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ABSTRACT This paper proposes a comprehensive methodology for Field-Oriented Control (FOC) with
parameter variation analysis for Interior PermanentMagnet SynchronousMachines (IPMSM). Themodeling
approach for an IPMSM is first presented, followed by a step-by-step procedure for designing a vector-
controlled strategy. The formulation is based on a dq-rotating reference frame aligned with the rotor shaft
position. A key distinction of this methodology from traditional approaches is that the current controller is
designed in the time domain based on desired time constants, while the speed control is formulated within
a frequency response domain framework. The proposed hybrid approach enables accurate tuning of the
Proportional-Integrator (PI) controllers for both current and speed control loops. Additionally, a parameter
variation analysis is conducted to enhance the proposed methodology. The validity region for the design
procedure is presented, ensuring that for any wide speed variation of the machine, loop gains are properly
tuned. One of the main advantages of the proposed methodology is that it provides a fast, reliable, and
accurate technique for implementing IPMSM drive systems. Results from a Controller Hardware-in-the-
Loop (C-HIL) setup with an external microcontroller are presented. The comprehensive design approach is
validated under two different IPMSM parameter sets, demonstrating its effectiveness.

INDEX TERMS Electric machines, controller hardware-in-the-loop, vector control, permanent magnet
machines, variable speed drives.

I. INTRODUCTION
The PermanentMagnet SynchronousMachine (PMSM) drive
is a mature technology widely used in engineering appli-
cations. In recent years, PMSMs have gained considerable

The associate editor coordinating the review of this manuscript and

approving it for publication was Qiang Li .

attention due to their increasing adoption in the electric
vehicle sector, primarily because of their high power density,
low maintenance, and excellent controllability. PMSMs are
typically constructed with either surface-mounted or interior
magnets, with the latter being more suitable for high-speed
applications. In such cases, the machine is referred to as an
Interior Permanent Magnet Synchronous Machine (IPMSM).
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A key characteristic of these machines is that the quadrature
and direct inductances are equal in surface-mounted PMSMs
but differ in interior-mounted configurations [1].

Regardless of magnet placement, PMSM speed and
position must be accurately controlled. While PMSM control
strategies are well established in the literature, the growing
use of PMSMs in electric vehicles has introduced new
challenges for industry and academia. One such challenge is
the development of a designmethodology that accommodates
a wide range of operating speeds while considering parameter
variations.

A. LITERATURE REVIEW
Two of the most common control strategies for IPMSMs
are Field-Oriented Control (FOC) and Direct Torque Control
(DTC). The FOC approach regulates stator current in a
rotating reference frame while controlling the IPMSM speed.
The reference frame can be aligned with the stator flux,
rotor flux, or other variables. By measuring the stator
current and transforming it from the abc reference frame
to dq coordinates using the rotor flux frame, the d-axis
and q-axis currents can be controlled independently. In this
configuration, iq represents the torque-producing current,
while id corresponds to the flux-producing current. The speed
controller’s output serves as the reference for the q-axis,
while the d-axis reference is typically set to zero to minimize
reluctance torque.

In the FOC strategy, rotor position must be determined
using either a resolver or observer techniques [2], [3], [4].
The dq-axis current and speed control loops are typically
implemented using Proportional-Integral (PI) controllers [5],
requiring three PI controllers in total. It is worth noting that
in FOC, the dq-axes are inherently coupled.
There is extensive literature on PI controller tuning for

FOC-based PMSM strategies, with various approaches aimed
at enhancing performance [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16]. For instance, [6] introduces a novel
space vector pulse-width modulation scheme in which the
space vector plane is redivided, and the coordinates of the
nearest three vectors and their duty cycles are determined by
locating the reference vector. The optimal switching state and
sequence are selected online to minimize switching losses
while maintaining low common-mode voltage. However,
the complexity of this method may limit its practical
implementation.

A comparative analysis of DTC and FOC for PMSMs
is presented in [7], demonstrating the effectiveness of both
control strategies. However, the study omits details on PI
controller tuning. Meanwhile, [8] examines a fail-operational
FOC approach but serves more as a case study than a rigorous
design methodology. Similarly, [9] proposes a user interface
for PMSM drive control, with limited emphasis on controller
design and without validation of reference signal tracking.

A switched system theory combined with FOC for
PMSM is explored in [17]. While attractive for handling
parameter variations, this approach complicates the FOC

design process. A lower-complexity FOC strategy aiming
to decouple the dq-axes is introduced in [18], utilizing a
zero-pole placement technique. However, selecting appro-
priate zero and pole locations is nontrivial and requires
significant expertise.

FOC is a well-established and reliable method for IPMSM
control [19], [20], [21], [22], [23], [24], [25]. Conventional
FOC employs a cascaded closed-loop structure, with an outer
loop tracking a predefined speed and an inner loop regulating
the dq-axis currents to generate voltage references. Practical
applications often encounter perturbations in electrical and
mechanical parameters, such as stator inductance, permanent
magnet flux linkage, and moment of inertia, due to factors
like magnetic saturation, temperature variations, demagneti-
zation, aging, and load torque changes [26], [27], [28], [29],
[30].

These disturbances can cause undesired transients and
fluctuations, affecting control performance and potentially
compromising the power conversion system’s integrity. Con-
sequently, improving the robustness of conventional control
algorithms is crucial. Various advanced control methods
have been explored, including Model Predictive Control
(MPC) [21], [31], [32], Active Disturbance Rejection Control
(ADRC) [33], self-tuning control [34], u-synthesis con-
trol [35], slidingmode control (SMC) [25], [36], [37], Model-
less Adaptive Control with Recursive Least Squares (MARS)
[38], and deadbeat-based controllers [39].
Each of these methods has trade-offs. For instance, while

MPC optimizes control actions over a finite prediction
horizon and considers constraints, its computational com-
plexity can introduce delays in real-time applications. ADRC
and self-tuning controllers adapt control laws dynamically,
while SMC, despite its robustness, may cause chattering
and introduce high-frequency harmonics requiring additional
filtering. MARS offers model-independent adaptation but
may have slower convergence and higher computational
demands [40].
For current-controlled IPMSM drives, the PI controller

remains the preferred choice due to its simplicity, robustness,
and reliability. However, there is a need for improved tuning
methodologies to enhance response times while maintaining
the advantages of conventional PI control.

Most state-of-the-art methodologies focus on inner-loop
current control for specific PMSM configurations, often
neglecting systematic tuning of the outer speed control loop.
Consequently, ad-hoc trial-and-error tuning is commonly
employed. This paper addresses this gap by proposing a rigor-
ous, step-by-step procedure for designing a closed-loop speed
controller for FOC, ensuring robustness and mathematical
precision.

B. NOVELTIES AND GOALS
This paper presents a comprehensive design approach for
FOC-based IPMSM control. While extensive literature exists
on tuning PI controllers for the dq-axis, there is a notable
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FIGURE 1. Simplified diagram of the PMSM drive system and its control strategy.

gap in frequency response-based design methodologies for
speed control. To the best of the author’s knowledge,
no previous work has systematically applied a frequency
response approach to the outer speed control loop. Although
several papers propose advanced control strategies, none
adopt this methodology.

Since PI controllers are inherently linear, this paper
also defines an operational region in which the designed
controllers achieve satisfactory performance in terms of
torque and speed. Such analysis is rarely found in the
literature.

A step-by-step procedure for tuning the PI controllers in
an IPMSM drive based on the FOC strategy is provided,
ensuring proper system performance. The proposed approach
is validated using a Hardware-in-the-Loop (HIL) setup with
an external microcontroller. Specifically, the IPMSM and
inverter are simulated within a Typhoon HIL 402, while the
control strategy runs on a TMS320F28335 microcontroller.
Initial findings of this research can be found in [41]. The key
contributions of this paper are as follows:

• Proposing an enhanced step-by-step FOC design
approach that is more straightforward than existing
methods.

• Introducing a parameter variation analysis to improve
FOC accuracy.

• Designing the speed controller using a frequency
response methodology.

• Defining the boundaries of validity for the proposed
design approach, given the linear nature of the con-
trollers and wide PMSM speed variations.

• Demonstrating that the methodology is applicable to
both IPMSMs and surface-mounted PMSMs by setting
Ld = Lq = Ls.

II. SYSTEM DESCRIPTION
Fig. 1 presents a simplified diagram of the IPMSM drive
system. The system has a DC source, which may come
from a front-end rectifier, a three-phase inverter, and the

IPMSM. The phases A, B, and C of the stator current
(ia, ib, ic) are measured and sent to the control strategy
block. The measurement of stator current for phase C could
be eliminated, and its value could be computed within the
microcontroller. Similarly, the machine electrical speed (ω)
and the electric rotor angle (θ) are also obtained using
position and speed transducers. These variables could be
estimated with observers [42]. The measured signals are sent
to the control strategy block, which in turn produces the
gate signals for the transistors of the inverter. The figure
also highlights how the parts of the system were verified
experimentally in the C-HIL setup.

The control strategy block diagram of FOC is also
presented in Fig. 1. The three-phase stator current is
converted to dq-rotating reference frame. The d-axis current
is compared with zero, and the resulting signal is sent to
the PI controller (PId ). Note that this comparison is not
necessary, but it is kept here for the sake of clarity. For
q-axis current, the comparison is with the output signal
of the PI controller of the speed loop (PIs). Then, the
resulting signal is sent to the PI controller (PIq) of the
q-axis. The PI controllers will later be referred to asGiq(s) and
Gid (s). At the end, the dq-axis signals are converted back to
abc-reference frame, and their output is modulated using
Space Vector Pulse-Width Modulator (SVPWM). Ld and Lq
are the direct- and quadrature-axis inductances, respectively.
λ is the flux linkage of the rotor magnets. Vdc is the value
in volts of the DC source. After the PI controllers of the
dq-axis, there is a dq decoupling scheme and the inverter gain
compensation. The dq decoupling scheme consists of adding
and subtracting terms to the output signal of the current
controllers. Such terms are dependent on the dq currents, the
stator inductances, and the angular speed.

III. DYNAMIC MODEL FOR IPMSM
Before presenting the step-by-step procedure of tuning
the PIs for the FOC strategy, it is convenient to present
the equations that describe the dynamic behavior of the
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IPMSM. The equations are in the rotor-reference frame.
Some assumptions for IPMSM modeling are: the stator
windings of the machine are distributed sinusoidally; the
flux density around the machine air gap is sinusoidal; the
machine is supplied by a converter system with no switching
harmonics; core and stray losses are ignored; and the machine
has sinusoidal induced EMF.

As brieflymentioned in the introduction, there are different
types of PMSMs depending on the configuration and the
placement of their magnets. The design of the machine
determines its intrinsic parameter values. In surface-mounted
PMSMs, the difference between the quadrature-axis and
direct-axis inductances is very small, and they can be
considered equal when modeling the PMSM. On the other
hand, in IPMSMs, the ratio between the inductances of the
quadrature and direct axes is typically 2 to 3. In this case,
the modeling should consider such inductances as different
parameters.

A. DYNAMIC ELECTRIC MODEL FOR IPMSM
The IPMSM dynamic behavior is described by the following
equations:

vq = Rsiq + Lq
diq
dt

+ ωrLd id + ωrλaf (1)

vd = Rsid + Ld
did
dt

− ωrLqiq (2)

where vq and vd are the stator voltage for q and d axis, iq
and id are the stator current for q and d axis, Rs is the stator
resistance, Lq and Ld are the inductance for q and d axis, ωr
is the electrical speed, λaf is the air gap flux linkage.
Defining two new variables as:

uq = −ωrLd id − ωrλaf + vq (3)

ud = ωrLd id + vd (4)

These equations are used in the dq decoupling scheme of
Fig. 1 Therefore, the output variable of such scheme for d and
q axis are given respectively by.

yq = cq + ωrLd id + ωrλaf (5)

yd = cd − ωrLqiq (6)

Since the decoupling scheme results in dq axis totally
uncoupled, (1) and (2) can be written as the following
equations.

uq = Rsiq + Lq
diq
dt

(7)

ud = Rsid + Ld
did
dt

(8)

As a result of that, the previous equations represent two
decoupled subsystems and two independent controllers can
be employed to make the id and iq follow their reference
signals. Taking the Laplace transformation of (7) and (8) and
arranging them, one can get (9) and (10). These equations are

the system’s plant for the current control meshes.

Gid (s) =
Ks

1 + sτd
(9)

Giq(s) =
Ks

1 + sτq
(10)

where,

Ks = 1/Rs; τd =
Ld
Rs

; τq =
Lq
Rs

(11)

where Ks is a static gain.
The abc to dq conversion is obtained through two parts

using (12) and (13). For dq to abc their inverted matrices are
used. [

iα
iβ

]
=

[
2
3

−1
3

−1
3

0 1
√
3

−1
√
3

] iaib
ic

 (12)

[
id
iq

]
=

[
sin(θ ) −cos(θ)
cos(θ ) sin(θ )

] [
iα
iβ

]
(13)

B. DYNAMIC MECHANICAL MODEL FOR IPMSM
The electromechanical torque is given by:

Te =
3
2
P
2
(λaf iq + (Ld − Lq)id iq) (14)

where P is the number of poles. For ids=0, (14) results in:

Te =
3
2
P
2

λaf iq (15)

The electrical torque can also be written as:

Te = Kteiqs (16)

where

Kte =
3
4
Pλaf (17)

C. PARAMETER VARIATION OF IPMSM
Current and speed controllers are designed using variables
such as flux linkage, stator resistance, and quadrature- and
direct-axis inductances of the machine. These parameters
may deviate from their nominal values depending on the
operating conditions, as they are sensitive to saturation,
magnet temperature, and aging. High temperatures affect the
stator resistance and the flux linkage of the machine, whereas
saturation can affect the inductances.

In the literature, researchers have explored various
methods for parameter estimation in Permanent Magnet
Synchronous Motors (PMSMs), which can be categorized
into two main groups: offline and online approaches.
Offline methods involve conducting dedicated tests where
input/output data is collected with the motor disconnected
from its application. These tests cover the entire torque-
speed range, providing the data required for parameter
estimation and generating look-up tables for control pur-
poses. Although finite element analysis (FEA) offers an
alternative to laboratory tests, both methods have limitations.
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Laboratory tests are costly and time-consuming, while FEA
may introduce inaccuracies due tomodeling complexities and
manufacturing imperfections [43], [44], [45].
On the other hand, online methodologies estimate param-

eters during normal on-load operations through real-time
techniques implemented on the drive control unit. These
approaches commonly utilize numerical methods, state
observers, and artificial intelligence techniques [46], [47].
However, they face a challenge known as the rank-deficiency
issue, where the number of unknown parameters exceeds the
rank of the PMSM model, leading to inaccurate and simulta-
neous parameter estimations. One solution to this challenge
involves reducing the number of unknown parameters by
assuming some to have nominal values. However, retrieving
these nominal values is not always feasible, and achieving
convergence to actual values is not guaranteed. Operating
conditions, aging effects, and incipient faults can further
widen the gap between nominal and actual values, negatively
impacting estimation accuracy. More advanced but expensive
alternatives include using additional measurements, such
as torque meters. Another option is signal injection [48]
(current, voltage, or rotor position offset) to increase the
system’s rank. However, maintaining high signal-to-noise
ratios is critical for accurate estimations without influencing
machine parameters.

It is worth noting that the inductances on the direct axis
(Ld ) and quadrature axis (Lq) significantly depend on the id
and iq currents, temperature, rotor angle, and load angle. The
model complexity is kept manageable to ensure practicality
by considering only the current dependencies during machine
control, as they have the most significant impact. As a
reasonable assumption, changes in stator resistance (Rs),
stator currents of the direct axis (id ) and quadrature axis (iq),
Ld , and Lq are expected to be within ±10% of their actual
values.

The quadrature-axis inductance is more sensitive to
saturation than the direct-axis inductance. For instance, the
stator resistance of the IPMSM can reach twice its nominal
value, and the flux linkage of the rotor may drop to about
20% of its maximum value. The self-inductance of the
quadrature-axis may fluctuate between 0.8 and 1.1 times its
nominal value [1]. Therefore, the system plants presented
in (9) and (10) are not stationary. Varying quadrature-axis
inductance or stator resistance will impact the dynamic
response of the system.

1) INFLUENCE OF PARAMETER VARIATION
In a PMSM, the dq-axis inductances are determined by the
rotor shape. In addition, the q-axis induction is affected by the
area between the air gap and magnet, called the pole piece,
and the area between the N and S magnetic poles, called
the web. The inductance term Lx varies during the machine
operation due to magnetic saturation. If 1Lx is a percentage
of change in inductance, its actual value is written as:

L ′
x = (1 + 1Lx)Lx (18)

where x represents the axis, either d or q and L ′
x is the actual

inductance.
Therefore, the following equations describe the changes in

the PMSM parameters due to their variation.

L ′
d = (1 + 1Ld )Ld (19)

L ′
q = (1 + 1Lq)Lq (20)

R′
s = (1 + 1Rs)Rs (21)

δ′
= (1 + 1δ)δ (22)

i′ds = (1 + 1id s)id s (23)

i′qs = (1 + 1iqs)iqs (24)

The parameter changes described in equations (19) to (24)
are replaced by their original variables in the IPMSM
dynamic model, as defined in equations (1) to (8). By per-
forming these substitutions, the influence of the IPMSM
parameters on the current and speed controllers can be
evaluated, as will be demonstrated in Section V.

2) IMPACT OF INDUCTANCE VARIATIONS ON LOSSES OF
IPMSM
In the IPMSM, copper losses are the resistance losses that
occur in the stator windings. Assuming The copper losses is
given by:

Pcu = 3i2sRs (25)

Taking 1Pcu term as the amount of change, the copper loss
expression is given as:

(1 + 1Pcu)Pcu = 3(1 + 1is)i2sRs (26)

D. FLUX WEAKENING CONTROL
This section discusses flux-weakening control and explains
why it is not employed in this paper. The aim of this paper
is to design a controller that allows the IPMSM to follow
a certain desired reference speed. The original idea was to
demonstrate the performance of the controller below and at
the rated speed. The maximum (rated) speed of the IPMSM
is constrained by the stator input voltage, which is limited by
the DC-link voltage. In some applications, such as electric
vehicles, it is desirable to exceed the maximum speed of the
machine.

To increase the speed of the IPMSM above its rated speed,
the flux-weakening approach can be enabled. There are
several methods to implement this approach. One common
method is to calculate the dq-axes current references directly
from the torque [49], [50]. This method does not directly
impact the design process adapted in this paper.

Flux-weakening can be incorporated into the control loop
of a classical FOC strategy, as shown in Fig. 2. For normal
operation, the dq-axes currents can be calculated using the
model equations. On the other hand, the d-axis current can be
reduced (made negative) to decrease the flux of the IPMSM.
The dq-axes current references are then used to feed the
designed current controllers.
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FIGURE 2. Inclusion of flux weakening control in FOC strategy.

Another reason for not employing flux-weakening control
in the proposed FOC strategy is that flux-weakening opera-
tion is useful when the application needs to exceed the rated
speed of the machine, reaching ultra-high speeds. Therefore,
it is typically beneficial for transportation applications,
where a significant amount of torque is initially required
to accelerate a car, locomotive, or surface train, and then,
at already high speeds, it may still need to move slightly
further. In industrial and commercial applications, however,
flux-weakening is not often applicable.

IV. STEP-BY-STEP PROCEDURE
The main purpose of proposing a comprehensive and clear
methodology for designing the PI controllers of the FOC
strategy is to provide an accurate and straightforwardmethod.
The intention is not to develop a control strategy superior to
the advanced and nonlinear control strategies for PMSMdrive
applications commonly found in the literature, but rather to
establish a better and clearer methodology for designing the
PI controllers of FOC, particularly the PI controller for the
speed control loop. The following step-by-step procedure
is proposed to facilitate the design process and to present
the entire procedure of designing the FOC strategy in a
comprehensive manner. A comparison of speed response
superiority with a common method is provided, and the
results are shown in the Appendix.

The step-by-step procedure for designing the PIs of the
FOC strategy is divided into two parts: one for the current
controller and another for the speed controller, as follows.

A. CURRENT CONTROLLER
Fig. 3 presents a simplified control strategy block diagram for
designing the current controllers. Note that such a simplified
diagram is valid due to the decoupling scheme. Moreover,
the simplified diagram is intended to enable the use of the
proposed methodology for designing the PIs of the FOC
strategy.

The Ciq and Cid are the PI controllers and given
respectively by:

Ciq(s) =
kpqs+ kiq

s
(27)

Cid (s) =
kpd s+ kid

s
(28)

1st step: knowing the system parameters: The first step in
designing the FOC strategy for IPMSM is to know the system

FIGURE 3. Simplified control strategy block diagram for designing the
current controllers.

parameters. Tab. 1 shows the parameters and their unit that
must be known.

TABLE 1. Parameters and their units.

2nd step: defining the desired time constant for the
current controllers: The second step is to define the desired
closed-loop time constant for the current controllers. Such a
time constant is defined as τ and its unis is seconds. τ should
be small for a fast response but large enough because 1/τ
is the bandwidth of the closed-loop system. However, 1/τ
must be at least 10 times lower than switching frequency (in
rad/s) of the inverter. The time constant is usually chosen in
the range of 0.5 ms to 2 ms. The time constants for the dq-axis
are given as;

τ = τiq = τid (29)

3rd step: computing the proportional gain of the q-axis PI
controller : The proportional gain of the q-axis PI controller
is given by:

kpq =
Lq
τiq

(30)

4th step: computing the integral gain of the q-axis PI
controller : The integral gain of the q-axis PI controller is
given by:

kiq =
Rs
τiq

(31)

By using these values for kp and Ki, a pole-zero
cancellation happens and the open loop transfer function will
be a simple integrator that has a gain of zero dB at the cutoff
frequency that corresponds to the chosen time constant.
5th step: computing the proportional gain of the d-axis PI

controller : The proportional gain of the d-axis PI controller
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is given by:

kpd =
Ld
τid

(32)

6th step: computing the integral gain of the d-axis PI
controller : The integral gain of the d-axis PI controller is
given by (33). Notice tha this gain is the same for the q-axis.

kid =
Rs
τid

(33)

To define the time constant of the PIs for the q- and d-axis,
one may compute kpq

kiq
and kpd

kid
, respectively.

B. SPEED CONTROLLER
Fig. 4 presents the control strategy block diagram for
designing the speed controller. The internal current control
closed loop iq(s)

Iqref (s)
and can be considered as unitary since the

time constant of the speed control mesh is at least ten times
larger than that for the current control mesh.

FIGURE 4. Control strategy block diagram for designing the speed
controller.

The speed controller Cs(s) is given by:

Cs(s) =
kpss+ kis

s
(34)

The speed system plant Gs is given by:

Gs(s) =
Ka

1 + s JB
(35)

where Ka is given by:

Ka =
0.75Pλ

B
(36)

1st step: defining the desired time constant for the speed
controller : The first step in designing the speed controller
is to define the desired time constant. In order to make the
inter and outer loop decoupled and the inner loop as unitary,
the time constant for the speed controller must be at least
ten times higher than the time constant of the current control
mesh. Therefore, the time constant is defined in this paper as:

τs = 10τiq (37)

2nd step: defining the curt-off frequency (fc) of the
closed-loop speed controller : The second step is to define a
cut-off frequency for the closed-loop speed control. A rule of
thumb from the control system theory says that the cut-off
frequency of an outer loop must be ten times lower than
the cut-off frequency of an inner loop. By doing that, the
inner and outer loop has no coupling effects, and they can
be designed individually. In this paper, the cut-off frequency
is chosen as 1/τ , in Hz.

3rd step: computing the proportional gain of the speed
controller : The proportional gain of the speed controller is
computed through the open-loop frequency response of the
speed system plant. By plotting such a frequency response
and with a well defined cut-off frequency, one may pick
how much is the gain a the desired cut-off frequency. Fig. 5
presents an example of how to compute the gain supposing
in which the desired cut-off frequency is 200Hz. GdB is the
gain at the desired cut-off frequency.

FIGURE 5. An example of how to compute the gain supposing that the
desired cut-off frequency is 200 Hz .

The proportional gain of the speed controller is then given
by (38). Note that the absolute value of GdB is used in the
equation.

kps = 10
|GdB|

20 (38)

4th step: computing the integral gain of the speed
controller : The fourth step, the last one, is computing the
integral gain of the speed controller. It is given by:

kis =
kps
τs

(39)

Fig. 6 presents a flowchart summarizing the steps for
designing the current and speed control loops. Notice that
after computing all coefficients of the PI controllers there
is a process of performing parameter variation and stability
analyses. This process is important to guarantee that the
designed PIs are sufficient for making the IPMSM to work
consistently in a desired region of operation. Such analyses
are presented in Sections V and VI. The flowchart shows
that if the analyses show unsatisfactory behavior, the designer
can choose different time-constants and redesign the PI
controllers.

V. INFLUENCE OF PARAMETER VARIATION IN THE
CONTROLLERS
The control design procedure was based on the nominal
values of the IPMSM. In this section, the sensitivity to
parameter variations on the system dynamics and control
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FIGURE 6. Flowchart summarizing the steps for designing the current and
speed control loops.

design will be discussed. Hereinafter, all the bode plots and
zero-pole map are generated using the parameters listed in
Table 2. Consequently, the analysis of parameter variation is
based on the initial values provided in Table 2.
First, the response of the mechanical system to flux linkage

deviation is analyzed. The speed controller is designed based
on the nominal values of the machine. The system plant
is analyzed assuming a drop in the flux linkage by 30%
and an increase in the flux linkage by 30%. Fig. 7 shows
the frequency response of the uncompensated mechanical
system, Gs(s), for the nominal value of flux linkage, −30%,
and +30%.
Fig. 8 shows the response of the compensated system for

all three values. It can be noticed that the variation of the
flux linkage has almost zero impact on the performance of
the controller.

Second, the response of q-axis current system is analyzed
for variation in the quadrature inductance values due to
saturation effect. The response of the q-axis loop is studied

FIGURE 7. Frequency response of the mechanical system pant G(s) for
different flux linkages.

FIGURE 8. Frequency response of the closed loop of the speed system for
different flux linkages.

for two different values of Lq. Fig. 9 shows the response of
the compensated system for all three values while Fig. 10
shows the time response of the compensated system for all
three values.

Fig. 11 provides a comprehensive view of how key
control and performance parameters in a PMSM system
respond to variations in motor electrical characteristics and
design choices. Fig. 11a depicts the relationship between
the proportional gain kpd , the direct-axis inductance Ld , and
the current control time constant τ . The chart shows that
kpd increases with both Ld and τ , although the relationship
becomes nonlinear for higher values of Ld . In Fig. 11b,
the speed loop proportional gain kps is mapped against the
magnetic flux linkage λ and the viscous friction coefficient B.
This plot highlights the sensitivity of kps to the flux linkage,
particularly in low-friction scenarios, emphasizing the impact
of demagnetization on speed control performance. Fig. 11c
shows copper losses as a function of the stator resistance
variation 1Rs and the relative current deviation δis. The
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FIGURE 9. Frequency response of the closed loop of the q-axis for
different Lq.

FIGURE 10. Time response of the closed loop of the q-axis for different
Lq.

chart clearly shows that copper losses grow significantly
with both increases in resistance and current, illustrating
the compounding thermal effects that can arise in faulty or
degraded conditions.

In Fig. 11d, it explores how the current control time con-
stant τq varies with stator resistance Rs and quadrature-axis
inductance Lq. The response surface indicates that higher
Lq values help mitigate the adverse effects of increased
resistance on dynamic response time. Fig. 11e continues the
analysis by showing how the proportional gain kpq of the
q-axis current controller changes with Rs and Lq. The result
reveals a nearly linear inverse relationship between kpq and
resistance, while a direct relationship exists with inductance,
guiding the tuning strategy under parametric shifts. Lastly,
Fig. 11f illustrates the torque sensitivity coefficient ks as
a function of Rs and Lq. It demonstrates that ks degrades
steeply with increased resistance, especially when Lq is low,
reinforcing the critical role of accurate resistance estimation
for torque control. Together, these plots offer valuable
insights into the robustness of control parameters against
parameter uncertainties.

VI. STABILITY AND REGION OF OPERATION
After finding the control loop parameters, the closed loop
transfer function is given by (40)

GCL =
Gs(s)Cs(s)

1 + Gs(s)Cs(s)
=

Kpss+ Kis
J
KaB

s2 + (Kps +
1
Ka
)s+ Kis

(40)

Using the parameters of the Table 2 and the proposed
methodology shown in the previous section, it results in (41)

GCL =
7.9062s+ 59.75

0.02516s2 + 7.9185s+ 59.75
(41)

TABLE 2. System parameter for evaluating the stability region of
operation.

By plotting the pole-zero map of the closed-loop transfer
function, as seen in Fig. 12, the stability of the system can be
determined:

All the system’s poles reside on the left-hand plane,
which indicates that the system is stable. After validating
the stability of the closed-loop system, the controller’s
performance can then be tested to define the region of
operation and how it reacts to the physical limitations of
the system. Since the controller’s design approach produces
specific control parameters, i.e.,Kps andKis, a comprehensive
test is conducted to determine how well the controller
operates under different conditions.

The PI controllers used in the FOC strategy are linear in
nature. They are tuned considering one point of operation.
However, the designed PI controllers can operate satisfacto-
rily within a region of operation. The parameters from Tab. 3
were used to obtain the region of operation.

The designed FOC strategy has been tested with different
speed setpoints using Typhoon HIL software. In addition, the
controller was tested under different loading conditions, with
a load torque range from 2.5Nm to 12.5Nm and a speed
range from 30 rad/s to 510 rad/s. It has been observed that
the controller yielded zero steady-state error and a stable
step-change responsewithin the region of operation, as shown
in Fig. 13.

The speed control range decreases as the load torque
increases. When the motor operates under a relatively higher
load, the step response range to the speed reference variation
becomes narrower. Alternatively, higher speed ranges can be
achieved under lower load torques.

The main purpose of the higher time constant is to make
the speed control loop view the inner control loop as a unity
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FIGURE 11. Comprehensive view of how key control and performance parameters in a PMSM system respond to variations in motor electrical
characteristics and design choices.

FIGURE 12. Pole-Zero map of the closed-loop transfer function.

gain, and the time constant is not large enough to affect
the response of the speed loop. The time response of the
speed loop control, even with parameter variation, remains
in the millisecond range, which is acceptable for the speed
loop.

From (40), a change in the stator resistance of the machine
would affect the parameters Ks and τd . As long as the factors
of the characteristic equation remain greater than zero, e.g.,
τd
Ks

> 0, Kpd +
1
Ks

> 0, and Kid > 0, the system remains
stable. However, the time response of the controller would

FIGURE 13. Region of operation for the specified Kp and Ki designed for
the speed control considering the parameters shown in Tab. 3.

differ slightly. Figs. 14 and 15 show, respectively, the system
gain changeswhen the stator resistance is increased by around
33% and its step response for the same Kpd and Kid .

Since the purpose of incorporating changes in the stator
resistance and inductance is to improve the control loop of
the machine, the time response can be observed to identify
variations in the stator resistance and inductance. By adapting
the changes in Kpd and Kid to match the rate of change in
the stator resistance and inductance, the time response of the
system can be maintained.
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FIGURE 14. System gain changes if the stator resistance is increased to
around 33%.

FIGURE 15. Step response for the designed Kpd and Kid if the stator
resistance is increased to around 33%.

Changes in the stator resistance only affect Kid and Kiq,
while changes in the inductance only affect Kpd and Kpq.
The decoupling allows for an independent sweep of Kp and
Ki to identify variations in either the stator resistance or
inductance.

Therefore, a set of Kp and Ki values can be varied to
produce a constant time response and identify changes in
either the stator resistance or inductance. Fig. 16 shows the
range and trajectory of Kp and Ki values for a specific range
of changes in both the stator resistance and inductance, with
respect to a constant time response.

VII. CONTROLLER HARDWARE-IN-THE-LOOP RESULTS
Two case studies were conducted in order to verify the
proposed comprehensive design approach of FOC for
IPMSM. Both of them were tested on C-HIL with external
microcontroller. The real-time simulator is the Typhoon
HIL402 while the microcontroller is the Texas Instruments
TMS320F28335. The IPMSM, the inverter and sensors run
on HIL402. The FOC strategy shown in Fig. 1 runs whiting

FIGURE 16. Range and trajectory of Kp and Ki to produce a constant time
response for a 30% range of change in the stator resistance and a 50%
range of change in the stator inductance.

the microcontroller. The red and green dashed boxes shown in
such a figure better illustrates the aforementioned statements.
In Appendix, there are a simulation results showing the
controlled variables following their reference signals.

Verification of a research in a C-HIL setup has some
legitimacy because the control strategy runs in a real physical
device. Since the power plant is properly modeled in the real-
time simulator, and such simulator has very low latency, the
microcontroller may not distinguish whether its interaction is
with a real system or with a system which is being emulated
in the real-time simulator. For researches that the focus is on a
control strategy, an optimization algorithm or a decision-taker
algorithm, the C-HIL setup appears as an interesting solution
for experimental verification. Since the main focus of this
paper is the FOC strategy, and due to laboratory resources,
a C-HIL setup was used.

The following results present variables of different natures
and units, such as Amperes, RPM, angle, and torque. Since
all channels display signals in Volts, it’s important to clarify
the following: (i) for speed measurements, the indication
of 2000 RPM per Volt means that the motor runs at 2000
RPM for every 1 V shown on the curve, regardless of
the voltage-per-division setting selected on the oscilloscope.
(ii) the same applies to current and torquemeasurements, with
their respective scaling factors. (iii) For angle measurements,
a scaling factor of 20 units per Volt is used, meaning that one
Volt corresponds to 2π radians, as configured in the encoder.

A. FIRST CASE
Tab. 2 shows the parameter of the first case evaluated on
C-HIL and microcontroller. The desired parameters are τ =

0.5ms and fc = 200Hz. After following the step-by-step
procedure for current and speed controllers, the FOC is
fully designed. Tab. 2 also presents the designed parameters.
For digital implementation of the FOC strategy into the
microcontroller, the Backward Euler method was used to
discretize the PI controllers.
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TABLE 3. System parameter for Case 1.

Fig. 17 presents the electrical speed (ω), the stator current
for phases a and b (ia, ib) and the electrical rotor position (θ)
for steady-state operation. In this case, the reference speed is
2000 RPM and the load torque is 10 Nm.

FIGURE 17. The electrical speed (ω) in channel 1, the stator current for
phases a and b (ia, ib) in channels 2 and 3 and the electrical rotor
position (θ) in channel 4 for steady-state operation. Ch1:2000RPM/V
Ch2:Ch3: 10A/V; Ch4: 20 units/V.

Fig. 18 presents the electrical speed (ω), the stator current
for phases a and b (ia, ib) and the mechanical load torque (TL)
for a transition of the load torque from 10Nm to 2.5Nm. The
electrical speed oscillates and returns to its nominal value
after some seconds, indicating that speed controller as well
as the current controllers are well designed.

Fig. 19 presents the stator current for phases a and b
(ia, ib) for the same scenario of the previous result, but in
a lower time scale. The stator current is a little distorted
due to the relative low torque. As a result, the RMS value
of the stator current is also low. Distortions in low RMS
current are expected since harmonic components around the
switching frequency have magnitudes close to the magnitude
of the fundamental current component. By increasing the load
torque, the fundamental current components increases while
the switching frequency components keep unchanged. The
result is a more clean stator current, as will be observer later.

FIGURE 18. The electrical speed (ω) in channel 1, the stator current for
phases a and b (ia, ib) in channels 2 and 3 and the mechanical load
torque (TL) in channel 4 for a transition of the load torque from 10 Nm to
2.5 Nm. Ch1:2000RPM/V Ch2:Ch3: 10A/V; Ch4: 2 Nm/V.

FIGURE 19. The stator current for phases a and b (ia, ib) in channels
2 and 3 for the same scenario of the previous result, but in a lower time
scale. Ch2:Ch3: 10A/V.

Fig. 20 presents the electrical speed (ω), the stator current
for phases a and b (ia, ib) and the mechanical load torque
(TL) for a transition at the speed reference from 2000RPM
to 1000RPM . For this case, the load torque is kept constant
at 10Nm. This result shows also that the machine is correctly
controlled also at 1000RPM .

FIGURE 20. The electrical speed (ω) in channel 1, the stator current for
phases a and b (ia, ib) in channels 2 and 3 and the mechanical load
torque (TL) in channel 4 for a transition at the speed reference from
2000 RPM to 1000 RPM. Ch1:2000RPM/V Ch2:Ch3: 10A/V; Ch4: 2 Nm/V.
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Fig. 21 presents the stator current for phases a and b (ia, ib)
for the same scenario of the previous result, but in a zoom
visualization. Note that the stator current has actually cleaner
sinusoidal waveform since the load torque is 10Nm.

FIGURE 21. The stator current for phases a and b (ia, ib) in channels
1 and 2 for the same scenario of the previous result, but in zoom
visualization. Ch1:2000RPM/V; Ch2:Ch3: 10A/V. Ch4: 2 Nm/V.

B. SECOND CASE
Tab. 3 shows the parameter of the second case evaluated
on HIL and microcontroller [1]. The desired parameters are
τ = 0.5ms and fc = 50Hz. The designed parameters are also
presented in this table.

The reason for choosing the same time constant and cut-off
frequency for both Case I and Case II is to standardize the
verification of the proposed control strategy and facilitate
its evaluation. Since the machine parameters differ between
Case I and Case II, using equal time constants and cut-off
frequencies brings more legitimacy to the results, as different
results for both cases show that the control is reacting
according to the machine parameters, and not because they
were designed differently. If different time constants and
cut-off frequencies were chosen for Case I and Case II,
it would be unclear whether the differences in results were
due to the control strategy or the machine parameters.
Therefore, to demonstrate that the proposed control strategy
performs satisfactorily across different machine parameters,
all control design specifications are kept consistent.

TABLE 4. System parameter for Case 2.

Fig. 22 presents the electrical speed (ω), the stator current
for phases a and b (ia, ib) and the electrical rotor position (θ)

for steady-state operation. In this case, the reference speed is
2000 RPM and the load torque is 2 Nm.

FIGURE 22. The electrical speed (ω) in channel 1, the stator current for
phases a and b (ia, ib) in channel 2 and 3 and the electrical rotor position
(θ) in channel 4 for steady-state operation. Ch1:2000RPM/V Ch2:Ch3:
10A/V; Ch4: 20 units/V.

Fig. 23 presents the electrical speed (ω), the stator current
for phases a and b (ia, ib) and the mechanical load torque (TL)
for a transition of the load torque from 10Nm to 2.5Nm. The
electrical speed oscillates and returns to its nominal value
after some seconds, indicating that speed controller as well
as the current controllers are well designed.

FIGURE 23. The electrical speed (ω) in channel 1, the stator current for
phases a and b (ia, ib) in channels 2 and 3 and the mechanical load
torque (TL) in channel 4 for a transition of the load torque from 2 Nm to
1 Nm. Ch1:2000RPM/V Ch2:Ch3: 10A/V; Ch4: 2 Nm/V.

Fig. 24 presents the stator current for phases a and b (ia, ib)
for the same scenario of the previous result, but in a lower
time scale.

Fig. 25 presents the electrical speed (ω), the stator current
for phases a and b (ia, ib) and the mechanical load torque
(TL) for a transition at the speed reference from 2000RPM
to 1000RPM . For this case, the load torque is kept constant
at 2Nm. A zoom in steady-state is also presented. This result
shows also that the machine is correctly controlled also at
1000RPM .

89536 VOLUME 13, 2025



T. D. C. Busarello et al.: Comprehensive Methodology of Field-Oriented Control Design

TABLE 5. Comparison of control strategies for interior PMSM.

FIGURE 24. The stator current for phases a and b (ia, ib) in channels
2 and 3 for the same scenario of the previous result, but in a lower time
scale. Ch2:Ch3: 10A/V.

Fig. 26 presents the stator current for phases a and b (ia, ib)
for the same scenario of the previous result, but in a lower
time scale.

VIII. COMPARISON OF CONTROL STRATEGIES FOR
IPMSM
This section presents a comparison of various control strate-
gies for IPMSM drives. The strategies covered include most
of those discussed in the Introduction: the proposed FOC,
DTC, SMC, MPC, MARS, and Deadbeat-based Control.
These methods differ significantly in terms of computa-
tional complexity, control performance, and implementation
efficiency.

Table 5 provides a comprehensive comparison of these
control strategies, showing their working principles, benefits,

FIGURE 25. The electrical speed (ω) in channel 1, the stator current for
phases a and b (ia, ib) in channels 2 and 3 and the mechanical load
torque (TL) in channel 4 for a transition at the speed reference from
2000 RPM to 1000 RPM. Ch1:2000RPM/V Ch2:Ch3: 10A/V; Ch4: 2 Nm/V.

and drawbacks. The proposed FOC remains one of the
most attractive techniques, offering smooth operation but
requiring precise motor parameters. DTC, on the other hand,
ensures fast torque response but suffers from high torque
and flux ripples. More advanced methods, such as MPC,
enable excellent dynamic performance by predicting system
behavior, but with a high computational costs. Meanwhile,
adaptive control techniques like RLS-based methods offer
flexibility by estimating parameters in real time, although its
complex algorithm.

Selecting the most suitable control strategy depends on
the specific application requirements, such as response
time, robustness, and computational constraints. While FOC
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FIGURE 26. The stator current for phases a and b (ia, ib) in channels
2 and 3 for the same scenario of the previous result, but in a lower time
scale. Ch2:Ch3: 10A/V.

and DTC remain practical choices for many industrial
applications, MPC and adaptive control methods are gaining
attention for high-performance and adaptive systems. Under-
standing these trade-offs is essential for designing efficient
IPMSM control systems.

It is worth mentioning that robust controllers are also
considered an attractive solution for PMSM drive systems.
As presented in [51], an integral reinforcement learning-
based H∞ control algorithm for PMSM drives delivers
excellent performance with guaranteed stability. Owing
to its model-free nature, the proposed algorithm achieves
superior current regulationwithout requiring prior knowledge
of motor parameters. Another robust control approach is
discussed in [52], which provides an overview of various
robust control techniques for PMSMs, including the imple-
mentation of a speed controller. In light of uncertainty factors
such as parameter perturbations and load disturbances,
the paper primarily reviews H∞ robust control strategies
based on traditional techniques, such as robust H∞ sliding
mode control and H∞ robust current control based on
Hamilton–Jacobi Inequality theory.

IX. CONCLUSION
This paper proposes an comprehensive design approach
for field-oriented control of Interior Permanent Magnet
Synchronous Machines. The field-oriented control strategy
was employed in the proposed approach. The electrical and
mechanical models of the IPMSM were first introduced.
Then, a detailed step-by-step procedure for tuning the current
and speed controllers of the FOC strategy was presented. The
speed controller was designed using the frequency response
method. The analysis of parameter variations enabled a more
accurate design of the FOC. A description of stability and the
region of operation further contributed to the consistency of
the controller.

Using the enhanced design approach, two case studies
with different machines were performed. The entire system
was tested in a Controller Hardware-in-the-Loop device with
an external controller. Since the machine parameters differ

between Case I and Case II, equal time constants and cut-off
frequencies were adopted, bringing more legitimacy to the
results, as different results for both cases show that the control
is reacting according to the machine parameters, and not
because they were designed differently. The results demon-
strated the efficacy of the proposed design approach under
steady-state conditions and during steps in the reference
speed and mechanical load torque. The scripts and simulation
files used in this research will be freely available on the
author’s webpage: https://busarello.prof.ufsc.br/.

APPENDIX
This Appendix presents the behavior of the controlled
variables following their reference signals, the performance
of the decoupling scheme and the superiority of the speed
control designed based on the proposed method over a
classical method.

The results of this section are from simulations. The reason
for presenting only simulation results is that they involve
variables that would run within the microcontroller, and
collecting them in the experimental setup is unfeasible with
the available lab resources.

Fig. 27 present dq-axis currents and their reference signals
while At the top, it is shown the reference signal (idref ) and
the d-axis current while at the bottom we have the same
variables, but for q-axis.

FIGURE 27. dq-axis currents and their reference signals.

Fig. 28 shows the d-axis reference and the d-axis
current with and without the decoupling scheme. The d-axis
reference is kept null, but the d-axis current passes through
a transitory interval due to a reference change in the q-axis
(not shown). With the decoupling scheme, it is possible to
observe that the d-axis current presents lower overshoot,
beyond the fact that the response is faster than the same
current without employing any decoupling scheme. Note
that eliminating completely the transitory in such a case is
impractical because the PMSMmodeling used as background
for the decoupling scheme is done for steady-state conditions.
Any models for transitory behavior would serve uniquely
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to a specific point of operation. The decoupling scheme
adopted in this paper improves the transitory interval for all
points of operation, but unfortunately does not eliminate it
completely.

FIGURE 28. d -axis reference and d -axis current with and without the
decoupling scheme.

Fig. 29 presents speed responses considering the speed
control designed based on the proposed method and also
based on a common method. These results were collected
in a scenario of a step in the speed setpoint. The speed
response considering the speed control designed based on
a common method presents high overshoot. On the other
hand, the response considering the proposed method presents
lower overshoot, but high accommodation time. For machine
applications, the last is more desirable. High overshoot in
speed response means the PMSM runs at a considerable high
speed compared to the speed setpoint, which may damage
the mechanical parts coupled to the PMSM. The presented
result is valid for a step-up change in the speed setpoint of
the PMSM. Similar responses were observed during a step-
down change.

FIGURE 29. Speed responses considering the speed control designed
based on the proposed method and also based on a common method.
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