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ABSTRACT Sufficient and stable positioning torque is necessary for the parking of an electric vehicle
driven by switched reluctance motor (SRM). Considering the highly nonlinear torque characteristic of SRM,
the parking control with high stability and power consumption economy is an important issue. This paper
presents an optimized parking control method for an electric vehicle driven by SRM to achieve optimal
parking stability and power consumption economy simultaneously. The static torque-angle characteristic
curve of a four-phase 16/12 SRM is analyzed, based on which the optimized region of parking position
(presented by rotor angle) is obtained considering the uncertainty of parking conditions. To ensure the
vehicle is properly parked in the optimized position region, active disturbance rejection control (ADRC)
is utilized to achieve the smooth switch from zero-speed control to parking position control. Simulation and
experimental results verify that the proposed method can better stabilize the parking on the ramp and reduce
power consumption in all conditions.

INDEX TERMS Switched reluctance motor (SRM), optimized parking method, active disturbance rejection
control (ADRC), parking power consumption.

I. INTRODUCTION
The parking brake system of an electric vehicle usually
requires coordination between mechanical components and
drive motors [1], [2], [3]. However, for some electric con-
structionmachinery (such as excavators, earthmovers, mining
trucks, forklifts, etc.), the aforementioned mixed parking
brake system faces the following challenges [4], [5]:

1) Electric construction machinery needs frequent start-
and-stop on tough roads, which is challenging for the
coordinated control between mechanical components
and drive motors.

2) Problems such as wear and fatigue caused by the
frequent use of mechanical components threaten the
parking safety of electric construction machinery.

3) The coordination control of mechanical and electri-
cal components depends on a high level of vehicle
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automation, which is difficult to achieve on low-cost
electric construction machinery.

Therefore, the research on parking control of electric
construction machinery solely depending on drive motors
has potentially high engineering application value. In fact,
this type of parking control has been applied in G series
electric forklifts cooperated by HELI (see Fig. 1), an interna-
tional construction machinery enterprise, and ZAPI, a vehicle
controller manufacturer. Although this function sacrifices a
part of power consumption compared with the mechanical
components-involved way, it is beneficial to frequent start-
and-stop under complex conditions and reduces mechanical
braking components’ wear and fatigue.

Existing mass-produced electric construction machinery,
such as Komatsu’s electric forklift [6], [7], Hitachi’s hybrid
electric wheel loader [8], and the hybrid electric excavator
of Case and Sumitomo [9], etc., is driven mainly by AC
motors (induction or synchronous ones). Their solely motor-
based parking control is easy to achieve for themature control
techniques of induction and synchronous motors.
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FIGURE 1. Parking function achieved solely depending on drive motor.

With the development of switched reluctancemotor (SRM)
technology for vehicles, such as optimization of electromag-
netic performance [10], [11], [12], [13], [14], [15], vibration
and noise reduction [16], [17], [18], [19], [20], [21], and
torque ripple optimization [22], [23], [24], [25], [26], [27],
[28], SRM has shown great application value in electric con-
struction machinery. However, due to the highly nonlinear

torque characteristic and special control method of SRM,
the solely motor-based parking control of electric construc-
tion machinery driven by SRM is a tricky problem, which
still lacks in-depth research, and few related reports can be
found at the moment.

The main contributions of this paper are as follows:

1) A novel research on the solelymotor-based electric vehi-
cle parking control strategy of SRM is presented for the
first time. The objective of this research is to optimize
the stability and power efficiency of parking.

2) By analyzing the nonlinear torque characteristic of the
SRM and the direction of the rolling resistance torque,
the optimized range of rotor angle is determined for
stability and efficiency improvement when parking on
ramps. But for flats, only no power consumption should
be achieved.

3) ADRC is employed to achieve accurate rotor angle con-
trol, and a seamless switching logic between zero-speed
control and parking position control is proposed for the
first time.

This article is organized as follows. Section II analyses
the power consumption and stability of the solely motor-
based parking based on the static torque-angle characteristic
curve of the SRM and the rolling resistance. Section III anal-
yses and designs the optimized parking method, including
the zero-speed control and the parking position control. In
section IV and V, simulation and experimental test results are
both carried out to validate the effectiveness and merit of the
proposed parking control strategy. Section VI discusses the
main advantages and disadvantages of the optimized parking
method and presents potential future research. Section VII
concludes this article.

FIGURE 2. Topology of four-phase 16/12 SRM in this paper.

II. ANALYSIS OF FOUR-PHASE 16/12 SWITCHED
RELUCTANCE MOTOR FOR ELECTRIC VEHICLE PARKING
Through the structural design of SRM for electric vehicles in
[11], considering the dynamic performance, this paper adopts
a four-phase 16/12 SRM as the drive system of the electric
vehicle, whose topology is shown in Fig. 2.

A. ANALYSIS OF PARKING BRAKE SYSTEM BASED ON
SRM STATIC TORQUE-ANGLE CHARACTERISTIC
Apart from the dynamic process of parking control, the fully
parked vehicle can be regarded as a static state (called ‘‘final
parking state’’). Hence, the static torque-angle characteristic
analysis of the SRM is essential. If only considering the
grade resistance torque (Ti) and electromagnetic torque (Te),
Fig. 3(a) shows the three typical parking conditions against
which the SRM needs to generate the corresponding Te
(|Te| = |Ti|, especially on the flat: |Te| = |Ti| =0).
According to the control logic of four-phase SRM, SRM

still keeps two phases conducted in the final parking state.
Through the finite element simulation, Fig. 3(b) shows the
static torque-angle characteristic curve of the conducted two
phases (A&B) displayed at 100A, 70A and 40A, respectively.
Moreover, Fig. 3(c) shows the single direction of periodic
positive and negative torque through the control logic. The
logic for square wave current conduction in finite element
simulation is shown in appendix.

Due to the highly nonlinear torque characteristic of SRM,
the Te under the final parking state has a significant periodic
ripple. Some issues with the parking brake system need to be
considered.

1) The Te fluctuates greatly with the rotor angle under
the same current. In other words, the rotor angle when
the vehicle is fully parked (called ‘‘fully parked rotor
angle’’) determines the parking power consumption.

2) The gradient characteristic of Te and rotor angle
(d(Te)/d(θ )) has two polarities. Moreover, the fully
parked rotor angle may determine the parking stability.

B. DEFINITION OF IDEAL PARKING REGION BASED ON
ANALYSIS OF PARKING POWER CONSUMPTION AND
STABILITY
In order to achieve efficient and stable parking, the ideal
parking region (the expected range of rotor angle when the
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FIGURE 3. Analysis of parking brake system based on SRM static
torque-angle characteristic. (a) Relationship among Te, Ti, and parking
conditions. (b) Static torque with the adjacent different two phases
conducted. (c) Static torque with the adjacent same two phases (A&B)
conducted.

vehicle is fully parked) is defined based on the static torque
analysis of SRM. This region leads to less power consumption
and better parking stability.

Fig. 4 shows the simplified static torque-angle charac-
teristic, according to three obvious gradient change points
(θi, θh, θm), the simplified curve is divided into three segments
(called ‘‘region’’ in the following parts, region i: θi ∼ θh;
region ii: θh ∼ θm; region iii: θm ∼ θi). The period of the
curve is theoretically derived as 7.5◦ (1/4 electrical period).
For parking on the ramp, Te is non-zero and produces a certain
copper loss on phase windings. For a specific ramp, affected
by the inherent torque ripple of the SRM shown in Fig. 3(c),

FIGURE 4. The definition of ideal parking region.

FIGURE 5. Analysis of parking stability (a) Te > 0. (b) Te < 0.

different copper loss may be produced when the fully parked
rotor angle is different. For less copper loss of parking on the
same ramp, yellow rectangular boxes shown in Fig. 4 are used
to select the regions with huge amplitude of the curve (called
efficient parking region: θk ∼ θn).
Assuming that the balance between Te and Ti is achieved in

the efficient parking region, but there are two types of lines in
this region (θk ∼ θm: d(Te)/d(θ) > 0; θm ∼ θn: d(Te)/ d(θ) <

0). To observe the system’s parking stability, a disturbance
(1Td) is applied in the same direction as Ti after fully parked.
In Fig. 5(a). Points A and B are all in the efficient parking
regionwith static state shown in Fig. 4. Due to the existence of
1Td, the rotor moves in the negative direction.When the1Td
disappears, the rotor is at point A’. At this time, Te does not
balance Ti. The system will be farther away from the balance
point. But for point B, under the same change of 1Td, the
torque-angle characteristic can make the rotor return from
point B’ to point B. Fig. 5(b) can be analyzed as the same.

In conclusion, d(Te)/d(θ ) < 0 is the necessary condition
for weighing parking stability. As a result, the red rectangular
boxes shown in Fig. 4 are used to select the regions with
properties of d(Te)/d(θ ) < 0 (called stable parking region:
θm ∼ θi).

As a result, according to the definition of efficient and sta-
ble parking regions for parking on the ramp, the ideal parking
region (θm ∼ θn) can be defined as the overlapping part of
the two regions. Although point C has the best economy of
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FIGURE 6. Analysis of rolling resistance torque. (a) Ti and Tf are in the
same direction. (b) Te and Tf are in the same direction.

power consumption, it has apparent defects from the parking
stability. Some overshoot may cause the system to enter an
unstable region (region ii). Therefore, the rotor angle distance
between θm and θn cannot be reduced blindly to pursue the
ultimate power consumption.

But for parking on the flat (Ti = 0), the SRM system does
not need to provide Te under the final parking state. Hence,
there is no copper loss in the phase windings, and parking
stability analysis does not exist. Moreover, the angle of the
final parking state on the flat may no longer be constrained
by the definition of the regions mentioned above.

C. POWER CONSUMPTION OPTIMIZATION BASED ON
ANALYSIS OF ROLLING RESISTANCE TORQUE
To analyze the parking brake system more accurately, this
section adds rolling resistance torque (Tf) into the parking
analysis by ignoring air drag for low speed conditions regard-
ing the research of general vehicles [25].

As shown in Fig. 6, where a is the gradient, and fr is
the rolling resistance coefficient of the tire and road surface.
Considering the Tf as the property of the friction resistance
torque, the Tf is used to balance the vector sum of the Ti and
the Te in the final parking state. In contrast, the Tf is

determined by the fr and the tire-to-ground pressure in the
moving state.

Under the final parking state, Te, Ti, and Tf shall meet:

Te + Ti + Tf = 0. (1)

With the same final parking state, if the amplitude of Te
generated by motor is greater than the amplitude of Ti, there
must exist a rolling resistance torque Tf in the opposite direc-
tion to Te, as shown in Fig. 6(a). Similarly, if the amplitude
of Te is smaller than the amplitude of Ti, there must exist a Tf
in the same direction as Te, as shown in Fig. 6(b). Combining
these two cases, based on (1), two typical relationships can
be derived, as shown in (2) and (3).

Tesign (Te) = Tisign (Ti) + Tf sign
(
Tf

)
. (2)

Tisign (Ti) = Tesign (Te) + Tf sign
(
Tf

)
. (3)

As a result, if the direction of the Tf is adjusted to satisfy
(3), the parking model performs better in power consumption
(less amplitude of Te) through the optimized parking control.
But for Ti = 0 (parking on the flat), for the perfect power

consumption, Tf should be reduced to 0N.m through the
optimized parking control.

FIGURE 7. Flow chart of the optimized parking control method.

D. SUMMARY
As a result, based on the analysis of SRM torque charac-
teristics and the types of parking conditions, the desired
outcome of the optimized parking control is to achieve the
ideal parking region with the rotor moving in the specified
direction on the ramp, and to achieve no power consumption
while maintaining a stationary state on the flat.

III. OPTIMIZED PARKING CONTROL
A. ANALYSIS OF OPTIMIZED PARKING CONTROL
Since parking control is a process that involves decelerating
the rotor from any initial speed to a final speed of 0◦/s,
regardless of whether the system is parked on the ramp or
flat, the process can be divided into two steps:

Step 1: Make the drive motor reach 0◦/s through speed
control (called ‘‘zero-speed control’’).

Step 2: Move the rotor to the corresponding ideal parking
region through position control (called ‘‘parking position
control’’).

Fig. 7 shows the flow chart of the optimized parking control
method. Step 1 and Step 2 are executed when the system
receives the parking order. The purpose of zero-speed control
operating in the whole method is to ensure that the system
can be protected in case of the parking position control stall.
Moreover, ω0 and θ0 are set as the target value of zero-speed
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FIGURE 8. Direction of parking position control. (a) Te > 0. (b) Te < 0.

control and parking position control, respectively. For zero-
speed control, ω0 is a fixed value (0◦/s). But for parking
position control, due to the periodicity of the static torque-
angle characteristic, θ0 needs to find an angle point in the
corresponding ideal parking region after Step 1.

As shown in Fig. 7, after Step 1, the parking control
process changes due to the different parking conditions.

1) PARKING ON THE RAMP
a) The Ti direction should be taken as the position control

direction, whether the vehicle is in an upward or down-
ward attitude on the ramp. As a result, the angular speed of
the rotor entering the ideal parking region is 0◦/s, ensuring
the final Tf is in the same direction as the Te according
to (3). As the actual process overshoots are inevitable,
for more stability, θn is selected as the target value (θ0)
through the direction of Ti, as shown in Fig. 8.

b) After Step 1, the rotor’s initial angle may already be in the
ideal parking region. As the direction of Tf is unknown at
this time, θ0 still need to be set as the target value in the
adjacent ideal parking region, shown in Fig. 8.

c) Since the vehicle is not fitted with ramp detection devices,
after Step 1, the system requires an observation to judge
the Ti, which is crucial to select the θ0 for the parking
position control.

2) PARKING ON THE FLAT
a) Since the Ti is 0N.m, Tf will be generated by parking

position control in any direction after Step 1. In this case,
the SRMhas no practical ideal parking region. The control
objective is to reduce the phase winding current to 0A and
achieve no power consumption stationary.

b) Due to (1), even if a> 0, it can also be considered as a flat
condition as long as Tf can fully offset Ti.

c) Since the vehicle is not fitted with ramp detection devices,
alternative methods should be identified to distinguish
between flat and ramp conditions, ensuring that their con-
trols do not conflict.

FIGURE 9. Composition of the system drive signal.

FIGURE 10. ADRC block diagram of the system.

B. DESIGN OF OPTIMIZED PARKING CONTROL
Since the parking brake system needs to identify parking con-
ditions and requires high reliability, two active disturbance
rejection controllers (ADRCs) are used to achieve the smooth
switch from zero-speed control to parking position control.
As shown in Fig. 9, the final current chopping control (CCC)
value (i∗) consists of iω and iθ , which represent the magni-
tudes of control values for zero-speed control and parking
position control, respectively. The iω is the most crucial factor
in vehicle dynamic driving and parking control, while iθ is
only activated under specific parking control conditions. Oth-
erwise, iθ will be set to 0. Fig. 10 shows the block diagrams
of two control methods, using first-order and second-order
ADRCs. if is the sum of iω and iθ . Although both iω and iθ
collectively influence if, under the parking position control,
the speed variation is minimal, resulting in little change in
iω. At this point, iθ plays a crucial role in position control,
indicating that iω and iθ are relatively independent output
of subsystems. The relevant expressions and designs are as
follows.

1) ZERO-SPEED CONTROL
To ensure the dynamic performance of the SRM and pro-
vide disturbance observation for judging the Ti, a first-order

VOLUME 11, 2023 130723



P. Liu et al.: Optimized Parking Control for Electric Vehicle Driven by SRM

active disturbance rejection controller is used for the speed
closed-loop control of the system. (4), (5), and (6) show
the tracking differentiator (TD), extended state observer
(ESO) and linear state error feedback (LSEF) inside the
controller, respectively. For (4), where fhan() is the discrete-
time optimal control algorithm (detailed expression is shown
in appendix), h is the sampling period for the system, rω is
the speed factor, and ω0 is the target speed. For (5), where
zω1 and zω2 estimate actual angular velocity and disturbance
by ESO, respectively. β04 and β05 are adjustable parame-
ters. For (6), where iω1 and -zω2/b0 are linear error feed-
back and compensation amount of all system disturbances,
respectively.

2) PARKING POSITION CONTROL
Considering the application of ADRC in servo control field,
parking position control uses a second-order active dis-
turbance rejection controller. (7), (8), and (9) show the
TD, ESO and LSEF inside the controller, respectively.
For (7), where h is the sampling period for the sys-
tem, rθ is the speed factor, and θ0 is the target angle.
For (8), where zθ1, zθ2 and zθ3 are the estimations of
actual angular position, velocity and disturbance by ESO,
respectively. β01, β02 and β03 are adjustable parameters.
For (9), where iθ1, iθ2 and −zθ3/b3 are linear error feed-
backs and compensation amount of all system disturbances,
respectively.

fh = fhan
(
ωref − ω0, ω̇ref , rω, h

)
ωref (k + 1) = ωref (k) + h∗ω̇ref (k)
ω̇ref (k + 1) = ω̇ref (k) + h∗fh

(4)


eω(k) = zω1(k) − ω(k)
zω1(k + 1) = zω1(k) + h ∗ (zω2(k) − β04eω(k) + b0u)
zω2(k + 1) = zω2(k) − h ∗ β05 ∗ eω(k)

(5)
eω1 = ωref − zω1
iω1 = β3 ∗ eω1
iω = iω1 − zω2/b0

(6)


fh = fhan

(
θref − θ0, θ̇ref , rθ , h

)
θref (k + 1) = θref (k) + h∗θ̇ref (k)
θ̇ref (k + 1) = θ̇ref (k) + h∗fh

(7)


eθ (k) = zθ1(k) − θ (k)
zθ1(k + 1) = zθ1(k) + h ∗ (zθ2(k) − β01eθ (k))
zθ2(k + 1) = zθ2(k) + h ∗ (zθ3(k) − β02eθ (k) + b3u)
zθ3(k + 1) = zθ3(k) − h ∗ β03 ∗ eθ (k)

(8)

eθ1 = θref − zθ1
eθ2 = θ̇ref − zθ2
iθ1 = β1 ∗ eθ1
iθ2 = β2 ∗ eθ2
iθ = iθ1 + iθ2 − zθ3/b3

(9)

FIGURE 11. Four-quadrant SRM drive method.

3) FOUR-QUADRANT SRM DRIVE METHOD
According to the requirements of electric vehicles for SRM
motoring and braking, as the critical parameters of angle
position control (APC), the turn-on angle position (θon)
and turn-off angle position (θoff) are determined by a four-
quadrant SRM drive method. As shown in Fig. 11, if and ω

are used as the basis for specific operating quadrants. This
method helps restrain the impact torque of a conventional
four-quadrant SRM drive caused by the constant current
amplitude of the conduction interval during the motoring and
braking switching process. Since the speed of the parking
position control process is close to 0◦/s, the θon and θoff cor-
respond to the minimum and maximum inductance according
to the actual four-quadrant operating region.

C. REALIZATION OF OPTIMIZED PARKING CONTROL
In order to realize the optimized parking control, in addi-
tion to the implementation of Step 1 and Step 2, further
research needs to be investigated under both parking condi-
tions (ramp & flat).

1) PARKING ON THE RAMP
According to the optimized parking control shown in Fig. 7,
when the vehicle is in an upward attitude and receives a
parking order, the zero-speed control is engaged, and the rotor
begins to decelerate to ω = 0◦/s.
By identifying the zω2, the vehicle’s attitude can be judged.

For the upward attitude in Fig. 10, zω2 < 0. Then the θ0 can be
determined, and Step 2 works. The rotor moves along the Ti
according to the trend shown in Fig. 12(a). Any rotor angles
after Step 1 are all within the regulated range.

Since the ideal parking region exists, the overshoot moving
towards θm is permitted. As shown in Fig. 12(b), to avoid
the change of speed direction (stemming from (2) and (3))
due to minor overshoot, all angles within the ideal parking
region are treated as θ0, effectively circumventing polarity
changes in angle error. Building upon the parking stability
analysis, it is demonstrated that the rotor, even when entering
the ideal parking region at a low initial speed, can achieve
self-stabilization without the need to modify the regulator
value.
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FIGURE 12. Optimized parking control for parking on the ramp.
(a) Description of position control trend after zero-speed control.
(b) Definition for rotor angles in ideal parking region. (c) Description of
position control trend after θ exceeds the ideal parking region.

FIGURE 13. Optimized parking control for parking on the flat. (a) Te > 0.
(b) Te < 0.

If the initial speed of the rotor entering the ideal parking
region is too high, the rotor will move to the next target value
(θ0) in the direction shown in Fig. 12(c).
If the speed of the rotor is too high after Step 1,

as shown in Fig. 7, the system will initialize the parame-
ters of parking position control and re-enter the zero-speed
control.

The optimized parking control with a downward attitude is
similar to the above realization. After Step 1, the disturbance
observed by the ESO results in zω2 > 0. The θ0 and the
position control trend will be adjusted accordingly.

TABLE 1. Key parameters of experimental test.

2) PARKING ON THE FLAT
Different from the ramp, there is no Ti on the flat. The Te
must be used to balance the Tf. i∗ cannot be decreased to 0A
through the zero-speed control since the speed error is 0◦/s
after Step 1. That is why there is still power consumption
when the vehicle is fully parked. As ‘‘if = iω+iθ ’’ is known, iθ
can be used to offset iω. Hence, if can gradually approaches 0,
the system can finally achieve no power consumption sta-
tionary. As shown in Fig. 13, same as parking on the ramp,
zω2 determines the trend of parking position control, and
accordingly, θ0 can also be determined. According to (7), (8)
and (9), the further design is as follows:

1) When zω2 < 0, then eθ1 < 0, eθ2 < 0, eθ = 0. Due
to the influence of TD in (7), iθ does not have a sudden
change, and it satisfies ≤ 0.

2) When zω2 ≥ 0, then eθ1 > 0, eθ2 > 0, eθ = 0. Due to the
influence of TD in (7), iθ will not have a sudden change,
and it satisfies ≥ 0.

Due to the design, the control method does not change
the rotor angle after Step 1, and if eventually approaches
0. At this time, by limiting the polarity of if, ensuring that
the polarity of if does not modify, if = 0 can be made,
corresponding to i∗ = 0 in Fig. 8, the system can finally
achieve no power consumption on the flat.

D. SUMMARY OF OPTIMIZED PARKING CONTROL
With the addition of a polarity restriction for ‘‘parking on the
flat,’’ there is no conflict between the methods for parking
on flat and ramp. By adjusting if and rotor angle, ‘‘parking
on the ramp’’ optimizes power consumption. Furthermore,
‘‘parking on the flat’’ achieves zero power consumption while
stationary by making the control value (if) tend to 0 through
angle error. This outcome is in line with the original goal of
the study.

IV. SIMULATION VERIFICATION
To validate the feasibility and effectiveness of the proposed
control method. The parking model (see Fig. 14) for a
four-phase 16/12 SRM drive system is implemented in MAT-
LAB/SIMULINK with the system parameters in TABLE 1.
Moreover, the relevant system parameters are shown in
TABLE 1. The angle length of the ideal parking region is
set as 0.7◦ shown in Fig. 3. Through the finite element
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FIGURE 14. Structure of parking simulation module.

FIGURE 15. Karnopp Model ignoring viscous friction and Stribeck effect.

simulation, the exact region division is defined as shown in
Fig. 3. For Te > 0, region i, ii, iii are divided as 0◦

∼ 4.1◦,
4.1◦

∼ 5.8◦, 5.8◦
∼ 7.5◦, respectively. For Te < 0, region

i, ii, iii are divided as 3.4◦
∼ 7.5◦, 1.7◦

∼ 3.4◦, 0◦
∼ 1.7◦,

respectively.

A. ANALYSIS OF KARNOPP MODEL
To simplify the analysis, some special sliding friction models
can be introduced to analyze the parking model. Karnopp
Model switches states by detecting zero speed, which can
reflect the system’s dynamic and static friction change pro-
cess during model establishment [29]. The Karnopp model
in this paper is shown in Fig. 15. Ignoring viscous friction
and the Stribeck effect, Tslip and Tstick in Fig. 15 are dynamic
friction torque and static friction torque, respectively. δ is the
critical angular velocity (ω), ◦/s, δ > 0◦/s. The relationship
between Tf, Tslip, Tstick, δ and ω is:

Tf =

{
Tstick , |ω| ≤ δ

Tslip , |ω| > δ
(10)

At the same time, Te, Ti, Tslip, Tstick shall meet:
|Ti| = Gr sin a/ig

Tstick = − (Te + Ti)
Tslip = − sign(ω)frrG cos a/ig

{|Tstick |}max =
∣∣Tslip ∣∣

(11)

As shown in (11), the direction of Tf shall be determined
according to the rotation direction or trend of rotation, which
plays an essential role in the simulation analysis of this paper.
According to the application of the model, ‘‘δ =0.01◦/s’’ is
set.

FIGURE 16. Simulation of the method without parking position control
on the ramp. (a) Angular speed variations. (b) Control value variations.
(c) Rotor angle variations.

B. VERIFICATION OF THE METHOD WITHOUT PARKING
POSITION CONTROL FOR PARKING ON THE RAMP
As shown in Fig. 16, the vehicle travels on the ramp with an
upward posture at an angular speed of 3000◦/s (1000r/min).
The system receives the parking order at time tz, and enters
the zero-speed control, finally completes the parking process
at time tω. It can be seen from Fig. 16(c), the fully parked
rotor angle is 17.3◦. As the rotor angle is in the region i
analyzed in Fig. 4, the fully parked rotor angle is not only
in the region of low power efficiency but also in the region of
terrible stability. Fig. 16(a) shows that the rotor tends to rotate
in the positive direction in the final parking state due to the
direction of rolling resistance torque (Tf), which is opposite
to the direction of grade resistance torque (Ti). As a result, Te,
Ti and Tf satisfy (2), which means that power consumption is
not allowed from this perspective.

Since the ripple of the rolling resistance torque (Tf) is
larger than the electromagnetic torque variation, the system
can still maintain a stationary parking state in region i (similar
current waveforms can be seen in Fig. 19). Moreover, parts of
the instantaneous angular velocity from the Karnopp model
exceed 0.01◦/s after tω in Fig. 16(a), and the rotor angle in
Fig. 16(c) changes very little within 1s. Therefore, it can be
considered that the stationary parking state has been achieved.

C. VERIFICATION OF THE METHOD WITH PARKING
POSITION CONTROL FOR PARKING ON THE RAMP
According to the optimized parking method in Fig. 7,
as shown in Fig. 17, the system enters parking position control
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FIGURE 17. Simulation of the method with parking position control on
the ramp. (a) Angular speed variations. (b) Control value variations.
(c) Rotor angle variations.

after tω. The rotor angle at time tω is 17.3◦, at the same time,
zω2 < 0. According to the definition of the ideal parking
region in Table 1, θ0 is defined as 14◦ (6.5◦

+ 7.5◦) in this
condition. Based on the parking position control, the control
value (if) gradually approaches 0, the rotor moves to the
ideal parking position region, and the rotor finally achieves
stationary parking at 13.9◦ (in ideal parking region). The four
phases current are shown in Fig.18.

In addition to moving the rotor to ideal parking region, the
position control process in Fig. 12 also aims to ensure that the
direction of angular velocity is consistent with the direction of
Ti during the parking position control, which means that the
direction of Tf is consistent with the direction of Te. Fig. 19
shows the change of (Tf + Ti), while the direction of Tf
satisfies (3) when rotor angle is at 13.9◦. As shown in Fig. 17,
the system’s power consumption has been further optimized.

D. VERIFICATION OF THE METHOD WITHOUT PARKING
POSITION CONTROL FOR PARKING ON THE FLAT
As shown in Fig. 20, the vehicle travels on the flat with an
upward posture at an angular speed of 3000◦/s (1000r/min).
The system receives the parking order at time tz, and enters
the zero-speed control, finally completes the parking process
at time tω. The final control value (if) and rotor angle in final
parking state are −12.9A and 4.2◦, respectively. As can be
seen in Fig. 20(a), although there is no grade resistance torque
(Ti), the electromagnetic torque (Te) of the system is used to
balance the rolling resistance torque (Tf). Since the angular

FIGURE 18. Current variations of each phase. (a) Phase A. (b) Phase B.
(c) Phase C. (d) Phase D.

FIGURE 19. Variations of (Ti + Tf) through the parking process.

speed is almost 0◦/s under the final parking state, the control
value (if) calculated by zero-speed control cannot be further
changed by speed error. It is difficult for the system to achieve
no power consumption stationary on the flat.

E. VERIFICATION OF THE METHOD WITH PARKING
POSITION CONTROL FOR PARKING ON THE FLAT
According to the optimized parking method in Fig. 7,
as shown in Fig. 21, the system enters parking position control
after tω. The rotor angle at time tω is 4.2◦, at the same time,
zω2 > 0. According to the definition of the ideal parking
region in Table 1, θ0 is defined as 8.5◦ (1◦

+ 7.5◦) in this
condition. Based on the parking position control, although
the rotor angle does not move, zω2 ≥ 0, then eθ1 > 0, eθ2 >

0. Therefore, the control value (if) gradually approaches 0.
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FIGURE 20. Simulation of the method without parking position control
on the flat. (a) Angular speed variations. (b) Control value variations.
(c) Rotor angle variations.

FIGURE 21. Simulation of the method with parking position control on
the flat. (a) Angular speed variations. (b) Control value variations.
(c) Rotor angle variations.

By limiting the change of polarity of the control value (if),
in Fig. 21(a) and Fig. 21(b), the control value (if) finally
approaches 0, and the phase current decreases to 0A, and the

FIGURE 22. Experimental setup.

FIGURE 23. System topology and signal acquisition.

rotor does not tend to move in the negative direction. The
system achieves no power consumption stationary on the flat.

V. EXPERIMENTAL VERIFICATION
To validate the feasibility and effectiveness of the proposed
control method experimentally. An experimental system has
been set up with system parameters, also shown in TABLE 1.
The experimental system is shown in Fig. 22. The four-

phase controller is located at the rear of the forklift, covered
by a bob-weight. The forklift is a front-drive design with
the SRM under the driver’s foot. As shown in Fig. 23,
an asymmetry half-bridge circuit is used in the system power
topology. The proposed control methods are implemented
in an STM32F103 (Electronic Control Unit, ECU) control
board, and AD2S1210 resolves the position signal. In addi-
tion to the analogue signal formed by the current sensor
entering the ECU, the four-phase current is presented through
an external current acquisition circuit through an oscillo-
scope. The CAN J1939 protocol communicates any operation
signal of the driver to the vehicle. The J-Link can record
required parameters in ECU.

A. VERIFICATION OF THE METHOD WITH OR WITHOUT
PARKING POSITION CONTROL FOR PARKING ON THE
RAMP
Comparative experimental tests with the same ramps are
carried out. Fig. 24 shows the experimental results of the
vehicle for parking on the ramp only by zero-speed control.
Although the ramps of the four tests are the same, the rotor
angle (θ) and control value (if) are random in the final parking
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FIGURE 24. Experimental test of the parking brake system only with
zero-speed control for parking on the ramp.

FIGURE 25. Current variations of each phase. (a) Parking brake system
only with zero-speed control. (b) Parking brake system with zero-speed
and parking position controls.

stationary state, which is to the analysis results of section II
on the static torque-angle characteristic and Tf. Fig. 25(a)
and Fig. 26(a) show the four phases current and rotor angle
of Test 1, respectively. It can be seen that the rotor angle
is in region i, and the direction of Tf is unknown. With the
optimized parking control in Fig. 7, as shown in Fig. 25(b)
and Fig. 26(b), the system enters parking position control
after the preliminary realization of zero-speed control. The
rotor angle initially stays at 24.65◦, at the same time, zω2 < 0.
Due to the definition of the ideal parking region in Table 1, θ0
is defined as 21.5◦ (6.5◦

+2· 7.5◦) in this condition.

FIGURE 26. Variations of rotor angle. (a) Parking brake system only with
zero-speed control. (b) Parking brake system with zero-speed and parking
position controls.

FIGURE 27. Experimental test of the parking brake system only with
zero-speed control for parking on the flat.

The final results indicate that the phase current is reduced
from an initial 110A to 73A. Considering the measured value
of a single-phase (10m�), the power savings surpass 100W
when two phases are conducted. The rotor’s position shifts
from its initial 24.65◦ to 21.48◦, facilitating the control of the
rotor from region i to the ideal parking region. Consequently,
the parking stability is further optimized.

B. VERIFICATION OF THE METHOD WITH OR WITHOUT
PARKING POSITION CONTROL FOR PARKING ON THE FLAT
Comparative experimental tests with same flats are carried
out. Fig. 27 shows the experimental results of the vehicle for
parking on the flat only by zero-speed control. Although the
flats of the four tests are the same, rotor angle (θ) and control
value (if) are random in fully parked. Due to the static torque-
angle characteristic and Tf. Fig. 28(a) and Fig. 29(a) show the
four phases current and the rotor angle of Test 1, respectively.
Although the final rotor angle (9.2◦) is in region i, the rotor
angle within this region is not a critical consideration for flat

VOLUME 11, 2023 130729



P. Liu et al.: Optimized Parking Control for Electric Vehicle Driven by SRM

FIGURE 28. Current variations of each phase. (a) Parking brake system
only with zero-speed control. (b) Parking brake system with zero-speed
and parking position controls.

parking. The issue to be addressed is the current in the phase
winding (16.5A) observed in the final parking state, as shown
in Fig. 19(a).

With the optimized parking control in Fig. 7, as shown in
Fig. 28(b) and Fig. 29(b), the system enters parking position
control after the preliminary realization of zero-speed control.
The rotor angle initially stays at 16.28◦ (region iii), zω2 > 0.
Due to the definition of the ideal parking region in Table 1,
θ0 is defined as 23.5◦ (1◦

+3·7.5◦) in this condition. Based on
the parking position control, although the rotor angle does
not move, zω2 ≥ 0, then eθ1 > 0, eθ2 > 0. Therefore,
the control value (if) gradually approaches 0. By limiting
the change of polarity of if, as shown in Fig. 28(b) and
Fig. 29(b), the rotor does not move. At the same time, the
phase current still decreases to 0A. System finally achieves
no power consumption stationary on the flat.

VI. DISCUSSION AND FUTURE WORK
Based on the experimental test results, the optimized park-
ing method successfully achieves the objectives of parking
on both ramps and flats. By comparing the summary of
the conventional vehicle parking system provided in the
Introduction, Fig. 30 illustrates the main advantages and
disadvantages of the optimized parking method. Specifically,

FIGURE 29. Variations of rotor angle. (a) Parking brake system only with
zero-speed control. (b) Parking brake system with zero-speed and parking
position controls.

FIGURE 30. Advantages and disadvantages of optimized parking method
compared with conventional methods.

the system can enter an automatic parking control process
upon receiving the parking order, while conventional park-
ing methods require additional equipment to achieve similar
parking effects. Therefore, the optimized parking method
proposed in this study holds significant practical value in the
field of SRM for Electric Vehicles (EVs) and Hybrid Electric
Vehicles (HEVs). On this basis, in the future, it is crucial to
further optimize the parking strategies for SRM and caliper
systems, as well as explore diverse topology structures of
SRM for parking control applications.

VII. CONCLUSION
This paper presents an optimized parking control method
for electric vehicle solely depending on the switched reluc-
tance drive motor. By optimizing the final rotor angle and
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TABLE 2. Parameters of first-order & second-order ADRC.

FIGURE 31. Simulated currents that generate the torque of 40A. (a) Te >

0. (b) Te < 0.

combining the zero-speed control and parking position con-
trol throughADRC, both the stability and power consumption
economy of the parking process are improved. The working
principle and realization of the proposed control method have
been introduced in detail for parking on both ramps and flats.
Simulation and experimental results on a practical electric
vehicle prove the proposed method’s merits in both stability
and economy.

APPENDIX
As shown in Fig. 10, the parameters of ADRC in the simula-
tion and experimental test are shown in TABLE 2.
Fig.31 shows the simulated currents that generate the

torque curves depicted in Fig.3 at 40A, with the torque curves
at 70A and 100A only varying in current amplitude while the
driving logic remains unchanged.

As widely used in the TD of ADRC, the expression of fhan
algorithm is presented as follow.

fh = fhan(ξ1, ξ2, r, h)

=



d = rh, d0 = hd, y = ξ1 + hξ2

a0 =

√
d2 + 8r |y|

a =

 ξ2 +
(a0 − d)

2
sign(y) |y| > d0

ξ2 +
y
h

|y| ≤ d0

fhan = −

{
rsign(a) |a| > d

r
a
d

|a| ≤ d

(12)
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