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Regulation With DC-Link Voltage Decoupling for
Electrolytic Capacitorless PMSM Drives
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Abstract—Harmonics suppression for grid currents is a key issue
in electrolytic capacitorless permanent magnet synchronous motor
drives. In this article, a strategy based on rectified current regu-
lation with dc-link voltage decoupling (RCR-DVD) is proposed to
enhance the harmonics suppression performance of grid currents.
The small-signal model of the drive with RCR is built to reveal
the disturbance caused by the dc-link voltage and digital control
delay, which may reduce the harmonics suppression capability
and lead to stability issue. Then, the RCR-DVD is proposed to
decouple the voltage disturbances from rectified current control
loop for better harmonics suppression performance. Specifically,
the voltage decoupling is realized by main harmonics prediction
and proportional resonance controllers. The amplitude of grid-side
input impedance can be increased compared with RCR, which
means lower grid current harmonics. Experimental results validate
the effectiveness of the proposed method.

Index Terms—DC-link voltage decoupling, electrolytic
capacitorless, permanent magnet synchronous motor (PMSM),
rectified current regulation (RCR).

1. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) has

been widely applied in electric vehicles, industrial man-
ufacturing, and home appliances because of its high efficiency
and high power density [1], [2], [3], [4]. The electrolytic capac-
itorless motor drives with slim film capacitors can significantly
improve the power density and reliability, which have been
commonly used in the heating, ventilation, and air conditioning
(HVAC) with power ratings ranging from 2.5 to 45 kW [5], [6].
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However, the decrease of the dc-link capacitance leads to the
energy coupling between the grid side and the motor side, which
results in a decrease in the quality of grid currents. In order to
improve the quality of grid currents in electrolytic capacitorless
motor drives, a variety of power converter topologies have been
proposed [7], [8], [9], [10]. These methods improve the quality
of grid currents by adding hardware circuits, which lead to an in-
crease in the cost and volume of the system. The algorithm-based
resonance suppression method does not require the additional
circuits, which has a better application prospect. At present,
it has been successfully applied in grid-connected inverters,
renewable energy generation systems, and electrolytic capacitor-
less motor drives to improve system stability and reduce the total
harmonic distortion (THD) of grid currents [11], [12], [13]. The
resonance suppression methods are mainly divided into active
damping and negative impedance regulation.

The active damping method changes the characteristics of
the system by paralleling virtual resistors, which has clear
physical significance [14], [15], [16], [17], [18], [19]. In [14], a
Luenberger observer was adopted to obtain the rectified voltage.
The difference between the rectified voltage and the dc-link
voltage was injected into the d-axis reference voltage, which
is equivalent to parallel virtual resistors with the dc-link filter
inductor. In [15], the possible configurations of damping resistor
were analyzed to obtain the optimal solution. In order to realize
the equivalent damping effect, the dc-link voltage feedback was
applied to emulate the inductor current feedback-based active
damping method. In [17], the angle and amplitude of the fluctu-
ation component in the reference dc-link voltage were adjusted.
The compensation impedance is related to the motor voltage,
which improves the damping performance under different power
levels. In [19], the 6th and 12th harmonics of the dc-link voltage
extracted by a bandpass filter were injected into the motor current
loop, which regulates the admittance and improves the stability
of the system.

The motor fed by an inverter can be viewed as a constant
power load (CPL) with negative impedance characteristics [18].
Varying the negative impedance characteristics can improve the
stability of the motor drives and the quality of grid currents [20],
[21], [22], [23], [24], [25]. In [20], a voltage feedback loop with
time delay was established to make the equivalent admittance
change into positive, which improves the system stability. In
[22], a dc-link voltage controller was constructed, and its output
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signal was added to the g-axis reference current together with the
capacitor current, which suppresses the LC resonance. In [21],
the fluctuations of the motor power were extracted and injected
into the d-axis reference current, which increases the system
damping and reduces torque ripples. In [23], a cascaded power
and current control strategy was proposed to suppress the current
pulsation, which can suppress current pulsation within a wide
frequency range. In [24], the stability of the drive is improved
by reconstructing the rectified voltage to extract the harmonic
components amplified by the LC resonant circuit in the dc-link
voltage.

These mentioned control methods can improve the quality of
gird currents by changing the impedance of the system, which
is indirect. In [26], the relationship between the rectified current
and gird currents was investigated. As the harmonics of the
rectified current increase, the THD of the gird currents also
increases. Therefore, controlling the harmonics of the rectified
current can improve the quality of grid currents directly. In [27],
a method for suppressing harmonics in grid currents through
rectified current regulation (RCR) was proposed. The rectified
current was obtained by a current sensor. The relevant harmonics
were extracted to inject into the dg-axis reference voltages. In
[28], the rectified current was reconstructed based on the motor
current without using the current sensor. The grid current control
loop is independent from the speed and motor current control
loops. However, the ideal control effect is difficult to achieve
only using the proportional controller.

This article proposes a novel harmonics suppression method
based on rectified current regulation with dc-link voltage de-
coupling (RCR-DVD) to achieve better quality of grid currents.
Compared with the active damping control strategies mentioned
above, the proposed strategy is a closed-loop control with better
adaptability to operating conditions. The small-signal modeling
method is applied to figure out the disturbances in RCR, which
are caused by the fluctuated dc-link voltage and digital control
delay. The harmonics suppression capability and system stability
will decay due to the voltage disturbances. As a result, the RCR-
DVD is proposed to decouple the voltage disturbances from
the rectified current control loop to enhance the harmonics sup-
pression performance and stability. According to the periodical
characteristic of the dc-link voltage, the decoupling is realized by
prediction and proportional resonance controllers. The grid-side
input impedance is derived to evaluate the suppression ability on
the 6th and 12th harmonics. The effectiveness of the proposed
RCR-DVD is verified on a 5.5 kW electrolytic capacitorless
PMSM experimental platform.

II. LIMITATIONS OF GRID CURRENT HARMONICS SUPPRESSION
BASED ON RCR

A. Modeling of RCR-Based Method

The topology of the three-phase electrolytic capacitorless
PMSM drive system is shown in Fig. 1. In this system, the
slim film dc-link capacitors are used instead of large volume
electrolytic capacitors, which leads to energy coupling between
the grid side and the motor side.
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Topology of the three-phase PMSM drive with slim film capacitors.

The output voltage of the rectifier uge. can be represented as
[29]

o0 o0
Ugree = Up + Z ay sin(6nwgt) + Z by, cos(6nwgt)

n=1 n=1

2. 6v6U, cos(nm
Z (n)

(3607 — 1) cos(6nwgt) (1)

where u is the dc component of the rectified voltage, n is a
positive integer, wy is the angular frequency of the grid voltages,
and U, is the mean value of the phase voltages.

According to (1), it can be known that the rectified voltage
contains a dc component and integer multiples harmonics of
six times the grid frequency. The amplitude of the harmonics
decreases when the frequency increases. At the frequency of LC
resonance, the input impedance of the grid side is minimized,
and the harmonics of the rectified voltage will excite the cor-
responding harmonics in the rectified current, thus decreasing
the quality of grid currents. Considering the performance of the
grid side and the effect of harmonics suppression, the resonance
frequency is usually set to several hundred hertz [30]. Therefore,
the rectified current can be regarded as mainly containing a dc
component, a 6th harmonic, and a 12th harmonic [26].

For a three-phase PMSM drives with slim film capacitors,
the 120° rectangular waveform is usually chosen as control
target for grid currents. At this moment, the corresponding
reference rectified current should be a dc waveform with the
same magnitude as the reference grid currents. The THD of the
120° rectangular waveform is 29.7%, which is close to the the-
oretical minimum THD of grid currents in three-phase PMSM
drives with slim film capacitors [28]. Therefore, eliminating the
6th harmonic component and 12th harmonic component in the
rectified current can greatly improve the power quality of the grid
currents.

The RCR uses the bandpass filter to extract the harmonics
component from the rectified current, and the difference between
the extracted and the reference value is inputted to the current
proportional resonant controller. The output of the current con-
troller is superimposed on the g-axis reference voltage to sup-
press the harmonics of the rectified current, thereby improving
the quality of grid currents [27], [28]. The control block diagram
of RCR is shown in Fig. 2.
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Fig. 2. Diagram of RCR control strategy.

B. Limitation of RCR

Typically, the inverter-controlled motor can be regarded as a
CPL. However, when the control delay is considered, the motor
will deviate from CPL characteristic [24]. To further improve the
performance of RCR, the small-signal model, which considers
the digital control delay, is established to analyze the intrinsic
mechanism of RCR.

After applying RCR, the small-signal variations of dg-axis
reference voltages ug, qref can be expressed as

Rl - [7Gu() k] [Ria(o]

+[_GBPF(S)GPS_C(S)AiL_r(s):l @

where Lq and L are the dg-axis inductances, Gq(s) and G(s)
are the PI controllers for d-axis and g-axis currents, Aigq and
Al are the small-signal variations of currents in dg axes, Ay, ,
represents the small-signal variations of reconstructed rectified
current, Gppr(s) is the transfer function of the bandpass filter,
and Gpg_c(s) is the transfer function of the current proportional
resonant controller, which can be expressed as

QKRR_CL«JCS

G = K, -
rrc(s) ReCH 3 + 2wes + wd

3)
where Krp ¢, Krr_c, and wq are the proportional coefficient,
resonance coefficient, and the center frequency of resonant
controller, respectively. w, is the bandwidth of the resonant
controller that should be selected by considering the harmonics
suppression effect and grid frequency deviation.

Considering the pulsewidth modulation (PWM) update and
the delay in dc-link voltage sampling, there is a delay of 1.5
switching cycles in sampled dc-link voltage. Therefore, the
small-signal variations of the dg-axis voltages Augq can be
derived as

Aug| _ 1551, |~Gals)
Auq weLd

o) [ay)

+ e [_GBPF(S)GPS_C(S)Nu(s)}

(1 B 6—145STS) Atge |:Udref0:|

_|_
UdCO UqrefO

“)

where T is the sampling frequency, and Uq qrefo are the average
value of the dg-axis reference voltages. Aug. and Uqcg are the
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small-signal variations and the average value of dc-link voltage,
respectively.

According to the relationship shown in (A1), the transfer
function between the Aiq q and Aug. can be expressed as

)< -

quad(s) B Audc A?,q o Wq(S)

A
+ Gaa (3) 3, [ﬁ‘fﬁfﬁﬂ 5)
where Wy 4(s) and Gy,,4(s) can be expressed as (A3) and (A4),
which are shown in the Appendix. Due to the digital control
delay caused by PWM calculation and update, there exists a
switching delay in the output signal of the proportional resonant
controller.
Neglecting the losses of the inverter, the small-signal varia-
tions of the inverter output power can be expressed as

Augctingo + UdcoAtiny
= 1.5 (Auglqo + UgoQiqg + Auqfqo + quAiq) (6)

where I 40 are dg-axis average currents, Uq qo are dg-axis
average voltages, and i;,,,o and Aij,, are the average value and
small-signal variations of the inverter input current, respectively.

According to (5) and (6), the input impedance of the motor
drive Yy,,q(s) can be obtained as (7) shown at the bottom of the
next page, where Yy,;(s) is the input impedance of the motor
drive without control

Ymi(s)
~invo | 3Wa(s) (Uao + weLalqo + Lalaos + Lao Rs)
Udco 2U4c0
i 3Wq(8) (qu — weLquo + Lqu()S + IquS) ] )

2Uch

Based on the model of the system, the small-signal block
diagram of RCR is shown in Fig. 3, where G (s) is the transfer
function between Aijy,, and Aig

o AZ.inv o
Aiq

Ymad(s)

GK(S) quad(s).

(C))

As shown in Fig. 3, the input signals of the control loop are
composed of the reference rectified current Air,or and Augec.
Then, the open-loop transfer function of RCR can be expressed
as

e T Gppr(s)Gpr () Ymad(8)

) = W oaa BT (Lo + o) + 0 TG (3]

(10)

Therefore, the small-signal variations of the rectified current
can be expressed as

. Gr(s) Cycs
Adn(s) = 1 +LGL(s) 1+ cdh(s)

. (17671.557"5)Uqrcfoymad(s)
Taco Wamaa (5) T+ GL(5) [(La 5+ Re) e 05T Gy

Aiprer + Auge

(o] Alde-
(11)
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Fig. 3. Small-signal block diagram of RCR.
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Through the small-signal block diagram of RCR, it can be
known that the digital control delay and fluctuated dc-link volt-
age will introduce disturbances to RCR.

C. Analysis of Current Harmonics and Stability

From (11), the transfer function Gp (s) between Air, and Auq,
can be expressed as

o Cdcs
1+ GuL(s)

+ (1 - eil'SSTS)UqrchYmad(s)
Uchquad(S)(l + GL(S)) [(LOLS + R) + 6_0'5STSGQ(S)] .
(12)

The grid voltage in this study is 380 V/50 Hz. Based on
steady-state operating point data obtained from offline tests
of the experimental motor at rated power, the Bode diagrams
of Gp(s) under different parameters of the current proportion
resonant controller is shown in Fig. 4. The amplitudes of Gp (s) at
300 Hz (6th harmonic) and 600 Hz (12th harmonic) decrease as
KrRr_c increases in a certain range, which indicates an enhanced
suppression effect on the 300 and 600 Hz harmonics caused by
the disturbances of the dc-link voltage.

Considering the electrolytic capacitorless PMSM as a cascade
system that is composed of the output admittance of the grid

Gp(s)
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Fig. 5. Bode diagrams of the transfer function between Air, and Aug.

side Y1,c(s) and the input admittance of the inverter Y;,,,4(s), the
stability of the drive can be analyzed by the Nyquist diagram of
the admittance ratio Yy,,4(s)/Y1,c(s). The Y1,c(s) can be denoted
as

. LngCS2 + Rngcs +1
B Lgs + Ry

YLc(S) (13)

where R, is the line resistance and L, is the grid inductance.

Under different Krr_c, the Nyquist diagram of the admittance
ratio Ymaq(s)/Yrc(s) is shown in Fig. 5. When RCR is not
applied, the system is unstable due to the reduction of the
dc-link capacitance. Within a certain range, the intersection of
the Nyquist diagram with the negative real axis shifts from the
left of (-1, jO) toward the point (-1, jO) as Krr_c increases,
which means the stability of the system is improved. When
Krp ¢ =8and Krr_c =50, the intersection is at the right of (-1,
j0), and the system is stable. However, if Krr_c is increased to
100, the intersection moves to the left of (—1, jO), and the system
tends to be unstable.

Based on Fig. 4, it can be seen that when Krp ¢ = 8 and
Krr_c = 50, the magnitudes of Gp(s) at 300 and 600 Hz
are —12.2 and —11.1 dB, respectively. The RCR has limited
effectiveness in suppressing the disturbances caused by the
digital control delay and fluctuated dc-link voltage. Increasing

Ymad(s) ==

2UchYmi($)+3Gmad(S)A1 (S)Odcs (UdO —|—weLqu0 —|—LdId0$+Id0Rs) —3Gmad(5)A1d(5)Cdc$ (UqO_WeLquO —|—LquOS+Iq0RS)

q
2Uq4c0 — SGmad(s)Alq(s) (Udo + weLquo + Lqlgqos + IdoRS) + 3Gmad(8)A1d(s) (qu - weLquo + Lqu()S + Iqus)

(N
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the resonant coefficient of the controller can further suppress the
disturbances, but the system becomes unstable gradually.

Therefore, it is necessary to improve RCR to reduce the
negative impact of the disturbances on the harmonic suppression
and system stability.

III. PROPOSED HARMONIC SUPPRESSION METHOD BASED ON
RCR WITH DC-LINK VOLTAGE DECOUPLING

A. Scheme of the Proposed Harmonic Suppression Method

According to (11), the disturbances in RCR are mainly intro-
duced by the digital control delay, as well as the energy storage
effect of the dc-link capacitors. Based on RCR, the sampled
dc-link voltage is decoupled to compensate the disturbances.
Utilizing the periodical characteristic of the harmonics in dc-link
voltage, the main harmonics are predicted to compensate the
digital control delay. A closed-loop control for main harmonics
in the dc-link voltage is constructed to suppress the voltage
disturbances in RCR and further improve the quality of grid
currents. The rotor position 6, is obtained through the sensorless
observers [31], [32]. The overall control block diagram is shown
in Fig. 6.

Fig. 7 shows the diagram for predicting the harmonic compo-
nents of the dc-link voltage. The harmonics of dc-link voltage
sampled at nT can be expressed as

Ude_s(2) = Uge_eGrPR(2) (14)
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Fig. 8. Block diagram of DC-link voltage decoupling.
where ugc o is the equivalent sampled dc-link voltage, and
Gppr(z) is the discrete form of bandpass filter transfer function.
The harmonics of dc-link voltage sampled at nT participate in
the nth duty cycle signal updating. At (n+1)7y, the duty cycle of
the nTs moment is outputted. If the average values of the harmon-
ics in dc-link voltage at (n+1)7T and (n+2)T, can be obtained
at nTy, the digital control delay of the dc-link voltage harmonics
can be effectively reduced. Utilizing the periodic characteristics
of the dc-link voltage, the sampled values of the dc-link voltage
harmonics that are one or two sampling periods ahead can
be represented as uge 5(2)z"F! and uge 5(z)z™ 2, respectively.
Therefore, the average values of the dc-link voltage harmonics
at (n+1)Ts and (n+2)T; can be approximately represented as

(tge_s(2)27" 2 + uge_s(2)2~ ")
2

Ude_s_r (Z) = (15)

kfs
n =
Nfo
where uq._s ,(z) represents the predicted harmonics component
of the dc-link voltage, f; is the switching frequency, k is the

rounding coefficient, and N is the harmonic order.
Therefore, the predicted dc-link voltage can be expressed as

a7

(16)

Ude_r = Ude — Ude_s T Udc_s_r-

B. DC-Link Voltage Decoupling Strategy

In order to suppress the disturbance caused by the fluctu-
ated dc-link voltage, the dc-link voltage decoupling strategy
is proposed. The small-signal block diagram of dc-link volt-
age decoupling strategy is shown in Fig. 8. As can be seen,
the small-signal variations of the predicted dc-link voltage are
obtained as feedback, and the difference between the reference
dc-link voltage and the predicted dc-link voltage is inputted to
the voltage proportional resonance controller. The compensation
signal of the g-axis voltage is obtained through the controller and
added to the reference voltage at g axes.

After applying the RCR-DVD control strategy, Autq qret can
be expressed as

{Audm«s)] B {Gd@)

Augrer(s) weLa %Lq} {Aid(s)}

—Gq(s)] [Adg(s)

i [—GBPF(S)Gm?c(s)AiLr(S)]
! [_GBPF(S)GPIS_V(S)AU(]C(5):| (18)

where Gpr_v(s) is the transfer function of the voltage propor-
tional resonant controller.
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Combining the voltage in dg axes, the transfer function be-
tween Aiqq and Aug. after applying the RCR-DVD can be
expressed as

|:quw(s):| 1 {Aid(S)} _ [Wd(s)]

Wanew (5)| — Auge |Aig(s)] — [We(s)
+ Ginaa(s) AAlich((?) {—Aﬁs 2)}
+ Gnacta(5) [_Ajjjjf;)} (19)
where Gynado(s) can be expressed as
Crainls) —Gppr(s)Grr_v(3) 20)

T Azq(5)Ara(s) — Ava(5)Arg(s)”

Therefore, the input impedance of the motor drive Yy ey (s)
after applying the proposed strategy can be expressed as (21)
shown at the bottom of the next page. Through the small-signal
model, it can be known that the input admittance of the inverter
is changed with RCR-DVD, which improves the harmonics
suppression ability and stability of the system.

As analyzed in Fig. 4, when Krp ¢ = 8 and Kgr_c = 100,
applying only RCR can improve the harmonics suppression
capability of the disturbances, but the system becomes unstable.
The Nyquist diagram of Yew(s)/Y1,c(s) after applying RCR-
DVD is shown in Fig. 9. It can be seen that the intersection
shifts from the left of the (~1, jO) axis to the right, and the control
system becomes stable under the same parameters of the current
proportional resonant controller.
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C. Analysis of Harmonic Suppression Capability

Fig. 10 shows the Bode diagram of Gp (s) after applying RCR-
DVD. The amplitude of Gp (s) decreases at 300 and 600 Hz with
the appliance of the proposed strategy, which means harmonics
suppression performance is enhanced.

As shown in Fig. 9, after applying the proposed control strat-
egy, the stability of the control system is improved. Therefore,
applying RCR-DVD can not only enhance the ability of RCR
on harmonics suppression but also improve the stability of the
system.

After applying RCR-DVD, the transfer function Gy(s) be-
tween Aug. and the rectified voltage Augec can be expressed
as

1

(Lgs + Ry) [sCac + Yaew(s)] +1°
The grid-side input impedance Zg,,4(S) can be expressed as
1
Cacs + Yaew(s)

The Bode diagram of Gy (s) before and after applying the con-
trol strategies is shown in Fig. 11. Without control, a resonance
peak occurs, which results in the amplification of harmonics
in the dc-link voltage. The resonance peak can be reduced
slightly after applying only RCR. Furthermore, after applying
the proposed control strategy, the resonance peak is further
reduced, which means the dc-link voltage harmonics can be
further suppressed.

The Bode diagram of the grid side input impedance Zgy,,4(s)
before and after applying the control strategies is shown in
Fig. 12. Without control, the input impedance at the resonance
frequency is relatively small, which leads to significant harmon-
ics in the rectified current. After applying RCR, the amplitude of
the input impedance at the resonance frequency increases. Fur-
ther applying the proposed strategy, the amplitude of impedance
at 300 and 600 Hz increases, which effectively suppresses the
harmonics of grid currents at these frequencies.

Gy (s) = (22)

Zgmaa(5) = Rg + sLg + (23)

IV. EXPERIMENTAL RESULTS

The proposed control strategy is verified on a 5.5 kW experi-
mental platform. Fig. 13 shows the experimental platform of the
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TABLE I
PARAMETERS OF THE EXPERIMENTAL PLATFORM

Parameters Value
Capacitance (uF) 30
Inductance (mH) 2.5

g-axis inductance (mH) 17.2

d-axis inductance (mH) 7.5
Stator resistance (Q) 0.265
Rated frequency (Hz) 75

electrolytic capacitorless PMSM drive. The dc-link capacitance
is chosen as 30 pF by taking into account the quality of grid
currents and stability of the system. The control algorithm is
implemented in a DSP28075 chip, with the switching frequency
and sampling frequency of 8 kHz, which is commonly used in
HVAC application. Another motor of the same model operates
in generation mode to provide a load torque. In the platform,
a voltage sensor is applied for dc-link voltage detection, which
is a common solution in motor drives for safety and operation
performance improvement. The main parameters of the experi-
mental platform are shown in Table 1.

Fig. 14(a) shows the experiment results of the harmonics at
300 and 600 Hz in the dc-link voltage before and after applying
the control strategies at the motor frequency of 75 Hz. As
shown in Fig. 14(b), the amplitudes of the harmonics voltages
at 300 and 600 Hz before applying the control are 49.9 and
15.3 V, respectively. After applying RCR, the amplitudes of
the corresponding harmonics are decreased to 39.8 and 11.2'V,
respectively, which is shown in Fig. 14(c). With the harmonics
prediction, the amplitudes of the corresponding harmonics de-
crease to 37.9 and 6.13 V, as shown in Fig. 14(d). Fig. 14(e)
shows that after applying RCR-DVD, the amplitudes of the
corresponding harmonic are further decreased to 32.6 and 4.6 V.
The results indicate that applying RCR-DVD can significantly
reduce the amplitudes of harmonics in dc-link voltage compared
to RCR.

Fig. 15(a) shows harmonics at 300 and 600 Hz in the rectified
current before and after applying the control strategies. As shown
in Fig. 15(b), the amplitudes of harmonics at 300 and 600 Hz
in the rectified current before applying the control are 2.6 and
1.7 A, respectively. After applying RCR, the amplitudes of the
corresponding harmonics decrease to 0.4 and 1.4 A, which is
shown in Fig. 15(c). With the harmonics prediction, the ampli-
tudes of the corresponding harmonics decrease to 0.5 and 1 A,
as shown in Fig. 15(d). Fig. 15(e) shows that after applying
RCR-DVD, the amplitudes of corresponding harmonics can be
further decreased to 0.05 and 0.5 A.

Fig. 16 shows the waveforms of the u-phase grid current and
dc-link voltage before and after applying the control strategies.
The waveforms of the dc-link voltage and grid current before and

Yiew(s)

2UchYmi(3) + 3(GmadA1q(S)Cdcs + GmadQAlq(S)) (UdO + wchIqO + LdIdOS + IdORs)

—3(GmadA14(8)Cacs + GmaazA1a(s)) (Uqo — welqlao + Lqlqos + IqoRs)

" 2U4e0 — 3GmadA1q(8) (Uao + weLalqo + Lalaos + LaoRs) + 3GmaaA1a(s) (Ugo — weLglao + Lqlgos + IoRs)
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Fig. 14. Experimental results of DC-link voltage harmonic suppression.
(a) Enable control strategies. (b) Zoomed view without control. (¢) Zoomed
view with RCR. (d) Zoomed view with main harmonics prediction. (e) Zoomed
view with RCR-DVD.

after applying RCR are shown in Fig. 16(b) and (c), respectively.
After applying RCR, the THD of grid current decreases from
45.6% to 33.8%, and fluctuation of the dc-link voltage decreases
from 145.7 to 107.9 V. With the harmonics prediction, the
THD of grid currents decreases to 32.9%, and fluctuation of
the dc-link voltage decreases from 107.9 to 81.1 V, as shown
in Fig. 16(d). Fig. 16(e) shows the waveforms after applying
RCR-DVD. The suppression effect on the grid current and
dc-link voltage harmonics is further improved. The THD of the
grid current is further decreased to 30.6% and the fluctuation
of dc-link voltage decreases to 66.1 V. Fourier analysis shows
that compared with the waveform before the control, the 5th,
11th, and 13th harmonics component in the grid current are
reduced after applying RCR. With the proposed strategy, the
7th, 11th, and 13th harmonics components in the grid current
are further reduced. After applying RCR-DVD, the fluctuation
of the dc-link voltage vector and the THD of the gird current
are significantly decreased, resulting in an improvement in the
quality of grid currents.
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Fig. 15. Experimental results of inductive current harmonic suppression.
(a) Enable control strategies. (b) Zoomed view without control. (¢) Zoomed
view with RCR. (d) Zoomed view with main harmonics prediction. (e) Zoomed
view with RCR-DVD.

Fig. 17 shows the experimental results of the grid current at the
motor speed of 75 Hz with RCR-DVD under the condition that
the load torque of the motor steps from 25 to 50 N-m and back
to 25 N-m. It can be known that the THD of the grid current is
decreased from 34% to 31% when the load torque steps from 25
to 50 N-m. The proposed control strategy can effectively improve
the quality of the grid current under the load step condition.

Fig. 18 shows the experimental results with RCR-DVD when
the motor speed varies from 45 to 75 Hz and back to 45 Hz. The
load torques of the motor are 30 and 50 N-m when the motor
speeds are 45 and 75 Hz, respectively. It can be seen from the
region of motor speed at 75 Hz that the fluctuation of the dc-link
voltage increases from 65 to 72 V, and the torque ripple increases
from 8.2 to 8.4 N-m. The THD of the grid current decreases
from 34% to 31% as the speed of the motor increases. The result
shows that the proposed control method can effectively improve
the quality of the grid current when the speed changes.

Fig. 19 shows the experimental results of the g-axis current,
dc-link voltage, motor current, and the grid current under motor
frequency of 75 Hz. Fig. 19(a) shows the Fourier analysis of the
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Experimental result of the motor torque under the motor frequency

motor current without control. The amplitudes of the harmonics
at 225, 375, 525, and 675 Hz in the motor current are 0.47,
0.04,0.16,and 0.07 A, respectively. After applying the RCR, the
amplitudes of the corresponding harmonics are 1.60, 1.28, 0.25,
and 0.18 A, respectively, as shown in Fig. 19(b). By applying
the RCR-DVD, the amplitudes of the harmonics are 1.52, 1.07,
0.41, and 0.17 A, respectively, as shown in Fig. 19(c). As can be
seen, applying conventional RCR and proposed RCR-DVD will
increase the harmonics in motor current. However, compared
with RCR, the harmonics in the motor current can be reduced
using RCR-DVD.

Fig. 20 shows the experimental results of the dc-link voltage,
angular frequency of the motor, motor torque, and the grid
current under the motor speed of 75 Hz. It can be seen that
the torque ripple increases from 4.6 to 8.4 N-m after applying
RCR. By applying the RCR-DVD, the torque ripple decreases to
7.9 N-m. The fluctuation amplitude of the motor speed increases
from 0.72 to 0.82 Hz after applying the RCR. By applying
the RCR-DVD, the fluctuation amplitude of the motor speed
decreases to 0.75 Hz. It can be known that compared with only
applying the RCR, the proposed control strategy can decrease
the torque ripple.

Fig. 21(a) shows experimental results when the grid voltage
contains 5th harmonics under the motor speed of 75 Hz. After
applying the RCR, the amplitudes of the harmonics at 300 and
600 Hz in the rectified current decrease from 2.2 and 1.1 A
to 1.1 0.9 A, respectively. After applying the RCR-DVD, the
amplitudes of the corresponding harmonics further decrease to
0.9 and 0.7 A, respectively. The magnitude of the dc-link voltage
fluctuation decreases from 173 to 167 V after applying RCR. By
applying the RCR-DVD, the magnitude of the dc-link voltage
fluctuation decreases to 152 V. Fig. 21(b) shows experimental
results when the grid voltage contains 7th harmonics under the
motor speed of 75 Hz. After applying the RCR, the amplitudes of
the harmonics at 300 and 600 Hz in the rectified current decrease
from 2.5 and 1.2 Ato 1.3 and 0.9 A, respectively. After applying
the RCR-DVD, the amplitudes of the harmonics decrease to 1.1
and 0.8 A, respectively. The magnitude of the dc-link voltage
fluctuation decreases from 162 to 158 V after applying RCR. By
applying the RCR-DVD, the magnitude of the dc-link voltage
fluctuation decreases to 129 V. It can be known that the proposed
strategy can still work when the grid voltage contains unknown
harmonics like 5th and 7th order.
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Experimental results under the balanced and unbalanced grid condi-

Fig. 22 shows the experimental results of the dc-link voltage,
the harmonic at 300 and 600 Hz in rectified current, and u-phase
input current of the grid side under unsymmetrical grid voltages
at the motor frequency of 50 Hz. In order to simulate the
unsymmetrical grid voltages, the amplitude of u-phase input
voltage is dropped by 30%. The phase differences with the
v-phase and w-phase voltages are 125° and 245°, respectively.
As can be seen, the amplitudes of harmonics at 300 and 600 Hz
in the rectified current decrease from 2.6 and 0.9 A to 1.8 and
0.4 A, respectively, and the THD of the grid current increases
from 59.57% to 71.36% when the input grid voltage turns
into unbalanced. After applying the RCR, the amplitudes of
corresponding harmonics in the rectified current decrease from
1.8and 0.4 Ato 1.1 and 0.2 A, respectively. The THD the of grid
current decreases to 65.38%. After applying the RCR-DVD, the
amplitudes of corresponding harmonics decrease from 1.1 and
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0.2At00.7and 0.1 A, respectively. The THD the of grid current
decreases to 60.68%.

Fig. 23 shows the THD of the grid current after applying RCR-
DVD at different power levels. As can be seen, when the motor
out power is low, the control effects of RCR-DVD are evident.
When the motor is operating at high power level, the additional
control effects may not be evident from the perspective of THD,
due to the larger fundamental current.

V. CONCLUSION

In this article, a grid currents harmonics suppression strategy
based on the RCR-DVD is proposed. The disturbances, which
are the side effect on the rectified current control, caused by the
fluctuated dc-link voltage and digital control delay in RCR are
revealed by the established small-signal model of the system.
A dc-link voltage decoupling method is proposed to predict the
main harmonics in dc-link voltage and construct a closed-loop
feedback control. After applying the proposed strategy, the
input impedance of the grid side can be significantly increased,
which means the proposed method can reduce the influence
of the disturbances branch on RCR, and enhance the rectified
current control. The experimental results show that the proposed
method can reduce the harmonics both in grid current and de-link
voltage. Specifically, THD of the grid currents can be reduced
to 30.6%, which is close to the theoretical minimum value of
29.7%. The dc-link voltage fluctuation can be reduced to 45.4%.

APPENDIX

From (3), combining with the voltages in dg axes, the rela-
tionship between Aiy 4 and Aug. can be expressed as

Ald(s) Alq(s) Aid _ (1_671.582;) Audc UdrefO
Asa(s) Asq(s)] [Aig] Udco Ugrefo

_sT. 0

s . Al

te [—GBPF(S)GPRC(S)AZLr(S)} (AD
where A14,4(s) and Azq (s) can be expressed as follows:
Aa(s) Aiq(s)| _ |Rs+sLa —welq
Asa(s) Aoxq(s)] | wela R, + sLq
—1.58T% Gd(s) weLq
+e [—weLd Gols)| " (A2)
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Waq,q(s) is the transfer function between Aiy o and Aug. when
the control is not applied

] (1= etom)
Wa(s)] — Udeo [A2q(s)Ara(s) — Aza(s)A1q(s)]

. UdrchA2q(5) - UqrchAlq(S)
UgretoA1d(8) — UdretoA24(8)

(A3)

Gunad(s) is the simplified expression of the gain coefficient
caused by RCR

_ e *T=Gpr_c(s)Grpr(s)
Azq(s)Ara(s) — Aza(s)Aiq(s)”

Gmad (3 ) (A4)
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