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The resonant behaviour of voice coil actuators driven by fast changing signals limits their application in
hydraulic servo valves. A very good damping, precision and the ability to dynamically overcome the effects of
flow forces are some special requirements. The paper attempts to propose some control strategies and solutions
to reduce the effects of raising impedance near the resonant frequency, thus improving the damping, which
allows further enhancements in bandwidth. Theoretical models and simulation results are presented and
discussed and some recommendations are proposed. The parameters used in simulation correspond to those of an
already developed and tested voice coil prototype.
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1 Introduction

The nowadays research focuses on the issues that arise in specific servo hydraulic applications in power
generation, building safety (smart buildings, smart structures, mobile bridges), materials testing, automotive and
aerospace engineering, and astronomy (intelligent telescope mirror control) as well as in manufacturing
technology. New technological advances require an increase in speed and accuracy, while at the same time
augmenting demands for safety, energy saving, efficiency and for environmental compatibility arise. This
applies especially for applications in the field of industrial and mobile hydraulics. The requirements for precision
and high dynamics in hydraulic drive systems can be accomplished by introducing intelligent fluid devices that
operate at low power levels and can handle very high power with high efficiency. A special category of such
fluid devices is represented by proportional valves and servo valves /1/, /2/. They are nowadays, mostly
microprocessor based mechatronic devices. To further increase their performances, some researchers have
proposed original solutions, by improving also the internal valve's mechanical structure. An example is the roto-
translating valve, which presents a secondary rotary type actuator connected to a sleeve interposed between the
spool and the valve body, thus composing a roto-translating valve. Due to its structure, the metering control
precision and valve speed are virtually quadratic in respect to the traditional spool position control /3/,
/4/. Another technological advance in the field refers to high performance valve actuators /1/, /5/, /6/, /7/, 18/, /9/.
The voice coil motors are here representative. They show a high level of accuracy and high acceleration, making
them a very good candidate in the valve technology field. Nowadays, a special application of the voice coil
motors lies in the field of digital hydraulics /5/. This area is particularly of high interest to increase the efficiency
in wind power plants, where the mechanical transmissions are to be replaced with hydraulic transmissions /5/,
/10/. In this case the electrical generator is directly driven at rated speed, which corresponds to a 50 Hz
frequency of the grid. The digital hydraulic machines are discretely-adjustable variable displacement units
(pumps or motors) having a number of independent controllable cylinder-piston pairs. The total flow rate sink or

sourced of those machines varies stepwise, like the binary representation of the numbers in digital systems. A
number of cylinder-piston pairs (usually 5,7 or 9), driven simultaneously by a slow rotating camshaft, can be
dynamically enabled, disabled or idled by using fast switching valves (for example for 7 pairs the flow rate can
take 27=128 discrete values). They are driven by voice coil motors, in PWM mode or continuous mode, to adjust
the flow rate at the required level. For a pump or a motor operating at 50 Hz (20 ms period), in order to achieve a
10% pulse width, the valves must be switched in 2 ms! A very well damping behaviour is required for these
valves, in order to prevent very high pressure peaks and high amount of heat losses. The switching technology in
fluid power systems leads to very small throttling losses and therefore to high efficiency.

A voice coil motor, designed for direct operated hydraulic servo valves must fulfil some special requirements. A
very good damping behaviour, very high developed force, the ability to quickly overcome the effects of the flow
forces and a very precise positioning capability of the valve’s spool are some conditions to achieve a very good
stationary and transient behaviour as well as a good efficiency of the driven system. An earlier work of the
authors proposes to investigate new alternatives of electro-mechanical drives to replace the still expensive
special (piezo and magnetostrictive) materials /1/, or sensitive structures (torque motors) while at the same time
improving the stationary and transient behaviour according to the new technological advances. The authors have
developed a highly dynamic and very precise valve actuator prototype /8/, based on the voice coil principle. Its
properties and performances are shortly presented in the following.

2 Properties and performance of the first prototype

A novel geometry of the magnetic circuit and the arrangement of the coil windings inside the voice coil actuator
allows to reduce the electrical time constant, thus supporting a high dynamics. The coil geometry consists of
three groups of windings (series connected). Each two adjacent groups are wounded in opposite direction;
therefore the mutual inductance is negative. Moreover, double of this mutual inductance is subtracted from the
sum of self-inductances. This arrangement yields therefore an overall lower inductance for the same wire
resistance, compared to a coil with the same number of turns wounded in the same direction.
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Figure 1: The IFAS prototype (left) and the experimental Bode plot (right)/8/
The properties of the test assembly and the prototype are summarised in the following tables:
Supply voltage 36V Force factor k¢ 29 N/A
Maximal supply current 36A Back-emf constant 28.8 V s/m
Coil excursion +1.2 mm Electrical time constant 0.388 ms
DC coil resistance at 20 °C 72Q Maximal force 104 N
Mechanical natural frequency 176 Hz LVDT gain 4.45 V/mm
Movable mass 70 g Current sensor gain 1.6 V/IA

Table 1: The prototype parameters /8/.

The actuator was tested without a real load (i.e. a servo valve). To simulate a real damping, the gaps of the
magnetic circuit were filled with a small amount of mineral oil based ferro fluid, thus increasing the viscous
friction on both sides of the coil /11/. The curves of the Bode plot corresponds to the actuator with ferro fluid
inserted in the gaps, except the SET1.The -3dB frequency of the responses lies between 270 Hz and 350 Hz,
depending on the controllers’ parameters.
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3 The mathematical model of the voice coil motor

3.1 The linear model
The mathematical model of the actuator /8/, /9/, /12/, /13/ is mainly composed of two linear differential equations
corresponding to both the electric and the mechanical part:

. di :
u:Re-z+Le-E+kemf-x M

kp-i=m-X+cp-x+kg-x+Fy
The coefficientk, represents the motor force sensitivity or force factor, kgp,r the back-emf constant (ko = ki),
R, the DC resistance of the coil, L the inductance of the coil, u the effective voltage applied to the coil, m the
total moving mass, ¢y the damping coefficient, kg the total suspension stiffness, i the current through the coil

andx the coil position. The force Fp takes into account all disturbances seen from the load side.

3.2 The impedance model of the voice coil motor

The impedance model of the voice coil motor can be derived from the equation system 1, by dividing the second
equation by the force sensitivity kg and considering the variable i (the coil current), the output variable /8/. With
the variable u (the coil voltage supply) as input, the complex impedance is then calculated as Z,(jw) =

U(jw)/I(jw), which is actually the inverse of the transfer function. The following notations are adopted:

_ m R = kF ) kemf L= kF ) kemf (2)
g ke’ oo T kg

Cm

whereCyy,, Ry, and Ly, are virtually electric quantities, which represent the influence of the mechanical system on
the overall actuator behaviour. They are called the "mechanical” capacity, resistance and inductivity respectively.
With the above notations the total impedance can be written in frequency domain, as follows:

jo
Cp - (w)? + Ryt jo + Lt

3)

Zy(jw) = Re + Le " jw + = Zoe(jw) + Zom(jw)
Equation3 represents the total impedance of the actuator itself. It has two components. Z,.(jw)is the so called
blocked impedance, which depends only on the electrical parts, R, and L. It can be measured directly with a
RLC bridge by blocking the movement of the coil from outside. Z,,, (jw)is represents the so called motional
impedance that is related mostly to mechanical parts. Nevertheless, it includes also the influence of the electrical
part by means of the induced voltage in the coil due to its speed. Moreover, if the load impedanceZ; ,is also taken

into account, the new impedance becomes:

Zom(w) - Z(jw) 4)

%o = Zocj0) + 7 ey ¥ 2 Ga)

which is calculated by means of parallel connection of motional impedance with the load impedance. There is a
lack of knowledge to develop a proper model of the load impedance and therefore, the load influence on the
overall behaviour can be considered as disturbance. Therewith, a control scheme with good ability to overcome

the effects of disturbances is required.
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Figure 2: Actuator impedance model

In case of a voice coil driven servo valve, some parameters, which would describe the load impedance, can be
included in motional impedance. One of these is the spool's mass, which can be added to the coil assembly mass,
increasing therefore the mechanical capacity. The damping behaviour is related to the friction between the spool
and the sleeve due to the fluid viscosity. This behaviour can also be taken into account by means of the overall
damping coefficient,c.Some parameters can be estimated with sufficient accuracy by measurements, like coil
DC resistance at a given temperature, coil inductance, the total movable mass and the spring stiffness. The
estimation of other parameters, like the damping coefficients, can be more difficult and requires ,e.g, to perform
flow simulations (CFD}) of the valve's behaviour under certain conditions. A simple way to estimate the damping

of a given servo valve will be presented later in this paper.

4 The control strategies

The developed force of the voice coil motor is directly related to the current that flows troughs the coil windings.
Therefore, a very good transient behaviour of the current control system is required, especially when high

transient flow forces are developed, e.g., as a result of a fast transition at small openings of a servo valve's spool.

4.1 The speed feedback

One of the most significant issues of voice coil motors is the relatively small damping /8/. Near the resonant
frequency of the coil assembly, the total impedance, seen by the voltage supply, raises quickly and reaches a
maximum value, which is sometimes an order higher, relative to the impedance at low frequencies. The
increasing impedance effectively blocks the current to flow through the coil windings and the motion of the coil

assembly gets out of control.
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Figure 3: The influence of the speed feedback on the equivalent electrical impedance

The well-known speed feedback is used to improve the damping behaviour, but there are some limitations. In
order to be effective, this feedback strategy must fulfil some conditions and namely the bandwidth of the
electrical part must be much higher than the bandwidth of the mechanical part /9/. With the given parameters of
the developed prototype 7, = 0.388 ms, the -3dB corner frequency of the electrical part (blocked impedance)
lies at a frequency higher than 2000 Hz, which is much higher than the mechanical natural frequencyw,, =
176 Hz. There are also limits to increase the k, gain, by means that the feedback voltage cannot be higher than
the voltage supply.Mathematically, the speed feedback will be done by adding or subtracting the speed gain, ky,

to or from the back-emf constant, as shown in figure 3, right. By this, the virtual electric parameters become:

— m R = kF ) (kemf + kv) L = kF ) (kemf + kv) (5)
kg - (kemf + kv) o ¢p Lo kg

Cm
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As it is shown in figure 3, the speed feedback operates just on the impedance at the resonant frequency, thus
reducing the impedance peak and doesn't affect the impedance at low frequencies. According to equation 3, the
total impedance at w = 0 is:

[Zo(jw)|w=0 = Re ©)
At the resonant frequencyw = wy,the total impedance becomes:

kF ) (kemf + kv) (7)

|Zo(jw)|m=m0m = |Re+ Le - jwom + Rl = |Re + Le - joom + .

which can be adjusted by changing the speed gain.

4.2 PID control

Due to its simple design and performance characteristics a PID controller has been used first in the closed loop
control of the actuator prototype. One of the main drawbacks of the PID controller arises from the fact that the
control action takes place without a comprehensive knowledge of the process dynamics. Although some good
performances were achieved, the overall stationary and transient behaviour was a compromise between a higher
dynamics and a well damped system.
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Figure 4: PI control of the current system

The PID control of the prototype was implemented according to the scheme in figure 4. Additional information
on PID control and its properties can be found in /16/, /17/. However, to have a comparative basis, the step
responses in current and position, determined during the experimental phase of the prototype development are
presented in figure 5 /8/.
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Figure5. Step responses in current and position /8/

The current behaviour (figure 5,left) shows a relatively large oscillation during the transient phase, as well a
relatively large overshoot as the current approaches the steady-state value. However, a good agreement between
the experimental and simulation results can be observed. This similarity will be useful in the design of the
following control strategy, based on the internal model control.

4.3 Internal model control IMC)

The internal model control principle /16/, /17/, /18/, /19/ is based, first of all, on a comprehensive knowledge of
the system model. To achieve certain robustness the controller must include a low pass filter. Its order has to be
adjusted to the model order. The filter must be selected in such way that the controller is physically realisable.
This implies that the transfer function G; = G.(s) - Gp(s) must be proper, otherwise excessive derivative action
occurs. Here G is the transfer function of the controller and G ythe transfer function of the filter.
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Figure 6: The implementation of the internal model control IMC.
Some properties of the IMC control are /16/, /17/, /19/:

e Dual stability - if the model perfectly matches the system and if the system and controller are both
stable, the IMC structure guarantees the closed loop stability;

e Supposing that the controller transfer function is exactly the inverse of the model transfer function, than
there is no steady-state error at the output for both inputs, set point and disturbance.

The structure of the internal model control (IMC), figure 6, uses a feedback signal, iz, built as the difference
between the system output,is and the model output, iy,. If the model G (s) perfectly matches the system Gg(s)
then the feedback signal ir(s) represents the disturbance D (s). Also, if the disturbance D (s) = 0, then the signal
iris a measure of the discrepancies between the system and the model. The signal ir is then subtracted from the
set point {sgr resulting in the input signal of the controller, E. The voltage at the controller's output is feed into
both, the real system and its model. This voltage forces the system to behave like the model. One of the most
important properties of the IMC is the ability to efficiently reject the effects of disturbances. This behaviour
takes place even if there are some discrepancies between the system and the model.

In the following the transfer function of the closed loop system is calculated according to the IMC control
structure, shown in figure 6. To simplify the notations the complex variable s is omitted. So, for example

Gemeans G (s). Referring to figure 6, the signal Isequals:

I;=Ge G E+D ®)
and the output of the model is:

Iy =Go Gy E )

The controller's input is defined by:

E=Igpr—1Ip=Ispr —Us—Iy) = Ligr —E-G¢ - (Gs—Gy) — D (10)
or
Lggr — D
F=— BT % 1
1+ Ge - (Gs — Gy)
The output of the system is:
Lpr " Ge-Gs + (1 — G- Gy) - D
S:SET ¢ Gs+ ( ¢ Gu) (12)

14 Ge - (Gs — Gy)
Now, if the transfer function of the controller,G,, is exactly the inverse of the model transfer function Gy, that is:

Ge = Gy* (13)
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the disturbance D is completely rejected, even if there are some differences between the real system Gg(s) and

his modelGy, (s). The output of the real system is then:

Iegr -G G
I = ser " Ge - Gs (14)
1+ Ge - (Gs— Gy)

Moreover if the model G, (s) exactly matches the real system Gg(s), then:

I = Lsgr - Ge - G _ ISET'GIEII'GM -] (15)
TG (Gs—Gu) 14 Gyt Gy — Gy

and therefore the output current of the real system perfectly follows the input.

The transfer function of the system is calculated by taking the inverse of the total impedance Z,(jw) and

replacing the variable jw with the complex variable s:

1 1
Cn-s®+—"5+—
Rm Lm

Gs(s) = (16)

Zo(s):LeCm-s3+(ReCm+:—;)-sz+(:—;+LL—;+1)-s+f—;

The transfer function of the model takes the same form, but the coefficients are in this case estimates of the
system coefficients:

C&'SZ+R£'S+L%
Gy (s) = = —= T - 17)
Zu)  LCh-st 4 (RiCh+22) 52+ (po 4+ 12 4+1) s 42
m m m m

The transfer function of the controller results of a series connection of the model impedance with a low pass
filter:
Gu'(s) Zu(s)

Gels) = (Tf-s+1)2: (5. s +1)2 18

The filter time constant is the only tuning parameter of the controller, making the tuning process much easier. A
low value of the time constant leads to a smoother response but also a lower bandwidth. A high value, however,
leads to a noisy system, especially in case there are some significantly discrepancies between system and model
or in case of model uncertainties.

5 The simulation models and simulation results

5.1 Estimating the damping coefficient of a real servo valve

In order to estimate the damping coefficient of a real valve, some parameters must be taken into account. The
damping coefficient depends on a number of factors like viscosity, temperature, the clearance between the spool
and the sleeve, the number and the length of the spool's shoulders. Some authors have proposed the following
formula to calculate the damping coefficient /14/, /15/:

cp=n-n-lg-Ry=v-p-n-l;-Ry (19)

where the equivalent radius is:

8m - (R% — R%) 20)
0= 2_p2
2 2 _ _R3-Ry
Ry + Ry in(Rz/R1)

withR; the spool radius and R,the sleeve radius respectively.

‘ Property ‘ Density ‘ Viscosity at +40°C | Viscosity at +100°C

Value 0.880 46 6.7

Units | [g/cm?] [mm?/s] [mm?/s]

Table 2: Some properties of hydraulic oil HLP46 according to DIN51524 specifications (LIQUIMOLY)

For a nominal size NG10 of a given servo valve, the spool diameter is D; = 2+ R; = 9.992 mmand the sleeve
diameter is D, = 2+ R, = 10.000 mm. The spool has four shoulders, each having a length of I, = 6 mm. With
the values of the parameters given in table 2, the calculated damping coefficients for 40°C and 100 °C are
Cpao = 9L.5 N -s/mand cpip0 = 13.3 N - s/m. respectively.

5.2 The impedance of the system under control

The total system impedance can be calculated by taking the inverse of the transfer function given by equations16
(system) and 17 (model). A Matlab code was written to calculate the overall impedance as a function of the

frequency and to represent the corresponding curves.

The impedance curve of the system under IMC control, shown in figure 7 with dashed line, corresponds to the
ideal case, as the transfer function of the model perfectly matches the transfer function of the system. A smooth
change in phase can be observed and a 90° phase shift, between the current and applied voltage, occurs at a
frequency above 1000 Hz. The IMC control theoretically allows the overall system to behave like a pure
resistive impedance of 1£, at the frequencies lower than the low pass filter corner frequency f = 1/7:.The PI
control (dotted line), allows to reduce the overall impedance to a value of about 40,for frequencies lower than

resonant frequency, as well as the peak resonance to a value lower than 10£.
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Figure 7: Comparison between impedance curves using different control strategies

The Bode plot in figure 8 shows the frequency behaviour of the system for three cases. The represented curves
correspond to the open loop behaviour (dotted line), closed loop with PI control (dashed line) and closed loop
with IMC control (continuous line) respectively. In all three cases the speed feedback was switched on.
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Figure 8: Current dynamics - Bode plot

To highlight the effect of a system-model mismatch, an overestimated damping coefficient was taken into
account for the model (¢, = 20and ¢, = 35). The corresponding behaviour can be observed around the resonant
frequency (176 Hz). The -3dB frequency lies at a frequency of about 1000 Hz in case of IMC control with a
smooth behaviour along the frequency.

5.3 Stability of the system under IMC control

To verify the stability of the controlled system both the transfer function of the system G¢(s), as well as the
transfer function of the controller G¢(s), were converted in a state-space representation /16/.
x=A-x+B-u

{y=C-x+D-u @n
with x, the vector of state variables, 4, the state matrix, B, the input matrix, u, the vector of the input signals, y,
the vector of the output signals, €, the output matrix, andD, the feed forward matrix. Next,the eigenvalues of the
state matrix A for both the system and the controller is calculated. Using dedicated Matlab code /20/, with
dedicated function and using the numerical values given in table 1 and 7y = 0.1ms, the eigenvalues are:

eig(ds) = 10°-[-239 —0.39+1.15-i —0.39— 1.15-i] 22)
with Ag being the system state matrix and
eig(Ac) =10°-[-10+6.02-1078-; —10—6.02-1078-;—025+18-i —0.25—18-i] (23)

with A+ being the controller state matrix. All real part of the state matrix eigenvalues are negative, thus both the
system and the controller are stable. Based on the property of the IMC structure, if both the system and the
controller are stable and the model matches the system, the closed loop is stable as well.

5.4 The Simulink simulation model

The Matlab-Simulink model /20/, includes both types of control (PI and IMC) to allow the comparison of step
responses for the same set point, as well as for the same disturbances. Both models include also the speed
feedback already described. The simulation model was driven first by an input signal of 2A (figure 10), at the
simulation time t = 5ms and the system was loaded with a disturbance signal of -1.5 A (at time t = 20ms),
which represents 75% of the input signal (heavy load).
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Figure 9: The simulation model - Simulink

A fast, smooth and also overshoot free response can be observed in case of IMC control, thus proving its
robustness. The disturbance is also fast and smooth rejected.
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Figure 10: Comparison between step responses with two controller types

In contrast, the system response under PI control takes more as double the time to approach the steady state
value, for both the input as well as the disturbance signal. Moreover, the response shows a slight undershoot.
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Figure 11: The effect of the voltage limitation at higher set point currents (34)

Appropriate saturation blocks were introduced in the simulation model to simulate the voltage limitation of the
controller. The limits were set to £40V. As it has been shown in figure 10, a higher voltage reserve from the
power supply can be observed in case of IMC control (about 10V for 2A current set point). In comparison, the
control signal in case of PI control goes already in saturation. In the next test case, the model was driven by a
higher input signal of 3A, as shown in figure 11, and the disturbance signal was maintained at the same level as
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above. The control signal goes in saturation for both models. The IMC response takes longer time to approach
the steady state, but is obviously faster than PI response and shows a slight undershoot. As a recommendation, a
higher voltage supply than nominal voltage of the voice coil motor is required (usually 50% higher) in order to
ensure a faster transient phase, a smoother response and a good ability to overcome the effect of disturbances,
especially in case of higher input signals, as well as in case of high level of disturbances.

6 Summary and Conclusion

The paper deals with a comparative study of different control strategy types, applied to overcome the increase in
impedance of voice coil motors at resonance frequency and its effects on the overall transient behaviour. The
speed feedback, proportional-integral control (PI) and internal model control (IMC) strategies are presented and
discussed. The proposed models were investigated and interpreted using the electrical analogy. Several
improvements are shown and implemented in simulation models in order to stabilise and to lower the impedance
over a wide range of frequencies, thus increasing the bandwidth. The numerical values of the parameters used in
simulation, correspond to a prototype already developed by the authors. Finally, simulation results are presented
and discussed. The future work will be focused on experimental research to verify and test the model validity
and to make appropriate adjustments, in order to achieve better performances. The development of an accurate
load impedance model, corresponding to a real valve and the investigation of its influence on the actuator-valve
assembly are also future objectives.
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Nomenclature
Variable Description Unit Variable Description Unit
u Coil supply voltage [V] i Coil current [A]
Re Coil DC resistance [Q] L. Coil total inductance [H]
m mass of coil assembly [Kg] X Coil position [m]
Kemt Back-emf constant [V s/m] kr Motor force factor [N/A]
ke Suspension stiffness [N/m] cp Damping coefficient [N s/m]
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