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ABSTRACT

Powertrain hybridization has been shown to greatly improve vehicle fuel economy, with

significant additional component costs. A novel type of low voltage hybrid device, called a

power split supercharger (PSS), has the potential to provide hybrid functionality at reduced

system cost. The PSS is configured with a supercharger, a planetary gear set and a motor.

The electric motor in the PSS system can be used in two discrete modes. It can drive the

supercharger at variable speed and provide flexible boost pressure to the engine, or it can

be employed to directly supply/receive torque to/from the crankshaft like a typical parallel

hybrid powertrain. This work presents modeling, control design, optimization, and analysis

of the PSS in fuel economy improvement of a light duty vehicle. The low-level controller for

the air charge management of a twincharged engine with a PSS has to coordinated three

actuators, throttle, wastegate, and the PSS in the nonlinear air path of the engine in a

fraction of second to ensure fast engine torque control. A decentralized controller that uses

the throttle to control intake manifold pressure and employs both the PSS and wastegate

to control the boost pressure, in a master-slave configuration, is adopted. The controller

was validated on a high fidelity GT-Power engine model and shown to effectively reduce the

response time of the engine during critical transients to less than 0.5 second.

During large torque requests, the supervisory energy management system in a vehicle

equipped with a PSS must decide whether to use the electric motor to drive the supercharger

or supply the motor torque directly to the crankshaft. An optimal control problem for

energy management of the PSS was formulated and solved over the standard EPA drive

cycles using dynamic programming (DP). The DP solution provides the best selection of

operating mode as well as the potential fuel economy benefit of the system. The results show

that the optimal controller often selects the parallel hybrid mode over the supercharging

mode to minimize the fuel consumption of the vehicle. Moreover, the PSS provides 75%

of full hybridization benefit and is as efficient as a two motor solution. An online energy

management system that minimizes the equivalent fuel consumption of the engine and

motor at each time instant was also developed and shown to have good agreement with

the DP results. The simulation time trajectories were supplied to an engine dynamometer

experimental setup, which demonstrated that the PSS and EGR combined improve the

vehicle fuel economy by 35.5% over the FTP75 cycle compared to a baseline turbocharged

engine.

xvi



The fuel economy benefit of the PSS in combination with automation was also studied

in this thesis. Automated vehicles can use a preview of the ahead traffic and plan their

trajectory to minimize fuel consumption and maximize the benefit of a small hybrid system

like the PSS. The fuel consumption minimization problem in a car following scenario for a

vehicle equipped with a PSS was formulated and solved by sequential optimization of the

velocity profile and energy management system. It was shown that with velocity smoothing

a small hybrid system like the PSS can provide the fuel economy of a full hybrid powertrain

at a lower cost.
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CHAPTER I

Introduction

1.1 Background

The transportation sector is responsible for 28% of the U.S. Greenhouse Gas (GHG)

emissions [3], 83% of which are emitted from vehicles with the Light Duty Vehicle (LDV)

segment being the largest contributor [4]. Improving the fuel economy of LDVs is a compelling

solution to stabilizing the GHG emissions and decreasing the reliance on fossil fuels. This

target is pursued globally as seen in Figure 1.1, which represents the historical data and

projection of future fuel economy targets for different countries normalized to U.S. Corporate

Average Fuel Economy (CAFE) test cycles. These increasing fuel economy targets presents

numerous challenges to the automotive industry.

Fuel Cell Vehicles (FCVs) and Electric Vehicles (EVs) are two examples of efforts

in switching to alternative energy sources for reducing GHG emissions. Although both

technologies are very promising in terms of emission reduction, their price and performance

are not competitive to conventional Internal Combustion Engines (ICEs). FCVs and EVs

cannot cover the full spectrum of customers’ demand because they both use batteries to

store electric energy and use it later for propulsion. During recent years many improvements

in battery technology have been achieved but battery systems are still expensive, their

performance degrades with time, their charging time is not comparable to fueling time,

and their energy density is small compared to fuel. Due to all these reasons the market

penetration of these vehicles is poor.

In the mean time, while battery technology is still evolving, improving ICEs efficiency can

be pursued as a short term or mid term solution to fuel efficient transportation. Boosting

and downsizing, alternative combustion modes, cylinder deactivation and exhaust gas

recirculation are examples of efforts towards decreasing ICEs fuel consumption. These

advanced efficient ICEs often suffer from transient response issues, due in part to their

complexity. Engine electrification and low voltage hybridization can overcome such transient

response challenges and further improve the vehicle fuel economy. In this work both engine

air path electrification and powertrain hybridization are considered for enhancing the engine

performance and fuel economy.
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Figure 1.1:
Comparison of projected and actual fuel economy targets for new vehicles
throughout the world normalized to U.S. CAFE test cycles [1]

1.2 Air Path Electrification

Employing a smaller displacement engine improves the drive cycle fuel efficiency of

a vehicle because engines tend to have a higher efficiency at higher relative pressures.

The smaller engine has a lower maximum torque though, resulting in a poor acceleration.

Boosting the engine air charge permits putting more air into the engine, burning more fuel

and producing a larger torque and satisfactory acceleration.

Turbocharging is the most popular method for boosting the engine inlet charge. The

turbocharger turbine recovers part of the wasted energy in the exhaust gases to spin the

compressor, which is an efficient practice despite imposing some backpressure. Turbocharged

engines suffer from two main drawbacks compared to electric boosting systems. One is

the engine transient response and the other is the imposed backpressure for non-boosted

conditions. The torque response of turbocharged engines is tied to the turbocharger

acceleration and hence the exhaust gas enthalpy and turbocharger inertia, causing a delayed

torque response known as turbolag. Gasoline turbocharged engines keep the turbocharger

spinning at a higher speed than needed by closing the wastegate at non-boosted points to

reserve some boost pressure across the throttle valve. The rapid intake filling associated with

throttle opening enables fast torque response during tip-ins and mitigates the turbolag [5,6].

However, this approach imposes unwanted backpressure and pumping loss on the engine and

increases fuel consumption at points where no boost is required. Turbocharger electrification

by inserting an electric machine on the turbocharger shaft has been pursued to decrease

the engine turbolag [7–9]. In such a system the electric motor can assist the turbocharger

acceleration during torque tip-ins and recover some energy during steady state. This approach
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has its own limitations and is not considered in this study.

Supercharging is an alternative boosting mechanism. The supercharger is usually driven

by either the engine crankshaft or an electric motor, which have higher fuel penalties

compared to the backpressure imposed by a turbocharger. Mechanical superchargers, in

which the supercharger is connected to the engine crankshaft through a fixed gear ratio,

is the most common supercharging method. Although the engine air path dynamics are

faster with a mechanical supercharger compared to a turbocharger but still transients can

suffer from delays due to the speed coupling with the engine crankshaft. This coupling

also prevents active control of the boost pressure produced by the supercharger leading to

unwanted throttling loss at some operating points. Some studies suggest that variable speed

supercharging is more efficient compared to either conventional mechanical supercharging or

turbocharging due to lower throttling loss and higher supercharging efficiency enabled by

right-sizing the compressor. As an example, McBroom et al. [10] showed that an engine with

a variable speed supercharger, achieved with a continuously variable planetary transmission,

can produce a higher fuel economy compared to a turbocharged engine counterpart in

addition to exhibiting faster boost pressure response. Other studies have also addressed the

fast engine torque management with electric superchargers [11,12].

In this work variable speed supercharging through hybrid boosting and electric boosting

is pursued. Figures 1.2(b) and 1.2(c) show such boosting systems with a hybrid supercharger

(hSC) and an electric supercharger (eSC) respectively. Although a supercharged engine burns

more fuel under boosted conditions, during a typical driving profile such as the HWFET or

FTP75, a supercharged engine can actually have a better fuel economy due to the decreased

pumping losses at non-boosted points [13,14].

Superchargers can also be used as transient response facilitators in combination with a

turbocharger [15–18], called twincharging. Figure 1.3(a) shows a twincharged engine in a

super-turbo configuration realized with an electric supercharger and Figure 1.3(b) represents

a turbo-super arrangement with a hybrid supercharger. Twincharged engines have higher

low-end torque and faster transient response compared to turbocharged engines. In this

work improving the turbocharged engine transient response by adding a supercharger is also

considered. The air path of such engine is a Multi-Input/Multi-Output (MIMO) nonlinear

system with the throttle, wastegate and the supercharger as pressure actuators. Furthermore,

the engine fuel consumption depends on the control strategy and actuator set points, because

the boost providers, supercharger and turbocharger, have different fuel penalties. In this

work a decentralized controller is proposed for such a system that uses the turbocharger

during steady state and employs the supercharger as a transient response enabler.

The fast engine torque response enabled by electrified boosting permits implementing

advanced engine calibrations that trade-off transient response for fuel economy. For example

one shared problem of all gasoline boosted engines is the combustion auto ignition tendency,

or knocking, at highly boosted operating points. Knock damages the engine and sub-optimal
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Figure 1.2:
Examples of air path configuration, (a) turbocharged engine, (b) hybrid super-
charged engine, (c) electric supercharged engine.

engine calibrations such as retarded combustion phasing and fuel enrichment have to be

followed to avoid it. Consequently, the engine efficiency drops at highly boosted points

causing low off-cycle fuel economy of these engines.

Exhaust Gas Recirculation (EGR), which recirculates part of the engine exhaust gases

back into the inlet air charge, can be used for knock mitigation as well as efficiency

improvement. Cooled EGR (cEGR) increases gasoline engines efficiency due to lower

pumping losses, less heat transfer and higher specific heat ratio of charge mixture [19–22].

For downsized boosted engines or engines with high compression ratio cEGR decreases the

knock propensity and enables a more optimal combustion phasing [19,20,23,24]. In addition,

at extremely high loads fuel enrichment is used to decrease the exhaust gas temperature

and suppress knock. Cooled EGR decreases the exhaust gas temperature and alleviates the

need for fuel enrichment [19, 20, 24]. Nevertheless, cEGR benefits come at the cost of slower

turbocharged engine air path dynamics and increased engine turbolag. The turbocharger

also has to negotiate higher boost pressures with cEGR due to the partial pressure of the
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Figure 1.3:
Examples of twincharged air path structure, (a) turbo-super configuration with
electric supercharger, (b) super-turbo configuration with hybrid supercharger.

residual gases. Moreover, the decreased exhaust gas temperature reduces the available energy

for turbocharger acceleration, both these effects contribute to longer turbolag. In this work

it is shown that electrifying the engine boosting system in a twincharged or supercharged

configuration allows faster boost pressure control and implementing a cooled EGR system

without drive-ability concerns.

1.3 Powertrain Hybridization

Hybrid Electric Vehicles (HEVs) use both fuel and batteries to store energy for propulsion.

The resulting flexibility in engine operating point selection, in addition to start/stop and

regenerative braking, enabled by the electric motor, increases vehicle efficiency and saves

fuel. Full powertrain hybridization requires large battery packs and a high voltage electrical

system. Consequently, full HEVs are vulnerable to the same drawbacks of EVs such as

high cost, battery degradation and additional safety requirements associated with high

voltage systems. While full HEVs have high driving range due to the dual energy source,

the same feature increases their price relative to EVs. Mild hybridization on the other hand,

only partially provides the functionalities of full HEVs, yet it can effectively decrease the

conventional powertrains fuel consumption.

1.3.1 Mild Hybridization

A mild hybrid powertrain, typically realized with a low voltage system (<60 V1), requires a

small battery pack and low power electric machines, therefore, it is cheaper and requires fewer

1Industry practice 48 V systems
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safety measures. A conventional powertrain can be upgraded to a mild hybrid configuration

with minimal cost and modifications.

The electric motor in a mild hybrid system is not capable of propelling the vehicle due

to limited available torque, but it can help modify the engine operating points and guide

them into more efficient areas. Mild hybrid powertrains also save fuel through reducing

the engine idling time. The start/stop systems shut down the engine when the vehicle is

stopped. Around 8% fuel consumption reduction is reported over NEDC through start/stop

systems [25]. Moreover, the electric motor can recover part of the energy lost in the friction

brakes during vehicle deceleration. Up to 16% fuel consumption reduction over the FTP75

drive cycle has been reported using start/stop and regenerative braking combined [26].

That study excluded the benefit from engine operating point adjustment, conducted with

optimization based controllers.

The electric power and storage capacity enabled by mild hybridization also enables the

use of electrified engine boosting systems or electric turbo generation [27–29], which are not

feasible with a conventional 12 V electrical system. The combination of mild hybridization

and engine boosting electrification pursued here can significantly improve the performance

and fuel economy of a conventional vehicle.

1.3.2 Energy Management Strategies for Hybrid Electric Vehicles

Within an engine with electrified air path and hybrid capabilities, there are multiple

electric energy consumers and sources. The supervisory controller of such a system has to

decide where and how much to supply the limited available electric power, the air path or

the crankshaft.

The ICE efficiency map is nonlinear over its operating range, thus the vehicle fuel

consumption depends on the engine operating point. The main goal of a HEV supervisory

controller is to shift the engine operating points into a more efficient area. Many different

controllers are developed for this target, which are classified as rule-based approaches and

optimization-based approaches [30]. Rule-based methods are static controllers and can be

implemented in real time, hence they are widely used in industry. The rules are generated

offline, often based on heuristics. Two well-known rule-based controllers for serial and

parallel HEVs are thermostatic control and load leveling, respectively. The thermostatic

control turns the engine on and off based on the battery state of charge, while load leveling

uses only the motor at low load, the engine at medium load and both a high load. These

controllers do not exploit the full potential of the system in fuel consumption reduction and

are not reusable for a different powertrain configuration.

Optimization-based methods use physics-based modeling and optimization techniques

to minimize a cost function that can include different performance metrics such as fuel

consumption or emissions. The objective cost can be minimized instantaneously like an

Equivalent Consumption Minimization Strategy (ECMS), over some receding horizon such
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Figure 1.4: Power split supercharger.

as with Model Predictive Control (MPC) or over the full driving profile as in Dynamic

Programming (DP). The methods that optimize the fuel consumption over the full driving

profile give the global optimum solution, but they cannot be implemented online since they

are computationally expensive and need knowledge of future driver demand. Still, they can

be used as a measure for evaluating the effectiveness of other methods and developing and

improving rule-based methods [31]. In this work both the optimization over the full drive

cycle horizon and instantaneous optimization are considered.

1.4 Contributions and Organization

The main focus of this work is a device called a Power Split Supercharger (PSS), shown

in Figure 1.4. The PSS consists of a roots type blower, an electric motor, a planetary gear

set, a brake, and a bypass valve. This system, introduced in detail in next chapter, can

work both as a parallel hybrid powertrain and a variable speed supercharger. The main

contributions of this thesis is summarized as follows:

� Modeling and control design for a twincharged engine with a power split supercharger

and a turbocharger

The air path of a twincharged engine is a MIMO system with nonlinear dynamics. The

throttle valve, wastegate and the supercharger are three main actuators that have to

coordinate to manage the air flow into the engine. On the power split supercharger side,

the motor torque, bypass valve and the brake are also the three actuators that have to

be scheduled using an event-based controller during mode transitions. A physics-based

mean value engine model is developed and calibrated to the engine dynamometer steady

state and transient data for designing and simulating the engine air path controller.

The designed decentralized controller uses the throttle valve to control the intake

manifold pressure while it applies a master-slave mechanism for regulating the engine

boost pressure. This strategy uses the cheaper actuator (wastegate) during steady

state and employs the more expensive actuator (supercharger) as the transient response

facilitator. The controller performance is validated on a high fidelity GT-Power engine

model. It is demonstrated that the controller can effectively mitigate the engine
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turbolag even in the presence of cEGR. The engine mean value modeling along with

the vehicle model are presented in Chapter II and the controller design is described in

Chapter III. These parts are based on the following work,

– S. Nazari, J. Siegel, and A. Stefanopoulou, “Control of hybrid boosting in highly

diluted internal combustion engines,” accepted to IEEE Transactions on Control

Systems Technology, 2019, [32].

� Optimal energy management of a mild hybrid electric vehicle with hybrid and electric

engine boosting systems

Chapter IV investigates the utilization of the power split supercharger and a dual

motor mild hybrid system for fuel economy improvement of a vehicle. The dual motor

system provides both functionalities of the PSS, electric supercharging and parallel

hybrid operation, but with two separate motors. Both systems enable the use of a

downsized engine as a competitive counterpart to widely used turbocharged and full

hybrid electric powertrains. The optimal control problem for energy management of

both configurations on a vehicle with an automatic transmission is formulated and

solved using dynamic programming over standard drive cycles. The supercharging

versus torque assist share and its sensitivity to the drive cycle, battery size, and

compressor efficiency, which influence the availability of electric energy and the losses

of electrical and mechanical paths is also investigated. A few causally implementable

rules for selecting the single motor system operating mode are found by analysis of the

DP solution and their effectiveness is shown by incorporation into the DP formulation

and comparison of the predicted fuel consumption. The optimal energy management

formulation for the PSS and the dual motor system are published in the following

papers,

– S. Nazari, J. B. Siegel, and A. Stefanopoulou, “Optimal energy management for

a mild hybrid vehicle with electric and hybrid engine boosting systems,” IEEE

Transactions on Vehicular Technology, 2019, [33].

– S. Nazari, J. Siegel, and A. Stefanopoulou, “Optimal energy management for a

hybrid electric vehicle with a power split supercharger,” in 2018 IEEE Vehicle

Power and Propulsion Conference (VPPC). IEEE, 2018, pp. 1–6, [34].

� Online Energy Management of a HEV with Power Split Supercharger

The drive cycle fuel consumption minimization, although very useful, is acausal and

cannot be implement online. In Chapter V an equivalent consumption minimization

strategy is developed to select both the PSS mode and the power split during hybrid

mode. The PSS operation is simulated over standard EPA drive cycles with the

developed engine mean value and vehicle models and the results are compared to
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the DP solution. The simulation results are supplied to the engine dynamometer

experimental setup to verify the fuel economy improvement predictions. The online

energy management system for the power split supercharger is published in,

– S. Nazari, R. Middleton, J. Siegel, and A. Stefanopoulou, “Equivalent consumption

minimization strategy for a power split supercharger,” SAE Technical Paper,

Tech. Rep., 2019-01-1207, [35].

The vehicle and driveline model used in this study along with a comprehensive study

of supercharging influence on drive cycle fuel efficiency of a vehicle are presented in,

– S. Nazari, R. Middleton, K. Sugimori, J. Siegel, and A. Stefanopoulou, “Assessing

a hybrid supercharged engine for diluted combustion using a dynamic drive cycle

simulation,” SAE Journal of Alternative Powertrains, 2019, [14].

� Hybridization requirements with eco-driving

Eco-driving and hybridization both save fuel by reducing the energy loss during

braking and using the engine efficiently. Considering this similarity, the hybridization

requirements are different for the future connected and automated vehicles that can

precisely optimize the vehicle velocity profile. Hence the necessary hybridization degree

in an automated car following scenario is studied here. The fuel minimization problem

is divided into two independent optimizations, one for the velocity profile and the

other for the energy management of the PSS. Different motor sizes are considered

for the PSS system and the resulting fuel economies are compared to a turbocharged

engine and a full hybrid electric powertrain. This study is presented in Chapter VI

and is published in the following work,

– S. Nazari, N. Prakash, J. Siegel, and A. Stefanopoulou, “On the effectiveness

of hybridization paired with eco-driving,” in 2019 Annual American Control

Conference (ACC). IEEE, 2019, [36].

Finally, Chapter VII highlights the major conclusion and possible future work.
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CHAPTER II

Modeling Framework

This chapter introduces the models used for control design, simulation, and analysis

throughout this thesis. A Mean Value Model (MVM) is developed for a turbocharged spark

ignition engine with Low Pressure Exhaust Gas Recirculation (LP-EGR) system, with the

main goal of estimating the engine air path dynamics for a wide range of operating points.

The MVM steady state and transient performance are compared to the engine dynamometer

experimental data. Later, the model for a Power Split Supercharger (PSS) is presented. A

short description of a GT-Power [37] engine model and its validation against experimental

data is also included. This model is used to develop steady state fuel consumption maps. A

vehicle model for a Ford Escape MY2015, along with a driver model are described at the

final part of the chapter.
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Figure 2.1: Schematic of turbocharged 4 cylinder engine with LP-EGR loop.
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2.1 Engine Description

The modeled engine is a 1.6 liter, 4 cylinder four-stroke turbocharged gasoline fueled

Spark Ignition Direct Injection (SIDI) engine. Figure 2.1 shows a schematic of the engine and

its air path main components including: the cylinder block, intake and exhaust manifolds,

turbocharger, Charge Air Cooler (CAC) and EGR intercooler. The geometry of the engine

is summarized in Table 2.1.

Various actuators of the engine include: spark timing, fuel injectors, intake and exhaust

cam timing, throttle, wastegate and EGR valve. The production sensors in this engine, which

is without LP-EGR loop, include intake manifold temperature and pressure, pre-throttle

pressure, engine speed and exhaust air fuel ratio sensor. More signals are available in the

experimental test setup including pressure and temperature for ambient, compressor outlet,

charge air cooler inlet and outlet, and turbine inlet and outlet, in addition to fuel mass flow

rate, engine air mass flow rate, crankshaft torque, oxygen concentration before the throttle

valve and fast differential pressure measurements across the LP-EGR valve.

2.2 Mean Value Engine Model

Mean value engine models are zero dimensional models with application to analysis,

control design and diagnostics. In an MVM parameters and signals are averaged over one

or several cycles, therefore, they have a frequency range of 0.1 − 5Hz [38]. The term mean

value engine model was first used by Elbert Hendricks [39] and nowadays there is a rich

literature on developing MVMs. The modeled dynamic states include the turbocharger speed,

the pressure inside air path volumes, the EGR mixing dynamics and actuator dynamics.

Whereas, the cylinder block, the turbocharger compressor and turbine, intercoolers and

the valves are modeled as quasi-steady components. Finally, EGR transport delay and the

engine reciprocating operation are modeled as transport delays.

Note that the MVM intends to model the engine air path dynamics, hence only the most

important actuators impacting the engine air path are included in the model, which are

the throttle valve, wastegate and EGR valve and it is assumed that the rest of actuators

are always coordinated based on the baseline strategy, therefore their movement effect is

embedded inside the model. In the following sections the models for different components

Table 2.1: Geometry of the modeled engine [2].
Attribute Value Units

Displacement 1.6 L
Compression ratio (geometric) 10:1 –
Bore 81.5 mm
Stroke 79 mm
Connecting rode length 131.5 mm
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are described in details.

2.2.1 Flow Restriction Model

The throttle valve, wastegate, low pressure EGR valve, and the exhaust pipe, over which

the flow pressure drops, are modeled as flow restriction components. Assuming that the sum

of flow potential and kinetic energy remains constant when passing through a restriction,

it can be implied that the flow enthalpy and hence its temperature remain constant from

conservation of energy,

Tus = Tds (2.1)

where Tus and Tds refer to the upstream and downstream temperature of the flow restriction

component. Compressible turbulent flow model with linear region is used to estimate the

mass flow across the flow restrictions [38],

ṁ(pus, Tus, pds,Aeff) = Aeff
pus√
RTus

Ψli(Π(pds

pus
)) (2.2a)

Π(pds

pus
) = max(pds

pus
, ( 2

γ + 1
)

γ
γ−1 ) (2.2b)

Ψ0(Π) =
√

2γ

γ − 1
(Π

2
γ −Π

γ+1
γ ) (2.2c)

Ψli(Π) =
⎧⎪⎪⎨⎪⎪⎩

Ψ0(Π) if Π ≤ Πli,

Ψ0(Πli) 1−Π
1−Πli

otherwise
(2.2d)

where, pus and pds stand for the upstream and downstream pressure, γ is the ratio of specific

heats, R is the universal gas constant, and Aeff is the restriction effective area. Ψli(Π) is used

in (2.2a) instead of Ψ0(Π) to avoid infinite derivative when the ratio pds/pus is close to unity

and satisfy the Lipschitz continuity condition, which is tied to the existence and uniqueness

of differential equation solutions. The effective areas for wastegate and LP-EGR valve are

given as the model input but for the throttle, which is a butterfly valve, the effective area is

related to its opening angle using a quadratic polynomial.

2.2.2 Manifold Filling Dynamics

All volumes in the engine air path, including the intake and the exhaust manifolds are

assumed as lumped volumes, meaning that all spatial information of the gas state is lumped

into just one point. It is also assumed that the gas is ideal (i.e. pV =mRT ) and the specific

constant volume and constant pressure heat of the charge, Cv and Cp respectively, are

constant.

Isothermal model, which assumes no temperature change in the system, is used for

modeling the volumes. The differential equation for pressure is derived through differentiating
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the ideal gas law,

dp

dt
= RT
V

dm

dt
. (2.3)

Conservation of mass implies that the rate of change of the mass in a volume is equal to

the difference between inlet and outlet mass flows,

dm

dt
= ṁin − ṁout. (2.4)

Combining (2.3) and (2.4) yields the following model for manifold filling dynamics,

dp

dt
= RT
V

(ṁin − ṁout) (2.5)

where p stands for pressure and V is the volume. Furthermore,

T = Tin = Tout. (2.6)

Although this model violated the conservation of energy, due to the constant temperature

assumption, it is capable of capturing the pressure dynamics in different volumes of the

engine air path [38].

2.2.3 Cylinder Model

In this section quasi-steady models are introduced for estimating the cylinders inlet

mass flow rate, produced torque and exhaust temperature. It is assumed that the engine

maintains MBT spark timing and nominal inlet and exhaust valve timings in all operating

points hence these actuators are not included in the cylinders block model as independent

inputs.

2.2.3.1 Cylinder Mass Flow

The mass flow rate into the cylinders, ṁcyl, is related to the engine volumetric efficiency,

ηvol, as follows:

ṁcyl(pim, ωe, xegr) = ηvol(pim, ωe, xegr)
VDωepim

nrRTim
(2.7)

where pim is the intake manifold pressure, Tim is the intake manifold temperature, ωe is

the engine rotational speed, xegr is the EGR mass fraction inside intake manifold, VD is

the engine displacement, and nr is the number of engine revolutions per engine cycle which

is equal to 2 for a four-stroke engine. The engine volumetric efficiency is a function of

many parameters such as engine speed, intake manifold pressure, exhaust manifold pressure

and intake manifold temperature. However, in this work only its dependency on engine
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speed, intake manifold pressure and EGR concentration is included. The engine volumetric

efficiency is regressed using the following equation,

ηvol(pim, ωe, xegr) = (1 + k0xegr)(k1 + k2ωe + (k3 + k4ωe)pim + k5pim
2) (2.8)

where ki’s are constant coefficients. EGR mass fraction is defined as the ratio of EGR mass,

megr, to the total mass of the charge inside the intake manifold, megr +mair,

xegr =
megr

mair +megr
. (2.9)

2.2.3.2 Produced Torque

The engine Indicated Mean Effective Pressure, IMEP, is modeled as follows,

IMEP(pim, ωe, xegr) = (1 + k0xegr)(k1 + k2p
∗

im + k3ωe + k4p
∗2

im + k5p
∗

imωe + k6ω
2
e) (2.10)

in which p∗im is the partial pressure of the fresh charge inside intake manifold computed

using Dalton’s law of partial pressures,

p∗im = (1 − yegr)pim (2.11a)

yegr =
xegr
Megr

xegr
Megr

+ 1−xegr
Mair

(2.11b)

where yegr is the mole fraction of burned residuals inside intake manifold, Megr is the burned

residuals molar mass and Mair is the air molar mass.

The cylinder outlet mass flow rate, ṁcyl,out, is computed as the sum of inlet charge mass

flow rate and the engine fuel flow rate. The engine fuel flow rate, ṁf , is computed assuming

stoichiometric air fuel ratio, AFRsto, throughout the engine operating region

ṁf =
ṁcyl

AFRsto
(2.12)

ṁcyl,out = ṁcyl + ṁf . (2.13)

The engine Pumping Mean Effective Pressure (PMEP) is computed as the difference

between the intake manifold pressure and the exhaust manifold pressure, pem,

PMEP(pim, pem) = pem − pim. (2.14)
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The Friction Mean Effective Pressure (FMEP) is regressed as follows:

FMEP(pim, ωe) = k1 + k2pim + k3ωe + k4p
2
im + k5pimωe + k6ω

2
e . (2.15)

Finally, the engine BMEP is computed using the engine IMEP, PMEP and FMEP as,

BMEP(pim, ωe, xegr) = IMEP +PMEP − FMEP. (2.16)

The engine BMEP is calculated using measured engine torque in the engine dynamometer

setup.

2.2.3.3 Exhaust Manifold Temperature

The gas temperature entering the exhaust manifold, Tem, is regressed against the intake

manifold temperature, engine speed, EGR concentration, and the partial pressure of air in

the intake manifold as,

Tem(pim, ωe, Tim, xegr) = (1 + k0xegr)(k1 + k2p
∗

im+
k3ωe + k4p

∗2
im + k5p

∗

imωe + k6Tim). (2.17)

2.2.3.4 Engine Reciprocating Behavior

The engine reciprocating performance is modeled by including delays between cylinder

inlet and outlet variables, such that the engine produced BMEP is achieved after Induction

to Power Stroke (IPS) delay and the engine exhaust temperature and outlet mass flow rate

are gained after Induction to Exhaust Gas (IEG) delay [40],

τIPS =
2π

ωe
(2.18a)

τIEG = 3π

ωe
(2.18b)

where ωe should be in rad/s.

2.2.4 Turbocharger Model

In an MVM compressor and turbine of the turbocharger are modeled as quasi-steady

constant specific heat devices, meaning that their thermodynamic outputs can be computed

from their performance maps. The performance maps commonly are defined as the compres-

sor/turbine corrected/reduced mass flow rate and isentropic efficiency for different pressure
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ratios and corrected or reduced speeds,

ṁ = f1(pus, pds, Tus, ωtc) (2.19a)

η = f2(pus, pds, Tus, ωtc) (2.19b)

where ωtc is the turbocharger speed. Modeling the turbocharger for an engine MVM mostly

includes finding the functions f1 and f2, and computing the outlet temperature and the

component power using the mass flow rate and the isentropic efficiency.

2.2.4.1 Compressor

The compressor downstream temperature can be computed using the following equation,

Tds = Tus +
Tus

ηc
((pds

pus
)
γ−1
γ − 1) (2.20)

where ηc is the isentropic efficiency. The compressor consumed power, Pcmp, is computed as:

Pcmp = ṁCp(Tds − Tus) (2.21)

In order to estimate the compressor mass flow rate a modified form of the model

introduced by Jensen et al. [41] is used. This model uses dimensionless compressor energy

and flow coefficients, Ψ and Φ respectively, defined as follows,

Ψ =
CpTus(pdspus

)
γ−1
γ − 1

U2

2

(2.22a)

U = π

60
ωcorD (2.22b)

Φ = 4

π

RTus

pus

ṁcor

UD2
(2.23)

where ωcor is the compressor corrected speed in rpm, ṁcor is the corrected mass flow rate,

D is the compressor impeller diameter, R is the universal gas constant and U is the blade

tip speed. The corrected mass flow rate and corrected speed are usually used in compressor
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maps, which are defined as,

ωcor =
ωtc√
Tus
Tref

(2.24a)

ṁcor =
ṁ

√
Tus
Tref

pus
pref

(2.24b)

where pref and Tref are the reference pressure and temperature. The model fitted to the

compressor mass flow rate is in the following form

Φ = k1(Ma) + k2(Ma)Ψ
k3(Ma)Ψ + 1

(2.25a)

Ma = U√
γRTus

(2.25b)

k1 = k11 + k12Ma + k13Ma2 + k14Ma3 (2.25c)

ki = ki1 + ki2Ma + ki3Ma2 i = 2,3 (2.25d)

where Ma is the blade tip mach number.

It is possible that during transient operation of the engine, compressor pressure ratio

drops to lower than unity. In this condition the compressor acts as a restriction, so it is

necessary to include a model for overblown compressor to estimate the mass flow rate in

this condition [37],

ṁres = ṁ0 + a(1 −PR)b (2.26)

where ṁ0 is the compressor mass flow rate for pressure ratio equal to 1, PR is the compressor

pressure ratio and a and b are constant coefficients.

Equation (2.27a) to (2.27d) describe the model used to estimate the compressor efficiency.

The regression first correlates the dependence peak efficiency, η∗, and the corresponding

pressure ratio, PR∗, at peak efficiency to compressor corrected speed, and then uses the

functional form of Eq. (2.27c) to calculate the compressor isentropic efficiency,

PR∗ = a11 + a12ωcor + a13ω
2
cor (2.27a)

η∗ = a21 + a22ωcor + a23ω
2
cor (2.27b)

ηc =
⎧⎪⎪⎨⎪⎪⎩

k1(PR −PR∗)2 + k2(PR − PR∗) + η∗ if PR ≤ PR∗

k3(PR − PR∗)2 + k4(PR − PR∗) + η∗ otherwise
(2.27c)

ki = ki1 + ki2ωcor + ki3ω2
cor + ki4ω3

cor (2.27d)
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2.2.4.2 Turbine

The turbine downstream temperature can be computed using the turbine isentropic

efficiency, ηt, as follows

Tds = Tus − ηtTus(1 − (pds

pus
)
γ−1
γ ). (2.28)

The turbine produced power, Ptrb, is computed as,

Ptrb = ṁCp(Tus − Tds). (2.29)

The standard model for compressible flow through a restriction is proposed to model the

turbine mass flow,

Πt =
pds

pus
(2.30a)

Π(Πt) = max(Πt, (
2

γ + 1
)

γ
γ−1 ) (2.30b)

Ψ(Π) =
√

2γ

γ − 1
(Π

2
γ −Π

γ+1
γ ) (2.30c)

ṁred = Aeff .Ψ(Π) (2.30d)

where, ṁred is the reduced turbine mass flow rate. The effective area, Aeff , is adjusted to

acquire the best fit [38,41,42]. In this work the effective area is fitted as,

Aeff = k1 + k2ωred + (k3 + k4ωred)Πt (2.31)

ωred is the turbine reduced speed. The reduced parameters for a turbine are defined as,

ωred =
ωtc√
Tus

(2.32a)

ṁred =
ṁtrb

√
Tus

pus
. (2.32b)

The turbine efficiency is estimated using the Blade Speed Ratio (BSR) parameter [43],

defined as,

BSR = πDωred

60

√
2Cp(1 −Π

γ−1
γ

t )
(2.33)

where D is the turbine impeller diameter. The turbine efficiency is approximated as a
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quadratic polynomial in BSR,

ηt = k1 + k2BSR + k3BSR2 (2.34a)

k1 = k11 + k12ωred + k13ω
2
red (2.34b)

ki = ki1 + ki2ωred i = 2,3. (2.34c)

2.2.4.3 Turbocharger Shaft Dynamics

The turbocharger shaft speed is computed using the power balance between the com-

pressor and the turbine,

ω̇tc =
1

Jtcωtc
(Ptrb − Pcmp) (2.35)

where Jtc is the turbocharger shaft inertia.

2.2.5 Charge Air Cooler

The charge air cooler is modeled as a zero pressure drop device and its outlet temperature

is computed as follows [44,45],

Tout = Tin − ηic(Tin − T ∗ic) (2.36a)

ηin = k1 + k2ṁc (2.36b)

where the efficiency of temperature exchange, ηic is linearly dependent on air flow, ṁc, and

T ∗ic is the set point temperature of the cooler.

2.2.6 EGR Transport Delay and Mixing

Spark ignition engines run with stoichiometric air fuel ratio. High concentration of EGR

can cause misfires and overestimation of EGR levels might lead to knock. In low pressure

EGR systems, there is a long pipe between the EGR valve and the intake manifold and little

mixing takes place in this pipe (see Figure 2.1), whereas the mixing is high within the intake

manifold due to the geometry of intake manifold and the turbulence created by the throttle

valve. Thus the EGR dynamics within inlet air path can be divided into two sub-models:

the EGR dynamics from the air path inlet to the throttle valve and the EGR dynamics

inside the intake manifold (after the throttle before the cylinders). In the following sections

each model is described in details.
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2.2.6.1 EGR Dynamics from Air Path Inlet to Throttle Valve

The flow inside a pipe can be modeled by a Partial Differential Equation (PDE) [46],

discretization of both time and pipe length is required to solve this PDE, though. In this

work a simplified approach is used to capture these dynamics, which is a transport delay

followed by a mixing volume [38], as follows:

dxegr,θ

dt
= RTb
pbVmix

ṁcmp(xegr,in(t − td) − xegr,θ) (2.37)

where xegr,in is the EGR concentration at the air path inlet and xegr,θ is the EGR concentration

before the throttle valve. The variable ṁcmp is the compressor mass flow rate (it is assumed

that the mass flow rate of the mixing volume is equal to the compressor mass flow rate), pb

and Tb are pressure and temperature before the throttle valve, R is the universal gas constant,

t stands for time and Vmix is the mixing volume, which is used as a tuning parameter to fit

the model to the experiments. The transport delay, td, is the time that the cooled burned

gases need to pass the inlet pipes and reach the throttle valve. This parameter can be

estimated using the charge velocity inside the intake pipes, v, and pipes length, L,

td =
L

v
(2.38a)

v = ṁcmpRTb

pbA
(2.38b)

where A is the inlet pipe cross section area. The parameter L is also used to fit the model

to the experimental data. Figure 2.2(a) compares the modeled EGR dynamics of (2.37) to

the engine data and Figure 2.2(b) shows the engine BMEP during the same time span. This
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Figure 2.2:
EGR transport delay and mixing, (a) EGR valve lift and pre-throttle EGR
concentration, (b) corresponding variation in engine BMEP.
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data was taken at 1750 rpm constant engine speed. A wide band oxygen sensor, placed

before the throttle valve, was used for calculating the EGR concentration. It is assumed

that the sensor lag is negligible compared to the transport delay. It is clear from the figure

that the predicted dynamics is in agreement with the experimental data.

2.2.6.2 EGR Dynamics Inside Intake Manifold

Perfect mixing model for EGR and fresh charge is assumed inside the intake manifold,

dxegr

dt
= RTim

pimVim
ṁθ(xegr,θ − xegr) (2.39)

in which xegr is the EGR concentration inside the intake manifold and ṁθ is the throttle

mass flow rate.

2.3 Actuators Dynamics

The air path actuators that are modeled include throttle valve, wastegate and LP-EGR

valve. Simple first order linear models were used for these actuators dynamics,

θ̇t +
1

τt
θt =

1

τt
ut (2.40a)

θ̇wg +
1

τwg
θwg =

1

τwg
uwg (2.40b)

θ̇egr +
1

τegr
θegr =

1

τegr
uegr. (2.40c)

The time constants τt, τwg and τegr are respectively selected as 40 ms, 125 ms and 40

ms [45].

2.4 Mean Value Model Validation

2.4.1 Steady State Validation

Figure 2.3 compares the mean value model produced BMEP, air flow rate, intake manifold

pressure, exhaust manifold pressure and exhaust manifold temperature to the experimental

data at different engine speeds and cEGR concentrations. For generating these results the

throttle valve position from experiments is directly fed into the mean value model but due

to the uncertainty in wastegate valve position (no feedback from wastegate position was

available [47]) the wastegate valve is controlled to match the measured boost pressure. These

results confirm that the MVM is capable of predicting the engine steady state performance

everywhere with reasonable error considering the wide range of operation and the model

simplicity.
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Figure 2.3:
Comparing MVM steady state output to engine data for different cEGR con-
centrations and engine speeds. Respectively from left, produced BMEP, air
flow, intake manifold pressure, exhaust manifold pressure and exhaust manifold
temperature. Top row 1500 rpm engine speed, middle row 2000 rpm engine
speed, and bottom row 3000 rpm engine speed.

2.4.2 Transient Response Validation

Figure 2.4 compares the experimental versus simulated baseline engine transient response

to a load tip-in from a low load point to high load at 2000 rpm engine speed. Figure 2.4(a)

displays the BMEP response and Figure 2.4(b) shows the intake manifold pressure response.

Similar to steady state simulations, the throttle angle is directly fed into the simulation

while the wastegate is controlled to match the measured boost pressure. This transient is

without cEGR and the EGR valve is kept closed during the entire transient. These results

confirm the mean value model ability in predicting the baseline engine dynamics with a

good accuracy for the comparisons given in this work.

Inspecting the engine transient response two different features are detectable in both

BMEP and intake manifold pressure responses marked on Figure 2.4(b).

� Part I, is the almost instantaneous response to opening the throttle valve. When the

throttle valve opens, more air flows into the intake manifold rapidly till the intake

manifold pressure reaches around the ambient pressure. This process, governed by

the manifold filling dynamics, is quick and causes a fast jump in the engine produced

BMEP.

� Part II, which is slower in intake manifold pressure rise, is due to the turbocharger

acceleration. In this phase the turbocharger speed is increasing to produce higher

boost pressure. This process depends on the turbocharger speed dynamics, which is

slower relatively and is called the turbolag.
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Figure 2.4:
Transient performance comparison of the MVM against engine data at 2000
rpm constant engine speed, (a) BMEP response, (b) intake manifold pressure
response.

2.5 Power Split Supercharger

The details of the Power Split Supercharger (PSS) are shown in Figure 2.5 including a

planetary gear set, a motor, a roots type supercharger, a bypass valve and a brake clutch.

The supercharger is directly connected to the sun gear, the motor is connected to the ring

gear through an idler gear and the carrier is connected to the engine crankshaft through a

set of belt and pulleys. The supercharger is a roots type blower with peak pressure ratio of

2.4, maximum flow rate of 575 kg/h and maximum rotor speed of 24000 rpm. The maximum

efficiency of the device is 74%. It is sold commercially as a V400 [48]. The electric motor

has a peak power of 12 kW and continuous power of 9 kW and uses a 48 V system.

This hybrid system can operate at different operating modes through controlling the

motor, the supercharger bypass valve, and the brake, which are classified into two operating

Pulley

Idler

SC Brake

Carrier
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Ring

Bypass Valve

𝜔𝑚, 𝜏𝑚

𝜔𝑒

𝜔sc, 𝜏sc

EGR Line Motor

Engine

Supercharger

Figure 2.5: Power split supercharger with flow path and mechanical connection details.
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modes of boosting and torque assist in this work. In boosting mode the supercharger boosts

the engine inlet charge while in torque assist mode the motor can directly supply or draw

torque from the engine crankshaft for start/stop, regenerative braking, generation or assisting

the crankshaft during acceleration. The gear set equations of motion in each of these modes

are described below.

2.5.1 Gear Set Equations of Motion

2.5.1.1 Torque Assist Mode

In torque assist mode, the following equation is used to compute the crankshaft accelera-

tion,

It
d

dt
ωe = τe − τaux − τtcp − τcch −

nimnri(gS + gR)
gRηgs

τm (2.41)

where τm is the motor torque, τaux is the auxiliaries torque, τcch is the torque converter

clutch torque (from the drivetrain), τtcp is the torque converter pump torque, gS is the sun

gear numbers in the planetary gear set, gR is the ring gear numbers, nim is the idler to

motor gear ratio, nri is the ring to idler gear ratio, ηgs is the gear set efficiency as follows,

ηgs = ηsgn(κ1)
im η

sgn(κ2)
ri ηsgn(F )

rp (2.42)

where ηim, ηri and ηrp are respectively idler to motor, ring to idler and ring to planets gear

efficiency. sgn denotes the sigmoid function, and κ1, κ2 and F are defined as follows,

κ1 = (Imω̇m − τm)η−sgn(κ1)
im (2.43a)

κ2 = (κ1nim + Ii
nim

ω̇m)η−sgn(κ2)
ri (2.43b)

F = (κ2nri +
Ir

nimnri
ω̇m)η

−sgn(F )
rp

gR
(2.43c)

The total inertia of the engine and rotary parts of the PSS system, It, is computed as

follows,

It = Ie + Ic +
(gS + gR)2

g2
R

(Im
(nimnri)2

ηgs
+ Ii

n2
ri

η
sgn(κ2)
ir η

sgn(F )
rp

+ Ir
1

η
sgn(F )
rp

) (2.44)

in which, Ic is the carrier gear inertia, Ii is the idler gear inertia, Ir is the ring gear inertia

and Im is the motor inertial.

In this mode the motor speed is related to the crank speed as follows,
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ωm = nrinim(gS + gR)
npgR

ωe. (2.45a)

2.5.1.2 Boosting Mode

During the boosting mode the supercharger brake is released, the bypass is closed

and the motor can control the supercharger speed and hence its produced boost pressure

independently of the crankshaft speed. The planetary gear set equations of motion in this

mode are in form of,

τm − (Im +
Iiη

sgn(κ1)
im

n2
im

+
Irη

sgn(κ1)
im η

sgn(κ2)
ri

n2
imn

2
ri

)ω̇m + FgRηgs

nimnri
= 0 (2.46a)

τe − τtcp − τcch − τaux − F (gS + gR) − (Ic + Je)ω̇e = 0 (2.46b)

ω̇e −
gRω̇m

(nimnri)(gS + gR)
− gSω̇sc

gS + gR
= 0 (2.46c)

FgSη
sgn(F )
ps − τsc − Iscω̇sc = 0 (2.46d)

in which ηps is the planet to sun gear efficiency. Note that the pulley ratio is equal to unity

and its power transmission efficiency is assumed to be 100%.

2.5.2 Supercharger and Bypass Model

A third order polynomial is used to regress the supercharger corrected mass flow, ṁcor,

versus the corrected speed, ωcor, and pressure ratio, PRsc,

ṁcor = k1 + k2PRsc + k3ωcor + k4PR2
sc + k5PRscωcor + k6PR3

sc (2.47)

Figure 2.6 compares the fitted regression to the manufacturer supplied map.

A look up table based on the supercharger corrected speed and pressure ratio is used to

compute its torque, τsc,

τsc = Γ(PRsc, ωcor) (2.48)

Compressible turbulent flow model (2.1) to (2.2d) is used to model the flow through the

bypass valve with a 1st order response time of 40 ms.

2.6 GT-Power Engine Model

A GT-Power model of the baseline engine was constructed following a framework

previously used at The University of Michigan [49], with a semi-predictive Wiebe function
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Figure 2.6:
Supercharger mass flow rate model comparison to the device map. The individual
lines are constant speed data.

combustion model derived from the literature [50] and tuned to experimental data. This

model captures the 1-D manifold gas dynamics, valve lift and port flow behavior, heat

transfer, turbocharger dynamics, knock onset and other details necessary to predict engine

performance. Figure 2.7 compares the GT-Power model predicted Brake Specific Fuel

Consumption (BSFC) to the experimental values. Figure 2.7(a) shows the experimental

and the predicted BSFC for 1500 rpm and 2000 rpm engine speeds and from low load to

high load. The bottom plot presents the relative model error. Figure 2.7(b) compares the

GT-Power predicted BSFC reduction for different values of cEGR concentrations to the

experiments for 2 operating points, 9 bar BMEP 1500 rpm and 11 bar BMEP 2000 rpm.

The BSFC reduction is computed relative to the 0% cEGR point in each case. The spark
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(a) BSFC without EGR
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Figure 2.7:
The GT-Power predicted BSFC versus experimental values, (a) BSFC for the
baseline turbocharged engine without cEGR for 1500 rpm and 2000 rpm engine
speeds and a range of loads, along with the model error, (b) the percentage
reduction in BSFC for different concentrations of cEGR at two operating points,
9 bar BMEP 1500 rpm and 11 bar BMEP 2000 rpm.
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Figure 2.8:
The GT-Power predicted CA50 for different spark timing and cEGR concentra-
tions versus the experimental values for 5 bar BMEP 1500 rpm.

timing is selected for Maximum Brake Torque (MBT) subject to a knock constraint based

on a 91 RON fuel [49, 51]. The GT-Power model slightly under-predicts the absolute BSFC

value with a constant error of around 10%, while capturing the trends of BSFC variation

with load and EGR well. This implies that the model can be used to study the relative

benefit of different powertrains concepts. Finally, Figure 2.8 compares the model predicted

CA50 to experimental values for 1500 rpm, 5 bar BMEP without cEGR and with 10% and

20% cEGR. The model captures the variation in the CA50 for different spark timing and

cEGR concentrations accurately.

2.7 Vehicle Model

This section presents the vehicle and drivetrain model for a Ford Escape MY2015. Figure

2.9 shows the block diagram of the vehicle body and the drivetrain along with the exchanged

signals between different component.

2.7.1 Vehicle Body Model

The vehicle longitudinal dynamics can be expressed as,

Mv
d

dt
v = Ft − Fb − Fl (2.49)

Mv =mv +
Iw + Igγ2

R2
w

(2.50)

where v is the vehicle speed, Ft is the tractive force, Fb is the braking force and Fl is the

road load force, mv is vehicle mass, Iw is the wheels inertia, Ig is the gear inertia, γ is the
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Figure 2.9: Vehicle and drivetrain model block diagram.

gear ratio, and Rw is the wheel radius. The road force is computed as,

Fl = Cr,0 +Cr,1v +Cr,2v2 (2.51)

in which Cr,0, Cr,1 and Cr,2 are the chassis dynamometer correction factors from EPA

reported values, shown in Table 2.2.

The braking force is described as,

1

θb
Ḟb + Fb =Kbub (2.52)

where ub is the brake pedal position, Kb is a constant value and θb is a first order time

constant, equal to 0.100 second used for simulating the brake dynamics.

2.7.2 Gearbox Model and Control

The gear box block computes the tractive torque transmitted to the wheels, τt, and the

torque converter turbine speed, ωtct,

τt = (τcch + τtct)γ − τloss (2.53a)

ωtct = ωwγ (2.53b)

Table 2.2: Vehicle parameters for MY2015 Ford Escape.
Vehicle Attribute Value Units

Test Weight 1758 kg
Tire Radius 431.8 mm

Cr,0 97.3 N
Cr,1 4.035 Ns/m
Cr,2 0.497 Ns2/m2
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Figure 2.10:
Gear shift, ug, and clutch position, uc, for the vehicle with PSS during the
US06 drive cycle

in which τtct is the torque converter turbine torque, ωw is the wheel rotational speed and

τloss is the torque loss within the transmission, modeled as,

τloss = (kt∣τcch + τtct∣)αt + (kωωtct)αω (2.54)

where, kt, αt, kω and αω are constant coefficients.

It is assumed that the shift duration is 0.5 second and the minimum time interval between

two consecutive shifts is set to 2 seconds, unless the engine speed drops to less than 800

rpm. Figure 2.10 top subplot shows the gear number during the US06 drive cycle.

2.7.3 Torque Converter and Clutch Model

The torque converter block computes the turbine and pump torque based on the turbine

to pump speed ratio, SR,

SR = ωtct

ωtcp
(2.55)
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where, ωtcp is the pump speed, which is also equal to the engine speed. The pump torque

and the turbine torque are computed as follows,

τtcp = (ωtcp

K
)2

(2.56)

τtct = τtcp ×TR (2.57)

where TR and K are the torque converter torque ratio and K-factor, defined as functions of

speed ratio.

A tangent hyperbolic function is used for modeling the transmitted torque through the

clutch, [52],

τcch = ucτcap tanh(ωtcp − ωtct

Cc
) (2.58)

where uc is the clutch actuator position, which takes values of 1 and 0, τcap is the clutch

torque capacity and Cc is a scaling factor for adjusting the clutch slip. The clutch is locked

at all engine speeds larger that 1100 rpm and opens at engine speeds less than a 900 rpm.

Figure 2.10 shows an example of the clutch performance during the US06 drive cycle.

2.8 Battery Model

The battery current, Ib, is computed using its terminal voltage, Ub, and the battery

power, which is the sum of the motor power and the auxiliary power, Paux,

Ib =
Pb
Ub

(2.59a)

Pb = Pm + Paux. (2.59b)

The battery terminal voltage is computed using a single resistance circuit model with Rb

as the internal resistance and Uoc as the open circuit voltage,

Ub =
1

2
Uoc +

√
U2

oc

4
− PbRb (2.60a)

Uoc = f(ζ) (2.60b)

in which ζ is the battery state of charge defined as the ratio of the battery charge to charge

capacity, Cn. The battery state of charger dynamics are as follows,

ζ̇ = − Ib
3600Cn

. (2.61)
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Figure 2.11: Driver model, (a) driver gain selection logic, (b) driver gains.

2.9 Driver Model

The driver model introduced in [53] is used for tracking the drive cycle. The driver model

is a switching gain PI controller,

ud =Kp,d(vref − v) + ∫ Ki,d(vref − v) (2.62a)

uacc = sat(ud)100
0 (2.62b)

ub = −sat(ud)0
−100 (2.62c)

in which uacc is the acceleration pedal position, ub is the brake pedal position, sat denotes

saturation function, vref is the drive cycle reference speed and Kp,d and Ki,d are the driver

proportional and integral gains, which switch values based on the relative vehicle speed

compared to the drive cycle minimum permitted speed, vref
min and the drive cycle 1 second

ahead acceleration preview, v̇ref ,

v̇ref = vref(t + 1) − vref(t) (2.63)

where t is in seconds. Figure 2.11(a) shows the criteria for changing the driver gains. When

a fast acceleration is necessary or the vehicle speed is close to the minimum permitted speed

the driver gains switch to aggressive gains, otherwise it uses moderate gains. Figure 2.11(b)

show both aggressive and moderate proportional and integral gains scheduled all against the

vehicle speed. All gains increase with the vehicle speed implying higher driver alertness at

higher vehicle speeds.
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CHAPTER III

Control of Hybrid Boosting in Highly Diluted Internal

Combustion Engines

Boosting and downsizing guides the engine operating points into more efficient areas and

thus improves the vehicle fuel consumption [54]. However, turbocharged downsized engines

suffer from two main drawbacks. One is the drive-ability challenges associated with the

engine turbolag and the other is the knock propensity at medium to high loads, which is

often remedied by employing sub-optimal policies for spark and air fuel ratio. Consequently,

the fuel efficiency of turbocharged engines diminishes at boosted points, which are not

frequently visited in standard drive cycles, but depending on the driving style can increase

the vehicle off-cycle fuel consumption.
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Figure 3.1:
Schematic view of twincharged 4 cylinder SIDI engine with EGR loop and power
split supercharger
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In this chapter flexible boosting, enabled by the power split supercharger (also called

hybrid supercharger), with high externally diluted combustion is proposed to address both

of the aforementioned issues and to push the limits of downsizing and boosting further.

The planetary gear set and the motor decouple the supercharger boost from the engine

speed, creating a high bandwidth high stroke boost actuator similar to electric boosting

systems [11, 18]. This benefit comes at the expense of an extra fuel penalty compared to

turbocharging method, which takes advantage of waste energy recovery but has a lower

bandwidth. Hence the control design of such system is critical to the engine fuel consumption.

In a twincharged engine, with both a turbocharger and a supercharger, the engine boost

pressure regulation transforms into a Dual-Input/Single-Output (DISO) problem, which is

atypical of DISO problems addressed in literature [55–57] since both actuators have large

stroke. An effective controller can incorporate the benefits of both boosting methods to

achieve fast engine torque response and high fuel efficiency.

Although engine air path hybridization can also be achieved through electrically assisting

the turbocharger [7,58], the power split supercharger is only partially powered by the electric

motor thus can maintain a near charge sustaining operation with sufficient control design.

The performance of the hybrid boosting can be compared with the electric boosting in [18]

shown for electric supercharging with the same motor and supercharger. In addition, this

system can further increase the vehicle fuel economy through start/stop and regenerative

braking. The electric motor can easily replace the vehicle alternator to charge the battery

further lowering the overall system cost. This configuration can be used for comparison

between the hybrid boosting and torque assist with the same motor, shown in this chapter.

A comparison between electrically assisted turbocharging and torque assist is carried out

in [7] for minimizing the vehicle acceleration time, showing higher capability of boosting

strategy in maximizing the vehicle acceleration but with higher fuel consumption.

The main contribution of this chapter is the design of a decentralized controller for air

path management of a turbocharged Spark Ignition (SI) engine equipped with a hybrid

supercharger. This controller coordinates throttle, wastegate, motor torque and EGR valve

in the nonlinear air path of the engine, to achieve fast and efficient engine operation. This

work also quantifies the hybrid system benefits for both variable speed boosting and torque

assist modes, and a controller for transition between these two modes is proposed.

This chapter is organized as follows. First the turbocharged SI engine BSFC improvement

due to cEGR is quantified using dynamometer engine testing and the adverse influence

of cEGR on the turbolag is shown. In section 3.3 the designed controllers for both the

twincharged engine and the baseline turbocharged engine are formulated. In section 3.4

the controllers performance for a large torque tip-in at constant engine speed is shown and

validated on a high fidelity GT-Power engine model. The controller performance during

varying engine speed is shown by simulation over the US06 drive cycle. Finally, in section 3.5

the powertrain transient response upgrade through torque assist is quantified and compared
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against hybrid boosting policy in terms of both response time and the consumed energy for

a range of transients.

3.1 Engine Description

The baseline engine in this study is a 1.6 liter Ford EcoBoost engine introduced in

the previous chapter, without LP-EGR loop. The modified engine employes a power split

supercharger at the low pressure side of the turbocharger and an LP-EGR loop. Figure 3.1

shows a schematic view of the modified super-turbo twincharged engine. The mean value

engine model, used for analysis here, is modified for the twincharged engine to include the

PSS shaft dynamics and pressure dynamics inside the added air path volumes. Note that in

this chapter, the term Power Split Supercharger (PSS) and the term Hybrid Supercharger

(HSC) are used interchangeably.

3.2 Cooled EGR Influence on Steady State and Transient Operation of

the Turbocharged Engine

3.2.1 Steady State Fuel Consumption Reduction

The cooled EGR effect on fuel consumption reduction of the studied engine was shown in

[6] through GT-Power simulations. Here the cEGR benefit is quantified through experimental

data. The engine fuel flow rate was measured for different cEGR levels, while the spark

timing was swept to determine the MBT spark timing or the knock limited spark timing at

measured operating condition. Figures 3.2(a) to 3.2(d) show the engine BSFC versus spark

timing represented in degrees before Top Dead Center (deg bTDC) for 4 different engine

conditions, selected based on the operating points visitation frequency of the studied engine

during EPA standard drive cycles, detailed in [59]. In the presented plots in Figure 3.2 the

blue diamond indicates the baseline engine BSFC and spark timing without cEGR. The

violet line, red line, green line, and the gray line respectively show the BSFC variation versus

spark timing for 10%, 15%, 20% and 25% of cEGR concentration. The MBT spark timing,

if not knock limited, is the minimum of the BSFC plots. As the level of cEGR increases,

the minimum of BSFC-spark timing plots decreases and a more advanced spark timing is

necessary for MBT combustion phasing. Table 3.1 summarizes the BSFC improvement for

the four represented operating conditions in Figures 3.2(a) to 3.2(d).

A more complete picture on fuel consumption reduction for different cEGR concentrations

is given in Figures 3.3(a), 3.3(b), and 3.3(c), which show the experimental BSFC increase

for a range of engine operating points with 10%, 15% and 20% cEGR, respectively. With

10% cooled EGR, the fuel consumption decreases by 1.5%-3.0% for the majority of the

operating points, 15% cooled EGR reduces the fuel consumption by 2.5%-3.5% and 20%

cEGR decreases the fuel consumption by 3.0%-4.0% over most operating points. These

results show that for cEGR concentrations up to 20% around 1.0% improvement in engine
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Figure 3.2:
Spark sweep experimental results for different cEGR level, (a) 7 bar BMEP,
2000 rpm engine speed, (b) 11 bar BMEP, 2000 rpm engine speed, (c) 5 bar
BMEP, 1500 rpm engine speed, (d) 7 bar BMEP, 3000 rpm engine speed.

BSFC is achieved for every 5% of included cEGR but increasing the EGR level beyond 20%

results in a smaller BSFC improvement, probably due to combustion efficiency deterioration.

3.2.2 Transient Response Deterioration with Cooled EGR

Figure 3.4 shows the influence of cooled EGR on the transient response of the engine,

using MVM simulations. The shown transient is a torque tip-in from 15% → 95% of full

load at 2000 rpm constant engine speed. Figure 3.4(a) shows the BMEP response. The 0 to

90% response time of the engine increases from 1.5 seconds to 2.3 seconds with 20% cEGR

Table 3.1: Measured BSFC reduction for various points in Figures 3.2(a) to 3.2(d).
Engine BMEP Speed 10% 15% 20% 25%

[bar] [rpm] cEGR cEGR cEGR cEGR

7 2000 2.2% 3.1% 3.5% 3.9%
11 2000 2.0% 2.9% 3.4% 3.6%
5 1500 2.8% 3.7% 3.8% 4.5%
7 3000 2.1% 3.2% 4.0% –
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Figure 3.3:
Engine steady state fuel consumption improvement with, (a) 10% cooled EGR
included, (b) 15% cooled EGR included, (c) 20% cooled EGR included.

included [6]. The main reason for the slower engine response and larger turbolag with cEGR

is that higher intake manifold pressure, shown in Figure 3.4(b), and hence higher boost

pressure is required for producing the same amount of torque due to partial pressure of burnt

gases in the engine inlet air path when cEGR is present. Therefore, for a specific load tip-in

with cEGR, the target boost pressure should be higher, meaning that the turbocharger

should speed up to a higher value to provide the required boost pressure. In other words,

for a specific transient in terms of the turbocharger speed and boost pressure the engine

goes through a longer transient when cEGR is used compared to the same torque transient

without cEGR. Other parameters such as reduced exhaust gases specific enthalpy due to

lower exhaust temperature with cEGR and the bigger air path volumes also contribute to the

increased response time. So although including cEGR decreases the engine fuel consumption,

it slows the engine air path response to a torque demand, which can adversely impact the
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Figure 3.4:
Turbocharged engine turbolag deterioration with cooled EGR, (a) BMEP re-
sponse with 20% cEGR, (b) intake manifold pressure response with 20% cEGR.

vehicle drive-ability and even the tracking performance of the vehicle in an aggressive driving

profile and hence its fuel economy if not compensated [60].

In this work hybrid power split supercharging, which produces flexible boost pressure

control, is pursued for mitigating the enlarged engine turbolag with cEGR. The success of

such solution depends of the effective coordination of all engine air path actuators, which

is presented in the next section along with the closed loop control design for the baseline

turbocharged engine used to achieve the results shown in Figure 3.4.

3.3 Closed Loop Control Design

3.3.1 Twincharged Engine Controller

The intake manifold pressure and its EGR concentration are the critical variables dictating

the flow and composition into the cylinders. Moreover, the pre-throttle (boost) pressure is

associated with fast manifold filling and consequently the engine transient response. Hence,

the boost pressure is also selected as a control variable within the decentralized controller

of the twincharged engine air path shown in Figure 3.5. The four actuators for controlling

these three variables are the throttle valve, wastegate, the supercharger manipulated by the

motor, and the EGR valve. The throttle valve is used for controlling the intake manifold

pressure, EGR valve is employed for regulating the EGR concentration and wastegate and

motor are coordinated for boost pressure tracking. The desired intake manifold pressure,

pdim, is scheduled against the acceleration pedal position, uacc, engine speed and the desired

EGR concentration, xdegr,

pdim = f(uacc, ωe, x
d
egr). (3.1)
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Air path actuators controllers with hybrid supercharger (PSS) in the boosting
mode.

The desired boost pressure, pdb , is selected as 0.1 bar larger than the desired intake

manifold pressure for boosted points and 0.1 bar larger than ambient pressure, pamb, for

non-boosted points to keep a small boost reserve across the throttle valve leading to faster

manifold filling,

pdb = 0.1 +max(pamb, p
d
im). (3.2)

In the following parts first the boost pressure coordination method is explained followed

by the intake manifold pressure controller and EGR controller.

3.3.1.1 Boost Pressure Control

The wastegate and motor are used for controlling the engine boost pressure. A number

of methods are proposed for designing DISO control systems [55–57]. Master-slave strategy

is one of the most popular control methods suggested for DISO systems. This approach

relies on one high bandwidth low stroke actuator (fine actuator) and a second low bandwidth

high stroke actuator (coarse actuator). The fine actuator controller is often a proportional

controller while the course actuator controller does integral action and tracks the steady

state value [57].

The pressure ratio across the supercharger is governed by its speed, ωsc, which can be

controlled by the motor, ωm. Therefore the motor controller commands the desired motor

speed within the master-slave boost controller in Figure 3.5. The wastegate is used for

steady state tracking and the supercharger as a transient response enabler. Although the
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supercharger is mechanically coupled to the crankshaft, its speed is decoupled from the

engine speed through the planetary gear set and the motor, hence it has similar response

time as electric superchargers. The open loop bandwidth of the motor and wastegate are

however governed by the manifold filing dynamics involved. In the particular setup studied,

for a unit step in boost pressure at wide open throttle and 2000 rpm engine speed bandwidths

are 0.65 Hz and 0.5 Hz, respectively for motor and wastegate. With the current air path

plumbing the supercharger has to fill a larger volume, almost twice that of the compressor,

due to the volume of connecting pipes between TC and the supercharger. Despite their

similar bandwidth, the supercharger has a larger DC gain than the wastegate, capable of

producing a boost pressure of more than 3 bar compared to 2 bar for the TC. This high

DC gain allows achieving fast boost pressure control with the supercharger, but there is a

higher fuel penalty associated with its operation because the supercharger uses crank and

electric power to boost the engine, while the turbocharger takes advantage of waste energy

recovery from the exhaust gas. So it is possible to generate a fast boost response with the

supercharger but for the fuel economy sake it is desired to uses it less, similar to a fine

actuator.

A proportional plus feed forward controller is used for commanding the motor speed,

ωm,b, and a Proportional plus Integral (PI) controller with anti-windup loop is used for the

wastegate effective diameter command, uwg, as follows

ωm,b = ωff
m +Kem(pb − pd−b ) (3.3a)

uwg =Kp,wg(pb − pdb)+ (3.3b)

∫ Ki,wg(pb − pdb +Kb,wg(uwg − ũwg))dt

where Kem is the motor controller proportional gain, ũwg is the non-saturated wastegate

control command, Kp,wg, Ki,wg and Kb,wg are respectively the proportional, integral and

back-calculation anti-windup gain of the wastegate controller. The error signal in (3.3a)

is computed based on the minimum required boost pressure, pd−b = pdim, instead of the pdb ,

which is 0.1 bar higher than the pdim at the boosted points. This selection of the error signal

enables the high stroke supercharger to operate as a low stroke actuator and bypass in

steady state, and enables using the supercharger even less and saving fuel. Table 3.2 lists

the controller gains.

The motor speed feedforward command, ωff
m, is the speed that produces a pressure ratio

of unity across the supercharger. This speed is calculated from the engine breathing model,

the supercharger map and the engine speed per (2.46c), which indicates that the engine

speed is a measured disturbance on the hybrid supercharger, therefore including ωe in the

feedforward command reduces the calibration effort,

ωff
m = ωff

m(ωe, pim, xegr, Tim). (3.4)
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Note that the twincharged engine air path regulation problem can be realized as a 3 input

3 output problem, in which the supercharger speed, throttle valve position and wastegate

effective diameter are three system inputs and intake manifold pressure, boost pressure and

compressor inlet pressure are the system outputs. Multivariable control approaches (MIMO)

can be pursued for control design, but the MIMO controller performance would require

different linearization for various load steps, thus the calibration effort of the MIMO controller

is not trivial compared to an easily implementable decentralized controller structured based

on the system dynamics and actuator priorities assigned. Later section shows that the fixed

gain controller performs adequately in simulating a full drive cycle.

The low level motor controller receives torque command, thus a PI controller with

saturation and anti-windup structure is designed to command the motor torque,

τm = min(max(τ̃m, τmin(ωm)), τmax(ωm)) (3.5a)

τ̃m = ∫ Ki,m(ωdm − ωm +Kb,m(τm − τ̃m))dt+

Kp,m(ωdm − ωm) (3.5b)

where τmax(ωm) and τmin(ωm) are the maximum and minimum motor torque limits as

functions of the motor speed, Ki,m and Kp,m are respectively the integral and the proportional

gains of the controller and Kb,m is the anti-windup gain. The desired motor speed, ωdm

depends on the hybrid supercharger (PSS) mode. During the boosting mode ωdm = ωm,b from

(3.3a).

The hybrid supercharger has to coordinate the brake and bypass valve with the motor

torque to switch between different operating modes. Figure 3.6 shows the finite state machine

designed for starting the hybrid supercharger, using it for boosting and braking it at the end

of transient. During the steady state operation, the supercharger is stopped and bypassed.

The motor speed when the supercharger is stopped is ωm,0 from (2.45a). Only when a large

transient is commanded, which is specified as the desired intake manifold pressure to be 0.1

bar higher than the boost pressure the hybrid supercharger is used. To do so, the brake is

released so that the supercharger gets powered by the motor. The motor speed decreases as

it gradually loaded to speed up the supercharger. The bypass valve should remain open at

this stage because, if the supercharger speed is not high enough, it will act as a restriction

to the flow. When the motor speed reaches its feedforward speed the bypass valve closes

and the supercharger is ready to control the engine boost pressure. When the desired intake

manifold pressure is achieved and the supercharger pressure ratio drops to unity, the bypass

opens, the motor brakes the supercharger and the brake locks the sun gear. Note that during

a transient drive cycle when the supercharger is not boosting the engine, the motor can be

used for regenerative braking or start/stop, similar to a regular parallel hybrid powertrain,

hence the supercharger is locked at its default position. Please see [33] for more information

on using the the PSS as a hybrid powertrain.
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Figure 3.6: Finite state machine for hybrid supercharger (PSS) mode change.

Table 3.2: Twincharged engine closed loop controllers gains
Controller KP KI Kb

Throttle 200 400 3
Wastegate 30 50 5

Motor Speed 14000 - -
Motor Torque 0.02 0.03 1.5

3.3.1.2 Intake Manifold Pressure Control

The intake manifold pressure is highly coupled to the throttle valve movement, hence

the throttle valve is used to track the intake manifold pressure to its desired value with a PI

and anti-windup controller,

uθ =Kp,θ(pdim − pim)+

∫ Ki,θ(pdim − pim +Kb,θ(uθ − ũθ))dt (3.6)

where uθ and ũθ are the saturated and non-saturated throttle commanded angle, Kp,θ, Ki,θ

and Kb,θ are respectively proportional, integral and anti-windup gains listed in Table 3.2.

3.3.1.3 EGR Control

Although fixed cEGR concentration in the intake manifold is desired during a transient

response, a controller that manages the large transport delay between the EGR loop and

the EGR concentration into the intake manifold requires a significant effort [61]. To simplify

the task and allow the hybrid supercharger evaluation, the EGR concentration is regulated

at the air path inlet (the supercharger upstream) using a decentralized PI controller with

anti-windup. The EGR concentration at the air path inlet, xegr,in, is computed by measuring
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Figure 3.7: Controllers in loop with GT-Power engine model.

the air flow and calculating the EGR flow through the EGR valve using the filtered pressure

differential across the EGR orifice [62],

uegr =Kp,egr(xdegr − xegr,in)+

∫ Ki,egr(xdegr − xegr,in +Kb,egr(uegr − ũegr))dt (3.7)

in which uegr is the EGR valve commanded effective diameter, ũegr is the non-saturated

control signal, xdegr is the desired EGR concentration, Kp,egr, Ki,egr and Kb,egr respectively

stand for the proportional, integral and anti-windup gains of the controller. The desired

EGR concentration is selected equal to 0.2 (xdegr = 0.2) for the cases with EGR, chosen based

on the fuel economy improvement results shown in section 3.2.1.

3.3.2 Baseline Engine Controller

The baseline engine air path control problem, which is without the hybrid supercharger

and EGR loop, reduces to a throttle-wastegate coordination for intake manifold and boost

pressure control. Different control approaches are introduced in literature, including multi-

variable [63], nonlinear [64] and PID [65] controllers. A decentralized controller is designed

for fast throttle and wastegate coordination, in which the throttle valve controls the intake

manifold pressure and the wastegate is used to control the engine boost pressure. The

throttle valve command is computed from (3.6) and the wastegate command from (3.3b).

The desired boost pressure is selected according to (3.2).

Sequential loop closing method was used to tune the designed controller, in which first
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Figure 3.8:
Comparison of the engine response during a large load tip-in (15→95% of full
load) at 2000 rpm constant engine speed.

the throttle loop, which naturally has a larger bandwidth, is closed and then the wastegate

loop is adjusted to acquire the desired boost pressure response. The controller gains of the

baseline turbocharged engine are selected such that the bandwidth of the throttle loop is

around 0.6 Hz and the bandwidth of the wastegate loop is around 0.1 Hz for the majority

of operating points based on the linear analysis. The baseline production engine is not

equipped with EGR loop, however, this work also addresses the EGR influence on the

baseline turbocharged engine. To avoid misunderstanding, referring to the baseline means

that no EGR is used but when EGR is included it is referred to as turbocharged engine with

EGR.

3.4 Controller Validation and Closed Loop Simulation Results

3.4.1 Constant Speed Torque Tip-ins

This section shows the designed controller closed loop performance and its validation on a

high fidelity GT-Power engine model for a constant speed torque tip-in. The GT-Power model

uses a semi-predictive Wiebe function combustion model derived from the literature [50] and

captures the 1-D manifold gas dynamics, valve lift and port flow behavior, heat transfer,

turbocharger and supercharger dynamics, knock onset and other details necessary to predict

engine performance. The model validation was shown in the previous chapter. Figure 3.7

shows the GT-Power engine model coupled to a MATLAB Simulink model that includes

the designed air path controllers in the previous section. The GT-Power signals are filtered

using a moving average filter and sampled at 200 Hz rate for use in the controllers.

Figure 3.8 compares the MVM transient response for twincharged and turbocharged

engines (red and black solid lines respectively) to the GT-Power model response (dashed

lines) with controllers of Table 3.2. For all shown cases 20% cEGR is included. The studied
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transient is a 3 to 19 bar BMEP tip-in, corresponding to 15→95% load change, at 2000

rpm constant engine speed. The designed controllers have satisfactory performance on both

MVM and the high fidelity model. The top left plot shows the BMEP response, in which

the engine BMEP is calculated based on the crank output torque and zero auxiliary loads

(τaux = 0), hence the load from the planetary gear set partially powering the supercharger is

included in the shown response. The 0 to 90% response time of the engine with 20% cEGR

from MVM simulation is upgraded to 0.5 second with the hybrid supercharger and designed

controllers, showing a significant improvement compared to the turbocharged engine with

EGR, which has a 0 to 90% response time of 2.3 seconds. The crank output BMEP response

is not smooth due to the torque interaction between the planetary gear set and the engine.

The top second, third and forth subplots show the intake manifold pressure, the boost

pressure and the compressor inlet pressure, respectively. Both intake manifold pressure and

boost pressure have faster transients with the hybrid supercharging system. The compressor

inlet pressure, which is also the supercharger discharge pressure, is larger than unity only

during the first second of the transient and it approaches unity when the transient is over,

displaying the master-slave performance for the controller. There is a steady state offset

between the MVM and GT-Power model within the required intake manifold pressure at 19

bar BMEP. The top right subplot shows the turbocharger speed during the studied transient.

The turbocharger response is faster with hybrid supercharging system because the target

torque is achieved faster and thus more energy is available to spin the turbocharger.

The bottom left subplot in Figure 3.8 shows the cEGR concentration inside the intake

manifold during the transients. The xegr in the intake manifold drops from 20% to 14%

which could bring the engine closer to knock if spark is not adjusted. The next subplot

shows the burned residuals fraction in cylinder 1 at combustion start, xcyl
res, available from

the GT-Power simulation. This plot shows that during the simulated transient xcyl
res does not

exceed its value at low load, where it has stable operation, thus engine misfire is not expected.

The third subplot shows the unburned mass fraction at knock onset, xknk, for cylinder 1 from

the GT-Power model. An Arrhenius auto-ignition delay integral [66] based on the ignition

delay expression of Hoepke et al. [51] is used to predict the end gas auto ignition. The

GT-Power model computes the unburned mass fraction when the auto-ignition delay integral

reaches unity. The knock free operation is considered less than 5% unburned mass fraction

at knock onset. As seen in this plot, the engine maintains knock free operation during the

shown transients. The next two plots show the throttle and EGR valve command. The

throttle valve is partially closed at low load, when the tip-in is applied it opens to allow more

air flow into the cylinders, but it eventually closes to regulate the intake manifold pressure.

The throttle valve remains open for a longer time interval for the turbocharged engine

because the target intake manifold pressure is achieved slower. The wastegate valve remains

fully closed throughout the shown transient for all the shown cases, thus not represented as

a separate plot. The reason is that at both high and low load the desired boost pressure
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Figure 3.9:
Planetary gear set nodes speed, torque and power during a large load tip-in
(15→95% of full load) at 2000 rpm constant engine speed.

(max(pdim, pamb) + 0.1 bar) is not achieved.

Figure 3.9 shows the speed, torque and power for the motor, supercharger and the

pulley during the studied transient. Before the transient the supercharger (red) is stopped

(ωsc = 0). When the transient starts the supercharger brake opens and the motor speed

(black) decreases to increase the supercharger speed and consequently its pressure ratio.

Then the bypass valve closes and the motor speed is controlled to achieve the desired boost

pressure. Finally, when the transient is complete and the supercharger pressure ratio drops

to unity, the bypass opens and the motor speed increases to stop the supercharger. The

bypass valve position is also displayed on the plot (dashed violet for MVM and dashed green

for GT-Power), where high means open and low means closed. Note that the target intake

manifold pressure is lower in the GT-Power simulation hence the supercharger is braked and

bypassed earlier within the shown response, which causes the observed differences between

the GT-Power simulation and MVM simulation after t=0.75 second.

The second subplot in Figure 3.9 represents the torques. In order to avoid imposing a

large torque on the engine crank during the supercharger start phase, when the engine is

producing a small torque, the motor torque controller switches gains and has less aggressive

gains (equal to half of the motor torque controller gains for boosting mode, shown in Table
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3.2). The effect of this gain switching strategy is evident in torque plots. At the start of the

transient some motor torque is applied, but when the bypass valve closes, the motor torque

increases (in magnitude) to the maximum permissible amount.

The motor, supercharger and pulley power are represented in the bottom plot. Note

that the pulley ratio is unity in Figure 3.1. The motor power (black) is the motor electrical

power, a positive sign means motoring and a negative sign stands for generating. The device

switches between motoring and generating several times during the investigated transient.

When the motor torque and speed have same signs the electric machine is working as a

motor, while having opposite sign means generating. A positive pulley power (blue) means

that the power direction is from the engine crank into the planetary gear system and a

negative sign indicates the reverse direction. The supercharger power (red) is always positive

because it is always a power consumer. Integrating the MVM supercharger consumed power,

the supercharger required work, Wsc, to do the transient is 2.6 kJ, while the energy taken

from the engine crank shaft, Wpulley, is 2.2 kJ and the electrical energy used by the motor,

Wmotor, is 1.0 kJ, which shows that most of the supercharger consumed power is from the

crankshaft.

3.4.2 Hybrid Supercharger Performance on Drive Cycle

While the simulations presented in the previous section focused on constant engine

speed torque tip-ins, this part briefly investigates the twincharged engine operation during

a transient drive cycle using MVM. Figure 3.10(a) shows the speed profile of the US06

drive cycle, which is a part of the EPA standard test procedure for vehicle’s fuel economy

assessment. Two segments of the drive cycle are marked with red dashed squares and

the engine operation during these two segments are shown in Figure 3.10(b) and Figure

3.10(c). Furthermore, the battery State of Charge (SoC) variation during the drive cycle is

represented under the speed profile in Figure 3.10(a).

The modeled vehicle for this study is a Ford Escape MY2015 with 6 speed automatic

transmission. The details of the vehicle, driveline, driver, and battery model were presented

in the previous chapter. The battery capacity is considered 1.2 kWh based on the hybrid

supercharger manufacturer recommendation. The SoC drops only around 0.7% at the end

of cycle, because as seen in Figures 3.9, 3.10(b) and 3.10(c) the motor supplies only a small

part of the power consumed by the supercharger. Although this result indicates a smaller

battery can be used for the hybrid supercharger system, the battery sizing requires enabling

all micro-hybrid functionalities of the hybrid system such as start/stop and regenerative

braking and is left for future development.

Figure 3.10(b) shows the powertrain parameters during t = 50 – 53 seconds and Figure

3.10(c) shows the same parameters for t = 503 – 506 seconds. The top left subplots show

the engine speed (gray) and the supercharger speed (red). The top right subplots represent

the intake manifold pressure (gray) and the compressor inlet pressure (SC discharge, red)
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Figure 3.10:
The hybrid supercharger performance during a transient drive cycle using
MVM, (a) the US06 drive cycle speed profile and two selected transients, (b)
the powertrain and hybrid supercharger parameters during t=50-53 seconds, (c)
the powertrain and hybrid supercharger parameters during t=503-506 seconds.

during the shown time interval. The supercharger is braked and bypassed when not in use.

The bottom left subplot shows the engine produced torque (red), τe, and the crankshaft

torque delivered to the torque converter and friction clutch, τcrank. The observed torque

undershoot at the beginning of the vehicle acceleration is due to speeding up the supercharger.

Although this abrupt drop could cause Noise, Vibration and Harness (NVH) issues, the torque

undershoot is for a very short time interval, hence the energy taken from the crankshaft is

small and the associated engine speed drop is less than 5 rpm. The last subplot shows the

supercharger consumed power (red) and the motor power (gray). Similar to constant speed

engine transients, the motor switches from generating to motoring when speeding up the

supercharger, then the motor partially powers the supercharger and when boosting from the

supercharger is not required anymore, it brakes the supercharger.
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Figure 3.11:
Engine transient response comparison for baseline, with hybrid supercharging
and with torque assist for a large torque tip-in at 2000 rpm constant engine
speed using MVM.

3.5 Hybrid Supercharging v.s. Torque Assist

The supercharger, motor and planetary gear set can improve the engine transient torque

response in two ways, one is through variable speed supercharging and the other is through

adding the motor torque directly into the engine crank, known as torque assist. In this

section the engine transient response with 20% cEGR is compared for these two strategies.

A gain scheduled proportional controller based on the error in the intake manifold pressure

is designed for controlling the motor torque during a load tip-in for torque assist strategy in

addition to throttle-wastegate coordination,

τ̃m =KTA(pdim − pim) (3.8)

where KTA is the proportional gain.

Figure 3.11 compares a 3 to 19 bar BMEP load tip-in at 2000 rpm constant engine

speed with torque assist (TC + TA + cEGR, green) to a transient response with variable

speed supercharging (TC + HSC + cEGR, red) both with 20% cEGR and the response of

the baseline engine (gray) without cEGR. The top left plot shows the crank output torque

response. The torque assist improves the crank torque response time to 1.0 seconds (compare

to 0.5 seconds for hybrid supercharging, 1.5 seconds for baseline without cEGR and 2.3

seconds for turbocharged with 20% cEGR). Although the torque response is slower compared

to variable speed supercharging, the crank output torque is smooth similar to the baseline

engine response. The bottom left subplot compares the motor power for torque assist to

motor power for hybrid boosting. The torque assist strategy requires 30.0 kJ energy from
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Figure 3.12:
Engine transient response comparison for baseline, with hybrid supercharging
and with torque assist for a moderate torque tip-in at 2000 rpm constant engine
speed using MVM.

the battery to do this transient, which is 9 times larger than the total energy consumed to

speed up the transient using variable speed supercharging.

Although the hybrid boosting strategy requires less power for speeding up the engine

transient response to a torque demand, in terms of the total consumed fuel by the engine

and motor the story could be different. The top right subplot in Figure 3.11 shows the

engine gross indicated efficiency, ηi,g, for different strategies. ηi,g is computed using the

engine fuel flow rate (calculated from the fueling map of the engine) and gross power. The

bottom right subplot shows the ratio of total fuel mass, Mf , to the work given to the engine

crank shaft, Wcrank, with integration started at t = 0. The total fuel flow rate is computed

as the sum of the engine fuel flow rate and the fuel flow rate associated with the electric

power assuming 30% efficiency for electric power production from fuel. A part of this plot

is zoomed in to clarify some details. The red line lies above the green line for the shown

time interval, meaning that the engine with hybrid boosting strategy consumes more fuel

for the same work transferred to the crank shaft, confirming the result found in [7]. The

reason lies in the shape of boosted engines efficiency map, an example of which can be

found in [67]. Boosted engines have lower efficiency at highly boosted points due to the

necessary suboptimal measures employed in these points, such as spark retardation and fuel

enrichment employed for knock and over-temperature protection. As it is clear from the ηi,g

plot, with hybrid boosting strategy the engine operating points would immediately shift into

high boost low efficiency region, hence resulting in a higher fuel consumption. Consequently,

the operating points of the hybrid boosting case lie within the low efficiency region for a

longer time compared to the torque assist case.

Based on this fact, the outcome should be different when the transient target load remains
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within the high efficiency region of the engine map. Figure 3.12 shows such transient, which

is a 3 to 14 bar BMEP transient at 2000 rpm engine speed. As clear from the torque response

plot the torque assist strategy has faster response, and the engine efficiency is high after

the transient. In this case, the ratio of total fuel mass to crank work is slightly lower for

the hybrid boosting strategy, shown in the bottom right subplot, indicating that hybrid

boosting has a lower fuel consumption for moderate load tip-ins. Note that the steady state

efficiency of both supercharged and torque assist cases is higher than the baseline engine

due to the involved cEGR.

Figure 3.13 compares the 0 to 90% response time of the baseline engine (Figure 3.13(a))

to turbocharged engine with 20% cEGR (TC + cEGR, Figure 3.13(b)) and the twincharged

engine with 20% cEGR when the hybrid supercharger is enabled (TC + HSC + cEGR,

Figure 3.13(c)) and when the supercharger is locked and bypassed and the torque assist mode

is enabled (TC + TA + cEGR, Figure 3.13(d)). The simulated transients are constant speed

torque tip-ins starting from 3 bar BMEP. The horizontal axis shows the engine speed and

the vertical axis represents the transient target BMEP. The controllers are gain scheduled

for producing the results of Figure 3.13. An example of transients in Figures 3.13(a) and

3.13(b) were shown in Figure 3.4 and examples of transients in Figures 3.13(c) and 3.13(d)

were shown in Figures 3.8, 3.11, and 3.12.

While Figure 3.13(b) confirms that cooled EGR slows down the turbocharged engine

air path dynamics for medium to large torque transients, the results presented in Figure

3.13(c) and Figure 3.13(d) substantiate that both hybrid supercharging and torque assist

are capable of eliminating or mitigating the enlarged engine turbolag associated with cEGR.

The results show that the hybrid supercharging strategy can reduce the engine response time

for the entire range of investigated transients to less than 0.5 second while the torque assist

strategy performance is limited to small torque increase requests. Note that the limitations

depend on the motor maximum torque thus proportional to electric machine cost.

Figure 3.14(a) shows the total energy consumed (Wmotor +Wpulley) for transients of

Figure 3.13(c) and Figure 3.14(b) represents the required electrical energy corresponding to

transients in Figure 3.13(d). As seen the total required work is significantly lower for the

supercharging strategy. The work spent for speeding up the transients can be recovered from

the cEGR benefits. It will be interesting to know how long the engine should work at high

load to recover the electric energy consumed for speeding up the transient from the cEGR

fuel economy benefits. This waiting time, τwait, for 1% improvement in the engine BSFC is

computed and the result is shown in Figure 3.15(a) and Figure 3.15(b) for supercharging

and torque assist strategies respectively. For example, for the sample transient in Figure

3.8, which requires 1.0 kJ energy from the battery, 2.4 seconds wait time at high load after

doing the tip-in is required to recover the consumed electric power for 1% improvement in

the engine BSFC, and if the engine BSFC improvement is 4%, due to 20% of cEGR, this

wait time will be 0.6 seconds, while the corresponding number for torque assist strategy is
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Figure 3.13:
The engine 0 to 90% response time for a constant speed load tip-in starting
from 3 bar BMEP, (a) response time of baseline engine without cEGR, (b)
response time with 20% cEGR, (c) response time with hybrid supercharging,
(d) response time with torque assist.
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Figure 3.14:
Consumed energy for speeding up the constant speed load tip-ins shown in
Figures 3.13(c) and 3.13(d), (a) total consumed energy for hybrid supercharging,
(b) consumed energy for torque assist.
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Figure 3.15:
Wait time at high load after the tip-in to recover the consumed electric energy
during transient from cEGR benefits per percent of BSFC improvement, (a)
wait time if using hybrid supercharging strategy, (b) wait time if using torque
assist.

20 seconds from Figure 3.15(b).

In summary, in the case of limited available energy, hybrid boosting is more effective for

engine transient response enhancement, whereas in terms of fuel consumption depending on

the transient either of the strategies might be fuel economic. Indeed, in a vehicle the fuel

optimal strategy also depends on the electric energy generation efficiency and the duration

of the transient, thus a full drive cycle simulation is needed to determine the fuel efficient

strategy for each vehicle acceleration and electric boosting should not be simply excluded

from tip-ins as in [68].

3.6 Summary

This chapter presented a decentralized controller for a twincharged engine air path

control problem with a power split supercharger and cooled EGR. The proposed controller

uses a master-slave structure to control the engine boost pressure. In this controller the

high stroke supercharger is slaved to the turbocharger, so that the supercharger is used

during transients and the turbocharger tracks the steady state boost pressure. This structure

minimizes the supercharger usage and improves the vehicle fuel economy since there is

a higher fuel penalty for the supercharger operation compared to the turbocharger. The

designed controller was validated against a high fidelity GT-Power engine model and the

performance of the controller during both constant and varying engine speed transients

was shown. It was shown that the power split supercharger with the designed controller is

capable of reducing the engine response time to less than 0.5 second for a range of transients.

This chapter also studied the torque assist strategy, with the PSS motor, for transient

response improvement of the turbocharged engine. The mean value simulation results indicate

that although both supercharging and torque assist strategies are capable of improving the
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engine torque response time, the supercharging strategy is more effective and requires less

energy specially for large transients, for which the torque assist capability could be restricted

by the energy available in the battery and hence has more restricted opportunities in an

aggressive drive cycle. However, in terms of the fuel efficiency depending on the transient

and the electric energy availability either of the strategies can be fuel optimal.
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CHAPTER IV

Optimal Energy Management for a Mild Hybrid Vehicle

with Electric and Hybrid Engine Boosting Systems

Hybridization is one of the promising solutions for the ever-tightening fuel economy

regulations. The resulting flexibility, from dual energy source of a hybrid electric vehicle

permits using the engine more efficiently and saving fuel. A mild hybrid powertrain, typically

realized with a low voltage system (48 V) requires a small battery pack and low-power

electric machines. The motor in a mild hybrid system is not capable of propelling the vehicle

(a) Turbocharged

! "

(b) Full HEV

! "

(c) eSC-SGM

! "

(d) PSS

Figure 4.1:
Schematic of studied powertrains, (a) turbocharged powertrain, (b) full parallel
hybrid electric powertrain, (c) electric supercharger with starter generator motor,
(d) power split supercharger.
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due to limited available torque, but it can help reducing the vehicle fuel consumption by

decreasing the engine idling time, guiding its operating points into more efficient areas, and

partial regenerative braking at a low cost [25,26].

To lower the cost and simplify the powertrain, full hybrids use downsized Naturally

Aspirated (NA) internal combustion engines. The limited torque of the motor in a mild

hybrid cannot augment a downsized engine to full torque performance, and requires either a

large NA engine or a boosted downsized one. With the electric storage capability supporting

a mild hybrid system, it is possible to use an electrified boosting device, which unlike broadly

used turbochargers, has the ability of fast engine torque management [10,12,18]. Electric

boosting was not attractive to industry in the past because the 12 V battery systems are

not capable of providing sufficient power [69–71].

In this chapter the hybrid functionalities of the power split supercharger, is used to

augment the performance of a downsized NA engine. PSS is capable of both parallel hybrid

operation and power split boosting, but not at the same time. Figure 4.1(d) shows a

schematic view of an engine with PSS and Figure 4.2 displays more details about the system

in a vehicle configuration. PSS is configured with a supercharger, a motor and a planetary

gear set. The motor can supply/draw torque directly from the engine crankshaft or drive

the supercharger for flexible boost pressure production. During vehicle acceleration, when

the requested driver torque exceeds the naturally aspirated limit of the ICE, the Energy

Management System (EMS) of the vehicle has to decide whether to use the hybrid system

in supercharging mode or to supply the motor torque directly into the engine crankshaft

to meet the driver demand. So the optimal control problem is formulated with a binary

variable defining the boosting or torque assist mode and a continuous variable defining the

torque provided by the motor.

This structure change increases the complexity of the energy management problem,

because the limits of the engine produced torque and the availability of the motor for torque

assist/regeneration depends on a new optimization variable, which is the PSS operating

mode. The EMS for HEVs with such system has not advanced yet. The closest analogy

in literature are HEVs equipped with electrified turbochargers (eTC) [7, 72,73]. Note that

unlike the studied system, in these HEVs the electric motor coupled to the turbocharger

shaft is used for turbo-lag reduction and not boosting during steady state. These systems

have two separate electric motors, for boosting and torque assist, thus their powertrain

structure and limits are not coupled to an optimization input.

An alternative to the PSS is an electric Supercharger (eSC) with a Starter-Generator

Motor (SGM) as shown in Figure 4.1(c). This system provides both mild hybrid capabilities

and flexible supercharging but with two separate motors. Therefore, it is a more flexible

structure but also heavier and more expensive. Unlike the PSS, which mostly uses crank

energy to power the supercharger, the eSC uses solely electric energy, which involves electro-

mechanical conversion and storage losses, but the energy can be produced from regenerative
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Figure 4.2:
Schematic view of the vehicle and drivetrain with the power split supercharger.

braking. Hence, the effectiveness of this structure compared to the PSS remains to be

explored in this work.

This chapter formulates the optimal energy management of a downsized engine with

the power split supercharger, the double motor system (eSC-SGM) and a full parallel HEV,

displayed in Figure 4.1(b), and compares the relative fuel consumption of these configurations

under optimal energy management strategy to each other and a baseline turbocharged engine,

shown in Figure 4.1(a). Furthermore, this work answers the critical question that during

high torque demands whether the limited available electrical energy should be added to the

engine air path to feed more air into the ICE and produce a higher torque from it, or the

electrical energy should be supplied directly to the crankshaft, and how does the solution

changes for different driving profiles, battery sizes, and compressor efficiencies. Both mild

hybrid systems are capable of start/stop, regenerative braking, torque assist/regeneration,

and variable speed supercharging, while the full hybrid is equipped with a larger motor

and high voltage electrical system. All powertrains use the same cylinder block, but the

boosted engines can produce a higher torque equivalent to a larger naturally aspirated ICE.

In the final part of the paper a consumption minimization rule for selecting the PSS mode is

introduced, in which the equivalent fuel consumption of the motor is found through inverting

the solution of the optimization. This rule is integrated into the optimal control problem

and its effectiveness is compared against the optimal solution and two simpler rules.

4.1 Studied Vehicle and Powertrains

The modeled vehicle is a Ford Escape MY2015 with 6 speed automatic transmission. The

baseline engine is a 1.6L EcoBoost gasoline 4 cylinder 4 stroke spark ignition turbocharged

engine. The alternative powertrains use EcoBoost engine after removing its turbocharger.
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Figure 4.2 shows a schematic view of the vehicle with a PSS and the associated variables of

various components.

The PSS system consists of a planetary gear set, a motor, a roots supercharger, a brake,

and a bypass valve. The supercharger is connected to the sun gear within the planetary

gear set, the motor is connected to the ring gear through the idler gear and the carrier

is connected to the engine crankshaft through a set of belt and pulleys. The motor is

powered by a 48 V system and has a nominal power of 9 kW and a peak power of 12 kW. In

boosting mode, realized by releasing the brake and closing the bypass, the motor adjusts the

supercharger produced boost pressure independently of the engine speed, which is superior

to conventional mechanical supercharging due to fast engine torque response and lower

throttling losses. In parallel hybrid mode, achieved by engaging the brake and bypassing

the supercharger, the motor can supply/draw torque from the crankshaft for start/stop,

regenerative braking, torque assist or regeneration. This operation mode is called torque

assist mode throughout this work.

In the hybrid configuration with electric supercharger and starter generator motor (called

eSC-SGM in this work), the same roots compressor as in the PSS is used. Moreover, both

electric motors in this system are similar to the PSS motor. The motor in the full HEV

powertrain has a nominal power of 45 kW and peak power of 60 kW with 300 V electric

system and it is placed in parallel to the engine as shown in Figure 4.1(b).

4.2 Vehicle Model for Optimal Energy Management

4.2.1 Vehicle and Driveline Model

Given the vehicle speed profile, the vehicle tractive force, Ft, is computed from the

vehicle effective mass, Mv, acceleration and road resistance force, Fr,

Ft =Mv
d

dt
v + Fr (4.1a)

Mv =mv +
Jw + γ2(Je + Jg)

r2
w

(4.1b)

Fr = C0 +C1v +C2v
2 (4.1c)

where, v is the vehicle speed, mv is the vehicle mass and γ is the gear ratio. The second

term in (4.1b) is the rotational mass of the engine, gear and wheels, calculated from their

inertia, Je, Jg and Jw, wheels radius, rw and gear ratio. The EPA reported dynamometer

correction factors, C0, C1 and C2 are used for computing the road resistance force. The

road grade in (4.1) is assumed to be zero. The torque at the wheels, τw, and the wheels

rotational speed, ωw, are given by:
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τw = Ftrw (4.2a)

ωw = v

rw
. (4.2b)

The rotational speed on the engine side of the gearbox, ωg is as follows:

ωg = γωw. (4.3)

It is assumed that when the engine is on at low vehicle velocity the engine speed, ωe,

does not drop to less than its idle speed, ωe,idle, and when the engine is turned off the engine

speed drops to zero. It is also assumed that at any engine speed larger than the idling speed

the torque converter is locked,

ωe =
⎧⎪⎪⎨⎪⎪⎩

max(ωg, ωe,idle) if ue = 1

0 otherwise
(4.4)

in which ue is the engine on/off control signal and ue = 1 indicates that the engine is turned

on. The torque converter pump torque, τtcp, and turbine torque, τtct, are computed from

the torque converter K-factor, K, and its torque ratio, TR, both of which are function of

the turbine to pump speed ratio, SR,

SR = ωtct

ωtcp
(4.5a)

τtcp = (ωtcp

K
)2

(4.5b)

τtct = τtcp ×TR (4.5c)

0 200 400 600 800
ωg [rpm]
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τtct [N.m]

Figure 4.3: The torque converter pump and turbine transmitted torque at engine idling.
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where ωtct is the torque converter turbine speed, and ωtcp is the torque converter pump

speed equal to the engine speed. Figure 4.3 shows the transmitted torque trough the pump

and turbine when the clutch is unlocked. Define τg as requested torque by the speed profile

on the gearbox shaft as follows:

τg =
τw
γ
η−sgn(τw)
g (4.6)

in which ηg is the gear box efficiency. The torque on the crankshaft, τcr, transmitted through

the clutch and pump, is computed as,

τcr =
⎧⎪⎪⎨⎪⎪⎩

τg if ωe = ωg
τtcp +max(0, τg − τtct) otherwise.

(4.7)

The above equation implies,

� When the torque converter clutch is locked the torque on the engine shaft is equal to

the drive cycle requested torque.

� When the torque converter clutch is not locked, if the drive cycle requested torque

is larger than the turbine torque, τg > τtct, then the rest of the requested torque is

transmitted through the slipping clutch.

� When the torque converter clutch is not locked, if the drive cycle requested torque

is smaller than the turbine torque, τg < τtct, such as when braking, no torque is

transmitted through the clutch, the torque on the engine shaft is equal to τtcp and the

extra torque transmitted through the turbine is wasted in the friction brakes, i.e. no

regenerative braking is possible in this operating condition.

4.2.2 Powertrain Model with PSS

4.2.2.1 Engine Model

The engine and motor have to supply the driver requested torque,

τe = max(τmin
e , τcr − τTA) (4.8)

τb = min(0, τcr − τTA) (4.9)

where τTA is the torque from the motor transmitted through the pulley to the crankshaft,

τmin
e is the minimum engine torque and τb is the part of the crankshaft torque dissipated in

friction brakes. During vehicle deceleration (τcr < 0) the electric motor can recuperate part

of the vehicle kinetic energy and the rest is dissipated in the friction brakes.

The Supercharger brake position, ubr, is used for representing the PSS two modes. When

the supercharger is braked, ubr = 1, the NA engine produces a lower torque but it can receive
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(b) Boosting mode
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Figure 4.4:
Contours of BSFC for, (a) the naturally aspirated 1.6 L (b) the supercharged
engine using PSS (c) motor power in boosting mode.

torque assist from the motor. The NA engine torque limit is shown in Figure 4.4(a) along

with the maximum powertrain torque in torque assist mode (τe,NA + τTA)max and the engine

BSFC map. When the brake is released, ubr = 0, the engine has to supply all the requested

torque. In this mode the engine can produce a higher torque because the supercharger

supplies more air into the engine. Figure 4.4(b) shows the maximum engine produced torque

and BSFC map in boosting mode. The engine BSFC map is produced using the GT-Power

engine model. Finally, the engine maximum produced torque is set to zero when turned off.

This mode switch and system structure change are modeled through imposing input

dependent constrains on the engine and motor produced torque

τmax
e =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0 if ue = 0

τmax
e,B (ωe) if ubr = 0, ue = 1

τmax
e,NA(ωe) otherwise.

(4.10)
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Engine BSFC is used for computing the engine fuel flow rate, ṁf . A minimum fuel flow

rate, ṁf,min, is imposed1

BSFC = Γ(τe, ωe) (4.11a)

˜̇mf = Pe ×BSFC (4.11b)

ṁf = max( ˜̇mf , ṁf,min) (4.11c)

where Pe is the engine brake power.

4.2.2.2 Motor Model

� Torque assist mode.

The motor torque is an independent input when the PSS is in torque assist mode but

not in boosting mode because in this mode the motor torque and speed depend on

the engine required boost pressure. To overcome this complexity a new parameter is

defined as the commanded torque assist, τm,TA, constrained according to the hybrid

mechanism mode as follows:

τmin
m,TA ≤ τm,TA ≤ τmax

m,TA (4.12a)

τmax
m,TA =

⎧⎪⎪⎨⎪⎪⎩

0 if ue = 0 or ubr = 0

τmax
m otherwise

(4.12b)

τmin
m,TA =

⎧⎪⎪⎨⎪⎪⎩

0 if ue = 0 or ubr = 0

τmin
m otherwise

(4.12c)

where τmax
m and τmin

m are respectively the motor maximum and minimum torque limits,

ue = 0 means engine is turned off and ubr = 0 stands for boosting mode for PSS. The

motor speed, ωm and the torque transmitted to/from the engine crankshaft, τTA, are

related to the engine speed and the commanded motor torque assist as follows,

ωm,TA = nimnri(gS + gR)
gR

ωe (4.13a)

τTA = nimnri(gS + gR)
gR

τm,TA (4.13b)

where nim and nri are idler to motor and ring to idler gear ratios, gR is the ring gear

teeth number and gS is the sun gear teeth number. The power transfer efficiency is

assumed to be 100% within the planetary gear set. Note that the PSS pulley ratio is

equal to 1.

1The minimum fuel flow rate is assumed to be 1.0 kg
h

.
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� Boosting mode.

When the supercharger brake is released the motor drives the supercharger to supply

the required air into the engine. The motor torque and speed are computed as follows

in this case

τm,B = − gR
nimnrigS

τsc (4.14a)

ωm,B = (gS + gR)nimnri

gR
(ωe −

gS
gS + gR

ωsc) (4.14b)

where τsc is the supercharger torque and ωsc is the supercharger rotational speed, both

depending on the engine operating point.

τsc = Λ(τe, ωe) (4.15a)

ωsc = Π(τe, ωe) (4.15b)

The manufacturer provided map is used for computing the motor power,

Pm = Γ(ωm, τm) (4.16)

where the motor speed and torque, ωm, τm, are as follows

(τm, ωm) =
⎧⎪⎪⎨⎪⎪⎩

(τm,B, ωm,B) if ubr = 0

(τm,TA, ωm,TA) otherwise.
(4.17)

Figure 4.4(c) shows the motor power at boosting mode computed using τm,B and ωm,B.

For most of operating points the motor power is negative, meaning that it generates some

power during boosting. During high load operating conditions, such as when climbing a

hill, the motor will be slightly charging the battery, while the supercharger is boosting the

engine. This feature allows continuous employment of the PSS at high load points without

concerns regarding battery depletion.

4.2.3 Powertrain Model for eSC-SGM

The engine with electric supercharger and starter generator motor has two separate

motors for torque assist and boosting, thus the supercharger is always available for boosting

and the engine maximum torque limit is equal to the boosting limit shown in Figure 4.5.

τmax
e =

⎧⎪⎪⎨⎪⎪⎩

0 if ue = 0

τmax
e,B (ωe) otherwise.

(4.18)

The engine torque limit with eSC is higher at low engine speeds compared to the PSS,
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Figure 4.5:
The electrically supercharged engine, (a) BSFC contour, (b) motor power for
supercharging.

due to the removed parasitic loss of the supercharger. At high engine speeds the engine

with eSC produces a lower torque because the supercharger power is restricted to 10 kW.

Figure 4.5(a) shows the engine with eSC BSFC map. Compared to BSFC map of the engine

with PSS, shown on Figure 4.4(b), the efficiency sweet spot of the engine with eSC covers a

larger area. The reason is that unlike the PSS, the electric supercharger is not powered by

the engine. The eSC energy consumption penalty is paid through electric energy though,

shown in Figure 4.5(b).

4.3 Optimal Control Problem

Table 4.1 shows a summary of optimal control problem for energy management of the

vehicle with different powertrains. For the vehicle with turbocharged engine, there is no

hybridization and the engine has to support the drive cycle requested torque, hence only the

gear shifts, ug, are optimized. The cost function for this case penalizes the fuel flow rate,

ṁf , and the gear change. The variable k refers to the kth step time. The problem sampling

time, Ts, is taken equal to 1 second, ng is the gear number and N is the problem horizon,

equal to the full drive cycle horizon. Note that using gear shift as the optimization input

results in a more natural gear strategy, which is one shift up or down at a time, instead of

selecting an arbitrary gear number at each step time. The weighting factor α controls the

frequency of gear shifts [31], taken equal to 0.4 for all cases.

The modeled inputs for the optimal control problem of the full HEV and the vehicle

with eSC-SGM are the gear shift, engine on/off command, ue, and the motor torque (τm

for the full HEV and the starter/generator motor torque, τm,TA for eSC-SGM system). For

both systems the battery state of charge, ζ, the gear number and the engine on/off state, xe,

are the modeled system states. The fuel penalty β is associated with each engine cranking,
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Table 4.1:
Summary of optimal control problem for energy management of different power-
trains.

Turbocharged

� input: gear shift, [ug].

� state: gear number, [ng].

� cost function:

J = ∑
N
k=1 (ṁf(k)Ts + α∣ng(k) − ng(k − 1)∣)

Full HEV

� inputs: motor torque, gear shift, engine on/off,
[τm, ug ue].

� states: state of charge, gear number, engine
on/off, [ζ ng xe].

� cost function:

J = ∑
N
k=1 (ṁf(k)Ts + α∣ng(k) − ng(k − 1)∣ +

βmax(xe(k) − xe(k − 1),0))

eSC-SGM

� inputs: SGM torque, gear shift, engine on/off,
[τm,TA ug ue].

� states: state of charge, gear number, engine
on/off, [ζ ng xe].

� cost function:

J = ∑
N
k=1 (ṁf(k)Ts + α∣ng(k) − ng(k − 1)∣ +

βmax(xe(k) − xe(k − 1),0))

PSS

� inputs: commanded torque assist, gear shift, en-
gine on/off, PSS mode, [τm,TA ug ue ubr].

� states: state of charge, gear number, engine
on/off, [ζ ng xe].

� cost function:

J = ∑
N
k=1 (ṁf(k)Ts + α∣ng(k) − ng(k − 1)∣ +

βmax(xe(k) − xe(k − 1),0) + λ(1 − ubr(k)))

and is taken as 0.28 grams of fuel in the optimization cost function. The optimal control

problem for the vehicle with PSS is described in more details in the following section.

4.3.1 Optimal Control Problem for Engine with PSS

The cost function for the vehicle with PSS penalizes the fuel consumption, gear shift,

engine cranking and the PSS mode, ubr, as follows:

min

⎧⎪⎪⎨⎪⎪⎩

N

∑
k=1

(ṁf(k)Ts + α∣ng(k) − ng(k − 1)∣

+β(max(xe(k) − xe(k − 1),0)) + λ(1 − ubr(k)))
⎫⎪⎪⎬⎪⎪⎭

(4.19)

in which λ is a very small number to keep the PSS in torque assist mode (ubr = 1) as default.

This term only plays a role when neither supercharging nor torque assist are used such as

when the engine is turned off. Similar to other hybrid powertrains, the modeled system

states include the battery state of charge, gear number, and the engine on/off state. The

optimization inputs are the commanded torque assist, gear shift command, the PSS mode,
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and the engine on/off command. The problem constraints are:

ζ(k + 1) = ζ(k) − Ib(k)
3600Cn

Ts (4.20a)

ng(k) = ug(k) + ng(k − 1) (4.20b)

xe(k) = ue(k) (4.20c)

ζmin ≤ ζ(k) ≤ ζmax (4.20d)

Imin
b ≤ Ib(k) ≤ Imax

b (4.20e)

τmin
m,TA ≤ τm,TA(k) ≤ τmax

m,TA (4.20f)

τmin
e ≤ τe(k) ≤ τmax

e (4.20g)

ωmin
e ≤ ωe(k) ≤ ωmax

e (4.20h)

ug(k) ∈ {−1,0,1} (4.20i)

ng(k) ∈ {1,2,⋯,6} (4.20j)

ubr(k), ue(k) ∈ {0,1} (4.20k)

ue(k) = 1 if v(k) > 0 (4.20l)

τe(k) /> 0 if τcr(k) < 0 (4.20m)

ζ(N) = ζ(0) (4.20n)

where (4.20a) is the state of charge dynamics, Ib is the battery current and Cn is the battery

capacity. The constraint (4.20b) presents the gear state, and (4.20c) defines the engine

on/off state. The constraint (4.20d) limits the battery state of charge, (4.20e) constrains the

battery current, (4.20f) restricts the commanded torque assist, (4.20g) and (4.20h) confine

the engine speed, ωe, and torque, τe, (4.20i) limits the gear shift to one gear up and down at

each step time, (4.20j) restricts the gear number to 1 to 6, (4.20k) limits the engine mode

and the PSS mode to on/off and boosting/torque assist respectively, (4.20l) permits turning

off the engine only when the vehicle is stopped, (4.20m) does not permit regenerative braking

and generation simultaneously and (4.20n) imposes charge sustaining condition. Similar

constraints are imposed for the optimal control problem of other powertrains.

A numerical optimization method has to be used to find the global optimum solution

of (4.19). Dynamic Programming (DP) and stochastic dynamic programming [31,74], are

among the most popular approaches. Pontryagin’s Minimum Principle (PMP) [75,76], convex

optimization [77], model predictive control [78], and equivalent consumption minimization

[79–81] are other well established methods. In this work, a MATLAB-based dpm function [82]

that applies dynamic programming is used for finding the solution of this discretized optimal

control problem. Note that DP is acausal and solved backwards in time, hence cannot be

implemented online, nevertheless it provides a benchmark for evaluating different powertrains

and finding optimal policies.
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4.4 Optimization Results

4.4.1 Fuel Consumption Under Optimal Energy Management

Table 4.2 presents the predicted Fuel Economy (FE) numbers for the baseline tur-

bocharged engine with optimized gear ratio, compared to the FE of the electrified and

hybridized powertrains with the same engine under optimal energy management. A 1.2

kWh battery is assumed for all the cases. The fuel economy improvement compared to

the baseline turbocharged engine is written in parenthesis next to the reported FE number

for each case. The results indicate that up to 32.9% FE increase is possible on the FTP75

drive cycle with the PSS. The FE improvement for the engine with eSC-SGM is similar

to the PSS case despite its higher flexibility. The larger motor for the full HEV permits

recovering a larger part of the energy wasted during vehicle braking, resulting in a larger

FE improvement of 45.4% on this cycle.

A comprehensive study on supercharging impact on drive cycle fuel consumption of a

vehicle is carried out by authors in [13]. It was shown that with the PSS solely used as a

supercharger the reduced backpressure contributes to around 1% fuel consumption reduction

on FTP75 and HWFET drive cycles, while the higher fuel penalty associated with the

transients increases the US06 cycle fuel consumption.

Both the PSS and eSC-SGM systems increase the vehicle FE on HWFET by only 4.3%,

which is significantly smaller than the FTP75 benefit, because HWFET cycle does not

contain as many braking and stopping instances, hence there is less opportunity for fuel

consumption reduction. Similarly, the FE improvement for the full HEV is also small at

6.5%.

The higher flexibility of eSC-SGM system indicates an advantage over the US06 cycle,

where both the supercharger and the starter-generator motor can feed the powertrain to meet

the cycle high torque demand efficiently. Nevertheless, the full HEV provides a significantly

larger FE benefit over the US06, compared to both mild hybrid systems, mainly because

the smaller motor in these systems can only partially recover the wasted energy during

aggressive braking instances in the US06 cycle.

The last row in Table 4.2 shows the fuel economy of different systems on combined cycle

computed with allocated weights of 0.55 and 0.45 to the FTP75 and HWFET cycles fuel

consumption respectively [83]. On the combined cycle both mild hybrid systems provide

the same FE increase of 20.7% which is around 75% of the full HEV benefit that is 28.2%

improvement compared to the baseline turbocharged engine.

4.4.2 Optimized Supercharging and Torque Assist Share

This part takes a closer look into the supercharging versus torque assist share for the

PSS and eSC-SGM. Figure 4.6 displays the optimal trajectories for a segment of the US06

drive cycle. The top left subplot represents the vehicle velocity, v. The bottom left subplot
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Table 4.2:
DP drive cycle simulation results. The numbers in parenthesis show the relative
fuel economy improvement compared to the turbocharged engine

Drive cycle Turbocharged Engine + PSS Engine + eSC-SGM Full HEV
FE [mpg] FE [mpg] FE [mpg] FE [mpg]

FTP75 34.79 46.25 (32.9%) 46.21 (32.8%) 50.60 (45.4%)
HWFET 48.57 50.67 (4.3%) 50.68 (4.3%) 51.74 (6.5%)

US06 30.29 32.46 (7.2%) 32.86 (8.5%) 35.83 (18.3%)
Combined 39.88 48.14 (20.7%) 48.12 (20.7%) 51.11 (28.2%)

shows the gear number. The black line shows the gear number for the engine with PSS,

the red line stands for the engine with eSC-SGM and the dashed green line represents the

full HEV. The full HEV shifts up faster at the beginning of the transient and downshifts

less during the accelerations. The middle top subplot represents the engine torque and its

lower subplot shows the torque assist from the motor on the crankshaft, τTA. The right top

subplot shows the electric power used for boosting the engine, Pm,B, and the bottom plot

shows the PSS operating mode during the shown time interval, where ubr = 1 stands for the

torque assist mode and ubr = 0 represents boosting mode.

The optimal solution for full HEV in Figure 4.6 keeps the engine torque around naturally

aspirated torque limit (around 130 N.m, see Figure 4.4(a)), where the engine is highly

efficient, and uses the torque assist from the motor to meet the cycle demanded torque.

The engine with PSS often uses the PSS in boosting mode to provide large torque demands

and uses torque assist for augmenting the engine torque at medium torques. Note that in

boosting mode the PSS motor generates some electric power, hence its boosting power sign

is negative (the PSS motor power map in boosting mode is shown in Figure 4.4(c)). The
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Figure 4.6:
Optimal trajectories for engine with PSS compared to eSC-SGM and full HEV
from dynamic programming. Top row from left: vehicle speed profile, engine
torque, and power used for boosting the engine, bottom row from left: gear
number, the torque assist from the motor on the crankshaft, and the PSS
operating mode.
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engine with eSC on the other hand, uses help from both the supercharger and SGM to meet

large torque requests. In the following sections the power share between the engine and the

motor is explained in more details and its sensitivity to the battery size and the supercharger

efficiency is explored. In order to realize different battery sizes, the capacity, Cn, and the

internal resistance, Rb, of the battery model are scaled as,

Cn,s = αsCn (4.21)

Rb,s =
Rb
αs

(4.22)

where Cn,s is the scaled battery capacity, Rb,s is the scaled battery internal resistance, and

αs is a scaling factor. For example the internal resistance of a 0.6 kWh battery is twice

the internal resistance of a 1.2 kWh battery. The battery mass is also scaled to take into

account the weight difference.

4.4.2.1 Engine with PSS

Figure 4.7(a) shows the PSS optimal operating mode for the three studied cycles with a

1.2 kWh battery. The red markers indicate boosting and blue ones represent torque assist

mode. The FTP75, HWFET and US06 operating points are shown with stars, triangles

and circles respectively. The horizontal axis is the engine speed and the vertical axis is the

requested crank torque. The yellow area, which is under the engine maximum produced

torque in boosting mode, τmax
e,B , and above the maximum powertrain torque when the PSS is

in torque assist mode, (τe,NA + τTA)max, is the operating points that can be achieved only

through supercharging. An operating point lying within the green area, which is above

the NA torque limit of the engine, τmax
e,NA, and under (τe,NA + τTA)max, can be realized with

either torque assist or supercharging mode. In the green region the optimal solution from

DP mostly chooses torque assist except for some operating points on the US06 and HWFET

cycles, most of which lie within the efficiency sweet spot of the engine. This result is in

agreement with the authors finding in [32] and previous chapter, which focused on the design

of low-level controllers for the PSS system in a super-turbo configuration. It was shown that

for a typical constant speed torque tip-in, supercharging can be the fuel optimal strategy for

medium load points, because the operating point remains within the high efficiency region

of engine map.

On the FTP75 cycle the optimal controller always chooses torque assist mode when both

modes are possible due to the higher availability of electric energy from regenerative braking

on this cycle. Figures 4.7(b) and 4.7(c) show the PSS operating mode for a 0.6 kWh and

a 0.3 kWh battery. For a smaller battery the occasions that the optimal controller picks

supercharging mode over torque assist mode increases. The first reason is that less electric

energy is available in a smaller battery and since boosting mode consumes less electric power,

it is more favorable for a smaller battery. Second, the internal resistance of a battery is
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(a) 1.2 kWh battery (b) 0.6 kWh battery

(c) 0.3 kWh battery

Figure 4.7:
Optimal power split supercharger mode based on the requested torque on
crankshaft and engine speed for different drive cycles. Blue markers stand for
torque assist and red markers represent supercharging mode for (a) a 1.2 kWh
battery, (b) a 0.6 kWh battery, (c) a 0.3 kWh battery.

inversely proportional to its capacity, resulting in a larger battery loss for a smaller battery.

Consequently, the torque assist option becomes less efficient as the battery size decreases.

4.4.2.2 Engine with eSC-SGM

Both the PSS and eSC provide flexible engine boost pressure control. However, the PSS

is mostly powered by the crankshaft, while eSC is powered by the battery, thus it is more

flexible in terms of energy source. This section investigates the sensitivity of supercharging

versus torque assist share in eSC-SGM system to the battery size and supercharger consumed

power. In addition, the sensitivity of fuel consumption of this system to the supercharger

consumed power is explored.
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� Sensitivity to the Battery Size: Figure 4.8 shows the engine with eSC-SGM operating

points over the US06 drive cycle on top of the engine BSFC map. The circles show the

operating points with a 1.2 kWh battery and the stars show the operating points with a

0.3 kWh battery. Unlike the PSS, the optimal controller uses the electric supercharger

even at high load as long as the engine operating point lies within the high efficiency

area. Therefore, using the eSC can be more efficient compared to boosting with PSS,

because the optimal EMS produces the electric energy efficiently.

The operating points in Figure 4.8 are colored based on the SGM torque sign. The

red color shows that SGM torque is positive meaning that it supplies torque into the

engine crankshaft, a blue marker stands for generating and yellow means no torque

from SGM. When the engine produces a torque larger that its naturally aspirated limit

(τe > τe,NA), the SGM is always assisting the crankshaft. This reveals that electric

supercharging and generating simultaneously is not an efficient strategy; and it is only

efficient to generate when the engine is not boosted.

The points with star markers show the engine operating points with a 0.3 kWh battery.

As explained in the previous section a smaller battery means that the electrical path

will be less fuel efficient due to the higher battery losses. Similar to the PSS, the

optimal controller uses the eSC more with a smaller battery. This fact is evident

in Figure 4.8 since the boosted points have shifted slightly upward with the smaller

battery.

� Sensitivity to the Supercharger Consumed Power: The roots supercharger used in

this study typically has lower efficiency (less than 70%) compared to the centrifugal

Figure 4.8:
Optimal engine operating points with eSC-SGM over the US06 and with two
different battery sizes. Red markers mean that the SGM supplies torque to the
crankshaft, blue markers mean SGM draws torque from the crankshaft for power
generation and yellow means SGM torque is set to zero.
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Figure 4.9:
The sensitivity of FE gain of eSC-SGM configuration compared to turbocharged
engine over the US06 cycle to the supercharger power multiplier, Csc. A smaller
Csc means a more efficient supercharger.

type (up to 85%). In this part the power consumed by the supercharger is adjusted by

a factor to mimic a more efficient supercharger as follows:

P̂m,B = Csc × Pm,B(τe, ωe) (4.23)

where Pm,B(τe, ωe) is the supercharger consumed power from Figure 4.5(b), P̂m,B is

the scaled power, and Csc is a scaling factor. A smaller Csc means a more efficient

supercharger. Figure 4.9 shows the sensitivity of the FE gain of the engine with

eSC-SGM over the US06 cycle to the Csc. The FE gain is the relative reduction

compared to the baseline turbocharged engine. For every 5% improvement in the

supercharger efficiency the drive cycle fuel economy gain of the system increases by

less than 0.1% on average, such that for a 15% more efficient supercharger the FE gain

increases from 8.5% to 8.8%.

A more efficient supercharger also influences the supercharging share. As the super-

charger becomes more efficient, the optimal EMS uses the supercharger more and SGM

less during high torque requests. Figure 4.10 compares a sample vehicle acceleration

with the roots supercharger (Csc = 1) and with an extremely efficient supercharger

(Csc = 0.85). As seen the EMS assigns a larger torque share to the engine (bottom

left subplot) and less to the torque assist from SGM (top right subplot), while the

supercharger consumed power remains smaller for the efficient supercharger case.

4.5 Rule-based Controller for PSS Mode

For a vehicle equipped with the power split supercharger, when the driver torque demand

exceeds the naturally aspirated limit of the engine, the vehicle energy management system

has to choose between supplying the motor torque directly into the crankshaft or using it

for driving the supercharger and boosting the engine. This system mode switch converts the
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continuous optimization problem to be solved within an online optimization-based controller

(MPC for example) into a nonlinear non-convex mixed integer optimization problem, which

is challenging to solve. The alternative approach is to extract a rule for selecting the hybrid

mechanism mode based on the global optimization results found here. In this part, three

different rules are proposed for selecting the PSS operating mode and the effectiveness of

each rule is evaluated by incorporating it into the optimal control problem and comparing

the results to the case where the PSS mode is selected by the optimizer. This method

is preferred to a feedforward simulation for evaluating the effectiveness of the PSS mode

selection rules because this approach isolates the effect of the rule-based strategy on fuel

consumption. In a feedforward simulation, the FC depends on the online power split and

gear shift controllers in addition to the PSS mode rule-based controller.

4.5.1 Method 1: Boost Assist Rule (BAR)

This rule simply uses the supercharger for all crankshaft requested torques, τcr from (4.7),

larger than the naturally aspirated limit of the engine (above the white region in Figure 4.7)

uBAR
br =

⎧⎪⎪⎨⎪⎪⎩

0 if τcr > τmax
e,NA

1 otherwise
(4.24)

where uBAR
br is the PSS mode from boost assist rule. By looking at the DP results it

is clear that the preferred time for boosting is when the requested torque is larger than

(τTA+τe,NA)max, the yellow area in Figure 4.7, however we considered this additional strategy

to understand that if the PSS system is used only as a boosting device during large torque

requests, how different the vehicle FC would be compared to the other strategies.
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Figure 4.10:
Optimal trajectories for the existing supercharger, Csc = 1, and an efficient
supercharger Csc = 0.85. Top plots from left: vehicle speed and SGM torque on
the crankshaft, bottom from left: engine torque and the boosting motor power.
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4.5.2 Method 2: Torque Assist Rule (TAR)

For a large battery as seen in Figure 4.7(a) the optimal controller mostly uses torque

assist mode when the torque demand can be realized through both modes. Thus, the second

method to control the PSS is to use boosting whenever the requested torque is higher than

(τTA + τe,NA)max, above the green area in in Figure 4.7,

uTAR
br =

⎧⎪⎪⎨⎪⎪⎩

0 if τcr > (τTA + τe,NA)max

1 otherwise
(4.25)

where uTAR
br is the PSS mode from torque assist rule.

4.5.3 Method 3: Consumption Minimization Rule (CMR)

The third rule selects the PSS mode to minimize the equivalent fuel flow rate of the

engine and motor,

uCMR
br =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0 if τcr > (τTA + τe,NA)max

1 if τcr ≤ τmax
e,NA

argmin
ubr=0,1

(ṁf,eq) otherwise
(4.26)

where uCMR
br is the PSS mode from consumption minimization method and ṁf,eq is the

equivalent fuel flow rate of the engine and motor computed by assigning an effective

specific fuel consumption, αeq, to electric power generation. This strategy uses the boosting

mode when the requested torque exceeds the maximum powertrain torque in torque assist

mode, yellow area in Figure 4.7, and uses torque assist when the requested torque is

less than the naturally aspirate torque limit of the engine. In the green area, which is

(τe,NA + τTA)max ≥ τcr > τmax
e,NA, an optimization problem is solved within the DP code to

determine the most efficient PSS mode for the given inputs (torque assist, gear number,

engine on/off). The equivalent fuel consumption of the engine and motor at each mode is

computed as:

� Boosting mode (ubr = 0):

ṁf,eq = ṁf(τe, ωe) + αeqPm(τe, ωe) (4.27a)

τe = τcr (4.27b)
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� Torque assist mode (ubr = 1):

ṁf,eq = ṁf(τe, ωe) + αeqPm(τm, ωm) (4.28a)

τe = τcr − τTA (4.28b)

τTA = nimnri(gS + gR)
gR

τm. (4.28c)

The torque assist from the motor on the crankshaft, τTA, is related to the motor torque

though (4.28c). Note that when τcr > τe,NA, for both PSS modes the motor power is nonzero,

with the difference that in boosting mode the motor power is a function of engine operating

point but in torque assist mode the motor power is an independent input.

Inverse optimization approach is used for finding the cost function of an optimization

problem given the optimization solution [84]. In this problem it is assumed that DP results

are a solution to the following optimal control problem and the value of αeq is inferred

accordingly,

ṁf,eq = min
τTA,ubr

(ṁf + αeqPm) (4.29)

in which the dependency on speed and torque is dropped from ṁf and Pm. For simplifying the

problem and applying Karush-Kugn-Tucker (KKT) condition let’s only consider the points

that the PSS is in torque assist mode. Define the optimization variable as X = [τe τm]T .

The optimal control problem of (4.29) converts to the following minimization problem with

equality constraints,

min
X

J(X) = min
X

(ṁf(X) + αeqPm(X)) (4.30)

subject to,

g(X) = τcr − τe −
nimnri(gS + gR)

gR
τm = 0. (4.31)

The constraint g(X) states that the requested torque on the crankshaft is equal to the

engine torque and the torque assist from the motor. Define the Lagrangian, L(X), for the

above optimization problem as follows:

L(X) = J(X) + pg(X) (4.32)

where p is the Lagrange multiplier. Denote the DP solution by X∗. Then g(X∗) = 0, since

this constraint was included in DP formulation. The DP solution must satisfy the stationary
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Figure 4.11:
The motor equivalent fuel consumption coefficient produced by inverting DP
optimization results.

condition, which is:

∇XL(X∗) = 0. (4.33)

Imposing the above condition and assuming that the variation of motor efficiency with

respect to motor torque is small (∂ηm∂τm
≈ 0, since the motor speed is far from zero when the

engine is on), the value of αeq is estimated as follows:

αeq =
η

sgn(Pm)
m

ωe

∂ṁf

∂τe
. (4.34)

For each operating point above NA torque limit of the engine one value of αeq is found

from (4.34). Figure 4.11 shows the computed value of αeq from DP results and for two

battery sizes and different drive cycles. The units of αeq in this work is [kg/kWh]. The

horizontal axis show the battery SoC for each point. As seen the value of αeq varies between

0.15 to 0.22 for different operating points and drive cycles. The average value of αeq is

similar for the two batteries, equal to 0.185, which is used for determining the PSS mode

under CMR rule. Note that although the value of αeq varies dynamically over the drive

cycles, it is shown that a constant value of equivalence factor can produce near optimal

results [80]. In addition, the goal of this work was to produce simple yet effective rules for

controlling the PSS mode, hence the average value of αeq is used and the capability of the

method in producing near optimal solution is shown in following paragraphs.

The rule (4.26) with the found value of αeq is incorporated into the optimization problem

(4.19) and solved using DP. Figures 4.12(a) and 4.12(b) show the resulting PSS mode
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(a) 1.2 kWh battery (b) 0.3 kWh battery

Figure 4.12:
The optimal PSS model under consumption minimization rule with a, (a) 1.2
kWh battery, (b) 0.3 kWh battery. The misclassified points are shown with
black markers.
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Figure 4.13:
Comparison between the optimal PSS mode and the operating modes from
the CMR and TAR rules for two segments of the US06 cycle. (a) t=500-525
seconds, (b) t=560-590 seconds. The top plot shows the vehicle velocity, the
middle plot shows PSS mode from the rules compared to DP optimized mode,
and the bottom plot shows the motor torque.

with a 1.2 kWh and a 0.3 kWh battery respectively, over different drive cycles. The

misclassified (MC) points are marked with black markers, acquired by point to point

comparison. Compared to optimal PSS mode shown in Figures 4.7(a) and 4.7(c) this rule

generates the wrong mode for only 3 instances with the 1.2 kWh battery and for 9 instances

with the 0.3 kWh battery out of around 500 points where both boosting and torque assist

mode are probable. Note that the battery loss is not reflected in the computed value of αeq,

yet a single value of αeq produces acceptable results for different battery sizes.
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Figure 4.14:
The fuel consumption of the engine with PSS for different battery sizes and
PSS mode selection methods, (a) the FTP75 cycle, (b) the HWFET cycle, (c)
the US06 cycle.

Figure 4.13 compares the optimal PSS mode to the TAR and CMR strategies for two

segments of the US06 cycle. The top plots show the vehicle velocity profile and the bottom

plots show the DP generated motor torque trajectory. With the PSS in torque assist mode

(ubr = 1), positive motor torque stands for supplying torque to the crankshaft and negative

torque means generating. Both rules produce correct mode most of the time, except for few

instances around t=570 seconds. Also the DP generated motor torque in both cases is close

to the case with optimum PSS mode on the bottom plot.

4.5.4 Fuel Consumption Under Rule-based PSS Mode

This section incorporates rules (4.24), (4.25), and (4.26) into the optimal control problem

of (4.19), reducing the number of inputs to 3 (gear shift, engine on/off, and commanded

torque assist), and compares their DP fuel consumption to each other and the case that

PSS mode is an optimization input. Figures 4.14(a), 4.14(b), and 4.14(c) compare the fuel
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economy of the vehicle over the FTP75, HWFET, and the US06 cycle under optimized

PSS mode and with different battery sizes to FE of the vehicle with the introduced rules

for selecting PSS mode. For all the studied cases the FE decreases for a smaller battery

size, which is due to the more constrained operation and larger battery losses for a smaller

battery. The boost assist rule (BAR, purple line) produces the worst FE numbers, showing

that using the PSS merely as a flexible boosting source during large torque demands is not

an efficient policy.

The torque assist rule (TAR, yellow line) generates the best FE numbers over the FTP75

and consumption minimization rule (CMR, red) yields better results over the HWFET and

the US06 cycle. It can be concluded that both methods yield near optimal FE over the

HWFET and the FTP75 but over the US06 TAR FE deviate from the optimal case, specially

for smaller batteries. Note that the point by point comparison in Figure 4.12(b) showed

that operating mode of the PSS under consumption minimization rule for all points over the

FTP75 cycle matches the optimal cases. However, Figure 4.14(a) shows the FC of vehicle

under CMR is slightly lower than the optimal case. The reason is that the optimal controller

with included CMR produces a marginally different gear shift strategy.

4.6 Fuel Economy Improvement for Naturalistic Drive Cycles

This section extends the FE evaluation of the PSS system to naturalistic cycles beyond

the standard EPA cycles studied in the previous section. Real world driving data was

previously collected by the University of Michigan Transportation Research Institute as

part of an Integrated Vehicle-Based Safety Systems program study. Instrumented MY2006

and MY2007 Honda Accords were driven for daily tasks in southeast Michigan while the

vehicle telemetry was recorded. From this data set 67 cycles were selected for analysis of the

PSS system. Figure 4.15 shows some key statistics of the cycles studied, the corresponding

values for each EPA cycle are also shown as vertical dashed lines. Figure 4.15(a) shows

the distribution of cycle length in seconds, which varies from short cycles of less than 500

seconds to long cycles having a duration around 4000 seconds. Figure 4.15(b) shows the

distribution of cycle mean velocity, revealing that the majority of the cycles studied have

a mean velocity of less than 30 mph, close to the FTP75 cycle mean velocity of 21 mph.

Figure 4.15(c) and Figure 4.15(d) show the distribution of cycle maximum velocity and

maximum acceleration, showing that most cycles have accelerations faster than the FTP75

and HWFET but smoother than the US06.

The optimal energy management strategy given in equation (4.19) was solved with

dynamic programming for both the turbocharged and PSS equipped vehicles over all 67

cycles. Figure 4.16 shows the FE improvement for different cycles versus the cycle average

velocity. The corresponding values for the FTP75, HWFET, and the US06 cycles are shown

with a star, a diamond and a triangle respectively. These results show that the FE benefit

of the PSS system is larger for cycles with a lower average velocity, with the standard EPA
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Figure 4.15:
The statistics of the studied naturalistic drive cycles and comparison to EPA
standard cycles, (a) time length, (b) mean velocity, (c) maximum velocity, (d)
maximum acceleration.

cycles follow the same trend. This finding is not surprising given that a cycle with lower

average velocity most likely has more braking and stopping instances, during which the PSS

system can effectively improve the fuel economy. Figure 4.17 shows few examples of the

velocity profiles of the cycles studied, with the improvement in FE provided by the PSS in

the caption.

4.7 Summary

This chapter formulated an optimization problem for energy management of two mild

hybrid systems both capable of boosting and parallel hybrid operation, one with a single

motor (PSS), and the other with two separate motors for boosting and torque assist (eSC-

SGM). The optimization cost function for the PSS engine penalizes the fuel flow rate, gear

shifts, engine cranking for start/stop, and the PSS mode to keep the brake locked as default.

The modeled states are the battery state of charge, gear number, and engine on/off state.

The optimization inputs include the gear shift command, the engine start/stop, the PSS

mode, and the motor torque when the PSS is in torque assist mode. Input dependent

constraints were used to model the switching system structure in different modes. The

optimal control problem was discretized and solved using dynamic programming.

It was shown that both mild hybrid systems are capable of improving the vehicle fuel

economy on combined cycle by 20.7%, which is around 75% of a full HEV benefit. While, on
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Figure 4.16:
The vehicle with PSS fuel economy improvement compared to the baseline
turbocharged engine for the studied naturalistic drive cycles and standard
cycles, plotted against the drive cycle mean velocity.
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Figure 4.17:
Example of the naturalistic drive cycles studied. The fuel economy improvement
of the vehicle with the PSS compared to the turbocharged engine for each case
is, (a) ∆FE = 9.5%, (b) ∆FE = 42.4%, (c) ∆FE = 27.7%, (d) ∆FE = 2.8%.

the US06, which is a more aggressive cycle, the mild hybrids can enhance the fuel economy

only by 7-8%, which is 40-50% of the full hybrid fuel economy gain. The results revealed

that the optimal controller for the PSS engine often adopts torque assist over supercharging
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mode when the torque demand can be met with either mode, but the occasions of using the

supercharger increases for smaller battery sizes. The fuel economy benefit of the PSS system

for some real world cycles was studied following the same DP optimization framework. It

was shown that the PSS FE gain is largest for cycles with lower average velocities, similar

to the FTP75 cycle, because they include more braking and stopping instances.

The DP solution showed that the additional flexibility of eSC-SGM, from dual motors,

is only useful on the US06, where it gives 1.3% more fuel economy benefit compared to

the PSS. In addition, the optimal controller for the two motor eSC-SGM uses both the

electric supercharger and torque assist simultaneously to meet high torque demands, and

the supercharging share increases for a smaller battery or a more efficient supercharger.

Furthermore, the results showed that it is not a fuel optimal policy to supercharge the

engine and generate electric power from the crankshaft in the same time in this system and

generation from the crankshaft is only fuel economic in non-boosted points.

Finally, two causally implementable rules, one that uses the supercharger only when

necessary and the other that selects the PSS mode based on the equivalent minimum

consumed fuel were proposed and integrated into the optimization problem. It was shown

that these rules can produce results very close to optimal fuel economy for different battery

sizes and drive cycles.
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CHAPTER V

Online Energy Management for a Power Split Supercharger

This chapter focuses on designing an online energy management for a vehicle equipped

with a PSS. Many different controllers are developed for energy management of HEVs,

which fall into the two main categories of rule-based approaches and optimization-based

approaches [30]. Rule-based methods are static controllers and can be implemented in

real time. These rules are determined offline based on heuristics or approximations to

optimization results. These techniques do not use the knowledge of the drive cycle or a traffic

preview. Thermostatic control, which turns the engine on and off based on the battery state

of charge, is an example of rule-based control for a series HEV. Load leveling, which uses

only the motor at low load, the engine at medium load and both at high load, is an example

of a rule-based approach for a parallel HEV. These controllers are based on simple concepts

and easily implementable. However, they do not exploit the full potential of the system

for fuel consumption reduction and are not reusable for a different objective or powertrain

configuration.

Optimization-based methods on the other hand, use physics-based modeling and op-

timization techniques to minimize a cost function that can include different performance

metrics such as fuel consumption or emissions. The objective cost can be minimized instan-

taneously, like the equivalent consumption minimization method [79], or over some receding

horizon, such as with model predictive control [78], or over the full driving profile, as in

dynamic programming [31,74].

The global fuel consumption minimization for a hybrid electric vehicle equipped with a

power split supercharger under a charge sustaining constraint was previously formulated

and solved using DP in Chapter IV. This chapter presents an Equivalent Consumption

Minimization Strategy (ECMS) that minimizes the instantaneous fuel consumption of the

engine and the battery for a vehicle equipped with a PSS. The DP results from the previous

study are revisited throughout this work to compare against the ECMS results and to infer

the electric energy equivalence factor. The global fuel consumption minimization problem is

shortly described and then the ECMS is formulated. The equivalence factor for the ECMS

is computed from the DP results through inverse optimization. The implementation of
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Figure 5.1:
Brake specific fuel consumption for baseline turbocharged engine. The maximum
engine produced torque, τmax

e,TC, is also shown.

the ECMS is explained and the drive cycle simulation results are presented and compared

against the DP results. The trajectories from the simulations are supplied to the engine

dynamometer setup to experimentally verify the fuel economy gains. Later, an adaptive

ECMS strategy is introduced and its performance is compared against the ECMS controller.

5.1 Utilized Hardware

The baseline engine is a 1.6 liter, 4 cylinder four stroke gasoline fueled turbocharged

SIDI engine, patterned off a Ford EcoBoost engine. The PSS is coupled with the engine

after removing the turbocharger.

5.2 Vehicle and Powertrain Model

5.2.1 Engine Model

5.2.1.1 Fuel Consumption Map

The GT-Power engine model, introduce and validated in Section 2.6 was used to develop

fuel consumption maps of both the turbocharged engine and the engine with PSS. Figure

5.1 shows the baseline turbocharged engine BSFC map, along with the engine maximum

produced torque, τmax
e,TC. Figure 5.2 shows the BSFC map for the engine with PSS along

with the engine torque limit in boosting mode, τmax
e,B , the engine torque limit when the

supercharger is bypassed, τmax
e,NA and the powertrain maximum torque in torque assist mode,

(τe,NA + τTA)max.
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Figure 5.2:
Brake specific fuel consumption for engine with the power split supercharger
along with the maximum engine torque at boosting mode, τmax

e,B , the powertrain
maximum torque at torque assist mode, (τe,NA + τTA)max, and the naturally
aspirated engine maximum torque, τmax

e,NA.

5.2.1.2 Torque Dynamics

The mean value engine model introduced and validated in Section 2.2 is used to capture

the full engine air path dynamics. The modeled states were the pressure state inside different

air path volumes, actuator dynamics, the turbocharger shaft dynamics (for the TC engine)

and the PSS dynamics (for the engine with PSS). The 4-cylinders, compressor, turbine,

charge air coolers, the supercharger, and motor were modeled as quasi steady components.

A compressible turbulent flow equation was used to model the flow through the valves,

including the throttle, wastegate, and the supercharger bypass valve. The induction to power

and induction to exhaust delays were used to model the engine reciprocating behavior. An

example of the model performance in a super-turbo configuration was presented in Chapter

III.

5.2.2 Vehicle Model

The modeled vehicle is a MY2015 Ford Escape with 6 speed automatic transmission.

The drivetrain model includes a transmission, a friction clutch in parallel with a torque

converter and crankshaft dynamics. The individual models of each component along with

the transmission and clutch control strategy were described in detail Section 2.7. The driver

model is a Proportional+Integral (PI) controller that switches gains based on a 1 second

preview of the vehicle acceleration and the tracking error.
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5.3 Energy Management System

5.3.1 Global Fuel Consumption Minimization

The global fuel consumption minimization problem for a vehicle equipped with a PSS

was formulated and solved using DP in Chapter IV. In this chapter the DP results are used

to gain insight and compared to the instantaneous consumption minimization problem. A

brief summary of the DP problem is presented in the following discussion. The cost function

in the global fuel consumption minimization problem penalizes the fuel flow rate, the gear

shifts, the engine cranking (for start/stop) and the PSS mode as follows:

min

⎧⎪⎪⎨⎪⎪⎩

N

∑
k=1

(ṁf(k)Ts + α∣ng(k) − ng(k − 1)∣

+β(max(xe(k) − xe(k − 1),0)) + λ(1 − ubr(k)))
⎫⎪⎪⎬⎪⎪⎭

(5.1)

in which the problem horizon, N, is the full drive cycle and Ts is the problem sampling time

equal to 1 second. The problem inputs are the commanded torque assist from the electric

motor, gear shift command, the PSS mode, and the engine on/off command. The modeled

system states include the battery state of charge, the gear number, and the engine on/off

state. This problem was solved using a MATLAB based dynamic programming function.

Full details are provided in Chapter IV.

5.3.2 Equivalent Consumption Minimization

The equivalent consumption minimization proposed by Paganelli [79, 85] minimizes the

instantaneous sum of the engine and the motor fuel flow rate by using a factor to convert

the electric energy consumption to an equivalent fuel flow rate. The motor torque in ECMS

is computed as follows:

τm = argmin
τm

(ṁf(τe, ωe) + αeqPm(τm, ωm)) (5.2)

where τm is the motor torque, ωm is the motor speed, τe is the engine torque, ωe is the

engine speed and αeq is the equivalence factor. The energy management system of an engine

with a PSS is different from a conventional HEV because it has to decide on the PSS mode

first and if the torque assist mode is selected then the EMS has to determine the optimum

motor torque to minimize the powertrain fuel consumption. Note that the motor torque

is an optimization parameter in torque assist mode but not in the boosting mode, during

which the motor controls the boost pressure and hence the engine torque.

When the requested crankshaft torque, τdcr, is less than the naturally aspirated torque

limit of the engine, τmax
e,NA, the blue area in Figure 5.2, it is fuel optimal to brake and bypass
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the supercharger, hence the PSS should be in torque assist mode. On the other hand, when

the requested torque is larger than τmax
e,NA plus the maximum torque assist from the motor

on the crankshaft, (τe,NA + τTA)max, the yellow area in Figure 5.2 the powertrain can only

supply the requested torque through supercharging, hence the PSS must be in boosting mode.

Finally, when the requested torque is larger than τmax
e,NA and smaller than the powertrain

torque limit in torque assist mode, green area in Figure 5.2, the requested torque can be

realized through either mode. In this work a consumption minimization rule that selects the

PSS mode for minimizing the sum of the engine and the motor fuel flow rate is introduced:

uCMR
br =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0 if τdcr > (τTA + τe,NA)max

1 if τdcr ≤ τmax
e,NA

argmin
ubr=0,1

(ṁf,eq) otherwise
(5.3)

where uCMR
br is the PSS mode for consumption minimization. This rule was introduced and

incorporated into DP optimal control problem in Chapter IV, however it is repeated here

because unlike Chapter IV, here the rule is used in forward simulation on a detailed vehicle

and engine model and its generated results are later tested on the engine dynamometer

experimental setup. The equivalent fuel flow rate of the engine and motor, ṁf,eq, computed

for each mode:

� Boosting mode (ubr = 0):

ṁf,eq = ṁf(τde , ωe) + αeqPm(τde , ωe) (5.4a)

τde = τdcr (5.4b)

� Torque assist mode (ubr = 1):

ṁf,eq = min
τdm

(ṁf(τde , ωe) + αeqPm(τdm, ωm)) (5.5a)

τde = τdcr − τdTA (5.5b)

τdm = gR
nimnri(gS + gR)

τdTA (5.5c)

where τTA is the torque assist from the motor on the crankshaft related to the motor torque

through (5.5c), gS is the sun gear teeth number, gR is the ring gear teeth number, nim is

the idler to motor gear ratio and nri is the ring to idler gear ratio. The superscript d refers

to the demanded or commanded values.

When in boosting mode, the engine has to supply the entire requested torque, (5.4b). In

this mode the planetary gear set and the motor decouple the supercharger produced boost

pressure from the engine operating speed. The engine losses are minimized by utilizing
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Figure 5.3:
The ECMS equivalence factor produced by inverting DP optimization results
along with the used equivalence factor for charger sustaining (CS) condition in
full vehicle simulation.

Wide Open Throttle (WOT) in these operating points. Employing a WOT strategy, the

motor power for supercharging is a function of the engine operating point during steady

state, shown in Figure 4.4(c). This steady state map is used to compute the equivalent fuel

consumption of the engine in boosting mode.

During torque assist mode, the motor supplies part of the torque demand, (5.5b), and

for a given equivalence factor, the motor torque should be determined to minimize the

equivalent fuel flow rate of the engine and the motor, similar to a regular ECMS problem.

The only remaining parameter to be determined for the online energy management system

is the equivalence factor.

5.3.3 ECMS Equivalence Factor from DP Results

The inverse optimization problem for inferring the ECMS equivalence factor from the

DP results was introduced in Section 4.5.3 and solved over the operating points that the

energy management system had to use torque assist or boosting to meet the driver torque

demand (The green area in Figure 5.2). The equivalence factor in this method is computed

as,

αeq =
η

sgn(Pm)
m

ωe

∂ṁf

∂τe
. (5.6)

Here the equivalence factor is computed for a larger set of operating points with positive

torque demand of less than the powertrain maximum torque in torque assist mode, (τe,NA +
τTA)max. The resulting αeq is plotted against the battery SoC at each operating point in

Figure 5.3 for standard EPA drive cycles. The blue markers represent instances that the
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PSS motor is generating, the red markers represent points where the motor supplies energy

to the crankshaft, while the yellow markers are the points that the motor torque is zero. The

data points on the US06, HWFET and the FTP75 cycles are indicated by circle, triangle

and star markers. The value of the equivalence factor varies mainly between 0.17 to 0.22,

with the value highest for generating (blue markers) and lowest for supplying torque to

the crankshaft (red markers). There is no apparent relationship between the computed

equivalence factor and the instantaneous battery state of charge. The reason for this is that

DP considers the full problem horizon for minimizing the fuel consumption, thus it makes

sense that the computed equivalence factor is not directly related to the instantaneous SoC.

It is shown that a single equivalence factor can produce near optimal fuel economy results

over a drive cycle [80]. Hence, in the dynamic drive cycle simulations presented later the

equivalence factor is fixed over the cycle. Meanwhile, the next section presents the ECMS

solution for the optimal PSS mode and motor torque in torque assist mode for different

values of the equivalence factor, which also produces charge sustaining solutions over the

standard EPA drive cycles.

5.3.4 ECMS Solution under Charge Sustaining Conditions

The optimum PSS mode and motor torque in torque assist mode can be calculated

offline for various crankshaft speeds, torques, and equivalence factors and stored in look

up tables [81]. Figures 5.4(a), 5.4(b) and 5.4(c) show the PSS mode from (5.2) with three

different values of the equivalence factor, αeq = 0.179, αeq = 0.207, αeq = 0.191, which generate

charge sustaining results over the FTP75, HWFET and the US06 cycles, respectively. These

values are also represented on Figure 5.3 for comparison to the equivalence factor inferred

from the DP solution.

In Figures 5.4(a), 5.4(b) and 5.4(c) the blue color stands for boosting mode and the red

color represents the torque assist mode. The operating points from the dynamic programming

results during each cycle are also plotted on top of the ECMS produced mode for comparison.

In the area that the requested torque can be supplied through both modes, torque assist

mode is mostly the optimal choice, except for high engine speeds (>3000 rpm) or the points

close to the maximum powertrain torque in torque assist mode, (τe,NA + τTA)max. On the

HWFET and US06 cycles, boosting is also fuel optimal for operating points close to the

naturally aspirated torque limit of the engine. The ECMS solution for the PSS mode is in

agreement with the DP results found in the prior work everywhere except for a small region

on the US06 cycle around 2500 rpm engine speed and 150 N.m torque.

Figures 5.5(a), 5.5(b), and 5.5(c) show the ECMS computed motor torque (with equiva-

lence factors mentioned above) for the FTP75, HWFET and the US06 cycles, along with

the powertrain operating points from DP, shown with star markers and colored based on the

motor torque sign, where blue signifies negative motor torque (generating) and red markers

stand for a positive motor torque (supplying) while yellow means zero motor torque. The
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(a) PSS Mode for FTP75 (αeq=0.179) (b) PSS Mode for HWFET (αeq=0.207)

(c) PSS Mode for US06 (αeq=0.191)

Figure 5.4:
The optimal PSS model under the consumption minimization rule and comparison
to DP results over, (a) the FTP75, (b) the HWFET, (c) the US06 cycle. The
blue color stands for the boosting mode and the red color shows torque assist
mode.

ECMS results show that over all cycles, the electric machine should generate at low loads to

prevent the engine working at a low efficiency, consistent with the DP results. At medium

torques, the motor should mostly supply torque to the crankshaft over the FTP75 and US06

but not over the HWFET. This result is in agreement with the DP solution over the FTP75

and the HWFET. However, on the US06 the ECMS shows that the motor should supply a

small amount of torque to the crankshaft, while the motor torque is mostly zero at medium

load points in the DP solution.

Note that the required equivalence factor for charge sustaining operation is smallest over

the FTP75 cycle due to the higher availability of electric energy from regenerative braking

on this cycle. Likewise, the equivalence factor is the highest on the HWFET cycle, which

does not include many braking instances.

Analyzing the results shown in Figure 5.4, the PSS operating mode selection can be

further simplified to use the boosting mode when the torque demand is larger than the
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(a) Torque assist for FTP75 (αeq=0.179) (b) Torque assist for HWFET (αeq=0.207)

(c) Torque assist for US06 (αeq=0.191)

Figure 5.5:
The motor torque during torque assist mode from ECMS and comparison to DP
results over (a) the FTP75, (b) the HWFET, (c) the US06 cycle.

maximum powertrain torque in torque assist mode (above the green area in Figure 5.2),

uTAR
br =

⎧⎪⎪⎨⎪⎪⎩

1 if τdcr > (τTA + τe,NA)max

0 otherwise
(5.7)

where uTAR
br is the PSS mode from torque assist rule. Note that it was shown in Chapter

IV that for smaller battery sizes with lower electric energy availability and higher battery

loss, supercharging is the fuel optimal strategy for a larger range of operating points. In this

work the PSS mode selection based on both the consumption minimization rule and the

torque assist rule are studied while the effect of battery size on the vehicle fuel consumption

and the effectiveness of these rules is left for future development.

5.4 ECMS Implementation for Full Drive Cycle Simulation

The implementation of hybrid capabilities of the PSS system on the vehicle model for full

drive cycle simulation is described in this section. The PSS permits power split (between the
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engine and motor), regenerative braking and start/stop. In order to implement regenerative

braking and power split, the torque demand on the crankshaft, τdcr, has to be computed first.

5.4.1 Torque Demand on Crankshaft

The requested tractive torque, τdtrc, when the accelerator pedal is active is linearly mapped

to the pedal position:

τdtrc = uacc(τmax
e,B − τmin

e ) + τmin
e (5.8)

where uacc is the accelerator pedal position, τmin
e is the minimum engine torque and τmax

e,B is

from Figure 5.2. The requested braking torque on the gearbox inlet shaft, τdbrk, is computed

with:

τdbrk =
ubrkτ

max
brk

γ
(5.9)

where ubrk is the brake pedal position, τmax
brk is the maximum braking torque on the wheels

and γ is the gear ratio in the gearbox. In a vehicle with automatic transmission when the

vehicle is stopped and at low vehicle speed, the torque converter unlocks and the engine has

to supply some torque to maintain the idling speed. This minimum torque can be computed

from the torque converter K-factor, K, and Torque Ratio, TR, which are functions of turbine

to pump speed ratio, SR,

SR = ωtct

ωtcp
(5.10a)

τtcp = (ωtcp

K
)2

(5.10b)

τtct = τtcp ×TR (5.10c)

where ωtct is the torque converter turbine speed, τtct is the turbine torque, τtcp is the pump

torque, and ωtcp is the pump speed. Assuming that ωtcp is equal to the engine idling speed

when the torque converter unlocks, the minimum torque on the crankshaft when the turbine

speed drops to less than engine idling speed can be computed as a function of turbine speed,

τ∗tcp(ωtct). Accordingly, the minimum torque on the crankshaft, τmin
cr , is computed by:

τmin
cr =

⎧⎪⎪⎨⎪⎪⎩

τ∗tcp(ωtct) if ωtct ≤ ωe,idle

−∞ otherwise.
(5.11)

The requested torque on the crankshaft is:

τdcr =
⎧⎪⎪⎨⎪⎪⎩

max(τdtrc, τmin
cr ) if uacc ≥ 0

max(τdbrk, τ
min
cr ) if ubrk > 0.

(5.12)
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This equation imposes some positive torque demand on the crankshaft at low vehicle

speed to maintain the engine idling speed and it disables regenerative braking under these

conditions.

5.4.2 Traction

The PSS optimal mode during traction (τdcr > 0) and the optimum motor torque in torque

assist mode are computed offline and stored in look up tables based on the requested crank

torque and the engine speed:

udbr = Γ(τdcr, ωe) (5.13)

τdm = Λ(τdcr, ωe) (5.14)

in which udbr is the commanded PSS mode and τdm is the motor torque demand. The desired

engine torque is:

τde =
⎧⎪⎪⎨⎪⎪⎩

τdcr if udbr = 0

τdcr − τdm
(gR+gS)nimnri

gR
if udbr = 1.

(5.15)

Finally the desired intake manifold pressure is computed from the engine speed and the

desired engine torque

pdim = Ξ(τde , ωe). (5.16)

When the desired manifold pressure is less than the ambient pressure the supercharger

is bypassed and the intake throttle is used to control the intake manifold pressure, while

when the desired intake manifold pressure is higher than the ambient pressure the throttle

is wide open and the supercharger controls the intake manifold pressure.

5.4.3 Regenerative Braking

Regenerative braking is only feasible when the torque demand on the crankshaft is

negative (τdcr < 0) and the torque converter is locked. Due to practical reasons the torque

converter is unlocked at a slightly higher speed than the engine idling speed1. The motor

torque during regenerative braking is computed by:

τdm = max(τdcr
gR

(gR + gS)nimnri
, τmin
m ) × uc (5.17)

where uc = 1 stands for the locked torque converter and uc = 0 means an unlocked torque

converter, while τmin
m is the minimum motor torque. The PSS mode is set to torque assist

mode during braking. Note that (5.17) is the solution to (5.2).

1The engine idling speed is 750 rpm and the torque converter unlocks at 900 rpm in the vehicle model.

92



Table 5.1:
Drive cycle simulation results for Ford Escape. The numbers in parenthesis show
the relative fuel economy improvement compared to the turbocharged engine for
that model type.

Powertrain Model Type Energy Management FTP75 Cycle HWFET Cycle US06 Cycle Combined Cycle
FE [mpg] FE [mpg] FE [mpg] FE [mpg]

Turbocharged Simple DP 34.79 48.57 30.29 39.88
Engine + PSS Simple DP 46.25 (32.9%) 50.67 (4.3%) 32.46 (7.2%) 48.14 (20.7%)
Turbocharged Full - 33.86 47.98 30.22 39.03
Engine + PSS Full CMR/ECMS 44.54 (31.5%) 49.90 (4.0%) 31.95 (5.7%) 46.80 (19.9%)
Engine + PSS Full TAR/ECMS 44.56 (31.6%) 49.87 (3.9%) 32.00 (5.9%) 46.80 (19.9%)

5.4.4 Engine Start/Stop

The engine is turned off when the vehicle speed, v, is less than some threshold, vth, close

to zero and the accelerator pedal is not depressed. Otherwise the engine is turned on,

ue =
⎧⎪⎪⎨⎪⎪⎩

0 if uacc = 0, v ≤ vth

1 otherwise
(5.18)

in which ue is the engine on/off command. The engine torque, motor torque, engine speed

and the fuel flow rate are set equal to zero when the engine is turned off and it is assumed

the engine turns on and reaches the idling condition 250 ms after the start command is

issued. A fuel penalty of 0.28 grams is assumed for each engine cranking and a minimum

fuel flow rate of 1 kg/h is assumed when the engine is turned on.

5.5 Drive Cycle Simulation Results

This section presents the drive cycle simulation results with ECMS for controlling the

PSS mode and the motor torque, with the equivalence factor selected for charge sustaining

operation. Table 5.1 presents the fuel economy predictions in miles per gallon (mpg)

for the baseline turbocharged engine and the engine with the power split supercharger

over standard EPA drive cycles. The first two rows show the dynamic programming fuel

economy predictions from Chapter IV and the bottom three rows show the new full vehicle

simulations. The numbers in parenthesis show the relative fuel economy improvement of

each case compared to the baseline turbocharged engine for that model. The dynamic

programming solution employes backward simulation to calculate the crankshaft torque

from the drive cycle speed profiles and uses static maps to model the engine, while the full

vehicle simulation includes the vehicle, driveline and engine torque dynamics with low-level

controllers for each component and a driver model. The DP results for the TC engine include

optimized gear numbers. The gear shift strategy for the TC engine and the engine with

PSS is similar in the full vehicle simulations. There are two full vehicle simulation cases

with ECMS in last two rows of Table 5.1, one of which uses the Consumption Minimization

Rule (CMR), from (5.3), for PSS mode selection and the other uses the Torque Assist Rule
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Figure 5.6:
The optimal trajectories generated by ECMS over the FTP75 drive cycle. Re-
spectively from top, vehicle velocity, engine torque, motor torque, engine on/off
command and the PSS mode.

(TAR), from (5.7), while both cases use ECMS for commanding the motor torque in torque

assist mode.

The DP solution showed that the engine with the PSS produces 32.9%, 4.3%, and 7.2%

greater FE compared to the TC engine over the FTP75, HWFET and the US06 cycles,

respectively, and 20.7% improvement over the combined cycle. The combined cycle FE

is computed with allocating weights of 0.55 and 0.45 to FTP75 and HWFET cycles fuel

consumption, respectively [83]. The full vehicle simulation with the ECMS and CMR

generates 31.5%, 4.0% and 5.7% FE improvements over the FTP75, HWFET, and the

US06 cycles and 19.9% over the combined cycle. In terms of the relative fuel economy

improvement, ECMS gives more than 90% of the DP predicted FE improvement on the

FTP75 and HWFET cycles and 80% of the DP predicted FE gain on the US06 cycle. The

reason for this difference lies in the highly transient velocity profile of the US06 cycle, because

ECMS uses only static maps in its computations. The ECMS with TAR for PSS mode

selection produces similar fuel economy predictions, confirming the possibility of further

control design simplification for the PSS mode selection.

Figure 5.6 shows the optimal trajectories generated by the ECMS with CMR over the

FTP75 drive cycle. The top subplot shows the cycle velocity profile. The second subplot

shows the engine torque, which is mostly less than the naturally aspirated torque limit of

the engine (shown on Figure 5.2), except for four peaks, where a large torque is requested.
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The third subplot shows the motor torque. The motor torque is negative when the vehicle is

decelerating (decreasing speed on the first subplot), meaning that the motor is recouping

part of the vehicle kinetic energy and it is supplying the recovered energy back to the

crankshaft (positive torque segment) during accelerations. When the engine is turned off,

both the motor torque and the engine torque are zero, shown in the fourth subplot, where

ue = 1 means that the engine is turned on and ue = 0 stands for engine turned off. The

bottom subplot shows the commanded PSS mode, ubr. During the large torque requests the

PSS switches to boosting mode, ubr = 0, corresponding to the peaks in engine torque plot on

the second subplot.

Finally, Figure 5.7 compares the battery state of charge variation during the FTP75,

HWFET and the US06 cycles from CMR/ECMS to the SoC trajectory from the dynamic

programming results. The charge sustainability condition is imposed for both the ECMS

and DP solutions. The SoC variation shows the instances of electric energy harvesting and

consumption. The trajectories are close for the DP and ECMS solutions, confirming that

the suboptimal solution found via ECMS acts close to the global optimal solution.

5.6 Experimental Drive Cycle Fuel Economy Validation

The time trajectories of the powertrain produced from the full vehicle simulations,

presented in the previous section, were tested on the engine dynamometer experimental

setup to verify the predicted fuel economy improvements. For the baseline turbocharged

engine, the crankshaft torque and speed are supplied to the dynamometer and for the PSS

engine, the motor torque and the PSS mode are also provided. Figure 5.8 shows a schematic

of this process along with the vehicle Simulink model (top left) and a picture of the engine

dynamometer (bottom left).

Figure 5.9 presents the experimentally measured fuel economy for the baseline engine

and for the PSS engine with cooled EGR on the FTP75 cycle. The baseline engine generates

a FE of 38 mpg over the FTP75 cycle. This is higher than the simulation prediction (33.86

mpg), because in the experiment the fuel was cut off during vehicle braking to improve

torque control and provide repeatability. The same fuel cut off strategy was also used for

the engine with PSS. The middle bar in Figure 5.9 shows the fuel economy of the engine

with PSS and EGR, excluding start/stop functionality. In a vehicle the engine is connected

to a torque converter, which is unlocked when the starter is cranking the engine, while in

the engine dynamometer setup the engine is directly connected to the dynamometer and it

is not possible to reproduce the in-vehicle start/stop behavior with the PSS electric motor.

The FE improvement of this case compared to the baseline turbocharged engine is written

in parenthesis next to the FE result, showing a 16.8% FE increase relative to the baseline

turbocharged engine.

The right bar in Figure 5.9 is produced by removing the idling segments of the results

in the middle bar and adding 0.28 grams of fuel penalty for each engine cranking event.

95



0 500 1000 1500 2000
40

45

50

55

60
DP
ECMS

(a) FTP75

0 100 200 300 400 500 600 700 800
40

45

50

55

60

(b) HWFET

0 100 200 300 400 500 600
40

45

50

55

60
DP
ECMS

(c) US06

Figure 5.7:
The battery state of charge variation with ECMS compared to DP over, (a) the
FTP75 cycle, (b) the HWFET cycle, (c) the US06 cycle.

This adjustment yields a FE improvement of 35.5%. As shown previously in Figure 3.3(c)

the engine fuel consumption reduces by 3%-4% when including 20% cEGR. Reducing this

amount from the experimental FE, the FE improvement with only the PSS should be around

31%, which is in agreement with the simulation results reported in Table 5.1.

Figure 5.10(a) shows the velocity profile for a segment of the FTP75 cycle and Figures

5.10(b), 5.10(c), and 5.10(d) show the crankshaft torque, engine speed, and electric motor

torque respectively, supplied into the engine dynamometer along with the measured feedback

values. The engine speed and electric motor torque track the desired values almost perfectly.

The crankshaft torque tracking, although not as good the other two variables, is still

acceptable. Figures 5.11(a) and 5.11(b) show the commanded shaft power versus the

feedback value for both the baseline engine and the PSS engine along with some other

statistics. The power R2 for both engines is more than 90%.
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Figure 5.8:
A schematic of the adopted fuel economy validation process, with a picture of the
vehicle Simulink model on top left corner and a picture of engine dynamometer
experimental set up on the bottom left corner.

Figure 5.9:
The experimental fuel economy for the FTP75 drive cycle, produced using engine
dynamometer setup.

5.7 Adaptive ECMS

The ECMS equivalence factor used in the energy management of the PSS system in

previous sections was tuned offline for a charge sustaining solution. However, in real world

applications the future velocity profile is not known. Therefore, it is necessary to tune the

ECMS factor in real time to ensure acceptable operation of the energy management system,

especially when starting from an unfavorable initial condition. In this part an Adaptive
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ECMS (A-ECMS) is used to adjust the equivalence factor,

αeq(k) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0.25 if SoC < 40%

0.15 if SoC > 60%

αeq(k − 1) + q(SoC(k) − SoC(k − 1)) otherwise

(5.19)

where q is a constant coefficient. The recursive equation for updating αeq when 40% ≤ SoC ≤
60% is derived from the literature [86]. The sampling time for equation (5.19) is chosen as

15 seconds. Figures 5.12 and 5.13 present the performance of equation (5.19) for an initial

SoC of 10% and 90% on the FTP75 cycle. Figures 5.12(a) and 5.13(a) show the SoC and

Figures 5.12(b) and 5.13(b) present the equivalence factor. This method successfully drives

the final SoC to the desired window of [40% 60%].

Figures 5.14, 5.15, and 5.16 compare the SoC and the equivalence factor of the A-ECMS

method with SoC(0)=50% to the ECMS results presented in Section 5.5 over the standard

EPA drive cycles, and Table 5.2 compares the A-ECMS predicted FE to the ECMS FE. The

A-ECMS generated SoC trajectory is different from the ECMS results, but the produced

FEs are within 0.2 mpg. The US06 FE improvement is 0.5% larger with A-ECMS. The

reason is that in these simulations some hysteresis is added to the PSS switching mode

strategy. Such that it switches to the boosting mode only when boosting is requested for

more than 0.5 second and it switches back to torque assist mode when it is requested for

more than a second.

Table 5.2:
Drive cycle simulation results for Ford Escape with Adaptive ECMS (A-ECMS)
compared to ECMS. The numbers in parenthesis show the relative fuel economy
improvement compared to the turbocharged engine.

Powertrain Model Type Energy Management FTP75 Cycle HWFET Cycle US06 Cycle Combined Cycle
FE [mpg] FE [mpg] FE [mpg] FE [mpg]

Turbocharged Full - 33.86 47.98 30.22 39.03
Engine + PSS Full ECMS 44.54 (31.5%) 49.90 (4.0%) 31.95 (5.7%) 46.80 (19.9%)
Engine + PSS Full A-ECMS 44.39 (31.1%) 49.99 (4.1%) 32.14 (6.2%) 46.75 (19.8%)

5.8 Summary

This chapter presented an online energy management system for fuel consumption

minimization of a vehicle equipped with a power split supercharger. This controller selects

the device mode and the motor torque by minimizing an equivalent fuel flow rate of the

engine and the electric motor at each time instant. The online controller, ECMS, generates

results consistent with the DP global optimum solution for both the PSS mode and motor

torque selection. The ECMS controller was implemented on a Ford Escape vehicle model

with full engine air path dynamics. The results showed that the developed strategy is capable

of replicating the DP produced FE gains by more than 90%, where the fuel economy gain of
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the PSS engine was 31.5% over the FTP75 and 4.0% over the HWFET with ECMS.

The time trajectories from full vehicle simulations were supplied to the engine dynamome-

ter experimental setup and it was shown that the PSS combined with cooled EGR can

improve the vehicle fuel economy by 35.5% over the FTP75 cycle. Given that the engine

fuel consumption reduces by 3%-4% when including 20% cEGR, the FE improvement with

only the PSS is around 31%, which is in agreement with the simulation results. Finally,

an adaptive ECMS strategy from the literature was adopted to tune the ECMS factor

online based on the battery state of charge. It was shown that although the generated SoC

trajectory of adaptive ECMS is different from the ECMS results, the produced FEs are

within 0.2 mpg.
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Figure 5.10:
The simulation time trajectories supplied to the engine dynamometer (Target)
and the measured feedback values (Feedback) for a segment of the FTP75 cycle,
(a) velocity profile of the presented segment, (b) crankshaft torque, (c) engine
speed, (d) electric motor torque.
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(a) Turbocharged engine (b) Engine with PSS

Figure 5.11:
The commanded crankshaft power versus the feedback value from the en-
gine dynamometer experiment for the FTP75 cycle and for, (a) the baseline
turbocharged engine, (b) the engine with PSS and EGR.
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Figure 5.12:
The A-ECMS performance with initial battery state of charge of 10% over
FTP75 cycle, (a) battery state of charge, (b) equivalence factor.
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Figure 5.13:
The A-ECMS performance with initial battery state of charge of 90% over
FTP75 cycle, (a) battery state of charge, (b) equivalence factor.
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Figure 5.14:
The A-ECMS performance compared to ECMS for the FTP75 cycle, (a) battery
state of charge, (b) equivalence factor.
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Figure 5.15:
The A-ECMS performance compared to ECMS for the HWFET cycle, (a)
battery state of charge, (b) equivalence factor.
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Figure 5.16:
The A-ECMS performance compared to ECMS for the US06 cycle, (a) battery
state of charge, (b) equivalence factor.
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CHAPTER VI

Eco-Driving Paired with Hybridization

Many assisting systems are developed to advise drivers on fuel efficient habits and

maneuvers, called eco-driving, [87, 88]. Eco-driving is attracting extra attention these days

due to the growing vehicle autonomy. Efficient driving styles can be programmed into

the automated vehicles and advanced driving assistance systems, such as adaptive cruise

control [89, 90], to increase their fuel economy impact compared to non-automated vehicles

that depend on a driver.

This chapter studies the synergy between hybridization and eco-driving. Specifically, it

investigates the necessary degree of hybridization when velocity profile smoothing is employed,

as well as the benefit of eco-driving for an existing hybrid powertrain. Hybridization diversifies

the energy source of a vehicle and permits resource allocation optimization. Hybrid electric

vehicles enable recovering the vehicle kinetic energy during braking and using it later for

propulsion. Likewise, eco-driving saves fuel by avoiding braking and retaining the kinetic

energy. This analogy in concept influences the hybridization demand for eco-driving.

Eco-driving is shown to be effective for both conventional internal combustion engines

and HEVs [91,92]. However, full HEVs depend on large electric machines and battery packs,

and high voltage electronics, which increase their price. Micro and mild hybrids on the

other hand, realized with low voltage (<60V) electrical systems and low power machinery,

are cheaper and can partially provide HEV functionalities such as start/stop, regenerative

braking and torque assist/generation [25,26].

This chapter formulates the fuel consumption minimization problem for a vehicle equipped

with the PSS in a car following scenario. To defeat the curse of dimensionality, the

velocity optimization and the energy management problem for the hybrid vehicle are

formulated and solved independently, which is sub-optimal but still effective. The velocity

optimization problem is presented after introducing the studied vehicle and engine. The

energy management problem is solved on the optimized (smoothed) cycle using dynamic

programming and the drive cycle fuel economy results for the engine with PSS and different

motor sizes over the standard and optimized cycles are demonstrated. The fuel economy

numbers are compared to a turbocharged engine and a full parallel HEV. The hybridization
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requirements for the optimized cycles and the eco-driving benefit for different motor sizes

are discussed in the final part of the chapter.

6.1 Studied Vehicle and Engine

The modeled vehicle is a Ford Escape MY2015 with 6 speed automatic transmission. The

baseline engine is a 1.6 L EcoBoost gasoline 4 cylinder 4 stroke spark ignition turbocharged

engine. All studied hybrids use the same engine block after the turbocharger is removed.

Figure 6.1 shows a schematic view of the vehicle and the engine with the PSS.

The EcoBoost engine with a PSS can provide good acceleration even with a small electric

motor, hence instead of a conventional hybrid system, the PSS is used in this study. This

feature enables studying the fuel economy of a vehicle with the same engine and transmission

but with different electric motor sizes, while having comparable drive-ability.

6.2 Fuel Consumption Minimization in a Car Following Scenario

The fuel consumption of a vehicle depends on both the high-level vehicle velocity profile

and the low-level powertrain energy management. In an automated car following scenario,

the vehicle position has to comply with the traffic condition, hence it has to be included

in the optimal control problem in addition to the vehicle velocity. On the other hand, the

energy management of a hybrid electric system, like the PSS, has more inputs due to its

switching mode. Consequently, the fuel consumption minimization of an automated vehicle

equipped with the PSS has a large dimensionality and cannot be address efficiently with the

methods that find the global optimum solution such as DP. Therefore, this work solves the

velocity profile optimization and the energy management of the hybrid system separately,
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Figure 6.1:
Schematic view of the vehicle and drivetrain with the power split supercharger.
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Figure 6.2:
Standard and optimized velocity profile and acceleration profile, (a) US06 cycle,
(b) LA92 cycle.

as shown in Figure 6.1. This sequential strategy is sub-optimal, but still effective in fuel

consumption reduction per this work. In the following sections each optimization problem is

discussed briefly.

6.2.1 Velocity Profile Optimization

To achieve a smooth velocity profile and hence eco-driving, the second norm of the

vehicle acceleration, a, is minimized,

min
N

∑
1

∣∣a(k)∣∣22 (6.1)
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subject to vehicle equations of motion and input and state constraints,

x(k + 1) = x(k) + v(k)Ts +
1

2
a(k)T 2

s (6.2a)

v(k + 1) = v(k) + a(k)Ts (6.2b)

amin ≤ a(k) ≤ amax (6.2c)

vmin ≤ v(k) ≤ vmax (6.2d)

x(k)min ≤ x(k) ≤ x(k)max (6.2e)

Equations (6.2a) and (6.2b) describe the vehicle longitudinal model, which is a second

order Linear Time-Invariant (LTI) model with position, x, and velocity, v, as system states

and acceleration as system input. Ts is the sampling time equal to 1 second. Equation (6.2c)

limits the acceleration and (6.2d) constrains the velocity. The position constraints, (6.2e),

are based on the distance from the hypothetical lead vehicle.

The concept of a hypothetical lead vehicle, introduced in [93], is found for any standard

drive cycle by inverting the Intelligent Driver Model (IDM) [94]. This method would

allow simulating the actual traffic conditions associated with the Federal drive cycles and

also provides a consistent comparison between how humans follow traffic and how optimal

controllers would follow the same traffic conditions while avoiding accidents. For more

information about the hypothetical lead vehicle and the optimization problem (6.1) please

see [93]. Figure 6.2(a) represent the velocity profile of the US06 and the optimized velocity

profile from (6.1) and (6.2), with “Eco” suffix in this work. As seen the US06-Eco cycle has

a smoother velocity profile with less acceleration and decelerations. Note that the traveled

distance for both cycles is fixed. Figure 6.2(b) shows the standard LA92 and optimized

LA92 cycles.

6.2.2 Energy Management System

The details of the optimal control problem for energy management of a vehicle with an

automatic transmission and PSS is described in details in Chapter IV, here only a summary

is presented. The optimal control problem inputs are the commanded torque assist, τm,TA,

gear shift command, ug, the PSS mode, ubr, and the engine on/off command, ue. The

modeled states are the battery state of charge, ζ, gear number, ng, and the engine on/off

state xe. The optimal control problem cost function compensates the fuel flow rate, ṁf , the

gear shift, the engine cranking for starting the engine and the PSS mode, as follows,

min

⎧⎪⎪⎨⎪⎪⎩

N

∑
k=1

⎛
⎝
ṁf(k)Ts + α∣ng(k) − ng(k − 1)∣

+β(max(xe(k) − xe(k − 1),0)) + λ(1 − ubr(k))
⎞
⎠

⎫⎪⎪⎬⎪⎪⎭
(6.3)

106



0 10 20 30 40 50 60

30

35

40

(a) Fuel Economy (FE) for US06

0 10 20 30 40 50 60
0

5

10

15

20

(b) Hybridization FE gain

0 10 20 30 40 50 60
0

5

10

15

20

(c) Eco-driving FE gain

0 10 20 30 40 50 60

30

35

40

45

(d) Fuel Economy (FE) for LA92

0 10 20 30 40 50 60
0

10

20

30

40

50

(e) Hybridization FE gain

0 10 20 30 40 50 60
0

10

20

30

40

50

(f) Eco-driving FE gain

Figure 6.3:
Drive cycle FE results, (a) FE of turbocharged and hybridized engines over the
US06, (b) relative FE change compared to the turbocharged engine over the
US06, (c) eco-driving FE improvement over the US06, (d) FE of turbocharged
and hybridized engines over the LA92, (e) relative FE change compared to the
turbocharged engine over the LA92, (f) eco-driving FE improvement over the
LA92.

The problem constraints are described in (4.20a) to (4.20n).

Note that to find the global optimum solution, the problem horizon for both the energy

management and velocity optimization has to be the entire drive cycle. This means that

determining the optimal control strategy in current time step requires the knowledge of

future driving demands, which produces an acausal solution that cannot be implemented

in an online controller. Nevertheless, this method is still very useful because it provides a

benchmark for evaluating the effectiveness of different powertrains and driving concepts.

In this work, a MATLAB-based dpm function [82] that applies DP is used for finding the

global optimum solution of (6.1) and (6.3).

6.3 Drive Cycle Simulation Results

The optimal control problem is solved over two standard cycles and the corresponding

optimized cycles. The US06 and LA92 cycles were selected to study in this work because

they include aggressive transients, necessitating full hybridization for high fuel economy

impact. Figure 6.3(a) compares drive cycle FE for the standard US06 cycle (black) and the

US06-Eco cycle (red). The horizontal axis is the motor peak power (Pmax
m ), where zero power

stands for the turbocharged engine that has no hybridization. The 60 kW case corresponds
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to a full parallel HEV and the other cases represent the engine with PSS, but with different

motor sizes. The optimal energy management for the turbocharged engine and the full HEV

is also formulated and solved using DP.

Figure 6.3(b) shows the hybridization FE gain, (∆FEhyb), computed as follows:

∆FEhyb =
FE − FETC

FETC
× 100 (6.4)

where for each cycle FETC is the fuel economy of turbocharged vehicle on the same cycle.

Figure 6.3(c) represents eco-driving FE gain, ∆FEeco,

∆FEeco =
FEEco − FEstd

FEstd
× 100 (6.5)

in which FEstd is the fuel economy of each case over the standard drive cycle and FEEco is

its fuel economy over the Eco cycle. Figure 6.3(d), 6.3(e), and 6.3(f) show corresponding

results for the LA92 cycle.

Both eco-driving and hybridization improve the vehicle fuel economy. For example the

fuel economy of the turbocharged engine over the US06 increases from 30.3 mpg to 34.4

mpg with eco-driving and to 39.0 mpg with full hybridization. Inspecting the results, the

following less intuitive features are observed.

� Over the Eco cycles, the PSS with a smaller motor can give the FE gain of a full HEV.

� The FE benefit of eco-driving is smaller for a larger motor size, i.e. a higher hybridiza-

tion degree.

� For full HEV, while eco-driving provides around 10% FE gain on the US06, it yields a

much smaller benefit of 3% over the LA92.

In the following sections each item is discussed in more details.

6.3.1 Hybridization Degree for Eco-driving

Increasing the motor size provides a higher FE on both standard and Eco cycles. However,

this relationship is not strictly increasing. For each vehicle and driving profile, there is a

minimum motor size that maximizes the FE. This trend is seen in Figures 6.3(b) and 6.3(e).

More importantly, the Eco cycles hybridization FE benefit saturate with a smaller motor

size, meaning that on the Eco cycles a smaller motor can provide the FE of a full HEV. On

the standard US06 cycle, a 24 kW motor can produce 75% of a full HEV benefit but over

the Eco cycle it can produce 90% of a full HEV FE gain. Likewise, on the LA92, an 18 kW

motor generates only 68% of a full HEV benefit, while with Eco-driving it can achieve 90%

of the FE gain.
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Figure 6.4: Distribution of power at wheels, (a) US06 cycle, (b) LA92 cycle.

Eco-driving smooths the vehicle accelerations and decelerations. This fact is shown in

Figures 6.4(a) and 6.4(b), which show the probability distribution, Π, of power demand

at wheels, Pw, for the considered drive cycles. A positive number shows traction and a

negative number shows braking. As seen for both cycles eco-driving pushes the power

demand distribution towards center. The highlighted green area are the region that a 24

kW motor, for US06, and an 18 kW motor, for LA92, can fully recover the vehicle kinetic

energy during braking. For braking power outside the highlighted area the motor can still

partially recover the vehicle kinetic energy. As seen, for the Eco cycles, the largest part of

the braking power lies within the highlighted area.

Figure 6.5 shows the percentage of the recovered vehicle kinetic energy during braking,
Eregen

Ebrake
, verses FE gain of the each system compared to the full HEV FE gain,

∆FEhyb

∆FEHEV
hyb

,

Eregen = ∫
Pw<0

Pm(t)dt (6.6a)

Ebrake = ∫
Pw<0

Pw(t)dt (6.6b)

where Pm is the motor power, Eregen is the regenerated energy during vehicle braking and

Ebrake is the total wheels energy that is either regenerated or dissipated in friction brakes.The

motor size is written within the markers. Figure 6.5 indicates that the FE gain of the

studied hybrids compared to the full HEV FE benefit is equivalent to the percentage of the

recovered braking power. In other words, for each cycle it is only sufficient to determine

the fraction of the wasted energy during braking to determine the fuel economy benefit of

the system compared to full HEV case. For example a 12kW motor recovers 40% of the

braking energy on the standard US06 and accordingly gives around 40% of a full HEV FE

benefit. Eco-driving smooths the velocity profile and permits recovering a larger portion

of vehicle kinetic energy during braking with a small motor, hence a lower hybridization

degree is sufficient with eco-driving to maximize the FE benefits of the vehicle.
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Figure 6.5:
The relation between the ratio of recovered energy during braking and FE gain
over the FE gain of full HEV.

6.3.2 Eco-driving Benefit for Hybrid Electric Vehicles

The drive cycle simulation results indicate that eco-driving benefit is largest for the

turbocharged vehicle and as the motor size in a hybrid vehicle increases the FE benefits of

eco-driving drops, as shown in Figures 6.3(c) and 6.3(f). For example, the eco-driving FE

gain is 17% for a turbocharged vehicle over LA92 and only 3% for the full HEV. Similar

trend is observed for the US06 cycle.

The ultimate source of vehicle propulsion in a hybrid electric vehicle is fuel. Both

eco-driving and hybridization guide the engine operating points into more efficient areas

and save fuel. This fact is shown in Figures 6.6(a) and 6.6(b), which compare the engine

torque probability distribution for the turbocharged engine over the standard US06 to its

distribution over US06-Eco and to the probability distribution of the engine torque with

PSS and 18 kW motor. Note that these two cases have around the same FE in Figure 6.3(a).

As seen, both hybridization and eco-driving decrease the instances of high torque demands

and instead, they push the operating points towards the engine efficiency sweet spot that is

around 130 N.m torque. Considering this similarity on how hybridization and eco-driving

work, it makes sense that eco-driving will be less rewarding for hybrid vehicles with larger

motors.

Despite all similarities for the two studied cycles, for a full HEV, eco-driving produces

only 3% FE benefit on the LA92, but it generates 3 times more FE gain on the US06, 10%.

The reason for this significant difference lies within the US06 drive cycle profile, shown in

Figure 6.2(a). As seen, the US06 is a highly non-smooth profile, which necessitates frequent

downshifts even for a full HEV, as shown in Figure 6.7. These inevitable downshifts push

the engine to work at higher speeds and higher fuel consumption rates, shown in Figure

6.8(a) along with the fuel flow rate contours. Eco-driving on the other hand, smooths the
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(a) Hybridization (b) Eco-driving

Figure 6.6:
The change in turbocharged engine torque distribution with, (a) hybridization,
(b) eco-driving.
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Figure 6.7: Gear change during the US06 and US06-Eco cycles for full HEV

velocity profile and avoids frequent downshifts, resulting in engine operating at lower speeds

and lower fuel flow rates, demonstrates on Figure 6.8(b). This difference is not observed for

the engine operating points over the LA92 cycle, displayed in Figure 6.8(c) and 6.8(d).

6.4 Summary

This chapter formulated the fuel consumption minimization for a power split supercharger

in a car following scenario. The velocity profile optimization and the energy management

problem were solved sequentially to overcome the curse of dimensionality. Both the fuel

economy gain of hybrid vehicles from eco-driving and the vehicle hybridization gain with

eco-driving were studied. The results indicated that the fuel economy benefit of eco-driving

reduces as the motor size in the hybrid system increases, such that it produces the largest

gain for a non-hybrid vehicle and the smallest gain for a full hybrid. It was also shown

that over an optimized velocity profile the power split supercharger with a small motor can
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(a) US06

1000 1500 2000 2500 3000 3500 4000
50

100

150

2

4

6

6

8

10

2

4

6

6

8

10

0

5

10

15

20

25

30

(b) US06-Eco
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(c) LA92
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(d) LA92-Eco

Figure 6.8:
Engine visitation points for full HEV based on spent time at each operating
point over, (a) US06 cycle, (b) US06-Eco cycle, (c) LA92 cycle, (d) LA92-Eco
cycle.

provide most of a full HEV fuel economy improvement. For example over the US06-Eco, a

24 kW motor and for the LA92-Eco an 18 kW motor can give 90% of a full HEV FE gain.

These results indicate that the future automated vehicles that can precisely optimize their

velocity profile can benefit from hybridization with small electrical components at a lower

cost.
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CHAPTER VII

Conclusions and Future Work

7.1 Results and Conclusions

Hybridization is one of the key technologies pursued by vehicle manufacturers to improve

the fuel economy of vehicles. Hybrid electric vehicles use an electric motor in addition to

an internal combustion engine for driving a vehicle. This practice diversifies the propulsion

source of a vehicle and allows utilizing each source efficiently. The majority of prior studies

focus on full HEVs, realized by large electric machines and high voltage systems, both of

which are expensive. This work focused on a novel low-voltage HEV configured with a 48V

electrical system and a small motor, called a Power Split Supercharger (PSS). The PSS can

switch between providing power to the crankshaft (for start/stop, regenerative braking or

torque assist) to variable speed supercharging.

This work presented a decentralized controller for air path control problem of a twin-

charged engine with both a turbocharger and a PSS. The proposed boost controller has a

master-slave structure, in which the high stroke supercharger, is slaved to the turbocharger

so that it is only used during transients. The decentralized controller is configured such

that while having a fast response the supercharger usage is minimized for fuel consumption.

The designed controller was validated against a high fidelity GT-Power engine model and

the performance of the controller during both constant and varying engine speed transients

was validated. It was shown that the power split supercharger with the designed controller

is capable of reducing the engine response time from 2.3 seconds to less than 0.5 second.

Furthermore, the motor only partially powers the supercharger, reducing the electric energy

consumption over a drive cycle relative to a completely electrically driven supercharger.

This work also formulated an optimization problem for energy management of two mild

hybrid systems both capable of boosting and parallel hybrid operation, one with a single

motor (PSS), and the other with two separate motors (eSC-SGM). The optimization inputs

for the engine with power split supercharger include the gear shift command, the engine

start/stop, the PSS mode and the motor torque when the PSS is in torque assist mode. For

this system, input dependent constraints were used to model the switching system structure

in different modes. The optimal control problem was discretized and solved using dynamic
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programming. The most important findings of this study were:

� Both mild hybrid systems are capable of improving the vehicle fuel economy on

combined cycle by 20.7%, which is around 75% of a full HEV benefit. However, on the

aggressive US06 cycle the mild hybrids can enhance the fuel economy only by 7-8%,

which is 40-50% of the full hybrid fuel economy gain.

� The additional flexibility from a dual motor system is only useful on the US06, where

it gives 1.3% more fuel economy gain compared to the single motor system.

� The optimal controller for the engine with PSS often adopts torque assist over super-

charging when the torque demand can be met with either mode, yet as the battery

size reduces the instances of using the supercharger increases.

� The optimal controller for the two motor eSC-SGM uses both the electric supercharger

and torque assist simultaneously to meet high torque demands and the supercharging

share increases for a smaller battery or a more efficient supercharger.

� It is not a fuel optimal policy to supercharge the engine and generate electric power

from the crankshaft simultaneously in the dual motor system.

� Two causally implementable rules, one that uses the supercharger only when necessary

and the other that selects the PSS mode based on the equivalent minimum consumed

fuel were proposed and integrated into the optimization problem. It was shown that

these rules can produce results very close to optimal fuel economy for different battery

sizes and drive cycles.

� Under high load operating conditions such as during a sustained hill climb, the PSS

will be in boosting mode and the electric motor will generate some power to charge

the battery. This behavior allows continuous use of the PSS at high load conditions

without depleting the battery charge.

An online energy management system for fuel economy optimization of a vehicle equipped

with a power split supercharger was developed. The energy management system has to

select the PSS operating mode in addition to the power split ratio between the engine and

the motor if the parallel hybrid mode is selected. An equivalent consumption minimization

strategy that selects both the PSS mode and the motor torque for minimizing the sum of the

instantaneous engine and motor fuel consumption was introduced. The ECMS results for the

PSS mode and motor torque selection were in agreement with the DP solution for global fuel

consumption minimization. The ECMS was implemented on a Ford Escape vehicle model

with full engine air path dynamics. The results showed that the developed online energy

management system is capable of improving the vehicle fuel economy by 31.5% and 4.0% over

the FTP75 and HWFET cycles, respectively compared to a baseline turbocharged engine.
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These improvements are more than 90% of the DP predicted fuel economy gain. Finally,

the time trajectories from full vehicle simulations were supplied to the engine dynamometer

experimental setup and it was shown that the PSS combined with cooled EGR can improve

a vehicle fuel economy by 35.5% over the FTP75 cycle.

The PSS fuel economy was also compared to a full HEV in an automated car following

scenario. To overcome the curse of dimensionality the velocity profile optimization and

the hybrid system energy management problem were solved independently. The results

indicated that the eco-driving fuel economy benefit drops as the motor size in the hybrid

system increases, such that it provides the smallest gain for a full hybrid. It was also shown

that over an optimized velocity profile the power split supercharger with a small motor can

provide most of a full HEV fuel economy benefit. For example over the optimized US06,

a 24 kW motor and for the optimized LA92 an 18 kW motor can give 90% of a full HEV

FE gain. This result can contribute to cost reduction in future automated vehicles that

are capable of accurate velocity profile optimization with vehicle to vehicle and vehicle to

infrastructure communication.

7.2 Future Work and Open Challenges

In this work the fuel economy of the power split supercharger when replacing a tur-

bocharger in a downsized turbocharged engine was studied and validated through engine

dynamometer experiments. The next step would be validation of the results on a vehicle. The

control algorithms and energy management system developed here are easily implementable

on a vehicle ECU. However, the packaging problem has to be addressed for installing the

PSS on a vehicle drivetrain, given that the PSS has a larger size compared to a turbocharger

and extra space is necessary for the drive belt.

Another direction for future research would be studying the fuel economy of the PSS

system in an automated vehicle when limited preview is available. The problem horizon for

vehicle velocity optimization in this work was the full drive cycle and the problem was solved

using dynamic programming. This choice was made to demonstrate the higher effectiveness

of the PSS system in an automated vehicle. It is proposed that in the next step the PSS

system fuel economy gain be studied when a limited preview of the traffic ahead is available.

Moreover, the simultaneous optimization of the velocity profile and energy management and

comparison to the sequential optimization pursued here would be interesting.
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“Powertrain sizing of electrically supercharged internal combustion engine vehicles,”
IFAC-PapersOnLine, vol. 48, no. 15, pp. 101–108, 2015.

[71] R. Aymanns, T. Uhlmann, C. Nebbia, and T. Plum, “Electric supercharging new
opportunities with higher system voltage,” MTZ worldwide, vol. 75, no. 7-8, pp. 4–11,
2014.

[72] F. Millo, F. Mallamo, E. Pautasso, and G. G. Mego, “The potential of electric exhaust
gas turbocharging for hd diesel engines,” SAE Technical paper, Tech. Rep., 2006.

[73] D. Zhao, R. Stobart, G. Dong, and E. Winward, “Real-time energy management for
diesel heavy duty hybrid electric vehicles,” IEEE Transactions on Control Systems
Technology, vol. 23, no. 3, pp. 829–841, 2015.

[74] C.-C. Lin, H. Peng, and J. Grizzle, “A stochastic control strategy for hybrid electric
vehicles,” in American Control Conference, 2004. Proceedings of the 2004, vol. 5. IEEE,
2004, pp. 4710–4715.

[75] N. Kim, S. Cha, and H. Peng, “Optimal control of hybrid electric vehicles based on
pontryagin’s minimum principle,” IEEE Transactions on Control Systems Technology,
vol. 19, no. 5, pp. 1279–1287, 2011.

[76] S. Delprat, J. Lauber, T.-M. Guerra, and J. Rimaux, “Control of a parallel hybrid
powertrain: optimal control,” IEEE transactions on Vehicular Technology, vol. 53, no. 3,
pp. 872–881, 2004.
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