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ABSTRACT

For construction equipment in general fuel efficiency is one of the most critical
product attributes. Pure fuel economy improvements from the engines are extremely
expensive to develop. This creates an incitement for development of hybrid
technology. This thesis was done in corporation with CPAC Systems in Gothenburg,
Sweden.

With regenerative braking, the energy that is normally transferred into heat during
braking can be stored in a battery or a super capacitor and the stored energy can later
be used for propulsion. However the regenerative braking also affects the vehicle
dynamics and the driver’s interpretation of the brake pedal which demands for a
physical test platform for testing. In this thesis a test platform for testing of concepts
was developed and built and a brake blending system was developed and tested on the
test platform.

The test platform was built in small scale compared to a full wheel loader with an
articulated rideable lawn mower as base. A small scale test platform has the benefits
of fast and easy testing and much lower cost compared to a full scale wheel loader.
The test platform is equipped with individual wheel motors and a mechanical brake
system based on brakes from a motorcycle.

The first step in the development of the control system for the test platform was to
make Simulink models for the components in the test platform. Models for the overall
vehicle, the brakes and the electrical motors were developed. From the models a
control strategy was developed to control the requested torque to the electric motors
and the requested brake pressure to the brakes from the driver’s inputs. The control
strategy was developed in Simulink and from Simulink C-code was automatically
generated by the code generation tool TargetLink. All testing including testing of the
brake blending system was performed on the test platform.

The result of this thesis is a test platform that is built to emulate a small scale hybrid
wheel loader. The test platform is expandable and can be used to test other concepts,
for example steer-by-wire. The other result of the thesis is a brake blending system
that is combining electrical and mechanical braking with good pedal feeling, no wheel
lock and high energy regeneration.

Key words: Regenerative braking, brake blending, construction equipment, earth
moving machinery, electric vehicle, brake system
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Notations
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Area
Dampening factor
Force [N]

Brake force [N]

Inertia [kg*m?]

Adaptive gain

Controller integral gain
Controller proportional gain
Adaptive gain

Stator inductance [H]
Rotational speed [rpm]
Power [W]

Active damping

Effective radius on brake pad [m]

Brake disc inner radius [m]
Brake disc outer radius [m]
Stator resistance [R]
Torque [Nm]

Stator supply voltage [V]

Roman lower case letters

p brake

wheel

Acceleration [m/s’]
Frequency [Hz]
Stator current [A]

Current phase x [A]
Mass [kg]

Number of poles
Brake pressure [bar]
Brake pressure [bar]

Voltage phase x [V]



Greek lower case letters

a, Controller bandwidth [Hz]

y Tuning coefficient for adaptive gain

n Efficiency

0 Angle [rad]

0 Angular velocity [rad/s]

] Angular acceleration [rad/s’]

o, Estimated flux angle [rad]

u Friction coefficient

Yr Rotor flux linkage [Wb]

W Rotational speed [rad/s]

w, Mechanical rotational speed [rad/s]

o, Electrical rotational speed [rad/s]

Abbreviations

ECU Electronic Control Unit

ESP-block  Hydraulic pump and valve block for brake pressure control
ICE Internal combustion engine

PMSM Permanent magnet synchronous machine

SUS Name of the electric motors used in the project
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1 Introduction
1.1 Background

For construction equipment in general fuel efficiency is one of the most critical
product attributes. Pure fuel economy improvements from the internal combustion
engines are extremely expensive to develop. This creates an incitement for developing
of hybrid technology.

Hybrid technology is all about energy recycling. In a conventional wheel loader all
kinetic energy and energy of position are wasted through conversion into heat e.g.
during braking and lowering the bucket. Instead of wasting this fairly large amount of
energy the aim is to convert it to electricity and store the energy in a battery bank and
later reuse it for propulsion, lifting, etc.

1.2 Problem definition

The development of a hybrid construction vehicle and in this case a hybrid wheel
loader is challenging in many different areas, both on component and on system level.
Examples of challenges on system level are regeneration strategies, brake blending,
power management strategies and vehicle dynamics control.

For initial testing of control strategies and concepts it is faster, easier and cheaper to
test on a vehicle that has the same fundamental structure as a hybrid wheel loader but
much smaller.

To design a test platform for a hybrid wheel loader there are a number of problems
such as

¢ The test platform should have nearly the same properties as the real platform
¢ It should be configurable and expandable
* The cost should be reasonable

* To find components with similar properties as the main components but
smaller

On system level this project will focus on brake blending, i.e. the combination of
electrical and mechanical braking in a hybrid vehicle. The main problems with brake
blending are to make it seamless, i.e. the driver should not feel the difference between
electrical and mechanical braking, and at the same time optimize the power
regeneration.

1.3  Objectives

There are two main objectives with this master thesis. The first one is to develop and
build a test platform that replicates a hybrid wheel-loader in a smaller scale. The test
platform should represent the real application well enough to do proof of concept
studies for functional development. The minimum requirements are one electric motor
per wheel and a hydraulic brake by wire system i.e. the brake system should be able to
be fully computer controlled. The brake by wire system should ideally be able to
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brake each wheel individually. To facilitate further development the control system
should be modular.

The second objective is to implement the brake blending on the test platform. When
braking the maximum amount of energy shall be regenerated and for the driver the
brake blending shall be fully transparent. It should not be possible to distinguish the
difference between pure regenerative braking and combined regenerative and
mechanical braking.

1.4 Method

The test platform will be built on an articulated chassis from a rideable lawn mower.
The basic geometry correlates well with a wheel-loader chassis and is manageable in
terms of size while still drivable. For practical reasons it will only be powered by
batteries. At the thesis start the motors and drive chains had been fitted to the chassis.
Thus it is needed to dimension, find and fit a hydraulic brake system to the chassis.

The vehicle’s electric components will primarily be CPAC components used in other
commercial applications, with custom software and if needed hardware. The
components will be communicating with each other using the CAN protocol. The
method "Model based development" will be used for developing the main control
algorithm. The modeling will be done in MATLAB/Simulink and the resulting control
algorithm will be implemented in the test platform trough C-code generation with the
automatic code generation tool TargetLink from dSPACE. The code will run on a
dedicated floating point processor which gives a freedom in controller and model
design in regards to computing power.

1.5 Limitations

The vehicle energy management system and the complete vehicle dynamics model is
not a part of the thesis scope. The modeling and verification will only be done on the
test platform and not on the full-scale hybrid wheel loader.

) CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX35/2012



2 System overview

In this chapter there will be an introduction to hybrids and especially to the hybrid
wheel loader concept. Basic theory for the electric motors and the brakes are
presented together with a brief controller structure.

2.1  Overall system

There are several ways of designing a hybrid vehicle; most configurations can be
divided into the two groups serial and parallel hybrids.

2.1.1 Parallel hybrids

In parallel hybrid systems the electric motor and internal combustion engine (ICE) are
both connected to the transmission of the vehicle. It can allow for running either the
electric motor or the ICE independent or combined. One advantage of parallel hybrids
is that it is possible to reuse know-how and components of conventional ICE powered
vehicles. The electric part of the drivetrain can be incorporated between the ICE and
gearbox making it possible to use already available drivetrain technology. Another
advantage is that when the ICE powers the car directly the transmission losses are low
because modern gearboxes are generally very efficient (Schouten, Salman, Kheir,
2002).

2.1.2 Serial Hybrids

Serial hybrids are constructed in a different manner where the drivetrain components
are entirely electric and the power to the electric motors is supplied either by batteries
or by a generator connected to an ICE. In a series hybrid configuration the ICE
together with the generator is only a source of electric power. In practice it means that
it offers a greater flexibility in terms of power sources due to the separation between
energy source and tractive force generation. However due to the additional energy
conversion taking place when the ICE is powering the vehicle, there are more
transmission losses which lowers the efficiency.

There are also combinations of serial and parallel hybrids; these will not be further
investigated in the thesis however. In this thesis the focus will be on the serial hybrid
concept.

2.1.3 Wheel loader hybrid concept

The concept for the wheel loader in this project is to have a serial hybrid with
individual electric motors for each wheel and a complementary mechanical braking
system. A schematic of the system can be seen in Figure 1.

The electric energy will be generated with a diesel ICE connected to a generator and
between the generator and the electric motors there will be an energy storage. The
energy source could also be replaced with a plug-in wall charger or fuel cell as this
does not on a concept level inflict the performance of the vehicle. Range, recharging
time and vehicle weight is what differs between different energy sources.

CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX035/2012



The wheel loader is equipped with mechanical brakes for two reasons. The first
reason is that the electric motors in most cases are not powerful enough to produce
braking torque to stop the vehicle quickly in an emergency situation. The second
reason is that there must be a possibility to brake when the energy storage is full. The
combination of electric and mechanical friction braking is called brake blending.

To be able to incorporate brake blending into the system the brakes must be able to be
controlled electronically, “Brake by wire”. If conventional brakes should be used a
source of hydraulic power is needed. Most likely it is a pump with a set of regulating
valves.

| - WheemodLFMI

Hydraulic Power Source I El Motor I

n | |

B Brake
i Brake Pressure | _ |

mmmesemme.-t

Electric Power

Energy Storage

Energy Source

| Signal
Control Signals Vehicle Control Unit

Figure 1: Flow chart of signals and energy for the serial hybrid wheel-loader system.

In the application of the wheel-loader the concept of having each wheel independently
controlled is especially interesting due to the chassis layout with an articulate joint. It
gives completely new possibilities in terms of steering control by helping the steering
with torque vectoring which can be seen in Figure 2. It also opens up for
advancements in helping the traction of the vehicle as the negative effects of having
an either open or fully locked differential are avoided, as the wheels are fully
independent of each other.

Figure 2: Torque vectoring on an articulated chassis, a longer arrow indicates a
higher tractive force. The chassis constraints lead to a rotating action around the
articulate joint which changes the steering angle.
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2.2  Electric motors

The test platform in the project is equipped with electric motors of permanent magnet
synchronous machine type (PMSM). The benefit of using synchronous machines is
that the speed is well defined as they run synchronously. For PMSM machines also
the efficiency is high compared to induction machines because no magnetising current
is needed. The disadvantage with PMSM is that they are expensive due to high cost of
the magnets and construction difficulties (Harnefors, 2002).

2.2.1 Construction

A PMSM can be seen as an inside out DC machine with the windings in the stator
instead of in the rotor. The magnetic field is generated by permanent magnets that are
assembled on the rotor (surface mounted) or inside the rotor (buried). Rotors with
surface mounted magnets are easier to manufacture but are mechanically weak at high
speeds. The other way around yields for rotors with buried magnets (Harnefors,
2002).

PMSM are always running at a speed determined by the frequency of the supply
voltage. The only way to obtain different speeds on a PMSM when connected to a
fixed frequency is to use machines with different number of poles. The speed is given
by Equation I where N is the speed in rpm, f is the supply frequency in Hz and n, is
the number of poles.

N, = 807 Equation 1

nP
If the load torque is changing, the rotor speed is not changing as can be seen in Figure
3 but the load angle is changing. The load angle is the angle between the stator
magnetic field and the rotor magnetic field. At no load the load angle is ideally O
degrees and the maximum torque is reached when the load angle is 90 degrees. Above
90 degrees load angle the PMSM goes into an unstable region where it will fall out of
synchronisation and stall.

Torque
A

Motoring

Generating

Figure 3: Speed — torque curve for a PMSM. The speed is constant for a constant
supply frequency.
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Because the rotor speed is related to the stator supply voltage frequency, the supply
frequency has to be changed at motor start-up and speed changes. This means that the
PMSM has to be powered by an inverter to be able to run at different speeds and start-
up without auxiliary starting equipment. To be able to synchronise the supply
frequency with the rotor speed a rotor position sensor or some algorithm to estimate
the rotor position must be used (Hughes, 2006).

2.2.2 Operation

To be able to supply the PMSM with a variable frequency and voltage magnitude an
inverter is needed. The inverter output can either be sinusoidal or square-wave
depending on the control strategy. In this thesis only inverters with a sinusoidal output
will be considered. The most common setup for a three phase inverter is to use a three
leg inverter with two switches in each leg and the motor connected in a star
connection which can be seen in Figure 4.

Vol

Energy
source

Inverter
Figure 4: Three phase inverter and a star connected electrical motor.

To obtain the sinusoidal output the switches are controlled by comparing a triangular
wave with three reference sinusoidal control voltages that are 120° out of phase as
shown in Figure 5. If the sinusoidal control voltage is greater than the triangular wave
the lower switch in the leg is opened and the upper switch is closed. When the control
voltage is lower than the triangular wave the relationship is the other way around.
This creates a PWM voltage between the phases of the PMSM which is shown in
Figure 6. The average value of the PWM voltage over one period of the triangular
wave is equal to the reference voltage. The average voltage is shown in Figure 6 as a
dashed line. Because the PMSM windings acts like an inductive filter the current in
the PMSM becomes sinusoidal (Mohan, Undeland, Rohan, 2003).
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V_tri V_control, A V_control, C
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Figure 5: Triangular wave compared with three sinusoidal control waves for control
of the switches in the converter (Mohan, Undeland, Rohan, 2003).

Fundamental V

| I JM/
0 -t

Figure 6: Output voltage between two phases in the converter (Mohan, Undeland,
Rohan, 2003).

2.2.3 Mathematical model and dq representation

The equivalent circuit for the stator winding in the PMSM can be modelled as a
resistance, an inductance and a back-emf for a non-salient PMSM and the equivalent
circuit is shown in Figure 7.

The three stator equations for the equivalent circuit in Figure 7 are given by Equation
2, Equation 3 and Equation 4 where vy is the phase x supply voltage, ix the phase x
stator current, Ry the stator winding resistance, Ly the stator winding inductance, o,
the electrical speed of the rotor, yr the flux linkage from the magnets and 6 the rotor
angle.

di :
v,=Ri +L % -y ,sm(0) Equation 2
t
: di : 2
v, =Ri, +L, -t - WY sm(0 ——) Equation 3
dt 3
di . 4
v.=Ri +L, i - w1y ,sin(f - gﬂ) Equation 4
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Figure 7: The equivalent circuit for a non salient PMSM

The active power that creates the mechanical output power of the PMSM is consumed
in the rotor back-emf shown as a voltage source in the equivalent circuit in Figure 7.
In a three phase PMSM with the voltage and current expressed in peak values the
mechanical output power from the PMSM is given by Equation 5 and the torque
produced is given by Equation 6. In the equations w,, represents the mechanical
output speed (Harnefors, 2002).

3w,

P =S Reljo i) =22 iy, ) Equation 5
P Pn 3n )
T,=—=—"=—CIm{y,i} Equation 6
w, O, 2

The PMSM needs a sinusoidal input current to run but from a control system
perspective it is easier to control a DC-quantity. For electric motors this is solved by
transforming the three phase (abc reference) sinusoidal currents to the dq reference
frame where the voltages become DC at steady state. The main idea in the
transformation is to let the dq-coordinate system rotate with the rotor and the flux
generated by the rotor. This transformation is done in two steps. First it is assumed
that the sum of the currents in to the PMSM is zero at all times. This is valid if the
PMSM is star connected and no neutral connector is used as shown in Figure 8.

v OO @y
ip
e
Vp (Y\(\(\ :j
ic
—_— >

) A

Figure 8: Electric motor star connected
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When the sum of the currents equals zero the abc system can be transformed to a
system with only two variables (alfa-beta system). The transformation is given by
Equation 7 and on complex form the alfa-beta voltage can be represented by
Equation 8.

2 D 1w
v a
“«l-|3 3 3 v, Equation 7
Vg 0 L L
NERENCY G
yfﬁ =V, + jvs’ P Equation 8

The alfa-beta voltages and currents are also sinusoidal and to get the variables to a DC
value a transformation to dq coordinates has to been done. The transformation to and
from the dq reference frame is done respectively with Equation 9 and Equation 10
where 0, is the estimated flux angle.

Equation 9

14 Equation 10

When transforming the three stator equations for the PMSM (Equation 2 - Equation
4) using the dq method the result is given by Equation 11 if the field orientation is
perfect, i.e. 6,= 0.

.dq

+ joip, + jw L i%  Equation 1l

With Equation // divided into the real part (d) and the imaginary part (q) the stator
equation is given by Equation 12 and Equation 13.

di, ) .
=Ri ,+L, dt’ -w.Li, Equation 12
di,, .
v, = T —+o +w, L quation
S.q R L dt I/JR rLs s,d E t 13

With perfect field orientation the torque equation is given by Equation 14.

T, = —1/1R o Equation 14
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2.2.4 Control of PMSM

One specific thing to keep in mind when designing controllers for electric motors is
that the electrical characteristics in the motor are much faster than the characteristics
of the mechanical load. One proposed control strategy which is shown in Figure 9 is
therefore to use two controllers, one fast inner controller that controls the electrical
system (control of the current) and a slower outer controller that controls the
mechanical system (control of the speed) (Mohan, Undeland, Rohan, 2003).

speed
Iref (Tref) ,/: \‘ Current Y act
>

{ >
-/ controller

speedrer /. Speed
| system | lact system

T
Voltage | Electric | act Mechanical
‘
NS controller
i

Figure 9: Proposed control structure for electric motor.

The electrical system is modeled from the PMSM stator Equation 11. For the control
of the PMSM the dg-transformed values will be used because these are DC values in
steady state. When transformed to Laplace the stator equation in dq-coordinates will
be given by Equation 15 and modeled as in Figure 10.

Vs 1 is
R +sL + jo.L,

E = .].Q)I‘WR
Figure 10: PMSM electric motor model based on Equation 15.

To obtain an efficient control of the electric motor, compensation can be done for the
“disturbances” in the electric motor transfer function. The back-emf (E=jo,yr) and
the cross-coupling (jo,Ls) can be seen as disturbances and can be compensated for by
estimations of the back-emf and the cross-coupling. To make these estimations
accurate there is a need for a good measurement of the speed. In the model in

Figure 11 it can be seen how the compensation is done and where ¢/ ,, @,and L. are

estimations of respective variable. Modeling of the electric motors and controller
design is presented in chapter 3.2.
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Back emf Electric part of the PMSM

compensation [~ T T T T T T T T oo T T T ;

1 [
Ro+sL+joL

v

&

Cross coupling —
compensation

Figure 11: Electric motor model with compensation of back-emf and cross-coupling.

2.3  Brake system

Brakes general working principle is converting mechanical energy into heat. In heavy
machinery and road vehicles there are mainly two types of brakes used, drum brakes

and disc brakes. The scope of this project has been looking into the dynamics of the
disc brake.

2.3.1 Heat dependent dynamics

Crucial to the disc brake dynamics is its temperature dependency. As the heat builds
up in the brake disc, the friction coefficient between the disc and the friction material
changes (Ostermeyer, Miiller, 2005). The friction coefficient varies with a factor of
over 40% (Madas D, Lai H, 2011), thus it is essential to take the brake temperature
into account to estimate the brake torque generated by a certain brake pressure.

It is relatively easy to calculate the energy absorbed into the brake disc, since it is
given by the brake power (brake torque x speed), under the assumption that all power
generated is transformed into heat in the brake disc. This is a simplification of the real
case as the brake pads and brake caliper will absorb some heat as well. However 95%
of the heat will go into the brake disc (Migi, Melkersson 2008). What is very difficult
to model is the amount of energy dissipated by the disc brake.

There are in principle two major types of disc brakes, ventilated and solid brakes as
shown in Figure 12. It is not a feasible task to calculate the heat dissipation of
ventilated brakes analytically, Finite Element methods are required (Voller, Tirovic,
Morris, Gibbens 2003). In the case of the solid disc it is easier making analytical
estimations of the heat transfer. An analytical model tuned with measured data could
provide data usable enough for estimating a temperature with accuracy enough to
predict big changes in friction coefficient.
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Figure 12: Ventilated vs. solid brake disc, in the ventilated brake disc airs enters
trough ventilation channels in the centre of the disc, the grooves are designed to work
as a radial fan.

There are three modes of heat transfer, conduction, convection and radiation.
Conduction is heat transfer within one solid medium or two solid mediums,
convection is the transfer of heat between a solid medium and a viscous medium and
radiation is the energy that radiates from the surface of a medium.

Conduction heat propagation within the brake disc is significant enough to take into
account for ventilated brake discs as the heat needs to transfer from the outer surface
to the inner ventilation duct. Solid brake discs have the same heat uptake zone as main
heat dissipation zone which makes the conduction mode less significant.

In the convection case the heat is transferred to the surrounding air and the airflow of
the dissipation surface is the biggest variable. Thus it is dependent on the speed
difference between the brake disc surface and the surrounding air.

The radiated heat transfer is mainly dominant for high temperatures as opposed to
convection which is the dominant heat transfer mode at lower temperatures
(Incropera, DeWitt, Bergman, Lavine 2007).

It is a very complex task to accurately model the disc brake temperature and also
computationally demanding. Thus in this master thesis a small model involving
radiation and speed-dependent convection has been implemented in MathWorks
Simscape.

2.3.2 Limits, transients in applying brakes

Generally the limit in braking force is set by the mechanical grip of the tires and not
the amount of force the brakes can generate. This assumes a well dimensioned system.
When applying the brakes a transient force can occur the moment the friction material
hits the disc. What is needed to determine through physical testing is if the transient is
big enough to consider in the control application. The most probable case is that the
transient is too fast to be accurately measure and compensate for. Thus it can be
expected that the transient will be damped out due to wheel, brake and chassis flex.
The same will occur when releasing the brake pressure; a small dragging force can be
expected. Initially a small drag before the floating disc “bumps” the brake pads into a
non dragging position.

12 CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX35/2012



2.3.3 Regenerative brake controller

As previously mentioned electric motors are in most vehicle applications not powerful
enough to stop the vehicle in an emergency braking situation and therefore it is also
needed to equip the vehicle with conventional mechanical brakes.

For regenerative braking there are two main strategies to control the brakes, in series
or in parallel. Series control of the brakes means that first are the electrical brakes
utilized to its maximum and after that the mechanical brakes are used. Parallel control
of the brakes means that the mechanical and electrical brakes are used together during
the whole braking procedure. The advantage with series regenerative braking is that
the regenerated energy can be maximized and the advantage with parallel regenerative
braking is that control of the system is simpler to implement (Shuang, Junzhi, Lifang,
2009).

The main difficulty in a serial braking strategy is to ensure a smooth and seamless
transition from regenerative braking to a combined braking effort. It requires a deep
understanding on the dynamics of the components to ensure a linear braking response
as a sudden change in braking effort could lead to hazardous situations.

2.4 Controller

There are multitudes of ways of implementing a vehicle controller. Due to the
complexity of the project given the limited time frame the most advanced types of
control algorithms have not been considered.

The vehicle controller is a network of basic controllers forming a complex system.
This system can be seen as different layers of control; in the scope of this project the
whole chain from low-level control to high-level control is covered. The low-level
control is on a device level, for example delivering a fast and precise brake pressure.
The high level control is on a vehicle level regulating the vehicle motion, sending
request to midlevel or low level controller.

A modular structure makes the controller scalable, enabling adding additional or
replacing input and output devices. Separating high level features from motors and
brakes makes it possible to add and remove features on the vehicle.

The controller structure is more thoroughly reviewed in the implementation part of the
thesis.
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3 Implementation of models

The purpose for modeling the parts in the wheel loader was to be able to design good
controllers by doing simulations and by that decrease the testing time. In this chapter
models for the overall wheel loader, the electric motors and the brakes will be
presented.

3.1  Overall system

The overall system model was based around a simple model of the chassis to create an
envelope for the more advanced motor, brake and control models. The focus was on
longitudinal acceleration, which in its simplest form is F=ma. Generally when doing a
vehicle model, tire slip has to be implemented in some way. By restricting the model
use for primarily longitudinal acceleration decent accuracy can be achieved without
implementing a slip model:

F =ma Equation 16
F =T + T+ Tog + T ieur Equation 17
T =MIN*T000 ) + T Equation 18

where Tgy is the torque from the front left wheel, Tr is the torque from the front right
wheel, Trr is the torque from the rear right wheel, Try is the torque from the rear left
wheel, ryheel 1S the wheel radius, Tyhee the resulting torque acting on one wheel, Trotor
the torque from the electric motors, Thrakes the torque generated by the brakes, N is the
gear ratio and n is the efficiency in the chain drive.

In terms of simulating longitudinal acceleration these simple equations go a long way.
However due to the geometry of an articulated vehicle where the wheel torque has a
big impact on steering angle, i.e. torque vectoring; also a geometrical model of the
chassis had to be implemented. Instead of implementing a tire slip model, tire slip was
simulated by adding a large dampening factor to the chassis inertia.

The chassis model is built upon rigid body dynamics, and is divided into two
coordinate systems which can be seen in Figure 13. The first coordinate system is
anchored in the centre of mass of the rear frame and the second is on the articulate
joint and is anchored in the front chassis.
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Figure 13: Chassis model with chassis dimensions (L1, L2, Lr and Bt), chassis
coordinate systems (x1, yl and x2, y2) and forces acting on the chassis (FL, FR, RL,

RR)
Force vectors

Fly = (F,0,0)

Fp = (F,0,0)

F,, = (F%,0,0)

Fop = (Fpz,0,0)
Front axle coordinates expressed in coordinate system 2

W, = (L2,—%,O)

Bt
Wiry, = (L2,7,O)

Pivot point coordinates expressed in coordinate system 1
Pivot, = (L1-Lr,0,0)

Rear axle coordinates expressed in coordinate system 1

B
Wi = (—Lr‘,—?t,())

Bt
Wir = (_LraT,O)

Vehicle centre of mass

M, =(0,0,0)
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Transformation from coordinates system 2 to 1

Rotational matrix

cos(d) -sin(@) O

R, =|sin(d) cos(d) O Equation 29
0 0 0

W, = RW,,, + Pivot, Equation 30

Wery = RyWig, + Pivot, Equation 31

The torque around the pivot point My can be calculated with the cross products of the
force vectors.

M, =R, Fp )x (W, — Pivot)) + (R, iz ) X (Wi, — Pivot,) + .
) i Equation 32
(Fp) % Wiy = Pivoty) + (Fpg ) X (Wi, — Pivot,)

Once the torque is calculated the angular acceleration of the articulation angle can be
estimated. At this point in the calculation the model lacks details as the slip and lateral
forces from the tires. Instead the inertia I and dampening factor B was tuned to a
crude estimation, set very high to simulate the tire forces on the chassis. This is given
by Equation 33 where @ is the angular velocity and 6 is the angular acceleration.

0 = % -B6 Equation 33
1

3.2 Electric motor model

The electric machine used to build the test platform in the project is a PMSM with
built in inverter and controller. The electric machine used is called SUS. The control
signal sent to the SUS is a speed reference and as feedback the SUS gives the actual
speed and actual torque. As most of the parameters for the SUS were unknown, the
modeling work has been “reverse engineering” of the SUS from data given in
specifications for the SUS.

Both a full SUS model and a simple model of the SUS have been developed. The
simple model was used in the vehicle model to increase the simulation speed when
simulating the behavior for the complete vehicle. The base for the model is the
equations in Chapter 2.2.

When modeling the SUS it has been assumed that
* there is one current and one speed controller in the SUS

* the controllers are PI controllers and the parameters for the current controller
are determined with the IMC method

* the current controller has compensation for back-emf and decoupling, anti-
windup and active damping

* the speed controller has no anti-windup
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To get the model to fully correspond to the SUS specification, a torque limit has been
implemented. Also an available torque calculator has been implemented to give
information to the overall vehicle model. When determining the SUS control
parameters it was assumed that the mechanical dynamics in the system are much
slower than the electrical dynamics and that the internal model control (IMC) method
was used to set the controller parameters.

3.2.1 Determine the electric motor model and control parameters

Values for the parameters for the electric motor part of the SUS where found from the
datasheets and by calculating values from the datasheet parameters. The winding
resistance, the winding inductance and a basic speed-torque relationship was found
from the data sheet.

The flux linkage was estimated with Equation 13 as base, ideally at full speed the
back emf equals the supply voltage and the current in the windings therefore goes
towards zero. With the assumptions above Equation 13 can be simplified to Equation
34 and the flux linkage can be estimated.

V.

Yr=—"- Equation 34
w,n,

When determining the electrical control parameters it was assumed that the electrical
dynamics are much faster than the mechanical dynamics. The overview of the total
model with the prerequisite given earlier can be found in Figure 14.

1
N o
K - ectric part of the PMSM
pe
A [ : \
E=japy E=joy, |
! I
l l
bor /7 0\ Pl-current ¥ Vol | f!\ 1 L
ref oltage ! \
>+ ™ controller —’t_,_ ™ Jimit ‘ '{ ] ; [
N -/ imiter |V, | J R +sL+jol |
. | |
Laer [ |
N lLlL‘l
Jo, L= R, <=

Figure 14: Current controller and electrical parts of the SUS.

If the Pl-part of the controller is set to be F and the SUS together with the
compensation for back-emf and cross-coupling and active damping is set to be G the
transfer function for the electrical subsystem can be represented by Equation 35. The
PI controller in F is given by Equation 36 and the G block is given by Equation 37 if
the compensation parameters are assumed to be perfect, i.e. 1), =1/,, Izm =L, and

A

w. =a,.

r r

CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX035/2012



lact — FG E t 35
iy 1+ FG quation
F=K, + K Equation 36
N
1 .
= m Equation 37

When determining the control parameters for the current controller with the IMC
method the current controller parameters where set according to Equation 38 where
a,1s the bandwidth of the closed loop system. The active damping was set to make

the system (G) have the same bandwidth as the controller. Expressions for the control
parameters are presented in Equation 39, Equation 40 and Equation 41, and in these

equations estimations of the parameters are used, i.e. R and L.

a, i, F*G
s+a, B i 1+ F*G Equation 38
K, =a, 2s Equation 39
K, =a, (IAQS +R,) Equation 40
R, = is a, - IAQS Equation 41

The speed controller parameters where determined from tests on the SUSes. The
result from the test is found in chapter 6.1.3 SUS speed controller.

The model of both the full and the simple SUS Simulink model can be found in
Appendix 1: SUS models.
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3.3 Brake model

The basic dynamics of a disc brake is easy to understand: a force applied on a brake
compound interacting with a rotating disc and creating a braking torque on the disc.

To simplify the calculations an estimation of a point force can be made instead of
integrating over the entire pad-area. Where this point force interacts is called the
effective radius. In the case of brand new pads and disc it is necessary to calculate the
effective radius of where the force is applied to get the resulting torque. The effective
radius is calculated with (Mégi, Melkersson 2008):

2(R) - R} .
o = % Equation 42
5 3Ry - RY)

where Retris the effective radius, R is the outer radius, and R; is the inner radius.

With worn in brake pads the case is different however, as the wear of the brake pads
will be higher towards the outer radius than the inner due to higher relative speed of
the brake disc surface. The result is a higher pressure towards the centre of disc and
thus a migration of the effective radius towards the centre of the disc. This results in a
lower generated specific torque for a certain brake pressure. A common assumption is
that the wear will reach a steady state around the point where R.s equals the average
radius of the disc (Mégi, Melkersson 2008):

R, +R
R, = % Equation 43

The piston force Fy is a direct relation to the brake pressure purake, the piston area
Apision and the number of pistons Npjstons:

FW = pbrakeApiston Npistons Equation 44

The braking torque T, generated from the brake force depends on the friction
coefficient p and the effective radius:
T, =uF R, Equation 45

w

3.3.1 Heat model

A heat model of the brakes was made and implemented in Simscape, which is a
module in Simulink; it was however deemed redundant as the temperature rise was
negligible in the short braking cycles with the test platform. Thus it is not included in
the scope of this thesis.
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4 Control design

4.1 Overall control structure

The controller structure shown in Figure 15 is divided into two main logic parts, the
chassis controller and the wheel controllers. The chassis controller translates driver
inputs to a requested torque for each wheel. It also handles limits like maximum speed
and steering angle etc. The chassis controller does not determine which actuator that
should carry out the request.

The wheel controllers are for the chassis controller just actuators, basic operation is
that it takes a torque request and translates it to a reference signal to the electric
motors and a reference brake pressure. The regenerative braking strategy rule set is
thus implemented in the wheel controllers and is transparent to the chassis controller.

TargetSpeed Motor

Pedals Wheel Controller
BrakePressure Brake
/ TarLSpeed’ Motor

Joystick Wheel Controller
Chassis Controller [Torque_Req BrakePressure Brake
\ jﬁ% Motor

SteeringWheel Wheel Controller
BrakePressure Brake
TargetSpeed Motor

Misc Sensors Wheel Controller
BrakePressure Brake

Figure 15: Overall control structure for test platform.

4.2  Chassis controller

The chassis controller shown in Figure 16 consists of a few logic blocks, where the
input interpreter block has been the main focus. The steer angle controller is a simple
PI loop and has not been the focus of the master thesis, it is there as merely a place
holder for a future more advanced “Steer by wire” algorithm. Likewise is the vehicle
speed estimator implemented as simple as possible. It is an average speed of all four
wheels not taking wheel slip into account.

(&, >
Driver_Inputs
3 | FRT0gle Ref_Torque P Ref_Torque
FRToggle Torg_FR
EnableSusControl Ref_Theta P Ret_Thefa,

Driver inputs PBreke e

Torq_FL

»{_1

Reference

 <Enablesuscontrol>

Tora_RL

vehicle_speed Reverseswitch —( 2 ) (1 et hefe Ta_Diff —) Ta_oiff
FReverseSwitch  Theta TorQ_RR

wheel_Feedback  Uehicle_Speed Input_Interpreter P Speed
el Fee i »
Uehicle_Speed g TorqueDistributor

SteerAngle Controller

‘Wheel_Feedback

_Speed_Estimator

Figure 16: Chassis controller on test platform.
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4.2.1 Input interpreter

The input interpreter is a set of rules that based on the input variables sends out a
reference torque for the vehicle. The input interpreter shown in Figure 17 has been
implemented in Stateflow for good visualization and compatibility with the
TargetLink C-code generator used. Stateflow is a Matlab/Simulink component for
creating efficient state machines.

F—f J e
<Throttle Position > Ref_Torque
Ref_Torque
I—b BP
< Brake Position > 7F
Driver Inputs
V_5Speed PBrake
Vehicle_Speed PBrake
< SteeringWheelangle>
FRToagle
FRToggle
Reverse Switch —’@
Enable SusControl / ReverseSwitch
EnahleSusControl
Chart
=i K- e (3
. Ref_Theta
Gain

Figure 17: Input interpreter in the chassis controller for the test platform.

The state flow chart which is shown in Figure 18 makes up a state machine that
depending on what mode the vehicle is operating in translates pedal movements to
torque requests. Transitions between the states are set up with rules and conditions.
The input interpreter does not handle steering control, it simply sets up a reference
torque for the whole vehicle forwards and backwards. It does allow for easy extension
for either implementing more advanced states or additional functions.

[BP <= 0.01 && GP > 0 && ReverseTnlch == 0 && EnableSusControl == 1] \

\

Sto
enlgf: Ref_Torque=0;
during: PBrake=1000"BP/BPScaleFactor;

Forward

[V_Speed <= 0 && BP > 0.01] !

[BP<= 0.01 && GP > 0 && ReverseSwitch :
[V_Speed >= 0 && BP > 0.p1]

everseSwitch == 0]
Reverse

T Y

[ReverseSwitch == 1]

[V_Speed < 0.1 && V_Speed > -0.1 && FRToggle ==1] \

Reverse
entry:ReverseSwitch = 1; J

[V _Bpeed < 0.1 && V_Speed > -0.1 && FRToggle ==1]

Figure 18: State flow control of the torque requests in the chassis controller for the
test platform.
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The stateflow consists of two parallel state machines, the ForwardReverseToggle and
OperationMode state machines. The ForwardReverseToggle handles the “gear”
change behaviour and it does not allow the operator to change gear until the vehicle
speed is almost stopped (<0,1m/s). The OperationMode state machine implements
different pedal behaviour depending on gear and vehicle speed. BP is brake pedal
value and GP is the gas pedal value, both with a scale from 0 to 1 for the whole
stroke. In the forward and reverse states, the scaling from pedal positions to requested
wheel torque is done. A crude speed limiter is also implemented limiting the speed of
the vehicle. In Figure 19 the forward state is shown in detail.

— 1 ™

Normal
entry: PBrake = 0;
during: Ref_Torque=200*GP- 500"BP;

TVSpeed <= (V_Limit1)]

[V_Speed > (V_Limit 4)]

Limit

during: Ref_Torque=(200*GP)*(V_Limit-V_Speed) - 500*BP;

- /

Figure 19: The pedal movement to wheel torque request scaling are done in the
forward and reverse sub-states.
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4.3  Wheel Controller

The wheel controller which is shown in Figure 20 consists of three different
subsystems and a state machine. The state machine contains a rule set that determines
which actuator (electrical motor or mechanical brakes) to use and how to calculate the
torque split between electric and mechanical brakes. The subsystems handle brake and
motor control and motor modelling. The subsystems and state machine will be further
described in the following subchapters.

EIMotorTorgReq 1N

Gain
Speed Torque_Feedbacl

BrakeTorqReq P> Torque_Req
TorgReq Brake Pressure

Control Allocation Wheeispeed
Brake Subsystem
rake

Figure 20: Wheel controller for the test platform.

Speed_Ref

SUS_Controller

EnableSusControl

4.3.1 Available torque calculation

The available torque calculation which is shown in Figure 21 is derived from the more
advanced motor models used in the vehicle model. It is translated into a lookup table
based on the speed input and some simple logic to determine direction of travel.
Estimating how much torque that is available serves two purposes. The foremost
usage is for calculating the brake blending torque split i.e. how much braking torque
the motor can generate. But it is also used for anti-windup of the motor controller,
making sure that the torque request does not exceed the maximum motive torque
available at any given time.

P> Te_push_avilable le_tor_available
Speed_rpm b Te_for_available
S

Lookup Table

P Speed_rpm Te_rev_available 2
Te_rev_available

Torque available calculator

Figure 21: Available torque calculator in the wheel controller for the test platform.
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4.3.2 Control Allocator

It is called a control allocator but is in reality a state machine with rules on torque split
based on torque request, direction of motion and available torque estimation from the
motors. The stateflow diagram in Figure 22 with states and transitions is a realisation

of the relatively simple rule set given

by Equation 46 and Equation 47. Where Ty is

electric torque, Torake 18 braking torque, Treq i1s requested torque, Tregen is available
regenerative torque and Tgrive 1S drive torque.

Idle
entry: EIMotorTorgReq=0;
entry: BrakeTorqReq=0;

[TorqReq == 0]

TorqReq = T

[TorgReq< 0]

Forward
[TorqReq < Te_for_avb]

Electric_Only
during: EIMo(oranqFle%zToquleq:
during:BrakeTorqReq=0;

[TorqReq > Te_for_av

1
Z [TorgReq > 0]

@verse

Electric_Only
during: EIMotchoque%:Toqueq;
duringBrakeTorqReq=0;

\

[TorgReq > Te_rev_avb]

f [TorgReq < Te_rev_avt

Brake_Electric

T

[TorqReq > Te\for_avb && Speed > 0]

during:EIMotorTorqReq=Te_for_avb;
during:BrakeTorqReq=TorqReq-Te_for_alt;

Brake_Electric
during:EIMotorTorqReg=Te_rev_avb;
during:BrakeTorqReg=TorqReq+Te_rev_ayt

3

‘orqReq < Te_for_avb]

Saturated_Electric
entry: BrakeTor?Rei‘:o;
during: EIMotorTorqReq=Te_for_avb;

éed >= 0 && TorgReq > Te_for_;

TorgReq > Te_rev_avb]

hub]

Saturated_Electric ed <= 0 && TorqReq < Te_rev_f
entry: BrakeTo[{ﬁReg}:D;
during: ElMotorTorqgReg=Te_rev_avb;

/

R 7
TorqReq< 0] g Q

/

Figure 22: Control allocator in the wheel controller for the test platform.

( Treq ? Tfegeﬂ < Treq < Tdriveva} =0
Tyrives T.,=zT,,Yo=0
T Tegen> T =T V0o=0 Equation 46
el ] T;eq 5 Tdrive = Treq < TregenVa) <0
Tyrives T, =T, Yo<0
ATregen > T,.eq = Tregean <0
0,  T,=T.Vo=0
Tbmke _ Treq _0 regen ;req < Tregenvw =0 Equation 47
. T, <T,NYw<0
Ty ¥ Tger> Ty > Tgen V0 <0

This set of rules ensures maximum regeneration from braking at all times with no
regard to state of charge. For the test platform this is unlikely to pose any problem
since it is battery powered only and the likeliness for it going down a hill long enough

to overcharge the batteries has to be
implemented corresponds to the series

24

regarded as slim. The brake blending strategy
braking strategy presented in chapter 2.3.3.

CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX35/2012



4.3.3 SUS controller

The SUS controller presented in Figure 23 is a workaround that had to be
implemented due to the built in controller in the SUS. The built in SUS controller
takes a target speed as input variable, and returns current speed and current torque as
feedback. A problem that became obvious early in the project was the properties of
the built in controller. The motors showed behaviour with heavy wind-up. The control
system in the SUS is believed to have a cascade structure where the speed controller is
assumed to be a PI controller with a dominant integral part. Thus will the output from
the motor be according to Equation 48 with K, and K; being unknown properties.
Where T(k) is the torque output of the motor at sample k and w.dk) is the control
signal.

4
EnableSusControl

-SusAdaptiveGain
K Ts (z+1)
2(z-1) [
Pt

FedTofem

Speed_Feedback

Torque_Feedback

Figure 23: SUS controller in the wheel controller for the test platform.
k
T(k) =K (@, (k) — w(k)) + KiZ (@, (k) = (k) Equation 48
=0

The two main problems with the built in SUS controller is the unavoidable wind-up
properties of a controller with a dominant integral part and that the reference signal is
speed and the desired control property is torque.

If the previous sample of the speed is included in the reference speed it can effectively
cancel out the error (®rr- ®) in the controller and thus the speed dependent output.
Under the assumption that w(k) = w(k — 1) Equation 49 cancels out the speed
dependency where u; is the reference torque and  is the motor speed.

@, (k) =u, (k) + w(k -1) Equation 49
Then the motor torque output T becomes:
k
T(k) =K u, (k) + K,.Z u, (k) Equation 50
=0

The PI-controller properties still affect the output but it is now possible to control the
output based on torque feedback as the torque is decoupled from the speed feedback.
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The optimum control signal would be a signal that cancels out the integral part,
leaving only a proportional linear response. The inverse of the integral part of the
controller would be an initial high output which then rapidly decreases. Since the built
in controller was deemed to have a high-gain integral part and a low-gain proportional
part, a very high control signal is required to get a rapid initial response. Since the
gains K, and K; are unknown and could vary in time an adaptive approach was tried.

Several approaches were tested to achieve a control signal with the right shape and
good tracking of the reference signal. The final controller is based on a modified MIT
rule controller. But instead of the usual application of the MIT rule where the integral
part adapts to slowly varying dynamic properties, a high gain that enables the output
to change quickly was adopted. A high gain usually leads to an unstable controller but
since the SUS controller integral part is dominant it is more tolerant for rapidly
changing input signals than a normal PI-controller. The equation for the control signal
is presented in Equation 51 where u; is defined in Equation 53 and K, is an adaptive
gain defined in Equation 52.

0, (k) = uy (F)K,. (k) + ok - 1) Equation 51

K (k)= i(u1 (k) =T (k=) (k) K, Equation 52

In Equation 52 K, is the tuning variable setting the response and rate of change of the
adaptive gain and u; is defined in Equation 54. The variable u, is introduced instead
of u; to be able to control the windup even under a zero torque request. This is
necessary due to the feed forward structure of the controller, as a zero reference value
would mean zero control signals.

u(k), uk)y=s-Lu(k)=1
u,(k)y=1 1 O=su(k)<l1 Equation 53
-1 -l<u(k)<0
The variable u; is a simple sign variable that is defined as one when u; is zero.
1 u,(k)=0

k = .
us (k) {_1 u, (k) <0 Equation 54

Thus the torque output from the motors at sample k, will be as in Equation 55 with the
controller output as defined in Equation 51. The key concept here is that K, and K; are
still unknown but since the controller is adaptive it will track the reference torque
given in u;.

T(k)=K ,u,(k)K, (k) + K, i (u,(k)K, (k)) Equation 55
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4.3.4 Brake Controller

The brake controller which is shown in Figure 24 translates a torque request into a
brake pressure request sent to the pump controller. The pump controller has for
latency purposes been implemented directly in the PCU.

The brake controller is a feed forward adaptive controller to be able to handle wide
range of friction coefficients for different temperature ranges. Since there’s no
feedback from the resulting braking torque on the wheels or the temperature, the
controller runs a model of the disc brake to estimate the required brake pressure for a
certain torque.

This could have been achieved with gain scheduling as well, but using an adaptive
algorithm in this case is more of a time saving effort as tuning time is more or less
diminished. One advantage of using an adaptive controller is that it makes it possible
to exchange the brake model for an more advanced non-linear model in future
revisions without retuning. The adaptive algorithm has been implemented using the
MIT rule (Egardt 2008).

It is then used in a feed forward configuration, as the friction coefficient can be
assumed to vary slowly during the course of the braking session. It is a suitable
application of the MIT rule.

>
Brake Pressure
Torqul_ﬁeq > 'L:muq_mq Brake Pressure P Brake Pressure L Reference foraue vo
Brake Controller Brake Wear Torque — todel Torque
:2 Constant | uhectspeed Addaptive Gain
Wheelspeed Dischrake Model
={1\/\
Gain1
Figure 24: Brake controller in the wheel controller for the test platform.
The algorithm for varying the adaptive gain K, is the following
Kr =" }/f((Tmodel - ]:’eq )]-;‘eq) Equatlon 56

where v is the tuning coefficient, Tmodel 1s the model torque and T4 is the requested
torque. The brake model used is the model defined in Equation 45. Equation 58 can
be derived from the base form of the MIT rule if the criterion J is formed as in
Equation 57 (Egardt 2008).

J(O) = %ez (0) Equation 57

The MIT-rule states that the parameters should be adjusted based on the negative
gradient of the criterion J:

b, - _yLw) - de(6)

90, 36,

1

Equation 58
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de(8)

i

The gain parameter is y > 0 and the derivative is the sensitivity derivative.

de _ Oy
K, 0K,
e= (T model — Treq) and y = T, we can finally form the function as in Equation 58
(Egardt 2008).

where

In our case 6; = K,., by freezing K, in time the assumption that
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5 Implementation of test platform

5.1 System overview

To test the concept with a hybrid wheel loader with individual wheel motors a small
scale test platform based on an articulated riding lawn mower was designed and built.
A schematic overview of the test platform and a picture of it are shown in Figure 25
and Figure 26. The lawn mower’s original internal combustion engine was removed
and replaced with electrical motors on each wheel. A mechanical brake system was
assembled on the test platform with brakes from a motorcycle and with a hydraulic
unit (ESP-block), originally used in an ESP system (Electronic Stability Program) to
control the brakes. The control system on the test platform consists of three ECUSs,
one that is running the vehicle control code, one that act as a gateway and the last
ECU is an input/output node. The communication between the ECUs is CAN based.
The test platform is equipped with a main switch, properly dimensioned fuses and an
emergency stop for safety reasons. Two lead acid batteries deliver the energy to the
platform.

O

Drive Chains ?
' SUS FL SUS FR
l J'/Throttle Pedal

agiPNIi
| "7

Steering Wheel /\

o]

Joystick

Articulate Joint —

Battery 1 Battery 2
+

+ - R
o OO o

SUS RL SUS RR

% \ Brake Disc and Caliper
Brake Pump/Valve Brake Reservoirs

Block

Figure 25: Overview of the test platform, with its main components.
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Figure 26: The test platform designed and built in the project

5.2 Electric motors

The test platform is powered by four electrical machines called SUS which has a built
in inverter and control system and the motor in the SUS is of PMSM type. The SUSes
are mounted close to the wheels and the power transmission between the motor and
the wheel is with a chain drive. The gearing between the motor and the wheel is
76:14. The SUSes are mounted in a way that allows the chain to be tensioned by
sliding the SUS in the rear and put shims under the SUS in the front. The SUSes are
connected to the CAN network on the test platform. The control signal sent to the
SUS is a speed reference and as feedback the SUS gives the actual speed and actual
torque. The output signals are updated every 100 ms. The tested torque and power
performance of the SUS is presented in chapter 6 Results and Validation.

One of the constraints in the project was to use the SUS motors because they are a
CPAC Systems product and they already have a CAN interface to the rest of the
control system

5.3 Brakes

5.3.1 Brake discs and calipers

The brake discs and calipers are rear brakes from the Suzuki GSX-R series. With
opposed two piston calipers and solid drilled discs. The discs are in a floating discs
arrangement that differs from a normal car setup where the calipers themselves are
floating. From a performance point of view it should not mean a significant
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difference. The two piston configuration means that a higher braking force is achieved
compared to a one piston configuration with the assumption that the area of the two
pistons exceeds a comparable one piston caliper. The calipers are mounted as the
lowest points in the system which design wise is a good choice as it is harder for air to
get trapped in the calipers.

5.3.2 Pump

The pump is built into one unit together with the pressure control valves as an
integrated hydraulic unit. As can be seen in Figure 27 the hydraulic unit is divided
into two distinct hydraulic circuits. Each circuit has its own pump driven by a shared
electric motor. In practice it means that it is not possible to run only one pump, both
pumps always run at the same time. However the valve system can be set up in such a
way that the pump does not build up brake pressure.

1
Reservoir
Intake Valve (NC) >_i< Changeover Valve (N

Inlet Valve Outlet Valve  Outlet Valve | Inlet Valve
Left (NO) Left (NC) Right (NC) | Right (NO)

—_ —- - - = — —5 —

ESP Pump/Valve Block

Rear Left Brake Rear Right Brake

Figure 27: Schematic over the whole brake system and one circuit in the ESP-block.

5.3.3 Pressure control
The ESP-block consists of 12 valves with the following functions.

* Two changeover valves (one per circuit) which in the original automotive
application is used to switch between manual and ESP brake operation. In this
application they are energized when building pressure and are used to rapidly
decrease the pressure in one circuit.

* Two intake valves (one per circuit), these valves switch the inflow to the pump
from either scavenging fluid from the brake caliper side or pumping fluid from
one of the reservoirs.

* Four inlet valves (one per caliper, two per circuit), normally open valves that
can be closed to prevent pressure build up on one brake or closed to lock in a
pressure.
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* Four outlet valves, (one per caliper, two per circuit). Normally closed valves
which in the original automotive application are used for the ABS
functionality to quickly scavenge fluid to relieve the brake pressure rapidly. In
this application this valve is used to modulate the pressure by controlling the
valve with a PWM signal.

The pressure control is done through a feedback loop using a brake pressure sensor.
The ideal setup would be to use one pressure sensor per wheel and that would enable
to run almost fully individually controlled brake pressures. It is also possible,
however, to run the brakes per circuit using one pressure sensor per brake circuit. This
does take away the possibility to individually control the brakes from left to right but
it also results in a big simplification of the control algorithms. Due to time constraints
and physical constraints only the rear circuits were implemented on the test platform.
The control of the brakes is also implemented in its simplest setup by controlling the
brakes as a pair with one brake pressure sensor.

The control algorithm implemented is a non linear PI controller which is shown in
Figure 28. The nonlinearity consists of Gain scheduling as the dynamics of the system
is heavily dependent on the brake pressure. A lot of manual tuning effort went into the
controller as the dynamics were hard to predict. One uncertainty could be microscopic
air bubbles in the system which leads to that the initial response is very different
compared to the response when the bubbles have been compressed.

Kp
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| Kp
Gain Scheduler .
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r Controller PumpProcess

Figure 28: Control structure for brake pressure control on the test platform.
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Figure 29: Test of brake pressure controller.
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In Figure 29 a test run is done with gradually increasing brake pressure reference
value. During testing it turned out that the lower brake pressure limit for this
configuration was approximately 300kPa. The pressure follows the reference up to
3500kPa with slight oscillations. The tuning was limited to return a good result up to
3500kPa as the brakes at that pressure delivers a braking torque high enough to lock
up the wheels at speed. The pump however is able to deliver pressures in excess of
25000kPa where the pressure sensor saturates. A software cut-out opening the
changeover valve has been implemented at a controller level on 15000kPa to protect
the hydraulic components from bursting from overpressure.

5.4  Electric power and wiring

The main electrical system on the lawn mower is a 24V system based on two 12V
lead acid AGM batteries connected in series. From one of the batteries a 12V power
supply is taken. This makes the batteries unbalanced because the power drain from the
batteries is not equal. Charging the batteries individually solves the unbalancing
problem.

Both the 24V and 12V system can be disconnected by an emergency stop relay
actuated by an emergency stop button. A main switch turns off both systems. All
loads are properly fused.

A full electric power supply schematic can be found in Appendix 3: Electric power
supply schematic for the test platform.

5.5 Network, sensors and data logging

The main hardware parts in the control system on the test platform is a ECU handling
the vehicle control (FAF), a ECU that works as a gateway (HCU) and a ECU that
handles physical in- and outputs (PCU).

The FAF processor is a floating point processor and it runs the model that controls the
test vehicle. The code in the model is generated with a code generation tool from
MATLAB/Simulink.

The HCU is the gateway in the system and it handles the data from the FAF, the
battery sensor bus, the joystick and steering resolver bus and the CAN-bus where the
PCU and the SUSes are connected.

The PCU is an input/output node and it controls the valves and the pump in the ESP-
block and it reads the signals from the brake pressure sensor, the throttle pedal and the
brake pedal.

A full schematic of the communication and the signals can be found in Appendix 4:
Communication and signal overview for the test platform.

The function calls in the FAF, HCU and PCU code can be scheduled to run every
8 ms, 16 ms, 32 ms or 256 ms. The main vehicle control model is executed every 8 ms
which is the fastest possible. The execution time for the sensor inputs, actuator
outputs and the gateway is set to not overload the processors in respective ECU and
the CAN busses. The delay for inputs, outputs and the gateway is presented in Table
1. All signals on the lawnmower CAN bus are available for logging and the log files
can be processed in MATLAB.
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Table 1: Signals to and from the FAF and their total delay.

Max total

PCU SUS HCU FAF sample time
Inputs PCU
Brake pedal position 8ms 8ms 8ms | PCU-->FAF: 24ms
Throttle pedal position 8ms 8ms 8ms PCU-->FAF: 24ms
Brake pressure rear brakes 8ms 8ms 8ms PCU-->FAF: 24ms
Inputs Battery sensor
Battery current 16ms | 8ms | HCU-->FAF: 24ms
Battery voltage 16ms | 8ms | HCU-->FAF: 24ms
Battery temperature 16ms | 8ms | HCU-->FAF: 24ms
Inputs Joystick/Steering
wheel
Steering wheel angle 8ms 8ms | HCU-->FAF: 16ms
Joystick 16ms | 8ms | HCU-->FAF: 24ms
Inputs SUS
SUS rear right actual speed 100ms | 8ms 8ms | SUS-->FAF: 116ms
SUS rear right actual torque 100ms | 8ms 8ms | SUS-->FAF: 116ms
SUS rear left actual speed 100ms | 8ms 8ms | SUS-->FAF: 116ms
SUS rear left actual torque 100ms | 8ms 8ms | SUS-->FAF: 116ms
SUS front right actual speed 100ms | 8ms 8ms | SUS-->FAF: 116ms
SUS front right actual torque 100ms | 8ms 8ms | SUS-->FAF: 116ms
SUS front left actual speed 100ms | 8ms 8ms | SUS-->FAF: 116ms
SUS front left actual torque 100ms | 8ms 8ms | SUS-->FAF: 116ms
Vehicle steering angle actual 100ms | 8ms 8ms | SUS-->FAF: 116ms
Outputs PCU
Req brake pressure rear right 8ms 8ms 8ms FAF-->PCU: 24ms
Req brake pressure rear left 8ms 8ms 8ms FAF-->PCU: 24ms
Outputs SUS
SUS rear right requested speed ? 16ms | 8ms FAF-->SUS:
SUS rear left requested speed ? 16ms | 8ms FAF-->SUS:
SUS front right requested speed ? 16ms | 8ms FAF-->SUS:
SUS front left requested speed ? 16ms | 8ms FAF-->SUS:

34

CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX35/2012




5.6 Controller Implementation

5.6.1 Implementation method

The implementation of the controller was done in Simulink and Stateflow with the
code generation tool TargetLink. Using TargetLink meant that some parts of the
model and controller structure had to be adapted according to the TargetLink
modelling guidelines. The TargetLink guidelines are strict in terms of which blocks
that are allowed and how the model should be structured (dSPACE 2010). TargetLink
offers a wide range of optimizations for different processor architectures etc, but since
a powerful floating point PPC processor was used in the project generic C floating-
point code could be generated and used successfully. TargetLink generated a main
controller function and supporting functions. This function was in turn called every 8
ms from the real time OS running on the processor. The process for implementing the
control strategy is shown in Figure 30.

Simulink Model Pp| Targetlink Model |———P» C-Function
Model Conversion Code Generator

Figure 30: Overview of implementation of control strategy.

5.6.2 Implementation in vehicle

The initial implementation workflow was on the basis test and tune, and very much an
iterative process. An example of this process was a major retuning that had to be done
due to unexpected delays in the system. The feedback from the electric motors was
only updated every 100 ms with a 100 ms delay. As the controller was designed for
getting feedback every 20 ms with little to no delay the resulting functionality was
poor. The delay was implemented in the vehicle model and the controller modified.
The typical workflow which is also shown in Figure 31 was Model = Test =
Evaluate = Remodel.

Modelling in Simulink

Analyse measurements Convert model
and update model and Generate code

Test and measure in Vehicle

Figure 31: Implementation workflow.

5.6.3 Data analysis and measurements

For logging data the main CAN bus was used in conjunction with a PC-CAN interface
to sniff the data on the bus. The raw log files were then parsed with scripts written in
MATLAB to structure and visualize the vehicle data. This enabled very rapid data
analysis of the vehicle behaviour enabling a fast development pace.
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6 Results and Validation

In this chapter test results and validation of models for the electric motors, the brakes
and the vehicle control will be presented.

6.1 Electric motor validation

Both parts of and the full SUS (electric motor) model was validated from test on the
SUS with the wheels running individual in the air and with the SUSes powering the
test vehicle. The tests first followed a test plan attached in Appendix 5: Test plan and
verification of SUS to validate the parameters in the SUS. Because of noisy signals,
mechanical problems and that it was hard to control the brake pressure exactly the test
plan was revised to tests that was better adapted to the conditions.

With the test setups the following parameters were measured or validated:
* The maximum and the minimum torque as a function of the speed
*  The power consumption
* The relationship between speed reference and torque output

During the tests it was assumed that the actual torque followed the internal SUS
torque request very fast and therefore it was assumed that the reference torque was
equal to the actual torque all the time. Please note that the SUSes used are prototype
versions and do not reflect the performance of the production units.

6.1.1 SUS torque as a function of speed

To measure the maximum and the minimum torque as a function of the speed for the
SUS the test setup was to accelerate and decelerate with the SUS to its performance
limit. This was done with two tests

* With the wheels in the air accelerate the wheel to the maximum speed and
while keeping a full speed request braking the wheels to stand still with the
mechanical brakes. With this test only the accelerating performance of the
SUS was tested. (Corresponds to test case A in the revised test plan in
Appendix 5: Test plan and verification of SUS)

*  With the test vehicle running on the ground accelerate the vehicle as fast as
possible to a safe speed and then decelerate with maximum electric braking
torque. With this test both the accelerating and deceleration performance of
the SUS was tested. Compared to testing the SUS with the wheel in the air it
was not possible to test to as high speeds because the vehicle speed would
have been too high. (Corresponds to test case B in the revised test plan in
Appendix 5: Test plan and verification of SUS)

From these tests the logged speed vs. torque points were plotted and the maximum
acceleration and deceleration could be found as the outer points in the graph. The
maximum torque for acceleration was measured up to 3000 rpm and for the
deceleration the torque was measured up to 1100 rpm. The result from the test can be
found in Figure 32. From the measured maximum SUS-torque a speed vs. power
curve could be calculated from Equation 6 which can be found in Figure 33. The
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measured maximum speed vs. torque curve was used in the SUS model as a torque
limit.

r r
x Logged speed/torque points
| — Validated maximum torque

Torque (Nm)

1500 2000 2500 3000 3500
Speed (rpm)

Figure 32: Speed vs. torque test for the SUS and measured maximum speed vs. torque
curve.
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Figure 33: Speed vs. power curve for SUS during acceleration and deceleration.

6.1.2 Electric power consumption for SUS and all other consumers

From the electric power consumption test the power consumption of the ESP block,
the idle power for the SUS and the efficiency of the converters and the electric motor
in the SUS could be found. The ESP-block power and the SUS idle power could be
found directly from logged data and the efficiency was tuned until the simulated and
logged data was the same with the same torque request and speed on the SUS. From
logged data it could be seen that the average idle power for three SUSes is 82 W and
when the brake pump is running the average power consumption is 470 W. An
example of power consumption when the SUSes are in idle and when the brake pump
is running can be found in Figure 34. The efficiency in the converters and the electric
motor was found to be 90 % and the simulated electric power consumption compared
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with measured electrical power consumption can be found in Figure 35 and Figure 36.
A compilation of the electric power parameters can be found in Table 2 below.

Table 2: Power consumption parameters for test platform.

SUS idle power 27, 4W
ESP-block active power 390W
SUS converter efficiency 90%
700 T T T
= Electric power from battery
600 === Actual brake pressure H
< 500 n
g — ‘
© 400 1)
> n
§ 1 mn‘y wras. l
£ 300 “‘%VVMW %A| \
- 1
2 200 :
5 1\
& 100 ! i
a H i‘
0 4 %
-10Q
25 25.5 26 26.5 27 27.5 28 28.5 29 29.5

Time (S)

Figure 34: Electrical power from the battery and actual brake pressure
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Figure 35: Actual and simulated power consumption during test run with the test
platform
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Figure 36: Actual and simulated power consumption during test run with the test
platform

6.1.3 SUS speed controller

To estimate the controller parameters in the speed controller in the SUS a number of
different test runs were carried out to gather data. When finding the parameters in the
SUS controller it was assumed that the requested torque inside the SUS was the same
as the actual logged torque. This assumption was made because the electrical
characteristics are much faster than the mechanical characteristics. The test setup for
the speed controller can be found in Appendix 2: Model used for verification of SUS
speed control parameters. The parameters in the controller were tuned until the
simulated torque reference out from the controller followed the logged torque
reference. An example of comparison between simulated and logged data can be
found in Figure 37. The difference between the actual and the simulated torque in the
plot between 14 and 20 seconds depends on that the data comes from a driving test
with the test platform and when the test platform was stopped there was still a torque
on the electric motor but it was not big enough to get the test platform running.
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Figure 37: Actual and simulated torque from SUS from a driving cycle with first
maximum acceleration and after that maximum deceleration.

6.1.4 Complete SUS model verification

The complete SUS model was verified against different driving cases with the test
platform. The actual logged speed request to the SUS during driving was used as input
to the SUS and vehicle models. For comparison the simulated speed and torque was
compared with the logged torque. Example of verification between simulated and
logged values can be found in Figure 38.
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Figure 38: Simulated and logged speed and torque from a test run.
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6.2 Brake validation

Validation of the brakes was done using the torque and speed measurement in the
electric motors. With the wheels raised up from the ground the motors were
accelerated to a given speed. Then brake pressure was gradually applied while the
torque needed to keep the wheels spinning was measured. The brake pressure was
monitored and logged to be able to use it as input to the brake model. The logged data
was thereafter compared with the brake model output based on the logged brake
pressure. The logged data from the test can be found in Figure 39.
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Figure 39: Measured brake torque on right and left wheel plotted against simulated
torque on the unadjusted model.
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Figure 40: Adjusted brake model with lowered friction coefficients.

The brake model was adjusted by lowering the friction coefficient of the brake pads.
The discrepancies in the model vs. the real world could have several reasons. The
brake calipers and disc are salvaged parts from a junkyard showing a lot of wear and
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tear and the specific friction material properties are unknown. The logged data from
the test with adjusted brake parameters can be found in Figure 40.

As can be seen in the measurement graphs the motor torque is limited. Up to the
maximum torque of the motors the adjusted model correlates reasonably well with the
measurements. Based on the acceptable correlation in the measurable range, the
assumption has been made that the brake model is true also for higher brake pressures.
This is motivated by the fact that the brake model is fully linear to the brake pressure.

6.3 Control validation

The benchmark for how well the control design performs is in the end the driver
experience. Driving experience is a very subjective measure and varies from person to
person, but with certain key concepts that are necessary for driver confidence. These
key attributes are consistent and easily controlled behavior. They are essentially that
the vehicle should respond on user input in similar fashion at all times and that it is
possible to modulate output easily.

6.3.1 Brake blending

At the start of the project the brake blending was the main focus i.e. achieving a good
transparent brake blending with energy recovery. Since the thesis evolved into
developing a functional test platform, the amount of time evaluating brake blending
decreased. A well functioning brake blending system was however designed and
tested at moderate speeds (below 16 kilometers per hour).
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Figure 41: Two braking cycles measured on the test platform, first with blended
braking and followed by a pure electric braking cycle.

In Figure 41 two braking scenarios can be seen. In the first braking scenario the
braking request is above the maximum braking torque of the motors and the
mechanical brakes are activated. In the second braking phase the braking request is set
just below the saturation level and the mechanical brakes are not activated.
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The brake-blending algorithm worked as expected, there was however initial
problems in modulating the braking effort from a driver point of view. Often it
resulted in too heavy braking action with locked wheels as a result.

The problem was deemed to have two main reasons, where the first one was the lack
of feedback in the brake pedal to the driver. In a traditional braking system the driver
gets feedback as the pedal stiffens when the brake pressure rises, whereas the brake
pedal in this application is just spring loaded. The only driver feedback is thus the
retardation of the vehicle, but as the brake pump does have a startup delay before it
starts to build pressure, the initial feedback from pressing the brake pedal is missing
which is the second reason it’s hard to modulate the braking force.

Two solutions to this problem was considered either to predict when the pump is
needed by activating it when the electric motors are close to their limit or to
implement a rate limiter, limiting how fast the brake pressure can rise. Due to time-
constraints only the latter one was tested and implemented successfully. In Figure 42
a test is conducted with a steady brake request and the rate limiter can clearly be seen
on the brake pressure rise. It does impose further time delays but with limited speeds
of the vehicle the result is satisfactory and drivability is good. For further
development and higher operating speeds pre-emptive brake pump operation is
recommended to be investigated further.
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Figure 42: The rate limiter can be observed between 52.5 and 52.8 seconds limiting
the brake pressure rise. At 53.4 seconds the vehicle is at a complete stop and a rapid
pressure rise can be observed. When the controller goes into parking state the
pressure is held to kill eventual remaining wind-up in the motors.
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6.3.2 Controller behavior

The ability to control the torque of the motors is a key factor for the whole controller
to function. In Figure 43 a run was logged with a step response to approximately 60%
of full torque and then held for 5 seconds until gradually lifting off the gas pedal.
There is a pronounced overshoot followed by oscillations around the reference point.
A trade off between controller response and overshoot had to be made, and from a
driver experience point of view response was deemed to be the most valuable

property.
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Figure 43: Reference torque tracking while holding a steady torque request.

When rapidly alternating the torque request as in Figure 44 and thus “stressing” the
controller, the delay in the feedback can easily be seen.
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Figure 44: Reference torque tracking while rapidly changing the request.

44 CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX35/2012



T T T T T T T T

121 TargetSpeedFR il
-------- TorqueFR (Nm)

Time(s)

Figure 45: Input signal (TargetSpeed) and torque output for the steady reference
signal shown in Figure 43.

As can be seen in Figure 45 the SUS controller sends a high control signal in the
beginning, this is to stimulate the low gain proportional part in the internal SUS
controller. This is followed by lowering the control signal to a semi steady state mode
once the integral part of the controller had time to rise. As can be observed the control
signal is anything else but smooth. Again, this is in effect a tradeoff between response
and smooth control signals. But as the internal SUS controller has a dominant integral
action the bumpy control signal is somewhat smoothed out before affecting the
output. The same behavior is shown in the test region with an alternating reference
signal in Figure 46.
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Figure 46: Input signal (TargetSpeed) and torque output in the same test region as in
Figure 44.
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7 Discussion

The test platform that was designed and built during the thesis project shall represent
a full size wheel-loader in several aspects, as the goals set initially for the project put
an emphasis on the scalability; this is arguably the most interesting property. In terms
of physical layout with the articulate joint and individual wheel-motors the
representation is very accurate with the exception of the lifting arm and bucket.

The intended use is for functional development of a hybrid drivetrain, which it is
arguably suitable for. This is due to the physical properties but also due to the
architecture of the electrical system on the vehicle. The principle of a vehicle network
with actuator and sensor data enables both extensive data logging functionality as well
as expandability by adding more nodes to the network. By designing the control using
“Model based development” and automatic code generation the development time for
the control and software became short.

7.1  Components

The components used for the test platform have been a mix of in-house, supplier and
external components and all of them have posed different challenges. The in-house
components have been the easiest to work with since all documentation are available
together with extensive know-how. The electric motors which were a supplier
component posed a different challenge as we were given an interface with predefined
input and output variables but had no control over the software. This meant that the
behavior of the electric motors first had to be benchmarked and analyzed and after
that a control strategy suitable for our application had to be implemented outside the
electric motors. To not have full control of the electric motors with effects as delays
and windup at low speeds arguably makes the electric motors the weakest link in the
test platform.

The external component used was the brake pump and valve block (ESP block), taken
from a scrapped early 2000s Citroén. There was little to no documentation available
and the original CAN bus interface used a non-published signal specification. The
solution for the problem was a total reverse engineering where all electronics in the
original ESP block was bypassed and the control for the pump and the valves in the
ESP block was moved to an in-house ECU. This was very time consuming but
combined with the in-house ECU, good functionality could be achieved. The current
solution have the constraint of only braking one axle, and not being able individually
braking the wheels. But it is solely due to time constraints as the original ESP block
can deliver full individual braking.

7.2  Testing and validation

The component models for the electric motors and the brakes that were used in the
project were tuned through testing to make them sufficiently good for the vehicle
control design. When comparing the simulated and the logged test values for the
models the outputs are almost the same even if there are exceptions. Given the
uncertainties such as the parameters in the built in electric motor controller, not
verified test equipment and unknown components (e.g. the ESP block) the models are
good. The validation of the models was presented in chapter 6.
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Brake blending which was the second objective of the thesis was implemented and
tested. The function that was achieved can be deemed satisfactory as it blends the
brake effectively and does not lock the wheels. It is somewhat limited as brakes only
were implemented on the rear axle which means that the braking force is relatively
low when wheel-lock occurs. To maximize the possible braking action on the rear
axle without lock-up the test platform only the rear motors were used during testing.
This was done to limit the weight transfer to the front axle. It proves that the principle

of brake blending does work but to make a real conclusion also front brakes have to
be included.

In terms of drivability the platform behaves very well with throttle and brake pedal
input. This could arguably be the biggest achievement in the scope of the thesis given
the constraints on the motor control and the limited time frame.
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8 Further Work

The main goal when designing and building the test platform was to be able to test
functions in a smaller scale than on a full size hybrid wheel loader. In the main project
towards the hybrid wheel loader there is a lot of further work, but this chapter will
focus on further work towards the test platform.

The test platform is currently missing mechanical brakes in the front and it is not
possible to control the brakes individually. If the current brake solution with the ESP-
block should be used, the ESP-block has to be changed because one of the hydraulic
circuits in the block is broken. To be able to control the brakes individually a new
algorithm for controlling the valves in the ESP-block also has to be developed.

In the test platform’s current state it would be possible to test other systems that is not
that time critical, examples of such systems could be steer-by-wire for an articulated
vehicle and to add a vision system to implement autonomous driving and safety
features. For these tests only limited mechanical changes has to be made. The biggest
mechanical update would be to mount a steering cylinder in the articulated joint on
the test platform to add stability.

If the delays can be shortened and the signal quality improved in the system, even
more time critical systems can be tested. Examples of that kind of systems could be a
traction control system and ABS-brakes. The first component to replace or update in
this case would be the SUSes which have both long time delays in the signals and the
signals are noisy.

Another test possibility on the test platform would be to change the batteries to a more
advanced battery chemistry.

For the brake blending function it would be interesting to further look into how to
balance the regeneration peak power and battery/capacitor charging levels towards the
lifespan of the batteries/capacitors and other components in the system. For the driver
interpretation of the brake by wire system some kind of feedback in the brake pedal
could be implemented, e.g. a correlation between applied brake torque and how hard
it is to push the brake pedal.
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10 Appendix 1: SUS models

Both the simple and the full electric motor model consists of a speed controller, a
current controller, the electrical part of the motor and the mechanical part of the motor
together with the load. The model blocks are presented below.

10.1 Full SUS model

Terminator2

Step Tload

Step Tload2

i

Converter

Terminator

Terminatort

“
To Workspace3

Current controller

Clock
>
—»
P
|

Speed controller

Step Tref

Switch control

—’F

Step Tref1

Step Speed ref

Step Speed ref1

Figure: Overview of full SUS model
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51

CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX035/2012



———————————p| Vsalfa
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(@D}
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Motor torque calc

Figure: Electrical parts in full SUS model
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10.2 Simple SUS model
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Speed_pm
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Embedded
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—p Isref
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Current Limit
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Figure: Current controller in simple SUS model
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Figure: Electrical parts in simple SUS model
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11  Appendix 2: Model used for verification of SUS
speed control parameters

The model below was used for verification of the SUS speed controller parameters.
The input to the model is the reference speed to the SUS and output is the simulated
torque which can be compared with the logged torque from testing.

——————————— | TorqueActSimNoLim

— p| SpeedRefLog Ki_sig
To Workspace5
To Workspace3 To Workspace9
Integrator Gain3 —p| TorqueActsim
To Workspace
Te_ref limp—|
SpeedRefTime —p ( : >< > f@ | Te_ref
TorqueLimiter Te_acc_avaiable] W Te acc aw
From Transport
Workspace Delay P [Speed_rpm ol T, To Workspace?
Embedded
Control Error MATLAB Function
To Workspace4 To Workspace10 | Tebraw
To Workspaces
D Time
From
Workspace1

L_p| SpeedActiog

To Workspace6

TorqueActTime TorqueActLogged

From To Workspace
Workspace2

time

Clock To Workspace2
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12 Appendix 3: Electric power supply schematic

for the test platform
|j{|'
R
) u‘_‘ o L
& i
@ 28
+
E=—E—n
<1
=i
|j{|l |ji||
| i |
wm
3 2
¥ — +
<
m
|j‘|l |\—“I
-
1 gij '
x|
@ 2
) = +
=T
=]
|j||I ll
1 4 <
o ! o
wm 0
@ oy
+ D 4 i
<
2> 5
=3
28 |
_@__ £
1]
5
L -
—I 8B
é £
& R
e -
oD
o =
s
& B
4 ) I||
L | T |
= =
‘gﬁi % &
23 i b

56 CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX35/2012



|

signa

and

Communication

4
for the test platform

Appendix

13

overview

ud SNs

¥4 5NG anbuoy 307 1
¥4 SME paads 127 11
*H 5ns paads bey 10

T4 Sns antuoy 3107 1
14 SnE paads 327 1
H SnE paads bay 10

ol 95

¥y 5 anbuoy 30% ¢
Hd SNG paads 137 1
o 5N paads bay 10

pRsAor

Janjosal
Buussis

HS

#20|q
ds3

a)bue Buasys spILBA 30 1T

T Sn6 anbuoy 30w 1
Td SNG paads 327 1
T4 Sns paads bay 10

sane.q Jeau aurssaud axeag |
uoiysod |epad axeaq 1
uoiyisod |epad apoayl i1

T a4nssaud axedq bey 10
oy aunssaud axesq bay 10

T 9NS nod
d53Y8| 8424 38IN0 10
d=53yBlBaRA 33IN0 1O
d53 18| AR BILL 1O
d533yBu aaeA B|UL 10
453 aAea Ba0 sbuel (0
FEELRNFASRINLO Jang)| BErET 10suUas
ave.g 3[104] anssald

10SURS

Aarjeg

aJrgeladway Alaneq ]
afeyoa Adapeq ]
JuaLInd Alepeg

MoH

dvd

abue [gaym Buess |

57

CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX035/2012



14 Appendix 5: Test plan and verification of SUS

Revised test plan

Test A-Speed vs torque curve electric motor 1
Outcome: Verification speed vs torque curve, accelerating torque

With the wheels in the air accelerate the SUS to the highest speed that is safe. Then
brake it with the mechanical brakes until the speed is zero.

Log: torque, speed, speed_ref, current

Test B-Speed vs torque curve electric motor 2
Outcome: Verification speed vs torque curve, accelerating and decelerating torque

With the test platform standing on the ground accelerate the test platform to its
highest safe speed and then brake it maximal with electrical braking until the speed is
Zero.

Log: torque, speed, speed_ref, current

Original test plan

Test A-Speed vs torque curve electric motor 1
Test 1: Find the maximum speed for the electric motors (positive and negative)
Log: torque, speed, speed_ref, current

Test 2: Make a speed step 0-maxRPMpos(maxRPM in 2 sec)-0
Log: torque, speed, speed_ref, current

Test 3: Make a speed step 0-maxRPMpos(maxRPM in 2 sec)- maxRPMneg(maxRPM
in 2 sec)-0
Log: torque, speed, speed_ref, current

Test setup

Use function: LMCTR_Send_SUS_Control( UINTS Tick ) for testing (normal
joystick control), change parameter MAX THROTTLE to increase the maximum
speed.

58 CHALMERS, Energy and Environment, Signals and Systems, Master’s Thesis EX35/2012



Test B-Brake torque static and electric motor damping factor

Outcome: Verify the brake torque and create a basic formula for the brake torque
from the pressure and speed. From the zero brake pressure test the damping factor can
be calculated.

From the first verification of electric motor speed vs torque curve set possible speed
points to test different brake pressures.

Damping factor determination: Tbrakemotor(w)=B(w)*omega

Test 1: Set a reference speed, apply a brake pressure and see what torque that is
needed from the electric motor to have it running at a steady state speed. Start with
not applying any torque so that the torque needed to keep the motor running at no
brake torque can be measured.

Log: torque, speed, speed_ref, current

Speed (rpm)/Brake
pressure 0 TBD TBD TBD TBD TBD TBD

500
1000
1500
2000
2500
3000
3500
4000
4500
5000

Test setup
Use test function: BrakeBlockTestB

Test C-Speed vs torque curve el motor 2

Outcome: Verification speed vs torque curve. Find a value for the flux constant in the
motor by using the logged current and torque. T=3*n,/2*flux_constant*iy. Assume all
current to be in the q direction.

Test 1: Make a speed step 0-maxRPMpos(maxRPM in 2 sec)-0. Apply a brake torque
that is 0,5Nm lower than the electric motor can deliver during the test. (This will give
more sample points for the verification curve)

Log: torque, speed, speed_ref, current
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Test setup
Use test function: BrakeBlockTestC, needs brake torque function!

Test D-Brake torque dynamic
Outcome: Verify the dynamic braking performance when changing between different
brake torques.

Log: torque, speed, speed_ref, current

Test 1: reference speed: TBD; initial brake torque: TBD; final brake torque: TBD
Test 2: reference speed: TBD; initial brake torque: TBD; final brake torque: TBD
Test 3: reference speed: TBD; initial brake torque: TBD; final brake torque: TBD
Test 4: reference speed: TBD; initial brake torque: TBD; final brake torque: TBD
Test 5: reference speed: TBD; initial brake torque: TBD; final brake torque: TBD

Test setup
Use test function: BrakeBlockTestB, change the distance between the brake pressure
requests to appropriate values.

Test E-Inertia load in the electric motor
Outcome: Determine the inertia in the electric motor.

Testl: Make a speed step and calculate the inertia from this equation: J*dw/dt=Te-TI.
Function for T1 from the damping coefficient, T=B(w)*w. For every time interval
calculate dw/dt and Tl and measure Te. From this the inertia can be calculated.

Log: torque, speed, speed_ref, current

Test 1: initial speed: TBD; final speed: TBD
Test 2: initial speed: TBD; final speed: TBD
Test 3: initial speed: TBD; final speed: TBD

Test setup
Use test function: BrakeBlockTestB, change the distance between the speed requests
to appropriate values.
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Test F-How the actual torque follows the reference torque
Outcome: Verify how the actual torque follows the reference torque

Steady state performance:

Testl: Run the lawn mower from the model (FAS). Give throttle and at the same time

brake it manually.

Log: torque, torque_req, current, speed
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