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Abstract—Fixed damping strategies are inadequate for sup-
pressing the dc-link capacitor ripple current in permanent magnet
synchronous motor (PMSM) drives across a wide power range.
Therefore, a ripple current suppression strategy based on adaptive
active damping with iterative learning is proposed. The strategy
indirectly characterizes the ripple current by the dc-link voltage,
avoiding the need for additional sensors or current reconstruction
algorithms. First, the limitation of fixed damping in suppressing the
ripple current is revealed using the equivalent admittance model.
Then, an adaptive suppression mechanism based on P-type iterative
learning is constructed. The balance between the convergence speed
and the disturbance rejection capability is achieved by introducing
a forgetting factor. On this basis, the initial admittance parame-
ters are dynamically matched to improve the iterative efficiency
under variable-speed conditions. The analysis of convergence and
parameter sensitivity demonstrates that the proposed strategy ex-
hibits rapid convergence, high accuracy, and strong robustness.
Finally, the effectiveness of the proposed strategy is verified on the
experimental platform.

Index Terms—Active damping, capacitor ripple current,
parameter adaptation, permanent magnet synchronous motor
(PMSM).

1. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) has

been extensively utilized in various fields, owing to its
advantages of high power density, high power factor, and high ef-
ficiency [1], [2], [3], [4], [5]. In motor drive systems, electrolytic
capacitors are typically used to balance power and stabilize
dc-link voltage [6], [7], [8]. However, the poor tolerance of
electrolytic capacitors to ripple current makes them a critical
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factor limiting system reliability. The statistics show that over
60% of drive failures are caused by the aging of electrolytic
capacitors [9], [10]. Therefore, the suppression of capacitor
ripple current is key to improving the operational reliability of
the drive system.

The capacitor ripple current can be categorized into high-
frequency and low-frequency components. Due to the decrease
in equivalent series resistance (ESR) with increasing frequency,
electrolytic capacitors exhibit relatively poor tolerance for low-
frequency ripple current [11]. Typically, the suppression strate-
gies for low-frequency ripple current can be categorized into
hardware methods and software methods. The hardware meth-
ods suppress the ripple current by modifying the hardware
topology [12], [13], [14], [15], [16]. In [15], aboost-based active
power decoupling circuit (APDC) with voltage complementary
was proposed, which suppressed the capacitor ripple current
through complementary control of the decoupling capacitor and
the output capacitor. On this basis, an APDC with a symmetric
structure was proposed [16]. The APDC had the same mathemat-
ical model when absorbing or releasing the grid pulsating power,
which reduced the control complexity. However, the additional
hardware often leads to a reduction in system power density and
cost-effectiveness.

In order to address the limitations of hardware methods, many
scholars explore solutions based on software algorithms. The
software methods can be categorized into harmonic injection
methods and active damping methods. The harmonic injec-
tion methods suppress the ripple current by directly injecting
harmonics [17], [18], [19]. In [17], a motor reactive power
injection strategy based on the constant-torque trajectory was
proposed, simultaneously suppressing both the ripple current
and the torque fluctuation. In [18], the third and fifth harmonic
currents were injected together into the input current. This
approach reduced the peak-to-average ratio of the output current
with a power factor above 0.9. In [19], an adaptive harmonic
injection strategy for the power factor correction (PFC) converter
was proposed, which reduced the ripple current under different
power levels. However, the effectiveness of such strategies in
suppressing ripple current is often limited by the controller
bandwidth.

The active damping methods adjust the overall system char-
acteristics by establishing the equivalent damping model, which
offers clear physical insight and facilitates parameter design
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Fig. 1. Topology of PMSM drive fed by the boost PFC converter.

[20], [21], [22], [23]. In order to improve stability, an active
damping strategy based on inductor current feedback was pro-
posed, suppressing the LC resonance by connecting the virtual
resistor in series [20]. In [21], the inverter input impedance
was reshaped by connecting the virtual admittance in parallel,
with the digital control delay reduced through the oversampling
technology. On this basis, a super-twisting sliding mode-based
disturbance observer was proposed to estimate the rectifier out-
put current, thereby further reducing the hardware cost [22].
In [23], a high-admittance path for the capacitor ripple current
was constructed by connecting the virtual admittance in parallel.
However, the active damping methods with fixed parameters
often lack adaptability under different power conditions.

Therefore, an adaptive regulation mechanism is necessary for
the real-time adjustment of damping parameters under different
operating conditions [24], [25], [26], [27], [28]. In [25], the grid
current quality was characterized by the harmonic factor, and
an LC resonance suppression strategy based on adaptive vir-
tual admittance reshaping was proposed. In [26], a cooperative
control strategy based on adaptive parameter tuning and virtual
impedance injection was proposed, which could effectively sup-
press the harmonics under different power conditions. However,
it is difficult for the fixed-step adjustment mechanism to balance
the convergence speed and steady-state accuracy. Therefore,
an adaptive parameter identification strategy based on gradient
descent optimization was proposed, which alleviated the perfor-
mance degradation caused by the model mismatch [27]. In [28],
the compensation current was adaptively generated through the
indirect iterative learning mechanism, thus effectively suppress-
ing the torque ripple under different power conditions. They
bring the inspiration for the adaptive suppression of capacitor
ripple current. The core advantage of iterative learning control
lies in its systematic use of historical data from repetitive tasks.
This enables precise learning and compensation of periodic
uncertainties, enhancing the system’s transient performance and
tracking accuracy.

Traditional strategies often struggle to suppress the capacitor
ripple current effectively across a wide power range. To address
this issue, an adaptive active damping strategy based on iter-
ative learning controller (ILC) is proposed in this article. By
establishing the system equivalent admittance model, the limi-
tation of fixed damping in traditional strategies is revealed. The
proposed strategy characterizes the ripple current through the
dc-link voltage, thereby avoiding the need for complex current
reconstruction. Meanwhile, a P-type ILC with the forgetting
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factor is constructed to balance the convergence speed and
the disturbance rejection. On this basis, the initial admittance
parameters are dynamically matched according to the motor
power, thus improving the iterative efficiency under variable-
speed conditions. In addition, the convergence and parameter
sensitivity are analyzed to evaluate the convergence boundary
and steady-state accuracy. Finally, the effectiveness of the pro-
posed strategy is verified on the experimental platform of PMSM
drive fed by the boost PFC converter.

II. LIMITATIONS ANALYSIS IN RIPPLE CURRENT SUPPRESSION
STRATEGIES WITH FIXED DAMPING PARAMETERS

The topology of PMSM drive fed by the boost PFC converter
is shown in Fig. 1. Under the action of the PFC converter, the
capacitor current fluctuates at twice the grid frequency. The
amplitude of second-harmonic ripple current (SHRC) can be
expressed as

Yo (jwa)
Yo (jw2) + Yin (jw2)
jUJQC
JwaC + (1 + jw2CRe) Yy (jw2)

Ico = Ipo

P

Udc

where Y¢, j, C, Ro, Ipa, wa, Py, and Ugq. represent the dc-link
capacitor admittance, the imaginary unit, the capacitance, the
ESR, the SHRC amplitude of diode, twice the grid angular
frequency, the motor power, and the component of the dc-link
voltage, respectively. Y, represents the motor input admittance,
as shown in (2), and the detailed derivation process of (2)
is provided in [29]. In (2), Iy, and U,y . represent the dc
components of the inverter current and the equivalent sampled
dc-link voltage (delay of 1.57%), respectively. R, w,, and T
represent the stator resistance, the electrical angular velocity, and
the switching period, respectively. Ly , and G4, , represent the
dg-axis inductances and the transfer functions of dg-axis current
controllers, respectively. Ug, grers Ug, ¢ and 14 4 represent
the dc components of dg-axis reference voltages, voltages, and
currents, respectively,
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In order to suppress the SHRC, a high-admittance path for the
ripple current was constructed by connecting the virtual admit-
tance in parallel [23]. The equivalent model and control block
diagram are shown in Fig. 2. The parallel virtual admittance is
zero except for the second-harmonic component, and the virtual
admittance at twice the grid frequency can be expressed as

Y, (jwa) = |V, | cos b, + j|Y,|sin b, 3)

where |Y,| and 0., represent the amplitude and the phase of virtual
admittance at twice the grid frequency, respectively.
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Fig. 2. Ripple current suppression strategy with the fixed virtual admittance.
TABLE I
PARAMETERS OF EXPERIMENTAL PLATFORM
Parameter Value Parameter Value
Grid voltage 220 Vrms Grid frequency 50 Hz
DC-link voltage 350V Switching frequency 10 kHz
Stator resistance 0.78 Q D-axis inductance 5.4 mH
Flux linkage 0.11 Wb Q-axis inductance 8.4 mH
Rotational inertia 0.3 g'm*>  Number of pole pairs 3
Rated power 1200 W Controller bandwidth 500 Hz
Capacitance 379.32 uF ESR 303.51 mQ

According to (3), the virtual admittance current consists solely
of the second-harmonic component, which can be expressed as

iy = |Yy|Udea cos(wat + 0y + Guacz) “)

where uqc, Uqgez, and Oyqc2 represent the de-link voltage, the
amplitude of dc-link second-harmonic voltage, and the phase of
dc-link second-harmonic voltage, respectively.

Assuming the high-frequency components of dc-link voltage
are neglected, the admittance power can be calculated as

Pv = ivudc = |Yv|Uchdc2 COS(W2t + av + eud02)~ (5)

In order to generate the admittance power, the dg-axis admit-
tance voltages are added to the original dg-axis reference volt-
ages. In addition, the admittance voltage vector is aligned with
the stator current vector, and the dg-axis admittance voltages
can be derived as

2|Yy|Udc2Udcta
Uy_dref = % cos(wat + 8y + Oudc2)
i (6)
2|Yy|Udc2Udct
Uy_gref = oo COS(w2t + 01) + 0udc2)

3(i3+42)
where i; and i, represent the dg-axis currents, respectively.

Combining (1) with (2), the SHRC amplitude of DC-link
capacitors after admittance reshaping can be expressed as

I _ P m YC (.] w2)
C2_ v — 77 B s . (7)
Ude | Yo (jw2) + Y (jw2) + Yo (jw2)
where i; and i, represent the dg-axis currents, respectively.

According to (7), the SHRC of dc-link capacitors can be
effectively suppressed by selecting appropriate admittance
parameters. With an adequate safety margin to ensure
electrolytic capacitor longevity, the target SHRC amplitude
Ico 7 18 set to 50% (1.287 A) of the rated ripple current
amplitude specified in the datasheet.

The drive parameters are given in Table 1. The virtual admit-
tance phase 6, and the motor power P,,, are normalized with base
values set to 2 7 and the rated power of 1200 W, respectively. Ac-
cording to (7), the SHRC amplitude after admittance reshaping
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Fig. 3.
top view.

Limitations of fixed damping parameters. (a) Overall view. (b) Zoomed

can be obtained under different |Y,| and 6, as shown in Fig. 3.
In order to reduce the influence of admittance power on the
motor side, the virtual admittance parameters with the smallest
amplitude are usually selected [23]. In Fig. 3(a), the suppression
strategy is not needed because /2 _, is less than /o 7 under
light load conditions. However, since /¢2_, increases with P,
the ripple current suppression is progressively enhanced once
Ico , exceeds Ioo 7. In Fig. 3(b), as P, varies, the optimal
admittance phase remains stable around 0.245 p.u., while the
admittance amplitude changes significantly. Therefore, the sup-
pression strategy with the fixed virtual admittance amplitude is
difficult to meet the suppression requirements under different
power conditions.

III. RIPPLE CURRENT SUPPRESSION STRATEGY BASED ON
ADAPTIVE ACTIVE DAMPING

A. Adaptive Admittance Method for Drive System

The proposed SHRC suppression strategy based on adaptive
active damping is shown in Fig. 4. The strategy mainly consists
of three parts: the iterative learning mechanism construction,
the initial admittance parameter matching, and the admittance
voltage generation. First, the ripple current is indirectly char-
acterized by the dc-link voltage, and an adaptive suppression
mechanism based on the ILC is constructed. Then, the initial
admittance parameters are dynamically matched to improve
the iterative efficiency under different power conditions. On
this basis, the admittance voltage is calculated based on the
virtual admittance parameters. Finally, the admittance voltage
commands are added to the original voltage commands, thereby
achieving the SHRC suppression of dc-link capacitors.

In the proposed strategy, a power threshold corresponding
to the target ripple current is predefined. During system oper-
ation, the input power is calculated and compared against this
threshold. The proposed strategy is disabled when the power is
below the threshold and enabled when the power exceeds it. In
addition, the virtual admittance phase is set 0.245 p.u. based
on the results in Fig. 3(b). It indicates that the phase of virtual
admittance current leads the dc-link second-harmonic voltage.
Therefore, in order to calculate the virtual admittance current,
the future value of dc-link voltage is replaced with the historical
value from the previous cycle.
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Fig. 4. Block diagram of the proposed SHRC suppression strategy based on
adaptive active damping.

To avoid the increase in system complexity caused by the
additional sensor or current reconstruction algorithm, the ca-
pacitor current can be characterized by the dc-link voltage. The
target amplitude of the dc-link second-harmonic voltage can be
calculated as

Ico 1

B 1+ jwsCRe
Yo(ea)] ~ "

nC SN )

Udc 2. T =

The optimal admittance phase is less affected by the power in
the process of virtual admittance reshaping. Therefore, combin-
ing (7) with (8), the reciprocal of the dc-link second-harmonic
voltage amplitude can be expressed as

1 Uqge . . .
= 22 [|Yo(jwa) + Yom (jws) + Yo (jws)]]
Udc2 Pm
Udc . .
=5 ([Ye(jw2) + Vi (Gw2)| + Vo] - )
m

On this basis, an ILC-based suppression mechanism for the
dc-link second-harmonic voltage is constructed. The virtual
admittance amplitude is adaptively adjusted under different
power conditions by introducing the closed-loop feedback. In
order to balance the convergence speed and the disturbance
rejection, a P-type ILC with the forgetting factor is constructed,
and its iterative learning law can be designed as

AY, (t) = k‘lAYUnfl(t) + kgen(t> + kgenfl(t)

1
ent) = Toos ~ To®
|Yc(jUJ2) + Ym(jw2)| +
YV() + AYvn(t)

(10)

1 Uge
Ude2n (t) Py,
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Fig. 5. Analysis of the virtual admittance amplitude initialization. (a) Overall
view. (b) Top view.

where k; is the forgetting factor. ko and ks are the ILC
gains. AY,,, €n, Udcan, and Yo represent the nth admittance
correction, iterative output, iterative error, amplitude of the
dc-link second-harmonic voltage, and the initial admittance
amplitude, respectively. n is the number of iterations.

To reduce the number of iterations, it is necessary to initialize
the virtual admittance amplitude to an ideal value. The drive
parameters are given in Table I. The virtual admittance phase
is set to 0.245 p.u. According to (7), the SHRC amplitude after
admittance reshaping can be obtained for different |Y,| and P,,,
as shown in Fig. 5. In Fig. 5(a), when P,, remains unchanged,
Ico o increases with |Y,|. When |Y,| remains unchanged, 1o
increases with P,,. In Fig. 5(b), when I¢2_, is equal to Ioo_ T,
the ideal amplitude of the virtual admittance decreases approx-
imately linearly as P,, increases. Thus, by applying the least
squares method to fit the data points (P,;, |Y.|), the initial
amplitude of the virtual admittance can be expressed as

Z (Pmi — Pm)(|¥v1| — Yv)

Y'UOZf(Pm): E(P _p >2

(Pm_pm)'i_y'u
an

where P m and Y v represent the average values of P,,; and
|Y |, respectively. After normalization, the motor power Py, can
be expressed as

3(udrefid + uqrefiq)

P, =
2-Pbased

(12)

where Phageq and 1, orer Tepresent the motor power base value
and the dg-axis reference voltages, respectively.

B. Convergence Analysis of Suppression Algorithm

To analyze the convergence of the suppression algorithm,
according to (10), the nth iterative error of the dc-link second-
harmonic voltage can be expressed as

B(t) + k1AY, 1 (t)-i—
kgen(t) —+ kgen_l(t)

en(t) = Udc12,T —A(t)

A(t) = Lae (13)
B(t) = |YC(jW2) + Ym(]w2)‘ + Y’UO
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Combining (10) with (13), the nth iterative error of the dc-link

second-harmonic voltage can be simplified as i orgetting
factor
en(t) = C(t)en_1(t) + D(t) . k];oy
k1—ks A 3 k=07
) = 11+k23A((tt)) <03 :

(14)
D(t) = 1+k2,4(t)
)

B(t) = g — AMB(1)

The infinite norm on both sides of (14) can be further

expressed as (a)
”en (t) ||oo Fig. 6. Convergence analysis of the suppression algorithm. (a) Steady-state
error. (b) Convergence range.
= [IC(H)en—1(t) + D(H)ll

< [C@en-1(8)] + 1D

— 1O len1Bllc + 1D

< OO en-a(t)loe + [+ ICDN D)

< IO eolt)llc + [L4 -+ ICOI ] IDO)]

~ GO ealOl + TG DOl A9

According to (15), the sufficient condition for the convergence
of the iterative learning algorithm can be expressed as

()] = k1 — k3 A(t) k1P, — k3Uqe
A0 P, + koUgec
Combining (13), (14), (15), and (16), when the number of it-

erations n tends to infinity, the steady-state error of the algorithm
E s can be expressed as

Fig. 7. Influence of w¢c and Rg on the SHRC suppression. (a) SHRC ampli-

<1. (16) tude. (b) Percentage error.

. D(t)]
By = Tim flen()]l = 280 = Fess () o

o — (1-k1) Py,
88 |Pm+k2Udcl_‘klpm_kSUdc‘

a7

where kess represents the steady-state error coefficient, which is
related to ky, ko, and k3. Conversely, |E(f)|max depends solely on
the system admittance model accuracy and initial parameters.
The influence of the forgetting factor and the ILC gains on
the algorithm convergence is analyzed as follows. The drive Fig.8. Influence of Lgand Ly on the SHRC suppression. (a) SHRC amplitude.
. . (b) Percentage error.
parameters are given in Table I. When the system operates at
the rated power, the steady-state error coefficient for different
ko and ks can be obtained from (17), as shown in Fig. 6(a). In
Fig. 6(a), when k2 and k3 remain unchanged, k.ss decreases as
ky increases. To ensure the steady-state convergence accuracy
while maintaining satisfactory convergence speed, ky is set to
0.95, which is a typical empirical value in the ILC. On this basis,
according to (16), the convergence range of the algorithm under
different power conditions can be obtained as shown in Fig. 6(b).
In Fig. 6(b), when ko and P,, remain unchanged, with ks
increasing, |C(t)| first decreases and then increases. When k3 and , 0
P,,, remain unchanged, |C(t)| decreases as ko increases. When % Pl VST
ko and k3 remain unchanged, the convergence region gradually (b)
decreases as P, decreases. Therefore, the convergence of the
suppression algorithm can be guaranteed by reasonably setting
the ko and k3 parameters under light load conditions.

Fig.9. Influence of C and R on the SHRC suppression. (a) SHRC amplitude.
(b) Percentage error.
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Fig. 10.  Experimental platform of permanent magnet compressor system fed
by the boost PFC converter.

C. Parameter Sensitivity Analysis

In practical systems, the established equivalent admittance
model deviates from the actual system, owing to non-idealities
including limited motor controller bandwidth and parametric
nonlinearities. Therefore, it is necessary to analyze the impact
of parameter sensitivity on the suppression performance for the
SHRC. Combining (8), (10), and (17), the SHRC amplitude after
convergence can be expressed as

Udeo_1 |Yc(jwa)|
1-— Udc2_Tkess‘E(t)|max
PmUdCZ_T |YC(J(*}2)|

— . (18)
Pm _ kess Pm - Udc2_TUch

(Yo (jwa) + Y (jwa)| + Yol

Ico =

max

According to (18), the steady-state amplitude of the SHRC
depends on the motor admittance accuracy. Therefore, to charac-
terize the influence of non-ideal factors on the motor admittance,
the related system parameter N; is defined as

Ny =N+ ky) (19)
where N represents one of we., Rs, Ly, Ly C, and Re. ky
represents the change rate of N considering the influence of
non-ideal factors. k¢, kgs, k14, and kz, are set to £50%. k¢
and k¢ are set to £5%.

Substituting (19) into (18), the steady-state amplitude of the

SHRC considering the influence of non-ideal factors can be
expressed as

PpUdco 1 Yo (jws)|
Pm - Udc2_TUch
(1Yo (jws) + Yy, (dwa)| + Yool

Iy = (20

Pm - kess

max

where Y, represents the motor admittance considering the
influence of nonideal factors.
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Fig. 11.  Experimental results at the rated power (1200 W). (a) Overall wave-
forms. (b) Zoomed waveforms (before). (c) Zoomed waveforms (after). (d) FFT
analysis of capacitor current (before). (e) FFT analysis of capacitor current
(after).

According to (18) and (20), the percentage error caused by
non-ideal factors can be expressed as

I*
Fios = <1C2 _
c2_T

1) x 100%. 21

The parameter sensitivity of the algorithm is analyzed as
follows. ki, ko, and k3 are set to 0.95, 4, and 2, respectively.
Under different k., ¢, krs, k14, k1g k¢, and kg, according to
(20) and (21), the SHRC amplitude I, and the percentage error
E1co can be obtained, as shown in Figs. 7-9, respectively. In
Fig. 7(a), when k.. remains unchanged, I/, is not significantly
affected by krs. When krs remains unchanged, /7., increases
with ky,¢c. In Fig. 7(b), when w.. and R4 change within £50%,
the percentage error Eqco is less than 0.004%. In Fig. 8(a), when
k14 remains unchanged, with k;,, increasing, 17, first increases
and then decreases. When k1, remains unchanged, I/, increases
with kz4. In Fig. 8(b), when Lg and L, change within +50%,
the percentage error Ercs is less than 0.004%. In conclusion, the
SHRC suppression algorithm is robust against nonideal factors
such as controller bandwidth and motor parameter nonlinearity.
Therefore, the constant nameplate values can be directly used for
the motor parameters in the proposed strategy. However, since
the ripple current is characterized by the dc-link voltage, the
suppression effect is relatively sensitive to variation of dc-link



QU et al.: ITERATIVE LEARNING ADAPTIVE ACTIVE DAMPING BASED DC-LINK CAPACITOR RIPPLE CURRENT SUPPRESSION STRATEGY

=L R |%)0.45/div)

:r X Uy sre(0.4p.u/div)
Time(1s/div)
(a)
FAVAVAVAVAV IV AV VAV
= Usea(10V/div) = Uge(10V/div)
= ica(4A/div) = icy(4A/div)
= R|F)0.45/div) L RIrj0.45/div)
L1 Ry e 0.4p.u/div) 2 ;uv,mf(OAp‘quiv)
Time(10ms/div) Time(10ms/div)
(b) (c)
5 5
4 4
< <
‘_g 3 ‘g 3
=
| %2.609A =]
g2 g2
< <
1 1 H M.286A
0 4 0 4
100 200 300 400 100 200 300 400
Frequency(Hz) Frequency(Hz)
(d) (@
Fig. 12.  Experimental results at 80% rated power (960 W). (a) Overall

waveforms. (b) Zoomed waveforms (before). (¢) Zoomed waveforms (after).
(d) FFT analysis of capacitor current (before). () FFT analysis of capacitor
current (after).

capacitor parameters. In Fig. 9(a), when k¢ remains unchanged,
I¢., is not significantly affected by krc. When kgc remains
unchanged, I}, increases with k¢. In Fig. 9(b), when C and
R change within +5%, the percentage error Ercs is close to
5.5%. The problem can be mitigated by a capacitor current
reconstruction algorithm.

IV. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed suppression strat-
egy, experiments under different conditions were carried out on
the experimental platform of PMSM drive fed by the boost PFC
converter, as shown in Fig. 10. The parameters of experimental
platform are given in Table I. The control algorithm is executed
by the R5SF562T7DDF microcontroller of RX62T series. The
switching frequency of the inverter is set to 10 kHz. The iterative
learning parameters ki, ko, and ks are set to 0.95, 4, and 2,
respectively.

In order to verify the effectiveness of the proposed strategy, the
experimental results when the motor operates at the rated power
(1200 W) are shown in Fig. 11. As shown in Fig. 11(a)—(c),
after enabling the suppression strategy, the second-harmonic
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components of the capacitor current and dc-link voltage are
significantly reduced, and the virtual admittance amplitude con-
verges stably around 0.4 S. Comparing Fig. 11(d) and (e),
before enabling the suppression strategy, the SHRC amplitude
of dc-link capacitors is 3.180 A. After enabling the suppression
strategy, the SHRC amplitude of dc-link capacitors is reduced
to 1.286 A, which is basically consistent with the target SHRC
amplitude (1.287 A). This indicates that the proposed strategy
is effective in suppressing SHRC at the rated power.

When the motor operating power is reduced to 80% rated
power (960 W), the experimental results are shown in Fig. 12.
As shown in Fig. 12(a)—(c), the fluctuations of the capacitor
current and dc-link voltage increase as power decreases, so the
virtual admittance amplitude required to achieve the target ripple
current also decreases accordingly. After enabling the suppres-
sion strategy, the virtual admittance amplitude converges stably
around 0.25 S. Comparing Fig. 12(d) and (e), before enabling the
suppression strategy, the SHRC amplitude of dc-link capacitors
is 2.609 A. After enabling the proposed strategy, the SHRC
amplitude of dc-link capacitors is reduced to 1.286 A. Therefore,
the proposed strategy can still effectively suppress the SHRC of
dc-link capacitors at 80% rated power.
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Fig. 14. Experimental results during power variations (720-1200 W).
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In order to verify the effectiveness of the proposed strategy
under other power conditions, the experimental results when
the motor operates at 60% rated power (720 W) are shown in
Fig. 13. As shown in Fig. 13(a)—(c), after enabling the suppres-
sion strategy, the second-harmonic components of the capacitor
current and dc-link voltage can still be effectively reduced, and
the virtual admittance amplitude converges stably around 0.15 S.
Comparing Fig. 13(d) and (e), before enabling the suppression
strategy, the SHRC amplitude of dc-link capacitors is 2.068 A.
After enabling the suppression strategy, the SHRC amplitude
of dc-link capacitors is reduced to 1.287 A. Therefore, the
proposed strategy can stably converge and effectively suppress
the SHRC of dc-link capacitors under various power conditions,
demonstrating good adaptability.

To verify the effectiveness of the proposed strategy during
power variations, Fig. 14 shows the experimental results ob-
tained when the motor operates between 60% and 100% of the
rated power (720-1200 W). In Fig. 14, P, and u,_gcf represent
the dc component of the grid power and the admittance voltage
command, respectively. As shown in Fig. 13(a) and (b), the
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fixed damping strategy reduces the fluctuations in the capacitor
current and dc-link voltage, but the suppression effect is limited
under high power conditions. Comparing Fig. 14(a)—(c), after
enabling the proposed adaptive damping strategy, the SHRC
of dc-link capacitors can be effectively suppressed around the
target amplitude during the wide-ranging power variations.
Fig. 15 presents the experimental results for motor opera-
tion at the rated power, verifying the effectiveness of the pro-
posed strategy under grid conditions. In Fig. 15(a), the grid
voltage is highly distorted with a fundamental component of
321 V, exceeding the theoretical value of 311 V. As shown in
Fig. 15(b)—(d), the fluctuations of the capacitor current and
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dc-link voltage can still be effectively reduced. According to
Fig. 15(e) and (f), before enabling the suppression strategy, the
SHRC amplitude of dc-link capacitors is 3.309 A; after enabling
the suppression strategy, the SHRC amplitude of dc-link capac-
itors is reduced to 1.285 A. Therefore, the proposed strategy can
effectively suppress the SHRC to the target amplitude (1.287 A)
under grid conditions.

To verify the effectiveness of the proposed strategy under
other capacitor conditions, Fig. 16 presents the experimental
results for motor operation at the rated power. When the elec-
trolytic capacitors (861.93 uF, 81.80 m{2) are used to replace
the original dc-link capacitors (379.32 uF, 303.51 m{2), the
corresponding target SHRC amplitude is 2.121 A. As shown
in Fig. 16(a)—(c), the fluctuations of the capacitor current and
dc-link voltage can still be effectively reduced. According to
Fig. 16(d) and (e), enabling the proposed strategy, the SHRC
amplitude of dc-link capacitors is reduced from 3.213t0 2.122 A.
Therefore, the proposed strategy still exhibits satisfactory per-
formance under different capacitance conditions.

In order to verify the robustness of the proposed strategy to
temperature, the thermal imaging device (RM60OF) is used to
measure temperature. Fig. 17 presents the experimental results
after 6-min continuous operation at the rated power (1200 W).
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As shown in Fig. 17(a) and (b), the maximum temperature
increases from 56.6 °C to 68.5 °C. According to Fig. 17(f) and
(g), the SHRC amplitude of dc-link capacitors before enabling
the proposed strategy during continuous operation for 6 min
is 3.296 A. The SHRC amplitude of dc-link capacitors after
enabling the proposed strategy during continuous operation for
6minis 1.286 A. Therefore, the proposed strategy can effectively
suppress the SHRC to the target amplitude (1.287 A) under
different temperature conditions.

The admittance power fluctuations in (5) inevitably introduce
dg-axis current harmonics, which increases the motor torque
ripple. The influence of the proposed strategy on torque rip-
ple is analyzed using experimental results at the rated power
(1200 W), as presented in Fig. 18. In Fig. 18(a), consistent with
the analysis, both the dg-axis current fluctuations and the torque
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Fig. 19. Experimental results for the motor losses.

ripple increase after enabling the proposed strategy. As shown
in Fig. 18(b) and (c), the peak-to-peak torque ripple before
enabling the proposed strategy is 2.0 N-m. The peak-to-peak
torque ripple after enabling the proposed strategy is 3.2 N-m.
The peak-to-peak torque ripple increases to 1.6 times that of the
initial value, but it is still within the acceptable limits.

In addition, the dg-axis current harmonics generated by the
proposed strategy can increase the motor losses. In order to
verify the influence of the proposed strategy on motor losses,
Fig. 19 presents the experimental results at different power lev-
els. Assuming that the motor output power remains unchanged
in a short time, the motor losses can be analyzed by the changes
in the motor input power. As shown in Fig. 19, the motor input
power increases slightly after enabling the proposed strategy.
The experimental results are consistent with the theoretical
analysis, and the increase in motor losses is within an acceptable
range.

To further verify the effectiveness of the proposed strategy
under different power conditions, when the grid power changes
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from 40% to 120% of the rated power (480—1440 W) in steps of
120 W, the experimental comparison results are shown in Fig. 20.
As shown in Fig. 20(a), the proposed strategy can suppress
the SHRC amplitude, maintaining it around the target value of
1.287 A. As shown in Fig. 20(b), the fixed damping strategy
exhibits the significant suppression error rate of the SHRC under
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non-rated power conditions. Since the damping parameters of
this strategy are designed based on the rated power, they cannot
be adaptively adjusted during power variations. In contrast, the
proposed adaptive damping strategy maintains the error suppres-
sion rate within 1% under different power conditions. Therefore,
the proposed strategy has better adaptability and ripple current
suppression effect.

Since convergence time is a critical metric for adaptive strate-
gies, Fig. 21 compares the convergence times of the strategy in
[25] and the proposed strategy. In [25], since the step size for
adjusting the admittance amplitude is fixed, the convergence
time is relatively long. Fig. 21(a) presents the experimental
waveforms using the strategy in [25], where the admittance am-
plitude stabilizes 2.255 s after the strategy is enabled. In contrast,
the proposed strategy achieves the faster convergence speed
by constructing the adaptive admittance amplitude mechanism
based on the iterative learning algorithm. Fig. 21(b) presents the
experimental waveforms using the proposed strategy, where the
admittance amplitude stabilizes just 0.366 s after the strategy is
enabled.

V. CONCLUSION

In this article, a ripple current suppression strategy of dc-link
capacitors for PMSM drives based on adaptive active damping
has been proposed. The strategy characterizes the ripple cur-
rent using the dc-link voltage without the need for additional
hardware or current reconstruction algorithms. Based on the
system admittance modelling, the inherent limitations of fixed
damping parameters in the traditional strategy are revealed.
To overcome the limitation of fixed damping parameters, a
P-type iterative learning mechanism with the forgetting factor
is constructed. On this basis, the initial admittance parameters
are dynamically matched according to the motor power, fur-
ther improving the iterative efficiency. The theoretical analysis
and experimental results show that the proposed strategy can
effectively suppress the ripple current under different power
conditions, with a suppression error rate within 1% across a wide
power range. Compared with the traditional strategies, the pro-
posed strategy offers better adaptability and faster convergence
speed.
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