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Abstract. To achieve energy-saving control of non-hybrid Hydrostatic Transmission Construction Vehicles (HST-CVs)
with traditional closed-loop Hydrostatic Transmission (HST) for both propulsion and working systems, this paper presents
a control strategy for non-hybrid HST-CVs by referring to the power follower method of the hybrid Energy Management
Strategy (EMS). Through the implementation of the presented control strategy by coordinated control of the engine speed
and hydraulic pump displacement, the engine can be controlled to operate at the pre-set low Brake Specific Fuel Consump-
tion (BSFC) area, similar to that of the hybrid vehicles adopting a power follower control strategy but without the addition-
al installation of accumulators in the hydraulic system. The effect of the control strategy is verified via experimental tests
and MATLAB/SIMULINK-AMESIM COLlaborative SIMulation (COSIM). The simulation results show that the proposed
control strategy can achieve the expected control target under both highway and off-road conditions.

Keywords: hydrostatic transmission, control strategy, construction vehicle, energy-saving control, power follower, concrete

mixer truck.

Notations

Abbreviations:
BSFC - brake-specific fuel consumption;
CAN - controller area network;
COSIM - collaborative simulation;
CV - construction vehicle;
DP - dynamic programming;
ECMS - equivalent consumption minimization
strategy;
ECU - engine controller unit;
EDC - electronic displacement control;
EMS - energy management strategy;
HHYV - hydraulic hybrid vehicle;
HST - hydrostatic transmission;
HST-CV - HST construction vehicle;
ICE - internal combustion engine;
Min BSFC Line - minimum BSFC line;
MPC - model predictive control;
NFPE - non-feedback proportional electrical;

OOL - optimal operating line;

PID - proportional-integral-derivative;
SDP - stochastic DP;
VCU - vehicle controller unit.

Variables and functions:
Gp - gear of propulsion direction;
G — gear of propulsion motor displacement;
Gr - gear of transmission;
Gy - gear of working device speed;
i, — total reduction ratio of the drive bridge;
ip — reduction ratio of the working device reducer;
ir — reduction ratio of transmission;
- change rate limit value of the engine speed
[rpm/s];
k¢ ppagj — adjustment coeficient of the flow rate require-
ment of the propulsion pump;
ky p1im — change rate limit value of the variable pump
displacement [mL/r-s];

k

n,E lim
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k. pp¢ — total efficiency coefficient of the propulsion
pump;
ky,ppy = volume efficiency coefficient of the propulsion
pump;
ky, wpe — total efficiency coefficient of the working pump;
ky,wpy = volume efficiency coefficient of the working
pump;
Mpp — input torque of the propulsion pump [N-m];
ng — engine speed [rpm];
Ngemd — command value of the engine speed [rpm];
NEreq — €ngine speed requiement [rpm];
nyy — hydraulic motor speed [rpm];
npps — propulsion motor speed [rpm];
ny, — working device speed [rpm];
ny — working motor speed [rpm];
P, - position of accelerator pedal [%];
Pp - input power of the hydraulic pump [kW];
Ppy; — pressure of the propulsion system at high-pres-
sure circuit [bar];
Pp; - pressure of the propulsion system at low-pres-
sure circuit [bar];
Ppyeq — power requirement of the propulsion system
[(kWT;
P,y — overall power requirement of HST-CV [kW];
Pyyreq — power requirement of the working system
[(kW];
Py — pressure of the working system at high-pressure
circuit [bar];
Py — pressure of the working system at low-pressure
circuit [bar];
Qp - output flow rate of the hydraulic pump [L/min];
Qpp - output flow rate of the propulsion pump
[L/min];
Qppqgj — adjusted flow rate requirement of the propul-
sion pump [L/min];
Qppreq — flow rate requirement of the propulsion pump
[L/min];
Qup - output flow rate of the working pump [L/min];
Qypreq — flow rate requirement of the working pump
[L/min];
T4re — effective rolling radius of the tire [m];
At — duration of one time step;
v — vehicle speed [km/h];
Vpar — propulsion motor displacement [mL/r];
Vi — displacement of the hydraulic motor [mL/r];
Vpp — propulsion pump displacement [mL/r];
Vppema — command value of the propulsion pump dis-
placement [mL/r];
Vppreq — displacement requirement of the propulsion
pump [mL/r];
Vi — working motor displacement [mL/r];
Vwp — working pump displacement [mL/r];
Viypreq — displacement requirement of the working pump
[mL/r];
Vwpema — command value of the working pump displace-
ment [mL/r];

AP min — pressure limit valve of the hydraulic pump inlet
and outlet [bar];
Appp — pressure difference between the propulsion
pump inlet and outlet [bar];
Apwp — pressure difference between the working pump
inlet and outlet [bar];

Ny — volume efficiency of the hydraulic motor;
Npumy — volume efficiency of the propulsion motor;
Npp, — Mechanical efficiency of the propulsion pump;

Npp; — total efficiency of the propulsion pump;

Npp, — volume efficiency of the propulsion pump;

Np; — total efficiency of the hydraulic pump;
Nwa — volume efficiency of the working motor;
Nwp; — total efficiency of the working pump;
Nwp, — volume efficiency of the working pump.

Introduction

CV is a type of wheel drive vehicle for specific construc-
tion functions, typically including a wheel loader, scraper
and concrete mixer truck. Compared with highway vehi-
cles, the CV needs to operate the working device while
driving, thus resulting in additional operating loads. With
increasingly serious energy shortage and environmental
pollution, more attention has been paid to ways of increas-
ing the energy efficiency and achieving emission reduc-
tion of CVs as a type of vehicle with high energy con-
sumption (Li et al. 2016). HST, owing to its advantages of
high power density, step-less variable speed characteristic
and high traction at low speed, has been widely used in
CVs, agricultural machineries and other off-road vehicles
(Backé 1993; Rydberg 1998).

Generally, a basic HST system contains a prime mover
(typically a diesel engine), a variable displacement pump, a
fixed or variable displacement motor and other hydraulic
and electronic control components. The output speed of
HST is controlled by regulating the rotational speed of the
diesel engine and controlling displacements of the pump
and motor (Wu et al. 2004). Recently, studies on HST con-
trol have mainly focused on the energy efficiency and the
control performance. Nawrocka and Kwasniewski (2008)
applied the predictive neural network controller to control
the rotational speed of the hydraulic engine HST. Asche-
mann et al. (2009) presented a nonlinear trajectory con-
trol scheme for drive chains based on HST, which showed
an excellent control performance in simulation results.
Sun and Aschemann (2013) proposed a sliding-mode
approach with disturbance compensation for hydrostatic
drive train tracking control, which obtained high tracking
performance and robust stability of the closed-loop sys-
tem. Zips et al. (2019) developed and applied an optimi-
zation -based control concept for real-time application on
a commercial electronic control unit for HST of a wheel
loader. The overall efficiency is maximized according
to the evaluation results on a test track. Rydberg (1998)
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pointed out that an attractive area for further development
will be to fully integrate the engine in the drive train con-
trol system in a form that enables the vehicle to operate
with optimum fuel consumption depending on the power
required, but related studies are relatively scarce. Zhao
et al. (2018) proposed a control strategy of the variable
hydraulic pump according to the external characteristic
curve of the engine, which enables the engine to work on
90% characteristic curve (traditional best fuel consump-
tion curve) by regulating the displacement of the variable
hydraulic pump to achieve the best fuel consumption.
However, the strategy is still preliminary.

Compared with conventional non-hybrid HST vehi-
cles, in series HHVs, given the existence of the accumula-
tor, a constant pressure system is formed with the hydrau-
lic pump and motor, transforming the pump and motor
into independent control components. Because there is
no direct coupling between the engine speed and vehicle
speed, the engine can be operated to maximize fuel effi-
ciency and minimize emissions. This characteristic makes
series HHV's more flexible to control (Johri, Filipi 2014;
Kim, Filipi 2007). Researchers have conducted numerous
studies on series HHV’s control strategies to reduce fuel
consumption and exhaust emissions and improve vehi-
cles’ fuel economy performance. Kim and Filipi (2007)
proposed power management for a simulation-based se-
ries HHVs based on the thermostatic state-of-charge ap-
proach. The fuel economy predictions indicated improve-
ments exceeding 50% under urban driving conditions.
Molla (2010) evaluated three hybrid power management
strategies: a rule-based strategy, a globally optimal (drive
cycle optimal) using DP algorithm and instantaneous op-
timization (ECMS) strategy based on an overall model of
a series HHV independent wheel drive system. Consider-
ing the sensitivity of EMSs with respect to variations in
drive cycle and system parameters, Deppen et al. (2015)
presented three strategies of the series HHV’s powertrain
(rule-based, SDP and MPC) and experimentally validated
these using a hardware-in-the-loop system. Hung et al.
(2016) applied the DP methodology to derive the optimal
power-splitting factor for the hybrid system for preselect-
ed driving schedules, and the results are used to improve
rule-based control strategies, achieving further improve-
ment in fuel economy.

Although the above control strategies can effectively
achieve the energy-saving control in series HHV, it is in-
applicable to the HST-CV, which uses a traditional non-
hybrid closed-loop HST system for both the propulsion
and working systems. This condition is attributed to the
lack of accumulator in the traditional closed-loop HST
system and the establishment of the coupling relationship
between hydraulic pumps and motors by the flow rate of
the hydraulic system. The flow rate depends on the dis-
placement of hydraulic pump and engine speed, whose
changes will result in variations in the flow rate and speed
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of hydraulic motor. Thus, the control of the ICE operating
point cannot be implemented in the traditional non-hy-
brid closed-loop HST system. To overcome this limitation,
this paper considers the flow rate of HST-CV propulsion/
working system as the control target. By coordinated con-
trol of the engine speed and hydraulic pump displace-
ment, the decoupling between the engine speed and flow
rate of the hydraulic system can be achieved, and the en-
gine speed can be controlled at the expected range. On
this basis, referring to the power follower control strategy
in the EMS of hybrid vehicles (Kim et al. 2014; Shabbir,
Evangelou 2016), this paper proposes a control strategy
for the non-hybrid HST-CV based on power follower. The
proposed control strategy can achieve energy-saving con-
trol effects similar to the power follower control strategy
of hybrid vehicles through the coordinated control of the
engine speed and hydraulic pump displacement without
modifying the basic structure of the HST-CV hydraulic
system (without installing additional accumulators in the
hydraulic system). This allows the engine to operate at the
lower BSFC area to improve the HST-CV fuel economy
performance. The feasibility and effect of the control strat-
egy are verified by the load data capturing experiment and
the MATLAB/SIMULINK-AMESIM COSIM platform.

This paper is organized as follows. Section 1 introduc-
es the configuration of HST-CV basic vehicle. Section 2
presents the control strategy design for the non-hybrid
HST-CV based on power follower. Section 3 establishes
the COSIM platform and discusses the simulation results.
Finally, the conclusions are summarized.

1. Configuration of HST-CV basic vehicle

The control strategy proposed in this paper considers a
type of 1.5 m? concrete mixer truck as the HST-CV basic
vehicle. This type of CV uses the HST instead of a tradi-
tional mechanical transmission to transfer power from the
engine to the propulsion and mix working system. Figure
1 shows the basic structural principle of HST-CV basic
vehicle.

As shown in Figure 1, the driveline of HST-CV basic
vehicle consists of the following structural components:
engine, propulsion pump, working pump, propulsion
motor, working motor, working device, transmission box
and differential. Among these components, both the pro-
pulsion pump and working pump are plunger variable
pumps, both of them are connecting to the engine in
series and each forming a closed-loop HST system with
the propulsion and working motors. The control system
of HST-CV consists of the VCU and ECU, both running
through a CAN bus to communicate. VCU also controls
the displacement of propulsion pump, working pump and
propulsion motor.

Table 1 shows the main parameters of the HST-CV
basic vehicle.
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Figure 1. Structural principle of HST-CV basic vehicle
Table 1. HST-CV basic vehicle parameters
Parameter Value
Curb weight 4000 kg
Full weight 8000 kg
Vehicle
Maximum speed 30 km/h
Speed of working device 5,10, 15 rpm
Rated power 38 kW
Engine Rated speed 2500 rpm
Maximum torque 165 N-m
Pump type plunger variable pump (EDC)
Pump displacement 0...53 mL/r
Motor type plunger variable motor (EDC)
f;;};umlsmn Motor displacement 40 mL/r (low gear); 80 mL/r (high gear)
Transmission reduction ratio 1:4.341 (off-road gear); 1:0.84 (highway gear)
Drive bridge reduction ratio 1:12.158
Tire effective rolling radius 0.4145 m
Pump type plunger variable pump (EDC)
Pump displacement 0...46 mL/r
Working
system Motor type gear motor
Motor displacement 35 mL/r
Reduction ratio of working device reducer 1:53

2. Control strategy

As mentioned above, the control strategy based on power
follower for HST-CV proposed in this paper considers the
flow rate of HST system as the control target. Through
implementation of the coordinated control of the engine
speed and hydraulic pump displacement, decoupling can
be achieved between the hydraulic motor and engine
speeds, similar to the series hydraulic hybrid powertrain
system. Then, the control of the ICE operating point, which
based on the power follower control strategy, can be imple-
mented in HST-CV to achieve the energy-saving control.

To achieve the above control objectives, the follow-
ing problems need to be discussed: how to transform the

driver’s operation into the required flow rate control tar-
get, calculate the overall power requirement of HST-CV,
plan the control target of the ICE operating point, and
achieve coordinated control between the engine speed
and hydraulic pump displacement. In addition, consider-
ing the possible engine flameout under heavy load condi-
tions, such as slope climbing or starting conditions, in the
control strategy development process, it is necessary to de-
sign an adaptive control strategy for the propulsion system
based on the pressure feedback. To reduce the difficulty of
system designs and improve the real-time capability of the
control strategy, in this paper, the control strategy struc-
ture is established by the layered control method.
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2.1. Control strategy structure

Figure 2 shows the layered control strategy structure of the
proposed control strategy.

In Figure 2, P, refers to the position of accelerator ped-
al; Gy denotes the gear of transmission and corresponds
to the off-road/highway gear; G, represents the gear of
propulsion direction corresponding to the forward/stop/
backward propulsion direction of the vehicle; Gy, speci-
fies the gear of propulsion motor displacement; Gy stands
for the gear of working device speed corresponding to the
1st/2nd/3rd gear of working speed; ng,,,; corresponds to
the control command valve of engine speed; Vpp,,,4 in-
dicates the control command valve of propulsion pump
displacement; Vyyp,,.4 is the control command valve of
working pump displacement; ppy, Ppr> Pwrr Pwr, are the
pressures of the propulsion/working system at high/low-
pressure circuits when operating in the forward direction.

I Driver's operation |

P, Gr Gum Go Gw
A \ J v 4
Control Strategy for a HST-CV Based on Power Follower

______________________________ :
:- Calculation of the power requirement First layer |

| Control target establish | | Power requirement calculate | |
|
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In the control strategy structure, according to the
established corresponding relationship of the driver’s
operation and the flow rate control target, the first layer
determines the flow rate control targets of the propulsion
and working systems on the basis of the driver’s opera-
tion. Based on this, the calculation of the overall power
requirement of HST-CV is implemented by capturing the
pressure of the propulsion/working systems. In the second
layer, the control target of the ICE operating point is set
up based on the overall power requirement of HST-CV.
The specific control strategy structure of the first and sec-
ond layers is shown in Figure 3.

Notably, the control target of the ICE operating point
is not fixed and can be adjusted according to the driving
requirements, operating environment, emissions, and/or
economic operation requirements.

In the third layer, according to the ICE operating point
(engine speed) control requirement obtained from the sec-
ond layer, combined with the flow control requirements of
the propulsion and the working systems determined in the
first layer, the control of the engine and hydraulic pump is
implemented through the change rate limit control of the
engine speed and the coordinated control of the hydraulic
pump displacement, respectively. At the same time, con-
sidering the possible engine flameout under heavy load
conditions, the pressure of the HST system is used as the

r S ; A feedback in the fourth layer to adjust the displacement
| anning of the control target of econd layer| . . . .
! ICE operating point ! requirement of the propulsion pump in real time to fur-
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™™ " Coordinated control of the engine and hydraulic pumps | displacement. The specific control strategy structure of the
| 2 | . . . .
—> ! Change rate limit control of the engine speed | THi™ layer: — third and fourth layers is shown in Figure 4.
| |
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o e e et st s - i tion and working device speed. To implement the control
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Similarly, the speed of the HST-CV working device can
be expressed as follows:

= WM @)

Meanwhile, the speed of hydraulic motor can be ex-
pressed by the following (Korn 1969):

_1000-Qp My,

v, 3)

Y

Then, for the propulsion system of the HST-CV, ac-
cording to Equations (1) and (3), v can be expressed as
follows:

vzlzo'ﬂ'rﬁre “Qpp Npypy . 4)

it ig Vpy

As shown in Equation (4), both iy and Vp,, are deter-
mined, and in the condition of neglect npyy,, v is directly
dependent on Qpp. Therefore, this paper considers Qpp as
the corresponding parameter for the flow rate control tar-
get of the propulsion system and proposes Qpp,,, as the
requirement for Qpp, which is used in the control process.

For Mpyy,» as shown in Table 1, the propulsion motor
of the basic vehicle is a plunger variable motor; the vol-
ume efficiency of the motor is correlated with its speed,
displacement, and system pressure, and the relationship
between the volume efficiency and correlated parameters
is complicated (Daikin-Sauer-Danfoss 2020). Therefore, to
simplify the process of flow rate control target establish-
ment, M p,y, is temporarily simplified to a constant value of
1. This value clearly deviates from the actual 1py,, during
the HST-CV operation, which will cause the actual vehicle
speed to be less than the expected vehicle speed. In this
paper, the difference between the expected and actual ve-
hicle speed is adjusted by k,, pp, (Section 2.5.2).

As shown in Table 1, the maximum v of the HST-CV
basic vehicle is 30 km/h, which corresponds to the driver’s
operation as follows: P, is 100%, Gy is the highway gear,
and its reduction ratio is 0.84. G, is the low-displacement
gear, the propulsion pump displacement is 40 mL/r, and
Gp is the forward gear. At this point, Qpp,.,, should be
rounded to 80 L/min.

Accordingly, P, and Qppy,, can form the following lin-
ear correspondence, as shown in Table 2.

Similar to the propulsion system, the working device
speed can be expressed as follows:

_ 1000- Quwp Mwimy
i Viem

(5)

My

As presented in Equation (5), both iy and Vy,, are
determined, and in the condition of neglect Ny, 1y is
directly dependent on Qyyp. Therefore, this paper consid-
ers Quyp as the corresponding parameter for the flow rate
control target of the working system and proposes Qyyp,,
as the requirement for Qy,p, which is used in the control
process.

Similar to the propulsion system, in the process of flow
rate control target establishment of the working system,
Nwaw 18 temporarily simplified to a constant value of 1.
The resulting difference between the expected and actual
working device speed is adjusted by k,, yyp, (Section 2.5.2).

As shown in Table 1, ny, of the HST-CV basic vehicle
is 5, 10, 15 rpm, corresponding to the 1st, 2nd, 3rd gear of
Gy respectively, and iy is fixed at 1:53. Thus, Qyypy, in the
Ist, 2nd, 3rd gear of Gy, should be 14.5, 29.2, 43.7 L/min,
respectively.

Accordingly, Gy and Qyypy,, can form the following
correspondence, as shown in Table 3.

2.3. Calculation of the power requirement

For the HST system, the input power of the hydraulic
pump can be obtained from the following equation (Korn
1969):
Qp-A
p, == P (©)
600-1p,

Table 2. Corresponding relationship of the driver’s operation
and the flow rate control target of the propulsion system

Driver’s operation | Valve | Flow rate control target | Valve

0 . 0
100 QPP,eq (¢) [L/min] %0

P, (1) [%]
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Table 3. Corresponding relationship of the driver’s operation
and the flow rate control target of the working system

Driver’s Valve Flow rate control Valve
operation target

1 14.5

Gy (1) [-] Qwpreq (#) [L/min] 29.2

43.7

According to Equation (6), Pp depends on Qp and App
while ignoring the influence of hydraulic pump efficiency.

Section 2.2 establishes the corresponding relationship
between the driver’s operation and flow rate control target.
Thus, Qppreg and Qyypy,, can be obtained by P, and Gy, re-
spectively. At the same time, by using the pressure sensor
to collect ppy, ppr> Pwr and pyyp, the pressure difference
between the inlet and outlet of the propulsion and work-
ing pumps can be calculated. By substituting the above pa-
rameters in Equation (6), the current power requirement
of the propulsion and working systems can be obtained, as
shown in Equations (7) and (8), respectively:

 Qupreg (1) Appp (1)

PPr@q (t) - 600 - Nppr > (7)
~ Qupreg (t) Apyp (1)
PWreq(t)_ 600‘nwpt . (8)

According to Equations (7) and (8), the overall power
requirement of HST-CV can be obtained by following
equation:

Prog (1) = Poreq (1) + Preq (£)- )

As shown in Table 1, for the HST-CV basic vehicle
studied in this paper, the propulsion and working pumps
are both plunger variable pumps. The total efficiency of
pumps are correlated with both the speed and system
pressure of the pump, and the relationship between the
total efficiency and correlated parameters is complicated
but is mainly within the range of 80...89% (Daikin-Sauer-
Danfoss 2020). To reduce the complexity of the control
strategy, in this paper, npp; and My p; in Equations (7) and
(8), respectively, are unified as the total efficiency coeffi-
cient of the propulsion/working pumps (k,, ppy> kyy wpr)> as
shown in Equations (10) and (11), respectively. The value
of k, pp; and ki, yyp, are constant and adjusted by the re-
sults of the real vehicle test to ensure the accuracy of the
power requirement calculation.

 Qppreg (t)-Appp (1) '

PPreq (t) - 600'kn, bt > (10)
Qwpreq () Apyp (T

The simplification of 1 pp, and M yp, will result in a dif-
ference between the power requirement obtained by the
above equations and the actual power consumption of the
HST-CV during operation, which will cause the engine
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operating point to deviate from the control target. There-
fore, when determining the value of k, pp, and ky, yypy, it
is necessary to refer to the actual range of the engine op-
erating point to ensure that it is as close as possible to the
control target.

In addition, considering that when the propulsion
system and the working device of HST-CV are both in
non-working condition, both Appp and Apy,p remain zero
values. At this point, regardless of the operation of the
driver, according to Equations (9)-(11), Preq will retain a
zero value, and the driver’s operation will remain unre-
sponded to. To avoid this undesired situation, in this pa-
per, the values of Appp and Apyyp are limited by the pres-
sure limit valve of the hydraulic pump inlet and outlet,
Apin» and when they are less than Ap, ;.. the calculation
will be replaced by Ap,.;,. Then, Equations (10) and (11)
can be respectively rewritten as follows:

QPPreq (t ) : Apmin

s Appp (E)<ApLins
by (1)= 600('k51,PPt ) o0 <00 (12)
req QPPreq t)-Appp (1 ;
00 > Appp (t)> APy
Ap .
Qurreg (1) APrin Apyyp (£) < AP
P (1)= 600k, yp (13)
Wreq QWPreq(t).APWP(t) A (t)>A .
600k wp o i

2.4. Planning of the control target
of ICE operating point

In the EMS of hybrid vehicles, the control method based
on the minimum BSFC line (Min BSFC Line) is widely
adopted (Johri, Filipi 2014; Kim, Filipi 2007; Filipi, Kim
2010; Vu et al. 2014). Figure 5 shows the Min BSFC Line
obtained by the engine BSFC map of the HST-CV basic
vehicle studied in this paper. Note that because of the
China Nacional Standard (GB20819-2014), for the engine
of an HST-CV basic vehicle, the engine speed of 1800 rpm
is used as part of the emission limit standard test. There-
fore, the tuning of the speed area near 1800 rpm is mainly
based on emission rather than fuel consumption, which
makes the BSFC at 1800 rpm slightly higher than those at
adjacent areas, resulting in the two lowest BSFC areas in
the engine BSFC map of the HST-CV basic vehicle.

As depicted in Figure 5, if the control method based
on the Min BSFC Line is adopted as the engine control
method for HST-CV, the power ranging from 25 to 35 kW
is the high-speed operating range of the engine, whereas
in the majority power range from 5 to 20 kW, the engine
operates in the middle or low-speed range from 800 to
1600 rpm.

In addition, for Qpp, the following relationship with
the engine speed is obtained (Korn, 1969):

Vpp -1 Npp
Qpp = —EP"E v (14
P 1000 )
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According to Equation (14), during the HST-CV op-
eration, Qpp depends on both ng and Vpp. Thus, a low ng
will result in low Qpp, which will further affect the vehicle
speed and vehicle power performance.

For the above reasons, based on the Min BSFC Line
shown in Figure 5, in this paper, the control target of ICE
operating point is adjusted to form the ICE OOL, which is
more suitable for the HST-CV, as shown in Figure 6. The
main points of the ICE OOL are indicated by the letters
A-G, the values of which are listed in Table 4.

As shown in Figure 6, compared with the Min BSFC
Line, the ICE operating point with 10...20 kW power
range is adjusted from the Min BSFC area of 220 g/kW-h
to the sub-optimal BSFC area between 220...230 g/kW-h.
Thus, in the majority of the power range from 15 to 35
kW, the engine will operate in the middle and high-speed
range of over 1600 rpm, which can achieve the energy-
saving control of the engine while ensuring the power
performance of HST-CV. Meanwhile, the adjustment of
the ICE operating point in the partial power range also
makes the ICE OOL smoother and reduces the possibility
of engine speed stepping in the control process.

Table 4. Values of the main ICE OOL points

Point Engine speed Engine torque Power
[rpm] (N-m] (kW]
A 800 59.69 5
B 1300 73.46 10
C 1500 84.26 15
D 2000 95.50 20
E 2100 113.69 15
F 2200 130.23 30
G 2300 145.33 35
180 : ‘ ‘
—— min BSFC line
Ml BSEC [g/kW-h]
- power [kW]

160 oot N e POWELLCT

140 - S s

120 - FRS—

100 +--

Engine torque [N-m]

800 1000 1200 1400 1600 1800 2000 2200 2400
Engine speed [rpm]

Figure 5. Min BSFC Line of HST-CV basic vehicle

To implement the control of the engine speed, this
paper considers the engine speed requirement, ng,,,, as
the control variable for np. The corresponding relation-
ship between ng,,, and P, can be derived from the ICE
OOL (Figure 6), as shown in Figure 7. The values of points
A-G, shown in Figure 7, are the same as those of the cor-
responding points in Figure 6 and Table 4.

2.5. Coordinated control of the engine
and hydraulic pumps

Similar to Equation (14), for the output flow rate of the
working pump, a relationship with #p is shown in the fol-
lowing:

_ Vwp ng 'nWPv‘ (15)

According to Equations (14) and (15), to ensure that
Qpp and Qyp will remain stable during the control of ng
and to implement the decoupling between the driving/
working speed and engine speed, the coordinated control
for ng and Vpp, Vyyp is necessary.

2.5.1. Change rate limit control of the engine speed

When the variable displacement pump is operating, to
avoid the system pressure shock caused by the sudden
change in displacement, a damping hole is added in the
hydraulic proportional control loop of the pump to in-
crease the response time of the hydraulic pump displace-
ment from zero to maximum, or vice-versa (Daikin-Sau-
er-Danfoss 2020). Therefore, in the coordinated control
of the engine speed and the variable pump displacement,
the change rate of the engine speed during pump opera-
tion must be limited to adapt to the response time of the
variable pump displacement.

180 - -
5 — ICE OOL

M BSFC [g/kwh]

N : [ -- power [kW
160 —----, o B R R A

140 4= 5 ceedenees

m]

5 120 o--feet e

100 -

Engine torque [N

®
S
!

60 4= s

40

800 1000 1200 1400 1600 1800 2000 2200 2400
Engine speed [rpm]

Figure 6. ICE OLL of HST-CV basic vehicle



Transport, 2022, 37(5): 339-356

In this paper, the change rate limit control of the en-
gine speed is implemented by controlling the command
value of the engine speed from the VCU. The specific con-
trol method is shown in following equation:

nEreq<t) &
”Ecmd(t) {nEcmd(t At)ikn,Elim ‘At, a,, (16)

where:
a: ‘”Ereq (t) ~MEcmd (t -

% ‘”Ereq (#) = "1gema (= At)‘ > Ko, Elim:

At)‘<k

n, Elim>

In addition, the change rate limit of engine speed can
effectively reduce the transient fuel consumption and
emissions of the engine (Mishra, Saad 2017) and improve
the economic performance of the HST-CV.

2.5.2. Coordinated control of the hydraulic
pump displacement

According to Equation (14), the propulsion pump dis-
placement can be expressed as follows:

Vpp =———. (17)
g Nppy

In addition, to avoid the undesirable engine speed
fluctuation caused by the vehicle’s dynamic characteristics,
this paper considers np,,,; instead of #ny as the control var-
iable for Vpp. Similarly, Qppy, is used instead of Qpp, and
the volume efficiency coeflicient of the propulsion pump,
ks, ppy» is used instead of npp, (similar to ky ppp> kyy wpp see
Section 2.3). As a result, Equation (17) can be rewritten
as follows:

1000- Qppreq( )

PPV (18)
NEcmd (t) kn, PPy

VPPreq( )

The adjustment to k,, pp, can actually be equivalent to
the adjustment of the actual vehicle speed. When ki, pp,
decreases, Vpp, Qpp and v increase. The actual speed of
the HST-CV in operation is related to many efficiency pa-
rameters, such as 1p,;, and npp,. If a 3D table lookup or
parameter estimation is used to determine the efficiency
parameters, the control system will be overly complicated.
Therefore, in this paper, the difference between the expect-
ed vehicle speed determined by P, (Table 2) and the actual
vehicle speed is adjusted by k., pp, to bring them closer.

T T T

g 2500 &
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&

2 1000 -
£ A i
o
=3}
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Overall power requirement of HST-CV an [kw]

Figure 7. Corresponding relationship between the overall power
requirement of HST-CV and the engine speed requirement
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Equation (18) calculates for Vpp,,,, where Qppy,, can
be obtained by P, (Table 2); ng,,,, is obtained by the ICE
OOL (Figure 7) and adjusted by the change rate limit con-
trol of the engine speed.

Similar to the propulsion system, for the working sys-
tem, the displacement requirement of the working pump
can be expressed as follows:

1000- QWPreq( )

_— (19)
NEcmd (t) kn, WPy

VWPreq (t)

Similar to the propulsion system, the difference be-
tween the expected and actual working device speed is
adjusted by k; yp, to bring them closer.

At the same time, to decrease the pressure impact
caused by the instantaneous change in hydraulic pump
displacement, the change rate of the hydraulic pump dis-
placement should be limited.

In this paper, the change rate limit control of the hy-
draulic pump displacement is implemented by controlling
the command value of the hydraulic pump displacement
from the VCU. The specific control method is shown in
following equations:

V ;
VPPcmd(t) { PPreq( ) a; (20)

VPPcmd( At)ikV,Plim'At’ a;
VWPre bl;
Vi 1 21
e {prcmd t—At)tky pip - At, by, @V
where:

T
ay: ‘VPPreq(t> VPPcmd(t_At)‘>kV,Plim;
(t)- prcmd(t—At)‘<kv,th;
(t)-

Vivpemd (t - At)‘ > Ky plim-

bI: ‘VWPreq t

bz : ‘VWPreq t

For k, g1im (see Section 2.5.1) and ky; p ;,, larger change
rate limit values can make the engine and pumps operat-
ing more stable and also reduce the effects of the engine
and pumps dynamic characteristics. However, compared
with the lower k,, g i,/ kv p i (in this condition, the dif-
ference between the requirements and command values is
smaller), the distribution of engine operating points will
be more dispersed. The k, 1,/ ky p iy Needs to be con-
sidered comprehensively in the actual process.

2.6. Adaptive control of the propulsion
pump based on pressure feedback

During the operation of the HST-CV, the torque, which
is the input torque of the propulsion pump, acts on the
engine crankshaft from the propulsion system and can be
expressed as follows (Korn 1969):
Vpp - A
Mpp =P Prp (22)
20T Npp,y,
When the HST-CV is under heavy load conditions,
such as slope climbing or starting conditions, Appp will
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rise sharply, and if Vpp is improperly controlled at this
time, it may cause an engine flameout due to excessive
Mpp.

To avoid the above undesirable situation, existing HST
systems adopt control methods such as NFPE control or
other similar NF-type control methods to react to system
pressure, typically reducing the variable pump displace-
ment with increasing pressure (Schumacher et al. 2016).
Similarly, this paper proposes an adaptive control of the
propulsion pump based on pressure feedback. However,
because the displacement of the propulsion pump is in-
directly obtained through the coordinated control based
on the flow rate requirement of the propulsion pump, this
paper introduces the adjustment coeflicient of the flow
rate requirement of the propulsion pump, kg pp,g; and
considers Appp as the feedback signal to adjust Qppy,, in
real-time to reduce Vpp when Appp rises sharply (Equation
(18)), thus preventing the engine flameout due to exces-
sive Mpp. Figure 8 shows the obtained method of k¢ ppygj-

° o ° =
- o =] (=]
\ f !
1 1 1

=3

v
N
!

Adjustment coefficient of the flow rate
requirement of the propulsion pump, K, pp,; [-]

4
=

T T T T T
100 200 300 400 500 600

Pressure difference between the propulsion pump inlet and outlet Ap”, [bar]

o

Figure 8. Obtained method for the adjustment coefficient of
the flow rate requirement of the propulsion pump
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The adjustment method for Qpp,,, is shown as follows:

Qppadj (t)= kq, ppadj (t)- Qppreq (t). (23)
At the same time, Equation (18) should be rewritten

as follows:
~ 1000+ Qppg(t)

VPPreq (t) - Meemd (t) . kn, . : (24)

The overall diagram of the control loop of the pro-
posed control strategy is shown in Figure 9.

3. Load data capturing experiment
and simulation analysis

Because of the delay at the supplier’s end and other factors,
a prototype vehicle for testing the control strategy pro-
posed in this paper has not yet been manufactured. Thus,
to verify the effect of the control strategy for the non-
hybrid HST-CV based on power follower, a MATLAB/
Simulink-AMESIM COSIM platform is established in
this paper. In addition, the driver’s operation and pres-
sure data of the propulsion/working systems when using
the HST-CV under combined driving/working conditions
are collected by the load data capturing experiment as the
input of the COSIM platform to ensure the accuracy of
the simulation results. Finally, the simulation results are
analysed comprehensively.

3.1. Load data capturing experiment

In this paper, a type of 1.5 m® concrete mixer truck with
HST propulsion and mix working system is selected as the
experimental vehicle for load data capturing, and its main
performance parameters are the same as shown in Table 1.

»» Determination of the flow rate control targets »» Calculation of the power requirement »» Caleulation of the engine speed requirement
Driver's Operation  Valve  Flowrate Control Target  Valve QNW(’) Qf""m QLN ( Ap,.(0) < Ap,, ) g ,:r’/ﬁ
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Figure 9. Diagram of the control loop of the proposed control strategy
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To make the pressure data of the propulsion/working
system cover more operating conditions, the load data
capturing experiment is implemented in both the highway
and off-road conditions. Figure 10 shows the experimental
road conditions.

The highway condition, shown in Figure 10a, is a typi-
cal asphalt pavement. The off-road condition, shown in
Figure 10b, is a typical off-road pavement in rural North
China, which has compacted brown soil and a flat but
rugged terrain, which is the same as the main off-road
operating condition of the HST-CV basic vehicle. Because
the experiment was conducted in winter, there was a small
amount of snow on the oft-road tracks.

Table 5 lists the load data capturing experiment scheme.

Figures 11 and 12 show the obtained driver’s opera-
tion and pressure data of the propulsion/working systems,
respectively.

Figures 11 and 12 show that the pressure data of the
working system under the off-road condition are simi-
lar to those for the highway condition, but the pressure
fluctuation of the propulsion system under the oft-road
condition is much drastic than that under the high way
condition. The variation trends of the pressure data of the
propulsion/working system under the highway and off-
road conditions are the same, and both correspond to the
driver’s operation. Considering the pressure data of the
propulsion/working system under the highway condition
in Figure 11b as an example, the pressure peak of ppy at
6...12 s corresponds to the starting condition of the ve-
hicle. The two pressure fluctuations of py,; at 26 and 47 s
correspond to Gy shift from the 1st to 2nd gear and from
the 2nd to 3rd gear, respectively. The pressure peak of pp;
at 67...71 s before the end of driving corresponds to the

a)
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pressure increase in the low-pressure circuit of the pro-
pulsion system caused by the driver’s braking operation.
During driving, py; is constantly stable.

3.2. Simulation and analysis of results

Based on the driver’s operation and the pressure data
from the load data capturing experiment. In this paper,
the simulation model of the engine and the HST system
of HST-CV is established by LMS" Imagine Lab AMESIM.
Meanwhile, the simulation model of the control system is
established by MATLAB/Simulink, and the control effect
of the proposed control strategy will be verified by the
MATLAB/Simulink-AMESIM COSIM platform consist-
ing of both.

3.2.1. Simulation model of the engine
and the HST system

Considering the influence of numerous nonlinear param-
eters in the engine and the HST system of HST-CV, it is
difficult and time-consuming to establish the simulation
model based on the mechanism analysis. Therefore, this
paper adopts the LMS Imagine Lab AMESIM software,
which has a relatively complete model library of hydraulic
and transmission system components. On the basis of the
structural principle of the HST-CV basic vehicle shown in
Figure 1, a simulation model of the engine and HST sys-
tem of HST-CV is established, as shown in Figure 13. Be-
cause the pressure data of the propulsion/working system
are selected as the load conditions of simulations, only the
engine and the hydraulic pumps need to be modelled.

The parameter settings of the simulation model are the
same as shown in Table 1.

Figure 10. Experimental road conditions: a — highway condition; b - oftf-road condition

Table 5. Experimental scheme of the load data capturing experiment

Vehicle state before starting
condition

Driver’s operation

Notes

Loading material
dry material »» start the vehicle;

Gear of working | gear 0

Gear of
transmission

off-road gear

Displacement of |80 mL/r

propulsion pump

»» stop the vehicle.

sand and stone |»» shift the speed gear of working device to the 1st gear;

»» keep straight driving for about 75 m;
device speed »» shift the speed gear of working device to the 2nd gear;
»» keep straight driving for about 75 m;
»» shift the speed gear of working device to the 3rd gear; ing.
»» keep straight driving for about 75 m;

»» the vehicle should be kept in a
straight line while driving;

»» the driver should step on the
accelerator pedal to full open-
ing and maintain while driv-
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3.2.2. Simulation model of the control system

As shown in Figure 14, the overall simulation model of the
control system of HST-CV includes the driver model, load
model, ECU module, MATLAB/Simulink-AMESIM CO-
SIM module, propulsion system control module, working
system control module and engine control module.

Among them, the propulsion system control mod-
ule, working system control module and engine control
module were used for implementing the various control
strategies described in Section 2. The COSIM module
was used for implementing the data interaction between
the MATLAB/Simulink-based control system simulation
model and the AMESIM-based engine and the HST sys-
tem simulation model. The driver and load models are
based on the driver’s operation and pressure data of the
propulsion/working system obtained from the load data
capturing experiment as inputs to the COSIM platform.
The ECU model adopts the PID method to adjust the load
(value range: 0...1, dimensionless) of the engine model in
AMESIM to realize the simulation of the full-range speed
governing characteristic (7% governing rate) of the diesel
engine.

3.2.3. Analysis of simulation results
under the highway condition

The driver’s operation and pressure data of the propulsion/
working system under the highway condition showed in
Figure 11, are considered as the input of the COSIM plat-
form. The simulation results are shown in Figure 15.

In Figure 15a, when the vehicle under the starting con-
dition at 7...12 s, under the effect of the adaptive control
of the propulsion pump based on pressure feedback, by
adjusting the kg ppyg» Qppaqj produces a notable valley val-
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ue, corresponding to the pressure peak of ppyat 7...12 s in
Figure 11b. Figures 15b and 15c also show that during the
7...12 s period, Pyyp, Ppy,q and ng, g remain stable, and no
similar peak as ppy; occurs. Meanwhile, in Figure 15e, ng
is also stable, and no speed drop-off nor flameout results
from the pressure peak of ppy, which is consistent with
the expected control target of the adaptive control of the
propulsion pump based on pressure feedback.

In Figure 15b, except for the vehicle starting condi-
tion at 7...12's, as ppyy and Qpp,y; are both stable (Figures
11b and 15a, respectively), Pp,, is stable in the vicinity of
15 kW. Although except for the pressure fluctuations dur-
ing Gy, gear shifting, pyyy under the highway condition
remains stable (Figure 11b), but influences the step change
of Qyypy, (Figure 15a), Py, also step changes. The value
of Qp, is equal to the sum of Pp,, and Py, and it is
stable during the simulation and maintained at the power
range of 15...25 kW.

In Figure 15¢, ng,,; which is obtained by the ICE
OOL, is also stable in the middle and high-speed range of
1700...2200 rpm, which is consistent with the expected
control target of the planning of the ICE operating point.
In Figure 15d, as P,,, is lower before the vehicle is
started, ng,,,  is only maintained at idle speed. Therefore, a
higher Vyyp.,,.4 is required to maintain the operating speed
of the working device, resulting in the high-level platform
of Viypema before 7 s. Then, except for the influence of
Qypreq Step change, Vyyp,,q remain stables. Under the co-
ordinated control of the engine speed and hydraulic pump
displacement, the variation trend of Vyyp.,, is opposite
to that of ng,,,;. For Vpp.,.s» which is influenced by the
change rate limit control of the engine speed, ng,,,, is dif-
ficult to increase to a high value within a very short time.
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To respond to the requirement of Qppagj, Vppeug appears
at a high level platform at 7 s. At 7...12 s, under the adap-
tive control of the propulsion pump based on pressure
feedback, Vpp,q is influenced by Qppg; (Figure 15a) and
shows a remarkable valley value. Afterwards, Vpp,,,  sta-
bilizes, and its variation trend is also opposite to that of
NEcmd-

The simulation results of the engine operating speed
and torque are gained under the highway condition, as
shown in Figures 15e and 15f, respectively, are presented
as a scatter plot in the engine BSFC map, as shown in
Figure 16.

As shown in Figure 16, under the highway condition
and the proposed control, the simulation results of the
engine operating speed and torque slightly fluctuate, and
the ICE operating point is distributed near the vicinity of
the ICE OOL of 15...25 kW and achieves the expected
control effect.

3.2.4. Analysis of simulation results
under the highway condition

The driver’s operation and pressure data of the propulsion/
working system under the off-road condition, as shown
in Figure 12, are considered as the input of the COSIM
platform. The simulation results are shown in Figure 17.

In Figure 17a, owing to the influence of the pressure
fluctuation of propulsion system under the off-road condi-
tion (Figure 12b), the adjustment time of Qpp; by kg ppag;is
significantly higher than that under the highway condition.

In Figures 17b-d, given the influence of the pressure
fluctuation of the propulsion system under the off-road
condition, the fluctuation amplitude of the simulation re-
sults of Pprogs Pregs Npema> Qppreq and Quypreg is larger than
that under the highway condition, but the variation trends
and basic characteristics are similar.

The simulation results of the engine operating speed
and torque are gained under the off-road condition, as
shown in Figures 17e and 17f, respectively, are presented
as a scatter plot in the engine BSFC map, as shown in
Figure 18.

As shown in Figure 18, given the influence of the pres-
sure fluctuation of the propulsion system under the oft-
road condition, compared with the highway condition, the
fluctuation of the engine operating speed and torque is
more intense, and the amplitude is larger. In the scatter
plot of the ICE operating point, although its distribution
is more disperse compared with the highway condition, it
remains in the vicinity of the ICE OOL. This result shows
that the control strategy proposed in this paper can also
achieve the expected control effect under the off-road con-
dition.

Conclusions

By referring to the power follower method of the hybrid
EMS, this paper presented a new control strategy for the
non-hybrid HST-CV with a traditional closed-loop HST
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Figure 16. Scatter plot of the ICE operating point under the
highway condition

for both the propulsion and working systems. The pre-
sented control method takes the flow rate of the HST-CV
propulsion/working system as the control target. By coor-
dinated control of the engine speed and hydraulic pump
displacement, the decoupling between the engine speed
and flow rate of the HST system can be achieved. Then,
based on the overall power requirement of the HST-CV,
the ICE operating point can be controlled at the desirable
range of the engine. The proposed control strategy can
achieve energy-saving control effects similar to the power
follower control strategy of hybrid vehicles without install-
ing additional accumulators in the HST system.

According to the structure principle and main param-
eters of the HST-CV basic vehicle, the layered control
strategy structure was established and specific methods to
implement the proposed control strategy were discussed.
Then a MATLAB/SIMULINK-AMESIM COSIM platform
was established to verify the control effect, and the input
of the COSIM was obtained by the load data capturing
experiment to ensure the accuracy of the simulation re-
sults. The simulation results show that the proposed con-
trol strategy can achieve the expected control target under
both the highway and off-road conditions.

The proposed control strategy and corresponding re-
sults can be used as references for energy-saving transfor-
mations and the development of control systems, especial-
ly the application of advanced control strategies of CV's or
road vehicles with a non-hybrid closed-loop HST system.
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