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Abstract: In this paper, a closed hydrostatic drive powertrain (HSDP) composed of an engine, a
variable pump, a variable motor, and an energy-efficient adaptive speed-regulating controller (ADC)
based on power following is proposed and investigated. The controller can more than guarantee
accurate regulation of motor speed through online efficiency estimation based on established loss
models of the pump and the motor. It also facilitates the optimal efficiency control of the engine
and hydrostatic system through two redundant control freedoms of the HSDP system, making an
energy-saving adjustment of the motor speed. At the same time, the controller can prevent engine
overload stall and high system pressure by limiting the displacement of the pumps and motors in real
time based on the system loads to improve the automatic adaptability of the system to varying loads.
Field testing experiments performed by means of a heavy transportation vehicle under different
conditions were conducted to verify the efficacy of the proposed controller. The results showed that
the average errors of motor speed were 3.3% under empty load conditions and 9.6% under heavy
load conditions. In terms of energy saving, comparison tests involving a rule-based controller (RBC)
and the ADC were carried out, and the results showed that the energy-saving ratio of the ADC was
at least 11.5% and up to 25.8% under empty load conditions and at least 2.8% and up to 9% under
heavy load conditions. The ADC controller showed good performance in terms of speed control,
load adaptability, and energy saving and a superior advantage due to its simple structure and ease of
implementation. Therefore, the proposed controller is an excellent choice for the real-time control of
machinery with an HSDP system, especially heavy-duty machinery.

Keywords: pump-controlled motor; adaptive speed control; energy saving; hydrostatic drive

1. Introduction

A pump-controlled motor closed hydrostatic drive powertrain (HSDP) is a common
technology used for rotary drives. Due to their advantages in terms of high power density,
self-lubrication, simple overload protection, and wide speed regulation range, HSDPs
have been widely applied to industrial and construction-related fields [1], such as in heavy
manipulators [2], shield machines [3], wheel loaders [4], and heavy transportation vehi-
cles [5]. However, they have also been criticized for their low efficiency and poor emission
characteristics [6]. Currently, with the aim of energy saving and emission reduction, energy-
saving research on powertrains has attracted great attention from host manufacturers and
academic researchers around the world. The use of hybrid power, such as that produced by
hydraulic hybrids [7,8], electric hybrids [9], electrohydraulic hybrids [10-12], is one of the
main methods for improving the efficiency of powertrains. Its core principle is to adopt the
existing or added control freedom of a system to allow the prime mover (engine or electric
motor) to work in its high-efficiency region, thus improving the overall efficiency of the
transmission system. For example, Ge et al. facilitated the decoupling control of flow and
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pump speed through an electrohydraulic power source with variable speed and variable
displacement and proposed a strategy of segmented speed and continuous displacement
adjustment based on redundant freedom to meet the energy-saving regulation on output
flow [13,14]. Wang et al. designed a power split hydraulic torque converter to replace the
traditional torque converter on a wheel loader and decoupled the engine and vehicle speeds
by controlling the output pressure of the hydraulic torque. Furthermore, with the extra con-
trol freedom, energy management strategies were introduced to allow the engine to work
in its high-efficiency area [15]. Hippalgaonkar et al. connected a hydraulic pump in parallel
with an engine, and an accumulator was added to absorb the extra engine power and assist
the engine drive, thus improving the fuel economy of the engine [8]. Kim et al. designed
a hybrid powertrain for excavators in which an electric motor was connected in parallel
with the engine and an ultracapacitor was employed for energy storage. Moreover, an
optimal control strategy based on equivalent fuel consumption was introduced to improve
the overall efficiency of the powertrain [9]. Sun et al. proposed a hydraulic and electric
synergy hybrid system (HESS) for a heavy-duty vehicle, where a battery and a hydraulic
accumulator were installed to assist the engine drive [12]. Aiming to increase the efficiency
of hybrid hydrostatic drive vehicles, He et al. comprehensively analyzed the energy losses
of each component and the system’s overall efficiency in different electrohydraulic hybrid
schemes using theoretical and simulation models [16].

Energy management strategies (EMSs) determine how power is distributed between
different power sources and loads, rendering them a key factor in improving the efficiency
of hybrid powertrains. The core of an EMS lies in the fact that the system can use the extra
control freedom of the powertrain to seek optimal control based on rules or optimization
results. EMSs can be categorized into two types: optimization-based strategies and rule-
based strategies [17]. The optimization-based strategies are designed to seek optimal results
using optimization algorithms based on system predictive information and mainly includes
model predictive control (MPC) [18], stochastic dynamic programming (SDP) [19], and
the Pontryagin’s minimum principle (PMP) [20]. The optimization-based strategies can
achieve global optimization, but they need predictive information and high-performance
control hardware due to their complex calculation processes. The rule-based strategies
control a system through a series of predefined rules; these strategies mainly include the
thermostatic strategy [21], power-following strategy [22], and fuzzy logic strategy [23].
Although rule-based strategies may not be globally optimal, they have been widely adopted
in practical applications due to their simple structure and amenability to implementation
in real scenarios.

Extra control freedoms can be obtained for a hybrid powertrain by introducing a
new power source into the system. However, in terms of cost, the efficiency improvement
brought about by hybrids may not compensate for the cost of the hardware modification
of the existing equipment in a short time, especially for machinery with high-power
powertrains. As for an HSDP system, the speed of the motor can be adjusted via the engine,
the pump displacement, and the motor displacement, resulting in two redundant control
freedoms for the system. Therefore, based on the above two redundant freedoms, there is
room for fuel economy improvement as long as an EMS can be adopted just as the hybrid
powertrains; then, energy-efficient speed control of the motor can be acquired without
incurring high modification costs. Backas et al. developed a fuel-optimal controller for
an HSDP system based on instantaneous optimization algorithms, and the efficacy of the
controller was verified through real-world experiments conducted on a wheel loader [24].
However, this optimal controller requires many control hardware modifications for running
complex optimization algorithms. Wen et al. designed a rule-based controller based on
power following to control a wheel loader with three closed control loops of vehicle speed,
engine speed, and torque; the function of the controller was verified by the simulation
results [22]. Unfortunately, the efficacy of the controller in practical applications has yet to
be verified. Moreover, for heavy machinery, it will be challenging to achieve stability of the
three closed-loop control system for real processes. Zhao et al. proposed a power-matching
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strategy for a heavy-duty vehicle to improve its fuel economy. In this method, they adjusted
the displacement of the pump and the motor to absorb the available torque of the engine
at a certain speed as much as possible; the corresponding energy-saving potential was
verified through field tests conducted on the vehicle [25]. However, this strategy considers
the energy-saving characteristics of the system more than the speed accuracy of the motor,
and the speed control accuracy needs to be further verified. Ye et al. [26] compared different
methods for the constant speed control of a variable pump-controlled dual variable motor
system, and the simulation results verified the motor speed tracking performance achieved
using the two control freedoms. However, the energy-saving characteristics of these control
methods were not considered.

This paper presents an adaptive speed-regulating controller (ADC) for an HSDP
system based on power following. This controller adopts the two redundant degrees of
freedom of an HSDP system to pursue energy-efficient control of the system. The main
advantages of the ADC can be described as follows. Firstly, the ADC can pursue energy-
saving control by setting the engine and hydraulic components in such a way that they
work in their efficient regions. The basic process entails the ADC calculating the set speed
of the engine in real time according to the optimal operating curve (OOL) of the engine.
Then, according to the actual engine speed and system reference inputs, the ADC sets the
displacement of the variable pump and motor based on sequential laws, causing the motor
output speed to follow the reference input changes in real time. Secondly, the ADC can
also maintain high control accuracy through real-time online efficiency estimation based
on established loss models and system feedback signals. Thirdly, the ADC can prevent
engine overload stall and high system pressure by limiting the displacement of the pumps
and motors in real time based on system loads to improve the automatic adaptability
of the system to varying loads. Lastly, the ADC can be easily implemented in practical
applications, making it an excellent choice for the energy-saving control of HSDP driving
systems. The remainder of this article is as follows. Section 2 describes the structure of the
HSDP system and the control methods of the main components. The structure and the
working principle of the ADC are introduced in Section 3. Section 4 presents the results
of an experimental investigation carried out based on field tests of a heavy transportation
vehicle to validate the effectiveness of the ADC. Discussions and future work are presented
in Section 5, and conclusions of the work are provided in Section 6.

2. Description of the HSDP System
2.1. Structure and Principle of the HSDP
As shown in Figure 1, the closed hydrostatic drive powertrain (HSDP) is composed of

an internal combustion engine (ICE); a variable pump; a variable motor; and other auxiliary
systems, such as a charging system, a flushing system, and a safety system.

Figure 1. Schematic structure of the HSDP. 1. Internal combustion engine (ICE). 2. Pump. 3. Charging
system. 4. Pump displacement control unit (PDCU). 5. Safety valves. 6. Flushing valves. 7. Motor
displacement control unit (MDCU). 8. Motor. 9. Load.
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The engine (1) directly rotates the pump (2), with the speed being constantly adjusted
by the engine controller (ECU). The pump displacement control unit (PDCU) (4) controls
the displacement of the pump (2) and the direction of its oil outflow, and the pump
(2) outputs oil flow to pipe A or pipe B according to the speed of the engine (1) and the
displacement of the PDCU. The motor (8) drives the load (9) in a certain direction under
the action of the pressurized oil from the pump (2), with the displacement being regulated
by the motor displacement control unit (MDCU) (7). The charging system (3) maintains the
low-pressure side of the closed circuit at a certain pressure through oil replenishment to
compensate for the loss of the pump (2) and the motor (8). Combined with the charging
system (3), the flushing systems (6) exchange the hot oil from the pipe with cooler oil
to achieve heat dissipation. The safety system (5) is designed to prevent high system
pressure and execute oil replenishment of the low-pressure side of the closed circuit. The
control system can achieve stepless adjustment of the output speed of the motor (8) through
the three control freedoms of the ICE, PDCU, and MDCU, resulting in two redundant
control freedoms.

2.2. Variable Displacement Pump

The outflow g, (L/min) of the pump is calculated as shown below:

Gp = apDpmaxMpiipo 1)

where a, € [—1,1] is the displacement ratio of the pump (for the ease of analysis, only
a single direction adjustment of the pump is considered, i.e., &y € [0,1]), Dpmax(mL/r)
is the pump’s maximum displacement, 1, is the pump’s rotary speed, and 7, is pump
volume efficiency.

The electro-proportional control method is used for the PDCU, and its dynamics can
be described by a reduced first-order model, as shown in Equation (2):

du
TPT: =+ &p = updeskup (2)

where T, is the time constant, k), is the control gain, and #,,4., (V) is the pump control signal.

In most practical applications, the actual value of &) is not available due to a lack of
displacement sensors; however, its estimated value Bap in its discrete form can be obtained
based on Equation (2), as shown in Equation (3):

Tp

B kup T
Ts + Tp

Ts+Tp pdes

&, (k) ap(k—1) + (k) 3)

where T is the sample time of the system (s).
The pump torque T, (Nm) is calculated as shown below:

Ty = ApbpDpmax /20701 pm 4)

where 1, is the pump’s mechanical efficiency, while Ap(bar) is the pressure difference,
which can be described as follows: Ap = |pa — pB|.

2.3. Variable Displacement Motor

For simplification, oil compression is ignored, and according to the flow continuity
principle, the motor output speed #,,(r/min) is expressed as follows:

Ny = qPﬂmv/amDmmax )

where ay, € [0,1] is the motor displacement ratio, Dyuax(ml/r) is the motor’s maximum
displacement, and #,,,» is the motor’s volumetric efficiency.
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The reduced first-order model is also used to describe the dynamics of the MDCU.

do
deitm + &m = Updeskum (6)
where T, is the time constant, ky, is the control gain, and u,,,4,s(V) is the control signal.
Similarly, according to Equation (6), the estimated value &, of ay, is calculated in

discrete form:
kum TS

Ts + Ty

Tm
Ts + T

The motor output torque T, (Nm) is calculated as shown below:

dm (k) = & (k—1) + Upndes (k) @)

Ty = &mDmmaxAPUmm/zon (8)
where 7, is the motor’s mechanical efficiency.

2.4. ICE Module

As shown in Figure 1, as the engine control unit (ECU) conducts closed-loop control of
engine speed, the engine speed can be adjusted constantly by only changing the command.
Ignoring the influence of the control error and engine droop, the speed control characteristic
of the engine can be expressed as follows:

dn
Ted—: + 1o = Kellpges )

where 7, (r/min) is the engine speed, T, is the time constant, u,4,s(V) is the engine control
signal, and k. is the control gain.
As the pump shaft is connected directly to the engine, the engine output torque T, is

expressed as follows:

dn
T, = ]Ed—:/Zn + Tp + Taux (10)

where J,(Kg - m?) is the equivalent moment inertia of the engine, and Tj,x(Nm) is the
torque required for other systems (cooling, steering, charging, etc.).

3. The Adaptive Controller (ADC)

Figure 2 shows the schematic structure of the adaptive controller (ADC). The ADC is
composed of an engine speed set module (ESSM), an efficiency estimation module (EEM),
a displacement control module (PMDC), and an adaptive control module (ADCM). The
ADC receives more than just the motor reference input 7,,,.s from the handle: it also
receives system feedback signals, such as the pressure signals p 4 and pp, the engine speed
signal 1., and the motor speed signal #,,,. The ESSM calculates the required power of the
powertrain based on 1, iz &y, and Ap and determines the desired speed control signal
Ueges according to the required power. The EEM provides the estimated system efficiency
in real time based on the pump/motor loss models and the system feedback signals. The
PMDC sets the pump and motor displacement control signals based on 7,,,.¢ and n,. The
ADCM limits the control signals of the pump and the motor based on the preset pressure
difference Ap;ax and the engine maximum torque to prevent engine overload stall and
high system pressure.

Through the cooperative work of the four modules, automatic adaptability to varying
loads can be attained along with efficient speed control.
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Figure 2. Schematic of the adaptive controller (ADC).

3.1. Efficiency Estimation Module (EEM)

The volumetric efficiency and mechanical efficiency of the pump or motor shows a
nonlinear relationship with system pressure, speed, and the displacement ratio [27,28]. In
order to improve the accuracy of speed control and power estimation while ensuring the
implementation of the system, we conducted real-time online estimation of the efficiencies
of the system based on the system feedback signals and the pump /motor loss model. High-
fidelity loss models of one specific variable pump and variable motor were established
through the response surface method based on the Design-Expert-v8.0 software. The
specific application of this software is described in [29]. The loss models of the tested
variable pump and motor can be described using the polynomial equations shown in
Equations (11)—(16).

The volumetric loss of the variable pump ¢, (L/min) is expressed as follows:

Gploss = fpq(tp, Ap, np) = 3.645 — 8.14a, — 2.512¢ 41, 4 0.031Ap — 5.54% >apn, an
—1.765¢ 3 u,Ap + 9.247¢®np Ap + 8.08843 + 1.757¢6n3 — 5.178¢ > Ap?
Then, the volumetric efficiency of the variable pump can be estimated in the following
manner:

ﬁpv =1- Qploss /&pnprmax (12)

The mechanical loss of the variable pump T} (Nm) can be expressed as follows:

Tptoss = fpr(ap, np, Ap) = 7.173 — 29.677x, — 0.0391Ap + 0.0132n, + 0.102a,Ap (13)
—2.611e 3apn, — 3.433¢ CApn, + 25.629a5 + 9.398¢ CAp? — 3.327¢ °n;
The mechanical efficiency of the variable pump can be estimated in the following

manner:

T loss
1 P 14
Tpm “prmaxAp/ZOTf + Tploss ( )
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Similarly, the volumetric loss of the variable motor ¢,,,ss(L/min) can be described as
follows:

Tmloss = fng(@m, Ap, 1) = —4.028 4 20.991a, — 2.060e > 11, — 0.0174Ap + 5.012¢ 2ty

—0.0354a,, Ap + 9.0749¢ 61, Ap — 14.00242, — 3.177¢ 712, + 1.869¢*Ap? (15

Then, the volumetric efficiency of the variable motor can be calculated as follows:

~ Amloss
=1-- 16
o &My Dimmax + Amloss ( )

The mechanical loss of the variable motor T,;,ss(Nm) can be expressed as follows:

Tntoss = fuT (@m, Ap, ) = 0.719 — 1.4070,, + 9.896¢411,,, + 0.0529Ap

+1.771e 3w ny + 0.044a,, Ap — 1.57e 51, Ap 17
The mechanical efficiency of the variable motor can be determined as follows:
. T,
Ao = 1 mloss (18)

a &mDmmaxAP/ZOﬂ
The estimated overall efficiency of the hydrostatic system is calculated as follows:
ﬁt - ﬁpvﬁmvﬁpmﬁmm (19)

The scaling law can be applied to the loss models of a pump and motor of the same
type but different sizes [30]. Then, the scaling factor A is introduced to appropriately scale
the speed, flow, displacement, and torque of the pump and the motor to extend them to the
application range of the established loss models. The scaling law can be described using
Equation (20) through to Equation (23).

D; 3
A= (Dref> (20)

ny = A_lnref (21)
qi = )\ZQref (22)
Ti = AT,f (23)

where D; and D, are the rated displacement of the applied and tested pump or motor,
respectively.

3.2. Engine Speed Set Module (ESSM)

Brake-specific fuel consumption (BSFC) is a measuring index of engine fuel economy;
the lower the value, the better the fuel economy. Figure 3 shows the universal characteristic
curve of a certain engine; it can be seen that the BSFC is different under different speeds
and different loads, and its minimum value is reached when the load torque is close to
the maximum torque at the current speed. Therefore, for each engine speed #,, there is
an engine power level P,y with minimum BSFC. Then, the engine optimal operating
curve (OOL) can be created by connecting these points (71, Pemax ), as shown in Figure 3.
Using the polynomial fitting method, the relationship between n, and Pe;ax is expressed
as follows:

e = By + By Pemax + BZszmax + B3Pe3mux (24)

where By ~ Bj are the fitting coefficients.
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Figure 3. Universal characteristic map of the engine.

Taking the minimum speed requirement of the pump and other systems into con-
sideration while avoiding the frequent speed adjustment of the engine, we designed a
sub-optimal engine operating curve (Sub-OOL) based on segmented speed control, as
shown in Figure 4.

2200

2000

—OOL —-— Sub_OOL

600 L

50 100 150 200 250 300 350 400
P,,. (Kw)

Figure 4. Segmented speed control of the engine.

Using the motor reference speed 1, f, the system feedback differential pressure Ap
and the estimated &, and 7, the real time desired engine power P,;,;(Kw) can be calculated
as follows:

p B 27TTrrtnnﬂ'ef . &mDmmaxAPﬂmmnmref
edes = 760000, 6000007

(25)
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Based on the desired engine power P,;,, the desired engine speed #,4.; can be deter-
mined according to the Sub-OOL curve (shown in Figure 4). Then, referring to Equation (9),
the desired engine speed control signal u,;; can be expressed as follows:

(Ts + Te)”edes(k) — TeNledes (k - 1)

Uedes (k) = k. T: (26)

3.3. Displacement Control Module (PMDC)

Previous studies have systematically analyzed the efficiency of closed hydrostatic
systems and pointed out that in most working areas, the efficiency of a hydrostatic system
increases with the increase in the displacement of the pump and the motor [31-33]. Accord-
ingly, in this paper, we propose a displacement control strategy based on sequential logic
control. This strategy is as follows: when the desired pump displacement ratio a ;s does
not reach its maximum &4y, then maintain the desired motor displacement ratio a4
at its maximum value 1 and regulate the motor speed by adjusting a;,4.s based on 11, f;
furthermore, after X pdes reaches up to apyqy, maintain Xpdes At Xpmax and regulate the motor
speed through adjusting a,4.s according to 71,y -

According to the flow continuity equation obtained with Equations (1) and (5), the
sequential control logic of the PMDC can be described by Equation (27):

”mref’xmmaxDmmnx

Xpes = Mpoflmotie Dpmax Xpdes < Xpmax;

Xpmax D‘pdes >= Xpmax;

1 Kpdes < Xpmax; (27)
Xmdes = WW X pdes >= Kpmax;

Xnmin Cpndes <= Xmmins

Herein, & pmax, ®pmin are the upper limit of the pump displacement ratio and the lower
limit of the motor displacement ratio, respectively, which are to be determined via the
ADCM in the next section. To be specific, Figure 5 shows the control law of apg.s and a4
under different 7, and 1,

o

pmax(” 1
= 1 =1000(r/min) |
W T 1.~1400(r/min)]
” o Z1800(r/min)
S 05 105§
'.... '-...4» ' 6
ammin
1 1 1 1 1 1 1
0.0 03 04 05 06 07 08 09 10
nmref Z M max

Figure 5. Control law of a5 and o, ges.
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According to Equation (3), the desired pump control signal 1,4, is calculated as follows:

(Ts + Tp)“pdes (k) - Tp“pdes (k - 1)

u k)= 28
pdes( ) kust (28)
Similarly, according to Equation (7), the desired motor control signal 1,4, is calculated
as follows: T ‘ r1
Upyges (k) _ ( s T+ Tm)“mdes( ) - Tmo‘mdes( - ) (29)
k um TS

3.4. Adaptive Control Module (ADCM)

Figure 3 shows the max torque curve (MTC) of the engine, and it can be seen that
there is a maximum output torque T,y at each engine speed 7., beyond which the load
will lead to engine speed droop or engine stall. The polynomial fitting method was also
adopted to establish the relationship between Tey0 and #,, as expressed in Equation (30):

Temux(”e) =Co+ Cin, + Czng + C3ng (30)

Here, Cy ~ Cj are the fitting coefficients.

Combining Equation (4) with Equation (10) and ignoring the torque demand of other
systems, the torque relationship between the engine and the pump under steady-state
conditions can be approximately expressed as follows:

T, ~ Ty = ApipDpmax /2071 m (31)

In order to ensure the engine abilities of overload resistance and acceleration while
taking into account the actual torque needs of other systems (cooling, charging, steering,
etc.), 80% of the maximum torque Teyqax Was selected as the available torque Teqy, for the
HSDP system.

The ADCM is capable of more than just limiting the maximum engine output torque
by limiting a,max of the pump to prevent engine speed droop or engine stall; it can also
avoid high system pressure by limiting the minimum displacement ratio &, of the motor,
thus improving the automatic adaptability of the HSDP system to varying loads.

To maintain the engine torque so it does not exceed its available T4y, under a certain
speed, based on Equations (30) and (31), the real-time &4y of the pump can be calculated
by Equation (32). Figure 6 shows the variation of &y, with pressure difference Ap and
engine speed 71,.

1 Apmax >=1;
Xpmax = 270 pm Teava (1) ) (32)
" Dpmaxdp pmax < 1;

The predefined maximum pressure difference Apy.x and the control gain k, are
introduced to limit the system maximum pressure according to Equation (8), and the real-
time «y,,,,i,, Of the motor can be calculated by Equation (33). Figure 7 shows the variation of
Xpmin With pressure difference Ap and the desired motor displacement ratio ;s

1 Amin >=1;
Knmin = kpAp N a1 (33)
APmax mdes Ymmin ’
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4. Experimental Investigation

Experimental field tests based on one THY900 heavy transport vehicle from a company
were carried out to verify the effectiveness of the proposed controller. The vehicle used
a closed hydrostatic powertrain (HSDP) as its travel drive system. A schematic of the
HSDP system of the vehicle is shown in Figure 8a, and Figure 8c shows a photograph of
the test vehicle. The HSDP system employs a driving mode in which parallel multipumps
drive parallel mutimotors and the control system employs a distributed integrated control
structure based on CANbus. Moreover, Dewesoft software was used to collect and record
the system control and status signals. Table 1 shows basic information on the heavy
transportation vehicle, and Table 2 shows the basic parameters of the main components of

the vehicle’s HSDP system.
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Figure 8. (a) Sketched structure of the HSDP system. (b) Scene depicting the testing of the vehicle. (c)

Photograph of the test vehicle.

Table 1. Basic information on THY900 vehicle.

. Mass Velocity Motor Speed
Vehicle Status (x10° kg) (km/h) (t/min)
Empty load 300 0-10 0-3500
THY500 Heavy load 900 0-6 0-2200
Table 2. Basic parameters of the HSDP components.
Component Type Parameters Number
DEUTYZ Rated power: 410 ka
ICE BFSM1015 Max speed: 2100 r/min 2
Max torque: 2273 Nm
Rexroth Displacement: 0-250 mL/r
Variable pump AAVG250EP2 Rated pressure: 350 bar 4
Control signal: 200-600 mA
Rexroth Displacement: 0-80 mL/r
Variable motor AGVESOEP2 Rated pressure: 350 bar 24
Control signal: 200-600 mA
Rexroth .
Reducer CFT36T3B79 Ratio: 79.36 24
Tire Radius: 0.6 m 144

4.1. Testing Procedure

In this study, we tested and analyzed the speed control characteristics and adaptability
to varying loads of the ADC under different travel conditions, such as no load or heavy
load, driving on slopes, and driving at different travel speeds. In terms of energy saving,
comparison tests between a rule-based controller (RBC) and ADC were conducted to verify
the efficacy in energy saving of the ADC. A scene depicting the vehicle test is shown in

Figure 8b.
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Rule-Based Controller (RBC)

The control rules adopted by the RBC are widely used in commercial hydrostatic drive
systems [25,34,35], in which the set speed of the engine is proportional to the reference
input from the operators and the displacement of the variable pump and the variable
motor are adjusted according to the engine speed and reference input. Combined with
the displacement control logic of the PMDC, a rule-based controller for the vehicle was
developed, and the control logic of the RBC is shown in Figure 9.

2
1.1 ><1018
1.
0 17
0.9
0.8 16
0.7 —_
y 152
ot 14 §
0.5 Ra))
=
0.4 13
0.3 12
0.2
0.1 11
0.0 10
0

nmref (r/mm) Mynmax
Figure 9. The commands of the rule-based controller (RBC).

The principle of the RBC is that after the RBC receives the travel commands from
the operator, the engine speed increases from idle to 1000 r/min and then increases in
proportion with the increase in the reference input 7,,,.r. When the reference input reaches
its maximum #,,4x (Table 1), the engine speed reaches its maximum of 1800 r/min. The
control signals for the variable pump and the variable motor are determined according to
the control law of PMDC.

4.2. Analysis of the Experimental Results

The performance of the ADC was analyzed comprehensively in terms of speed control,
adaptability, and energy saving.

4.2.1. Characteristic of Speed Control

For spatial reasons, this paper only shows the system running states and control
information in the process of the vehicle accelerating from zero to its allowable maximum
speed under flat slope conditions with a heavy load and an empty load. Figure 10a shows
the variation in the motor speed n,, and the reference input 7,,,.s. The motor speed n,, can
closely track the variation in 7,,,.f and maintain good tracking accuracy. Figure 10b shows
the variation process of the parameters, n, &y, and &;,, and it can be seen that the three
variables change cooperatively in accordance with the rules set by the ADC, thus ensuring
the tracking accuracy of 1, to M.
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Figure 10. Operating parameter variation of the vehicle. (a) Variation in motor speeds. (b) Variation

inne, &p, and &y,

A statistical analysis was conducted to analyze the speed control accuracy of the ADC.
The speed control error e, was defined as e;, = Nyref — N, and the average speed error
ratio 7 was defined as 7 = €, /. f, where ey, is the average of e,, and 7, is the average
of 10¢. The statistical results are shown in Table 3.

Table 3. Statistical results regarding speed control.

Variable Status Max Min Average
. Empty load 3500 0 1783
Timreg (1/min) Heavy load 2282 0 1720
. Empty load 254 —133 60
en(r/min) Heavy load 397 ~100 163
(%) Empty load 3.3%

Heavy load 9.5%
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As can be seen in Table 3, the average speed error ratio of the vehicle was 3.3% under
empty load conditions and 9.5% under heavy load conditions. Better speed control accuracy
was achieved for the vehicle, verifying the efficacy of the ADC in speed control.

Nevertheless, there were still certain control errors for the vehicle speed under both
conditions, and the errors under heavy load conditions were greater than those under
empty load conditions. This phenomenon can be attributed to the reduced accuracy of the
loss model of the pump and the motor caused by oil compression in the pipeline and the
wear of the pumps and motors, problems that need to be addressed in future research.

4.2.2. Adaptive Characteristic

In view of the actual testing conditions for the vehicle, testing conditions of a heavy
load and 2.5% slope were chosen to test the adaptability of the HSDP system. Moreover,
to make the results more intuitive, the system reference input n,,,.f was always kept at its
maximum value while the vehicle was climbing the slope. Figure 11a shows the variation in
Mrefs m, and T, and Figure 11b shows the variation in &, &;, and Ap during the process
of vehicle climbing.
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Figure 11. Variation processes of adaptive control. (a) Variation in motor speeds. (b) Variation process
of Ap, &p, and &y,.
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It can be seen that when ¢ > 100 s, the vehicle ascended 2.5% the slope, and the Ap and
T, began to increase. The ADC prevented the rising engine output torque T, from exceeding
its available torque Teq, by reducing the pump displacement ratio «,. Meanwhile, the ADC
also kept the pressure difference Ap from rising above the predefined pressure difference
Apmax (260 bar) by increasing the motor displacement ratio «,,. Eventually, the adaptive
controller (ADC) reduced the motor speed to adapt to the increasing loads, and Ap was
maintained around Apy.x(260 bar). When t > 250 s, the loads of the motor decreased
as the slope decreased to zero. Then, the ADC increased the a;, and decreased the ay,
automatically to align the motor speed n,, with the reference input n,,,r again. The
ADC is capable of adjusting the displacement of the pumps and motors automatically
according to the vehicle loads to prevent engine stall and high system pressure, verifying
the effectiveness of the ADC in terms of adaptability.

4.2.3. Energy-Saving Characteristics

The fuel consumption rate F,,(L/km), i.e., the amount of fuel consumed m f(L) per
unit of traveling distance (km), was chosen as the measuring unit to evaluate the fuel econ-
omy of the engine to reduce the impact of the difference in instantaneous fuel consumption
and speed control errors on the evaluation results. Comparison tests between the ADC and
RBC were carried out under different conditions. However, for ease of analysis, only the
statistical results obtained for a flat slope (0%) are given, which are shown in Table 4.

Table 4. The comparative results of RBC and ADC.

Status Adaptive Controller (ADC) Rule-Based Controller (RBC)
Mass Velocity Distance Distance
o, o,
Slope (%) (x10° kg) (km/h) (m) myg(L) Fer(L/km)  AF (%) (m) my(L) F.(L/km)
2 213.6 1.27 5.95 —25.8 2214 1.77 8.02
4 405 1.63 4.04 —26.3 440 241 5.48
300 6 579.7 2.06 3.55 —24.0 662.1 3.09 4.67
8 776.0 2.64 3.40 —19.8 887.9 3.77 4.24
10 977.3 3.26 3.34 —11.4 1117.5 4.22 3.77
0
1 99.6 1.57 15.76 —9.0 98.4 1.70 17.31
2 204.0 2.22 10.88 —4.7 203.3 2.32 11.42
900 3 306.0 3.21 10.48 —5.5 296 3.28 11.09
5 511.6 5.49 10.72 —2.8 475.6 5.25 11.03
6 590.6 6.96 11.79 —3.5 580.0 7.09 12.22

As shown in Table 4, the fuel consumption rate F, of the ADC was lower than that of
the RBC under both heavy load and empty load conditions. Specifically, the energy-saving
ratio AF; was at least 11.4% and up to 25.8% under empty load conditions and at least 2.8%
and up to 9% under heavy load conditions. The decreasing fuel consumption rate F, is
proof of the effectiveness of the ADC in energy saving.

Additionally, the results of the comparison tests under other conditions are presented
in the form of a scatter plot of the engine operating points in Figure 12.

It can be seen from Figure 12 that the engine operating points under the control of the
rule-based controller (RBC) are more dispersed than those under the adaptive controller
(ADC), which shows that the engine operating points of the RBC are easily affected by
changes in the vehicle power. With the increase in power, the engine operating points
become closer to the optimal operating line (OOL). However, the engine operating points
of the ADC are more concentrated around the OOL than those of RBC, especially when
the vehicle power is below 150 kw. When the power is above 150 kw, they become further
away from the OOL as power increases but still remain closer to the OOL than those of
the RBC, which indicates that the engine operating points of the ADC are less influenced
by changes in the vehicle power. The optimal operating line (OOL) of the engine is drawn
based on the principle of the minimum BSFC under certain operating points of the engine,
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with greater energy savings at points closer to the OOL. Therefore, the ADC performed
better in terms of energy saving than the RBC during most of the driving conditions.

510 [©BSFC(e/Kwh
== 150Kw
2000 - = 180Kw
240Kw
- — 280Kw
- - 320Kw
1600 MTC
o OOL
= S ADC
£ 1200 T ;
Z RBC
= f
800
+ 210
2% S -— F
¢ o ERRPYY 240
400 B2 0005 —+—— 2075+ oy 270~
2005+ 20— 350
e 3B/o———
4+ 1 1 1 1 1 1 1 1 1 1 1
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100

n(r/min)
Figure 12. Scatter plot of engine operating points.

5. Discussions and Future Work

Although the accuracy of the speed control satisfies the requirements of heavy trans-
portation vehicles, it is still not a satisfactory result. The accuracy of the speed control
of the proposed ADC is easily affected by the load conditions of the vehicle, which can
be attributed to the semiclosed loop speed control method based on the established loss
models. The loss models of the pump and the motor ignore the oil compression and the
wear of the pumps and motors, which decreases the accuracy of the loss models to some
extent. Therefore, in future research, a full closed-loop speed control strategy will be
investigated and integrated into the control system to compensate for the modeling error
of the loss models, thus further improving the speed control accuracy. Moreover, while the
energy-saving effect of the ADC was validated using the reported tests, it cannot ensure the
optimal performance in all driving situations, especially in driving conditions involving
rapidly changing loads. Additionally, the BSFC curves of the engine were only tested under
steady-state conditions, which will cause increased fuel consumption in dynamic situations.
In the future, model-based control strategies, which consider the dynamic effect of the
HSDP system, will be investigated to provide better overall fuel economy.

6. Conclusions

Focusing on a closed hydrostatic powertrain (HSDP) composed of an engine, a variable
pump, and a variable motor, this paper proposes an energy-efficient adaptive speed-
regulating controller (ADC) based on power following. As well as ensuring accurate speed
control through online system efficiency estimation based on the pump/motor loss model
and the system feedback signal, this controller can also seek the optimal efficiency control of
the engine and the hydrostatic system through the two redundant control freedoms of the
HSDP system. Meanwhile, the controller can prevent engine overload stall and high system
pressure by limiting the displacement of the pumps and motors based on the loads of the
system in real time to improve the automatic adaptability of the system to varying loads.
Experimental field tests based on a heavy transportation vehicle were carried out to verify
the efficacy of the ADC in terms of speed control accuracy and adaptability. Moreover, tests
comparing a rule-based controller (RBC) and the ADC were also conducted to validate the
energy-saving effect of the ADC. The field experimental results indicate the following:
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1.  The ADC can allow the motor speed to accurately track changes in the reference and
maintain an accuracy with an average error of 3.3% under empty load conditions and
9.5% under heavy load conditions.

2. The ADC reduces motor speed automatically through the displacement adjustment of
the pumps and the motors to allow the HSDP system to adapt to rising loads, thus
preventing engine overload stall and high system pressure.

3. Compared to the RBC, the energy-saving ratio of the ADC is at least 11.4% and up to
25.8% under empty load conditions and at least 2.8% and up to 9% under heavy load
conditions, showing the significant energy-saving effect of the ADC.
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