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Abstract: The highly efficient Interior Permanent Magnet Synchronous Motor (IPMSM) is ubiquitous
choice in Electric Vehicles (EVs) for today’s automotive industry. IPMSM control requires accurate
knowledge of an immeasurable critical Permanent Magnet (PM) flux linkage parameter. The PM flux
linkage is highly influenced by operating temperature which results in torque derating and hence
power loss, unable to meet road loads and reduced life span of electrified powertrain in EVs. In
this paper, novel virtual sensing scheme for estimating PM flux linkage through measured stator
currents is designed for an IPMSM centric electrified powertrain. The proposed design is based on a
Uniform Robust Exact Differentiator (URED) centric Super Twisting Algorithm (STA), which ensures
robustness and finite-time convergence of the time derivative of the quadrature axis stator current of
IPMSM. Moreover, URED is able to eliminate chattering without sacrificing robustness and precision.
The proposed design detects variation in PM flux linkage due to change in operating temperature
and hence is also able to establish characteristics of fault detection. The effectiveness and accuracy
in different operating environments of the proposed scheme for nonlinear mathematical IPMSM
model with complex EV dynamics are verified thorough extensive simulation experiments using
MATLAB/Simulink.

Keywords: electric vehicles (EVs); electrified powertrain; interior permanent magnet synchronous
motor (IPMSM); permanent magnet (PM) flux linkage; super twisting algorithm (STA); uniform
robust exact differentiator (URED)

1. Introduction

The rising awareness of climate change activities including global warming, transition
to clean energy with vision of zero-emission vehicles and rapid decline of fossil fuels
collates for electrifying the automotive industry—due to which many automotive industry
players (OEMs, investors, suppliers, startups, and so on) are making sizeable investment
decisions for survival and profitability.

In order to cope up with the challenges in EVs including but not limited to sustainabil-
ity, high performance, high efficiency, and affordability in EV, ranging from Battery Electric
Vehicle (BEV), Fuel Cell Electric Vehicle (FCEV), Plugin Hybrid Electric Vehicle (PHEV),
and Hybrid Electric Vehicle (HEV), the car industry is going under radical transformation
in electrified powertrain [1].
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1.1. Electrified Powertrain

The electrified powertrain is the most substantial part of EV, which consists of traction
motor, inverter and gearbox. Electric traction motor is a key component of the electrified
powertrain. Permanent Magnet Synchronous Motor (PMSM) is the most suitable choice
for traction motor among Induction Machine (IM), DC machines and Switched Reluctance
Machine (SRM) due to its characteristics of wide speed operation range, high torque: at
starting, at low speed with small volume design, good flux regulation capability, wide
constant power operation, appropriateness for regenerative braking, fault tolerance and
robustness in different environments [2,3]. PMSM is most commonly employed in the
automotive industry; NIO ES6, NIO EC6, Tesla Model 3, Hyundai Kona, Volkswagen e-up,
Hyundai Ioniq, Nissan Leaf, Toyota Prius and Chevrolet Volt [4].

PMSM has two types: IPMSM and SPMSM (Surface Permanent Magnet Mounted
Synchronous Motor). IPMSM has easy mechanical control, higher armature reaction flux, air
gap flux density greater than of remanence and large flux weakening capability as compared
to SPMSM. Most importantly, IPMSM has higher permanent magnet flux linkage, and,
hence, a smaller size, reduced weight (cost effective) and high torque production in wide
speed range (high performance) make it the most preferred choice for traction applications.

The ideal torque, power and speed benchmark curves for electric traction motors
are critical in automotive applications, as illustrated in Figure 1. The region I depicts the
maximum constant torque of a traction motor as a result of acceleration and hill climbing
requirements. The peak torque can be gained with the maximum current provided by an
inverter till maximum power condition of the motor is achieved. It is worth mentioning
here that the traction motor will be able to provide rated torque in this region only. In
region II, torque reduces with the increase of speed and power remaining constant.

Figure 1. Characteristics of electric traction motor.

EV electrified powertrain control performance degrades because of parameter vari-
ation. The IPMSM based electrified powertrain parameters are affected due to a change
in operating conditions caused by drive cycles (highway and urban traffic conditions),
vehicle load and temperature influence [5]. As a result, this affects stator resistance, wind-
ing of machine [6], d-axis and q-axis inductances, and permanent magnet flux linkage
(both intrinsic coercivity Hci and remanance Br [7]). PM flux linkage is one of the most
substantial parameters vulnerable to high temperature. Its importance is evident from
the fact that PM with high flux linkage is used to increase power density, which results in
several key requirements mentioned above of torque over a wide speed range, minimized
energy consumption and reduction of weight, resulting in cost effectiveness and derating of
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torque [8]. Due to the PM flux linkage influenced and hence derating torque, the electrified
powertrain of EV may suffer the following [9]:

• Being unable to meet the road loads in all operating conditions;
• Aging (Reduced life span);
• Inefficient powertrain operations or high power loss.

1.2. Related Work

To overcome these challenges due to temperature, PM flux linkage parameter variation
needs to be obtained, which cannot be directly measured. Even the infrared thermography
(limited to surface magnet) is not a viable solution for measuring PM flux linkage of IPMSM
due to the high cost and construction drawbacks depending on magnets and winding tem-
perature [10]. In addition, the extra sensors do not work during motor operation for thermal
modelling [11]. The invasive methods can also be used but have their own limitation of
working only at no load conditions with increasing current and harmonics [12]. Thus,
taking into consideration the aforementioned bottle necks, online parameter estimation,
which can perform in various operating ranges, is the most suitable choice for PM flux
linkage estimation of IPMSM [13].

Several online methods have been previously implemented to solve the parameter
estimation problems [14]—affine projection algorithm [15], extended Kalman filtering (EKF),
Kalman like adaptive observers [16] and model reference adaptive system [17], which suffer
from high computational load and complex designs. The Model Predictive Current Control
(MPCC) for PMSM drives has also been proposed in the past [18] but mostly face torque
and current ripples. The artificial Intelligence (AI)-based neural network [19] and genetic
algorithm [20] show good performance but are considered expensive solutions because
they require a large data set, increasing the training time and computational cost.

Ref. [21] proposes an improved deadbeat predictive stator flux control (DPSFC) based
on a disturbance observer to address the problems of steady state tracking error and
robustness decrease due to the detrimental parameter mismatch and disturbance. The
Linear Disturbance Observer has also been used in [22] for PMSM parameter estimation.
It is not a considered a preferred choice as it relies on precise models. Luenberger and
extended Luenberger methods are also implemented for PMSM drives [23], but their
stability depends on the actual rotor speed value.

Sliding Mode Observer (SMO) has also been used for decades due to its intrinsic
parametric robustness, low computational burden, modeling uncertainties and easy im-
plementation properties [24,25]. A robust deadbeat predictive controller with delay com-
pensation based on composite sliding mode observer for PMSMs has been proposed [26],
which simultaneously estimates the future current value and lumped disturbance caused
by the parameter mismatch of inductance, resistance and flux linkage. However, a sliding
mode faces a crucial challenge of a chattering phenomenon. To overcome this obstacle,
researchers have proposed sliding surface design modification (integer order integral,
fractional order and terminal sliding mode) [27–29]. These modifications face numerous
challenges: parameter tuning of gains in order to ensure a balance between chattering and
a disturbance rejection property, determination of the frequency band for fractional order
operator and poor convergence, especially when the system state is far from equilibrium.
Sliding mode integration with artificial intelligence is also very old and has several advan-
tages and disadvantages, but the most critical disadvantage is the computational load it
takes, which makes it difficult to implement [30,31].

High Order Sliding Mode (HOSM) is another preferred choice for parameter estimation
of IPMSM, in which the control input acts on higher derivatives of sliding surface. HOSM
was introduced by [32], which provides better performance in terms of chattering effects
suppression while enacting the advantages of conventional sliding mode control. To
cater aforementioned effects, differentiators in HOSM twisting, suboptimal, prescribed
convergence law, quasi-continuous algorithm and Super Twisting Algorithm (STA) have
been proposed and applied in the past [33,34].
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1.3. Major Contributions

Inspired by the above discussions to accomplish accurate torque production and
desired speed for meeting road loads, reducing aging and increasing efficiency of EVs,
advance control requires accurate knowledge of IPMSM parameters widely used in the
powertrain of EVs. The authors have proposed a novel STA based URED of higher order
sliding-mode for development of virtual sensors to monitor the immeasurable and most
important PM flux linkage parameter of the electrified powertrain. For estimation strategy,
first the STA-based URED is constructed for estimation of the time-derivative of q-axis
current in finite time, independent of the initial conditions [35], followed by the PM flux
linkage estimation scheme. Moreover, the architecture is able to detect a decrease in perma-
nent flux linkage due to variation in operating temperature. To verify the effectiveness of
the proposed scheme, a simulator for the complete electrified powertrain is designed using
3 KW IPMSM, simulated against the Worldwide harmonized Light vehicles Test Procedures
(WLTP) class 3 driving cycles commonly adopted by the automotive community [36,37],
and voltages are obtained. The stator voltages in d-q coordinates are then used for the
testing of an open loop novel STA based URED scheme. Extensive simulation experiments
are carried out in Matlab/Simulink, which demonstrates exact convergence and robust
estimation. It has also been realised that the proposed virtual sensor has the potential for
online implementation after minor tuning.

The rest of this paper is arranged as follows: Section 2 illustrates mathematical model-
ing of IPMSM; Section 3 depicts a novel strategy of STA-based URED; Section 4 discusses
simulation experiment results; and the conclusions are presented in Section 5, followed by
references.

2. EV-Based IPMSM Dynamics
2.1. IPMSM Mathematical Modelling

In order to analyze the characteristics of the three phase nonlinear IPMSM for different
operating temperatures, the most exclusive IPMSM model among [38–45] has been adopted.
Saturation, coupling, spatial harmonics and core losses are assumed negligible in this
nonlinear mathematical model.

The IPMSM has no rotor circuits, and the three phase voltage vabcs and current iabcs
equations for the stator windings are taken into consideration as follows:

vabcs = Rsiabcs +
dψabcs

dt
(1)

The flux linkage ψabcs of IPMSM has two components due to stator currents and two
because of flux linkage of permanent magnets given by:

ψkas = ψksas + ψksbs + ψkscs + ψks f (2)

where: ψas f , ψbs f , ψcs f are flux linkages due to stator currents, and ψks f is flux due to
permanent magnets and k = a, b, c. These flux linkages are also be expressed in terms of
field current I f and related inductances Lksas, Lksbs, Lkscs as follows:

ψkas = Lksasiks + Lksbsiks + Lkscsiks + Lks f I f (3)

where k = a, b, c. The total flux linkage of an IPMSM in the form stator inductance Ls and
L f mutual inductances are given by:

ψabcs = Lsiabcs + L f I f (4)

where:
Ls =

[
ALJ

]
LJ = 1, 2, 3. (5)
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ALJ =


− 1

2 LA − LBcos2(θr + (−1L+J)π
3 ), L 6= J

Lls + LA − LBcos2(θr − 2(L− 1)π
3 ) L = J

− 1
2 LA − LBcos2(θr), 1 < L < J & J = Jmax or viceversa

(6)

iabcs =

ias
ibs
ics

 (7)

L f = Ls f I f

 cosθr
cos(θr − 2π

3 )

cos(θr − 4π
3 )

 (8)

Ls f depends on the amplitude of the permanent magnet flux linkage, cos(θr) rotor position.
Lls is the leakage inductance, LA represents average value of magnetizing inductance, and
LB represents variation in value of magnetizing inductance.

The direct quadrature coordinates-based equivalent circuit is used for modelling
of IPMSM. A cross sectional representation of 3-phase, 2 pole IPMSM along with two
references frames are depicted in Figure 2. The d-q reference frame consists of stationary
reference frame in which a d-q coordinate system does not rotate, which is known as Clark
transformation, and the rotating reference frame in a d-q coordinate system rotates at a
speed of rotor w or a rotating magnetic field. This type of transformation is known as
Park transformation. The angle between rotating and stationary reference frame may vary
over time.

Figure 2. IPMSM cross sectional in abc and dq axis.

The three phase abc variables fa, fb, fc, which are voltages and currents of IPMSM, k
chosen arbitrarily can be transformed into a d-q axis stationary reference frame f s

d , f s
q using

the equations given below:

f s
d = k[ facos(θ) + fbcos(

−2π

3
) + fccos(

2π

3
)] (9)

f s
q = k[ fasin(θ) + fbsin(

−2π

3
) + fcsin(

2π

3
)] (10)

Similarly, the transformation of abc variables can be transformed into a d-q variable
in stationary reference using coefficient k = 2

3 , which reflects that the magnitude of d-q
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is exactly equal to abc variables. This transformation is also called magnitude invariance
transformation and is given by:

fd =
2 fa − fb − fc

3
(11)

fq =
1√
3
( fb − fc) (12)

For the modeling and analysis of IPMSM, the transformation from a stationary ref-
erence frame into a rotating reference frame fde , f

e
q is required, which can be formulated

using Equations (11) and (12) as follows:

fde = f s
dcosθ + f s

q sinθ (13)

f
e
q = − f s

dsinθ + f s
q cosθ (14)

From the circuit equivalent dynamics, the IPMSM voltage equations can be written in
an arbitrary reference rotating frame at speed w as:

Vds = Rsids +
d
dt ψds − pωmψqs (15)

Vqs = Rsiqs +
d
dt ψqs + pωmψds (16)

The transformation into a d-q axis rotating at arbitrary speed w of stator flux linkage
of IPMSM mentioned in Equation (4) can be formulated as follows:

ψe
dq =

[
BLJ
]
idq +

 cos(θ − θr))
−sin(θ − θr))

0

ψPM LJ = 1, 2, (17)

where

BLJ =

{
Lls +

3
2 (LA − LBcos2(θ − θr)), L = J

3
2 sin2(θ − θr) L 6= J

(18)

The stator flux linkage with a constant inductance in the rotor frame can be resolved into:

ψds = Ldsids + ψPM (19)

ψqs = Lqsiqs (20)

The output torque is obtained by dividing the output power by the rotor speed wm:

Te =
3P
2

[
(Lds − Lqs)idsiqs

Reluctancetorque
+ ψPMiqs

Magnetictorque

]
(21)

The IPMSM model can be rewritten in explicit form by opting the state variables (θm,
ωm, ids, iqs) as follows:

θ̇m = ωm (22)

ω̇m =
3p
2J

[iqsψPM + (Lds − Lqs)idsiqs]−
B
J

ωm −
1
J

τL (23)

˙ids =
1

Lds
(−Rsids + pLqSωmiqs + Vds) (24)

˙iqs =
1

Lqs
(−Rsiqs + pLdSωmids − pψPMωm + Vqs) (25)

Temperature changes have a direct impact on PM flux linkage, thus torque production
as stated in Equation (27). As the temperature rises, permanent magnet flux decreases
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due to which torque derates and hence the performance of electrified powertrain dete-
riorates [6,7]. The change of torque with respect to speed with variation in operating
temperature is shown in Figure 3. The IPMSM model derived in Section 2.1 and parameters
mentioned in Table 1 have been used to investigate the temperature influenced IPMSM-
based electrified powertrain. Due to elevated temperature, the starting torque, which
results in a decreased amount of air gap that actually converts into a mechanical form. This
phenomenon ultimately ends up with a lower efficiency of IPMSM:

ψPM =
∫
(BrT)dA (26)

ψPM = ψPM0 [1 + α
T − T0

100
] (27)

Table 1. IPMSM parameters and EV specification data.

Parameters [Units] Symbol Value

Power [kW] P 3

Nominal Torque [Nm] τ 20

Stator Resistance [Ω] Rs 0.5

Inductance in q-axis [H] Lq 0.005

Inductance in d-axis [H] Ld 0.0035

Flux Linkage [Wb] ψPM 0.33

Pole pairs p 3

Inertia [Kgm2] J 0.004

Viscous Damping B 0.0028

Vehicle Data

Gear ratio Gr 6

Wheel radius [m] wr 0.3

Vehicle mass [kg] m 750

It should be noted that α is a negative temperature coefficient, which indicates decreas-
ing remanence with an increase in temperature. An example of temperature coefficient
for the mostly used permanent magnet Neodymium iron boron (NdFeB) magnet from
Arnold technologies is α = −12%/ºC. NdFeB is one the best magnetic materials present,
due to its coercivity Hci and residual flux density B. Coercivity indicates the intensity
of the magnetic field to reduce magnetization and residual flux intensity, also known as
remanence, represents the remaining magnetic field. If the permanent magnets are exposed
to temperatures above the operating temperature, its original flux level cannot be restored
when it returns to an original temperature, irreversible changes occur and there is a big
loss for magnetism.
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Figure 3. Change of torque with respect to speed at temperature 20 ◦C and 65 ◦C.

3. Virtual Sensor Development Strategy

In EVs, widely used IPMSM requires accurate knowledge of parameters for accu-
rate torque production and maximal efficiency. Its performance is degraded due to the
parameter variation against temperature change.

ψPM, being the most critical motor influenced parameter by temperature, is considered
and estimated using STA based URED. The idea of virtual sensor is presented in Figure 4.
The Vds, Vqs, ids, iqs, ωm are measured values available and the derivative of iq needs to
be computed for estimation of the PM flux linkage. The IPMSM mathematical model
derived in Equations (22)–(25) is simulated and measured iqs is fed into STA based URED.
URED is constructed using high order nonlinear STA terms to have the uniform and exact
convergence in the differentiator.

1

S

STA based 
URED 

IPMSM

Robust Differentiator

Mathematical Model
Eqs. (22-25)

PM Flux 
Linkage

Estimation

Eq. (33)

Eqs. (28-32)

w

PM

m

iqs

iqs

vqs

vqs

vds

qsi

diqs/dt

ψ

Figure 4. Block diagram of STA based URED for IPM flux linkage estimation.

The value of differentiator with measured Vqs, ids, iqs, ωm values are fed as input to
the PM flux linkage estimation block to compute PM flux linkage by using Equation (33).

The estimation of the flux linkage ψPM is carried out in two steps. Initially, the time
derivative of the measured q axis current iqs of the IPMSM is computed by employing
URED; then, Equation (25) is algebraically solved to yield ψPM.

Let iqs, be the input signal to be differentiated. Then, ς0 = iqs and its time derivative
ς1 = i̇q represent states of the second order system given as:

ς̇0 = ς1,
ς̇1 = ïq.

(28)
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In order to construct a URED which gives a robust estimation of ˙iqs in finite time,
independent of the initial conditions, the following methodology is adopted. Consider a
sliding variable σ0 = z0 − ς0, which represents the difference between estimated and actual
signal to be differentiated, respectively. Now, by using the results in [35], the STA based
URED scheme is characterized as follows:

ż0 = −kopt1 φ1(σ0) + z1,
ż1 = −kopt2 φ2(σ0),

(29)

where z0 and z1 are the estimates of iqs and its time derivative ˙iqs, respectively, and
kopt1 , kopt2 ∈ <+ represent the gains of URED. The auxiliary functions φ1 and φ2 are given
as follows:

φ1(σ0) = |σ0|
1
2 sign(σ0) + µ|σ0|

3
2 sign(σ0),

φ2(σ0) =
1
2 sign(σ0) + 2µσ0 +

3
2 µ2|σ0|2sign(σ0),

(30)

where µ ∈ <+ is the design parameter of URED. The higher degree nonlinear STA terms in
Equation (30) provide finite-time and exact convergence to iq. Moreover, the convergence
is independent of the initial conditions of URED.

The exact convergence of URED can only be achieved if the gains kopt1 , kopt2 satisfy
the following conditions in a set:

K =

{
kopt1 , kopt2 ∈ R2|0 < kopt1 ≤ 2

√
L, kopt2 >

k2
opt1

4
+

4L2

k2
opt1

}

⋃{
kopt1, kopt2 ∈ R2|0 < kopt2 ≤ 2

√
L, kopt2 > 2L

}
(31)

The exact convergence can be shown through global Lyapunov function as:

V(σ) = ζT Pζ
σ = [σ0 σ1]

(32)

where vector ζT = [ψ(σ0) σ1] and P = PT is a symmetric positive definite matrix. σ is a
vector of auxiliary functions.

After the establishment of sliding mode in the manifold σ0, z0 = iq and z1 account for
˙iqs. Furthermore, by employing Equation (25), ψPM is computed as:

ψPM = 1
pωm

(i̇qLq + Rsiq − pLdωmid −Vq) (33)

4. Simulation Experiments

The method outlined in the previous section for the development of virtual sensor
for immeasurable PM flux linkage has been validated on electrified powertrain simulated
in MATLAB/Simulink under steady state conditions. Steady state conditions mean that
voltage values of vds and vqs are considered constant.

4.1. Simulator Design

To obtain the real-time values of the stator voltages, electrified powertrain was simu-
lated using Field Oriented Control (FOC) for 3 kW IPMSM parameters depicted in Table 1.
Block diagram of electrified powertrain with FOC is shown in Figure 5. An electrified
powertrain consists of an inverter embedded with a controller, IPMSM and gearbox with
torque inputs and outputs, and the rest of the vehicle dynamics. IPMSM in electrified
powertrain is controlled to deliver the required torque against the road loads using an FOC
control strategy. The WLTP class 3 driving cycle shown in Figure 6 was used as an input
to an electrified powertrain. The driving cycle includes periods of constant acceleration,
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deacceleration, and various speeds in urban and highway driving areas. The FOC is used
to generate the voltages fed into an inverter and then to the IPMSM. For practical consid-
eration, the gain of voltage fed inverter is assumed to have unity, while keeping the load
torque constant in controlled environmental conditions.

The demonstrated electrified powertrain is not solely applied to IPMSM but takes
into account the EV aerodynamics and mechanics principles [46]. The speed dynamics of
wheel drive and load torque in Equations (35) and (36) are described in the traction motor
referential.

The highlighted part of stator voltages vd and vq in red are stored separately for the
testing of virtual sensor in steady state conditions presented in Figures 7 and 8:

ω̇m = p
J (τe − τL − Bωm) (34)

τL = (Fr + Ff + Fa + Fd)wr (35)

Furthermore, IPMSM speed is proportional to vehicle speed (v), which can be ex-
pressed in terms of gear box ratio (Gr) and wheel radius (wr) by:

ωm = Gr
wr

v (36)

Electric Powertrain

Driver
Accelerator

Desired
Speed

Brake
Torque

EM

Torque
Out

Tractive
Force

Brake Request

Vehicle Speed

Vehicle
Brakes

Gear Box

+

d-q
to

ds-qs

Current
Controller

Current
Controller

2-phase
to

3-phase

Voltage
Fed

Inverter

3-phase
to

2-phase

vq

vd

vqs

vds

va

vb

vc

Vdc

ia

ib

ic

iqs

ids

id

iq

+

−

−

Speed
Controller

id̂

iq̂

ds-qs
to

d-q

Vehicle Dynamics

Figure 5. Electrified Powertrain block diagram.

Figure 6. WLTP class 3 driving cycle used as input to the electrified powertrain.
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All the simulation experiments were prepared using temperature influenced stator
resistance as represented in Equation (37) at steady state conditions:

RsT = Rs0(1 + γ0∆(T)) (37)

where γ0 = 3.93× 10−3/◦C, RsT , Rs0 are winding resistances at operating and nominal tem-
perature of 20 ◦C and ∆(T) is the difference between operating and nominal temperatures.
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Figure 7. Real-time stator voltage vq obtained from electrified powertrain.
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Figure 8. Real-time stator voltage vd obtained from electrified powertrain.

4.2. Estimating/Sensing of an Immeasurable Parameter

Estimation of immeasurable PM flux linkage provides useful information about ef-
ficacy of the electrified powertrain. Even the infrared thermography (limited to surface
magnet) is not a viable solution for measuring PM flux linkage and extra sensors also do not
work during motor operation for thermal modelling [11]. Thus, taking into consideration
the aforementioned challenges, the proposed virtual sensor designed using STA based
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URED method for the ψPM mentioned in Equation (33) successfully estimates the value at
a nominal temperature of 20 ◦C as shown in Figure 9. It can be observed that the settling
time is less than 0.09 s, and the convergence remains close to zero. The parametric values
tuned for the estimator are as follows: µ = 950, kopt1 = 50, kopt2 = 200.

Figure 9. Estimates PM flux linkage in Wb against the reference at a nominal temperature of 20 ◦C.

These parametric values are also able to estimate the PM flux linkages with change of
temperatures from 20 ◦C to 65 ◦C by varying the stator resistance presented in Equation (37),
shown in Figure 10. The following can be observed from the figure:

• Case 1:
The PM flux linkage is estimated to be 0.33 wb at a nominal temperature of 20 ◦C.
There is no change in stator resistance. The settling time remains less than 0.09 s and
the convergence error remains close to zero.

• Case 2:
As the operating temperature of IPMSM-based electrified powertrain increases to
35 ◦C, the stator resistance value increases around 5%. Therefore, PM flux linkage
decreases, and the decrease is estimated to 0.31 wb. The settling time remains less than
0.09 s, and the convergence error remains close to zero.

• Case 3:
With the increase of operating temperature of IPMSM-based electrified powertrain to
50 ◦C, the stator resistance value increases around 11%. The proposed virtual sensor
is still able to detect decreased PM flux linkage. The estimated value from the figure
can be seen to be 0.30 wb. The settling time still remains less than 0.09 s and the
convergence error remains close to zero.

• Case 4:
The stator resistance value increases 17% with the increase of operating temperature
of IPMSM-based electrified powertrain to 65 ◦C. The PM flux linkage decreases, and
the decrease is still correctly detected and estimated to be 0.29 wb. The settling time
remains less than 0.09 s, and the convergence error remains close to zero.
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Figure 10. Estimates PM flux linkage in Wb against the reference at different temperatures.

Figure 11 represents the iq, corresponding to the PM flux linkage with a change of
temperature from 20 ◦C to 65 ◦C. The settling time can be noted to be 0.1 s. Moreover, it
can also be seen that, with an increase of temperature, stator current iq also increases and
PM flux linkage decreases. The stator current q-axis error at nominal temperature 20 ◦C is
also presented in Figure 12. The transient of error is between 0.24 to −0.16 approximately.
The setting time 0.14 s can be observed.

Figure 11. Stator current in q-axis varies with changes in operating temperature of IPMSM.

The derivative of iqs mentioned in Equation (25) is presented in Figure 13. This
estimated derivate current is of high importance, as it required as an input to estimation of
permanent magnet flux linkage mentioned in Equation (33). The value of it changes until
convergence of the stator current iqs. The value of derivative of current will be higher if
the difference between the reference value of stator current iqs and the estimated value is
greater. The efficient tracking of an STA based URED technique can be observed throughout
the experimental results with the convergence error remaining close to or almost zero.



Energies 2022, 15, 1773 14 of 18

Figure 12. Stator current in q-axis error at the nominal temperature of 20 ◦C.

Figure 13. Derivative of Iq from URED at the nominal temperature of 20 ◦C.

Figures 10 illustrates a decrease of PM flux linkage as a result of variation in operating
environment from 20 ◦C to 65 ◦C under steady state conditions and hence an increase in
mean square error. Figure 14 clearly shows the deviation of PM flux linkage with an increase
in temperature. This decreases and, as a result, also validates the proposed scheme fault
detection ability. Furthermore, the proposed estimation scheme is not only computationally
cost effective but has a potential for pragmatic online implementation.

The mean square error computes a decrease PM flux linkage as a result of variation in
an operating environment from 20 ◦C to 65 ◦C under steady state conditions. Using mean
square error, PM flux linkage deviation with an increase in temperature is computed, as
shown in Figure 14.

The experiments’ simulation results clearly show that, with an increase of temper-
ature, the PM flux linkage decreases, which derates torque and hence is unable to meet
the roadloads, loss of lifetime and high power loss. The increase in deviation also vali-
dates the proposed scheme fault detection ability. Furthermore, the proposed estimation
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scheme is not only computationally cost effective but has a potential for pragmatic online
implementation.
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Figure 14. ψPM tracking error in Wb against the reference at a nominal temperature of 20 ◦C.

5. Conclusions

A virtual sensor using an STA based URED for PM flux linkage online estimation has
been designed by considering nonlinear IPMSM centric EV. The accuracy analysis in steady
state has been demonstrated through rigorous simulation experiments, which established
an efficient tracking of the proposed scheme. The results illustrated a convergence of
the derivative of stator current, which guaranteed accurate estimation of PM flux linkage
irrespective of the initial conditions. Moreover, the simulation experiments’ results validate
the fault diagnosis ability of the proposed design. Furthermore, the designed scheme is
computationally cheap and can be extended to practical implementation.

Hardware in the loop testing of virtual sensor along with a controller design to
compensate the thermal derating torque will be used for IPMSM-based EVs.
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Nomenclature
The following nomenclature is used in this manuscript:

EV Electric Vehicles
OEMs Original Equipment Manufacture
PMSM Permanent Magnet Synchronous Motor
IPMSM Interior Permanent Magnet Synchronous Motor
SPMSM Surface Mounted Permanent Magnet Synchronous Motor
PM Permanent Magnet
SMO Sliding Mode Observer
HOSM Higher Order Sliding Mode Observer
STA Super Twisting Algorithm
URED Uniform Robust Exact Differentiator
WLTP Worldwide harmonized Light vehicle Test Procedures
Hci, Br Intrinsic Coercivity and Remanence
I f Field Current
Ls, L f Stator and Mutual Inductance
Lls Leakage Inductance
LA, LB Average value and Variation in value of magnetizing Inductance
Vds, Vqs Stator Voltages in d and q-axis in V
ψds, ψqs Stator flux in d and q-frame in Wb
ids, iqs Stator currents in A
Rs Stator Resistance in Ω
p Poles pair
θ Angle between rotating and stationary reference frame
θr Rotor position
ωm Rotor mechanical speed in rad/s
Lds, Lqs Inductances of stator in H
ψPM Permanent Magnet flux linkage at operating temperature in Wb
J Moment of inertia in kg/m2

τL Load torque in Nm
B Viscous damping constant
BrT Magnet remanence at operating temperature
T0, T Nominal and operating temperature
ψPM0 Permanent Magnet flux linkage at nominal temperature in Wb
A Area passed by magnetic flux linkage at T0 and T
δ(T) Difference between PM flux linkage at operating and nominal temperature
α Temperature coefficient of remanence, which is not constant but changes with temperature
Fr,Ft Rolling and downgrade resistance force
Fv, Fa Viscous frictional and Aerodynamics drag force
Fte Tractive force
Gr Gear ratio
wr Wheel radius
m Vehicle mass
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