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Abstract. The environmental impact of conventional vehicles, mainly due to
the air pollutants and greenhouse gas emissions associated with their operation,
has accelerated the development of electric transportation. Among the available
alternatives, battery electric vehicles (BEVs) have gained considerable atten-
tion as a practical approach to reducing emissions from the transport sector.
Most electric traction systems use three-phase permanent magnet synchronous
machines (PMSMs), mainly because they provide high efficiency, compact size,
and accurate torque control. Their performance can be further improved by sup-
plying them through a three-phase, three-level neutral-point-clamped (NPC) in-
verter. Compared with a conventional two-level inverter, this topology reduces
the voltage stress applied to each semiconductor device and produces output
voltages with lower harmonic distortion. It can also limit switching losses and
improve the quality of the currents supplied to the machine. In this work, Ac-
tive Disturbance Rejection Control (ADRC) is applied to the current and speed
control loops of the traction drive. The closed-loop performance is evaluated in
terms of reference tracking accuracy and disturbance rejection capability.

1 Introduction

The growing environmental cost of road transport has pushed the automotive industry to re-
consider the widespread use of internal combustion engines. Battery electric vehicles (BEVs)
are now being developed as one of the main options for reducing greenhouse gas emissions
and air pollution in urban areas. Their effectiveness, however, depends strongly on the trac-
tion machine, which must operate efficiently while maintaining good dynamic behavior under
changing driving conditions.

The electric machine plays a major role in this system. Permanent-magnet synchronous
machines (PMSMs) are widely used in electric vehicles because they combine high efficiency
with a compact structure and a high torque density [1]. Their response is also well suited to
traction applications when the current and speed loops are properly designed. Still, the be-
havior of the drive does not depend on the machine alone. The inverter supplying the PMSM
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and the selected control method have a direct effect on current quality, torque response, and
overall system operation.

In medium- and high-power applications, a three-level neutral-point-clamped (NPC) in-
verter can be used instead of a conventional two-level topology. The dc-link voltage is shared
between several semiconductor devices, which lowers the voltage applied to each switch [2].
The presence of an intermediate voltage level also reduces the size of the voltage steps at the
inverter output. This produces waveforms with lower harmonic content and limits the voltage
stress applied to the stator windings. Switching losses may also be reduced, depending on
the modulation strategy and operating point.

The NPC topology nevertheless makes the control task more demanding. The drive must
keep a stable response during acceleration, regenerative braking, speed reversals, and sudden
changes in load torque. At the same time, the stator currents must follow their references
with limited overshoot and a sufficiently fast settling time. PI controllers are still commonly
adopted because they are simple and require little computational effort. Their tuning is usu-
ally based on nominal parameters, which means that changes in resistance, inductance, or
load conditions can affect the closed-loop response. For this reason, a control method capa-
ble of estimating and compensating for such variations is considered in this work.

Active Disturbance Rejection Control (ADRC) offers an alternative approach to this prob-
lem. Instead of relying only on a detailed description of the plant, ADRC estimates the com-
bined effect of unmodeled dynamics, parameter variations, and external disturbances through
an extended state observer. The estimated disturbance is then compensated within the control
law. This principle has motivated the application of ADRC to electrical drives and power
conversion systems [3, 4].

Several studies have reported the use of ADRC for the control of power electronic con-
verters. The method has been investigated for dc-link voltage regulation, converter current
control, and harmonic reduction under changing operating conditions [5–7]. Linear ADRC
and its modified forms have also been applied to bidirectional DC–DC converters, where pa-
rameter variations and power-flow reversals can affect the closed-loop response [8]. These
results suggest that ADRC may also be suitable for the current and speed control loops of an
NPC-fed PMSM traction drive.

In this paper, a three-phase PMSM supplied by a three-level NPC inverter is considered.
A mathematical model of the complete traction system is first established, including the vehi-
cle dynamics, the electrical machine, and the power converter. ADRC-based controllers are
then developed for the stator current and rotor speed loops. Their ability to track the imposed
references and reject load disturbances is examined under steady-state and transient oper-
ating conditions. The proposed control structure is evaluated through MATLAB/Simulink
simulations.

The rest of the paper is organized as follows. Section II introduces the vehicle dynamic
model. Section III presents the PMSM and NPC inverter models and describes the design
of the current and speed controllers. The simulation results are analyzed in Section IV. The
main conclusions are summarized in Section V.

2 Vehicle Dynamics Modeling

As shown in Fig. 1, the tractive force Fm required to accelerate a vehicle must equal the
sum of several resistive forces that oppose motion and the force required for acceleration.
These forces include the aerodynamic drag force Faero, which depends on the vehicle shape
and speed, the rolling resistance force Frr, which arises from the deformation of the tires in
contact with the road surface, the slope resistance force Fsr, which represents the gravitational

component opposing motion on an inclined road, and the acceleration force Facc, which is
responsible for changing the vehicle velocity according to Newton’s second law.
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Figure 1: Longitudinal forces acting on the vehicle

Thus, the total force required to propel the vehicle can therefore be expressed as:

Fm = Faero + Frr + Fsr + Facc (1)

This equation highlights that the machine must generate sufficient force to overcome aero-
dynamic drag, rolling resistance, and road-gradient resistance, while also supplying the force
needed to accelerate the vehicle to the reference speed. Since the propulsion system gener-
ates torque rather than a direct force, this force is converted into a driving torque through
the wheel radius and the transmission ratio. The transmission ratio plays a crucial role in
adapting the machine rotational speed to the vehicle required speed while ensuring efficient
torque delivery [1].

Since the electric motor operates at much higher speeds than the wheels, the transmission
system reduces the motor speed while increasing the torque applied to the wheels, ensuring
smooth acceleration and sufficient traction. The torque adjustment through the transmission
system is expressed as:

Cm =
Rsc

Rd
Fm =

Cm_wheel

Rd
(2)

where, Cm represents the driving torque produced by the machine, Cm_wheel is the torque
applied directly to the wheel, Rsc is the tire radius, and Rd is the transmission ratio.

Figure 2: General architecture of an electric vehicle drivetrain.
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3 System Modeling and Regulator Design

Speed control of a PMSM is based on cascade feedback control, where the rotor speed is
controlled by adjusting the electromagnetic torque. This control is achieved through an outer
speed loop, which generates a torque setpoint according to the error between the measured
speed and the reference speed, and an inner current loop, which adjusts the stator currents
to produce the desired torque. Torque control is achieved by regulating the current iq in the
rotating dq reference frame, while the current id is maintained at zero, as shown in Fig. 3.

           

                      Vehicle dynamics
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Figure 3: Control structure of the PMSM drive.

3.1 System Modeling

3.1.1 NPC Converter Model

Figure 4 illustrates the power stage of a three-level diode-clamped inverter connected to a
PMSM. This multilevel topology uses a split DC bus, where two capacitors divide the DC
link into three distinct voltage levels. Each inverter leg comprises four switching devices and
two clamping diodes, which limit the voltage stress across each switch to half of the DC-link
voltage.
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Figure 4: Three-level NPC inverter associated with a PMSM.

The modeling approach begins by formulating the converter equations in the abc refer-
ence frame, resulting in a static model that describes the instantaneous relationships between
the input and output variables:
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where,
vs =

vc1 + vc2

2
, vd =

vc1 − vc2

2
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The switching function of each phase leg is defined as:

µx =
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+1→ S x1, S x2 are ON⇒ vxn =
vdc

2
,

0→ S x2, S x3 are ON⇒ vxn = 0,

−1→ S x3, S x4 are ON⇒ vxn = −
vdc

2
.

3.1.2 PMSM Model

The model of the PMSM in the abc reference frame is expressed as:

va
vb
vc

 = Rs


ia
ib
ic

 +
d
dt


φa

φb

φc

 (4)

where, Rs denotes the stator resistance, [va vb vc]T is the phase voltage vector, [ia ib ic]T is
the phase current vector, and [φa φb φc]T is the magnetic flux vector.

The total flux linkage of each phase is defined as:
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The flux linkages produced by the rotor permanent magnets are given by:
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where, θe = Pθm is the electrical rotor position, θm is the mechanical rotor position, and P is
the number of pole pairs.

Considering a non-salient PMSM, where Ld = Lq = Ls, and applying Park transforma-
tion, the system dynamics in the dq0 rotating reference frame are obtained as:

Ls
did
dt
= −Rsid + PΩLsiq + vdud + vsu2

d (7a)

Ls
diq
dt
= −Rsiq − PΩ (Lsid + φm) + vduq + vsu2

q (7b)

J
dΩ
dt
=

3
2

Piqφm −Cr − fΩ (7c)
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The flux linkages produced by the rotor permanent magnets are given by:
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where, θe = Pθm is the electrical rotor position, θm is the mechanical rotor position, and P is
the number of pole pairs.

Considering a non-salient PMSM, where Ld = Lq = Ls, and applying Park transforma-
tion, the system dynamics in the dq0 rotating reference frame are obtained as:

Ls
did
dt
= −Rsid + PΩLsiq + vdud + vsu2

d (7a)

Ls
diq
dt
= −Rsiq − PΩ (Lsid + φm) + vduq + vsu2

q (7b)

J
dΩ
dt
=

3
2

Piqφm −Cr − fΩ (7c)
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Here, Rs and Ls denote the stator resistance and inductance. The mechanical dynamics
are characterized by the total inertia J, the viscous friction coefficient f , the rotor speed Ω,
and the resistive torque Cr. In the synchronous dq reference frame, id and iq represent the
direct- and quadrature-axis stator currents, while ud and uq correspond to the inverter control
variables.

Since the considered machine is a surface-mounted PMSM, the electromagnetic torque
does not depend on id and can be expressed only as a function of iq and the permanent magnet
flux. Consequently, id = 0 is imposed to keep the stator current in quadrature with the rotor
flux and simplify the control structure.

The PMSM dynamic model highlights the existence of coupling between the d- and q-axis
components. The current equations (7a) and (7b) show that variations in one axis affect the
other through cross-coupling terms. Moreover, the mechanical equation (7c) indicates that
the generated electromagnetic torque must compensate the load and friction torques, which
directly affects the acceleration and overall dynamic response of the machine.

Therefore, a robust control strategy is required to compensate coupling effects, nonlinear-
ities, external disturbances, and parameter uncertainties. In this context, Active Disturbance
Rejection Control is adopted since it estimates the total disturbance in real time and actively
compensates it, thereby improving robustness and dynamic performance [9, 10].

3.2 Design of Linear ADRC

Active Disturbance Rejection Control, initially introduced by Han [9], provides a framework
to address system nonlinearities, external disturbances, and internal uncertainties through
real-time estimation and compensation mechanisms. At the core of ADRC lies the Extended
State Observer, which augments the system model by treating unknown dynamics and per-
turbations as extended states to be actively rejected.

The original ADRC formulation uses nonlinear gains, which makes frequency-domain
analysis more complex [11, 12]. To overcome this limitation, a linearized version with tun-
able observer and controller bandwidths was proposed. Linear ADRC retains the disturbance
rejection capability of the original method while simplifying implementation and theoreti-
cal analysis [10, 13]. In its linear form, LADRC mainly requires the tuning of the observer
bandwidth ωo and controller bandwidth ωc.

The dynamic model of the PMSM can be reformulated by considering averaged quantities
over a switching period. Therefore, (7) becomes:

Ls
dīd
dt
= −Rsīd + PΩ̄Lsīq + vdud (8a)

Ls
dīq
dt
= −Rsīq − PΩ̄


Lsīd + φm


+ vduq (8b)

J
dΩ̄
dt
=

3
2

Pīqφm −Cr − f Ω̄ (8c)

where, īd, īq, and Ω̄ denote the averaged values of the d-axis current, q-axis current, and rotor
speed, respectively.

3.2.1 Inner Current Loop

For the current loop, the ESO is designed as:


˙̄̂idq = f̂k + budq − β1

ˆ̄idq − īdq



˙̂fk = −β2

ˆ̄idq − īdq

 (9)

where, fk represents the total disturbance, defined as:

fk =



fd = −
Rs

Ls
īd + PΩ̄īq

fq = −
Rs

Ls
īq − PΩ̄īd −

PΩ̄φm

Ls

(10)

Here, udq is the control input and b = vd/Ls is the input gain. The control law is written
as:

udq =
kp


i∗dq − ˆ̄idq


− f̂k

b
(11)

where, kp is the proportional correction gain and i∗dq is the current reference.
According to the bandwidth tuning method, the ESO gains are selected as:

β1 = 2ω0, β2 = ω
2
0 (12)

where, ω0 is the observer bandwidth of the current loop.

3.2.2 Outer Speed Loop

Assuming that the current loops are sufficiently fast, the mechanical dynamics can be written
as:

dΩ̄
dt
=

3
2 Pīqre fφm −Cr −C f

J
(13)

By defining: 
x1 = Ω̄

x2 = fv
(14)

the system to be regulated becomes:


ẋ1 = fv + bv īqre f

ẋ2 = ḟv
(15)

where,

bv =
1.5Pφm

J
(16)

The ESO of the speed loop is then designed as:


˙̂x1 = f̂v + bv īqre f − β1

 ˆ̄Ω − Ω̄


˙̂x2 = −β2

 ˆ̄Ω − Ω̄
 (17)

The speed-loop control law is expressed as:

īqre f =
kp


Ω∗ − ˆ̄Ω


− f̂v

bv
, (18)

where, Ω∗ is the speed reference and kp is the proportional correction gain.
The ESO gains of the speed loop are computed as:

β1 = 2ωv, β2 = ω
2
v (19)

where, ωv is the speed-loop observer bandwidth. To preserve the cascade structure and ensure
proper time-scale separation, ωv < ω0 must be selected.
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 ˆ̄Ω − Ω̄


˙̂x2 = −β2

 ˆ̄Ω − Ω̄
 (17)

The speed-loop control law is expressed as:
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Figure 5: LADRC control schematic diagram.

4 Simulation Results

To evaluate the performance and robustness of the proposed LADRC strategy applied to a
PMSM driven by a three-level NPC inverter, detailed time-domain simulations were carried
out using MATLAB/Simulink. The vehicle and PMSM parameters used in the simulation
are given in Appendix, Tables 1 and 2. The main objective is to assess the controller ability
to ensure accurate speed regulation, maintain current tracking performance, and dynamically
compensate external disturbances and system uncertainties.

The simulation scenario is designed to expose the system to successive abrupt load vari-
ations. A step change in the resistive torque is introduced by modifying the slope angle from
0◦ to 10◦ at t = 0.5 s, followed by a further increase to 20◦ at t = 0.8 s. The total simulation
duration is set to 1 s, allowing a complete evaluation of the dynamic behavior of the drive
system.

The current control loops are essential for PMSM operation, since they directly affect
torque generation, energy efficiency, and stability. Accurate regulation of the d- and q-axis
currents is required to achieve decoupled control between torque and flux components, mini-
mize losses, and improve the dynamic response.

The results shown in Figs. 6a and 6b present the time evolution of the id and iq currents,
respectively. As shown in Fig. 6a, the id current is regulated around zero despite the applied

(a) id current response. (b) iq current response.

Figure 6: Current responses.

disturbances, which confirms the effectiveness of the decoupling achieved by the current
controller.

Meanwhile, Fig. 6b shows the dynamic adjustment of the iq current, which represents
the torque-producing component. The iq current increases during acceleration and stabilizes
once steady-state operation is reached. When external torque disturbances are applied, the
LADRC adjusts the iq current to provide the additional electromagnetic torque required to
compensate the increased load.

Figure 7: Electromagnetic torque response.

As shown in Fig. 7, the electromagnetic torque exhibits a rapid and stable adjustment,
confirming the controller capability to maintain robust performance under time-varying me-
chanical stress. Regarding the speed response, the rotor mechanical speed closely follows

Figure 8: Rotor mechanical speed response.

the reference value of 100 rad/s, with fast convergence and negligible steady-state deviation.
When external load disturbances are introduced at t = 0.5 s and t = 0.8 s, the proposed
LADRC maintains consistent speed regulation without significant oscillations or transient in-
stability. Figure 8 highlights the ability of the system to preserve steady-state performance
despite abrupt variations in the resistive torque.
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mize losses, and improve the dynamic response.

The results shown in Figs. 6a and 6b present the time evolution of the id and iq currents,
respectively. As shown in Fig. 6a, the id current is regulated around zero despite the applied

(a) id current response. (b) iq current response.

Figure 6: Current responses.
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once steady-state operation is reached. When external torque disturbances are applied, the
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As shown in Fig. 7, the electromagnetic torque exhibits a rapid and stable adjustment,
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the reference value of 100 rad/s, with fast convergence and negligible steady-state deviation.
When external load disturbances are introduced at t = 0.5 s and t = 0.8 s, the proposed
LADRC maintains consistent speed regulation without significant oscillations or transient in-
stability. Figure 8 highlights the ability of the system to preserve steady-state performance
despite abrupt variations in the resistive torque.
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5 Conclusion

This paper addressed the modeling and control of a permanent-magnet synchronous machine
fed by a three-level neutral-point-clamped inverter. An ADRC scheme was applied to the
current and speed loops in order to reduce the effect of load variations and model uncertain-
ties.

The simulation results showed that the controlled drive follows the imposed references
with limited tracking error and maintains a stable response when the load torque changes.
The obtained results indicate that ADRC is a suitable control option for the studied electric
traction system, particularly when disturbance compensation and transient performance are
important.

Appendix

Table 1: Vehicle parameters

Parameter Symbol Value
Air drag coefficient Cx 0.302
Rolling resistance coefficient frr 0.012
Gravity acceleration g 10 m/s2

Wheel inertia Jr 0.75 kg ·m2

Vehicle mass M 1500 kg
Wheel radius Rsc 0.35 m

Equivalent inertia at motor shaft Jv
4Jr + MR2

sc

R2
d

Frontal area S f 2.4 m2

Table 2: Parameters of the PMSM

Parameter Symbol Value
Stator resistance Rs 0.05Ω
Stator inductance Ls 0.635 × 10−3 H
Rotor inertia Jm 11 × 10−3 kg ·m2

Viscous friction coefficient fv 0.001889 Nms/rad
Pole pairs number P 4
Maximum flux linkage φmax 0.192 Wb
Total inertia J = Jm + Jv 186.7610
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