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ABSTRACT This paper introduces a current sensorless speed control method for interior permanent
magnet synchronous motors (IPMSMs) to track the maximum torque per ampere (MTPA) trajectory. Unlike
traditional cascaded control structures, current measurements and inner regulation loops are eliminated.
Instead, the MTPA is attained by directly adjusting the voltage vector amplitude and angle. An analytical
formulation based on the motor voltage model is developed to extract the optimal voltage amplitude to
run the motor within the MTPA operating points, disregarding any control law approximation or lookup
tables-based numerical solutions. As a result of excluding current measurements and regulation loops,
a one-speed controller is required. This leads to a significant reduction in control system complexity.
Moreover, the simple structure of the control system highly qualifies it for cost-effective implementation of
IPMSM applications. The validity of the designed control method is confirmed experimentally using a 5Hp
IPMSM. The experimentally obtained results are compared to the conventional field-oriented MTPA (FOC)
to highlight the effectiveness of the suggested control system considering different operating conditions.
Additionally, the MTPA trajectory tracking accuracy is quantitatively assessed using two performance
metrics.

INDEX TERMS Interior permanent magnet synchronous motor (IPMSM), current sensorless, maximum
torque per ampere (MTPA), direct voltage control.

I. INTRODUCTION
Interior permanent magnet synchronous motors (IPMSMs)
are constantly expanding their application areas and increas-
ingly permeating various industries that were dominated
by other motors [1], [2], [3]. Thanks to their unique
features, such as high power density, high torque production,
high efficiency, and the capability of running at a wide
constant power operating range [4], IPMSMs have drawn
considerable research interest and are widely employed in
various applications such as electric vehicles, servo drives
traction systems, etc [5]. In addition to magnetic torque
produced by the permanent magnets (PMs), IPMSM also
produces a reluctance torque as a result of the embedded
arrangement of the PMs [6], [7]. This denotes that the
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direct and quadratic axis stator currents share the torque
production of the IPMSM. The special rotor configuration
with buried PMs gives the opportunity for the saliency
effect to present, resulting in a greater q-axis inductance
compared to the d-axis inductance [8]. Thus, a cross-
magnetization phenomenon will be generated as a result of
this inequality because of the interaction between the direct
and quadratic currents. Along with cross-magnetization,
several additional factors, including magnetic saturation and
temperature change, cause an increase in the motor’s non-
linearity [9]. Thus, it is challenging to regulate the IPMSM’s
speed accurately [10]. To adopt an efficient IPMSM drive
system, an adequate current control procedure is essential
to precisely extract the d–q axes currents and develop the
desired electromagnetic torque [11], [12]. Because of its
ability to achieve maximum torque with minimum current
consumption, maximum torque per ampere control (MTPA)
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is the most widely used control strategy that can satisfy the
aforementioned requirements.

Several approaches have been investigated to enhance
the MTPA tracking accuracy at a wide range of speed and
torque. The fundamental concept of these control techniques
is to force the system’s operating point to lie within the
MTPA trajectory, ensuring high torque production with less
current usage and reduced copper losses [13]. A model-
based MTPA control is studied in [12]. In the study, the
current components are extracted based on the differentiation
of the electromagnetic torque equation with respect to the
angle of the current vector and setting it to null [14]. In
[15], the MTPA points are obtained using lookup tables
(LUT). These tables are used to create the required reference
currents for the MTPA. The generation of LUT depends on
the data collected after establishing several offline tests under
different disturbances, such as load and speed changes [16].
However, creating these lookup tables consumes considerable
time and uses more memory space [9].
Recently, various MTPA strategies based on signal injec-

tion have been addressed. The MTPA points are detected
by injecting a current or voltage signal into the IPMSM.
The injected signal could be actual or virtual [17]. In [18],
the MTPA points are extracted after injecting a current
signal with high frequency into the machine and equating
the torque derivative to zero. However, injecting a high-
frequency current signal causes torque and speed ripple [13].
It is well known that analytical MTPA approaches, such

as field-oriented control (FOC), use cascaded control loops
to indirectly extract the required reference voltages to drive
the motor within the MTPA trajectory [19]. However, such
control strategies need multiple proportional-integral (PI)
regulators in their control loops. As a result, excessive gain-
tuning is required for optimal control signals. This results in
significant time costs in practical applications and burdens
the overall control performance [20].
In an attempt to simplify the MTPA control structures

that use cascaded loops for current regulation and reduce
the tuning time associated with them, a direct voltage MTPA
control for IPMSM has been investigated in [21], [22], [23],
[24], [25], [26], and [27]. In these strategies, the MTPA is
achieved by directly modifying the voltage vector amplitude
and angle, eliminating the use of current regulation loops and
the current sensors in sensorless methods. This significantly
reduces the control scheme’s complexity and the time
required for tuning [21]. Heretofore, the few developed direct
voltage control methods still need current sensors [22], [23],
inner stabilizing loops [24], or their control laws are derived
based on long-winded iterative calculations or numerical
approximation [25], [26], [27]. Considering the transient
states, a direct voltage MTPA without current sensing
is implemented in [25] to enhance the control system’s
performance. As a transition to a sensorless technique, the
current components are calculated from the motor’s electrical
model and directly injected into the control loop, which may
exhibit a significant noise in the absence of any estimator

[28]. Furthermore, the control signals are extracted based
on long-winded calculations followed by many iterations
to reach the optimum values, increasing the computational
burden of the control system. A simple current sensorless
direct voltage MTPA strategy is presented in [26]. Although
this method offers a simple control structure and fast transient
response, it still relies on the numerical approximation of
its control law, where the voltage amplitude is introduced
as a function of motor speed and voltage angle, in addition
to numerically approximated control coefficients, which
requires excessive tuning to reach the optimal operating
points as a response to various uncertainties. Furthermore, the
MTPA trajectory tracking can not be ensured in all operation
ranges because the tuning process is not straightforward.
At the expense of extensive computation, an alternative
is introduced in [27]. However, the voltage amplitude is
calculated numerically, and the obtained offline results are
stored in a lookup table.

This article presents a simple current sensorless maximum
torque per ampere control strategy for IPMSM. The proposed
method relies only on adjusting the voltage vector amplitude
and angle with the aid of a single PI controller. Unlike
the previously developed direct voltage MTPA methods,
the designed strategy provides a complete formulation
based on machine voltage equations to derive the MTPA
voltage amplitude analytically, disregarding any control law
approximation or lookup tables-based numerical solutions.
The strength of the designed strategy lies in its analytically
derived voltage amplitude control law. Firstly, calculating the
voltage amplitude directly from the motor’s electrical model,
excluding any numerical or iterative solution, enhances
the control system’s computation efficiency. Secondly, the
voltage amplitude control law is analytically decided and
addressed as a function of speed and motor electrical
parameters. Therefore, the MTPA trajectory tracking can be
guaranteed in all operating ranges since it does not need
further control coefficient tuning. Consequently, a direct and
uncomplicated control system is developed. Furthermore, the
easiness of its tuning and straightforward implementation.
This makes the proposed strategy a promising alternative for
cost-effective real-time implementation.

The remainder of this manuscript is structured as follows:
Section II explains the IPMSM’s dynamics. Section III is a
detailed description of the proposed model. The experimental
results are displayed and discussed in Section IV.

II. IPMSM D–Q MODEL
In the rotating synchronous reference frame, the electrical
and the mechanical representations of the interior permanent
magnet synchronous motor IPMSM can be illustrated as
follows [29]:

vd = Rid + Ld
d
dt
id − Lqωeiq (1a)

vq = Riq + Lq
d
dt
iq + Ldωeid + λωe (1b)
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Te =
3
2
p[(Ld − Lq)id iq + λiq] (1c)

The motion’s mechanical equations are described by:

d
dt

ω =
1
J
(Te − TF − TL) (2a)

d
dt

θ = pω (2b)

where, vd , vq are the stator voltages and id , iq are the
direct and quadratic stator currents, Ld , Lq are the direct and
quadratic inductance, R is the resistance of stator windings,
λ is the flux linkage of PMs, ωe and ω are the electrical and
mechanical speed of the motor shaft, p is the number of pole
pairs, J is the inertia, θ is the motor’s shaft electrical angle,
and Te, TL , and TF are electromagnetic, load, and friction
torques, respectively. To avoid the system’s complexity, the
effect of friction torque is represented by the relation between
the coefficient of viscosity and the motor’s angular speed TF
= Fω, where F is the viscous friction coefficient, which is
considered as a lumped representative of the nonlinear terms
of friction torque [30].

FIGURE 1. The mapping of the applied voltage vector in regard to the
stationary and rotating frames.

According to the d–q coordinates of the voltage vector
shown in Fig. 1, the voltage vector’s amplitude and angle
(v, 1θ ) can be constructed as follows:

v =

√
(vd )2 + (vq)2 (3)

1θ = − tan−1
(
vd
vq

)
(4)

where1θ represents the angle between the voltage vector and
the quadratic axis.

III. DIRECT VOLTAGE MTPA CONTROL
Direct voltage MTPA control involves generating the
intended torque with a minimum current consumption by
directly controlling the applied voltage vector magnitude and
angle (v, 1θ ). Whenever an external load torque is applied to
the IPMSM, the motor generates an electromagnetic torque
in reaction to the applied one. The generated torque is
mainly determined by themotor’s drawn current, which relies
on the separation angle between the excitation voltage and
the motor’s internal voltage. Therefore, proper and precise
voltage amplitude and angle control results in optimized
current consumption and speed regulation.

The main purpose of this research is to develop a current
sensorless control system for the interior permanent magnet
synchronous motor to achieve the MTPA while matching
the measured speed (ω) with the predefined reference speed
(ω∗). Since there are unlimited possibilities of (v, 1θ ) that
can produce a given torque and speed, this strategy seeks
to identify the optimal combination of v and 1θ to develop
the desired torque with less current usage. Having the ability
to measure the motor speed and compare it to the reference
speed, we can define the speed error as the difference between
the commanded and actual speed eω = ω∗

− ω. The obtained
error is fed into a PI controller, which drives it to zero and
generates the optimum voltage angle 1θ , which is needed
to produce the required voltage amplitude to drive the motor
within the MTPA limits. The rationale behind adopting a
PI controller is due to its simplicity, accurate steady-state
performance, and straightforward real-time implementation.
Furthermore, a PI-type controller eliminates the need to deal
with derivative action and its associated challenges, such as
noise amplification and sensitivity to high-frequency noise.

Therefore, the voltage angle control law can be written as,

1θ = Kpeω + Ki

∫
eω (5)

where Kp and Ki are the gains of the PI regulator that are
selected using empirical study, and eω is the speed error.
In the absence of current measurements and regulation

loops, the reference voltage amplitude (v∗) is represented as a
feed-forward term in the control system structure (see Fig. 2).
This term is derived analytically from the motor’s voltage
equations as follows:

Assuming the motor is running under steady-state condi-
tions, (1a), (1b) can be addressed as [31]:

vd = Rid − Lqωeiq (6a)

vq = Riq + Ldωeid + λωe (6b)

Substituting (6a), (6b) in (3), (4) leads to,

v =

√
(Rid )2 − 2(RLqid iqωe) + (Lqωeiq)2 + (Riq)2

+2Riq(Ld id + λ)ωe + ((Ld id + λ)ωe)2
(7)

1θ = − tan−1
(

Rid − Lqωeiq
Riq + Ldωeid + λωe

)
(8)

Neglecting the voltage drop due to armature winding
resistance, the voltage amplitude and angle becomes [23]:

v =

√
(Lqωeiq)2 + ω2

e (Ld id + λ)2 (9)

v = ωe

√
L2q i2q + L2d i

2
d + 2Ld idλ + λ2 (10)

1θ = tan−1
(

Lqiq
Ld id + λ

)
(11)

In [32] and [33], the id current required for achieving the
maximum torque per ampere operation point is expressed as,

id =

(
Ld − Lq

λ

)
i2q (12)
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Using the MTPA current equation (12) to mathematically
derive the required voltage amplitude for the MTPA forces
the PI controller to produce the optimum angle.

Substituting (12) in (10) leads to,

v = ωe

√
L2q i2q + [L2d (

Ld − Lq
λ

)2i4q + 2λLd (
Ld − Lq

λ
)i2q + λ2

(13)

The term
(
Ld−Lq

λ

)
in (13), which involves the inductance

difference divided by the flux linkage, has a small value≪ 1.
In addition, it is squared and multiplied by L2d . This makes its
contribution to the voltage equation very small. Thus, the high

order terms can be neglected,
(
Ld−Lq

λ

)2
i4q ≈ 0. Therefore, the

voltage amplitude can be written as,

v = ωe

√
(L2q + 2Ld (Ld − Lq))i2q + λ2 (14)

At this point, the voltage amplitude is still based on the
measured quadratic component of stator current (iq). Taking
advantage of speed controller output (1θ), the voltage
amplitude can be constructed without the need for current
measurement.

Using (11) and (12), the voltage angle can be addressed as
follows:

1θ = tan−1

(
Lqiq

Ld (
Ld−Lq

λ
)i2q + λ

)
(15)

(Ld−Lq
λ

) in (15) holds a small value≪ 1 [34]. In addition, it is
multiplied by Ld , which makes it very small. Therefore, the
contribution of Ld (

Ld−Lq
λ

) to the equation can be neglected
even in the case of load increase conditions when the value
of iq will increase because the term holds a very small
value. Furthermore, in real-time, the value of the electrical
parameters (Ld , Lq, λ) decreases as the motor’s current
increases [35], [36]. Thus, Ld (

Ld−Lq
λ

) ≈ 0.

1θ = tan−1
(
Lqiq
λ

)
(16)

Since (1θ) is decided by the speed regulator, (16) can be
reconstructed as,

iq =
λ

Lq
tan(1θ ) (17)

Substituting (17) in (14) yields voltage amplitude as
a function of (ω, 1θ), in addition to machine electrical
parameters (Ld , Lq, λ). Thus, MTPA control is achieved
analytically without the need for current measurement.

v = ωe

√
λ2 + [

L2q + 2Ld (Ld − Lq)

L2q
]λ2 tan2(1θ ) (18)

The reference voltage amplitude equation can be written as,

v∗ = ω∗
e

√
Kv1 + Kv2 tan2(1θ ) (19)

where,

Kv1 = λ2 (20)

Kv2 = λ2

(
L2q + 2Ld (Ld − Lq)

L2q

)
(21)

The coefficients Kv1 , Kv2 are calculated based on the nominal
values of flux linkage, direct inductance, and quadratic
inductance (λ, Ld , Lq), respectively.
The applied voltage to the motor can be given as follows:

v∗αβ
= v∗ θv (22)

θv = 1θ + θ +
π

2
(23)

where v∗ defines the voltage amplitude, θv represents the
angle between the α-axis and the applied voltage vector, and
θ is the rotor position, as seen in Fig 1.
Lastly, the applied voltage is transformed to a Cartesian

form and fed to space vector pulse width modulation
(SVPWM) to generate a proper duty cycle for the inverter,
as shown in Fig. 2

During the derivation process of the voltage amplitude
control law, certain measures of reduction are utilized to
reduce the control system’s complexity. Therefore, further
study is conducted to assess the simplicity of the proposed
strategy, as these assumptions may affect the other operation
characteristics of the motor. In this study, the voltage
amplitude is addressed with respect to speed and load torque
for the adopted simplified control law (19) and the complex
approach (7) before simplification. Fig. 3 displays the surface
plot of the voltage amplitude using the adopted simplified
strategy against the non-simplified approach. As observed,
both surfaces show good coincidence. Thus, the validity of
the proposed simplified voltage amplitude control law is
confirmed.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. SETUP
A 3.7 kW/5Hp, 1800rpm IPMSM is employed experimen-
tally to examine the effectiveness of the designed direct volt-
ageMTPA control strategy. The IPMSMparameters are given
in Table 1. To ensure accurate validation, an experimental
parameter measurement according to the room temperature
is conducted prior to the experiment, where the machine
parameters (R, Ld , Lq and λ) from the motor’s datasheet
are adjusted according to the measured values. In the real-
time test, an IGBT-based inverter of 10 kW is used to run
the IPMSM in a speed mod coupled with an induction
motor with the same output power to provide the required
load torque. 350 Vdc is fed to the inverter from a Magna-
Power XR 375 DC power supply, which is equipped with
a current limiter to protect the motor and other devices
against overcurrent. 20 kHz and 4 kHz are used as sampling
and switching frequencies, respectively. The actual rotor
position is acquired with the help of a pulse encoder with
a resolution of 1024 pulse/rotation. The model is developed
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FIGURE 2. Schematic representation of the designed direct voltage MTPA.

FIGURE 3. Surface plot of the voltage amplitude using simplified and
non-simplified control law.

TABLE 1. IPMSM parameters.

in MATLAB/Simulink. TMS320F28379D DSP is integrated
with MATLAB/Simulink to provide an interface with the
experimental setup.

B. EXPERIMENTAL RESULTS
The widely recognized field-oriented MTPA control (FOC)
is used as a benchmark to evaluate the effectiveness of the
conducted direct voltage control. The main idea behind the
comparison is to investigate the MTPA operating points and
to demonstrate that the proposed control strategy tracks the

MTPA under the same operating conditions as the FOC.
The IPMSM is controlled using the proposed strategy, and
then FOC is used for comparison. The results are shown in
Fig. (4, 5, 6, 7, 8, 9). In these experiments, three scenarios
are adopted. In the three scenarios, the user-defined reference
and measured speeds are passed through a critically damped
second-order filter to reduce noise, smooth the signal,
enhance system stability, and adapt the reference speed as
needed.

Firstly, in both cases of FOC and direct voltage, the
reference speed is started from zero and then stepped up to
its rated value of 1800 rpm at t = 4 s and then the same
speed until t = 24 s, when the speed is brought back to
its initial value of zero as depicted in Figs. 4(a) and 5(a).
At steady state, 19.8 N.m external load torque is introduced
to the machine at t = 9 s for 10 s and then released at
t = 19 s. As revealed, both methods show perfect speed
tracking under nominal conditions. Fig. 4(a) shows the ability
of the designed strategy to track the rated value of the
reference speed, demonstrating the controller’s capability
of regulating the voltage angle as compensation for the
speed deviation while maintaining an acceptable current
consumption. However, as the load torque goes into effect,
a remarkable momentary speed deviation is observed, but
the controller compensates for it by delivering an adequate
voltage angle. Taking into account that avoiding the current
sensing would cause excessive current consumption, the
proposed control scheme has demonstrated its capability
to handle the sudden load torque presence with a current
consumption of about 16 A, which is comparable to the
consumed current using FOC, as shown in Figs. 4(b),
5(b). This demonstrates that the motor is working within
an acceptable MTPA operating point without the need for
current measurement and regulation. Figs. 4(c), 5(c) show
the (rms) value of stator current. It is observed that both
control methods exhibit a slight current overshoot during
the acceleration and at the beginning of the loading period.
Although the proposed method exhibits a higher overshoot,
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the current attained the desired steady state faster. This is
attributed to the fact that direct voltage control uses a single
control loop, while FOC adopts cascaded control loops.
The overall performance of the designed scheme can be
summarized in Fig. 4(d), which shows the advantages of
using a single PI controller to regulate the voltage angle
directly and how it acts rapidly as a response to sudden speed
and torque changes, eliminating the delays associated with
cascaded structures of the traditional MTPA FOC, as shown
in Fig. 5(d).

In the second scenario, the performance of the pro-
posed control is evaluated under different speed values.
Hence, more experiments are conducted, and the results are
expressed in Figs. 6, 7. In this scenario, the speed is set
to start from zero and then stepped up to 1000 rpm at t =
4 s, continuing at the same level for 5s, and then dropped
suddenly to 500 rpm at t = 14 s. At t = 24 s, a sudden
increase occurred to reach 1500 rpm and then gradually
dropped to (1100, 800, and 400 ) rpm at (34 s, 44 s, and
54 s) respectively, as seen in Figs. 6(a), 7(a). A 10 N.m
external load torque is introduced at t = 10 s and then
released at t = 60 s. These conditions are applied to the two
control methods. Figs. 6(a), 7(a) show that both strategies
offer good tracking performance. Since the objective of the
MTPA control is to achieve maximum torque with minimum
current consumption, the amount of consumed current using
the proposed method, to some extent, is comparable to that
of the FOC, as depicted in Figs. 6(b), 7(b). During the
loading period, Fig. 6(d) shows the controller’s capability to
respond quickly to sudden changes in speed by changing the
voltage angle and amplitude. The designed control scheme
has demonstrated that obtaining the optimum 1θ would
contribute to the required voltage for torque compensation
and current consumption.

In the last scenario, the motor is operated at 1500 rpm,
starting at t = 5 s and ending at t = 55 s. An external load
torque of 5 N.m is applied at t = 10 s and then stepped up by
five every 10 s to reach its rated value and released at t = 50 s.
The obtained results are expressed in Figs. 8, 9. Figs. 8(a),
9(a) show good speed tracking for both methods, with the
ability of the proposed control method to track the reference
speed with almost the same current consumption compared
to the FOC strategy, as shown in Figs. 8(b), 9(c). In response
to the sudden load changes, the current attained the steady
state faster in the current sensorless approach, referring to the
fact that the designed strategy uses a single control loop that
directly controls the amplitude and the angle of the applied
voltage vector. Fig. 8(d) shows the compensation that was
made by the speed controller for any step increase in the load
and, hence, the voltage amplitude to keep themotor running at
the required speed, which is considered the main contribution
of the designed strategy.

It is well known that the motor’s electrical parameters (R,
Ld , Lq, λ) are time-varying where motor inductance varies
with current while flux linkage and ohmic resistance vary
with temperature [37], [38]. Therefore, a simulation study

FIGURE 4. Experimental results of the proposed MTPA under rated speed
and torque.

is conducted to investigate the capability of the proposed
controller to withstand various parametric uncertainties.
At rated speed and load conditions, the motor’s electrical
parameters (R, Ld , Lq, and λ) are adjusted by ± 20% of their
nominal values (Table 1) at time intervals between (25–40 s,
50–65 s, 75–90 s, 95–110 s), respectively. The designed
controller’s performance under parameters perturbation is
depicted in Fig. 10. As revealed, the proposed method
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FIGURE 5. Experimental results of MTPA FOC under rated speed and
torque.

can deal successfully with the variation of R, Ld , and to
some extent Lq, where the speed error during the variation
stays within the range of 1 rpm, as shown in Fig. 10(a).
Furthermore, the current consumption is almost the same as
the current consumption under nominal values, as shown in
Figs. 10(b), 10(c). This denotes that the designed strategy
can regulate the motor’s speed to its reference value even in
the case of these variations. On the other hand, the proposed
strategy exhibits more sensitivity to flux (λ) variations. This

FIGURE 6. Experimental results of the proposed MTPA under 10 N.m and
variable speed profile.

sensitivity is expected because the permanent magnet flux
is the most dominant term in the voltage amplitude control
law (19). Generally, acceptable performance is achieved even
in the case of ± 20% flux variation, which leads to a speed
error of about 11 rpm 0.6% of the reference speed. Fig. 10(d)
shows the control signals (v, 1θ ) and how they compensate
for parameter variation.

To further investigate the effect of parameter variation
on the proposed method performance, a sensitivity analysis

VOLUME 12, 2024 11417



A. Elhaj et al.: MTPA Speed Control for IPMSM Drives Without Current Sensing

FIGURE 7. Experimental results of MTPA FOC under 10 N.m and variable
speed profile.

is conducted using the sensitivity function (Spf ) addressed

in [39]. It is defined as the ratio between the relative variation
of a function f and the relative variation of the system’s
parameter p. Therefore, the sensitivity function can be written
as:

Spf =
df
dp

p
f

(24)

FIGURE 8. Experimental results of the proposed MTPA under step
increased torque and 1500 RPM.

The sensitivity investigation is carried out under ± 20%
change in (R, Ld , Lq, and λ), and the results are expressed
in Table 2.

In the parameters sensitivity analysis, as the sensitivity
function approaches zero, the less the system performance
is influenced by parameter change. From Table 2, it can be
inferred that the system sensitivity to parameter variation is
very low for R, Ld , Lq and acceptable for λ.
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FIGURE 9. Experimental results of FOC under step increased torque
and 1500 RPM.

Next, the proposed controller’s performance is evaluated
under amagnified viscous friction coefficient. Under nominal
speed and at t = 30 s, a three times magnified viscous
friction coefficient is unexpectedly introduced to the IPMSM.
In Fig. 11, the controller’s ability to compensate for
friction uncertainties is demonstrated. Despite the unexpected
increase, the controller effectively regulates themotor’s speed
to its rated value with a slight deviation of 8 rpm, which
is only about 0.4% of the reference speed as depicted in

FIGURE 10. Evaluation results of the proposed MTPA under parameters
variation.

Fig. 11(a). As expected, Fig. 11(b) shows a higher current
utilization because of the increased friction. Fig. 11(c) shows
the compensation made by control signals (v, 1θ) as a
response to friction increase.

Considering the field-oriented MTPA control (FOC)
as a benchmark, a performance efficiency comparison is
conducted to evaluate the performance of the proposed
method. In this evaluation, three performance metrics are
used numerically to assess the performance efficiency of the
suggested control method. The assessment criteria are the
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FIGURE 11. Evaluation results of the proposed MTPA under friction
increase.

integral of absolute speed error (IAE), the integral of (rms)
value of stator current ηs, and the dc-link current integration
ηdc during the real-time implementation. These metrics are
evaluated as follows:

IAE =

∫ tf

t0
|eω| dt (25a)

ηs =

∫ tf

t0
irms dt (25b)

ηdc =

∫ tf

t0
Idc dt (25c)

The integral bounds t0 and tf represent the initial and last time
interval.

In addition to the FOC, the obtained numerical values
are also compared to the current sensing-based direct
voltage MTPA control (DVC) that was proposed in [34],
and the outcomes of these evaluations are expressed in
Table 3. The first scenario is used for (IAE) and ηs evaluation,
while the second scenario is used for ηdc evaluation. Since the
FOC is considered a benchmark, its results are ranked 100%

TABLE 2. Sensitivity evaluation.

TABLE 3. Performance evaluation.

efficient. The results obtained from the proposed method and
DVC are then expressed in percentages with respect to the
benchmark.

It is clear that the numerical values achieved by the pro-
posedmethod are slightly higher than those of FOC andDVC,
which is expected. In this evaluation, the proposed MTPA
control method achieved 88%, 96%, and 93% efficiency
for IAE , ηs and ηdc, which are acceptable compared to the
FOC. Therefore, the proposed strategy has the ability to track
the MTPA trajectory without needing current measurements
and regulation loops, with acceptable performance offering
simple structure, proper and easy tuning efforts, and fast
response to external disturbance, as opposed to the cascaded-
based FOC, which highly qualifies it as a substitute for
conventional cascaded-based MTPA approaches for low-cost
real-time implementation. Considering the current sensing-
based DVC, which shows better outcomes, the percentage
difference between the proposed method and DVC is only
2%, 1.5% and 3% for IAE , ηs and ηdc respectively. Compared
to DVC, which relies on current measurement for torque
estimation, the merits of the proposed technique are apparent
in its independence in measured noisy currents and immunity
to current sensor failure or misreading. Thus, the reliability of
the control system is guaranteed.

Remark: the proposed method currents are only measured
for quantitative assessment against the FOC MTPA.

Furthermore, in real-time implementation, computation
efficiency plays a vital role in the overall performance of
the control system. Hence, code execution time (CET) is
selected as a performance metric to evaluate the computation
efficiency of the proposed scheme. The findings of the
assessment are compared to the conventional MTPA FOC,
the dynamic direct voltage control strategy (DDVC) that was
proposed in [25], and the current sensing-based simplified
dynamic direct voltage control (SDDVC) in [40]. The
obtained numerical values are displayed in Table 4.
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TABLE 4. Computation efficiency evaluation.

As for the code execution time, the achieved numerical
values show that the proposed method requires less time to
be executed, with an improvement of 16.8%, 5.45%, and
3.7% against FOC, DDVC, and SDDVC, respectively. This is
due to the simplicity of its control design, which eliminates
the need for current sensing, transformations, and cascaded
regulation, as in the conventional MTPA FOC. Furthermore,
the direct calculation of its control laws qualifies it to be faster
than the DDVC, whose control signals were obtained based
on long-winded iterative calculations.

V. CONCLUSION
MTPA-based field-oriented strategies are commonly used for
controlling IPMSMs. As an effort to simplify the control
scheme based on cascaded control, a direct voltage control
technique was implemented in this study. This strategy avoids
the use of current sensing and regulation, offering a simple
structure, easier and faster implementation, and less tuning
time due to the use of a single-speed controller compared
to cascaded-based control systems. The control system also
has better reliability because of non-reliance on current
sensors. This qualifies it to be a good candidate for cost-
effective motor drives, EVs, and large-scale plants, where
fast implementation and easy tuning are required. Moreover,
the designed strategy provides a complete formulation based
on machine voltage equations to derive the MTPA voltage
amplitude analytically, disregarding any control law approx-
imation or lookup tables-based numerical solutions. It is
relevant to mention that the absence of current measurement
and regulation loops leads to a quick response to load torque
disturbances. Although themotor’s drawn current when using
direct voltage control methods is expected to be high, the
proposed control strategy has shown its ability to operate the
motor with less current consumption for a given load torque.
This is because of the proper control of voltage angle. The
outcome of this work shows that apart from the simplicity of
the proposed control scheme, it has the ability to regulate the
speed, especially during the loading period, with acceptable
transient performance and current consumption. Lastly, the
accuracy of the MTPA trajectory tracking was quantified
numerically using performance metrics, and the results reveal
an acceptable tracking performance was achieved.
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