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This study developed a hardware in the loop (HIL) test platform using dSPACE for performance testing
and verification of the powertrain management unit (PMU) for an electric tractor. The HIL test platform
mainly comprised the PMU and a dSPACE/DS1007 board. The PMU was specially designed to manage the
tractor operating state refresh and calculate the target torque required in the driving state. The dSPACE/
DS1007 board was used for real time simulation of the dynamic behavior of the powertrain, including the
electric motor and the battery, as well as the tractor itself. The mathematical models of the powertrain
components supported by the dSPACE/DS1007 board were presented and the calibration of the PMU con-
trol parameters was introduced. HIL simulations of the tractor operating state refresh and driving torque
calculation under full-throttle acceleration were carried out. The test results showed that the PMU was
capable of correctly switching the operating state of the electric tractor according to driver inputs without
repetition or omission. In the acceleration test, the PMU accurately provided the torque demand in
response to the driving intentions. Further, it controlled the torque demand according to the torque
increase limits, torque capacity, and battery voltage level. These controls respectively eliminated the possi-
ble shocks due to torque fluctuations, avoided overloading of the electric motor, and prevented the battery

from overdischarging.

Key words: Electric tractor, hardware—-in-the-loop, powertrain, control

INTRODUCTION

With the rapid growth of tractor use in the world,
people are increasingly aware of the harm that tradi-
tional tractors do to the environment. The urgency of
our environmental problems spurs many people to
reconsider the future power supply of agricultural
machinery (Mousazadeh et al., 2010; Moreda et al.,
2016). Despite the availability of various new fuels, bat-
tery—powered electric tractors (ETs) are considered as
one of the main choices for the development of agricul-
tural tractors in the future (Gonzalez de Soto et al.,
2016). With the technological progress of batteries and
vehicle purposed electric motors over the past few dec-
ades, the ET has received more attention (Obert, 1972;
Alcock, 1986; Arjharn et al., 2001). The industrial lead—
acid battery, which proved to be useless for heavy field
tasks, has been replaced by the new lithium-ion battery,
which possesses high energy density, high power den-
sity, safety, and portability (Hammond and Hazeldine,
2015; Liu et al., 2015). Meanwhile, electric motors spe-
cially designed for vehicle use have also been verified as
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more suitable for tractor operating conditions than pre-
vious industrial motors (Stock et al., 2015; Soda and
Enokizono, 2017; Fatemi et al., 2018).

The progress of these key driveline components
increases the sophistication of ET technology, which
necessarily requires a corresponding upper controller to
manage the lower level components, such as the battery,
motor, and electric accessories. The powertrain man-
agement unit (PMU), which collects signals from the
motor driving system, the battery management system,
and other external devices, is the core control compo-
nent of an ET (Wu et al. 2019). To coordinate the oper-
ation of the components, the PMU is required to calcu-
late the target torque in consideration of both the driv-
ing intentions and restrictions from the tractor operating
status. For this reason, the PMU typically employs a
large number of control parameters that must be cali-
brated to adapt them to the various performance
requirements of tractors. The traditional way to deter-
mine the values of the control parameters usually
depends on field testing a tractor prototype, which has
to go through at least three phases powertrain test
bench construction, controller communication testing,
and control parameters calibration (Min, 2011). With
the widespread application of electronic control technol-
ogy in tractors, the time, manpower, and material
resources spent on controller function and performance
calibration are increasing. This results in a correspond-
ingly longer development cycle for the whole machine, a
situation that is particularly prominent for electric trac-
tors.

As an off-road vehicle, the tractor has to travel
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through various complex outdoor environments, which
inevitably places higher requirements on the design and
calibration of the controller. To adapt to extreme work-
ing conditions, the calibration and verification of tractor
controllers on a drum test bench are often very complex
and cumbersome. However, given the difficulty of pre-
cisely and comprehensively controlling the dynamic
behavior of the tractor, some unexpected situations are
very likely to occur during the testing process.
Meanwhile, because the calibration work cannot be car-
ried out until a prototype has been manufactured, the
development cost and cycle of the controller are greatly
increased. All these factors make it difficult to achieve a
comprehensive and accurate calibration for the PMU for
electric tractors.

By performing the test procedures in an indoor envi-
ronment, virtual calibration is able to accurately evaluate
the control performance and comprehensively simulate
the dynamic behavior of tractors under various condi-
tions (Nelson, 2013; Abdelrahman et al., 2018; Schreiber
et al., 2018). However, this technology, as far as we
know, has generally not been applied to PMU design and
calibration for electric tractors. Likewise, a hardware in
the loop (HIL) test platform for PMU calibration has not
yet been fully developed.

In this study, we developed a PMU for a battery—
powered ET to coordinate the drivetrain components
and ensure that the tractor can operate safely and
smoothly according to the driving intention. Meanwhile,
to shorten the development cycle and decrease the
development cost of the PMU, we are also seeking to
design a HIL test platform using dSPACE. In this way,
the verification of the control strategies of the PMU are
expected to be carried out in advance using virtual
mathematical ET models.

MATERIALS AND METHODS

The ET powertrain control system is a complex sys-
tem composed of several controllers, including the PMU,
motor controller, battery management unit (BMU),
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instrument control unit, and other auxiliary control
units. Among them, the PMU is the main controller,
which is responsible for managing the operating state of
the tractor, controlling information interactions among
the components of the powertrain, and interpreting of
the driving requirements.

ET operating state and switching logic

After establishing the topology of the ET powertrain
control network, we need to define the operating states
and the logic for switching among the defined states to
coordinate the parallel operation of the three controllers.
Note that each state that determines how the tractor
behaves at a particular moment must be unique and not
intersect other states. Meanwhile, a union of all defined
states is required to completely cover all the dynamic
behaviors of the electric tractor. Any repetition or omis-
sion of a vehicle state may lead to no correspondence or
multiple correspondences in the control program, which
therefore is likely to result in dangerous ET behavior.
Seven states were established in this study to describe
all the possible behaviors of an ET ready state, starting
state, driving state, charging state, charge during state,
fault state, and return state, as shown in Fig. 1.
(1) Ready state

When the ET is in the ready state, the PMU is first
required to determine whether the BMU is requesting
battery charging, and if so, change the tractor state to
charging, as shown in Fig. 2. Otherwise, the PMU con-
tinues monitoring the position of the key switch, which
can be off, on, or start. The pre-charge contactor, which
is designed to reduce or eliminate current surge when
the main contactor is closed and is connected in parallel
with the main contactor between the power battery and
the motor controller (Fig. 3), is closed first when the key
is switched on. After that, the PMU continues to wait for
the start signal from the key switch and changes the
tractor state to starting when the key switch is turned to
the start position for a predetermined period of time.
(2) Starting state

After the tractor enters the starting state, the main

- \,
Backward

Fig. 1. Operating states and switching logic of electric tractor.
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Fig. 2. Pre—charge principle circuit.

contactor is closed as long as no fault is occurring in
either the driving system or the power supply system.
Meanwhile, the pre-charge contactor is disconnected
and PMU notifies the motor controller to enter standby
mode, in which enables immediate generation of driving
torque on the motor shaft once the accelerator pedal is
pushed. With these preparations on track, the tractor is
refreshed into the driving state, as shown in Fig. 1.
(3) Driving state

In the driving state, the PMU determines the torque
demand in real time based on the input signals of accel-
eration, braking, expected direction, and operating sta-
tus, such as tractor speed, battery output voltage, and
motor temperature. The torque demand provided by the
PMU is sent to the motor controller through the control-
ler area network (CAN) bus according to the established
communication protocol so as to propel the tractor as
the driver wishes. The details for calculating the torque
demand are presented in the next section.
(4) Charge state

As shown in Fig. 1, the ET can be switched to the
charging state only from the ready state. When success-
fully receiving a charging request from the BMU, the
PMU then sends the charging enable signal to the BMU
as long as the tractor stays immobile and all driver
inputs are zero. After being notified that the charging
contactor has been closed by the BMU, the PMU then
switches the tractor state to charge during.
(5) Charge—during state

During charging, the PMU continuously transfers the
charging information to the display unit until the end of
the charging process.
(6) Fault state

Once any operating parameter exceeds a predeter-
mined threshold, the PMU immediately changes the trac-
tor to the fault state. In this state, all current operating
data are cleared to zero to avoid unexpected situations.
(") Return state

When the key switch turns to an off position, the
PMU clears all the command data and then changes the

tractor state to ready.

Calculation of driving torque

The PMU plays an important role in converting the
input signals from external devices, such as the accelera-
tor pedal and gear shift lever, to torque demands that
are recognized by the actuators (e.g., electric motors).
The process of converting inputs to a target torque
needs to be precise, smooth, and appropriate so as to
achieve the optimum match between driving require-
ments and operating states. This process is illustrated
by the flow chart shown in Fig. 3.

To ensure that the driver can control the tractor
according to his intentions, the basic driving torque
requirement can be calculated by

T.. = Tz + 6'(TF_ Tz), (1)

raw

where T, is the original target torque calculated by the
PMU, ¢ is the throttle opening obtained from the accel-
erator pedal position, and 7, and 7', are the calibrated
torque lines that correspond respectively to zero throttle
and full throttle. 7, and 7T, are usually determined by
the values of control parameters such as creep torque,
taper speed, forward regenerative braking torque,
reverse regenerative braking torque, and maximum out-
put torque of the motor. Wu et al. (2019) gives the
detailed mathematical equations that determine the tar-
get torque according to these parameters.

As the ET driving comfort can be easily reduced by
torque fluctuations, the maximum value of possible
torque increases or decreases in each time step are lim-
ited. The resulting smoothed torque is given by

=] Tl T, N)-T, (N-1)<4,,
T,(N-1)+4,, T,.,0)-T,N-1)>4A,,

,(2)
where T, and 4,,, are the smoothed target torque and
the maximum increase/decrease amount of torque
allowed in time step N.

For an electric motor, the maximum torque the
motor can supply is usually closely related to its operat-
ing speed. In most cases, the motor can output a con-
stant peak torque between zero and the base speed
(Stock et al., 2015; Soda and Enokizono, 2017).
However, as the speed increases beyond the base speed,
the maximum available torque declines predictably.
Therefore, the target torque limited by the speed—
dependent torque capacity feature of the electric motor
is given by

T,,=min(T,,, T,), €)

lim

avl

where T, indicates the maximum available torque

(motor torque capacity) determined by the speed point
at which the motor is operating (Wu et al. 2019), and T'

avl
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Fig. 3. Flow chart of calculating the driving torque.
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is the target torque limited by motor torque capacity.

Furthermore, an ET often experiences battery over-
discharging due to its harsh working conditions. In most
cases, this is caused by an excessive power request
when the battery voltage level is low. To prevent the
battery from overdischarging, the required torque is fur-
ther limited according to the deviation of the actual volt-
age from the safe threshold. Thus, a deloading coeffi-
cient is introduced in Eq. (4) to scale down the torque
request when the battery capacity is low.

VB - Vc
I/VV _ {/{ avl )

cmd T

4
where T, is the final torque demand provided by PMU
and V,, V_ and V, are the actual battery voltage, alarm

threshold, and cutback threshold, respectively.

ET powertrain simulation model

In the HIL system, the controlled object is usually
simulated by a virtual digital model. Therefore, the sim-
ulation models of the battery, motor, and entire tractor
need to be sequentially established in a computer to pro-
vide the necessary logical interactive signals for the real
PMU controller.
(1) Battery model

The battery model accepts a power request and
returns the battery voltage, current, and state of charge
(SOC). To make an appropriate trade—off between accu-
racy and computational complexity, the battery is mod-
eled as an equivalent circuit comprising a perfect open
circuit voltage source in series with an effective internal
resistance. The open circuit voltage and internal resist-
ance are obtained using a two—dimensional lookup table
indexed by the SOC and battery module temperature
(Chiang et al., 2011). Starting with the definition of
electrical power and Kirchoff’s voltage law for the equiv-
alent circuit, the terminal voltage and current of the bat-
tery are obtained by Eqgs. (5) and (6) as follows:

i 2P, *)
v, V4P’
V=V, —i,r,, (6)

oc

where P, is the power request, V.. is the open—circuit
voltage of the battery, 7, is the battery current, and 7, is
the inner resistance.

The SOC algorithm is responsible for determining
the residual capacity, in amp-hours, that remains availa-
ble for discharge from the battery. The SOC can be

obtained by

s0C =1 Gt 7
G ©

where C,., and C,, are the used and maximum capacity,
respectively.
(2) Electric motor model

As the motor drive system has fast dynamics and
high accuracy, the motor torque transfer function here is
simply modeled as a first order inertial element with a
small time delay. Thus, the actual torque output can be

expressed as

T

- (f-;ilf ®

m

where 7', is the actual output torque of the electric
motor, T is the response time for motor torque, and s is
a complex variable.
(3) Electric tractor dynamics model

The ET dynamics model used in this study mainly
characterizes the force balance along the longitudinal
direction. When we assume that the air resistance is
negligible, then the available speed of the tractor is
determined by a straightforward classical equation:

dv

ma:GT—DP—MR, (©))]
where GT, DP, and MR refer to the gross tractive effort,
drawbar pull, and motion resistance, respectively. GT is
usually expressed as a function of wheel slip (s,) and the
dynamic weight (WD) on the driving wheels as follows:

GT=WD ¢, (1-e """, (10)

max

where ¢, and s* are empirical parameters whose val-
ues are normally chosen as 0.704 and 15 (Fang and
Zhang, 1987), respectively, which approximates tractor
operation in a wheat stubble field.

HARDWARE-IN-THE-LOOP TEST SETUP

Overview of the HIL test platform

The HIL test platform mainly consisted of a PMU,
dSPACE/DS1007 processor board, CAN bus, accelerator
pedal, and switching power supply, as shown in Fig. 4a.
The signal flows and logic interactions during powertrain
are illustrated in Fig. 4b. During the simulation, the
PMU handled the refresh of the ET operating state and
the calculation of the driving torque. The torque was
calculated using real time collection of signals from the
accelerator and the operating states from the tractor
model consisting of the combined dynamic model, bat-
tery model, and electric motor model running on the
DS1007 board. The accelerator had a positive output
attribute with voltages of 0.34V and 3.5V at zero throt-
tle and full throttle, respectively, as the necessary PMU
inputs. The CAN bus was adopted to enable data com-
munication between the PMU and DS1007 processor.
The communication protocol is shown in Table 1. The
entire simulation process could be monitored in real
time through a lab-designed graphical interface based
on the ControlDesk program running on the upper com-
puter.

Calibration of key parameters

As the ET performance was greatly affected by the
calibration of the control parameters of the PMU, the
process for determining the values of the key parameters
is described in detail in this section. The three types of
key parameters are torque lines corresponding to full
throttle and zero throttle, the motor torque capacity,
and the thresholds of battery voltage protection.
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Fig. 4. Signal interaction between PMU and DS1007: (a) Configuration of PMU test platform
using dSPACE; (b) Signal interaction between PMU and DS1007.

Table 1. Communication protocol between TCU and DS1007

1D Period/ms Byte Signal Bit Precision  Unit Description DS1007 TCU
0x0: Standby;
Direction 5-6 1 - 0x1: Forward,;
0X2: Reverse
0%0: Standby;
0 Operation mode 3-4 1 - 0x1: Torque mode;
0x430 20 0x2: Speed mode 5 R
0X0: Standby;
Working state 1-2 1 - 0x1: Electric state;
0%2: Generation state
2-3 Current speed 24-23 0.25 rpm
2-3 DC voltage 24-23 0.1 \Y%
0Xx685 20 S R
4-5  DC current 40-39 0.1 A
. . 0x0: Standby;
Eﬁzﬁon com- 5-6 1 —  0x1: Forward;
0%2: Reverse
0x0: Standby;
Mode command 3-4 1 - 0x1: Torque mode;
0 0%2: Speed mode
0x210 10 0x0: Standby; R S
State command 1-2 1 - 0x1: Electric state;
0X2: Generation state
Controller enable 0 1 - 00: inhibit;
0x1: enable
5-6 Torque command — 48-47 0.02 N'm -

As mentioned above, T, and T, are closely related to
the creep torque, taper speed, forward regenerative
braking torque, and reverse regenerative braking torque.
Among these parameters, the creep torque allows a
small amount of torque to be applied as soon as the
throttle is closed. This is used in a tractor to overcome
friction during initial movement. However, too much
creep torque can make the tractor uncontrollable at low

speeds. Here we set the creep torque level to 5% as a
default. The taper speed determines the speed point at
which the drag torque is applied. For some cases where
the requirements are not critical, the taper speed can be
taken as 500 rev/min, and the drag torque can be taken
as 256% of the maximum torque of the electric motor.
The motor torque capacity (7°,) that provides the

cap.

maximum available torque of the electric motor at a
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given operating speed can usually be approximately fit-
ted by the steady state torque values at 5~7 given speed
points obtained through bench experiments.

As for the battery undervoltage protection, the
threshold of the power battery pack is usually deter-
mined by the composition of the battery pack.
According to the ET model configuration, the battery
pack comprises 105 cells with a rated cell voltage of
3.2V, which provides a nominal pack voltage of 336 V.
To this end, we set the safe range of the pack voltage to
85%—-115% of the nominal value and reserved a voltage
range of 10V to proportionally reduce the required
torque, thus obtaining the voltage protection thresholds
of both alarm and cutback.

Test procedure using dSPACE

To evaluate the overall properties of the PMU, two
specific testing conditions were designed as follows:
(1) ET state refresh test corresponding to driver inputs

Changing the ET state is closely related to the ET
operating safety. To find out how the PMU refreshes the
ET state according to the input signals from external
devices, such as the accelerator pedal and gear shift
lever, a start—drive—stop test was carried out on the HIL
platform.
(2) Determination of driving torque during full-throttle
acceleration

To evaluate how the PMU behaves during the deter-
mination of driving torque, two acceleration maneuver
cases were designed.

Case A: Speeding up during normal state

This case is designed to show how the PMU behaves
while it determines the required torque during the ET
driving state. As the ET sped up rapidly, sudden
changes may occur in the output torque of the motor.
Meanwhile, the motor gradually enters its high—speed
region with increasing tractor velocity. These create a
need verify the effectiveness of the PMU torque determi-
nation.

Case B: Speeding up when battery charge level is low

This case is tailored to show how the PMU protects
the battery from overdischarge by proportionally reduc-
ing the required torque according to the deviation of
actual battery voltage from the voltage protection
threshold.

RESULTS AND DISCUSSION

Refresh of ET state test in response to driver
inputs

Figure 5 shows the process of the PMU switching
the ET operating state according to driver inputs. When
the key switch was switched from off to on at about
2.2s, the PMU updated the tractor from the default
return state (value=7) to the ready state (value=0)
according to the pre—determined state switching logic
(see Fig. ba and 5¢). In the ready state, the PMU waited
for a start signal from the key switch. At about 9.4s, a
short start signal appeared, and the state of the tractor
was switched from ready to starting (value=1). Then
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Fig. 5. State refresh according to driver inputs: (a) State value of
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(c) ET state refreshed by PMU; (d) State value of expected
direction switch; (e) Accelerator pedal output voltage; (f)
Target torque calculated by PMU.
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the state was further quickly updated to driving
(value=3), in which the driving torque was calculated by
the PMU in real time in response to the pedal output
voltage and the state of the direction switch, as
described in section 2.1 (see Fig. 5b and 5¢). When the
key switch returned to the off state at about 23 s, the
PMU set the tractor to the return state again (value = 7),
which also cleared all the command values. It should be
noted that when the PMU calculates the target torque in
response to the pedal output voltage, only when the
direction signal is valid can the pedal voltage be effec-
tively converted to the torque value by the PMU to drive
the electric motor. In other words, as long as the direc-
tion switch is in the neutral position, it is impossible to
generate driving torque even though the accelerator
pedal has voltage output, which is clearly shown in Fig.
5d, be, and 5f.

Determination of driving torque during full-throt-
tle acceleration

Case A: Speeding up during normal state

Figure 6a shows how the pedal voltage, which
reflects the driving intention, was converted into the
original target torque. As can be seen, the change trend
of the target torque was basically the same as the pedal
voltage. Corresponding to the quick depression of the
accelerator pedal, a sudden torque increase occurred at
the beginning of the simulation. Because this rapid
change would cause severe physical shock to the tractor,
the original torque could not be directly used as the
torque demand on the motor controller. Figure 6b
shows that the PMU moderated the sudden torque
demand increase. Clearly, a ramp-limited torque with a
rising time calibrated to a certain level increased the
time needed to reach the target value. This effect actu-
ally smoothed the acceleration process, although the
acceleration sensitivity was weakened to some extent.
Figure 6¢ shows the changes in the available maximum
torque the motor can supply as the speed increases and
decreases during the simulation. During the period of
about 3s to 16, in which the motor speed was greater
than 2,000 rev/min (the base speed of the motor), the
maximum torque demonstrated a changing trend oppo-
site that of the motor speed. Meanwhile, as the speed
increased to more than 4,000 rev/min, the motor actually
had almost no torque available. This capacity-limiting
effect applied a “peak clipping” to the ramp-limited
torque within the period of about 3.5s to 10 s, as shown
in Fig. 6d. This effect ensured that the torque driving
demand always stayed below the output capacity of the
electric motor.

Case B: Speeding up when battery charge level is low

Similar to Fig. 6a and 6b in Case A, Fig. 7a and 7b
show how the PMU calculated the original target torque
in response to the pedal output voltage, as well as the
moderating effect on torque sudden changes during the
acceleration simulation, and therefore a detailed descrip-
tion will not be repeated here. Figures 7c and 8d clearly
explain the details of the PMU reducing the driving
torque in response to the battery actual voltage deviat-
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Fig. 6. Results of Case A in accelerating test: (a) Pedal manipula-
tion and corresponding torque; (b) Time-based ramp-limit-
ing effect on target torque; (¢) Motor maximum torque
depending on speed; (d) Limiting effects from both torque
capacity and ramping time on torque decision.

ing from the overdischarge threshold. As the battery
voltage fell down below the undervoltage warning level
(285 V), the PMU accordingly adjusted the coefficient to
less than 100%, as shown in Fig. 7c. Meanwhile, the
reduced coefficient in response proportionally scaled
down the target torque, as shown in Fig. 7d, which
therefore effectively kept the battery voltage above the
safe level during the entire simulation.
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CONCLUSIONS

The HIL simulation platform developed in this study
mainly provided a way to test the performance of the
PMU of an ET by virtual experiments. The HIL verifica-
tion indicated that the proposed PMU was capable of
managing the behavior of the powertrain by effectively

refreshing the operating states of the tractor and reason-
ably converting the driver’s intention into a torque
demand. In the HIL testing, the dSPACE/DS1007 board
was used to provide the necessary feedback to the PMU
by real-time operation of mathematical models of the
electric tractor. This makes it possible to test the con-
troller before building an ET prototype and is very help-
ful for shortening the development cycle of the control-
ler and reducing the cost of testing.
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