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Abstract 

With ever stricter legislative requirements for CO2 and other exhaust 

emissions, significant efforts by OEMs have launched a number of 

different technological strategies to meet these challenges such as 

Battery Electric Vehicles (BEVs). However, a multiple technology 

approach is needed to deliver a broad portfolio of products as battery 

costs and supply constraints are considerable concerns hindering mass 

uptake of BEVs. Therefore, further investment in Internal Combustion 

(IC) engine technologies to meet these targets are being considered, 

such as lean burn gasoline technologies alongside other high efficiency 

concepts such as dedicated hybrid engines. Hence, it becomes of sound 

reason to further embrace diversity and develop complementary 

technologies to assist in the transition to the next generation hybrid 

powertrain. One such approach is to provide increased valvetrain 

flexibility to afford new degrees of freedom in engine operating 

strategies. Freevalve is an electro-hydraulic-pneumatic valve actuation 

system enabling independent control of IC engine valves, 

conceptualized by Koenigsegg’s Freevalve AB. Developed primarily 

in line with increasingly strict emissions legislations over the past two 

decades, the cam-less engine technology has demonstrated significant 

potential, offering 20% decreased fuel consumption and 60% less cold 

start emissions on an average drive cycle. Adopting a software-based, 

data-driven, statistical approach, this paper provides a review of the 

most recent valve operating strategies enabled by the Fully Variable 

Valvetrain (FVVT) engine technology. It provides a case study for 

peak performance using the “Ultra Boost for Economy” (Ultraboost) 

project’s engine as a state-of-the-art advanced valvetrain control 

benchmark. The One-Dimensional physics-based models are created 

in GT-Suite to comparatively demonstrate potential benefits of 

Freevalve compared to industry-standard common camshaft 

technologies. In addition to mitigating arising environmental concerns, 

preliminary findings have demonstrated that new degrees-of-freedom 

enabled by the FVVT IC engine technology, Freevalve, present 

significant potential to improve the full load curve of performance-

focused engines, particularly at the low-medium engine speed range. 

Introduction 

In the transport sector, for the past few decades, efficiency of energy-

to-power conversion has been paramount. Multiple methodologies 

have been drafted to reach the least polluting, most ecofriendly, 

propulsion technology as a response from legislative entities to rapidly 

arising environmental concerns, a vast majority of which include the 

translation of renewable chemical energy to useful power. 

Consequently, fuel suppliers and OEMs have started investing heavily 

into alcohol-based and synthetic fuels [1]. Since 2014, the number of 

points of sale of renewable fuels has increased around Europe. 

Particularly in Sweden, the number of renewable fuel stations has 

experienced a major growth, almost quadrupling, for ethanol based 

E85 [3]. As it statistically stands currently, two out of three fuel 

stations in Sweden will readily supply E85. Likewise, other countries 

in Europe are starting to implement similar approaches, most notably 

France experiencing a 32% increase in 2020 (one in four stations) and 

Finland offering motorists incentives of up to £2,000 reimbursements 

for flex-fuel vehicle conversions [2].  

Coinciding with World Health Organization exposure limits and global 

warming annual point-degree rise, the latest iteration of emission 

standards proposed by the European Commission in June 2021 dictates 

a new CO2 limit for new passenger cars of 95 g/km [5] as of 2025. The 

legislative incentives are taking place due to forecasted figures 

anticipating major implications associated with energy security, 

climate change, and urban air quality as a result of a mostly fossil fuel-

based fleet. Back calculating using current common EU fuel, E10, this 

equates to approximately 4.6 l/100km. On average, new fuel efficient 

ICEVs consume between 5 to 8 l/km of E10, while older vehicle 

models have a fuel consumption between 7 and 10 l/100km [6]; 

making it rather apparent that conventional methods are no longer 

appropriate. With such incentives taking place, car manufacturers are 

branching out on the variety of their propulsion technology offerings. 

Most dominantly four types of mobility solutions are being proposed 

to effectively reduce greenhouse gas (GHG) emissions, battery electric 

vehicles (BEVs), fuel cell vehicles (FCVs), plug-in hybrid electric 

vehicles (PHEVs) and hydrogen ICEVs. While BEVs seem to be the 

common approach followed by most manufacturers, concerns 

regarding production emissions, rare-earth metal usage, well-to-wheel 

non-clean grid energy facilitation, supply constraints, and costs are 

impeding their mass uptake. Pero et al [13] conducted a comparative 

assessment of Lifecycle (LC) emissions for conventional ICEVs and 

Lithium-ion BEVs adopting a cradle-to-grave approach. The study 

took into account different potential environmental implications for 

both propulsion technologies including (a) acidification, (b) climate 

change, (c) human toxicity, (d) particulate matter, (e) photochemical 

ozone formation, and finally (f) resource depletion through dedicated 

simulation models for the in-use phase. It concluded that primarily due 

to the large use of chemicals, metals, and energy required to produce 

critical components such as the high voltage battery, at the current rate 

of production, BEVs present a greater environmental load than 

conventional ICEVs. It further adds that the in-use advantage grows as 

grids contain a larger share of renewable energy resources. Other 

studies conducted by IVL researchers in cooperation with Swedish 

Energy Agency [8] estimate that battery manufacturing emissions are 

between 92 – 126 kg CO2-equivalent per kWh of capacity, with some 

upper bounds exceeding 145 kg. The lower end estimate is an 

assumption based on energy to battery manufacturing plants supplied 

from fully renewable resources. Multiple other studies have reached 
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similar conclusions (Table 1), with a vast agreement that battery 

production CO2-eq emissions is will significantly withhold the 

potential environmental benefits of BEVs.  

To put these figures into perspective, a modern-day long-range BEV 

has a 100 kWh, 400 V lithium-ion, battery for a total driving range of 

410 miles. Assuming a fully renewable grid for the in-use phase (zero 

grid carbon emissions), and the lower end of the kg CO2-eq per kWh 

spectrum for battery production of 92 kg, pre-use production emissions 

for a BEV equate to 9.2 tons of CO2. Comparing this to other Euro-7 

compliant, fossil-fuel burning vehicles, 9.2 tons is equivalent to the 

CO2 emissions a conventional ICEV produces in 96,842 kms of 

driving and 161,403 kms in a PHEV (at 57 g/km) [5]. It must be noted 

that the analysis does not include the emission load from 

manufacturing of other critical components to the functionality of a 

BEV, such as the permanent magnet Electric Motors (EMs) which by 

construction contribute to the energy intensive process. To elaborate, 

an EM is comprised of stator, rotor, shaft, housings, bearings, and end 

shields. The stator is produced such that magnetic laminations, 

composed of electrical steel, are punched, welded, and inserted into a 

housing. This is known to be one of the most energy-consuming 

processes in accordance with recent literature [14]. Furthermore, 

holding a notable share of production energy is the process of taping, 

insertion, and connection of the copper coil windings. The stator is then 

coated to improve electrical and thermal insulation using impregnation 

resin and then baked. Following this is rotor manufacturing, 

positioning of the permanent magnets, and shaft and bearing insertion. 

The stator-rotor assemblies are then combined and painted, ready for 

vehicle integration.  

Authors 
Region 

kg of CO2-eq per kWh 

of Battery Capacity 

Majeau-Bettez et al, 2015 Europe 220 

Dunn et al, 2015 US 68 

Hart et al. 2015 US 185 

Nealer et al, 2015 US 90 

Peters et al, 2016 Other 107 

Kim et al, 2016 Asia 122 

Ellingesen et al, 2016 Asia 130 

Dunn et al, 2016 US 64 

Ambrose & Kendall, 2016 Asia 321 

Wang et al, 2017 Asia 98 

Wolfram & Wiedmann, 

2017 
Asia 106 

Romare & Dahllof, 2017 Other 186 

Hao et al, 2017 Asia 109 

Messagie, 2017 Europe 62 

GREET, 2018 US 78 

Regett et al, 2018 Europe 80 

Regett et al, 2019 Asia 103 

Phillippot et al, 2019 US 100 

Phillipot et al, 2020 Asia 108 

Emilsson & Dahllohf, 2020 Other 95 

Table 1. Batteries Produced in Different Regions, CO2-eq per kWh of battery 

capacity 

From an LC environmental perspective, the aforementioned suggests 

that alcohol-powered and carbon-neutral fuel-powered, IC vehicles are 

a viable option for future homologation practices, particularly in 

PHEV configurations. Together with ultra-lean burn technologies and 

dedicated power transmission concepts, the IC engine will remain a 

crucial, ultra-clean, pillar of propulsion research and development. To 

support these efforts, fully exploiting the IC’s potential, the need for 

technologies to enable a higher degree of control over combustion 

events in engines arises.  

Freevalve is an electro-hydraulic-pneumatic fully variable valve 

actuation system permitting independent control of IC engine valves. 

The technology was developed primarily in line with increasingly 

strict directives from legislative entities to limit fuel consumption and 

improve chemical conversion efficiency, thus providing a cleaner, 

more sustainable, method of propulsion. Extensive studies have been 

conducted that provide insight into the fuel economy and emissions 

benefits derived from Fully Variable Valvetrains (FVVTs) [16, 17, 18] 

Through higher degree-of-freedom control, access to more advanced 

combustion mechanisms is granted such as controlled auto-ignition, 

minimal pumping load control, cylinder de-activation, and other highly 

promising concepts which will be discussed as this work progresses. 

This paper will examine some of the most notable potential benefits to 

full load performance in the context of peak power and torque using 

the Ultraboost project’s engine initiative as a state-of-the-art 

benchmark [21, 22]. Additionally, it will discuss some of the 

potentially achievable advanced control strategies for part load 

performance offered by the flexibility of FVVT given their likely 

mainstream implementation over the next decade. A simulation model 

is set-up to identify the differences in performance between the FVVT 

technology, Freevalve, and VVT. The primary intent is to examine the 

effect of the trapezoidal lift profile offered by Freevalve compared to 

smooth cam-induced profiles in other advanced camshaft-based 

systems on intake and exhaust gas dynamics. Additionally, a study into 

the full load torque curve takes place, examining the shift in torque and 

power bands given the different profiles and the added functionality of 

valve duration and lift control in Freevalve. The base modelling work 

is conducted within the GT-Suite software environment. The 

imbedded code simulates unsteady flow regimes in the intake and 

exhaust manifolds using a one-dimensional model capable of 

transiently resolving the influence of gas dynamics on performance 

parameters. 

The End of Compromise 

Freevalve 

 

Figure 1. The Freevalve Actuator [42] 

Founded in 2000 as Cargine Engineering AB, the company was re-

branded to Freevalve AB following purchase by new major 

stakeholder Koenigsegg Automotive AB in early 2012. The idea 

behind the technology was to eliminate constrained, industry-standard, 
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camshaft-based valve actuation systems and replace them with 

independent, fully varying, pneumatic-electrohydraulic actuators 

(Figure 1). Throughout its history, the technology has been 

implemented in different demonstration vehicles including Qoros’ 

turbocharged 1.6-litre production-intent engine, delivering 230 hp and 

320 Nm, which debuted at the stage of the 2016 Guangzhou Motor 

Show. The major fuel consumption and emission reductions observed 

as a result of the FVVT technology in addition to the increase in 

deliverable peak power and torque of upwards of 40% demonstrated a 

real step towards implementation of Freevalve in a mass-production 

engine.  

Most recently, Koenigsegg Automotive has announced the launch of 

its new 4-seater hybrid Mega Grand Tourer, Gemera (Figure 2), with 

planned start of production in 2023. The vehicle couples a mid-

mounted front wheel drive twin turbocharged Freevalve-equipped 2.0-

litre 3-cylinder IC engine, the “TFG”, with one crankshaft flywheel-

geared electric motor and two rear in-hub mounted electric motors 

(Figure 6). It utilizes Koenigsegg’s Single-Speed Direct Drive (KDD) 

which employs an in-house designed hydraulic torque converter with 

lock-up functionality to deliver the IC power to the front wheels 

through a final drive. The vehicle is estimated to deliver a combined 

total of 1,700 bhp and 3,500 Nm of torque. 

Figure 2. Koenigsegg Gemera, 4-seater Mega GT [41]. 

The “Tiny Friendly Giant (TFG)” 

Incorporating Freevalve’s FVVT technology, the twin turbocharged 

(TFG) engine (Figure 3) achieves its peak torque point of 600 Nm as 

early as 2000 RPM. It is an example of an extreme downsizing 

concept, delivering high-capacity equivalent outputs while reducing 

fuel consumption and vehicle tailpipe emissions at low load operation. 

The target of the main project was to take downsizing a step further by 

also employing FVVT, demonstrating unprecedented potential 

benefits through cutting-edge control strategies over the entire 

operating range. 

Utilizing its independent valve control capability, the engine’s twin 

turbocharger routing is designed in such a way to permit exhaust flow 

to individual turbochargers through active and passive routes (Figure 

4). The primary turbocharger (active) collects its exhaust blowdown 

energy from cylinders 1,2, and 3 through valves 1, 3, and 5. It gets its 

denotation “active” due to its link to the set of exhaust valves that are 

continuously active through the engine’s speed range. At higher  

Figure 3. Koenigsegg TFG Engine [41] 

speeds, the secondary exhaust valves are activated, directing exhaust 

energy to the passive turbocharger. The design layout permits 

achievement of the peak torque point as early as 2000 RPM and 

maintenance of said peak torque throughout the remainder of the 

engine’s viable operating speed range. 

Figure 4. Active and Passive Turbocharger Routing in TFG 

Figure 5. Koenigsegg Gemera Hybrid Drivetrain [41]. 

Manufacturer Koenigsegg Automotive AB 

Configuration Inline-3 

Displacement 2.0 L (1,998 cc) 

Cylinder Bore 95 mm 

Piston Stroke  93.5 mm 

Block Magnesium Alloy 

PASSIVE 

ACTIVE 

Cylinder #1 

Cylinder #2 

Cylinder #3 

E1 

E2 

E3 

E4 

E5 

E6 
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Valvetrain Freevalve, FVVT 

Fuel Injection Port Fuel Injection 

Fuel Type Gasoline, E85, E100, Methanol 

Power Output 600 hp (450 kW) at 7500 RPM 

Torque Output 601 Nm at 2000 RPM 

Dry Weight (Freevalve system not 

included) 

70 kg 

Table 2. Koenigsegg’s “TFG” Engine Specifications [41]. 

Operating Principle 

This section will aim to deliver a brief overview of flow components 

in the Freevalve actuator and their roles towards valve movement. It 

will do so by referring to diagrams intended for demonstration 

purposes only, using a simplified supply pressure routing. 

System Components 

For the purpose of this demonstration, the primary flow-permitting 

components to be discussed are: 

Figure 6. Simplified flow circuit – Freevalve actuator 

Supply Pressure Air 

a. Cut-off Spool Valve  

→ Location: Upstream of inlet spool valve 

→ Purpose: Timely and efficient cutoff of high-pressure airflow 

to the actuator cylinder 

→ Control: Electronic, via a separate timing solenoid 

b. Inlet Spool Valve 

→ Location: Downstream of cut-off spool valve 

→ Purpose: Final barrier, permitting high-pressure air flow to 

the actuator cylinder 

→ Control: Electronic, via a separate timing solenoid 

 

Return Pressure Air 

c. Outlet Spool Valve 

→ Location: Low-pressure outlet air flow split 

→ Purpose: Evacuation of low-pressure air from the actuator 

cylinder 

→ Control: Electronic, via a dual-function electronic solenoid 

coupled with oil return 
 

Supply Pressure Oil 

d. Oil Check Valve 

→ Purpose: Permit oil flow to the hydraulic cylinder 

→ Control: Mechanical, pressure gradient dependent 
 

Sequence 

State 1/6 – Initial State 

Supply air pressure in the Freevalve actuators can typically range 

between 4-21 barA, while return air pressures vary between  3-7 barA 

depending on engine application. The hydraulic circuit (Figure 7a, 

shown in orange) pressure is usually 2-3 bar higher than return air 

pressure. It is a closed circuit feeding a hydraulic piston adjoined with 

the main pneumatic actuator piston. The hydraulic fluid is ordinarily 

supplied through a one-way mechanical oil check valve, whereas 

return is through an electronic release valve, the timing of which is 

coupled with the air outlet spool valve. 

Figure 7. State 1/6 – Actuator piston position schematic (a), Valve lift curve 

and pressure within the actuator cylinder (b) 

Initially, the supply air pressure spool valves are at their home 

positions (inlet is closed, cut-off is open), outlet spool valve is open, 

and hydraulic oil return valve is open. Subsequently, the entire oil 

circuit during this state has the same pressure, usually ranging between 

9-10 bar. As is demonstrated in Figure 7b, this combination denotes 

valve rest position (i.e., valve lift not yet initiated). 

State 2/6 – Valve Launch Initiation 

At the instant a valve launch event is requested, given system is 

correctly pressurized, supply air pressure will be permitted into the 

actuator cylinder through opening and cut-off of the associated supply 

valves. At this point, the return air pressure valve is fully closed 

(Figure 8a). As a result, pneumatic cylinder pressure rises (Figure 8b) 

to the point where a large enough force is present to overcome the 

combination of valve resistive forces maintaining valve closure (i.e., 

holding spring force).  

Actuator 

Pressure 

Valve Lift 

Curve 

Current State 

Crank Angle Degrees (CAD) 
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Figure 8. State 2/6 – Actuator piston position schematic (a), Valve lift curve 
and pressure within the actuator cylinder (b) 

State 3/6 – Valve Opening 

Surpassing the point of equilibrium would evidently result in the 

excess force being translated to piston acceleration and subsequently 

producing valve lift. The pneumatic piston is capable of achieving the 

specific valve lift requirements, usually a function of the engine speed, 

as a result of simultaneous control of the dual spool valve supply air 

pressure configuration. To improve system efficiency and reduce 

energy consumption, during some instances of high lift requirement 

(e.g., 10 mm), the spool valves are calibrated to supply pressure 

sufficient to produce a lower lift (e.g., 8 mm), allowing the expansion 

event within the actuator cylinder to push the valve further for the 

required higher lift original requirement. 

Figure 9. State 3/6 – Actuator piston position schematic (a), Valve lift curve 
and pressure within the actuator cylinder (b) 

As the pressure increases, the pneumatic piston starts moving, 

consequently increasing the volume available within the hydraulic 

cylinder, lowering the pressure. In turn, this permits the hydraulic fluid 

to occupy the hydraulic cylinder’s volume, as is demonstrated in 

Figure 6a. At this instant, the electronically controlled oil return valve 

is closed (subsequently outlet spool valve is also closed), and the 

supply air pressure is closed, denoting end of filling as is demonstrated 

in Figure 9b.  

Note: As the pneumatic piston speed increases, the pressure drop 

across the supply air pressure will also increase, leading to minor 

parabolic lift variations at peak lift within the trapezoidal profile, 

which are ultimately damped. This is not highlighted in the figures, 

however, as the demonstration assumes strictly trapezoidal lift 

profiles. 

State 4/6 – Maximum Lift 

Figure 10. State 4/6 – Actuator piston position schematic (a), Valve lift curve 
and pressure within the actuator cylinder (b) 

Figure 10b shows the point at which air filling period is over, 

approximately halfway down the parabolic line tracing the actuator 

pressure profile. The high-pressure contained air continues to expand 

within the pneumatic cylinder until the energy, originally fed to the 

inertial system, is fully absorbed by the return spring; this is the point 

of peak valve lift. At this point, if the hydraulic system did not exist, 

an ordinary parabolic valve lift profile would be produced. Within the 

hydraulic system, similar to the oil return valve, the hydraulic latch is 

closed, trapping oil, an incompressible fluid inside the hydraulic 

cylinder’s volume for a specified duration of time (lift duration). This, 

in turn, maintains the lift profile demonstrated in Figure 10b until the 

end of the required maximum lift duration. 

State 5/6 – Valve Closure 

Figure 11. State 5/6 – Actuator piston position schematic (a), Valve lift curve 
and pressure within the actuator cylinder (b) 

Actuator 

Pressure 

Valve Lift 

Curve 

Current State 

Crank Angle Degrees (CAD) 

End of filling 

Actuator 

Pressure 

Valve Lift 

Curve 

Current State 

Crank Angle Degrees (CAD) 

Peak valve lift 

Actuator 

Pressure 

Valve Lift 

Curve 

Current State 

Crank Angle Degrees (CAD) 

Valve latch release 

Actuator 

Pressure 

Valve Lift 

Curve 

Current State 

Crank Angle Degrees (CAD) 
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The hydraulic latch is released at point of achievement of pre-specified 

valve lift duration, returning trapped oil within the hydraulic cylinder 

back to the reservoir, as is demonstrated in Figure 11a. At this point, 

the equilibrium-surpassing pressure force on the pneumatic cylinder 

(previously initiated by the supply air pressure) is no longer evident. 

Therefore, the holding spring force can start to return the piston (and 

subsequently the engine valve) back to its rest position. 

State 6/6 – Valve Damping 

The valve damping sequence within the Freevalve system contains 

similar functions to an automotive shock absorber. As the hydraulic 

piston moves up, entering a closed cavity volume, the hydraulic fluid 

is forced through small, elaborately designed, notch. As it does so, the 

pressure inside the cavity volume increases, subsequently forming a 

“braking” effect to the pneumatic piston’s speed. This results in 

smooth valve repositioning to rest, as opposed to an abrupt one as 

could be caused by the spring force only. On average, towards the end 

of the valve return sequence, pneumatic piston speeds can reach up to 

7 m/s, however, as a result of the built-in notch enhancing the damping 

effect, this speed drops to approximately 0.2-0.3 m/s, defining a clear 

return radius within the lift profile as is demonstrated in Figure 12b. 

The valve is now back to its rest position (Figure 7) and the cycle 

commence again for the next engine cycle. 

Figure 12. State 6/6 – Actuator piston position schematic (a), Valve lift curve 
and pressure within the actuator cylinder (b) 

FVVT Benefits 

For decades, engine manufacturers have relied on conventional, fixed 

profile, camshafts regulated through an upstream throttle to dictate the 

quantity of air permitted into the combustion chamber. The dawn of 

the digital era has permitted precise control over exact delivery of fuel 

quantity and spark timing but is yet to achieve the same level of control 

for the quantity of air ingested by the engine. At higher speeds, an 

average 1.6-litre engine IC engine can consume up to 500 kg of air 

every hour. The challenge of delivering the required quantity in the 

most efficient manner to fill and scavenge the combustion chamber 

within the available millisecond timeframe characterizes engine 

efficiency and performance. In this section, we introduce some of the 

most notable benefits of the FVVT-enabled higher degree-of-freedom 

control. 

Gas Dynamics 

Converting chemical energy, in the form of combustible fuel, to 

mechanical energy delivered via a crankshaft, the performance of an 

internal combustion engine is heavily reliant on gas dynamics. In a 

typical sophisticated engine, to fully burn the fuel, a cylinder must 

contain a minimum amount of air to achieve stoichiometry (λ = 1.0). 

This is the case for typical modern engines to meet requirements of 

robust three-way catalysts for exhaust emissions control. Due to 

factors such as chemical dissociation in spark-ignition engines, peak 

power is achieved using fuel rich mixtures (λ < 1.0). For a typical 

engine operating on E85, the stochiometric air-fuel ratio is equivalent 

to 6200:1 by volume. In other words, the air volume occupies a much 

larger portion of the cylinder than that occupied by the fuel.  Hence, it 

becomes viable to conclude that the amount of fuel an engine burns is 

a factor constrained by the amount of air its cylinders can ingest at any 

given operating point, thus dictating performance. 

Intake Tuning 

At fixed engine operating conditions, intake and exhaust dynamics are 

periodic within their respective manifolds as a result of the unsteady 

flow regimes caused by the reciprocating motion of the piston and the 

opening and closing of the valves. A study by Mathews and Gardiner 

[34] demonstrated that peak cylinder pressures could be increased 

through the addition of longer intake pipes as a function of motoring 

speeds. Subsequently, Boden and Schecter [33] set out to investigate 

the influence of pipe length together with inlet valve timings at 

different motoring speeds on engine IMEP for single and multi-

cylinder spark-ignition four-stroke engines. They conclude that, as a 

variant of engine speed and pipe length, the pressure advantage can be 

exploited through fine-tuning of suitable inlet timings, with longer 

pipes requiring a delayed point of Intake Valve Closure (IVC). 

For Naturally Aspirated (NA) engines, during the beginning of the 

induction stroke, the intake valves begin to lift as the piston descends 

to fill the cylinder volume with a fresh charge of air (or air and fuel for 

external mixture preparation). The motion results in the immediate 

transmission of a rarefaction wave along the intake pipe, which is 

subsequently reflected at the open end of the pipe as a compression 

wave, increasing the differential pressure between port and cylinder, 

thus enhancing the air flow back into the cylinder through the intake 

valves at IVC. The effect of the aforementioned return wave is crucial 

in the optimization of engine performance, therefore, for FVVT 

concepts, fine-tuning of optimal IVC timings offers significant 

potential gains. For this reason, modern IC engine concepts implement 

variable mechanisms for valve timing and primary manifold length, 

however with restricted range. 

Exhaust Tuning 

Exhaust tuning is a phenomenon attributed to the manipulation of 

periodic pulses occurring as a consequence of gases being expelled 

from the cylinder during the exhaust stroke. The mechanism is 

identical to that described in the previous section for the intake, but the 

pulses are reversed. As the exhaust stroke begins, the exhaust valve 

opens, sending a positive pressure wave through the runner which is 

reflected at the open end and returns as a rarefaction wave. Timing the 

rarefaction wave suitably will consequently lower the pressure 

Valve damping 

Actuator 

Pressure 

Valve Lift 

Curve 

Current State 

Crank Angle Degrees (CAD) 
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differential at the exhaust valve leading to better evacuation of the 

burned gases and aiding the scavenging process, as concluded by Bush 

et al [12]. Moreover, the study put emphasis on the mid portion of the 

exhaust stroke contributing the most to engine pumping work due to 

the rate of change of cylinder volume being at a maximum. Thus, for 

FVVT systems, in addition to enhanced scavenging, reducing total 

exhaust system pressure, particularly through mid-exhaust stroke, can 

have significant impacts on the output of the engine. 

The simplistic mechanisms of tuning of gas dynamics for primary 

wave reflections described in this section only account for a few of the 

potential ways to exploit the capability of a FVVT system. 

Realistically, the added, FVVT-enabled, degrees of freedom present 

an infinite number of possibilities and outcomes that are yet to 

discovered. It must be noted that, while this subsection gave a brief 

demonstration of the potential benefits through strict manipulation of 

timings on the intake and exhaust sides, in multi-cylinder engines the 

equation becomes more complex due to cross-cylinder pressure 

fluctuations and interferences (Figure 13). 

Figure 13: Typical pressure fluctuations in an intake runner of a NA multi-

cylinder engine 

Part Load 

Cylinder De-activation 

Further literature [37, 38, 39] has discussed the effects of complete 

cylinder deactivation and Dynamic Skip Fire (DSF) in multi-cylinder 

setups. The concept of DSF involves firing of individual cylinders on 

an event-by-event basis to meet the requested load from the engine by 

the driver. The control logic aims to manipulate the combustion events 

such that the engine is running at near peak efficiency at light load 

requirements. This is accomplished through maintenance of near peak 

BMEP in the operational cylinders, thus achieving increased 

combustion efficiencies and reducing engine-out emissions. The 

technique could also be implemented as a cold start sequence, where 

the strategy would conclude lower heat losses to the catalyst from more 

stable combustion.  

Specific hardware requirements, capable of valve deactivation, must 

be met for DSF to be integrated within the vehicle’s logic. Freevalve’s 

FVVT is an enabler of this technique as a result of its independent 

valve control offerings. Table 3 demonstrates preliminary strategies 

for rolling deactivation at different load requirements for a 4-cylinder 

engine. One of the considerations to be given while using the DSF 

sequence is that of Noise, Vibration, and Harshness (NVH). An 

appropriate control logic must be integrated to ensure continuous 

event-by-event variations of cylinder loads and that the number of 

firing cylinders is accounted for. 

Requirement Logic Translation 

High Load No DSF (4-cylinder engine) 

Medium Load  6 fires, 10 skips (1.5-cylinder 

engine) 

Low Load 3 fires, 13 skips (0.75-cylinder 

engine) 

Table 3: Cylinder de-activation and dynamic skip fire logic [38] 

Homogeneous Charge Compression Ignition (HCCI) 

In HCCI, the air-fuel mixture is introduced to a high residual fraction 

at which point, under compression, the conditions within the cylinder 

permit autoignition. The technique heavily dilutes the incoming charge 

mixture with air to keep NOx emissions to a minimum concentration 

level. This is often accomplished through exhaust re-breathing and is 

incorporated by the intake-exhaust valve timings, variables easily 

manipulated through FVVTs. The offered flexibility makes it possible 

to adjust timing, lift, and duration, for precise control of the residual 

fraction. 

Spark-Assisted Compression Ignition (SACI) 

Due to its characteristics, stable HCCI does not cover the entire engine 

operating range and can only be achieved at part load conditions. For 

this reason, Spark-Assisted Compression Ignition (SACI) is 

introduced as a controlled mode shift from Spark-Ignition to HCCI and 

vice versa. The strategy uses the centrally mounted spark plug to 

initiate the combustion event via a deflagration flame that is then 

subsequently followed by auto-ignition in the remaining charge 

mixture for complete burn. Conventionally both SACI and HCCI are 

enablers of lean burn, high efficiency, ultra-low emission output from 

IC engines. The benefits are attributed to generally higher compression 

ratios, reduced pumping work, higher ratios of specific heats, shorter 

burn durations, and lower in-cylinder heat transfer. 

Cold Start Strategies 

On an average legislative test drive cycle, an IC engine-powered 

vehicle produces 80% of its overall emissions, for some pollutant 

species, in the first 1-2 minutes. In the light-duty transportation sector, 

recent studies [35, 36] have concluded cold start emissions constitute 

a significantly high proportion of the total CH4, N2O, and other volatile 

organic compounds. As the catalytic converter heats up, and the engine 

coolant reaches average operating temperatures, emission outputs 

reduce significantly. Reaching this point can be achieved significantly 

faster with Freevalve’s FVVT through manipulation of opening 

timings and durations. This is accomplished by strategies targeting fast 

catalyst light off and higher combustion temperatures. Some common 

strategies that are accomplished by industry-applied cam phasers 

include advancing exhaust timings to send higher temperature gases to 

the catalyst and shutting off the exhaust valves early to trap some hot 

residuals within the cylinder to then assist in heating up and 

vaporization of the incoming air-fuel mixture for the following cycle.  

The strategies, however, produce highly inefficient combustion 

processes at light load. With Freevalve’s valve deactivation, the 

negative consequences of the aforementioned strategies can be 

mitigated. Activating just one valve on the intake stroke induces swirl, 
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thus increasing combustion speed and stability and decreasing the 

Coefficient of Variation (COV) of Indicated Mean Effective Pressure 

(IMEP) [ref]. Additionally, increased duration, one-valve operation on 

the exhaust side to gradually direct the enthalpy to the catalyst could 

be attempted. In the one-dimensional environment, such instances are 

incredibly difficult to replicate and require coupling with 3D CFD 

simulations to realize the exact valve actuation parameters. 

Other Strategies 

Due to the significant increase in the degrees of freedom, a preliminary 

logic must be used to identify the ideal strategies to be tested on the 

FVVT engine operation models. In addition to VVL, VVT, and VVD, 

Freevalve permits the capability to independently shut off individual 

valves. For the simulated engine (16-valve 4-cylinder) each cylinder 

houses four valves, two for intake and two for exhaust. To clearly refer 

to deactivation instances, from this point forward we refer to a cylinder 

containing a set of four valves as containing one set of active valves 

and one set of passive valves for intake and exhaust. In other words, 

we refer to the two intake valves individually as active and passive, 

and same with the exhaust. The active valves are those always on, 

while the passive valves are switched off for optimization at certain 

operating ranges.  

Intake 

Prior to discussing notable strategies, it is worth highlighting some of 

the parameters that influence engine breathing. At high piston speeds, 

air flow through an inlet valve aperture can reach sonic velocity, 

preventing the piston from pulling anymore air charge into the cylinder 

as a result of choking, thus dropping volumetric efficiency. This 

phenomenon is directly influenced by the number of active valves on 

the intake side and the total open area. It is affected by the ratio of 

valve lift over diameter which subsequently influences the flow’s 

Mach Index. 

Valve Deactivation 

For the intake side, manipulation of the active and passive valves can 

have significant potential benefits on combustion performance. 

Switching off the passive valve would result in higher air speeds 

through the active valve during the intake stroke for better mixture 

preparation through improved fuel mixing, atomization, and 

vaporization. This has direct positive effects on combustion speed, 

stability, and efficiency as a consequence of increased swirl in the 

combustion chamber, thus improving IMEP at low speed and low load 

conditions. Low-end valve deactivation forces a change in air motion 

from tumble to swirl which unlike tumble, does not get suppressed by 

the piston’s motion.  

As loads and speeds increase, the deactivation effect becomes less 

influential which can be attributed to maximum cylinder pressure and 

the flame growth rate. At this point it is worth deriving new strategies 

to bring in the passive valve in a way where the swirl effect induced 

from its deactivation is not compromised. Here, Freevalve’s 

independent lift, timing, and duration control capability becomes 

beneficial. Through manipulation of the available degrees of freedom 

the gradual introduction of the passive valve becomes possible. One of 

the proposed strategies for this transition is to move from one valve at 

full lift to two valves with half lifts. Further manipulation of durations 

and timings can ensure that the efficiency of combustion is not 

compromised, and stability is maintained.  

Miller Cycle Operation 

The Miller cycle is an over-expanded cycle, usually implemented 

through Early Intake Valve Closure (EIVC) or Late Intake Valve 

closure LIVC). Both strategies can be applied for full and part-load 

performance leading to a reduction in volumetric efficiency which is 

mitigated by boost. In “Early Miller”, the intake valve is closed prior 

to the piston reaching its BDC position. The early closure timing emits 

the primary energy source which would otherwise negatively influence 

the viscosity of the trapped mixture. Consequently, this causes 

dissipation of the mixture’s kinetic energy and reduces its turbulence 

level, thus resulting in slower flame propagation during combustion. 

On the other hand, with “Late Miller”, the intake valves close after the 

piston has reached its BDC, pushing air back out of the cylinder, 

thereby reducing the effective compression ratio as a consequence of 

a shorter effective compression stroke.  

These techniques were primarily introduced to limit mixture 

temperatures at the end of the compression stroke thus controlling NOx 

emissions at higher engine loads. At part load, some of the noted 

benefits of this over-expanded cycle is the reduction of pumping 

losses, improved indicated efficiency, and mitigation of knock. 

Additionally, despite leaner mixtures in some configurations, a more 

stable process is obtained as a result of improved burn durations and 

substantially reduced COV of IMEP. 

Exhaust 

In a typical road car, the exhaust valve starts to open about 45 degrees 

before Bottom Dead Centre (BDC). The pressure drop, as a result, 

causes the exhaust gases to evacuate the cylinder. Between the real and 

ideal cycles, the change in pressure represents unavailable work and is 

equivalent to approximately 10%, denoted Exhaust Blowdown Loss. 

The timing of the exhaust valves here plays an important role in 

directing the blowdown pulse to the turbocharger while also 

maintaining a reasonable margin for scavenging. 

Divided Exhaust Period (DEP) 

At high engine speeds, in modern downsized turbocharged engines, the 

main challenges are cylinder scavenging, negative pumping work, and 

knock sensitivity. The intention of the DEP strategy is to provide better 

high load scavenging and thus positively influence engine efficiency. 

The concept involves individually manipulating the active and passive 

exhaust valves throughout the same stroke. The active valve opens first 

causing a pressure gradient and consequently directs the high enthalpy 

blowdown pulse to the turbocharger, followed by the passive valve 

which opens for a set duration at an optimized lift, to aid the 

scavenging process. Consequently, this improves BMEP, BSFC, and 

the overall transient performance of the engine due to a better gas 

exchange process and enhanced combustion efficiency.  

Passive Turbochargers 

The flexibility offered by FVVT brings in possibilities to individually 

route each of the exhaust ports in individual cylinders to different 

turbochargers, as is demonstrated with TFG. The primary exhaust port, 

in this case, routes to the active turbo while the secondary port would 

route to the passive turbo. This would consequently mean that 

throughout specific operating ranges, the deactivation of one valve 

would consequently result in the inactivity of one of the turbochargers. 

This also means wastegates might be eliminated since conceptually the 
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control algorithms could be optimized to wastegate through the passive 

turbocharger through opening of the secondary exhaust valve. For peak 

performance, at the higher end of the speed range, the secondary 

exhaust valve is active, bringing in the second turbocharger. During 

this scenario, the algorithms embedded within the controller have the 

task of deciding the optimum way to spool up the passive turbo, as its 

activity is being requested, through variation of lift and duration on the 

secondary exhaust valve. Failure to accomplish this efficiently would 

result in load problems with the turbocharger bearings which makes 

the preferred approach for this optimization exercise a model-based 

one prior to any testbench experimentation. 

FVVT Weaknesses 

Depending on components and design, FVVT systems present 

additional frictional constraints on the engine. This is discussed in 

more depth throughout this paper as it affects the overall performance 

of the engine. Additionally, due to the nature of its objectives, 

extremely sophisticated control structures need to be integrated and 

constantly refined using sufficient operation data which cannot be 

extracted using traditional sequential test runs. Particularly for the 

highest degree-of-control FVVT systems, extensive cylinder head 

design modifications need to take place. Dimensionally, however, for 

Freevalve’s FVVT the integration process leads to significantly more 

compact packaging as opposed to conventional belt-driven cams. 

Furthermore, due to the increased BMEP (torque) as a consequence of 

better combustion and higher cylinder pressures, additional 

considerations need to be given to the engine’s design-point safety 

factors.  

Correspondingly, the principal requirement of the additional air and oil 

circuits may introduce a secondary maintenance interval. Although it 

is worth noting that with some systems this may be in tune with the 

vehicle’s maintenance schedule, thereby causing no additional 

inconvenience to the consumer. Usually, with VVT and VVL cam-

based systems this is not a major concern, however, for truly fully 

variable offerings which include VVD and valve deactivation 

sequence capabilities, it would evidently mean a much larger, more 

complex system. 

Ultraboost Engine 

UB100 Engine 

To this day, OEMs presume the currently calibrated BMEP maps of 

their production-intent internal combustion engines are a viable 

representative of the entire operating range. The flexibility offered by 

Freevalve’s FVVT completely reshapes this perspective. A clear 

benefit here is the increased trapped air mass obtained as a 

consequence of the higher lift durations and trapezoidal profiles. To 

examine the influence of FVVT at peak performance, Ultraboost’s 

UB100 engine (Table 4) is used as an initial highly variable, cam-

based, benchmark [21, 22]. The engine model in GT-ISE was 

developed and validated as part of previous work conducted by Lotus 

Engineering in partnership with the University of Bath and Jaguar 

Land Rover (JLR) using physical modelling principles. The Ultraboost 

project was primarily conducted to demonstrate an extreme 

downsizing engine concepts employed to achieve the same 

performance curves of a large capacity Naturally Aspirated (NA) 5.0 

Litre, V8, engine which makes it a good candidate for peak 

performance analysis. 

General Architecture 
4-cylinder in-line with 4 valves per 
cylinder and double overhead cams 

Firing Order 1-3-4-2 

Bore 83mm 

Stroke 92mm 

Swept Volume 1991 cc 

Combustion System 

Pent-roof combustion chamber with 

asymmetric central direct injection 
and spark plug 

High tumble intake ports 

Boost Mercedes M133 Turbocharger 

Compression ratio 9:1 

Valvetrain 

Chain-driven double overhead 

camshafts with fast acting dual 

continuously variable camshaft 
phasers (DCVCP) 

Cam profile switching (CPS) 
tappets on inlet and exhaust 

Table 4. UB100 Engine Specifications [23] 

Model Setup 

This sections aims to provide an overview of the specific steps taken 

to ensure accurate and reliable results from the GT-Power engine 

model. Throughout the section, several mathematical equations are 

referred to as means of elaborating on the chosen thermodynamic and 

fluid mechanic solvers and sub-models embedded within the 

commercial software, GT-Power.  This is illustrated with the intent of 

highlighting some of the limitations associated with one-dimensional 

modelling, from a real-world translation perspective, and the steps 

taken accordingly to minimize their potential implications. 

Using the engine specifications described above, two different 

simulation models were set up to examine the predicted performance 

effect of FVVT on multi-cylinder engines. The maximum valve lift on 

the Freevalve FVVT was kept the same as the cam-based concepts up 

for a fair comparison. It is envisaged that the “top hat” profile from 

Freevalve will assist in achieving optimal engine performance 

characteristics as a consequence of maximizing the available flow are 

for a given opening duration at any given operating point.   

1. Conventional Engine:  

a. Cam-controlled, fixed duration, parabolic profiles for 

intake and exhaust. 

b. 240 Crank Angle (CA) degree duration, optimized to 

achieve maximum power at 6500 RPM 

c. Continuously variable cam phasers for intake and 

exhaust optimized for each engine speed (VVT) 

2. Freevalve (FVVT) 

a. Fully Variable Valvetrain (FVVT) 

b. 0-10mm free lift, top hat profiles 

c. Unrestricted Duration 

d. Unrestricted timings 

Work was performed to add Freevalve’s system components to the 

UB100 GT model with the purpose of accurately simulating FMEP 

and auxiliary loads. From this point forward, we refer to the base, non-

Freevalve, engine model as UB100 while we call the Freevalve 

counterpart model “FV-UB100”. The analysis of UB100 and FV-

UB100 models aims to examine three different points: peak torque, 

peak power, and torque band shifts.  
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The chosen auxiliary layout for the Freevalve system in this exercise 

is fundamental. Pressurized air supply was achieved through an off-

the-shelf scroll compressor without the capability to regulate capacity. 

Prior to model integration practices, a calculation was performed to 

appropriately tune the fixed speed ratio of the crank pulley driven 

Freevalve compressor to ensure no unrequired additional loads are 

being imposed. This is demonstrated in Figure 14 where the ratio is 

tuned for the specific engine to provide a minimum 10% flow rate 

supply over demand safety margin to account for thermal losses and 

lifetime system degradation. The calculation subsequently ensures that 

the compressor is not over speeding and is operating at reasonable 

efficiency points for the specific engine application. 

Figure 14. Flow rate vs engine speed – Freevalve Compressor Fixed Speed 
Ratio Tuning 

It is important to note that for Freevalve’s FVVT, the valve can reach 

maximum velocities of up to 7 m/s. As a result, at higher engine speeds 

the top hat profiles fade into trapezoidal ones. This effect has been 

accounted for in simulation via imposing a lift per degree derivate as a 

function of engine revs per minute. Furthermore, for all lift varying 

cases in FV-UB100, no consideration has been given to valve/valve 

and valve/piston interference, which would impose a limitation on 

choice of timings, as in all cases the engine is assumed to be free 

running.  

Knock 

Engine knock is amongst the most constraining factors hindering the 

improvement and development of spark-ignited engines. It is primarily 

a consequence of abnormal combustion and is influenced by higher 

peak cylinder pressures and increased combustion temperatures. 

Various knock modelling techniques have been discussed throughout 

the literature, varying from detailed chemical reaction-governed 3D 

Computational Fluid Dynamic (CFD) simulations to less complex 

empirically derived 0-Dimensional gas dynamic models based on 

Arrhenius functions. These modelling exercises are primarily used to 

benefit engine designers through sensitivity analyses but are yet to be 

successfully implemented in real-time closed-loop control structures 

due to the difficulty in cycle-to-cycle prediction, the requirement for 

production-integrated cylinder pressure sensors, and high 

computational cost.  

Previous studies by Panzani et al [40] have investigated the potential 

implementation of model-based knock estimators for engine control 

applications. The objective of their work was to predict a margin for 

knock based on in-cylinder pressure, temperature, and engine speed; 

the effectiveness of which was to be validated by experimental results. 

It was concluded that the most accurate prediction is accomplished 

using a grey-box methodology, exploiting multivariate statistical 

logistic regression based on measured signals to simulate the 

likelihood of knock occurrence. The anticipated BMEP increase as a 

consequence of higher volumetric efficiencies and peak cylinder 

pressures when using FVVT, increases the chances of knock. To 

accurately compute this a, commercial code-generated, predictive 

turbulent flame combustion model is integrated with careful 

consideration to knock-influencing factors such as pre-combustion 

temperatures and unburned mixture residual content within the initial 

model setup. 

Entrainment and Burn-up 

Detonation and laminar deflagration are two parameters characterizing 

the manifestation and propagation of a combustion wave. Consistent 

with the conservation of mass, energy, and momentum, they can be 

represented in the one-dimensional modelling environment as 

thermodynamic discontinuities coupled with an energy-release term. 

Fundamentally, detonation waves are supersonic relative to the 

medium through which they propagate. They rely mostly on the 

localized coupling of rapid exothermic chemical reactions and 

compressive shock heating.  Their associated properties such as 

temperature, pressure, and supersonic wavefront velocity can be easily 

calculated from physical data. On the other hand, subsonic deflagration 

waves are dictated by mass and thermal diffusion. They are 

characterized by fundamental properties of combustible mixtures such 

as propagation velocity and laminar flame burning velocity which can 

be determined using the governing conservation equations, kinetic 

models of species, and suitable finite-rate combustion chemistry. The 

primary interest in modelling such underlying combustion 

characteristics is to determine the phenomenon of deflagration-to-

detonation transition (DDT). This requires accurate simulation of the 

local rate of energy release and the onset of detonation which occurs 

in the trailing vicinity of a turbulent flame front. It should be noted 

here that in cases where this is not appropriately accomplished, it 

would be viable to assume that due to misinterpretation of thr onset of 

detonation, and therefore propagation velocities relative to piston 

displacement, the BMEP levels predicted throughout the engine speed 

spectrum would not be completely realized under true testing 

conditions.  

To ensure sufficient model accuracies, imbedded within the 

commercial code, an entrainment and burn-up model is employed. It 

calculates the rate at which the flame propagates based on a sum of the 

turbulent and laminar flame speeds at the onset of detonation using the 

quantity of unburned mixture of fuel and air entrained into the flame 

front through the flame area (Eq 1), therefore, estimating a burn rate 

that is directly proportional to the quantity of unburned mixture 

preceding the flame front (Eq 2). 

𝑑𝑚𝑒

𝑑𝑡
= 𝜌𝑢𝐴𝑒(𝑠𝑇 + 𝑠𝐿) 

(Eq 1) 

𝑑𝑚𝑏

𝑑𝑡
=

𝑚𝑒 − 𝑚𝑏

𝜏
   

(Eq 2) 
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𝑠𝐿 = [𝐵𝑚 + 𝐵𝜑(𝜑 + 𝜑𝑚)2] (
𝑇𝑢

𝑇𝑟𝑒𝑓
)

𝛼

(
𝜌

𝜌𝑟𝑒𝑓
)

𝛽

 

(Eq 3) 

 

    𝜏 =
𝜖

𝑠𝐿
 

(Eq 4) 

𝑠𝑇 = 𝑢 (1 −
1

1 +
𝑟𝑓

𝐿

)  

(Eq 5) 

𝜖 =
𝐿

√𝑅𝑒𝑡

  

(Eq 6) 

𝑅𝑒𝑡 =
𝜌𝑢𝑢𝐿

𝜇𝑢
 

(Eq 7) 

In-Cylinder Flow 

Velocities and Turbulent Intensity 

To sustain an accurate entrainment and burn-up model, an appropriate 

prediction of in-cylinder flow velocity and turbulence intensity must 

take place. For this reason, a commercial code imbedded, in-cylinder 

predictive flow model is implemented. To illustrate, throughout this 

subsection we envision the combustion cylinder to be divided into four 

regions: (a) Central core, (b) Squish, (c) Head recess, and (d) Piston 

cup. Taking into account the geometries of the described regions, at 

each timestep as a consequence of the varying flowrates of incoming 

gases and piston displacement, the axial velocity, radial velocity, and 

swirl velocity are computed. The model then uses the physical data to 

solve for the instantaneous mean turbulence intensity through turbulent 

kinetic energy and dissipation rate. Equation 8 is used to calculate the 

average in-cylinder gas velocity. 

𝑤 = 𝐶1�̅�𝑝 + 𝐶2

𝑉𝑑𝑇𝑟

𝑃𝑟𝑉𝑟

(𝑃 − 𝑃𝑚), 

(Eq 8) 

where C2 is a constant equivalent to 0 during gas exchange and 

3.24e-3 during combustion and expansion, and 

𝐶1 = 2.28 + 3.9 ∙ 𝑚𝑖𝑛 (
�̇�𝑖𝑛

𝑚𝑐𝑦𝑙 ∙ (
𝑁𝑒𝑛𝑔

60⁄ )
, 1). 

(Eq 9) 

Swirl and Tumble 

The mixture contained within the cylinder during the intake and 

compression strokes is far from uniform. Organized rotational flow in 

the form of swirl (axis aligned with the cylinder) and tumble (axis 

perpendicular to the cylinder) can strongly influence the homogeneity 

of the combustion mixture. From a modelling perspective, swirl and 

tumble torques generated by the mixture flowing into the cylinder 

through the valves are calculated through predetermined coefficients 

and applied to the gases. Generally, higher swirl and tumble effects 

through valve flow can be anticipated as the magnitudes of these 

coefficients increase, making their specification quite crucial to the 

predictive entrainment and burn-up model. The torques are calculated 

as a function of valve lift over diameter and are defined as the general 

ratio of the angular momentum flux to the linear momentum flux given 

in Equations 10 and 11 under the condition that Equation 13 is 

satisfied. 

𝐶𝑠 =
2𝑇

�̇�𝑈𝑖𝑠𝐵
 

(Eq 10) 

𝐶𝑡 =
2𝑇

𝑚�̇�𝑖𝑠𝐵
 

(Eq 11) 

𝑈𝑖𝑠 = √𝑅𝑇0 [
2𝛾

𝛾 − 1
(1 − 𝑃

𝑎𝑏𝑠

𝛾−1
𝛾

)]

1
2

 

(12) 

|𝐶𝑠| + |𝐶𝑡| ≤ 1 

(13) 

In-Cylinder Heat Transfer 

To compute the in-cylinder heat transfer coefficient, a heat transfer 

model is employed, using the Woschni correlation. The effect of swirl 

can be an influential factor in the inducement of heat transfer 

coefficients during the period where the valves are open. This is 

primarily due to increased flow speeds through the valves during the 

intake stroke and opposing back flows during the exhaust stroke 

through the exhaust valves.  However, due to the hypothetical nature 

of some of the cases set up for modelling, some testbench swirl data is 

absent. Therefore, the model does not account for swirl as a driver of 

heat transfer and rather uses a pre-specified temperature exponent as a 

compromise between consistency of results and computational 

efficiency, as shown in Equation 14: 

ℎ𝑐 =
𝐾1𝑃𝑐𝑦𝑙

0.8𝑤0.8

𝐵0.2𝑇𝑐𝑦𝑙
𝐾2

 

(Eq 14) 

Where K1 and K2 are constants equivalent to 3.014 and 0.5, 

respectively. 

As for wall temperatures, no time-step oriented solver was 

implemented as this would have required a separate imposition of 

coolant and oil boundary conditions, further adding to the 

computational intensity of the simulations. Instead, typically average 

values were used for head, piston, and cylinder wall temperatures as a 
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function of engine speed and average post-turbocharger plenum 

pressures. For the modelled Gasoline Direct Injection (GDI) engine, 

this seems to have achieved a good compromise between output 

accuracy and processing speed. However, in cases with Port Fuel 

Injection (PFI) it is preferred to use a detailed solver, primarily due to 

the evaporation of the fuel film within the ports being reliant on the 

head temperatures and subsequently heavily influencing the engine’s 

volumetric efficiency. 

Fuel Injection 

For all engine valvetrain versions, a simplified injector model is 

implemented to simulate the partially vaporized fuel fraction, which 

by definition will evaporate as soon as the injection event starts, thus 

influencing the enthalpy of the injected fluid. For DI engines, the 

fricative quantity of fuel remaining evaporates at the normalized rate 

of combustion reliant on its entrenched enthalpy of vaporization. 

Additionally, a semi-predictive solver is used to calculate the fuel mass 

fraction that may be in contact with the cylinder walls, thus, accounting 

for occurrences where the vaporization energy is supplemented 

through the walls and not the compressed mixture. It is suggested that 

this effect would likely have subsequent influences on engine airflow 

as a result of increasing vaporization energy while the injection event 

is happening and the intake valves are open, inversely affecting 

volumetric efficiency. Fuels with higher alcohol content, such as 

ethanol, are more vulnerable to this effect due to their generally higher 

enthalpy of vaporization values. 

To accurately model the effects of fuel deposition and evaporation, a 

sequential fuel injector is used. It was chosen primarily due to its user-

friendliness and ease of integration with baseline fuel maps. The 

imbedded solver computes injection pulse width as a function of user-

inputted injected fuel mass, delivery rate at peak engine speed, and the 

required air-fuel ratio. 

�̇�𝑑 = 𝜂𝑣𝜌𝑟𝑒𝑓𝑁𝑒𝑛𝑔𝑉𝑑(𝐹
𝐴⁄ )

6

(𝑁𝑜. 𝑜𝑓 𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠)(Φ𝑤)
 

(Eq 15) 

Note: The numerator 6 in Eq 15 is a result of unit conversions as is 

demonstrated in the below definition 

6 =
1000𝑔

𝑘𝑔
∙

360𝑑𝑒𝑔

𝑟𝑒𝑣
∙

𝑚𝑖𝑛

60𝑠𝑒𝑐
∙

𝑚3

1000𝐿
 

(Eq 16) 

Friction and Auxiliary Loads 

Frictional losses due to auxiliary loads are particularly important to the 

attempted modelling exercises. This is primarily due to Freevalve’s 

additional components required for appropriate functionality of the 

system. The exact consumptions of individual components in the 

system will not be disclosed in this paper, however, a total friction 

value representative of the respective auxiliary loads is calculated 

through the examination of testbench-measured IMEP values and total 

brake engine performance at different operating conditions. Careful 

consideration is necessary while attempting this method since error 

margins can be quite high. Since the friction torque is equivalent to the 

indicated torque subtracted from the brake torque (Eq 17), a relatively 

marginal error of 1% in interpretation of the cylinder pressure curve 

may cause a 5-8% deviation in the frictional torque. Consequently, 

factors such as cylinder-to-cylinder variation may present a risk to the 

accuracy of the final results as they would heavily influence the 

resulting torque interpretation. Therefore, to minimize the percentage 

error, given the occurrence of such a scenario, BMEP-subtracted IMEP 

values are calculated using cylinder pressure measurements recorded 

as an average of multiple, individual, cylinders. The total auxiliary 

mechanical FMEP is then computed using the Chenn-Flynn 

empirically derived model as a function of �̅�𝑝, 𝑠𝑞𝑟𝑡(�̅�𝑝), and 𝑃𝑐𝑦𝑙,𝑚𝑎𝑥 

as demonstrated in (18). This is then translated to a torque value and 

subtracted from the crank train model output for an accurate 

representation of the additionally sustained mechanical friction by the 

engines. 

𝐵𝑀𝐸𝑃 = 𝐼𝑀𝐸𝑃 − 𝐹𝑀𝐸𝑃 

(Eq 17) 

𝐹𝑀𝐸𝑃 = 𝐶 + (𝑃𝑚𝑎𝑥,𝑓 ∙ 𝑃𝑐𝑦𝑙,𝑚𝑎𝑥) + (�̅�𝑝,𝑓 ∙ �̅�𝑝) + (�̅�𝑝𝑠𝑞,𝑓 ∙ �̅�𝑝
2) 

(Eq 18) 

Full Load Comparison 

One of the major benefits of FVVTs is the ability to precisely 

manipulate valve events that target specific performance parameters. 

In the case of peak performance, the optimization of valve control 

strategies focuses on volumetric efficiency through engine scavenging 

and breathing. The basic ways to maximize VE are: (a) manipulation 

of intake and exhaust valve timings and (b) optimization of intake 

closing time. During the intake stroke, the intake launch angle is set to 

target an exact overlap period to achieve maximum scavenging while 

introducing near zero residual gas fraction in the fresh air charge. This 

subsequently ensures that the introduced mixture is optimized for peak 

performance within knock limits. The second objective is to define an 

optimal closing time for the intake valves that targets the end of the 

reflected compression wave, thus minimizing backflow through the 

valves and maximizing volumetric efficiency. In high boost engines, 

however, IVC timing does not represent a major contribution to the 

volumetric efficiency of the engine; rather correct optimization of the 

overlap dictating the residual gas fraction is most influential.   

Figure 15a. Intake Mass flowrate – 2500 RPM 

Additionally, the full variability of the lift profile adds more available 

Time Area during the opening flank, an effect more evident at lower 

engine speeds. An example of this is demonstrated in Figure 15a and 

15b, plotting the total air mass flowrate through the intake valves for 

both modelled cases at 2500 RPM. Valve control strategies were 
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implemented as described earlier in this paper for peak torque delivery. 

Furthermore, all models were set up to operate within a peak cylinder 

pressure limit of 150 bar and a peak BMEP limit of 38 bar. Figure 16 

shows the predicted torque curves for the UB100 and FV-UB100 

versions of the four-cylinder engine. 

Figure 15b. Exhaust Mass flowrate – 2500 RPM 

Examination of the initial results in Figure 16 reveals that compared to 

UB100, the FV-UB100 engine performs significantly better at the 

lower end of the rev range up until the point of peak torque at 3500 

RPM as a result of an increased volumetric efficiency (Figure 17) and 

higher mass flowrates through the intake valves (Figure 15). The 

improved breathing is also reflected in Figure 18, where increases in 

brake efficiency for the Freevalve engine are evident throughout the 

operating range. For FV-UB100, the overall torque improvement 

between 1000 and 3500 RPM on average equates to approximately 

20%, with peak torque achieved 500 RPM earlier than the non-

Freevalve version. The largest improvement is observed at the 2500 

RPM point where the FV-UB100 engine achieves 602 Nm compared 

to its counterpart achieving 498 Nm. This is largely attributed to the 

increased time area in the Freevalve engine for both intake and exhaust 

valves (figures 15a and 15b) influencing engine induction and 

scavenging capabilities.  

Figure 16. Brake Torque vs engine speed 

It is also observed that the peak achievable torque is the same in both 

engines, with the primary difference being the non-Freevalve version 

achieved it later in the speed range. Additionally, examining Figure 17, 

a dip in volumetric efficiency is observed between 2500 and 3500 

RPM. This occurs due to the manually set 38 bar BMEP limit within 

the boost controller model causing the turbocharger wastegate to open 

and consequently boost is reduced (Figure 19).  

Figure 17. Volumetric efficiency vs engine speed 

Figure 18. Brake efficiency vs engine speed 

Furthermore, for both engines, a torque decline is observed as the peak 

torque point is passed at 4000 RPM. This occurs as a consequence of 

the turbocharger approaching its choke limit, thus activating its 

embedded over-speed control algorithm and limiting the achievable 

BMEP (Figure 20). The Freevalve torque figures remain higher by a 

small margin between 3500 and 4500 RPM, as a result of increased 

volumetric efficiency, after which they equalize for both engines 

within 1% above 5000 RPM. The lack of observable benefit at higher 

engine speeds, regardless of the improved volumetric efficiency, is 

primarily due to two reasons: (a) the turbocharger reaches its choke 

limit and (b) Freevalve’s excess FMEP and sustained auxiliary loads 

(~0.9 bar at maximum RPM) reducing the overall potentially 

achievable higher BMEP. Since the current design for Freevalve’s 

auxiliary system integrates a separate fixed-ratio belt-driven 

compressor to supply the pressurized air necessary to maintain 

pneumatic valve lift functions, it is anticipated that the fall in torque at 

higher engine speeds is largely attributed to an exponentially related 

valve actuation system FMEP. Regardless of the Freevalve-added 
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loads, however, high RPM FVVT-enabled valve operating strategies, 

targeting higher volumetric efficiencies, realized both engines 

achieving a peak horsepower of 330, with FV-UB100 achieving it at 

4500 RPM compared to UB100 at 5500 RPM (Figure 21). 
 

Figure 19. Wastegate Controller: 3500 RPM  

 

Figure 20. Wastegate Controller: 4500 RPM  

 

Figure 21. Peak power vs engine speed 

 

Efficiency Improvements 

In the previous section we demonstrated results that compared the full 

load curve of a conventional engine to a Freevalve-equipped engine. 

Throughout this section, the efficiency gains are discussed with 

reference to thermodynamic combustion principles. It has long been 

known that, amongst other factors, rapid combustion and repeatability 

(minimal cycle-to-cycle variations), improve the efficiency of SI 

engines. Faster heat propagation throughout the in-cylinder mixture 

and lower COV of IMEP evidently lead to a more thorough and 

reliable optimization processes for calibration parameters.  For peak 

performance, the cylinder pressure curve trace should be such that the 

combustion duration is minimal with a high rate of pressure rise, thus 

concluding a high rate of heat release. Most modern engines are 

calibrated to achieve 50% of peak pressure at TDC and 100% between 

15-20 degrees ATDC. This is primarily done to minimize the 

percentage of fuel energy lost to heat transfer and aid combustion 

stability. As the combustion duration increases, the share of heat hoss 

is amplified, in turn shifting the lean misfire limit and reducing the 

peak achievable power at a given engine speed. While the latter 

benefits performance, minimizing combustion durations is inversely 

related to BSFC, and consequently efficiency. Shorter durations and 

richer mixtures means less time for complete combustion and product 

formation, resulting higher percentages of CO, UHC, and NOx 

emissions. Additionally, the faster burn durations, within certain 

limits, result in higher peak combustion temperatures which directly 

affects the rate of NOx formation due to less mixture exposure to in-

cylinder peak conditions. This leads to conclude that calibration 

strategies targeting peak performance will fall short in achieving 

reasonably low BSFCs for part load operating points. The extent of 

this discussion, however, will maintain the peak performance context 

with plans that future publications will discuss part load optimization 

strategies in more depth. 

Figure 22. Heat transfer – Percentage of total lost fuel energy 

For the Freevalve engine, manipulation of individual valve events 

allowed for precise optimization of in-cylinder turbulence for 

maximum mixture homogeneity across the engine speed range. 

Additionally the increased flexibility provided a higher degree of 

control over combustion phasing and consequently decreased the 

overall COV of IMEP. It is important to note here that both engines 

were set up to run the same AFR at peak performance. Improved 

mixture homogeneity, in-cylinder turbulence, and higher valve time 

areas allowed the Freevalve engine to achieve higher peak 

performance while also increasing efficiency across the operating 

range.  
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Figure 23. Mass Fraction Burned 0-10% - Crank Angle Duration 

Figure 24. Mass Fraction Burned 0-50% - Crank Angle Duration 

Figure 25. Mass Fraction Burned 10-90% - Crank Angle Duration 

For example, at 2500 RPM, FV-UB100 achieved 602 Nm (Figure 16) 

with a brake efficiency of 36.5% (Figure 18), which is 100 Nm and 6% 

higher than UB100 for peak torque and brake efficiency, respectively. 

This is largely attributed to decreased combustion durations, 

highlighted in Figures 22 and 23 outlining the times to 0-10, 0-50, and 

10-90 mass fraction burned (MFB). This means that not only is the 

Freevalve version of the engine capable of achieving a higher output, 

but also doing so more efficiently from a BSFC perspective regardless 

of the required extra power to drive Freevalve’s fixed speed ratio air 

compressor. That said, the extent of the achievable efficiency is limited 

by the engine ignition configuration and fixed speed Freevalve scroll 

compressor. Future Freevalve-incorporating engine set ups integrating 

state-of-the-art lean-burn technologies, such as Turbulent Jet Ignition 

(TJI) and variable speed Freevalve compressors for pneumatic air 

supply realizes the full combined efficiency potential of the Freevalve 

technology in ICEs. 

Future Work 

This paper serves as an initial introduction to the Freevalve system and 

some of its offerings towards engine part and full load performance. 

Considering the role FVVT can play in part-load optimization and the 

significant potential benefits, as part of future work, the authors intend 

to use three-dimensional CFD modelling platforms coupled with 1-D 

simulations to accurately represent advanced asymmetric valve control 

strategies, some of which are briefly mentioned in this paper. The 

purpose of this will be to provide a tool that better estimates in-cylinder 

air flow interaction with fuel spray, thus concluding the effect of the 

aforementioned part load strategies on combustion, a quality otherwise 

not possible with a high degree of accuracy using one-dimensional 

models, exclusively. The intent is to position and comparatively rate 

Freevalve’s performance amongst a spectrum of more currently 

known, industry-applied, advanced variable valvetrain concepts at part 

load. During the planned work, a transient optimization is planned for 

a Freevalve-equipped turbocharged engine during a switch from steady 

state part load to a fixed speed tip-in transient event with focus on total 

BMEP rise time and steady state BSFC from a drivability and 

efficiency perspective. Additionally, further analyses are planned for 

the full load curves of other high-performance engines implementing 

different boost configurations. 

Completion of the described work packages permits commencement 

of a planned secondary phase in the project, involving the 

implementation and integration of a Freevalve engine in a hybrid 

configuration and computing the potential strategic benefits from a 

carbon intensity perspective. Subsequently, this is followed by a 

comparative Life Cycle Assessment (LCA) of existing state-of-the-art 

propulsion technologies to discuss implications of the FVVT-enabled 

improvements in fuel consumption and efficiency during the in-use 

phase of the vehicle. 

Summary/Conclusions 

Regarding engine performance, the benefits accompanying FVVT 

systems are of extreme significance to future generation propulsion 

technologies. The freedom to precisely command timings, durations, 

and lifts of individual valve events reshapes the existing perspective of 

what defines the previously supposed full operating range of a 

performance engine. The following briefly summarizes some of the 

benefits outlined throughout this paper: 

o Idle at lower engine speeds as a consequence of precise 

manipulation of residual gas content and improved combustion 

stability through internal EGR 

o Higher achievable engine torque, particularly at lower RPMs 

o Peak torque achieved earlier in the rev range as a result of 

improved valve time areas, consequently influencing induction 

and scavenging 

o Reduced pumping losses and reduced BSFC 

o Higher engine BMEP output through optimized valve events 

targeting maximum scavenging and volumetric efficiency 
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o Fully variable compression/expansion ratios for “Early” and 

“Late” Miller operation 

o Fully variable engine dynamic displacement control through skip 

firing and cylinder de-activation 

o Higher brake thermal efficiency as a result of reduced heat 

transfer and pumping losses 

o Improved thermal management 

o Improved packaging 

 

Adopting a physics-based approach, this work comparatively analyzed 

Freevalve’s FVVT performance against a state-of-the-art advanced 

valvetrain benchmark using the Ultraboost project as an example of an 

extremely downsized engine at full load. It is concluded that recently 

developed Fully Variable Valve Train systems, while aimed primarily 

at fuel economy and emissions benefits at part load, also offer 

improvements to the full load performance of the engine. An 

improvement of up to 20% in torque output at low-mid range engine 

speeds is predicted for the FV-UB100 engine compared to the UB100 

base benchmark. This comes as a direct consequence of improved 

scavenging of exhaust residuals and larger time areas enhancing the 

breathing capability and thus improving efficiency at full load. At 

those speeds, the range of valve event duration and timings are most 

influential towards high torque maintenance.  It is also observed that 

the peak torque point is achieved 500 RPM sooner for FV-UB100 and 

is maintained for longer in the speed range.  

The boost configuration and layout are major of influence to the 

achievable performance from FVVT systems at higher engine speeds. 

Therefore, in the context of extreme downsizing, careful consideration 

must be given to the choice of turbochargers/superchargers to ensure 

their associated surge and choke limits do not hinder the engine’s 

FVVT-enabled improvement in volumetric efficiency (as is the case 

with the demonstrated single turbo Ultraboost). For this reason, further 

work is planned with other engine benchmarks exploiting different 

boost configurations to examine the full potential peak performance 

benefits of FVVT at higher engine speeds.  

Moreover, control strategies involving valve deactivation were 

investigated. It is concluded that at the lower end of the speed range, 

deactivation of the secondary intake valve for the modelled Ultraboost 

engine induces turbulence and increases combustion speed, thus 

improving performance up to a certain point in the speed range. For 

part load, the concept of cylinder deactivation and dynamic skip fire 

was briefly introduced. It is anticipated that such strategies will 

strongly influence the overall brake efficiency, and thus brake specific 

fuel consumption, of the engine, with planned future work to 

investigate this at length given an appropriately integrated control 

logic.   

Combining FVVT with Direct Injection systems realizes the full 

degree of control on all fluids entering the combustion engine. With 

this possibility comes the freedom of precise and optimal control of 

individual combustion events, thus allowing a much larger benefit in 

the context of engine-out emissions reduction capability. Furthermore, 

it is concluded that using a variable speed compressor, as opposed to 

the currently implemented fixed speed scroll compressor, to maintain 

Freevalve’s pneumatic air supply, is bound to benefit efficiency and 

reduce overall engine FMEP, particularly at higher engine speeds. 

Finally, from an efficiency perspective, coupling Freevalve with next-

generation carbon-neutral fuels, advanced ignition concepts such as 

TJI, and dedicated lean burn technologies and hybrid concepts realizes 

the full potential of a Freevalve-equipped ICE. 
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Definitions/Abbreviations 

𝒎𝒆 Entrained mass 

𝒎𝒃 Burned mass 

𝝆𝒖 Unburned density 

𝑨𝒆 Surface area at flame front 

𝒔𝑻 Turbulent flame speed 

𝒔𝑳 Laminar flame speed 

𝝉 Time constant 

𝝐 Taylor microscale length 

𝒖 Turbulent intensity 

𝒓𝒇 Flame radius 

𝑳 Integral length scale 

𝑹𝒆𝒕 Turbulent Reynolds number 
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𝝁𝒖 Unburned zone dynamic 

viscosity 

𝑩𝒎 Maximum laminar speed 

𝑩𝝋 Laminar speed roll-off 

𝝋 Equivalence ratio 

𝝋𝒎 Equivalence ratio at 

maximum speed 

𝑻𝒖 Unburned gas temperature 

𝑻𝒓𝒆𝒇 Reference temperature, 298 

K 

𝜶 Temperature exponent 

𝜷 Pressure exponent 

𝒘 Average cylinder gas velocity 

(m/s) 

�̅�𝒑 Mean piston speed (m/s) 

𝑽𝒅 Displaced volume (m3) 

𝑻𝒓 Working fluid temperature 

prior to combustion (K) 

𝑷 Instantaneous fluid pressure 

(kPa) 

𝑷𝒎 Motoring fluid pressure (kPa) 

𝑽𝒓 Working fluid volume prior 

to combustion m3 

𝑷𝒓 Working fluid pressure prior 

to combustion (kPa) 

𝒉𝒄 Convective heat transfer 

coefficient (W/m2 K) 

𝑷𝒄𝒚𝒍 Cylinder pressure (kPa) 

𝑻𝒄𝒚𝒍 Cylinder temperature (K) 

𝑪𝒔 Swirl coefficient 

𝑪𝒕 Tumble coefficient 

�̇� Mass flow rate (kg/s) 

𝑼𝒊𝒔 Isentropic valve velocity 

(m/s) 

𝑻 Torque 

𝑻𝟎 Upstream stagnation 

temperature (K) 

𝜸 Specific heat ratio (1.4 for air 

at 300 K) 

𝑹 Gas constant 

𝑷𝒂𝒃𝒔 Absolute pressure ratio 

�̇�𝒅 Injector delivery rate (g/s) 

𝜼𝒗 Volumetric efficiency 

𝝆𝒓𝒆𝒇 Reference density (kg/m3) ~ 

1.16 

𝑵𝒆𝒏𝒈 Engine speed (rpm) 

𝚽𝒘 Injection pulse width (crank 

angle degrees) 

BMEP Brake mean effective 

pressure (bar) 

IMEP Indicated mean effective 

pressure (bar) 

FMEP Friction mean effective 

pressure (bar) 

𝑪 System-specific FMEP (bar) 

𝑷𝒎𝒂𝒙,𝒇 Peak cylinder pressure factor 

𝑷𝒄𝒚𝒍,𝒎𝒂𝒙 Peak cylinder pressure (bar0 

�̅�𝒑,𝒇 Mean piston speed factor 

�̅�𝒑𝒔𝒒,𝒇 Mean piston speed squared 

factor 
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