p
c

Vρ

Δ
= =  (3.34) 

 ,
,

2
0.71

2

ram air
p ram

air

p
c

Vρ ∞

Δ
= =  (3.35) 

where V∞  is the relative velocity of the vehicle motion. The velocity at the radiator grille 

is determined by the mass conservation through the grille:  



47 
 

 rad
grill rad

grill

AV V
A

=  (3.36) 

Additionally, pressure drop through the radiator is calculated by the heat exchanger mod-

el. 

 

Oil pump model in oil cooling circuit 

An oil cooling circuit consists of an engine oil circuit and a coolant circuit as shown in 

Figure 25. Oil cooling circuit model consists of heat source model, oil cooler model, and 

oil pump model. In the oil cooling circuit, a gear pump is used for oil circulation. The 

heat from the engine is added to the engine oil and the heat added to the oil is transferred 

to the coolant by an oil cooler. Thus, additional heat exchanger (oil cooler) and additional 

pump (oil pump) are needed for the heat transfer between the oil and the coolant. The 

modeling approach of heat exchanger (oil cooler) is explained in section 3.1.2 and the 

modeling approach of the heat transferred to the oil is explained in section 3.1.1. A per-

formance data based model is employed for the oil pump. To calculate the oil flow rate, a 

performance map (Figure 26) of a gear pump is used and the speed of the oil pump is de-

termined by the speed of the engine. 

 

Figure 25. Schematic of oil cooling circuit model. 
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Figure 26. Performance data of gear pump [39]. 

 

Controller of coolant pump 

An electric pump requires a pump speed controller to control the temperature of heat 

source component lower than its control target temperature by manipulating the coolant 

flow rate. In the coolant pump speed control system, the pump speed control signal is sa-

turated when the pump speed reaches its maximum speed. When the saturation occurs, 

the control signal does not change and the feedback path is effectively opened. If the er-

ror signal continues to be applied to the integrator input under these conditions in a PI 
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controller, the integrator stored value will grow (wind-up) until the sign of the error 

changes and the integration turns around. The result can be a very large overshoot be-

cause the output must grow to produce the necessary unwinding error. This can cause 

poor transient responses. The solution to this problem is an integrator with anti wind-up 

circuit, which turns off the integral action when the actuator saturates [40]. The PI con-

troller with anti wind-up is used for electric pump control because the operating range of 

pump is limited. The snapshot of the electric pump controller in Matlab Simulink is 

shown in Figure 27. 

Table 6 summarizes the sub models associated with each fluid delivery component. 

 

 

Figure 27. PI controller with anti wind-up in Matlab Simulink. 
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Table 6. Summary of fluid delivery component model. 

Component Flow rate model 
Transient 
thermal 
model 

Pressure drop model 

Pump 

Performance data-based model
),( pumppump PNfV Δ=&  

          
pump heat by pass

heat rad

P P P

P P
−Δ = Δ + Δ

= Δ + Δ

N/A N/A 

Cooling 
Fan 

Performance data-based model
),( fanfan PNfV Δ=&  

1 2              
fan grille cond

rad rad

P P P

P P

Δ = Δ + Δ

+ Δ + Δ

N/A N/A 

Thermostat 

Modeled by three way valve 
passbyrad PP −Δ=Δ  

radpassbytotal VVV &&& += −  

Lumped 
 thermal 

mass 
 model 

radvalveSTradpiperadcircuit PPPP Δ+Δ+Δ=Δ _/__

   
rad

rad
loss

rad

rad

rad
rad P

V
K

V
d
L

f Δ++=
22

22 && ρρ  

valveSTpassbypipepaxxbycircuit PPP _/__ Δ+Δ=Δ −−

22

22
passby

loss
passby

passby

passby
passby

V
K

V
d
L

f −−

−

−
− +=

&& ρρ  

Oil Pump 
Performance data-based  

model 
( , )pump ocV f N P= Δ&      

N/A N/A 

 

3.2 Cooling System Architecture 

The cooling components should be configured appropriately to cool down the powertrain 

components efficiently. However, compared with conventional vehicles, HEVs have ad-

ditional heat source components with different operating temperatures. Furthermore, the 

operations of heat source components are not synchronized with the operation of the en-

gine due to complicated power flow and power management modes of HEVs. To satisfy 

the various requirements of the additional components, the cooling system requires more 

sensors, controllers, and cooling circuits. Therefore, the architecture of a HEV cooling 

system should be carefully designed to ensure efficient operations of pumps and fans. 
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In this study, the VCS components are configured for the VTMS of the heavy duty mili-

tary SHEV which is selected for the case study of the vehicle cooling system design as 

introduced in Chapter 2. As a starting point of configuring cooling system architecture, 

Architecture A is designed for the SHEV by adding a separate cooling circuit for electric 

components to a conventional cooling system of a diesel engine as shown in Figure 28. 

All the electric components are integrated into one cooling circuit with an electric pump. 

The radiator for the electric powertrain components is placed in front of the radiator for 

the engine module because the operating temperature of the electric powertrain compo-

nents is lower than that of the engine. The battery pack is assumed to be cooled by the 

CCS for the passenger compartment due to its low operating temperature. Thus, the bat-

tery pack is not included in the architecture. Architecture A is advantageous in terms of 

simplicity and minimal number of additional cooling components. The vehicle cooling 

system model of Architecture A is configured by integrating component models in the 

Matlab Simulink® environment.   
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Figure 28. Schematic of Cooling System Architecture A. (Rad: Radiator, EP: Elec-
tric Pump, MP: Mechanical Pump, T/S: Thermostat, CAC: Charge Air Cooler) 

 

3.3 Cooling System Sizing 

Cooling system design has two constraints: cooling performance and packaging. The 

cooling system size is limited by the packaging space in the vehicle. Thus, the system 

should be capable of removing heat generated by heat sources within the available space. 

Since there is a trade-off relationship between the two constraints a cooling system 

should be carefully designed to satisfy both constraints. 

Radiator and pump sizes are the main components that determine the cooling capacity. A 

scaling method is developed for the initial estimation of radiator and pump sizes. The ini-
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tial sizes of radiator and pump in each cooling circuit are estimated by scaling the sizes of 

the components from a referenced cooling system of a conventional vehicle based on the 

heat rejection rate. The scaling factors are found based on the amount of heat generation 

by the components as follows. The heat rejection from a radiator is proportional to the 

coolant flow rate and it is also proportional to the product of radiator frontal area and the 

temperature difference between the ambient air and the coolant. Thus, this can be sum-

marized as 

 rad coolq m∝ &  (3.37) 

 rad radq A T∝ Δ  (3.38) 

 where TΔ  is the temperature difference between the coolant and the ambient air. There-

fore,  

 rad cool radq m A T∝ Δ&  (3.39) 

Thus, the product of coolant flow rate and radiator area should be proportional to the heat 

rejection from the radiator and inversely proportional to the temperature difference: 

 rad
cool rad

qm A
T

∝
Δ

&  (3.40) 

In Eq. (3.40), the heat rejection from the radiator ( radq  ) can be replaced by the heat gen-

erated by the component ( compq ) in the cooling circuit because the heat generated by the 

component should be rejected at the radiator. 

 comp
cool rad

q
m A

T
∝

Δ
&  (3.41) 
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Assuming that the coolant flow rate is proportional to the pump capacity and calculating 

the heat generation from each component model, the pump capacity and radiator size are 

scaled based on the following scale ratio.  

 _ , , _: :comp comp
pump cap ref rad ref pump cap rad

ref

q q
m A m A

T T
⎛ ⎞ ⎛ ⎞

= ⎜ ⎟ ⎜ ⎟Δ Δ⎝ ⎠ ⎝ ⎠
& &  (3.42) 

To get the first estimation of the pump and radiator size, the scale factors (α ) for the 

pump and the radiator are assumed to be the same, 

 _ _ , , ,  pump cap pump cap ref rad rad refm m A Aα α= =& &  (3.43) 

Substituting them into Eq. (3.42), the scaling factor can be found as 

 2 comp comp

ref

q q
T T

α
⎛ ⎞ ⎛ ⎞

= ⎜ ⎟ ⎜ ⎟Δ Δ⎝ ⎠ ⎝ ⎠
 (3.44) 

Once the scale factors are found, the estimated radiator size is checked whether it is with-

in the packaging constraint. The radiator frontal size is limited considering the specifica-

tions of the existing vehicles for the same class. Thus, if the radiator size is out of the lim-

it, the radiator size is reduced to the limit and the pump size is rescaled to compensate the 

smaller radiator size. After the draft design is completed, the pump and radiator are re-

sized until all component temperatures can be controlled lower than their control target 

temperatures under the severe condition. 
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Chapter 4 Climate Control System Modeling 

While the VCS protects the powertrain components from thermal damages, the CCS pro-

tects on-board electronic equipment from malfunctions or damages by excessive heat. 

The CCS also maintains a comfortable cabin temperature for better performance and re-

duced fatigue of the driver and passengers. Furthermore, the VCS and CCS are power 

consuming accessory systems and share a cooling fan. Thus, both the VCS and the CCS 

are needed to be considered for the efficient design of the entire VTMS and integrated 

analysis including the VCS and the CCS is needed for the design of the VTMS for HEVs. 

In addition, in HEVs, the battery pack is often cooled by the CCS because the operating 

temperature of the battery pack is close to the ambient temperature and it is impossible to 

cool down the battery pack using the ambient air without an excessively large heat ex-

changer and excessively high flow rate of cooling air.  

 

The CCS of HEVs consists of heat load in the cabin, a battery thermal management sys-

tem, and a refrigeration system. For the CCS, the battery pack is the largest heat source in 

the cabin. Thus, the heat generation and heat rejection model of the battery pack is the 

central model for the CCS simulation. In this study, the modeling of CCS is focused on 

the thermal management system that controls the temperature of the battery pack.  
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A refrigeration system of the CCS removes heat from the cabin to the cooling air. The 

heat is delivered by the compressor, which is the largest power consumer of the CCS. 

The power consumption of the compressor is calculated using a thermodynamic cycle 

analysis. Detailed modeling approaches of the sub-models of the CCS are explained in 

this chapter. 

 

4.1 Refrigeration System Modeling 

A refrigeration system is composed of an evaporator, compressor, condenser, and ex-

pander as shown in Figure 29. In the refrigeration cycle, the compressor compresses the 

refrigerant gas and the compressed gas heats up as it is pressurized. The hot refrigerant 

gas dissipates its heat in the condenser and condenses at high pressure. The high-pressure 

refrigerant liquid flows through the expansion valve (expander) and immediately vapo-

rizes with its temperature dropping. There are two evaporators in the system as shown in 

Figure 29: one is used for the air conditioning system of the cabin and the other is used 

for the battery thermal management system. In the evaporator for the cabin, the cold re-

frigerant absorbs the heat from the air and the cold air is supplied to the cabin. In the eva-

porator for the battery, oil is cooled in the evaporator and the cold oil is supplied to the 

battery pack by a pump. The refrigerant gas from the evaporator is returns to the com-

pressor, and the cycle repeats.  

The modeling of the refrigeration cycle in vehicles using numerical modeling ranges 

from the CFD to the lumped system analysis [41-47]. In this study, the refrigeration sys-

tem is modeled using a simple thermodynamic cycle analysis approach. As can be seen in 

Figure 29, heat is removed from the cooling air and cooling oil in the two evaporators. In 
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the air conditioning system of the cabin, it is assumed that the temperature of the air sup-

plied to the cabin is constant ( ,cabin inT ); thus, the heat removed from the supplied air is 

calculated as 

 , , ,( )cabin evap air p air amb cabin inq m C T T= −&  (4.1) 

In the battery cooling circuit, the heat removed from the oil is calculated as 

 , , , ,( )batt evap oil p oil oil in oil outq m C T T= −&  (4.2) 

Thus, the power consumed by the compressor is calculated as 

 , ,cabin evap batt evapq q
W

COP
+

=  (4.3) 

where COP is the coefficient of performance [48]. 

Therefore, the amount of heat rejected at the condenser is calculated by 

 , ,cond cabin evap batt evapq q q W= + +  (4.4) 
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Figure 29. Schematic of the CCS for a HEV. 
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4.2 Heat Load Modeling 

The solar thermal load on the vehicle is one of the major heat loads on the CCS of the 

vehicle. The heat transfer from the environment is calculated from the heat balance of the 

heat transferred from the environment to the external surface of the cabin wall and the 

heat transferred from the internal surface of the cabin wall into the cabin, considering 

radiation, convection, and conduction, as shown in Figure 30. The heat balance of the ex-

ternal surface of the cabin is calculated as 

 ( ) ( )( )4
, , , ,/s s o wall o wall o wall wall wall o wall iG h T T T k t T Tα εσ∞+ − = + −  (4.5) 

The first term on the left side represents the solar radiation on the external surface and the 

second term represents the convective heat transfer between this external surface of the 

cabin wall and the ambient air. The first term on the right side represents the radiation 

from the external surface back to the ambient air and the second term represents the heat 

conduction through the cabin wall. 

The heat balance of the internal surface of the cabin is calculated as 

 ( )( ) ( )
4 4

, ,
, , ,

, ,

( )
/ 1 1 1

wall i cabin surface
wall wall wall o wall i i wall i cabin

wall i cabin surface

T T
k t T T h T T

σ

ε ε

−
− = − +

+ −
 (4.6) 

The left side represents the heat conduction through the cabin wall. The first term on the 

right side represents the convective heat transfer on the internal surface of the cabin wall 

and the second term represents the radiation between the internal surface of the cabin and 

the surface of the cabin.  
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Figure 30. The balance of the heat in the cabin. 

 

The heat load from the passengers is assumed to be constant as 70 watts per passenger 

from its body to the cabin [49]. The heat delivered from the passengers to the cabin is 

calculated based on the passenger capacity of the vehicle and the constant heat loss to the 

cabin from passengers.  

 

4.3 Battery Thermal Management System Modeling 

Climate control system maintains comfortable cabin temperature for the passengers and 

protects the electric component from thermal damages. In case of HEVs, the climate con-

trol system includes battery thermal management system, which controls the temperature 

of the battery pack because the battery pack generates considerable heat as a part of the 

HEV powertrain. Thus, climate control system of HEVs consumes more power compared 

with that of conventional vehicles. In addition, battery thermal management is important 

in HEVs because battery temperature influences the availability of discharge power (for 
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start up and acceleration), energy, and charge acceptance during energy recovery from 

regenerative braking. These affect vehicle drivability and fuel economy. The operating 

temperature of the battery pack also affects the durability of the battery pack. Therefore, 

batteries should operate within a temperature range that is the optimum for the perfor-

mance and life of the battery. Thus, battery thermal management system is critical for the 

performance of the vehicle and the durability of the battery pack. 

 

4.3.2 Battery Thermal Management Method 

The components and configuration of the battery thermal management system are deter-

mined by the method of the battery thermal management. Pesaran [16] studied thermal 

management methods of EVs and HEVs.  He discussed topics on such as active cooling 

versus passive cooling; liquid cooling versus air cooling; cooling and heating versus cool-

ing only systems; and the relative need of thermal management for VRLA, NiMH, and 

Li-Ion batteries. Figure 31 and Figure 32 show methods of thermal management of bat-

tery pack. He concluded that the thermal management system should be selected based on 

the thermal requirement of battery type, location and climates. In this study, active cool-

ing – liquid circulation system (F in Figure 32 and Figure 29) is selected because of the 

high heat load from the large battery pack. Heating method of the battery pack is not con-

sidered in this study. For the liquid cooling, silicon based or mineral oil is generally used 

to avoid electrical shorts. In this study, it is assumed that the battery pack is cooled direct-

ly by mineral oil, the properties of the oil is listed in Table 7 [50]. 
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Table 7. Thermodynamic and fluid dynamic properties of mineral oil 

Properties of Mineral Oil [50] 
Heat Capacity 2 kJ/kgK 

Heat Conductivity 0.15 W/mK 
Viscosity 10x10-6  m2/s at 40oC 
Density 880 kg/m3 

Prandtl Number 100 
 

 

 

Figure 31. General schematic of thermal management using air [16]. 

 



62 
 

 

Figure 32. General schematic of thermal management using liquid [16]. 
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4.3.2 Battery Thermal Management System Modeling 

Battery thermal management system model includes heat generation, heat transfer, pres-

sure drop models. Heat generation model and heat transfer model are used to calculate 

the temperature of the battery pack and the heat rejection to the evaporator. Pressure drop 

model is used to calculate the power consumed by the cooling oil pump.  

 

Heat generation model 

The heat generation by the battery pack is calculated based on the current, internal resis-

tance when the battery is discharged. When the battery is charged, the heat generation by 

the battery pack is affected by the coulombic efficiency. The heat generation by the bat-

tery pack is calculated as   

 
2

2

                               (discharge; I>0)
(1 )     (charge     ; I<0)coulomb

Q I R
Q I R IV η

=

= − −
 (4.7) 

The current, internal resistance, voltage, and coulomb efficiency are determined by bat-

tery model which is described in Chapter 1.  

 

Heat transfer model 

The battery pack in a HEV is an array of unit batteries. The heat generated by the batte-

ries is cooled by a cooling fluid (air or liquid) between the batteries. In this study, the bat-

tery pack is assumed to be a bank of unit cylindrical batteries, thus, the heat generated by 

the battery is delivered to the cooling oil in the battery bank as illustrated in Figure 33. 

The temperature of battery pack is calculated by 
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 batt int

p

dT Q q
dt Cρ

−
=  (4.8) 

The heat transferred to the cooling air is calculated by  

 int ( )batt oilq UA T T= −  (4.9) 

The heat transfer coefficient is determined by the convection of the cooling oil flow and 

the conduction in the battery. 

 
1

1 batt

conv batt

U t
h k

=
+

 (4.10) 

The thickness and the conductive heat transfer coefficient of the battery pack are em-

ployed from the data in the component libraries of ADVISOR for the calculation of the 

conductive heat transfer coefficient.  

 

Figure 33. Schematic of a battery bank 
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Figure 34. Tube arrangement in a bank (Staggered) [37] 

 

The convective heat transfer coefficient is calculated by assuming that the coolant flows 

through a staggered tube bank as shown in Figure 34. The heat transfer coefficient of the 

tube is calculated from the following correlation [51].  
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 (4.11) 

where NL represents the number of rows and the constant C and m are listed in Table 8. 

Reynolds number is calculated using the maximum flow velocity in the tube bank by 

 max
,maxReD

V D
v

≡  (4.12) 

If NL <20, a correction factor may be applied such that  

 2( 20) ( 20)L L
D D

N N
Nu C Nu

< ≥
=  (4.13) 
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The correction factor C2 of equation (4.13) is given in Table 9. The dimensions of the 

unit battery are referred to the data of commercial Li-ion battery (VL 6A, Saft) as listed 

in Table 10. Finally, the convective heat transfer coefficient is calculated by 

 D
kh Nu
D

=  (4.14) 

Table 8. Constants of equation (4.11) for tube bank in cross flow [51] 

Configuration ,maxReD  C m 

Staggered 10~102 0.90 0.40 

Staggered 102~103   

Staggered 
(ST/SL<2) 

103~2x105 0.35( ST/SL)1/5 0.60 

Staggered 
(ST/SL>2) 

103~2x105 0.40 0.60 

Staggered 2x105~2x106 0.022 0.84 
 

Table 9. Correction factor of equation (4.13) for NL <20 [51]. 

NL 1 2 3 4 5 7 10 13 16 

Aligned 0.70 0.80 0.86 0.90 0.92 0.95 0.97 0.98 0.99 

Staggered 0.64 0.76 0.84 0.89 0.92 0.95 0.97 0.98 0.99 

Table 10. Battery mechanical characteristics (Saft VL 6A) 

Diameter 35 mm 

Height 173 mm 

Mass 0.34 kg 

Volume 0.16 liter 
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Pressure drop model 

The power consumption of the cooling oil pump is calculated by the pressure drop of the 

cooling oil across the battery bank and the volume flow rate of the cooling oil. The pres-

sure drop of the cooling fluid across the tube bank may be expressed as [51] 

 
2

max

2L
VP N fρ

⎛ ⎞
Δ = Χ⎜ ⎟

⎝ ⎠
 (4.15) 

The friction factor f and the correction factor X are plotted in Figure 35 where 

/L LP S D≡  and /T TP S D≡ , respectively. Figure 35 applies to a staggered arrangement 

of tubes in the form of an equilateral triangle ( T DS S= ), and the correction factor enables 

extension of the results to other staggered arrangements. 

 
Based on the pressure drop, the power consumed by the cooling pump is calculated as  

 
pump

V PW
η
Δ

=
&

 (4.16) 

where V& represents volume flow rate of the cooling oil and pumpη  represents the efficien-

cy of the cooling pump. 
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/T LP P
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f

D
S

D TS S=

X

 

Figure 35. Friction factor f  and correction factor X for equation (4.15). Staggered 
tube bundle arrangement [51] 

 

4.4 Control Strategy of Climate Control System  

The cabin temperature is controlled by supplying cold air into the cabin as shown in Fig-

ure 29. A blower generates air flow into the cabin through the evaporator of the refrigera-

tion system. The air from the outside or the cabin is cooled in the evaporator and supplied 

to the cabin. Thus, the heat is delivered to the refrigerant at the evaporator and rejected at 

the condenser. Since the condenser shares the cooling fan with the vehicle cooling system, 

the heat load by CCS should be considered in designing VTMS. The temperature of the 

air supplied to the evaporator is assumed to be the ambient temperature (40oC). Cabin 

temperature (Tcabin) is controlled at 25oC by turning A/C system on/off. Battery thermal 
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management system uses oil to cool down the battery pack. Battery temperature (Tbattery) 

is controlled at 40oC by the control of the oil pump speed considering the battery dura-

bility and safety limit (60oC), the cell to cell variation of temperature, and the temperature 

overshooting during transient operations [52]. The heat from the batteries is transferred to 

oil and the heat is absorbed in the evaporator. Heating of cabin and battery is not consi-

dered in this study. 
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Chapter 5 Integrated Simulation of Vehicle Thermal 

Management System and Vehicle Powertrain System 

The system models for Vehicle Cooling System (VCS), Climate Control System (CCS), 

and Vehicle Powertrain System (VPS) are integrated and used for the analysis of the de-

sign of the vehicle thermal management system for the SHEV.  In this chapter, the inte-

gration of the vehicle powertrain model and the vehicle thermal management system 

model (VCS+CCS) is explained first. Then, the process and the technical considerations 

of VCS sizing are described step by step. Finally, the simulation results of the thermal 

responses of the SHEV powertrain are compared and analyzed based on three representa-

tive vehicle driving conditions. In addition, design guidelines for the better design of 

VTMS for the SHEV are developed on the basis of the observations from the simulation 

results over various driving conditions. 
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5.1 Integration of Vehicle Thermal Management System and Vehicle 

Powertrain System   

As noted in Introduction, the vehicle thermal management system (VTMS) simulation 

cannot be conducted without the operating condition data of powertrain components. To 

acquire the operating conditions of the powertrain components of the virtual SHEV, a 

numerical simulation is employed as described in Chapter 2.  

In this study, co-simulation is conducted by integrating the VPS model with the VTMS 

model and simulating the VTMS and the vehicle powertrain system simultaneously. Co-

simulation has several advantages over sequential simulation which runs the VPS model 

and the VTMS model separately: 

1) Co-simulation can predict the effect of the powertrain component temperature on 

the vehicle powertrain simulation. 

2) Fuel economy of the vehicle can be estimated more exactly because the parasitic 

power consumption is taken into account in the VPS. 

3) The VTMS can be designed considering the additional heat load induced by para-

sitic power consumption of the VTMS. 

Figure 36 shows the schematic of integrated model of the VPS and the VTMS including 

the VCS and the CCS. The integrated model is developed in the Matlab Simulink envi-

ronment and the snapshot of the integrated model is shown in Figure 37. 
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Figure 36. Schematic of integrated simulation of the vehicle powertrain and the 
VTMS. 

 

 

Figure 37. The snapshot of integrated model of the vehicle powertrain and the 
VTMS in the Matlab Simulink environment. 
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5.2 Cooling System Component Sizing 

The specifications of the powertrain components are defined based on available vehicle 

data for a heavy duty military SHEV as presented in section 2.1. In this section, the tech-

nical considerations and the process of the component sizing of the VTMS are explained. 

 

5.2.1 Heat Generation by Heat Source Components 

The VTMS should have enough capacity to be able to remove the heat rejected by the 

heat source components under severe condition for the VTMS. The heat generation rate 

of all the heat source components under three driving conditions are compared to find the 

most severe condition for the cooling system. The most severe condition is then used for 

the first estimation of the cooling component sizes by the scaling method as introduced in 

section 3.3. Figure 38 shows the histories of heat generation rates from all heat source 

components for the three conditions. The simulations are conducted for 2000 seconds un-

der grade load and maximum speed condition, 1900 seconds over urban + cross country 

driving cycle. As shown in Figure 38, the heat rejection rate shows periodical behaviors 

because the power management mode changes between normal mode and recharging 

mode. The average heat generation as well as the peak heat generation under grade load 

condition is much larger than those under the other two conditions. Figure 39 compares 

the heat rejection rate from the engine module (engine, charge air cooler, oil cooler), 

electric powertrain components (generator, motors, and power bus), and climate control 

system under three driving conditions. As can be seen in the figure, the heat generated by 

electric powertrain components is comparable with the heat generated by the engine 

module. In case of urban + cross country driving condition, the heat generated by the en-
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gine module is smaller than the heat generated by electric powertrain components and 

climate control system.  

Peak heat generation of each powertrain component is basic information for the cooling 

component sizing. Thus, the peak heat generation by each powertrain component is esti-

mated by vehicle simulation over the severe driving condition (grade load condition). Ta-

ble 11 presents the peak value of the heat generation by each of the SHEV powertrain 

component under the grade load condition. Considerable heat is generated by the electric 

powertrain components. For example, the generator produces 62kW at its peak under the 

grade load condition which is 30% of the peak heat rejection by the engine module.  

Since all the heat generation from each component should be rejected at the radiator un-

der severe condition, the peak heat generation rate under grade load condition is used for 

the first estimation of the radiator and pump sizes by using the scaling method as de-

scribed in section 3.3. 
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Figure 38. Heat generation rates under three driving conditions.  
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Figure 39. Comparison of heat rejection from powertrain components under three 
driving conditions. 

 

Table 11. Peak heat generation rates from powertrain components under grade load 
condition. 

Component Peak Heat Generation Rate (kW) 
Engine Module 

(Engine, Charge air cooler, Oil cooler) 204 

Generator  62 

Drive Motors 31 

Power Bus 26 
Condenser 

(Heat from CCS) 18 
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5.2.2 Pump and Radiator Sizing 

The radiator and pump sizes are the main design variables that determine the capacity of 

a VTMS, thus, the VTMS sizing is focused on the radiator and pump sizing. 

As a first step of the radiator and pump sizing, a scaling method (section 3.3) is employed 

for the initial estimation of radiator and pump sizes. The initial estimation is conducted 

based on the simulation results of the peak heat generated by each heat source component 

as listed in Table 11. The next step is applying packaging constraint. VTMS size is basi-

cally limited by vehicle dimensions. Among the VTMS components, radiator is most af-

fected by vehicle dimensions because it occupies a large space to exchange heat with the 

ambient air and should be open to the ambient for heat rejection. Thus, based on the di-

mensions of a reference heavy duty military vehicle as listed in Table 12, packaging con-

straint is applied to radiator sizing. Taking the dimensions of the heavy duty military ve-

hicle into consideration, the frontal size of the radiator is limited within a 1.6 m by 0.8 m 

rectangle. Another dimension of the radiator to be determined is the thickness of the ra-

diator. Generally, increased thickness of the radiator results in increased heat transfer area. 

Thus, the capacity of heat transfer of the radiator increases with a thicker radiator. How-

ever, a thicker radiator induces higher pressure drop of the cooling air across the radiator, 

which results in higher power consumption of the cooling fan. To find optimal radiator 

thickness, the radiator is tested under a vehicle operating condition ( ,coolant inT =110oC, ,air inT

=40oC ). Figure 40 shows the correlation between the radiator thickness and heat transfer 

rate in the radiator. At the cost of the same parasitic power consumed by the cooling fan, 

the heat transfer increases with the radiator thickness increase because of increased heat 

transfer area. However, the heat transfer decreases over 100mm because the pressure 



78 
 

drop effect exceed the heat transfer area effect. Therefore, the radiators thicknesses are 

designed not to exceed 100mm in this study.  

 

Table 12. General characteristics of a heavy military vehicle (M24) [53]. 

Type Light Tank 

Crew 5 (Commander, gunner, loader, driver, co-driver) 

Length 5.56 m (with gun) 
5.03 m (without gun) 

Width 3 m 

Height 2.77 m 

Weight 18.4 tones 
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Figure 40. Correlation power consumption between the heat transfer rate and ra-
diator thickness dependent on the power consumption of cooling fan. 
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Once the scaling factor is estimated using Eq.(3.44), the size of the scaled radiator is ex-

amined whether it is within the packaging constraints. If the radiator size is out of the 

limits, the radiator size is reduced down to the limit and the pump size is rescaled based 

on the scale ratio of Eq. (3.42).  

The next step is finalizing the radiator and pump sizes using the VTMS simulation under 

severe driving condition. After the preliminary sizing is completed as explained above, 

final sizes of pumps and radiators are refined until all component temperatures can be 

controlled lower than their control target temperatures by iterative simulations of the se-

vere conditions.  

One of the technical considerations in the final sizing of the VTMS is the temperature 

distribution in a heat source component. The temperature distribution in a heat source 

should be minimized because large temperature distribution can deteriorates the durabili-

ty of the powertrain component. Thus, the coolant temperature change across the power-

train component should be limited to minimize the temperature distribution. The coolant 

temperature change can be controlled by changing the pump and radiator sizes. Larger 

radiator increases the coolant temperature change, while larger pump decreases the coo-

lant temperature change. Thus, the pump and radiator sizes are determined for the coolant 

temperature change ( 1TΔ ) not to exceed 10 ºC as shown Figure 41.  

Another technical consideration in the final sizing of the VTMS is the operating tempera-

ture of the coolant. High coolant temperature close to control target temperature of com-

ponent (smaller 2TΔ  in Figure 41) is desirable because high operating temperature of the 

coolant can reduce the radiator size and minimize the power consumption of the cooling 

system. Thus, final sizes of radiators and pumps are determined considering these two 
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technical aspects. The performance maps of the referenced mechanical and electric cool-

ing pump are scaled for the pumps implemented in the model. The cooling fan is scaled 

according to the radiator size. Figure 42 to Figure 44 show the performance maps of the 

reference pumps and fan. Table 13 shows the final sizes of the radiators and scaling fac-

tors of the pump sizes of Architecture A determined under the grade load condition.  

 

2TΔ

1TΔ

 

Figure 41. Design criteria of pump and radiator sizing. 
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Pump Speed (rpm)

 

Figure 42. Performance map of reference mechanical pump. 

 

Pump Speed (rpm)

 

Figure 43. Performance map of reference electric pump. 
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Fan Speed (rpm)

 

Figure 44. Performance map of reference cooling fan. 

 

Table 13. Radiator size (Width x Height x Thickness) and pump scaling factors for 
Architecture A determined by grade load condition test. 

Radiator Size 
(w×h×t) (m) 

Engine 
1.4x0.75x0.051 Oil Cooler 

Charge Air Cooler 
Generator 

1.4x0.75x0.101 Motors 
Power Bus 

Pump 
Scaling Factor 

Engine 
1.0 Oil Cooler 

Charge Air Cooler 
Generator 

2.5 Motors 
Power Bus 
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5.3 Results of Integrated Simulation 

In this section, the simulation results of the thermal response of the powertrain compo-

nents and the performance and the power consumption of the vehicle thermal manage-

ment system (Architecture A) are presented under three driving conditions including 

grade load, maximum speed, and urban + cross country driving cycle. For grade load and 

maximum speed conditions, the simulation is conducted for 2000 seconds to minimize 

the effect of transient period at the start of the simulation. 

Figure 45 shows the temperature histories of the electric powertrain components and the 

coolant temperature under grade load condition. The temperature of the coolant entering 

the heat source component is marked by “Coolant In” and the temperature of the coolant 

exiting from the heat source component is marked by “Coolant Out”. As can be seen in 

the figure, the component temperatures start from ambient temperature (313K) and reach 

their control target temperatures, and then controlled lower than their control target tem-

peratures by the VTMS. These results imply that the VTMS is sized enough for the se-

vere operating condition. 

One thing to note here is that the coolant temperatures at the inlet of the generator and 

motor are much lower than their control target temperatures as listed in Table 14. In case 

of Architecture A, the coolant temperature in the electric component cooling circuit is 

limited by the control target temperature of the power bus because it is lower than those 

of others in the same cooling circuit which is shown in Figure 28. Thus, in Figure 45, it is 

observed that the “Coolant In” temperature is controlled lower than 340 K which is under 

the control target temperature of the power bus (343 K). Low coolant temperature is not 

desirable in cooling system design because smaller temperature difference between the 
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coolant and cooling air requires more radiator area and cooling air to reject the same 

amount of heat. Thus, low coolant temperature operation requires larger cooling system 

packaging space and more power consumption. These results suggest that the VTMS ar-

chitecture can be improved by increasing coolant operating temperature separating the 

power bus from the cooling circuit of the generator and motor.  

Table 14. Control target temperatures of heat source components of SHEV[12]. 

 

Heat Source Component Control Target Temperature (oC) 

Engine 120 

Oil Cooler 130 

Charge Air Cooler - 

Generator 95 

Drive Motor 95 

Power Bus 70 

Battery Pack 40 
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Figure 45. Temperature histories of electric components under the grade load con-
dition (Architecture A). 
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Figure 46. Comparison of heat rejection and power consumption of VCS and CCS 
(Architecture A). 
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Figure 46 presents the effect of CCS on the heat generation and power consumption of 

VTMS components. As can be seen in Figure 46 (a), much more heat is rejected by the 

powertrain components than the heat rejected from cabin. However, as shown in Figure 

46 (b), although the heat rejection rate of the CCS is much smaller than that of the VCS, 

the power consumption of the CCS is comparable with that of the VCS. In case of urban 

+ cross country driving cycle, the CCS consumes more power than the VCS. These re-

sults emphasize that the CCS is a big accessory system that causes the parasitic loss of 

the vehicle powertrain. 

Another observation from the figure is that, although the heat generated by powertrain 

components changes dramatically depending on driving conditions, the heat generated by 

the components in the cabin does not changes significantly with the driving conditions. 

One of the reasons is that the load from environment and passengers does not change de-

pending on the driving condition. Another reason is that the battery pack generates heat 

when it is actively utilized for vehicle propulsion. The heat generated by the engine and 

generator is significantly affected by the power required for the vehicle propulsion, there-

fore, the heat generation changes depending on the power required for the driving condi-

tion as shown in Figure 46. However, the heat generated by battery pack depends not on-

ly on the power required for the powertrain but also on the utilization of the battery pack. 

The utilization of the battery pack can be visualized by the history of the state of charge 

(SOC) of the battery pack. Figure 47 compares the history of SOC under three driving 

conditions. The battery is more frequently charged and discharged under maximum speed 

condition rather than under grade load condition. As a result, the heat rejected by the bat-
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tery pack under maximum speed condition is comparable to that under grade load condi-

tion as shown in Figure 48.  
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Figure 47. State of Charge (SOC) of battery under three driving conditions (Archi-
tecture A). 
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Figure 48. Comparison of heat rejection rate of battery pack. 
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Figure 49. Parasitic power consumption of cooling components. 

 

Figure 49 compares the parasitic power consumed by the components of the VTMS. 

Since the power consumptions of the VTMS components change frequently over the 

driving conditions, the power consumptions are averaged over the test period. As can be 

seen in the figure, under severe driving condition (grade load), the fan consumes the larg-

est power than the pumps and the CCS. In case of grad load condition, the fan consumes 

55% of the power consumed by the VTMS. Another noticeable result is that, in case of 

realistic driving cycle (urban + cross country driving cycle), the CCS including the com-

pressor and battery cooling fan consumes 63% of the power consumed by the VTMS. 

This result emphasizes that the CCS is critical system in the VTMS for SHEVs.  
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Figure 50 shows the temperature histories of the electric components over the urban + 

cross country driving cycle. All the electric component temperatures are controlled lower 

than their control target temperatures over the driving cycle. However, the temperatures 

of the electric powertrain components fluctuate frequently. In Figure 50, it can be ob-

served that the fluctuation is aggravated because the electric components share one cool-

ing circuit. For example, at 400 second, the motor temperature reaches its control target 

temperature, thus the coolant pump and fan are activated to cool down the power bus. As 

a result, the generator is cooled down together because they share the same cooling cir-

cuit. This causes the generator temperature deviate more from its control target tempera-

ture. The same situation happens at 1370 second by the interaction of power bus and ge-

nerator. At 1370 second, the power bus reached its control target temperature, thus the 

coolant pump and fan are activated to cool down the power bus. As a result, the generator 

is cooled down together because they share the same cooling circuit, which makes the 

generator temperature more deviate from its control target temperature. This result sug-

gests that technical consideration on the operation group is necessary to minimize the 

temperature fluctuation when designing the architecture of VTMS.  
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Figure 50. Temperature histories of the electric powertrain components over urban 
+ cross country driving cycle. (GEN : Generator, MOT: Motor, PB: Power Bus) 
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Chapter 6 Design of VTMS Architecture for Heavy-Duty 

SHEV 

 

In Chapter 5, the challenges and opportunities involved in the efficient design of the 

VTMS are identified from the observations derived from the VTMS simulation results of 

Architecture A. The main finding valuable for the efficient design of the VTMS is that 

the VTMS architecture can be improved by a redesign considering the control target tem-

perature and the operation groups of the powertrain components of the SHEV. Thus, in 

this chapter, Architecture A is redesigned to improve the performance and minimize the 

parasitic power consumption of the VTMS. Two additional options of the architecture 

designs of the VTMS are developed based on the simulation results and the three archi-

tecture designs are compared based on the performance and the parasitic power consump-

tion of the VTMS under various driving conditions. 

The sub-component models of the VTMS are integrated to build the VTMS models for 

three different architectures. Then, the sizes and capacities of the VTMS components are 

determined such that they meet the cooling requirements under the most severe driving 

condition. Finally, the VTMS models are used to evaluate the performance and power 

consumption under three vehicle driving conditions. 
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6.1 VTMS Architecture Design 

SHEVs have additional heat source components with different operating temperatures, 

which make the architecture design of the VTMS complicated compared with conven-

tional vehicles. Furthermore, the operations of heat source components are not synchro-

nized due to complicated power flow and power management modes. To satisfy the vari-

ous requirements of the additional components, the VTMS requires more sensors, con-

trollers, and cooling circuits. Multiple fans can be used combined with multiple cooling 

circuits. Therefore, the architecture of the VTMS for a SHEV should be carefully de-

signed to ensure efficient operations of the pumps and fans. 

As a starting point of the architecture design of the VTMS for the SHEV, Architecture A 

is designed by simply adding a separate cooling circuit for the electric powertrain com-

ponents to a conventional cooling system of a diesel engine, as described in section 3.2. 

As shown in Figure 28, Architecture A is advantageous in terms of simplicity and mi-

nimal number of additional cooling components because all the electric powertrain com-

ponents are integrated into one cooling circuit equipped with an electric pump. However, 

it also has a potential drawback for the following reason. The coolant temperature in a 

cooling circuit is limited by the lowest of the component control target temperatures. As 

listed in Table 14, each heat source component has its own control target temperature, 

which is the maximum allowable temperature that should be maintained by the VTMS. In 

the cooling circuit for the electric powertrain components (generator, drive motors, and 

power bus) of Architecture A, the coolant temperature is likely limited by the control tar-

get temperature of the power bus, which is lower than the others. Accordingly, the gene-

rator and drive motors are over-cooled and cause unnecessary parasitic power loss due to 
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low operating temperature of the coolant. Thus, if the power bus is separated from the 

generator and drive motors, the power consumption for the cooling of the generator and 

drive motors can be reduced due to higher operating temperature of the coolant. Based on 

this speculation, Architecture B is configured by dividing the cooling circuit for the elec-

tric powertrain components in Architecture A into two circuits, thus separating the power 

bus from the cooling circuit for the generator and drive motors, as shown in Figure 51. 

 

 

 

Figure 51. Schematic of VTMS Architecture B. 

 

In contrast to the conventional VTMS, the heat source components in the SHEV do not 

always operate simultaneously because they operate according to the driving condition 
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and power management mode. Thus, the components do not generate heat simultaneously. 

When the engine operates, the engine accessories including charge air cooler and oil coo-

ler, and the generator also operate; thus, the heat should be removed from these compo-

nents simultaneously. However, neither the power bus nor the drive motors operates syn-

chronized with the engine operation. Based on the consideration, Architecture C is confi-

gured by grouping components that work together in a single cooling fan module.  

The operation groups that operate simultaneously are listed in Table 15. The engine, oil 

cooler, charge air cooler, and generator always work together; thus, they are grouped to-

gether. In contrast, the drive motors and power bus both work independently. However, 

in Architecture A and B, all the components are integrated into one cooling fan module. 

Therefore, the cooling fan has to operate whenever any of the heat source components 

requires cooling. This could cause unnecessary air flow across the heat exchangers, re-

sulting in excessive parasitic loss. This loss can be avoided by properly allocating heat 

sources into two cooling fan modules on the basis of the operation group as listed in Ta-

ble 15. Thus, the engine, generator, charge air cooler and oil cooler are integrated in one 

cooling fan module, and the power bus and drive motors are integrated into another cool-

ing fan module in Architecture C as illustrated in Figure 52.  
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Table 15. Operation group of heat source components of SHEV. 

 

Heat Source Component Operation Group 

Engine A 

Oil Cooler A 

Charge Air Cooler A 

Generator A 

Drive Motor B 

Power Bus C 

Battery Pack N/A 

 

  



99 
 

 
(a) Cooling Fan Module 1 

 
(b) Cooling Fan Module 2 

Figure 52. Schematic of VTMS Architecture C. 
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The guidelines applied to the architecture design of the VTMS for the SHEV can be 

summarized as: 

1) Heat source components with different control target temperatures should not 

share a cooling circuit. 

2) Heat source components in different operation groups should not share a cooling 

circuit and cooling fan. 

The VTMS models of the optional architectures designed by these guidelines are devel-

oped by integrating the component models in the Matlab Simulink® environment. 

The next step is component sizing for new architecture designs of the VTMS. The VTMS 

components sizing is conducted under the grade load condition following the sizing pro-

cedure explained in section 5.2. The sizing results for Architecture A, B, and C are listed 

in Table 16. After the component sizing, the models are used to compare the architecture 

designs by simulating the three vehicle driving conditions.  
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Table 16. Sizing result of radiator size (width x height x thickness) and pump scaling 
factors for three VTMS architectures under grade load driving condition. 

  Architecture A Architecture B Architecture C 

R
ad

ia
to

r S
iz

e 
(w

×h
×t

) (
m

) 

ENG 

1.4x0.75x0.051 1.4x0.75x0.051 
1.15x0.75x0.101 

OC 

CAC 0.1x0.75x0.038 

GEN 

1.4x0.75x0.101 
1.0x0.75x0.101 

1.05x0.75x0.038 

MOT 0.5x0.75x0.076 

PB 0.4x0.75x0.101 0.5x0.75x0.101 

Pu
m

p 
Sc

al
in

g 
Fa

ct
or

 

ENG 

1.0 1.0 
0.7 

OC 

CAC 0.13 

GEN 

2.5 
0.5 

0.4 

MOT 0.4 

PB 0.45 0.7 
(ENG: Engine, OC: Oil Cooler, CAC: Charge Air Cooler, GEN: Generator, MOT: Motor, PB: 

Power Bus) 

 

6.2 Comparison of VTMS Power Consumption 

The power consumption of a VTMS is one of the most important criteria when evaluating 

cooling systems because it affects the fuel economy of the vehicle. By using the VTMS 

models, the power consumptions of three VTMS architectures are compared for the two 

driving conditions and the urban + cross country driving cycle. First, the power consump-

tions of the VCS are compared to assess the effect of the architecture design on the power 

consumption. Next, the effect of CCS is studied. Finally, the impact of the architecture 

design of the VTMS on the fuel economy of the SHEV is evaluated depending on the 

driving conditions. 
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6.2.1 Power Consumption of Vehicle Cooling System 

Figure 53 shows the power consumptions of the cooling fan and pumps in the VCS under 

the grade load condition. The power consumption of the VCS is averaged over the entire 

driving cycle and is given in each plot. As shown in the figure, Architecture A consumes 

more power than the other architectures. In Architecture A, since the generator, drive mo-

tor, and power bus are in one cooling circuit, the coolant temperature should be lower 

than the lowest control target temperature of the three components. Thus, the coolant 

temperature should be controlled lower than 70ºC, which is the control target temperature 

of the power bus. This causes smaller temperature difference between the coolant and the 

ambient air. As a result, Architecture A consumes more power because more coolant and 

more cooling air flows are needed to reject the heat from radiator with smaller tempera-

ture difference between the ambient air and the coolant. As explained earlier, Architec-

ture B is modified from Architecture A by separating the power bus from the cooling cir-

cuit of the generator and drive motor to take advantage of higher coolant temperature. 

Therefore, the coolant can be controlled at higher temperature up to 95ºC which is the 

control target temperature of the generator and the drive motor. However, as shown in 

Figure 53, the power consumption of Architecture B is not decreased compared with Ar-

chitecture A. This result suggests that the coolant temperature effect is not significant in 

the power consumption of the VCS under the grade load condition. Architecture C is 

modified from Architecture B by adding a separate cooling fan module for the power bus 

and drive motors. Thus, the coolant temperatures in the generator and drive motor cool-

ing circuits in Architecture C are higher than that of Architecture A. In addition, Archi-

tecture C can minimize the unnecessary air flow across the radiators because the cooling 
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fan in the additional cooling fan module operates only when power bus or drive motor 

needs cooling as described in the previous section. However, under grade load condition, 

heat source components operate for the most of the time due to high thermal load. Thus, 

the advantage from minimized unnecessary air flow across the heat exchangers is unlike-

ly to be significant. Nevertheless, much less power is consumed by Architecture C than 

Architecture A and B under grade load condition as shown in Figure 53.  
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(a) Architecture A 

 
(b) Architecture B 

 
(c) Architecture C 

Figure 53. Comparison of VCS (pumps and cooling fan) power consumptions of 
three VTMS architecture designs under grade load condition. 
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(a) Architecture A 

 
(b) Architecture B 

 
(c) Architecture C 

Figure 54. Comparison of VCS (pumps and cooling fan for condenser and radiators) 
power consumptions of three VTMS architecture designs under urban + cross coun-
try driving cycle. 
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The power consumption of the VTMS over the urban + cross country driving cycle is im-

portant because the driving cycle is the practical vehicle driving condition for the heavy 

duty military SHEV. Figure 54 compares power consumptions of Architecture A, B, and 

C over the urban + cross country driving cycle. The power consumption of the VCS is 

averaged over the entire driving cycle and is given in each plot. As shown in Figure 54, 

the power consumption of Architecture B is not smaller than that of Architecture A. The 

thermal load to the VTMS during the urban + cross country driving cycle is much smaller 

than the case of grade load condition. Accordingly, the electric components require cool-

ing occasionally depending on their operating temperatures while they require cooling 

most of the time under the grade load condition. In Architecture A, when any of the com-

ponents in the electric cooling circuit need cooling, the cooling fan and the electric pump 

operate and cool down all the components no matter which component requires cooling. 

Therefore, all the components are cooled even though this may cause over-cooling of the 

components that do not need cooling. However, in Architecture B, the electric compo-

nents are divided into two circuits sharing one cooling fan. Due to the milder thermal 

load of the driving cycle, electric components do not always require simultaneous cooling. 

If one of the electric cooling circuits requires cooling, the electric cooling pump of the 

circuit and the fan operates while the electric pump of the other circuit does not operate. 

Accordingly, the fan operation is not used for active cooling of the other circuit. This in-

creases the inefficiency of Architecture B and causes frequent spikes over the driving 

cycle as shown in Figure 54. Table 17 summarizes the integrated time spent by each cir-

cuit without pump operation while the fan is activated by other circuit. Longer time in 

this table implies that the cooling air is inefficiently used. As shown in Table 17 the pe-
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riod of inactive pump operation while the fan operates is much longer in Architecture B 

than in Architecture A. Thus, it can be concluded that the power saved by the higher coo-

lant temperature is wasted by the inefficient use of the cooling air. Therefore, the power 

consumption of Architecture B is not improved compared with Architecture A. 

Table 17. Accumulated time (seconds) of fan operation without active cooling of each 
circuit over urban + cross-country driving cycle. 

 Architecture A Architecture B Architecture C 

Engine 

234 560 
17 

Oil Cooler 
Charger Air 

Cooler 241 

Generator 

56 
250 

297 

Drive Motor 60 

Power Bus 105 15 

 

In Architecture C, inefficient fan and pump operation is minimized by distributing ther-

mal load in two cooling fan modules. The cooling circuits for the engine system and ge-

nerator, which always run simultaneously, are allocated in one module and the cooling 

circuits for the power bus and drive motor are allocated in the other module. As a result, 

Architecture C consumes the least power among three architectures during the urban + 

cross country driving cycle, which is verified with the simulation result shown in Table 

17.  

Figure 55 compares the average power consumptions of three architectures for the three 

driving conditions. The result shows that the power consumption of Architecture C is 

smaller than those of Architecture A and B under all driving conditions. Compared with 

the power consumption of the baseline design (Architecture A), 26%~47% of power con-
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sumed by the VCS is saved by the redesign of the VTMS architecture. Especially in ur-

ban + cross country driving cycle, more power is saved by the redesign of the VTMS 

based on the design guidelines. This result is the evidence that the developed guidelines 

for the architecture design of the VTMS applied to the virtual VTMS for the SHEV are 

very effective to reduce the power consumption of the VTMS. 
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Figure 55. Comparison of the power consumption of VCS under three driving con-
ditions. 

 

6.2.2 Power Consumption of CCS and VTMS 

The power consumed by the compressor and the battery cooling fan in the CCS are com-

pared to assess the effect of the CCS on the VTMS. As can be seen in Figure 56, the ef-

fect of the design of the VTMS is not significant. Figure 57 compares the total power 

consumed by the VTMS including the VCS and the CCS. The power consumption by the 

VTMS could be saved by 20% to 24% under various driving conditions. A noticeable 
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result in Figure 57 is that the power consumption can be saved up to 24% by the VTMS 

redesign under practical driving cycle. 
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Figure 56. Comparison of the power consumption of CCS under three driving con-
ditions. 
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Figure 57. Comparison of the power consumption of VTMS under three driving 
conditions. 
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6.2.3 Effect of VTMS on Fuel Economy 

The VTMS can affect the fuel economy of the vehicle in two ways. The first one is the 

effect of the parasitic power consumed by the VTMS. The second one is the effect of op-

erating point change. The engine and generator operating point is changed by the addi-

tional power requirement by the VTMS. Thus, the engine operating point could move to 

either inefficient or efficient point. However, it is difficult to predict this effect because it 

is dependent on the powertrain controller.  

The estimation of the fuel economy of HEVs is different from that of conventional ve-

hicles because the energy produced by the engine can be stored in the battery pack which 

is not used for the vehicle propulsion. Thus, in order to take the energy stored in the bat-

tery pack into consideration, an additional step is needed for the estimation of the fuel 

economy of HEVs.  

In case of steady vehicle operation including grade load and maximum speed condition, 

the fuel economy of SHEV vehicle oscillate depending on the charging state of the bat-

tery pack. Thus, the simulation is conducted for 2000 seconds which is enough time for 

the thermal system to stabilize with periodic oscillation. Then, the fuel economies at the 

upper boundary and lower boundary near the end of the simulation (2000 second) are av-

eraged to estimate reasonable fuel economy as illustrated in Figure 58. In case of urban + 

cross country driving cycle, the simulation start with fully charged battery pack and the 

battery pack is recharged after driving cycle is completed to eliminate the effect of energy 

stored in the battery pack as illustrated in Figure 59. 
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Figure 58. Estimation of fuel economy of the SHEV under grade load and maximum 
speed condition. 
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Figure 59. Estimation of fuel economy of the SHEV over urban + cross country 
driving cycle. 
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Table 18 compares the fuel economy and the improvement of the fuel economy by the 

redesign of the VTMS. As can be expected from the simulation results of the power con-

sumption of the VTMS in the previous section, the fuel economy is not improved in Ar-

chitecture B due to the inefficient fan operation. However, in case of Architecture C, the 

fuel economy is improved by the redesign of the VTMS. In high load case including 

grade load and maximum speed, the effect is not significant because the power generated 

by the engine and the power consumed for the propulsion is so big that the improvement 

of the fuel economy look negligible. But, in case of urban + cross country driving cycle, 

the improvement of the fuel economy by the redesign of the VTMS is significant because 

the power saved by the redesign of the VTMS is not negligible compared with the power 

generated by the engine and the power consumed for the propulsion. Thus, the improve-

ment of the fuel economy by the redesign of the VTMS is up to 6.1% as shown in Table 

18. 

Table 18. Improvement of fuel economy by VTMS redesign. 

VTMS  
Architecture 

Design 

Grade Load Maximum Speed 
Urban +  

Cross Country 
Driving Cycle 

Fuel 
Economy 

(MPG) 

Improve-
ment of 

Fuel 
Economy 

Fuel 
Economy 

(MPG) 

Improve-
ment of 

Fuel 
Economy 

Fuel 
Economy 

(MPG) 

Improve-
ment of 

Fuel 
Economy 

Architecture A 1.782 -- 7.415 -- 7.776 -- 

Architecture B 1.779 -0.1% 7.378 -0.5% 7.443 -4.3% 

Architecture C 1.798 +0.9% 7.453 +0.5% 8.212 +6.1% 
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6.3 Comparison of Temperature Variations of Powertrain Components 

Figure 60 shows the temperature histories of electric components over the urban + cross 

country driving cycle. In Architecture A, all the electric components share one cooling 

circuit, thus, the coolant pump is activated when any one of the electric components 

needs cooling.  As a result, the others can be over-cooled. For example, at 400 seconds, 

the drive motor temperature reaches its control target temperature (Figure 60(b)), and 

then the cooling pump is activated to cool down the drive motor. Accordingly, the gene-

rator is also cooled down even if its temperature is much lower than its control target 

temperature. Due to the unnecessary cooling, the temporal gradient of the generator tem-

perature becomes steeper at 400 seconds (Figure 60(a)). This makes the generator tem-

perature deviate more from its control target temperature and results in larger temperature 

fluctuation. The temperature fluctuation is undesirable for the durability of the compo-

nent.  

In Architecture B, the generator and the drive motor shares one cooling circuit and the 

power bus has its own cooling circuit. Therefore, the temperature deviation of the power 

bus in Architecture B is much smaller than that in Architecture A as shown in Figure 60 

(c). However, what happened in Architecture A happens in Architecture B at 400 and 

1100 seconds because the generator and the drive motor shares one cooling circuit. In 

Architecture C, as can be expected, the temperature fluctuations of the components are 

much smaller than those in the other architectures because every electric component has 

its own cooling circuit. 
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From these results, it can be concluded that the redesign of the VTMS on the basis of the 

guidelines suggested in this study can not only improve the fuel economy but also im-

prove the performance of the VTMS. 
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(a) Generator 

 
(b) Drive Motor 

 
(c) Power Bus 

Figure 60. Temperature histories of electric components in three architectures over 
the urban + cross country driving cycle: (a) generator, (b) drive motor, and (c) pow-
er bus 
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Chapter 7 Summary and Conclusions 

7.1 Integrated Simulation of Vehicle Thermal Management System and 

Vehicle Powertrain System 

 A comprehensive vehicle thermal management system (VTMS) model for hybrid elec-

tric vehicles (HEVs) has been developed for the studies of the evaluation of the VTMS 

for HEVs. The model is integrated into a heavy duty military series hybrid electric ve-

hicle (SHEV) and the VTMS simulation is conducted for three representative driving 

conditions. The main conclusions of this study are summarized as follows: 

 

1. In heavy duty applications of SHEVs, a dedicated cooling circuit is required for 

the electric powertrain components due to considerable heat generated by the 

electric powertrain components.  

2. In the VTMS simulated in this study (Architecture A), the coolant temperature of 

the electric component cooling circuit is limited by the control target temperature 

of the power bus because it is lower than those of others that share the same cool-

ing circuit. This result suggests that the VTMS architecture can be improved by 

increasing the coolant temperature separating the power bus from the cooling cir-

cuit of the generator and drive motor. 
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3. Although the heat load for the CCS is much smaller than that for the VCS, the 

power consumed by the CCS is comparable to the VCS. In case of urban + cross 

country driving cycle, more power is consumed by the CCS than by the VCS.  

4. The heat load of the battery pack is not only dependent on the power required for 

the vehicle propulsion, but also dependent on the utilization of the battery pack by 

the power management strategy.  

5. The temperature fluctuation of the powertrain component is aggravated by the in-

teraction between the components sharing a cooling circuit. Therefore, technical 

consideration on the operation group is necessary to minimize the temperature 

fluctuation when designing the architecture of the VTMS. 

6. The VTMS for SHEVs should be carefully configured because of various cooling 

requirements of powertrain components, power management strategy, parasitic 

power consumption, and the effect of driving conditions. Followings are the 

guidelines of the architecture design of the VTMS for SHEVs drawn from the ob-

servations on the results of the integrated simulation of  the VTMS and the ve-

hicle powertrain:   

a) The heat source components with different control target temperatures 

should not share a cooling circuit. 

b) The heat source component in different operation groups should not share a 

cooling circuit and cooling fan. 
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7.2 Design of VTMS Architecture for Heavy-Duty SHEV 

 

Baseline architecture is redesigned to improve the performance and to minimize the para-

sitic power consumption of the VTMS. Two additional options of the architecture designs 

of the VTMS are developed based on the design guidelines suggested in Chapter 5. The 

system models for the three optional architectures are used to compare the performance 

and the power consumption of the VTMS under two driving conditions and a representa-

tive driving cycle. The main conclusions of this study are summarized as follows: 

 

1. Compared with the VTMS for the conventional vehicles, the architecture of the 

VTMS for the SHEV should be configured more carefully because of the addi-

tional heat source components, the complexity of component operations, and the 

dependency of the parasitic power consumption on driving modes. 

2. Evaluation of VTMS over a representative driving cycle as well as under severe 

condition are necessary for the development of the VTMS for the SHEV because 

the thermal responses, performance and parasitic power consumption of the 

VTMS are dependent on the driving mode. 

3. The comparison of three optional VTMS architectures with different strategic de-

sign concepts shows noticeably significant differences in the parasitic power con-

sumptions of the VTMSs and the transient temperature fluctuations of electric 

components depending on the architecture design. 
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4. Through the exercise of designing proper VTMS architecture for the SHEV, it is 

demonstrated that the VTMS modeling provides a useful tool for the optimal de-

sign of the VTMS for the SHEV. 
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Chapter 8 Suggested Future Work 

First of all, experimental validation of the comprehensive VTMS model is required as a 

future work. Although it is not possible to build the conceptual thermal management sys-

tems and the vehicle created in this study, the model can be validated with available ex-

perimental data of different vehicle platform. If this is done, the model can be utilized not 

only for comparative studies, but also for detailed design studies.     

 

Climate control system is one of the complex systems in a VTMS because CCS model 

includes two phase heat transfer model. In addition, as noted in the simulation results of 

integrated VTMS and vehicle powertrain, the CCS is biggest power consumer among the 

accessory systems. Thus, the improvement of the refrigeration cycle model is needed to 

predict the power consumed by the VTMS more accurately. 

 

Battery thermal management system is another interesting topic because battery tempera-

ture influences the availability of discharge power, energy, and charge acceptance during 

energy recovery from regenerative braking [16]. These affect vehicle drivability and fuel 

economy. Usually, the optimum temperature range for the battery operation is much nar-

rower than the operating temperature range for vehicles. For example, the desired operat-
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ing temperature for a lead acid battery is 25°C to 45°C, however the vehicle operating 

temperature range could be -30°C to 60°C. 

In addition to the temperature of a battery pack, temperature variation from module to 

module in a pack could lead to different charge/discharge behavior for each module. This, 

in turn, could lead to electrically unbalanced modules/packs, and reduced pack perfor-

mance [54].  

The goal of a thermal management system is to maintain a battery pack within an opti-

mum temperature range with even temperature distribution within the battery pack. How-

ever, the pack thermal management system has to meet the requirements of packaging, 

weight, cost, compatibility with location in the vehicle. In addition, it must be reliable, 

and easily accessible for maintenance. It must also use low parasitic power, allow the 

pack to operate under a wide range of climate conditions, and provide ventilation if the 

battery generates potentially hazardous gases. Thus, various battery thermal management 

methods should be explored to compare the battery thermal management methods.  
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