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Abstract

This study proposes an integrated self-aligning-torque energy recovery and DC-bus volt-
age stabilization strategy for a permanent-magnet synchronous motor (PMSM)-driven
steer-by-wire system in new energy vehicles. During the front-wheel return-to-center
process, self-aligning torque may provide excess mechanical energy to the steering actu-
ator. Instead of dissipating this energy through a braking resistor, the proposed strategy
converts part of the self-aligning-torque-induced mechanical energy into electrical energy
and feeds it back to the low-voltage DC bus. To avoid ambiguity in the operating-mode
description, this paper distinguishes the standard PMSM torque–speed quadrants from
the mechanical stages of the steering process. Regenerative operation is defined accord-
ing to the condition (Teωm < 0), corresponding to the second or fourth quadrant of the
PMSM torque–speed plane, whereas the return-to-center regenerative stage refers to the
self-aligning-torque-dominated stage of the steer-by-wire motion. Based on this definition,
an electromechanical energy-flow model is established to describe the transfer path from
self-aligning torque to the PMSM and then to the DC bus. Considering that regenerative
energy injection may cause DC-bus voltage fluctuation or braking-resistor activation, a
single-loop bus-voltage stabilization method based on active disturbance rejection con-
trol is developed. A third-order linear extended state observer is adopted to estimate
the lumped disturbance caused by self-aligning-torque variation, current coupling, load
variation, parameter uncertainty, and inverter loss. The observer bandwidth, controller
gains, current limitation, and overvoltage protection mechanisms are further discussed
to improve the practical implementability of the proposed control strategy. In addition,
an energy-accounting method is introduced to distinguish total steering energy consump-
tion, available self-aligning-torque mechanical energy, gross recovered electrical energy,
system losses, net recovered energy, and recovery efficiency. Simulation and experimental
results show that the proposed strategy can suppress DC-bus voltage rise, reduce braking-
resistor energy dissipation, and achieve measurable steering-actuator-level energy recovery
during repeated return-to-center maneuvers. The results verify the feasibility of using
self-aligning-torque-induced regenerative energy in PMSM-driven steer-by-wire systems,
while the actual vehicle-level energy benefit depends on the driving cycle, low-voltage load
demand, battery charging acceptance, and converter efficiency.

Keywords: steer-by-wire system; new energy vehicle; permanent-magnet synchronous
motor; self-aligning torque; regenerative energy recovery; DC-bus voltage stabilization;
active disturbance rejection control
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1. Introduction
In new energy vehicles equipped with steer-by-wire SbW systems, self-aligning torque

SAT plays an important role during the front-wheel return-to-center process. When a
nonzero angle exists between the wheel heading and the vehicle travel direction, SAT is
generated and tends to restore the front wheels to the straight-ahead position, with its
magnitude generally increasing with steering deviation [1,2]. In SbW systems, the return
motion of the front wheels can be actively regulated to improve steering controllability and
motion stability. However, during constant-speed return-to-center operation, the excess
mechanical energy provided by SAT is usually dissipated through the braking resistor of the
permanent-magnet synchronous motor PMSM drive system to prevent DC-bus overvoltage.
Although this method ensures safe operation, it also causes avoidable energy loss in the
form of heat. Therefore, this study develops an energy-recovery strategy to capture and
utilize the excess energy induced by SAT, thereby improving the energy efficiency of new
energy vehicle SbW systems.

Regarding energy-saving strategies for steer-by-wire SbW systems in new energy vehi-
cles, previous studies have mainly focused on structural optimization, parameter matching,
and controller design. Cui [3] established a multi-objective optimization model for an
electro-hydraulic active steering system and applied a multi-objective genetic algorithm to
reduce energy consumption. Zhao [4] simultaneously considered steering energy consump-
tion, road-feel performance, and steering-wheel return error, and proposed an improved
competitive multi-objective particle swarm optimization algorithm to enhance convergence
and optimization performance. Zou [5] developed a minimum-power-consumption model
based on the required torque, steering-wheel speed, and motor efficiency map, and further
optimized the torque-distribution coefficient using an adaptive particle swarm optimization
algorithm. Abu Hanifah [6,7] optimized the PID controller parameters of an electric power
steering system using particle swarm optimization and ant colony optimization to reduce
operating current. In addition, Zhao et al. [8] proposed a novel steering-system configu-
ration with two variable-ratio rotary dampers and one rotary spring, thereby improving
steering performance while reducing motor energy consumption under different steering
modes. Overall, these studies demonstrate that structural refinement and controller op-
timization can effectively reduce steering energy consumption. However, most existing
methods focus on energy saving from the perspectives of parameter tuning and mechanism
design, whereas the recovery and utilization of regenerative energy during the front-wheel
return-to-center process—a critical approach for enhancing the overall energy efficiency of
new energy vehicles—remain insufficiently explored. It should be noted that the feasibility
of using self-aligning torque as an energy source has been previously investigated. Morton
et al. demonstrated that self-aligning torque can be regarded as a recoverable mechanical
energy source in steering systems. This provides an important basis for SAT-related energy
recovery. However, the present study focuses on a different problem: how the SAT-induced
mechanical energy can be converted by a PMSM-driven steer-by-wire actuator, injected into
a low-voltage DC bus, and regulated without excessive bus-voltage rise or braking-resistor
dissipation. Therefore, the novelty of this work does not lie only in identifying SAT as an
energy source, but in developing an integrated SAT–PMSM–DC-bus energy-flow model
and a bus-voltage stabilization strategy for PMSM-driven steer-by-wire systems.

Relevant progress has also been reported in PMSM-based energy management and
hybrid energy storage systems. Hu [9] realized power management in a hybrid energy
storage system based on dual three-phase in-wheel motors, where two sets of windings
were connected to an ultracapacitor and a battery through separate inverters. A dedicated
control scheme was proposed to regulate unbalanced winding power distribution and
suppress motor harmonic currents under unbalanced operating conditions, and both
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simulation and experimental results demonstrated good dynamic response and smooth
mode transition. Mese [10] investigated the operating modes and converter selection of
a PMSM for hybrid electric vehicles, showing that the machine could operate in motor
mode, generator mode, and synchronous generator mode. Moreover, Hu [11] proposed
a torque-distribution control strategy for multiphase motors in hybrid energy storage
systems by introducing winding decoupling compensation, flux observation, and parameter
identification to achieve coordinated power allocation. Although these studies provide
useful references for regenerative energy utilization and coordinated energy management,
they mainly focus on hybrid storage architectures and multiphase drive systems, whereas
the recovery and direct utilization of self-aligning-torque-induced regenerative energy in
steer-by-wire systems remain insufficiently explored.

To recover the excess energy induced by self-aligning torque during steering, this
study develops a PMSM-driven steer-by-wire system for new energy vehicles. The PMSM
is adopted as the steering actuator because of its high torque density, fast response, and
compatibility with low-voltage vehicular power systems. By exploiting the regenerative
operating characteristic of the PMSM during the return-to-center process, the excess me-
chanical energy provided by self-aligning torque can be converted into electrical energy.
However, road disturbances, operating-condition variations, and unmodeled dynamics
may cause significant DC-bus voltage fluctuation, thereby reducing the stability of energy
recovery and storage. In addition, harmonic currents generated during PMSM operation
may introduce extra losses and further lower recovery efficiency. To address these issues,
a return-to-center regenerative bus-voltage stabilization strategy based on active distur-
bance rejection control is proposed to improve voltage regulation and enhance regenerative
energy utilization.

Further related work has been reported on DC-bus voltage regulation, disturbance
rejection, and regenerative energy utilization in electrified drive systems. Hu [12] proposed
a fault-tolerant control strategy for a dual three-phase permanent-magnet synchronous
generator system to suppress both second-harmonic torque ripple and DC-bus voltage
ripple under rectifier fault conditions. Wang et al. [13] introduced an active disturbance
rejection control scheme for DC-bus voltage regulation in onboard starter/generator sys-
tems, where a second-order extended state observer was employed to generate the torque
reference, and experimental results demonstrated faster and more robust regulation than
conventional PI-based control. Hu [14] further proposed an effective method for sup-
pressing second-harmonic torque ripple in impedance-asymmetric permanent-magnet syn-
chronous generator systems by means of average-power control. In addition, Kenné [15]
developed a nonlinear adaptive excitation controller to improve the transient stability
and voltage-regulation performance of synchronous generators under uncertain oper-
ating conditions, while Ali [16] proposed a disturbance-observer-based control method
to compensate for system nonlinearity and parameter variations caused by temperature
and aging effects. Beyond electrical machines, Qu [17] designed an electro-hydraulic
drive architecture with four-quadrant operation and energy-recovery capability, Long [18]
investigated a suspension-drive mechanism capable of both vibration suppression and
energy harvesting, and Xu [19] proposed regenerative energy absorption methods for dif-
ferent starter/generator systems to prevent excessive DC-link voltage rise during braking.
Moreover, Wang et al. [20] reviewed the applications of motors/generators in electrified
vehicle chassis systems, showing that energy-regenerative electric actuators are becom-
ing increasingly important in future intelligent and lightweight vehicle platforms. These
studies provide useful references for DC-bus stabilization, disturbance compensation,
and regenerative energy utilization. However, the direct recovery and regulation of self-
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aligning-torque-induced energy in PMSM-driven steer-by-wire systems for new energy
vehicles remain insufficiently explored.

In view of the above research gap, this study develops an integrated energy-recovery
and bus-voltage stabilization strategy for a PMSM-driven steer-by-wire system in new
energy vehicles. The main contributions of this work are summarized as follows.

(1) A SAT–PMSM–DC-bus energy-flow framework is established for the steer-by-wire
return-to-center process. The complete steering maneuver is divided into steering
acceleration, steering deceleration, return-to-center regeneration, and assisted return
stages. The regenerative stage is analyzed using the standard PMSM torque–speed
sign convention, where regenerative operation occurs when the electromagnetic torque
and motor speed have opposite signs. This framework clarifies the mechanical origin
of recoverable energy and its transfer path from self-aligning torque to the PMSM,
inverter, DC bus, and braking branch.

(2) A practical energy-balance model is developed for SAT-induced regenerative operation.
Different from the ideal assumption that all excess mechanical energy is stored in
the DC-link capacitor, the revised model considers DC-link energy storage, battery-
side absorption, PMSM copper loss, iron loss, inverter loss, mechanical friction loss,
DC-link capacitor loss, and braking-resistor dissipation. Based on this model, gross
recovered energy, net recovered energy, recovery efficiency, and steering-system-level
energy-saving ratio can be quantitatively evaluated.

(3) A bus-voltage stabilization strategy based on linear active disturbance rejection control
is proposed for regenerative return-to-center operation. The DC-bus voltage loop
and the q-axis voltage generation are formulated in a unified control framework. A
third-order linear extended state observer is used to estimate the lumped disturbance
caused by SAT power injection, PMSM parameter uncertainty, current coupling, load
variation, and inverter loss. The observer and controller parameters are tuned using
a bandwidth-based criterion, and current and voltage saturation mechanisms are
included to improve implementation safety.

(4) Simulation and experimental tests are carried out to validate the proposed method.
The results show that the proposed strategy can suppress DC-bus voltage fluctuation,
reduce unnecessary braking-resistor activation, and recover part of the steering energy
during repeated return-to-center maneuvers. These results verify the feasibility of
the proposed integrated energy-recovery and voltage-stabilization strategy for low-
voltage steer-by-wire systems in new energy vehicles.

The remainder of this paper is organized as follows. Section 2 establishes the vehicle,
steering, PMSM, and energy-flow models, and clarifies the sign convention of regenerative
operation during the return-to-center process. Section 3 presents the proposed LESO-
based ADRC bus-voltage stabilization strategy, including the extended-state formulation,
observer design, stability analysis, and parameter-tuning criterion. Section 4 provides the
simulation and experimental validation, including regenerative bus-voltage regulation,
braking-resistor activation analysis, long-duration cyclic energy recovery, and energy-
accounting results. Section 5 concludes the paper and discusses model limitations and
future work.

2. Steer-by-Wire Model with Energy Recovery for a New Energy Vehicle
2.1. Vehicle Model of the New Energy Vehicle Steer-by-Wire System

To describe the steering dynamics of the new energy vehicle, a bicycle model is
adopted, in which the left and right wheels are equivalently lumped at the centers of
the front and rear axles, as shown in Figure 1. The model captures the lateral and yaw
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motions of the vehicle while neglecting roll motion, which is appropriate for the present
analysis of steer-by-wire dynamics and regenerative energy utilization during the front-
wheel return-to-center process. The corresponding linearized dynamic equations are given
as follows:

mv
.
β +

1
v

(
mv2 + C f l f − Crlr

)
r +

(
C f + Cr

)
β − C f δ f = 0 (1)

I
.
r +

1
v

(
C f l2

f + Crl2
r

)
r −

(
Crlr − C f l f

)
β − C f l f δ f = 0 (2)

where β is side slip angle between the vehicle center and the velocity at the center of CG; r
is yaw rate with respect to an inertial coordinate system; δ f is front steering angle; Cr and
C f are cornering stiffness for the rear (front) wheel; lr and l f are distance from the center of
gravity to the rear (front) axis, wheel base; m is vehicle mass; I is moment of inertia with
respect to vertical axis; v is vehicle longitudinal velocity which we assume always greater
than zero. Rewriting Equations (1) and (2) into state space format, we have:[ .

β
.
r

]
=

[
a11 a12

a21 a22

][
β

r

]
+

[
b1

b2

]
δ f (3)

where a11 = −C f +Cr
mv ; a12 = −1 − C f l f −Cr lr

mv2 ; a21 = −C f l f −Cr lr
I ; a22 = −

C f l2
f +Cr l2

r
Iv ; b1 =

C f
mv ;

b2 =
C f l f

I .

Figure 1. Two-degree-of-freedom bicycle model of the new energy vehicle.

In this study, an asymmetric permanent-magnet synchronous motor PMSM is adopted
as the steering actuator of the steer-by-wire SbW system for a new energy vehicle. The
corresponding steering dynamic model can be written as follows:

Jeq
..
δ f + Beq

.
δ f + τf + τa + τd = κτm (4)

where Jeq and Beq are the inertia and damping of the steering system; δ f is the steering angle;
τf is the coulomb friction; τa is the self-aligning torque; τd is the unmodelled dynamics and
external disturbances; κ is the transmission coefficient; τm1 is the electromagnetic torque.

The self-aligning torque generated by the tire pneumatic trail can be expressed
as follows:

Mzv =
mv2b∣∣∣L2 + m k2b−k1a

k1k2
v2
∣∣∣ (ξ1 + ξ2)δ f (5)

The restoring torque generated by the kingpin inclination and kingpin offset is inde-
pendent of vehicle speed, and can be expressed as follows:

MA =
QD

2
sin(2β1) sin δ f (6)
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where Mzv is the correction torque generated by the tire drag distance; m, v, a, b, L, k1, k2,
ξ1, ξ2, δ f are the total vehicle weight, vehicle speed, distance from the center of mass to
the front and rear wheels, wheelbase of the front and rear wheels, lateral stiffness of the
front and rear wheels, pneumatic tire drag distance, rear tilt drag distance, and front-wheel
steering angle, respectively; Q, D, β1 are wheel load, kingpin displacement, and kingpin
inclination angle.

If the current wheel angle δ f is small, sin δ f ≈ δ f then Equation (6) can be expressed as:

MA =
QD

2
sin(2β1)δ f (7)

The total return torque of the tire is:

Mh = Mzv + MA (8)

In actual driving conditions, the interaction between the tire and the ground also
generates friction torque, which can be expressed as:

Tf = Fω sin δ f (9)

where Fω is a constant related to the damping coefficient, moment of inertia, and axle load.

Model Assumptions and Applicability of the 2-DOF Vehicle Model

The 2-DOF bicycle model used in this study is mainly introduced to describe the dom-
inant lateral and yaw dynamics associated with the front-wheel return-to-center process. It
is not intended to replace a high-fidelity full-vehicle model under extreme handling condi-
tions. The proposed SAT energy-recovery mechanism is mainly investigated under low- to
medium-speed steering and return-to-center maneuvers, such as urban driving, parking,
lane correction, and repeated low-speed steering operations. Under these conditions, the
lateral acceleration and tire slip angle are relatively limited, and the tire usually operates
within or near the linear region.

The applicability of the simplified model can be expressed as∣∣∣ay

∣∣∣< ay,lim,
∣∣∣δ f

∣∣∣< δlim,
∣∣∣α f

∣∣∣≪ 1

where ay is the lateral acceleration, δ f is the front-wheel steering angle, and α f is the front
tire slip angle. Under the small-slip-angle assumption, the front lateral tire force can be
approximated as

Fy f = C f α f

and the self-aligning torque generated by the pneumatic trail can be simplified as

Mzv = tpFy f = tpC f α f ,

where tp denotes the pneumatic trail and C f is the front tire cornering stiffness. Therefore,
the 2-DOF model can capture the main trend of SAT generation required for the energy-flow
analysis in this study.

Nevertheless, roll dynamics, load transfer, tire nonlinearities, steering compliance,
backlash, and road-friction variation may affect the magnitude and phase of SAT, especially
under high-speed, large-steering-angle, or high-lateral-acceleration conditions. The effect
of roll-induced load transfer can be approximately described by

∆Fz =
mhray

tw

https://doi.org/10.3390/act15070397

https://doi.org/10.3390/act15070397


Actuators 2026, 15, 397 7 of 27

where hr is the height associated with the vehicle center of gravity or roll center, and tw is
the track width. The corresponding cornering stiffness variation can be written as

C f (Fz) ≈ C f 0 +
∂C f

∂Fz
∆Fz

Accordingly, a more complete SAT expression should be written as

Mz = tp(Fz, α f )C f (Fz)α f + MA

where MA is the restoring torque caused by the kingpin inclination and kingpin offset.
The simplified model used in this paper is equivalent to assuming Fz ≈ Fz0, C f ≈ C f 0,
and tp ≈ tp0. Therefore, the model is suitable for verifying the feasibility of SAT-induced
energy recovery and bus-voltage stabilization under typical non-limit steering conditions,
whereas high-speed evasive maneuvers, large steering angles, low-adhesion roads, and
strong load-transfer conditions require further validation using nonlinear tire models or
high-fidelity vehicle simulation platforms. The unmodeled effects are treated as part of the
lumped disturbance in the steering dynamics,

Jeq
..
δ f + Beq

.
δ f + τf + τa + τd = κτm

where τd includes the lumped influence of roll dynamics, tire nonlinearity, road-friction
variation, mechanical compliance, and external disturbances. In the proposed control
framework, these effects are not assumed to be exactly known. Instead, they are included
in the disturbance term estimated by the extended state observer.

2.2. PMSM Model with Energy Feeding

The motion and torque equations of PMSM are:

dωm

dt
=

1
Jm

(Te − Bmωm − Tl) =
1
Jm

(
3
2

Pniqψ f − Bmωm − Tl

)
(10)

Tm = Jm
..
θm + Bm

.
θm − Ts/Gm + fmsgn

( .
θm

)
(11)

where ωm is the mechanical angular velocity; Jm is the rotational inertia; Te is the elec-
tromagnetic torque; Bm is the damping coefficient; Tl is the load torque; Pn is the polar
logarithm; iq is the q axis current; fm is the coulomb friction coefficient.

2.3. Return-to-Center Regenerative Operation and Practical Energy Balance of the PMSM Drive

During the return-to-center process of the steer-by-wire system, the self-aligning
torque may provide mechanical input to the PMSM steering actuator. To avoid confusion
between the steering-process stage and the standard PMSM torque–speed quadrant, the
regenerative condition is defined according to the mechanical power of the PMSM:

Pm = Teωm

where Te is the electromagnetic torque and ωm is the mechanical angular speed of the
PMSM. When Pm > 0, the PMSM operates in the motoring mode and converts electrical
energy into mechanical energy. When Pm < 0, the PMSM operates in the generating mode
and converts mechanical energy into electrical energy. Therefore, regenerative operation
occurs when Teωm < 0. This condition corresponds to the second or fourth quadrant of
the standard PMSM torque–speed plane, depending on the sign of the motor speed. In
this paper, the term “return-to-center regenerative stage” denotes the stage of the steering
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process in which SAT drives the actuator and the PMSM works in regenerative mode. It
should not be confused with the third quadrant of the standard PMSM torque–speed plane.
During the return-to-center regenerative stage, the motion equation of the steer-by-wire
system can be expressed as

Ta − Tm − Tf = J
..
δ f + B

.
δ f (12)

where Ta is the self-aligning torque, Tm is the electromagnetic braking torque of the PMSM,
Tf is the friction torque, J is the equivalent inertia, B is the equivalent damping coefficient,

and
.
δ f is the front-wheel steering angle. The electromagnetic torque of the PMSM can be

expressed as

Tm =
3
2

Pnψ f iq (13)

where Pn is the number of pole pairs, ψ f is the permanent-magnet flux linkage, and iq is the
q-axis current. When the self-aligning torque is larger than the combined resisting torques,
the available mechanical power induced by SAT can be written as

PSAT,ava(t) = max
[(

Ta − Tf − J
..
δ f − B

.
δ f

)
ωm, 0

]
(14)

The available SAT-induced mechanical energy during the return-to-center interval
([tr, tc]) is then calculated as

ESAT,ava =
∫ tc

tr
PSAT,ava(t), dt (15)

In the original ideal energy-flow description, the excess mechanical energy was as-
sumed to be entirely stored in the DC-bus capacitor. However, this assumption is only suit-
able for explaining the direction of energy flow and is not accurate enough for evaluating
the actual energy-recovery efficiency. In practical regenerative operation, the SAT-induced
mechanical energy is distributed among the DC-link capacitor, the low-voltage power
source, the PMSM losses, the inverter losses, the mechanical losses, and the braking branch.
Therefore, the practical energy balance is expressed as

ESAT,ava = ∆EC + Ebat + Ecu + EFe + Einv + Emech + ER (16)

where ∆EC is the energy variation in the DC-link capacitor, Ebat is the energy absorbed
by the low-voltage power source or storage unit, Ecu is the PMSM copper loss, EFe is
the PMSM iron loss, Einv is the inverter loss, Emech is the mechanical loss, and ER is the
braking-resistor loss. The DC-link capacitor energy variation is

∆EC =
1
2

Cdc

[
u2

dc(tc)− u2
dc(tr)

]
where Cdc is the DC-link capacitance and udc is the DC-bus voltage. The energy absorbed
by the low-voltage power source or storage unit is

Ebat =
∫ tc

tr
udc(t)ibat(t), dt

where ibat is the charging current flowing into the low-voltage power source or storage unit.
The PMSM copper loss is calculated as

Ecu =
∫ tc

tr

3
2

Rs

(
i2d + i2q

)
dt
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where (Rs) is the stator resistance. The mechanical loss can be expressed as

Emech =
∫ tc

tr

(
Bmω2

m + Tf

∣∣∣ωm

∣∣∣)dt

where Bm is the motor damping coefficient, and (Tf) is the equivalent friction torque. The
inverter loss is represented as

Einv =
∫ tc

tr
(Pcond + Psw)dt

where Pcond and Psw denote the conduction loss and switching loss of the inverter, re-
spectively. Therefore, the gross recovered electrical energy fed back to the DC bus is
defined as

Erec,gross =
∫ tc

tr
udc(t)idc,rec(t)dt

where idc,rec is the regenerative DC-bus current. The net recovered energy is then defined
as Erec,gross, Ecu, EFe, Einv, Emech, ER. The recovery efficiency and the steering-system-level
energy-saving ratio are calculated as

ηrec =
Erec,net

ESAT,ava
× 100%

ηsteer =
Erec,net
Esteer

× 100%

where Esteer is the total electrical energy consumed by the steering actuator during the
complete steering maneuver. This formulation clarifies that the DC-link capacitor is only
one part of the energy path, and that the actual energy-recovery benefit should be evaluated
using the net recovered energy after deducting system losses. The braking resistor is used
as a protection branch when the DC-bus voltage exceeds the allowable threshold. It does
not operate continuously during regenerative energy recovery. Instead, it is activated only
when the DC-bus voltage exceeds the braking threshold. The duty cycle of the braking unit
is defined as

D =

0, udc ≤ Ubr

sat[Kbr(udc − Ubr), 0, 1], udc > Ubr
(17)

where Ubr is the braking activation threshold, Kbr is the proportional gain of the braking
chopper, and sat(·) denotes the saturation function. The braking-resistor power is

PR =
u2

dc
RL

D (18)

where RL is the braking resistance. The braking-resistor energy is calculated as

ER =
∫ tc

tr

u2
dc(t)
RL

D(t)dt (19)

This protection branch dissipates excessive regenerative energy as heat only when
the DC-bus voltage cannot be maintained below Ubr. Therefore, zero braking-resistor loss
under the proposed controller indicates that the DC-bus voltage is successfully regulated
below the braking threshold, rather than indicating that overvoltage risk does not exist.

The electromagnetic output power of the PMSM in generating mode can be expressed
as follows:

Pe =
3
2

ψ f ωeiq (20)
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where ωm is the mechanical angular velocity of the motor. When the generator is in id = 0
control mode, it can be seen from Equation (20) that the electromagnetic output power of
the generator can be controlled by adjusting iq.

In the rotating reference frame, the active power output of the PMSM can be expressed
as follows:

Ps =
3
2
(
udid + uqiq

)
= udc

(
C

dudc
dt

+ iL

)
(21)

where Ps is the electromagnetic power, udc is the DC side voltage, and in steady state, is the
given value of the DC side voltage.

The current state equation of the system is:{
Ld

did
dt = ud − Rsid + ωrLqiq

Lq
diq
dt = uq − Rsiq + ωrLdid − ψ f ωr

(22)

The equation for bus voltage is:

C
dudc

dt
= idc −

udc
RL

(23)

The power balance equation on the AC and DC sides can be expressed as:

udcidc + Pswitch = −3
(
udid + uqiq

)
(24)

By combining the AC/DC power balance equation with the PMSM current equations
and the braking-branch model, the DC-bus voltage dynamic equation can be written as
follows: The state equation regarding the state variable udc.

Cudc
dudc

dt
+

u2
dc

RL
+ Pswitch = −3

[
Rs

(
i2d + i2q

)
+ Lqiq

diq

dt
+ Ldid

did
dt

+ ψ f ωriq

]
(25)

2.4. Sign Convention of PMSM Four-Quadrant Operation and Steering-Process Stages

To avoid ambiguity between the standard PMSM torque–speed quadrant and the
temporal stage of the steering maneuver, two definitions are distinguished in this study.
The PMSM operating quadrant is defined by the signs of the motor speed ωm and the
electromagnetic torque Te. In contrast, the steering-process stage is defined by the sequence
of the steering maneuver, including steering acceleration, steering deceleration, return-to-
center regeneration, and assisted return.

According to the standard PMSM torque–speed convention, the mechanical power of
the motor is expressed as Pm = Teωm. When Pm > 0, the PMSM operates in the motoring
mode and converts electrical energy into mechanical energy. When Pm < 0, the PMSM
operates in the generating mode and converts mechanical energy into electrical energy.
Therefore, regenerative operation occurs when Teωm < 0. This condition corresponds to the
second or fourth quadrant of the standard PMSM torque–speed plane. Specifically, when
ωm > 0 and Te < 0, the PMSM operates in the second quadrant. When ωm < 0 and Te > 0,
the PMSM operates in the fourth quadrant. Both cases represent regenerative operation.

During the steering process, the front-wheel angle first changes from zero to the
target value. This process can be divided into a steering acceleration stage and a steering
deceleration stage. In the steering acceleration stage, the PMSM provides driving torque to
overcome the self-aligning torque, friction torque, and steering-system inertia. Electrical
energy is converted into mechanical energy, and the PMSM operates in the motoring mode.
In the steering deceleration stage, the motor torque may become opposite to the motor
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speed for a short time, so transient regenerative braking may occur. However, this process
is short and is not the main energy-recovery stage studied in this paper.

During the return-to-center process, the front-wheel angle decreases from the target
value to zero under the action of self-aligning torque. If the self-aligning torque is larger
than the combined resisting torques, the self-aligning torque provides mechanical input
to the PMSM shaft. To regulate the return speed, the PMSM generates an electromagnetic
braking torque. Under this condition, the electromagnetic torque and the motor speed have
opposite signs, and the PMSM enters the regenerative mode. This interval is referred to as
the return-to-center regenerative stage in this paper.

It should be emphasized that the term “return-to-center regenerative stage” denotes
the third stage of the steering process, rather than the third quadrant of the standard PMSM
torque–speed plane. Depending on the sign of the motor speed, the same return-to-center
regenerative process may correspond to either the second or the fourth quadrant of the
PMSM torque–speed plane.

When the self-aligning torque becomes smaller than the combined resisting torques,
the actuator may need to draw energy from the DC bus to complete the return motion or
maintain the desired steering trajectory. This interval is defined as the assisted return stage.
In this case, the PMSM operates in the motoring mode.

Figure 2 illustrates the relationship between the PMSM torque–speed quadrant and the
steering-process stages. The standard PMSM four-quadrant definition is used in Figure 2a,
whereas Figure 2b describes the steering-process stages. Therefore, the quadrant number
and the steering-stage number should not be interpreted as the same concept.

  
(a) (b) 

Figure 2. Schematic illustration of the relationship between the PMSM torque–speed four-quadrant
operating modes and the steering-process stages of the PMSM-driven steer-by-wire system: (a) stan-
dard torque–speed four-quadrant characteristics of the PMSM; and (b) front-wheel force and energy-
flow characteristics during different steering stages.

In summary, the energy-recovery stage discussed in this paper is the return-to-center
regenerative stage of the steering process (Table 1). In the standard PMSM torque–speed
plane, this regenerative operation belongs to QII or QIV, rather than QIII. This clarification
is adopted throughout the revised manuscript to keep the sign convention consistent.

Figure 3a shows the relationship between the steering-wheel position and vehicle
speed driven by the self-alignment torque. The steering wheel is turned to 180◦ by the
driver and then released at point C. At point C, the driver allows the steering wheel to
return freely to the center position using the self-alignment torque Mz. The simulation does
not account for the lateral force of the truck dynamics. Thus, plots shown at high truck
speeds are only theoretical, as a 180◦-steering-wheel-angle maneuver can cause a flip over
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of the truck. Figure 3a shows that the return speed of the steering wheel angle increases
with vehicle speed.

Table 1. Summary of the relationship between the steering-process stages and the PMSM energy-
flow modes.

Steering-Process Stage Main Physical Behavior Sign Condition PMSM Energy Mode

Stage I:
steering acceleration

The PMSM drives the front wheels
toward the target angle Teωm > 0 Motoring

Stage II:
steering deceleration

The PMSM regulates the steering
speed near the target angle

Teωm < 0 may
occur briefly

Short regenerative
braking

Stage III: return-to-center
regeneration

SAT drives the actuator, and the
PMSM regulates the return speed Teωm < 0 QII or QIV regenerative

operation

Stage IV: assisted return
or holding

SAT is insufficient, and the PMSM
assists the return motion or holds the
wheel angle

Teωm > 0 Motoring

An example of a steering maneuver is shown in Figure 3b, where the steering-wheel
angle waveform and the required motor power over time are presented. At point A,
a 180◦ steering of the steering wheel is initiated. It is assumed that the steering-wheel
angle linearly changes with time for simplicity. It must be emphasized that 180◦ is the
steering-wheel angle α and not the steer angle δ f . Assuming a steering ratio of 20:1, the
steer angle becomes 9◦. At point B, the steering wheel has turned to 180◦. The increasing
steering-wheel angle between points A and B results in a proportional increase in motor
power (red trace) as the motor must provide power to overcome wheel friction forces and
self-alignment torque.

 
 

(a) (b) 

Figure 3. Normalized temporal energy variation associated with front-wheel angle and PMSM
operation during the return-to-center process: (a) front-wheel angle under different commanded
return speeds and vehicle speeds during self-alignment; (b) ideal steering maneuver showing the
time histories of front-wheel angle and PMSM shaft power. The red line denotes power consumption,
whereas the green line denotes regenerative power generation.

When the steering wheel is at its commanded position that indicated as position B, the
speed requirement of the motor is reduced to zero. As the motor has reached the desired
steering angle, the motor is still consuming power to counteract the self-alignment torque
Mz to maintain the steering angle.
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If the steering wheel were to be completely released, where the driver effectively
releases the steering wheel, the self-alignment torque Mz returns the wheels to the center-
aligned position. With the wheels returning to the aligned position, the steering wheel
is also returning to the aligned position. This natural path is indicated in Figure 3b as a
dashed line from position C.

In practical steering operations, the steering command does not always coincide
with the natural self-aligning path of the front wheels, as illustrated in Figure 3b. The
solid segment from position C to D in Figure 3b represents a negative steering command,
indicating that the operator or control system intentionally reduces the return-to-center
speed of the front wheels. This mismatch between the commanded return speed and the
self-aligning motion gives rise to excess power, which can be recovered when the PMSM
controller of the steer-by-wire system operates in regenerative mode. At point D, the
self-aligning effect becomes weaker than the commanded steering action, and the system
returns from regenerative operation to power-consuming operation.

To utilize the recoverable energy induced by self-aligning torque, the PMSM inverter
must support bidirectional power conversion during the return-to-center process. In
the tested low-voltage steer-by-wire drive, the PMSM is selected such that its back elec-
tromotive force remains within the available DC-bus voltage range under the nominal
return-to-center speed. However, this design condition does not mean that overvoltage
or overspeed cannot occur under all operating conditions. High return speed, aggressive
steering, large self-aligning torque, limited battery absorption capability, and repeated
regenerative operation may still increase the DC-bus voltage and create an overvoltage risk.
The peak back-EMF of the PMSM can be expressed as

epk = Pnψ f

∣∣∣ωm

∣∣∣
where Pn is the number of pole pairs, ψ f is the permanent-magnet flux linkage, and ωm is
the mechanical angular speed. Considering the voltage limit of the inverter, regenerative
operation should satisfy

epk < Udc,available

where Udc,available is the available voltage margin of the DC-bus inverter system. For an
SVPWM-based inverter, the available phase-voltage margin can be approximately related
to the DC-bus voltage. Therefore, the corresponding safe mechanical speed boundary can
be written as

Udc,available

Pnψ f

When the return speed approaches this boundary, the controller reduces the regener-
ative current command and limits the recovered power. The q-axis current command is
constrained by

iq = sat(i′q − Imax, Imax)

and the q-axis voltage command is constrained by

uq = sat(u′
q − Umax, Umax)

where Imax and Umax are the allowable current and voltage limits of the PMSM drive. The
regenerative power command is also limited as

P∗
rec = min(Prec, Pmax)
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where Pmax is the maximum allowable regenerative power determined by the inverter, DC
bus, and low-voltage storage unit. In addition to current, voltage, and power limitations,
the DC-bus voltage is monitored in real time. When Udc approaches a warning threshold
Uwarn, the regenerative current command is reduced to slow down the charging of the
DC-link capacitor. When Udc exceeds the braking activation threshold Ubr, the braking
chopper is activated according to Udc and the excessive recovered energy is dissipated by
the braking resistor as

PR =
u2

dc
RL

D

where D is the braking duty cycle, Kbr is the braking-chopper proportional gain, and RL is
the braking resistance.

Therefore, the proposed energy-recovery strategy does not rely on the assumption
that the back-EMF is always lower than the DC-bus voltage under every possible operating
condition. Instead, regenerative operation is performed within speed, current, voltage,
power, and DC-bus voltage constraints. Under normal test conditions, the back-EMF
remains below the available DC-bus voltage, and the proposed controller regulates the
recovered energy through the PMSM and DC bus. Under high-speed, aggressive steering,
or limited energy-absorption conditions, the strategy automatically reduces the regenerative
current and recovered power. If the DC-bus voltage still exceeds the safety threshold, the
braking resistor is activated as a final overvoltage protection branch.

This protection mechanism ensures that safety and steering stability have higher
priority than energy recovery. Consequently, the proposed method is mainly intended for
low- to medium-speed return-to-center maneuvers, where recoverable SAT energy can be
utilized while the actuator remains within the electrical and mechanical safety limits.

3. LESO-Based Bus-Voltage Stabilization Strategy During Return-to-Center
Regenerative Operation

During the return-to-center regenerative operation, the self-aligning torque drives
the PMSM steering actuator and part of the mechanical energy is converted into electrical
energy. The recovered energy is fed back to the DC bus through the inverter. If the
regenerative power is not regulated properly, the DC-bus voltage may rise rapidly and may
even activate the braking resistor. Therefore, a bus-voltage stabilization strategy is required
to regulate the recovered energy and maintain the DC-bus voltage near its rated value.

In conventional PMSM drive systems, an outer voltage loop and an inner current
loop are usually adopted. The d-axis and q-axis current dynamics are decoupled by
feedforward compensation. In this study, the proposed controller directly generates the q-
axis voltage reference according to the DC-bus voltage-regulation objective. However, this
does not mean that the current dynamics or coupling terms are ignored. Instead, the q-axis
current dynamics, d–q-axis coupling, back electromotive force, inverter loss, load variation,
and SAT-induced regenerative power injection are regarded as lumped disturbances and
estimated online by the linear extended state observer.

The PMSM voltage equations in the rotating reference frame can be written as{
ud = Rsid + Ld

did
dt − ωrLqiq

uq = Rsiq + Lq
diq
dt + ωrLdid + ψ f ωr

(26)

where ud and uq are the d-axis and q-axis voltages, id and iq are the d-axis and q-axis
currents, Rs is the stator resistance, Ld and Lq are the d-axis and q-axis inductances, ωr is
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the electrical angular speed, and ψ f is the permanent-magnet flux linkage. The electrical
power of the PMSM in the rotating reference frame is defined as

Pe =
3
2
(udid + uqiq)

where Pe denotes the motoring condition in which electrical power is transferred from the
DC bus to the PMSM, while Pe < 0 denotes the regenerative condition in which electrical
power is fed back from the PMSM to the DC bus. According to the DC-link capacitor energy
balance, the DC-bus voltage dynamics can be expressed as −Pe, PL, Ploss or equivalently,

Cdcudc
dudc

dt
= −3

2
(
udid + uqiq

)
− PL − Ploss (27)

where Cdc is the DC-link capacitance, Udc is the DC-bus voltage, PL is the equivalent
low-voltage load power, and Ploss represents inverter loss, machine loss, and other un-
modeled power losses. Under regenerative operation, Pe < 0, and therefore the term −Pe

becomes positive, which explains why the recovered energy tends to increase the DC-bus
voltage. To avoid the nonlinear term udc

.
udc, the squared DC-bus voltage is selected as the

controlled state:
x1 = u2

dc (28)

Then,
.
x1 = 2udc

.
udc

The first derivative of x1 is defined as

.
x1 = x2 (29)

By differentiating the DC-bus voltage dynamics and combining them with the PMSM
current equations, the second derivative of x1 can be written in a compact form as

.
x2 = F(x1, x2, ωr, t) + g(ωr)u (30)

where u is the equivalent control input related to the q-axis voltage command, g(ωr) is the
speed-dependent control gain, and F(x1, x2, ωr, t) is the lumped dynamic term. The lumped
term includes SAT-induced regenerative power injection, PMSM parameter uncertainty,
d–q-axis current coupling, inverter loss, load variation, and other unmodeled disturbances.

The equivalent q-axis voltage input is defined as

u = uq − Rsiq − ωrLdid − ψ f ωr (31)

Therefore, the nominal q-axis voltage dynamics are separated from the back-EMF and
feedforward compensation terms. The remaining parameter mismatch, current coupling,
and regenerative disturbance are not neglected, but are included in the lumped term
F(x1, x2, ωr, t).

To construct the extended system, the lumped dynamic term is introduced as the
extended disturbance state:

x3 = F(x1, x2, ωr, t)

and its derivative is defined as
.
x3 = G(t)
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where G(t) is the rate of variation in the lumped disturbance. Then, the third-order
extended system can be obtained as

.
x1 = x2
.
x2 = x3 + g(ωr)u
.
x3 = G(t)
y = x1

(32)

In practical operation, G(t) is assumed to be bounded because the SAT variation, return
speed, current, voltage, and regenerative power are all limited by physical constraints and
controller saturation.

The physical meanings of the extended states and variables are summarized in Table 2.

Table 2. Definition of the extended states and variables in the LESO-based bus-voltage controller.

Symbol Definition Physical Meaning

x1 u2
dc Square of the DC-bus voltage

x2
.
x1 Rate of change in the bus-voltage energy-related state

x3 F(x1, x2, ωr, t) Extended disturbance state

F(x1, x2, ωr, t) Lumped system dynamics SAT power injection, current coupling, loss, load variation,
and uncertainty

G(t)
.
x3 Rate of variation in the lumped disturbance

g(ωr) Speed-dependent control gain Gain from equivalent q-axis voltage input to bus-voltage dynamics
z1, z2, z3 LESO estimates Estimates of (x1, x2, x3)

In this study, a linear extended state observer is adopted rather than a nonlinear
extended state observer. The reason is that the low-voltage steer-by-wire system requires
simple real-time implementation, and excessive nonlinear observer gain may amplify
voltage-sensor noise and introduce q-axis voltage fluctuation. Moreover, the dominant
disturbance in the studied operation is the SAT-induced regenerative power injection,
which can be effectively estimated by a properly tuned LESO.

The third-order LESO is designed as
e = z1 − y
.
z1 = z2 − β1e
.
z2 = z3 − β2e + g(ωr)u
.
z3 = −β3e

(33)

where (z1, z2, z3) are the estimates of (x1, x2, x3), respectively, and (β1, β2, β3) are the ob-
server gains. The observer gains are selected using the bandwidth method:

β1 = 3ωo

β2 = 3ω2
o

β3 = ω3
o

(34)

where ωo is the observer bandwidth. The corresponding characteristic polynomial of the
nominal observer error dynamics is

s3 + β1s2 + β2s + β3 = (s + ωo)
3 (35)

Therefore, the observer error system is Hurwitz stable when ωo > 0. If G(t) is
bounded, the LESO estimation error is also bounded. A larger ωo improves disturbance-
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estimation speed, but an excessively large observer bandwidth may amplify measurement
noise. Therefore, the observer bandwidth is selected according to

3ωc ≤ ωo ≤ 10ωc

and it should also satisfy the sampling-frequency limitation

ωo <
1
5

ωs

where ωc is the desired closed-loop bus-voltage bandwidth and ωs is the sampling
angular frequency.

The bus-voltage control law is designed as

u =
kp(y∗ − z1)− kdz2 − z3

g(ωr)
(36)

where y∗ = (u∗
dc)

2 is the reference of the squared DC-bus voltage, and kp and kd are the
voltage-loop control gains. The q-axis voltage reference is reconstructed as

u∗
q = u + Rsiq + ωrLdid + ψ f ωr (37)

The controller gains are selected according to a second-order closed-loop
bandwidth criterion:

kp = ω2
c , kd = 2ζωc (38)

where ζ is the damping ratio. Substituting the control law into the extended system gives
the approximate closed-loop error dynamics

..
e + kd

.
e + kpe = d̃(t) (39)

where d̃(t) is the residual disturbance-estimation error. Since kp > 0 and kd > 0, the
polynomial s2 + kds + kp is Hurwitz stable. Therefore, under bounded LESO estimation
error, the DC-bus voltage tracking error is ultimately bounded.

To improve implementation safety under high-frequency current fluctuations and
regenerative power pulses, the q-axis current and q-axis voltage commands are limited as

iq= sat
(

i′q − Imax, Imax

)
uq= sat

(
u′

q − Umax, Umax

) (40)

where Imax and Umax are the allowable current and voltage limits of the PMSM drive. When
the DC-bus voltage approaches the warning threshold, the regenerative current command is
reduced. When the voltage exceeds the braking threshold, the braking chopper is activated
as the final protection branch.

Therefore, the proposed single-loop bus-voltage control method does not bypass
current decoupling in an uncontrolled manner. Instead, it combines feedforward com-
pensation, LESO-based disturbance estimation, voltage-error feedback, and saturation
protection to suppress the influence of current coupling, SAT-induced energy injection, and
high-frequency current fluctuations.
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4. Experimental Result
4.1. Experimental Equipment

In order to test the effectiveness of the proposed strategy, this article conducted rele-
vant experiments using an electric vehicle autonomous-driving development and testing
platform that includes a steer-by-wire system. Testing includes the steering angle sensor,
CAN bus, CAN bus analyzer, upper computer, and controller. As shown in Figure 4 below.

 

Figure 4. Experimental physics diagram.

To improve the reproducibility of the experimental validation, the key parameters of
the PMSM-driven steer-by-wire platform are summarized in Table 3. Only the parameters
directly related to the PMSM model, DC-bus energy balance, braking protection, and ADRC-
ESO controller are listed to avoid unnecessary expansion of the experimental section.

Table 3. Key parameters of the PMSM-driven steer-by-wire experimental platform.

Category Parameter Symbol Value

PMSM Rated power Prated 120 w
PMSM Torque constant Kt 0.22 N·m/A
PMSM Stator resistance Rs 0.20 Ω
PMSM d-axis inductance Ld 1.5 mH
PMSM q-axis inductance Lq 1.5 mH
PMSM Permanent-magnet flux linkage ψ f 0.0367 Wb
DC bus Rated DC-bus voltage u∗

dc 12 V
DC bus DC-link capacitance Cdc 4700 µF

Braking branch Braking activation threshold Ubr 13.6 V
Braking branch Braking resistance RL 10 Ω

Inverter Switching frequency fsw 10 kHz
Steering mechanism Steering ratio is 20:1

Sensor DC-bus voltage measurement accuracy ∆udc ±0.05 V
Sensor q-axis current measurement accuracy ∆iq ±0.05 A
Sensor Steering-angle measurement accuracy ∆δ f ±0.1◦

Controller Sampling period Ts 1.0 × 10−4 s
Controller Voltage-loop bandwidth ωc 100 rad/s
Controller LESO bandwidth ωo 500 rad/s

The torque constant Kt can be obtained from the PMSM datasheet or calculated by
Kt =

3
2 Pnψ f . The LESO gains are not listed separately because they are determined by the

bandwidth method, namely β1 = 3ωo, β2 = 3ω2
o , and β3 = ω3

o , as described in Section 3.
Similarly, the voltage-loop gains kp and kd are calculated from ωc and the damping ratio.
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Therefore, Table 3 only lists the independent parameters required for reproducing the
experimental platform and controller setup.

Although the experimental platform used in this study is based on a specific passenger-
car autonomous-driving test vehicle, it serves as an effective validation platform for the
proposed steer-by-wire control strategy in new energy vehicle applications. The main
reason is that the objective of this study is to verify the control mechanism at the steering
actuation and low-voltage electrical level, which represents a general architectural design
for modern electrified chassis. In particular, the key components involved in the pro-
posed method—including the PMSM-driven steer-by-wire actuator, steering-angle sensing,
controller, CAN communication chain, and low-voltage DC-bus power architecture—are
highly consistent with the standard configurations required by various new energy vehicles
and intelligent mobile platforms. Therefore, the passenger-car-based test platform provides
a representative and generalized environment for evaluating the feasibility of self-aligning-
torque energy recovery, DC-bus voltage stabilization, and controller dynamic performance.

4.2. Simulation of Return-to-Center Regenerative Operation and Bus-Voltage Stabilization

Figure 5 shows the dynamic responses of the PMSM-driven steer-by-wire system
during the return-to-center regenerative operation. In this interval, the self-aligning torque
provides mechanical input to the PMSM, and the PMSM operates in the regenerative mode
when the electromagnetic torque and motor speed have opposite signs. The recovered
energy is fed back to the DC bus through the inverter. Therefore, bus-voltage stabilization
is required to prevent excessive voltage rise caused by regenerative energy injection.

  
(a) (b) 

  
(c) (d) 

Figure 5. Dynamic responses of the PMSM-driven steer-by-wire system during return-to-center
regenerative operation: (a) DC-bus voltage responses under PI and ADRC-ESO control; (b) PMSM
q-axis current response; (c) recovered power and available self-aligning-torque power; and (d) ADRC
control action and LESO disturbance estimation.
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As shown in Figure 5a, both the conventional PI controller and the proposed ADRC-
ESO controller can regulate the DC-bus voltage around the rated value of 12 V. However, the
proposed ADRC-ESO controller exhibits better voltage-regulation performance. After the
regenerative operation starts at approximately 0.4 s, the DC-bus voltage under ADRC-ESO
rises to about 12.9–13.0 V and then quickly returns toward the rated voltage. During most of
the regenerative interval from approximately 0.5 s to 2.4 s, the DC-bus voltage is maintained
within about 11.8–12.2 V. The peak voltage remains below the braking activation threshold
of 13.6 V, indicating that the proposed controller can suppress the voltage rise caused by
regenerative power injection.

Figure 5b shows the q-axis current response. During the return-to-center regenerative
operation, the q-axis current varies within a limited range and is mainly distributed between
approximately −5 A and 2 A. This indicates that the controller adjusts the electromagnetic
braking torque to regulate the wheel return speed and the DC-bus voltage simultaneously.

Figure 5c compares the available self-aligning-torque power and the recovered power.
At the beginning of the regenerative interval, the available SAT power reaches approxi-
mately 110–115 W, while the recovered power under ADRC-ESO reaches approximately
75–80 W. As the front wheel approaches the center position, both the available SAT power
and the recovered power gradually decrease. This result shows that the return-to-center
process provides a measurable regenerative energy source and that the proposed controller
can regulate part of this energy into the DC bus.

Figure 5d shows the ADRC control action and the LESO disturbance estimation. The
estimated disturbance varies significantly during the regenerative interval, especially near
the beginning of energy recovery. This indicates that the LESO captures the lumped
influence of SAT-induced power injection, PMSM parameter uncertainty, current coupling,
load variation, and other unmodeled disturbances. By compensating for this estimated
disturbance, the proposed ADRC-ESO controller improves DC-bus voltage regulation
during regenerative operation.

It should be noted that the DC-bus voltage remains below the braking threshold in
this controlled simulation. Therefore, the braking resistor is not activated in this case. This
result should be interpreted as the effect of successful voltage stabilization rather than
evidence that the braking branch is unnecessary.

Figure 6 further illustrates the regenerative operating profile and the braking-resistor
loss under the proposed ADRC-ESO controller. During the interval from approximately
0.4 s to 2.4 s, the PMSM remains in the return-to-center regenerative operation. The
motor speed first rises rapidly to approximately 100 rad/s and then gradually decreases to
about 78–80 rad/s. Meanwhile, the excess self-aligning torque increases to approximately
1.1 N·m at the beginning of regeneration and then gradually decreases to about 0.5 N·m.
This confirms that the self-aligning torque continuously provides recoverable mechanical
input during the main return-to-center interval.

The braking-resistor loss remains approximately zero during the entire controlled
regenerative process. This is because the proposed ADRC-ESO controller regulates the
recovered power and keeps the DC-bus voltage below the braking activation threshold.
According to the braking-resistor model in Section 2.3, the braking duty cycle is zero when
(udc ≤ Ubr). Therefore, no energy is dissipated by the braking resistor under the tested
controlled condition.

This result does not mean that overvoltage risk does not exist. Instead, it indicates that
the proposed controller prevents the DC-bus voltage from exceeding the braking threshold
under the simulated return-to-center condition. If the recovered power becomes larger due
to a higher return speed, larger self-aligning torque, smaller DC-link capacitance, limited
low-voltage power-source absorption capability, or insufficient bus-voltage control, the
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DC-bus voltage may exceed Ubr, and the braking branch will be activated as an overvoltage
protection mechanism. Therefore, the braking resistor is retained as a necessary safety
branch, although it is not activated in the controlled case shown in Figure 6.

Figure 6. Regenerative operating profile and braking-resistor loss during return-to-center regenerative
operation under the proposed ADRC-ESO controller.

In summary, the simulation results in Figures 5 and 6 demonstrate that the proposed
ADRC-ESO strategy can regulate the DC-bus voltage during return-to-center regenerative
operation and avoid unnecessary braking-resistor dissipation under the tested condition.
The braking branch is not activated because the DC-bus voltage is maintained below
the threshold, rather than because regenerative overvoltage is impossible. In practical
operation, the braking resistor still serves as the final protection branch under excessive
regenerative power or limited energy absorption capability.

4.3. Long-Duration Cyclic Energy-Recovery and Energy-Accounting Performance

To evaluate the energy-saving capability of the proposed strategy under long-duration
repetitive operation, a cyclic steering condition was constructed for the PMSM-driven steer-
by-wire system, as shown in Figure 7. The total simulation time was set to 1800 s to represent
prolonged operation typical of new energy vehicles under frequent low-speed maneuvering,
such as urban driving or repetitive parking profiles. During the simulation, the vehicle
speed varied periodically within a low-speed range of approximately 3.5–6.5 km/h, while
the steering command was repeatedly applied to generate successive steering, holding,
and return-to-center processes. The commanded steering angle varied roughly within
±25

◦
, and the front-wheel angle evolved correspondingly under the steer-by-wire control

framework. A regenerative-operation flag was introduced to identify the intervals in which
the PMSM entered generating operation during wheel return. This flag becomes active
when the self-aligning torque provides sufficient mechanical input, and the electromagnetic
torque is opposite to the motor speed. Under this condition, the instantaneous regenerative
power of the PMSM was calculated to characterize the temporal distribution of recoverable
energy during long-duration cyclic steering.

Figure 7 shows the long-duration cyclic steering condition together with the corre-
sponding return-to-center regenerative power profile of the PMSM-driven steer-by-wire
system. Over the entire 1800s interval, the vehicle speed and steering command exhibit
clear periodic characteristics, indicating that the constructed scenario is suitable for evaluat-
ing cumulative energy recovery under repeated steering maneuvers. The front-wheel angle
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follows the cyclic command with regular return-to-center phases, and the regenerative-
operation flag is activated intermittently during these return intervals. This indicates that
regenerative operation does not occur continuously, but only when the self-aligning torque
provides sufficient mechanical input to drive the PMSM into the generating state.

 

Figure 7. Long-duration cyclic steering condition and return-to-center regenerative power generation
of the PMSM-driven steer-by-wire system.

The regenerative power curve further confirms this mechanism. During most non-
return intervals, the regenerative power remains close to zero, whereas distinct power
peaks appear repeatedly during return-to-center regenerative operation. From the figure,
the highest instantaneous regenerative power reaches approximately 50 W, while smaller
recovery events are mainly below about 10 W. More importantly, these regenerative pulses
appear repeatedly and consistently throughout the entire 1800s simulation, indicating
that the recoverable energy is accumulated through many short-duration return-to-center
events rather than through a single continuous recovery process. This behavior is consistent
with the operating characteristics of new energy vehicles in urban or parking environments,
where steering maneuvers are typically low-speed, frequent, and repetitive.

From the perspective of energy-saving significance, Figure 8 demonstrates that the
proposed return-to-center regenerative mechanism has clear long-term application po-
tential. Although the recovered energy in each individual event is limited, the repeated
occurrence of regenerative intervals makes the cumulative recovery effect non-negligible
over prolonged operation. Therefore, this operating profile provides an appropriate basis
for comparing the real-time recovered power and cumulative energy-recovery tendency
among different control strategies.

To further compare the real-time energy-recovery capability of different control strate-
gies under prolonged operation, the same 1800s cyclic steering condition was used for the
PMSM-driven steer-by-wire system, as shown in Figure 8. Under each return-to-center
event satisfying the regenerative-operation condition, the instantaneous recovered power
on the electrical side was calculated and compared for four strategies, namely traditional
dissipation, PI recovery, PID recovery, and the proposed LADRC-based recovery method. It
should be noted that the recovered power shown in Figure 8 represents the gross electrical-
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side recovered power. The actual net recovered energy should be evaluated after deducting
PMSM loss, inverter loss, mechanical loss, DC-link loss, and braking-resistor loss according
to the energy-balance model in Section 2.3.

Figure 8. Comparison of instantaneous gross recovered power under long-duration cyclic steering
conditions.

Figure 8 compares the instantaneous gross recovered power of different control strate-
gies under the long-duration cyclic steering condition. The recovered power exhibits a
clearly pulsating pattern rather than a continuous profile, indicating that regenerative
energy is generated only during specific return-to-center intervals instead of throughout
the entire steering cycle. This behavior is consistent with the return-to-center regenera-
tive mechanism, in which recoverable energy appears only when the self-aligning torque
provides sufficient mechanical input to drive the PMSM into the generating state.

As shown in the figure, the traditional dissipation strategy remains essentially at
0 W over the whole 1800 s interval, indicating that the available excess energy is not
retained on the electrical side. In contrast, all recovery-based strategies produce repeated
positive power pulses, confirming that the long-duration cyclic steering process contains
multiple short-duration regenerative opportunities. The dominant recovery peaks appear
periodically and reach approximately 50–51 W, while smaller secondary pulses are mainly
below about 10 W. This indicates that the recoverable energy is not uniformly distributed,
but is concentrated in several major return events within each steering cycle.

Among the compared strategies, the PI-based method mainly captures low-amplitude
pulses and shows relatively limited real-time energy-capture capability, whereas the higher-
performance recovery strategies are able to retain the dominant energy packets during
the principal regenerative intervals. From an engineering perspective, the most impor-
tant feature of Figure 8 is the repeatability of these regenerative power pulses over the
full 1800 s period. Although each individual recovery event is short and limited in mag-
nitude, the repeated occurrence of these events allows the total recoverable energy to
accumulate over time. Therefore, the energy-saving effect of the steer-by-wire system is not
determined by a single large recovery event, but by the cumulative contribution of many
repeated return-to-center regenerative processes. These results provide direct evidence
that long-duration repetitive steering operation can produce a non-negligible cumulative
energy-recovery potential.

Figure 9a shows the measurement waveform when the vehicle speed is 30 km/h
and the wheel return time is 6 s. During the 6 s self-alignment process, the effective
energy-capture interval is approximately 4.8 s. Within this interval, the DC-bus voltage
fluctuates because of the interaction between the power supply unit, which attempts to
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maintain a constant voltage of 12 V, and the PMSM, which operates in the return-to-center
regenerative mode.
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Figure 9. Experimental results under a single self-alignment action at 30 km/h. (a) shows the
measurement waveform when the vehicle speed is 30 km/h and the wheel return time is 6 s.
(b) shows the energy consumed by the PMSM during a complete steering maneuver and the portion
that can be captured during the return phase.

Figure 9b shows the energy consumed by the PMSM during a complete steering
maneuver and the portion that can be captured during the return phase. When the vehicle
speed is higher than 20 km/h, about 20% of the steering-actuator energy can be captured
at the gross electrical-energy level under the tested condition. This percentage should
be interpreted as the actuator-side gross captured energy ratio, rather than as the final
net recovered energy or direct vehicle-level energy-saving ratio. According to the energy-
balance model in Section 2.3, the net recovered energy should be obtained after deducting
PMSM copper loss, iron loss, inverter loss, mechanical loss, DC-link loss, and possible
braking-resistor loss. Therefore, the actual net energy benefit is lower than the gross
captured energy shown in Figure 9b.

Considering vehicle stability, once the speed exceeds 30 km/h, the driver will normally
not allow the steering wheel to return at the maximum self-aligning rate. In this case, energy
capture is no longer the primary target, and steering safety and vehicle stability should
be prioritized. Therefore, the proposed strategy is more suitable for repeated low- to
medium-speed steering maneuvers, such as urban driving, lane correction, roundabouts,
and parking. Under these conditions, repeated return-to-center events can accumulate
recoverable energy over time and reduce part of the net electrical demand of the steer-by-
wire actuator.

In summary, the long-duration simulation and single self-alignment experiment
demonstrate that SAT-induced regenerative energy appears intermittently during repeated
return-to-center events. The reported recovered power and energy ratio represents the gross
actuator-side recovery capability. The actual net recovered energy should be evaluated
together with the loss terms defined in Section 2.3. This clarification avoids overestimat-
ing the vehicle-level energy benefit while still confirming the feasibility of the proposed
regenerative strategy.
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5. Conclusions
This paper investigated a self-aligning-torque-induced energy-recovery mechanism

and a corresponding DC-bus voltage stabilization strategy for a PMSM-driven steer-by-wire
system in new energy vehicles. The main conclusions are summarized as follows.

First, an electromechanical energy-flow model was established for the PMSM-driven
steer-by-wire system during the front-wheel return-to-center process. The standard PMSM
torque–speed sign convention was clarified to avoid confusion between the PMSM operat-
ing quadrant and the steering-process stage. The analysis shows that when the self-aligning
torque provides sufficient mechanical input, and the electromagnetic torque is opposite to
the motor speed, the PMSM enters regenerative operation, and the otherwise dissipated
mechanical energy can be redirected to the DC bus.

Second, a practical energy-balance model was introduced to describe the distribution
of SAT-induced recoverable energy. Different from the ideal assumption that all excess
mechanical energy is stored in the DC-link capacitor, the revised model considers DC-
link energy variation, low-voltage power-source absorption, PMSM copper loss, iron loss,
inverter loss, mechanical loss, and braking-resistor loss. Therefore, the actual energy benefit
should be evaluated using net recovered energy after deducting losses, rather than only
using the gross electrical energy captured at the DC-bus side.

Third, a LESO-based ADRC bus-voltage stabilization strategy was developed for
return-to-center regenerative operation. The proposed controller directly generates the
q-axis voltage reference according to the DC-bus voltage-regulation objective. Current
coupling, back-EMF variation, regenerative power injection, load variation, and parameter
uncertainty are treated as lumped disturbances and estimated by the LESO. The simu-
lation results show that the proposed controller maintains the DC-bus voltage mainly
within 11.8–12.2 V, with a transient peak of about 12.9–13.0 V, which remains below the
13.6 V braking activation threshold under the tested condition. This indicates that the
proposed method can suppress regenerative voltage rise while avoiding unnecessary
braking-resistor dissipation.

Fourth, the long-duration cyclic steering simulation and the single self-alignment
experiment verify the feasibility of repeated return-to-center energy recovery. Under the
tested 30 km/h self-alignment condition, the wheel return time is about 6 s, and the
effective energy-capture interval is approximately 4.8 s. When the vehicle speed is higher
than 20 km/h, about 20% of the steering-actuator energy can be captured at the gross
electrical-energy level under the tested condition. This ratio should be interpreted as the
actuator-side gross captured energy ratio, rather than the final net recovered energy or
direct vehicle-level energy-saving ratio. The actual net benefit depends on PMSM losses,
inverter losses, mechanical losses, DC-link losses, braking-resistor losses, and the energy
absorption capability of the low-voltage power source.

Finally, the proposed strategy is mainly suitable for repeated low- to medium-speed
return-to-center maneuvers, such as urban driving, lane correction, roundabouts, and
parking scenarios. Under high-speed, large-steering-angle, low-adhesion, or aggressive
steering conditions, tire nonlinearities, load transfer, steering compliance, backlash, and
road-friction variation may significantly affect the self-aligning torque. Future work will
combine nonlinear tire models, high-fidelity vehicle dynamics simulation, and hardware-
in-the-loop or road-test validation to further quantify the vehicle-level net energy benefit of
the proposed strategy.
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