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An active power factor correction (APFC) front-end converter was developed for a field-
orientation-controlled (FOC) permanent magnet synchronous motor (PMSM) drive. The
decoupled FOC PMSM drive was designed on the basis of the stator current and flux to achieve
the maximum torque-to-current ratio. Linear control was implemented for two-axis stator
current controllers and a speed controller, with the stator current measured using Hall effect
current sensors. The proposed bidirectional power flow front-end converter enables the FOC
PMSM drive to maintain unity power factor operation in both motoring and regenerative braking
modes, thereby enhancing power factor performance and promoting energy efficiency. The
system was simulated using MATLAB/Simulink®, and all control algorithms were implemented
on a Renesas RX62T microcontroller to generate pulse width modulation (PWM) signals for
driving the APFC front-end converter and the PMSM. Both simulation and experimental results
validated the effectiveness of the proposed method.

1. Introduction

Compared with induction motors, permanent magnet synchronous motors (PMSMs) offer
several advantages, including high power density, high reliability, low losses, and compact size.
These features align closely with the vision of sustainable environmental development by
promoting low carbon emissions. Field orientation control (FOC) enables AC motors to emulate
the characteristics of separately excited DC motors, providing ease of control and a high torque-
to-current ratio. According to the FOC theory,(! through coordinate transformation, the complex
mathematical model of a PMSM can be decomposed into a torque-current component and a
flux-current component, which are orthogonal to each other. By maintaining the rated flux and
controlling the torque current, the maximum torque-to-current ratio can be achieved. The front-
end AC-to-DC converter in conventional AC motor drives typically employs bridge rectification,
which supports unidirectional power flow but introduces low-order harmonic currents into the
power grid. This results in significant input current distortion, poor power factor, and degraded
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power quality. Improving the power quality of the front-end converter can be achieved through
active and passive power factor correction (PFC) methods. Passive PFC utilizes passive
components such as inductors and capacitors to construct a PFC circuit on the input side of the
bridge rectifier. However, it is bulky and prone to resonance, and its harmonic current filtering
capability is limited to a fixed bandwidth. Additionally, when the power supply is unbalanced,
the transient response is poor. In contrast, a bidirectional power flow front-end converter
employs voltage and current feedback compensation to control the switching state of the power
switch module. This allows the boost inductor to either store or release energy, enabling active
PFC (APFC). By making the input current track the reference current and maintain a sinusoidal
waveform, phase correction is achieved: the voltage and current are in phase during motoring
operation, and they are in opposite phases during regenerative braking. This method effectively
improves the power factor of the FOC PMSM drive during both motoring and regenerative
braking modes, and successfully addresses many of the limitations associated with conventional
passive PFC methods. Various PFC front-end converters for AC motor drives have been
published, including designs for induction motor drives with PFC front-end converters,(>~5) PFC
front-end converters for brushless DC motor drives,©!) PMSM drives based on PFC front-end
converters,12715) and switching reluctance motor drives with PFC front-end converters.(16-21

In this research, a decoupled FOC PMSM drive was developed on the basis of the current and
flux of the stator. Three-phase stator current measurements were obtained using electromagnetic
Hall effect current sensors. The speed controller and the d°-axis and g°-axis stator current
controllers of the FOC PMSM drive were designed using the pole placement method. A
bidirectional power flow front-end converter with APFC was implemented by setting zero
reactive power to achieve unity power factor operation. Grid voltage and current measurements
were obtained using electromagnetic Hall effect current sensors and a voltage-dividing isolation
sensor, respectively. The voltage and current control loops of the front-end converter were
designed using root locus and Bode plot techniques. These methodologies demonstrated the
successful implementation of an FOC PMSM drive with APFC, achieving both effective control
and PFC.

This paper is organized into five sections. In Sect. 1, we present the research background and
motivation, along with a review of the literature on FOC PMSM drives and APFC front-end
converters. In Sect. 2, we describe the decoupled FOC PMSM drive system and the linear
controller design, incorporating voltage feed-forward compensation. The development of an
APFC bidirectional power flow converter, capable of achieving unity power factor operation
during both motoring and regenerative braking, is detailed in Sect. 3. In Sects. 4 and 5, we
discuss the simulation and experimental results, followed by the conclusions.

2. Decoupled FOC PMSM Drive

PMSM uses high-permeability permanent magnets instead of rotor windings as rotor poles
without rotor copper losses, making it more efficient and reliable than other types of motor. The
magnetic axis of the permanent magnet is consistent with the rotor shaft. The position angle of
the synchronous reference frame can be obtained from the rotor shaft position, and then based
on the FOC theory, the maximum torque-to-current ratio can be achieved.
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PMSM utilizes high-permeability permanent magnets as rotor poles, eliminating the need for
rotor windings and thereby avoiding rotor copper losses. This design enhances both efficiency
and reliability compared with other types of motor. The magnetic axis of the permanent magnet
aligns with the rotor shaft, and the position angle of the synchronous reference frame is
determined from the rotor shaft position. Based on the FOC theory, this alignment allows for the
achievement of the maximum torque-to-current ratio.

The two-axis stator voltage equations of a PMSM in the synchronous reference frame are
given as(??)

Rsiss + pﬂ‘gs - weﬂ';s = Vss > M
sqs+pﬂ“ +a)ﬂ“ds: qs > (2)

where i and iz are the d°-axis and ¢°-axis stator currents, vy, and vy are the d°-axis and ¢°-axis
stator voltages, and A, and A/ are the d°-axis and g°-axis stator fluxes, respectively. Moreover,
R, is the stator resistance, w, is the speed of the synchronous reference frame, and p = d/dt
represents the differential operator. Since the permanent magnet is located only on the d¢-axis,
the d¢-axis and g¢-axis stator fluxes can be expressed as

ﬂ“gs = Lsiss + ﬂ“F 4 (3)
Ags = Lyig, . “)

where A is the equivalent flux of the rotor permanent magnet on the stator. By substituting Egs.
(3) and (4) into Egs. (1) and (2), the two-axis stator current state matrix can be derived as

-€

.e . e
ig {— R,/L, o, } Igs | 1 Vs
lgs

+— . ®))
—, _Rs /Ls Ls V;S - a)elF

In Eq. (5), an inspection of the right side of the first row reveals that the second term is a
coupling component related to the g°-axis stator current. Similarly, an inspection of the right side
of the second row indicates that the first and fourth terms are coupling components associated
with the d¢-axis stator current and the rotor equivalent flux, respectively. On the basis of these
coupling components, the d¢-axis and g°-axis stator voltage feed-forward compensations are
defined as

e
Vdsc _a)eLs lys

“ = . 6)

Vqsc weLsids + a)eﬂ’F
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The linear control of the d¢-axis and g¢-axis stator current control loops is derived and
expressed as

e

is’s _|:_Rs/ Ls 0 j| iss 1 vss
iqs

+— |, 7
0 —RJL i 2

.e
lqs s vqs

where vs’s and vf;s are the outputs of the d¢-axis and g°-axis stator current controllers, respectively.
The voltage commands vj,: and v(j: for the d¢-axis and g°-axis stator current control loops are

given by
e* e e
Vds Vds Vdsc
e* - e + e : (8)
Vqs vqs Vqsc

The developed electromagnetic torque and the mechanical equation of a PMSM are
respectively expressed as

T,=igAr )
Jmpa)rm +Bma)rm +TL :Tea (10)

where J,, is the inertia of PMSM, B,, is the viscous friction coefficient, 77 is the load torque,
@,, = (2/P)w, is the mechanical speed of the motor shaft, P is the number of motor poles, and w,
is the rotor electrical speed. As shown in Eq. (9), i;s and A are inherently orthogonal, enabling
the achievement of the maximum torque-to-current ratio.

According to the first and second rows shown in Eq. (7), the plant models for the d¢-axis and
g¢-axis stator current control loops are respectively derived as

VL

GPJ:;S (S)Zm, (11)
G (s) —1/# (12)

Qg T ’
P _tgs s+R; /L,

where s is the Laplace operator. On the basis of Eq. (10) and defined AT, = 7, — T}, the plant of
the speed control loop is derived as

Y

G, (s)=—"""m
ps() s+B,/J, "

(13)
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The decoupled linear control block diagram of the FOC PMSM drive is shown in Fig. 1. Since
the rotor poles are permanent magnets, the d°-axis stator current command is set to i;: =0. Here,
(Kps» Kig), (K> Kig), and (K, K;,) are the proportional and integral gain parameter pairs for the
speed, d¢f-axis, and g¢-axis stator current controllers, respectively. The control gain of the
internal control loop is much higher than that of the external control loop, allowing the closed-
loop gain of the internal control loop to be regarded as unity. All controllers of the FOC PMSM
drive were designed by the pole placement method.

Figure 2 illustrates the block diagram of the proposed FOC PMSM drive. This diagram
includes a speed controller, d°-axis and g°-axis stator current controllers, d°-axis and ¢°-axis
decoupling calculations, igs calculation, and coordinate transformations between the three-phase
system and the two-axis stationary reference frame (2° <=3, 2° = 3). Here, the three-phase

currents (i and i.,) were obtained from the PMSM using electromagnetic Hall effect

as> bs»
current sensors.

* .e* e il TL
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Fig. 1.  (Color online) Decoupled linear control block diagram of FOC PMSM drive.
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Fig. 2. (Color online) Block diagram of FOC PMSM drive.
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3. APFC Bidirectional Power Flow Front-end Converter

An APFC bidirectional power flow front-end converter is developed, enabling the FOC
PMSM drive to achieve unity power factor operation in both the motoring and regenerative
braking modes. This enhances the power factor and contributes to energy savings.

The main circuit of the FOC PMSM drive with a front-end bidirectional power flow converter
is shown in Fig. 3. In this circuit, an AC choke is employed for voltage boosting, filtering, and
current storage. L represents the inductance of the AC choke, R is the internal resistance of the
grid, C is the filter capacitance of the DC bus, v, and i, are the voltage and current of the grid,
respectively, vy is the AC choke voltage, and v; is the pulse width modulation (PWM) power
switch input voltage of the front-end converter.

On the basis of Fig. 3, the three-phase input voltages of the bidirectional power flow front-
end converter are expressed as

Va = RiaG +L- piaG +Van (14)
Vp = Riyg + L - pipg +Vvp,, (15)
Ve = RicG +L- picG +Ven s (16)

where v,, v, and v, are the three-phase voltages, i,g, i,g, and i.; are the three-phase currents,
and v,,, vp,, and v, are the three-phase neutral voltages on the grid side.

When the PMSM operates in motoring mode, the PWM power switch of the front-end
converter converts the grid-side AC voltage into a DC voltage for the DC bus, while the PWM
power switch of the motor inverter converts the DC voltage from the DC bus into a variable-
frequency AC voltage for the PMSM. Conversely, when the PMSM operates in regenerative
braking mode, the anti-parallel flywheel diodes in the PWM power switch of the motor inverter
channel the braking regenerative energy from the PMSM to the DC bus. The PWM power
switch of the front-end converter then converts the DC voltage from the DC bus into a rated-
frequency AC voltage for the grid side.

*************************************************************

AC Front-end Converter ~ DC BUS Motor Inverter
Choke PWM Power Switch PWM Power Switch

Fig. 3. Front-end converter and motor inverter PWM power switches.
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According to the PFC theory,?® in order to maintain unity power factor operation during
both the motoring and regenerative braking modes, the vector relationship between the voltage
and current of the front-end converter is as illustrated in Fig. 4. In motoring mode, the control

variable v; is adjusted to ensure a 0° phase relationship between vy, and iy, as shown in Fig. 4(a).

S,

Similarly, in regenerative braking mode, v; is adjusted to maintain a 180° phase relationship

between vy, and iy, as shown in Fig. 4(b).

sg
On the basis of Egs. (14)—(16), and by applying the grid-side coordinate transformation from
the three-phase frame to the two-axis synchronous reference frame, the two-axis voltage

equations of the front-end converter in the synchronous reference frame are expressed as®?)

where v and igg are the d¢-axis voltage and current, v;; and i are the gg-axis voltage and
current, vy, and v;n are the d-axis and gg-axis neutral voltages on the grid side, respectively, and
¢ 1s the speed of the grid-side synchronous reference frame. The left sides of Egs. (17) and (18)
are respectively defined as

e e e .e

VaG =VaG ~Van T OcLiy (19)
¢ e e .e

qu = qu - an - a)GleG . (20)

By substituting Egs. (19) and (20) into Egs. (17) and (18), respectively, and applying feedforward
voltage compensation, the plant models of the dg-axis and gg-axis current controllers for the
front-end converter can be derived as

i _ /L o
Vo s+R/L
Vi £ v Vi
I o i . e E
> '.;1 v.sG < ¥ vsG
~ 17
V.
(@) (b)

Fig. 4. (Color online) Vector relationship between vy; and iy of the front-end converter. (a) Motoring.
(b) Regenerative braking.
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o _ VL

TR )

e/
qu

where vf}'G and ij are the outputs of the d-axis and gg-axis current controllers of the front-end
converter, respectively.
The dg-axis and gg-axis current control loops of the front-end converter are expressed as

, K. o .
Vi = (K pic +%)(zsc ~i%), (23)

e Kqu e e 4
VeG = (quG + T)(qu - qu) > (24)

where iz and i, are the d¢-axis and gg-axis current commands of the front-end converter, and
(Kpac» Kiag) and (K6, Ki4) are the proportional and integral gain parameter pairs for the
di-axis and gg-axis current controllers of the front-end converter, respectively. The voltage
commands of the dg-axis and gg-axis current control loops of the front-end converter are
expressed as

& e e .e
VaG =VaG +Vac — OcLliyg (25)

5

V;G = V;IG + V;G + wGLlsG . (26)
The three-phase grid-side voltage in the two-axis synchronous reference frame is derived as

€ —_—
Vo6 =V,

m>

(28)

where V), is the instantaneous maximum of the three-phase voltage on the grid side. Furthermore,
the three-phase grid-side current in the two-axis synchronous reference frame is derived as

igg =—1,siné, 29)

igg =1, cos0, (30)



Sensors and Materials, Vol. 37, No. 8 (2025) 3483

where /,, is the instantaneous maximum of the three-phase grid-side current, and @ is the phase
angle between the voltage and current on the grid side. The active power and reactance power of
the grid side in the synchronous reference frame are respectively derived as

0 = (3/2)(vygiaG —Vaciac) - (32)
On the basis of Egs. (27) and (28), Egs. (31) and (32) can be rewritten as

Py =(/2(Vil). (33)

QG = (3/ 2)(—le§G) : (34)

As shown in Eqs (33) and (34), if V,, is a constant, P; and igG are linearly related, and O and
ig; are also linearly related. Specifically, by setting ij; =0, it follows that O; = 0, enabling the
bidirectional power flow front-end converter to operate close to unity power factor.

The control block diagram of the bidirectional power flow front-end converter with APFC is
shown in Fig. 5. Here, V;C and V. represent the reference and actual voltages of the DC bus,
while i;G and iy are the reference currents for the grid g¢-axis and dg-axis, respectively. Unity
power factor operation is achieved by setting i; = 0. Additionally, V;G and v:;G are the outputs of
the i;G- and ij;-controllers, respecti*vely. Thf trigger signals for the front-end converter’s PWM
power switch are generated from v, and v, through the modulator. All three controllers are
proportional-integral (P—I) types and were designed using root locus and Bode plot techniques.
Furthermore, the two-axis grid currents (i;; and iz;) were obtained from the grid using
electromagnetic Hall effect current sensors and transformed from the three-phase frame to the
two-axis synchronous reference frame. The actual DC bus voltage ;. was measured using a
voltage-dividing isolation sensor.

1 . .
Ve ¥ Kic| ‘ac B Kie | Veo |
E pdecG % 3 paG s P g4
_ 5 —» 8
. Ve sus - Controller in; iy - Controller i —» &
de odulator -
o B 0 K ve" —p &
lic = K 4 hidG daG | Y g
s PG

-e -e
i'%s Iy - Controller

Fig. 5. (Color online) APFC bidirectional power flow front-end converter control block diagram.
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4. Simulation Setup and Results

A three-phase, 220 V, 0.75 kW, Y-connected PMSM was used as the controlled plant for
experimentation to validate the effectiveness of the proposed FOC PMSM drive with APFC. The
motor speed command during a running cycle was designed as follows: forward acceleration
from ¢ =0to t=1 s, forward steady-state running over 1 <¢ <3 s, forward braking to reach zero
speed within the interval 3 <7 <4 s, reverse acceleration from ¢t =4 to ¢t =5 s, reverse steady-state
running over 5 < ¢ <7 s, and reverse braking to reach zero speed within the interval 7 <t <8§s.
The simulated and experimental results of the proposed FOC PMSM drive under a load of 2 N-m
for reversible steady-state speed commands at 1500 rev/min during the first two running cycles
are shown in Figs. 6 and 7, respectively. Each figure illustrates four responses: (a) command
(dashed line) and actual (solid line) rotor speed, (b) g°-axis stator current, (c) electromagnetic
torque, and (d) synchronous position angle.

The simulated and experimental results for the phase-a voltage and current of the bidirectional
power flow front-end converter in the proposed FOC PMSM drive with APFC during motoring

2000 — 4T
- - = n
=) -
E 1000 — 5 2 —
g . 5 ]
3 0 - s 0
5 -1000 —| 3 a—
Q <
=4 — o -
T T T TTTTTTT
0 4 8 12 16 0 4 8 12 16
Time(sec) Time(sec)
@ (b)
4 — 8 —
(O] — —
=] =)
g 2 — ;e 6 —
8 B
8 . g5 A \
25 0 25 4| |
. 2% -
: £5
- : ]
k> | ) 111
. 0 T T T
-4 I I I | | |
38 39 4 41 42
0 4 8 12 16 )
. Time(sec)
Time(sec)
© @

Fig. 6. (Color online) Simulated results of the proposed FOC PMSM drive with a load of 2 N-m for a reversible
steady-state speed command of 1500 rev/min: (a) rotor speed, (b) g°-axis stator current, (c) electromagnetic torque,
and (d) synchronous position angle.
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Fig. 7. (Color online) Experimental results of the proposed FOC PMSM drive with a load of 2 N-m for a reversible
steady-state speed command of 1500 rev/min: (a) rotor speed, (b) g°-axis stator current, () electromagnetic torque,
and (d) synchronous position angle.

and regenerative braking operations are presented in Figs. 8 and 9, respectively. Each figure
includes two responses: (a) simulated and (b) experimental results. Specifically, Fig. 8 shows the
phase-a voltage and current of the APFC bidirectional power flow front-end converter during
motoring operation, while Fig. 9 illustrates the corresponding results during regenerative
braking operation.

On the basis of the simulated and experimental results observed in the reversible transient
and steady-state operations of the FOC PMSM drive, the rotor speed was accurately obtained.
The g¢-axis stator current and electromagnetic torque responses confirmed the loading effect.
The sawtooth pattern of the estimated synchronous position angle validated the accuracy of the
coordinate transformation between the synchronous and stationary reference frames.
Furthermore, the analysis of the simulated and experimental results for the phase-a voltage and
current of the APFC bidirectional power flow front-end converter during motoring and
regenerative braking confirmed that unity power factor operation was achieved. Therefore, the
developed FOC PMSM drive with APFC has demonstrated the capability to achieve the desired
performance.
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Fig. 8. (Color online) Phase-a voltage and current of the bidirectional power flow front-end converter in the
proposed FOC PMSM drive with APFC during motoring operation: (a) simulated result and (b) experimental result.
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Fig. 9. (Color online) Phase-a voltage and current of the bidirectional power flow front-end converter in the
proposed FOC PMSM drive with APFC during regenerative braking operation: (a) simulated and (b) experimental
results.
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5. Conclusions

An APFC bidirectional power flow front-end converter was developed for the FOC PMSM
drive. The decoupled FOC PMSM drive was designed on the basis of the stator current and flux,
achieving linear controller implementation using stator voltage feed-forward compensation and
obtaining the maximum torque-to-current ratio. The developed APFC bidirectional power flow
front-end converter enabled the FOC PMSM drive to maintain unity power factor operation
during both motoring and regenerative braking. The three-phase current measurements required
for implementing the FOC PMSM drive with APFC were acquired using Hall effect current
sensors. Simulation and experimental results for reversible steady-state speed commands under
load conditions, as well as the phase-a voltage and current of the front-end converter during
motoring and regenerative braking operations, confirmed the promising performance of the
proposed FOC PMSM drive with APFC.
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