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ELECTROHYDRAULIC DRIVE WITH A FLOW VALVE
CONTROLLED BY A PERMANENT MAGNET SYNCHRONOUS
MOTOR

Summary

This article presents an electrohydraulic drive with a new electrohydraulic flow valve
controlled by a Permanent Magnet Synchronous Motor (PMSM), designed and built by the
authors. In comparison to a valve with a proportional electromagnet, the use of a PMSM has
enabled significant improvements in the key characteristics of the valve. A theoretical
framework and a model of a PMSM are presented; subsequently, a valve with this motor is
proposed and tested. Step responses of the real valve and its static and frequency
characteristics are measured. The characteristics obtained in the simulation are compared with
those obtained in the laboratory investigations, showing their good compliance. The obtained
characteristics of the new valve are better than those of a typical proportional valve. The new
valve is applied in an electrohydraulic linear actuator. For positioning tasks, two types of
controllers are applied and compared: a proportional-derivative controller and a fractional
order proportional-derivative controller showing satisfactory parameters.

Key words: electrohydraulic valve; modelling, permanent magnet synchronous motor;
control

1. Introduction

Construction of servo valves in the early 1950s allowed the development of
electrohydraulic servo drives. Nowadays, these valves are used in high-accuracy servo drives,
but their application is limited due to high prices and demanding exploitation requirements.
As a result, drives with servo valves are always more expensive than those with proportional
ones. Proportional control valves (PCV) developed in the 1970s allowed the design of simple
industrial electrohydraulic servo drives. Proportional valves are significantly cheaper but their
parameters cannot match the parameters of servo valves. Nevertheless, proportional valves
can satisfy the requirements in a number of industrial applications and therefore they are
currently widely used. The properties and advantages of electrohydraulic servo drives and
their applications are described by many authors, for example in [1-8].

A typical proportional control valve, shown in Fig. 1, consists of two DC solenoids (one
for each direction), two plungers, two centring springs, a spool, and a sleeve. It has four ports:
A and B (connected to the cylinder chambers), P (supply pressure) and T (tank). The PCV is
usually an overlap type. The spool is positioned in proportion to the electrical current input to
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the solenoids. The spool movement changes the cross section areas of the working orifices,
thus enabling the control of the flow to the cylinder. Responding to an electrical input signal,
the proportional control valve can smoothly and continuously change the output pressure or
flow.
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Fig. 1 Drawing of a proportional control valve with Fig. 2 Drawing of a proportional valve with two
two DC solenoids stepping motors [11]

Over the last few years, several innovations have been tested for PCVs, but no
significant breakthrough has been made in their construction. The application of plastic
materials [9] is an example of improvement, but the use of plastic materials in industrial
applications requires further investigation. The application of piezo transducers has been
investigated [10 — 12], but until now they have not been in production. As a result,
proportional electromagnets are still commonly used as the driving part of PCV spools.

Another innovation in the PCV is presented in [10]. Instead of two solenoids, one
stepping motor is used. This valve has been designed to obtain a very low flow, and was
successfully applied in a low velocity electrohydraulic drive. The most important factor
influencing the valve behaviour is the presence of contaminating particles which block the
valve gaps. Taking into account that these particles usually have the shape of balls, a
triangular slot in the valve body is used as the most appropriate way for passing spherical
elements. The servo drive with the valve described above has obtained very low
velocity, i.e. 1 mm/sec.

The use of one stepping motor may result in a key disadvantage: to fully open the valve,
the motor has to make many steps, which is time consuming as it takes a few seconds. To
reduce this time, the application of two stepping motors working differentially is suggested in
the paper [11]. Figure 2 shows a proportional valve with two stepping motors. The stepping
motor SM1 (1), attached to the valve spool (3) by the elastic coupling (2), rotates the spool
joined at the end to the ball screw thread (4). This thread is seated in the nut (5) which is then
attached to the stepping motor SM2 (7). The ball screw nut can rotate because it is seated
inside the bearing (6) assembled in the valve housing. So, one motor drives the screw and the
other drives the nut. If they are rotating in different directions, the spool linear velocity is
proportional to the sum of velocities of both drives. If, on the other hand, they are rotating in
the same direction but at various velocities, a very slow spool linear movement, proportional
to the difference between the velocities of both drives can be obtained. The application of two
stepping motors with different step angles and micro steps modes is possible as well.

2. Electrohydraulic valve with a Permanent Magnet Synchronous Motor (PMSM)

Due to the development of new materials and the application of modern control
methods, the properties of PMSMs have significantly improved recently, making it possible to
use these motors in different devices. Therefore, the application of a low-power PMSM in the
electrohydraulic proportional valve is proposed in this paper, as shown in Fig. 3. On one side
of this valve, a flexible coupling element (2) connects the motor (1) and the spool (3) while on
the opposite side of the spool, there is a ball screw (5), the nut of which (6) is seated in the
body of the valve. Rotation of the motor leads to the rotation of the spool and simultaneously
to its axial — linear translation. The spool displacement x is proportional to the angular
displacement of the motor rotor and also to the pitch of the used thread. Direction of the spool
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translation is the same as that of the motor rotation. The spool displacement results in the
opening or the closing of valve gaps in the sleeve (4). The spool with a diameter of 10 mm is
located in the sleeve (4) in which three rectangular windows (gaps) sized 2.5 mm X 2.0 mm
are made for every port (x=2.5mm, /=2 mm); this means that the maximum valve orifice area
Apax is 15 mm?. The maximum spool displacement x is £2. 5 mm.
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Fig. 3 Drawing of a proportional valve controlled by a PMSM (called a PMSM valve)

PMSM is a rotating electric machine with a 3-phase stator and with a rotor on which
permanent magnets like NdFeB or SmCo are mounted. In the valve presented in Fig. 3, the
low-power PMSM is applied; its basic parameters are: power - 105 W, rated speed —
3000 rpm, and nominal torque - 0.65 Nm. The motor is equipped with an absolute encoder,
which generates 21 600 pulses per revolution. Thus, the drive is able to move the spool with a
theoretical positioning resolution of about £0.5 um. The three windings on the PMSM stator
are designated as a, b, and c. When they are supplied with the AC three-phase voltage, they
produce a magnetic field rotating around the motor axis. The speed at which this field
revolves around the centre of the machine is related to the supply frequency and the number
of poles. In the steel rotor there are permanent magnets which produce a constant magnetic
field. As a result of the reaction between the stator and rotor magnetic fields, the torque is
acting on the rotor which rotates at the same speed as the stator field. To ensure this, a special
driver should be used. To achieve smooth rotor movement, a vector control technique [12-14],
also referred to as field-oriented control, is applied. In a PMSM, the stator and rotor field
vectors are not orthogonal to each other. Since the windings are on the stator, it is only the
current of windings that can be changed, i.e. controlled. In order develop the control system of
the PMSM, the three phase currents are transformed into a two-axis system. The
transformation goes from the stationary reference frame to flux and torque, at the same time
producing components of the currents in the rotating reference frame. The following reference
frames are used (Fig. 4):

1. The stator reference frame where a, b, ¢ are co-planar,
q distributed at every 120 degrees (red colour in Fig. 4)

2. The orthogonal reference frame in the same plane as the
stator reference frame where the angle between the two axes
o and f is 90 degrees (blue colour). In this frame, the
directions of the axes a and o are the same.

iy 3. The rotor reference frame in which the ds axis is located
along the flux vector of the rotor (along the rotor N and S
A poles) and the gs axis is shifted by 90 degrees relative to the

0 . ds axis.
. In the modelling of the PMSM, the rotating two-
le coordinate system, ds-gs, is used (Fig. 4). In this system, the
Fig. 4 Current vectors in rotating ~ r€lations between the supply voltage, the current, the flux,
coordinate system and the speed are expressed as follows [12]:
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supply voltages and currents of stator windings in the ds-gs system,

Vs, Wys— stator fluxes, Ly, Lgs — inductance of stator windings in both axes, R, — resistance of
the windings, @ — angular speed of the rotor, p — number of poles, ¥;— flux linkage due to the

rotor.

After applying the Laplace transform to all the equations given above, they can be written in

the following form:
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The torque T generated by the motor can be calculated using the following equation:

3 p
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Fig. 5 A computational model of the PMSM
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(6)

The mechanical dynamics of the drive can be
described as follows:

d
T=Jw-d—i’+bwa>+T,

(7)
where: J,, — moment of inertia (motor rotor,
valve spool, etc.), b, — velocity movement
resistance coefficient (Newtonian friction),
T; — load torque, mostly caused by coulombic
friction and hydrodynamic forces.

This equation can be written in the following
form:

do T bW Tl
do 1T | 5w, 1.

a J, \J, J,
In the motor controller, the three-phase
motor input voltages u,, up, and u. are

changed into the two-phase quadrature
voltages by using Park’s transformation:

(8)

ua

©)

u.

where: 6 — rotation angle; u4 and u,, — rotating reference frame quantities, i.e. voltages in the

orthogonal dg-gs frame.

34

TRANSACTIONS OF FAMENA XLIV-2 (2020)



Electrohydraulic Drive with a Flow Valve D. Rybarczyk, A. Milecki
Controlled by a Permanent Magnet Synchronous Motor

The current vectors in the two-phase orthogonal system are converted into three-phase PMSM
currents by using the following transformation:
i cosf sind .
i |=| cos@—21/3) sin@—-21/3) {"1} (10)
i | |cos@+2n/3) sin@+2m/3)| K

where: ig4, igs — rotating reference frame quantities, here currents in the orthogonal ds-gs
frame.

Figure 5 shows a computational model of the PMSM based on equations (4)-(10). Its input
signals are: the coil supply voltages u,, up, and u. and the load torque 7;. The model output
signals are: the coil currents i,, i, and i., the generated torque 7 and the motor rotor angular
position € and the velocity .
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Fig. 6 A schematic of a PMSM controller structure

The PMSM controller structure is shown in Fig. 6. The assumed motor rotary speed is

u,. Typically, in such controllers six high power insulated gate bipolar transistors, which

work in the pulse-width mode, are used in the power stage. In this controller, the measured

coil currents i,, is, and i, are converted from the three-phase to the two-phase currents i, and iz

by using Clarke’s transformations [12]:
gy =1,,C080+igsing i, =i,

iy =igeosd+iysing ig=(i,+2i,)/\3 (b

where: i, + i, + i, =0.
These equations transform the three-phase reference frame, in which i,, i5, and i, are co-planar
three-phase quantities at an angle of 120 degrees to each other, to the orthogonal stationary
reference frame in which i, and i are the current vectors perpendicular to each other, but in
the same plane as the three-phase reference frame. In the next controller block, a Park’s
transformation is used

gy =1, C080+igsing

(12)

gy =15C080+1,8In6

It transforms the currents i, and ig to a two-axis ds-gs rotating coordinate system.

The currents iz and i, are given in two proportional integral (PI) controller inputs as
feedback. These controllers compute the voltage values ug, and uy used as inputs to the
inverse Park’s transformation [12], defined by the following equations:
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u, =u, cosd+u, sind
: (13)
uy =u,,cosd+u, sind
Finally, these voltage signals, i.e u, and ug, are back-transformed to the three-phase
voltage signals u,, up, and u,. by using an inverse Clarke’s transformation in the following
form:

u =u

uh:(—ua+ 3-u[,) 2 (14)
uC:(—ua—\B~uﬁ) 2

These signals are sent from the controller to the power system as assumed coil voltages.
This stage uses the Pulse Width Modulation (PWM) method to control the power block,
which typically consists of six high power transistors.

The second important element of the proportional valve is the four-edge hydraulic
amplifier (see Fig. 3). Its spool (3) is located in the sleeve (4). Both of these elements form a
hydraulic amplifier. The valve presented here is a zero-lapped, four-port valve with three
lands. The oil flow through one orifice can be calculated as

Q) = pyN2/p -JAP(1) - A(1) = Ky y/Ap(2) - x(1) (15)
where: Ap — valve gap pressure drop (Pa), us — valve discharge coefficient, p — oil density

900 (kg/m’), 4 — gap area, x — spool displacement (m), Ko — valve flow coefficient.

The dimensionless discharge coefficient u,; describes the flow losses of nozzles and
orifices in the hydraulic valve. Its value mostly depends on the valve slot geometry. For the
valve described in this paper, x4 is assumed as 0.63 [1]. For a supply pressure of po = 32 MPa,
the theoretical maximum flow of the valve described in this paper is 105 dm?*/min. The oil
flows in the valve paths can be described by the following equations [1, 4, 15, 16]:

Qa(t):KQ pO_pa(t)'x(t)

16
Qb(t):KQ‘\/pb(t)'x(t) ( )

) . 20K P @) - x(0)
. < .
O XSS 0,(0) = Kyn[po — 1 (0) - x(0)

where: O, — inlet flow, O, — outlet flow; p, and p), — pressures in the actuator chambers.

for: x > 0:

(17)

In balanced spool valves, frictional and hydrodynamic forces act on the spool. The
frictional forces are usually reduced by fixing a clearance of about 2 - 3 um between the slider
and the sleeve and by introducing balancing grooves to the spool lands. Hydrodynamic forces
(also called Bernoulli forces), are generated by a change in the momentum of the fluid being
throttled. These forces can be calculated using the following equation [17, 18]:

Fy=Fy +F, :p'Q'[vl cos 6, _Vzcos(‘gz 'HT')]_p'lo% (18)
where: v;,— speed of the liquid flowing into the valve, v, — speed of the liquid flowing out of
the valve, 6, 6 — angles of inflow and outflow of the stream, /, — distance between gaps,
p — density of the fluid (900 kg/m’).

The force Fjq is called “dynamic”. It is proportional to the velocity of flow change,
caused by the spool movement velocity. In the valve described above, for a spool velocity of
about 0.12 m/s and a distance between gaps equal to 0.01 m, the dynamic force can reach a
value of only about 1 N, which can be neglected. The force Fj,,, which acts on the non-moving
spool is called “static”. The velocity of the fluid in the gap is not directed radially but it is

36 TRANSACTIONS OF FAMENA XLIV-2 (2020)



Electrohydraulic Drive with a Flow Valve D. Rybarczyk, A. Milecki
Controlled by a Permanent Magnet Synchronous Motor

inclined at angles 6, and 6; the inclination changes according to the spool displacement,
ranging from 50° to almost 90°. Depending on the direction of the liquid flow, one of the
angles given in equation (19) is equal to 90° because in any case, one gap is the inlet or the
outlet round hole. So, the force for this angle is equal to 0 N. For basic calculation, it can be
assumed that the second angle is approximately about 69° relative to the spool axis. As a
result, the fluid flow generates an axial force which always tends to centralise the spool. This
force can be calculated as follows:

2
F,, =p-v-Q~coso9:p-Q7cos0:2-,uj-A~Ap-cost9 (19)

where Ap is the pressure drop across an orifice of the area A.
Assuming that u; = 0.63 and € =69°, the static hydraulic force acting on the spool is

F,,=029-4-Ap (20)

For the valve described in this paper, the maximum value of the static hydraulic force is
about 16 N (Ap = 32 MPa, A= 1.5 mm?). Taking into account that the ball screw pitch is
2.5 mm/rev and its diameter is 10 mm, the torque generated by the hydrodynamic force is
below 0.006 Nm, which is very low in comparison to the PMSM torque which is equal to
0.65 Nm; therefore, the influence of the hydrodynamic force can be omitted.

%Proportional _K </. He

'Valve model  sqrt >= |,

Fig. 7 A computational model of the proportional valve with a PMSM

A computational block model of the whole proportional valve with a PMSM, in which
the hydraulic part (actuator) is modelled using equations (16) and (18), is shown in Fig. 7.
The motor angular position is transferred to the linear displacement by a ball screw. The
motor parameters are taken from its documentation and applied in the model. The model was
built in the Matlab-Simulink software and used to make the simulation shown below. The
parameters of all elements used in the valve model are given in Table 1.

Table 1 Valve and PMSM parameters

Hydraulic parameters Value PMSM parameters Value
Valve flow coefficient Ky 0.00018 Power 105 W
Discharge coefficient ug4 0.63 Rated speed 3000 rpm
Oil density p 900 kg/m’ Nominal torque 0.65 Nm
Spool displacement x +2.5 mm Absolute encoder 21 600
Spool diameter 10 mm resolution pulses
Static hydraulic force (Ap = 32 MPa) 16 N Stator winding 41 mH
Theoretical maximum flow 105 dm?*/min inductances: L ]
(for po = 32 MPa) Winding resistance: R, | 2 Ohm
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3. Testing of the valve with a PMSM

The valve with a PMSM has been built (Fig. 8) and tested in the laboratory
environment. The valve was tested using a hydraulic supply pressure of 12 MPa, although it
can work with a supply pressure of 32 MPa as well. The drawings of the spool and a sleeve
are shown in Fig. 9.

Fig. 8 Photo of the tested electrohydraulic valve with a PMSM

The hydraulic power supply unit had the following parameters: a flow rate of
70 dm’/min and a maximum pressure py of 32 MPa. For measurement purposes, the following
sensors are used: a flow meter (with parameters: max flow 100 dm’/min, measurement
uncertainty 0.25%, and pulse output) and a pressure sensor with an accuracy of 0.3%. The oil
temperature during the experimental investigation ranged from 40°C to 50°C.

Fig. 10 Photo of a test stand with the PMSM valve connected to the flow meter

Figure 10 shows a test stand with the PMSM valve fitted. The initial tests of the valve with a
PMSM showed that it is characterised by a delay of 10 ms and by a settling time of almost
30 ms [19, 20]. The main controller of the valve was based on a Programmable Logic
Controller (PLC); the main controller worked in a multi-task real-time operating system
where it was possible to set the maximum allowable task response time. By changing the
response time for the spool positioning from 0.8 ms to 0.4 ms and by shortening the operation
time of the real-time Ethernet communication interface between the servo controller and the
main PLC to 0.2 ms, the valve parameters were significantly improved. The valve reaction
time delay was reduced from 10 ms to 5 ms and the valve spool settling time was reduced
from 30 ms to 21 ms for full opening. The results, i.e. step responses of the valve with a
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PMSM and with a modified control algorithm obtained in the simulation and in laboratory
tests, are presented in Fig. 11. For comparison, the step responses of a typical proportional
valve with solenoids are included in the same figure [21]. The settling time #, (95% of the
steady state value) of the valve with a PMSM is about 21 ms, while the settling time of a
typical proportional valve is 37 ms and of the valve with a stepping motor (Fig. 1) it is as
much as 370 ms (see Fig. 12). The settling time of the direct drive valve with a linear motor is
19 ms [22], which is only by 2 ms shorter than the settling time of the valve with a PMSM.
The time delay of the valve with a PMSM equal to 4 ms is mainly a result of the total
response time of the PLC, which must perform a control program, check the current status,
and handle the communications (Powerlink interface) before sending a step signal to the
PMSM drive controller.

100 05% / i,—‘ 100 —Valve with a PMSM 100 [Tomr ‘ ‘ —=
1 7Mi?}<1121 Sﬂlslia valve Valve with a PMSM R 7
80 : ***** Valve with solenoids| 80 1 i T TValvewithan SM /,, é
~ | // é
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= 40 e
177] ad '
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¢ 0, \ A '
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Time (ms)
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Fig. 11 PMSM valve and its model step responses Fig. 12 Step responses of the valve with a PMSM and
(100% is 1 rev., i.e. a displacement of 2.5 mm) of that with a stepping motor (SM)

The comparison of these step responses shows that the proportional valve with a PMSM
is significantly faster than the PCVs currently available on the market. It is worth noting that
there is good agreement between the step response waveforms recorded in the simulation and
those obtained in laboratory investigations. It shows good compatibility of the valve model
with the real valve with a PMSM.
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Fig. 13 Valve frequency characteristics (Bode Fig. 14 Static flow characteristics of the valve with a
diagrams) for amplitudes of 10% and 100% PMSM and with a solenoid for supply pressures of 6

MPa, 8 MPa, 10 MPa, 12 MPa, and 14 MPa

The frequency characteristics of the valve with a PMSM obtained in laboratory tests are
shown in Fig. 13. The achieved parameters for the £100% amplitude are: for the phase lag
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90°, the bandwidth is 82 rad/s (13 Hz), while the bandwidth for a typical proportional valve
with solenoids characterised by a similar flow is 119 rad/s (19 Hz); for an amplitude decrease
of 3 dB, the bandwidths are 116 rad/s (19 Hz) and 11 Hz) 69 rad/s (11 Hz), respectively.

The performance of the solenoid proportional valve is characterised by an important
nonlinearity, i.e. the “dead zone”, within which, for small current, a very weak force is
generated by the electromagnet. Such a weak force is not sufficient for moving the spool.
Mainly because of this, and because of the difficulties in manufacturing, only the overlapped
spools(about 20% of spools) are used in proportional solenoid spool valves, which ensures
reliable operation of the valve but significantly expands its dead zone. The dead zone can be
only partially reduced by a simple electronic compensation. In contrast, the PMSM is able to
generate the maximum output torque even for low input signals; thus, if this motor is applied
in a valve, the application of the zero-lapped spool makes sense.

Figure 14 shows the static characteristic of the proportional valve with a DC
electromagnet and the valve with a PMSM. One can see that the second valve is characterised
by an almost linear characteristic (in the £25% range), without the dead zone. However, the
static characteristics of the valve show non-linearity (saturation), which increases in the final
valve openings (for maximum spool displacements). This is due to the valve inaccuracies and
a drop in the supply pressure which becomes bigger for high flows. In the case of a
proportional valve with a solenoid, the valve is characterised by a dead zone and therefore, the
spool has to travel a distance equal to the overlap (about 20% of the maximum spool
displacement) before any output flow occurs on the valve ports, giving rise to a dead zone.
The theoretical maximum flow of the valve for a supply pressure of 12 MPa is 66 dm?*/min
and for that of 6 MPa it is 47 dm*/min.

4. Application of the valve with a PMSM in the hydraulic actuator

The valve with a PMSM is connected to the hydraulic cylinder (Fig. 15, 16) and to the
electronic controller, creating the electrohydraulic servo drive. It is controlled by another
controller applied on the main PLC. For positioning tasks, two types of controllers are applied
and compared: proportional-derivative (PD) and fractional order proportional-derivative
(FPD) controllers. The fractional order PD controller can be described by the following
formula [23, 24]:

GFPD(S) = kp + kd 'Sq (21)

where: k, — gain coefficient; k; — derivative term; g — fractional coefficients (real type
number).

For the optimization of fractional order PD controller parameters, the Nelder—Mead
method [25] is used; this is a numerical method for finding the minimum or the maximum of
an objective function in a multidimensional space. The algorithm can have the following
steps: reflection, expansion, contraction, and shrink. Structured Text and ANSI C are the
languages in which the FPD algorithm is written. Due to the hardware and software
implementation requirements, the fractional order continuous formula needs to be
approximated by an ordinary differential equation. To this end, the Oustaloup method,
described in detail in [26], is applied. The formula that is used is defined as follows:

a
s =k[] = g>0 (22)
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The parameters of the equation (22) are defined as follows:

4 1=q

N W N

a=(&) , 77=(—h) ,  o,=o0.n, o,=0,_ 7 n=2..,N  and
w, :

w,=0_,a n=L..,N.

where: k — gain coefficient adapted in such a way that both sides have unit gains at 1 rad/s,
q — value of fractional order (real number), N — finite transfer function approximation order,
w; — limit of low frequency, w;, — limit of upper frequency.

A continuous controlled transfer function taken from the Oustaloup calculations is
implemented in the PLC, using the ANSI C language. For approximation, the Ostaloup
method is used with lower and upper frequency limits equal to 0.001 Hz and 1000 Hz,
respectively. The order of the finite transfer function approximation is N = 5.

The servo drive with two controllers mentioned above is laboratory-tested. The piston
position is measured using a Magnetostrictive Linear-Position Sensor (MLPS) assembled
inside the cylinder (linearity deviation 0.02%). The stroke of the hydraulic cylinder is equal to
250 mm. The diameter of the piston is 40 mm and that of the piston rod 25 mm.

PMSM controller

ACOPOS ™ ‘ . PLC with touch
. T E = panel
PID =1 R » 5

g PR g Real Time operating
2 2 system
Power bridge 1 | PD or FPD
——— Interface
PMSM 7z 7| .

A ﬂVf@V ==

Hydraulic 7, >

== =

power S || i
supply | [ues d | |
|

Fig. 15 The test stand block diagram Fig. 16 Photo of the actuator with the proportional
valve with a PMSM

The chosen results of recorded step responses of the servo drive with the PMSM valve
for supply pressure values equal to 6 and 12 MPa are presented in Fig. 17. These step
responses are almost time delay-free. The controller parameters and the calculated Integral of
the Absolute Error (IAE) measures of step responses are listed in Table 2. The best IAE
values are obtained for the FPD controller.

60 60
.50 gso
g w0l || 2,1
= —PD 8
kS G
Z 30 g.30f
= 6 MPa g po =12 MPa
= 8 0 =
8 20 Po Z 207
4
[a W)
10 10[
0 0.5 1 15 2 0 0.5 1 1.5 2
Time [s] Time [s]

Fig. 17 Examples of step responses of electrohydraulic servo drive with a proportional valve, in which a PMSM
is used, controlled by PD and fractional order PD controllers
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Table 2 Comparison between the PD and fractional order PD controllers
Controller | po [MPa] | £, ka q IAE
PD 6 6 | 0.007 1 14.82
FPD 6 8 0.5 0.9 | 9.598
PD 12 6 | 0.007 1 12.410
FPD 12 8 0.5 0.9 | 8.716

The initial investigations have shown that the achieved positioning accuracy of the tested
servo drive controlled by PD controllers is equal to +0.06 mm.

5. Conclusion

The paper presents the design and the test results of an electrohydraulic proportional
control valve in which a PMSM is applied. The aims of the presented research were:

e to propose a theoretical description of the electrohydraulic servo drive consisting of
a PMSM with its controller, a hydraulic flow valve, and a cylinder,

e to create a model of the servo drive using the Matlab-Simulink software,
e to design, build and test a new electrohydraulic valve with a PMSM,

e to use typical PD and fractional order PD controllers in the electrohydraulic servo
drive with a new valve and to conduct laboratory investigations into this drive.

The PMSM controller is described and its model is created in Matlab-Simulink; then,
a model of the valve is proposed. It is used in the design phase to check up the influence of
the valve parameters on step responses and to set the initial settings of the PMSM controller
parameters. The new valve is built and investigated on a test stand. In this valve, the PMSM
is replaced with a stepping motor and step responses of this valve are measured and also
included in the paper. The obtained waveforms are compared with the results obtained in
simulation and with typical proportional valve step responses. The measured settling time of
the valve with a PMSM is better than the settling time of the proportional valve.
Subsequently, the valve with a PMSM is applied in the electrohydraulic linear actuator and
investigated. Two types of controllers, i.e. proportional-derivative (PD) and fractional order
proportional-derivative (FPD) are used and compared, showing that the application of the
latter controller enabled the achievement of better dynamic parameters and positioning
accuracy. The application of PMSM in the valve enables simple and commonly used
communication with other control devices using different interfaces, which is an advantage
that simplifies a possible use of the new valve in the industrial practice. From an integration
point of view, the designed valve can be treated as an electric motor and can be controlled
as such, which is both easy and convenient. The device can be used in various types of
precise machines where a strong force is required, for example in plastic forming or
moulding machines.
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