
IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 62, NO. 3, MAY/JUNE 2026 3931

An MTPA Tracking Method for Cost-Effective
Mono-Inverter Multi PMSM Electric Drives

Ivan Spina , Member, IEEE, Gianluca Brando , Adolfo Dannier , Senior Member, IEEE,
and Andrea Cervone , Member, IEEE

Abstract—Single-inverter multi-motor architectures offer the
potential for significant system simplification, leading to a sub-
stantial reduction in required components. This results in a more
cost-effective, lightweight, and compact structure. While this ap-
proach has been widely studied for Induction Motors and, to some
extent, for two parallel-connected Permanent Magnet Synchronous
Motors (PMSMs), the case of multiple PMSMs remains in its early
stages of research. This paper contributes to advancing the study
of optimized control strategies for Single-Inverter Multi-PMSM
systems by proposing an innovative method for Maximum Torque
Per Ampere (MTPA) point tracking suitable for implementation of
a low-cost control platform. This method, here named Distributed
Real-Time Computation (DRTC), is compared against a Perturb &
Observe (P&O) approach in several operating conditions, includ-
ing scenarios with motor parameter deviations. The optimal tra-
jectories are investigated, and the impact of parameter variations
is examined. The performance of the methods is evaluated through
extensive numerical simulations and experimental validation. A
comparative analysis of the results highlights the advantages and
limitations of each method, demonstrating their effectiveness in
tracking the optimal operating point under both steady-state and
transient conditions, as well as in the presence of motor parameter
variations.

Index Terms—Loss minimization, maximum torque per ampere,
permanent magnet synchronous motors (PMSMs), single inverter
multi motor.

I. INTRODUCTION

MONO-INVERTER Multi-Motor (MIMM) architectures
reduce system complexity by minimizing the number

of required components. Historically, the Induction Motor (IM)
was the first electrical machine integrated into MIMM systems
([1], [2]), primarily due to its inherent self-stabilization and the
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ability to tolerate slip relative to the voltage frequency. This
characteristic has made IMs suitable for various applications,
including traction systems ([3], [4]), where differences in wheel
diameters can be accommodated by variations in slip. Con-
versely, Permanent Magnet Synchronous Motors (PMSMs) op-
erate strictly in synchronism with the inverter voltage frequency,
presenting an inherent stability challenge when two or more
PMSMs are connected in parallel. This limitation makes them
unsuitable for traction applications where mechanical shafts are
indirectly coupled through the wheel-road interaction. In such
cases, even minor differences in wheel diameters would result
in varying rotational speeds, ultimately leading to instability.

Nevertheless, approximately a decade ago, researchers began
extending MIMM control strategies to PMSMs [5], starting
with the simplest case: the Mono Inverter Dual Motor (MIDM)
configuration, where a single Voltage Source Inverter (VSI)
supplies two parallel-connected PMSMs. Suitable applications
for MIDPMSM systems include cooling fans [6], pump drives
[7] and conveyor belts [8]. Control algorithms for MIDPMSM
systems are generally more complex, as they must ensure
consistent steady-state speed while maintaining system stabil-
ity. Several approaches have been proposed in the literature,
some incorporating optimization techniques to enhance overall
performance and efficiency. Mean-motor approaches [9], [10]
inspired by IM control strategies, treat the two PMSMs as a
single equivalent machine, characterized by the average values
of speed, position, and current, without leveraging the degrees
of freedom in MIDPMSM for optimization purposes. Around
the same time, master–slave control strategies emerged ([11],
[12]), in which only one motor is directly controlled in its d-q
reference frame. Later studies introduced a global Maximum
Torque Per Ampere (MTPA) optimization algorithm ([13], [14]).
Even in the relatively simple case of two PMSMs, implementing
MTPA remains a challenge due to the high computational burden
associated with solving a quartic function. This equation can be
solved analytically using Ferrari’s method or numerically via
iterative algorithms ([13], [14]). As an alternative, offline Look-
Up Tables (LUTs) can be used, though they require significant
memory capacity. Some works have demonstrated simplified
MTPA implementations. For example, [15] proposed a reduced-
dimension LUT that achieves the same performance as [14]. In
[16], the optimal solution was obtained through a combination of
a feedforward term, derived from an approximate equation, and
a feedback term, provided by an integral controller. In [15], [16],
a third approach—distinct from the master–slave strategy—was
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introduced, defining the semi-sum and semi-difference of motor
quantities within a mean d-q reference frame. Other proposed
strategies include model predictive control ([17], [18]), the Per-
turb & Observe technique ([19]) and Fuzzy Logic control ([20]).
Additional challenges, such as current limit calculations ([21])
and parameter sensitivity analysis ([14], [15]), have also been
addressed. Furthermore, studies have demonstrated the feasibil-
ity of controlling MIDPMSM systems with interior permanent
magnet motors ([22]) and with two motors having different
parameters ([23], [24]).

Therefore, the control of MIDPMSM systems has been exten-
sively studied, and sensorless implementations have also been
demonstrated as feasible ([14], [16], [25]). However, for a long
time, research on MIMM systems remained limited to configu-
rations with only two PMSMs, restricting their adoption in appli-
cations requiring more than two machines and consequently lim-
iting their industrial appeal. Only recently has the first attempt
to extend MIDM control techniques to Mono Inverter Multi-
PMSM (MIMPMSM) systems been proposed in [26]. The abil-
ity of a single VSI to drive multiple parallel-connected PMSMs
offers a significant opportunity for system simplification, with a
notable reduction in the number of required components. This
potential has revived interest within the scientific community,
highlighting the need for further research to address unresolved
challenges. Developing more advanced control strategies could
help unlock the full potential of MIMPMSM systems, making
them more attractive to industry. The authors of [26] demon-
strated the controllability and stability of an MIMPMSM system
using a master–slave approach. Additionally, they formulated
and applied MTPA calculations under predefined operating con-
ditions. However, a generalized method capable of continuously
tracking the MTPA point under varying operating conditions is
still lacking. Other open challenges include optimizing system
efficiency, developing a real-time algorithm suitable for mi-
crocontroller implementation, and investigating the impact of
parameter variations and uncertainties on system performance
and stability.

Some of these aspects were addressed in [27], where two suit-
able MTPA methods were investigated. However, the analysis
was conducted solely through simulations under a limited set
of operating conditions. While this confirmed the theoretical
feasibility of the methods, it lacked experimental validation
on a real test bench. For example, the Look-Up-Table (LUT)
approach proposed in [27] would require a prohibitive amount
of memory for a low-cost system. Furthermore, the parameter
variation considered in [27] was limited to stator resistance, to
which the MTPA methods demonstrated low sensitivity.

This work builds upon the theoretical considerations of [27],
extending them to propose an innovative solution capable of
overcoming the limitations of the aforementioned LUT ap-
proach. The method proposed in this study, named Distributed
Real-Time Computation (DRTC), is suitable for implementation
on an actual cost-effective control platform, as demonstrated
by an extensive experimental testing campaign on a labora-
tory demonstrator, serving as the ultimate practical validation.
This approach has been validated experimentally and compared
both to a baseline approach aimed at the sole master motor

Fig. 1. (a) Architecture of the MIMPMSM system; (b) graphical representa-
tion of the relationship between the angles of the motors.

optimization, and to the Perturb & Observe (P&O) approach
introduced in [27]. The tests cover steady-state and transient op-
erating conditions, step changes in load and reference speed, and
various unbalanced load scenarios. In the experimental setup, the
algorithms were adapted to enhance system robustness against
measurement noise and other disturbances that could introduce
undesired oscillations in the feedback variables. Additionally,
a new numerical investigation was carried out to assess the
impact of parametric uncertainties on system performance. This
analysis revealed behavioral differences between methods that
had not emerged in the study presented in [27].

The key characteristics of the analyzed algorithms are ana-
lyzed, and their performance is compared. The results confirm
the effectiveness of the proposed methods for continuously
tracking the MTPA point under varying operating conditions,
highlighting their distinct behaviors in terms of settling time
and robustness against parameter variations.

In brief, with respect to the state of literature, and, in particular,
in reference to [27], the main innovative contributions of the
present work are: the proposal of an innovative method for the
tracking of the MTPA; the adaptation of the general control
algorithm for real-case scenario; the comparative experimental
validation of all proposed methods; and a novel numerical
analysis on the parameter variation impact.

The paper is organized as follows: Section II introduces
the mathematical model and stability requirements. Section III
details the control algorithm and MTPA strategies. Section IV
validates the system through numerical and experimental results.
Finally, conclusions are presented in Section V.

II. ROBUST MASTER-SLAVE CONTROL OF A MIMPMSM

A. Steady-state Mathematical Model

The analyzed system consists of MIMPMSM structure built
upon N ≥ 3 identical isotropic PMSMs with sinusoidal back-
electromotive force (BEMF), as represented in Fig. 1(a).

Under steady-state conditions at an angular electric speed ω,
the model of each machine can be conveniently expressed in its
individual d, q reference frame aligned with the corresponding
rotor flux as follows:

Vdk = Rs Idk −XsIqk
Vqk = Rs Iqk +XsIdk + E

(1)

with the following meaning for all the variables:

Authorized licensed use limited to: Universita degli Studi di Napoli Federico II. Downloaded on August 12,2026 at 11:35:49 UTC from IEEE Xplore.  Restrictions apply. 



SPINA et al.: MTPA TRACKING METHOD FOR COST-EFFECTIVE MONO-INVERTER MULTI PMSM ELECTRIC DRIVES 3933

Vdk, Vqk: the d, q components ([Vrms]) of the stator voltages;
Idk, Iqk: the d, q components ([Arms]) of the stator currents;
Rs: the stator resistance,
Xs = ωLs: the stator reactance, proportional to the stator

inductance Ls;
E = ωφ: the BEMF amplitude ([Vrms]) linked to the flux

linkage φ generated by the permanent magnets.
By introducing the displacement angles Δθk = θk − θ1

(where θk denotes the electrical angle of the k-th rotor, as
illustrated in Fig. 1(b)), it is possible to refer the stator voltages
of any machine Mk to the ones of first machine M1. Since all
machines are powered by the same inverter, the voltages in their
respective d, q reference frames are related as:

Vdk = Vd1 · cosΔθk + Vq1 · sinΔθk
Vqk = Vq1 · cosΔθk − Vd1 · sinΔθk

(2)

By substituting (2) into (1), the steady-state model in term of
Vd1 and Vq1 for the MIMPMSM system is obtained:

Vd1 · cosΔθk + Vq1 · sinΔθk = Rs Idk −XsIqk
Vq1 · cosΔθk − Vd1 · sinΔθk = Rs Iqk +XsIdk + E

(3)

Finally, the electromagnetic torque developed by the k-th
motor Mk is given by:

Tek =
3p
ω

· E · Iqk (4)

where p represents the number of pole pairs of the PMSMs.
Under steady-state conditions the torque produced by each

motor is equal to the mechanical load torque applied at the shaft
(and it is worth emphasizing that, in general, the machines of the
MIMPMSM setup can be subject to different loading torques).

At a given speed and for a fixed Iqk, the direct current Idk
of the k-th machine is a function of the applied RMS voltage
magnitude Vk. Since all machines in the MIMPMSM system
are powered by a common source, their RMS voltages Vk must
be equal. Therefore, it results:

V 2
k = V 2

dk + V 2
qk = V 2

1 = V 2
d1 + V 2

q1 =

= Z2 · (I2
dk + I2

qk

)
+ 2E · (XsIdk +RsIqk) + E2 (5)

The condition (5) must be verified by all the N machines,
and identify some constraints on the steady-state currents of the
MIMPMSM system. More specifically, as a consequence of (5),
only one of the N direct axis currents Idk can be freely imposed
in the MIMPMSM system. Indeed, if one of the Idk is imposed as
a controllable degree of freedom, it will automatically determine
the RMS voltages Vk which, as a consequence, will impose the
current Idk in all the other (N − 1) machines.

B. Optimal Master Selection Strategy

As demonstrated in [27], only one machine can be controlled
through a closed-loop current control, while the remaining
(N − 1) machines must operate in open-loop mode. The ma-
chine controlled in closed-loop is referred to as the master,
whereas the remaining machines, whose behavior depends on
the master’s control and selection, are termed slaves. These
motors are supplied with the same voltage and frequency as

the master and are each subject to their own mechanical load.
Provided that the stability conditions are satisfied, they naturally
run at the same speed as the controlled motor and develop an
electromagnetic torque equal to their respective load torque. For
sake of simplicity and without loss of generality, the master
motor is denoted with index 1, while slave motors are indexed
from 2 to N . The direct axis current Id1 is chosen as the degree
of freedom of the MIDPMSM system. Its value could be freely
chosen in theory to optimize some system performances (e.g.,
minimizing the overall losses). However, the overall control
strategy should also guarantee stability for of all the (N − 1)
slave machines, which are operated in open loop.

As shown in [26] and recalled in [27], the stability of the
system is guaranteed, regardless of the chosen if Id1, if the
master motor is be selected as the machine for which Δ Tek =
|Tek − T sc

e | is maximized, with T sc
e = −(3p/ω)RsE

2/Z2
s

denoting the torque developed in short circuit condition, and
Zs = Zs ejϕs = Rs + jXs denoting the stator impedance
at the angular electric speed ω. This optimal master selection
strategy effectively decouples the stability requirement from the
optimization of Id1. As a result, Id1 can be freely adjusted based
on the desired optimization criteria without compromising the
stability of the slave machines.

It is worth noting that the master selection criterion indeed
guarantees stability, but it refers to operating conditions where
the system variables may change over time, yet not at an ex-
tremely fast rate. This limitation arises because the expressions
resulting from the stability analysis were derived by neglecting
the voltage drops associated with the current derivatives (terms
of the type Ldi/dt). In a typical practical application, although
the system may operate under dynamic conditions, it is not
usually subjected to extremely fast transient, and in such cases
the system could function without issues. On the contrary, in
presence of extreme dynamic conditions the stability conditions
reported in [26] and [27], alone may not be sufficient. In such
case, some additional control refinements can be implemented
to achieve dynamic large-scale stability, as discussed in the
Appendix A.

III. MAXIMUM TORQUE PER AMPERE STRATEGY

A. Mathematical Formulation

In the proposed approach, the Id1 degree of freedom is ex-
ploited to minimize the overall steady-state stator losses, which
are given by:

P J = RS

N∑
k=1

(
I2
dk + I2

qk

)
(6)

Minimizing P J for a given torque set can also be interpreted
as maximizing the torque of the MIMPMSM system for a
fixed equivalent RMS current. Thus, the minimization of P J

is equivalent to implementing a Maximum Torque Per Ampere
(MTPA) strategy.

In (6), all steady-state quadrature currents Iqk are determined
by the respective loading torques Tek and are not influenced
by Id1. On the other hand, the direct currents Idk of the slave
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machines indirectly depend on the master direct-axis current Id1,
as it influences the voltages applied to the system.

Contrarily to conventional PMSM drives, the optimal solution
to the minimization ofP J is not generally obtained by imposing
Id1 = 0, since the choice of the master current Id1 affects the
currents Idk of the slave machines according to (5). Indeed, as
discussed in [27], the definition of the MTPA’ solution, i.e., the
value of Id1 which minimizes P J for a given set {Iq1, . . . , Iqk},
requires solving a system of nonlinear equations. Finding a
closed-form analytical solution is extremely challenging; thus,
numerical methods must be employed for practical implemen-
tation. Nevertheless, as shown in [27], the optimal value of
Id1 is constrained in the range [Imd , 0], with Imd = −XsE/Z2

s

representing the value corresponding to the minimum applied
voltage magnitude.

B. Look-Up-Table Approach

In a digital control system with a sampling time Ts, track-
ing the optimal master’s motor direct-axis current Ioptd can, in
theory, be achieved using a multi-input look-up table (LUT)
built offline. The LUT is populated by numerically solving
the MTPA condition for a generic operating point, which is
linked to the system’s operating condition. However, even in a
three-motor MIMPMSM configuration, an LUT-based approach
would require an extensive memory allocation to store the
optimal currents across different operating conditions with an
acceptable resolution. In general, the number of points to be
stored correspond to res−(N+1), where res is the resolution
in pu. This memory requirement would be prohibitively large
and incompatible with low-cost real-time control platforms.
As an alternative, the optimal current Ioptd can be computed
online based on the real-time operating point. However, for
larger systems (i.e., a higher number of motors), this approach
can lead to significant computational complexity, requiring a
high-performance control platform with increased processing
power and cost, as also confirmed by the experimental results
presented later in the paper. As an additional drawback, since
LUT approach is entirely based on the mathematical model, it
may suffer from parameters accuracy.

C. Perturb & Observe Approach

The Perturb & Observe (P&O) approach has been introduced
in [27] to solve the problem of the excessive memory require-
ment of the LUT approach. This algorithm is implemented
by updating the reference direct current I∗d1 by a predefined
step ΔIP&O

d1 , whose sign is computed based on the cumula-
tive joule losses P J estimated using the expression (6) with
the measured currents of the motors. As shown in [27], this
method converges to the same optimal solution that would
be provided with an ideal LUT based approach, and it does
not show neither a heavy computational burden nor excessive
memory requirements. However, since the P&O is based on the
measured currents, the reference I∗d1 can only be updated with
a relatively slow time step TO, which is much longer than the
controller time step Ts. Therefore, the convergence of the algo-
rithm to the optimal operating conditions for the MTPA requires

a relatively long settling time, especially following transient
events.

D. Distributed Real-Time Computation

To address the previously discussed challenges, a new alter-
native approach is presented in this work. The proposed method
does not aim to solve the overall optimization problem directly,
which, as previously mentioned, could represent a prohibitive
computational burden. Instead, it involves the computation of
P J for a trial values of id, representing the instantaneous d-axis
current of the master motor. This approach is feasible since it
does not rely on iterative methods but rather on solving a certain
number of closed-form equations.

A possible strategy is to assign all potential values of id
(properly quantized) within the range of stable operation [imd , 0],
and compute P J for each of them. The optimal value ioptd is then
selected as the one corresponding to the minimumP J . Naturally,
attempting to perform all these calculations within a single
sampling interval would still pose a computational challenge.
For this reason, the optimization process can be effectively
distributed across multiple sampling intervals, where, in each
interval, the computation is carried out for only one trial value
of id.

The proposed method is referred to as Distributed Real-Time
Computation (DRTC) and operates as follows:
� At the start, the operating conditions of the motors

(ωr, iq1, . . . , iqN ) are sampled, and the first trial value of id
is set to imd . The idk of the non-master motors are calculated
via (1) and (5) and the losses using (6). The value of P J

is stored in memory along with the corresponding trial id
value.

� At the next Ts, the value of id is updated by adding a
resolution stepΔid, and the computation ofP J is repeated.
If, and only if, the newly computed P J is lower than that
in the previous step, the memory storing id and P J values
is overwritten with the updated values.

� The process terminates when the trial value of id reaches
the upper limit of the optimal range, which is equal to 0.
At this point, the stored id value is assumed to be ioptd and
is assigned as the reference output i∗d.

Fig. 2 illustrates the workflow of the DRTC method.
It is important to note that while the algorithm searches for

the optimum point, the output i∗d is kept constant at the value
determined in the previous DRTC execution. The time required
to update i∗d is given by Ts · |imd |/Δid. However, it is generally
easy to achieve acceptably short update times, even with fine
resolution, especially when compared to the convergence time
required by a P&O approach to reach the final value of id.

To further reduce the update time of i∗d, the DRTC can
alternatively be implemented as an asynchronous background
task. In this case, computations take place during any available
processing time within the Ts interval that is not used for other
tasks.

Compared to a conventional LUT, which requires input quan-
tization and a large amount of memory to store the precom-
puted optimal values, the DRTC can be regarded as an LUT
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Fig. 2. Workflow of the Distributed Real-Time Computation (DRTC) method.

computed online, where the calculation is distributed across
multiple sampling intervals to overcome the computational bur-
den. For a given operating condition, described by the same input
variables, the DRTC relies on the same mathematical model and
parameters used to build the LUT, but instead of retrieving a
pre-stored discrete value it calculates the corresponding optimal
i∗d in real time. This means that, unlike the LUT approach, the
DRTC provides continuous (non-quantized) values of i∗d and
does not suffer from memory limitations. Apart from these dif-
ferences, the results of the two methods are essentially identical,
since both are based on the same model and parameters, and
therefore exhibit the same sensitivity to parameter variations.
For this reason, in this work the comparison between DRTC and
LUT has been focused on their practical implementability rather
than on performance, leaving more space to the more interesting
comparison among DRTC and P&O.

E. Complete Control Algorithm

The complete control algorithm for the MIMPMSM system
is schematically illustrated in Fig. 3, and its working principle
is summarized as follows.

Fig. 3. Scheme of the control algorithm.

First, all the currents of the N motors are acquired and trans-
formed into their respective dkqk reference frames, obtaining
the instantaneous values of idk, iqk currents. Simultaneously,
the measured speeds of all machines are averaged, and based
on the resulting value ωr, the short-circuit torque T sc

e is com-
puted.

Then, a torque estimation is performed the measured quadra-
ture axes currents and, as explained in Section II-B, the mas-
ter motor is selected based on the maximum distance ΔTe.
Considering that, depending on the operating conditions, the
master motor can differ from the machine n.1 of the MIMPMSM
system, in Fig. 3 and in what follows, the variables without a
subscript implicitly refer to the master motor. The currents of all
the machines are used to estimate the overall stator losses via (6).

Once the master motor has been selected, its currents id
and iq are controlled in closed-loop mode using a standard
approach based on PI regulators with cross-decoupling. In this
framework, the reference quadrature axis current i∗q is generated
by a standard speed control loop.

The reference direct axis current i∗d is computed based on the
selected optimization method. In this work the proposed DRTC
technique is compared against P&O methods presented in [27];
In Fig. 3 the blue arrows represent the DRTC inputs, whereas
the green ones refer to the P&O inputs.

Finally, the reference output voltages computed by the current
controllers are transformed back into the phase variable domain
and applied to the system using a standard Pulse Width Modu-
lation (PWM) algorithm.

IV. NUMERICAL AND EXPERIMENTAL VALIDATION

A. Test Bench

The considered control algorithms have been validated both
numerically and experimentally. The control scheme used is
based on the one shown in Fig. 3, but it has been integrated with
implementation refinements aimed at enhancing robustness and
stability when subjected to demanding dynamics and rejection of
noise measurement. Appendix A describes these integrations in
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TABLE I
PARAMETERS OF THE PMSMS

TABLE II
EXPERIMENTAL TEST SEQUENCE

detail. The experimental setup consists of three identical PMSM
from the MOTOR POWER TC 40 series, whose parameters are
summarized in Table I.

The motors are driven by a SEMIKRON-SemiTeach inverter
operated at 10 kHz switching frequency and controlled via a
dSPACE-DS1103 control board. To generate the mechanical
load, each PMSM is coupled with a DC Motor (DCM) of
suitable characteristics. The latter is driven by the BOOSTXL
inverter and controlled by the LAUNCHXL-F28379D, both
manufactured by Texas Instruments. The DC links of both
converters are powered by the same DC power supply. For proper
synchronization, the braking torque values and their timing are
determined by the DS1103 and sent to the LAUNCHXL via
analog signals. The sampling frequency

The laboratory prototype is shown in Fig. 4.

B. Experiments

To evaluate the effectiveness of the proposed methods, a
sequence of six operating points was defined, each with different
torque and speed values. The aim was not only to evaluate the
performance of the system in steady-state condition, but also to
assess the robustness and stability of the system under extreme
dynamic conditions, with step changes in the variables. In this
scenario, it was quickly realized that the stability conditions
reported in [26] and [27] alone were not sufficient. For this rea-
son, the control algorithm has been integrated with implemen-
tation refinements described in Appendix A. The experimental
sequence is summarized in Table II.

Conditions 1 and 2 are necessary to start the system and verify
the response to speed changes with an unbalanced load. Condi-
tion 3 involves a change of the master motor. Condition 4, which
is particularly critical, places two motors at full mechanical

power, potentially leading to uncertainty in master attribution.
Condition 5 aims to assess the system’s response to speed
changes in the presence of master motor uncertainty. Condition
6 reestablishes the uniqueness of the master. The sequence was
executed for both previously discussed optimization methods
(P&O and DRTC). Additionally, to establish a reference case,
the same sequence was also performed when the PMSM control
algorithm was set in a traditional manner, setting the direct-axis
current to zero. Naturally, this does not constitute an optimal
method for the three-motor system, as it only seeks to minimize
the losses of the master motor. For this reason, this method is
referred to as the “Master MTPA method” (M-MTPA).

Since the N motors may have different rotor positions at
standstill, a dedicated start-up procedure aimed at aligning their
magnetic axes is applied before enabling the operating condi-
tions reported in Table II, to avoid synchronization issues. One
motor is randomly selected as master, and a slowly increasing
i∗d1 is imposed until it reaches its nominal value (with i∗q1 kept at
zero). Then the reference angle is gradually increased from zero
to 4π (two mechanical revolutions). This causes the motors to
rotate slowly and align their magnetic axes with the imposed
reference. In typical applications, the load torques generally
increase with speed and are therefore expected to be modest
at such low rotational speeds, which facilitates the alignment
process. At the end of this procedure, the motors are aligned,
and the FOC can be safely activated with the desired speed
reference. This procedure also allows the system to generate
at least one reset pulse in the incremental encoders of all the N
machines. Therefore, at the end of the described start-up pro-
cedure, eventual residual misalignments can still be identified,
and the activation of the FOC algorithm can be disabled in case
large misalignments are present (which would indicate some
abnormal issue in the operation of the MIDPMSM drive). For the
sake of brevity, the electrical and mechanical waveforms during
the start-up are not reported here, and only those corresponding
to the operating sequence are shown.

In Fig. 5, the time trends of speed and axis current components
during the sequence are presented for the three considered meth-
ods (P&O, DRTC, and M-MTPA). As can be clearly observed,
the M-MTPA method sets the direct-axis current of the master
motor to zero. Conversely, the DRTC method selects a negative
value for the id of the master motor, which it assigns rapidly;
In this context, the time required to update i∗d is 0.1 s, since
Ts = 100 μs; |imd | = 5 A; Δ id = 5 mA. Finally, the P&O
method also reaches a negative id value for the master. Naturally,
the P&O needs a longer period to reach the final id value, as it
requires time to perturb and measure the lost power to converge
to the minimum value.

Fig. 6 compares the power loss obtained during the time
sequence for the three methods.

It is evident that the DRTC and P&O methods ensure signifi-
cantly lower losses compared to the M-MTPA method. Table III
highlights the reduction in power loss achieved by the LUT
and P&O methods related to the M-MTPA reference case. The
experimental results are consistent with the numerical findings
presented in paper [27] and confirm the validity of the proposed
algorithms in a real laboratory setting, without the idealizations
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Fig. 4. Experimental setup.

TABLE III
STEADY STATE CONDITIONS POWER LOSS

inherent in a simulation environment. It is worth noticing that
this was not possible without the adaptation described in Ap-
pendix A. In line with [27], the analysis of the experimental
results does not reveal substantial differences in the perfor-
mance of the DRTC and P&O methods, except for the longer
convergence times of P&O, i.e., in steady-state conditions, the
two methods behave almost identically. This is also because
no parametric uncertainties were introduced in the conducted
tests.

C. Numerical Analysis

The behavior of the LUT approach in response to parametric
variations was analyzed in [27]. However, that analysis consid-
ered only a few operating conditions and focused exclusively on
uncertainties related to phase resistance. In fact, the behavior
of LUT and P&O was nearly identical, with differences in

TABLE IV
MEDIAN ERROR VALUES

TABLE V
MAXIMUM EXECUTION TIMES ON A COST-EFFECTIVE PLATFORM

power loss on the order of 1%. In this work, instead, parametric
uncertainties are introduced for all the motor parameters: stator
resistance and inductance, and the flux generated by the per-
manent magnets. Since it was not possible to alter the physical
parameters of the motors in the experimental setup, this analysis
was conducted numerically. The range of introduced parametric
uncertainty was set to Rs ± 10%, Ls ± 10% and φ± 5%. This
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Fig. 5. Experimental time behavior of speed and currents.

Fig. 6. Experimental power loss.

choice aligns with the confidence values reported in the datasheet
of the motors used. The numerical analysis involved one hundred
different simulations, each corresponding to a set of parameters

randomly generated for the three motors. This approach was also
aimed at testing the algorithms against potential mismatches
between the actuated motors. For each simulation, the power
loss values obtained by the DRTC and P&O methods at the six
steady-state points of the sequence in Table II were recorded,
along with the minimum achievable power loss. The latter was
determined by sweeping id across the entire stability range. For
each of the two methods, a percentage error was then computed
as a measure of deviation between the obtained power loss and
the minimum achievable power loss. In Fig. 7(a) and (c), the
errors obtained for the DRTC and P&O methods are presented,
where the ‘X’ symbol represents the median value computed
over the one hundred data points. Based on the obtained errors,
the corresponding Cumulative Distribution Function (CDF) was
calculated and is shown in Fig. 7(b) and (d).

To verify the repeatability of the observed behavior, two ad-
ditional groups of simulations were conducted, each consisting
of 100 points, with the parameter values randomly regenerated
in each case. The results confirmed the repeatability of the
behavior, as evidenced by Table IV, which reports the median
error values for the three simulation groups.
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Fig. 7. Numerical analysis of parametric uncertainties.

The collected results reveal a substantial difference between
the DRTC and P&O methods. While both ensure relatively low
median error values, the DRTC method exhibits some instances
of significant error, meaning that the obtained power losses
deviate considerably from the minimum achievable values. This
does not occur with the P&O method. This difference is also
evident from the cumulative distribution functions (CDFs). For
the P&O method, the error remains below 0.35% in 100%
of cases. Conversely, for the DRTC method, if a reasonably
small error threshold is set, for example, ≤5%, this condition
is met only in 88% of the cases. The reason for this different
behavior lies in the fact that the DRTC method is entirely
based on the mathematical model of the system and, as such,
is influenced by its parameters accuracy. On the other hand,
the P&O method operates in a closed-loop manner, adapting
its output based on the power loss measurement feedback. Its
objective function coincides, up to a constant factor Rs, with
the sum of the squared currents of all motors. As a result,
uniform variations of Rs across all motors cause only a rigid
shift of P J and do not affect the optimal i∗d. Conversely, if Rs

varies differently from motor to motor, the function minimized
by P&O no longer matches the true losses, which explains the
modest but acceptable sensitivity observed in the numerical
analysis.

D. Cost-Effective Platform Implementation

As detailed in Section IV.A, the proposed algorithms were
implemented on a high-performance control platform (dSPACE-
DS1103). This choice was primarily dictated by the compatibil-
ity of the available laboratory voltage and current transducers
with the platform’s ADC modules. However, to evaluate the
feasibility of deploying the proposed methods on cost-effective
systems, the P&O and DRTC algorithms were flashed onto
a Texas Instruments LAUNCHXL board. The corresponding
computational burden was assessed by measuring calculation
times, as reported in Table V.

As can be observed, with an available sampling interval Ts of
100 μs, the M-MTPA method exhibits the lowest computational
time, which practically corresponds to the execution of the basic
control algorithm. The P&O method shows a similar time since it
only adds the computation ofP J . Conversely, DRTC must solve
the nonlinear system equations for the calculation of id2 and id3

corresponding to one trial value of id1, and then evaluate the as-
sociatedP J . This explains the increase of about 15μs compared
to the other two methods, which corresponds to the time required
by the employed platform to solve the mathematical model of
the system in the case of three motors. This result clearly shows
the impracticality of adopting a real-time LUT, since in that case
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the same calculation would have to be repeated multiple times
to identify the i∗d that minimizes P J , leading to a computational
time exceeding Ts.

Nevertheless, although the DRTC computation time is the
longest, it remains well below the available sampling interval
Ts. As previously explained, the DRTC requires 0.1 s to update
i∗d, as it follows a brute-force approach, meaning all trial values
of i∗d are examined (1000 iterations). Naturally, by leveraging
the monotonicity of P J as a function of id, one could adopt
an optimization search algorithm that assigns the next trial id
based on the variation of P J , thereby significantly reducing the
number of iterations.

As an illustrative example, in this paper a Secant method has
been considered to speed up the convergence to the optimal
i∗d. The Secant algorithm exploits the monotonic relationship
between the total Joule losses P J and the master current id by
iteratively estimating the root of ∂P J/∂id = 0. In practice,
the search is initialized with two trial values inside the interval
[imd , 0], and at each iteration the current guess is updated ac-
cording to the secant of the gradient function. This procedure
allows the optimum to be approached without scanning the
whole admissible range, as required by the brute-force DRTC
implementation.

The effectiveness of this numerical optimization has been
experimentally assessed under the six operating conditions re-
ported in Table II. The number of iterations required to reach the
optimal i∗d was very limited, namely: 3, 6, 5, 5, 4, and 3 iterations
for Conditions 1 to 6, respectively. Such results confirm that the
optimum can be found in just a few steps, drastically reducing
the computational burden compared to the brute-force DRTC
approach, which required 1000 iterations corresponding to an
update time of 0.1 s. With the Secant method, the update of i∗d
is instead achieved within a negligible computational time with
respect to the control sampling period.

To explore an alternative approach for reducing the update
time of i∗d in the DRTC algorithm, the computation was offloaded
to an asynchronous background task. The total execution time
of this background task reached a maximum of 6.8 ms. Given
that the synchronous task has an average residual time of 23 μs,
this allows for approximately 300 sampling cycles to determine
the optimum. As a result, i∗d is updated every 0.03 s instead of
0.1 s.

Therefore, the presented results highlight that the proposed
DRTC scheme can be effectively combined with lightweight
numerical optimization routines, thus overcoming one of the
major limitations originally pointed out for brute-force search-
ing, and enabling a faster and more efficient real-time tracking
of the MTPA point.

V. CONCLUSION

This paper has presented an innovative methodology named
Distributed Real-Time Computation (DRTC) for the continuous
tracking of the Maximum Torque Per Ampere (MTPA) condition
in Mono Inverter Multi Permanent Magnet Synchronous Motors
(MIMPMSM) architectures. A key advantage of the proposed
approach lies in its intrinsic suitability for implementation on

real-world, cost-effective platforms, effectively addressing one
of the main drawbacks associated with the conventional Look-
Up-Table (LUT) technique - namely, its excessive memory
requirements, which can be prohibitively large for practical
applications.

To thoroughly assess the performance of the proposed
method, an extensive numerical and experimental campaign was
conducted, comparing its effectiveness against a Perturb & Ob-
serve (P&O) approach. In pursuit of this goal, the general control
framework was meticulously adapted for real-world deployment
and implemented on a dedicated laboratory prototype, ensuring
enhanced system robustness in the presence of measurement
noise and other disturbances. Within this investigative frame-
work, the analysis encompassed a broad spectrum of operating
conditions, including steady-state and transient scenarios, abrupt
variations in load and reference speed, as well as a range of
unbalanced load conditions. Additionally, the impact of para-
metric uncertainties on system performance was systematically
evaluated.

The results of the experimental study underscored both the
advantages and limitations inherent to each of the considered
approaches. One of the most significant distinctions between the
two methods is that, while P&O demonstrated lower sensitivity
to variations in motor parameters, it required a longer settling
time to reach the new steady-state optimum following a step
change. In contrast to traditional control strategies - typically
designed to minimize stator losses for individual motors - the
proposed methods yielded a significant reduction in total system
losses, exceeding 32% under certain conditions. Moreover, even
in the worst-case scenario characterized by substantial parameter
uncertainties, the median tracking error remained exceptionally
low, at approximately 1%.

Furthermore, motivated by the monotonic behavior of the loss
function with respect to the master current, this paper has also
exemplified the use of a Secant search method as an alternative to
the brute-force scanning embedded in the DRTC. Experimental
results demonstrated that the optimum can be found in only 3–6
iterations, thereby reducing the update time of optimum point
to a virtually negligible computation time.

Ultimately, the experimental validation campaign provided
compelling evidence of the practical effectiveness of the pro-
posed algorithms in accurately tracking the optimal operating
point of MIMPMSM systems. Their robustness was confirmed
under a diverse range of steady-state and transient conditions,
as well as in the presence of parameter variations, thereby
demonstrating their suitability for real-world applications.

Potential future developments could include expanding the
methodology to accommodate motors with different parameter
configurations, exploring the application to anisotropic motor
topologies, and investigating sensorless control strategies to
further enhance system adaptability and efficiency.

APPENDIX A

The experimental tests highlighted some critical conditions
where the proposed approach exhibited poor performance and/or
stability problems caused either by measurement noise or heavy
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transient conditions. These issues have been addressed by mod-
ifying the master selection and P&O algorithms and by intro-
ducing a supervision procedure.

A. Master Selection Algorithm

Ideally, the master should be selected as the motor character-
ized by the greater instantaneous load factor. This approach,
while effective in a simulation environment, could lead to a
continuous and undesired switching of the master motor when
two or more motors are characterized by similar values of the
load factors and the load factors estimations are affected by a
not negligible noise measurement. A low pass filter significantly
attenuates the problem, but it does not fully address the issue
unless a very small cut frequency is chosen, which could lead to
an unstable system. Instead, a relay-based processing has been
formulated and implemented as discussed below.

Firstly, the hence defined motors’ normalized load factors uk

are computed as:

uk = |Te,k − T sc
e | /Te,L (7)

withTe,L the reference torque limit. The normalized load factors
are then processed by a relay logic which switches the master
when the following condition is satisfied:

uk∗ > u1 +Δu (8)

withΔu the trigger threshold and uk∗ the maximum slaves’ load
factor:

uk∗ = max {u2, . . . , uN} (9)

When (8) applies, the master is switched to the slave linked
to the k∗ index (i.e., u1 gets linked to its load factor) and the
selection is held until the next overthrow of the threshold.

B. P&O Algorithm

The P&O algorithm updates the reference of the master’ direct
current based on the increase/decrease of the whole joule power
losses. Generally, a small value of the perturbation quantity (i.e.,
the variation of the direct current reference) is preferred over a
great one since it would lead to a smaller oscillation of the direct
current reference in steady-state operation. However, in a real
setup, the resultant losses variations become comparable with
the oscillations introduced by the measurement noise when the
direct current reference is within a suitable range of the optimal
value. This could lead to a significant low frequency oscillation
in the direct current reference in steady-state operation. This
issue has been addressed by integrating into the P&O algorithm a
hysteresis-based logic, which has been formalized by a two-level
controller with output λP :⎧⎪⎪⎨

⎪⎪⎩

|ΔP (nTO)| > ΔPH ⇒ λP (nTO) = 1
|ΔP (nTO)| < ΔPL ⇒ λP (nTO) = 0

ΔPL ≤ |ΔP (nTO)| ≤ ΔPH ⇒ λP (nTO) =
= λP ((n− 1)TO)

(10)

with ΔPH and ΔPL the high and low hysteresis bands. λP

allows to discriminate through an operating condition either far

( λP = 1) or close ( λP = 0) to the optimal one. The behavior
of the algorithm is modified accordingly:{

λP (nTO) = 1 ⇒ ΔI ∗ (nTO) = ΔI ∗ (nTO)
λP (nTO) = 0 ⇒ ΔI ∗ (nTO) = −ΔI ∗ (nTO)

(11)

with ΔI∗ the increment on the direct current reference applied
by the modified algorithm. As per (11), the P&O procedure
follows the standard logic if the operating condition is far
from the optimal one. Otherwise, the reference is continuously
switched to hold the operating condition while being able to
detect a departure from the optimal one.

C. Supervision Procedure

The resultant algorithm, formalized in [27] just through the
definition of the master selection and MTPA procedures, has
been further modified by introducing a supervision procedure
which affects the whole process based on the discrimination
of the current system operation between a steady-state and a
transient one. The discrimination is performed by processing
the maximum error εω between the electrical speed reference
ω∗ and the actual electrical speeds ωk of the motors:

εω = max {|ω ∗ −ω1| , . . . , |ω ∗ −ωN |} (12)

εω is exploited to change the relay-based logic quantity λT

(which is held to 1 in transient operation, to 0 in steady-state
operation) by the following logic:

λT is set when εω exceeds the transient threshold ΔεT ;
λT is cleared when εω remains within the steady-state thresh-

old ΔεR for a time interval greater than a specified steady-state
time interval TR.

When λT = 0, the algorithm proceeds normally. When λT =
1, the MTPA is bypassed, and the reference direct current is set
to zero. This helps to increase the stability of the slaves when
heavy perturbations occur.
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