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Abstract: The output feedback signal of the electro-hydraulic valve system (EHVS) affects the
activation of its right or left envelope function; thus, even weak measurement noise can cause
high-frequency switching between the two envelope functions, leading to chattering in the control
input. Consequently, feedforward and feedback controllers in a cascaded configuration generate
undesirable chattering in the output signal. We propose a practical and reliable control approach for
an EHVS actuated by a proportional control valve. The proposed controller has a parallel structure
comprising an inverse generalized Prandtl-Ishlinskii (P-I) model-based feedforward controller,
with both hydraulic dead-zone and flow saturation limits, for compensating asymmetric hysteretic
behavior. Further, the proposed controller comprises a robust proportional-integral-derivative
(PID) feedback controller for achieving robustness against disturbances and noises. The proposed
parallel structure is independent of the output feedback of the EHVS. Moreover, the proposed robust
PID feedback controller guarantees EHVS stability by precisely selecting the cutoff frequency for
the sensitivity and complementary sensitivity functions based on the amplitude spectrum of the
inverse-model-based feedforward compensation error. The results verify the high reliability of the
proposed EHVS control scheme for the precise control of an EHVS actuated by a proportional control
valve in practice.

Keywords: asymmetric hysteresis; electro-hydraulic valve system; inverse generalized
Prandtl-Ishlinskii model; proportional control valve; robust proportional-integral-derivative control

1. Introduction

Electro-hydraulic valve systems (EHVSs) have been extensively applied to heavy industrial
machinery, robot manipulators, tunnel boring machines, mobile systems, and different machine tools,
owing to their characteristics such as high power-to-weight ratio, appropriate stiffness, self-cooling,
rapid response, and high positioning ability. However, an EHVS with proportional control valves for
adjusting the flow rate and direction usually suffers from strong nonlinearities, such as asymmetric
hysteresis with non-differentiable, non-memoryless, multi-value mapping, hydraulic dead-zone, and
flow saturation limits. These nonlinearities substantially degrade the tracking accuracy of the EHVS
and may lead to instabilities when implementing closed-loop systems [1-7]. Therefore, many control
methods have been proposed to mitigate the effects of nonlinearities in EHVSs [1-3,8].

Most studies have focused on the feedforward control using an inverse hysteresis model to
linearize the hysteretic input—output characteristics of a class of highly nonlinear EHVSs. In these
methods, an appropriate hysteresis model is established to precisely predict the complex nonlinear
behaviors of the system. Then, its inverse model is derived analytically or numerically for performing

Actuators 2020, 9, 45; d0i:10.3390/act9020045 www.mdpi.com/journal/actuators


http://www.mdpi.com/journal/actuators
http://www.mdpi.com
https://orcid.org/0000-0003-2416-9305
http://dx.doi.org/10.3390/act9020045
http://www.mdpi.com/journal/actuators
https://www.mdpi.com/2076-0825/9/2/45?type=check_update&version=2

Actuators 2020, 9, 45 2of 14

feedforward control. Various hysteresis models including the Preisach, Krasnoselskii-Pokrovskii, and
generalized Prandtl-Ishlinskii (P-I) models have been reported in the past [4]. Unlike the Preisach and
Krasnoselskii-Pokrovskii models, the generalized P-I model, which we adopted in this study, provides
the essential analytical inversion for efficient hysteretic nonlinearity compensation [9]. Furthermore,
the generalized P-I model allows mathematical descriptions of both symmetric and asymmetric
hysteresis phenomena with dead zone and output saturation, thus being suitable for EHVSs.
We have recently devised the direct identification of the generalized P-I model inversion to facilitate
real-time cancellation of asymmetric hysteresis nonlinearities during feedforward compensation [10].
Nevertheless, feedforward control using an inverse hysteresis model is not robust, especially under
low-frequency disturbances and high-frequency noise that are inevitable in an EHVS [3,11]. Thus,
feedforward control is usually combined with feedback control to increase the bandwidth, improve
tracking performance, and reject the influence of disturbances and noise in the closed-loop control
system [11].

Various challenges and limitations of existing closed-loop EHVS control methods remain
to be addressed. The inverse generalized P-I model as a feedforward controller and the
proportional-integral-derivative (PID) controller as a feedback controller can be combined in different
structures such as cascade or parallel connection [12,13]. Although feedforward control using the
inverse generalized P-I model can be combined with proportional-integral-derivative (PID) feedback
control in either cascade or parallel configuration, a cascade structure produces undesired chatter in the
output signal. Despite the severity of this problem for EHVS applications, it has not been adequately
addressed. In fact, the activation of the right or left envelope function in the inverse generalized P-I
model is directly affected by the EHVS output feedback signal, and even weak measurement noise can
thus cause high-frequency switching between the two envelope functions, resulting in control input
chattering. The cascade implementation of the inverse hysteresis model may substantially aggravate
the reference tracking accuracy of the EHVS closed-loop control, as detailed and experimentally
demonstrated in this study. We adopt a robust PID controller as the feedback control structure of an
EHVS actuated by a proportional control valve to increase the robustness against disturbances and
noise. The control parameters are determined according to the controller tuning strategy proposed in
Kim et al. [14]. To successfully apply this tuning strategy, two stable frequency-dependent weighting
functions should be designed for the sensitivity and complementary sensitivity functions, which are
associated with the performance and robustness of the closed-loop EHVS. However, a systematic
methodology for determining the critical cutoff frequency of the weighting functions has not been
fully developed.

The main contributions of this paper can be summarized as follows. First, we propose a
method to determine the cutoff frequency of the weighting functions for the closed-loop robust
PID control of an EHVS actuated by a proportional control valve. The cutoff frequency is determined
by examining the amplitude spectrum of the measured feedforward compensation error generated
by uncertainties in the inverse generalized P-I model. The compensation error can be handled as an
exogenous periodic disturbance to the linear dynamics while excluding nonlinearities [15]. Second, we
evaluate the practical necessity of adopting the parallel implementation of the feedforward controller
using the inverse generalized P-I model to an EHVS compensated by a robust PID controller in the
closed-loop system. In addition, we experimentally demonstrate that the feedforward control using
the inverse hysteresis model plus robust PID feedback control in cascade connection does not provide
sufficient robustness against output EHVS noise. These experimental and analytical results justify the
implementation of the feedforward and feedback controllers in a parallel structure for the former to be
independent from the EHVS output feedback signal. The proposed control scheme allows the EHVS
output to precisely track a desired trajectory and increases the robustness of the EHVS actuated by the
proportional control valve, as verified via experiments.

The remainder of this paper is organized as follows—Section 2 briefly reviews the direct
development of the inverse generalized P-I model for hysteretic systems and then presents
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the experimental compensation of hysteretic nonlinearities in an EHVS using the corresponding
feedforward controller. In Section 3, the linear dynamic model of the EHVS, assuming its
hysteretic behavior is compensated by feedforward cancellation using the inverse generalized
P-I model, is derived using time-domain identification via meta-heuristic optimization, namely
cyclic-network-topology particle swarm optimization (CNT-PSO) [16] developed by one of the authors
of the present paper. Section 4 details the method to determine the cutoff frequency of the weighting
functions and presents the design results of the robust PID controller for the EHVS. Section 5 details the
parallel implementation of the feedforward control using the inverse generalized P-I model combined
with the robust PID controller in a closed loop. In addition, the experimental comparison of the
tracking and robustness performances between the cascade and parallel configurations of the inverse
hysteresis model and robust PID controller are reported. Finally, some conclusions are presented in
Section 6.

2. Feedforward Control for Nonlinearity Compensation

This section first reviews the inversion of a generalized P-I model. Then, it presents the procedure
and experimental results of directly developing an inverse generalized P-I model [10] to precisely
identify the known model parameters. Finally, we report the experimental validation and performance
evaluation of hysteresis compensation achieved by the identified inverse generalized P-I model used
as a feedforward controller.

2.1. Inverse Generalized P—I Model

The complex input-output characteristics of an asymmetric hysteresis with dead zone and output
saturation of the nonlinear target system ®* illustrated in Figure 1 should be linearized. To this end,
it is critical to derive an exact inverse hysteresis model ®~!. We adopt a recently proposed method
for direct construction of the inverse generalized P-I model [10] instead of analytically deriving
the inversion from an estimated model ®. We briefly describe the discrete version of the inverse
generalized P-I model below. The output of the inverse model ®~1[-](k) is expressed as

7 (80 100 + T gRy [(0) , 1K) 2 r(k—1)

u(k) == @~ r)(k) = @
7 (g0 r() + Yy &Ry [(R) ), rlk) < (k= 1),
with the classical play hysteresis operator Ry [-] (k) being defined as
Ry, [r] (k) = max{r (k) —qj, min{r (k) +q;, Rg;[r] (k=1) }},
Ry, [r](0) =max{r(0) —q;, min{r(0)+4;,0}}, ()

where (N + 1) play operators are considered, v; and 7, are envelope functions, and q; and g; are finite
sequences of thresholds and discrete weights, respectively, corresponding to the density function in the
inverse model. Details of the derivation of this inverse model can be found in our previous study [10].
The uncertain model parameters, g; and g;, in the inverse threshold and density functions for O[] (k)
can be identified directly from input-output measurements using CNT-PSO [16].

2.2. Parameter Identification and Experimental Validation

We conducted experiments on the EHVS actuated by a proportional control valve, as shown in
Figure 2, to measure the output data when applying a triangle wave voltage input v(t) of frequency
0.01 Hz and amplitude 7.5V for t € [0,100] with sampling interval T; = 0.1s. The specifications of
the experimental EHVS are listed in Table 1. Figure 3 shows the complex nonlinearities in the EHVS
input-output characteristics, which indicate an asymmetric hysteresis with dead zone and output
saturation between the input v(k) and measured output ypyste (k)-
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Figure 1. Illustration of nonlinearity compensation by an inverse hysteresis model.

Figure 2. Schematic diagram of the experimental setup of the electro-hydraulic valve system.
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Table 1. Specifications of experimental EHVS.

Component Model Specifications Manufacturer
Proportional control valve D1FBEO1ICCONF0016 P,A,B: 350 bar max., T: 210 bar max. Parker
Flow sensor QG200 0.03-40 L/min Hydrotechnik
CompactRIO real-time controller NI cRIO-9024 Real-time controller at 800 MHz NI

w/512 MB DRAM, 4 GB storage
Analog output module NI 9263 Four channels, sampling rate: 100 kS/s, NI

resolution: 16 bits, range: £10 V
Analog input module NI 9223 Four channels, sampling rate: 1 MS/s, NI

resolution: 16 bits, range: £10 V

Let ®* denote the real nonlinear behavior in Figure 3 of the EHVS in Figure 2. The unknown
parameters of inverse generalized P-I model ®~![-](k) in (1) and (2) are directly estimated using the
identification method in Reference [10]. Figure 4 illustrates the schematic diagram in our identification
procedure for direct construction of ®~1[-](k). For identifying inverse model ®~1[-](k) of the EHVS,
the envelope, threshold, and density functions are given by

fyl_l(v) = ay, tanh_l(agzv — 043) —ay,, %—1(1,) =ay, tanh_l(amv —ay,) — A, (3)
qj:bqj, forj=0,1,2,---,10, 4)
80 = Cgp and gj = cg e, forj=1,2,---,10. )

Therefore, the design parameter vector to be identified is thste = (X1,X8, X!, X") e R12, where
Xt = (ag,,ar,,a0,,00,) € RY, X' = (ay,,ary, ar,,8r,) € R, XT =by € R, and X8 = (cg), ¢y, Cq,) € R

« |Ynyste(t)] Inverse ve—1 (t)
v(t) EHS*S' | Generalized
o <i>71L P-I model: !

Optimization
algorithm

Figure 4. Schematic diagram of the direct identification method of the inverse generalized P-I
model &1

Let the sampled output of inverse model ®~![-](k) be represented by v4,1 (k) as shown in Figure 4.
Then, we define the objective function as

100/0.1) 9
L(thste) = Z ?U(k) — Ugp-1 (k/ thste) ’ (6)
k=0 v

because v — cy0p-1 = CU(%Z) — Ug-1), Where ¢, (> 1) is a user-defined scaling factor. We select ¢, and
cy (> 1) in Figure 4 to be 10 for the available maximum values to be scaled to norm 1.
Finally, we use CNT-PSO [16] to solve optimization problem miny,__ £(Xpyste)- The identification
hyste y!

results of the unknown parameters in Xpyste € R!? are summarized as follows:

X! = (0.461584,0.860918, 0.888605, —0.714533), @)
X" = (0.376703,1.079503,0.863578, —0.554349), ®)
X8 = (13.204966, —0.866600, —0.000001), ©)
X7 = (0.000403). (10)

The relation of input ypyse(k) into the identified inverse model and the resulting output
of <i>’1[yhyste](k) = - d>*1[yhyste /cy](k) (i.e., inverse hysteresis loop) is shown in Figure 5,
where inverse model ®~![-](k) is given by (1) and (2) with estimated design parameters given
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in (7)=(10). We implement the identified inverse generalized P-I model, ®~![-](k), as the feedforward
controller shown in Figure 1 and verify the precision of the estimated model parameters. Figure 6
shows the compensation results when applying triangle wave input (k) with frequency of 0.01 Hz
and amplitude of 9.6 L/min to the EHVS compensated by ®~1[-](k) (i.e., ®* o d~1[r](k)).

8
| pe
. /// Pt
e
e
SN
b JL
! / —w(k)
o — Output of @’][yhystc](k) H

0 1 2 3 4 5 6 7 8 9 10
Input: Yuyste (k)

Figure 5. Comparison of the responses of the directly identified inverse model ®~! [Vhyste] (k) with the
measured nonlinearities.

Output of ®* o & [r](k)
o - N w S u D ~ © ©

Input: r(k)

Figure 6. Relationship between the input r(k) and the output of the inverse compensation ®* o
S~ [r]) (k).

However, the derived feedforward control lacks robustness, which is essential for the EHVS
given the related low-frequency disturbances and high-frequency noise. Therefore, feedforward
control should be combined with feedback control to increase robustness. In Section 3, we present the
parameter identification of a linear dynamics model excluding nonlinear components to design the
corresponding feedback controller.

3. Identification of EHVS Linear Dynamics Model

A linear dynamical system preceded by a hysteresis operator can be used to model an EHVS.
Therefore, the dynamics compensated by approximate inverse hysteresis model ®~1[-](k) with
open-loop feedforward control can be treated as a linear system [15]. We derive the corresponding
linear dynamics model based on time-domain identification using a set of input—output measurements
obtained by injecting pseudo-random binary sequence (PRBS) r(t) into the feedforward-compensated
EHVS (i.e., ®* o &~1[r](k)) for t € [0,25] at sampling interval T; = 0.1 s. Measured output signal
Ydyna(t) and excitation signal 7(t) are shown in Figure 7. The linear dynamics model can be expressed
as a second-order transfer function:
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s
pis) = LB an
$% 4+ w18+ ap
where the design parameter vector to be identified is Xpmoqel = (21, 42, B1, B2) € R*.
12 ORI
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=
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Time (s)
Figure 7. Output ygyna(t) of the EHVS combined with the inverse model &~ 1[r](t) excited by the PRBS
signal r(t).
We formulate the corresponding objective function as follows:
25/0.1
model) +— dyna — Ymodel\*s Amodel ) |
L£Xmodet) = ) [Yayna (k) = Ymodel (k; Xmodel| (12)
k=0

where Y0461 (k) is the sampled output of the second-order transfer function P(s) in (11). Note that
uncertainties may exist not only in the linear dynamics model but also in the inverse hysteresis model
presented in Section 2. Nevertheless, the discrepancy between the approximate inverse hysteresis
model and the hysteretic behavior of the EHVS can be treated as an exogenous disturbance to the
linear dynamics [15]. Therefore, to select a nominal model considering the linear model uncertainties,
we performed experiments to collect output data ygyna(t) over 10 repetitions using a pseudo-random
binary sequence r(t). For the input-output measurement data in each experiment, we solve the
optimization problem in (12) using CNT-PSO [16] to determine the optimal X,odel-

Figure 8 shows the frequency responses of the 10 linear dynamics models identified, where the
red line represents the response of the selected nominal model, P,(s), with parameter estimation
Xnomi = (22.163734,13.738445,21.620760, 14.488049). Figure 9 shows the identification results of the
nominal model, where ynomi(t) is the output of the nominal model with the parameters in Xpomi-

Magnitude (dB)

Phase (deg)

10" 10° 10’ 10° 10°

Frequency (rad/s)

Figure 8. Bode diagrams of the identified linear dynamics models where the red line corresponds to
the nominal model.
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Figure 9. Comparison of the measured output ygyna () and the output ynomi(t) of the identified

nominal model.

To experimentally validate the nominal model P, (s), we applied a sinusoidal signal r(t) =
4.8+ 4sin(0.47tt — ) to the EHVS combined with the inverse hysteresis model ®~1[r](t) for t € [0,40]
at sampling interval Ts = 0.1s. Figure 10 shows the experimental validation results comparing the
measured output Yqyna () and output ynomi(t) of the nominal model Py (s) with the parameters in
Xnomi- We adopt this model to design the feedback controller detailed in Section 4.

A A AA

A
|
|
/

Flow rate (L/min)
°
\\\

il

L
L
ALY
/ /

Figure 10. Experimental validation of the nominal model.

4. EHVS Feedback Controller

We propose a technique to determine the cutoff frequency of the weighting functions by examining
the amplitude spectrum of the feedforward compensation error, which comprises the harmonics of
the input signal. Then, we design a robust PID controller satisfying the given H, specifications using
the tuning method proposed by Kim et al. [14] to improve the EHVS robustness against disturbances

and noise.
For the block diagram shown in Figure 11, the nominal model P, (s) constructed in Section 3 is

given by

Pu(s) = 21.620760s + 14.488049 (13)
T 82 1221637345 + 13.738445

Note that y,(t) is the desired trajectory, e(t) is the error signal, u(t) is the control signal, y(t) is the
controlled output, d(t) is the disturbance input, and n(t) is the sensor noise. In Figure 11, K(s) denotes

the PID controller designed as follows:

1
K(S) = kp + klg + de (14)
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where k, € R, k; € R, and k; € R are the proportional, integral, and derivative gains, respectively.
Thus, the design parameter vector is Xpip = (kp, ki, kg) € R3.

e(t) ult)

yd(t)—(f—v K(s) P, (s) Ty(t)
«—n(t)

Figure 11. Block diagram of the PID feedback control system.

The sensitivity function S(s) and complementary sensitivity function T(s) of the closed-loop
system are respectively defined as

(5) =17 PHES)K(S)’ (15)
The robust performance criteria based on 5(s) and T(s) are given by

[Ws(s)S(s)llo < 1, (17)

[Wr(s)T(s)llo <1, (18)

where Ws(s) and Wr(s) represent stable frequency-dependent weighting functions. The weighting
function Ws(s) has high gain at low frequencies to reject low-frequency disturbances, whereas the
weighting function Wr(s) has high gain at high frequencies to mitigate sensor noise. We consider the
following weighting functions:

W(s) = L) (19)
_ Mo(s/we+1)2
W) = (as/woe w17 =

where w is the cutoff frequency, M; is a bound at high frequency, and Nj is a bound at low frequency
of weighting function Ws(s), whereas M, and N, are the bounds at low and high frequencies of
weighting function Wr(s), respectively.

To obtain the cutoff frequency of the weighting functions, we adopt the following technique.
First, we apply sinusoidal signal r(t) = 4.8 + 4.8sin(0.87tt — %) to the EHVS combined with the
inverse hysteresis model ®~1[r](t) for t € [0,30] at sampling interval Ty = 0.1s. Second, we obtain
the fast Fourier transform of feedforward compensation error [r(t) — y(t)], which is considered as an
exogenous periodic disturbance, to obtain its spectrum. The amplitude spectrum of the error is shown
in Figure 12 and comprises harmonics of sinusoidal signal (). Third, we approximate the cutoff
frequency of the weighting function as 1 Hz because the harmonics under 1 Hz are dominant when
compared with other harmonics. In other words, low-frequency disturbances under 1 Hz influencing
the closed-loop system can be rejected by the robust PID controller with weighting function using
cutoff frequency of 1Hz. Additionally, we set M; = 0.6, N; = 0.01, My = 0.5, and N, = 0.01 as
bounds at low and high frequencies. Thus, the designed weighting functions for the sensitivity and
complementary sensitivity functions are given by

0.6s + 3.77

Wsls) = ST 06283 .
500252 + 6.285 x 10%s + 1.974 x 10°

Wr(s) = (22)

s% + 12575 + 3.948 x 10°
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Figure 12. Amplitude spectrum of the feedforward compensation error r(t) — y(t).

Let Xgpys[s; Xpip] denote the closed-loop system consisting of nominal model P,(s) and PID
controller K(s). The constrained optimization problem to find the optimal parameters can be
formulated as follows:

min L (Xpp) := Re[Amax (Zenvs|[s; Xpm))], (23)
Xpip €R3
subject to
[Ws(s)S(s; Xpp) [lo < 1, (24)
[Wr(s)T(s; Xpp) leo < 1, (25)

where Re[Amax(Zgnvs[s; Xpip])] denotes the maximum real part of all the poles in the
closed-loop system. The optimal parameters obtained from CNT-PSO [14] are Xpp =
(0.01153700, 3.67703857,0.00000918), which guarantee |[Ws(s)S(s; Xpip)|le = 0.99999999 < 1 and
IWr(s)T(s; Xpp)[Jeo = 0.99983193 < 1. Figure 13 shows the bode plots of sensitivity function
S(s; Xpp) and complementary sensitivity function T(s; Xpip), verifying that the given constraints
are guaranteed.

10 10 e ——
7W;1(S) . ™~ 7Wfl<s)
ol ——5(s; Xpm) Y N —T(s; Xpm)
o -10
= Vg m 20 \
Z 20 = \
= / 2 30
Z %0 £
= B 2 40
e o0
5 40 g
= = 50
-50 -60
60 -70 N
2 1 0 1 2 803 0 1 2 3 4 5
10° 10 10 10 10 10 10 10 10 10 10 10°
Frequency (rad/s) Frequency (rad/s)
(a) Bode diagram of S(s; Xpip) (b) Bode diagram of T(s; Xpip)

Figure 13. Frequency responses of sensitivity and complementary sensitivity functions.
5. Feedforward Plus Feedback Controller and Experimental Validation

We experimentally verified the tracking performance and robustness of the inverse generalized
P-I model plus robust PID controller in cascade and parallel connections. The experimental results
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demonstrate that the proposed method can improve the tracking performance and robustness of an
EHVS actuated by a proportional control valve.

5.1. Tracking Performance Test

The inverse generalized P-I model as the feedforward controller and robust PID controller as
the feedback controller can be integrated in cascade or parallel configuration, as shown in Figure 14
(see Remark 1 for details.). However, the feedforward plus feedback controller integrated in a cascade
configuration, as shown in Figure 14a, cannot guarantee robustness against output noise. In fact,
chatter is inevitable in cascaded control because the right and left envelope functions of the inverse
generalized P-I model, which are dependent on the control signal u(t) contaminated by the output
noise, can repeatedly switch by such noise in the EHVS. To demonstrate this problem experimentally,
we applied desired flow rate y,(t), a triangle wave with frequency of 0.01 Hz and amplitude of
9.6 L/min, to the systems shown in Figure 14a,b for ¢ € [0,100] at sampling interval Ts = 0.1s.

Hpwlt
| 51
d e I
mr——— = | == === 1 ! T T e Bl
Ya e wl, |l I
K(s) o ! i P(s) |
e = === f | === == ===
Cascade structure EHSS actuated by Parallel structure EHSS actuated by
the proportional control valve the proportional control valve
n

(a) Inverse generalized P-I model ®~'{u](t) plus robust (b) Inverse generalized P-I model &~ 1[y,](t) plus robust
PID controller K(s; Xpip ) integrated in cascade structure PID controller K(s; Xpip ) integrated in parallel structure

Figure 14. Block diagrams of the feedforward plus feedback control system.

The tracking results of the cascade control system (Figure 14a) are shown in Figure 15b, where y,(t)
and y(t) are the desired and measured flow rates, respectively. The output of the inverse generalized
P-1 model, ®~![u](t), is shown in Figure 15a. These experimental results demonstrate that the
inverse hysteresis model in the cascade connection is susceptible to output noise. Figure 16a,b
show the tracking results of the feedforward plus feedback control system integrated in parallel
connection (Figure 14b) and the output of the inverse generalized P-I model, ®~![y,](t), respectively.
These experimental results show that chattering can be eliminated because inverse hysteresis model
®~1[y,](t) in the parallel connection is independent of the output noise in the EHVS.

8 :
10 va(t)
! —y®) |
s
= l
B g
| ~
Sy : ww‘\ 2
E i 3
AL : N
51/ 1l \ g |
22 Nl ‘\\ ‘ ‘” S
) \ | ‘ \ \J \ N
1 £
0
0 20 40 60 80 100 80 100
Time (s)
(a) Response characteristics of the inverse generalized P-1 (b) Response characteristics of the feedforward plus
model ®~1[u](t) feedback control system integrated in cascade structure

Figure 15. Experimental results of the feedforward plus feedback control system integrated in

cascade structure.



Actuators 2020, 9, 45 12 of 14

b)Y
Y 10 va(
! \ 0 y(®) |l
— § 8 \
E 5 E 7
o 4 = °
S o5
33 £y
2 &
=, 23
3 =
2
;
1
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
(a) Response characteristics of the inverse generalized P-1 (b) Response characteristics of the feedforward plus
model &1 [y,](t) feedback control system integrated in parallel structure

Figure 16. Experimental results of the feedforward plus feedback control system integrated in
parallel structure.

Remark 1. The inversion-based feedforward controller has been used as a simple output tracking method for
several applications. Although feedforward control has the advantage of fast response regardless of sensor
measurements, it has a critical drawback in that an inversion-based feedforward input may adversely affect
the output tracking performance, especially when modeling errors exist [17-19]. Therefore, the feedforward
controller is generally combined with a feedback controller to achieve better output tracking performance;
in such a case, the feedback controller should be designed to cope with not only unmodeled dynamics but also
disturbances and noises. For example, Fan and Tan [18] recently proposed a control scheme for a class of hysteretic
systems; in this scheme, a simple proportional-integral (PI) feedback controller was in series with an inverse
P-I model-based feedforward controller, as shown in Figure 14a (cascade structure). However, the adopted Pl
feedback controller, which was in the cascade structure, cannot theoretically guarantee robustness against system
uncertainties. Therefore, an additional disturbance observer should be designed and embedded inside the main PI
feedback control loop, to reject lumped disturbances such as hysteresis modeling error and external disturbances.
Furthermore, even if a robust feedback controller is implemented in such a cascade structure, robustness against
output noises cannot be guaranteed; this can be confirmed based on Figure 15b. Moreover, Jung et al. [19]
proposed a two-degree-of-freedom compensation system that uses a hysteresis model-based feedforward controller;
in this system, the controller is placed in parallel with the forward path that contains the feedback controller,
as shown in Figure 14b (parallel structure). However, Jung et al. also used only a naive feedback scheme using
a PI controller. Thus, this scheme may not tackle noises, disturbances, and modeling errors. Compared to the
approaches proposed in these recent studies, our approach theoretically guarantees practical robustness against
model uncertainties as well as against external disturbances and noises.

5.2. Robustness Test

We experimentally evaluated the EHVS robustness against low-frequency disturbances and
high-frequency noise using the proposed parallel control strategy. Figure 17 shows the responses
obtained from the feedforward plus feedback control system in the parallel configuration shown
in Figure 14b. The disturbance rejection results are shown in Figure 17a for step disturbance d(t)
with magnitude 1V and low-frequency components added at t = 10s. Figure 17b shows the noise
rejection results under Gaussian white noise 7(t) and high-frequency components added at t = 10s.
These experimental results demonstrate that the proposed robust PID controller with the weighting
function at cutoff frequency of 1Hz can reject the influence of low-frequency disturbances and
high-frequency noise.
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Figure 17. Robustness validation of the feedforward plus feedback control system integrated in
parallel structure.

6. Conclusions

We propose a feedforward controller using an inverse model to compensate for nonlinearities and
a robust PID controller to enhance robustness against disturbances and noise for an EHVS actuated
by a proportional control valve. Based on the amplitude spectrum of the feedforward compensation
error, we propose a technique to both determine the cutoff frequency of the weighting functions
and design a robust PID controller satisfying He, specifications. We experimentally demonstrate
that the chatter phenomenon is caused by the cascaded inverse generalized P-I model and robust
PID controller because the envelope functions are switched by output noise in the EHVS. Finally,
the experimental results show that the chatter can be eliminated using the combined feedforward
plus feedback controller in parallel because the inverse generalized P-I model as the feedforward
controller in this structure is independent of the output noise in the EHVS, and the proposed robust
PID controller can reject the influence of both low-frequency disturbances and high-frequency noise in
the closed-loop control system.
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