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Abstract: In real-world applications, hydraulic pressure control performance is influenced by model
uncertainties, the control bandwidths of valves and pumps, and deviations from the linear working
region. To overcome the aforementioned obstacles, a novel reference governor for disturbance
observer (DOB)-based load pressure control is proposed in this paper for a dual-actuator-driven
electrohydraulic cylinder. First, a control-oriented model for load pressure control was developed.
On the basis of this, a nonlinear DOB-based feedback controller, as well as a mid-range control
architecture for the variable displacement pump and proportional valve, was fabricated so that the
performance degradation caused by the pump’s slow responses and imprecise system parameters
is suppressed. Specifically, this controller is augmented by a novel smooth reference governor,
which modifies the load pressure command in the pressure transition periods to guarantee that the
actuator’s constraints are not violated. Another merit of the novel reference governor is that it ensures
a smooth trajectory transition, and therefore, unmodeled high-frequency plant dynamics will not be
invoked. Case studies were carried out to verify the effectiveness of the proposed control approach.
The study results show that the approach can significantly enhance the hydraulic system’s pressure
tracking performance.

Keywords: reference governor; electrohydraulic system; parameter uncertainty; disturbance

1. Introduction

Electrohydraulic systems are currently utilized extensively in a variety of industrial
and transport applications [1-6], e.g., construction machines [7], robot manipulators [8],
load simulators [9], and steering systems [10]. Hydraulic pressure control performance
is critical in particular situations, e.g., tunneling boring machine thrust force control and
hydraulic press forming force control. In general, two kinds of hydraulic system configura-
tions are used for these applications. One feasible method is to regulate the supply flow
to the cylinder chamber by using an electrohydraulic servo/proportional valve [1,11-15],
which enables satisfactory dynamic behavior. Another approach is to regulate flow using
a variable flow pump; this solution offers better energy efficiency [16], but the system
bandwidth is restricted by the response speed of the pump, in which the moving parts’
inertia is much larger than that of the servo/proportional valve.

A solution was proposed by combining an electrohydraulic servo valve with a variable
displacement pump [17]. In this configuration, the pump drives the cylinder together with
the valve. To obtain better dynamic performance for electrohydraulic cylinder control,
various control methods have been used [18-20]. A strategy featuring double closed-loop
compound robust control was proposed to deal with the underperformance of double
pump—double valve-controlled motors due to external interference, such as poor stability
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of output speed, low controllability, and difficulties in managing synchronous output [21].
A sliding-mode controller of a single-channel motor was designed for the inner loop, while
double-channel cross-coupled closed-loop control was applied to the outer loop. A novel
pump-valve compound drive system was designed in [22], and a force control method
combining tracking error compensation and load compensation control was designed.
In [23], a time-sharing controller was proposed for motor pump-valve control systems.
During the high-flow period, the cylinder is controlled by adjusting the speed of the control
motor, while during the low-flow period, the cylinder is controlled by the form of the
valve-controlled cylinder. Valve—pump parallel variable mode control for hydraulic speed
regulation systems, which established a flexible control mechanism using pump control
and valve control, was proposed in [24]. In [25], valve—pump parallel variable structure
control was proposed for a variable speed hydraulic system. Leaking parallel valve control
was applied to improve low-speed performance at the start and stop stages by increasing
damping ratios and compensating for the reduction in damping ratios due to the negative
friction slope. In these studies, linear control strategies were employed, but the control
performance was often unsatisfying if the working conditions varied dramatically [26]. To
increase tracking performance, sliding mode control was used for electrohydraulic cylinder
pressure control [27-29], but chattering phenomena may excite unwanted frequency modes
and degrade the tracking performance. Wang [11] showed that by accounting for the
nonlinear behavior and parameter uncertainties of the plant, a high tracking performance
could be achieved, and this control strategy was also verified in [30,31]. In general, many
control strategies for a dual-actuator-driven electrohydraulic actuator mainly focus on
parameter uncertainties and disturbances in the system, but the actuator constraints, e.g.,
the stroke and velocity limit of the control valve and variable displacement pump, are not
considered. If these constraints are violated, the closed-loop system control performance
will significantly degrade.

Figure 1 depicts the electrohydraulic system considered in this paper. It consists of
a proportional valve and variable displacement pump. During pressure transition, the
cylinder load flow can be tuned quickly with the help of the proportional valve, while in the
steady state, the valve spool can be shifted to the midpoint, and the variable displacement
pump can maintain the cylinder pressure. This hydraulic configuration can help to improve
system transient behavior while preserving the benefits of the pump control system.
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Figure 1. Schematic diagram of the hydraulic system.

To deal with the aforementioned problems, a novel reference governor for disturbance
observer-based load pressure control in a dual-actuator-driven electrohydraulic actuator
is proposed. First, the reference governor is used to synthesize an adaptive controller by
explicitly taking into account the actuator constraints without the need for the careful selec-
tion of feedback gains or gain scheduling techniques. In addition, disturbance observers
or adaptive controllers proposed in [27,32] can be used. The proposed approach can be
extended to consider additional constraints, e.g., the proportional valve performance limit.
The main contributions of this article are two-fold, as follows:
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(1) The proposed load pressure tracking controller can estimate the plant’s lumped
disturbance caused by uncertain parameters to improve the robustness of the closed-
loop system. In addition, a mid-range controller that dynamically allocates the
command to the pump and proportional valve is used, which can make the best of
the higher bandwidth of the proportional valve and keep the valve position close to
the midpoint of its range.

(2) A novel reference governor is augmented to ensure that the rate and magnitude
constraints of the pump and the valve are not violated. If constraint violation is
foreseen, the pressure reference trajectory will be reduced. The proposed method
can generate smoother pressure trajectories than nominal reference governors, and
therefore, it will not excite high-frequency modes, which helps to improve the model
accuracy used in the prediction.

The remaining sections are organized as follows. In Section 2, the mathematical model
is presented. Section 3 describes the nonlinear controller, including the mid-range controller
and the innovative smooth reference governor. In Section 4, a case study demonstrating the
effectiveness of the proposed controller is presented. Finally, conclusions are drawn in Section 5.

2. Mathematical Modeling

The analyzed system is depicted in Figure 1. The dynamics of the piston of the cylinder
can be described by:
mjép = P1A1 — PzAz — Pl (1)

where m is the mass of the load, x, is the displacement of the cylinder, P; and P, are the
pressures in the forward and return chambers of the cylinder, A; is the piston area in the
non-rod chamber, A; is the piston area in the rod chamber, and the overall load force is
denoted by F.

The dynamics of the cylinder’s pressure can be expressed as [33]:

Vi A .
01 T A1Xp Py
Be

where V1 and V| are the total control volumes of the cylinder and the hoses connecting
the cylinder to the valve, respectively, B, is the bulk modulus of oil, C; is the internal
leakage coefficient, and the flow rate Q;, is given in [34] as the following equation:

Qin = Qin,p + Qinp = kpa + kqxv[sg(xv) VP — P+ Sg(_xv) V' Py — P 3)

where Q;, , is the flow rate of the pump, and Q;, , is the flow rate of the valve.
We define the function

= Qin — A1xp — Ct(Py — P2) (2)

1,ifx > 0
s(%) = {o, ifx < 0 @)
where the pump flow gain kj, is a constant when the pump rotation speed is fixed, « is the
swashplate angle, k; is the flow gain of the servo valve, x; is the valve spool displacement,
P is the discharge pressure of the pump, and P is the tank pressure.
In this paper, the swashplate angle dynamics is modeled using second-order dynamic

systems, and the pump swashplate angle’s magnitude and rate limitations are considered.
The angle dynamics is given as

2

i = 260 Si (1t (o) — ) ) — i ©)

28awy
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where u, is the swashplate angle, w, and ¢, represent the natural frequency and damping
ratio of the system, and Sy(-) and Sg(-) are constraints on the magnitude and the rate. They
are defined by:
M if x>M
Smx)=<¢ x if |[x| <M (6)
-M if x<-M

The transfer function, defined as the relationship between the input 1, and the swash-
plate angle «, is expressed as

a(s) Wi
1y (s) T2 28wy s + w? @)
The proportional valve dynamics can be modeled as:
) W2
Xy = zngv |:SR (zévwv (SM(kxuv) - xv)) - xv] (8)

where 1, is the input command, and w, and ¢, represent the natural frequency and
damping ratio of the valve.

We define x = [x1, X2, X3, X4, X5, X¢, xy]T = [xp, xp, P10, &, Xy, J'CU}T. The system is
expressed as
561 = X7
Xy = LTA1x3 — AyP, — F
X3 = h(x1)[=A1xz — Ce(x3 — P2) + Qin(x3, X4, X6)]
X4 = X5
. 2 )
X5 = 284wy [SR (—252‘% (Spr(ug) — x4)) - x5}
Xe = X7
) 2
X7 = ngwv [SR (ﬁ(SM(uv) — x6)) — x7}
with 5
h(x1) = 735w
Qin(x3,x4,x6) = kpxs + kgxeg(x3, X6) (10)

8(x3,%6) = 5¢(x6)v/Ps — X3+ 5g(—x6)/x3 — P

The nonlinear model shown (9) is a high-order, i.e., seventh-order, model, which makes
it hard to use this form to synthesize a model-based control strategy. In order to make the
controller design much more intuitive, model in (9) should be simplified as follows [26]:

x = h(xp)[—A1xp —d + Qin(x, x0, )]

h(xp) = A1ijrV01 (11)
Qin (x/ Xov, "‘) = Qin,p + Qin,v
= kpa + kgx08(x, x0)

A mid-range controller was designed to allocate Q;, between Q;, , and Qyy, ,, mak-
ing use of the proportional valve’s higher bandwidth while retaining the proportional
valve’s location near the middle of its operating range so as not to violate its limit. For
the considered system, many parameters are unknown or uncertain, and some are even
continuously changing: e.g., the internal leakage coefficient varies with the oil temperature
and cylinder rod position, and the bulk modulus of oil is based on oil pressure and air
entrainment. Furthermore, accurate parameter estimation is very difficult; therefore, the
parameter uncertainties and external disturbances are lumped into the term d.
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3. Controller Design

3.1. Disturbance Observer
The proposed disturbance observer is used to estimate the disturbance d, which is

given by:

%= h(xp) (~Ar¥p + Quna +d) + ki,

: (12)
d = kX,

where £ and d are the estimates of x and d, respectively, %, is the estimation error, Q;, 4 is
the virtual control flow of the system, and k; and k; are control gains, respectively. The
dynamics of X, can be given by:

%o = —k1%o + h(x,) (Ef + Q“m) (13)
where @m is the control flow error, i.e., Qin = Qin — Qing-

Theor~em 1. According to the disturbance observer (12), if d is bounded, the disturbance estimation
error dis bounded and will converge exponentially to a sphere centered at the origin.

Proof. By combining (12) and (13), one obtains

m - [:I’; h(gp)] m - [h(xpc‘z) Qm] (14)

If k1 > 0 and ky > O, then the disturbance observer is stable. Furthermore, if the actuator
constraints are respected, then Q;, is bounded; therefore, the disturbance estimation error
d is bounded. [

3.2. Pressure Tracking Strategy

The nonlinear controller includes a disturbance observer-based pressure tracking
controller to design the virtual control flow to the system.
The dynamics of the tracking error X, is given by:

e = h(xp) [~ Arxp — d + Qin(x1, %0, )] — g (15)

A virtual controller Q;;, 4 for X; is designed as:
. ~ Cc1~ 1.
Qing = A1xp —d — ixc + % (16)

where ¢y is the control gain.

As mentioned earlier, the proportional valve responds more quickly than the pump,
but its stroke is limited. This paper introduces a mid-range controller for allocating the
flow command between the valve and pump, utilizing the valve’s wider bandwidth while
maintaining the spool position close to the middle of its functional range. Based on the
respective frequency characteristics of the valve and pump, two filters, a high-pass filter
Hy for the valve and a low-pass filter H), for the pump, are introduced:

Qpd 204, Taas+1
H — =pa datda
P (S) Qind Tgasz +204aTga5+1 (17)
H, (S) = Qo = —Tgasz
v Qind — T2 524204, Typ5+1

Therefore, we can obtain:

x(s) = Hy(s)ap(5) + Ho(s)ao(s) (18)
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where «(s), ap(s) and ay(s) are the transfer functions between the actual supply flow of
the cylinder chamber and the virtual command flow, the real pump flow and the desired
pump flow, and the actual valve flow and the ideal valve flow, respectively.

When in the low-frequency range, the pump and valve supply flow can easily track
the desired flow, i.e., Dcp(s) ~ 1, ay(s) ~ 1, and we can obtain

a(s) ~ Hy(s) -1+ Hy(s)- 1~ Hy+ Hy =1 (19)
Similarly, when in the high-frequency range, we can obtain
a(s) =~ Hp(s) -0+ Hy(s) -1~ Hy(s) = 1 (20)

Therefore, a(s) is approximately constant.
The variable displacement angle command is given as follows:

_ Qp,d
= kp

g (21)

From (10), the valve control voltage is given by

Qv,d .
fkey Py 1 Qua =0 )
i Q<0
kakxy/x—D;” vd

3.3. Nominal Reference Governor

As explained in Section 2, the valve displacement and pump angle are subject to
magnitude and rate saturations. Once the system leaves its linear region, the boundedness
of d will not be guaranteed, and the disturbance estimation d will be corrupted due to
actuator saturation. This problem can be alleviated by reducing the closed-loop system
performance, i.e., by applying a filter to the pressure command. However, it cannot
guarantee that the actuator saturation is eliminated. Another approach is to use model
predictive control (MPC), which is able to exploit the entire actuator’s potential while
respecting the actuator constraints, but the computational cost is high, especially for the
nonlinear high-order system considered here.

In this paper, a reference governor is investigated to ensure that actuator limitations
are not violated by the system. If a violation of constraints is anticipated, the trajectory
will be modified until all constraints are satisfied. The receding horizon principle and the
bisectional search algorithm are used here to check for constraint violations, as shown in
Figure 2. The command x; is subjected to a bisectional search until the optimal modification
is determined. This is implemented through the optimization of parameter ay:

g (k) = xg" (k= 1) + ae[xa (k) — xg (k = 1)] (23)
where x; is the target trajectory, and x/” is the modified trajectory. When & = 1, the filter does
not affect the input, and conversely, when a; = 0, then x* = ngv(k — 1) can be obtained.
The optimal value of parameter «j is obtained during each time interval kT by maintaining
x7°(t) = x[f?(k) for kTs < T < kTs + Ty, where T, is the prediction time horizon.
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i=LlLa, =Lay =1

a, = 0, @ = 1.

>¢

Simulate the system with
o, (k) = oy, and x;" defined by
Equation (23) for ¢ e[kT,, kT, + Tp]

Constraints
Satisfied?

Figure 2. Bisectional search algorithm to optimize ay.

To determine aj at each time instant, the system in (11) including the controller
dynamics in (16), (18), (21) and (22) are predicted over the interval [kTs, kTs + Tp]. ay is
decreased if constraint violations are anticipated and raised if all constraints are met. The
optimal value of & € [0,1] is subsequently determined. The constraints considered in this
paper are as follows:

u;m'n <y < ugmx
ugmx S Uy S u;nax

AuZ”” < Aug, < Aultt* (24)
Au,,”fi" < Auy < Aull'™*
where
Auy (k) = uy(k) —uy(k—1) (25)
Aug (k) = up(k) — ua(k—1)

3.4. Novel Smooth Reference Governor

Despite the advantages of the nominal reference governor, the revised trajectory is
discontinuous or even jitters if the trajectory x; changes rapidly [35]; therefore, when the
discontinuous revised trajectory is applied to the closed-loop system, unmodeled high-
frequency plant dynamics will be invoked, and the plant model used in the reference
governor will not be accurate, which will decrease the plant behavior prediction accuracy.
In this paper, a novel smooth reference governor is proposed to handle this problem,
which can smooth the fast-changing trajectory by introducing a feedback mechanism based
on the nominal reference governor; i.e., the nominal reference governor is augmented
with a dynamic rate limiter, the threshold of which is closely related to ay. The feedback
mechanism of the dynamic rate limiter is shown in Figure 3 and is given as:

de = SMf [Kf(xd - xdfﬂ (26)
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where x4 is the pressure trajectory used as the reference governor input, Ky is the feedback
gain and Sy(-) is the saturation function given by:

Déka if x > Déka
Smf(x) = x if |x| < axMs (27)
—ogMy ifx < —a My

where Mf is a constant.

n
— Xy Nominal Reference *a
—  ——

Jl Governor

Feedback —
Gain Rate Limiter a,

Figure 3. The schematic diagram of the smooth reference governor.

The revised trajectory from the dynamic rate limiter x4 is then fed to the reference
governor (23). If the actuator constraints are violated, then ay is decreased; as a result,
the dynamic threshold of Syi(-) is then decreased, and therefore, the change rate of x4
is slowed down, making x;r smoother than that of the nominal reference governor. The
smooth trajectory helps prevent the unmodeled high-frequency dynamics from happening,
which improves the plant model credibility in the model prediction. Therefore, the actuator
constraint violation prediction accuracy is improved.

The block diagram of the proposed control structure is shown in Figure 4. As shown,
the proposed smooth reference governor transforms the pressure x; to a revised reference
signal x7°. The nonlinear feedback controller treats x//” as the command, and then a virtual
flow command Q;, 4 is generated. Finally, Q;,, 4 is divided into a; and u, by the mid-range
controller, which drive the pump and valve, respectively.

rev a

Xa_ | Smooth Reference| %« _ | Nonlinear Feedback Oina Mid-Ranging [—*

Governor Controller Controller Uy
PY Electro-

d
hydraulic
. . actuator
P,%, X, Disturbance P, X, %
Observer

Figure 4. Block diagram of the controller structure.

4. Case Studies

In the case studies described in this section, the presented controller was applied to
the electrohydraulic system of a hydraulic press, the maximum load of which is 700 kN.
The dynamics of the system are defined by (9), and the system parameters of the hydraulic
press are given in Table 1.

To show the efficiency of the suggested method, two case studies were carried out in a
simulation, and the following three controllers were compared in the two cases:

(1) The proposed smooth reference governor-based controller (SRG);

(2) The nominal reference governor-based controller (RG);

(3) A third controller conducting pressure tracking without a reference governor. The
impact of the reference governor was simulated by a first-order low-pass filter (LPF)
with a 0.17 s time constant.

The selection of the control parameters of the proposed controller is based on the
following rules: (1) control gains k, k; and c; are chosen based on the saturation limits
and bandwidth of the actuator; (2) filter parameters T, and ¢, depend on the saturation
value of the valve displacement; and (3) decreasing the sampling time Ts and increasing
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the prediction time T}, can improve control performance, but more computing resources are
required. According to the above rules and through trial and error, the control parameters
of the proposed SRG controller were chosen for the simulation, as shown in Table 2.

Table 1. Parameters of the electrohydraulic system.

Parameter Description Value
m Load mass 1200 kg
Aq Driving cylinder piston side chamber area 3.8 x 1072 m?
Ps Pump supply pressure 2.0 x 107 Pa
Ct Driving cylinder leakage coefficient 0m?3/(s-Pa)
Be Oil bulk modulus 1 x 10° Pa
kg-kx Servo valve flow gain coefficient 1782 x 10~% m3 / (s-V'« /pa>
ky Pump flow coefficient 6.56 x 1073 m3/(s-rad)
Wy Pump dynamics natural frequency 25rad/s
Ca Pump dynamics damping ratio 1
Wy Valve dynamics natural frequency 200 rad/s
Co Valve dynamics damping ratio 1
Table 2. Parameters of the controller.
Parameter Value Parameter Value
k 200 ka 543 x 10-8
01 10 Tia 0.15
Cin 1 Ts 0.001
Tp 0.3

Case 1: Mild Pressure Trajectory Test.

The three controllers were first tested with the trajectory shown in Figure 5. The
constraints for the pump and valve were satisfied for all three controllers, and these three
controllers showed almost the same performance, which can be seen in Figure 6. This is
due to the relatively mild pressure trajectory, which can be tracked without aggressive
actuator control. It also shows that the proposed smooth reference governor does not slow
down the tracking results when the actuator constraints are not violated.

=~ 35 . . . . . . .
8 30¢ .
<= 25t
g 20t .
T 15t
@ 10
5 L L L L L L L
1 2 3 4 5 6 7 8 9
Time (s)
4 (@)
3L ' - - SRG controller|’ : ' i
5 2 - - RG controller .
< 1 — LPF controller ]
: 2
W, 1
3 _
-4 I L I L L I L

Figure 5. Tracking performance for a step trajectory from 10 bar to 30 bar. (a) The pressure trajectory.

(b) The tracking error of the three controllers.
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Figure 6. Actuator control inputs of the three controllers for a step trajectory from 10 bar to 30 bar.
(a) The swashplate angle. (b) The swashplate angle rate. (c) The valve command. (d) The valve
command rate.

Case 2: Violent Pressure Trajectory Test

Figure 7 shows the performance when a step trajectory from 10 bar to 70 bar is used.
The variable displacement pump’s angle rate constraint is strongly violated, leading to
oscillating tracking performance if no load governor is used. Compared with the smooth
reference governor, the nominal reference governor applies the pressure trajectory too
aggressively, which leads to intermediate steps when «j cannot be optimized. This results
in the jittering trajectory shown in Figure 8. In addition, the constraints are slightly violated
compared with the novel reference governor, as shown in Figure 9. The smooth reference
governor avoids intermediate infeasible steps, and the updated trajectory is smooth and
satisfies all constraints. This is due to the novel feedback mechanism inherent in the smooth
reference governor, which dynamically slows down the trajectory according to ay; this
helps to avoid exciting the unexpected high-frequency dynamics of the system and helps
to improve the model prediction accuracy.
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Figure 7. Tracking performance for a step trajectory from 10 bar to 70 bar. (a) The pressure trajectory.
(b) The tracking error of the three controllers.

?8 ' j ' ' ' [—SRG controller]

60 — RG controller

50 — Setpoint

40

30

20

10
0

(bar)

rev
T T T T T T

X4

1 2 3 4 5 6 7 8 9
Time (s)

Figure 8. Trajectory used for the nonlinear DOB controller of the three controllers.
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Figure 9. Actuator control inputs of the three controllers for a step trajectory from 10 bar to 70 bar.

5. Conclusions

In this paper, a DOB-based load pressure control strategy with a novel smooth ref-
erence governor is proposed for dual-actuator-driven electrohydraulic cylinders. The
DOB-based feedback controller and mid-range control architecture can suppress the perfor-
mance degradation caused by the pump’s slow responses and imprecise system parameters.
In addition, the novel smooth reference governor ensures a smooth trajectory and will not
excite the unwanted high-frequency dynamics of the plant. The results of case studies show
that the novel feedback mechanism of the smooth reference governor can dynamically
slow down the trajectory and avoid exciting the unexpected high-frequency dynamics
of the system, which helps to improve model prediction accuracy. The benefits of the
novel smooth reference generator are verified by the superior tracking performance of the
hydraulic system.
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