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Abstract: In this paper, a novel series hydraulic hybrid powertrain is proposed for a three-axis
all-terrain vehicle. The engine drives two variable displacement pumps responsible for driving and
steering, respectively. A variable displacement motor is connected to the ring gear of the planetary
coupling mechanism to drive the vehicle and a fixed-displacement motor is connected to the sun gear
to steer the vehicle. The active disturbance rejection control with feedforward control is employed to
control the engine speed. The engine speed is controlled in a close-looped manner by adjusting the
engine throttle. The controller parameters are decided by analyzing the influence of each parameter
on the controller performance by means of the control variable method. The simulation results
indicate that the proposed control strategy enables the vehicle to obtain better engine speed following
and anti-disturbance performance. An all-terrain prototype is established and field tests are carried
out to verify the effectiveness of the design and control strategy of the series hydraulic hybrid
powertrain for the all-terrain vehicle.

Keywords: hydraulic hybrid powertrain; active disturbance rejection control; all-terrain vehicles;
engine speed control

1. Introduction

The hybrid hydraulic application is a promising solution to reduce the energy con-
sumption and regenerate the braking energy of off-road vehicles [1-4], especially hydraulic
excavators [5-7] and loaders [8]. Instead of a battery in the electric hybrid system, the hy-
draulic hybrid system employs a hydraulic accumulator to provide auxiliary power [9,10].
The accumulator has the advantage of a high power density and a low energy density.

As early as 1978, a hybrid hydrostatic drive system was developed in the Berlin Insti-
tute of Technology and it was tested on city buses; it was found that the fuel consumption
was reduced by 20% to 29% [11,12]. After that, the regenerating potential of braking energy
was validated by experimental tests based on a constant pressure system proposed by
Mitsubishi. The results showed that the hybrid bus would recover 73% of kinetic energy at
20 km/h and reduce the exhaust emission and fuel consumption by more than 20% [13].

For hydraulic hybrid powertrains used in vehicles, there are three main configura-
tions, the series hybrid system, the parallel hybrid system and the series—parallel hybrid
system [14]. Justinus compared the power efficiency of hydrostatic transmission with a
fixed-displacement or a variable-displacement motor in a series hybrid drive train with
one pump or two pumps for a compact track loader. The results indicated that the one-
pump series hybrid drive train saved the most fuel [15]. In most series hydraulic hybrid
powertrains, two accumulators are applied. A high-pressure accumulator is adopted to
store surplus engine energy and recover braking energy, as well as generate the torque
for the system through a hydraulic pump/motor working in a specific mode, and a low-
pressure accumulator is used to balance each cylinder flow [16,17]. A series hydraulic
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hybrid powertrain is generally employed in wheel loaders. A series hybrid powertrain
with one pump and two accumulators for a wheeled loader was investigated and an online
optimization method was proposed and validated in reference [18]. An adaptive equivalent
consumption minimization strategy for a compact series hydraulic hybrid wheel loader
was presented to optimize the fuel economy in view of the repetitive work of the wheel
loader [19]. Tri-Vien employed a model predictive controller to control a series hydraulic
hybrid vehicle by regulating the vehicle velocity, the engine torque, the engine speed, as
well as the accumulator pressure [20,21]. Wang placed emphasis on accumulator control by
determining the working time of large and small accumulators to improve the vehicle fuel
economy [22]. A simulation study proved that dynamic programming is helpful to obtain
effective braking energy recovery and fuel economy [23]. A rule-based energy management
strategy with control parameter selection based on dynamic programming was proposed
to realize real-time control for a series hydraulic hybrid vehicle [24].

In previous studies, the series hybrid configuration was studied and used mostly on
wheel loaders and trunks. The application of series hydraulic hybrid powertrains is also an
effective approach for all-terrain vehicles. In addition, according to the construction of a
series hydraulic hybrid powertrain, the engine and the hydraulic pump can be considered
as a whole to provide the flow required by the hydraulic motor. The displacement of
the hydraulic pump determines the engine load. Thus, an effective control strategy to
control the engine speed is needed. In the present paper, the engine speed is controlled
in a closed-loop manner with an ADRC by adjusting the engine throttle. Moreover, the
proposed control strategy is verified in simulations and on an experimental vehicle.

The present paper is organized as follows. In Section 2, the series hydraulic hybrid
powertrain for an all-terrain vehicle is introduced and presented. In Section 3, the active
disturbance rejection control (ADRC) strategy to coordinate controlling the engine and
hydraulic pump is proposed. In Section 4, the parameter choice method for the ADRC
is conducted and the parameters adopted in this study are given. In Section 5.1, the
simulation comparisons illustrate that the ADRC enables the vehicle engine speed to
have better following and anti-disturbance performances. In Section 5.2, an all-terrain
vehicle prototype is established and field tests verify the effectiveness of the design and the
control of the series hydraulic hybrid powertrain in this paper. In the end, Section 5 draws
conclusions on the present study and future work is envisaged.

2. System Configuration

A series hydraulic hybrid powertrain for a three-axis, all-wheel-drive, all-terrain vehi-
cle is proposed in this paper. The configuration of the system is depicted in Figure 1. The
vehicle power source is provided by a diesel engine. The system consists of two hydraulic
circuits, called the driving hydraulic circuit and the steering hydraulic circuit, which are
used for vehicle straight driving and vehicle steering, respectively. The driving hydraulic
circuit is composed of an axial variable displacement pump (2), a high-pressure hydraulic
accumulator (3), a low-pressure hydraulic accumulator (4) and an axial variable displace-
ment motor (5). The steering hydraulic circuit is made up of an axial variable displacement
pump (6) and a fixed-displacement motor (7). The output shafts of the driving hydraulic
motor (5) and steering hydraulic motor (5) are connected to the ring gear and the sun
gear of the planetary coupling mechanism, respectively. The left and right output shafts
of the planetary coupling mechanism are connected to the left and right wheel sprockets,
respectively, and then, all wheels are driven by a chain. There is no mechanical connection
between the engine output shaft and the wheels, so the clutch was eliminated.

When the vehicle goes straight, the engine drives the hydraulic pump (2) through
one slowdown gear and further drives the hydraulic motor (5). The output torque of the
hydraulic motor is transmitted to the gear ring of the planetary gear mechanism through
a two-stage gear. Finally, the wheels on two sides are driven by the planetary frames. A
bidirectional variable pump is applied as the hydraulic pump (2). Thus, the vehicle can
travel in advancing and reversing directions by changing the direction of the tilt angle



Machines 2024, 12,733

30f16

of the hydraulic pump. In addition, the engine also drives another hydraulic pump (6)
to make the vehicle to steer. The steering hydraulic motor (7) relates to two sun gears
of the planetary gear sets on two sides through a bevel gear and a spur gear. In this
case, two sun gears will rotate in opposite directions, enabling the vehicle to carry out
speed-difference-based steering.
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Figure 1. Configuration of hydraulic hybrid powertrain. 1—Engine. 2—Driving pump. 3—High-
pressure hydraulic accumulator. 4—Low-pressure hydraulic accumulator. 5—Driving motor. 6—
Steering pump. 7—Steering motor. 8—Planetary coupling mechanism. 9—Chain transmission.
10—Wheel. 11—Brake.

Under straight driving conditions, the working principle of the hydraulic drive system
is depicted in Figure 2. Symbols P and M denote the two-way variable displacement pump
and the variable displacement hydraulic motor, respectively. Two hydraulic accumulators
are employed to regulate the engine load and recover the vehicle braking energy. A high-
pressure accumulator and a low-pressure accumulator, respectively, denoted by HA and LA,
are connected to the drive hydraulic circuit through two securing valves and a reversing
valve. Symbol SV1 represents the four-way directional valve and it is initially set in the
middle position, disconnecting the accumulators and the system hydraulic circuit. In this
case, the vehicle works under hydrostatic continuously variable transmission. When the
reversing valve is working on the right side, the high-pressure accumulator is connected to
the A side of the system hydraulic circuit and the low-pressure accumulator is connected to
the B side, enabling the vehicle to work under the hydraulic drive mode, the hybrid drive
mode or the engine active charging mode. The vehicle will work under regenerating brake
mode or reverse drive mode when the reversing valve works on the left side.

SV1

Figure 2. The straight driving hydraulic system.
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A prototype using the proposed series hydraulic hybrid powertrain was established
based on an all-terrain vehicle. The parameters of the tested vehicle are given in Table 1.
The main components of the prototype are presented in Figure 3, namely the hydraulic
motor, the hydraulic pump, the accumulator and powertrain assembly. The tested vehicle
is shown in Figure 4.

Table 1. All-terrain vehicle prototype parameters.

Product Name Specification Parameter
Hydraulic pump A10VG45EP4 Maximum displacement 45 mL/r
Hydraulic motor A6VES0OEP2 Maximum displacement 80 mL/r
Hydraulic accumulator NXQ-A-10/31.5-L-Y Nominal VOluIIIOe; ?\/ﬁ;gmtlal pressure
Pressure transducer MPM4842B-G-U4-401 Measuring range 0~40 MPa
Oil temperature sensor MTMZ-PT1000 Measuring range —50~200 °C

Figure 4. Hydraulic hybrid test vehicle.
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For the sake of clearer explanation, the control framework of the hydraulic vehicle is
depicted in Figure 5, including the engine speed control, the hydraulic system pressure
control and the hydraulic motor control. The displacement of the hydraulic pump is used
to regulate the pressure of the hydraulic system. The displacement of the hydraulic motor
is controlled based on the accelerator pedal and the feedback vehicle speed. The speed
following the control performance of the engine is very important in a series hydraulic
hybrid system because poor control could cause the engine to stall. This paper mainly
studies the engine speed control strategy.

Electronic control unit(ECU)

I — — I Accelerator
|| Engine Driving Driving | pedal opening
™ Control »  Pump » motor |@——
I control control I
[y S P I A — ——
engine throttle system pump vehicle motor
speed pressure displacement | speed displacement
A Y Y
L . Driving Driving
Engine Pump Motor

Figure 5. Hydraulic vehicle control framework.

3. Control Strategy

According to the system configuration, the engine speed affects the output flow of
the hydraulic pump and the system pressure. In turn, the load torque of the engine is
directly influenced by the hydraulic pump displacement and the system pressure. If the
throttle control of the engine is inadequate, the engine would stall or suddenly increase,
damaging ride comfort and fuel economy of the vehicle. Therefore, the control of the engine
must have strong anti-interference and adaptive performance. In this paper, the active
disturbance rejection control (ADRC) with the feedforward compensation is adopted to
control the engine speed.

The engine speed control system is depicted in Figure 6. At first, the engine load can
be estimated according to the drive system pressure, the steering system pressure, the
steering angle and the displacement of the drive hydraulic pump. On account of engine
torque characteristics, the feedforward control variable for engine throttle is computed.
The ADRC system calculates the throttle correction based on the deviation between the
target engine speed and the actual engine speed.

Actual engine speed

Drive system pressure
-

Steering system pressure Feedforward
Steering angleV Disturbances |  Control
Drive pump displacement Variable
+
Target engine speed= ADRC :Throttle Engine
+
A

Actual engine speed

Figure 6. Engine speed control block diagram.
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The feedforward part is employed to improve the accuracy and the anti-interference
ability for the ADRC. In this system, the load torque of the engine is obtained by summing
up the torques of the driving hydraulic pump and the steering hydraulic pump. The torque
of the driving hydraulic pump and the torque of the steering hydraulic pump are calculated
based on their displacements and pressures, respectively.

The engine load T7 can be estimated by the following equation:

APsVy n APV,
L= - -
27t pmtie 27T pzlpzmipz

(1)

where APs; and AP; are the pressure differences between the inlet and outlet for the driv-
ing hydraulic pump and steering hydraulic pump, respectively. Symbols V), and V), are
displacements of the driving and steering pumps, respectively. Symbols i, and i), are
transmission ratios between the engine output and the driving and steering pumps, respec-
tively. Symbols 77, and 7., are mechanical efficiencies of the driving and steering pumps,
respectively. Symbols 7;, and 7;,,, are transmission efficiencies of the driving and steering
pumps, respectively.
Therefore, the feedforward control amount of the engine throttle can be obtained as:

Xg = TL
0 Temax (ne)

()

where «( denotes the feedforward adjustment for the engine throttle, Temax(1e) is the
maximum engine torque at the current speed.

The ADRC was proposed by researcher Han Jingqing [25] on the basis of a PID
controller. It has similar real-time performance and better anti-interference performance
compared with the classical PID controller. The ADRC system is composed of a tracking
differentiator (TD), an extended state observer (ESO), and Nonlinear State Error Feedback
(NLSEF), as demonstrated in Figure 7. The tracking differentiator is designed to extract
the target signal and its differential value, resulting in easier tuning and better robustness
than the traditional PID controller. The extended state observer is in charge of estimating
and compensating the disturbance in real time. The NLSFF is adopted to combine the
error signal, the differential and the integral of error, which is easy to implement and has
good robustness and adaptability. In Figure 7, symbols v; and v; are the follow signals
of the target and the differential of target signal v, respectively. Symbols z; and z, are the
follow signals of the feedback signal y of the controlled object and its differential signal,
respectively. Symbol z3 denotes the estimate of the system disturbance. Symbols e; and e,
represent errors. Symbols 1 and u are the control variable of the NLSFF and the control
variable with compensation, respectively. The research object is controlled by the control
variable u.

14! €] ]
. —Ng)—b Nonlinear
_ Uo u
— > Digearceﬁ?agt orl v2 4 e, | State Error 1/bgy > %%rfg[l >
> Feedback - )
- A
bo
- A
3 Extended
V4]
Z State <
Observer

Figure 7. ADRC structure.
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In this paper, the ADRC system is employed to control the engine speed, where the
requirement speed of the engine is the target signal, the actual speed of the engine is
the feedback signal and the engine throttle is the control object. Since that the ADRC is
insensible of system model order, a low-order controller is usually adopted to control a
high-order system [26]. Thus, the engine is considered as a second-order system and the
second-order ADRC is designed as follows.

The second-order system is described as:

y = f(y,y,w(t),t) + bou ®)

where y is the system output, y and y are the derivative and second derivative of the system
output, w(t) is system disturbance, u is a control variable and b is control gain.

The state variables are defined as x; =y, x =y, and the second-order system can be
expressed in a state equation as:

5C1 = X2
Xy = f(x1,x2,w(t), t) + bou )
y =x

where f(x1, xp, w(t),t) is the total disturbance function of external and internal disturbance.
The core of the ADRC design is to estimate the total disturbance and eliminate its influence.
Change Equation (4) into integral series standard form as:

y=u )

To observe the system disturbance, the total disturbance is designed as a new state
variable in the ESO module and presented as:

x3(t) = f(x1, %0, w(t),t) (6)

Thus, the second-order system is expressed as:

5(1 = X2

Xo = x3 + bou

. 7
x3 = wo(t) @)
y=x1

Since a second-order ADRC consists of three parts [25], the disturbance estimation
obtained by the ESO can be calculated by:

e(k) = z1(k) —y(k)
fe = fal(e(k),0.5,6)
fo1 = fal(e(k),0.25,0)

8
21(k+1) = 21(K) + h(z(K) = Pore(K)) ®
z22(k +1) = z3(k) + h(z3(k) — Bozfe + bu(k))
z3(k+1) = z3(k) + h(—PBosfe1)

where fal(x,a,6) is a nonlinear function and can be described as:
X
_ )i x| <4
fﬂl(x,[,l,(s) {sign(x)|x|a, |x| > 5 (9)

Thus, the disturbance state variable x3 is estimated by the observed z3.
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In this paper, the target engine speed is adopted as the input of the tracking differen-
tiator. The calculation formulas of the tracking differentiator are presented as:

{ fh = fhan(vy (k) — o(k), va(k), 70, ho)
v1(k+1) = v1(k) +h-va(k) (10)
Uz(k+1) :Uz(k)+h fh

where /i is sample time, hy is the filter factor of the tracking differentiator, rj is the speed
factor to adjust the speed of the transition process, v(k) is the reference signal at the moment
of k. The function fh is the fast optimal control synthesis function and is expressed as:

fh = fhan(xy,xy,7,h) :

d=rh
do = hd
Yy =x1+ hxp

ag = +/d?* + 8rly| (11)
g—1 x + (4 )szgn( ), lyl > do

o rsign(a),|a| > d
fhan = {I’Zl,|a|§d

The NLSEF is designed based on the fhan function and presented as:

ug = fhan(ey, c1ez, 11, hy) (12)

where c; is the damping factor and /; is the precision factor.
The control variable can be compensated by the disturbance estimation from the
extended state observer as:
z3(k)

bo

According to the reference [26], the parameters g1, Bz and B3 of the extended state
observer can be preliminarily set by the sample step time as:

u(k) = ug — (13)

1

1
Bo1 = E/,BOZ = m/ﬁ% = S 6122 (14)

An electro-hydraulic servo actuator is employed to control the displacement of the
hydraulic pump by changing the inclination angle of the pump swash plate. The target
current is calculated by the pump displacement and a PI control strategy is adopted to
follow the target current. The relationship between the desired current and the desired
pump displacement can be expressed by:

V
T (Ipmax - Ipmin) + Ipmin (15)

L, =
P meax

where V), is the desired displacement of the hydraulic pump, Ipmax and Ipmin are the
maximum value and the minimum value of the control current, respectively. In this paper,
the maximum current is 600 mA at maximum displacement and the minimum current is
200 mA at zero displacement.

4. Parameter Design

All parameters of the ADRC together determine the control results. In this paper,
the control variable method is adopted to analyze the influence of each parameter on the
controller performance and the controller parameters are decided. The simulation model
of the hydraulic hybrid vehicle is established in AMESim Rev 13 software, as shown in
Figure 8. Key parameters of the simulation model are presented in Table 2.
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Figure 8. The hydraulic hybrid powertrain simulation model.

Table 2. Simulation model parameters.

Parameter Value
Engine type Compressed ignition
Maximum engine speed 4200 rpm
Maximum engine speed 192 Nm
fe 1.27
ipz 2000
Pump maximum displacement 45 cc/rev
Motor maximum displacement 80 cc/rev
Relief valve cracking pressure 300 bar

A step signal which jumps to 2400 r/min from 1000 r/min at the moment of 5 s is
adopted as the target engine speed and the sample step time is set as 0.01 s. The hydraulic
pump displacement is zero and the engine works without load. Figure 9 illustrates the
results of the step responses when parameter / takes different values.

3000

1000

Engine speed / r/min

5004

25001

2000

1500

— — -Target speed
—=— /=0.005 ——/=0.01
——1=0.02 ——h=0.03

10
Time /s

12 14

Figure 9. Effect of parameter h on engine speed following performance.

16

It can be found that parameter h affects the engine speed rise time, overshoot and
steady-state error. When the value of parameter / increases from 0.005 to 0.03, the engine
speed rise time first becomes shorter and then remains unchanged after & exceeds 0.02.
In the meantime, the overshoot decreases first and then increases, the controller stability
becomes better first and then becomes worse. When parameter / is set as 0.02, the rise
time, overshoot and convergence rate are all satisfactory. Therefore, the value of parameter
h should not be smaller than the sample step time of the controller. Besides, a larger / is
needed when the actual engine speed fluctuates strongly near the target value.

Figure 10 shows the engine speed variations when the value of parameter r; is set
different. The value of parameter r; has significate influence on the controller performance
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because 71 is one of the parameters in the NLSFF to determine the control variable. When rq
is set as a small value, the engine speed overshoot and the settling time are both relatively
large. The engine speed overshoot and settling time will become smaller when r; becomes
bigger; however, their change is not obvious any more when r; exceeds 2000. Therefore,
the value of parameter rq should not be very small.

3500
= 3000}
£ 2500} | L e
T 2000f S
2 | — — - Target speed
2 LR —— 7 =1000 ——7=2000
& 1000 ——7,=3000 —~—7r,=4000
M 500 ' : : : :
4 6 8 10 12 14 16

Time /s

Figure 10. Effect of parameter r1 on engine speed following performance.

Figure 11 demonstrates the engine speed responses when parameter by takes different
values, and Figure 12 demonstrates the engine speed responses when parameter c¢; takes
different values. When the value of parameter b increases from 500 to 3000, the settling
time of the engine speed becomes larger to a small extent and other indicators remain
unchanged. When the value of parameter c; increases from 0.001 to 0.02, the engine speed
variations basically coincide and the controller performance is not influenced.

3000
g L
g 2500 ;- I
< 2000} !
— |
3 I — — -Target speed
2 1500t I ——b,=500 ——b,=1000
Q
£ 1000 —— b, =2000 —~— 5=3000
=
3|

5004 5 6 7 8 9 10

Time /s

Figure 11. Effect of parameter by on engine speed following performance.

3000
£ 2500} _
e /
= 2000} '
3 : — — - Target speed
2 1500t | ——¢,=0.001 ——c,=0.005
Q - —
2 1000 ——,=0.01 ——c =002
5
500, 5 6 7 8 9 10
Time /s]

Figure 12. Effect of parameter c1 on engine speed following performance.

All parameters of ADRC are analyzed and the controller parameters are decided as
shown in Table 3.
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Table 3. ADRC parameters.

Parameter Value
h 0.02
1) 5xh
r1 3500
70 1000
b 2000
by 2000
ho 5xh
h1 5xh
1 0.01

5. Results and Discussion
5.1. Comparison with Traditional Control Strategy

The proposed ADRC is compared with a traditional PID controller to control the
engine speed. Under the same conditions, the parameters of the PID controller are analyzed
and decided. Figures 13 and 14 show the engine speed variations with different values for
proportion factor k, and different values for integration factor k;, respectively. Thus, the
proportion factor kj, is set as 0.008 and the integration factor k; is set as 0.0001.

3000
g 2500} _ ——e s
a !
= 2000} :
3 I T d
2 1500t | arget spee
2 I ——£=0.001 — = -k =0.002
Ei p P
& 1000 ——k,=0.004 —— £k =0.008
m 1 1 n 1 n
500, 5 6 7 3 9 10

Time / s

Figure 13. Choice of parameter kp for PID controller.

3000
= 2s00f 0 _ TSNS
=) !
= 2000} ;
3 |
2. 1500t || — — - Target speed
3 —— k=0.0001 ——£k=0.0002
& 1000 ——£=0.0004 ——k=0.0006
53]

500 - : - ‘ :

4 5 6 7 8 9 10

Time / s

Figure 14. Choice of parameter ki for PID controller.

Figure 15 illustrates the engine speed variations with the proposed ADRC and the
traditional PID controller when the target speed steps down to 1500 r/min from 3500 r/min
at the moment of 5 s. The speed rise time for the ADRC is 0.98 s and that for the PID
controller is 0.66 s. The PID controller has a more rapid response than the ADRC. This
is because there is a transition process for the target signal, which restricts the controlled
signal rise rate. Though the ADRC takes more time to respond, the overshoot and the
settling time are reduced by 49.92% and 50.59%, respectively. The maximum engine speed
is 3730 r/min with the PID controller and 3615 r/min with ADRC, respectively. The engine
takes 8.5 s and 4.2 s to reach a steady state under the control of the PID controller and the
ADRGC, respectively. Therefore, the ADRC performance is better than the traditional PID
controller under the step condition for the target engine speed.
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4000
g 3500} ——r ———
= 3000f
§ 2500+ _
> 2000( - — -ADRC
o
2 1500 —-—-Target speed
=1
H 1000 s : . : .
4 6 8 10 12 14 16

Time /s

Figure 15. Engine speed step responses by means of ADRC and PID controllers.

When the displacement of the steering pump or driving pump suddenly increases, the
engine speed will decrease. Figure 16 presents the control results when the target engine
speed is set as 1500 r/min and the displacement of the hydraulic pump steps up to 0.6 from
0 at the time of 30 s. The engine speed decreases and then increases to the target speed
under the control of two controllers. With the ADRC, the engine takes 2.7 s to rise back to
the target speed and the minimum speed is 1380 r/min, while the engine takes 15.5 s and
the minimum speed is 1296 r/min with the traditional PID controller. The comparisons
prove that the engine speed control has better anti-disturbance performance through the
ADRC system than the PID control. This is because the ADRC can estimate and compensate
the system disturbance in real time.

1600
g
E 1500pwen f Mo mm e m e e ——— oo
-
-O -
E 1400 o
2 1300} — — -ADRC
5
F 1200 S U
28 30 32 34 36 38 40 42 44 46 48 50

Time /s

Figure 16. Engine speed responses under step load conditions.

A sinusoidal target engine speed is employed to verify the dynamic following ability of
the engine speed under the load. Figure 17a,b show the engine speed results and the speed
difference results with two controllers when the target engine speed is set as a sine function
with the frequency of 2 rad /s, the amplitude of 200 r/min and the offset of 1500 r/min. It
can be found that two controllers both enable the engine to follow the sinusoidal target
speed. The maximum engine speed differences under the control of the PID controller and
the ADRC are, respectively, 76 r/min and 40 r/min. The engine deviation under ADRC is
47.27% smaller than that under PID control.

In conclusion, the proposed ADRC has better control performance than the PID
controller for the engine to follow the target speed under the step speed condition, the step
load condition and the sinusoidal speed condition.
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1800

— Target speed
E - —-PID
= 1600F \—-—-ADRC
3 N
2
@ 1400
Q
2
%!) — -—
5 : : : :
120010 11 12 13 14 15 16
Time / s
(a) Engine following speeds
100

10 1.1 1.2 ll3 1.4 115 16
Time /s
(b) Engine speed following deviations

Engine speed deviation / r/min

Figure 17. Control for sinusoidal target engine speed.

5.2. Prototype-Tested Results

Simulink and Stateflow of Matlab R2014a are used to develop an algorithm model of
the vehicle integrated control system. As depicted in Figure 18, the green part on the left
is the signal input module to acquire and process the signals including the acceleration
pedal opening, the brake pedal opening, the engine speed, the system pressure and the
gear status. The middle orange module is the core control algorithm module of the vehicle,
which is composed of the driver intention analysis, the mode switching logic, the hydraulic
pump, the hydraulic motor, the engine and the reversing valve control. The blue module
on the right is the signal output module, from where the proportional solenoid valve
current drive of the hydraulic pump, hydraulic motor and the reversing valve drive can
be obtained.
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Figure 18. Simulink model of rapid prototype of controller.

A prototype vehicle using the proposed series hydraulic hybrid powertrain is used to
validate the effectiveness of the proposed ADRC.

The tested vehicle accelerates from 0 to 40 km/h and then maintains the vehicle speed
within the regular speed range of 30—40 km/h. Figure 19 illustrates the tested vehicle
velocity variations. It shows that the tested vehicle could drive steadily at a normal speed
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and that the velocity could be maintained at 30—40 km/h. Figure 20 shows the tested
pressures of the inlet and outlet of the hydraulic motor. The target pressure of the system
is 20 MPa and it can be seen that the po could be maintained near the target pressure
with a small fluctuation. This is because the driving resistance, the vehicle speed and the
throttle signal provided by the driver acceleration pedal are time-varying when the vehicle
is travelling in reality, resulting in changing the required flow for the hydraulic motor. In
addition, there is a delay before the outlet displacement of the hydraulic pump. Thus, the
system pressure showed a fluctuation to a certain extent. The pp stayed at around 2 MPa,
indicating that the oil replenishment system worked properly.
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Figure 19. Experimental vehicle speed.
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Figure 20. Highway driving test pressure curve.

The engine speed variations of the tested vehicle are drawn in Figure 21. It can be
found that the engine worked at nearly 2200 r/min, verifying the effectiveness of the
proposed engine follow control strategy. There is a significant overshoot in the control of
engine speed on the step transient from 1000 to 2000 r/min. This is because the proposed
coordinated control strategy preferentially adjusts the engine speed to the target speed to
avoid engine stalling. When the vehicle begins to accelerate rapidly, the hydraulic pump
needs to rise quickly to meet the motor flow demand. However, the rapid rise of the
hydraulic pump can easily cause the engine to stall, especially at a low speed. Therefore,
the rapid increase of the engine speed is meant to provide the hydraulic pump with a
faster speed, thereby increasing the pump’s output flow. During the process of starting
the vehicle, it takes some time for the hydraulic system to establish pressure, resulting in a
relatively small load on the engine and causing an overshoot.
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Figure 21. Experimental engine speed.
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According to the system pressure and the engine speed, the calculation indicated that
the engine operated in the high-efficiency zone. Thus, the proposed controller enables the
vehicle to have good economy performance.

Figure 22 displays the engine throttle variations. Comparing Figure 22 with Figure 20,
it can be seen that the throttle was changing with the system pressure. The system pressure
increased when the engine throttle increased and the system pressure became smaller when
the throttle was reduced. This means that the system pressure could be maintained by
means of adjusting the engine throttle. Therefore, the proposed control strategy is validated
by the uniform speed driving experiment.
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Figure 22. Experimental engine throttle.

6. Conclusions

In this study, a novel series hydraulic hybrid powertrain is employed in an all-terrain
vehicle and the active disturbance rejection control strategy is proposed to control the
engine. The ADRC is verified by a field test through a prototype. The results suggest
the following:

(1) This paper proposes an ADRC system with feedforward for the engine speed control
in a series hydraulic hybrid power system and introduces the influence laws of its
controller parameters.

(2) Compared with the traditional PID controller, the ADRC enables the engine to follow
the target speed better under the step speed conditions, the step load conditions and
the sinusoidal speed conditions.

(38) The tested all-terrain vehicle could drive at a uniform velocity under the control of the
proposed ADRC strategy. The engine speed could follow the target speed satisfactorily.

In future studies, the regenerating potential and effective control method of braking
energy for the all-terrain vehicle could be taken into account on the basis of the proposed
series hydraulic hybrid powertrain.
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