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Sammanfattning

Syftet med detta examensarbete dr att utvardera Rapid Control Prototyping vil-
ket ar en del av modellbaserad utveckling som gor det mojligt att enkelt testa
modeller av styralgoritmer direkt pa det riktiga systemet. Utvdrderingen ar gjord
genom att testa tva olika regulatorer, en P-regulator med parameterstyrning och
en linjar modelbaserad prediktionsregulator (MPC), for sinkningen av gafflarna
pa en truck.

De tva regulatorerna testas forst i en simuleringsmiljo. I arbetet anvinds tva olika
simuleringsmodeller: en fysikalisk ddr endast mindre parameterjusteringar gors
och en estimerad black-box modell. Efter att regulatorerna utvarderas i simule-
ringsmiljon testas de dven pa en riktig truck med hjalp av automatisk kodgenere-
ring och exekvering pa en dedikerad hardvaruplattform.

De konstruerade regulatorerna har olika for- och nackdelar eftersom en ar olinjar

och envariabel, P-regulatorn, och en dr linjar men flervariabel, MPC:n. P-regulatorn
har en mjuk rorelse i alla ldgen utan att bli for langsam, till skillnad frén MPC:n.

Nackdelen med P-regulatorn, jamfért med MPC:n &r att det inte finns nagon ga-
ranti for att P-regulatorn haller hastighetsbegransningen som MPC:n gor.

P-regulatorns battre prestanda Overvager garantin om att halla hastighetsbegrans-
ningen och darfor dras slutsatsen att olinjariteterna i systemet overvager effekter-
na av det faktum att det ocksa ar flervariabelt. En annan slutsats ar att modell-
baserad utveckling och Rapid Control Prototyping gor det majligt att testa flera
olika idéer pa en riktig gaffeltruck utan att spendera for mycket tid pa implemen-
tationen.
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Abstract

The purpose of this thesis is to evaluate Rapid Control Prototyping which is a
part of the Model-Based Design concept that makes it possible to conveniently
test prototype control algorithms directly on the real system. The evaluation is
here done by designing two different controllers, a gain-scheduled P controller
and a linear Model Predictive Controller (MPC), for the lowering of the forks of a
forklift.

The two controllers are first tested in a simulation environment. The thesis con-
tains two different simulation models: one physical where only minor parameter
adjustments are done and one estimated black-box model. After evaluating the
controllers in a simulation environment they are tested on a real forklift with a
real-time target machine.

The designed controllers have different strengths and weaknesses as one is non-
linear and single variable, the P controller, and the other linear and multivariable,
the MPC. The P controller has a smooth movement in all situations without be-
ing slow, unlike the MPC. The disadvantage of the P controller compared to the
MPC is that there is no guarantee that the P controller will keep the speed limit,
whereas the MPC approach gives such a guarantee.

The better performance of the P controller outweighs the speed limit guarantee
and thus a conclusion is drawn that the nonlinearities of the system has a larger
effect than the multivariable aspect. Also, another conclusion drawn is that work-
ing with Model-Based Design and Rapid Control Prototyping makes it possible
to test many different ideas on a real forklift without spending a lot of time on
implementation.
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Introduction

This thesis focuses on how to use Rapid Control Prototyping (RCP) when imple-
menting control systems on forklifts. This is evaluated by implementing two dif-
ferent control methods of the lowering function on a Toyota Material Handling
(TMH) Reach Rider Electrical (RRE) forklift, see Figure 1.1, using RCP methodol-
ogy and a real-time target machine from the company Speedgoat [23].

Figure 1.1: The RRE forklift [9].



2 1 Introduction

1.1 Background

Today’s engineers are expected to design more complex systems and to shorten
the development time. One way to speed up this process is to use Model-Based
Design (MBD) which makes it possible to continuously test new ideas in an early
stage. More on details of use and implementation can be found in Section 1.3.

Today the lowering function of the RRE forklift is controlled by an open loop.
Therefore the system is designed in a conservative manner. More precisely, the
speed of the forks depends on the temperature of the oil, which changes during
operation, and the load on the forks. Since the control system does not contain
any feedback, the control parameters are adjusted in a conservative manner to
fit the system when the oil has reached its maximum temperature and when the
load has maximum weight. This leads to lower maximum speed when the oil
is cold or when there is a low weight on the forks. Therefore, there is room for
improvement using a closed-loop system.

Another difficulty is the region where the forklift switches from using the main
lift to using the free lift, descried in Section 2.1, which is called the transfer re-
gion. The main lift should be near its end position before the free lift kicks in.
This is to get a low mast height as quickly as possible. If the main lift reaches its
end position before the free lift starts the forks stop. This creates a jerky motion
before the forks continue with the free lift, and also results in an unnecessary
decrease in speed.

Other interesting aspects of the fork movement are when the forks stop in mid-
air and at the bottom. In both these cases it is important to stop with as little jerk
as possible.

The free lift and the main lift are controlled by one hydraulic valve each, making
the system multivariable. These two valves are also nonlinear. Both these aspects
make the system harder to control than if it was linear and single variable. Us-
ing RCP as a method to quickly try different kinds of control algorithms has the
potential to significantly improve the performance of the lowering function.

1.2 Objective

The objective of this thesis is to test a platform for RCP and use it to implement
control strategies for some function of the RRE forklift. The platform used for
implementation will be a Speedgoat real-time target machine and the focus will
be on the function for lowering the forks.

Regarding control strategies, one simpler method (P-controller) and one more
advanced (MPC) method will be implemented.

In particular, the questions to be answered in this thesis are:

1. What control strategy can be used for the lowering function of an RRE fork-
lift?
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2. Is RCP a useful inclusion in the development process for TMH?

1.3 Model-Based Design

Model-Based Design (MBD) is a design methodology that focuses on working with
models for the entire development process. A model of the entire system is cre-
ated and used when developing software for the real system.

There are many advantages of working with models, such as:
* It is easy to oversee how the system works.

o Itis easy to build modular models, which makes it easy to change or replace
small parts of the system.

* It is possible to start with a simple model and increase complexity over
time.

The first point is explained by that, for many, models are easier to understand
than code. New concepts can be shown in a simple way and it is a way to get a
fast understanding of a system. The second point implies that when designing
models in a modular way, it is easy to add new features and test making smaller
or larger changes in the system without having to redo large parts of the code. A
consequence of this is the last point. When starting to implement a completely
new concept it is both possible and fairly easy to start simple and then later de-
velop it further. The model of a system can first be implemented on a very low
level, only capturing the most basic features, and then simulated. Smaller parts
of the system can then later on be replaced with parts containing more and more
features. This process also creates a greater understanding of the system which
makes unexpected errors arise early in the process. More about Model-Based
Design, its advantages and how to implement it can be found in [1].

The conventional workflow when using C-programming, which is the workflow
used at TMH today, can be seen in Figure 1.2a. When using this workflow the
steps including programming, testing code on the forklift and debugging on the
forklift take a lot of time. Therefore less time is left to be spent on algorithm
design. This can be improved using MBD, with workflow as in Figure 1.2b. With
this workflow it is easier to concentrate on the algorithm design since the smaller
loop with only algorithm design and algorithm testing in simulations can be used
first. When the result is satisfying in simulations the code can be generated and
integrated on the forklift.

1.3.1 Rapid Control Prototyping

One of the steps in Model-Based Design is Rapid Control Prototyping (RCP),
which is illustrated in Figure 1.2b as the loops closed with the dashed arrows.
The smaller loops are performed as many times as needed to get a satisfying re-
sult before returning to the larger loop.
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(a) Conventional C-programming
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Figure 1.2: Workflow using conventional C-programming to the right and
MBD to the left.

RCP makes it possible to test many different kinds of control systems without
having to spend a lot of time writing code. This is done by building models of
the control algorithm and then simulating these models directly on the hardware.
Using RCP removes most limitations in the capacity of the hardware, such as
memory and computing power. This makes it possible to choose hardware based
on control algorithm and not the other way around.

1.3.2 RCP and Lean

The MBD fits into the Lean development method [21]. Lean is based on two core
values, respecting the people and continuous improvement. Some of the key
points in Lean development that are specifically used in RCP are:

* Amplify learning
* Eliminate waste
* Decide as late as possible

Working with RCP amplifies learning by creating shorter development cycles
which creates more space for trying new ideas. The developer can also get im-
mediate feedback when trying new ideas. The simplicity of trying different ideas
also creates a greater understanding of the system for the developer.

By quickly being able to try new ideas, the waste of time can be reduced by elim-
inating ideas that do not work early. This leaves room for ideas that are more
likely to work.

The flexibility of working with models makes it possible, as described above, to
try many different strategies even on the hardware. This allows us to make the
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decision on which model to finally implement very late in the development pro-
cess.

1.4 Limitations

The practical implementation of RCP is limited to the use of a mobile real-time
target machine from Speedgoat as hardware for computations and an RRE forklift
for testing.

The software that is used for modelling and creating control systems is Math-
work’s Matlab and Simulink. The reason for this is that Speedgoat only supports
Matlab/Simulink.

The control is limited to the hydraulic system that controls the lowering function
of the forks. Also, the signals used for feedback are limited to the existing sensors
that measure height, pressure and temperature.

1.5 Literature Study

RCP is a method to test a control system on the real system as described in [12].
The article also states that to use RCP, a model of the system is required. The
model is used to first simulate the system when a control strategy is designed.
When the results are acceptable the same model of the control strategy is used
together with RCP hardware and the real plant to test the control strategy. The
article also states the benefits of this development method, where the primary
one is a shortened development time.

A very common use of RCP is in engine control of vehicles. One article on this
matter is [10]. In this article the process of working with RCP is described from
beginning to end. The problems mentioned in this article are close to those in
control systems for forklifts. The development process is also similar. However,
there is a difference in the used hardware and the control problem.

Another application where RCP has been used is in control systems for a syn-
chrotron beamline [19]. It is one of the few examples found on using the real-time
target machine from Speedgoat for RCP. Unlike applications in the automotive
industry, the control problems contain completely different difficulties. The main
benefit of using RCP here is to reduce the time using the beam.

Several books about control design will be used as inspiration in the process of
designing the controllers [4, 6]. They contain information on how to construct
the controllers and how to choose the design parameters. Another useful book
contains a general description of how a hydraulic system works and how to model
and control a hydraulic system [18].

Many similar theses focusing on load handling control have previously been done
in cooperation with TMH. In [5] the lowering function is modelled and then con-
trolled with a PID controller. In this thesis a look-up table is used to compensate
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for the nonlinear behavior. Another thesis on the subject is [2]. Instead of fo-
cusing on the lowering function, this thesis focuses on the lifting function and
the control system is designed for a different kind of forklift than the one used
in this thesis. In [2] a model is created and used for trying two different control
strategies, PID control and MPC. Also, an extended Kalman filter is used to get
better estimates of the states.

The movement of the forks must be smooth so that the load does not take damage
or fall off. Minimizing the jerk, as described in [14], is one way to accomplish a
smooth movement. One way to minimize the jerk is to use an MPC. In [20] an
MPC is used for the motion of a vehicle while also constraining the jerk below a
certain threshold.

An example of using MPC in combination with RCP and a real-time target ma-
chine from Speedgoat is [24]. In this example an autonomous kite is controlled
to move in a trajectory of an eight by minimizing deflecting movements in the
MPC.

Work has been done on how to use PID control for multivariable systems. One
way to do this is to use decentralized PID control as presented in [11]. The article
also presents a tuning method. Another example of how to get around the prob-
lem of nonlinear hydraulic systems is presented in [15]. Here, adaptive tuning
of control parameters based on models are presented. The control system is im-
plemented in Matlab/Simulink and run on a hydraulic system with dSPACE [3]
hardware.

1.6 Thesis Outline

An overview of the system is presented in Chapter 2, System Overview. It in-
cludes the mechanical, hydraulic and electrical parts of the system and also how
the mobile real-time target machine is connected.

Chapter 3, System Identification, presents the different models used in this thesis,
two nonlinear models and two linear models. The nonlinear models are used for
simulation and the linear as internal models in the MPC. The theory behind the
models is presented and all the models are validated and briefly discussed.

Chapter 4, Control Design, presents the theory and implementation of the P con-
troller and MPC respectively. The two controllers are compared with different ref-
erences, models and against each other and the controller currently implemented
on the forklift in Chapter 5, Result. This chapter also contains a comparison of
the simulation models.

The results of the models, controllers and RCP are discussed in Chapter 6, Dis-
cussion. This chapter also presents future work that can be done on the subject.
Finally, the questions in Section 1.2 are answered.



System Overview

The forklift used in this project is a reach-truck [9]. It has the ability to lift a
maximum of 2000 kg on the forks up to 7 m and 1100 kg up to 11 m. The
different parts of the system are presented in Figure 2.1. The block that contains
the pump and the oil tank is grey since it is not of interest in this thesis. The
other parts are described further in this chapter.

|
Pressure Height
sensors sensors
~ T
Joystick [ MCU ](—)[ SCU ]—)[ Valves H Mast ]
Temp Pump and
sensor oil tank
T

Figure 2.1: Overview of the system including electrical, hydraulic and me-
chanical parts.
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2.1 Mast

The mast of the forklift is mounted as in Figure 2.2. It consists of three parts: the
base, the first stage and the second stage. The lifting and lowering function can
be divided into two parts, the free lift and the main lift, which behave in different
ways. The free lift is defined as the forks sliding up and down the second stage of
the mast without moving any part of the mast. The main lift on the other hand
expands the whole mast by splitting and lifting the different stages as seen done
in Figure 2.2 where the main lift has lifted the first and second stage. The lifting
and lowering of the forks and the mast parts are done by the cylinders pulling
or easing the chains respectively. Not having to expand the mast to lift the forks
unless the forks are at the top of the mast makes it possible to both lift high and
handle load in sections with lower ceiling height.

Chains

\ Forks

A

Second XeL

L\ stage

Base

Figure 2.2: Schematic picture of the mast. [5]
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2.2 Hydraulics

The main lift is driven by two cylinders whereas the free lift is driven by a single
cylinder. In order to lift the forks a pump and two valves are used, one valve
for the free lift cylinder and one valve for the two main lift cylinders. The con-
nections of the cylinders and the valves can be seen in Figure 2.3 which gives an
overview of the hydraulic system for the lowering function. When lowering the
forks no pump-work is needed, instead gravity is made use of.

MAIN LIFT FREE LIFT

Figure 2.3: An overview of the hydraulics system for the lowering function.
H1, H2 are the cylinders for the main lift and H3 is the cylinder for the free
lift. M1 and M2 are the pressure sensors. Q1 is the valve for the main lift and
Cl1 is the associated pressure compensator. Q2 and C2 are the corresponding
for the free lift [5].

The velocity when lowering is determined by the flow through two proportional
valves, one for the main lift and one for the free lift. There are also pressure
compensators to get a constant pressure drop over the valves. For safety reasons
there is a maximum velocity of 0.6 m/s allowed when lowering the forks. On
this particular forklift the actual maximum velocity is 0.53 m/s for the main lift
when the oil is cold and without load on the forks. The corresponding velocity for
the free lift is 0.39 m/s. The reason for both the differences — between maximum
velocity and the actual velocity and between velocity of the main and free lift — is
hardware limitations.
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2.3 Electrical Subsystem

The forklift has two electronic control units, one main control unit (MCU) and
one secondary control unit (SCU). As the name reveals the MCU primarily con-
trols the system and the SCU supports the MCU when needed. These two units
communicate with each other by using a controller area network (CAN), which is
a serial bus system.

The valves are controlled by a current that is calculated based on the joystick
signal and in what height region the forks are. The joystick is sent over the CAN
to the MCU where a corresponding current is calculated and then sent over the
CAN to the scU. The SCU determines a pulse width modulation (PWM) signal
from the current and this signal is sent to the valves.

2.3.1 Sensors

The forklift has many different sensors and the ones relevant when working with
the fork lowering are the sensors that measure pressure, height and temperature.
There are two pressure sensors which are measuring the hydraulic oil pressure in
the cylinders for the free lift and main lift, respectively. The temperature sensor
measures the temperature of the hydraulic oil in the oil tank.

For the height measurement there are two encoders, measuring xp; and x,; in
Figure 2.2. The signal xp; is the total height of the free lift while x),; is the height
of the main lift cylinders. Due to the separation between the stages only half the
distance of what the forks are actually moving is measured. The total height is
therefore given by

xG:xFL+2xML- (21)

Since x); is doubled, the height for the main lift has lower accuracy than the
height for the free lift since the sensors have the same resolution.

In addition to the height encoders there are three height reference signals. These
reference signals are binary signals which switch at specific heights. One of these
sensors is placed in the free lift region and two in the main lift region. These ref-
erences make sure that the fault in the height encoders does not grow indefinitely
since the height measurement can be reset to the reference height when passing
a height reference.

2.3.2 Control System

The forks are currently controlled by an open loop system calculating a current
based on the joystick. To avoid any hard starts or stops that create unnecessary
jerks, the current consists of ramps to smoothly reach the desired velocity. In this
way the load on the forks and other interferences are not taken into consideration.

Figure 2.4 is an overview of the control system. The dashed lines from the system
indicate the height of the forks. The height is used in the state machine to decide
whether the forks are in the region for main lift, transfer or free lift. This state
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information and the height is then used to decide how to calculate the current.
This makes sure that the current to the valves is ramped down when getting
close to the mechanical stop at the ground, the top or when in the transfer region.
Therefore the height and state do not make a feedback system, but are only used
to decide which subsystem to use. This is indicated with the dashed lines in
Figure 2.4.

N
wn

<
»
—+
a
8

Joystick || State machine [-% Calculate current

Figure 2.4: Overview of the control system. The dashed lines indicate that
the information is used only to choose states or limitations of the current.

To make sure that the valves open completely when there is a maximum joystick
input, a current of 200 mA is added when the maximum 1200 mA is reached. In
a similar way, an extra current is sent to the main valve when using the free lift
to make sure that the main lift reaches the bottom.

2.4 Speedgoat Real-Time Target Machine

The hardware used for RCP, the Speedgoat real-time target machine, is connected
to the signals needed for this thesis. To be able to switch easily between using the
Speedgoat device for control and the MCU all signals are connected in parallel,
as can be seen in Figure 2.5. The differences between Figure 2.5 and the original,
Figure 2.1, are marked in red and all new arrows are also dashed. The involved
signals are the pressure sensors, the height encoders, the height references, the
temperature sensor, joystick values and CAN communication with the MCU and
SCU.

The real-time target machine will be used to calculate the current to the valves
controlling the lowering instead of using the MCU. All other functions will be
controlled by the MCU. All currents, from both the real-time target machine and
the MCU, will still be sent to the SCU over CAN in the same way as before.
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2 System Overview

-5 Speedeoat I D Pressure Height

! peeds . ' Sensors Sensors
: T A v

| Joystick MCU H SCU H Valves H Mast ]
E Temp Pump and

! sensor oil tank

: y

Figure 2.5: Overview of the system with the Speedgoat including electrical,

hydraulic and mechanical parts.



System Identification

A simplified physical Simulink model for the load handling of the RRE forklift
was provided by TMH at the start of the thesis. This model is validated using cross-
validation between measurements from the real forklift and outputs from the sim-
ulation model. To improve the model accuracy some parameters were estimated.
For comparison, a nonlinear black-box model is also constructed. Both models
are later used for simulation of the controllers and compared in Section 5.4. The
models are discussed and evaluated from an RCP point of view in Chapter 6.

Further on, to be able to use a linear MPC, a linear model of the system in state-
space (SS) form is needed. This can be done with either a black-box model es-
timated from measurements of the real system or by constructing one by hand
from known information about the system. The validation and the comparison
of the different models are also presented in this chapter.

3.1 Data Collection

Measurement data are needed for estimation of both the parameters in the phys-
ical model and the black-box models as well as for model validation. To capture
as much of the real systems behaviour as possible, different loads and joystick
signals were used. In some of the measurements the joystick was even released a
few times, in both the main lift and the free lift, to capture the behaviour of the
system when the forks stop in mid-air.

Nine sets of data were collected. The characteristics of each data set are presented
in Table 3.1. To make the scenarios more realistic the joystick was controlled by a
driver. The measurements with 1700 kg are not from the top of the mast since the
mast only manages 1100 kg at the top height. The joystick signals and generated

13
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Table 3.1: Table of the measurements collected for the estimation and vali-
dation procedures.

. Startin Stops in Stops in Load
Name | Joystick |} ioht [rgn] main lift | free lift [kg]
Meas1 100 % 10.9 0 0 0
Meas? 100 % 10.9 2 1 0
Meas3 ca 50 % 10.9 2 1 0
Meas4 frifl“é_rfgg)p% 10.9 0 0 0
Meas 100 % 10.9 2 1 1000
Meas6 ca 50 % 10.9 2 1 1000
Meas7 frif%-r?(%p% 10.9 0 1 1000
Meas8 100 % 6 1 1 1700
Meas9 ca 50 % 6 1 1 1700

currents can be seen in Appendix A.

3.2 Simulation Models

Two different models for the purpose of simulating the controllers are constructed,
a grey-box model mainly based on physical equations and a black-box model es-
timated from data from the real system.

3.2.1 Physical Model

One model used for simulating the control systems is a grey-box model based on
physical equations built in Simulink and Simscape. Due to unknown parameters
and parameters that are hard to measure the model contains look-up tables for
the characteristics of the valves. To make the model more accurate, parameter
estimation is used and the model is later validated against measurements from
the actual forklift.

When comparing values from simulations with measurements from the real sys-
tem it was clear that the flow in the main lift was too high and the flow in the
free lift too low. This appears in how fast the height decreases compared to the
measurement in Figure 3.1a. As also seen in the figure, the height of the free lift
never reaches bottom in the simulation. The reason for this is that the simulation
uses the same input signals (currents) as the data in Meas1 in Table 3.1. The input
signals stop when the forks in MeasI reach the bottom and since the simulation
is slower the forks do not reach the bottom. From Figure 3.1b it can be seen that
the pressure for the main lift has the appropriate shape with constant pressure
when lowering and a pressure drop when reaching the bottom. The free lift on
the other hand only matches when lowering the free lift. The pressure is higher



3.2 Simulation Models 15

in the measurements when the free lift is at the top because then it is pressed
against the mechanical stop, a phenomenon not captured in the model. After
the lowering has finished the pressure is higher in the model than on the real
system because in the model the free lift is not at the bottom while it is in the
measurement.
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Figure 3.1: Comparison of physical model and measurement data before
parameter estimation.
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To improve the above described problems, parameter estimation was used. The
model contains lots of parameters that have uncertain values. Three parameters
that do have uncertain values are the currents needed for each valve to open,
called the deadbands, and the friction in the mast. These parameters have a large
effect on the speed during lowering and therefore it seems reasonable to estimate
these to get a more accurate simulation model.

The desired values for the deadbands and the friction are the values that make the
simulation model behave as similar to the real system as possible. To do this a cost
function is formulated and the best parameter values are the ones that minimize
this function. The cost function used is a quadratic (least-square) function where
the difference between the simulated model and estimation data is squared and
added together for each sampled time. It is defined as the following

J(B) =) (vi = flxi B) (v = f(x: B) (3.1)

where N is the number of samples, y; are the measured values of height and
pressure, for both free and main lift, at sample i and f() is the output of the
model at sample i with the adjustable parameters § which are the deadbands
and the friction.

The optimization algorithm used in the parameter estimation is Trust-Region Re-
flective with Nonlinear Least-Square as method. Trust-Region Reflective is de-
scribed by MathWorks in [16].

The data used for the estimation was Measl, Meas4, Meas5 and Meas6 presented
in Table 3.1 in Section 3.1. These measurements were chosen to get different
kinds of joystick signals and loads on the forks. No measurement with a load of
1700 kg was chosen to be able to prove that the estimated parameters works on
other loads than they are estimated for.

In the parameter estimation, different initial guesses of the deadbands and the
friction were used to see if there existed several minima. However, independently
of the starting values of the parameters to be estimated the end result was the
same.

Different loads affect the result of the simulation the most and therefore Meas2
and Meas8 from Table 3.1 were used to validate the model with the estimated pa-
rameters. Figure 3.2 and 3.3 show the result of the simulation with both the orig-
inal parameters and the estimated parameters and the measured data for Meas2
and Meas8 respectively. The pressure for both the free and the main lift are im-
proved with the estimated parameters. Besides the load on the forks, the pressure
in the model also strongly depends on the speed of the forks. When the speed
becomes more accurate so does the pressure. The pressure and more validations
can be seen in Appendix B.
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3.2.2 Nonlinear ARX Model

Another simulation model that is constructed is a black-box model on the form
nonlinear ARX, described by Mathworks in [17]. A linear ARX model has the form

b+ byg 4+ ban‘”k‘”b“ 1

y(t) u(t) +

e(t)

(3.2)
which means that the output (y(t)) is given by the weighted sum of the delayed
input (#(t)) and output variables and the noise (e(t)). A nonlinear ARX model has
a more free dependency on the regressors and can simply be written as

(1) = F(qg7 ' 9(t), q729(t), .., q " p(t), q " u(t), g7 (), .., g7 () + (1),

(3.3)
When estimating a multivariable ARX model the parameters have to be chosen
for all inputs and outputs resulting in n,, n, and ny becoming 2x2-matrices. To
avoid too many design parameters the matrices are chosen as diagonal matrices
times a constant k; as the following

l+agl+...+a, gha l+agl+...+a, g"a
1 ng, 1 n,

1 0
n,-:k,-(o 1) (34)

The nonlinear ARX model is estimated from two different data sets, Measl and
Meas6 in Table 3.1. These two were chosen so that the mapping from input to
output would be as complete as possible. To get more linear data, the current
deadband and the extra maximum current, see Section 2.3.2, were cut off. These
can be added later on outside the model when using it.

The orders for the model are chosen by comparing different model orders by
Akaike Information Criterion (AIC) and model fit to validation data. The result
can be seen in Table 3.2; different model orders do not make a big difference in
either AIC or the fit to validation data. A model of low order is preferred and
therefore k, = 1, k;, = 1 and ki = 1 are chosen.

The simulation of the ARX model with the chosen order against validation data
from Meas2 can be seen in Figure 3.4. The model preserves the form of the line
but is slower than the actual height.
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Table 3.2: Table with model fits for the different nonlinear ARX models. The
first value corresponds to the fit of the main lift height and the second value

to the free lift height.
T:;e erl AIC Fit Meas?2 Fit Meas4 Fit Meas6 Fit Meas8
[V) [V) o, o,
(ko/ky ) [%] [%] [%] [%]
1/1/1 11.19 | 94.83/96.45 | 83.88/95.56 | 89.27/78.73 | 64.88/57.27
1/1/2 11.18 | 95.48/95.88 | 83.16/94.80 | 87.45/81.06 | 55.71/60.56
1/2/1 11.18 | 95.48/95.87 | 83.20/94.74 | 87.44/81.29 | 55.95/60.72
1/2/2 11.17 | 95.42/96.04 | 83.64/95.06 | 88.20/80.57 | 61.89/59.97
2/1/1 10.90 | 95.31/96.18 | 83.40/95.09 | 87.99/80.62 | 58.95/60.00
2/1/2 10.89 | 94.89/96.41 | 84.07/95.52| 89.25/79.14 | 67.27/58.22
2/2/1 10.89 | 95.70/94.85 | 81.74/92.86 | 84.52/84.43 | 38.15/65.32
2/2/2 10.89 | 95.34/96.15| 83.90/95.11 | 88.56/80.42 | 65.12/60.12
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Figure 3.4: Comparison of nonlinear ARX model and validation data Meas2.
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3.3 Internal Model

In one of the controllers, the MPC, an internal model is needed. This model has
to be linear and in state-space (SS) form. It is estimated as a black-box model.

A linear SS model has the form

X =Ax+ Bu
(3.5)
y=Cx
where x represents the states, u represents the control signal, y represents the
measured signals and A, B and C are the matrices that contain the system dy-
namics. The data sets used when estimating are the same as the ones used when
estimating the nonlinear ARX-model, which are MeasI and Meas6 in Table 3.1.

As a comparison, a handmade linear model was created. The handmade model
has two states, representing the height of the main lift and the height of the
free lift respectively, which means that the C matrix is an identity matrix. The
derivatives of the states, the velocities, will then be proportional to the current
or input u which leads to the A matrix in (3.5) consisting of zeros. The matrices

look as follow
{0 0y . (b O (1 0
A=l Dot O)caft ) co

Choosing the model order, the number of states (x), for the black-box model is
done by comparing models of different orders. To compare the models two meth-
ods are used, AIC and the fit to measurement data. The results for the different
models can be seen in Table 3.3. In this table it can be seen that the handmade
model performs fairly well but not as well as the estimated model of order two.

According to the table, an order of two is one good choice since it has a low AIC
and a decent fit. This choice also keeps the model order low making it easier to
work with when later using it in the MPC. Figure 3.5 shows the hand-made model
against the linear model of order two for the validation data from Meas2.



3.3

Internal Model

21

Table 3.3: Table with model fits for the different linear models.

The first

value corresponds to the fit of the main lift height and the second value
the fit to the free lift height. The hand-made model is not estimated and
therefore no AIC value can be calculated.

Model AIC Fit Meas?2 Fit Meas4 Fit Meas6 Fit Meas$8
order [%] [%] [%] [%]
Hand-
made - 70.03/54.25| 77.66/58.48 | 71.61/82.75| 16.7/89.6
1 23.52 3.184/60.31 | 4.51/62.26 | 1.667/50.21 igg/
2 11.01 95.5/95.76 | 89.25/95.73 | 87.48/78.09 | 89.92/76.22
3 10.45 94.1/93.98 | 90.07/96.63 | 86.8/83.71 | 76.71/80.83
4 15.03 -622.9/ -565.4/ -335.7/ -904.3/
-1199 -1071 -837.5 -154.9
5 10.43 94.18/94.29 | 90.12/96.92 | 86.86/83.43 | 78.38/80.51
-503.6/ -474.5/ -183.4/ -981.6/
6 14.00 -809 -744.9 -348.6 -189.5
7 10.39 94.25/94.07 | 89.99/96.72 | 86.98/83.44 | 78.01/80.6
8 10.38 95.7/93.72 | 91.69/93.84 | 88.9/78.68 | 83.76/78.94
12 Internal model comparison
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Figure 3.5: Comparison of linear models and validation data Meas2.
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3.4 Comparison of Models

All models are compared by simulation with the same input signals as a mea-
sured data set. Figure 3.6 shows the models against the validation data in Meas2
from Table 3.1 and Figure 3.7 for Meas8. Important in the figures is that the phys-
ical model always preserves the true shape of the height but can have a more or
less apparent static error, especially when having a high weight on the forks as
in Figure 3.7. The black-box models, nonlinear ARX model and linear SS model,
on the other hand do not always preserve the correct form of the height curve.
This can especially be seen when the true height reaches the bottom in Figure 3.7
where the two black-box models start rising again.
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Figure 3.6: Comparison of all the models on validation data Meas2.
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Model comparison Meas8
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Figure 3.7: Comparison of all the models on validation data Meas$.

3.5 Discussion

The provided physical grey-box model is validated and improved with parameter
estimation and compared to the nonlinear ARX black-box model. Furthermore,
two linear models used for MPC are constructed, one black-box model and one
handmade model. The results are discussed in this section.

3.5.1 Simulation Models

The simulation models have the purpose to be used in simulations before trying
the control system on the actual plant. These models have to be accurate enough
in order for the control designer to judge if the control system is safe to run on
the actual plant. To be able to judge this, the simulation model has to be run with
the new control system and then finally be compared to the real plant’s behaviour
with the same control system.

In both Figure 3.2 and Figure 3.3 it is clear that the physical model is more accu-
rate with the estimated parameters than the original parameters. It can be seen
that the parameters are better for Meas2, which has load 0 kg, than for Meas$,
which has load 1700 kg. This can be explained by the fact that the model is esti-
mated using only data that has load 0 kg or 1000 kg. The improvement for Meas8
indicates that the parameters work for 1700 kg and therefore the model should
be valid for other loads as well.

The black-box model created in Section 3.2.2 capture the most obvious dynamics
of the system but is slower than the real system, as can be seen in Figure 3.4.
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3.5.2 Internal Models

Deciding whether the linear models are good enough depends on the purpose.
For this thesis, the purpose of a linear model is to use it for predictive control.
That means that this model has to provide a reliable prediction only for the near
future; feedback can compensate for some model errors. Even though the black-
box model performs better than the handmade model, as seen in Table 3.3, there
are some advantages of using the handmade model. The handmade model’s
states have a physical representation which makes it easier to interpret. There
is also no need to estimate the states when using it for control since the states in
the handmade model are measured. Both models capture the basic dynamics of
the system as can be seen in Figure 3.5.



Control Design

To evaluate RCP and MBD two different controllers are designed, a P controller
with gain scheduling and a Model Predictive Controller (MPC). Both controllers
need a reference to follow and in this chapter two different reference trajectories
are proposed, one simpler and one more advanced.

4.1 Reference Trajectory

The controller needs a reference to follow and this reference can be designed
in different, more or less advanced, ways. Two different reference signals are
constructed, one simple and one more advanced. From this it is possible to see if
the performance can be improved with a better reference.

The input signal, the joystick, indicates how fast the driver wants the forks to
move. The measured feedback signals on the other hand are the height of the free
and main lift respectively. Therefore there are mainly two ways to construct the
reference signal, either differentiate the measured height to a velocity or integrate
the desired velocity to a height. Since differentiating a measured signal often
leads to noisy signals the second alternative, integrating the velocity, was chosen.
The reference signal (x,.7(f)) is therefore a trajectory for the forks.

It is not possible for the forks to stop in the instance the joystick is released with-
out risking to damage either forklift or load. For the present controller it takes
0.47 seconds to stop the forks when the joystick is released from 100 %.

25



26 4 Control Design

4.1.1 Integrated Velocity

The relation between the size of the joystick signal (j) and the velocity (v,.s) of
the forks is chosen as linear according to

vmax

j(®), (4.1)

vref(t) =1z
]ﬂlﬁX
where j,,. is the maximum joystick signal and v,,,, is the maximum velocity.
The height is then calculated from

t
- dr, 0<t<T+k
Xyef (f) = {xo LO Vref(T)dT <t<T+k (4.2)

XE, tZT"‘kt

where x is the fork height when the driver initiate the movement, xr the height
where the forks should stop at and T is the time when the joystick signal becomes
zero. The allowed time for the forks to stop in the reference is k;. The size of k; is
larger for larger joystick values because it takes longer for the forks to stop with
a high velocity. When this time has passed the trajectory is reset to be equal to
the current fork height until a new movement is initiated.

4.1.2 Minimal Jerk

To avoid any unnecessary jerk, that in worst case could make the load fall off, a
minimal jerk trajectory is calculated. The minimal jerk trajectory, x,.¢(t), is the
solution, x(t), to minimizing the jerk over a time period as in

T 2
e ([,
minimize 2 dt3

(4.3)
0

where xg, X, X9, X7, X7 and X7 are known.

Here x is the total height of the forks. To solve problem (4.3) a function of the
following form is designed

h(e, t) = x(t) + eg(t). (4.4)

Here g is an arbitrary function that has continuous second partial derivatives
with initial and final conditions satisfying

g =8r=0
g0=8r=0 (4.5)
So=8r=0.

One way of minimizing (4.3) is then to define (where hB3 s the third time deriva-
tive of h)

F(e) =

N =

T
f(hm)2 dt (4.6)
0
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with
dF(e) B
de |, =0. (4.7)
The condition (4.7) can be expanded:
are)l fx[3](t)g[3](t)dt = 0. (4.8)
de 20

0
By repetitively using integration by parts and the conditions for ¢ in (4.5) it can

be seen that
T

T
fxm(t)gm(t)dt = —Jx[6](t)g(t)dt (4.9)
0

0

must hold. Hence, to satisfy (4.7), the right side of (4.9) has to be equal to zero.
Since this has to be the case for the arbitrary function g(t) it can be concluded
that x[°](t) = 0 in the region [0, T]. This means that a solution in the form of a
fifth order polynomial will solve (4.3):

x(t) = ag + art + ayt® + azt> + agt* + astd. (4.10)

What is left to calculate are the constants ay, a1, a,, a3, a4 and as. The first three
are simply solved by using the initial conditions in (4.3) resulting in

x(0) = ag = xg (4.11)
X(O) =4a; = XO (4:12)
X(O) =dpy = %XO (4:13)

The last three are solved by using the terminal conditions in (4.3) which written
in matrix form are

xr—ag—ay T +apT? T3 T TS |([as
xr—a; —2a,T |=|3T% 4T3 5T%||ay|. (4.14)
X1 —2a, 6T 12T% 20T3||as

The equations (4.11), (4.12), (4.13) and (4.14) are solved to calculate the trajectory
(4.10) every time the velocity is changed by the joystick. The initial conditions
xg, Xo and % are the height, velocity and acceleration in the last trajectory point.
The final time T is determined from the change in velocity and the maximum
allowed time to stop according to

|vcurrent(t) - vref(t)|

Vmax

T = Tpux (4.15)
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where v, is calculated as in (4.1). The final height is then calculated from

)chrrent(t) - Vref(t))
2

The final velocity (x7) is set to the reference velocity (v,.r) and the acceleration
is the derivative of v,.¢. To check if the forks are close to the bottom v, is set to
zero in both (4.15) and (4.16). If that results in x; becoming equal to zero, a new
trajectory is calculated with the bottom as final height and with zero velocity and
acceleration.

xt = max(x,4 — ,0). (4.16)

When the velocity is constant and the forks are not close to the bottom, the trajec-
tory is calculated as

xref(t + Ts) = X014 — Tsvref(t) (4.17)

where the sample time (T) is 0.02s.

4.2 P Controller

One simpler controller that is implemented is a P controller. The controller is
designed with gain scheduling to be able to better handle the nonlinearities in
the system. A block scheme of the P controller when only using one of the valves
can be seen in Figure 4.1. How the controller works when using both valves is
described in Section 4.2.3.

Reference e u; Height
: Z P controller 5 System -

generator

Figure 4.1: Block scheme of the single variable P controller. The variable i is
the involved valve, ML in the main lift and FL in the free lift.

4.2.1 Control Error

When the forks are lowered with the main valve the control error (e (f)) is cal-
culated from the following equation

emr(t) = 2xpp(t) — max(0, xpef () — xpL(1)) (4.18)

where x,.¢(t) — xpr(t) is the height reference for only the main lift, which has to
be positive and hence the max function is needed. As described in Section 2.3.1
the measured height x,,; is half the distance the main lift is actually moving and
therefore the control error is two times x,; subtracted with the reference.

The control error for the free lift is calculated in a similar way to the main lift
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but simplified since the total height is equal to the free lift height after leaving
the transfer region. This means that the system in this region is a single variable
control system. The control error for the free lift is given by

epp(t) = xpr(t) = Xpef (). (4.19)

4.2.2 Gain Scheduling

A linear P controller does a poor job controlling the nonlinear valves. A low P
value makes the controller slow at ramping up and down the current, resulting
in slow acceleration of the forks, while a high P value creates larger and longer
lasting oscillations when stopped. One way to avoid having to choose between
these trade-offs is by using gain scheduling. The basics of the gain scheduling
principle are described in [4].

Gain scheduling is implemented, for both the main lift and the free lift, using
a look-up table to map different P-values to different regions. The regions are
decided by the height and the joystick signal. The structure can be seen in Fig-
ure 4.2. The height is needed when the forks are reaching the bottom of the main
lift or the free lift. These two cases are dealt with in a specific way. At the bot-
tom of the main lift the gain scheduling is constant while the gain scheduling for
the free lift has a higher value when the height decreases. Otherwise the gain
schedulings are based on the velocity and are increased with a higher velocity.

Look up table ] Joystick, Height

P-value

A

Height reference
’ P | Syst Height
s controller ? ystem _ ;

Figure 4.2: The structure of the P controller with gain scheduling.

4.2.3 Transfer Region

In the transfer region, where the control of the lowering function switches from
the valve for the main lift to the free lift, the goal is to ramp down the main
lift as well as ramp up the free lift to maintain a constant total velocity. The
height reference is calculated for the total height of the forks. Therefore when
the main lift approaches the transfer region the height reference for the main lift
approaches zero. This leads to a difference between the reference velocity, from
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the joystick, and the velocity obtained with only the main lift. To compensate for
this difference, a current for the free lift valve is calculated based on the difference
in velocity and fed forward to the free lift valve in a process which can be seen in
Figure 4.3. The current for the main lift is still calculated as in Figure 4.1.

Reference velocity

Current Velocity Velocity Current
main lift main lift free lift free lift

Figure 4.3: The process for calculating the free lift current in the transfer
region.

The P controller for the main lift has a current as output. By using a look-up table,
based on measurements on the actual valve, the current is mapped to a flow. This
flow (g) and the velocity (v) of the forks have the relation according to

v(t) = 2 (1) (4.20)
qmax
where v, is 0.57 m/s and q,,,, has different values for the main and free lift,
54.4 1/min and 48.3 1/min respectively. The reason for v,,,, being less than 0.6
m/s is to make sure that the velocity never exceeds 0.6 m/s no matter what load
and what temperature the oil in the hydraulic system has reached.

The needed velocity from the free lift (vg;) is calculated as the difference

VEL(t) = Vrep (1) — vmr(t) (4.21)

between the reference velocity from the joystick (v,.r) and the generated main
lift velocity (vyr). The flow for the free lift value is calculated from (4.20) using
the velocity from (4.21). The corresponding current is obtained from a look-up
table for the valve.

4.2.4 Implementation

The control error, for either the main lift (4.18) or the free lift (4.19) depending
on where the forks are, is scaled via a P controller and saturated to make sure
that the valves do not get a negative current or that the current is higher than the
maximum current 1200 maA.

The valves have an opening current, which means that it takes a certain current
for the valves to start opening. This opening current, also called the deadbands,
were estimated in Section 3.2.1 to be 465 mA for the main valve and 265 mA for
the free valve. To compensate for this nonlinearity the corresponding current is
always added directly to the output from the P controller. A similar nonlinearity
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appears when the opening area is close to the maximum opening area, so to make
sure that the valves open completely when there is a maximal joystick input, a
current of 200 mA is added when the current reaches 1200 mA.

4.3 MPC

A more advanced control strategy that has been implemented is an MPC (Model
Predictive Control) that uses an internal model to predict how a control signal is
going to affect the system over time. The MPC uses the references, x,,, presented
in Section 4.1. To avoid confusion with the state variable x here they will be
indicated with r. A block scheme of the controller can be seen in Figure 4.4.

Reference Height
generator >

System

Figure 4.4: Block scheme of the MPC.

4.3.1 Goal Function

The MPC chooses a control signal that aims to minimize a goal function over a
certain amount of time. The goal function for this application can be divided
into three parts as the following

N-1
In(e(k) = ) Nz (k+ )+ 25" (k + Iy, +
j=0

4.22
llz1 (k + ) + za(k + j) = r(k + lig, + 2

. . 2
llu(k + j) = u(k +j = Dllg,

where the first part, z”’(k + j), punishes the jerk of the forks. It has the same
function as the reference signal in Section 4.1.2 and this term makes it possible
to keep the reference simple while still not getting unnecessary jerk. The discrete
third derivative of z(k) is derived using Euler forward which is

Z(k) = %(z(k +1) - z(k)). (4.23)

S

This can be described as a function of the states, x(k), by using

z(k) = Mx(k) (4.24)
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so that

z'(k) = %M(x(k +1)-x(k)) =

S

_ %M(Fx(k) + Gu(k) - x(k)) = (4.25)

_ %M((P — I)x(k) + Gu(k)).

S
Repeating this gives the third derivative
1
T3

2" (k) = —M((F = I)>x(k) + (F? = 3F + 3I)Gu(k) + (F = 31)Gu(k + 1) + Gu(k + 2)).

(4.26)

The second part of (4.22), z;(k + j) + zp(k + j) — r(k + j), punishes deviation from
the reference. The z; + z, term represents the total fork height and r is the refer-
ence for the total fork height. The reference is decided from the joystick signal,
according to Section 4.1, and therefore this part makes sure that the forks will
follow the joystick signal.

The last part of (4.22), u(k + j) — u(k + j — 1), punishes a difference in the con-
trol signals. This makes sure that no unnecessarily fast changes are made to the
control signal.

4.3.2 Conditions
One of the big advantages of using MPC is that it is easy to include constraints. In
this thesis there are four different conditions:
0 < u;(k) < 1400, i=1,2
0.2
uy (k) < 1400{—J
’ z1 (k)
z;(k) > 0, i=1,2
z)(k) < 0.6, i=1,2

(4.27)

The first one limits the control signals to their limits in mA. The second condition
makes sure that the free lift can not start lowering until the main lift is less than
0.2 m. The third condition is telling the MPC that the heights of the main and free
lift never can be less than zero. The forth, and last, condition limits the speed of
the forks to be less than 0.6 m/s which is the legal limit.

4.3.3 Design

The MPC has four design parameters, three matrix-valued weight parameters in
the goal function and one prediction horizon. The three weight parameters, Q,
Q,, and Q3, decide how much each term in the goal function (4.22) should be
penalized. The prediction horizon, N, decides how far into the future the MPC
will try to predict. There is no use having N too large since the future reference
is unknown and can only be guessed. Also, the model used internally in the MPC
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is more reliable close to the starting point, making a large N unnecessary.

Another step in the design of an MPC is choosing a reference to follow. To see
what difference the reference can make in performance, both references from
Section 4.1 are tested. The MPC also needs future values of the reference which
means that it has to predict the driver’s behaviour. A simple way to do this is
to interpolate the derivative of the current reference signal and the previous one.
This can be described as

r(k+1)=r(k)+ %(r(k) —r(k=1)Ts =2r(k)—r(k-1) (4.28)

S

where the derivative of r(k) is calculated using Euler backward.

The last designer choice is which model to use for the internal model. As de-
scribed earlier the MPC needs a linear model. From Section 3.3 there are two to
choose from with different advantages and drawbacks. Therefore both models
are tried.

4.3.4 Observer

When using the black-box model in Section 3.3, the states do not have any phys-
ical representation and are therefore not possible to measure. To still be able to
feed back the states to the MPC an observer is used. The observer used in this
thesis is a Kalman Filter. How an observer and the Kalman Filter works can be
read in [8] and the implementation is inspired by [22].






Results

In this chapter the result of the P controller and MPC with different references are
presented. The MPC is also tested with the different internal models presented in
Section 3.3. From this, the result of the best performing P controller and MPC are
compared to each other and the currently implemented controller. Finally, the
different simulation models, used for simulating the controllers, are compared.

5.1 P Controller

The performance of the P controller when running it on the real system, with
tuned parameters, can be seen in Figure 5.1. The simpler reference using inte-
grated velocity is used on the left hand side and the more advanced reference is
used to the right. The control signals for both references can be seen in Figure 5.2.
From what can be seen in these figures the heights with both references are very
similar, the difference between them can instead be seen in the currents where
the advanced reference falls behind and acts slower. The reason for keeping the
main lift current at about 500 mA and the free lift at 300 mA is to make sure that
they really reach the bottom.

35
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Figure 5.1: The performance of the forklift with P control and a joystick

signal from Meas2.
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Figure 5.2: The control signals, currents for main lift and free lift, used for
the two different references.

It is of interest to see what happens with the height when the forks start and stop.
Figure 5.3 and 5.4 are zoomed in on the second and third stop in Figure 5.1. The
second stop is in the main lift region and the third stop is in the free lift region.
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The different references lead to very similar behaviour at the second stop. In the
third stop there can be seen a difference both when stopping and starting. In
both Figure 5.3 and 5.4 it can be seen that the advanced reference has smoother
stops and starts. However, the advanced reference is also slower. This can, for
the stops, be seen more clearly in Figure 5.5 where it takes 0.52 s for the forks in
Figure 5.5a to stop and 0.64 s for the forks in Figure 5.5b. The starts are zoomed
in in Figure 5.6. For the height in Figure 5.6a it takes 0.62s to move 0.06 m and
the corresponding time for Figure 5.6b is 0.88 s.

P Controller with Simple Reference P Controller with Advanced Reference
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Figure 5.3: Zoomed in heights for the second stop in Figure 5.1

P Controller with Simple Reference

P Controller with Advanced Reference

Reference
—— —— Height

Total Height [m]
w w w w w
w S o w S o

el
©

Reference
—— —— Height

19.5

20 205 21 215 22 225 23 235 20

Time [s]

(a) Simple reference

215 22
Time [s]

205 21 225 23 235

(b) Advanced reference

Figure 5.4: Zoomed in heights for the third stop in Figure 5.1.
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Figure 5.5: Zoomed in heights for the stop in Figure 5.4. The first timepoint
(X=20.46) indicates the moment when the joystick is released. The latter
timepoint highlights when the forks stopped.
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Figure 5.6: Zoomed in heights for the start in Figure 5.4. The first timepoint
in each figure (X = 21.62) is the time when the joystick is pushed and the
other when the forks have moved 0.06 m.
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5.2 MPC

The first test for the MPC is a comparison of using the handmade or the estimated
model from Section 3.3. The results can be seen in Figure 5.7 and 5.8. From
Figure 5.7 it can be seen that after the MPC switches from using the main lift to
using the free lift, at the time 18 s, both models start to differ from the reference.
However, the estimated model has a more obvious difference than the handmade
model, which can be explained when looking at Figure 5.8. The current for the
free lift never goes above 700 mA for the estimated model while the main current
continues on maximum current. This suggest that the estimated model does not
capture the fact that the main lift has reached its endpoint and only the free lift
current can affect the height of the forks. On the other hand, this property of the
system is enforced in the handmade model.

Comparison of MPC Models
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Figure 5.7: The total height for different internal models.
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Figure 5.8: The main and free current when using different internal models
in the MPC.

The result when using different references for the MPC on the real system, with
the handmade model as internal model, can be seen in Figure 5.9 and 5.10. The
behaviour is very similar but some things that should be noticed is that the MPC
with the advanced reference takes longer to reach the bottom and the current is
slightly more oscillating than for the simple reference.

Figure 5.11 shows the heights of the main lift and the free lift separately in the
transfer region, when using the simpler reference. The main lift hits the bottom
a bit hard which leads to the bump in the free lift—marked with the red circle.
The behaviour is similar when using the advanced reference.
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Figure 5.11: Zoomed in heights of the main lift and free lift in the trans-
fer region. The red circle marks a bump in the free lift height at the same
instance the main lift reaches the bottom.

5.3 Comparison of Controllers

The two controllers designed in this thesis are compared with the currently im-
plemented controller. The total height of all controllers can be seen in Figure 5.12
and the corresponding currents in Figure 5.13.

There are some parts of Figure 5.12 that are of special interest: the starts, the
stops and the transfer region. These can be seen in Figure 5.14-5.18, which show
zoomed in heights at the interesting parts. The start of the movement can be seen
in Figure 5.14 and the corresponding current in Figure 5.15. There it can be seen
that the present controller starts first. After comes the P controller, which also
passes the currently implemented controller. The MPC is the slowest.

The first stop is shown in Figure 5.16; the joystick signal, see Figure A.2a, be-
comes zero at 6.1 s. The time it takes for the different controllers to stop the forks
is 0.5 s for the current one, 0.4 s for the P controller and 0.6 s for the MPC. For
the present code it takes another 0.5 s for the oscillations to diminish.

The third figure, Figure 5.17, aims to highlight the transfer region. This figure
also shows the third stop, which is in the free lift region. Here, the stop time is
0.5 s for both the P controller and the present controller and 0.6 s for the MPC.

In Figure 5.18 we can observe how the controllers work when reaching the bot-
tom. In particular we notice that the currently implemented controller hits the
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ground harder than the P controller. The MPC also has a smoother stop, however,
it does not quite reach the bottom; it stops 0.02 m above the ground.
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Figure 5.12: Comparison of the height for all three controllers: the present,
the PID and the MPC.
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Figure 5.17: Zoomed in height at the transfer region in Figure 5.12.
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5.4 Comparison of Simulation Models

Both controllers, the P controller and the MPC, are simulated with both simula-
tion models, the physical and the nonlinear ARX from Chapter 3. Moreover, they
are also compared to the physical system. The results for the P controller can
be seen in Figure 5.19 and Figure 5.20. The corresponding figures for the MPC
are Figure 5.21 and Figure 5.22. It can be noticed that the output obtained using
the physical model has a similar shape as one from the real forklift, the red line
seen in Figure 5.19 or Figure 5.21. On the other hand, when using the nonlinear
model the output does not reach the bottom, in Figure 5.19b. The current for the
nonlinear model used in both the P controller and the MPC is different than for
the other two.
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Figure 5.19: The forklift height for the P controller simulated with both the
physical model and the nonlinear model compared with height measure-
ments from the real forklift with P control.
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Discussion

This chapter contains a discussion of the results in Chapter 5 and on the devel-
opment method in Section 1.3. Furthermore, future work is proposed and finally
conclusions are drawn that answer the objective questions in Section 1.2.

6.1 Models

A large part of using Model-Based Development and Rapid Control Prototyping
is the simulation of the controller before using it on the real system. For this, a
simulation model is used and in this thesis two different models for this purpose
were presented in Chapter 3. For a simulation model to be useful it needs to be
able to ensure the control designer that the controller mainly works as intended.
This leads to faster development time, as it is often faster to simulate than to run
on the real system. It also reduces the risk of damaging any of the hardware.

The black-box model in Section 3.2.2 has a good fit to the validation data but
also contains some nonphysical behaviour. This can for example be seen when
comparing the height in Figure 5.19 to the current in Figure 5.20. The model
increases the height when the current is zero which is physically impossible.

Even the physical model that is presented is not fault free and shows some be-
haviours that do not coincide with the real system. For example, the free lift is
slower for the model than the real system, which can be seen in Figure 5.19 and
Figure 5.21. However, for the most part the model works in a similar way as
the physical system. This makes it possible to draw conclusions whether the con-
troller is likely to work on the real system. However, the errors mentioned earlier
make tuning the controller in the model insufficient, as the parameters that work
well for the model do not always do so for the real system.

51
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For the MPC, in Figure 5.21, the height does not rise for the nonlinear ARX model
as it does for the P controller in Figure 5.19. The reason for this is that the MPC
sends out a current when the height starts to rise and not that the model is work-
ing appropriately. The internal model in the MPC does not contain this behaviour
and is therefore unable to predict the lifting. This leads to an oscillating current,
as can be seen in Figure 5.22.

The behaviours described for both the P controller and the MPC in the estimated
model make it impossible to draw conclusions whether the controller is likely to
work on the real system. Having an inadequate simulation model reduces the
benefits of simulating the system since it makes it difficult to draw conclusions
of the behavior.

In conclusion, the nonlinear model does not fulfill its purpose of realistic simula-
tions of the system. The physical model on the other hand can be useful as a first
judgement if the controller will behave in a proper way. However, for tuning the
design parameters a better simulation model is needed.

6.2 Controllers

Both controllers presented in this thesis have, in at least some aspects, shown
better behaviours than the currently implemented controller. For example, when
the forks stop in mid-air both controllers are almost completely free from oscilla-
tions and even the transfer region is smoother than with the present control, as
described in Section 2.3.2.

6.2.1 P Controller

A P controller with gain scheduling has been constructed with two alternatives
for the reference signal. Both references give acceptable behaviors but there are
some differences worth mentioning.

The stops and starts, zoomed in in Figure 5.5 and Figure 5.6 are slower for the
advanced reference than for the simple reference. On the other hand the sim-
ple reference causes small bumps right when the forks stop, as can be seen in
Figure 5.4.

Since the advanced reference does not provide a clearly better result, the simple
reference is judged as the better one. The simple reference is faster and needs
less computing power. In practice the smoother starts in the advanced reference
are only experienced as slower and not safer.

6.22 MPC

From the results in Figure 5.7 and 5.8 it can be concluded that even though the
estimated model shows better performance in Section 3.3, the handmade model
has a better performance when using it as an internal model. This could be ex-
plained by its physical nature. Since the estimated model is not judged safe to be



6.2 Controllers 53

used on the actual hardware, the handmade model is the only one tested on the
real hardware.

From Figure 5.9 the conclusion can be drawn that the more advanced reference
does not necessarily lead to better performance. In this case the simple reference
even leads to better performance, since it is both faster, uses a smoother control
signal and demands less computing power.

The transfer region is not perfect, as can be seen in Figure 5.11. The main lift
does not slow down as much as desired, which leads to a hard stop in the main lift
cylinder. This is a consequence of the very fast down ramping of the main current
and the very fast up ramping of the free current, as seen in Figure 5.10. The MPC
is implemented so that the forks follow a reference for the total height. To assure
a smoother stop when reaching the end of the main lift there is a constraint that
the height of the main lift can not be negative, see (4.27). It was not possible to
make the transfer region bump free with only tuning the weight matrices Q;, Q,
and Q3 in (4.22). This is probably due to the fact that the MPC is a linear controller
while the real system is nonlinear, especially where the valves are nearly closed
— which are the problematic regions.

6.2.3 Comparison of Controllers

When the forks stop in the main lift, which can be seen in Figure 5.16, the P
controller is able to stop the forks 0.1 s faster than the present controller and
still obtain a smooth stop. The faster stops can also be seen in the current in
Figure 5.13 where the current is decreasing faster for the P controller than for the
currently implemented controller. The MPC on the other hand stops the forks in
the same amount of time but is better in the aspect that the forks do not oscillate.

In the transfer region, shown in Figure 5.17, the velocity for the present controller
clearly speeds up and then creates a small bump. The same phenomenon can
be seen in the MPC but not as strongly as for the present controller. For the P
controller on the other hand, it is not apparent exactly where the transfer region
is which means that it is very smooth.

At the start of a movement the present controller is faster than both the P con-
troller and the MPC. This is mainly due to the fact that both the P controller and
the MPC have softer starts, which can be seen in Figure 5.14. This is also con-
firmed by looking at the main lift current in Figure 5.15. Here, both the currents
for the P controller and MPC take longer time to reach a level of about 700 mA,
which in practice indicates a current with little impact.

Another advantage of both the P controller and the MPC is that they do not hit the
ground as hard as the present controller, as can be seen in Figure 5.18. Between
the P controller and MPC, the P controller can be judged as the better one since it
goes all the way down to zero.

In general the MPC is using a lower current than both the P controller and the
present controller, see Figure 5.13, without being much slower, see Figure 5.12.
A lower current is better from an energy consumption point of view. On the other
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hand, the power saved by the controller is reasonably neglected compared to that
of the whole forklift.

A clear advantage of the MPC is that it takes constraints into consideration. This
means that if the internal model is good enough the speed limit can be guaran-
teed to be satisfied. A consequence is that the marginal can drastically be de-
creased without breaking any laws. This is not the case for the P controller where
additional tests are needed to make sure that it does not exceed the speed limit.

We conclude that developed controllers have a more preferable behaviour than
the currently implemented one. Between the two, the P controller and the MPC,
the P controller is preferred since it stops faster and has a better transfer region.
This indicates that a nonlinear controller is more preferable than an advanced
linear controller.

6.3 Rapid Control Prototyping

Through out this thesis, one of the focuses has been working with Model-Based
Design (MBD) and especially Rapid Control Prototyping (RCP). Working model-
based has made it possible to focus on the design instead of the implementation.
Furthermore, building models in a modular fashion has made it possible to make
changes in references and internal models without having to redo the entire im-
plementation.

Working with RCP has made it possible to test two different control methods, both
with two different references and one of them with two different internal models,
in a short amount of time. The working flow has been the following;:

1. Decide on the structure of the controller
2. Implement in Simulink

3. Test using the simulation model

4. Test on hardware

Depending on the result of step three, steps one to three are repeated until the
result is good enough to try on the hardware. When reaching the final step, steps
one to four are repeated—step three can be skipped depending on how extensive
the changes are—until the results are satisfying.

Rapid Control Prototyping has been the part of MBD that this thesis has focused
on. RCP requires additional hardware that has to be connected to the hardware
that is to be tested. This process was time consuming with the used system. How-
ever, when it was done, the part of the development process that needed the hard-
ware, the forklift and real-time target machine, was fairly small. When using a
good enough model the main part that needed to be done on the actual hardware
was tuning and possibly finding problems that did not appear in the model.

As mentioned in Section 1.3.2 Lean has two core values, respecting the people
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and continuous improvement. The work in this thesis, constructing two different
controllers, has mainly involved two persons. This means that the information
flow is simple and therefore results can be achieved without taking regards to
the first value. The second value however, has been a constant core in the work.
This has been achieved by starting with an idea and continuously developing it,
for example by changing the reference signal the or internal model depending on
results from both simulations and the actual hardware.

One of the key points in Lean was to eliminate waste. By quickly being able to try
new ideas, the time waste has been reduced by early eliminating the ideas that
did not work. This could often be done as early as in step three in the work flow
above or in step four if it was faults not included in the model.

The disadvantage that made itself noticeable early on was the long start up time.
Before being able to use RCP, a simulation model that captures most of the system
dynamics is needed. Even after completing a simulation model the computing
hardware needs to be connected to the plant which is not necessarily accustomed
to this. Some other disadvantages that did not affect this thesis but could be
a threat are both the expensive hardware and licences that are needed. If the
developers are not used to working with models this could also prolong the start
up time.

The conclusion of working with RCP is that it made it possible to test many differ-
ent ideas quickly even though the start up time was long. The start up time leads
to it being more useful in the longer run than in the shorter. It also keeps com-
plex systems understandable unlike code projects. First testing control systems
in a simulation model made the testing on the actual hardware safer. However,
in this part there is room for improvement as a better model has better tuning op-
portunities. This would make the development process both safer and probably
give better results since more tuning can be done faster.

6.4 Future Work

The controllers presented in this thesis have not taken into consideration the
weight of the load. However, a complete control system for the lowering should
preferably work the same for any weight that is acceptable as load. The P con-
troller can be tuned for different weights but no set of parameters that could
work in an acceptable manner for all loads was found. This means that the pa-
rameters need to automatically change during run time in some way. One way to
do this is to make use of the pressure sensor. The load on the forks largely affects
the pressure and, similar the height that is used in the feedback presented here,
the pressure could be added to the feedback. As the pressure depends on many
different things other than the weight, such as the speed and height of the forks,
this data would need to be processed in a more thoroughly manner than there
was time for in this thesis project.

Another measured signal that was not used in the designed controllers was the
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temperature of the oil in the hydraulic system. The speed of the forks is faster
with the same valve opening if the oil is warmer. Using temperature as feedback
could lead to a more constant speed over time and also make it possible to over-
all get closer to the maximum allowed velocity, as there is no need for an extra
margin.

A small portion of time was spent on refining the physical simulation model that
was provided at the start of the thesis. As can be seen in Figure 3.2 and 3.3 this
model can be further developed with new knowledge of the system to increase
the model accuracy. A better model could make more parameter tuning possible
in a simulation environment. This would make it possible to try more parameters
and probably increase the performance of both the P controller and the MPC.

To improve the performance of the MPC in the transfer region, the implementa-
tion can be changed so that the reference for the main and free lift are separate.
This could make the main lift slow down more and the current for the free lift to
ramp up. Together they lead to a smaller value of the goal function.

6.5 Final Conclusion

The questions to be answered by this thesis from Section 1.2 were:

1. What control strategy can be used for the lowering function of the RRE fork-
lift?

2. Is RCP a useful inclusion in the development process for TMH?

The first questions is answered by that both the P controller and the MPC can
be used for the lowering and outperform the present implemented control sys-
tem. Of the two designed controllers, the P controller has the better performance,
probably due to its nonlinearities.

The answer to the second question is yes. RCP is useful in the sense that in a short
amount of time many different ideas can be tried out. The disadvantage is the
long start up time but in the long run this has a small impact on the total time.
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simulated with the estimated parameters and the dashed-dotted yellow line
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