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Abstract: The time delay of variable valve actuators has a significant influence on engine valve
lift tracking performance. For camless hydraulic valve actuators, engine valve response is affected
by many factors, such as friction and control valve response. In this paper, engine valve response
delay is investigated in depth. Experiment results show that engine valve motion delay can be
divided into valve open delay and valve close delay. They are different even in the same engine
cycle. Complicated delay characteristics make it difficult to build an accurate delay model. In this
paper, a data-based delay observer is developed. To compensate the nonlinear valve delay, the virtual
desired valve lift is designed. By synthesizing the virtual valve lift into the backstepping procedure,
an engine valve lift tracking controller with delay compensation is developed. Compared with the
P controller, the backstepping controller with delay compensation improved the engine valve lift
tracking performance significantly. The experiment results show that the valve open error can be
reduced by 18.33% and the valve close error can be reduced by 4% at least both at stable conditions
and transient conditions. At stable conditions, the valve open error is not more than 0.39 ◦CA, and
the valve close error is not more than 0.44 ◦CA.

Keywords: valve delay; nonlinear systems; electro-hydraulic; backstepping control

1. Introduction

Engine variable valve timing technology (VVT) has come a long way over the past
few decades. Many VVT actuators based on the camshaft were applied in engines [1,2].
However, there are also some deficiencies of camshaft-based VVT actuators. Generally, for
camshaft-driven actuators, only engine valve timing is variable, and the variable range
is very small [2,3]. With the development of sensors, microelectronics and manufacture,
some camless variable valve actuators (CVVAs) were developed [4,5]. For CVVAs, engine
valves are driven by independent actuators (electro-hydraulic [6], electro-pneumatic [7],
electromagnetic [8], motor [9], etc.). Thus, the engine valve timing, velocity and valve lift
are variable. With CVVAs, engine valve lifts are no longer limited by valve cams, and
flexible valve lifts are tracked easily. Therefore, engine performance can be improved
significantly [7,8,10].

For medium- and high-speed diesel engines, the valve spring stiffness and lifts are
greater than those for gasoline engines. Therefore, hydraulic variable valve actuators
(HVVAs) which can provide greater driven force and valve lift are the best solutions. Studies
showed engine valve timing moment has a great influence on engine performance [11,12].
However, the engine valve response delay is caused by many factors, such as control valve
delay, control valve dead-zone, actuator friction force and valve spring pre-tightening.
Given the complex valve response delay of HVVAs, ensuring the accurate engine valve
timing moment is one of the most important challenges [11,13]. This paper focuses on the
engine valve response delay analysis and its compensation with HVVAs.

The time delay of hydraulic systems has a great effect on system control performance
and stability [14]. To compensate system delay, some advanced strategies have been
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developed. The Smith predictor has been widely used in pure delay systems. In [15], a
Smith predictor was used in a fluid temperature control system. In [16], a Smith predictor
was used to compensate time delay of hardware-in-the-loop testing of an electro-hydraulic
fuel control unit for a turbojet engine. In [17], an adaptive Smith-predictor controller was
proposed to deal with variable process dynamics. The Smith predictor has improved
system control performance for constant system delay. The IAE and IAC can be reduced
by 24.3% and 57.38%, respectively. However, for complex nonlinear variable delay, the
Smith predictor is not suitable. To solve complex delay, many delay observers have
been developed. In [18], the delay estimation was applied to a pump-controlled electro-
hydraulic actuator, and the tracking error could be reduced from ±1 mm to ±0.4 mm.
In [19], a relatively large time delay for the VTOL aircraft in the outputs was tested in a
numerical simulation, and the simulation results showed the effectiveness of the proposed
observer. In [20], Sadath and Vyasarayani proposed a method of converting the delay
integrodifferential equations into a system of ordinary differential equations. In [21], the
framework of the Lyapunov–Krasovskii functional was extended to deal with the problem
of exponential stabilization for a class of linear parabolic DPSs with time-varying delay
and a spatiotemporal control input. Despite the progress of delay observers, model-based
delay observers are generally difficult to accurately model for time-varying nonlinear delay
systems, which prevents the realization of delay observers in complex nonlinear systems.
To solve the time delay of time-varying nonlinear delay systems, this paper proposed a
data-based delay observer, which is used in the repeat tracking events.

To compensate system delay, the delay observers are synthesized into many advanced
controllers, such as sliding model control, adaptive control and backstepping control.
In [22], the delay observer was synthesized into a sliding mode controller. In [23], Lu
proposed a receding horizon control (RHC) algorithm for a class of time delay systems;
it estimates system state delays online and produces the stabilizable control input for
state-delay estimation errors. In [24], the unknown time delays which exist in each system
state were compensated in the backstepping process with the novel Lyapunov–Krasovkii
functional and appropriate control gain function. For a hydraulic system, in addition
to system delay, there are many nonlinear factors to consider, such as actuator leakage,
nonlinear friction and hydraulic valve dead-zone. Backstepping control, which can com-
pensate most nonlinear factors during recursive steps, is one of the most popular solutions
for dealing with nonlinear systems [25,26]. In [25], compared with the PD controller, the
mean positioning accuracy (MPA), absolute positioning accuracy (APA), weighted position
accuracy (WPA), saturation index (SAT), robustness index (RI) and composite index (CI)
were all reduced.

The paper focuses on the engine valve lift tracking control based on the electro-
hydraulic actuator. To compensate the engine valve response delay, a data-based delay
observer is designed. In addition, the proportional valve dead-zone, system uncertainties
and system friction force are synthesized into a backstepping controller.

For engine valve response delay compensation, the paper has the following technical novelties:

(1) The engine valve response delay for camless hydraulic valve actuators is analyzed in
detail, and a date-based delay observer is designed.

(2) A delay compensation strategy which builds the virtual desired valve lift is proposed,
and a backstepping controller with a virtual engine valve lift is designed. The virtual
desired lift is used to calculate the input signal based on the system model, and the
actual desired valve lift is used to calculate tracking errors.

The paper is organized as follows: The HVVA system and the engine valve response
delay analysis are shown in Section 2. A delay compensation strategy is proposed in
Section 3. The control-oriented system model is given in Section 3. A backstepping
controller with delay compensation is developed in Section 4. Section 5 reveals experiment
comparisons between the P controller and the controller proposed in this paper. Finally,
some conclusions are given in Section 6.
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2. HVVA Overview and Engine Valve Delay Analysis
2.1. HVVA System Overview

The HVVA schematic and prototype are shown in Figure 1. The engine valve is
controlled by the proportional valve (Parker D1FP). The driven actuator is an asymmetric
cylinder. When the proportional valve receives a positive signal, the engine valve is opened
under the action of pressurized oil. When the proportional valve receives a negative signal,
the engine valve is closed under the action of the engine valve spring force. The engine
valve lift signal can be measured by a laser displacement sensor (micro-epsilon 2300). The
proportional valve piston displacement can be obtained by the LVDT sensor integrated
into the proportional valve body. All signals are sampled by differential strategy. HVVA
parameters can be founded in Table 1. The main system parameters are shown in Table 2.
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Figure 1. HVVA schematic and prototype. (a) HVVA schematic; (b) HVVA prototype.

Table 1. HVVA parameters.

Parameter (Unit) Explanation Value

AB (m2) Effective area of Chamber B 6.362 × 10−5

AC (m2) Effective area of Chamber C 9.0321 × 10−5

AD (m2) Effective area of Chamber D 1.0367 × 10−4

m (g) Mass of motion parts 170

Table 2. System parameters.

Item Type Parameters

DAQ board NI PCI-6281 Input: 16 channels (500 kS/s)
Output: 2 channels

Displacement sensor micro-epsilon 2300 Range: 25 mm (50 kHz)

Pressure sensor MD-HF-25M-1-A Range: 25 MPa
Response frequency > 50 kHz

Power supply 4NIC-X288-4L 4 × 24 V/3 A

2.2. Engine Valve Response Delay Analysis

Engine valve response delay is caused by many factors. A typical engine valve
response is shown in Figure 2.
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The “Evalve lift” is engine valve lift; “Pvalve lift” is proportional valve spool displace-
ment; “Pb”, “Pc” and “Pd” are oil pressures in Chamber B, Chamber C and Chamber D,
respectively. The engine valve delay can be calculated by:

Delay (EV) = Delay(PV) + Response (PV) + Delay (Pr) (1)

where Delay (EV) is the engine valve response delay; Delay(PV) is the proportional valve
response delay; Response (PV) is the time for the proportional valve spool to start moving
until it reaches the dead zone; Delay (Pr) is the pressure building-up time, that is, from
the moment when the high-pressure oil is injected into Chamber C (the moment when
the proportional valve crosses the dead zone) to the moment when the hydraulic force is
greater than the sum of the spring preload and the maximum static friction force.

Figure 3 shows that the Delay(PV) is stable under different command signals. With
different target command signals, the Response (PV) is different regardless of whether the
initial state is the same. As shown in Figure 4, under different oil supply pressure, the
Response (PV) is also different even if the command signal is the same. The Response (PV)
is strongly nonlinear and difficult to model accurately.

Compared with Delay(PV) and Response (PV), Delay (Pr) is more complex. The
Delay (Pr) is determined by oil supply pressure, maximum static friction force, spring
preload and oil pressure transfer rate. Some advanced friction models have been developed
to improve controller performance [27,28]. However, the maximum friction force of the
dynamic friction model has large errors when compared with experiment results [29].
When oil supply pressure changes, Delay(Pr) also changes. As shown in Figure 4, when
oil supply pressure is 10 MPa, Delay(Pr) is 0.99 ms; when oil supply pressure is 5 MPa,
Delay(Pr) is 2.14 ms. Figure 5 shows the valve open delay experiments with the oil
temperature from 30 ◦C to 50 ◦C. As shown in Figure 5, the oil temperature affects valve
open velocity, but for valve open delay, it has little effect and can be ignored.

For the engine valve close event, the engine response delay is different from the valve
open response delay. The engine valve is driven by a compressed valve spring. The engine
valve close delay (engine valve starts to close) with different maximum valve lifts is shown
in Figure 6. With different maximum valve lifts, the valve close delay is stable, and the delay
time is 3.6 ms, which is smaller than that of the valve open delay. As shown in Figure 7, for
different oil supply pressures, the valve close delay is also about 3.6 ms. Figure 8 shows
the influence of oil temperature on engine valve close delay. Similar to valve open delay,
the oil temperature affects valve close velocity, but for valve close delay, it has little effect.
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From Figures 6–8, it can be seen that valve close delay is stable and smaller than valve open
delay even with different maximum valve lifts, oil supply pressures and oil temperatures.
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The delay experiment results show that engine valve response delay is strongly non-
linear and difficult to decouple although Delay(PV) is stable. In addition, the Delay (EV)
between engine valve open stage and engine close stage is different. Therefore, some
traditional delay compensation strategies are no longer effective.

3. Delay Compensation Strategy and System Model
3.1. Delay Compensation Strategy

To compensate engine valve delay, a backstepping controller with a virtual desired
engine valve lift is proposed. In traditional model-based controllers, the input signal and
tracking error are calculated with the actual engine lifts. For the proposed compensation
strategy, the virtual desired valve lift is used to calculate the input signal, and the real de-
sired valve lift is used to calculate the tracking error. Under the same condition, the desired
engine valve lift is pre-defined. Therefore, the engine valve delay can be compensated by
designing virtual desired engine valve lifts. In [30], it is shown that desired engine valve lift
can be parameterized by five parameters. As shown in Figure 9, engine valve open time is
determined by IN-Timing, and the time at which the valve begins to close is determined by
IN-Timing and IN-Dwell. To compensate valve delay, two parameters need to be adjusted.
By adjusting IN-Timing, engine valve open delay can be compensated, and by adjusting
IN-Dwell, engine valve close delay can be compensated.
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Figure 9. The parameterized engine lift.

To design the virtual desired lift, engine valve response delay is necessary. As shown
in Section 2, the engine valve response delay is difficult to model. Therefore, a data-based
delay observer is proposed. Under stable conditions, the desired valve lift is fixed. The
delay is affected by oil supply pressure fluctuation and oil temperature, and the pressure
fluctuation and oil temperature change slowly. The delay between a few engine cycles is
almost equal.

Based on the engine cycles, the engine valve open delay and close delay can be
calculated by:

openDelay (EV)k =
1
5

5

∑
i=1

openDelay (EV)k−i + kpo∆P (2)

closeDelay (EV)k =
1
5

5

∑
i=1

closeDelay (EV)k−i (3)

where openDelay (EV)k and closeDelay (EV)k are predicted valve open delay and close
delay in the current engine cycle, respectively; openDelay (EV)k−i and closeDelay (EV)k−i
are real valve open delay and close delay in the previous engine cycles, respectively; and
∆P is temperature and pressure fluctuations. kpo is the feedback gain to ∆P. Based on the
experiment, the kpo and kpc can be calibrated. The kpo is 1.8.

The virtual IN-Timing and IN-Dwell can be calculated by:

IN − Timingv = (IN − Timing)− openDelay (EV)k (4)

IN − Dwellk = (IN − Dwell)− (openDelay (EV)k − closeDelay (EV)k) (5)

where IN− Timing and IN−Dwell are desired engine valve lift parameters; IN− Timingv
and IN − Dwellk are virtual parameters.

The virtual desired engine valve lift is shown in Figure 10.
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3.2. System Model

The motion of the engine valve can be described by:

ma = PB AB + PC AC − PD AD + mg− Ff − Fs (6)

where m is the effective mass of the moving elements, including the engine valve and the
piston of the hydraulic actuator; PB, PC and PD are hydraulic pressure of Chambers B, C
and D; Ff is the friction force and Fs is the valve spring force.

PB, PC and PD can be described as:

.
PB =

βe

VB

(
KB

√
2
ρ
|Pl − PB|sgn(Pl − PB) + ClB(PC − PB)− ABv

)
(7)

.
PC = βe

VC

(
KCxv

[
s(xv)

√
2
ρ (Ph − PC) + s(−xv)

√
2
ρ (PC − Pl)

]
− ClB(PC − PB)

−ClD(PC − PD)− ACv)
(8)

.
PD =

βe

VD

(
KD

√
2
ρ
|Pl − PD|sgn(Pl − PD) + ClD(PC − PD) + ADv

)
(9)

sgn(x) =
{

1, i f x ≥ 0
−1, i f x < 0

(10)

s(xv) =

{
1, i f xv ≥ 0
0, i f xv < 0

(11)

where βe is oil elasticity modulus; VB, VC and VD are effective volumes of Chambers B, C
and D; AB, AC and AD are effective action areas; CdB and CdD are flow coefficients of the
oil port in Chambers B and D; KC is equivalent flow coefficient of the proportional valve;
KB and KD are equivalent flow coefficients of the oil port; xv is the real valve openings of
the proportional valve instead of the valve command signal; ClB and ClD are coefficients of
leakage from Chamber C to Chambers B and D, respectively; Ph is oil supply pressure and
Pl is the system back pressure.

To implement the controller, the proportional valve model is simplified as:

xv =

{
u− 2.55, i f xv

′ ≥ 0
u + 2.5, i f xv

′ < 0
(12)

where u is the command signal; −2.55 and 2.5 are proportional valve dead-zone.
The friction force Ff can be calculated by:

Ff = µd
(
σ0z + σ1

.
z + σ2

.
x
)

(13)



Machines 2022, 10, 701 10 of 23

.
z =

.
x−

∣∣ .
x
∣∣

g
( .
x
) z (14)

g
( .
x
)
= α0 + α1e−(

.
x.
xs
)

λ

(15)

µd =

{
µd+

.
x ≥ 0

µd−
.
x < 0

(16)

where σ0 is the bristle stiffness, σ1 is damping coefficient of the bristle, σ2 is the viscous
damping coefficient of the variable valve system, z is the deformation length of the bristle,
.
z is the deformation velocity,

.
x is the engine valve velocity, g

( .
x
)

is used to calculate static
friction force, α0 is the Coulomb friction coefficient, α1 is the static friction coefficient,

.
xs is

the system Stribeck velocity and µd is the mean bristle direction coefficient.
The spring force Fs can be calculated by:

Fs = β1(x + 0.0085)2 + β2(x + 0.0085) + β3 (17)

The model parameters are shown in Table 3.

Table 3. Model parameters.

Parameter (Unit) Value Parameter (Unit) Value

βe (Pa) 1.7 × 109 σ2 (N/m/s) 10
VB (m3) 1.2 × 10−5 α0 0.0002
VC (m3) 1.3 × 10−4 α1 0.00045
VD (m3) 1.8 × 10−5 .

xs (m/s) 0.2
KB 2 × 10−7 λ 2
KC 5 × 10−8 µd+ 1.05
KD 2 × 10−7 µd− 0.45
ClB 5 × 10−13 β1 248
ClD 5 × 10−13 β2 23660

σ0 (N/m) 400,000 β3 26.69
σ1 (N/m/s) 300

4. Controller Design and Stability Analysis

As shown in Figure 11, the motion of the engine valve can be decoupled into three
stages: engine valve open stage (EVO), maximum valve lift dwell stage (MVLD) and engine
valve close stage (EVC).
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Based on (6)–(17), the system state variables are defined as:

x = [x1, x2, x3, x4, x5, x6]
T =

[
y,

.
y, PB, PC, PD, z

]T (18)

The system model (6)–(17) is converted to state-space form:

.
x1 = x2

.
x2 = 1

m

(
x3 AB + x4 AC − x5 AD − (µd(σ0x6 + σ1(x2 − |x2|

α0+α1e−(
x2
0.2 )

2 x6) + σ2x2))− Fs

)
+ d2(t)

.
x3 = βe

VB
(QB(x3) + ClB(x4 − x3) − ABx2)

.
x4 = βe

VC
(QC(x4)− ClB (x4 − x3)− ClD(x4 − x5)− ACx2)
.

x5 = βe
VD

(QB(x5) + ClD(x4 − x5) + ADx2)
.

x6 = x2 − |x2|

α0+α1e−(
x2
0.2 )

2 x6

(19)

For an engine valve application, only engine valve lift (x1) can be measured directly.
Therefore, a state observer is necessary. To compensate system uncertainties, d2 is extended
to x7. The extended state observer can be designed:

.
x̂1 = x̂2 +

σ1
ε (y− ŷ)

.
x̂2 = 1

m

(
x3 AB + x4 AC − x5 AD − (µd(σ0x6 + σ1(x2 − |x2|

α0+α1e−(
x2
0.2 )

2 x6) + σ2x2))− Fs

)
+ σ2

ε2 (y− ŷ)
.
x̂3 = βe

VB
(QB(x3) + ClB(x4 − x3)− ABx2) +

σ3
ε3 (y− ŷ)

.
x̂4 = βe

VC
(QC(x4)− ClB(x4 − x3)− ClD(x4 − x5)− ACx2) +

σ4
ε3 (y− ŷ)

.
x̂5 = βe

VD
(QB(x5) + ClD(x4 − x5) + ADx2) +

σ5
ε3 (y− ŷ)

.
x̂6 = x2 − |x2|

α0+α1e−(
x2
0.2 )

2 x6 +
σ6
ε3 (y− ŷ)

.
x̂7 = x7 +

σ7
ε4 (y− ŷ)

(20)

The following is defined:

L = [l1, l2, l3, l4, l5, l6, l7]
T =

[
σ1
ε , σ2

ε2 , σ3
ε3 , σ4

ε3 , σ5
ε3 , σ6

ε3 , σ7
ε4

]T

=
[
σ1ω0, σ2ω0

2, σ3ω0
3, σ4ω0

3, σ5ω0
3, σ6ω0

3, σ7ω0
4]T

(21)

where L is the observer gain matrix. In this paper, [σ1, σ2, σ3, σ4, σ5, σ6, σ7, σ8]
T

= [1, 10, 2, 2, 2, 2, 0.0001, 1]T . Observer error is x̃ = x − x̂. It is easy to prove that the
characteristic polynomial of the state observer satisfies the Hurwitz law. Thus, the observer
is stable.

4.1. Controller Design

Based on the system model, a backstepping controller based on the delay compensation
strategy can be designed.

Step 1: Define the engine valve lift tracking error and engine valve velocity tracking
error:

z1 = x1 − x1d (22)

z2 =
.
z1 + k1z1 = x2 − x2eq (23)

x2eq =
.
x1dv − k1z1 (24)

where x1d is the desired valve lift, x1dv is the virtual desired engine valve lift, x2eq is the
virtual valve velocity and k1 is the positive feedback gain of z1.
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For the engine valve lift tracking event, engine valve lift error z1 will converge to zero
if engine valve velocity error z2 converges zero. Differentiating (7),

.
z2 =

.
x2 −

.
x2eq =

1
m

(
x3 AB + x4 AC − x5 AD − Ff − Fs + d2

)
−
( ..

x1d′ − k1
.
z1
)

(25)

Take x4 as the virtual input of (25); the engine valve lift error converges to zero upon
the design of a control function α2 that converges to x4. Define z3 = x4 − α2; α2 can be
calculated by:

α2 = α2a + α2s1 + α2s2 (26)

α2a =
m
( ..

x1d − k1
.
z1
)
−
(

x̂3 AB − x̂5 AD − F̂f (x1, x2)− Fs(x1) + x̂7

)
AC

(27)

α2s1 = −k2s1z2 (28)

where α2a is a feedforward controller based on the system model and desired input, α2s1 is
linear feedback to z2, α2s2 is used to compensate the unmatched uncertainty, k2s1 and k2s2
are positive feedback gain, Ff m is the maximum estimation error of friction force and d2m is
the maximum unmatched uncertainty.

Apply (26)–(28) to (25):
.
z2 = 1

m (x3 AB + (z3 + α2a + α2s1 + α2s2) AC − x5 AD − Ff − Fs + d2

)
−
( ..

x1d′ − k1
.
z1
)

= 1
m

(
x3 AB + z3 + m

( ..
x1d − k1

.
z1
)
− x̂3 AB + x̂5 AD + F̂f (x1, x2)

+Fs(x1)− ACk2s1z2 + ACα2s2 − x5 AD − Ff − Fs + d2

)
−
( ..

x1d′ − k1
.
z1
)

= 1
m

(
x̃3 AB − x̃5 AD + z3 − ACk2s1z2 + ACα2s2 − F̃f + x̃7

)
(29)

In (26), α2s2 is used to suppress the uncertainties, and it should satisfy:

z2(x̃3 AB − x̃5 AD + ACα2s2 − F̃f + x̃7) ≤ ε2 (30)

z2α2s2 ≤ 0 (31)

α2s2
def
= −k2s2z2 = − h2

2ACε2
z2 (32)

h2 ≥ (x̃3m AB)
2 + (x̃5m AD)

2 + F̃f m
2 + x̃7m

2 (33)

Step 2: Similar to Step 1, if z3 converges to zero, z1 and z2 will also converge to zero.
The time difference of z3 can be calculated by:

.
z3 = βe

VC

(
KCxv

(
s(xv)

√
2
ρ (Ph − x4) + s(−xv)

√
2
ρ (x4 − Pl)

)
− ClB(x4 − x3)

−ClD(x4 − x5)−ACx2)−
.
α2

(34)

.
α2 =

.
α2c +

.
α2u (35)

Treat valve opening xv as virtual input of (34), and it can be calculated by:

xv = xva + xvs1 + xvs2 (36)

xva =

VC
βe

( .
α2c − x̂7

)
+ ClB(x̂4 − x̂3) + ClD(x̂4 − x̂5) + AC x̂2

KC

(
s(xv)

√
2
ρ (Ph − x̂4) + s(−xv)

√
2
ρ (x̂4 − Pl)

) (37)

xvs1 = −kvs1z3 (38)
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Apply (36)–(38) to (34)

.
z3 = − .

α2u +
βe

VC
(−ClB(x̃4 − x̃3)− ClD(x̃4 − x̃5)− AC x̃2 − KCkvs1z3 + KCxvs2) (39)

Similarly, in (36), xvs2 is used to suppress the uncertainties, and it should satisfy:

z3

(
− .

α2u +
βe

VC
(−ClB(x̃4 − x̃3)− ClD(x̃4 − x̃5)− AC x̃2 + KCxvs2)

)
≤ ε3 (40)

z3xvs2 ≤ 0 (41)

xvs2
def
= −kvs2z3 = − h3

2KCε3
z3 (42)

h3 ≥
( .
α2u
)2

+
βe

2

VC
2

(
ClB

2(x̃4m − x̃3m)
2 + ClD

2(x̃4m − x̃5m)
2 + AC

2 x̃2m
2
)

(43)

Step 3: Dead-zone compensation.
For a proportional valve, the dead zone is not negligible. Based on the obtained

valve opening in Step 2, the proportional valve command signal can be calculated by a
smooth dead-zone inverse function shown in (44)–(46). The dead-zone inverse has been
proposed in [31], and the experiments in [32] verified the effectiveness. The parameters of
the dead-zone inverse shown in Table 4 were calibrated by experiments.

u(xv) =
xv + mrbr

mr
Φr(xv) +

xv + mlbl
ml

Φl(xv) (44)

Φr(xv) =
exv/ε

exv/ε + e−xv/ε
(45)

Φl(xv) =
e−xv/ε

exv/ε + e−xv/ε
(46)

Table 4. Parameters of dead-zone inverse.

Parameter Value Parameter Value

mr 1 ml 1
br 2.55 bl −2.5
ε 0.2

4.2. Stability Analysis

Define a positive semi-definite V3 function as

V3 =
1
2

k1
2z1

2 +
1
2

mz2
2 +

1
2

z3
2 (47)

The time derivative of V3 is:
.

V3 = k1
2z1

.
z1 + mz2

.
z2 + z3

.
z3

= −k1
3z1

2 − ACk2s1z2
2 + k1

2z1z2 + ACz2z3 + z2

(
α2s2 − F̃f

)
+z3

(
− .

α2u +
βe
VC

(−ClB(x̃4 − x̃3)− ClD(x̃4 − x̃5)− AC x̃2

−KCkvs1z3 + KCxvs2))

(48)

Apply (30) and (40) to (48); thus,

.
V3 ≤ −k1

3z1
2 − ACk2s1z2

2 + k1
2z1z2 + ACz2z3 −ω1

βe

VOC
kvs1z3

2 + ε2 + ε3 (49)
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.
V3 ≤ zTΛ3z + ε ≤ ε− µV3 (50)

V3 ≤ e−µtV3(0) +
ε

µ

[
1− e−µt] (51)

where Λ3 =

 k1
3 − 1

2 k1
2 0

− 1
2 k1

2 ACk2s1 − 1
2 AC

0 − 1
2 AC

βe
VOC

kvs1

, µ = 2λmin(Λ3)
{

1
k1

2 , 1
m , 1

}
.

As shown in (52), the controller is stable.

5. Experiment Discussion
5.1. P Controller Design

To verify the effectiveness of the proposed controller, five P controllers which are
cycle-based were designed. For the P controller, the typical command proportional valve
signal is shown in Figure 11. The control signal of a proportional valve with P controllers
can be defined as:

u =


vp t1 < t ≤ t2
1.8 t2 < t ≤ t3
vn t3 < t ≤ t4
−4 t4 < t ≤ t5
0 else

(52)

The engine valve open time, valve open velocity, maximum valve lift, valve close
velocity and valve close time are calculated after the engine cycle is ended. For the HVVA
prototype shown in Figure 1, although the signal is acquired through a differential strategy,
the noise of the valve lift signal has a significant effect on the crank angle calculation when
the engine valve is not moving. In this paper, when the engine valve is opening, take the
time when the engine valve lift crosses 0.5 mm as valve open time. Take the time from
0.5 mm to 90% of the maximum lift as the valve open velocity. Similarly, take the time from
90% of the maximum lift to 0.5 mm as the engine valve close velocity. Take the time when
the engine valve crosses 0.5 mm when the engine valve is closing as valve close time. The
tracking errors of the last cycle are used to calculate the control input of the real cycle.

The P controllers are designed as:

t1,k = t1,k−1 − Kp1eot (53)

vp,k = vp,k−1 − Kp2eov (54)

t2,k = t2,k−1 − Kp3eml (55)

t3,k = t3,k−1 − Kp4ecs (56)

vn,k = vn,k−1 − Kp5ecv (57)

where eot is engine valve open time error; eov is valve open velocity error; eml is valve
maximum lift error; ecs is valve motion time error when the engine valve starts to close;
ecv is valve close velocity error; ect is valve close time error; Kp1, Kp2, Kp3, Kp4 and Kp5 are
error feedback gains. The feedback gains after tuning are shown in Table 5.

Table 5. P controller feedback gains.

Parameter Value Parameter Value

Kp1 0.1 Kp4 0.02
Kp2 0.005 Kp5 0.005
Kp3 0.1
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5.2. Proposed Controller Implementation

Similar to P controllers, in the backstepping controller, the valve open delay is defined
as the time from the control valve receiving a positive signal to the time when valve lift
crosses 0.5 mm. The time from when the control valve receives a negative signal to when
the valve lift crosses 90% of the maximum valve lift is used as the valve close delay. The
controller parameters after tuning are shown in Table 6.

Table 6. Controller parameters.

Parameter Value Parameter Value

k1 100 kvs1 10
k2s1 20 kvs2 10
k2s2 20

5.3. Comparative Experiments

(1) Valve lift tracking at stable conditions (1200 RPM)

The desired engine valve lift can be obtained with the method shown in [30]. Figure 12
shows the engine valve tracking experiments at stable conditions. The oil supply pressure
is 9 MPa, and the oil temperature is 40 ± 2 ◦C. As shown in Figure 12a,b, the tracking
errors of the backstepping controller are smaller than those of the P controller significantly.
Figure 12c–g show the tracking errors of 45 engine cycles. From Figure 12a,c,d, it can be
seen that when the engine valve is reaching the maximum lift, the overshoot of the valve
lift of the backstepping controller is smaller than that of the P controller, which can verify
the advantages of the tracking controller. Figure 12e–g show the valve open error, valve
close error and maximum valve error comparison, and Table 7 shows the detailed errors.
Compared with the P controller, the valve open error and close error of the backstepping
controller are reduced. However, for maximum valve lift error, there is little difference
between the two controllers. The main advantage of the backstepping controller is reducing
the tracking error when the engine valve is moving. With the proposed delay compensation
strategy, the valve open error is not more than 0.39 ◦CA, and the valve close error is not
more than 0.44 ◦CA.

Table 7. Comparison of valve lift tracking performance at stable conditions.

Controller Open Time Error Close Time Error Maximum Lift Error

P (17 mm) 0.2672 (◦CA) 0.4228 (◦CA) 0.0988 (mm)
Backstepping (17 mm) 0.1792 (◦CA) 0.4070 (◦CA) 0.1411 (mm)

Reduced 32.93% 3.74% −42.81%
P (14 mm) 0.2052 (◦CA) 0.3712 (◦CA) 0.1059 (mm)

Backstepping (14 mm) 0.1971 (◦CA) 0.3468 (◦CA) 0.1140 (mm)
Reduced 3.95% 6.52% −7.65%

P (11 mm) 0.4214 (◦CA) 0.3662 (◦CA) 0.1896 (mm)
Backstepping (11 mm) 0.3528 (◦CA) 0.2048 (◦CA) 0.1223 (mm)

Reduced 16.28% 44.07% 35.50%
P (8 mm) 0.3942 (◦CA) 0.4650 (◦CA) 0.2007 (mm)

Backstepping (8 mm) 0.3376 (◦CA) 0.4366 (◦CA) 0.1504 (mm)
Reduced 14.36% 6.11% 25.10%
P (5 mm) 0.4224 (◦CA) 0.4500 (◦CA) 0.1987 (mm)

Backstepping (5 mm) 0.3900 (◦CA) 0.4320 (◦CA) 0.0868 (mm)
Reduced 7.67% 4.00% 56.32%

(2) Valve lift tracking with transient maximum valve lift

Figure 13 shows the engine valve tracking experiments with transient desired valve
lift. Figure 13b–d show the engine valve open time, close time and maximum valve lift.
The backstepping controller shows obvious advantages when the engine valve is moving.
As shown in Figure 13a, the maximum tracking error of the backstepping controller is less
than 1.5 mm, while the tracking error of the P controller is up to 3 mm. The comparison
of average valve open time error, valve close time error and maximum valve lift error is
shown in Table 8. The average open time error is reduced by 23.56%. The average close time
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error is reduced by 16.88%. The average maximum valve lift error is reduced by 65.67%.
The experiment results verify the effectiveness of the delay compensation strategy.
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Figure 12. Engine valve lift tracking experiments at stable conditions (Temp = 40 ± 2 ◦C; Ph = 9 MPa).
(a) Engine valve lift tracking experiments; (b) engine valve lift tracking errors; (c) engine valve lift
tracking errors (P); (d) engine valve lift tracking errors (backstepping); (e) comparison of engine valve
open time error; (f) comparison of engine valve close time error; (g) comparison of maximum valve
lift error.



Machines 2022, 10, 701 18 of 23

Machines 2022, 10, x FOR PEER REVIEW 18 of 24 
 

 

Table 7. Comparison of valve lift tracking performance at stable conditions. 

Controller Open Time Error Close Time Error Maximum Lift Error 
P (17 mm) 0.2672 (°CA) 0.4228 (°CA) 0.0988 (mm) 

Backstepping (17 mm) 0.1792 (°CA) 0.4070 (°CA) 0.1411 (mm) 
Reduced 32.93% 3.74% −42.81% 

P (14 mm) 0.2052 (°CA) 0.3712 (°CA) 0.1059 (mm) 
Backstepping (14 mm) 0.1971 (°CA) 0.3468 (°CA) 0.1140 (mm) 

Reduced 3.95% 6.52% −7.65% 
P (11 mm) 0.4214 (°CA) 0.3662 (°CA) 0.1896 (mm) 

Backstepping (11 mm) 0.3528 (°CA) 0.2048 (°CA) 0.1223 (mm) 
Reduced 16.28% 44.07% 35.50% 
P (8 mm) 0.3942 (°CA) 0.4650 (°CA) 0.2007 (mm) 

Backstepping (8 mm) 0.3376 (°CA) 0.4366 (°CA) 0.1504 (mm) 
Reduced 14.36% 6.11% 25.10% 
P (5 mm) 0.4224 (°CA) 0.4500 (°CA) 0.1987 (mm) 

Backstepping (5 mm) 0.3900 (°CA) 0.4320 (°CA) 0.0868 (mm) 
Reduced 7.67% 4.00% 56.32% 

(2) Valve lift tracking with transient maximum valve lift 
Figure 13 shows the engine valve tracking experiments with transient desired valve 

lift. Figure 13b–d show the engine valve open time, close time and maximum valve lift. 
The backstepping controller shows obvious advantages when the engine valve is moving. 
As shown in Figure 13a, the maximum tracking error of the backstepping controller is less 
than 1.5 mm, while the tracking error of the P controller is up to 3 mm. The comparison 
of average valve open time error, valve close time error and maximum valve lift error is 
shown in Table 8. The average open time error is reduced by 23.56%. The average close 
time error is reduced by 16.88%. The average maximum valve lift error is reduced by 
65.67%. The experiment results verify the effectiveness of the delay compensation strat-
egy. 

 
(a) 

 
(b) 

Machines 2022, 10, x FOR PEER REVIEW 19 of 24 
 

 

 
(c) 

 
(d)  

Figure 13. Engine valve lift tracking experiments with transient maximum valve lift (Temp = 40 ± 2 
°C; 𝑃௛ = 9 MPa). (a) Engine valve lift tracking errors; (b) comparison of engine valve open time 
error; (c) comparison of engine valve close time error; (d) comparison of maximum valve lift error. 

Table 8. Comparison of valve lift tracking performance with transient valve lifts. 

Controller Open Time Error  Close Time Error Maximum Lift Error 
P  0.5251 (°CA) 0.4679 (°CA) 0.3158 (mm) 

Backstepping 0.4014 (°CA) 0.3889 (°CA) 0.1084 (mm) 
Reduced 23.56% 16.88% 65.67% 

(3) Valve lift tracking with transient oil supply pressure 
Figure 14 shows the engine valve tracking experiments with transient oil supply 

pressure. The maximum valve lift is 11 mm and the oil temperature is 40 ± 2 °C. The oil 
supply pressure can be found in Figure 14d. Figure 14a,b show the tracking error. From 
Figure 14a, it can be seen that with the backstepping controller, the overshoot of the valve 
lift can be restrained greatly. In all engine cycles, the maximum tracking error of the back-
stepping controller is less than that of the P controller, as shown in Figure 14b. Figure 14d–
f show the valve open error, valve close error and maximum valve lift error. As shown in 
Table 9, with the backstepping controller, the valve open error and valve close error are 
not more than 0.3 °CA. The average valve open error can be reduced by 58.06%. The av-
erage valve close error can be reduced by 31.04%. The average maximum valve lift error 
can be reduced by 65.63%. 
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Ph = 9 MPa). (a) Engine valve lift tracking errors; (b) comparison of engine valve open time error;
(c) comparison of engine valve close time error; (d) comparison of maximum valve lift error.

Table 8. Comparison of valve lift tracking performance with transient valve lifts.

Controller Open Time Error Close Time Error Maximum Lift Error

P 0.5251 (◦CA) 0.4679 (◦CA) 0.3158 (mm)
Backstepping 0.4014 (◦CA) 0.3889 (◦CA) 0.1084 (mm)

Reduced 23.56% 16.88% 65.67%
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(3) Valve lift tracking with transient oil supply pressure

Figure 14 shows the engine valve tracking experiments with transient oil supply
pressure. The maximum valve lift is 11 mm and the oil temperature is 40 ± 2 ◦C. The
oil supply pressure can be found in Figure 14d. Figure 14a,b show the tracking error.
From Figure 14a, it can be seen that with the backstepping controller, the overshoot of the
valve lift can be restrained greatly. In all engine cycles, the maximum tracking error of
the backstepping controller is less than that of the P controller, as shown in Figure 14b.
Figure 14d–f show the valve open error, valve close error and maximum valve lift error. As
shown in Table 9, with the backstepping controller, the valve open error and valve close
error are not more than 0.3 ◦CA. The average valve open error can be reduced by 58.06%.
The average valve close error can be reduced by 31.04%. The average maximum valve lift
error can be reduced by 65.63%.
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Figure 14. Engine valve lift tracking experiments with different oil supply pressures (Temp = 40± 2 ◦C).
(a) Engine valve lift tracking experiments; (b) engine valve tracking error; (c) oil supply pressure;
(d) comparison of engine valve open time error; (e) comparison of engine valve close time error; (f)
comparison of maximum valve lift error.

Table 9. Comparison of valve lift tracking performance with different oil supply pressures.

Controller Open Time Error Close Time Error Maximum Lift Error

P (increasing pressure) 0.4536 (◦CA) 0.3844 (◦CA) 0.2224 (mm)
Backstepping

(increasing pressure) 0.2484 (◦CA) 0.2822 (◦CA) 0.0810 (mm)

Reduced 45.24% 26.59% 63.58%
P (reducing pressure) 0.4572 (◦CA) 0.3438 (◦CA) 0.1507 (mm)

Backstepping (reducing
pressure) 0.1332 (◦CA) 0.2218 (◦CA) 0.0487 (mm)

Reduced 70.87% 35.49% 67.68%

(4) Valve lift tracking with transient oil temperature

Figure 15 shows the engine valve tracking experiments with changing oil temperature.
The maximum valve lift is 11 mm and the oil supply pressure is 9 MPa. With different
temperature, the valve open error can be reduced by 18.33% and the valve close error can be
reduced by 4%. As shown in Figures 5 and 8, the oil temperature has an obvious influence
on valve velocity. As shown in Table 10, the maximum valve lift error is reduced by 48.33%,
which verifies the advantage of the backstepping controller in lift tracking events.
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Table 10. Comparison of valve lift tracking performance with transient oil temperature.

Controller Open Time Error Close Time Error Maximum Lift Error

P 0.3769 (◦CA) 0.3494 (◦CA) 0.1583 (mm)
Backstepping 0.3078 (◦CA) 0.3354 (◦CA) 0.0818 (mm)

Reduced 18.33% 4.00% 48.33%

6. Conclusions

The paper focuses on the electro-hydraulic engine valve response delay analysis and
compensation. The experiment results show that the engine valve response delay is affected
by proportional valve response delay, proportional valve response time, maximum static
friction force, etc. Complicated delay characteristics make it difficult to build a model-based
delay observer. Therefore, the paper proposed a data-based delay observer to estimate
engine valve response delay. The experiment results show that the oil supply pressure has
an obvious influence on engine valve response delay. Therefore, the engine valve response
delay is predicted by the previous five engine cycles and oil pressure fluctuations in this
paper. Based on the engine valve delay observer, a delay compensation strategy which
builds the virtual desired valve lift is proposed. Finally, a backstepping controller with a
virtual engine valve lift is designed. The virtual desired lift is used to calculate the input
signal based on the system model, and the actual desired valve lift is used to calculate
tracking errors. In addition, the controller synthesizes the proportional dead-zone and
uncertainties. The engine valve lift tracking experiments show that engine valve open
error, valve close error and maximum valve lift can be reduced significantly both at stable
conditions and transient conditions with the proposed controller. The experiment results
show that the valve open error is not more than 0.39 ◦CA, and the valve close error is not
more than 0.44 ◦CA at stable conditions. With transient maximum valve lift, the average
open time error is reduced by 23.56%, the average close time error is reduced by 16.88%
and the average maximum valve lift error is reduced by 65.67%. With transient oil supply
pressure, the average valve close error can be reduced by 31.04% and the average maximum
valve lift error can be reduced by 65.63%. With different temperature, the valve open error
can be reduced by 18.33%, the valve close error can be reduced by 4% and the maximum
valve lift error can be reduced by 48.33%. In this paper, system uncertainties are suppressed
by the robust term of the controller. However, for actual engine tests, there are many
uncertainties such as transient cylinder pressure and engine vibration. In the future, engine
bench experiments are necessary to verify the effectiveness of the controller proposed in
this paper.
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