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Abstract 

The ability to control engine valve timing has the potential to alter the 
engine performance over the entire operating range. The outcome of valve 
timing technology enables the possibility to increase efficiency, lowering 
emissions, increase engine torque, etc. One of the simplest ways to obtain a 
variable valve timing is to use cam phasers. 

The dynamics of a hydraulic cam phaser has been studied, three concepts 
with the purpose to control such an element has been developed using 
simulation driven product development. Focus have been on robustness, 
simplicity and implementation. A final concept using on/off solenoids to 
control a torque driven cam phaser has been designed and simulated in GT-
SUITE which validated its performance and functionality. A dynamic model 
was built in Simulink which simulated the behaviour of the cam phaser and 
provided tools for optimizing the rotor design. 

By combining the knowledge of mechanical- and control engineering at 
Scania, the development process of such machine elements was effective. The 
outcome of this thesis has given a new perspective in understanding these 
components and their potentials. 
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1  Introduction 

The ability to control engine combustion is a key aspect for automotive 
performance. Different operating conditions and driving scenarios require 
distinctive engine settings in order to function effectively, lower emissions, 
idle quality, good fuel economy and high engine torque during acceleration. 
All of these factors are associated with engine performance where valve 
timing is a crucial factor. Commercial vehicles usually operate with a fixed 
valve timing which leads to varied engine performance over the entire 
operating range. In terms of valve timing, variable cam phasing (VCP) provide 
one of the most effective strategy to improve any engine performance aspects 
without compromising others [1] [2], and has become an essential element for 
modern SI- and diesel engines [3]. It allows continuous and broad settings of 
valve overlap and timing while improving both fuel consumption and 
lowering NOx emissions [4]. Furthermore, the implementation of a VCP unit 
does not necessarily require major design adjustments to the existing engine 
top and camshaft [5] [6].  

1.1 Background 
Scania does not offer commercial engines with a VCP solution. However, 

the implementation of the technology would be beneficial in terms of engine 
performance. Development of VCP designs is well-established [7], 
nevertheless, there are concerns about some aspects and details regarding the 
current design that will make it inadequate in reaching Scania’s high demands 
regarding reliable performance, durability and low parasitic engine losses.  

1.1.1 Variable Cam Phasing 

Numerous VCP solutions have been developed to achieve variable valve 
timing (VVT) over the last three decades [8], where most cam phasers are 
either hydraulic- or electric actuated. The electric- demonstrates the highest 
potential when it comes to phasing velocities, timing accuracy, camshaft 
adjustment at/before start-up and low oil consumption [9], drawbacks are 
lifetime, dimensional size and expenditure [7] [10]. Development of these 
VCP’s exist [7], unfortunately, the technology lacks maturity [8]. In contrast, 
the vane-type hydraulic actuated VCP (hVCP) is relatively simple, compact, 
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reliable and cost-effective, hence it has become the predominant VVT system 
used in modern engines [9] [11] [12].  

The most common hVCP design today is composed of a rotor and a stator 
which are mounted to the camshaft and cam sprocket respectively, see Figure 
1.1.  

 

Figure 1.1. A typical hVCP unit. 

This type of hVCP is an oil pressure actuated (OPA) VCP, utilizing the 
energy in the engine oil system to maneuver the camshaft. It is today the most 
well-established hVCP solution for enabling VVT [13] [14]. Together, the 
rotor and the stator creates a relative angle known as the phase authority for 
which the rotor may rotate in relation to the stator, this rotation will phase 
the camshaft from the default position leading to a change of valve timing. 
Each rotor vane (see Figure 1.1) separates the chamber volumes into an 
advance- and retard chamber, see Figure 1.2. 

 

Figure 1.2. The hVCP architecture. 

Seals are commonly located at the top of the rotor- and stator vanes in 
order to lower leakage, plus, the tolerances between the rotor and stator are 
kept to a minimum. 
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Engine oil is usually fed through the neighbouring camshaft bearing to the 
rotor (actuator) via a central oil control valve (OCV) which controls the oil 
flow by a variable force solenoid (VFS). The OCV is a multi-position spool 
valve. Depending on the position of the valve the oil flows to either advance 
or retard the rotor in relation to the cam sprocket and stator, thus changing 
the valve timing, much like a double acting rotary actuator. To ensure ‘fail-
safe’ operation, the rotor is usually equipped with a torsional spring and a 
lock-pin. If the system has low oil pressure, for instance due to engine shut-
down, start-up or malfunction, the pressure is insufficient for cam phasing 
control, therefore the cam phaser has to be at a safe default position [8] in 
order for the camshaft to be fully rigid. This functionality is necessary since 
the valve timing must be reset in order for the engine to run even if the cam 
phaser system fails. During a fail-safe scenario, a torsional spring usually aids 
the return of the rotor to the determined base position, the rotor locks to the 
stator by the lock-pin, see Figure 1.3.  

 

Figure 1.3. A common lock-pin sequence. 

Usually, the lock-pin is placed at one of the rotor vanes. The sprocket has 
a circular groove located at the base-position where the lock-pin may engage 
which locks the hVCP. When phasing is desired, the chamber pressure needs 
to overcome the lock-pin spring force which presses the lock-pin back into 
the vane. While at the base position, the spring pushes the lock-pin into the 
sprocket groove if the chamber oil-pressure is insufficient. Return to base 
position is made possible since the OCV in its default position only supply oil 
pressure to chambers at one side of the rotor vanes which will aid the bias 
spring torque, while the other chambers are connected to the oil sump of the 
engine. It is desirable to pressurise all chambers to avoid any air being sucked 
into either chambers as well as compensate for external leakage [15]. 

In contrast to the OPA, torque driven (TD) cam phaser system [16], 
captures the existing torsional energy produced by the valve train from the 
camshaft instead of relying on oil pressure. The system works like a hydraulic 
pump with installed check valves inside the rotor which connects the 
chambers. Oil flows unidirectional due to the check valves by the camshaft 

1 2

3 4
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torque either to the advance- or retard chamber depending on the position of 
the OCV [17], enabling a ratchet effect, see Figure 1.4.  

 

Figure 1.4. Schematics of a torque driven hVCP. 

To ensure fail-safe, the mechanism is equipped with a lock-pin and can be 
used with a torsional spring. Moreover, the OCV null-position enables a 
unidirectional flow forcing the hVCP to phase to base position. The system 
is constantly pressurized to compensate for leakage, leading to a very low oil 
consumption and low parasitic pressure loss. The low oil flow together with 
cam torque assistance leads to increased phasing speed. 

1.1.2 Problem Statement 

The torque driven VCP is of interest due to its superior operating 
performance compared to many other VCP solutions. However, there are 
some concerns regarding the design according to Scania. They state that the 
central mounted multiple-position OCV controlled by the VFS, is inferior 
with respect to durability when used in heavy-duty applications. On/off 
solenoid valves are believed to be a durable substitute since the multi-position 
OCV may jam due to impurities in the oil, furthermore, the lingering sliding 
contact between the solenoid pin and OCV wears the surfaces causing 
position uncertainties. Many modern hVCP solutions require the OCV to be 
central mounted, this in turn requires larger amount of space on the engine 
top for the VFS to be installed. Moreover, heat from the engine may affect 
the solenoid performance. Additionally, high position accuracy is needed 
from the VFS during its entire lifespan to ensure desired functionality. Since 
the hydraulic circuit is ideally closed, high pressure spikes lead to increased 
leakage which in turn leads to lower phase angle stability [15]. A large amount 
of damping of hVCP vibration is caused by internal leakage [15] which coverts 
kinetic energy to heat due to shearing of the oil. Because the circuit is closed, 
heat is trapped in the hVCP. If the hVCP is not sufficiently cooled, internal 
oil temperature will rise which further increases leakage leading to even 
greater instability. hVCP’s also experiences difficulties maintaining the desired 
phase angle at lower oil pressure and engine speed, as a consequence of 
reduced stiffness in the hydraulic system combined with higher induced 

Supply Pressure
OCV
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torsional energy [9] [17]. The ability to reject system disturbance decreases 
with increased oil aeration levels, external leakage, internal leakage could 
increase stability below the natural frequency [18]. The phenomenon is 
illustrated in Figure 1.5. Energy generated from fluctuating camshaft torque 
oscillates the oil pressure in the phaser causing the hVCP to wobble, which 
increases with lower engine speed and oil pressure, high temperature, high oil 
aeration and increased leakage [15], see Figure 1.5. 

 

Figure 1.5. hVCP instability due to lower engine speed, supply pressure and 
leakage. 

Furthermore, the rotor oscillations and camshaft torque prevents the 
hVCP to mechanically lock at the base position, due to the rotational force 
overcoming the lock-pin retract force. To avoid this, current lock-pin and seat 
have a straight and edgy design, leaving the lock-mechanism vulnerable to 
wear [8]. The outcome of these findings imposes excessive challenges for 
hVCP systems to maintain phase angle position, caused by the combination 
of low friction, excessive leakage and high fluctuating camshaft torque. 

1.2 Objective 
Two essential aspects of a desired hVCP design will be investigated and 

modified to ensure satisfaction for Scania’s needs, with the aim of enhancing 
durability while maintaining or improving functionality. 

1.2.1 Oil Control Unit 

The first objective is to investigate and determine if an on/off valve 
substitute for controlling the cam phaser, with corresponding system 
architecture is possible to implement. The aim being that it’s fundamental 
functionality is that of a TD hVCP unit.  

1.2.2 Phase Angle Stability 

The second objective is to find a solution to obtain a stable intermediate 
phase angle, functional across the oil pressure range with a robust and simple 
design. The solution needs to be cross-functional with a hVCP unit and must 
not compromise the overall hVCP performance. 

Time [s] 
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2  Method 

Both objectives were performed in parallel throughout the entire project 
using simulation-driven product development. Early in the process, 
information was gathered via market research (benchmark and related 
technology) and continuous discussions with Scania employees.  

MuPAD1 was used to ease the complex analytic equation analysis of the 
cam phaser dynamics. Matlab2 and Simulink3 were used to model the cam 
phaser according to flow- and mechanical equations. GT-SUITE4 was used 
as a tool to evaluate the different concepts. 

  

                                                      

 

 

1 MuPAD is a computer algebra system developed by MathWorks. 

2 MATLAB is a numerical-based computing tool developed by MathWorks. 

3 Simulink is a model-based simulation tool developed by MathWorks. 

4 GT-SUITE is a model-based simulation tool developed by Gamma Technologies.  
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2.1 Need of Product 
Both the oil control unit and the phase stability solution are inherently 

connected and dependent on each other. Both of their need-statements are 
derived based on Scania’s requirements regarding the entire hVCP solution. 
The data was gathered from internal documents and discussions with Scania 
employees. The need-statements are listed in Table 2.1 together with the 
respective mission statement, followed by an explanation. 

Table 2.1. Need Statement. 

Need-Statements 

Oil Control Unit Phase Angle Stability 

Mission Statement 

A control system architecture 
compatible with existing hVCP 

style cam phasers 

A solution for robust holding at any 
desirable intermediate phase angle 

Costumer Needs 
- High phasing speed 
- Low parasitic losses 
- Robust design 
- Easy to control 
- Simple design 

 

- Reducing oscillations 
- Compatible with a OCU 

solution 
- High phasing speed 
- Low parasitic losses 
- Robust design 
- Easy to control 
- Simple design 

High phasing speed, it is desirable to have a fast OCU-system response 
to minimize the transient period of the hVCP which results in smoother 
overall operation. 

Reducing oscillations, to ensure stable and smooth operation the 
stability mechanism should reduce the oscillations of the camshaft.  

Low parasitic losses, should be minimized in terms of oil consumption 
and an energy perspective. 

Robust design, the entire solution should have a robust and reliable 
design. 

Easy to control, the OCU and phase stability solution should have a 
mutual control system which makes the cam phaser easy to control. 

Simple design, a simple design with few components will decrease size 
and weight, making the entire component more compact and cost-effective. 
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Compatible with a OCU solution, the possible concept solutions for 
the phasing control takes priority over the phase stability solution. This means, 
the need-statements and concepts need to be adapted according to the 
developed OCU. 

2.1.1 Product Characteristics 

The product characteristics are listed in terms of “need” and “desire” 
regarding the functionality and operation for both sub-systems, OCU and 
phase stability mechanism. These are listed in the tables below. 

Table 2.2. Characteristics of the OCU 

Oil Control Unit 

Functionality – Need 

 Must have ‘fail-safe’ function that reset phaser to base position if 
control is lost and/or system pressure is lost. 

 Must have lock-pin that engages in base position and dis-engages 
whenever phasing is desired.  

 Pressure spikes inside phaser must not reach journal bearing interface. 

 Maximum two solenoids per cam phaser.  

 Actuation control of phaser with on/off valves and solenoids. 

 

Functionality – Desires 

 Components should be ‘spring-less’, i.e. not relying on springs for 
position reset etc. 

 Minimizing sliding contact. 

 Check valves mounted axially.  

 Low oil consumption. 

 Remote placement of control valves, saving axial space on engine top. 

 If utilizing remote control then only 1 oil supply path/journal bearing 
interface. 
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Table 2.3. Characteristics Phase Angle Stability Mechanism. 

Phase Angle Stability Mechanism 

Functionality – Need 

 The solution must be controlled direct or indirect by the same set of 
valves that controls the actuation of the hVCP’s rotor. 

 The deactivation of the system must be synchronised with any fail-safe 
system that enables the hVCP to return to base position if control is 
lost. 

 The solution must be robust enough to survive the lifetime of the 
vehicle while at the same time not losing nominal performance. 

 The engagement and disengagement of the system should occur 
seamlessly, not affect the hVCP’s overall ability to phase shift nor 
induce vibrations to camshaft. 

Functionality – Desires 

 The design should be simple in order to reduce manufacturing costs 
and made easy to ingrate with the rest of the system. 

2.1.2 Product Specification 

The specific product requirements are retrieved from internal documents 
provided by Scania. Parameters are listed which are directly linked to the 
performance of the cam phaser as well as certain environmental limits. These 
specifications apply to both sub-systems, OCU and stability mechanism, 
meaning they both have to fulfil the performance related specifications all the 
while operating within the environmental limits stated below. The parameters 
relevant to this project is followed by an explanation for clarification. 

Phasing speed – A minimum phasing speed is listed for both directions 

(advance and retard) which is expressed as °𝐶𝐴 𝑠⁄  (crank angles/second). 

Maximum oscillations – When holding any intermediate phase angle the 
relative amplitude of the oscillations between the rotor and stator is not 

allowed to exceed a specific value, expressed as ±°𝐶𝐴. 

The concepts should fully function according to the specification stated 
above, all the while within the environmental limits: 

Oil pressure and viscosity class – The oil pressure is given as a function 
of engine speed for the current oil viscosity class of the engine and air mixture. 
The pressure drop across the oil gallery to the engine top is accurately 
accounted for.  
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Solenoid actuator – Solenoids are limited to the maximum allowed 
nominal current during normal operation and some absolute maximum value, 
only allowed during short burst. 

Temperature – The temperature range for which the cam phaser must 
function.  

Oil flow capacity – The maximum allowed oil flow coming from the 
main oil gallery to the cam phaser during nominal operation. 

Geometrical limitations – These limitations are both specified as the 
maximum allowed volume the cam phaser can occupy as well as the necessary 
phasing authority.  
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2.2 Development Procedure 
Both objectives were carried out using an appropriate, simulation driven 

product development process, see Appendix A  

2.2.1 Oil Control Unit 

A virtual model was constructed with GT-SUITE and Simulink that 
simulated the dynamic behaviour of the cam phaser. Simulink was used to 
optimize the geometry of the cam phaser according to the product 
specifications while GT-SUITE was used to simulate the hydraulic circuit. 
Based on results of the GT-model, virtual 3D-model of the hVCP were made 
for the most promising concept using CAD-software. Concept evaluation 
was made based on simulation results and study of conceptual layout.  

2.2.2 Phase Angle Stability 

Benchmark and a related technology research was made regarding 
appropriate techniques. The studied allowed further understanding of already 
existing related solutions and technologies, see Appendix H . 

GT-SUITE and Matlab were used as a tools together with analytical 
analysis to study the functionality and performance of the different concepts. 
An alternative method to obtain equivalent performance was also studied and 
compared with the developed concepts. 

2.2.3 Scope 

In this work, the concept evaluation was based on GT-SUITE’s ability to 
solve the interaction between hydro-mechanical subsystems and the control 
system. The simulations in GT-SUITE considered the mechanics of the 
valves and the phaser itself in the engine. The surrounding components was 
not taken to consideration meaning no system simulation of the overall 
complete hVCP with components, crankshaft-camshaft interactions, engine 
dynamics, etc. 

No fatigue simulation nor -test was made in order to evaluate durability. 
However, durability is a key factor so the robustness of each concept was 
estimated with common sense. Cost and ease of manufacture aspects had the 
same procedure. 

No CFD simulations for any fluid path were made.  No prototype 
manufacturing for practical experiments were conducted to confirm 
simulation models and results. Below are additional simplifications and 
limitations of the GT-SUITE model.  
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2.2.4 Limitation 

Oil System - Oil pressure inlet was set to an engine speed dependent 
function provided by Scania. 

Cam Phaser – The camshaft torque acting on the phaser was a periodic 
function depending on engine speed and did not vary with phase angle. The 
cam phaser was assumed to be fully sealed, no oil will leak from the phaser to 
the surrounding environment. The oil gaps between the phaser rotor and 
stator was set accordingly to products data sheets. The rotor was assumed to 
be perfectly aligned with the stator, meaning no eccentricity. The gear driving 
the cam phaser from the driveshaft was modelled ideal. 

Valves - The valves were assumed to be fully sealed, meaning that no oil 
leaks from the valves to the surrounding environment. The valve rod in the 
housing of the valves was assumed to be aligned in the centre. Valves were 
assumed not to have any oil filter that could cause further pressure drop. The 
valves were assumed to be reversible i.e. same performance in both forward- 
and reversed flow.  

Camshaft Hydraulic System - The pressure loss from the transition of 
the oil supply to the camshaft hydraulic system was assumed to act as a 
hydraulic flow split volume. The oil flow in the camshaft was assumed to be 
unaffected by its rotation. 

Control System - Voltage applied to the solenoid was assumed to be 
instantaneous. Electrical components in the solenoid were assumed to be 
ideal.  
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2.3 Modelling 
To accelerate concept analysis, virtual prototyping provides benefits when 

studying complex systems. The method was chosen as multiple systems 
exhibit high complexity and needed to be continuously adjusted throughout 
the development process. The method of analysis for the concept evaluation 
and performance followed the three steps seen in Figure 2.1. 

 

Figure 2.1. Overlying simulation scheme. 

 Inputs, represents the external inputs to the model such as the 
engine speed, oil pressure and -type, cam torque and voltage. 
These inputs and their different state-combination was varied 
appropriately to obtain the desired result. 

 Virtual Model, was the simulation stage performed in GT-
SUITE were performance calculations were made for each 
discrete operating points. 

 Data Post-Processing, was the final stage where Matlab was 
used for interpolation and visualization of the simulation results. 

The virtual model in GT-SUITE can be divided and represented as three 
different interacting subsystems, schematics of the block-network can be seen 
in Figure 2.2. 

 

Figure 2.2. Block-model schematic setup. 
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The different systems interact continuously, the control system interpret 
the cam phaser response (phase angle/velocity etc.) and adjusts the hydro-
mechanical system accordingly, which in turn affected/affects the hydraulic 
response of the cam phaser (pressure, flow etc.).  

2.3.1 Understanding GT-SUITE 

To understand the principle of a GT-model, a simple example is illustrated 
in Figure 2.3. This example illustrates a simple spring loaded check valve with 
a pressure differential across it. 

 

Figure 2.3. Example of a GT-model, a check valve. 

The motion of the valve is described by a second-order differential system 
comprised of a poppet with mass, a spring and a damper arranged between 
two stoppers, acting as boundaries to the dynamic system. HighPressure and 
LowPressure indicates two fluid sources, creating a pressure difference over the 
PoppetBallValve. The valve block illustrates the dynamics of a poppet type ball 
valve resting at a conical seat. The valve experience a force, generated by the 
flow, created between the pressure difference. 

A more detailed description of the structure of GT-models used in this 
thesis is outlined in Appendix G .  
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3  Results 

Three different oil control concept were developed and evaluated. The 
concept showing the most potential was further developed, for the other 
concepts see Appendix B for description and Appendix D for evaluation. The 
findings regarding the phase angle stability objective is that focus should lie 
in understanding the dynamics of the cam phaser and design the system 
according to its specific operating conditions since none of the stability 
concepts could fulfil the set requirements, see Appendix E for evaluation. 
According to these findings, this is the best way to obtaining a stable, robust 
and simple cam phaser design.  

3.1 Oil Control Unit 
By utilizing on/off valves connected in series the function of the 

traditional, multi-position OCV can be distributed. Thereby, substituting the 
VFS with two separate on/off solenoids. Placing check valves correctly led to 
a TD hVCP system with a ratchet property.  

A remote 2/3-way solenoid valve (1) is connected to the high pressure 
source and the engine sump. When energized, it connects the high pressure 
source to a pilot port (through the journal bearing) of a central mounted 2/2 
way pilot valve (2). The pilot pressure moves it to the closed state, thereby 
holding phase angle by preventing oil chamber flow. A check valve (3) is 
placed in one of the chamber oil lines, leading to an unidirectional internal 
flow from one chamber to the other when the pilot valve is open. The other 
2/2-way valve (4) is also connected to a check valve (5) but has the opposite 
orientation which results in internal chamber oil flow in reversed direction. 
This valve is regulated by a central mounted on/off solenoid (6) at camshaft 
frame. Failsafe functionality is achieved by having the 2/2-way pilot valve (2) 
in normally open state and the central solenoid activated 2/2 way valve in 
normally closed state, thereby forcing phase direction towards the base 
position where a lock-pin may lock the rotor. To compensate for leakage, 
additional oil lines from the pilot pressure line is connected to the advance 
and retard chamber via separate check valves (7). The concept hydraulic 
schematics is shown in Figure 3.1.     
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Figure 3.1. Schematics of the final concept. 

Each activation sequence for obtaining all phasing directions is explained 
by Table 3.1. 

Table 3.1. The operating sequence. 

Remote 2/3 solenoid Central solenoid Phasing direction 

OFF OFF Negative/Failsafe 

ON OFF Holding 

ON ON Positive 

OFF ON - 

If the remote solenoid remains in a closed state for a longer period of time 
(for instance, if it malfunctions), journal bearing lubrication can be assured by 
separated by-pass oil supply lines. These oil-lines may also be connected to 
the supply check valves of the cam phaser instead of to the pilot pressure line 
as seen in Figure 3.1. 

  

1

2 3

4

5
7

6
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3.2 Detail Design 

3.2.1 Cam Phaser Assembly 

An exploded view of the cam phaser assembly is shown in Figure 3.2. This 
is a realization of the hydraulic circuit as seen in Figure 3.1. A list of each 
components is seen in Table 3.2. A larger picture of Figure 3.2 and the 
assembled cam phaser can be seen in Appendix C . 

 

Figure 3.2. Exploded view cam phaser assembly. 

Note that no return springs, check valves, mounting screws, valve cap, 
solenoids nor oil filters are shown. 

Table 3.2. Cam phaser assembly components. 

Index Item Name 

1 Stator plate 

2 Stator 

3 Seals 

4 Lock-pin 

5 Rotor 

6 Control cap 1 

7 Cylinder body 1 

8 Cylinder body 2 

9 Cylinder body 3 

10 Control cap 2 

11 Valve socket 

12 Cam sprocket 

The valve is designed as a hollow cylinder closed at both ends with two 
internally mounted check valves having the same orientation. To allow flow 
to and from the valve unit, three sets of evenly spaced holes are drilled along 
the circumference of the cylinder body. To allow the check valves to be 

1 2

3

4

5

6 7 8 9 10 11 12
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mounted inside the cylinder body, it had to be comprised of three individual 
parts, see Figure 3.3 and Figure 3.4. 

 

Figure 3.3. Cylinder body exploded 
view. 

 

Figure 3.4. Cylinder body assembled. 

Two poppet-type check valves are to be place in the cylinder body 
assembly. To regulate the internal flow, two control caps were designed, see 
Figure 3.5. They are to be placed over the cylinder body at each end also 
having evenly spaced holes along the circumference. Return springs are to be 
placed within the control caps for positional reset (not shown). The cylinder 
body assembly and control caps are mounted inside a valve socket (see Figure 
3.6) that in turn is mounted to the camshaft through the rotor. Cylinder body 
3 is to be screwed into the valve socket. The valve socket is threaded to be 
screwed into the camshaft. At the opening of the valve socket an end-cap (not 
shown) is press-fitted or screwed to hold the cylinder body and control caps 
in place.  

 

Figure 3.5. Control caps. 

 

Figure 3.6. Control valve assembly.  

Given the groves in the valve body and on the control caps, the flow is to 
be unaffected by the angular orientation of the control caps or mounting 
errors. The inside of the rotor body have similar grooves making the angular 
orientation irrelevant when assembling the entire valve unit inside the rotor. 
See Figure 3.7 and Figure 3.8. 
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Figure 3.7. Valve socket. 

 

Figure 3.8. Inner rotor grooves.  

3.2.2 Oil Supply and Lock-Pin 

Two check valves are to be connected to the end facing the camshaft 
leading to unidirectional oil flow to an advance- and retard oil chamber line 
individually, see A and B in Figure 3.9. Due to the grooves in the rotor, all 
chambers are pressurized. 

 

Figure 3.9. Pressurized internal rotor lines. 

 The pressure that retracts the lock-pin is connected to the pilot oil source. 
A small linear groove at the end of the rotor receives oil pressure from the 
camshaft mounting plate. The back side of the lock-pin is connected to 
atmospheric pressure through a grove oriented towards the centre of the 
rotor, see Figure 3.10. Finally, a stator plate covers the rotor and leaves a small 
opening at the end of the lock-pin groove. Note that no lock-pin end-stopper 
nor stator plate is shown in the figure. 

A

B
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Figure 3.10. The lock-pin and connected lines with grooves. 

3.2.3 Operating Sequence Valve Unit 

With the remote solenoid energized and the central solenoid de-energized 
control cap 2 in Figure 3.12 is pressed inward by the increased oil pressure. 
This blocks all flow through the valve unit and no relative moment occurs 
between the rotor and stator see Figure 3.11. 

 

Figure 3.11. Cam phaser holding phase 
angle. 

 

Figure 3.12. Valve unit holding phase 
angle. 

With the remote solenoid de-energized and the central solenoid de-
energized both control caps are pressed back by their springs which enables 
negative phasing direction, see Figure 3.14, this represents failsafe mode since 
the rotor moves towards base position where the lock-pin locks the rotor to 
the stator see Figure 3.13. Blue arrow indicate relative movement rotor in 
relation to the stator and red arrows indicate the flow direction for the 
pressurized oil. 



21 

 

 

Figure 3.13. Cam phaser negative 
phasing direction. 

 

Figure 3.14. Valve unit negative 
phasing direction. 

With the remote solenoid energized and the central solenoid energized 
both control caps are pressed inward, see Figure 3.16, which enables positive 
phasing direction i.e. phasing away from base position see Figure 3.15. 

 

Figure 3.15. Cam phaser positive 
phasing direction. 

 

Figure 3.16. Valve unit positive phasing 
direction. 

3.2.4 Cam Phaser Dimensioning 

The rotor was dimensioned to fulfil the specific product requirements 
(phasing speed and maximum oscillation magnitude) and not exceed the 
maximum allowed space. 

The rotor width 𝑤 and vane height factor (𝑑/𝑟) were to be determined. 

The bulk modulus 𝛽 and dynamic viscosity 𝜂 was set for a specific oil type 

and temperature. Given a desired phasing authority 𝜃0, the number of rotor 

vanes 𝑁 and angle 𝜃𝑣 was set. The friction coefficient 𝑓 was neglected and 

the gap clearance ℎ was set to 40 𝜇𝑚. The flow resistance coefficient 𝑅𝑂𝑉𝐶 
when the valve is fully open or closed (valve leakage) must be determined 

through experimental methods or simulations but was set to 10−9 𝑚3/𝑃𝑎  
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(open) and 10−12 𝑚3/𝑃𝑎 (closed). Equation (F.2.4) and (F.4.1) in Appendix 

F  were plotted for an engine speed of 1200 𝑅𝑃𝑀 to construct amplitude- 
and velocity-gain contour plots. These plots describe the oscillations 
amplitude and phasing speed per applied unit camshaft torque. The peak 
camshaft torque was used to determine the oscillation magnitude factor, the 
root-mean square camshaft torque for the phasing speed. The maximum 

allowed oscillation was set to 1 °  at a camshaft peak torque of 100 𝑁𝑚 

resulting in a factor of 0.01 . The minimum phasing speed was set to 

200 °/𝑠𝑒𝑐 for a root-mean square value of 60 𝑁𝑚 resulting in a factor of 

roughly 3.33 . The allowed interval for the rotor width 𝑤  was set to 

[15,30] 𝑚𝑚, see Figure 3.17 and Figure 3.18. 

 

Figure 3.17. Amplitude gain with the boundaries. 

 

 

Figure 3.18. Velocity gain with the boundaries. 

The intersection area of the two figures above shows the available design 
space, see Figure 3.19. 
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Figure 3.19. Rotor width and vane height factor design space. 

When choosing the final dimensions one must remember the danger of 
increased heat generation (at small vane height factors and rotor widths) 
which affects the oscillation. For safety reasons, the dimensions were set to 

𝑤 = 20 𝑚𝑚 and 𝑑 𝑟⁄ = 28%. 
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3.3 Concept Performance 
Step-responses of the final concept were simulated in GT-SUITE (see model 
map in Appendix J ). An example of the cam phaser response at an engine 

speed of 1800 𝑅𝑃𝑀 and oil temperature of 100°∁ is shown in Figure 3.20. 
The orange dashed line is desired phase angle while the blue line is the actual 
cam phaser response. 

 

Figure 3.20. Cam phaser step-response of the final concept. 

A total of 36 cases were simulated where the engine speed and oil temperature 

varied between 1200 − 2400 𝑅𝑃𝑀 and 20 − 120°∁ respectively. The cam 
phaser was set to phase its entire phasing authority back and forth. Matlab 
was used for data post-processing and visualizing. For all cases, the slope 
(phasing speed) for the advance phase direction was calculated and can be 
visualized in the contour map seen in Figure 3.21. 

 

Figure 3.21. Simulated phasing speed map of the final concept. 
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3.4 Phase Angle Stability 
A analytic study of cam phaser dynamics can be seen in Appendix F . The 

study led to the development of a Simulink-model which describes the 
dynamics. The model describes cam phase angle, -speed, -acceleration, 
internal leakage, pressure, heat generation, etc.  The block-diagram of the 
Simulink-model can be seen in Appendix I .  A simplified sinusoidal camshaft 
torque with a non-zero mean torque is applied to the Simulink-model, the 
phase angle response is visualized in Figure 3.22.  

 

Figure 3.22. Phase Angle error. 

As seen in the figure ovan, the phase angle error fluctuates with the 
frequency of the applied camshaft torque. The error gradually grows due to a 
non-zero mean torque and internal leakage. The phase angle response can be 
divided into a vibrational- and an error rate response. In order to understand 
the hVCP vibrational behaviour, a Bode diagram is made derived from a 
Laplace Transformation of the governing equation, see the derivation in 
Appendix F.2. As a result, the vibrational error is shown as its magnitude per 
applied period camshaft torque unit, called amplitude gain. Thus, a level plot 
in Figure 3.23 shows the continuous Bode diagram of the vibrational gain as 
a function of frequency and damping ratio, where the damping ratio is 
increased by increasing the cap clearance.  

 

Figure 3.23. Level plot of the Bode diagram. 
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The slope of the phase angle error is plotted as a function of gap clearance 
and rotor vane height factor and is visualized in the level plot shown in Figure 
3.24. This is called error growth rate, which is derived in Appendix F.3. 

 

Figure 3.24. Level plot of the error growth rate. 

The slope of the error is expressed as phase angle speed per applied 
camshaft mean torque. The consequence of internal leakage through the 
OCV and through the gap clearance between the rotor and stator combined 
with the mean torque is an increased error growth. 

When increasing internal flow, for instance if the OCV opens, the oil 
shears which generates heat. Equation (F.5.3) is solved with the Simulink-
model. The generated power due to oil shear is plotted as a function of flow 
resistance through the valve, see Figure 3.25. 

 

Figure 3.25. Generated RMS-power as a function of valve flow. 
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4  Discussion 

It is possible to control a TD style cam phaser using two on/off valves 
when combining pilot pressure activation and direct solenoid activation. At 
some engine speeds and temperatures, the system tended to be unstable and 
oscillate around the desired phase angle. This is likely due to the pilot valve 
having greater activation/deactivation delay than the plunger driven solenoid 
combined with the simple control system developed in this thesis. It is 
expected that this pilot delay becomes greater when considering cam bearing 
leakage. Even if the delay would be doubled (or even more) this type of cam 
phaser would still function if the control system can compensate and handle 
the indifference and compensate to avoid control-system induced oscillations.  
Due to the scope of this thesis, these effects were not investigated further.  

The nature of the simulated TD cam phaser was greatly influenced by the 
oil temperature which affected phasing speed. At low temperatures, increased 
engine speed had little effect on the phasing speed, which is seen in Figure 
3.21. This is due to the fact that even though the camshaft torque increases, 
the time duration of the camshaft torque decreases and the resulting cam 
torque energy used remains somewhat unchanged. It is therefore important 

to have large 𝑅𝑂𝐶𝑉  values when the valves are fully open in order to 
‘smoothen’ the performance curve at low temperatures and engine speeds.  

The exact size and shape of the check valves inside the valve body were 
not determined and was treated as ideal check valves in the GT simulations. 
Their dynamics and ability to seal the chambers will certainly affect the 
performance and while it would be beneficial to use light spring-less 
balls/spheres with a short stroke length in terms of robustness, to ensure fast 
check valves, it could be better to use spring-loaded check valves. However 
these springs are usually very small and sensitive which is not preferable. One 
would expect that modelling these check valves more realistically and adding 
external leakage to the system, the cam phaser’s performance would be 
affected. 

The GT-model did not consider any rotational dynamics nor any other 
dynamics surrounding the hVCP which could alter the performance. The 
rotational dynamics would give rise to a vibration much like a bearing known 
as swirl, which would alter the leakage in the system. The environment in the 
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engine was not considered either. The environment should have been taken 
into account as a heat flow from the engine.  

Neglecting external leakage from the cam phasers while having a very low 

𝑅𝑂𝐶𝑉-value of the valve (central valve closed), the oscillations become close 
to a non-issue since the amplitude gain factor is minor. It is desirable to design 
a cam phaser with an extremely small displacement in order to maximize 
phasing speed. However, this is dangerous since very small displacements 
lowers the oil volume in the cam phaser and it is believed that the system 
becomes sensitive to heat generation caused by shearing of the oil. The 
relationship and impact of this factor should be investigated further. 
Furthermore, to improve the accuracy of the dynamic model the friction 
caused by the seals should be accounted for and optimized decrease internal 
leakage while lowering the friction.  
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4.1 Conclusion 
The present study has illustrated an approach to construct a hydraulic vane 

type, torque driven cam phaser in order to improve phase angle stability while 
retaining high phasing velocities in a simple manner by altering its dimensions 
correctly. The approach fulfills the phase angle stability objective stated earlier 
in this thesis, no other technique developed in this thesis could match the 
approach. The study lead to a Simulink-model that described the cam phaser 
dynamics has been developed. Furthermore, the work has proven that such 
torque driven cam phasers controlled by on/off solenoids can be engineered, 
resulting in improved robustness while maintaining performance. The study 
has fulfilled the oil control unit objective stated earlier in this thesis. Moreover, 
detail design of the concept has provided means to implement the concept 
within the product characteristics stated by Scania. The solution is to use two 
on/off valves connected in series with integrated poppet-check valves. One 
of the on/off valves is controlled by a pilot pressure while the other is directly 
driven by a solenoid plunger. A remotely place on/off solenoid valve controls 
the pilot pressure from the engine oil supply while the other on/off solenoid 
is mounted stationary, co-axially with camshaft at the end of the camshaft 
frame. A lock-pin is integrated and two separate check valves are used to 
pressurize the cam phaser. The concept has been validated with GT-SUITE 
and was detailed designed with CATIA V5, where its dimensioning came 
from the cam phaser dynamic study. Another outcome of this thesis is two 
other techniques of controlling torque driven cam phaser with a single on/off 
solenoid. Firstly, a solenoid is synchronized with the crank angle that controls 
the oil control valve or, a fluidic element can be passively controlled by the 
cam phaser which is activated during phasing scenario by an on/off solenoid. 
Due to the scope of this thesis no detailed designs of these concepts were 
ever made.  
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4.2 Future Work 
The final solution need further development in order to be realized as a 

final product, e.g.:  

 Validations and tests of pilot pressure activation through a journal 

bearing. 

 Development of fast and robust poppet check valves implemented 

in the valve unit. 

 Material- and topological aspects regarding the cam phaser and its 

components. 

 Effects of aeration in the oil of the cam phaser. Sealing from 

surrounding air and development of inlet check valves. 

 System tests 

o Performance tests of the integrated valve 

o Fail-safe performance tests 

o Overall system tests 

 Production aspects (manufacturing, costs, etc.) 

 Study of the effects of heat generated in the cam phaser. Need of 

cooling 

 Leakage and friction optimization. 
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A  Development Process 

A.1 Concept Generation Procedure 
The workflow for the concept generation phase followed a modified four-

step method shown in Figure A.1. Complete concept solutions were 
generated based on the needs and desires regarding the functionality of the 
solution. Over time, these functionality requirements were iteratively 
modified. The concepts that fulfilled the functionality requirements were 
evaluated based on the necessary specifications. 

 

Figure A.1. The workflow concept generation scheme. 

Breaking down complex problems into smaller and simpler sub-problems 
gives better understanding of how each solutions effects the overall 
functionality. This approach may not always be optimal which depend on the 
type of product being developed. Due to the relative smaller scale of the 
product, the need to decompose the desired functionality into smaller sub-
functions and then use classification trees was not necessary. Instead, the 
adapted method and steps for generating the concepts in this thesis is 
illustrated in Figure A.2. 
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Figure A.2. Method for generating product concepts. 

Both sub-solutions had to be compatible with an already existing 
component, meaning, the available design space was limited. The efficiency 
and success of the concept generations phase was not believed to be 
compromised because of this [19].  

A.1.1 Clarify the Problem 

The problem is defined in section 1.1.2 and 1.2.  

A.1.2 Search Externally 

The goal of this search is to gain better understanding of the current 
market and in what aspects existing technology and research can ease the 
problem. Researching topic-specific material as well as related technology 
aided in understanding the underlying approach for solving the problem. 
Implementation should be investigated for technologies capable of solving 
the problem. This is done by studying the competitors within the field, and 
related vendors. 

A.1.3 Search Internally 

The internal search was aimed at gathering knowledge and inputs from 
within the group and people associated with the project. Different co-workers 
employed at variety of different areas that affects the cam phaser development 
have essential knowledge regarding the functionality and design. Such 
opinions were important to consider so no aspects were overlooked.  
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A.1.4 Explore Systematically 

At this step, the concepts were evaluated based on their availability to meet 
the target product functionality requirements. This step was done 
continuously iteratively as different concepts where investigated. The 
concepts that made it past this stage were further evaluated.   
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B  Alternative  
Oil Control Concepts 

B.1 Single High Frequency Valve 
By utilizing one high frequency on/off valve that controls a pilot valve 

and synchronizing the opening and closing in relation to the fluctuating cam 
torque, it is possible to mimic the ‘hydraulic ratchet effect’ used by TD style 
cam phasers. 

One remote 2/3 way solenoid valve (1) is connected to the supply pressure 
source and the engine sump. When energized it connects the high pressure 
source to the pilot port of a central mounted 2/2 way pilot valve (2), moving 
it to the closed state and preventing flow between the cam phaser chambers. 
When de-energized, the pilot port is connected to the engine sump, thus is 
moved to an open state, allowing chamber flow. This sequence is repeated 
and timed to the appropriate direction of the cam torque to phase the 
camshaft either in the positive or negative direction. Having the remote 2/3 
solenoid valve in a de-energized state hold phase angle. Failsafe functionality 
is achieved by installing a pilot check valve in conjunction with the 2/2 way 
pilot valve (3) which forces unidirectional flow if supply pressure is 
insufficient. To compensate for leakage, additional oil lines from the pilot 
pressure line is connected to the advance and retard chamber via check valves 
(4). See Figure B.1.     
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Figure B.1. Single on/off concept scheme. 

 

B.2 Active Passive Control 
Using fluidic 5  elements (aka. hydraulic logic elements), the OCU is 

distributed into an active and a passive component. The active component 
(solenoid) can be placed remotely or stationary while the passive component 
(fluidic element) is installed in the cam phaser. The passive component 
depends on the state of the cam phaser. The direction of the camshaft torque 
creates pressure variations in the cam phaser chambers which is converted 
(by the passive component) into unique state-modes interpreted as on/off 
signals. This combined with the active component enables the required 
number of unique system modes to enable all phasing directions, see Figure 
B.2. 

                                                      

 

 

5 Analog/digital properties adapted in fluid devices.  

1

3

2
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Figure B.2. Logical signal layout. 

The activation of the active component is synchronized with the state of 
the passive component as to obtain the state of the passive component that 
allows the desired phasing direction i.e. when activated the passive 
component acts like normal check valve where the orientation of the flow 
depends of the state of the passive component when activated. The active 
component must maintain signal ON until the desired phase angle is achieved. 
Upon changing from ON to OFF the passive component returns to a state 
where it blocks flow in both directions. The passive component will enable 
‘hydraulic ratchet effect’ used by TD style cam phaser once activated.  

The active component is a remotely placed 2/3-way solenoid valve that is 
connected to some high pressure source and the engine sump. The passive 
component can be design to contain either of the following; 

1. A unit comprised of two pilot-check valves where the passive 
component can selectively de-activate either one. See Figure B.3. 
In this figure, the vertical rods (coming from the passive 
component) will force either check valve upward, upon activating 
the passive component. This will make the entire system act like 
a single check valve. 
 

 

Figure B.3. Selectively, de-activating pilot check valves. 

2. A unit comprised of a double acting check valve where the passive 
component can selectively limit the range in either direction for 
the moving component. See Figure B.4. In this figure the vertical 
rods coming from the passive component will reduce the stroke 
length of the moving member in one direction upon activating 
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the passive component. This will make the entire system act like 
a single check valve. 

 

Figure B.4. Selectively limiting the check valve range. 

The activation of the passive component via the active component is done 
by some pressure activated piston. Failsafe function is achieved by having a 
lock-pin arrangement similar to the lock-pin described in section 1.1.1 that 
engages when the system pressure reaches some lower limit. This then locks 
the passive component in a state when the cam phaser returns to base position. 
To compensate for leakage, additional oil lines from the pilot pressure line is 
connected to the advance and retard chamber via check valves.  

For clarification the sequence seen in Figure B.2 is shown again in Figure 
B.5 but illustrating all the steps involved. These are true for both sub-concepts. 

 

Figure B.5. Active-passive operating sequence. 
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C  3D-Model 

Figure C.1. 3D-model exploded view final koncept. 
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Figure C.2. Assembled 3D-model. 
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D  Oil Control Unit 
Concept Evaluation 

D.1 Single On/Off 
For this concept to be operational viable, the pilot valve must be able to 

fully open and close within one positive or negative cam torque cycle at the 
maximum engine speed and at the lowest oil temperature. As a design criteria 
the system must be able to harness, at least, half of the cam torque energy per 
cycle with no overlap. This means that the total delay time from applying 
voltage to the solenoid, to the pilot valve being fully open, cannot exceed the 
time equivalent of one-fourth of the periodic cam torque cycle. See Figure 
D.1. 

 

Figure D.1. Cam torque, energy and delay time 

This maximum time delay is engine specific and depends on the shape of 
the cam lobes, the number of cylinders etc. The setup in GT-SUITE for this 
analysis is shown in Figure D.2. 

 

Figure D.2. Pilot delay setup. 

Time

Cam Torque

Max. delay
Min. energy
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A solenoid is in connection with a remote 2/3-way spool valve which in 
turn is connected to a high pressure source and the engine sump. The 
equivalent oil volume is modelled connecting the remote valve with the 
internal pilot valve through the camshaft bearing. The hydraulic layout of the 
remote and central valve is shown in Figure D.3. 

 

Figure D.3. Remote spool valve (top) and pilot valve (bottom). 

Simulation results show that the design criteria (stated earlier in this 
chapter) cannot be achieved with remote pilot activation. A typical response 
of the pilot valve is shown in Figure D.4, where the dashed blue line is the 
desired valve lift and orange is the actual valve lift. 

 

Figure D.4. Valve lift response. 

An alternative solution for reducing the lag time of the central valve is to 
instead use direct actuation from a central mounted solenoid, like the 
traditional hCVP design. In order to achieve satisfactory activation times this 
instead requires a higher then allowed nominal current. Even if all the 
criteria’s are fulfilled the systems shifting speed would be half of a classic TD 
style cam phaser, for the same phaser dimensions.  

D.2 Active Passive Control 
Both of the proposed designs for this concept relies on the cam phaser 

pressure fluctuations to be sufficient in controlling the passive element and 
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the ability to lock the passive element. The setup in GT for this analysis is 
shown in Figure D.5. 

 

Figure D.5. Passive element setup. 

The Mass-PassiveElement represents the mass of the moving passive 
element and the pair of ConicalPoptSharpSeat connected to the ScaniaPhaser is 
the mean for which the passive element is controlled by the fluctuating cam 
torque. The sudden pressure difference over the orifices of the connected 
ConicalPoptSharpSeat forces the mass to move in a cyclic manner with the cam 
torque. Notice that the activation of the passive component is simply a mean 
of locking the Mass-PassiveElement in either of its two boundary positions, and 
from that position either de-activating one of the pilot check valves or limit 
the range of a double acting check valve. 

Assuming that the passive component can only be activated at its 
boundary positions, the active component must be synchronized to these 
events. See Figure D.6. 

 

Figure D.6. Cam torque and position of mass. 

The time duration when the passive component is at its boundaries are 
primarily a function of engine speed and the stroke length of the mass. Even 
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though the active component only needs to be activated once and if the time 
delay is known, theoretically this should be possible, however there is always 
some uncertainty due to the dynamics in the system.  Furthermore the passive 
component once locked will experience fluctuating side forces which, for the 
same reason as the phase angle stability concepts, will impede whatever 
mechanism that is locking the passive component from realising. 
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E  Phase Angle Stability 
Concept Evaluation 

 

During the concept generations phase, all concepts for obtaining increased 
phase angle stability centred around some variation of either positive or 
friction clutches, to obtain intermediate locking/increase stability. 

E.1 Positive Clutch 
The activation/deactivation sequence of a positive clutch used for 

intermediate locking must have the following steps [17], see Table E.1. This 
is true regardless of the design of the locking interface. 

Table E.1. Necessary phaser-states for intermediate locking. 

Unique state Event 

1 Phase angle hold + engaging lock pin 

2 Phase angle hold + disengaged lock pin 

3 Positiv/Negativ phasing + disengaged lock pin 

4 Positiv/Negativ phasing + lock pin engaged 

This is to prevent the hVCP phasing movement from side-loading the 
locking pin, leading to difficulties unlocking. The sequence of Phase angle hold 
+ engaging/disengaging is not necessary in base position since the rotor is in 
contact with the stator and actively aligning the lock-pin with its seat. [8] also 
addresses the problems and challenges with an ‘active’ lock pin (being able to 
lock and retract at any position) since the rotor and stator no longer assist 
alignment of the pin and seat. Such a sub-system is more expensive since a 
more complex oil gallery inside the rotor is needed. In order to compliment 
all the oil control concepts an additional, dedicated on/off valve would have 
to be installed. No satisfactory concept, fulfilling the requirements was found. 
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E.2 Friction Clutch 
Any type of friction clutch, regardless of design will add a considerable 

amount of complexity to the cam phaser system. In order to investigate the 
efficiency such a device would have on reducing the magnitude of the 
oscillations, a simpler simulation was conducted in GT-SUITE. This was 
done using the dimensions from a typical OPA cam phaser and connecting 
the hydraulic circuit in a closed loop, only considering the internal leakage of 
the cam phaser. In order to emulate a friction clutch, the Stator-Rotor Friction 
Factor for the cam phaser was increased sufficiently enough so that the 
resulting friction torque would have noticeable damping effect on the 
oscillations (noticeable - more than 50% reduction). This was then done for a 
worst case, high oil temperature and low engine speed. See Figure E.1. 

 

Figure E.1. Worst case, high oil temp with low engine speed. 

   In Figure E.1 the blue line represents the OPA cam phaser and shows 
how the phase error increases due to internal leakage and the non-zero mean 
torque. The error is calculated from an arbitrary angular starting position. The 
red line represents the system when the mean friction torque acting on the 
phaser accounts for ~80% of the mean cam torque. The resulting magnitude 
reduction is ~70% from the blue reference line. In order to obtain such high 
brake torque the simplest way would be to install some sort of self-locking 
mechanism, like an overrunning clutch. This alternative is considered neither 
robust nor reliable. The orange line represents the same setup, without any 
friction torque but the dimensions of the cam phaser have been modified, 
specifically increasing the displacement. These changes are all within an 
acceptable tolerance regarding the size of the cam phaser and the resulting 
reduction in oscillations are almost the same as with the friction clutch, ~60%.       
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F  Cam Phaser Dynamics 

 One must understand what parameters affect the dynamic response of 
the system in order to obtain an optimized phaser for the specific application. 
Earlier analysis [18] has not described how the individual geometrical 
parameters of the hVCP affect stability, for instance gap clearances. The aim 
of this analysis is to capture the major dependent geometrical parameters, 
describing leakage, phaser stability, heat generation and phasing speed. The 
section is structured as follows; first the hydro-mechanical equation is derived 
for the system, then, the frequency response of the system is determined. 
Secondly the error growth rate due to leakage is determined along with an 
expression for the phasing speed. Lastly an expression for the heat generation 
in the system due to damping is presented.   

The hVCP is assumed completely concentric with the stator, no rotational 
dynamic effects are taken into account.    

Figure F.1 represents one- 𝑁:th of the total rotor component, where 𝑁 
represent the total number of paired chambers. 

 

Figure F.1. Rotor parameters. 

In Figure F.1, 𝑑 is the rotor vane height, 𝜃𝑣 is the rotor vane angle, 𝑤 the 

rotor paddle width, 𝑟 is the outer radius of the rotor, 𝜏 is the applied torque 

and 𝜃 is the camshaft phase angle. The time derivative of any variable is 

written in the form of 
𝑑𝛼

𝑑𝑡
= �̇�.  

Stator

𝜃𝑣

𝑑

𝑟

𝜏, 𝜃

Rotor

𝑤

Control

Volume
OCV

Seal



6:17 

 

F.1 Governing Hydro-Mechanical Equation 
Applying the continuity equation for the control volume yields 

 �̇� = 𝜌�̇� + 𝑉�̇�, (F.1.1) 

with 𝑀 being the fluid mass, 𝑉 the volume and 𝜌 the density. Rewriting 
the rate of change of mass in terms of internal flow and using the definition 
for the bulk modulus equation (F.1.1) is rewritten, 

 
∑𝑄 =

𝑉

𝛽
Δ�̇� + �̇�, 

∑𝑄 = 𝐷𝑁�̇� −∑ 𝑄𝑙 .
𝑖

 

(F.1.2) 

Where Δ𝑃  is the pressure differential between advance- and retard 

chambers. 𝑄𝑙 is the leakage flow opposite the phasing direction and 𝐷 is the 
individual vane displacement 

 𝐷 = 𝑤𝑑(𝑟 − 𝑑
2⁄ ). (F.1.3) 

 The total hydraulic volume 𝑉 is constant hence �̇� = 0. The volume is 
described as 

 𝑉 = 𝐷𝑁𝜃0, (F.1.4) 

where 𝜃0 is the hVCP angle authority, 𝐷 the individual vane displacement 

and 𝑁 the numbers of rotor vanes. Note, that the hVCP phase angle is always 

within its authority, −𝜃0 ≤ 2𝜃 ≤ 𝜃0 where 𝜃 = 0 is the base position in this 
study. The leakage flow can be categorised as internal- and external leakage 
with the latter being the flow leaving hVCP system while internal leakage is 
flow between the rotor chambers. This study only considers the internal 
leakage in the hVCP, and is visualized in Figure F.2. 

 

Figure F.2 Internal flow paths between the chambers. 

The flow between the chamber is the sum of all internal flows in the 
system, 

𝑄 
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∑𝑄𝑙 = 𝑄𝑂𝐶𝑉 + 𝑄𝑣𝑎𝑛𝑒 + 𝑄𝑠𝑒𝑎𝑙 , 

(F.1.5) 

where 𝑄𝑠𝑒𝑎𝑙  is the leakage flow across the seals which is ignored, and 

𝑄𝑂𝐶𝑉 is the internal leakage through the central valve, which is a pressure 
dependent function, 

 𝑄𝑂𝐶𝑉 = 𝑅𝑂𝐶𝑉Δ𝑃, (F.1.6) 

where 𝑅𝑂𝐶𝑉 is the flow resistance through the valve. Leakage across all 
interacting surfaces are modelled using a one-dimensional Reynolds equation 
for thin-film pressure distribution across a length, assuming laminar flow 
between two parallel plates with no change of gap clearance. Assuming elasto-
hydrodynamic lubrication, Reynold’s equation can be defined as 

 𝜕

𝜕𝑥
(−

𝜌ℎ3

12𝜂

𝜕𝑝

𝜕𝑥
) −

𝜕

𝜕𝑥
(
1

2
ℎ𝜌𝑈) = 0, 

(F.1.7) 

ℎ  is the axial clearance, 𝜂  is the dynamic viscosity of the oil, 𝑈  is the 

relative surface velocity and 𝑥 is the coordinate along the gap. Assuming the 
gap is equivalent to a clearance between two broad parallel plates, the pressure 
profile will be of a linear form  

 
𝑝 =

Δ𝑃

𝐿
𝑥 + 𝑝1  

𝑑𝑝

𝑑𝑥
=

Δ𝑃

𝐿
, 

(F.1.8) 

where Δ𝑝 = 𝑝2 − 𝑝1 is the pressure differential and 𝐿 is the length of the 
gap. Equation (F.1.7) describes the volumetric flow per length unit (depth). 
Substituting (F.1.8) in (F.1.7) yields, 

 
𝑞 = ℎ(

ℎ2∆𝑃

12𝜂𝐿
+
1

2
𝑈). 

(F.1.9) 

To understand the flow across the vane sides, an illustration is seen in 
Figure F.3. 

 

Figure F.3. Internal leakage across a rotor vane.  
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The volumetric flow per length unit varies across the gap due to the 
change of surface velocity and gap length, 

 𝐿 = 𝑦 ∙ 𝜃𝑣  𝑎𝑛𝑑 𝑈 = 𝑦 ∙ �̇� (F.1.10) 

where 𝑦 is a radial coordinate described in Figure F.3. Integrating the flow, 

𝑞 across the gaps of all the vanes, the volumetric flow yields, 

 
𝑄𝑣𝑎𝑛𝑒 = 2𝑁∫ 𝑞 𝑑𝑦

𝑟

𝑟−𝑑

. 
(F.1.11) 

Assuming 0 < 𝑑 < 𝑟, equation (F.1.11) is substituted for (F.1.10), which 
yields 

𝑄𝑣𝑎𝑛𝑒 = 2𝑁ℎ(
ℎ2Δ𝑃(ln 𝑟 − ln(𝑟 − 𝑑))

12𝜂𝜃𝑣
+
𝑑(2𝑟 − 𝑑)�̇�

4
). 

(F.1.12) 

A torque balance for the hVCP rotor is defined as 

 𝐼�̈� + 𝑓�̇� + 𝐷𝑁Δ𝑃 = 𝜏, (F.1.13) 

where 𝐼 is the rotor and shaft inertia, 𝑓 is the friction coefficient and 𝜏 the 
applied torque. The governing equation describing the hVCP dynamics is 
obtained by combining equation (F.1.2) with (F.1.4) and (F.1.13), 

 𝑉

𝛽
∙
�̇� − 𝐼𝜃 − 𝑓�̈�

𝐷𝑁
= 𝐷𝑁�̇� −∑𝑄𝑙 . 

(F.1.14) 

With internal leakage taken into account, the governing equation is defined 
with (F.1.2) together with (F.1.4), (F.1.13), (F.1.3) with (F.1.5),(F.1.6) and 
(F.1.12).  With the aid of MuPAD, the resulting equation of motion can be 
arranged to a distinct form, 

 𝐴𝜃 + 𝐵�̈� + 𝐶�̇� = 𝐷 �̇� + 𝐸𝜏. (F.1.15) 

where 𝐴,… , 𝐸 are constants described as 

𝐴 =
𝐼𝜃0 

𝛽
, 𝐵 = 𝐴

𝑓

𝐼
+

𝑅 𝐼

 𝐷𝑁
+
𝐼𝑑ℎ3 ln (

𝑟
𝑟 − 𝑑

)

6𝜂𝐷𝜃𝑣
, 

𝐶 = 𝐷𝑁 +
𝑅 𝑓

𝐷𝑁
− 2𝑁ℎ(

𝑓ℎ2 ln (
𝑟

𝑟 − 𝑑
)

12𝜂𝐷𝑁𝜃𝑣
+
𝑑(2𝑟 − 𝑑)

4
), 

𝐷 =
𝐴

𝐼
   𝑎𝑛𝑑   𝐸 =

𝐵

𝐼
− 𝐴

𝑓

𝐼2
. 

(F.1.16) 
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F.2 Frequency Analysis 
Vibrational error as shown can be studied using the Laplace Transform, 

which transfers an equation from a ‘time domain’ to a ‘frequency domain’. 
This is done to easier understand and study the dynamic response of the 
system. The  boundary conditions are set as 

 𝜃(0) = 0, �̇�(0) = 0, �̈�(0) = 0 𝑎𝑛𝑑 𝜏(0) = 0.  (F.2.1) 

The time dependent functions 𝜃 and 𝜏 can now be transformed as  

 𝑑𝑛

𝑑𝑡𝑛
𝑓(𝑡)

ℒ
 𝑠𝑛𝐹(𝑠). 

(F.2.2) 

Applying (F.2.2), equation (F.1.15) results in, 

 𝑠3𝐴𝜃(𝑠) + 𝑠2𝐵𝜃(𝑠) + 𝑠𝐶𝜃(𝑠) = 𝑠𝐷 𝜏(𝑠) + 𝐸𝜏(𝑠). (F.2.3) 

The transfer function, 𝐻(𝑠) = 𝜃(𝑠) 𝜏(𝑠)⁄ = 𝐻(𝑗𝜔) returns the complex 
frequency response. Arranged to the standard form Equation (F.2.3) becomes 

 
𝐻(𝑠) =

(𝐷 𝑠 + 𝐸) 𝐴⁄

𝑠(𝑠2 + 2𝜔𝑛𝜉𝑠 + 𝜔𝑛
2)
. 

(F.2.4) 

Since ℎ and 𝑅𝑂𝐶𝑉 are very small, the natural frequency of the system can 
be approximated as 

 

𝜔𝑛 = √𝐶 𝐴⁄ ≈ √
𝐷𝑁𝛽

𝜃0𝐼
= √

𝐾

𝐼
, 

(F.2.5) 

where 𝐾 is the equivalent torsional stiffness of the hVCP system, 

 
𝐾 =

𝐷𝑁𝛽

𝜃0
. 

(F.2.6) 

Friction and internal leakage consumes energy, and as a result dampening 
the motion, the damping ratio is defined as, 

𝜉 =
1

2𝜔𝑛

𝐵

𝐴
=

𝐵

2√𝐴𝐶
≈

𝑓𝜃0
𝛽

+
𝑅𝑐𝐼
 𝐷𝑁

+
𝐼𝑑ℎ3 ln (

𝑟 − 𝑑
𝑟 )

6𝜂𝐷𝜃𝑣
,

2√𝐼𝜃0 𝛽⁄ ∙ 𝐷𝑁

 

(F.2.7) 

The magnitude of (F.2.4) describes the amplification of the hVCP phase 

angle, |𝐻(𝑗𝜔)| across a frequency domain 𝜔. 
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F.3 Error Growth Rate 
To understand the error growth rate, equation (F.1.15) is derived for a 

constant torque ( �̇� = 0 ). Assuming non-trivial solutions and the boundaries, 

�̈�(0) = �̇�(0) = 𝜃(0) = 0. The equation is solved analytically with MuPAD 

for �̇�  

 
�̇� =

𝐸(2𝜎1 − 𝐵𝜎2 − 𝜎1𝜎2 + 𝐵𝜎3 − 𝜎1𝜎3)

2𝐶𝜎1
𝜏, 

(F.3.1) 

where  

 
𝜎1 = √𝐵2 − 4𝐴𝐶, 𝜎2,3 = 𝑒

−𝑡(𝐵∓𝜎1)
2𝐴⁄ . 

(F.3.2) 

Because 𝐴, 𝐶 > 0  𝐵 > 𝜎1 , 𝐴 is relatively small due to the high bulk 

modulus so 𝜎1 ∈ ℜ and 𝜎2,3  0 rapidly as 𝑡 increases. Since ℎ and 𝑅  are 

very small, the slope of (F.3.1) becomes 

lim
𝑡 ∞

�̇� = �̇�𝐸𝐺𝑅 =
𝐸

𝐶
𝜏 ≈ (

𝑅𝑐

 (𝐷𝑁)2
+
𝑑ℎ3 ln (

𝑟
𝑟 − 𝑑

)

6𝜂𝐷2𝑁𝜃𝑣
)𝜏. 

(F.3.3) 

F.4 Phasing Speed 
A TD phaser simply allows larger amount of oil to flow between the 

chambers by increasing 𝑅 . The phasing speed can be approximated with the 

stady-state solution of (F.3.1), however, in this case 𝑅 ≫ ℎ3, 

 

�̇�𝐶𝑇𝐴 ≈
𝐸 ∙ 𝜏

𝐶
≈

𝑅 

𝐷𝑁
∙ 𝜏

𝐷𝑁 +
𝑅 𝑓
𝐷𝑁

=
𝑅 ∙ 𝜏

(𝐷𝑁)2 + 𝑓𝑅 

. 

(F.4.1) 

F.5 Thermal Energy 
System damping occurs due to the absorption of kinetic energy, which is 

converted to heat (thermal energy). Energy is continuously added to the 

system as long as damping exist. 𝑊𝑑 is the work generated by the damping 
an. Work is defined as force times the distance, so the damping work becomes 

 
𝑊𝑑 = ∫𝜏𝑑 𝑑𝜃 = ∫𝑐 ∙ �̇� 𝑑𝜃, 

(F.5.1) 

where 𝜏𝑑 is the damping torque and 𝑐 is the damping coefficient defined 
as 

 𝑐 = 2𝜉𝜔𝑛 = 𝐵
𝐴⁄ . (F.5.2) 
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Combining equation (F.5.1) and (F.5.2) results in 

 
𝑊𝑑 = 𝐵

𝐴⁄ ∫ �̇� 𝑑𝜃. 
(F.5.3) 

Frictional heat is assumed to disperse into the material of the hVCP and 
only the internal leakage (oil shear) heats the oil. During phasing, internal 

leakage will increase due to larger 𝑅  thus further increasing the oil 
temperature.  
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G  GT-Modelling 

G.1 Control System 
The control system is modelled to interpret the desired and actual phase 

angle of the cam phaser and act accordingly. The system is modelled in GT-
SUITE, see Figure G.1. 

 

Figure G.1. GT-model of the control system. 

Each time-step during the simulation, a phase angle error is calculated and 
interpreted by a conditional block (PhasingCriteria). The conditional block 
interprets the Boolean condition and returns a given output in the domain, 

{0,… ,1}. Values in the domain corresponds to the fraction of voltage that is 
sent to the solenoid. The conditional output is gained to the maximum applied 

voltage,  𝑚𝑎𝑥  to the solenoid, so the voltage domain results in  =
{0,… ,  𝑚𝑎𝑥}.  

G.2  Solenoid 
By applying a current through a coil wired around an ferrite armature, an 

electro-magnet can be made. A magnetic field is generated by an electric 
current flowing through a coil (inductor). The armature is typically made of a 
magnetic core which is magnetised with the magnetic field producing two 
poles on the opposite sides. These magnetized components generate a 
attracting force, proportional to the square magnetic flux. A simple solenoid 
is modelled in GT, see Figure G.2. 
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Figure G.2. GT-model of the solenoid. 

Colour yellow indicates the electric-, colour cyan indicates the magnetic- 
and black the mechanical subsystem. The ArmatureMass may be mechanically 
linked to any mechanical subsystem, for instance a valve. The solenoid is 
driven by a voltage source coupled to a resistor. The coil is linked to a material 
object, the armature, and the solenoid force is generated according to the 
AirGap which acts on the armature mass of the subsystem. 

G.3 Hydro-Mechanical System 
In the GT-model, the hydraulic system (yellow) is coupled with the cam 

phaser, oil supply source, the OCU and an ambient pressure source, see 
Figure G.3.  

 

Figure G.3. GT-model of hVCP coupled with hydraulic- and mechanical system. 

Two mechanical system exists in the GT-model, one is coupled with the 
hVCP system while the other is build-in the OCU. The stator of the cam 
phaser is driven by the engine crankshaft which is modelled as a ‘rigid’ driver 
linked to the driver across an ideal gear interface. A camshaft is rigidly 
connected to the hVCP rotor and torque is applied to the camshaft via a 
torque map. 

The valves of the OCU are either modelled as mechanically or 
hydraulically actuated. Each valve consists of a spool and a valve socket 
(rigidly modelled), see Figure G.4. The spool consist of a spool mass and 
spool components, the spool mass couples the components and add mass 
and displacement boundaries to the system. The spool components are 
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modelled to allow internal leakage. The spool is arranged by a spring and a 
viscous damper linked to a rigid stop. 

 

Figure G.4. GT-model of a typical mechanically actuated spool valve. 

Components describing the hydraulic volumes in the system are modelled 
as flow splits. Flow splits are chambers containing the oil and describes the 
fluid flow to the volume. The flow split can vary in volume depending on the 
movement of its nearby components.   

For mechanically actuated valves the solenoid is directly linked to the 
spool mass while for hydraulic actuated some external pressure piston is used, 
see black arrow above the spool mass in Figure G.4. 

G.4 Cam Phaser 
GT-SUITE has a complete cam phaser block that describes a hVCP 

system with a lock-pin, bias spring, friction and contact models  between the 
stator and rotor. Leakage is modelled as internal and external leakage by a gap 
flow between parallel plates. The GT-model converts the pressure difference 
in the phaser chambers to torque acting on both the stator and the rotor. The 
cam phaser chambers, which are modelled as hydraulic volumes, varies with 
the change of phase angle due to the rotational movement of the pressure-
torque objects (phase angle). 

The cam phaser model is designed to interpret the input dimensions, 
pressures, applied torque and rotational speed and output the cam phaser 
response, see Table G.1. 

Table G.1. Cam phaser model input and desired output. 

Geometrical Input Model Input Cam Phaser Output 

Moments of Inertia 

Rotor Dimensions 

Gap Clearances 

Phase Authority 

Stator-Rotor Friction Factor 

Rotor torque 

Stator torque 

Stator rotational speed 

Oil supply, advance chamber 

Oil supply, retard chamber 

Phase Angle and –Velocity 

Chamber Oil Pressures 

Stator- and Rotor Torque 
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H  Design Space 

 

H.1 Benchmark 
Numerous solutions for intermediate locking ability has been published. 

Two former mechanism utilizes a worm gear drive, with a frictional self-
locking ability, in the phase-system of a worm-gear differential- [20] and a –
planetary gear [21]. Both have the advantage of intermediate self-locking, 
which minimizes rotor oscillation due to fluctuation of cam torque. Worm-
gears suffer more wear than other gear drives due to high sliding contact. 
Abrasion particles from the worm-gear could damage the hVCP. Both of 
these mechanisms are adapted for electric actuated phasers. Another 
technology uses a two stage spline planetary gear drive which self-locks due 
to axial forces produced in the oblique gear teeth [9]. This is also adapted for 
an electric actuated phaser, which only consumes power during phasing. The 
self-lock disengages during phasing and locks when deactivated. 

The current lock-pin mechanism is well-established in the hVCP 
technology. However, many layouts only allow one mechanical lock angle, the 
base positon. A multi-position lock-pin mechanism has been developed to 
achieve a more continuously locking for a hVCP [22]. The lock positions are 
still limited to the number of engagement pockets. The lock pockets exists at 
the sides of the stator and the pin at one of the rotor heel which engages when 
mechanical locking is desired, see Figure H.1. 

 

Figure H.1. Multi-position locking mechanism. 

Mid position lock cam torque actuated and torque assisted cam phasers 
allows locking in any pre-defined location between the end stops [23]. This 
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provides engine designers wider calibration opportunities, such as enabled 
preferred engine start condition and increased authority range [24]. 

H.2 Related Technology 
To fully explore current technologies regarding the phase stability solution, 

closely related mechanisms for obtaining robust position and intermediate 
locking are explored.  

To secure base position locking, the traditional lock pin can be designed 
to engaged in two stages [25]. First a smaller, concentric lock pin is engaged 
in the groove of the stator followed by the bigger outer lock pin. This 
increases locking- and unlocking speed due to the mechanism needing a 
weaker return spring. 

To guarantee base position at low oil pressures, for instance at start-up 
operations, a one-way phase coupling mechanism is comprised of rolling 
elements arranged  between rotor and stator. It locks during cranking of the 
engine. When the system pressure is sufficiently high, the rolling elements are 
disengaged allowing camshaft phasing in both directions [26]. This can be an 
effective way of locking and unlocking, since the rotor and stator is coupled 
like an overrunning clutch, much like the clutch used in bicycles. See Figure 
H.2. 

 

Figure H.2. Overrun clutch. 

In order to enable alternating locking during phasing, two oppositely 
acting, one-way clutches, structured by cylindrical rollers are controlled using 
hydraulic pressure [27].  

Generally there are two types of clutches; positive- and friction clutches. 
Positive clutches uses rigid interlocking, the interface can be square- or jaw 
type. Benefits are no slip nor heat generation but the gear resolution dictates 
the precision of position. In contrast, friction type clutches uses frictional 
forces development between the two surfaces in contact, performance is 
usually better due to smooth engagement even at high velocities. There are 
several different types of friction clutches such as; plate- , cone- , centrifugal 
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type and more [28]. In the automotive industry, cone clutches are used instead 
of the more standard plate clutches for some high speed applications due 
higher transfer torques for the same size. The clutch does not need to be 
completely engaged, allowing faster gear changing. They are also used as 
synchronizers in manual transmissions and slip differentials [29]. Friction 
synchronizers reduce relative velocity and may aid intermediate locking, 
which is equipped with a gear interface, much like a dog clutch. 
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I  Simulink Model 

 

 

Figure I.1. Simulink model. 
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J  GT-Model 

 

Figure J.1. GT-model of the final concept. 
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Figure J.2. Remote valve model 
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Figure J.3. Pilot valve (above) central valve (bottom) 


