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Permanent split capacitor (PSC) motors are widely used due to their simple
structure and reliability; however, conventional operation depends on a fixed
passive capacitor to generate phase displacement between the main and
auxiliary windings, limiting controllability and adaptability. This paper
proposes an FPGA-based hardware-defined phase generation architecture for
capacitor-less PSC motor operation, where the capacitor phase function is
replaced by digitally synthesized phase-displaced excitation signals. The
proposed system was implemented on a Tang Nano 4K FPGA using multi-
channel PWM generation with hardware-based dead-time protection.
Experimental validation was performed on a capacitor-less PSC motor using
programmable phase relationships of 60°, 90°, and 120° over excitation
frequencies of 20-50 Hz. The measured main and auxiliary winding currents
were analyzed to evaluate the effectiveness of the electronically synthesized
phase displacement and to reconstruct the resultant rotating magnetic field.
Quantitative evaluation using circularity index (CI) and ellipticity ratio (ER)
showed that the 90° excitation condition produced the most balanced
magnetic field trajectory among the tested configurations. The results
demonstrate that FPGA-based hardware-defined phase generation provides a
flexible, deterministic, and experimentally validated alternative to
conventional capacitor-based PSC motor operation, while future work will
focus on closed-loop optimization and efficiency-torque evaluation.
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1. INTRODUCTION

Permanent split capacitor (PSC) motors are widely employed in residential and industrial
applications, including fans, pumps, and heating, ventilation, and air-conditioning (HVAC) systems, because
of their simple construction, low cost, and reliable operation [1]-[3]. Unlike three-phase machines, PSC
motors require an auxiliary winding together with a phase-shifting mechanism to establish the rotating
magnetic field necessary for starting and continuous operation. In conventional PSC maotors, this function is
achieved by connecting a run capacitor in series with the auxiliary winding. Consequently, the resulting
phase relationship is inherently constrained by the capacitor characteristics and the electrical parameters of
the motor, limiting its adaptability under varying operating conditions [1]-[5].

Recent advances in digital motor-drive technology have enabled sophisticated control strategies
based on microcontrollers (MCUs), digital signal processors (DSPs), and field-programmable gate arrays
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(FPGASs). Among these platforms, FPGA-based implementations are particularly attractive because of their
deterministic timing behavior, parallel processing capability, and suitability for high-frequency power-
electronic applications [6]-[13]. More recent FPGA-based drive studies have further demonstrated real-time
simulation, field-oriented control, high-speed current regulation, sensorless operation, and inverter fault-
diagnosis functions [14]-[18]. Unlike software-based MCU or DSP implementations, the proposed FPGA
architecture provides deterministic hardware timing through concurrent logic execution, thereby avoiding
software-induced execution latency and interrupt timing uncertainty in programmable phase generation.
Previous studies have successfully demonstrated FPGA-based implementations for PWM generation,
switching control, dead-time management, and motor-drive applications [10]-[23]. However, these studies
primarily focus on switching control and drive performance rather than replacing the fundamental capacitor-
dependent phase-generation mechanism in PSC motors [4], [5].

Although capacitor-less operation has attracted increasing interest, experimental validation of
programmable hardware-defined phase generation for PSC motors remains limited. In particular, few studies
have systematically investigated how digitally synthesized phase relationships influence winding current
distribution, reconstructed rotating magnetic field characteristics, and overall electromagnetic performance.
Since the main and auxiliary windings possess different electrical characteristics, evaluating the relationship
between programmable phase excitation, measured winding currents, and rotating magnetic field formation is
essential for understanding capacitor-less PSC motor operation [24]-[28].

To address this gap, this paper proposes an FPGA-based hardware-defined phase generation
architecture for capacitor-less PSC motor operation. Instead of relying on a passive phase-shifting capacitor,
the proposed system digitally synthesizes programmable phase-displaced excitation signals using
deterministic HDL-based control implemented on a Tang Nano 4K FPGA and a TM-35 intelligent power
module. Experimental validation was performed under programmable phase relationships of 60°, 90°, and
120° over excitation frequencies from 20 to 50 Hz. System performance was evaluated through winding
current measurement, reconstructed magnetic field analysis, and quantitative electromagnetic assessment
using the circularity index (CI) and ellipticity ratio (ER).

The main contributions of this work are summarized as follows: the development of a hardware-
defined phase generation architecture for capacitor-less PSC motors; the implementation of a deterministic
FPGA-based controller with synchronized multi-channel PWM generation and hardware dead-time
protection; and the experimental validation of programmable phase generation through winding current
analysis, reconstructed magnetic field evaluation, and quantitative electromagnetic assessment using the CI
and ER. To further highlight the technical differences between the conventional PSC motor drive and the
proposed capacitor-less PSC motor drive, the principal characteristics are summarized in Table 1.

Table 1. Comparison between conventional PSC motor drive and proposed capacitor-less PSC motor drive

Feature Conventional PSC motor Proposed capacitor-less PSC motor
Run capacitor Required Removed
Phase generation Passive capacitor FPGA-defined programmable phase generation
Electromagnetic phase Generated by the capacitor phase  Generated by programmable FPGA-defined phase relationship (60°,
relationship shift 90°, and 120°)
Operating frequency Utility-frequency dependent Programmable (20-50 Hz)
Power source AC mains only Compatible with both 220 VAC and 320-360 VDC input supplies
Capacitor aging Present Eliminated
Experimental validation Conventional operation Voltage, winding current, motor performance, reconstructed magnetic

field, and CI/ER evaluation

2. PROPOSED HARDWARE-DEFINED PHASE GENERATION ARCHITECTURE
2.1. Principle of capacitor-less PSC phase generation

PSC motors conventionally employ a passive capacitor connected in series with the auxiliary
winding to establish the phase displacement required between the main and auxiliary winding currents,
thereby producing the rotating magnetic field necessary for motor starting and continuous operation [1], [2].
The conventional PSC motor configuration is illustrated in Figure 1.

Figure 1 illustrates the conventional PSC motor architecture, including the equivalent circuit, stator—
rotor construction, and the phasor relationship between the main and auxiliary winding currents. The required
phase displacement is conventionally produced by a run capacitor connected in series with the auxiliary
winding. In conventional PSC operation, the phase relationship is determined by both the capacitor value and
the electrical impedance characteristics of the motor windings [1]-[5]. The corresponding main and auxiliary
winding excitations can be expressed in (1) and (2).

vy (t) = Vysin (wt) 1)
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v,(t) = Vysin (ot + ¢¢) )

Where v, and v, denote the main and auxiliary winding voltages, respectively; V,, and V, are the
corresponding voltage amplitudes; w is the electrical angular frequency; and ¢, represents the phase
displacement introduced by the passive capacitor together with the winding impedance.
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Figure 1. Conventional PSC: (a) equivalent circuit, (b) motor construction (stator and rotor),
and (c) phasor diagram of currents

Although this approach provides a simple and reliable phase-shifting mechanism, the resulting
phase relationship is inherently constrained by the physical capacitor characteristics and cannot be actively
adjusted during operation. Consequently, variations in motor parameters, load conditions, and capacitor
characteristics can influence the winding current phase relationship and the resulting rotating magnetic field
behavior [24]-[28].

To overcome these limitations, the proposed framework replaces the conventional capacitor-based
phase-generation mechanism with FPGA-based hardware-defined phase generation. Instead of relying on
capacitor-generated phase displacement, the auxiliary winding excitation is synthesized electronically using a
programmable phase relationship expressed in (3).

va(t) = Vysin (wt + ¢s) 3)

Where ¢, denotes the programmable phase displacement generated by the FPGA controller. Unlike the fixed
capacitor-dependent phase angle ¢, the proposed phase variable ¢, is digitally defined and adjusted through
hardware logic implementation.

Accordingly, the proposed framework shifts the phase-generation mechanism from capacitor-
defined phase shifting to programmable hardware-defined phase generation, which can be conceptually
expressed in (4) and (5).

bc=f(C,Zy,Zy) 4
¢s = f(FPGA) (5)

Where Z,, and Z, represent the electrical impedance characteristics of the main and auxiliary windings,
respectively. Consequently, capacitor-less PSC motor operation can be achieved while preserving the
required electromagnetic phase relationship between the main and auxiliary windings. This principle forms
the theoretical basis for the FPGA implementation presented in sections 2.2, 2.3, and 2.4.

2.2. FPGA-based programmable hardware-defined phase generation
The FPGA controller implements the hardware-defined phase generation principle introduced in
section 2.1 by digitally synthesizing the electromagnetic phase relationship between the main and auxiliary
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winding excitations. Unlike conventional digital controllers that primarily generate PWM signals for power
switching control, the proposed implementation directly establishes the required programmable phase
relationship using deterministic FPGA hardware logic. FPGA technology is well suited to this application
because of its parallel processing capability, deterministic timing behavior, and compatibility with power
electronic and motor-drive systems [6]-[18]. The resulting rotating magnetic field established by the
programmable phase relationship is conceptually illustrated in Figure 2.
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Figure 2. Formation of the rotating magnetic field in a conventional PSC motor: (a) main winding magnetic
field Bw, (b) auxiliary winding magnetic field Ba, (c) resultant magnetic field vector B(t),

(d) circular trajectory (ideal case), and (e) elliptical trajectory (practical use)

Programmable phase displacement is generated using HDL-based timing logic implemented within
the FPGA. A hardware counter serves as the timing reference for producing synchronized excitation signals
with a predefined phase relationship. The corresponding digital phase displacement is expressed in (6).

N o
s = 12 x 360 (6)

Where Ny represents the phase offset count and Ny, denotes the total timing counts corresponding to one
electrical cycle.

By modifying the digital phase offset, different programmable phase relationships can be generated
without changing any physical hardware components. Consequently, excitation conditions of 60°, 90°, and
120° are realized to investigate the influence of programmable phase displacement on capacitor-less PSC
motor operation.

The generated phase references are subsequently converted into synchronized multi-channel PWM
signals with complementary switching outputs. Because all timing operations are executed directly in FPGA
hardware logic, the synthesized phase relationship is independent of sequential software execution, interrupt
latency, and processor timing variations [11]-[18]. The overall phase synthesis process can be described in (7).

¢s = HDL Phase Logic - PWM Generation — IPM Gate Signals @)

This FPGA implementation provides deterministic hardware-defined phase generation and constitutes the
hardware implementation of the proposed capacitor-less PSC motor drive architecture.

2.3. Multi-channel PWM generation and hardware dead-time protection

The programmable phase references generated by the FPGA controller are converted into
synchronized multi-channel PWM gate-driving signals for the power conversion stage while preserving the
required phase displacement between the main and auxiliary winding excitations. This PWM generation
stage provides the control interface between the FPGA-based phase generation module and the intelligent
power module (IPM). The conceptual transition from conventional capacitor-based phase shifting to FPGA-
based software-defined phase generation is illustrated in Figure 3.
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Figure 3. Conceptual comparison between (a) conventional capacitor-based and
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For reliable power-stage operation, complementary PWM signals are generated for each switching
leg. A hardware dead-time protection module is incorporated into the FPGA logic to prevent simultaneous
conduction of the upper and lower switching devices. Dead-time insertion is a fundamental requirement for
voltage-source inverter and power converter operation [20], [23], [29]. The complementary switching
relationship with dead-time insertion is expressed in (8).

PWM,,(t) = PWMy (t — Aty) (8)

Where PW My ,, and PW M, , represent the high-side and low-side switching signals, respectively, and At,
represents the inserted dead-time interval.

Unlike software-based PWM implementations, PWM synchronization and dead-time insertion are
executed entirely in FPGA hardware logic. Consequently, switching timing is independent of processor
execution delay, interrupt latency, and software scheduling uncertainty [11], [12], [30]. In the implemented
motor drive system, the PWM switching frequency was configured at 5 kHz. During the initial FPGA timing
verification, a dead-time of approximately 1.5 us was employed to validate the complementary PWM
generation. Subsequently, during the TM-35 IPM-based motor experiments, the dead-time was increased to 6
s in accordance with the operating requirements of the intelligent power module to ensure reliable switching
and prevent shoot-through. This switching frequency was selected to satisfy the operating characteristics of
the employed intelligent power module while ensuring reliable gate-driving operation. This hardware
realization provides deterministic switching behavior and directly translates the programmable phase
relationship into practical motor excitation for capacitor-less PSC operation.

2.4. IPM-based power interface and PSC motor excitation

The FPGA-generated phase-controlled PWM signals are interfaced with an intelligent power
module (IPM) to provide the power excitation required for capacitor-less PSC motor operation. The IPM
functions as the power conversion stage, translating low-voltage FPGA control signals into high-power
switching outputs capable of exciting the main and auxiliary motor windings. The overall excitation principle
implemented through the FPGA-IPM interface is summarized in Figure 4.

In the proposed configuration, the main and auxiliary windings are independently excited through
FPGA-controlled IPM outputs without using the conventional run capacitor [4], [5], [31]. The relationship
between the FPGA controller, IPM stage, and PSC motor can be represented in (9).
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FPGA — IPM - (Vyy, V) = (I, L) (9)

Where V,, and V, represent the synthesized excitation voltages applied to the main and auxiliary windings,
respectively, while I, and I, represent the corresponding measured winding currents.

The programmable phase relationship generated by the FPGA controller determines the excitation
timing between the two windings. However, because the main and auxiliary windings possess different
electrical characteristics, the resulting current phase relationship depends not only on the applied voltage phase
displacement but also on the winding impedance characteristics [24]-[28]. Consequently, experimental
validation was performed by measuring the actual winding currents under capacitor-less operating conditions.

The implemented hardware platform consisted of a Tang Nano 4K FPGA controller, a TM-35
intelligent power module, and a capacitor-less PSC motor. Experimental measurements were conducted
under different programmable phase relationships and operating frequencies to investigate the influence of
hardware-defined phase excitation on winding current behavior. The measured winding currents were
subsequently used for magnetic field reconstruction and quantitative electromagnetic evaluation, as described
in section 2.5.
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Figure 4. Mathematical representation of software-defined phase generation for capacitor-less PSC motors:
(a) synthesized main winding voltage vn(t), (b) synthesized auxiliary winding voltage v.(t),
(c) software-defined phase angle @; represented using phasor diagrams, and
(d) resultant rotating magnetic field trajectories for different values of s

2.5. Winding-current-based magnetic field evaluation

Although the FPGA controller generates a predefined voltage phase displacement between the main
and auxiliary winding excitations, the resulting electromagnetic behavior of a PSC motor is determined by
the corresponding winding currents because of the different electrical characteristics of the two windings
[24]-[28]. Therefore, the measured winding currents were used as the basis for evaluating the effectiveness of
the proposed hardware-defined phase generation approach. Figure 5 illustrates how different programmable
phase relationships modify the reconstructed magnetic field trajectory from elliptical to nearly circular.

Under the assumed linear magnetic operating region, the magnetic field generated by each stator
winding is approximately proportional to its excitation current. Therefore, the measured winding currents
provide a practical basis for reconstructing the resultant magnetic field trajectory. The magnetic field
components produced by the main and auxiliary windings were estimated from the measured winding
currents according to (10) and (11).

By (t) = kyly(t) (10)
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Ba(t) = kaly(2) (11)

Where B, (t) and B,(t) represent the magnetic field components generated by the main and auxiliary
windings, respectively. I,(t) and I,(t) are the measured winding currents, while k,, and k, represent the
corresponding winding magnetic coefficients. The reconstructed resultant magnetic field trajectory can be
expressed as (12).

B(t) = By ()% + B4()9 (12)

Where £ and ¥ represent the orthogonal magnetic axes associated with the main and auxiliary windings,
respectively.
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Figure 5. Rotating magnetic field trajectories under different software-defined phase angles:
(a) elliptical magnetic field trajectory for ¢ = 60°, (b) circular magnetic field trajectory for ¢ = 90°,
and (c) elliptical magnetic field trajectory for ¢ = 120°

To quantitatively evaluate the reconstructed magnetic field under different programmable phase
relationships, the Cl and ER were employed. A balanced magnetic field produces a nearly circular trajectory,
whereas phase or amplitude imbalance results in an elliptical trajectory [24]-[28]. The circularity index is
defined in (13).

Bmin
Cl = B (13)
Where B, and B,,,;, represent the maximum and minimum magnitudes of the reconstructed magnetic field
trajectory. A CI value approaching unity indicates a more circular rotating magnetic field. The Ellipticity
Ratio is calculated in (14).

ER = Zmax (14)
Bmin

A lower ER value indicates reduced magnetic field distortion and improved rotating field balance.
Using this evaluation method, the influence of different hardware-defined phase relationships on capacitor-
less PSC motor operation can be quantitatively analyzed beyond voltage waveform verification. The
reconstructed magnetic field characteristics provide direct insight into the relationship between
programmable phase excitation, winding current response, and overall electromagnetic performance. The
resulting quantitative evaluation is presented and discussed in section 4.
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3. EXPERIMENTAL SETUP AND VALIDATION METHOD
3.1. Hardware experimental platform

The experimental platform was developed to validate the proposed hardware-defined phase
generation approach for capacitor-less PSC motor operation, as shown in Figure 6. The overall system
consists of an FPGA controller, an intelligent power module (IPM)-based power interface, a capacitor-less
PSC maotor, and measurement instruments (digital logic analyzer, oscilloscope, differential probe, and current
probe) for electrical and timing verification.

Figure 6. Experimental hardware platform for the proposed capacitor-less PSC motor drive

The controller was implemented on a Tang Nano 4K FPGA using Verilog HDL to generate
programmable phase relationships, synchronized multi-channel PWM signals, and hardware dead-time
insertion [6]-[23], [29], [30]. The generated PWM signals were supplied to a TM-35 intelligent power
module (IPM), which interfaced the low-voltage FPGA control signals with the PSC motor by independently
exciting the main and auxiliary windings. The conventional run capacitor was removed, and the required
phase relationship was generated electronically through the proposed hardware-defined phase generation
architecture. The hardware configuration and experimental parameters employed for the validation of the
proposed FPGA-based capacitor-less PSC motor drive are summarized in Table 2. The experimental
configuration can be summarized as (15).

Tang Nano 4K FPGA — TM-35 IPM — Capacitor-less PSC Motor (15)

During the experiments, FPGA timing characteristics were verified using a logic analyzer to
evaluate PWM synchronization and dead-time generation. The electrical responses of the PSC motor were
measured to obtain the main and auxiliary winding currents under different operating conditions. These
measured currents were used for magnetic field reconstruction and quantitative electromagnetic performance
evaluation. The experimental platform enables validation of the complete control chain from the digital phase
generation to the resulting electromagnetic behavior of the capacitor-less PSC motor.

3.2. Programmable phase and frequency test conditions

To investigate the influence of programmable phase displacement on capacitor-less PSC motor
characteristics, three programmable phase conditions were experimentally evaluated using the proposed
FPGA controller. The programmable phase angle was defined in (16).

b, € (60°,90°,120°) (16)

Where ¢, represents the electronically synthesized phase displacement between the main and auxiliary
winding excitations. The selected phase angles (60°, 90°, and 120°) represent under-quadrature, quadrature,
and over-quadrature excitation conditions, respectively. These conditions enable quantitative evaluation of
winding current distribution and reconstructed magnetic field characteristics [24]-[28].

Excitation frequencies were also varied to investigate the operating characteristics of the capacitor-
less PSC motor. The tested frequency range was defined in (17).

FPGA-based hardware-defined phase generation for capacitor-less permanent ... (Lertrat Phewngam)
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f, = 20,30,40,50 Hz 17

Where f; represents the generated excitation frequency. For each operating condition, the main and auxiliary
winding currents were measured and used for magnetic field reconstruction and quantitative evaluation using
the Cl and ER. This procedure enables systematic evaluation of programmable phase displacement, winding
current response, and reconstructed magnetic field behavior.

Table 2. Hardware configuration and experimental parameters used to validate the proposed FPGA-based
capacitor-less PSC motor drive

Category Parameter Value/description

FPGA Platform FPGA board Tang Nano 4K (Gowin GW1NSR-LV4CQNA48)

Programming language Verilog HDL

Logic voltage level 3.3V CMOS

Operating clock Clock source: On-chip oscillator (OSCZ)

Oscillator configuration: FREQ_DIV = 2

Power Stage Intelligent Power Module TM-35 IPM

DC-link voltage 320 VDC

Gate-drive interface Internal IPM gate driver
PSC Motor Motor type PSC induction motor

Rated voltage 220-240 VAC

Rated output power 0.37 kW (0.5 HP)

Rated speed Approximately 2900 rpm

Run capacitor Removed (capacitor-less operation)
PWM Configuration PWM topology Three-leg inverter

PWM switching frequency 5 kHz

Duty cycle Approximately 50%

Programmable phase relationships 60°, 90°, and 120°

Excitation frequencies 20, 30, 40, and 50 Hz
Dead-Time Control Dead-time generation Hardware-based (FPGA)

Dead-time interval 6 ps (TM-35 IPM operation)
Measurement System Logic analyzer LA1010

Oscilloscope Hantek DSO2D15

Differential probe Micsig DP1500

Current probe Hantek CC-65

Tachometer UNI-T UT373

Note: All experimental measurements were performed using the configuration summarized in Table 2. Unless otherwise stated, identical
experimental conditions were maintained throughout all programmable phase relationships and excitation frequencies to ensure a consistent
comparison.

3.3. FPGA timing verification

Before capacitor-less PSC motor testing, the FPGA-generated control signals were experimentally
verified to confirm correct phase generation and switching operation. Timing verification was performed
using a digital logic analyzer to experimentally validate the FPGA-generated PWM control signals shown in
Figure 7. The verification included the synchronized multi-channel PWM waveforms, complementary high-
side and low-side switching signals, and the hardware dead-time interval inserted between complementary
switching transitions [6]-[18]. These measurements verify that the proposed FPGA controller provides
deterministic timing characteristics required for reliable IPM operation and capacitor-less PSC motor
excitation. The PWM switching frequency was configured in (18).

frwm = 5kHz (18)
The hardware dead-time interval was implemented in (19).
tqg = 1.5us (19)

Where fpyy represents the PWM carrier frequency and t, represents the inserted dead-time duration
between complementary switching signals. The dead-time interval was implemented directly in FPGA
hardware logic to provide deterministic switching behavior [11]-[23], [30].

Table 3 summarizes the hardware resource utilization of the proposed FPGA-based phase-
generation architecture after synthesis and implementation on the Tang Nano 4K device. The implementation
results indicate that the proposed hardware-defined phase generation architecture occupies only a small
fraction of the available FPGA resources and successfully achieves timing closure for real-time operation.
The low resource utilization also provides flexibility for future integration of additional control functions
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without requiring hardware modification. These implementation results establish a reliable hardware platform
for the subsequent winding current measurements, magnetic field reconstruction, and quantitative
electromagnetic evaluation presented in sections 3.4 and 3.5. Table 4 summarizes the post-synthesis timing
performance and estimated power consumption of the proposed FPGA architecture.

WH 4 I—, l—l l——] '

{ 120°
(a) VH - \A__J L——J §iz
8 N N S U S N—

0 100 200 300 400 500 600
Time (us)
v UL (Low-side)
—— UH (High-side)

UL
(b)
UH‘M

0 100 200 300 400 500 600
Time (us)
i [
UL ; =HETTER Dead-time ~ 1.5 yis |
(c) |- ,;
UH - :
T - T - T . B
160.0 160.5 161.0 161.5 162.0 162.5 163.0 163.5 164.0
161.5us  Time (us) 163.0 s

Figure 7. Experimental verification of FPGA-generated PWM timing signals: (a) multi-channel PWM
waveforms (UH, VH, and WH) over three periods at 5 kHz, (b) complementary PWM gate signals (UH and
UL) over three periods at 5 kHz, and (c) enlarged view of the dead-time interval between 160 and 164 ps

Table 3. Resource utilization of the proposed architecture on Tang Nano 4K FPGA

Resource type Total available  Resources used  Utilization (%)
Logic (LUTSs) 4,608 148 4%
Registers (FFs) 3,573 68 2%
Block SRAM 10 0 0%

1/0 Pins 39 7 18%
On-chip oscillator (OSCZ) Built-in Enabled N/A

Table 4. Timing analysis and power consumption summary

Category Parameter Value

Target device FPGA device Tang Nano 4K (GW1NSR-LV4CQN48)
Development software Gowin IDE

Logic resource utilization LUT utilization 148 / 4608 (4%)
Register utilization 68 /3573 (2%)

Timing Performance Maximum operating frequency (Fmax) 125.381 MHz
Operating clock frequency Implemented clock source: On-chip oscillator (OSCZ)
PWM switching frequency 5 kHz

Power consumption Estimated dynamic power 12.859 mW

Implementation status Timing closure Successfully achieved
Hardware verification Successfully verified experimentally

Note: Resource utilization, maximum operating frequency, and estimated power consumption were obtained from the post-synthesis
implementation report generated by the Gowin FPGA design environment. The implemented system clock was supplied by the on-chip
oscillator (OSCZ) configured with FREQ_DIV = 2, while PWM timing and dead-time characteristics were experimentally verified using
a digital logic analyzer.

3.4. Capacitor-less PSC motor current measurement

To validate capacitor-less PSC motor operation under programmable phase excitation, the main and
auxiliary winding currents were experimentally measured. During the experiment, the conventional run
capacitor was removed, and the PSC motor windings were excited using the FPGA-controlled intelligent power
module (IPM). The programmable phase displacement generated by the FPGA controller was applied between
the main and auxiliary winding excitations. The resulting winding currents can be represented as (20) and (21).

Iy(@) = F(Vy, 0, Zy) (20)
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In(6) = F(Vy, 0,Zy, &) (21)

Where I,(t) and 1,(t) represent the measured main and auxiliary winding currents, respectively. V,, and V,
are the synthesized excitation voltages, Z,, and Z, represent the winding impedance characteristics, and ¢,
represents the FPGA-generated programmable phase displacement.

Winding currents were measured under programmable phase relationships of 60°, 90°, and 120° at
excitation frequencies from 20 to 50 Hz to evaluate the relationship between programmable phase excitation
and motor current characteristics. The measured winding currents were used for magnetic field reconstruction
and quantitative electromagnetic evaluation.

3.5. Magnetic field reconstruction procedure

To evaluate the electromagnetic behavior of the capacitor-less PSC motor, magnetic field
reconstruction was performed using the measured main and auxiliary winding currents [24]-[28]. The overall
magnetic field reconstruction workflow adopted in this study is illustrated in Figure 8. As illustrated in
Figure 8, the measured winding currents were first transformed into orthogonal magnetic field components
and subsequently combined to reconstruct the resultant rotating magnetic field vector. The reconstructed
magnetic field trajectory was then quantitatively evaluated using the Cl and ER.

Synchronized Orthogonal Current | Electromagnetic Field Resultant Magnetic Field Quantitative Electromagnetic

Winding Current Dataset Component Reconstruction Mapping Model Reconstruction Evaluation
Time-synchronized winding currents Transformation into motor Mapping from current components Superposition of orthogonal 2-D reconstructed magnetic
(from Fig. 3.3) magnetic spatial axes to magnetic field components magnetic field components field trajectory
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Figure 8. Magnetic field reconstruction procedure

The measured winding currents were used to estimate the corresponding magnetic field components
generated by each winding. Under the assumed linear magnetic operating region, the magnetic field
generated by each stator winding is approximately proportional to its excitation current [27], [28]. The
magnetic field contribution of each winding can be represented by (22) and (23).

By () = kyly(t) (22)
Ba(t) = kaly(2) (23)

Where By (t) and B,(t) are the reconstructed magnetic field components generated by the main and
auxiliary windings, respectively. I,(t) and I,(t) represent the experimentally measured winding currents,
while k), and k, are the magnetic conversion coefficients of each winding.

Considering the orthogonal winding arrangement, the resultant rotating magnetic field vector was
reconstructed as shown in (24).

Brot(t) = By (t)% + Ba(£)9 (24)
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Where X and ¥ represent the magnetic axes associated with the main and auxiliary windings, respectively. To
quantitatively compare different operating conditions, the Circularity Index (CI) and Ellipticity Ratio (ER)
were calculated as follows. A balanced rotating magnetic field approaches a circular trajectory, whereas
phase or amplitude imbalance produces an elliptical trajectory [24]-[28].

— Bmin

cr=gmn (25)
_ Bmax

ER = . (26)

Where B, and B,,;, represent the maximum and minimum magnitudes of the reconstructed magnetic field
trajectory. The reconstructed magnetic field trajectories, together with the calculated Cl and ER values, were
used for quantitative electromagnetic performance evaluation under different programmable phase relationships.

4. RESULTS AND DISCUSSION
4.1. FPGA timing verification

Prior to capacitor-less PSC motor evaluation, the proposed FPGA-based hardware-defined phase
generation architecture was experimentally verified at both the controller and power-converter levels.
Controller-level verification was performed using a digital logic analyzer to confirm the synthesized
programmable phase relationships, synchronized PWM signals, and hardware dead-time generation. The
generated excitation signals were applied to the intelligent power module, and the corresponding winding
voltages were experimentally verified under motor operating conditions.

Figure 9 presents the experimentally measured main and auxiliary winding voltage waveforms under
programmable phase relationships of 60°, 90°, and 120°. All voltage waveforms shown in Figure 9 were
measured at the rated operating frequency of 50 Hz. Because only one differential voltage probe was available,
the main and auxiliary winding voltages were measured separately under identical operating conditions. The
measured waveforms confirm that the FPGA-generated excitation signals were successfully delivered through the
intelligent power module and applied to both motor windings without a conventional run capacitor. Controller-
level measurements further verified that the generated phase relationships closely matched the commanded phase
settings, while complementary switching signals exhibited correct hardware dead-time insertion.
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Figure 9. Measured main and auxiliary winding voltage waveforms under different programmable phase
relationships: (a) main winding voltage at ¢s = 60°, (b) auxiliary winding voltage at ¢s = 60°,
(c) main winding voltage at ¢, = 90°, (d) auxiliary winding voltage at ¢s = 90°,
(e) main winding voltage at ¢, = 120°, and (f) auxiliary winding voltage at ¢, = 120°

The measured dead-time of approximately 1.5 ps confirmed the correct implementation of the
complementary PWM timing during the FPGA controller-level verification stage. For the subsequent TM-35
IPM-based motor experiments, the dead-time was increased to 6 ps in accordance with the operating
requirements of the intelligent power module to ensure reliable switching and prevent shoot-through for all
investigated programmable phase settings. These experimental results confirm accurate FPGA timing
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implementation and reliable programmable dual-winding excitation for capacitor-less PSC motor operation,
providing the hardware foundation for winding current measurements and reconstructed magnetic field
evaluation presented in sections 4.2, 4.4, and 4.5.

4.2. Capacitor-less PSC motor current characteristics

The main and auxiliary winding currents of the capacitor-less PSC motor were experimentally
measured under different programmable phase relationships and excitation frequencies to evaluate its electrical
response under programmable phase excitation. Figure 10 presents representative winding current waveforms
measured under programmable phase relationships of 60°, 90°, and 120° at the rated operating frequency of
50 Hz. These experimentally measured winding currents were subsequently used for magnetic field
reconstruction and quantitative electromagnetic evaluation presented in sections 4.4 and 4.5. The measured
current amplitudes and phase relationships varied with the programmable excitation angle, reflecting the
different electromagnetic responses of the main and auxiliary windings. Stable current waveforms were
obtained for all investigated operating conditions, confirming continuous capacitor-less PSC motor operation
throughout the experimental frequency range. Although the same commanded programmable phase relationship
was applied for each experimental condition, different winding current characteristics were observed because of
the different electrical impedances of the main and auxiliary windings [24]-[28]. Table 5 summarizes the
measured RMS winding currents under all programmable phase relationships and excitation frequencies. In
addition to the individual phase currents, the current imbalance ratio (CIR) is included to provide a quantitative
assessment of current distribution among the three measured output currents under each operating condition.
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Figure 10. Measured winding current waveforms at different programmable phase relationships:
(a) 0s = 60°, (b) os = 90°, and (c) @; = 120°, all at 50 Hz

The 90° and 120° programmable phase relationships generally exhibited lower current imbalance
ratios (CIRs) than the 60° condition at low-to-medium excitation frequencies. However, the current
distribution varied with excitation frequency, indicating that current balance alone does not fully explain the
observed motor performance. Therefore, further analysis of the reconstructed rotating magnetic field is
required to clarify the relationship between electromagnetic field quality and motor performance, as
presented in sections 4.4 and 4.5.
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These results confirm stable independent excitation of the main and auxiliary windings without a
conventional run capacitor. Together with the quantitative current characteristics summarized in Table 5, the
measured winding currents provide the experimental basis for the magnetic field reconstruction and
guantitative electromagnetic performance evaluation presented in sections 4.4 and 4.5.

Table 5. Measured RMS winding current characteristics and CIR

Programmable phase relationship Frequency IUR IVC IWS IDC Current imbalance ratio
() (Hz2) (ARMS) (ARMS) (ARMS) (ARMS) (CIR)
60° 20 0.776 0.739 0.162 0.294 4.790
60° 30 0.994 0.991 0.207 0.466 4.802
60° 40 1.142 1.120 0.285 0.613 4.007
60° 50 0.979 0.929 0.322 0.540 3.040
90° 20 0.757 1.010 0.366 0.324 2.760
90° 30 0.850 1.103 0.394 0.492 2.799
90° 40 0.999 1.270 0.383 0.672 3.316
90° 50 0.867 1.024 0.241 0.548 4.249
120° 20 0.773 0.996 0.373 0.326 2.670
120° 30 0.899 1.159 0.414 0.519 2.800
120° 40 1.037 1.318 0.417 0.694 3.161
120° 50 0.878 1.058 0.262 0.589 4.038

Note: The current imbalance ratio is defined as CIR = 45/l min, Where L., and I,,;, denote the maximum and minimum RMS
currents, respectively, among Iy, I¢, and I, under each condition. A CIR closer to unity indicates a more uniform distribution of the
measured output currents.

4.3. Motor performance under different programmable phase relationships

The operating performance of the capacitor-less PSC motor was experimentally evaluated under
different programmable phase relationships and excitation frequencies. Figure 11 presents the measured
motor performance under programmable phase relationships of 60°, 90°, and 120° over the investigated
excitation frequency range. The measured motor speed characteristics together with the observed starting
behavior provide a comprehensive comparison of motor performance under different programmable phase
relationships. Stable motor operation was achieved under all investigated operating conditions, confirming
reliable capacitor-less PSC motor operation throughout the experimental frequency range. Qualitative
observations further showed an initial starting hesitation under the 60° condition, whereas the 90° and 120°
conditions provided an immediate start without abnormal vibration.
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Figure 11. Measured motor performance under different programmable phase relationships

Table 6 summarizes the experimentally measured motor operating characteristics under all
programmable phase relationships and excitation frequencies. The measured rotational speed, together with
the observed starting behavior, provides a quantitative comparison of motor performance under different
programmable phase relationships. The experimental results demonstrate that the 90° programmable phase
relationship consistently achieved the highest rotational speed over the investigated frequency range while
also providing immediate and stable motor starting. Although the measured rotational speeds under the 90°
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and 120° conditions became comparable at higher excitation frequencies, the superior starting characteristics
observed under the 90° condition indicate a more effective electromagnetic excitation process. These
observations are further examined through reconstructed magnetic field analysis in section 4.4. Although all
three programmable phase relationships enabled stable motor rotation, the observed speed differences
confirm that the programmable phase relationship directly influences the electromagnetic performance of the
capacitor-less PSC motor. These results demonstrate that the programmable phase relationship directly
influences capacitor-less PSC motor performance, thereby providing the experimental basis for the
reconstructed magnetic field analysis presented in section 4.4 and the quantitative CI/ER evaluation
presented in section 4.5.

Table 6. Motor operating characteristics under different programmable phase relationships

Programmable phase Excitation frequency (Hz) Measured speed (rpm) Starting behavior
relationship (¢s)
60° 20 1150 Initial hesitation before acceleration
60° 30 1740 Initial hesitation before acceleration
60° 40 2326 Initial hesitation before acceleration
60° 50 2890 Initial hesitation before acceleration
90° 20 1173 Immediate start without hesitation
90° 30 1768 Immediate start without hesitation
90° 40 2362 Immediate start without hesitation
90° 50 2946 Immediate start without hesitation
120° 20 1173 Immediate start without hesitation
120° 30 1767 Immediate start without hesitation
120° 40 2361 Immediate start without hesitation
120° 50 2943 Immediate start without hesitation

Note: The rated motor speed was approximately 2900 rpm at the rated operating frequency of 50 Hz. The starting behavior was
determined experimentally from repeated start-up observations under identical operating conditions.

4.4. Magnetic field reconstruction under different programmable phase relationships

The reconstructed rotating magnetic field trajectories obtained from the experimentally measured
winding currents were used to investigate the electromagnetic behavior of the capacitor-less PSC motor
under different programmable phase relationships. Figure 12 illustrates the reconstructed rotating magnetic
field trajectories obtained from the experimentally measured winding currents under programmable phase
relationships of 60°, 90°, and 120° at the rated operating frequency of 50 Hz, revealing distinct differences in
magnetic field distribution among the investigated operating conditions.
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Figure 12. Reconstructed magnetic field trajectories in the orthogonal reference frame under different
programmable phase relationships: (a) ¢s = 60°, (b) ¢s = 90°, and (c) ¢s = 120°
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Under the 90° programmable phase relationship, the reconstructed trajectory approached an ideal
circular rotating magnetic field, indicating well-balanced magnetic field components generated by the main
and auxiliary windings. In contrast, the 60° and 120° programmable phase relationships produced
increasingly elliptical trajectories, indicating less balanced magnetic field formation. The observed magnetic
field trajectories are consistent with the motor speed characteristics presented in section 4.3, where the nearly
circular trajectory obtained under the 90° condition corresponded to the highest measured motor
performance. These reconstructed magnetic field trajectories provide qualitative electromagnetic evidence for
the proposed hardware-defined phase generation architecture and indicate superior magnetic field circularity
with reduced ellipticity under the 90° operating condition. Quantitative evaluation using the CI and ER is
presented in section 4.5.

4.5. Quantitative electromagnetic performance evaluation

The CI and ER were calculated from the reconstructed magnetic field trajectories to quantitatively
evaluate rotating magnetic field quality under different programmable phase relationships. Figure 13 presents
the calculated ClI and ER values obtained from the reconstructed magnetic field trajectories under
programmable phase relationships of 60°, 90°, and 120°, demonstrating a clear dependence of rotating
magnetic field quality on the programmable phase relationship. Among the investigated operating conditions,
the 90° programmable phase relationship consistently achieved the highest circularity index and the lowest
ellipticity ratio, indicating that the reconstructed rotating magnetic field was closest to the ideal circular
trajectory. This finding is consistent with the reconstructed magnetic field trajectories presented in section 4.4
and confirms that the 90° programmable phase relationship provides the most balanced electromagnetic field
formation. In contrast, the 60° and 120° programmable phase relationships exhibited lower circularity index
values together with higher ellipticity ratio values, indicating increasing deviations from an ideal circular
rotating magnetic field under non-quadrature programmable phase relationships.

Although the reconstructed fundamental voltages under the 90° and 120° programmable phase
relationships were comparable, the reconstructed magnetic field under the 90° condition exhibited a
substantially higher Circularity Index and lower Ellipticity Ratio. This indicates that the observed
improvement in motor performance was primarily associated with the quality of the reconstructed rotating
magnetic field rather than the voltage magnitude alone. These observations are also consistent with the motor
speed characteristics presented in section 4.3, where the 90° programmable phase relationship achieved the
highest measured rotational speed despite only a small difference in reconstructed fundamental voltage
compared with the 120° condition.

Overall, the experimental results demonstrate that the proposed FPGA-based hardware-defined phase
generation architecture successfully replaces the conventional capacitor-based phase-generation function while
maintaining balanced electromagnetic excitation. The excellent agreement among the reconstructed
fundamental voltage characteristics, winding current measurements, motor performance, reconstructed
magnetic field trajectories, and CI/ER evaluation provides comprehensive experimental validation of the
proposed FPGA-based hardware-defined phase generation architecture for capacitor-less PSC motor operation.
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Figure 13. Quantitative electromagnetic performance under different programmable phase relationships:
(a) circularity index and (b) ellipticity ratio as functions of the programmable phase relationship (¢s)
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5. CONCLUSION

This paper presented and experimentally validated a hardware-defined phase generation framework
for capacitor-less PSC motor operation. Unlike conventional PSC motor systems, in which the
electromagnetic phase relationship between the main and auxiliary windings is inherently determined by a
passive phase-shifting capacitor, the proposed approach digitally synthesizes the required phase relationship
using programmable FPGA-based excitation. Consequently, the phase-generation mechanism is no longer
constrained by the electrical characteristics of a physical capacitor while preserving the fundamental
electromagnetic operating principle required for PSC motor operation.

Comprehensive experimental validation was conducted under twelve operating conditions
comprising programmable phase relationships of 60°, 90°, and 120° combined with excitation frequencies of
20, 30, 40, and 50 Hz. Stable capacitor-less PSC motor operation was successfully achieved under all
investigated conditions. The experimental results further demonstrated that programmable phase variation
directly governs winding current redistribution, reconstructed magnetic field characteristics, and the resulting
electromagnetic performance. Quantitative evaluation using the Cl and ER confirmed strong agreement
between the theoretical rotating-field model and the measured electromagnetic behavior.

Among the investigated operating conditions, the quadrature excitation condition of 90° consistently
produced the most favorable electromagnetic performance, including immediate motor startup, the highest
rotational speed, the highest magnetic field circularity, and the lowest field ellipticity. These results
experimentally verify that balanced quadrature excitation provides the closest approximation to the ideal
rotating magnetic field required for efficient capacitor-less PSC motor operation.

The principal contribution of this work is the demonstration that the electromagnetic phase
relationship of a PSC motor can be established through programmable hardware-defined phase generation
rather than conventional capacitor-dependent phase shifting. This decouples the phase-generation mechanism
from passive analog hardware and enables direct digital control of the electromagnetic interaction between
the main and auxiliary windings. The proposed framework therefore provides both a practical
implementation methodology and an experimentally validated foundation for future software-defined PSC
motor drive systems with improved flexibility, controllability, and compatibility with modern digitally
controlled power electronic applications.
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