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ABSTRACT

The energy backflow phenomenon is unavoidable in small dc-link capacitor-based PMSM drive systems, which is first identified
and comprehensively analysed in this paper. This phenomenon occurs when the amplitude of the stator voltage exceeds the
minimum value of the fluctuating dc-link voltage. To address this issue, flux weakening (FW) control can effectively reduce the
stator voltage and mitigate the energy backflow phenomenon. However, dc-link voltage fluctuation can introduce several
challenges to the conventional feedback FW control. For instance, a dc offset in the calculated d-axis reference current is
identified in this paper due to the dc-link voltage fluctuation. Additionally, an analysis of the small-signal model reveals that
when the fluctuating q-axis voltage becomes negative, it can lead to system instability. Moreover, the commonly used PI
controller in FW control fails to adequately control the ac component introduced by these fluctuations. Therefore, this paper
proposes an optimised FW control method to mitigate the energy backflow issues. Furthermore, an optimal phase angle se-
lection method for the d-axis reference current, based on the least mean square algorithm and gradient descent algorithm, is
introduced to suppress current ripple caused by the fluctuating dc-link voltage. Experimental results validate the effectiveness of
the proposed optimised methods.

1 | Introduction heavy load conditions. Such voltage fluctuations can introduce

harmonic disturbances, which deteriorate the control perfor-

Permanent magnet synchronous machines (PMSMs) are widely
used in various industrial and automotive applications due to
their high torque density, efficiency, and robust performance
[1-5]. Recently, the small dc-link capacitor-based PMSM drive
systems have gained significant attention for their cost-
effectiveness and compactness [6-10]. These systems are
particularly popular in household appliances and applications
with low control accuracy requirements [11, 12]. However,
small volume dc-link capacitors can inevitably lead to the dc-
link voltage fluctuation, particularly under high-speed or

mance and the stability of the PMSM drive systems. To better
understand and address these issues, three scenarios are cat-
egorised in this paper based on different operation conditions:

1. No disturbance.

2. Considerable harmonics in the system include dc-link
voltage, dc-link current, dqg-axis voltages and currents
and torque.

3. Energy backflow phenomenon.
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The machine usually operates at low speed and light load in the
first scenario. The dc-link voltage fluctuates slightly, and the
harmonics in the system are negligible. Thus, there is no need
for optimisation or intervention for the system.

In the second scenario, the dc-link voltage fluctuation becomes
more serious with speed and/or load increases. This results in
noticeable harmonics in the system. Therefore, it is necessary to
optimise the control strategy and mitigate the effects of these
harmonics. The predominant focus in existing research is on
this second scenario. Numerous effective control strategies have
been proposed to mitigate the influence of the small dc-link
capacitor, leading to significant improvements in the control
performance and stability of the PMSM drive system. Based on
the literature review, the optimisation methods can generally be
categorised into high power factor (HF) control, inductor-
capacitor (LC) resonance mitigation, beat phenomenon sup-
pression and FOC methods optimisation (flux-weakening con-
trol and sensorless control) [6, 11-14].

For the high PF control, the use of the small dc-link capacitor
results in significant coupling between the grid side input power
and the inverter power. This characteristic provides an oppor-
tunity to improve the grid side PF [6, 15]. The PF control
method based on flux-weakening (FW) control was first pro-
posed in ref. [16] to obtain the high PF in the small dc-link
capacitor-based PMSM drive system. In ref. [17], the inverter
output power is controlled directly by adjusting the reference
dg-axis currents based on the current operating state of the
motor and the information from dc-link voltage harmonics.
Meanwhile, the grid current harmonics are suppressed by
reducing the d-axis current at a low dc-link voltage area in ref.
[18]. In ref. [15], an inverter power control feedback loop is
implemented, where the error between actual and set power is
processed through a proportional-resonant (PR) controller and
applied to the g-axis reference current regulation. In refs. [19,
20], two PF correction methods for small dc-link capacitor-
based PMSM drive systems are presented to achieve high PF and
reduce input current harmonics. Both methods can be imple-
mented to meet the IEC 61000-3-2 standards.

For the poor grid quality caused by LC resonance, the active
damping-based mitigation methods are implemented to over-
come grid current harmonics and the instability problem caused
by constant power load effects [14, 21-24]. In ref. [14], the effect
of virtual resistors is achieved by modifying the inverter output
voltage to simulate a parallel connection with the grid side filter
inductance to suppress LC resonance. Further, four configura-
tions in which virtual resistors were either series- or parallel-
connected with the grid side inductance or the dc-link capac-
itor is investigated in ref. [21]. Then, the configuration with
virtual resistors in series with the grid side filter inductance was
selected, combined with a feedforward compensation strategy,
reducing the effect of grid side voltage harmonics. Furthermore,
a virtual capacitor is added in parallel with the small dc-link
capacitor within the drive system's topology in ref. [22]. The
effect of this virtual capacitor was simulated by adjusting the
reference g-axis current. However, the coupling characteristics
of the d-axis power introduce some control challenges. A grid
current control method is developed to improve the grid current
quality by eliminating the sixth harmonics in the rectifier

current in ref. [23]. In ref. [24], a grid current harmonics sup-
pression method is proposed based on rectifier current regula-
tion combined with the dc-link voltage decoupling method.

For the sensorless control optimisation, in refs. [25-29],
different filters are developed to suppress the harmonics in
estimated back-EMFs and estimated position errors to improve
the accuracy of the sensorless control method.

In the third scenario, as speed and/or load increase, the dc-link
voltage fluctuation becomes more serious. The amplitude of the
back-EMF inevitably exceeds the fluctuating dc-link voltage
during a fluctuation cycle, causing the PMSMs to act as a
generator, charging the dc-link capacitor. This results in the
energy backflow phenomenon. Energy backflow presents a
significant challenge, especially under fluctuating voltage con-
ditions. It occurs when the back-EMF amplitude exceeds the dc-
link voltage, causing energy to flow back to the dc side. Due to
the limited energy storage capacity of small electrolytic capaci-
tors, these backflow events can cause rapid voltage rises, often
leading to overvoltage conditions. Such overvoltage conditions
can severely affect the motor drive's performance and safety,
potentially damaging power electronic components and desta-
bilising control. Although hardware-based solutions such as
braking resistors have been proposed, they increase system
complexity and cost, underscoring the need for optimised
software-based control strategies to address these challenges.
Existing research studies, such as the study of uncontrolled
generation (UCG) operation following inverter shutdown in ref.
[2] and the protection scheme for electrolytic capacitorless AC
drives in ref. [30], mainly focuses on energy feedback during
motor braking or inverter shutdown scenarios where the motor
is not operating normally. However, in small dc-link capacitor-
based PMSM drive systems, energy feedback can still occur
during normal motor operation—a situation that has rarely
been explored or mitigated in existing literature.

The FW control method can reduce the amplitude of the back-
EMF which can relive the energy backflow phenomenon. In ref.
[11], a new concept of ‘average voltage constraint’, combined
with FW control, is proposed to mitigate the dc-link voltage
fluctuation issues caused by small dc-link capacitors. In ref.
[31], an enhanced FW control method is presented, which
minimised torque ripple and enhanced dc-link voltage uti-
lisation. The small-signal model of feedback FW control is
implemented in ref. [32]. It is found that significant fluctuations
in the g-axis voltage, especially when it turns negative, can lead
the system into a positive feedback mode, resulting in inherent
instability. Then, a g-axis voltage control strategy is proposed to
avoid the positive feedback mode. In ref. [33], an FW control
strategy based on active damping with a voltage angle adjust-
ment method is implemented to reduce the current harmonics
caused by voltage angle disturbance. In ref. [34], a systematic
analysis method is proposed to evaluate the influence of tran-
sient voltage components on FW control. The inappropriate
control bandwidth and insufficient voltage margin can lead to
unstable operation during transient conditions. Improved
design guidelines are provided to ensure stable motor control
and enhanced performance. However, in PMSM drive systems
with small dc-link capacitors, both the dc-link voltage and dg-
axis voltages are prone to fluctuations. Conventional PI
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controllers of voltage loops in feedback FW control struggle to
effectively manage ac harmonics. Moreover, the presence of ac
components in the voltage signals can create inherent calcula-
tion errors in the d-axis reference current. This issue has not
been adequately addressed in previous studies.

The fluctuating nature of the dc-link voltage introduces addi-
tional complexities to conventional FW control methods. These
fluctuations induce both dc offsets and ac components in the
calculated d-axis reference current, degrading control precision
and exacerbating current ripple. Furthermore, when the g-axis
voltage becomes negative, system instability becomes a real
concern. These limitations hinder the performance of conven-
tional FW methods. To address these challenges, this study
proposes an optimised FW control method that not only miti-
gates energy backflow but also enhances system stability and
reduces current ripple. These improvements are crucial for
ensuring the reliable operation of PMSM drives, particularly in
industrial and high-performance applications where precision
and stability are essential.

Therefore, this paper first identifies and comprehensively ana-
lyses the energy backflow issue in the small dc-link capacitor-
based IPMSM drive system. The mechanisms and possible
conditions for energy backflow are then discussed in detail. The
principle of energy backflow under different speed or load
conditions is investigated. Furthermore, the conventional FW
control method has been investigated and found to have some
drawbacks due to dc-link voltage fluctuation. Therefore, a quasi-
PIR-based FW control method with a dc offset compensation
method is proposed to eliminate the energy backflow phe-
nomenon. In addition, an optimal phase angle selection strategy
is proposed to further reduce the harmonics and improve the
control performance of the system. The analysis of the energy
backflow phenomenon and the effectiveness of the proposed
mitigation methods are validated by experiments.

2 | Analysis of Energy Backflow in Small DC-Link
Capacitor-Based PMSM Drive System

2.1 | DC-Link Voltage Fluctuation Issues in Small
DC-Link Capacitor-Based PMSM Drive System

The small dc-link capacitor-based PMSM drive system is
composed of a single-phase uncontrolled rectifier, a small dc-
link capacitor and an inverter as shown in Figure 1.

Due to the single-phase uncontrolled rectifier and small dc-link
capacitor, the dc-link voltage can be expressed as follows:

T THAD
§==§ > > { PMSM
3| KR

Small de-link capacitor

FIGURE 1 | Block diagram of PMSM drive system.

n
Uie = Udeo + D Ude SIn(2kagt + Pyer) ®
k=1

where ug. is dc-link voltage, ugeo, Uik, and @, are the average
value, the kth order harmonic, and the phase angle of fluctu-
ating dc-link voltage, w, is the grid frequency.

2.2 | Principle of Energy Backflow in Small DC-
Link Capacitor-Based PMSM Drive System

In the conventional PMSM drive system, a classic three-phase
inverter is used to drive the PMSMs as shown in Figure 2a.
Due to the small dc-link capacitor, the dc-link voltage fluc-
tuation could cause the dc-link voltage less than the stator
voltage, especially when the speed is high, and the dc-link
voltage fluctuation is severe. During each dc-link voltage
fluctuation cycle, when the amplitude of stator voltage is
higher than the dc-link voltage, the current could flow back
to the dc-link through the freewheel diodes in the inverter.
The machine acts as a generator to charge the dc-link
capacitor as shown in Figure 2b. Figure 3 illustrates the
corresponding dg-axis equivalent circuits for the PMSMs work
as the generator.

In this paper, an interior PMSM (IPMSM) is used to investigate
the energy backflow. The machine voltages in the dq-axis syn-
chronous frame are expressed by the following equation:

di
ug = Ryig + deTd — @eLyiy

di @
ug = Ryig + qu—g + weLala + ey

FIGURE 2 | Different operating modes. (a) Motor mode,
(b) Generator mode.

weLqiq weLgig+ WePr

FIGURE 3 | Equivalent circuits of the IPMSM act as the generator.
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where Ry, we, La, Lg, and ¢ are the stator resistance, the motor
electrical speed, the dg-axis inductances, and the flux linkage of
PM, respectively.

The speed dependant stator voltage can be represented as
follows:

UBMF = we\/ (¢ + Laia)” + (Loig)’ ®3)

where ugyr refers to the equivalent back-EMF used in the paper
to simplify the illustration. It is important to note that the
equivalent back-EMF include both the voltage induced by the
PM flux-linkage and the inductive voltage.

According to the amplitudes of the dc-link voltage and equiva-
lent back-EMF, the dynamic model of three-phase uncontrolled
rectifier as shown in Figure 2b can be expressed as follows:

Uout = UEMF — Ude,  if UBMF > Udc (@)
Uout = Ude — UemF, Lf Usmr < Udc

where u,y is the voltage generated by the machine.

2.3 | Three Scenarios With Fluctuating DC-Link
Voltage

Based on the relationship between the fluctuating dc-link
voltage and the equivalent back-EMF, three scenarios can be
classified: the equivalent back-EMF is smaller than the mini-
mum value of dc-link voltage, the equivalent back-EMF is equal
to the minimum value of dc-link voltage, and the equivalent
back-EMF is greater than the minimum value of dc-link voltage.
According to Equation (4), there are three operation scenarios
which can be expressed by the following equation:

UEMF — Udemin < 0, iinv,min <0
UEMF — Ude,min = 0, linv,min = 0 (5)
UEMF — Udc,min > 0) linv,min >0

where Ugemin and iinymin are the minimum value of the dc-link
voltage and the inverter current in each fluctuation cycle.

When the equivalent back-EMF is smaller than the minimum
value of the dc-link voltage, there is no energy backflow. In this
scenario, the harmonics in the system remain relatively small.
The control performance and the system stability may not be
influenced. Secondly, when the amplitude of equivalent back-
EMF equals the minimum value of the fluctuating dc-link
voltage, the machine continues to operate as a motor.
Although there is no energy backflow, the harmonics in the
system increase, with their minimum values reaching zero. The
control performance and the system stability could be
influenced.

The third scenario is when the amplitude of the equivalent
back-EMF exceeds the minimum value of the fluctuating dc-
link voltage in one dc-link voltage fluctuation cycle. In this
scenario, the machine operates as a generator, resulting in a
negative dc-link current and inverter output power. This

negative dc-link current and inverter output power signify that
the energy is being transferred from the machine back into the
dc-link through the inverter. The energy backflow phenomenon
is shown in Figure 4.

From A to B, the equivalent back-EMF amplitude exceeds the
dc-link voltage. Starting from A, due to the energy stored in the
machine inductance, the inverter power does not immediately
turn negative when the equivalent back-EMF amplitude sur-
passes the dc-link voltage. Instead, it gradually transitions to a
negative value. The inverter power becomes negative and de-
creases until point B, where the equivalent back-EMF equals the
dc-link voltage. When the dc-link voltage becomes greater than
the equivalent back-EMF amplitude from B, the inverter power
gradually transitions back to positive. As the dc-link voltage
rises further, the inverter power stabilises until another energy
backflow phase occurs as the amplitude of the equivalent back-
EMF once again approaches or exceeds the dc-link voltage from
point C.

However, the energy backflow is generally considered a fault
condition in low-cost drives, and this phenomenon should be
avoided [11]. Furthermore, the energy backflow may lead to
instability in the dc-link voltage, resulting in severe fluctuations
in the system as shown in Figure 4. The peak value of dc-link
voltage is maintained at 158 V, and the load torque is set to 1
Nm, whereas the motor speed is set to 800 rpm. The serious dc-
link fluctuation and energy backflow in the system is a concern,
as it can lead to potential operational hazards. To maintain the
system stability and achieve better control performance, an
effective mitigation method based on optimised FW control is
proposed in the next section.

2.4 | Energy Backflow Accounting for Different
Speed and Load Conditions

The increased speed can increase the amplitude of the equiva-
lent back-EMF and slightly aggravate the dc-link voltage fluc-
tuation. Thus, the increase in the speed might be more likely to
make the PMSMs work in generation mode.

back — EMF 1

1ug. fluctaution 1 = Chance of energy backflow 1 (6)

w. T=>

With the speed increasing from 0 to a rated value, the inverter
power would increase first according to the principle of power
balance, if machine losses are ignored. When the speed is large
enough and the equivalent back-EMF is greater than the fluc-
tuating dc-link voltage in a certain period, the energy backflow

300 2000

[——DCAlink voltage — Equivalent back-EMF — Power |

200

100

Voltage (V)
Power (W)

-100

-200

FIGURE 4 | Simulation results of energy backflow phenomenon in
small dc-link capacitor-based IPMSM drive system.
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occurs, and the minimum value of inverter power reduces and
could be negative as shown in Figure 5a.

When the load increases from zero, the dc-link voltage fluctu-
ation becomes larger, but the minimum value of the dc-link
voltage at first is enough to keep the system stable. Thus, the
minimum value of inverter power increases first. When the load
further increases, the dc-link voltage fluctuation becomes se-
vere, and the amplitude of the equivalent back-EMF may exceed
the minimum value of the dc-link voltage, and the energy
backflow phenomenon occurs. The minimum value of the
inverter power decreases. As the load continues to increase, the
average value of the dc-link current and the inverter power
increases. Even if the equivalent back-EMF is greater than the
dc-link voltage, the inverter power would not be negative easily
due to the large stator current and the existence of inductance as
shown in Figure 5b.

ugc fluctaution 1
Tioad T = o 1 = Chance of energy backflow 1/| (7)
ldc

The simulation results in Figure 6 show the effect of varying
motor speed and load conditions on the energy backflow phe-
nomenon. During the tests, the peak value of dc-link voltage is
maintained at 158 V, the load torque is set to 1 Nm, whereas the
motor speed is incrementally increased from 400 to 900 rpm, as
shown in Figure 6a, the speed is set to 1000 rpm, and the load is
increased from zero to 1.5 Nm.

As shown in Figure 6a, the inverter power remains positive at
lower speeds, and its minimum value increases as speed rises.
However, as the speed approaches a certain threshold, the
amplitude of the equivalent back-EMF begins to exceed the dc-
link voltage during parts of the cycle. This results in a sharp
drop in the minimum inverter power, which eventually be-
comes negative, indicating the onset of the energy backflow
phenomenon. In this condition, the motor acts as a generator,
transferring energy back into the DC-link and causing a reversal
of power flow.

Similarly, the system exhibits more complex behaviour under
varying load conditions as shown in Figure 6b. At a constant
motor speed, increasing the load initially causes the minimum
value of the inverter power to rise. However, once the load
exceeds a certain threshold, the dc-link voltage fluctuation
becomes more serious, leading to a decline in the minimum
power. Interestingly, at very high loads, the system can
partially mitigate the energy backflow effect, even with a sig-
nificant equivalent back-EMF exceeding the dc-link voltage.

40 4w

W)
W)

Pinv_min

Pinv_min
g

o 20 :
Load (Nm)

a b

" a0
Speed (rpm)

FIGURE 5 | Energy backflow with increasing speed and load
conditions. (a) With increasing speed and 1 Nm load, (b) With
increasing load and 700 rpm.

The simulation results suggest that the interplay between
speed, load and dc-link voltage fluctuation plays a critical role
in the occurrence and intensity of the energy backflow
phenomenon.

Figure 7 shows the measured results of energy backflow under
various operating conditions. The energy backflow issues are
predominantly observed at speeds ranging from 800 to
1000 rpm, particularly when the load is between 0.5 Nm and
1.5 Nm. As can be seen, the energy backflow is most serious
when the speed is 1000 rpm and the load is 1 Nm. In this case,
the minimum value of the inverter power is —200 W, and the
minimum value of the dc-link current is —2 A. The energy
backflow could damage the power devices and deteriorate the
control performance of the system. Thus, a mitigation method
for the energy backflow phenomenon is critical to improve the
system stability and prevent potential damage to power elec-
tronic components due to undesirable energy backflow caused
by the small dc-link capacitors.

3 | Proposed Energy Backflow Mitigation Method

3.1 | Limitation of Conventional FW Control
Scenarios With Fluctuating DC-Link Voltage

The FW control method can extend the speed range and
maintain the performance of PMSM under low dc-link voltage
conditions by reducing the amplitude of the back-EMF. There-
fore, the FW control method can effectively mitigate the

:
H

= H
a0 oS0 o | 700

—Speed —Power
i . . 1500 "
H i i 500 i H |

Doso ! 00

H

Power (W)

[} e TLTTTS

Speed (rpm),
Power (W)

o fea i oea oe] y s

s
4
——t=== = o
4

1000 - - . s 1000
o 0 2 1 o 2 4

6 s s s
Time (5) Time (5)

a b

FIGURE 6 | Simulation results of energy backflow with increasing
speed and load conditions. (a) With increasing speed, (b) With
increasing load.

Original
~

Tde_min (A)

)

Power._min (W)
Power_min (W)

— 128 2
075
wadmm\
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my 1000 0.5

FIGURE 7 | Energy backflow accounting for different speed and load
conditions. (a) Minimum value of dc-link current, (b) Minimum value of
inverter power.
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challenges mentioned above without introducing additional
current and torque harmonics. The block diagram of the con-
ventional feedback FW control method is shown in Figure 8.
The voltage constraints ellipse can be expressed as follows:

u
us=\/u§+uéﬁumax=% ©)

where up,y is the maximum voltage that can be utilised.

If the speed is high enough and the stator resistance voltage
drop is small enough, then the voltage drop by the stator
resistance can be neglected. Then, Equation (8) can be
approximated as follows:

2
(Laia+9p)" + (Lgig)* <772 ©)
e

However, FW control has certain challenges in the presence of
fluctuating dc-link voltage. Specifically, these voltage fluctua-
tions induce corresponding fluctuations in the dg-axis voltages,
which can degrade the control performance in the feedback FW
control method. Moreover, an analysis of the small-signal model
of feedback FW control in ref. [32] reveals that severe fluctua-
tions in the g-axis voltage, particularly when it becomes nega-
tive, can cause system instability. In addition, the PI controller
commonly used in conventional feedback FW control methods
is unable to adequately compensate for the ac component
introduced by fluctuating dc-link voltage. These challenges
underline the complexity and potential instability in the appli-
cation of FW control in small dc-link capacitor-based PMSM
drive systems. These challenges will be explained systemically
below.

3.1.1 | Saturation Issues due to Integral Operation

As shown in Figure 8, the FW control can be expressed as

follows:
uy = /uj +ul

where u; is the amplitude of stator voltage.

Ignoring the higher-order harmonics (above 2nd order) of
fluctuating dc-link voltage and dg-axis voltages, that is k equals
to 1 in Equation (1), the dc-link voltage and dqg-axis voltages can
be expressed by the following equation [25, 29]:

Ude = Udeo + Ude sin(ngt + qog) (11)

(12)

{ Ug = Ugo + Ug Sin(py)
Ug = Ugo + Ug, sin(qaq)

where ¢; = 2wgt + P Pg = 2wgt + ¢Z,1~

Combining Equations (10)—(12), the d-axis reference current can
be expressed as follows:

K; (udc,o + Uge, sin(2wgt + c;vg))

s NE

s
(u(21,0 + ué,o)

DC component

13)
+2[ud,0ud,1 sin(pg) + g ol sin(qoq)]

2wy AC component

+ug, sin®(pg) + uj, sinz(qoq)

4wy AC component+dc offset

In conventional PMSM drive systems where the dc-link voltage
and dg-axis voltages have no ac harmonics, the d-axis reference
current is obtained by the following equation:

. Ki[ugeo
ld=’< S0 _ u§,0+u3’0) (14)

However, with the fluctuating dc-link voltage, the dg-axis volt-
ages also fluctuate. As shown in Equation (13), there is a dc
offset in the d-axis reference current due to the squared sinu-

(10
i —E(u —u) soidal terms u3, sin®(2w,t + @4;) and u2, sin*(2wgt + L)),
= max . ’ ’ ’ ’
a7 s which can be expressed as follows:
Uge
, e
w; P Limitier 5 " 1 $
o G e e
w, Tag-ap SVPWM Inverter
. i s o1 | ] Yp
. 2 8.8 1
—— 5,
i i ia
2|
Tap-dq ~ |Tabe-ap
i ip i
V2t | T
Limitier 1
1
1
1
1 e |
\ _Feedback FW 3 ,'
""""""""'8"" |~
@t - Encoder PMSM

FIGURE 8 | Block diagram of the feedback FW control.
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. 1—cos2(¢
uj, sin*(py) + us,lqoq =uj, (%)

s 1 —cos2 <q0q> 1s)
g |

2 gin? u 2 gipn?
These squared terms ug, sin (ngt + godJ) and ug, sin

<2cugt + qag,l) have an average value of 0.5 over one period of

the sinusoidal function, which introduces a dc offset in the
obtained d-axis reference current. Ignoring the ac component,
the d-axis reference current considering the dg-axis voltage
fluctuation can be expressed as follows:

. K 1
o= (\/ufw +ug,+ 3 (”§,1 + ufm)) (16)

where iy, represents the resulting d-axis reference current with
dc-link voltage fluctuation. Hence, when the dc-link voltage and
dg-axis voltage fluctuations are serious, the calculated d-axis
reference current error will also become significant.

Figure 9 presents the measured results of the conventional FW
control under conditions of dc-link voltage fluctuation. Due to
the fluctuations in the dc-link voltage and the associated voltage
calculation errors, the d-axis reference current gradually satu-
rates. This saturation occurs because the conventional FW
control does not effectively handle the voltage fluctuations,
preventing proper adjustment of the d-axis current. As a result,
the system is unable to maintain the desired flux weakening,
and the performance of the drive system deteriorates. This
failure manifests in unstable operation, as evidenced by the
increasing deviation in the dc-link current and power, high-
lighting the limitations of the conventional FW control method
in handling voltage fluctuations.

3.1.2 | Instability Issues due to Positive Feedback Mode

According to ref. [32], the small signal model of the conven-
tional voltage feedback FW control under positive speed oper-
ating conditions is shown in Figure 10.

In Figure 10, ‘;% is the d-axis current change on stator
d

voltage u;.

—— Umax

Uerror |

Voltage (V)
D-axis current (A)

15 20 0 5 15 20

10
Time (s)

Time ()

a b

FIGURE 9 | Measured results of conventional FW control method
with dc-link voltage fluctuation. (a) Voltage, (b) D-axis reference
current.

* * * * *
ou; oui ouj  oui ouy

s 17
iy duy oy  duy Oiy an

According to Equations (2) and (9)
ou; _ UqR;s + ugw,;Lg as)

%
dig AJud+ ué
g

O . . . . .
5 > 0, uy is the increasing function of i and
d

Therefore, when

the closed-loop system is negative feedback, the system is stable.

‘3;:‘ <0, uj is the decreasing function of iy and
d

the closed-loop system is positive feedback, which is unstable.

Therefore, the stable conditions should be,

However, when

UgRy + ugew,Lg > 0 (19)

In high-speed operation, the above equation can be simplified as
ug > 0; if uy <0, the system would be unstable as shown in
Figure 11.

In small dc-link capacitor-based PMSM drive systems, the u,
can become negative due to the combined effects of energy
backflow and voltage fluctuations. During the energy backflow
phenomenon, the negative i; current component, combined
with the dynamic effects of current-derivative terms (di, / dt)’

leads to a rapid drop in the g-axis voltage u,. As a result, u,
may fall below zero even before the d-axis current iy reaches
its conventional FW threshold of —qof/Ld. This situation is

further exacerbated by the fluctuating nature of the dc-link
voltage and the dg-axis voltages, which introduce significant
oscillations into the reference iy current. As the system oper-
ates in deep FW regions, these fluctuations cause iz to vary
around the threshold, resulting in transient conditions where
ig < —gof/Ld; thus, u, becomes negative. This negative u, re-
flects the combined effect of equivalent back-EMF dynamics,

rapid voltage changes, and control system response to fluctu-
ating power conditions.

FIGURE 10 | Small signal model of feedback FW control method.

2
Speed (rpm)

@
8

DC-link voltage (V)
Q-axis voltage (V)

g

30 40

""" S0

20
Time (s)

a b

20
Time ()

FIGURE 11 | Unstable issues with negative g-axis voltage. (a) DC-
link voltage, (b) Q-axis voltage and speed.
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3.2 | Proposed Optimised FW Control

Figure 12 shows the block diagram of the proposed optimised
FW control method. In the proposed method, a quasi-PIR
controller is employed to control the harmonic components of
the voltage error. The resonant gain K, is set to 1, and the integral
frequency w; is set to 5 rad/s, respectively. Unlike the conven-
tional PI controller, which is typically effective for steady-state
error correction but may fall short in addressing periodic dis-
turbances, the quasi-PIR controller integrates a resonant
component that is fine-tuned to the frequency of the system
harmonics. Compared with the traditional PIR controller, the
quasi-PIR controller is designed to provide better control per-
formance in scenarios where disturbances are not strictly limited
to a single frequency [35]. The transfer function of the quasi-PIR
controller is presented by the following equation:

K, 2w;iK,s

Gpir(s) = Kp + - 4 2 20
() = Kp s 82+ 208 + w? (20)

The bode diagram of the quasi-PIR is shown in Figure 12.

Figure 13 shows the whole block diagram of the optimised FW
control strategy. Firstly, the dc offset is compensated for voltage
calculation errors caused by voltages fluctuation. Secondly, a
signal processing procedure is utilised to obtain the amplitude of
the ac components of the dg-axis voltages as shown in Figure 14.
In addition, a g-axis voltage limiter is employed to prevent the g-
axis voltage from becoming negative.

3.3 | Optimal Phase Angle Selection of D-Axis
Reference Current

Because the d-axis reference current contains the ac component,
it is essential to consider the phase angle. As optimal current

w
s

a
< 20 — =1
A
o ;=5
=gt =10
=
=
20 0 ., S
-
-10
920
— w=1
45 ;=5

] =10

i~

Phase (deg)

500 600 700 800
Frequency (2*pi*Hz)

FIGURE 12 | Bode diagram of the quasi-PIR controller.
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L] sl

FIGURE 13 | Block diagram of optimised FW method.

angle selection enables achieving maximum output torque with
minimal current, thus ensuring optimal control performance.
By precisely adjusting the phase angle, the fluctuations in the
system can be suppressed. The performance of the system can
be improved. The d-axis reference current can be expressed by
the following equation:

.ref  __ .ref .ref
la20, = ade + Lgac, 200, COS(ngt + ¢id,z\c,2mg) @D

where izfgwg is the d-axis reference current, i}, is the amplitude
of the dc component of d-axis reference current, i;fiwwg, and
Pigcna, 2TC the amplitude and phase of the 2nd order harmonic
of d-axis reference current. The signal demodulation method
shown in Figure 14 is used to extract the phase information of
the ac component of the injected d-axis current. The bandwidth
of the PI regulator in the signal demodulation process is set
relatively low (1/5 to 1/10 of the current controller bandwidth)
to ensure system stability without compromising dynamic
response. This tuning approach facilitates smooth angle esti-
mation while maintaining fast dynamic performance in other
control loops, thereby ensuring both accuracy and desired dy-
namics through trial-and-error adjustments. This phase infor-
mation is crucial for optimising the control of the injected
current using the gradient descent (GD) algorithm [36].

Due to the presence of an ac component in the injected d-axis
current, the phase of the d-axis reference current becomes
crucial for system performance. By adjusting the phase angle of
the d-axis reference current, the relative alignment between the
magnetic field and the rotor can be optimised, directly influ-
encing the motor's efficiency and torque generation. Proper
phase alignment ensures optimal magnetic field interaction,
reducing losses and enhancing torque production. As a result,
optimising the phase of the injected d-axis current helps to
mitigate g-axis current pulsation caused by dc-link voltage
fluctuations.

Based on this relationship, the GD algorithm is employed to
determine the optimal phase angle of the d-axis reference cur-
rent. By using the GD algorithm, the optimal phase angle can be
selected by minimising the g-axis current harmonics at twice
the grid frequency.

This paper uses the GD algorithms to improve the accuracy and
robustness of the optimal phase angle selection. The structure of
the optimal phase angle selection is shown in Figure 15. The
100 Hz ac component of g-axis current igac2q,(1) is the input
signal. The phase angle of d-axis reference current §0id,a¢,2wg(”) is

considered as the weight factor.

The output signal O, is presented by the following equation:

5 Pigac:
L . s d‘d(.‘lmg
a4 BPE LPF[l‘{ezf(,,gsnn(ngt + o5 adwg)] —»

irel
LPF[i}3f 204t + i,
[id3u,c052ogt + 95, )]

FIGURE 14 | Block diagram of signal demodulation method.
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On = iq,ac,Zcog(n) X ¢id,ac,2mg(n) (22)
where igac20,(1) is the 100 Hz ac component of g-axis current.

The output signal O, of the GD algorithm is the product of the
100 Hz ac component of the g-axis current igac2e,(n) and the

phase angle of the injected d-axis reference current goidvamg(n).

This product represents the interaction between the g-axis cur-
rent ripple and the phase angle of the d-axis reference current,
which can be adjusted to minimise the g-axis current ripple.

The error Err, between the desired response D, and the output
signal O, can be expressed as follows:

Erty, = Dy — Oy = 0 — igac 20,(1) X cpidvamg(n) (23)

where the desired response D, is set to zero, indicating the goal
of eliminating the 100 Hz AC component in the g-axis current.

The objective function J, can be defined as half of the squared
error criterion as expressed by the following equation:

2
Jy = 0.5(Err,)? = o.s[_iq,ac,zmg(n) x cpidvamg(n)] (24)

The above objective function J,, which represents the squared
error between the desired and actual system outputs, is mini-
mised to optimise the performance. The purpose of this objec-
tive function is to find the optimal phase angle of the d-axis
reference current ¢, d‘ac‘mg(n) that minimises Err,, thereby elimi-

nate the g-axis current ripple igac 2e,(1)-

The optimal phase angle qoglj can be trained by the GD al-
Lac,2wg

gorithm to minimise the objective function as presented by the
following:

P, 1+ D =04, (1) +E-Viin)] (25)

where VJp) represents the gradient, £ stands for the constant
training, determining the convergence speed.

The flow chart of the GD algorithm is shown in Figure 16.

The weight factors are updated in the opposite direction of the
gradient VJp as the goal is to minimise the 100 Hz g-axis
current harmonics. Consequently, ¢; dY,ng(n) can be trained to

an optimised value.

If igac,20,(1) > Iqac2m (" + 1), the descent direction is right;

1
‘Pid,ac,ng ()

— |

Erry /<N Dn
LMS
()

FIGURE 15 | Block diagram of GD algorithm.

i qac2wg (n)

0,

If igac,20,(1) < gac2e,(n + 1), the descent direction is wrong.

Then, the optimal phase angle can be obtained by minimising
the g-axis current harmonics. The block diagram of the pro-
posed energy backflow mitigation method, together with the
optimal phase angle selection method, is shown in Figure 17.

4 | Experimental Validation

In this section, the analysis of the energy backflow issue is
verified, and the effectiveness of the proposed mitigation
methods are demonstrated. The experimental platform is
designed using a variable transformer and an isolation trans-
former connected to the main power, providing an adjustable
and isolated ac input source. The platform is built around the
Infineon EVAL-M1-CTE610N3 evaluation board, which is used
to control and interface with the system. The dSPACE1006
control system is employed to manage the operations. The
platform includes both a test motor (IPMSM) and a load ma-
chine (dc machine), as shown in Figure 18. The ac power supply
with a 158 V peak value is used. The specifications of the system
are given in Table 1.

4.1 | Simulation Results of the Proposed Method

Figure 19 shows the simulation results of the small dc-link
capacitor-based IPMSM drive system, with and without the
proposed method. The operation conditions are the same as
those in Figure 4.

Before 0.5 s, without the proposed method, considerable har-
monic distortion is observed in the voltages, currents, and

Initial value of ¢; P n)

gacze,(M<lgac2e, M+ 1) Finish

lNo

[ Descent direction selection ]

l

[ Step size determination ]

—[ Updated ¢; e m) ]

FIGURE 16 | Flow chart of GD algorithm.

Signal =
5 20, c08 (2wgt + @,
processing dac2wy ( 9! 41’..““,,)

gref
Ed20,

FIGURE 17 | Block diagram of proposed energy backflow
suppression method with optimal phase angle selection method.
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dSPACE

Test motor Load motor

FIGURE 18 | Experimental platform.

TABLE 1 | Machine parameters.

AC power supply

Parameter Value Parameter Value
Rated voltage 158 V Rated current 4 A
Rated power 0.6 kW Rated torque 4 Nm
Switching frequency 10 kHz Flux-linkage 0.2505 Wb
Rated speed 1000 rpm Pole pairs 3
DC-link capacitance 20 uF Stator resistance 6 Q
D-axis inductance 40 mH Q-axis inductance 60 mH

torque, particularly at 100 Hz. The peak-to-peak value of the
fluctuating dc-link voltage is approximately 128 V, whereas the
peak-to-peak power variation reaches around 230 W. Torque
fluctuations are approximately 2.2 Nm. Additionally, energy
backflow occurs as the back-EMF exceeds the minimum value
of the fluctuating dc-link voltage. These oscillations, resulting
from harmonic interactions and energy backflow, degrade sys-
tem stability, and increase current harmonic distortion.

After 0.5 s, these fluctuations are greatly mitigated with the
proposed method. The peak-to-peak value of the dc-link voltage
decreases from 128 to 85 V, and the peak-to-peak power varia-
tion is reduced from 230 to 105 W. Torque fluctuations are also
reduced from 2.2 Nm to 1.2 Nm. Furthermore, the fluctuating
dc-link voltage is effectively suppressed, and the minimum
value of the fluctuating dc-link voltage exceeds the back-EMF.
These improvements stabilise the system, effectively eliminating
the energy backflow phenomenon. The simulation results
demonstrate the efficacy of the proposed method in reducing
harmonic distortion, eliminating energy backflow and
enhancing system stability.

4.2 | Proposed Optimised FW Control

Figure 20 shows the measured results without and with the
optimised FW method under three different operating condi-
tions: (from left to right) 800 rpm with a 0.5 Nm load, 800 rpm
with a 1 Nm load and 1000 rpm with a 0.5 Nm load.

At the first condition (800 rpm with 0.5 Nm load), without the
optimised FW method, the equivalent back-EMF exceeds the
minimum value of the dc-link voltage before 5 s, leading to the
energy backflow phenomenon. This is evident from fluctuations
in the dc-link current, torque and inverter power, which exhibit
both positive and negative values. The maximum backflow g-
axis current reaches approximately 0.35 A, and the backflow
power approaches 50 W. Consequently, the dc-link cannot
handle the backflow energy, causing an increase in the dc-link
voltage amplitude from 160 to 170 V. After applying the opti-
mised FW method at 5 s, the negative dc-link current, torque
and inverter power are significantly reduced, effectively sup-
pressing the energy backflow. When the load is increased to
1 Nm (middle column), the energy backflow phenomenon be-
comes more pronounced without the FW method. However,
after 5 s, the optimised FW method is applied and the energy
backflow is effectively suppressed, with the dc-link current and
inverter power returning to stable positive values.

At the final condition (1000 rpm with 0.5 Nm load, right col-
umn), the equivalent back-EMF exceeds the dc-link voltage
again before 5 s, causing energy backflow. After 5 s, the back-
flow is eliminated when the optimised FW method is activated.
In summary, Figure 20 demonstrates the effectiveness of the
optimised FW method in mitigating energy backflow under
various conditions, reducing system instability, and improving
the overall performance of the PMSM drive system. The opti-
mised FW method not only suppresses negative current and
power but also reduces current harmonics, contributing to
enhanced system reliability across various operating scenarios.
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FIGURE 19 | Simulation results without and with the proposed
method. (a) DC-link voltage, equivalent back-EMF, and dc-link
current, (b) dg-axis current, (c) Power, (d) Speed and torque.

Figure 21 shows the summary of the proposed optimised FW
method in eliminating the energy backflow phenomenon under
different operating conditions. By the proposed method, the
maximum backflow current is reduced from —2 to 0 A, and the
maximum backflow power is from —200 to 0 W.

4.3 | Optimal Phase Angle Selection of D-Axis
Reference Current

Figure 22 shows the measured results both without and with the
optimal phase angle selection method under three different
operating conditions: (from left to right) 800 rpm with a 0.5 Nm
load, 800 rpm with a 1 Nm load, and 1000 rpm with a 0.5 Nm
load. At the first condition (800 rpm with a 0.5 Nm load, left
column), the system operates with the d-axis reference current
without the optimal phase angle selection method before 4 s,
which results in an obvious 100 Hz harmonic in the system due to
the dc-link voltage fluctuation. This harmonic appears promi-
nently in the current waveforms, causing a ripple in the system.
After 4 s, when the d-axis reference current is reconstructed by
the optimal phase angle selection method, a significant reduction
in the 100 Hz harmonic is observed, with the harmonic ampli-
tude of the g-axis current decreasing from 0.25 to 0.12 A.

When the load is increased to 1 Nm (middle column), the
100 Hz harmonic in the g-axis current is noticeably reduced
from 0.5 to 0.3 A after the d-axis reference current reconstruc-
tion. This reduction confirms that the optimal phase angle se-
lection method can effectively suppress harmonics in the
system, even under higher load conditions.

At the final condition (1000 rpm with 0.5 Nm load, right col-
umn), the system shows a similar trend. Before 4 s, the 100 Hz
harmonic in the g-axis current is present, reaching a value of
0.38 A. After 4 s, the optimal phase angle selection method is
applied, significantly reducing the harmonic amplitude to
0.15 A. These results clearly show that the 100 Hz harmonic is
effectively reduced by optimising the phase angle of the d-axis
reference current.

Figure 22 demonstrates that the proposed optimal phase angle
selection method enhances the performance of the system by
reducing current harmonics under various operating conditions.
This method improves system stability, particularly when
dealing with the challenges introduced by small dc-link capac-
itors and proves effective with varying load conditions.

Table 2 presents a comparison of simulation and experimental
results for the conventional FW method under three operating
conditions: 800 rpm with a 0.5 Nm load, 800 rpm with a 1 Nm
load and 1000 rpm with a 0.5 Nm load. The comparison includes
the harmonic amplitudes of the dc-link voltage, dg-axis currents
and power. However, the conventional method struggles to
suppress the 100 Hz harmonic component in the system,
resulting in a noticeable harmonic distortion.

Table 3 highlights the performance of the proposed method
under identical operating conditions. The results demonstrate
that the simulation results are closely aligned with the experi-
mental trends. Additionally, the proposed methods improve the
harmonic suppression, particularly for the 100 Hz component.
This improvement validates the effectiveness of the proposed
methods in reducing dc-link voltage fluctuations and enhancing
system performance.

Figures 23 and 24 show the spectra of the g-axis current without
and with the proposed optimal phase angle selection method
under different operation conditions. These measured results
illustrate that the control performance of the system is improved
under various speed and load conditions by selecting the
optimal d-axis reference current phase angle.

Figures 25 and 26 show the dynamic performance of the pro-
posed methods under different operating conditions.

In Figure 25, the speed is increased from 600 to 700 rpm with a
constant load of 0.5 Nm. In the left column, where the proposed
method is not applied, significant fluctuations in the dc-link
voltage are observed during the speed ramp-up. These fluctua-
tions cause the equivalent back-EMF to exceed the dc-link
voltage, leading to the energy backflow phenomenon. As a
result, the dc-link current reaches a negative peak of nearly 2 A,
with the maximum negative power approaching 200 W and the
maximum negative torque near 2.5 Nm. The right column
shows the results when the proposed method is applied. The
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FIGURE 20 | Measured results without and with the proposed optimised FW method (from left to right, 800 rpm with 0.5 Nm load, 800 rpm with 1

Nm load, 1000 rpm with 0.5 Nm load). (a) DC-link voltage, equivalent back-EMF, and dc-link current, (b) dg-axis current, (c) power, (d) speed and

torque.
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FIGURE 21 | Comparison of energy backflow issues without and

with the proposed optimised FW method. (a) Minimum value of dc-
link current, (b) Minimum value of inverter power.

energy backflow phenomenon in the transition is effectively
reduced, and the fluctuations in dc-link current, power and
torque are reduced. The system operates more stably, with
much lower harmonic distortion in the dc-link current and
torque. These measured results demonstrate the effectiveness of
the proposed method in mitigating the energy backflow and
improving the dynamic performance during speed ramp-up.

Figure 26 shows the results when the load increases from
0.2 Nm to 1.5 Nm at a constant speed of 600 rpm. In the left
column, without employing the proposed method, the system
exhibits instability due to the large dc-link voltage fluctuations.
This causes the energy backflow phenomenon, leading to sig-
nificant distortions in the dc-link current, power and torque,
which further destabilise the system. In the right column, when
the proposed method is used, the energy backflow phenomenon
is eliminated. The harmonics in dc-link voltage, dc-link current
and torque are greatly reduced. These results highlight the
effectiveness of the proposed method in enhancing the dynamic
control performance of the small dc-link capacitor-based PMSM
drive system under varying load conditions.

In conclusion, Figures 25 and 26 validate that the proposed
method improves the dynamic performance of the PMSM drive
system by effectively eliminating energy backflow, reducing
current and power harmonics, and stabilising system operation
under both speed ramp-up and varying load conditions.

5 | Conclusion

This paper systematically identifies and analyses the energy
backflow phenomenon in small dc-link capacitor-based IPMSM
drive systems—an issue overlooked in existing research studies.
This study demonstrates how energy backflow degrades system
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FIGURE 22 | Measured results without and with the proposed optimal phase angle selection method (from left to right, 800 rpm with 0.5 Nm load,
800 rpm with 1 Nm load, 1000 rpm with 0.5 Nm load). (a) DC-link voltage, equivalent back-EMF, and dc-link current, (b) dg-axis current, (c) Power,
(d) Speed and torque.

TABLE 2 | Comparison of simulation and experimental results for the amplitude of the 100 Hz harmonic in the conventional FW method under
DC-Link voltage fluctuations.

Simulation Experimental

DC-link D-axis Q-axis DC-link D-axis Q-axis

voltage current current Power voltage current current Power
800 rpm & 35V 012 A 0.18 A 35W 48V 031 A 037 A 45 W
0.5 Nm
800 rpm & 1 Nm 51V 0.36 A 042 A 54 W 65V 0.48 A 0.53 A 82 W
1000 rpm & 42V 0.18 A 031 A 41 W 59V 037 A 045 A 61 W
0.5 Nm

TABLE 3 | Comparison of simulation and experimental results for the amplitude of the 100 Hz harmonic in the proposed methods under DC-Link
voltage fluctuations.

Simulation Experimental

DC-link D-axis Q-axis DC-link D-axis Q-axis

voltage current current Power voltage current current Power
800 rpm & 18V 0.05 A 0.09 A 20 W 22V 0.1A 012 A 25W
0.5 Nm
800 rpm & 1 Nm 28V 0.24 A 0.28 A 36 W 35V 0.28 A 03 A 58 W
1000 rpm & 22V 0.09 A 011 A 25 W 28V 0.15 A 015 A 31'W
0.5 Nm
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FIGURE 23 | Spectra of g-axis current without and with proposed
optimal phase angle selection method under different load.
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FIGURE 24 | Spectra of g-axis current without and with proposed
optimal phase angle selection method under different speed.
(a) 800 rpm, (b) 1000 rpm.
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FIGURE 25 | Measured results with speed increased from 600 to 700
rpm without and with the proposed method. (a) DC-link voltage,
equivalent back-EMF, and dc-link current, (b) Power, (c) Speed and
torque.

performance, particularly during high-speed and/or high-load
operations with severe dc-link voltage fluctuations. Further-
more, the limitations of conventional feedback FW control
strategies under fluctuating dc-link voltage conditions are
revealed, showing their potential to induce instability and
degrade performance.

To address these challenges, a novel quasi-PIR-based FW con-
trol method with dc offset compensation is proposed to mitigate
energy backflow. Additionally, a GD algorithm-based optimal
phase angle selection strategy is introduced to suppress g-axis
current harmonics and improve system control precision and
stability.

Without With
300 15
—Ude —Equivalent back-EMF —lde | 2 —Ude —Equivalent back-EMF —Ide |~ 2
K] 200 z
g Z £ H
& s 8 % £
g £ ¥ 2
Q 9
100 4 s° | 2
0 4 8
Time (s) U : Tide)  © §
a
500
—Power
;250
T
£ 0
250
0 2 4 6 8
Time (5) 0 2 e © 8
1000 16 1000 16
—Speed —Torque —Speed —Torque
27 'ZE 750 z_
g 8Z E —o s
= 500 3 = 500
§_ 4 F % 4 F
£ 4
mzsn_Wol— wzso_m“a
0 -4 0 4
0 2 .4 6 8
Time (s) " ‘ Ti.rfe () 9 8
€

FIGURE 26 | Measured results with load increased from 0.2 Nm to
1.5 Nm without and with the proposed method. (a) DC-link voltage,
equivalent back-EMF, and dc-link current, (b) Power, (c) Speed and
torque.

Experimental validation confirms the theoretical analysis of the
energy backflow phenomenon and demonstrates the effective-
ness of the proposed methods. The results show significant
improvements in system performance, including the elimina-
tion of energy backflow, suppression of current harmonics, and
enhancement of control stability. These contributions provide a
valuable foundation for advancing the design and operation of
small dc-link capacitor-based IPMSM drive systems, particularly
in industrial and high-performance applications where
compact, efficient and reliable solutions are increasingly
demanded.
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