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ABSTRACT This paper presents a robust and adaptive control strategy for wound rotor synchronous
machines with anodized aluminum tape coils, designed to operate reliably at temperatures around 300◦C.
At such high temperatures, significant changes occur in key motor parameters, including resistance,
inductance, and flux linkage. These variations adversely affect the accuracy and stability of speed and
current control, making traditional control methods insufficient. To address the challenge, the proposed
approach combines cascaded control loops with advanced parameter estimation techniques. Leveraging
adaptive algorithms, the system dynamically and continuously estimates and compensates the variations
in resistance, inductance, and rotor flux, thereby ensuring accurate control of stator currents and rotor
speed. On top of that, the strategy integrates a disturbance observer to detect external perturbations and
adjust control actions in real time, improving the overall robustness of the machine under varying operating
conditions. Simulation and experimental results confirm the effectiveness of the proposed adaptive robust
control strategy, demonstrating improved performance and stability of the wound rotor synchronous machine
even under extreme thermal operating conditions.

INDEX TERMS Wound rotor synchronous machine, anodized aluminum tape, disturbance observer, model
reference adaptive system, adaptive robust control, high temperature.

I. INTRODUCTION
The increasing need for efficient, reliable, and high-
performance electric machines in various fields like industrial
automation, transportation, and renewable energy has driven
significant attention toward Wound Rotor Synchronous
Machines (WRSM). These machines are distinguished by
their high torque, compact design, and precise control capa-
bilities [1]. Compared to Permanent Magnet Synchronous
Machines (PMSM), WRSM with anodized aluminum tape
can operate at much higher rotor temperatures [2]. The
choice of winding material plays a key role in improving
machine efficiency. Aluminum is an effective alternative
to copper, offering lower cost, reduced weight, and good
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thermal conductivity. Replacing copper by aluminum wires
in stator coils can lead to a 50% reduction in total mass [3].
Aluminumhas also shown strong performance in applications
requiring high speed or frequency [4], [5], introducing
challenges for conventional control methods such as Field
Oriented Control (FOC). At high temperatures, the coil
resistance rises significantly [6], [7], and the rotor flux
decreases due to reduced excitation current under constant
voltage. These parameter changes negatively affect motor
performance, as observed in [8] where these variations disrupt
the transfer function and reduce the effectiveness of PI
controllers.

To address these challenges, several advanced control
strategies have been investigated to enhance the reliability of
synchronous machines operating under varying conditions.
Techniques like sliding mode control [9], Continuous Time
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Model Predictive Control (CTMPC) [10], and backstepping
control [11] have proven effective in handling changes
in machine parameters and external disturbances. These
methods adjust the control parameters in real-time, boosting
the system’s ability to manage uncertainties. In addition,
more advanced techniques such as µ-synthesis control [12]
and H∞ control [13] enhance the system stability, especially
when facing large disturbances. However, these methods
often suffer from practical limitations, including conser-
vatism in H∞ design, chattering effects in sliding mode
control, and high computational complexity in µ-synthesis
making their implementation challenging in real-time
applications. Another method, Disturbance Observer-Based
Control (DOBC) [14], [15], [16], helps to identify distur-
bances arising from parameters variation.

Despite significant advancements, synchronous machines
continue to encounter performance limitations in high-
temperature environments, where motor parameters change.
In such temperatures, conventional control methods often
fail to ensure optimal regulation, particularly in maintaining
precise stator current control. To overcome this issue,
advanced control methodologies with enhanced adaptability
and dynamic response capabilities have been proposed like
the Internal Model Control (IMC) [17], Sliding Mode Con-
trol [18], Model-Free Predictive Current Control (MFPCC)
[19], [20], [21], and Adaptive Robust Control (ARC) [16],
[22], [23]. These techniques are specifically designed to
estimate and mitigate the adverse effects of parameter
fluctuations. While IMC and MFPCC use model-based
frameworks for disturbance rejection, ARC offers a more
resilient and flexible approach by continuously adapting the
control face to variations in stator resistance, inductance, and
rotor flux linkage.

Reliable parameter estimation is essential to achieve a
successful adaptive control, especially in high-temperature
environments where parameters variations become more sig-
nificant. Techniques like Recursive Least Squares (RLS) [24],
Extended Kalman Filter (EKF) [25], and projection-based
adaptation [26] are widely used to track motor parameters
in real time. While Recursive Least Squares (RLS) and
Extended Kalman Filter (EKF) are effective for real-time
parameter estimation, they suffer from limitations such as
sensitivity to noise, slow convergence in non-ideal conditions,
and high computational complexity, especially for large
parameter sets. Projection-based adaptation, on the other
hand, may face convergence issues and is highly dependent
on proper initialization, with a risk of divergence in certain
dynamic conditions. Model Reference Adaptive Systems
(MRAS) [27], [28], [29], [30], [31] which use stability tech-
niques based on Popov and Lyapunov’s lemmas [32], [33]
offer a robust alternative that overcomes these challenges
by providing better stability and performance in uncertain
environments. Employing the Popov and Lyapunov criteria
in MRAS guarantees that both the parameter-estimation
error and the output-tracking error between the plant and
the adjustable model converge to zero [32]. The methods

mentioned above for speed and current regulation and for
parameters estimation are summarized in Table 1, together
with their key advantages and weaknesses.

In [34], a Model-Reference Adaptive System (MRAS) was
combined with Adaptive Robust Control (ARC) for PMSM
current regulation; simulation results were reported. In [35],
the sameMRAS–ARC approach was transferred to aWRSM,
with simulations only.

In this study, the ARC current controller is advanced
by substituting the conventional projection-based adaptation
with a Model Reference Adaptive System (MRAS), enabling
real-time, temperature-dependent estimation of resistance,
inductance and rotor flux from measured voltages, currents,
and rotor speed. Speed regulation is achieved by a disturbance
observer (DOBC). The method is evaluated in simulation and
experiment from ambient to above 290◦C, where parameter
changes are pronounced. For comparison, an Internal Model
Control (IMC) strategy [8] as a robust control and a classical
FOC with fixed PI gains [36] are used in all the tests. In FOC,
the PI gains are set from nominal parameters and kept fixed,
so temperature changes are not compensated. The novelty
lies in the integration of MRAS into ARC for variable-speed
operation of WRSMs with anodized aluminum windings and
validating the full MRAS–ARC–DOBC architecture at high
temperature, with a Lyapunov-based stability argument. The
aim is to improve transient behavior and to reduce current
and speed ripple and THD especially at high temperature
by using accurate, temperature aware parameter assessment
from MRAS. As summarized in Table 1, DOBC enhances
load-step recovery and rejects matched disturbances, MRAS
supplies online temperature-aware estimation of machine
parameters supported by Popov theory, and ARC uses these
estimated parameters with a robust term to keep low current
ripple at high temperatures.

This paper is organized as follows: Section II presents
the WRSM equations, Sections III and IV discuss DOBC
for speed control and MRAS for parameter estimation,
Section V outlines the ARC method for current control, and
Sections VI and VII provide simulation and experimental
results. In section VIII, the conclusion of the paper provides
a discussion about the key findings.

II. WRSM’S ANALYTICAL MODEL
The wound rotor synchronous machine is described in the
(d, q) reference using the following equations [1]:

ud = Rsid + Ld
did
dt

− ωLqiq (1)

uq = Rsiq + Lq
diq
dt

+ ω (Ld id + Lmir ) (2)

Te =
3
2
npLmir iq (3)

Te − Tl = J
d�
dt

+ fc� (4)

ω = np� (5)

Vr = Rr ir (6)
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TABLE 1. Summary of some related work.

In these equations, ud and uq represent the stator voltages
in the d and q axes, while id and iq are the corresponding
currents. The stator resistance is Rs, and Ld and Lq denote the
inductances of the two axes, respectively. Here, we assume
Ld = Lq = L for simplicity (non-salient pole rotor). The
mutual inductance between the rotor and stator is denoted
by Lm. The electromagnetic torque Te is function of the
excitation rotor current ir and stator current iq. Tl represents
the load torque, J is the rotor’s inertia, and fc is the friction
coefficient. The rotor and electrical speeds are denoted by �
and ω, related by the number of pole pairs np. Equation (6)
describes the rotor’s DC excitation, where Vr is the constant
supply voltage, and Rr is the rotor resistance. To control
this machine, a cascade approach is employed. The speed
controller generates the reference current i∗q while i∗d is
maintained at zero to ensure Maximum Torque per Ampere
(MTPA). The current controller then provides the reference
voltages u∗

d and u∗
q which are applied to the motor through a

PWM inverter as shown in Fig. 1.

III. DISTURBANCE OBSERVER FOR ROTOR SPEED
CONTROL

In the presence of uncertainties in the parameters of the
WRSM, (4) can be rewritten as follows [34]:

d�
dt

=
1
J
(Te − Tl − fc�+ δ) = kt iq − Dw (7)

where δ represents the parameters uncertainties, Dw = 1/
J (fc� + Tl − δ) denotes the total disturbance affecting the
system, and kt = 1.5 npLmir/J .
As in [16], it is assumed that the closed-loop transfer

function between the reference speed �∗ and the measured
speed � is a first-order function with a time constant τw,
then:

�(s)
�∗(s)

=
1

(1 + τws)
(8)

If the reference current i∗q, which is the output of the speed
controller DOBC, is used instead of iq (assuming that iq is
regulated), then i∗q becomes:

i∗q =
1
kt

(
1
τw
ew + Dw

)
(9)

where ew = �∗
−� is the speed control error. The disturbance

Dw cannot be easily measured. Therefore, in most cases, it is
estimated by an observer. As described in [15], a nonlinear
system affected by disturbances, can be modeled as:

dx
dt

= f (x) + g1(x)u+ g2(x)D (10)

where x represents the state vector, u is the control input,
and D represents the total disturbance affecting the system.
The functions f (x), g1(x), and g2(x) are state dependent.
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The disturbance term D can be estimated as follows: D̂ = z+ p(x)
dz
dt

= −l(x)
[
g2(x)z+ g2(x)p(x)
+ f (x) + g1(x)u

]
(11)

where z is an internal vector, p(x) is a function of x, and
l(x) = ∂p(x)/∂x is the gain of the observer. According
to [34], D̂ converges if:

∂p(x)
∂x

=
η

g2(x)
, η > 0 (12)

By performing the identification between (7), (10),
and (11), D can be estimated as follows: D̂w = z− η�,

dz
dt

= η
(
kt iq−z+ η�

)
= η

(
kt iq − D̂w

) (13)

So, i∗q will be written using D̂w:

i∗q =
1
kt

(
1
τw
ew + D̂w

)
(14)

Therefore, (13) and (14) act as the speed controller by
generating i∗q.

IV. MODEL REFERENCE ADAPTIVE SYSTEM (MRAS) FOR
PARAMETERS ESTIMATION
MRAS is commonly applied to estimate electrical parameters
and speed in rotating machines [27], [28]. In this section,
we describe the implementation of the MRAS technique for
estimating theWRSM parameters, including stator resistance
Rs, stator inductance L, and rotor flux λm = Lmir . These
estimated parameters (noted by R̂s, L̂ and λ̂m respectively)
will be used for current control in the following section. The
motor equations are expressed as:

di
dt

= Ai+ Bu+ C (15)

where i =

[
id
iq

]
, u =

[
ud
uq

]
,A =

[
−
Rs
L ω

−ω −
Rs
L

]
, B =

[ 1
L 0
0 1

L

]
,

C =

[
0

−
ωλm
L

]
.

The estimated current î using estimated parameters is
implemented as in [27]:

dî
dt

= Âî+ B̂u+ Ĉ + G(î− i) (16)

where Â =

−
R̂s
L̂

ω

−ω −
R̂s
L̂

 , B̂ =

[
1
L̂

0

0 1
L̂

]
, Ĉ =

[
0

−
ωλ̂m

L̂

]
,

G =

[
K1 0
0 K2

]
, K1,K2 > 0.

Assuming ê =
[
i− î

]T
=

[
id − îd iq − îq

]T
, we get:

dê
dt

= (A+ G)ê+ w (17)

where w = (A − Â)î + (B − B̂)u + (C − Ĉ). Supposing
a = Rs/L, b = 1/L, c = λm/L and w can be written as:

w =

[
−îd ud 0
−îq uq −ω

] a− â
b− b̂
c− ĉ

 = 0 ·1ψ (18)

where 0 =

[
−îd ud 0
−îq uq −ω

]
and 1ψ =

a− â
b− b̂
c− ĉ

 .
According to [34], to ensure stability, the following two

conditions must be met:

1) The nonlinear feedback term satisfies the Popov integral
inequality: ∫ t

0
wT êdτ ≥ −γ 2

0 , γ0 > 0 (19)

2) The linear component matrix (A + G) must be strictly
positive definite, which requires K1,K2 ≤ Rs/L.

Based on these two conditions, the estimation equations for
the parameters are derived as described in [27]:

â = â(0) −

(
Kf 2 +

Kf 1
s

)
(îd êd + îqêq)

b̂ = b̂(0) +

(
Kg2 +

Kg1
s

)
(ud êd + uqêq)

ĉ = ĉ(0) −

(
Kh2 +

Kh1
s

)
(ωêq)

(20)

where êd = îd − id , êq = îq − iq, and K(f ,g,h)1 and K(f ,g,h)2
are the coefficients of the PI controllers.

Based on [32], [33], if the two above conditions are
satisfied, then we get:

lim
t→∞

ê(t) = 0 and lim
t→∞

1ψ (t) = 0.

The transfer function relating the estimated parameters
â, b̂, ĉ and 1ψ is established to facilitate the appropriate
selection of the gain coefficients K(f ,g,h)1 and K(f ,g,h)2 [34].
In practice, MRAS uses low-pass filter in current and
speed measurements to attenuate noise and ripple, and the
adaptation PIs include anti-windup to prevent integrator
windup issues and keep the parameter estimates within
prescribed bounds. To conclude, the WRSM parameters
can be effectively estimated using the MRAS approach,
as formulated in (16) and (20).

V. ADAPTIVE ROBUST CONTROL FOR WRSM CURRENTS
REGULATION
From (1) and (2), the electrical equation of theWRSM can be
written as follows:

L
did
dt

= φdψd + ud

L
diq
dt

= φqψq + uq
(21)
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where

φq =
[
−iq −ωid −ω

]
, φd =

[
−id ωiq

]
,

ψq =
[
Rs L λm

]T
, ψd =

[
Rs L

]T
.

Considering the state vector X =
[
id iq

]T . With parameter
variations, (21) can be rewritten as:

L
dX
dt

= φψ + u+1 (22)

where φ =

[
−id ωiq 0 0 0
0 0 −iq −ωid −ω

]
, ψ =

[
ψd ψq

]T and

1 =
[
1d 1q

]T represents the parameters fluctuations and
external disturbances.

The control law consists of two reference voltage compo-
nents [16]:

• Adaptive component ua: designed under the assump-
tion of no external disturbances (1 = 0). This term
compensates for the parameter variations of the machine
that occur mainly due to temperature changes.

• Robust component uf : introduced to explicitly com-
pensate for both the dynamic effects of parame-
ter uncertainties and possible external disturbances
(1 ̸= 0).

Without external disturbances (1 = 0), the adaptive
component ua can be expressed as:

ua = L
dX∗

dt
− φψ̂−k(X − X∗), k > 0 (23)

where X∗ is the reference current vector, ψ̂ represents the
estimated parameters obtained from the MRAS observer
described in the previous section, and e = X − X∗ is the
current regulation error.
By replacing (23) in (22), the following equation is obtained:

L
de
dt

+ ke = −φ(ψ̂ − ψ) = −φeψ (24)

where eψ = ψ̂ − ψ represents the error in parameters
estimation.

Without external disturbances (1 ̸== 0), uf is defined
as:

uf = −h sgn(e) (25)

where h = |φ||ψ̂max − ψ̂min| + |1|, ψ̂max and ψ̂min represent
the maximum and minimum values of ψ̂ , respectively. It is
also assumed that both ψ and ψ̂ belong to the interval
[ψ̂min, ψ̂max], which implies |eψ | ≤ |ψ̂max − ψ̂min|. Finally,
the reference voltage u∗ applied to the machine is obtained as
the sum of the two control components, adaptive and robust:

u∗
=

[
u∗
d
u∗
q

]
= ua + uf

= L
dX∗

dt
− φ ψ̂ − k e− h sgn(e) (26)

The Lyapunov approach will be applied to prove the stability
in both cases. for ua, an energy function ξa including the
regulation error e as well as the estimation errors ê and eψ
is used:

ξa =
1
2
Le2 +

1
2
ê2 +

1
2
e2ψ ≥ 0 (27)

To prove stability, ξa must be positive, which is the case,
and its derivative over time should be negative.

dξa
dt

= L
de
dt

· e+ ê
[
(A+ G)ê+ w

]
+ eψ

deψ
dt

= −φeψe−ke2 + ê
[
(A+ G)ê+ w

]
+ eψ

deψ
dt

(28)

From the previous section, (A + G)ê2 is a negative value
and limt→∞1ψ (t) = 0, which implies limt→∞ eψ (t) = 0.
Therefore, this derivative can be approximated as:

dξa
dt

≈ −ke2 + (A+ G)ê2 ≤ 0 (29)

Now, a different energy function Vf is considered to
demonstrate the stability of uf :.

ξf =
1
2
Le2 ≥ 0 (30)

dξf
dt

= e(−ke+ uf − φeψ +1)

≤ −ke2 + |e|
(
−h+ |φeψ +1|

)
≤ −ke2 ≤ 0 (31)

Thus, (26) will be used as the current regulator to generate the
voltage u∗, which accounts for all parameter cases (with or
without variations). To avoid measurement noise, id , iq, and
ω are set to their reference values, and h× sgn(e) is replaced
by 1/(4ϵ)h2e, where ϵ is a small positive constant. The block
diagram of this control law is presented in Fig. 1.

VI. SIMULATION RESULTS
To validate the control method, MATLAB/Simulink simula-
tions are conducted, and performance is compared with the
IMC robust control method [8] and the FOCmethod [36]. The
test starts under no-load conditions with constant parameters:
the no-load torque Tl0 is fixed at the experimentally measured
value 4.7 N · m to account for mechanical losses. After the
initial no-load phase, the total load torque Tl (including Tl0)
is applied.

In the simulations, the machine equations (1)–(6) are
used with temperature-dependent parameters: Rs = Rs(Ts)
and Rr = Rr (Tr ) as in (32), where Ts and Tr are the
stator and rotor temperatures respectively. The rotor flux is
taken as λm(Tr ) = Lm ir (Tr ); under constant field voltage,
ir (Tr ) = Vr/Rr (Tr ) so that λm(Tr ) decreases as Tr increases.
The inductances Ld , Lq (and Lm) are treated as weakly
temperature dependent and are kept constant in this study.

To simulate significant operational stress, the following
assumptions are considered:
1) During the first 0.1h (no-load), the motor parameters are

assumed constant.

191286 VOLUME 13, 2025
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FIGURE 1. Overall block diagram of the proposed control scheme with MRAS integrated into the ARC current loop.

2) From 0.1 to 2h (with load), the stator and rotor
resistances vary with temperature according to (32):{

Rs(Ts) = Rs0(1 + αAl(Ts − T0))

Rr (Tr ) = Rr0(1 + αAl(Tr − T0))
(32)

where αAl = 0.0042/◦C is the aluminum thermal
coefficient, T0 = 20◦C is ambient temperature, and
Rs0,Rr0 are the ambient-temperature resistances values.
Temperature variations Ts(t) and Tr (t) are modeled
as first-order dynamics that fits with experimental
behaviour.

3) After 2h both resistances stabilize as temperatures reach
steady state and remain constant for approximately one
hour.

4) Starting from the third hour, forced cooling is applied;
Ts(t) and Tr (t) then decay toward ambient, and Rs(Ts)
and λm(Tr ) gradually return to their initial values over
the following two hours.

An operating point is considered with the reference speed
set to �⋆ = 1000 rpm and the load torque to Tl =

12.6 N · m. At this load, the maximum winding temperatures
(measured experimentally) of the stator and rotor windings
are respectively Ts,max = 164◦C and Tr,max = 293◦C.
The rotor field is supplied with a constant 43.2 V (DC),
yielding an initial field current of ir = 16 A at ambient
temperature. The WRSM parameters at ambient temperature
and at (Ts,max,Tr,max) are summarized in Table 2.

TABLE 2. The studied WRSM’s parameters in cold and hot conditions.

Fig. 2 illustrates the actual values of the machine’s
electrical parameters with their estimates provided byMRAS.
The results show that the estimated values remain stable and
accurate and they will be used for current control.

Fig. 3a and Fig. 3b show the rotor speed and the
electromagnetic torque respectively. The results clearly
show that the proposed method significantly improves the
dynamics response when the load torque is applied at time
t = 0.1 hours comparing to the IMC and FOC at both speed
and electromagnetic torque. From three to five hours, the
speed regulation is notably more robust in the DOBC and
IMC approach compared to FOC, exhibiting fewer ripples.
This improvement is attributed to the reduction in rotor flux
during this phase, which is compensated in the estimation of
D̂w in DOBC (14) and the robust feedback compensation in
IMC [8].

VOLUME 13, 2025 191287
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FIGURE 2. Simulation results by MRAS of estimated and actual value of: (a) stator resistance Rs (b) stator inductance L and (c) sotor flux λm.

FIGURE 3. Simulation results of (a) rotor speed, (b) electromagnetic torque, (c) id current and (d) iq current.

The currents id and iq are shown in Fig. 3c and
Fig. 3d, respectively. An improvement in dynamic response
is observed with the proposed ARC and IMC method when
the load torque is applied with lower undershoot with IMC
and almost no undershoot with ARC. The oscillations in id
are also reduced in the two robust methods compared to the
FOC over the entire duration.

VII. EXPERIMENTAL RESULTS
The test bench shown in Fig. 4 includes a 40 kW, 4000 rpm
wound rotor synchronous machine with anodized aluminum
tape windings. This setup is used to validate the proposed
control method. The synchronous machine is coupled to a DC
machine, which acts as a generator connected to a resistive
load. The control is implemented using MATLAB/Simulink

FIGURE 4. The tested wound rotor synchronous machine paired with the
DC load machine.

and ControlDesk, via the dSpace MicroLabBox interface.
Additionally, the synchronous machine is equipped with
thermocouples to measure temperatures at various points,

191288 VOLUME 13, 2025
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FIGURE 5. Measured value of: (a) rotor speed, (b) phase current ia, (c) id current and (d) iq current when the machine is cold at load torque Tl1.

FIGURE 6. Experimental results of the estimation of: (a) stator resistance, (b) stator inductance and (c) rotor flux when the machine is cold at load
torque Tl1.

FIGURE 7. Experimental results of the estimation of: (a) stator resistance, (b) stator inductance and (c) rotor flux when the machine is hot at load
torque Tl1.

such as stator and rotor windings. The proposed method is
compared with IMC and FOC approaches.

The same operating point from the simulation of the
previous section was then tested experimentally with

VOLUME 13, 2025 191289
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FIGURE 8. Measured value of: (a) id current, (b) iq current, (c) phase current ia, and (d) its spectrum relative to the fundamental when the machine is hot
at load torque Tl1.

�∗
= 1000 rpm (Test 1). The no-load torque is estimated

to 4.7 N · m. A load torque of 7.9 N · m was then added,
giving a total torque of Tl1 = 12.6N · m. The speed controller
parameters were selected to achieve almost the same response
time for the three methods.

Fig. 5 illustrates the rotor speed when the load is applied
at 5 seconds. It can be observed that the DOBC method
improves system dynamics. The speed reaches the reference
without overshoot and settles fastest. IMC shows a small
overshoot; FOC has the largest overshoot and ripple. Both
robust controllers reduce speed oscillations versus FOC. For
the currents, the overshoot of ia, id , and iq is lower with
the proposed controller. With FOC, id shows slightly more
oscillations. In steady state, the iq ripple is almost the same
for the proposed ARC and IMC, and higher with FOC.

Additionally, Fig. 6 presents the parameters estimation
using currents control, at the timewhen the load is applied and
the machine is still cold, employing the MRAS method. The
estimated parameters are accurate and consistent with those
listed in Table 2, validating the reliability of the MRAS based
estimation approach under cold operating conditions.

After approximately 75 minutes of operation at the same
load point, the rotor-field winding temperature reached
Tr,max = 293◦C and the stator-coil temperature reached
Ts,max = 164◦C as in the simulation. It can be observed in
Fig. 7 that the stator resistance increased significantly from

0.06 to 0.09 ohm, while the rotor flux decreased by nearly
50%. The estimated inductance remains almost constant,
around 763 µH which confirms the assumption made in the
simulation.

Fig. 8 shows the measured current id , iq and ia under these
high-temperatures which are considered almost the same for
the three methods. It can be observed that the id current
maintains relatively stable oscillation levels. In contrast,
the iq current exhibits fewer oscillations with the proposed
ARC method than IMC and FOC. This increase in iq
oscillations directly affects the phase currents ia, leading to
greater distortion and a rise in its total harmonic distortion
(THD), which is 6.22% for the FOC, 5.02% for the IMC
and 4.13% for the proposed method. Compared with the
proposed ARC and IMC, FOC is the least effective under
these conditions. IMC sits in between: it improves over
FOC by estimating lumped disturbances, but it does not
update the machine parameters, and is thus more sensitive
to temperatures variation. In contrast, ARC is fed with
online MRAS parameter estimates and uses a robust term
for the residual mismatch, which better compensates the
variations, reduces oscillations, and improves overall current
quality.

To evaluate the performance of the proposed method
in low-speed applications, a second operating point is set
at �∗

= 400 rpm with almost the same load torque
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FIGURE 9. Measured value of: (a) rotor speed, (b) iq current, (c) Phase current ia, and (d) its spectrum relative to the fundamental when the machine is
hot at 400 rpm.

FIGURE 10. Experimental results of the estimation of: (a) stator resistance, (b) stator inductance, and (c) rotor flux when the machine is hot at 400 rpm.

FIGURE 11. Measured value of: (a) rotor speed, (b) iq current and (c) id current under benchmark test.

(Test 2). In this operating condition, the temperature stabilizes
at 163◦C for the stator and 286◦C for the rotor. Fig. 9
shows the measured rotor speed, the phase and the quadrature

currents. It can be observed that the rotor velocity exhibits
fewer oscillations when the DOBC and ARC are used.
Similarly, the phase current ia shows a noticeable difference
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FIGURE 12. Experimental results of the estimation of: (a) stator resistance, (b) stator inductance and (c) rotor flux under benchmark test.

TABLE 3. Simulation and experimental comparison of FOC, IMC, and proposed ARC (with DOBC).

in the spectral analysis presented in Fig. 9d, with a THD of
4.57% for the ARC method compared to 8.44% for the IMC
and 16.8% for the FOC method. This reduction in current
oscillations with the proposed method positively impacts
the torque, reducing its fluctuations and contributing to a
smoother and quieter machine operation.

Fig. 10 presents the parameter estimations after the
machine was fully heated. A slight variation in inductance

is observed, while the flux estimation remains accurate.
However, the resistance is slightly overestimated, reaching
0.095 Ohm when applying (32), compared to its estimation,
which is 0.115 ohm. A comparison of the simulation and
experimental results of the three methods is provided in
Table 3.
Finally, to test also the dynamics at high temperature

conditions, a simplified benchmark was carried out with
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FIGURE 13. Measured value of: (a) rotor speed, (b) iq current and (c) id current under speed reversal test.

Tr,max = 295◦C and Ts,max = 169◦C wich are considered
the same for the three methods (Test 3): with the load applied
from the start. The speed reference was set through the
sequence of velocities using a rate-limited ramp as shown in
Fig. 11. Under the benchmark transients, the speed response
with the proposed method and with IMC shows no visible
oscillations. For the iq current, a clear overshoot and transient
oscillations are produced by FOC, whereas ARC and IMC
exhibit nearly the same response. For id , a ripple reduction is
observed with the proposed ARC. During this benchmark, the
MRAS parameter estimates remain consistent and accurate
at this temperatures as presented in Fig. 12, they stay
stable across ramps and reversals. Another test include speed
reversal from+1000 to−1000 rpm (Test 4) with applied load
is shown in Fig. 13. During the reversal, speed oscillations
were not observed with IMC or DOBC, unlike with FOC;
overshoot was also smaller with DOBC. During the transition
(between 5 and 7 s), FOC showed larger oscillations in iq, and
a slight reduction in id ripple is achieved with the proposed
ARC compared with IMC and FOC.

VIII. CONCLUSION
This paper presents a robust adaptive control scheme
for a WRSM with anodized aluminum tape windings.
A Model-Reference Adaptive System (MRAS) estimates
the temperature-dependent parameters online, and these
estimates are used by the Adaptive Robust Control (ARC)
in the current loop, while a disturbance-observer-based
controller (DOBC) regulates rotor speed and provides the
i⋆q reference. The proposed method is compared with an
Internal Model Control (IMC) strategy from the literature,
used as a robust baseline, and with classical FOC-PI. Sim-
ulations under varied operating conditions with temperature-
dependent parameters, together with experiments across wide
temperature ranges, show that proposed ARC with DOBC
improve dynamic response, reduces speed and current ripple,
and decreases current THD, especially at high temperatures.
By updating machine parameters online, MRAS supplies
ARC with Accurate online parameter estimates; IMC miti-
gates lumped disturbances but, without parameter adaptation,
it is more sensitive to thermal changes, and FOC is the most

affected. Overall, the proposed controller provides robust,
high-quality current regulation for WRSM operation under
varying thermal conditions.

NOMENCLATURE
Rs Stator resistance.
L Stator inductance.
Rr Rotor resistance.
λm Rotor flux.
J Rotor inertia.
id , iq Direct and quadrature current.
ud , uq Direct and quadrature tension.
� Rotor speed.
ω Electrical speed.
Dw Total disturbance of the rotor motion.
ew Rotor speed regulation error.
îd , îq Estimated currents.
ê Estimation current error.
e Regulation current error.
ψ, ψ̂ WRSM’s parameter matrix and its estimate.
eψ Estimation parameters error.
ξa, ξf Energy functions.
T0 Ambient temperature.
Ts,max Maximum stator temperature.
Tr,max Maximum rotor temperature.
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