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Abstract: Self-contained hydraulic cylinders have gained popularity in the recent years but have not
been implemented for high power articulated hydraulic manipulators. This paper presents a novel
concept for an electro-hydrostatic actuator applicable to large hydraulic manipulators. The actuator
is designed and analyzed to comply with requirements such as load holding, overload handling, and
differential flow compensation. The system is analyzed during four quadrant operation to investigate
energy efficiency and regenerative capabilities. Numerical simulation is carried out using path
control and 2DOF anti-swing of a hydraulic crane as a load case to illustrate a real world scenario. A
comparison with traditional valve-controlled actuators is conducted, showing significantly improved
efficiency and with similar dynamic response, as well as the possibility for regenerating energy.

Keywords: electro-hydrostatic actuator; pump-controlled cylinder; four-quadrant operation; passive
load-holding; servomotor

1. Introduction

There has been a trend in the recent years of replacing hydraulic drives with electric
drive systems. This more-electric approach expects to deliver higher efficiencies with similar
or better dynamic performance, and it has been driven by the decreasing cost of variable
frequency drives (VFDs), development of high torque permanent magnet synchronous
motors (PMSMs), and advanced motor control. Some systems still retain some hydraulic
components, such as electric actuation systems on more-electric aircrafts [1-5] and electric
winches on cranes [6,7], while others have successfully been made fully electric, for example
battery-powered crawler cranes [8].

Traditional hydraulic systems are often driven by a constant speed induction motor
and use hydraulic valves to control the motion of the system. While some of the perfor-
mance gain of electro-hydrostatic actuators (EHAs) comes from simply replacing the large
size, high inertia, direct-on-line induction motor with an inverter driven high performance
PMSM, the elimination of hydraulic proportional control valves reduces the power losses
in the hydraulic circuit. Some systems which are typically hydraulically actuated may
instead be driven by electric motors, for example winches, slewing motors, and traction
motors. As with electric motors, the EHAs require electric power and are applicable in the
following use cases:

*  Grid-connected machines in docks, shipyards, and factories.
®  Machines on ships connected to electric generators.
*  Battery powered mobile machines.

With the increasing popularity of electric cars in the recent years, the development of
electric heavy duty trucks and construction machinery is also receiving research interest.
The use of a DC-bus in the form of a battery pack or capacitor bank facilitates the use
of EHAs. While the hydraulic slewing motor on mobile machines may be replaced by
an electric motor, the need for cylinders in cranes, excavators, front loaders, and other
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mobile equipment still remain. For these machines the hydraulic cylinder is a critical
component which still has no viable electric counterpart in high power applications [9],
and it is known for high force capability, power density, ruggedness, and ability to handle
impact loads. This has led to increasing interest in EHAs where, typically, a hydraulic
cylinder is driven by a high performance electric motor with accompanying electric and
hydraulic components. This hybrid drive approach attempts to give the system the best of
both worlds in terms of efficiency, dynamic performance, and force capability.

Some commercial products of electro-hydrostatic systems exist, including servopumps
from Baumdiller [10], servohydraulic actuators from Bosch Rexroth [11], and variable speed
pump drives from Bosch Rexroth [12] and Parker Hannifin [13]. While some systems extend
traditional induction motor driven open loop circuits by adding VFDs, other systems
use high performance servomotors along with closed loop hydraulic circuits. Typical
applications for the commercial products include presses, injection molding machines, and
die casting machines. The EHAs may be fully self-contained, or partially centralized with
pipes or hoses connecting the cylinder to the motor/pump unit.

Commercial self-contained EHAs often use double rod cylinders which allow for
small accumulators. Traditional heavy-duty hydraulic mobile machinery most often uses
single rod cylinders to maximize force capability and reduce the complexity and size of the
mechanical design. When using single rod cylinders with EHAs, the accumulator must be
larger to compensate for the volume difference.

Other concepts of EHAs is included in [14-16] which investigates a self-contained
cylinder with passive load holding. The cylinder is connected to a large boom with
payload and operates in two quadrants. In [17] an excavator is used as a study case
to compare a traditional load sensing circuit with separate closed loop circuits, each
driven by an electric motor connected to two fixed displacement pumps. A study of a
differential cylinder connected to two pumps is conducted in [18], studying the effect
of pump displacement ratio and cylinder area ratio on energy recovery. Other topics of
pump-controlled cylinders and EHAs include: load-holding topolgies [19,20], analysis of
EHAs [21-23], energy regeneration in EHAs [24], optimization of EHAs [25], and EHAs for
more-electric aircraft [26].

The purpose of this paper is to present a novel concept for an EHA as an alternative
design to what is found in the provided references. The goal is to show the feasibility of
EHAs in applications where traditional hydraulic systems are currently being used, for
example hydraulic cranes. In addition, similar performance and better efficiency compared
to traditional hydraulic systems are some of the reasons EHAs are of research interest for
this paper.

2. Novel Concept

In this paper a novel concept for an EHA is presented. The concept is a closed loop
controlled electric-hydraulic-mechanical system that controls a single degree of freedom.
The closed-loop system is similar to the self-contained electro-hydrostatic systems which
have gained popularity in the recent years. The concept of the EHA is designed to comply
with the following requirements, shown in Table 1.

Table 1. Requirements for the EHA.

Functional Requirement Typical Solution
Passive load holding Counterbalance valves, POCVs, locking valves
Overload handling Shock valves, relief valves
Differential flow compensation Mode switching valves, accumulator, multiple pumps
Four-quadrant operation Closed circuit with bidirectional pump

Passive load holding and overload handling are typical requirements for most hy-
draulic systems. Differential flow compensation is used to compensate for the different
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areas of a single rod cylinder, while four-quadrant operation allows for regenerative braking
sending power back to the electric grid or battery.

The hydraulic circuit of the EHA contains 2/2 poppet valves for load holding, relief
valves for overload handling, accumulator and POCVs for differential flow compensation,
and a bidirectional pump connected to a servomotor for four-quadrant operation. The
proposed novel concept is shown in Figure 1.

]

Figure 1. Proposed concept for the EHA.

Using electrically actuated 2/2 poppet valves for passive load holding allows for
regenerative braking when they are opened. Typically, counterbalance valves are used and
offer load holding and safe handling of overrunning loads. However, when operating the
system with assistive loads in quadrants 2 and 4, they function as hydraulic brakes and
dissipate the excess energy as heat. In addition, they require moderate pressure on the
opposing line to open. By design, they cannot be used with regenerative braking systems.
Another approach is to use an external pilot pressure to force the valve fully open when
the system needs to move the load. This way the system retains the passive load holding
and overload handling and is, in theory, capable of regenerating energy. The disadvantage
is the requirement of an external pilot pressure of typically 50-150 bar, which may require
an additional small pump when used in an EHA since the servomotor does not idle when
no motion is needed. Illustrations of topologies for load holding and overload handling
are shown in Figure 2.
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Figure 2. Examples of topologies for load holding and overload handling. (a) Traditional counterbalance valves and shock
valves for a single rod cylinder; (b) Counterbalance valves opened by 3/2-valve and external pilot pressure; (c) Load
holding design for EHA. Counterbalance valves are used in (a,b), while (c) uses poppet valves.
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Four-quadrant operation is a crucial requirement for the EHA. An illustration of the

load force, cylinder velocity, and hydraulic flows for each quadrant is shown in Figure 3.
Red lines and blue lines denote high pressure and low pressure, respectively. The accu-
mulator is always connected to the low pressure, and the flow in and out of the POCVs
change depending on the quadrant.
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Figure 3. Four-quadrant operation of the simplified circuit with load holding valves energized.

3. Considered System

In this paper an HMF 2020K4 loader crane has been used as a basis for the detailed
design and simulation of the EHA, shown in Figure 4. The novel concept is investigated by
applying it to two degrees of freedom on a hydraulic loader crane; the main cylinder and
the knuckle cylinder. Hence, components and control parameters are quantified and the
concept is evaluated via time-domain simulations. The simulations are performed using an
outer path control loop with anti-swing which have been developed earlier in [27,28]. The
novel concept has also been compared with a traditional design with a single pump driven
by an induction motor and proportional valves to control each actuator. The cylinder data
are shown in Table 2.

Table 2. Cylinder data.

Name Parameter Value
Main cylinder piston diameter Dyp,m 0.160 m
Main cylinder rod diameter Dy 0.100 m
Main cylinder stroke h 0.75m
Knuckle cylinder piston diameter D,k 0.150 m
Knuckle cylinder rod diameter D, 0.100 m

Knuckle cylinder stroke hy 0.85m
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Knuckle linkage
Knuckle cylinder
Main boom

Main linkage
Main cylinder

Slew column

Slew cylinder

Figure 4. Illustration of the HMF 2020K4 loader crane.

4. Electro-Hydrostatic Actuator Design

The prime mover of the EHA is a servomotor which is driving a fixed displacement
pump. The motor is connected to a servo drive modeled as a self-contained unit sim-
ilar to commercial products and consists of a DC-bus, inverter, current controller, and
speed controller.

4.1. Electric Servo System

The servomotor and controller are modeled in the dg-frame, using the Park transfor-
mation P, defined in Equations (1) and (2).

u ta
{ d] =P|u )
uq Ue
cos(fe)  cos(fe— %) cos(f + 2
sin(6,) sin(0, — <) sin(0 + )

where

uy = d-axis voltage;

ug = g-axis voltage;

u, = a-phase voltage;

uy, = b-phase voltage;

uc = c-phase voltage;

8. = electrical rotor angle;

The governing equations for the PMSM in the dg-frame are given in Equations (3)—(5).

. di .
ug = Rgig + de—f — NpwigLy 3)
. dig .
ug = Rsig + LqE + Npw(igLg + Am) 4)
3. .. .
T= ENp(lq(lde + Am) —igigLg) 5)

where

Rs = stator resistance;
L, = d-axis inductance;
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L, = g-axis inductance;

Ny = number of pole pairs;

w = motor speed;

Am = permanent magnet flux linkage;
T = rotor torque;

The controller uses Field Oriented Control (FOC) and operates in the dg-frame, shown
in Figure 5. It uses the motor currents, rotor speed, and electrical rotor angle as feedback.
The inner current Pl-controller regulates the g-axis current i, to generate the required torque,
while the d-axis current reference iy . is kept at zero since the motor is not operated in the
field weakening range. The outer speed PI-controller takes a speed reference as input from
the user. Space vector modulation (SVM) is used to generate the signals to the inverter.
Parameters for the controller are given in Table 3.

]

Dref @ - lgref @ uq dq Uy SVM . Inverter
A 'Y up
[ 20 {
ldref U U, L,
0 abel
iy | 94 iy
id ic
abc
Encoder

Figure 5. Illustration of the servo drive using FOC.

Table 3. Servo drive parameters.

Name Parameter Value
Proportional gain, speed loop kp,w 10 As/rad
Integral gain, speed loop ki w 10 A/rad
Proportional gain, current loop kp,i 10V/A
Integral gain, current loop i 100 V/(A-s)
Controller sampling frequency fe 20 kHz
Inverter switching frequency fsw 2kHz
DC-bus voltage Upc 565V

The selected servomotor is a Beckhoff AM8064R, with its data shown in Table 4. The
characteristic curves of speed-torque and speed-power are shown in Figure 6. Based on
the maximum speed-torque curve shown in Figure 6a and the torque constant kr, a torque
limiter is made inside the speed Pl-controller by limiting the current reference i, ;¢ using
the measured motor speed.

The closed loop response of the servomotor and servo drive using FOC is shown in
Figure 7. It shows excellent performance with a low rise time, no overshoot at the speed
step, and minimal undershoot at the load step.
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Table 4. Servomotor data Beckhoff AM8064R at 400 VAC (565 VDC).

Name Parameter Value
Standstill torque Ty 49.6 Nm
Standstill current Iy 30.8 A
Max torque Tinax 148 Nm
Max current Lax 108 A
Rated torque Trated 36.5 Nm
Rated current Liated 244 A
Rated speed Nyated 3000 rpm
Rated power Prated 11.5 kW
Torque constant kr 1.61 Nm/A
Line resistance Ry, 0.35 Q)
Line inductance L; 3.40 mH
Friction torque Tric 0.2 Nm
Rotor inertia J 38.6 kgem?
Pole pairs Np 5
Thermal time constant tn 44 min
150 ‘ ' — Maximum 30 ' ' —— Maximum
Continuous Continuous
O Rated o0 Rated
J E 20 F J
=}
A
g
g
] Q? 10 + ]
0 : : : 0 : : :
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Speed n [rpm] Speed n [rpm]

(@) (b)
Figure 6. Torque and power curves for the selected motor with maximum, continuous, and rated operation. (a) Speed-torque
curve; (b) Speed-power curve.

300

200

———Wres

Motor speed [rad/s]

100

0 0.01 0.02 0.03 0.04 0.05 0.06
Time ¢ [s]

Figure 7. Servomotor closed loop dynamic response using FOC. Rated speed step at t = 0.01 s and
rated load step at t = 0.04 s.



Energies 2021, 14, 6566

8 of 27

4.2. Hydraulic System

For this system a pressure level of 300 bar and a required flow of 40 L/min is selected
yielding a peak power of 20 kW. The detailed design of the hydraulic circuit with, pump,
valves, and pressure sensors is shown in Figure 8. The valve sizes can be chosen based
on the selected pressure level and the rated flow of each valve, given in the datasheet.
Optional oversizing to reduce the pressure drop may also improve system efficiency. The
selected components are listed in Table 5.

o PV, P Urn

PBi PB2

=

e o S
Y v o
RV, RV, . &
. o cv
RVZ RV4 >
|- Q
! va 1! S

c L

Pai Paz
Figure 8. Novel closed-loop electro-hydrostatic actuator circuit.

Table 5. Components of the hydraulic system shown in Figure 8.

Component Manufacturer Model Number Data
Servomotor (M) Beckhoff ! AMB8064R 11.5 kW
Hydraulic pump (P) Bosch Rexroth 2 A10FZG018 18 cm3/rev
Accumulator (ACC) Bosch Rexroth HAB20 18.1L
Check valve (CV) Sun Hydraulics 3 CXADXCN 28 L/min
Pilot-operated check valve (POCV) Sun Hydraulics CKCBXCN 57 L/min
Relief valve (RV) Sun Hydraulics RDDALCN 95 L/min
2/2 poppet valve (PV) Parker Hannifin DSH121CR 90 L/min

1 Verl, Germany; 2 Lohr, Germany; 3 Sarasota, USA; 4 Cleveland, USA.

Selecting the pump displacement in a traditional system primarily depends on the
required flow if a standard constant speed induction motor is used. On the other hand
servomotors are inherently variable speed devices and are typically offered with rated
speeds from approximately 500 rpm to 10,000 rpm. Design considerations for the pump
and motor include the selected pressure level, required flow, peak power, and maximum
pump speed. For a given pump-motor combination a flow-pressure curve can be made
showing the operating region of the system. This is shown for the selected pump and
motor in Figure 9. The maximum pump speed and maximum pump pressure limits the
operating region compared to the speed-torque curve shown in Figure 6a. Note that the
design point is closer to the maximum rating than the continuous rating, as the servomotor
is not expected to run continuously when used for position control.
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350 1
300 | Ma;qmum ! ]
— Continuous
§ 250 O Motor rating 1
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Figure 9. Flow-pressure curve with selected motor and pump.

Sufficient information for the hydraulic pump was not available in the datasheet,
therefore the pump is modeled with the same efficiencies at nominal operating conditions
as the pump in Section 7, with a volumetric, hydraulic-mechanical, and total efficiency
at nominal operating conditions of #, = 0.94, n,,, = 0.93, and y = 0.88. This yields
a leakage coefficient of kj,;x = 0.0096 1/min/bar and viscous damping coefficient of
bfric = 0.02 Nms/rad.

4.3. Control System for EHA

The control system for the EHA is shown in Figure 10 and is a feedback proportional
position controller that utilizes a velocity feedforward line. The constant k, is the ratio
from cylinder velocity to motor speed, defined in Equation (7). It depends on the load
pressure difference Apy, cylinder areas A, and Ay, and pump displacement D. In addition,
pressure feedback is used based on the load pressure difference, which is going into a high
pass filter, shown in Equation (8). This is to dampen oscillations in the cylinder motion.
The EHA controller sends the motor speed reference wy, s to the servo drive.

Wref = ke (kpec + Xpef — UpF) 6)
a
, APL >0
ko=4 D ?)
Bh' otherwise
k,fs
rf
= A 8
upp = w,; pPL (8)
A
ApL =par — Xprl )
a

The load holding signal u;y which opens the 2/2 poppet valves is defined in
Equation (10). It is based on the cylinder position error e. and cylinder velocity refer-
ence X ref-

1, 0.1 ' 0
. lec| > : mm or [X¢| > 0m/s (10)
0, otherwise
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Electro-Hydrostatic Actuator

Ugpe | Servo

Motor

Cylinder

Figure 10. Overview of the EHA with control system, electric system, and hydraulic system.

5. Numerical Analysis of Four Quadrant Operation

A numerical analysis is conducted with the system connected to a constant load
mass. The load mass m is 30,000 kg, and the accumulator pre-charge gauge pressure pg
is 5 bar. The cylinder is moving the mass vertically. The force acting on the cylinder can
be considered to consist of three parts; the hydraulic force, the gravitational force, and
the friction force. The friction force is modeled with the viscous friction coefficient b, and
Coulomb friction force F; as a function of the cylinder velocity %.. The parameter %y is
used to smooth the friction around zero velocity. The forces in quadrant 1 is shown in
Equations (11) and (12). An illustration of the cylinder velocity and load mass in four
quadrants is shown in Figure 11. The simulation model from MATLAB/Simulink is shown

in Figure 12.

c

X

Quadrant 1:
Out-stroke
Resistive
Load

mic = AppAq —mg — Fpyic

. X
Ffric = bexc + F. tanh <x;>

T
-

Quadrant 2: Quadrant 3:
Out-stroke In-stroke
Assistive Resistive
Load Load

(11)

(12)

m lG
lx

X

Quadrant 4:
In-stroke
Assistive

Load

Figure 11. Illustration of four quadrant cylinder velocity and load mass with vertical motion.
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Figure 12. Simscape model of the EHA.

5.1. Tuning of Controller Parameters

The pressure feedback bandwidth w) ¢ should be less than the minimum eigenfre-
quency of the hydraulic system wyyg in- This is to avoid filtering out the motion of interest.
The minimum eigenfrequency is calculated based on the minimum hydraulic stiffness
Knyd,min, given below for a differential cylinder:

Aq Ap)?
khyd,min - ﬁ(rh_; \/7) (13)

kh d,min
Whyd,min = V yT (14)

For the cylinder in the Simscape model the minimum eigenfrequency is
Whyd,min = 53.2 rad/s, and the pressure feedback bandwidth is set one decade below
at w,s = 5.32 rad/s. The control parameters k, and ks can easily be tuned manually
or iteratively using the nonlinear Simscape model to achieve a balance between setpoint
tracking and minimal oscillations. Another approach is to linearize the system and tune
the controllers using linear control theory. A few assumptions and simplifications are
made. Firstly, the load holding valves are ignored, meaning the pump is pushing fluid
directly into the cylinder. The system is assumed to operate in Quadrant 1 meaning there
is a high pressure on the piston-side of the cylinder and a low pressure on the rod-side, set
to pp1 = pB2 = PAcc = 0bar. The cylinder is also assumed to be fully extended, x; = k.
A block diagram of the linearized model is shown in Figure 13.

Control system

System Hydraulic System

\
|

I

Xeref | - Dref ”I 1
O ko }\ Li/Rys+1

\
|
s |
T
|

Figure 13. Closed-loop linear model of the EHA.

The electric system could in theory be linearized as a DC-equivalent motor with the
servo drive containing PI-controllers for the motor current and motor speed. However,
simplifications can be made where the transfer function from speed reference to motor
speed has a time constant which approximates to the motor time constant to10r = 1%
This assumes that the motor and drive are properly configured as a closed-loop system.
The selected motor has a time constant of 9.7 ms, and it can be seen from the closed loop
response in Figure 7 that this approximation is a good fit. A similar approach was also
used in [15]. The linearized parameters used in the model are the hydraulic capacitance C,
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and viscous damping for the cylinder and motor, given in Equations (15)-(17). A nominal
cylinder speed of %¢nom = 0.04 m/s is used, and B = 10° Pa is used for the bulk modulus

of the hydraulic oil.
C= Aaln (15)
B
F,
bcyl = bc + % i (16)
c,nom
Te.:
bmotor - fric (17)
Wrated

Tuning of the two parameters k, and ks can be done separately by rearranging the
transfer functions for the control system, electric system, and hydraulic system, shown in

Figure 14.

Control system Electric System Hydraulic System

(a)
Control system Electric Syste: Hydraulic System
—_=onuo’s ystem ECINC Sys _ Hydraulic 5 ystem

’/ . vi” Y . N

| Xeref Wpef 1 !l A.D Xe |

! -w }" Li/Ris+1 /\}' Cms+Chos +A4,2 ;'

\ | =

| N — -

} kyrs - } | Plmstb.y }

' ~ o +(L)/,/' /J l\ A(, )
(b)

Figure 14. Simplified linear models used for tuning. (a) Linear model for tuning kj; (b) Linear model

for tuning k.

Tuning these two models are straightforward, and can be done using for example
bode plots, step responses, or MATLABs PID Tuner. The feedback gain k, should provide
fast setpoint tracking without excessive oscillations, and the pressure feedback gain k¢
should dampen the oscillations without slowing the system down. The step responses are
shown in Figure 15.

T T T T T T T 1.6 T T T T T
i vy ]
~
B2t ]
i 15 N
iy
i 13 08f .
2
o 0.6 |
I 13
——k,=1s7"! £ 04Ff ———kyy = 0.0001 m/(bar-s) | -
L ——k, =351 & o2l ———kyr = 0.001 m/(bar-s) |
—k,=5s""! : ——kys = 0.003 m/(bar-s)
1 1 1 1 1 ! ! O 1 1 1 1 !
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.2 0.4 0.6 0.8 1 1.2
Time ¢ [s] Time ¢ [s]
@) (b)

Figure 15. Step responses from the linear models. (a) Tuned step responses of k, from Figure 14a; (b) Tuned step responses

of k¢ from Figure 14b.
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5.2. Simulation Results From Simscape Model

While the linearized models can provide some insight to appropriate controller pa-
rameters, the non-linear Simscape model is used to verify the performance of the EHA and
its control system. The controller parameters have been selected based on both the linear
and nonlinear model. The friction parameters have been estimated from the HMF 2020K4
crane in the laboratory. Simulation parameters are shown in Table 6.

Table 6. Simulation parameters.

Name Parameter Value
Proportional gain kp 551
Pressure feedback gain kyg 0.001 m/ (bar-s)
Pressure feedback bandwidth Wyf 5.32rad/s
Load mass m 30,000 kg
Viscous friction be 150 kNs/m
Coulomb friction F, 4 kN
Smoothing parameter X0 0.001 m/s

Position and position error during the simulation are shown in Figure 16. The sys-
tem shows excellent position tracking in all four quadrants. The cylinder is following a
trapezoidal velocity profile from 0.5 m and traveling 0.2 m.

0.8 - T T T 1 . . . . .
— _mC,Q; 'g‘
£) od B 05} <
s iy
8 .
0.6 1 3 i
E ;O
+~
z g .05}
% =
— wn
< 0.4 182 9t
= 5
= s
O £ 15}
&
€c,Q4
02 1 1 1 1 _2 1 1 1 ! Q
0 2 6 8 10 12 0 2 4 6 8 10 12
Time t [s] Time t [s]

(a) (b)

Figure 16. Cylinder position and position error for all four quadrants. (a) Cylinder position x.; (b) Cylinder position error e.

The cylinder velocity and motor speed are shown in Figure 17. The cylinder veloc-
ity reference is a trapezoid, while the motor speed reference is generated by the EHA
controller. Both the cylinder and the motor follow the reference during motion with
minimal overshoot.
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0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time ¢ [s] Time ¢ [s]
(a) (b)
Figure 17. Cylinder velocity and motor speed for operation in quadrant 1. (a) Cylinder velocity x.; (b) Motor speed w.

Plots of the system pressures are shown in Figure 18. The pressures are not oscillating,
showecasing stability during motion. The cylinder pressures are higher in quadrant 2 and 3
since the gravitational force is acting on the smaller rod-side area. The system pressures
are lowest in quadrant 2, but the system is not experiencing cavitation.

The system efficiency is of significant interest for the EHA. To calculate the efficiency of
the system, the power coming from/going into the DC-bus, accumulator, and cylinder must
be considered. While the contribution from the accumulator is rather small, depending on
the quadrant, the accumulator can receive or deliver power to either the cylinder or back
to the DC-bus. The system consumes approximately 15 kW when pumping, and delivers
approximately 10 kW when motoring. The efficiency during motion is between 0.78 and
0.85, shown in Figure 19.
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Figure 18. Cont.
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Figure 19. Electric power and efficiency for all four quadrants. Operation in quadrants 1 and 3 consume power, while
operation in quadrants 2 and 4 regenerate power. (a) Electric power P,; from/to the DC-bus; (b) Efficiency # of the system.

6. Thermal Considerations

To model the thermal behavior of the servomotor a first order transfer function is used.
The input is the power dissipated in the motor and the output is the motor temperature
above ambient. The thermal time constant ¢;;, = 44 min is given in Table 4 and the steady
state gain can be calculated from rated operation. The motor is rated thermal class F
which allows a temperature rise of 105 °C above ambient. The calculations are shown
in Equations (18)—(20). Figure 20 shows the allowable continuous current to stay below
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105 °C as a function of the motor speed w. The thermal model is very close to the data
interpolated from the datasheet.

kin
tmotor = mpdiss (18)
Pyiss = PR+ |w| Tgric (19)
ki = — 105°C = 0.6287°C/W (20)
Imtng + ‘wmtedITfric

25 ¢

20 1

W
T

Current I [A]

—_
(=]

Datasheet

O Thermal model
X Rated

W
T

(=]

0 50 100 150 200 250 300 350 400
Speed w [rad/s|

Figure 20. Allowable continuous current to stay below 105 °C.

To simulate the dynamic thermal behavior of the motor a load cycle similar to the one
used in Section 5 is used. The system operates in quadrant 1 and 4. The motor current and
motor speed are then passed into the thermal model which runs this load cycle for 5 h. The
system is tested with different payloads to analyze the temperature response. Plots of the
load cycle and temperature are shown in Figure 21. These results show that the system is
able to operate indefinitely with the load mass used in Section 5 of 30,000 kg (30 Ton).

o 0.8 T T T T T T T 200 — 10500 T T T
) 175 |——10 Ton ]
(]
3] ——20 Ton
=1 — d
= o 150 530 Ton
kS ?125—9—40Tone/e’9‘9‘99955555a
= 3 % o _]
2 0.6 Z 100 F .
Z 2 ”
& % 75 [ b
£ 0.5 = os0r
k=
= 25t :
@)

0.4 : : : : : : : 0 : : : :

0 2 4 6 8 10 12 14 16 0 1 2 3 4 5
Time ¢ [s] Time ¢ [hours]

() (b)
Figure 21. Position reference and temperature for the load cycle running repeatedly for 5 h. (a) Position reference;
(b) Temperatures with different loads.

7. Valve-Controlled System

In the valve-controlled system the two cylinders are driven by a single variable
displacement load sensing pump. A pressure compensator, directional control valve,
and counterbalance valves control the motion of each cylinder. This is a state-of-the-art
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load sensing design which is commonly used in industrial applications such as offshore
hydraulic cranes, as well as the HMF 2020K4 crane in the laboratory. An illustration of the
hydraulic circuit is shown in Figure 22.

Knuckle cylinder Main cylinder

Counterbalance Eh

I i S T

Load sensing control valve R e

Pressure
compensator

Figure 22. Hydraulic circuit for the valve-controlled system.

The pressure compensator throttles the flow to ensure that there is a constant pressure drop
over the directional control valve. This in turn gives a load independent flow. The governing
equations of the pressure compensator in steady state are given in Equations (21) and (22).

pa if Uspool >0
= 21
Pload { pp otherwise @)

Pp = Pload + Pset (22)

where

pp = compensated pressure at port p;

Pa = pressure at port a;

pp = pressure at port b;

Pset = Spring pressure setting;

Pioad = load pressure;

Uspool = position of the main spool, —1 < w50 < 1;

Double counterbalance valves are used on the knuckle cylinder, and throttle the flow
to assist in load holding and load lowering. The unitless openings of the counterbalance
valves are calculated in Equations (23) and (24).

_ Pa2 + lppbl — Pcrack,a

: u 3)
_ Pr2 + YPa1 — Perack,b
up, = AP (24)

where

uy = opening of valve q,0 < u, <1;
uy = opening of valve b, 0 < up, < 1;
pa1 = pressure at valve a input side;
Pa2 = pressure at valve a actuator side;
pp1 = pressure at valve b input side;
Py = pressure at valve b actuator side;
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Perack,a = crack pressure of valve a;

Perack p = crack pressure of valve b;

1§ = pilot area ratio;

Ap = pressure difference for full opening;

The pump is a Bosch Rexroth A4VSO with a displacement of 71 cm3/rev. The
datasheet for the pump yields a laminar leakage model, with a leakage coefficient of
kieak = 0.02 L/min/bar. The friction model has been interpolated to be viscous friction
with a damping coefficient of bs,;. = 0.14 Nms/rad. This gives a volumetric, hydraulic-
mechanical, and total efficiency at nominal operating conditions of 17, = 0.94, 1y, = 0.93,
and 7 = 0.88, respectively. Based on the estimated parameters a contour plot of the pump
total efficiency as a function of pressure and flow is shown in Figure 23, showing poor
efficiency when operating with either low flow or low pressure.

350

Pressure p [bar]

0 20 40 60 80 100
Flow Q [1/min]

Figure 23. Pump total efficiency 7 as a function of pressure and flow with estimated parameters.

During operation the pump pressure and pump flow are functions of the load sensing
pressures and actuator flows, given in Equations (25) and (26). A margin pressure Pmargin 18
added to the pump pressure setting. This is to ensure the pressure compensator has some
headroom to adjust the pressure drop over the directional control valve. A consequence
of this margin pressure is the poor efficiency seen when the load pressures are low. The
margin pressure typically ranges from 10 bar to 30 bar, and pargin = 20 bar is used in this
simulation.

Ppump = maX(PLS,mr PLS,k) + Pmargin (25)

qump = Qm + Qk (26)

The hydraulic pump is driven by a constant speed induction motor. The motor is
selected to be an IE3 4-pole 30 kW induction motor from ABB [29]. The motor data given
in the datasheet is shown in Table 7, and the dynamic motor model is shown in Figure 24.

Table 7. Induction motor data ABB 3GBP202410 at 400 VAC 50 Hz.

Name Parameter Value
Nominal power b, 30 kW
Nominal torque Ty 193 Nm
Nominal speed Ny 1483 rpm
Nominal current I 54.8 A

Rotor inertia J 0.385 kgm?
Power factor cos(¢) 0.84
Efficiency n 0.936

Pole pairs Np 2
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Figure 24. Dynamic induction motor model.

The motor parameters have been estimated based on the motor data with the following
estimations and assumptions:

e Leakage inductances L;; and L;, are 5% of the magnetizing inductance L;,. The
nominal stator flux As, magnetizing current I;, and inductances Ls and L, can then be
calculated as

o= % — 1.2732 Wb 27)
m = jlnsin(¢) = j29.73 A (28)
L =2 — 408 mH (29)
| Ln|
L, = 0.05L,, = 2.2 mH (30)
Ly, = 0.05L, = 2.2 mH (31)
L = Ljs + Ly = 45mH (32)
Ly =Ly, + Ly =45mH (33)

e  Stator conduction losses contribute to 40 % of the losses. The stator resistance R; is
then calculated as

_ 04P,(1—17)

R
’ 312

= 0.0852 Q) (34)

e Rotor conduction losses contribute to 40 % of the losses. The rotor current I, and rotor
resistance R, are calculated as

Is = I, cos(¢) + jly sin(¢p) (35)

I, = Is — Iy = I, cos(¢p) (36)
_ 04P,(1—7) _

R, = 32 = 0.1208 O (37)

e The last 20 % of the losses are modeled as Coulomb friction losses. The friction torque
Tfyic is calculated as

Ttric = 0.2T,410a(1 — 17) = 2.47 Nm (38)

As the efficiency of the motor model is crucial to determine the efficiency of the system,
a numerical simulation with constant load is used as verification. The dynamic response
and efficiency of the motor is shown in Figure 25, with startup at 1 second, and full load at
3 s. The efficiency of the motor matches the motor data, shown with a dash-dotted line.
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Figure 25. Motor speed and efficiency during startup and full load. (a) Motor speed using the estimated parameters;
(b) Motor efficiency using the estimated parameters (solid line) and motor data (dash-dotted).

8. Load Case: Path Control and Anti-Swing for Hydraulic Crane

To test the performance of the developed system, numerical simulations are carried
out with path control and anti-swing as a load case. Path control and 2-DOF anti-swing
have previously been developed in [27,28]. An illustration of the HMF 2020K4 crane with
hanging load is shown in Figure 26. A block diagram of the path control, anti-swing
control, and the crane is shown in Figure 27. The green blocks have been developed earlier,
the red blocks represents the mechanical system, and the blue blocks represents either
the valve-controlled system or the EHA developed in this paper. The cylinder position
reference used in the path controller is shown in Figure 28. The path is designed such that
the knuckle cylinder operates in all four quadrants during motion. Two simulations are
carried out running the same path, one with a traditional valve-controlled system, and one
with the new EHA.

Figure 26. Illustration of the HMF crane with hanging load.
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Figure 28. Cylinder position reference during load case.

8.1. Simulation with Valve-Controlled Actuators

The first test is the original valve-controlled system running path control and 2D
anti-swing. Compare energy efficiency etc. The simulation is carried out with the same
controller parameters used in [28].

180 T T T T T T 50 T T T T T T

Pressure p [bar]

O 1 L 1 L L - O L 1 1 1 I
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time ¢t [s] Time ¢ [s]
@) (b)

Figure 29. Pump pressure and flow during motion with valve-controlled actuators. (a) Pump pressure; (b) Pump flow.

A plot of the power and consumed energy is shown in Figure 30. During motion 46 k]
was delivered to the cylinders while 505 k] was consumed from the grid. This yields an
overall efficiency of less than 0.1.
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Figure 30. Power and energy during motion with valve-controlled actuators. (a) Power from the grid and to the cylinders;
(b) Consumed energy with valve-controlled actuators.

The cylinder position error and swing angle are shown in Figure 31 to evaluate the
performance of the control system. The RMS value of the position errors and swing angle
are calculated to be RMS(e;) = 5.8 mm, RMS(ey) = 3.6 mm, and RMS(6,) = 4.3 mrad.

0.02 v v v v v v 0.02 v v , : : ,
—— Main cylinder
Knuckle cylinder
0.01 < 0.0l
=,
%Q
G.)
0 ) 0
=
=
0
g
0,01 & -0.01
-0.02 : : : : : : -0.02
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time t [s] Time t [g]

(a) (b)
Figure 31. Cylinder position error and swing angle during motion with valve-controlled actuators. (a) Cylinder position
error; (b) Swing angle.

8.2. Simulation with Electro-Hydrostatic Actuators

The second test is when two separate EHAs are mounted on the HMF 2020K4 and
running path control and 2D anti-swing.

Plots of the pressures and flows in the knuckle circuit are shown in Figure 32. Some
oscillations can be seen as the system compensates for the swing angle during motion.

A plot of the electric power P,; from the grid and the power to the cylinders P, is
shown in Figure 33. Negative power indicate that the system is regenerating power. The
total power is the sum of the main EHA and knuckle EHA.
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Figure 32. Pressure and flow in the knuckle circuit with EHAs. (a) Pressure in knuckle circuit; (b) Flow in knuckle circuit.
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Figure 33. Power from the grid (dashed) and power to the cylinders (solid) with EHAs.

A plot of the consumed energy is shown in Figure 34. After completing the motion
47 k] was delivered to the cylinders while 88 k] was consumed from the grid.

Cylinder position error and swing angle are shown in Figure 35 to verify the perfor-
mance of the novel concept. The RMS value of the position errors and swing angle are
calculated to be RMS(e;) = 5.4 mm, RMS(e;) = 3.3 mm, and RMS(6)) = 4.4 mrad, virtually
identical to the valve-controlled system.
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Figure 34. Energy consumed during motion.
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Figure 35. Cylinder position error and swing angle during motion with EHAs. (a) Cylinder position error; (b) Swing angle.

9. Discussion

There are many advantages to EHAs, but also some disadvantages which will be
discussed in this chapter. Today the use of EHAs allows for self-contained hydraulic
systems, typically with electric power cables coming from a centrally located servo drive.
The use of EHAs will often reduce the number of hydraulic hoses in a system, minimizing
the risk and environmental impact of spilling hydraulic fluids in case of hose rupture.
While EHASs require a battery pack or capacitor bank to effectively store the regenerated
energy, traditional valve-controlled systems often require cooling to handle the generated
heat from the hydraulic system. While not exclusive to EHAs, the use of one servomotor
per actuator eliminates the problem of flow sharing typically found in valve-controlled
systems, meaning each actuator can run at full power at all times. This also eliminates
the problem of flow and pressure mismatch in load sensing hydraulic systems, where the
pump must deliver a high pressure to all actuators even if only a single actuator has a high
load pressure.

By using the high fidelity models in Simscape the EHA is tested under various
loading conditions. The system is able to lift the payload of 30,000 kg with good position
tracking and high efficiency. Even though the design point of the system is above the rated
conditions, a thermal analysis shows that the system is able to operate indefinitely using
the prescribed position reference. This is due to the inherently low duty cycle of position
control for the servo system.

During the load case with anti-swing the performance of the valve-controlled system
and the EHA are almost identical. The main difference is the energy consumption which is
greatly reduced by using the novel system, shown in Table 8.
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Table 8. Performance comparison between valve-controlled system and electro-hydrostatic system.

Parameter Valve-Controlled Electro-Hydrostatic
Main cylinder error 5.8 mm 5.8 mm
Knuckle cylinder error 5.4 mm 3.3 mm
Swing angle 4.3 mrad 4.4 mrad
Energy consumed 505 k] 88 kJ

These results equate to a reduction in energy consumption of 82%, and an increase in
overall efficiency from 9% to 53%. This showcases the excellent energy efficiency of the
novel EHA. The reduced energy consumption is closely related to the ability to regenerate
electrical power. The higher initial cost of the EHA, especially for the servomotor, servo
drive, and battery pack, will be offset by the greatly reduced energy consumption.

10. Conclusions

This paper investigates electro-hydrostatic actuators applicable to large multi-axis
hydraulic manipulators. The novel system is designed and analyzed to comply with
requirements such as load holding, overload handling, and differential flow compensation.
The electric servo system is modeled in the dg-frame and uses Field Oriented Control to
regulate the motor current and motor speed. The hydraulic system has been designed
and modeled using commercially available components and includes 2/2 poppet valves
for load holding and pilot-operated check valves for differential flow compensation. The
control system uses feedforward control for cylinder velocity and feedback for cylinder
position, in addition to pressure feedback to reduce oscillations. Control logic for energizing
the load holding valves is also presented.

A numerical analysis of four quadrant operation with constant load is first conducted.
The cylinder follows a trapezoidal velocity profile during motion. The results show good
tracking performance for both the servomotor and cylinder, with minimal oscillations.
High energy efficiency is achieved in all four quadrants with a peak efficiency of 0.85.
These results also showcase the excellent ability to regenerate energy.

A thermal model of the motor is made based on the datasheet, and thermal simulations
show that the system can operate indefinitely with a load cycle based on the position
reference used in Section 5 and load mass of 30,000 kg.

A load case with path control and anti-swing for a hydraulic crane is conducted
to compare the performance and energy efficiency of the novel system with a typical
valve-controlled system. A high fidelity model of the valve-controlled system is made to
accurately model the energy efficiency in all components. The model consists of a grid-
connected induction motor, variable displacement pressure compensated pump, pressure
compensated directional control valves, and counterbalance valves. The valve-controlled
system and electro-hydrostatic system are actuating two of the cylinders on the crane to
follow a prescribed path with a hanging load. Results from the simulations show virtually
identical performance regarding the position control of the cylinders and the anti-swing
control of the hanging load. The main difference is the significant reduction of energy
consumption by 82%, showcasing the superior efficiency of the novel EHA.

Future work may include investigating potential improvements to the design of the
EHA, specifically for higher power applications. This may also include building a prototype
of the EHA to verify the performance of the system.
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