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ABSTRACT This paper proposes a multi-platform algorithm methodology in order to define firing angles
of torque sharing functions (TSFs) for the indirect torque control of switched reluctance motors (SRM)
through a hardware-in-the-loop (HIL) system. This proposal is used to achieve optimal levels of torque
ripple and losses with accuracy and reliability, while taking advantage of real-time simulation. The analysis
is performed assuming steady-state conditions of speed and torque reference for levels below the base speed,
aiming to obtain firing angles ensuring optimal tracking performance. A novel methodology is proposed
by using a grid search algorithm that handles the communication between Python, Code Composer, and
the Typhoon HIL device. For that, an experimental data FPGA-based model with 500 ns of simulation
time step is used to ensure highly accurate dynamic responses of current and electromagnetic torque.
Moreover, controller-HIL (C-HIL) is used to have a safe and high fidelity testing environment, allowing
rapid testing before transitioning to an experimental test bench. The simulation results are experimentally
validated, demonstrating that the proposed strategy is effective and ensures optimal performance, taking
into account peripheral systems of A/D, signal conditioning, PWM, and sensor emulation.

KEYWORDS Hardware-in-the-loop, multi-platform algorithm, torque sharing function, switched reluctance
motor.

I. INTRODUCTION
Swiched Reluctance Motors have been the subject of research
in transportation electrification as an alternative solution to
permanent magnet synchronous motors (PMSM) and induc-
tion motors (IM). It presents several attractive characteristics
to the automotive, aviation, and industrial sectors, which
include a simple structure, robustness, fault-tolerant capa-
bilities, absence of magnets, and low manufacturing costs
[1]–[8]. However, some drawbacks are present such as high
non-linearity, torque ripple and acoustic noise [9]. In this
context, TSF methods are employed to mitigate torque ripple,
sharing torque production between incoming and outgoing
phases and providing a suitable current reference for the
motor [10]–[14]. On the other hand, this method presents
significant offline computational burden while also requiring
optimization and accurate models in order to determine the
optimal firing angles.

Several methods can be employed to obtain the SRM
model by means of offline procedures, such as an exper-
imental data-based model using lookup tables [15], neural
networks [16], analytical methods [17], Finite Element Anal-
ysis (FEA) or equivalent magnetic circuits [18]. In terms of
accuracy, the lookup table based model presents more precise

SRM magnetization curves, allowing for a more reliable
model to be obtained [15].

As previously mentioned, besides model accuracy, the
use of computationally expensive algorithm is required to
determine the optimal firing angles for a TSF method. In this
regard, the standard offline simulation procedure is highly
susceptible to small simulation time step, resulting in an
exponential simulation time increase with a linear decrease
of time step. Therefore, this method may yield an exceed-
ingly long simulation time, which is undesirable. To avoid
such time-consuming procedure, the literature commonly
use meta-heuristic algorithms, such as the genetic algorithm
(GA), aiming to the optimize conduction angles. In [19]
and [20], the authors optimize analytical TSFs using GA,
which typically serves as a baseline reference for others TSF
type strategies. In [21], the authors proposed a optimization-
based TSF with bi-objective GA with higher time-consuming
optimization problem. In [22], the authors present a time-
efficient torque shaping method based on a linear space
approach. This enables a less time-consuming process when
compared to bi-objective GA described before, which uses
a lookup table based approach, but has high complexity
for reproduction. The information presented is summarized
in the form of Table 1, showing the GA method as a
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TABLE 1. Summary and Comparison of the TSF optimized strategies.

Publication Optimization
algorithm

TSF type Time-consuming Implementation
complexity

Torque ripple

Proposed Multi-platform with
Grid-search

Analytical Low Low Medium

[19] Multi-objective GA Analytical Medium Medium Medium
[20] Multi-objective GA Analytical adjusted Medium Medium Medium/Low
[21] Multi-objective GA Flux linkage-based Medium Medium Low
[22] Multi-objective GA Torque mapping-based Low High Low
[23] Multi-objective GA Current

dynamic-based
Extremely High High Extremely Low

[24] Multi-objective GA
and Golden selection

Current
dynamic-based

High High Extremely Low

commonly used algorithm, the type of TSF utilized, the time-
consuming, the implementation complexity, and the level of
torque ripple obtained. In [23] and [24], the authors pro-
pose an improved optimization-based TSF with high current
tracking performance and reduced torque ripple by a bi-
objective optimization approach. However, the time required
to perform each step of the optimization is doubled, given
that two simulations are required to generate the reference
current.

Among the approaches described, it is observed that
hardware-in-the-loop (HIL) simulation has not been consid-
ered in literature as a means to optimize TSFs. The HIL sim-
ulation is a well established technique which features high
accuracy models with very short simulation time step and
high a fidelity testing environment. This technology received
attention in several critical applications involving electric
drives [25], [26]. This method has integration between a field
programmable gate array (FPGA) - used to build the model,
and a digital signal processing (DSP) - used as a device
for processing the control algorithm and sending signals
to the drive system [27]. This simulation tool has a rapid
integration procedure, allowing to reduce the design time by
simulating the system at a faster pace, while still exhibiting
high accuracy. Furthermore, the use of the DSP allows the
user to replicate the same control code that will be used in
the experimental setup, which results in greater reliability
and fidelity. Then, it is possible to infer that the accuracy
of the simulation is more evident when the FPGA model
is associated with the intended microprocessor, which takes
into consideration A/D measurements, PWM modulation and
control algorithms.

A number of papers in the literature discuss the use of
machine simulations with HIL devices. In [27], the authors
address a review of electrical machines models using HIL
simulators. It describes some of the alternatives available
in the market in terms of software and hardware, and it
presents a PMSM machine model as a case study. In [28], it
is described an implementation of an SRM HIL model with
lookup tables obtained by FEA. A performance comparison
is also performed between the HIL and off-line simulation
results. In [29], the authors discuss a HIL system for PMSMs,

IMs and SRMs model testing based on FPGA technology
using input and output interfaces. In [30], a model based
on magnetic equivalent circuits of an SRM is developed by
emulating the salients profile and air gap as resistance and
voltage sources, aiming for 160 MHz of maximum sampling
frequency in a HIL simulation. Similarly, in [18], a novel
equivalent magnetic circuit model is proposed, which is
validated though experimental results and FEA.

Therefore, the literature shows the interest in SRM sys-
tems with high accurate models and small execution time,
which ensures reliable design of control systems. These
features are aligned with HIL simulation. Although the SRM
model HIL approach with a high-fidelity experimental-based
model is known, it has not been utilized for TSFs with op-
timized firing angles, particularly when considering compu-
tationally expensive algorithms. Its flexibility and increased
performed has not been considered as a means to obtain
firing angles in a reduced time. Moreover, the literature has
not taken into account, up to this point, the possibility of
the optimization process being more effective when using
the same test bench microprocessor, considering the firing
angles accuracy and better transition process between design
and experimental stages.

In this context, this paper presents a strategy for the
design and evaluation of TSFs using a HIL approach through
a multi-platform algorithm that ensures effective interaction
between the devices. The proposed method ensures accurate
simulation results through 500 ns time step on an FPGA-
based model of a 12/8, 3-phase SRM and asymmetric half-
bridge converter (AHB) by using a Typhoon HIL 604 device.
The digital microcontroller TMS320F28335 controlCARD
is used as the control hardware device. Furthermore, the
strategy allows to obtain simulation results in a lower time,
by means of continuous real time simulation. The design
of analytical TSF with hysteresis current controller (HCC)
is implemented with 40 kHz sampling frequency. The per-
formance is evaluated, up to base speed, in steady state
operation for different speeds and torque references through
a grid search approach. Experimental tests are obtained to
compare with the HIL simulation results, demonstrating the
effectiveness of the proposed method.
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The following topics summarize the main contributions
of this paper:

1) The selection of optimal firing angles is achieved using
a multi-platform algorithm strategy that employs torque
ripple and losses as the cost function.

2) An evaluation of TSFs using a HIL data approach.
Enhanced current accuracy data is achieved through the
FPGA-based model, integrating the digital microproces-
sor with A/D peripherals, signal conditioning, PWM,
and sensor emulation systems.

3) Data acquisition in real-time mode by using the
hardware-in-the-loop device, allowing an optimization-
based design approach in less time.

To illustrate the proposed methodology, Figure 1 presents
the implementation steps that serve as the basis for defining
the sections of this paper.

Step 1

Obtain the lookup-table-
based model of the SRM

through experimental
characterization.

Step 2

Develop the simulation
with lookup-table-based
model in the Typhoon

HIL environment

Step 3

Implement the control
algorithm on the Texas

Instruments DSP.

Step 4

Implement the multi-
platform algorithm in

Python to interact with
the model and the DSP.

Step 5

Define the optimal firing
angles and describe the
performance through

contour plots.

Step 6

Validate the performance
through experimental

results.

FIGURE 1. Stepwise description.

II. SRM MODEL
This section describes the process of experimental character-
izing of the SRM to generate lookup tables that accurately
represent the nonlinear behavior of current and electromag-
netic torque. Therefore, the block diagram, presented in Fig.
5, depicts the simulation architecture used in the Typhoon
HIL environment as FPGA architecture.

A. Experimental SRM Characterization
Continuous torque production is achieved in an SRM by
sequentially exciting phases as the rotor poles move towards
the stator poles. The machine presents a highly nonlinear
behavior for a number of reasons. First, it often operates
in a magnetically saturated condition. Moreover, it presents
variable inductance that depends on machine’s current and

phase angular position. Therefore, experimental data based
models are typically used in order to achieve more reliable
simulation results [15].

The procedure consists of applying a voltage step to
one phase of the machine with the rotor locked and, via
oscilloscope, storing the voltage and current data for different
positions of the machine shaft. In turn, the induced magnetic
flux is obtained by calculating the following expression,

ϕph =

∫ t

0

(vph −Riph) dt (1)

where, ϕph is the flux linkage, vph is the voltage, R is the
winding resistance, and iph is the current of each phase.

The flux linkage profile for the studied 12/8 SRM are
given in Figure 2(a). This result is obtained through spline
interpolation in order to build a linearly spaced lookup
table. It should be noted that the interpolation technique
allows the experimental data to be extended to unsampled
rotor position intervals. The detailed procedure for machine
characterization can be observed in the paper [15]. The rated
parameters of the SRM are presented in Table I.
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FIGURE 2. SRM data. (a) Flux linkage profiles and (b) Electromagnetic
torque profile.

TABLE 2. 12/8 SRM parameters.

Parameter: Value
Rated speed 1500 r/min
Rated power 2 kW
Rated toque 12.73 Nm

Rated voltage 400 V
Rated RMS current 5 A
Number of phases 3

Similarity, the electromagnetic torque profile, shown in
Fig. 2(b), can be obtained initially by calculating the co-
energy. It is defined as the integral of flux linkage in relation
to current. Therefore, the co-energy can be described as

W co
ph =

∫ i

0

ϕ(θ, i)di. (2)

where, W co
ph is the co-energy considering to each machine

phase.
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Thus, the total co-energy is the sum of the co-energy of
each phase as described in

W co =

3∑
ph=1

W co
ph(i, θ). (3)

Finally, the electromagnetic torque can be determined as
the partial derivative of the co-energy with regards to the
angular position, defined as

Te =
∂W co

∂θ
. (4)

Based on the curves obtained in Fig. 2 it is possible to
build up two lookup tables. Current lookup table, i(ϕ, θ),
which outputs the current value based on the flux linkage
and rotor position, and a torque lookup table, Te(i, θ),
which outputs the torque value based on the current and
rotor position. The surface results of i(ϕ, θ) and Te(i, θ)
are presented in the Fig. 3 and 4 respectively, illustrate the
interval related to the generator and motor operation cycle.

FIGURE 3. Surface of i(ϕ, T ).

FIGURE 4. Surface of T (θ, i).

These tables are essential for SRM simulation, which will
be used in the FPGA-based simulation through a Typhoon
HIL environment. The detailed description of the simulation
procedure is presented next.

B. Lookup-table-based Simulation
The dynamic behavior of the SRM can be emulated through
lookup-table based on (1), and i(ϕ, θ) and Te(i, θ), as de-
picted in the block diagram shown in Figure 5.

θph

iph
ϕphvph

θ

Tph

mod

i( , )θ ϕ T ( ,i)e θ

R

S2

S1

Vdc

SRMAHB

FIGURE 5. Lookup-table-based model simulation of SRM.

The i(θ, ϕ) and Te(θ, i) tables are stored in the Typhoon
HIL simulation environment. The phase voltage vph is sup-
plied through an AHB converter, and the angular position
is emulated using digital signals that replicate a quadrature
encoder. A simulation integration step of 500 ns is employed
to ensure high fidelity in capturing the machine’s dynamic
current behavior.

S1 and S2 are upper and lower switches for each phase.
These are controlled through the microcontroller according to
computed indirect torque control algorithm that is described
in the following section.

III. CONTROL ALGORITHM
This section presents the control law used for the algorithm’s
implementation on the microcontroller. First, the TSF is
detailed as a method for converting the reference torque into
a phase-specific reference current. Following this, the HCC,
associated with the chopping regions method, is introduced.

Figure 6 presents the block diagram representing the
structure of the indirect torque control system.

TSF i( ,T)θ HCC PWM

SRM
iph

θph θph θph

iph
*Tph

*Tref eph

AHB

u1

S1 S2III.B

II.B

III.AIII.A III.B

II.B

u2

u1

u2

-

-

FIGURE 6. Block diagram of indirect torque control.

where Tref is an equivalent reference torque, T ∗
ph is the

instantaneous torque reference based on the phase angular
position θph, generated by the TSF, eph is the error between
the phase current reference (i∗ph) resulting from the torque-
current conversion and the measured phase current (iph). u1

and u2 are the HCC signals corresponding to the upper and
lower switches, respectively. These signals are conditioned
by PWM modulation, generating the signals ū1 and ū2 for
the converter that drives the SRM through the switching of
S1 e S2.

The AHB and SRM blocks were previously discussed in
Section II.B. From this point forward, the TSF and i(θ, T )
are presented in Section III.A, and the HCC and PWM blocks
are described in Section III.B.

A. Torque Sharing Function
Especially used for torque ripple mitigation, TSFs are a form
of indirect torque control of switched reluctance motors. The
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TSF distributes the equivalent torque among different phases
by generating a dynamic reference current according to the
mathematical model of the machine.

The algebraic TSFs have overlapping intervals usually
described by linear, sinusoidal, cubic, and exponential func-
tions [19]. This work will be limited to presenting the
sinusoidal function as an example of the approach. The
mentioned function is shown in Fig. 7 as described by [20].
Additionally, it presents the angles for forming the desired
phase torque profile.

Sinusoidal

Phase A Phase BPhase C

θ
ov

θ
ov

FIGURE 7. Sinusoidal TSF profile.

By adopting the 12/8 SRM as the object of study and
considering that the machine’s drive cycle is described by
τ = 360◦/Nr (where Nr is the number of rotor poles),
there is an interval of 45◦ that encompasses both generator
and motor operation cycles. However, this work’s proposal
is limited to the motor operation approach, therefore only
half of the operation cycle is used. The starting angle is
θu = 22.5◦ and the final angle is θp = 45◦.

The main angles that define the phase torque profile
are θon, which initiates the magnetization phase, θov , which
defines the overlap interval, and θoff , which marks the end
of the demagnetization period, expressed as:

θoff = θon + θov + α (5)

where α = 360◦/(mNr) is the displacement between
adjacent phases. Given that m is the number of phases
and Nr is the number of poles, α = 15◦. Furthermore,
the maximum excursion of θov can be defined from the
perspective where θon = θu and θoff = θp. Substituting into
(5) yields θov = 7.5◦.

Between the output and input phases, θc determines the
central point of torque balance between the phases and can
be expressed as a function of θon, θov , and θoff , as follows:

θc = θon +
θov
2

= θoff − θov
2

− α (6)

Regardless of the profile of interest, the instantaneous
torque is obtained through the sequencing of steps condi-
tioned by the intervals that depend on the angles θon, θov ,

and θoff . Therefore, the TSF can be systematized by:

T ∗
ph =



0, 0 ≤ θph ≤ θon

Treffrise(θph), θon < θph < θon + θov

Tref, θon + θov ≤ θph ≤ θoff − θov

Trefffall(θph), θoff − θov < θph < θoff

0, θoff ≤ θph ≤ θp,
(7)

The functions frise(θph) and ffall(θph) are used to
generate a reference torque profile between two adjacent
phases, whose sum results in the desired equivalent torque.
The function frise(θph) increases from 0 to 1 when θph is
between the initial magnetization reference, θon, and the final
interval of the rise function, as defined by θon + θov .

The frise(θ) function is defined by:

frise(θph) =
1

2
− 1

2
cos

(
π
(θph − θon)

θov

)
(8)

If θph is between the final magnetization interval and the
beginning of the demagnetization interval defined by θoff −
θov , T ∗

ph = Tref . If θph is greater than θoff −θov , ffall(θph)
decreases from 1 to 0 until the final demagnetization interval
defined by θp. Regardless of the type of TSF, the function
ffall(θph) can be represented by:

ffall(θph) = 1− frise(θph + θon + θov − θoff ) (9)

To obtain the current reference, is necessary to interpolate
the function i(θ, T ). This function can be derived through
the inversion procedure of the original T (θ, i) lookup table
presented in Fig. 4. This procedure is described by [1], and
the result is presented in Fig. 8.

FIGURE 8. Surface of i(θ, T ).

B. Hysteresis Current Controller
The reference current generated by the TSF is tracked by
a HCC, as described in the block diagram shown in Fig. 6.
This method is simple and robust, but it has drawbacks, such
as the need for high sampling rates and variable switching
frequency. To address these issues, a 40 kHz sampling rate
was adopted for the controller, in line with the maximum
performance capability of the microcontroller. Additionally,
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the chopping region method was implemented to reduce
current tracking variation, particularly in regions of lower
inductance.

Fig. 9 highlights the operational stages of the AHB con-
verter with respect to soft chopping (SC) and hard chopping
(HC), as shown in Fig. 9(a), and their association with torque
and current reference, as illustrated in the example shown in
Fig. 9(b).

SC HC

V
dc

V
dc

V
dc

{

e >bandph

{

e <-bandph

V
dc

(a)

R
ef

er
en

ce

θ (deg)

(b)

FIGURE 9. Soft chopping and hard chopping control mode. (a) AHB with
chopping operational stages. (b) Example of torque and current reference
with chopping region highlight.

The first stage is the magnetization of the winding, which
occurs when eph > band, and is common to both SC and
HC modes, at which point the voltage Vdc is applied to the
phase. When eph < −band, SC and HC operate differently.
For SC, zero voltage is applied to the phase, operating in
freewheeling mode, where the current flows only through
the phase, a switch, and a diode. For HC, it operates in
demagnetization mode, as −Vdc is applied to the phase when
both switches are turned off, allowing the current to flow
through the phase and both diodes.

As described, the HCC presented in this section is
implemented in the microcontroller, as well as the algorithm
for obtaining the reference current, the TSF, and the func-
tion i(θ, T ) presented before, which are implemented using
bilinear interpolation.

The control signals generated by the HCC are calculated
at a fixed frequency and normalized between 0 and 1 accord-
ing to the PWM carrier signal. The resulting comparison of
the signals is used to turn on and turn off the switches.

With the implementation of the control algorithm com-
pleted, the next section discusses the optimization process
used to determine the firing angles. It will present the cost
function used and the proposed multi-platform algorithm.

IV. OPTIMIZATION-BASED PROBLEM
TSFs provide a low torque ripple and often enable a sec-
ondary objective to be considered. However, the firing angles
design present a non-trivial selection process. Depending on
firing angles chosen, the results of torque ripple and current
profile will differ for the same operating point. Usually, an
approach used to resolve this trade-off is to address the
problem by defining a cost function that takes the desired
performance parameters into account.

In the discrete-time approach, the RMS current can be
represented by:

IRMS =

√√√√ 1

N

N∑
k=1

i2ph(k) (10)

where N is the total number of points within a sampling
interval, k is the index of the data vector, and iph refers to
each of the sampled phases.

Furthermore, the cost function must also represent the
torque ripple, which is defined by:

Tr =
max (Te)−min (Te)

mean(Te)
(11)

where Te is the equivalent electromagnetic torque obtained
by summing the instantaneous torque resulting from each
phase.

Finally, the minimization of the performance parameters
can be implemented by solving the optimization problem
described by:

min
θon,θov

J = ||IRMS ||+ ||Tr||

subject to


θoff − θov − θov − α = 0,
max (i∗ph)− Imax ≤ 0,

θov − 2(θc − θu) ≤ 0,
θov − 2(θp − θc − α) ≤ 0,

(12)

where ||IRMS || and ||Tr|| are the normalized RMS current
and torque ripple respect to maximum values found for each
torque-speed operation condition, in order to compatibilize
the performance parameters of different quantities.

The constraints for the problem define the necessary
conditions for potential candidates for the current profile. It
is assumed that the potential candidates must be within the
phase conduction cycle, result in unsaturated current profiles,
and meet the overlapping limits in the magnetization and
demagnetization segments. Furthermore, the torque-sharing
current reference must be properly tracked. Authors such as
[1], [20] describe that this reference should not be faster than
the machine dynamics. Considering that, this paper takes into
account the rate of current change according to the limits of
the bus voltage and operating speed.

From this point forward, the next step is to implement
the algorithm that will test each possible combination of θon
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and θov and capture the current and torque data generated in
the simulation in order to calculate the cost function (12).

For this reason, the following section presents a method-
ology to find optimal firing angles aiming to minimize torque
ripple and RMS current through multi-platform algorithm
strategy. This approach ensures high accuracy and reliability
with rapid simulation process, characteristics inherent to the
real-time simulation.

V. MULTI-PLATFORM ALGORITHM STRATEGY
This section describes the multi-platform algorithm strategy,
which aims to determine the firing angles through an op-
timization procedure that relies on iterative communication
between different platforms and simulation and control de-
vices. Fig. 10 illustrates the steps used in the development
of the algorithm.

Step 1

Perform the Multi-
platform environment

setup.

Step 2

Import the Typhoon HIL
API.

Step 3

Implement the search
algorithm in Python

enviroment.

Step 4

Analyze the optimization
data.

FIGURE 10. Steps taken for the development of the multi-platform
algorithm.

The first step involves a pre-development stage, serving
as the framework for proper communication between envi-
ronments and devices. In this stage, the systems must be
configured according to the version in which the model was
developed within the Typhoon HIL environment. For this
work, Typhoon HIL Control Center V2023.2 was used, along
with Python Programming Language 3.11.5 and Typhoon-
HIL-API 1.23.1, through a multi-platform algorithm that
interfaces between the devices.

The second step involves importing the Typhoon-API.
This tool is responsible for ensuring communication between
the Python algorithm and the HIL device. It allows for the
transmission of digital signals through the general purpose
input/output (GPIOs), which are provided by the interface
board between the microcontroller and the hardware-in-the-
loop simulation device.

The third step is the development of the proposed
algorithm, which will be described in detail through the
pseudocode shown in Fig. 12.

The fourth step is related to the analysis of the obtained
data. The optimal firing angles, as well as the performance
parameters, are stored and analyzed.

To accomplish this, HIL simulation is performed using
Typhoon HIL hardware which is composed of a real time
HIL 604 device and a DSP interface 3.0. In addition, the
setup also contains a Texas Instrument TMDSCNCD28335
DSP control card, and a host computer with an Intel i7-

6500U CPU, and 8GB of RAM. The components of the HIL
setup are presented in detail in Fig 11.

Typhoon HIL604

DSP Interface

Host Computer

DSP Controller

FIGURE 11. HIL simulation setup.

This algorithm is presented by means of a schematic
description in Fig. 12 through three-layer illustration.

Layer 1: Python code, as pseudo code described, is
deployed on the personal computer and include the base
algorithm that computes the cost function and all calculations
necessary to implement the firing angles selection procedure
steps. In this layer, a linear grid of firing angles is created
and then updated according to constraints in (12). In order to
reduce computing effort only two values of reference torque
are used, 1 Nm for minimum and the maximum torque trace-
able according to the rotor speed and the implemented TSF.
Typhoon HIL Application Program Interface (typhoon.api)
is used to load the SRM lookup table model developed
in the FPGA-based environment. Furthermore, the analog
to digital converters are defined to measure the currents
and equivalent torque behavior. A continuous simulation is
performed for each rotor speed, torque reference and possible
firing angles. The torque and firing angles are quantized,
transforming the values to digital, which are then sent to the
DSP through GPIOs. After an electrical cycle, the currents
and torque are sampled in order to compute the defined cost
function. Finally, the performance parameters are stored and
the simulation is stopped.

Layer 2: Microcontroller algorithm is where the TSF and
current control algorithm are implemented. In this regard,
an HCC algorithm with hybrid chopping region control (as
described in [9]) is chosen due to its simplicity and the fact
it is often used for this system. The binary data is received
through GPIOs and converted up to sinal according to digital
to analog converter and dequantized process. Then, the
interruption of the control algorithm in 40 kHz is performed
defining the phase torque reference, T ∗

abc, produced by the
TSF block which has inputs such as Tref , and the phase
current value is obtained through bilinear interpolation of
i(θ, T ). Besides, integrated peripherals such as eQEP and
ePWM are used to measure rotor position and generate PWM
signals based on the outputs of the HCC, respectively.
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3: Update firing angles according to constraints described
in (12) and rate of flux.

4: Find the maximum torque operation for each speed.
5: Define points operation: r refand T .ω
6: Load HIL model through API Typhoon HIL.
7: Define the ADCs for currents and torque measurements.
8: Run simulation.
9: eachfor dorω
10: eachfor Tref do

for do11: each combination of firing angles update
12:                 Perform data quantization.
13:                 Send the data to the DSP through the GPIOs.
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15:                 Compute (10-12).
16: end
17: end
18: end
19: Store data.
20: Stop Simulation.
21: End.
_______________________________________________________________________________________________

GPIOs

FIGURE 12. Flowchart of the firing angle optimize procedure.

Layer 3: FPGA-based model is the model that is imple-
mented in the Typhoon HIL schematic editor software with
500 ns time step in simulation real-time mode. It receives
the PWM signals from the microcontroller and drives the
switches of the AHB three-phase inverter. The phase currents
are measured through the analog outputs provided by the
device and the angular position is then sent through digital
QEP signals to the microcontroller, emulating the behavior
of an incremental encoder.

After completing the optimization step using the multi-
platform algorithm, the firing angles are evaluated in the
following section for the specified torque-speed operating

points. In this process, the optimal angles are determined
and then tested experimentally in Section VII to validate the
proposed approach.

VI. EVALUATION OF SELECTED FIRING ANGLES
This section presents a case study of the optimization proce-
dure outlined in the previous section. The firing angles are
determined based on rotor speeds ranging from 100 rpm to
1000 rpm, which represent the range for operations below
the base speed, where current control can be achieved due to
DC link is grater than back-EMF. Furthermore, a minimum
reference torque of 1 Nm and a maximum reference torque
that varies according to speed. Linear regression is utilized
to define the firing angles for untested intervals.

In order to illustrate an optimal solution, Fig. 13 shows
a contour plot that represents the cost function in relation
to the firing angles. It is possible to observe that the set
of solutions exhibits varying levels, even including local
minima. Nevertheless, the grid search ensures the global
minimum within the adopted precision margin of 0.1° is
found, represented by red point.

3.5 4 4.5 5 5.5 6 6.5
23

23.5

24

24.5

12

14

16

18

20

FIGURE 13. Cost function regarding for 200 rpm at a 12 Nm load.

A. Contour Map Analysis
Through the set of simulations performed for each operating
point, it is possible to obtain the cost function values for
the entire search space for the function described in (12).
These values are represented as a function of θon and θov .
Therefore, the performance of the parameters can be verified
with respect to torque-speed evaluation, as illustrated in Fig.
14, which shows the operating conditions for the sinusoidal
TSF. Next, the performance at low, medium, and high-speed
operating points is presented through hardware-in-the-loop
simulation. Fig. 14 (a) and (b) correspond to firing angles
defined according to the HIL results and evaluation criteria
described previously. It is noted that as speed increases,
there is a region of low torque and low speed where the
activation angle is larger, and as torque or speed increases,
this measure tends to decrease. This characteristic occurs
complementarily for the overlap angle, which shows lower
values for lower speeds and torque, but increases in response
to these references.

The performance parameters used in the cost function,
torque ripple and RMS current, can be observed in Fig. 14 (c)
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FIGURE 14. Torque-speed reference contour behavior. (a) turn-on angle,
(b) overlap angle, (c) torque ripple, (d) RMS current, (e) RMSE torque and
(f) relative rate of change of torque with respect to reference.

and (d), respectively. Considering a balance factor between
the metrics, it is possible to observe lower levels of torque
ripple at low-speed and high-torque operating points. As the
speed increases, higher levels are observed, reaching up to
90%. The current levels, in turn, are primarily determined
by the operating torque, with little influence from changes
in speed.

The Root Means Square Error (RMSE) and relative rate
of change of torque can be observed in the Fig. 14 (e) and
(f). The first presents the effective tracking error, that can
be obtained through (

∑N
k=1(Te(k)−Tref (k))

2)1/2, showing
higher values with increasing torque. However, the ∆(%)
indicates the error relative to the reference torque, highlight-
ing that the current controller performs worse at low torque
levels, and can be obtained through (Trms/Tref − 1)× 100.

B. Steady-state HIL Simulation
As a means to evaluate the performance of current tracking
and the resulting torque according to the selected firing
angles, steady-state tests are conducted. Fig. 15 presents
the HIL simulation results of the controller under 12 Nm
at a speed of 200 rpm. At this operating point, the torque
ripple is minimal for the proposed system and demonstrates
the effectiveness of the firing angles selection stage in
compensating for the torque ripple resulting from the phase
commutation.

FIGURE 15. HIL results for speed of 200 rpm and a 12 Nm load. Channels
1, 2 and 4 represent the phase currents with a scale of 5A/div. Channel 3
represents the electromagnetic torque with a scale of 10 Nm/div.

With θon = 24.1◦ and θov = 5◦ it can be observed that
the RMS torque reaches 13.34 Nm, exceeding the required
reference of 12 Nm. This characteristic results from the HCC,
where tracking quality is associated with narrower band-
widths and high sampling rates. Despite this characteristic, it
was possible to achieve 34.24% torque ripple. Furthermore,
9.09 A RMS was achieved.

With θon = 25.8◦ and θov = 4.1◦, Fig. 16 shows the
HIL simulation results of the controller under 6 Nm at a
speed of 600 rpm, illustrating the performance at medium
speed. The RMS torque was 6.48 Nm with a torque ripple
of 62.27% and 5.65 A RMS. The decline in performance
was already anticipated by the torque-speed performance
analysis. Furthermore, the current output interval shows a
higher level due to the advancement of the turn-on angle.

FIGURE 16. HIL results for speed of 600 rpm and a 6 Nm load. Channels 1,
2 and 4 represent the phase currents with a scale of 2.5A/div. Channel 3
represents the electromagnetic torque with a scale of 5Nm/div.

With θon = 24.3◦ and θov = 5.6◦, Fig. 17 shows the
HIL simulation results of the controller under 3 Nm at a
speed of 1000 rpm. Once more, the torque ripple increases
to levels of 74.94% with an RMS torque of 3.25 Nm and
3.31 A RMS. Moreover, the tail current characteristic can be
observed more clearly in the untrackable intervals.

Despite the increase in torque oscillation with increasing
speed, an inherent characteristic of the analytical TSF, the
proposed method demonstrated effectiveness in finding the
best solution with rapid simulation capability and reliability.
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FIGURE 17. HIL results for speed of 1000 rpm and a 3 Nm load. Channels
1, 2 and 4 represent the phase currents with a scale of 2A/div. Channel 3
represents the electromagnetic torque with a scale of 2Nm/div.

The next section presents the experimental results in
order to validate the proposed methodology.

VII. EXPERIMENTAL EVALUATION
This section presents experimental results to evaluate the
effectiveness of the proposed method, comparing them to
the results from the HIL simulation. The SRM used is
presented in the Fig. 2 and the machine parameters are given
in Table 2. Moreover, the test bench used is shown in Fig.
18, encompassing a TMS320F28335 Texas Instruments DSP.
The setup is composed of an SRM coupled to an IM, used
as a load. Additional components such as an encoder, three-
phase AHB converter, IM inverter, DC supply and a host
computer are also used.

IM InverterEncoder

DC supplier

SRM

AHB and DSP

IM

Computer

FIGURE 18. Experimental test bench including the SRM, IM, encoder,
drives, DC supply and host computer.

The SRM and IM machines have their shafts mechan-
ically coupled and are connected to the same DC supply
in regenerative mode. The speed of the IM is controlled
by its own three-phase inverter, while the SRM operates
in torque control mode as described in Section III, using
the optimal firing angles obtained through the proposed
algorithm presented in Section V.

The experimental results obtained are described similarly
to those presented in the HIL simulation described in the
Section VI.B. The measured currents were captured using
isolated probes, and the estimated electromagnetic torque
was derived through bilinear interpolation T (θ, i) and gener-

ated via DAC conversion with 10, 5 and 3 Nm/div for each
phase.

Fig. 19 shows the results for 200 rpm with a reference
torque of 12 Nm. It can be observed that the method performs
minimization satisfactorily, similar to the results obtained via
HIL with 30.25% torque ripple, 12.62 Nm of RMS torque
and 7.8 A RMS. However, it is also noticeable that the
experimentally obtained currents exhibit a lower switching
frequency compared to the model. Note, though, that this is
reasonable due to electric parametric uncertainty and non-
modeled dynamic effects. Nevertheless, this characteristic
does not compromise the design of the firing angles, which
are related to the phase commutation interval and remain
consistent with the expected minimum and maximum levels.
Therefore, the RMS results and torque ripple remained close
to the expected values.

FIGURE 19. Experimental results for speed of 200 rpm and a 12 Nm load
for θon = 24.1◦ and θov = 5◦. The phase currents correspond to channels
1, 2, and 4.

Fig. 20 shows the experimental results of the controller
under a 6 Nm load at a speed of 600 rpm. A strong simi-
larity in current performance can be observed, with a slight
reduction in peak amplitude during the final demagnetization
phase. And, 42.54% torque ripple, 6.05 Nm RMS torque and
4.91 A RMS are obtained.

FIGURE 20. Experimental results for speed of 600 rpm and a 6 Nm load
for θon = 25.8◦ and θov = 4.1◦. The phase currents correspond to
channels 1, 2, and 4.

Fig. 21 shows the experimental results of the controller
under a 3 Nm load at a speed of 1000 rpm. A small reduction
in the current level compared to the simulation can be
observed, along with a more pronounced nonlinear profile in
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the tail current. As a result, a lower level of electromagnetic
torque is observed. Lastly, 48.14% torque ripple, 2.89 Nm
RMS torque and 2.81 A RMS are observed.

FIGURE 21. Experimental results for speed of 1000 rpm and a 3 Nm load
for θon = 24.3◦ and θov = 5.6◦. The phase currents correspond to
channels 1, 2, and 4.

VIII. CONCLUSION
In this paper, a multi-platform algorithm strategy with HIL
approach in order to design and evaluation TSF is proposed.
An FPGA-based model is used with a digital signal processor
to obtain better current and torque accuracy, while enabling
fast simulation condition with 500 ns time step in real-
time. Furthermore, the methodology allows the designer to
quickly transition between simulation and experiment with
high fidelity and lower likelihood of implementation errors
in the project. This approach provides an early insight into
the algorithm and the computational burden of the micro-
controller. The contour map analysis provided results that
shows performance parameters along torque-speed reference.
Nevertheless, the firing angles selection method seeking to
simplify and desired performance. The steady-state results in
HIL simulation are experimentally validated and shows the
effectiveness the method.
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