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Abstract—In this paper, we present a study on nonlinear 

model predictive control (NMPC) of a bulldozer blade actuated 

by hydraulic cylinders. We design the controller in the 

manipulator joint space to track the desired joint angle 

trajectory. We specify the desired blade cut edge trajectory in the 

world reference frame and map it to the joint space. In the 

mapping, we consider the vehicle body orientation and generate 

a preview of the desired trajectory for the NMPC by estimating 

the future orientation based on its current value. We test the 

performance of our controller in MATLAB Simscape. The results 

show that the proposed controller tracks the desired world frame 

position with sub-centimeter accuracy regardless of the vehicle 

body motion and inclination. 

Keywords—predictive control, NMPC, hydraulic manipulator 

I. INTRODUCTION 

A bulldozer is a heavy-duty mobile construction machine 

that excavates soil using a hydraulically actuated blade and a 

propulsion system. The resulting ground profile is created by its 

blade cutting edge position. Controlling the blade position to 

match the desired surface contour is a difficult task as the blade 

moves with the vehicle body as it traverses uneven terrain. The 

operator must compensate for the vehicle inclination and 
elevation changes by moving the blade in an appropriate way. 

In this paper, we propose a model-based automatic controller to 

have the blade cutting edge follow a desired trajectory while the 

vehicle body moves and inclines. 

Model predictive control (MPC) has been utilized for 

processes with long time constants in the past as prediction of 

the controlled system behavior is to be computed in real-time. 

Nowadays, the method has been applied in control of 

mechanical systems, where controller sampling time 

requirement is measured in milliseconds. Due to increased 

power in real-time processing units, MPC and nonlinear MPC 
(NMPC) are feasible for use in such systems. For example, a 

complex nonlinear prediction model is introduced in [1], where 

a quadruped mobile robot is controlled using a whole-body 

NMPC. The proposed controller predicts not only the robot 

dynamics but the ground contact as well. The authors show 

excellent control results with the online optimization running at 

around 100 Hz and additional controllers at 250 Hz. In [2], 

NMPC schemes are studied on a 2-link vertical robot 

manipulator. They show accurate reference tracking using a 

nonlinear prediction model of the studied system. In [3], the 

authors propose a combination of feedback linearization and 

MPC. In doing this, they reduce the complexity of the 

prediction model vastly and achieve tracking errors of less than 

5 mm using 10 ms sampling time. 

Hydraulic manipulator systems have highly nonlinear 

internal dynamics that cannot be neglected in high-precision 

control design [4]. Flow, friction and valve dynamics often 

have nonlinear or discontinuous characteristics. For such 

systems, nonlinear controllers generally produce better control 

results than linear ones [5]. State-of-the-art model-based 

control systems for serial and parallel hydraulic manipulators 

have been reported to reach trajectory tracking errors of less 

than 5 mm [6]. MPC for such systems was developed in e.g. [7] 

and [8]. A linear model is used in [7] for general model 

predictive force control of a hydraulic servo system. Using 
estimations of the process parameters, the controller produces 

acceptable results in a variety of experimental tests. In [8], the 

authors propose an NPMC for a hydraulic forestry crane with 

an anti-sway feature. They estimate the load sensing hydraulic 

cylinder dynamics with a discontinuous model and use the 

manipulator dynamics and kinematics in prediction. Their 

controller produces acceptable tracking performance with a 

sampling period of 0.1 seconds with errors ranging from 1.5 cm 

to 11 cm in experimental tests. 

In this paper, we consider a small to medium size bulldozer 

blade manipulator and propose for it an NPMC control scheme 
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Fig. 1. The studied typical small to medium size bulldozer. The manipulator 

(light gray) is connected to the body (dark gray) by two connection points at 

joint 1 position on each side of the machine. The tracks of the machine are 

see-through in the diagram for clear visualization. 



combined with reference signal mapping and previewing. Our 

control goal is to have the blade follow a specified elevation 

trajectory in the world coordinate frame while the machine 

body moves and inclines as the vehicle travels on uneven 
terrain. We include the dynamics of the hydraulic components 

and the manipulator in the nonlinear prediction model and 

compute forward and inverse kinematics outside the online 

optimization loop. This way, we reduce the computational load 

of the optimization. As in some systems the used control valves 

may have characteristics, such as nonlinearities or delays, that 

make modeling them as constant gains inaccurate, we consider 

the characteristics of the hydraulic valve in this study. 

The rest of this paper is organized as follows. The dynamics 

of the manipulator system are introduced in Section II. In 

Section III, we present NMPC for the studied system. Section 
IV shows the reference signal mapping and previewing 

algorithm. The proposed control system is tested in simulations 

and the results are presented in Section V. Finally, Section VI 

concludes the present study. 

 

II. DYNAMICS MODELING 

A schematic of the studied bulldozer and its blade 
manipulator is shown in Fig. 1. The manipulator has a revolute 
joint at its base (joint 1) and a spherical joint at the base of the 
blade (joint 2). The blade is connected to the manipulator 
structure that has its connection points to the body on both 
sides of the machine at joint 1 position (not visible in Fig. 1). 
There is another cylinder on the opposite side of the vehicle 
connected to the blade manipulator structure in a similar 
fashion as cylinder 1. Mounted on the manipulator structure 
are two more cylinders used for blade heading control and one 
cylinder for blade roll. We do not consider these cylinders in 
this study. This manipulator structure is typical for small to 
medium size bulldozers with one translational and two 
rotational degrees of freedom (DOF). The vehicle body can 
incline about three axes as the machine traverses uneven 
terrain. These rotations are described in the vehicle body fixed 
frame whose orientation coincides with the world coordinate 
frame. The body inclination and manipulator are modeled 
using MATLAB Simscape and the hydraulics using MATLAB 
Simulink. 

A. Manipulator 

The manipulator is illustrated in Fig. 2. In control design, 

we consider the dynamics of the first joint while assuming that 

the spherical joint angles are constant. With this assumption, 

the dynamics of the manipulator can be written as 

𝐽𝑏�̈�1 = 𝜏 − 𝑚𝑔𝑑𝑐𝑜𝑠(𝜃1) − 𝜏𝑒𝑥𝑡 (1) 

Where 𝐽𝑏 is the manipulator moment of inertia, 𝜏 is the joint 

input torque, 𝑚  is the mass of the manipulator, 𝑔  is 

acceleration due to gravity, 𝑑 is the distance from joint 1 origin 

to the manipulator center of mass and 𝜏𝑒𝑥𝑡  is the external 

torque. Note the 𝜃1 = 0 position in Fig. 2. 

The force produced by the hydraulic cylinders is mapped to 

joint actuating torque by 𝜏 = 𝐽(𝜃)𝐹, where 

𝐽 = −
𝐿11𝐿12 sin(𝛽1 − 𝜃1)

√𝐿11
2 + 𝐿12

2 + 2𝐿11𝐿12 cos(𝛽1 − 𝜃1)
 (2) 

The measures and angles are visualized in Fig. 2. The total 

length of the hydraulic cylinder is determined from the joint 

angle as 

𝑧𝑐𝑦𝑙 = √𝐿11
2 + 𝐿12

2 − 2𝐿11𝐿12 cos(𝛽1 − 𝜃1) (3) 

For brevity, we do not present the kinematics of the 

manipulator in this paper. We denote the transformation matrix 

from frame 0 to world reference frame as 𝑇0
𝑊 , which depends 

on the machine inclination and joint angles. 

B. Hydraulics 

The hydraulics consist of a hydraulic valve and two 

identical cylinders. The flow from the valve is distributed 

evenly to both cylinders. In Fig. 2, these cylinders are lumped 

as a single cylinder where the total fluid flow enters. In this 

study, we consider the dynamics of the hydraulic valve, that 

have an effect on the system behavior. The dynamics of the 

valve spool motion are expressed using a second order linear 

model 

�̈�𝑣 = −2𝜉𝜔𝑛�̇�𝑣 − 𝜔𝑛
2𝑥𝑣 + 𝜔𝑛

2𝑢 (4) 
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Fig. 2. Joint 1 driven by a hydraulic cylinder. The hydraulic component sizes 

are exaggerated for visualization. For this diagram, the hydraulic cylinders 

on each side are lumped as one. Fig. 3. The nonlinear relation between the valve spool position 𝑥𝑣 and the 

relative flow path opening 𝜖 = 𝑄/𝑄𝑚𝑎𝑥. The flow paths are from supply port 

(s) to chamber a, supply to chamber b, chamber a to return line (r) and 

chamber b to return line. 



where 𝑥𝑣 is the spool position, 𝜉 is the damping term, 𝜔𝑛  is the 

natural frequency and 𝑢 the control input. The relation from 

valve spool position to flow path relative opening 𝜖  is a 

nonlinear one described using a lookup table shown in Fig. 3. 

The flow rates entering into the cylinder chambers can be 

expressed as 

𝑄𝑎 = 𝐾𝑣𝑣(𝑝𝑆 − 𝑝𝑎)𝜖𝑆(𝜖) + 𝐾𝑣𝑣(𝑝𝑎 − 𝑝𝑟)𝜖𝑆(−𝜖) (5) 

𝑄𝑏 = −𝐾𝑣𝑣(𝑝𝑆 − 𝑝𝑏)𝜖𝑆(−𝜖) − 𝐾𝑣𝑣(𝑝𝑏 − 𝑝𝑟)𝜖𝑆(𝜖) (6) 

Where 𝐾𝑣 is the flow coefficient of the valve, 𝑝𝑎 and 𝑝𝑏 are the 

cylinder chamber pressures, 𝑝𝑆 is the supply pressure, 𝑝𝑟  is the 

return line pressure, 𝑆(𝜖) is a selective function [4] 

𝑆(𝜖) ≝ {
1,   𝑖𝑓 𝜖 > 0
0,   𝑖𝑓 𝜖 ≤ 0

 (7) 

And 𝑣(Δ𝑝) is the following pressure difference function 

𝑣(Δ𝑝) = sign(Δ𝑝) √|Δ𝑝| (8) 

As the flow from the valve is distributed evenly to both 

cylinders, the pressure dynamics in the cylinder chambers are 

expressed as 

�̇�𝑎 =
𝛽

𝐴𝑎𝑥
(

𝑄𝑎

2
− 𝐴𝑎�̇�) (9) 

�̇�𝑏 =
𝛽

𝐴𝑏(𝑥𝑚𝑎𝑥 − 𝑥)
(

𝑄𝑏

2
+ 𝐴𝑏�̇�) (10) 

Here, 𝛽  is the bulk modulus of the fluid, 𝐴𝑎  and 𝐴𝑏  are the 

piston areas in both chambers, and 𝑥𝑚𝑎𝑥 is the maximum stroke 

of the cylinder piston. The force produced by the hydraulic 

cylinder can be written as 

𝐹 = 𝑝𝑎𝐴𝑎 − 𝑝𝑏𝐴𝑏 − 𝐹𝜇 (11) 

where 𝐹𝜇  is the cylinder friction modeled using the Stribeck 

model with viscous friction [9]: 

𝐹𝜇 = sign(�̇�) (𝑓𝑐 + (𝑓𝑠 − 𝑓𝑐)𝑒
−(

�̇�

𝑣𝑠
)

2

) + 𝑏𝑐�̇�, (12) 

where 𝑓𝑐  is the Coulomb friction, 𝑓𝑠  the static friction, 𝑏𝑐 

viscous friction coefficient and 𝑣𝑠 the Stribeck velocity. 

III. NONLINEAR MODEL PREDICTIVE CONTROL OF THE 

MANIPULATOR 

The nonlinear model predictive controller uses a nonlinear 

dynamic model to predict the future states of the controlled 

system. We construct this model for the studied manipulator 

using equations (1)-(12). In this study, the control objective is 

to follow a desired joint trajectory that corresponds to a desired 

blade cut edge trajectory in the world reference frame. We 
design our controller in the manipulator joint space and use a 

reference trajectory mapping outside the NMPC prediction. 

This mapping accounts for the vehicle body inclination and 

position and is described in detail in Section IV. The control 

system block diagram is shown in Fig. 4. The NMPC problem 

can be summarized for each sampling time as: 

min
𝑢(∙)

𝐽𝑅(𝑥𝑘 , 𝑢𝑘) 

𝑠. 𝑡. 𝑥𝑘+1 = 𝑓𝑑(𝑥𝑘 , 𝑢𝑘)

 𝑥(0) = 𝑥0

 𝑢𝑚𝑖𝑛 ≤ 𝑢𝑘 ≤ 𝑢𝑚𝑎𝑥

 𝑥𝑚𝑖𝑛 ≤ 𝑥𝑘 ≤ 𝑥𝑚𝑎𝑥 ,

 

(13) 

where the current state is set as the initial value 𝑥0, similar to  

[8] and [10], and 𝑢(∙) is the optimal control sequence. In this 

study, we use discrete-time receding horizon NMPC, where a 

discretized system model 𝑓𝑑  based on equations (1)-(12) is used 

and the first element of 𝑢(∙) is used for control each sampling 

instance. The state vector of the nonlinear prediction model is 

𝑥 = [𝜃1 �̇�1 𝑝𝑎 𝑝𝑏 𝑥𝑣 �̇�𝑣]𝑇 (14) 

The control input is the valve input 𝑢. To achieve the target 

joint angle tracking, we include terms penalizing the tracking 

error and control valve input to the cost function. The cost 

function in the discrete case at time 𝑡0 is then defined as 

𝐽𝑅 = ∑ 𝑄𝜃(𝑘) (𝜃1𝑟𝑒𝑓(𝑡0 + 𝑘𝑇𝑠) − 𝜃1(𝑡0 + 𝑘𝑇𝑠))
2

𝑁𝑝 −1

𝑘=1

+ ∑ 𝑅(𝑢(𝑡0 + (𝑛 − 1)𝑇𝑠) − 𝑢(𝑡0 + 𝑛𝑇𝑠))
2

𝑁𝑐

𝑛=1

+ 𝑊 (𝜃1𝑟𝑒𝑓(𝑡0 + 𝑁𝑝𝑇𝑠) − 𝜃1(𝑡0 + 𝑁𝑝𝑇𝑠))
2
 

(15) 

Where 𝑄𝜃(𝑘) and 𝑅 are the cost coefficients for joint 1 angle 

error and valve input, respectively, 𝑁𝑝 is the length of the 

prediction horizon and 𝑁𝑐 the length of the control horizon. 𝑊 

is the terminal cost penalizing tracking error at the end of 

prediction horizon. To enhance trajectory tracking 
performance, we use exponentially increasing weight on the 

tracking error: 𝑄𝜃(𝑘) = 2𝑘−1𝑄 [11]. The cost 𝐽𝑅 is computed 

for the duration of the prediction horizon. For predictions after 

the control horizon, the control input is kept constant at 𝑢(𝑡0 +
𝑁𝑐𝑇𝑠) and the cost function thus only penalizes the angle error. 

As seen in the cost function, a preview of the reference signal 

is provided for the duration of the prediction horizon. This 

feature improves the controller performance when the future 

reference values are known. 

The limits for the control input are based on the valve 

operation, which restricts the valve opening between the two 

extremums. I.e. 𝑢 ∈ [−1, 1]. Restriction on the joint angle is 

Reference 
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Fig. 4. The proposed control system architecture. 



made based on the angles corresponding to the minimum and 

maximum length of the hydraulic cylinder. In our tests, 

however, these restrictions are not reached. 

IV. REFERENCE SIGNAL MAPPING 

We assume that a reference trajectory for the blade cutting 

edge is available in the world reference frame. On a 

construction site this trajectory is defined in space coordinates 

rather than time domain. Assuming that the vehicle travels in a 

straight line, i.e. �̇�𝑣 ≡ 0, we can map the space trajectory to 

time domain using the current velocity of the vehicle. Then, for 

discrete points of the trajectory, we get 

Δ𝑡 = Δ𝑥/𝑣 (16)  

We then map this reference signal to the manipulator joint 

space based on knowledge of the machine position, pitch angle, 

angular velocity and the manipulator joint angles. First, we map 

the desired position in the world frame ( 𝑃𝑑 
𝑊 ) to frame 0 ( 𝑃𝑑 

0 ) 

using the transformation matrix 𝑇𝑤
0 = 𝑇−1

0
𝑊  and then, using 

inverse kinematics, to the joint space. Note, that the 
manipulator x and y coordinates in the world frame cannot be 

controlled by manipulator joint angles but instead the 

movement of the mobile base. The elevation, i.e. z coordinate, 

however, can be controlled by means of joint 1 angle. 

To create a preview of the reference signal for the NMPC, 

we need to predict the vehicle body pitch angle 𝜑 change for 

the duration of the prediction horizon. Assuming that the angle 

is constant throughout the length of the horizon is not an 

adequate prediction. Thus, we use the pitch angular velocity to 

create a prediction that is sufficiently accurate for a relatively 

short prediction horizon. We can use similar prediction for the 
vehicle motion in the world reference frame. By acquiring the 

velocities in x, y and z directions, we assume that over the 

prediction horizon, these values remain constant. This is 

formulated in (17). 

𝜑(𝑡0 + 𝑘𝑇𝑠) = 

𝑧𝑣(𝑡0 + 𝑘𝑇𝑠) = 

𝑥𝑣(𝑡0 + 𝑘𝑇𝑠) = 

𝜑(𝑡0 + (𝑘 − 1)𝑇𝑠) + 𝑇𝑠�̇�(𝑡0) 

𝑧𝑣(𝑡0 + (𝑘 − 1)𝑇𝑠) + 𝑇𝑠 �̇�𝑣(𝑡0) 

𝑥𝑣(𝑡0 + (𝑘 − 1)𝑇𝑠) + 𝑇𝑠�̇�𝑣(𝑡0) 

(17) 

To map the reference and construct the preview, we need 

the current position of the blade cut edge and the vehicle body 

fixed frame, 𝑃𝐵  and 𝑃𝑣 , in the world reference frame. Also 

needed is the inclination angle and angular velocity of the 

vehicle body and vehicle velocity 𝑃𝑣′. The reference mapping 
and previewing procedure done each sampling instance is 

summarized as pseudo code in TABLE 1. The resulting vector 

𝜃𝑝𝑟𝑒𝑣𝑖𝑒𝑤 contains 𝑁𝑝 reference values from 𝑡 = 𝑡0 sampled at 

𝑇𝑠 rate. In (15), 𝜃1𝑟𝑒𝑓(𝑡0 + 𝑘𝑇𝑠) = 𝜃𝑝𝑟𝑒𝑣𝑖𝑒𝑤(𝑘). 

Note that in line 8 of the pseudocode (TABLE 1), the 

inverse kinematics computation is based on the blade pose at 

the start of each prediction iteration. We do not specify the pose 

of the blade in the vehicle body frame when generating the 

reference preview for a short horizon. The start pose is assumed 

to be constant throughout the prediction horizon except for its 

z-coordinate, which is updated by the desired value before 

computation of the inverse kinematics. For longer predictions 

or large pose changes, this may deteriorate the accuracy of the 

mapping towards the end of the horizon. However, the efficacy 

of this simplification is seen in the simulation results in Section 

V. 

TABLE 1. PSEUDO CODE FOR REFERENCE PREVIEW MAPPING 

1  Receive 𝑃𝐵(𝑡0), 𝑃𝑣(𝑡0), 𝑃𝑣′(𝑡0) and 𝜑(𝑡0), �̇�(𝑡0) 

2  Set 𝜃𝑝𝑟𝑒𝑣𝑖𝑒𝑤 = 𝐧𝐮𝐥𝐥 

3  FOR m = 0:Np-1 

4        Construct 𝑃𝑑 
𝑊 (𝑡0 + 𝑚𝑇𝑠) 

5        Compute 𝜑, 𝑧𝑣 , 𝑥𝑣 at 𝑡0 + 𝑚𝑇𝑠 using (17) 

6       Compute 𝑇𝑊
0 (𝑡0 + 𝑚𝑇𝑠) = 𝑇0

𝑊 −1(𝑡0 + 𝑚𝑇𝑠) 

7        Compute 𝑃𝑑(𝑡0 + 𝑚𝑇𝑠) 
0 = 𝑇(𝑡0 + 𝑚𝑇𝑠)𝑊

0 𝑃𝑑 
𝑊  

8        Compute 𝜃1𝑟𝑒𝑓(𝑚) using inverse kinematics 

9       Append 𝜃1𝑟𝑒𝑓(𝑚) to 𝜃𝑝𝑟𝑒𝑣𝑖𝑒𝑤 

10  ENDFOR 

11  Input 𝜃𝑝𝑟𝑒𝑣𝑖𝑒𝑤 to the NMPC as (13) 

 

Fig. 5. The simulation results of scenario 1, where the vehicle body is stationary and the blade is driven along a desired trajectory (left). The NMPC weight 

parameters were 𝑄 = 10, 𝑅 = 0.0002, 𝑊 = 50. 



V. SIMULATION AND DISCUSSION 

To test the controller reference tracking performance, we 

first have the blade move with the mobile base kept stationary 

in scenario 1. Then, we introduce vehicle body pitch angle and 

elevation changes to test the proposed linear prediction and 

mapping in scenario 2. For all the simulation tests, we chose 

𝑇𝑠 = 0.04 s and 𝑁𝑝 = 10, 𝑁𝑐 = 5. The length of prediction is 

thus 0.4 s. MATLABs fmincon tool is used to solve the online 

optimization using the SQP algorithm. In the scenarios, we 
exert no resisting torques on the blade, but show an additional 

test with a moderate resistance of motion to simulate 

interactions with ground. For small blade loads, e.g. when 

finishing a ground surface, the small load torque assumption is 

valid. For larger resisting forces, a term of the estimated 

resisting torque, 𝜏𝑒𝑥𝑡 , can be added to the NMPC prediction 

model to improve the results. 

Fig. 5 illustrates the results from scenario 1. The tracking 
performance of the controller is excellent when the vehicle 

body is stationary. The position tracking error is within ±0.004 

m throughout the test. Modeling errors and the selected 

sampling time have an effect on the control performance. The 

Fig. 6. The simulation results of scenario 2, where the vehicle body is moving in x and z directions and pitching (see bottom right). This scenario represents 

the blade cutting into soil generating a trench that the vehicle then drives into. The velocity of the vehicle was 1 m/s and the NMPC weight parameters 

identical to scenario 1. 

Fig. 7. The reference and actual joint angle during scenario 2 with body 

motion and inclination (see Fig. 6). 
Fig. 8. Joint 1 desired and actual angle in scenario 1 trajectory with 

downward pulling constant 20 kN external force applied to the blade. The 

vehicle body was stationary and the NMPC weight parameters identical to 

scenario 1. 



hydraulic control valve is never fully opened to achieve the 

desired trajectory. This also means that the required cylinder 

velocity does not exceeded the maximum velocity in this 

scenario. 

Fig. 6 shows the control results when the vehicle body 

moves in x and z directions, and its pitch angle changes. We 

generated signals describing these quantities to represent the 

body motion when the blade cuts a trench to the ground. The 

vehicle body will incline and descend as the vehicle drives 

down the created trench. We chose a vehicle travel velocity of 

1 m/s for this test. The start of reference tracking is of same 
quality as in Fig. 5, but as the body starts to incline at 2.5 

seconds, the tracking experiences small deterioration. 

However, despite the vehicle body both inclining and 

descending, the tracking error is within ±0.007 m throughout 

the simulation. The simplified reference preview shown in 

Section IV is effectively generating a reference joint trajectory 

which cancels out the vehicle body motion effects on blade 

position tracking. As seen in Fig. 7, the desired joint trajectory 

tracking has errors, which results in the blade cut edge 

trajectory errors. The errors are due to the body inclination 

starting without the controller having any prior knowledge of 

the fact. The reference previewer does not predict the body 
motion until it has already started, which causes an initial error 

at the start of the body motion. 

In the final test, a constant 20 kN force was introduced 

pulling the blade downwards. Fig. 8 illustrates the trajectory 

tracking scenario seen in Fig. 5 with this added disturbance 

force. It is clear that the NMPC is unable to follow the desired 

joint angle trajectory with the unmeasured disturbance force, as 

the controller receives 𝜏𝑒𝑥𝑡 = 0 and the system behavior differs 

from the prediction. We highlight this defect to show where 

further improvement is required. The bulldozer blade will be in 

contact with the ground, which will impose resisting forces and 

thus torques on the joint. 

VI. CONCLUSIONS 

In this paper, we considered the problem of bulldozer blade 

position control in desired ground contour tracking. Our control 

goal was blade cut edge trajectory tracking while rejecting the 

disturbances caused by vehicle body motion We presented a 

nonlinear model predictive controller with separate reference 

signal mapping and previewing for a heavy-duty hydraulic 

bulldozer blade. The proposed controller was designed in joint 

space, where it tracked the desired joint angle trajectory. As the 

control end goal, a trajectory specified in the world coordinate 

frame was to be tracked with the best possible performance by 

the actuator control in the joint space. We simulated the blade 

manipulator attached to the vehicle body in MATLAB 

Simscape. With the proposed control scheme, we obtained 
reference tracking errors within ±0.007 m with the vehicle body 

inclining and moving. 

We reduced the complexity of the nonlinear prediction 

model by excluding the forward and inverse kinematics from it. 

By introducing a separate trajectory mapping and previewing, 

we could use simplified predictions for the vehicle body 

inclinations and their effects on the desired joint angle 

trajectory solved less frequently than the optimization. Blade 

reference tracking performance can be improved by developing 

a reference previewer that predicts the vehicle body inclination 

based on the ground profile cut by the blade. Furthermore, the 

controller scheme should be developed to include an estimation 

of the resisting torque so that better control performance in 

heavy blade loading conditions would be achieved. These 

aspects are among future research topics. 
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